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PREFACE 

In the past several  years, significant advances have been 
made in the field of fas t  burst and repetitively pulsed 
reactor  design and analysis. Several new reac tors  have 
been designed, built, and tested, including the Army Pulse  
Radiation Facility Reactor a t  Aberdeen Proving Ground, 
Sandia Pulsed Reactor I1 in Albuquerque, Godiva IV at 
Los Alamos, VIPER in the United Kingdom, and the SORA 
test assembly at Oak Ridge. During this t ime Sandia 
Corporation sponsored two informal meetings, the las t  
of which was a one-day meeting in the fall of 1965. These 
meetings provided an opportunity for the attendees to 
discuss the then-current developments in fast burst  r e -  
actor  technology. Much of the information presented at the 
informal meetings was unpublished, and, as developments 
continued, the need for a well-documented record of the 
many years’ experience with burst reac tors  became evi- 
dent. We believe that this volume provides such a record. 

The papers  herein were presented at the National 
Topical Meeting on Fast Burst Reactors held at the 
University of New Mexico,. Albuquerque, Jan. 28 - 30, 1969. 
The meeting was sponsored by the Nuclear Engineering 
Department of the University of New Mexico, the Trinity 
Section of the American Nuclear Society and the Reactor 
Physics Division of the American Nuclear Society. About 
175 persons attended the meeting, including speakers  f rom 
the United States, the United Kingdom, the Soviet Union, 
the Federal Republic of Germany, and EURATOM. Also 
included in th i s  volume are four papers  from a Conference 
on the Use of Fast Burst Reactors in University Programs,  
held on Jan. 31, 1969, and sponsored by the Nuclear 
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Engineering Department of the University of New Mexico, 
the Associated Western Universities, and the AEC Division 
of Nuclear Education and Training. 

Although we hesitate to  single out anyone from the 
fine l is t  of speakers, the keynote address  by Professor  
Otto Frisch,  the “father of pulsed reactors,” and the paper 
by Professor  Di Blokhintsev of the USSR were highlights 
that added greatly to the international flavor and enthu- 
s ias t ic  exchange of ideas which characterized the meeting. 

It is evident in reading the papers  that there  a r e  still 
many interesting and challenging problems remaining to  be 
solved. The possibilities for higher yields from future 
burst  reac tors  and the many interesting applications of 
repetitively pulsed reac tors  should stimulate a continuing 
interest  in this  field. 

We want to thank the authors and session chairmen 
for their  contributions. We are also grateful for the efforts 
of the organizing committee in planning, arranging, and 
scheduling the meeting. Finally, a word of special appre- 
ciation must go to Mrs. Glenda Epting of the AEC Division 
of Technical Information Extension, Oak Ridge, for all 
her  effort in  preparing this volume for publication. 

ROBERT L. LONG 
University of New Mexico 

PAUL D. O’BRIEN 
Sandia Corporation 

Albuquerque, New Mexico 
October 1969 
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THE DRAGON EXPERIMENT: 
Keynote Address 

PROFESSOR OTTO 11. FRISCH 
Cavendish Laboratory,  University of Cambridge, Cambridge, England -. e 
Just  about 8 months ago my wife brought me a letter.  I had overslept 
and was still ra ther  sleepy, and1 s tared at the le t ter  from the American 
Nuclear Society, National Topical Meeting, Fast  Burst  Reactors. And 
I said, “Do the Americans run a topical meeting on a nationwide scale  
because their  reactors  burst  so fast?” After that I realized that I was 
being honored as the father, o r  I feel more like the grandfather, of 
pulsed reactors,  having arranged the experiment which for  the first 
t ime established a short-lasting harmless  fast-fission reaction that 
did not depend on delayed neutrons. 

A group of no l e s s  than 17 people worked on this first controlled 
fission experiment known as the Dragon experiment, and I want to tell 
you how it came about. 

The purpose of Los Alamos was to assemble pa r t  of the scientists 
who were needed to  develop an atomic bomb. In particular,  we mea-, 
sured the c r o s s  sections, t ime constants, and so on, which would make 
it possible to design a bomb with a reasonable degree of efficiency and 
safety. One of the most difficult things was to determine that the fast  
reaction would really work as fast  as the theory predicted. Nuclear 
theory, of course, said that once. a neutron hits a uranium nucleus, 
fission follows almost instantaneously, if it follows at  all. But electronic 
.methods at  that t ime were not really fast  enough to decide whether i t  

foreseen and needed if the bomb was to be an effective explosive. 
So a number of ingenious experiments were devised to test the speed 

of the fission reaction, and the limit was pushed fairly well toward the 
point where we wanted it. But evenso, I for one thought i t  would be very 

. 

happens with the so r t  of subnanosecond speed which was .theoretically ,. 
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nice to go one s tep nearer  to a rea l  atomic explosion. It is a bit like 
the curiosity of the explorer who has climbed a volcano and wants to 
take one step nearer  to look down into the c ra te r  but not fall in! That 
chance came when we learned that around the beginning of 1945 some 
amounts of separated 235U were to arr ive.  These shipments were 
meant mainly for  us  to ca r ry  out cri t ical  experiments to check the 
calculations of the theoreticians. The theoreticians, of course, had 
taken all the cross-section measurements -fission c ros s  sections, 
elastic, inelastic, everything that we could produce for  them -and 
f rom these, by complicated integrations, had worked out the cr i t ical  
size. However, experimental confirmation was desirable. 

It was clear  that we would not be able to tes t  with a crit ical  as- 
sembly of metallic 235U or  metallic plutonium because once such a 
quantity had been produced the military would want to use it im- 
mediately. Instead, the f i r s t  amount of 235U that came out of the mass  
separators  was made into hydride, UH3, and combined with a plastic 
binder into br icks  of the approximate composition UHiO. You may ask 
why use that material; it would never make a useful bomb. That is 
quite true; but it enabled us to ca r ry  out cri t ical  measurements and 
compare them with calculations the theoreticians had performed for  
the same material. This comparison gave the theoreticians at least an 
idea about how reliable their  calculations were and by how much and 
in which direction they might have to be corrected. 

A l a rge  number of cri t ical  measurements were made, indeed, and the 
theoreticians were very pleased to have this corroboration of their  
calculations. In addition, I felt that here  was a chance of looking a bit 
c loser  at the occurrence of a fast reaction, a reaction not limited by 
thermal  neutrons, and I made the proposal that we should make an 
assembly with a hole in the middle, and that the missing portion should 
then be allowed to drop through the assembly under such conditions 
that for a few milliseconds the whole assembly would be critical with 
respect  to prompt neutrons. I did a few simple calculations to be su re  
that this  would be feasible, then sent this proposal to the coordinating 
council. Of course, I was not present when the proposal was discussed, 
but it was accepted; it was said that Enrico Fermi  nodded his head in 
a pleased manner and said this was a nice experiment that we ought to 
t ry ,  and I was told that Dick Feinman, who was present, s tar ted to 
chuckle and to say  that this is just like tickling the tail of a sleeping 
dragon. That is how the experiment was named. 

When the 235U arrived, we built the equipment for  the experiment, 
and Fig. 1 roughly shows what this equipment looked like. It looks, 
crudely speaking, like an oil derrick, but it was only something like 
6 m high. Near the bottom the uranium assembly was set upon a steel 
table. The material was available in the form of little bricks;  I believe 
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Fig. 1 -The Dragon reactor. 

they were 1 in. by '/z in. by '/z in. and very accurately made. (It was a 
joy to  build little skyscrapers  out of uranium hydride and other ma-  
terials like that!)  A slightly askew box that contained par t  of the as- 
sembly was mounted on a hydraulic pusher rod so  it could be released 
and lowered-deliberately, ra ther  slowly. The guides for  the falling 
slug can also be seen. 
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Everybody, of course, asked me what if the slug gets stuck-you 
all blow up. We could not all be blown up. The material became only 
very slightly supercrit ical .  It would have been a bomb of extremely 
low efficiency, and probably we would have been quite well protected 
by our 5-ft concrete wall, although it would have been wise to c lear  
out fast if the slug had stuck. 

The top of the derr ick contained a fairly elaborate device for holding 
the slug until everything was ready for the drop because we were 
aware that a danger much grea te r  than the slug’s getting stuck was the 
danger of the slug’s falling before the supercrit icali ty had been cor- 
rectly adjusted. We made quite su re  that the slug could only be dropped 
after the operator had checked a certain number of things and was 
convinced that they were okay. In the end, of course, a great  respon- 
sibility did fall on the operator. 

The s teel  table (about a centimeter thick) was placed so  that ma- 
te r ia l  could r e s t  firmly against the fuel box, which in actual use would 
be pushed up until it would be leaning against the guides or almost 
touching them. The gadgets attached to the guides measured the speed 
of the slug. You may say there  is no reason to  measure the speed if 
by some bad chance extra friction stops or slows the slug. The purpose 
of the measuring, however, was to do a few dummy drops before 
beginning the day’s work to make su re  the slug was dropping according 
to  Galileo’s law. In fact it never did. It was always about 1% slower 
owing to friction. It did not fall freely in the guide; in fact, we delib- 
erately leaned the whole tower a little to one side s o  that the slug was 
sliding down the guides ra ther  than falling through them. This develop- 
ment was important because a very small  sideways movement changed 
the multiplication constant and made a very big difference in the s ize  
of burst  produced. 

Much of the top of the assembly was crude and primitive. Parts 
were held together by ordinary mechanics clamps and there  was a 
rope going up over several  pulleys and holding an electromagnet that 
hauled up the slug. The electromagnet could not be switched off until 
after everything else  was straightened out. I will not bore you with the 
safety precautions; they a r e  completely out of date. What I really 
wanted to impress  upon you is the rather  primitive setup. This ent i re  
reactor  was built in a matter  of a few weeks, and all the experiments 
were performed during, I believe, th ree  short  periods in  three weeks, 
each lasting only a few days. The reason we worked so fast was that 
the chemists were waiting for us  to re turn the material so that to- 
gether with further 235U i t  could be turned into metal and this metal 
into bombs as soon as possible. 

With the very f i rs t  material that arrived, we made a number of 
drops to make s u r e  the device worked, and the first pulses were ob- 
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tained just  at this time of year  24 years  ago. Then we replaced the 
mater ia l  with a somewhat bigger assembly and performed a number of 
drops to tes t  the theory, and they all  came out as we expected. The 
pulses were of the duration that we had approximately predicted from 
nuclear data. Figure 2 shows the outcome obtained by having a boron 
chamber close to the arrangement, which was connected to a cathode- 

Fig. 2-Oiteg~.ated-piilse ?-eadiiig. 

r a y  oscilloscope. and simply integrated the amount of charge deposited. 
The figure reads  from left to right in units of 6 msec, the ra te  at which 
the oscilloscope was pulsed, The charge suddenly begins to increase, 
increase more rapidly, and then straighten out once again; this is the 
integrated pulse. This resul t  could be compared with the theory, and 
the agreement was very good. 

Well, so much for the Dragon. It was dismantled a few weeks after 
it had been built, and the whole group dispersed. And there,  as far as 
I am concerned, the matter  rests. I have never t r ied to build another 
one although I have speculated about things like rotating wheels and so  
on, which I now hear  to my great pleasure our Russian colleagues have 
realized. 

We did perform a few Dragon-type experiments of the more modern 
variety unintentionally and with t ragic  resul ts .  Two men who worked 
on the Dragon experiment were killed within a few months after this 
experiment. Harry Daghlian, working by himself one night, which was 
breaking the rules,  did not know how slippery the large blocks of 
tungsten carbide reflecting mater ia l  were. While trying to put on one 
more  block, he realized that the reaction was going up much too fast; 
he t r ied to pull the block away again, but it slipped out of his hands. 
What then happened can only be reconstructed by theory; no one else  
was present. He saw a blue flash, and about 10 days la ter  he died in 
the hospital f rom radiation damage. He had received well over a fatal 
dose. Probably what happened is that the mater ia l  expanded thermally 
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and thereby switched itself off, but the amount of radiation it had 
given off in that short  t ime was enough. 

Later  I left Los Alamos, and Louis Slotin took over the group working 
on crit ical  assemblies. He told me that Fermi  warned him, “You know 
that in this s o r t  of work you have perhaps an even chance to survive 
your work here.” Slotin was ra ther  shaken about it. Even so, he did 
use something makeshift-some people say it was a pencil, some 
people say it was a screwdriver-to separate  two lumps of the active 
mater ia l  which he knew would give a fast reaction i f  that separating 
material was removed. The screwdriver  slipped out, and he was 
killed. 

So you see,  some of the fundamental experiments which led to the 
present very lively developments in fast burst reac tors  were indeed 
s tar ted in those old days in Los Alamos in a makeshift building at the 
bottom of Omega Canyon. I have no idea what goes on there  now, but I 
a m  hoping to  go to Los Alamos in  a few days’ t ime and see for myself. 
Anyhow, I have at least  told you something about the old days. 

4 





1-1 COMPARISON OF FAST PULSED REACTOR 
CALCULATIONS WITH EXPERIMENT 

J. T. hlIHALCZ0 
Union Carbide Corporation, Nuclear Division, Y-12 Plant,  Oak Ridge, Tennessee 

ABSTRACT 

Various methods of solution of the Boltzmann transport  equation have been used 
to predict the properties of fas t  burst  reactors .  This paper reviews these meth- 
ods and their  application to the calculationof some properties of some fast  burs t  
r eac to r s  and associated cr i t ical  experiments. The calculations of cri t icali ty,  
prompt-neutron decay constant, neutron lifetime, fission-density distribution, 
and reactivity effects a r e  compared with experiment. 

Various methods of solution of the Boltzmann transport  equation have 
been used to predict the properties of fast  burst  reactors.  This paper 
reviews these methods and their  application to the calculation of some 
properties of some fast  burst  reactors  and associated cri t ical  experi- 
ments. Most of the fast  burst  reactors,  except the IBR,' have used ura-  
nium o r  uranium -molybdenum alloy for  fuel. This paper describes the 
calculations of an unreflected uranium sphere,  Godiva I,' of some crit ical  
experiments with uranium-molybdenum alloy,3 of the HPRR,4 of the 
APRFR,5 and of the mockup of the SORA reactor  used in the cri t ical  
experiments a t  Oak Ridge.' The uranium in all these experiments is 
enriched to  approximately 93 wt.% in the 235U isotope. The calculations 
of criticality, prompt-neutron decay constant, neutron lifetime, fission- 
density distribution, and reactivity effects a r e  compared with experi- 
ment. 

The most widely used method of calculation applicable to this type 
of reactor  is the S, transport  theory method of Carlson.' Present  
versions of this method are limited to two space coordinates. The 
major difficulty therefore is the inability of this method to correctly 
represent the geometry of some fast  burst  reactors.  Synthesis meth- 
ods' can adequately t r ea t  the other space coordinate but a s  yet have 
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not been applied to these systems. The generality of the geometry 
routines used in the Monte Carlo methodg permits  calculations with the 
geometry treated exa;ctly. This method has recently been used in the 
design of a fast pulsed reactor," and it has a lso been a useful method of 
calculating the multiplication factor for many crit ical  assemblies." 
Both these methods a r e  sufficiently good solutions of the Boltzmann 
equation to accurately predict most of the static properties of fast  
pulsed reactors. Diffusion theory has been used in some of the survey 
calculations for the design of the pulsed reactor VIPER," but it is a 
poor approximation to the Boltzmann equation for most of these sys-  
tems and therefore wi l l  not be discussed further. 

CRITICALITY 

In support of the design of the Health Physics Research Reactor 
(HPRR), the first fast  burst reactor of uranium -molybdenum alloy, 
some clean critical experiments with a lO-wt.% molybdenum alloy 
were performed. A solid alloy cylinder, an alloy annulus with an axial 
hole filled with stainless steel  and left empty, and an alloy assembly 
with various conditions of reflection were studied. Results of these 
experiments and their comparison with calculation a r e  given in 
Table 1. The calculations were performed with the computer codes 
TDC' and DDK,13 which a r e  two-dimensional S, programs in (r,z) 
geometry. The DDK code differed from TDC in that it permits  linearly 
anisotropic scattering in the laboratory. The S, approximation was 
used throughout with the 6- o r  16-group uranium cross sections of 
Hansen and Roach,I4 except for molybdenum, whose c ros s  sections a r e  
given by C~nno l ly . ' ~  The uranium c r o s s  sections of this se t  satis-  
factorily computed the criticality of Godiva I. The TDC code with six 
neutron-energy groups was used to calculate the unreflected systems. 
The Plexiglas-reflected assemblies were calculated with DDKsince they 
required the anisotropic scattering to handle the hydrogen in the r e -  
flectors. Sixteen energy groups were used. The calculated multiplica- 
tion factor for the uranium -molybdenum experiments agrees  very well 
with the experimental since the experiments a r e  cylindrically sym- 
metric and the geometry can be treated accurately by S, methods. 

Consider the geometry of the Army Pulse Radiation Facility 
Reactor (APRFR) shown in Fig. 1. The approximation to the geometry 
of this reactor used in S6 transport theory calculations with the DOT 
code'6 is shown in Fig. 2. In this figure the glory hole filler, safety 
tube, safety cage, and coolant shroud a r e  omitted since they were not 
used in the experiments at Oak Ridge. The calculated multiplication 
factor for the delayed crit ical  experiment was 1.003, in good agreement 



Table 1 

DIMENSIONS AND MULTIPLICATION FACTORS OF URANIUM- MOLYBDENUM ALLOY ASSEMBLIES 

Height of radial incre- 
ment of uranium, in. Multiplication factor  

Measured Calculated 
Mass, Center region Reactivity, Reflector 

conditions* 0-1 1-1.75 1.72-4 kg of 235U material  c 
None 5.71 5.78 5.78 68.265 -3.1 1.000 0.998 
None 7.75 7.75 8.5.715 Void 3.8 1.000 0.997 
None 7.38 7.37 81.558 Stainless steel -14.8 0.999 0.996 

5.50 5.50 53.185 Plexiglas 28.0 1.002 0.999 
1 in. Plexiglas 6.78 6.78 67.361 Void -6.1 1.000 1.005 

*Reflector completely covered top and sides. 

0 
r 
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Fig. 1 -Cutaway of APRFR. 

with the experimental. A c r o s s  section of atypical assembly used in the 
critical experiments for the SORA reactor  at Oak Ridge is shown in 
Fig. 3. The neutron multiplication factor of the assembly with all re- 
flector components of iron has been calculated by the 05R Monte Carlo 
neutron transport  code.g The generality of the geometry routine in this 
code allowed an exact specification of the geometry of the SORA assem- 
bly. Each of the approximately 85 uranium fuel rods in the core was 
treated as a separate region. The uranium c r o s s  sections were those 
that have been adjusted to satisfactorily predict  the properties of un- 
moderated and unreflected uranium metal assemblies.  '' The iron c r o s s  
sections were those that Alteri8 used to successfullypredict the neutron 
age in iron-water mixtures. The calculated multiplication factor was 
within 1% of the experimental value with a standard deviation of 1%. 

Recent Monte Carlo calculation of a uranium sphere using the 
recommended ENDF-Bi9 c r o s s  sections for 233U and 238U, a s  the c r o s s  

- I 
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NO. 

I 

2 
3 

4 

5 

6 

7 
e 

9 .  

STAINLESS STEEL 
U-MO ALLOY 
U-MO ALLOY DENSITY WAS REDUCED 

TO ACCOUNT FOR THE VOID AROUND 
THE BOLTS AND RODS. VOID DISTRI- 
BUTED UNIFORMLY IN THIS REGION. 

REDUCED-DENSITY STAINLESS STEEL 
REPRESENTING THE CORE SUPPORT RING 

REDUCED DENSITY U- MO REPRESENTING 
THE PROTRUSION OF THE BOLT SHANK 
OUT OF THE TOP OF THE CORE 

THE BOLT HEADS 
REDUCED-DENSITY U-MO REPRESENTING 

VOID 
HOMOGENEOUS MIXTURE WITH VOLUME 

FRACTION OF 0.4 FOR U-Mo, 0.4 FOR 
STAINLESS STEEL, 0.2 VOID 

IRON REPRESENTING THE DISPLACEMENT 
GAUGE MOUNTING PLATE 

Fig. 2-Sketch oj- the APRFR used iti transport theory calculations. 

sections a r e  received from the National Neutron Cross  Section Center 
at Brookhaven National Laboratory without any reduction to group 
average c r o s s  sections, predicted a multiplication factor 2.3% above the 
experimental. A se t  of c r o s s  sections used for the calculation of un- 
moderated and unreflected assemblies at Oak Ridge, in which the 235U 



- __ - -. _- . - - 
1 

14 MIHALCZO 

, 
CONTROL RODS INMCATED BORON CARBIDE 

BERYLLIUM , BY NOS 1, 20,Zb,3a,3b,AND5 

IRON OF FIXED REFLECTOR - 
CORE 

POLYETHYLENE 

DIMENSDNS IN CM 

Fig. 3- CTOSS section of a typicat S O U  critical assembly. 

fission c ros s  sectionis lower than that recommended in tlre ENDP*LB file, 
predicted a multiplication factor of 0.995, The statistical errcw in bDth 
these calculations is -0.3%. The bask difference betmfi these cross 
sections is shown in Fig. 4 where the fis- crom sectidne ai% plotted 
as a function of energy. Table 2 libts the& adjri5W fission crw3 sec- 
tions as a function of energy. 

Both the S, transport  theory and the Monte Carl0 Irnetlmti a r e  
adequate for predicting the criticality of fast Wst reactors.  IZtIfe 
geometry is extremely complicated, the Monte Carlo method cad he 
used as long as a desired accuracy of -0.5% in the m\ntiplic'&m 
factor is adequate. The use o€ the recfomlaen&ed fission cY03s sedtions 
of 235U results in an overestimate of t k  multiplication famr, which 
suggests that the recommended values 6f Mefi;Ps!cm cross sections may 
be too high. 

Fission-Density Distribution 

Fission-density distributions m e a s u r n  in Si???eral m&Ikb!iwhaVe 
been compared with the results of ttansport fhwry calculations. This 

i 
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Table 2 

ADJUSTED 235U FISSION CROSS SECTIONS 

Energy, 
Mev q, barns 

15.0 2.19 
14.0 2.09 
13.0 1.85 
12.0 
11.0 
10.0 

9.0 
8.0 
7.0 
6.5 
6.0 
5.0 
4.0 
3.0 
2.0 
1.5 

1.76 
1.76 
1.77 
1.80 
1.72 
1.53 
1.33 
1.17 
1.10 
1.15 
1.24 
1.32 
1.25 

Energy, 
Mev q, barns  

1.0,  1.21 
0.7 1.17 
0.8 1.13 
0.7 1.12 
0.6 1.12 
0.5 1.13 
0.4 1.16 
0.3 1.23 
0.2 1.35 
0.15 1.43 
0.10 1.60 
0.08 1.70 
0.06 1.85 
0.04 2.00 
0.02 2.42 
0.01 3.25 
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comparison is made in Fig. 5 for a solid uranium-molybdenum 
cylindep and in Fig. 6 for a uranium-molybdenum annulus. The axial 
fission-density distribution in the glory hole of the HPRR is compared 
with experimental resul ts  in Fig. 7, and comparisons of measurements 
and calculations for the APRFR a r e  given in Figs. 8 and 9. The agree- 
ment between experiment and theory is good except for  the axial 
distribution along the bolt surface of the APRFR. This disagreement 
is due to the inability of the S, codes to correct ly  represent  the 
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Fig. 5-midplane fission density as a function of radius for a U-Mo cylinder. 
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geometry of the bolt in the bolt-head region. Thus fission-density 
distributions can be calculated quite accurately by transport  theory 
provided the reactor  geometry can be described within the two- 
dimensional limitations of the transport  theory codes. The Monte Carlo 
method has been used to calculate fission-density distributions" but 
a t  present is not capable of calculating them in sufficient detail in 
reasonable computing time to be of very practical use in the design of 
fast burst  reactors.  
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Fig.  6-iVIidpla)ie f iss ion deizsity as  afunction of radius f o r  a U - M o  annulus 
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Reactivity Effects 

Both transport  theory and the Monte Carlo method have been used 
successfully for calculating reactivity effects in fast  burst  reactors.  
For very small  changes in the reactor,  perturbation theory is a very 
accurate means of calculating the reactivity effect, as shown by Hansen 
and Maier." Their calculations of the reactivity coefficients of 235U, 
238U, H, and D a s  a function of radius in Godiva I were all within -5% 
of the experimental values. In the cri t ical  experiments with uranium - 
molybdenum alloy, the change in reactivity as a result  of the introduc- 
tion of small  voids was measured; the resul ts  are compared in Table 3 
with those of f i rs t -order  perturbation theory using forward and adjoint 
angular fluxes obtained from the transport  theory calculations. The 
agreement between calculation and experiment is good. 8 
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The ability of transport  theory calculation to correctly predict  
the fission-density distribution and the accuracy of perturbation theory 
in predicting small  reactivity effects provide a means of calculating 
the dynamic temperature coefficient for these reactors  in the non- 
inertial case if the thermal-expansion properties of the fuel are known. 

For large reactivity effects, such as the removal of the safety 
annulus of the APRFR o r  the rotating reflector of the SORA assembly, 
other methods must be used. Since the safety annulus of the APRFR 
is cylindrically symmetric,  the reactivity effects of its removal can 
be calculated by the transport  theory codes. The calculated multiplica- 
tion factor with the annulus lowered 5 in. and 11.5 in. was 0.927 and 
0.873, respectively. With a value of 0.0068 for the effective delayed- 
neutron fraction, these multiplication factors correspond to reactivit ies 

Table 3 

VOID COEFFICIENT MEASUREMENTS IN 
UNREFLECTED URANIUM-MOLYBDENUM 

CYLINDERS 20.32 C M  IN DIAMETER 

Void coefficient, C /cm31 

Radial position Computed 
of void,* c m  Measured (perturbation theory) 

Midplane of U-Mo annulus with s tee l  in  center  

2.86 
3 .49  
4.13 
4.76 
5.40 
6.61 
7 .94  
9.21 
9.84 

4.62 
4.72 
4.80 
4.78 
4.43 
3.75 
3.26 
2.27 
2.03 

4.58 

4 .76  

4.57 

3.57 

2.28 

13 .33  c m  above the base of the U-Mo annulus with s tee l  
in the center  

2.86 
3.49 

3.71 
3.86 

3.60 
3.70 

Midplane of U-Mo cylinder 

0.00 7.40 7.90 

Midplane of U-Mo annulus 

2.86 4 .15  4.20 
4.13 4.54 4.55 
9.84 1.81 1 .65  

*Center of void located a t  position given. Voids were  
cylindrical holes 0.927cm in diameter  and 0.635 c m  long. 

tMagnitude of the reduction in  reactivity as a resu l t  of 
addition of the void. 
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of $11.6 and $21.4. The values of reactivity obtained from measure- 
ments of the prompt-neutron decay constant by the pulsed-neutron 
technique for the two conditions of safety-annulus withdrawal a r e  
$11.9 and $18.8, in f a i r  agreement with the calculations. 

The Monte Carlo method, in which a correlated sampling tech- 
nique is used, has successfully predicted the reactivity effects mea- 
sured in the cri t ical  experiments for SORA.23 The neutrons a r e  marked 
after they enter the perturbed region; secondary neutrons, which are 
produced by the marked neutrons, a r e  accumulated separately. The 
sampling values obtained from these marked neutrons allow the esti- 
mation of differential quantities like Ak. Comparison of the resul ts  of 
the method with the experiments is given in Table 4. The agreement 
with experiment is quite good, and the statist ical  accuracy of this 
calculation is adequate for most reactor  design purposes. 

Table 4 

CALCULATION OF THE REACTIVITY OF COhlPONENTS OF 
THE SORA CRITICAL EXPERIMENT BY A CORRELATED 

SAMPLING TECHNIQUE 

Reactivity,* $ 

Material  Measured Calculated 

Moving reflector 
Beryllium 11.0 c m  wide 6.1 6.1 * 0.3 

16.2 c m  wide 12.0 12.0 f 0..5 
Iron 11.0 c m  w i d e  3.7 3.9 + 0.2 

21.0 cm wide 6.5 6.2 + 0.3 
Safety rod 

Tungsten 1.5-4 1.66 * 0.10 
Central  fuel rod 1.75 1.74 0.05 

Beryllium 1.81 1.90 * 0.10 

*Magnitude of the reduction in reactivity as a resu l t  of re- 
moval of the material .  

Prompt-Neutron Decay Constant, Delayed-Neutron Fraction, 
and Prompt-Neutron Lifetime 

The long-standing discrepancyz4 between the calculated prompt- 
neutron lifetime and decay constants and the values obtained from 
measurements is the result  of e r r o r s  either in the measurements o r  
in the calculations. Measurements at delayed crit icali ty have been made 
by OrndoffZ5 with Godiva I and have been made at  Oak Ridge" with a 
sphere and with five cylinders of diameters  varying from 7 to  15 in. 
The measured prompt-neutron decay constants for all the solid ura-  
nium (-93 wt.% 235U) metal assemblies a r e  between 1.063 and 1.10 
psec-'. The e r r o r  is about 0.005 to 0.010 psec-' for  measurements 
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at Oak Ridge and about 0.02 psec-' for  the early measurements 
at Los Alamos. The prompt-neutron lifetime can be obtained f rom 
these measurements since at  delayed criticality the prompt-neutron 
decay constant equals the effective delayed-neutron fraction divided 
by the prompt-neutron lifetime. 

The effective delayed-neu;ron fraction for the i tk delayed-neutron 
group is defined by Gross and Marable2' as 

where the static adjoint and the dynamic forward angular fluxes are 
obtained from transport  theory calculation. The total effective delayed- 
neutron fraction is the sum over the delayed-neutron groups. A cal- 
culated value within about O.l%of this for these systems can be ob- 
tained from the difference in the multiplication factor calculated first 
with the normal fission-neutron spectrum and then with the spectrum 
modified by subtracting the delayed neutrons out of the calculation. This 
modification included subtracting delayed neutrons from fast fission in 
238U. The fraction of fissions arising in 238U was obtained from the t rans-  
port calculations. For  calculating Perf half the fissions in 234U and 236U 
were assumed to be 235U fissions, and the other half were assumed to be 
238U fissions. The prompt-neutron lifetime obtained from the measured 
decay constants for the cylinder and the calculated values of Perf w a s  
between 6.21 and 6.28 nsec with an average value of 6.25 & 0.03 nsec. 
The value of the neutron lifetime obtained in the same way from the 
measurements of Godiva I is 6.2 f 0.1 nsec. The very close agreement 
between the measurement? at  two different laboratories and their  in- 
terpretation, which shows that the neutron lifetime is independent of 
geometry as long as the assemblies do not contaip voids, suggests that 
the source of the discrepancy may be errors in the calculation of the 
decay constant and neutron lifetime. 

Four possible sources  of e r r o r  in the calculations a r e  the value 
of the delayed-neutron fraction for 235U, the c r o w  sections, the fis- 
sion spectrum at low energy, and the energy distribution of neutrons 
emerging from inelastic scattering by 235U. The value of P for 235U is 
well known and is consistent with the interpretation of central reactivity 
coefficient measurements for 235U in Godiva I. The change in the c r o s s  
sections required to  resolve the discrepancy would be large.28 More 
neutrons at lower energy in the fission spectrum would lead to a larger  
neutron lifetime. The fission spectrum has not been measured at  low en- 
ergy, and the energy distribution of the neutrons emitted in in- 
elastic scattering by 235U has not been measured in any detail. Two 
difficulties in the latter measurement a r e  the number of levels involved 
and the separation of these neutrons from the fission neutrons. 
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For this paper I have assumed that the inelastically scattered 
neutron spectrum is the difficulty and therefore have adjusted the 
energy distribution of neutrons from inelastic scattering until the 
neutron generation t ime calculated by the Monte Carlo method is 
equal to -6.25 nsec. This adjustment resul ts  in a nuclear temperature 
fo r  the evaporation spectrum of the neutrons emitted in inelastic scat ter-  
ing with 235U of "0.2 Mev for  an incident-neutron energy of 1 MeV. 
The energy distribution of the neutrons before collision in the central  
region of a uranium sphere using the adjusted set of c r o s s  sections 
is softer than the distribution calculated with ENDF-B c r o s s  section 
a s  shown in Fig. 10. The energy distribution of the neutrons leaking out 

ENERGY, EV 

Fg. 1O-Neutroiz collisioiz spectrum in the ceizter of a uraniiim-metal sphere.  

of the sphere surface is not as dependent on the treatment of inelastic 
scattering. The neutron spectrum from the Monte Carlo calculations and 
the adjusted c r o s s  sections were used t o  calculate a set of six-group. 
c r o s s  sections, given in Table 5, f o r  u se in  S, transport  theory calcula- 
tions, The t ransfer  c r o s s  sections are compared with the Hansen- 
Roach values. The downscattering c r o s s  sections are slightly l a rge r  
than those of Hansen. The results of transport  theory calculation of the 
prompt-neutron decay constant, using this set  of six-group c r o s s  sec- 
tions derived from the adjusted set  and the neutron energy distribution in 
the uranium sphere, a r e  given in Table 6 for some uranium assemblies29 
and the APRFR. The calculated values of this decay constant agree very 
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Table 5 

SIX-GROUP MICROSCOPIC TRANSFER CROSS SECTIONS FOR 235U 
I 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 

Averaged by Monte Car lo  
ug - g 1.04 1.67 2.21 3.30 6.57 10.13 
u g - I - g  0 0.26 0.25 0.51 0.69 0.22 
u g - 2 - g  0 0 0.36 0.72 0.72 0.19 
u g - 3 - g  0 0 0 0.76 0.71 0.13 
u g - 4 - g  0 0 0 0 0.51 0.11 
u g - 5 - g  0 0 0 0 0 0.06 

Hansen-Roach s e t  

ag - g 1.20 1.77 2.30 3.42 6.16 9.06 
u p - 1 - g  0 0.27 0.24 0.55 0.35 0.08 
u g - 2 - g  0 0 0.37 0.67 0.40 0.08 
u g - 3 - g  0 0 0 0.65 0.45 0.07 
u g - 4 - g  0 0 0 0 0.44 0.07 
u g - 5 - g  0 0 0 0 0 0.06 

Table 6 

NEUTRON DECAY CONSTANT 
COMPARISON OF MEASURED AND CALCULATED PROMPT- 

Prompt-neutron decay constant, psec-' 

System description Measured Calculated 

Uranium sphere  
Uranium cy1 inder s 

7.0 in. diam. 
9.0 in. diam. 

11.0 in. diam. 
13.0 in. diam. 
15.0 in. diam. 

Safety annulus 
inserted 

Safety annulus 
out 5.0 in.* 

Safety annulus 
out 11.5 in.* 

APRFR 

1.10 

1.082 
1.088 
1.076 
1.071 
1.063 

0.675 

7.97 

11'.87 

1.10 

1.075 
1.093 
1.062 
1.073 
1.064 

0.66 

7.52 

12.15 

*These systems were subcritical. All o thers  in this table a r e  
a t  delayed criticality. 
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well with the measured values. Prompt-neutron decay constants for fast 
pulse reactors  can also be calculated by Monte Carlo methods. 

CONCLUSIONS 

In conclusion, the present transport  theory and Monte Carlo 
methods are adequate for  predicting the criticality, fission-density 
distribution, temperature coefficients, reactivity effects, and prompt- 
neutron decay constants o r  lifetimes of fast pulse reactors.  The cal- 
culation of the cri t icali ty of these systems indicates that the z35U fis- 
sion c r o s s  sections a r e  too high. The energy spectrum of neutrons 
inelastically scattered by 235U is not known well enough for the accurate 
prediction of the prompt-neutron decay constants. In this case it is 
not the inadequacy of the methods of calculation but ra ther  i t  is the 
deficiency in the basic nuclear data used a s  input to the calculations 
that prevents the accurate calculation of criticality and of quantities 
that depend on the energy spectrum, such a s  the prompt-neutron 
lifetime. 

@ 
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DISCUSSION 

McTAGGART: I would like t o  ask if you have any reaction-rate 
ratio measurements in these systems with which to compare your 
calculations. 

MIHALCZO: I have made these calculations in the past for  the 
reaction-rate measurements in Godiva, but I have not done them with 
these recent calculations. This will probably be done. 

McTAGGART: I think if one is going to  make adjustments of 235U 
fission c r o s s  sections a s  you have described to get the criticality right, 
one must a t  the same time be su re  that these adjustments do not upset 
the fission ratio measurements between plutonium and 235U or 238U and 
235U. This was the reason for  my question. 

MILEY: Have you compared the various calculation techniques that 
you mentioned - Monte Carlo, S,, and multigroup diffusion theory- 
for  a single problem that is representative of these small  fast  burst  
reactors  ? 

MIHALCZO: You mean for a single system? 
MJLEY: Right. The same  system and the same c r o s s  sections. 
MIHALCZO: I have made these comparisons for the transport  

theory and the Monte Carlo method but not for  the diffusion theory. If 
you use the six-group c r o s s  sections, which you get by averaging the 
c r o s s  sections used for the Monte Carlo calculations with the spectrum 
computed by Monte Carlo, the S, method predicts criticality that ag rees  
with the Monte Carlo method and gives decay constants that agree with 
experiment. We have not computed the decay constants by Monte Carlo, 
but we are now working on the codes to  do this. 

MILEY: Could you comment on the time required for  calculations 
by different methods? 

MIHALCZO: In a bare system like Godiva you can do a calculation 
on a 360-75 computer (with the statistical accuracies quoted here) in 
about 30 min with the 05R code. There a r e  other Monte Carlo codes at  
Oak Ridge, for  instance, the KENO code; which is a multigroup Monte 
Carlo, essentially does just what transport  theory calculations do. 
KENO handles slowing down by a t ransfer  matrix. The only feature 
that makes it different f rom transport  theory is that it handles the 
geometry exactly. You can do calculations with this  code, for  instance, 
on a uranium-metal cylinder with 18 in. of graphite around it, in 
roughly a factor of 20 less computing t ime than you can by S, transport  
theory if a statistical e r r o r  of -0.5% on the multiplication constant is 
satisfactory. P a r t  of the reason for the long t ime on the t ransport  
theory calculations is that you have to worry about convergence, you 
have to worry about the o rde r  of S,, and you have to worry about the 
number of spatial mesh intervals, particularly iiear the thermal  
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reflector -fast core boundary. This inc.reases the calculating t ime to 
something like 1y2 hr  or  2 hr,  and the KENO code using adjoint biasing 

.in the reflector can run a calculation like this in about 5 min. 
FOELL: , I  was interested in the very close agreement you-have 

obtained between your measured and calculated reactivity coefficients 
in central  worth, measurements or  void measurements. In the fast 
cr i t icals  that have been done at  Argonne National Laboratory and other 
places, in general, there is not very good agreement between the mea- 
sured and calculated reactivity coefficients, particularly for  some of 
the lighter materials. I think this  occurs partially because there is a 
cancellation between the various components - the moderation, the 
fission, and the capture components. Would you comment on the reason 
for  the very good agreement in your calculations. 

MIHALCZO: In these systems the energy spectrum is harder  than 
in those at Argonne. Also, I think in this particular case,  the model 
which is being used in the calculations (for instance, the Monte Carlo 
model of Rief in the case of the SORA experi.ment) correctly repre-  
sents  the change geometry-wise and is a very accurate representation 
of the system from a calculational standpoint. The reactivity coeffi- 
cients that have been calculated, e.g., .the removal of a fissionable 
rod from the center, the removal of a beryllium control rod, o r  an 
iron reflector block, a r e  maybe not as complicated as the competing 
reactivity effects in the Argonne experiments. Also, the Argonne ex- 
periments' a r e  not simple geometry experiments but I understand are 
computed by reactor codes which have simple geometry capability. 
There may be some problem in correctly representing the changes in the 
code. 

SHAFTMAN: Are you proposing to use a single set of c r o s s  sec- 
tions for  a ra ther  large ,number of different systems instead of--at- 
tempting to tailor c r o s s  sections to the particular composition? 

MIHALCZO: I have just been concerned with 93% enriched-uranium- 
metal  systems, and I feel I have a se t  of c r o s s  sections that will pre- 
dict cri t icali ty and. neutron lifetime, and these are only good now down 
to energies of -1 kv. If you have a system that has  many,neutrons be- 
low l kv, you cannot use the c ros s  sections I have compiled. 

SHAFTMAN: Except you have iron, molybdenum, and other mate- 
rials in them. 

MIHALCZO: The iron c r o s s  sections I used in the Monte Carlo 
calculations very satisfactorily predicted the age in iron- water 
mixtures. The c r o s s  sections that were used in the transport  theory 
codes a r e  c ros s  sections which were compiled by Gordon Hansen over 
the yea r s  for  use in the calculations of a wide variety of integral 
experiments. I think there have been measurements a t  Los Alamos .of 
the integral quantities that  a r e  used for these calculations. 

. . .  
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SHAFTMAN: This was done at Argonne too, except that there were 
enough differences that c r o s s  sections more specific to  the particular 
system were developed. 

MIHALCZO: You have two problems at  Argonne; you do not neces- 
sar i ly  know what the c r o s s  sections a r e  and your models for  the 
complicated geometries you have a r e  not exact. In the cases that I 
have calculated, I could take the Monte Carlo method and compute the 
system and because of the accuracy of the model know that if there  was 
a disagreement with experiment it was due to  the c r o s s  sections. You 
can get a set of adjusted c r o s s  sections which would be fine for  the 
geometry approximations you have made to  get the problem on the 
computer. If you change the geometry, the same set of c r o s s  sections 
may not give you the agreement between experiment and calculation. 

NELSON: Could you briefly describe how you ca r r i ed  out the 
lifetime calculations? In particular, I would like to  know whether you 
are using a mean destruct time, a mean t ime to  fission, o r  something 
else. 

MIHALCZO: The Monte Carlo method calculated the mean time to 
production. The S, calculations were used to obtain an effective-delayed- 
neutron fraction which allowed the determination of a lifetime f rom 
the prompt-neutron decay constant measurement a t  delayed criticality. 
The lifetime calculation a s  calculated by S, would be the usual ra t io  of 
integrals as appears,  for instance, in ar t ic les  by Henry and others where 
you use the static adjoint and dynamic forward angular fluxes to do the 
calculation of the integrals. (See A. F. Henry, ~Vzic. Sci.  Eng., 3: 52 
(1958) and L. N. Ussachoff, Equation for the Importance of Neutrons, 
Reactor Kinetics, and the Theory of Perturbations, in Proceedings of 
the Intematioml Coqfewnce  OH the Peaceful Uses of Atoizic Energy,  
Geneva, 1953, Vol. 5, p. 503, United Nations, New York, 1956.) 

@ 
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ABSTRACT 

The simple transient response equation of reac tor  kinetics i s  the basis  of 
more-sophisticated methods of calculating the behavior of fas t  burs t  r eac to r s .  
The need to s t re tch burs t  reac tor  designs to their  ultimate capability, however, 
has forced designers to extend the s imple  model. This paper reviews these 
extensions and examines their  range of validity. Many reactivity-feedback 
coefficients a r e  nonlinear, e.g., the Doppler effect used in VIPER. In sys tems 
with short  prompt-neutron lifetimes, such as Godiva and Super KUKLA, inertia 
effects become important, and the kinetics problem consists in solving coupled 
kinetics equations that take account of the elastic waves se t  up in the fuel by the 
rapid heating. 

The delayed-neutron fraction and prompt lifetime, which govern the prompt 
kinetics in many sys tems,  a r e  not well determined a t  present.  Ways of adjusting 
delayed-neutron parameters  to fit the observed reac tor  behavior a r e  outlined, 
and experiments suggesting that cer ta in  delayed fractions may be in e r r o r  a r e  
discussed. 

Simple models that predict the general features  of a prompt burst  
were at  one time a satisfactory basis  for Now that the 
demand is for higher yields and shorter bursts,  burst  reactor designs 
are being stretched to their  ultimate capability, and more-sophisti- 
cated models a r e  required. Nevertheless, from the viewpoint of 
designing and operating burst  reactors  to produce a large number 
of pulses without ser ious damage, relatively straightforward exten- 
sions to the simple model, with a proper appreciation of the range 
of validity, a r e  generally adequate. The calculation techniques de- 
scribed a r e  concerned primarily with observable quantities, such as 
reactor period, pulse shape, and yield, and can be applied to future 
designs provided their  reliability and accuracy can be established for 
existing systems. 

31 
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This paper reviews methods of deriving reactivity feedback in 
t e r m s  of a one-point model with separable time and space dependence. 
Some discussion of inertia effects, which can usually be represented 
by a simple single-frequency oscillator model of the system, leads 
to useful approximate relations for yield vs. reactivity. A realist ic 
model must allow for the lag in system feedback due to fuel inertia 
and may have to consider nonlinear processes,  such as the Doppler 
effect. For assessing the design limitations ideally, the model should 
also describe the s t r e s s  pattern throughout the system. 

The kinetic behahor  above prompt cri t ical  is governed by the 
neutron lifetime and the reactivity. In practice the reactivity scale 
is usually established by means of the delayed-neutron fraction. When 
a burst  reactor is used as an irradiation device, the presence of 
experiments in or near the core can al ter  the effective neutron life- 
time. Experiments with the Sandia Pulsed Reactor (SPR) show that 
for moderating reflectors this alteration is due to the slowing down 
time and t ransi t  time of those neutrons which travel from the co re  to 
the reflector, a r e  scattered there, and return to the core as low-energy 
neutrons. Practical  ways of accounting for these effects a r e  needed 
to predict reactor performance with a variety of irradiation experi- 
ments if the reactor is to continue operating safely and reliably. 

Delayed-neutron parameters,  such a s  effective group fractions, 
can also be affected by the presence of irradiation experiments. Even 
the basic data calculated using multigroup effectiveness values do 
not describe adequately the variation of period with reactivity between 
delayed and prompt critical. From the operators'  point of view, a 
consistent set  of delayed-neutron parameters  is very useful. Empirical 
adjustments can usually be made to provide such a set. 

The operator also needs an accurate value of the total delayed- 
neutron fraction i f  only to connect effects calculated on an absolute 
reactivity scale to those he is measuring (which a r e  usually based on 
a dollar reactivity scale). The possibility of revised values for  certain 
isotopes should not be ruled,out. 

BURST REACTOR KINETIC THEORY 

According to Keepin3 the basic problem is solving the transient 
response equation 

*= * [k(t)(l - yo) ' -  11 
dt 7 

n(t') k(t') h,yipi exp [-hi(t - t ' ) ]  dt' (1) c 
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for an arbi t rary reactivity variation k(t). The simplest case of a 
compensated response is when k(t) takes the form 

k(t) = k(o) - A Sot n(t') dt' ( 2) 

where the negative sign signifies negative feedback. The kinetic 
behavior is governed by three things, the most important of which 
is the feedback t e r m  in the equation for k(t), the form and quantitative 
expression for  A s6 n(t') dt'. This expression determines the amount 
by which the reactivity has  to  exceed prompt cri t ical  for  a given burst  
yield. Next in importance is the neutron lifetime T which dictates the 
initial prompt period (usually referred to in the form of i t s  reciprocal 
a). The third governing factor, the delayed-neutron contribution, is 
negligible if the reactor  is super-prompt cri t ical  and the neutron 
population is growing rapidly and becomes most important when the 
system is between delayed and prompt critical. 

The well-known simple solution obtained when A is constant 
predicts a l inear relation between energy yield and excess prompt 
reactivity 

@ 

where BE is a generalized shutdown coefficient expressed as reactivity 
change pe r  unit energy. The pulse shape and energy a r e  given by 

26k, exp cut E(t) = ~ B, 1 It expcut 

which'gives a power pulse with width at  half peak power of Ww = 3.52/01. 
After the prompt pulse when the delayed neutrons can no longer be 
ignored, the plateau level is given by \ 

plateau BE 

In this simple solution the plateau power level (1) is the same  
for all s i zes  of pulse, (2)  is independent of the prompt lifetime, and 
(3)  is inversely proportional to the shutdown coefficient. 



I ' 'Reactivity Feedback 

The simple proportionality between reactivity feedback and energy 
can be justified by considering the effect of rapid fission heating of 
the fuel during a prompt transient. For example, if thermal expansion 
resul ts  in a displacement t(r,  t) proportional to the temperature rise,  
the resulting reactivity change can be expressed in f i rs t -order  per- 
turbation theory by 

where w is the worth of fuel and aw/ar  is the gradient in the direction 
of the displacement. Since the temperature r i s e  up to time t is pro- 
portional to the number of fissions that have occurred up to that t ime 
and the fission r a t e  is proportional to the neutron population, this 
reactivity change can be separated into time- and spatial-dependent 
components: 

k(t) = J' n(t) dt g(r)  d r  (8) 

where g(r)  represents the space-dependent part  of Eq. 7. 
Departures from this  simple proportionality a r i s e  for a number of 

reasons: 
1. For slow pulses heat transfer during the pulse may have to 

be considered. For most fast-pulsed reactors,  heat loss  during the 
pulse can be neglected. 

2. Some materials have neither constant specific heat nor constant 
expansion coefficient. This leads to minor departures from linearity 
which can generally be accommodated by choosing a suitable averaged 
value. 

3. Some feedback mechanisms, notably the Doppler effect, have 
a well-established nonlinear temperature relation. Typically a k/a T 
(Doppler) varies a s  T-%, where T is absolute fuel temperature. This 
variance affects the pulse shape and a l t e r s  the yield- reactivity 
relation. 

4. In very rapid heating quasi-static expansion i s  inhibited by 
the fuel inertia, and expansion lags behind the fission energy release.  
The feedback t e rm is thus delayed with respect to the fission heating, 
and the yield i s  larger  than predicted by the simple-model theory. 

In practicable fast burst  reactors,  the pulse widths vary from a 
few tens of microseconds to  a few milliseconds, and heat t ransfer  
during the pulse is negligible. Variations in specific heat and expan- 
sion coefficient with temperature a r e  generally l e s s  than 5% for a 
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single-phase material  over the operating range of most pulsed reac-  
tors.  These variations, along with such effects as the Doppler coeffi- 
cient, a r e  not easily incorporated in an analytical solution. If relations 
between temperature r i s e  and fission energy or  reactivity change and 
temperature a r e  added to  the response equations, numerical solutions 
for  pulse shape, yield, etc., can be obtained for a particular reactor.  

Inertia effects can be included in the compensated-response 
calculation if the reactivity changes associated with the constrained 
expansion can be expressed a s  a function of time. This is generally 
done by constructing a dynamic displacement equation for the average 
expansion and assunling that the reactivity change is proportional to  
the expansion. 

Calculation of Temperature Coefficients for VIPER 

A s  an example of the simple model, the temperature coefficient 
for the VIPER reactor  (the comparatively slow pulse of VIPER allows 
inertia effects to be neglected) was ~ a l c u l a t e d ~ * ~  in two parts.  The 
expansion contribution was obtained by calculating fuel displacements 
a s  a function of position and by performing a numerical integration 
over the core  cylinder volume of the reactor.  The result  was a tem- 
perature coefficient of (0.70 i 0.09) x lop5 of average fuel-temperature 
rise.  The Doppler coefficient was calculated by using Doppler-broad- 
ened resonance data for  300, 600, and 900°K. Although the temperature 
is not uniform throughout the r ea l  core, i t  is a reasonable approxima- 
tion to assume a uniform temperature equal to the core average. For 
each temperature the cri t icali ty of the co re  was calculated using a 
diffusion theory program with allowance for heterogeneity. The resul ts  
were fitted to an expression of the form AT-% between the 300 and 
600°K points. The curve passes  within 6% of the 900°K point. The 
initial slope of this function is (0.88 i 0.13) x 10-5/0C, and the average 
slope from 300 to 600°K is (0.58 i 0.09) x 10-5/0C. Combining this  
last  result  with the expansion coefficient, the overall coefficient is 
(1.28 i 0.15) x 

The observed slope of the yield vs. reactivity curve, which in 
the simple model is proportional to  the temperature coefficient, is 
(1.08 i 0.07) x 10-5/0C average fuel temperature. Within the experi- 
mental accuracy and with allowance for  the uncertainty in the calcu- 
lated values, the measure of agreement between this coefficient and 
:the calculated value is satisfactory. 

Foliowing a suggestion by J. Randles, and in an attempt to deter-  
mine the relative proportions of Doppler and expansion coefficient, 
the full feedback equation was solved using the RKSF point reactor  
kinetics code6 and the DOPPELAS code,' both of which can accommo- 
date a nonlinear temperature coefficient. These calculations a r e  
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summarized in Table 1 and Fig. 1. Because it is a point kinetics code, 
the calculated temperature is simply the fission energy divided by the 
heat capacity of the core. The resul ts  show that with a coefficient 
comprised of equal expansion and Doppler effects the following occur: 

1. The pulse yield vs. reactivity becomes slightly nonlinear. 
2. The relation between width and reciprocal initial period changes 

from 3.52, as in the simple model, to a number which var ies  from 
3.7 to  3.9, depending on the s ize  of pulse. 

3. The post-pulse plateau, which in the simple theory is constant, 
also increases  with pulse size. 

The effect of varying the relative proportions of Doppler and 
expansion is illustrated by the last four entr ies  in Table 1. If we 
assume that expansion contributes between 50 and 70% of the total 
coefficient, a better value for  the average coefficient from ambient 
to 320°C is (1.19 f 0.07) x 10-5"C-'. This is closer  to the calculated 
value of (1.28 f 0.15) x 10-50C-1. 

Because the deviation from linearity is small  in relation to the 
experimental e r r o r s ,  the proportions of l inear and nonlinear tempera- 
ture  coefficients cannot be determined solely from the dependence 
of yield on reactivity insertion. Although in VIPER it is difficult to 
measure the pulse shape accurately, there  is evidence that the plateau 
power level is higher after large pulses than after small  ones. 

Calculation Methods for Inertia Effects 

Because of its importance to  Godiva systems, the inertia effect 
has received much attention. Various models have been used, but 
essentially they a r e  all attempts to t r ea t  realistically a coupled 
neutronics-dynamics system of equations in t e r m s  of a few param- 
eters.  An exact solution within the one-point kinetics model would 
be obtained by solving point by point the equations of motion of the 
heated fuel, calculating displacements and thus the reactivity change, 
and substituting this value in the response equation to produce a further 
temperature rise. It is clearly a g ross  simplification to represent 
the expanding fuel by a single di.splacement parameter,  such as the 
vibration amplitude of a single-frequency oscillator. Nevertheless, 
this  procedure has been followed using suitably averaged values, and 
the resul ts  a r e  in good agreement with the observed variation of 
yield vs. reactivity. 

Formally we still may represent the displacement by [(r,t) and 
the reactivity change by the integral 

I .  
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Table 1 

CALCULATED VIPER PULSE KINETICS INCLUDING T-h 
TEhlPERATURE-DEPEXDEXT DOPPLER COEFFICIENT 

Plateau I~eac t i \ . i t y  Tempera ture  coefficient Ratio of \vidth tempera ture  r i s e ,  heating, 

RKS I;, insertion, 
C Doppler' Expansion DOPPEL:\S RKSF DOPPELAS RKSF "C/msec 

Prompt 

(X  10-5 T-!) to period "C 

2 0.54 0.54 3.56 :I.68 
: 0.54 0.54 3.61 3.65 

10 0.54 0.54 3.70 3.71 
15 0.54 0.54 3.76 3.78 
20 0.54 0.54 3.82 3.87 
23.5 0.54 0.54 3.86 3.90 
23.5 0 1.08 3.43 3.53 
23.5 0.69 0.39 3.96 3.99 
23.5 0.39 0.69 3.75 3.80 
23.5 1.08 0 4.17 

*Doppler coefficient expressed as the reactivity change 
(2YC to 34SC)  divided by the temperature difference. 
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Fig. 1 -RKSF calculations of VIPER yield vs .  react iv i fy ,  including nonlinear 
Doppler reactivity-feedback term.  
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In this  instance, 5 is not readily separable into spatial- and time- 
dependent functions. The equations of motion which determine < a re  
readily derived in the one-dimensional case. 

The s t r e s s  equation is 

p =-E-+ a 5  E @ T  
ax (9) 

where E is Young's modulus and @ is the expansion coefficient of the 
fuel of density p. 

The equation of motion is 

Eliminating the stress, the displacement equation becomes 

This is obviously a wave equation with wave velocity and a 
source t e r m  that depends on the temperature profile. With appropriate 
boundary conditions this  equation can be used to generate numerical 
solutions for  5. In practice simplifying assumptions a r e  generally 
made before even numerical solutions a r e  attempted. 

The ear l ies t  solutions' produced bounds to the yield of the form 

E' < 2(1 + &;)E 

E'  > (1 + a2ti)E 

where E is the yield given by the simple theory, a is the inverse 
initial period, and t o  is an inertial time constant associated with 
the t ransi t  time of a s t r e s s  wave ac ross  the system. To a first approx- 
imation the yield is given by the lower bound, Le., it increases  by a 
factor (1 + a2t$ over the simple theory. The pulse width reduces from 
3.52/a to a lower limit of 2.44/a. 

CONE@ is a one-dimensional neutronic elastic code capable of 
dealing with solid spheres  or  spherical shells. It resembles  the 
neutronics- hydrodynamics codes used for  accident studies in that 
it calculates reactivity feedback by repeating the neutronics calcu- 
lation at intervals throughout the pulse but uses  an elastic equation 
of state. Applied to  Godiva it appears to predict a ringing period in 
agreement with a corresponding analytical value of 58 psec. In pre- 
dicting the yield vs. reactivity (or reciprocal initial period a ) ,  i t  
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gives values which exceed the experimental ones for cy < 0.06 x l o 6  
sec-' and which a r e  l e s s  than the experimental ones for  a > 0.06 x 
l o6  sec-', though over the entire range the curves agree within the 
experimental uncertainty. 

In solving these equations for a spherical  system, K ~ l e s o v ~ ~ ~ ~  
uses  the perturbation equation to calculate reactivity feedback but 
derives solutions for  the displacements in t e r m s  of eigenfunctions, 
which involve the characterist ic vibration frequencies of the compo- 
nents. Numerical calculations were performed for two variants: (1) a 
solid sphere (20.5 c m  in diameter) and (2 )  a sphere divided into four 
pa r t s  ( a  solid center 8.2 cm in diameterand three shells 8.6 to 12.7 c m  
in diameter,  12.7 to 16.7 c m  in diameter,  and 16.7 to 20.5 cm in 
diameter. Only the first t e r m  of the eigenfunction expansion was used 
in the quoted resul ts  although other calculations were done using the 
f i rs t  two terms,  and Kolesov s ta tes  that the resul ts  obtained were 
practically identical. Comparing this with Godiva, which may be 
regarded a s  a sphere 17.5 c m  in diameter, the yield-reactivity rela- 
tion is s imilar  and shows the same departure from linearity for  initial 
periods shorter  than 25 psec. The free-oscillation period of the 20.5- 
c m  sphere is 75 psec compared with the CONEC value for  Godiva of 
55 psec. 

Kurstedt and Kazi" have published numerical solutions of a 
s imilar  s e t  of equations which t reat  the Army Pulse Radiation Facility 
Reactor (APRFR) as a thin shell. The cylindrical core is represented 
by a s h e l l  with an e f f ec t ive  r a d i u s  equa l  t o  t h e  r a d i u s  of g y r a t i o n  of 
the co re  disks. Allowance is also made for  temperature dependence 
of the specific heat, and provision is made for  Doppler feedback terms.  
In the resul ts  quoted the feedback due to  expansion is not calculated 
from the properties of the assembly but is fitted empirically to the 
largest  experimental pulse. 

Direct  measurement^'^^'^ of the displacement of the outer surface 
of SPR I1 provide a comparison with the thermoelastic equation applied 
to a simplified model of the core, neglecting the presence of holes 
and other irregularit ies.  Predicted displacements of the outer surface 
were 10% greater  than the measured expansion of 21 mils, and the 
inner surface moved 20% fur ther  than predicted. The observed vibra- 
tional period was 160 psec compared with the theoretical value of 
130 p e c .  

In the DOPPELAS program which is written for rod-type cores,  
such a s  SORA and VIPER, R a n d l e s ' ~ ' ~  adopts a slightly different ap- 
proach. Although intended fo r  use in accident calculations, this 
program can be used to calculate the effect of inertia on both yield 
and pulse width. The numerical solution is simplified by assuming 
that (1) the worth of fuel var ies  linearly with height above the core 
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center plane, and (2) the core  is uniformly heated. The feedback 
reactivity equation reduces to 

celastic(t) = A At T (bt’) Q(t  - t‘) dt‘ 

€Doppler (t) = B[Q(t)I 

where t is the feedback reactivity, T(B) is a triangular wave of unit 
amplitude, b is a t ime constant associated with the time taken for  
pressure waves to  travel f rom one end of a fuel pin to the other, and 
Q(t) is the energy input. 

Some DOPPELAS calculations for VIPER are shown in Fig. 2, 
where the neutron lifetime is varied for afixed set of other parameters  
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Fig. 2-DOPPELAS calculations of VIPER yield, illustrating inertial effects by 
artificially varying neutron lifetime. 

corresponding to a 240°C VIPER pulse. The yield is constant until 
the period becomes comparable with 56 psec, which corresponds to 
the t ime taken for  a p res su re  wave to t r ave r se  half the length of a 
fuel rod (analogous to the “inertia t ime constant”). This shows that the 
effect of inertia on yield in VIPER is probably negligible though it  
does not mean that the fuel is not s t ressed during a pulse. 

Although all these methods appear to  describe the inertia effects 
qualitatively within the elastic range, there  is room for improvement 
in (1) making more detailed quantitative comparisons and (2)  examining 
the validity of some of the simplifying assumptions. One important 
material  property is the modulus of elasticity. First, the modulus is 
usually assumed to  be constant, though in most materials it dec reases  
with temperature and may vary by as much as 25% between ambient 
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and the peak reactor operating temperature, and, second, its dynamic 
value may differ from the quasi- static one. Mechanical complexity 
is also difficult to incorporate. Few Godiva-type systems can be 
treated a s  solid assemblies. All have holes for  control and burst  rods, 
etc., and most a r e  bolted together by nonfissile materials.  It is diffi- 
cult to represent the notch in the fuel pin adequately in a s t r e s s  
calculation. Attempts have been made to represent the s t r e s s  condi- 
tions in more detail, using a temperature profile derived by one of 
the simplified methods previously described. For accident analysis, 
of course,  treatments should be extended beyond the elastic range. 

PROMPT KINETICS 

Above prompt cri t ical  the initial exponential period of a transient 
is simply related to the reactivity insertion. Equation 1 reduces to 

P cy = - p  - 

where cy is the reciprocal of the initial period and the reactivity 6 1  is 
measured in dollars. Except very close to prompt critical, the slope 
of the l inear relation between cy and p gives the experimental value 

Direct m e a ~ u r e m e n t ~ , ~  of this ratio in VIPER gives a value of 
(4 .36 i 0.05) x lo4 sec-' for the basic core. The slope increases 
significantly when an experiment is included. For example, when 
a small  cavity is created near  the core, the core  loading has  to  be 
increased to accommodate the change in criticality, and the value of ' 

p / ~  becomes (4.65 * 0.10) x lo4 sec-'. 
Similar  measurement^'^^'^ with other systems, such as SPR 11, 

also show a nearly l inear variation of cy vs. p except that for  small  
reactivity insertions above prompt cr i t ical  some curvature is ob- 
served which can be attributed to room-reflected neutrons. Similarly, 
changes in the location and type of reflector cause the slope to de- 
crease.  This decrease is due to an increase in the effective lifetime 
which is caused by neutrons that leave the core being moderated in 
the reflector and then returning to the co re  sometime later.  Both 
the moderation t ime and the return transit  t ime have to be considered, 
These measurements a r e  discussed in Session 4, Paper  4. 

Rossi-alpha, pulsed-alpha, and variance-to-mean methods have 
been used extensively, both in pulsed reactors  and in other fast cr i t ical  
reactors.  1 6 *  l i 9  l8 These techniques provide a means of checking P / T  
experimentally before reaching prompt cri t ical  since the prompt 
decay constant at delayed crit ical  in the one-point kinetics model is 

Of p / T .  
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also the ratio O/T. For simple systems a single exponential decay 
constant is usually easy to establish, but it is clear  from measure- 
ments with reflected systems that the simple model is not adequate. 
Attempts have been made to devise two-region models and calculate 
the t ime dependence of the neutron population in the system as a 
whole. 

Omitting systems where it is clearly necessary to represent the 
prompt decay by more than a single exponential, Table 2 summarizes  

' ' values of p / 7  for  a range of systems, including pulsed r eac to r s  
VIPER, Godiva, and Jezebel, and the zero-energy r eac to r s  FRO, 
VERA, and Zebra." It is noteworthy that the value of p/r  at delayed 
crit ical  for VIPER obtained from Rossi-alpha measurements, (4.05 & 

0.05) x lo4 sec-', is 7% less than the ratio derived from super-prompt 
pulses. 

If the appropriate value of the effective delayed-neutron fraction 
is used, the prompt-neutron lifetime corresponding to the measured 
ratio can be derived for  comparison with the prompt lifetime directly 
calculated using multigroup methods. This comparison provides a 
test  of neutron cross-section data and methods which is different from 
the comparison of calculated and experimental cri t ical  sizes. In most 
examples the calculated lifetime is shorter  than the experimental 
value. The exceptions are either very simple systems, such a s  the 
Los Alamos assemblies, o r  ones, such as VERA 5A and 7A, in which 
great effort has  been made to include heterogeneity effects and thus 
improve the low-energy spectrum. In the case of VIPER, the difference, 
although significant, between the experimental values of P / 7  derived 
from Rossi-alpha measurements and from super-prompt pulses is 
much less than the discrepancy between calculated and experimental 
lifetime. 

. 

DELAYED-NEUTRON DATA FOR PULSED REACTORS 

Although control rods can be calibrated conveniently in a pulsed 
reactor  in t e r m s  of the delayed fraction, i.e., in dollar units, there 
is a need for  accurate delayed-neutron data for  two reasons. Firs t ,  
the prompt kinetics depends on the total delayed fraction as well a s  
the lifetime, and, second, the prediction of prompt criticality f rom 
control-rod and pulse-rod calibrations near  delayed crit ical  depends 
on the relative abundances through the inhour equation 

where T is the reactor  period and a, ,  i = 1, . . ., k are the relative 
abundances of the delayed-neutron groups. In VIPER a method5 has  



Table 2 

O F  T H E  RATIO / j / ~  AND NEU'I'RON LIFETIME 
COMPARISON BE TW E EN C A L C U LA 'I' E D AND EX PE R I M E N  T A L VAL U E S 

~ a ~ c u ~ a t e c ~  values value of 

Vallle O f  / 3 /T  Lifetime, lifetime, 
Experimental 

Re ac to r Mcasurement (x IO" sec- ' )  8 ,  % I S e C  I s e c  Rcf. 

VIPER 1 Super- prompt 
pulses 

VIPER 1 Rossi Q 

Codiva Rossi cy 

2?qPu sphere Rossi Q 

FRO core  2 Rossi 01 

FRO core  3 Rossi cy 

Zebra  core  1 Rossi cy 
Zebra  core  3 Rossi cy 
VERA core  1 B  Rossi cy 

VERA core 5A Rossi 01 

VERA core  7A Rossi 01 

and pulsed cy 

and pulsed cy 

and pulsed cy 

4.3G i 0 . 0 5  

4.05 i 0.05  
1 .10  x 102 

0.65 x l o 2  
Decay fittcd 

to a two- 
rcgion 
kinetics 
model 

10.3 0 3 
8.63 i 0 . 0 9  
6.9 * 0 . 1  

2.6 i 0 . 1  

3 .2  i 0 .1  

0 . 7 2 8  

0 .728  
0.69 

0 .20  
0 . 7 8 4  
Not 

quo tcd 

0 . 7 3 4  
0.434 
0 . 7 3  

0 .75  

0 . 6 7  

0.133 0 . 1 6 7  5 

0 . 1 3 3  0 . 1 5 0  5 
0 . 0 0 5 7  0 . 0 0 6 0 *  1 9  
0 0 0 5 l T  
0 0031 0 0030* 1 9  
0.074 0 .107  1 7  
0 .123  0 . 1 4 6  1 7  

0.057 0 . 0 7 1  20 
0 . 0 5  0 . 0 5  20 
0.095 0.101; 21 

0 . 2 8 8  0 . 2 8 8  2 1  

0 .220  0 . 2 0 9  2 1  

*Reference 1 9  gives an "experimental" value of 0 
experimental P / T  ratio into an experimental lifetime. 

TCalculation at AWRE using 13 energv groups.'? 

This was used in converting thc 



44 McTAGGART 

been devised for adjusting these abundances to  f i t  the observed rela- 
tion between period and reactivity. This method is useful, practical, 
and expedient; in practice the adjustments a r e  within the uncertainties 
of the calculated parameters.  

Delayed-neutron data used for  the initial analyses were calculated 
from the basic data3 for  235U and 238U, making allowance for the 
delayed-neutron spectra  and the core fission distribution. The pulse 
rod was calibrated in t e r m s  of a control rod (CRA) whose worth per  
unit length did not vary by more than 2% over its position range from 
4 to 8 in. The standard reactivity unit was taken a s  the worth of CRA 
movement from 6 to 7 in. The measured period for  this movement was 
67.15 sec,  and, if  we use the effective data, this is equivalent to 12.35 f 
O.l(/in. On the basis of this  calibration, the required insertion for 
prompt criticality is 8.097 in. CRA, and the predicted variation of 
period with reactivity increment up to prompt cri t ical  is shown a s  
curve 1 in Fig. 3. The corresponding measured variation is shown as 
curve 2. The object of the adjustment exercise is to find a set  of 
delayed-neutron data which makes these curves coincide. In Fig. 3 
the predicted cri t ical  point is clearly 0.2 in., i.e., 2.49 below the 
observed one. For reactor  periods greater  than a few milliseconds, 
the first t e r m  in the inhour equation is negligible. The contribution to  
the second t e r m  from each group var ies  most in the range from 
T = 1/5Xi to  T = 5/Xi. For T < 1/5Xi the itlz group contribution is 
virtually constant between 0.8ai and a,. For T > 5/hi the contribution is 
l e s s  than 0.2ai and rapidly decreasing. By inspecting ways in which 
the difference between the two curves var ies  with the period T, we can 
easily decide which group abundances require  adjustment and by how 
much. Agreement was obtained by adding 0.7% to group 4 and 1% each 
to groups 5 and 6. Table 3 lists the original data and the adjusted set. 

Fo r  a period of 67.15 sec,  corresponding to a 1-in. movement of 
CRA from the 6- to the 7-in. position, the reactivity change given by the 
adjusted set is 12.06$, and it predicts prompt criticality at 8.292 
standard inches of CRA. 

A similar  technique can be applied to the adjustment of delayed- 
neutron data, adding extra  delayed groups i f  needed, in any system 
where there is a need to  predict the period variation between delayed 
and prompt critical. Often, a s  with VIPER or  Super KUKLA, the 
inclusion of experiments will a l ter  the flux pattern and the adjoint 
spectrum in the core  and thus change the relative effectiveness of 
the delayed-neutron groups. The absolute delayed fraction cannot be 
checked from reactor period measurements alone. 

A knowledge of this fraction is essential to  the comparison of 
directly calculated reactivity effects and measured ones, which a r e  
generally based on control-rod calibrations using delayed-neutron 

. .. 
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REACTIVITY INCREMENT (IN. CRA.) 

Fig. 3- VIPER period us .  ?reactivity up to  prompt critical. 

parameters  to convert from period to reactivity. Both Rossi-alpha 
and variance-to-mean methods are ,  in principle, capable of providing 
a direct  measure of the effective absolute delayed-neutron fraction. 
The Rossi-alpha method has been used for VIPER and gives the 
resul t  p = (0.03 f 0.04)%. This is somewhat lower than the calculated 
value, and, although it reduces the discrepancy between measured and 
calculated lifetime, it does not remove it. Measurements have been 
made in other fast reactors,  notably some recent work with FR0.l7 
Generally, in 235U-fueled systems the agreement i s  within a few 
percent. 

The validity of the basic data, particularly for 239Pu and 235U, 
has been tested in the Los Alamos fast cr i t icals  where the reactivity 
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Table 3 

4YED-NEUTRON DATA FOR VIPER I 

Effective s e t  Adjusted 

No. constant, sec-’ data3* VIPER 1 
Group Group decay based on Keepin s e t  for 

1 0.0127 i 0.0002 0.000253 f 0.000020 0.000246 
2 0.0317 i 0.0008 0.001449 i 0.000070 0.001411 
3 0.1150 i 0.003 0.001340 i 0.000140 0.001305 
4 0.3110 i 0.008 0.002928 i 0.000060 0.002903 
5 1.400 i 0.081 0.001057 i 0.000060 0.~01100 
6 3.870 0.369 0.000253 i 0.000030 0.000315 

Total 0.00728 0.00728 

* E r r o r s  quoted are based on e r r o r s  given by Keepin fo r  re la t ive 
4dditional e r r o r s ,  -3%, in- abundances of 235U delayed neutrons 

troduced by the effectiveness calculation a r e  not included. 

increment between delayed and prompt cri t ical  is compared with the 
corresponding surface increment. This, in turn, can be expressed in 
t e r m s  of absolute reactivity by criticality calculations. The agreement 
is within 10%. l9 In more-complex systems the perturbation effect based 
on delayed-neutron-calibrated control rods of a small  sample at the 
core  center may be compared with the calculated value. The uncer- 
tainty of this calculation can be reduced to a few per  cent by choosing 
a fissile sample, preferably the same fissile material  a s  the core,  and 
using cross-section data, which allows the criticality of the system to 
be correctly calculated. For a range of Zebra cores,  this comparison 
a s  given in Table 4 shows that there is a discrepancy, especially in 
co res  in which the main fissile component is 239Pu. Because of its 
small  delayed-neutron fraction, the effective delayed-neutron fraction 
for the system depends crucially on the value for 238U, which is cur-  
rently nearly s ix  t imes the 239Pu value. Table 4 shows that the revised 

Table 4 

CENTRAL PERTURBATION VALUES IN ZEBRA ASSEhlBLIES” 

Ratio * 
Main 

Zebra f iss i le  Keepin3 Revisedz2 .delayed- 
core  mater ia l  delayed-neutron data neutron data 

1 2 3 5 ~  1.21 1.10 

6A 239Pu 1.34 1.18 

2 2 3 5 ~  1.25 1.15 
3 239Pu 1.33 1.15 

*Ratio of the calculated worth of 239Pu sample a t  the core  center to 
the observed worth based on control rods calibrated by period mea-  
surements  .. 
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delayed-neutron dataz2 could help to reduce this discrepancy. The 
increase could be due to the higher energy of neutrons producing 
fission in this revised data. 

A change of this magnitude also affects the value of p used in 
deriving the prompt lifetime for  the Zebra co res  f rom the measured 
decay constant by the Rossi-alpha method. For example, the quoted 
value for  core  3 in Table 2 is 0.43%. If this were to be increased in 
the same  ratio, i.e., to  0.52570, the experimental lifetime for  Zebra 
co re  3 would become 0.06 psec, showing the same trend as observed 
with the other systems, namely, that the experimental lifetime is 
longer than the calculated lifetime. . 

Q CoNCLUS'oNS 
The overall kinetic behavior of pulsed reactors  is well represented 

by the point kinetics model though it is often necessary to simplify 
more-complex parameters  by converting them to an equivalent point 
kinetics versicn. The usual assumption of nearly linear temperature 
coefficient is inadequate if a high proportion of the feedback is Doppler. 
Nevertheless, in a system such a s  VIPER, relatively simple basic 
calculations of the expected temperature coefficient which is partly 
expansion and partly Doppler agree with the experimentally observed 
coefficient to within 10 to 15%. 

When the pulse is very fast, inertial effects must be considered. 
Relatively simple single-oscillator models appear to  predict qualita- 
tively the variation of overall  yield in a burst  with reactivity insertion. 
Although yield calculations can be made to  f i t  the observed behavior 
by suitably choosing the inertial  time constant, few direct  comparisons 
of the precise  s t r e s s  and displacement patterns with realist ic elastic 
models have been made. Using the approximate expression for  the 
yield increase due to inertia (1 + &:), the effect of a 10% change in 
time constant corresponds to  a 20% increase in yield when the inertia 
effect is large (typically, the maximum value of 1 + is 7 to 8). 
S t r e s s  calculations which ultimately set a l imit  to  the burst  yield 
require a much more detailed treatment of the mechanical features  of 
the co re  geometry, and, though yield calculations may be accurate to  
within 20 to 30%, it is not valid to  assume equal accuracy of s t r e s s  
calculation in these much simplified models. 

Although calculation methods for  prompt kinetics are in general 
satisfactory, detailed comparisons suggest that many calculations of 
neutron lifetime tend to predict shorter lifetimes than are observed, 
in some cases  by a s  much a s  30%. Minor but significant differences 
appear between the one-point kinetics parameter  PIT derived (1) from 
super-prompt pulses and (2)  from Rossi-alpha and pulsed-alpha 

@ 
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measurements near delayed critical. The treatment of low-energy 
neutrons, which has little effect on the cri t ical  size, does affect 
lifetime calculations but is not tested by comparing measured with 
calculated cri t ical  masses.  The point reactor  model, which is known 
to be an inadequate representation of certain reflected-core systems 
from Rossi-alpha and pulsed-alpha measurements, may also be un- 
realist ic in describing prompt kinetics. 

Finally, indications a r e  that the satisfactory agreement in basic 
delayed-neutron data for  small  235U- and 239Pu-fueled systems, such 
as the Los Alamos critical reactors,  applies also to  other burst  
r eac to r s  though minor adjustments may be necessary to  obtain a 
satisfactory se t  of parameters  to use in the inhour equations. How- 
ever, new measurements of the delayed fraction in 238U, though not 
claiming high accuracy, are 20% higher than previous values, and 
this larger  value gives better consistency in predicting the reactivity 
scale in systems particularly sensitive to  delayed neutrons from 238U. 
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DISCUSSION 

KEEPIN: There are, of course, the neutron importance or  effec- 
tiveness factors  which must be multiplied by delayed-neutron yields 
or delayed-neutron fraction values entering into kinetics calculations 
or  reactivity-worth calculations. Due to uncertainties in  delayed- 
neutron-group spectra,  c r o s s  sections, etc., th is  is still a significant 
source of e r ro r ,  not la rge  perhaps, but until i t  is resolved, I do not 
know that we can make as detailed a comparison as we would like to  
in the case of Mr. McTaggart’s very fine work. 

McTAGGART: Perhaps  I could just say that some work has  been 
done in this field by Mr. Codd at  Winfrith. The effects of differing 
delayed-neutron spectra  have been looked into, and changes of the 
order  of 5% can be produced by rather  extreme variations in the 
spectra.  In our view this  is not sufficient to explain these 20 or  30% 
changes, but I agree there  is need for improved spectra.  

BRUNSON: You showed a table listing various cri t ical  assemblies, 
and until we reached the las t  three entries,  we had a rather  consistent 
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variation between the calculated and the measured lifetimes; but for  
VERA 1B the discrepancy was much smaller ,  for  VERA 5A there  was 
no discrepancy at all, and for  VERA 7A the discrepancy was in the 
other direction. How do you account for  this? We have looked at a 
number of assemblies, too, and we have seen what you were seeing on 
the first entr ies  in the table. 

McTAGGART: We included these VERA assemblies  because these 
a re  recent results. The agreement there  is good because we have 
altered the method of using some low-energy nuclear data to force 
agreement between the measured spectra  and the calculated spectra  
in these systems a t  low energies. These measurements are recent 
time-of-flight results.  I hesitate to give too much importance to this  
data because what we have done in these calculations is not entirely 
justified. We have used methods of heterogeneity correction, which 
a r e  valid at very low energies, up to much higher neutron energy. 
This produces more low-energy neutrons. When the calculation agrees  
with our measured spectra, we have used it to calculate lifetimes. 
In these cases, as you pointed out, the agreement is quite good. 

BRUNSON: Is  there  a difference in the reflector between the lB, 
the 5A, and the 7A? 

McTAGGART: VERA core 1B is a fairly fast  system consisting 
of a 235U graphite core  and a natural-uranium reflector. Cores  5A and 
7A are also 235U fueled but both contain hydrogen. Core 7A contains 
238U, but 5A does not. They all have a natural-uranium reflector. 
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ABSTRACT 

Various methods for calculating the thermomechanical effects of rapid heating 
on the co re  of a fast  burs t  reac tor  a r e  reviewed, and some comparisons be- 
tween theory and experiment a r e  provided. The narrow power pulse causes the 
tempera ture  of the co re  to r i s e  fas ter  than the fuel material  can respond by 
thermal  expansion. A smal l  portion of the thermal energy becomes kinetic en- 
ergy, causing the co re  to vibrate and inducing large dynamic s t r e s s e s  in the 
fuel material .  In addition to the determination of s t r e s s e s  for  evaluating fuel 
integrity, it  i s  important to calculate displacements since the movement of the 
co re  sur faces  determines the burs t  character is t ics  of the reactor .  

Both one- and two-dimensional calculational techniques based on l inear 
thermoelasticity a r e  discussed and compared with experimental measurements.  

The operational mode of a fast burst  reactor  induces severe s t r e s s e s  
on the fuel material. The energy generated during the narrow power 
pulse causes  the temperature of the core  to  r i s e  fas ter  than the fuel 
material  can respond by thermal  expansion. A small  portion of the 
thermal  energy is converted into kinetic energy, causing the co re  to 
vibrate; this vibration, in turn, c r ea t e s  dynamic stresses. The motion 
imparted to the co re  can be simply explained by the following argu- 
ments. The lag in expansion during the temperature rise initially 
causes compression of the fuel. Since the fuel m a s s  is unrestrained 
over the majority of its surface, the initial compression, together 
with the increasing temperature,  causes  the core to expand. After 
termination of the burst, the total temperature r i s e  is achieved, and 
the co re  expansion reaches its maximum value. The dynamic expan- 
sion of the core  exceeds the static expansion that would result if the 
fuel were heated slowly; the elastic properties of the fuel mater ia l  
cause the core  to contract to a minimum expansion which is below 
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the static value. Expansion and contraction continue at  the natural 
vibrational frequency of the ce re  until material  damping eliminates the 
oscillations, and the final magnitude of the expansions is the static 
value. These dynamic effects disappear within a few milliseconds after 
the burst ,  during which time heat transfer within the core  is negligible. 

The oscillations of the core  produce large dynamic s t r e s s e s  in 
the fuel components. In several  instances these induced s t r e s s e s  have 
been of Sufficient magnitude to cause fuel-component damage and even 
reactor disassembly. 1-3,14 Conventional thermal- st r e  ss analysis can- 
not be used to  calculate the s t r e s s e s  induced in a fast  burst  reactor  
core because the t ime to  achieve the temperature r i s e  is of the same 
order  of magnitude a s  the natural vibrational period of the core. 
This means that the effect of m a s s  inertia must be included in the 
calculations. In addition to the determination of s t r e s s e s  for  evalua- 
tion of fuel integrity, i t  is important to calculate the displacements 
since the movement of the core  surfaces determines the burst  char- 
acter is t ics  of the reactor.  

SURVEY OF CALCULATIONAL TECHNIQUES 

Techniques for calculating dynamic thermoelasticity must include 
the effect of mass  inertia; however, heat t ransfer  in the core can be 
neglected because the dynamic effects of interest  occur before any 
appreciable conduction can change the initial temperature distribution. 
The dynamic thermoelastic equations must also be coupled with the 
neutron kinetic equations to describe properly the time history of the 
power ,and therefore the t ime dependence of the temperature rise in 
the fuel. In this paper the neutron kinetic problem will be ignored, and 
attention will be fixed on the methods for  calculating the displace- 
ments and s t r e s ses  using a temperature-rise function which ap- 
proximates the time-dependent integral of the pulse profile. Thermal- 
s t r e s s  analysis for fast burst  reactors  can be divided into two general 
categories according to  the number of spatial directions that are 
included in the analysis. 

One-Dimensional Analyses 

B ~ r g r e e n ~ - ~  has written several  papers  concerned with the ther- 
moelastic dynamics of fast  burst  reactor components. His method 
t r ea t s  the reactor core a s  a rod and replaces the temperature-induced 
s t r e s s e s  with equivalent body forces, surface tractions, and internal 
pressures .  The temperature is assumed uniform; so no temperature 
gradients exist, and internal points of stress-wave initiation are thus 
eliminated. Plane-wave propagation starts only at the f r ee  ends of the 
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rod. Burgreen4 also analyzes the behavior of thin cylindrical and 
spherical  shells and solid spheres.  By applying the method of equiva- 
lent loads to a segmented rod, B ~ r g r e e i i ~ ~ ~  derived expressions for  
the velocity of separation of the various axial segments and an ex- 
pression for  the peak bolt s t ress .  

.4n analysis of a bolted fuel assembly using a mass-spring model 
shows good agreement with the equivalent-load method. Austin' stud- 
ied the dynamic response of thin nested spherical  shells subjected to 
rapid and uniform heating. This analysis provided for heating of only 
the innermost shell; a plastic outer shell with an elastic inner shell 
was also considered. The work of both Burgreen and Austin showed 
that the amplitude of the dynamic s t r e s s  in a rapidly heated body is 
dependent upon the ratio of the heating time to the natural vibrational 
period and also upon the magnitude of the temperature rise. This can 
be illustrated by Burgreen's resul ts  for  a spherical o r  cylindrical 
shell4 as shown in Fig. 1. 

@ 

0 H 2* 37 47 5 n  
w t  

(a) 

- 1.5 I I I 

0 H 2H 3 7  47 5H 
w t  

( b )  
Fig. 1 -E/yect o/- rapid aid ~iiiiforiiz heatiizg OIL a cyliizdrical or  spherical shell. 
(a) Radial e.vpaiisioii of spherical o r  cylindrical shell. (b) Stress  oscillatiori itz 
shell. 
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The upper curve shows the normalized radial  displacement of the 
shell, r/a AT R, where r = radial  displacement, a = thermal expansion 
coefficient, AT = temperature increase, and R = mean radius, plotted 
as a function of wt, where t = time and w = vibrational frequency de- 
fined by 

w = 1 R for a cylindrical shell 

and ., 

1 for  a spherical  shell 

The symbol E = modulus of elasticity, 61 = density, and a = Poisson’s 
ratio. The r.atio of heating time to vibrational period, Tp/Tn, is given 
as a parameter and determines the magnitude of the displacement 
oscillations. The curves oscillate about the static expansion where 
r / a  AT R = 1.0; and for  Tp/Tn = 3 there a r e  no dynamic effects. The 
lower curve shows the normalized stress in the shell, T( 1 - ca)/E a AT, 
where T = st ress ,  c = 0 for  a cylindrical shell, and c = 1 for a spheri-  
cal shell, for  the same rat ios  of Tp/Tn. The s t r e s s  shows initial com- 
pression and then oscil lates into tension, the magnitudes depending 
upon T,/Tn. For a ratio of Tp/Tn = 3, there is very little stress in the 
shell. 

One-dimensional calculational techniques employed at Sandia Lab- 
orator ies  use a numerical solution of the dynamic thermoelastic dis- 
placement equation in cylindrical, spherical, and slab geometry. For 
an infinite cylinder with the temperature rise a function of radius and 
time, the displacement equation is 

where u = u(r,t) = radial  displacement component 
r = radial coordinate 
t = t ime c~oordinate 
c = speed of sound 

c2 = E ( l  - a)/[(l  + a ) ( l  - 2a)p] 
u = Poisson’s ratio 
E = Young’s modulus 
p = density 
(Y = thermal expansion coefficient 
T = T(r , t )  = temperature r i s e  
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This equation assumes  that the elastic properties are time and 
temperature  independent and that motion is restr ic ted to the radial  
direction only. After this equation has  been solved for the radial dis- 
placement component for  a specified t ime and spatial variation of 
temperature, the s t r e s s  components ac ross  the cylinder are calcu- 
lated from 

au AU 
T r r  ( r , t )  = (2p  + A) - + - - (3h + 2p) aT(r , t )  ar r 

(3) 
au U 

ar r T Q Q ( r , t )  = A  - + (Zy + A )  --(3h + 2y) cuT(r,t) 

@ and 

(3X + Zp) aT( r , t )  (4) 

where T,, = radial stress component 
T~~ = tangential s t r e s s  component 
rz2 = axial s t r e s s  component 

h aE/[(l + a)(l - ZO)]  
P = E/[2(1 + 41 

The form of the displacement equation i n  spherical geometry with 
angular symmetry is 

where the symbols are as defined previously. After this equation has  
been solved in the same manner as described for  the cylindrical case,  
the stress components are found from 

(6) 
a u  u 

Trr(r , t)  = (21-1 + A) - + h -- ( 3 h  + 2p) aT(r , t )  ar  r 

where 7e8 = T ~ ~ ,  = tangential s t r e s s  component. 



56 RE USCHE R 

Certain initial and boundary conditions must be used in the solu- 
tion of Eqs. 1 and 5. The initial condition specifies that the body is a t  
res t  at zero time o r  that the displacement components ac ross  the 
body a re  all zero: 

u(r,O) = 0 for all r a t  t = 0 

If the proper boundary conditions a r e  chosen, Eqs. 1 and 5 can be 
solved either for a solid or a hollow cylinder or sphere. For a solid 
body the proper boundary conditions state that there  is no movement 
or displacement of the center and the outer surface is f ree  to expand, 
i.e., there is no pressure imposed on the outer surface: 

u(0,t) = 0 

T,,(RO,t) = 0 

a t  the center of the body (r  = 0) 

at the outer surface of the body (r = R,) 

For a hollow body the boundary conditions consider both inside and 
outside boundaries a s  f ree  surfaces; so no pressure is imposed.on 
those surfaces: 

- 
T,,(Ri,t) = 0 a t  the inside surface (r  = Ri) 

7,,(Ro,t) = 0 at the outside surface (r  = R,) 

The form of the displacement equation for  rectangular geometry 
with only x-direction dependence i s  

where x is the rectangular coordinate and the other symbols a r e  a s  
previously defined. After this equation has been solved for the dis- 
placements, u(x), the s t r e s s  components a r e  calculated from 

(9) 
au 
ax T,,(x,~) = (2p + X) -- ( 3 X  + 2p) aT(X,t) 

(10) 
au 
ax T,,(X,t) = Tyy(X,t) = h - - ( 3 X  + 2p)  LYT(X,t)' 

where T,, = x-s t ress  component, r f l  = y-s t ress  component, and r,, = 
z- s t r e s s  component. 
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Since the body i s  assumed to be initially a t  res t ,  

u(x,O) = 0 for all x a t  t = 0 

The surfaces of the rectangular o r  slab body a r e  f ree  to expand; so 
the following boundary conditions must be used in the solution of 
Eq. 8: 

7,,(0,t) = 0 

T,,(L,t) = 0 

at one free surface (x = 0) 

at  the other f ree  surface (x = L) 

The method used in  the numerical solution of Eqs. 1, 5, and 8 
employs an explicit finite-difference analog of these partial differential 
equations. The one-dimensional body i s  subdivided into space points, 
and the interior values of the displacements a r e  determined explicitly. 
At  the boundaries the displacements a r e  calculated using the boundary 
conditions written in backward o r  forward differences, depending on 
whether the surface is an outside or  inside boundary. After the dis- 
placements have been calculated ac ross  the body, the s t r e s s  com- 
ponents a r e  determined from finite-difference forms of Eqs. 2, 3, 
and 4; Eqs. 6 and 7; o r  Eqs. 9 and 10. Some results typical of these 
calculations a r e  shown in Figs. 2 and 3 using Eq. 1 for a burst  with 
a maximum temperature r i s e  of 420°C and a width of 4lysec. The fuel 
component is a platel’ in the Sandia Pulsed Reactor I1 (SPR 11), and the 
material  properties a r e  those of uranium- 10 wt.% molybdenum (see 
R. M. Jefferson, Session 2, Paper 3). The time and spatial variations 
of temperature a r e  shown in Fig. 2, where the upper curve shows the 
time variation of the temperature r i s e  a t  the glory hole and outer 
surfaces  and the lower curve gives the spatial variation of the tem- 
perature which was inferred from the measured radial neutron-flux 
distribution. Figure 3 gives both the t ime variation of the glory hole 
and outer surface expansions and the dynamic hoop s t r e s ses  a t  these 
surfaces. The one-dimensional theory shows quite clearly that the 
cri t ical  s t r e s s  region is at  the glory hole surface where the maxi- 
mum dynamic tensile s t r e s s  occurs. The plate oscillates with a natural 
vibrational period of 130 psec, and expansion peaks correspond to 
peak tensile s t resses .  No  damping is included in the calculations; so 
the magnitude of the oscillations does not diminish with time. 

The magnitude of the calculated displacements and s t r e s s e s  is 
sensitive to the function used to describe the temperature rise.  Sev- 
e ra l  different functions have been suggested to approximate the 
temperature r ise  during a burst. The simplest function is a ramp 
temperature r i se ,  where the time variation is given by two functions 

@ 
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T(t) = T,,, for t > T, 

where T,,, = maximum temperature rise,  t = time, and Tp = heating 
time. 

The ramp function gives too fast a temperature r i s e  initially and 
toward the end of the burst  and too slow a r i s e  otherwise. A function 
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Fig. 2-Space and t ime variation of temperature f o r  one-djmensional calcula- 
tions. (a) Time variation of temperature r i se .  (b) Temperature distribution 
across SPR II plate. 
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that better approximates a burst  is4 

T(t) = Tmax for t > T, 

Since the proper temperature r i s e  should be proportional to the integral 
of the power pulse, an even better function to describe the time varia- 
tion of the temperature r i s e  is 

I I I l l  I I I 1  I I 

TIME, p S E C  

(a) 

TIME, pSEC 

(b) 

Fig. 3-Results of one-dimensional calculations f o r  SPR II fuel  plate. 
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for a l l  values of time, where b = width of the pulse a t  one-half maxi- 
mum power and the peak power is reached in time Tp/2. This las t  
expression is an integration of the symmetric power pulse given by 
Wimett et a1.,8 normalized to the maximum temperature rise. These 
three functions a r e  compared in Fig. 4, and the calculated displace- 
ments using these functions a r e  compared in Fig. 5 for  a SPR I1 plate 

I I I  I 

I I  

Fig. 4- Comparisori of temperature-rLse futzctrons. (a) Rar?zp functron. (b) Co- 
sine futrctcoii. (c) Burst rtitegral futrctron. 

.with the spatial variation shown in Fig. 2. The displacements calcu- 
lated using Eq. 13 a r e  l a rge r  than those obtained using Eqs. 11 and 12. 
The calculated maximum values of tensile stress for  these three 
functions a r e  compared in Table 1. 

Table 1 

COlIPARISON OF CALCULATED l I M l 1 U M  TENSILE 
STRESS VALUES 

Glory hole sur face ,  Outer surface,  
psi psi Tempera tur c tunc t ion 

Ramp 85,000 7o,uo0 
Cosine 2 1  O , o  0 0 85,000 

110,000 Burs t  integral 32 0,o 0 0 
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The temperature r i s e  calculated from Eq. 13 gives a greater  rate of 
temperature r i s e  and therefore larger dynamic s t r e s s e s  than the 
cosine function of the ramp function for the same maximum tempera- 
ture r i s e  and heating time. Experimental measurements and calcu- 
lated values using one-dimensional analysis wil l  be compared l a t e r  
in this paper. 

Two-Dimensional Analyses 

The one-dimensional calculations r e s t r i c t  expansion to a single 
direction and, as a consequence, tend to overestimate the magnitude 
of displacements and s t resses .  A two-dimensional calculation allows 
motion in two directions but is considerably more complicated than 
the one-dimensional analysis. Since fast burst  reactors  a r e  generally 
cylindrical, the dynamic thermoelastic displacemenb equations in cy- 
lindrical geometry with angular symmetry a re :  

a T  a2u 
- (3h + 2p) Q = p g (14) 
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and 

a T  a %  - ( 3 h +  211.) ~ - = p z  (15) 
a z  a t  

where u = radial displacement component, v = axial displacement com- 
ponent, z = axial coordinate, T = T(r,z, t)  = temperature,  and all  other 
t e r m s  a r e  as previously defined. After these equations have been 
solved for the displacements for a specified t ime and spatial variation 
of temperature,  the s t r e s s  components throughout the cylinder a r e  

~~0 = (A  t 2 p ) & +  h (s + E) - (3h + 2p)aT 
r 

where these are the radial, tangential, axial, and shea r - s t r e s s  com- 
ponents, respectively. 

The initial conditions 'for the solution of Eqs. 14 and 15 specify 
the cylinder to be at r e s t  a t  zero time or  the displacement compo- 
nents all to be zero: 

u(r,z,O) = 0 

v(r,z,O) = 0 

for all r and z at t = 0 

for  all r and z a t  t = 0 

The form of the boundary conditions used in solving Eqs. 14 and 15 
determines whether the solution is for a hollow or solid finite cylinder. 
For a solid cylinder the following conditions must be satisfied: 

u(O,z,t) = 0 along the center of the cylinder ( r  = 0) 

= 0 along the center of the cylinder (r  = 0) av(O,z,t) 
ar 

~ ~ ~ ( R ~ , z , t )  = 0 along the outer radial boundary r = R,) 
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7,,(Ro,z,t) = 0 along the outer radial boundary (r = R,) 

Tzz(r,0,t) = TZ,(r,L,t) = 0 

T,,(r,O,t) = T,,(r,L,t) = 0 

along both axial boundaries ( z  = 0; z = L) 

along both axial boundaries (z = 0; z = L) 

For  a hollow cylinder the f i rs t  two boundary conditions a r e  replaced by 

Tr,(R,,z,t) = 0 

Trz(R,,z,t) = 0 

along inner radial boundary (r = Ri)  

along inner radial  boundary ( r  = Ri)  

and the other boundary conditions remain the same. These conditions 
specify that the cylinder surfaces have no imposed normal and shear  
s t r e s s e s  and a r e  thus free to  expand. 

A finite-difference schemei5 is used to solve Eqs. 1 4  and 15. An 
explicit-difference analog of these equations is used to obtain interior 
values of u and v and radial boundary values of the displacements. 
Fo r  satisfying radial  boundary conditions, values of u and v a r e  cal- 
culated at fictitious points outside the radial  boundaries from a finite- 
difference form of Eqs. 16 and 19. For the axial boundaries o r  the 
ends of the cylinder, the displacements are determined from a simul- 
taneous solution of finite-difference forms of Eqs. 17 and 18. 

Two-dimensional analyses have been used for long solid rods in 
which the length is about 10 t imes the diameter and for hollow cyl- 
inders in which the length approximately equals the outside diameter. 
The rod calculations a r e  theoretical support for  a fuel-alloy study being 
conducted at Sandia Laboratories. The hollow-cylinder calculations 
simulate the behavior of the SPR 11. 

Results of a solid-cylinder calculation are shown in Fig. 6 for a 
uranium-10 .wt.% molybdenum rod with a length of 10 in. and a diame- 
.ter of 0.67 in. The temperature distribution for  the rod is uniform 
a c r o s s  the radius and va r i e s  with rod length such that the maximum 
of 560°C occurs  at the rod center (z = 5 in.) and the minimum of 160°C 
occurs  a t  the rod ends. The temperature rise ,is calculated using 
Eq. 13 with a burst  width of 33 ksec, and the material  properties are 
those of a uranium-10 wt.% molybdenum alloy. Figure 6 gives the 
axial expansion of both ends of the rod and the outer radial  expansion 
at the center of the rod. The axial stress at  the center of the rod is 
the maximum stress and is also shown in Fig. 6. Since the radial  
inertia is not important in the rod, the radial  expansion follows the 
temperature rise,  reaching a maximum first; and then the axial ex- 
pansion reaches its maximum producing the peak tensile s t r e s s .  The 
s t r e s s  a t  the center oscil lates between tension and compression as 
the rod expands and contracts. 

8 
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Fig. 6-Results of two-dimensional calculations f o r  a solid cylinder. 

Results of a hollow-cylinder calculation a r e  given in Fig. 7 for 
the upper half of SPR 11, which has an outside radius of 4.039 in., an 
inside radius of 0.825 in., and a length of 4.1 in. The cylinder mate- 
rial  is uranium- 10 wt.% molybdenum, and the temperature var ies  
throughout the cylinder as the measured neutron flux, The tempera- 
ture  r i s e  is calculated using Eq. 13 with a maximum of 489°C and a 
burst width of 38 Fsec. This figure shows the dynamic axial expansion 
of a point a t  the average radius on both the top and bottom of the 
cylinder. Negative expansion is in the negative direction of the co- 
ordinate system, o r  downward. The radial expansions of the outside 
and glory hole surfaces  a t  a point located at one-half the length a r e  
a lso shown; negative expansions a r e  inward. These curves show that 
the expansion peaks in the axial direction correspond to expansion 
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TIME, pSEC TIME, pSEC 

Fig.  7-Results of two-dirnemioual calculatioms fbr a hollow c y l i d e r  (upper 
half of SPR 11). 

valleys in the radial direction. Likewise, peaks in the radial direction 
correspond to valleys in the axial direction. The predominant vibra- 
tional period of 160 psec for the radius and 110 psec  for the axis a r e  
shown, as well a s  higher vibrational periods along the glory hole. 

Comparison Between One-Dimensional 
@ and Two-Dimensional Analyses 

The numerical solution of two-dimensional equations is more 
complex and requires f rom 10 to 20 t imes more computer time than 
the solution of one-dimensional equations. However, this increased 
expense is justified because two-dimensional calculations produce 
more-accurate results. A comparison between the two different anal- 
y ses  for a solid rod and a hollow cylinder is given in Table 2. The 
one-dimensional rod calculations used a solution of Eq. 8, and the 
resul ts  of a two-dimensional calculation for the rod have already 
been shown in Fig. 6. The one-dimensional (1-D) results give twice 
the expansion, almost four t imes the s t r e s s ,  and about a one-third- 
smal le r  vibrational period than the two-dimensional (2-D) results.  
The hollow-cylinder comparisons a r e  made for  the conditions of a 
burst  with a 560°C temperature r i s e  and a width of 33 psec,  using the 
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Table '2 

COMPARISON BETWEEN ONE- AND TWO-DIMENSIONAL CALCULATIONS 

. A~Iaximum expansion, Maximum tensile,  Oscillation period, 
mils s t r e s s ,  psi  psec  

Geometry 1-D 2-D 1 -D 2 -D 1-D 2-D 

Rod 1 1 0  50 310,000 80 ,000  170  230 
Hollow cylinder 

Outside radius 38 27 100,000 77,000 130 170 
Inside radius 24.5 12.5 320,000 140,000 

dimensions of SPR 11. A s  was the case for  the rod problem, the 
one-dimensional results show larger  expansions and s t r e s s e s  and a 
smal le r  period than the two-dimensional calculations. Since the one- 
dimensional calculations inherently l imit  motion to only one direction, 
they should overestimate the s t r e s s  magnitudes achieved in practice. 
Hence, the two-dimensional analysis should be used as a more ac- 
curate method of determining dynamic thermoelastic expansions and 
stresses.  This will be further demonstrated in a la ter  section of the 
paper by comparing calculations with experiment. 

COMPARISON OF CALCULATIONAL TECHNIQUES 
WITH EXPERIMENTAL MEASUREMENTS 

None of the theoretical treatments described previously a r e  really 
meaningful without confirmation from experimental data. Consider- 
able investigation has been made into the mechanical behavior of 
fast burst  r e a ~ t o r s . ~ ' ~ - ' '  In general, these investigations have involved 
observing the displacement of fuel surfaces  with t ransducers  and 
measuring s t r e s s e s  induced in structural  members  during burst  op- 
eration with s t ra in  gauges. 

Efforts to compare the theoretical analyses of Burgreen and 
Austin with experimental data have not been extensive, However, some 
comparisons a r e  available using Burgreen's analysis from published 
design s t resses"  and measurements conducted during a test  to failure 
on the Army Pulsed Radiation Facility Reactor (APRFR)."" The 
calculated and measured bolt s t r e s ses  a r e  shown in Fig. 8, and the 
average fuel-plate s t r e s s  and the measured outer-surface hoop s t r e s s  
a r e  shown in Fig. 9 a s  a function of reactor yield. The theoretical 
numbers  a r e  about 5000 psi  higher than experimental for  bolt s t r e s s  
and 15,000 psi  higher for  the fuel assembly. The measured s t r e s s e s  
were not the maximum s t r e s s e s  that occurred ac ross  the fuel plate 
since these maximum s t r e s s e s  probably occurred at the inside radial 
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surface where measurements could not be made. Therefore average 
s t r e s ses  in the plate would be greater  than those measured a t  the 
outer surface. 

A s  in the comparison between the one- and two-dimensional 
analyses, the one-dimensional calculations tend to overestimate mea- 
sured displacements. Figure 10 compares one-dimensional calcula- 
tions and measurements for the outside surface and glory hole surface 

24m 

C Y  I / 
- 4 1  'ai ,GLO;';OL: --j 
- 8  

- 12 
0 400 800 1200 

TIME, pSEC 

(b) 

Fig. 10- Comparison between otze-dimensional calculations and expansion 
measurements OII SPR I I .  (a) Calculated displacements. (b) Measured displace- 
meizts. 

displacements of the central core  plate of SPR I1 (0.825-in. inside 
radius; 4.039-in. outside radius) for a burst with a maximum tem- 
perature r i se  of 509°C and a width at one-half maximum of 38 psec. 
The calculations used Eq. 13 for  the temperature r i se  and produced 
a maximum outside expansion of 32.3 mils  and a maximum glory hole 
expansion of 19.6 mils. The time between oscillation peaks of 130 psec  
is the natural vibrational period of the plate. The experimental data 
for the plate show a maximum outside expansion of 24.5 mils and a 
maximum glory hole expansion of 13.8 mils; however, the experimental 
vibrational period is about 170 gsec. Thus, the calculations over- 
estimate the peak outside expansion by about 31% and the peak inner 
expansion by about 42%; the vibrational period is underdetermined by 
31%. 
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The magnitudes of the experimental oscillations in Fig. 10 de- 
c rease  because of internal damping in the fuel material; this phe- 
nomenon is not included in the one-dimensional theory. The qualitative 
agreement between theory and experiment i s  quite good. If the tem- 
perature-r ise  function described by Eq. 1 2  is used in the calculations 
instead of Eq. 13 for  the same heating time, the agreement between 
theory and experiment at  the outside surface is considerably im- 
proved, but the experimental glory hole expansions exceed the calcu- 
lations by about 2%. The ' comparison between theory and experiment 
using Eqs. 1 2  and 13 for the temperature r i s e  is shown in Fig. 11 for  
maximum radial expansion vs. peak temperature r i s e  in the fuel plate. 
From Fig. 11 we see that even though Eq. 13 gives a more accurate 
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description of the temperature r i s e  during a burst, better agreement 
between one-dimensional theory and experiment is achieved if Eq. 12 
is used as the temperature-rise function. The agreement at the outside 
radius is especially good. The presence of four control-rod holes 
(0.938-in. in diameter) complicates the geometry and may account for 
the l a rge r  measured glory hole expansions. 
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Some dynamic and static comparisons between experimentally de- 
termined displacements and two-dimensional calculations using Eqs. 14 
and 15  a r e  given in Figs. 1 2  and 13. The calculations were performed 
for the upper half of SPR I1 for a burst  with a maximum temperature 
r i s e  of 489°C and a width of 38 psec, and the measurements were 
made on one of the central  core plates. The calculated radial vibra- 
tional period of 170 psec compares quite favorably with the measured 
period of 180 psec. The outside surface expansions show fairly good 
agreement between theory and experiment with a difference of about 
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Fig. 12-Dynamic comparison between two-dimensional calculations and e x -  
periment f o r  SPR I1 expansions. 

1.5 mi ls  at  the peak expansions. The time scale for the measurements 
is normalized to the f i r s t  expansion peak of the calculations. The 
initial disagreement between theory and experiment up to 120 psec is 
probably due to the sensitivity of the transducers to the pulse radia- 
tion environment. Higher modes of oscillation a r e  present in the 
calculations than a r e  seen in the measurements owing to several  
factors. The transducers a r e  unable to resolve the higher frequencies, 
and the data a r e  obtained only for every 20 psec,  which would tend to 

I : 
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smooth out the higher modes. Also, the glory hole surface should 
behave more like a plate since there a r e  gaps between adjacent fuel 
plates. A plate would not exhibit the higher vibrational modes. These 
calculations used the temperature-rise dependence of Eq. 13 and 
show surprisingly good agreement with measured displacements. 

The maximum radial expansions a r e  shown in Fig. 13 as a function 
of peak temperature r i s e  in the fuel plate. The difference between ex- 
periment and the two-dimensional calculations is only 2 mils at  the 

40 r 1 

0 MEASURED VALUES 
- TWO-DIMENSIONAL 

CALCULATION P 

o:, A0 2Ao 3do A0 5d0 Loo 780 ’ 
PEAK TEMPERATURE RISE IN FUEL PLATE, OC 

Fig. 13-  Two-dimensional calculated and measured maximum radial expan- 
sions of SPR II fuel  plate. 

outside surface. The discrepancy between experiment and theory at 
the glory hole gets larger  as the temperature r i s e  increases. However, 
the glory hole expansions a r e  still calculated more accurately in 
Fig. 13 than with the one-dimensional analysis. The agreement be- 
tween theory and experiment in Figs. 1 2  and 13 is excellent consider- 
ing that the actual core  geometry is considerably more complex than 
the right-circular cylinder used in the calculations. 
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CONCLUSION 

The effect of temperature-dependent properties, such as modulus 
of elasticity and expansion coefficient, has been studied by including 
the temperature dependence of these quantities in the one-dimensional 
calculations. The displacements and vibrational periods calculated with 
temperature-varying properties showed poorer agreement with ex- 
periment than did the calculations with temperature-independent prop- 
erties. Hence, all the calculations a r e  performed using the material  
properties measured at  room temperature. The t rue behavior of these 
properties under conditions of rapid heating and loading is unknown. 
- These thermoelastic analyses cannot predict when failure will 

occur in a fuel component. A conventional static failure cri terion 
cannot be used because the fuel material is stronger under the dynamic 
loading conditions experienced in a fast  burst  reactor than under 
static loading conditions, a s  demonstrated by Hogei3 for dynamic 
tensile testing of uranium- 10 wt.% molybdenum samples. Failure 
s t r e s s e s  of about twice the static tensile s t r e s s  were observed at  
strain r a t e s  of about 100 in./in./sec. Dynamic measurements con- 
ducted on the glory hole of SPR I1 have shown similar  results. When 
the measured displacements a r e  converted into s t r e s s ,  the maximum 
hoop s t r e s s  can be determined a s  a function of burst  yield. S t r e s ses  
in the range from two to three t imes the static tensile strength at the 
temperature of the glory hole surface were observed without plate 
failure for  strain r a t e s  of about 200 in./in./sec at  temperatures of 
500°C to 600°C. Thus, a failure cri terion based on twice the static 
tensile strength appears reasonable in fast burst  reactor design, 
Calculated s t r e s ses  must exceed twice the ultimate tensile strength 
before the fuel component is considered to fail. However, data con- 
cerning the effect of rapid loading on tensile strength a r e  available for  
only a limited number of fuel alloys. The ability of the environment 
around a fuel component to induce s t r e s s  corrosion in the alloy can be 
a more serious limitation on the long-term performance of a fast burst  
reactor than simply the magnitude of the dynamic s t resses .  

This paper has discussed a variety of techniques for calculating 
dynamic displacements and s t r e s ses  in a fast  burst  reactor. In general, 
the agreement between theory and experiment improves as the calcu- 
lational procedure becomes more involved. The two-dimensional cal- 
culations provide the best agreement with measurements; however, the 
one-dimensional analyses have proven quite useful for parametric 
studies. With the proper temperature-rise function, the one-dimen- 
sional calculations can be made to fit measured maximum expansion 
values with reasonable accuracy as shown in Fig. 11. 
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DISCUSSION 

MILEY: I am curious about the spatial distribution of the tem- 
perature function. You used a uniform heating, which would seem to 
be somewhat of an approximation. I s  the calculation sensitive to the 
spatial distribution as well a s  the time function ? 
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REUSCHER: I did not mean to imply that I used a uniform tem- 
perature profile for  any of the solutions in the paper; in fact, I forgot 
to mention that fo r  the 2-D calculations in a hollow cylinder the spatial 
relation of the neutron f lux, in  SPR I1 was used a s  the distribution of 
temperature with respect to space. If one assumes  a uniform tempera- 
ture profile across  the SPR I1 plate just described and performs a 
one-dimensional calculation, the magnitude of the calculated displace- 
ments is roughly the same as that for a distributed temperature with 
the same average temperature rise. The s t r e s s e s  a r e  different, 
however, because one has to subtract a temperature t e rm from the 
strain t e rms  that a r e  determined from the displacement information. 
The result  is that one calculates, in some cases,  considerably dif- 
ferent s t r e s s  values. The effect of various temperature functions on 
the calculated values is discussed in the paper. 

KURSTEDT: You said that the two-dimensional displacement solu- 
tion gave you better agreement with experiment. Did the two-dimen- 
sional displacement formulation give you better accuracy in the 
neutronics solution? 

REUSCHER: We have not really looked at  the 2-D calculation 
coupled with the neutronics. I would expect it would give you much 
better results. We have coupled a point kinetics model with a one- 
dimensional calculation and been able, after adjusting certain parame- 
te rs ,  to get a reasonable representation for the pulse although it 
overestimates the magnitude of the observed displacements. I would 
expect in taking the 2-D calculations and coupling them with a neutron 
kinetics problem that we would get reasonable and probably valid 
results. 

KURSTEDT: It would seem to me, though, in calculating the power 
vs. time (or flux vs. time) that with the 2-D case you would just  have 
that many more feedback coefficients to f i t  to experimental data, and 
point neutronics is sufficient fo r  the fast  burst  reactor. With the 2-D 
displacement formulation, ,you would have two feedback coefficients 
resulting in a more difficult neutronics calculation. With a 1-D radial 
displacement formulation, the feedback is dependent only on radial 
displacement. The only problem in predicting the experimental r e -  
sults would be to determine the feedback coefficient. This  would be 
quite sufficient for  power calculations; but, of course, if a s t r e s s  o r  
displacement calculation is required, a two-dimensional analysis is 
quite necessary. The required information is the key to the necessary 
complexity of the displacement formulation. 

REUSCHER Hopefully, if you could describe the kinetics from a 
two-dimensional transport  code, you would not have to use experi- 
mentally adjusted coefficients. 
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SUMMARY 

The probability distribution in burst  yield or  burst  t ime following r amp  
o r  step reactivity insertion is determined by the probability, P(n,t), of 
n neutrons at t ime t. Numerical programs'-3 exist which give P(n,t) in 
t e r m s  of initial neutron and precursor populations, source strength s, 

and system reproduction number k(t). Analytic solutions by Bell4 give 
P(n,t) for  a number of limiting cases.  Three asymptotic forms of 
special interest  to this paper apply to  zero initial population, constant 
source, and k(t - m) > 1; they a re4  

1. No delayed neutrons, k(t) arbitrary,  ii(t) = mean neutron popula- 
tion at  t ime t. 

- -  
where q = 2sl/vr2 and r2 = V ( V  - 1 ) / ~ 2 .  

2. One precursor  group, k(t) constant with (1 - b), k = k,> 1, and 
q n h i  < 1. 
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where q = 2sZ(k - l ) /Fr2(kp - 1). 

3. One precursor  group, k(t) constant with k, < 1, and qn/ii < 1. 

dn P(n,t) dn = - (qn’n)q exp ~ Z V ~ T J  - 
(17 - I)! n 

where q = Zs(1 - k,)/5rz. 

Quite generally, the condition k(t - m) > 1 yields the asymptotic 
form P(n,t) dn = f(n/ii)dn/ii seen previously. This merely implies that 
sample populations eventually follow the kinetics equation dn/n dt = 
dii/ii dt = a(t). The probability that the neutron population is n a t  t in dt 
is thus P(n,t)ncY(t) dt. 

For Dragon-type bursts,  i.e., burs ts  produced by specified reac- 
tivity transients k(t), the probability distribution in, say, peak power is 
given directly by P(n,t,) dn where t,  is the t ime at  which k(t) drops past  
unity. For a self-quenching burst, the reactivity is a specified function of 
t ime only until the neutron population reaches a magnitude sufficient 
to produce feedback; by this time, however, the neutron population is 
already following the kinetics equation, and the future of n(t) is deter- 
mined completely by the initial condition n(to) = no >> 1. The probability 
distribution in burst  yield E(t,) o r  burst  t ime t(t,) is then given by the 
probability distribution in initial conditions, P(no,to) n0o (to) dto. For ex- 
ample, the r amp  k(t) = 1 + at applied to  a system whose kinetics equa- 
tion is 

resul ts  in a burst  yield E(t,) = E(t,) [l  + a( t i  - t;)/Z In (2a3Z/rrb2s2)]”, 
where ti  is the t ime at  which the mean neutron population n(t) reaches 
the fiducial value no. With no/n(to) = exp [-a(ti - tq)/2Z], one then has  
P(no,to)n0cY(to) dto = [qq/(q - l)!] exp [-qa(t2 - ti)/2Z] exp (-7 exp [-a(ti- 
t;)/ZZ]} at, dt,/Z. For a source-strength parameter  17 > 1, the meanvalue 
of the burst  yield approaches E(t,), and the mean square deviation is 
small. Enriched-uranium-metal systems can have 77 values of the o rde r  

and he re  mean burst  yields5 may exceed E(ti) by a factor - q-$. 
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ABSTRACT 

A brief history of the development of fas t  burs t  reac tors  during the period 
1944- 1964 is given, including comments on a reac tor  built in the Soviet Union 
and the eight fast burst  reactors built and operated in the United States. Prac- 
t ical  applications of fas t  burs t  reac tors ,  their  origin, physical charac te r i s t ics ,  
modes of operation, and limitations are discussed. 

This paper reviews the history and development of fast  burst  r eac to r s  
from 1944 to 1965. Practical  applications of fast  burst  reactors,  their  
origin, physical characterist ics including shutdown mechanisms, modes 
of operation, and limitations a r e  covered. 

PRACTICAL APPLICATIONS 

A fast burst  reactor,  the laboratory facility that most nearly 
simulates the radiation environment of an atomic weapon explosion, 
is invaluable to scientific personnel who desire  to study the transient 
effects of the interaction of radiation with matter.  These reactors  
have also been employed' for (1) basic studies of the fission process,  
i.e,, the measurement of delayed-neutron and gamma characterist ics;  
(2) radiation dosimetry; (3) calibration of radiation a l a rms  for cr i t -  
icality accidents; and (4) radiobiology. 

ORIGIN OF FAST BURST REACTORS 

The Dragon' reactor is the first known nonexplosive fissile system 
or  reactor  whose reactivity exceeded (by intent) prompt critical. 
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This controlled supercrit ical  condition was reached Jan. 8, 1945, 
at Los Alamos Scientific Laboratory (LASL); the fuel-temperature 
rise is quoted as O.OOl"C, and the yield is estimated to have been 
about 2 x 10'' fissions. 

The Dragon reactor was made prompt critical for about 0.01 sec 
when a slug of fissionable material  was dropped through a vertical  
hole in the core,  which consisted of variable amounts of UH,, reflected 
with beryllia o r  diluted with polyethylene. The Dragon operated only 
25 days, during which 537 successful drops were made. 

The concept of a reactor  operating from prompt neutrons was 
further stimulated by the unplanned e x c u r s i ~ n ~ ' ~  of a cylindrical, 
unreflected 235U Jemima Assembly at  the LASL crit ical-mass facility. 
The excursion produced approximately 1.5 x lo i6  fissions. The system 
and the fissile material  were not damaged, no one was irradiated, 
and the experimental a r e a  was not contaminated. The self-terminating 
property of this  excursion stimulated modification of Godiva I for 
burst  operations, and that assembly became the f i r s t  facility for 
routinely generating large bursts  of fission-spectrum neutrons in 
t imes less than 100 psec.  

The fast burst  reactors  developed during the two decades 1945- 
1965, often referred to as the first generation of fast burst  reactors,  
logically fall into two groups, enriched-uranium and alloyed-uranium 
fast burst  reactors.  The characterist ics of these two groups a r e  
described in the following sections. 

ENRICHED-URANIUM FAST BURST REACTORS 

Godiva I (Lady Godiva), Godiva 11, KUKLA, SPR, and FRAN were 
constructed with enriched-uranium (93.5% 235U) cores  and control 
components. 

Godiva I and II 

Both Godiva assemblies (designed, built, and operated by person- 
nel of the LASL crit ical-mass facility) have been retired.  These reac-  
t o r s  and their  operating equipment were housed in a remotely operated 
assembly building located about 1200 ft from the control room. 

GODIVA I. The original go diva'^^ was built in 1951 for use as a bare  
critical assembly of simple geometry and in 1953 was modified to 
permit prompt cri t ical  burst  operation. An unreflected assembly of 
-53 kg of uranium, it was basically spherical, about 6.8 in. in diam- 
eter. Two horizontal parting planes permitted disassembly into three 
roughly equal sections for large shutdown effectiveness. The center 
section containing the irradiation port  and control rods was fixed 
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in position by small  tubular steel  supports. The upper and lower 
sections, however, were retractable by means of pneumatic cylinders, 
and they provided the reactor with two independent s c r a m  mechanisms. 

After a lengthy survey of characterist ics,  including behavior under 
super-prompt critical conditions, the principal function of Godiva I 
became the generation of short  (- 100 psec) intense (- loi6 neutrons) 
bursts  for irradiation purposes. Measurement of the properties of 
delayed neutrons from various fissionable isotopes was probably the 
most important experimental use made of this assembly. After 6 yea r s  
and over 1000 bursts,  Godiva I was replaced by Godiva 11. 

GODIVA 11. Godiva was the f i rs t  metal reactor  designed spe- 
cifically for  the routine production of fission bursts.  Operated initially 
in June 1957, the assembly consisted essentially of the main section 
of annular rings, two control rods, a burst  rod, and a safety block. 
The core geometry was a near-cylindrical version of Godiva I, and 
the fuel m a s s  of the core  was -57.7 kg of uranium. 

For facilitating irradiation operations, the core  was mounted 
on a small  portable stand that housed all actuating machinery, control- 
element position sensors,  and electrical interlocks. The three operat- 
ing rods and the safety block entered the core from the bottom to 
provide the maximum available space around the co re  for sample 
irradiations. The safety block served two purposes: (1) i t  provided 
a large shutdown reactivity ($30) and (2) i t  served to partition the 
reactor  along the radius in such a manner that shock waves originating 
at  the center were prevented from reaching the surface of the sta- 
tionary part ,  i.e., the natural period of mechanical vibration was 
thereby reduced. Reactivity adjustment was accomplished by two 
rods of about 1 kg each and one smaller  480-g rod. Near delayed 
crit ical  reactivity was controlled by the small  rod and one large 
rod, which permitted up to $2 reactivity correction to compensate 
for  the tamping effect of nearby reflecting materials.  

All exposed core surfaces except the safety block were nickel clad 
to  control oxidation, and the three control rods were flashed with 
chromium over the nickel to ensure smooth operation in their  close- 
fitting nickel-lined channels. 

During the three years  of Godiva I1 operation, about 2000 prompt 
bursts  were produced without observable deterioration. The most 
extensive experimental program performed with this assembly was 
the study of prompt gammas from fission. 

KUKLA 

The KUKLA Prompt Crit ical  Assembly,'" designed and built by 
personnel of the Lawrence Radiation Laboratory (LRL), Livermore,  
Calif., in 1961, is an untamped spherical assembly fabricated from 
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approximately 60 kg of cast-uranium metal. It is mechanically sup- 
ported from underneath to minimize the effects of neutron reflection 
from supports and associated equipment. 

The cylindrical safety block, with a mass  of -7 kg, is the major 
s c ram component. Scram is accomplished by a pneumatic cylinder 
in 0.04 s e c  from the fully inserted position. Two control rods, each 
having a mass  of 0.84 kg, a r e  individually inserted during the adjust- 
ment to delayed criticak. Neither rod is “fast scrammed” since the 
safety block and burst  rod have sufficient reactivity worth to ensure 
shutdown. 

The exposed uranium surfaces of KUKLA a r e  nickel flashed with 
a nominal 0.5-mil coating to protect against surface oxidation and 
wear during operations and to limit contamination during handling. 
In addition to the nickel coating, the exterior surface of the sphere 
and the s ides  and bottom of the safety block have been plated with 
a 10- to 15-mil thickness of cadmium to reduce room-returned 
neutron effects. 

After several  yea r s  of successful operation at LRL, KUKLA opera- 
tions were terminated. This reactor is presently used in Gulf General 
Atomic’s APFA (Accelerator Pulsed Fast  Assembly) accelerator- 
booster configuration. It has  been modified so  that prompt cri t ical  
operation is no longer possible. 

SPR 

A second model of the Godiva I1 core, now identified as SPR,’” 
was fabricated at LASL for operation in the Sandia Pulse Reactor 
Facility (SPRF) commencing in 1961. The cylindrical core  is composed 
of 57.9 kg of uranium and is surrounded at a distance of -1 cm by a 
perforated aluminum protective screen. The major departures from 
Godiva I1 design are: (1) an increase in the worth of control rods to 
a total of $3 in reactivity, (2) cadmium plating over nickel flashing, 
and (3) the modification of the safety-block drive mechanism. The 
purpose of the cadmium is to reduce neutron coupling with the variety 
of objects to be irradiated external to the reactor.  

The reactor  was mounted on a hydraulically operated elevator 
that lowered i t  into a concrete pit after operation. A 12-in.-thick 
lead radiation shield could slide over the pit to permit personnel 
entry into the building soon after a burst had been produced. 

Probably the most unique features associated with this reactor  
were the various modes of operation developed to accommodate the 
diverse needs of experimenters.  These modes will be discussed 
under Modes of Operation. 

In May 1967, after 5600 operations, SPR was replaced by an 
advanced core design designated a s  SPR 11. Presently, the SPR core 
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is being modified for use a s  a booster in the development of an ac- 
celerator  - driven assembly. 

FRAN 

FRAN,'I8 a fas t  burst  reactor  designed by LRL for operation at 
the Nevada Test  Site (NTS) began operation in 1962. This reactor  
attempts to maximize the attainable burst  yield in a pure uranium 
assembly and produces an estimated 5 X l o i6  fissions/burst. 

The major innovation is the mechanical arrangement for support- 
ing the stationary fuel plates. In ea r l i e r  designs, threshold damage 
produced by shock waves usually occurred in the bolts used to as-  
semble the fuel rings. The uranium bolts generally used for this  
purpose yield first under shock produced by the power transient in 
the fuel plates. In the FRAN design clamping is accomplished ex- 
ternally by two Y4-in.-thick steel  r ings which overlap each end of the 
cylindrical s tack of five annular fuel pieces. The plates a r e  connected 
by six y4-in. steel  draw bolts located - '/z in. away from the fuel surface.  
In operation the steel  support r ings a r e  capable of deflecting with a 
l a rge  effective spring constant when the fuel expands. Fuel-temperature 
rises approaching 350 "C have been obtained on this assembly with 
limited permanent deformation in either the s teel  supports o r  fuel 
plates. Absence of greater  deformation in the fuel is also attributed to 
less crystal-growth effect than experienced in ear l ier  models, owing 
to finer uranium grain s t ructures  resulting from improved casting 
techniques. 

To reserve the central co re  volume for a large annular sample 
irradiation void (4 in. deep, '/z in. thick, and 3y8 in. OD), the designers 
mounted- the bottom fuel disks (-y5 total mass) on a movable support 
to  s e rve  a s  the safety block. Control and burst  rods necessarily enter 
the stationary section from above to  avoid interference with safety- 
block motion. The safety block controls the largest  r a t e  of reactivity, 
i.e., about $40/sec. The total mass  is -63 kg. 

FRAN operations by LRL personnel a t  NTS were discontinued 
several  yea r s  ago, and the reactor  is presently being readied for 
operation at the National Reactor Testing Station, Idaho, in a program 
for  developing improved nuclear instrumentation. 

@ 
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ALLOYED-URANIUM FAST BURST REACTORS 

The second group of fast  burst reactors  is comprised of the 
Health Physics Research Reactor (HPRR), the White Sand's Fast 
Burst  Reactor (FBR), and the Super KUKLA, all of which have core 
and control-element components constructed of enriched uranium 
alloyed with 10 wt.% molybdenum. 
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This alloy was selected not only because it has excellent metal- 
lurgical and chemical stability but also because under appropriate 
heat treatment it develops higher tensile strength than that of uranium 
by a factor of -4  at  room temperature.  

Health Physics Research Reactor 

The HPRR3”opii was designed and constructed by Nuclear Develop- 
ment Associates based on an Oak Ridge National Laboratory (ORNL) 
conceptual design and with the support of critical experiments per-  
formed by ORNL. It is the first fast burst  reactor  to depart from 
an unalloyed-uranium-metal assembly. 

This reactor  was used initially in the BREN (Bare Reactor 
Experiment Nevada) Operation at  NTS from January to August 1962 
and is presently housed in the DOSAR facility at ORNL. 

Operation BREN was justified to support the Ichiban study under- 
taken in 1956 to evaluate the radiation doses received by survivors 
of the nuclear bombings of Hiroshima and Nagasaki, Japan, in 1945. 
The HPRR was attached to a hoist platform on the 1500 ft tower at 
NTS. The reactor  was operated in the steady-state mode at a power 
level of about 1 kw. During the second phase of the study, it was 
pulsed, and the spectrum of the fission-produced gamma rays  was 
studied as a function of t ime after burst. 

The core consists essentially of an annulus of uranium-10 wt.% 
molybdenum enriched to 93.14% in 235U,+ 8-in. OD, 2-in. ID, and 9 in. 
high, surrounding a 2-in. -diameter stainless-steel  central cylinder, 
Attached to the steel  cylinder is the 11.19-kg safety block, with an 
outer diameter of -3.5 in. and a height of 6.50 in. The basic ur-anium- 
molybdenum assembly consists of a stack of annular disks held 
together by nine uranium - 10 wt.% molybdenum bolts which thread into 
the bottom disk. The bolts a r e  hollow to permit reactivity adjustment 
with uranium -molybdenum plugs. 

The disks a r e  also penetrated by three holes to accommodate 
the y8-in.- and 1-in.-diameter control rods and the 3/-in.-diameter 
burst  rod. A Yl6-in.-diameter hole se rves  as a sample irradiation 
space. 

The stationary section is suspended from above. The safety 
block is a 3.5-in.-diameter fuel annulus threaded onto a steel  center 
plug, which in turn is threaded to a smaller  diameter shaft extending 
upward out of the core  where it is magnetically coupled to an actuator 
mechanism. For shutdown the safety block is driven out of a central  
cavity at the bottom of the stationary section. The two control rods  
and burst  rod are actuated from above and enter the core from above. 
All exposed uranium -molybdenum surfaces a r e  nickel plated. 
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In preliminary operations of HPRR, burst  yields in excess of 
10’‘ fissions were readily obtained with a corresponding fuel-tem- 
perature  rise of -500°C; this may be considered a reasonable upper 
l imit  for routine operations because of the onset of uranium-molyb- 
denum phase transformation at  temperatures much beyond -500°C. 

The HPRR reactor generates tail less bursts  of power pulses 
which a r e  not followed by the -1-Mw plateau typical of ear l ier  Godiva 
assemblies.  A shock-induced s c r a m  mechanism utilizes a phenomenon, 
first observed in Godiva I, whereby the safety block is ejected spon- 
taneously a s  a result  of the very rapid heating of the fuel. In the case 
of HPRR, the effective s c r a m  time is 225 psec. 

WSMR Fast Burst Reactor 

The White Sands Missile Range (WSMR) Fas t  Burst  Reactor (or 
Molly-G)” was designed and developed by Kaman Nuclear Corporation, 
with the exception of the core, which was designed by the WSMR 
engineering staff with consultation services  supplied by LASL and 
Sandia Corporation. The co re  is s imilar  to HPRR in its cylindrical 
shape and in the use of the uranium-IO wt.% molybdenum alloy. 
Requirements fo r  irradiation applications a r e  satisfied by mounting the 
co re  on a small  stand s imilar  to that of SPR or  Godiva I1 (thus its 
nickname “Molly-G” for  molybdenum-alloy Godiva). The portable stand 
is normally fastened to a mechanical lift that lowers the assembly into 
a pit that may be covered by a shield (as in SPR) inside a large 
underground reactor building, o r  the assembly may be transported 
readily on a fork lift to an outdoor s i te  for free-space experiments. 

The core is 8 in. in diameter and 75/s in. high with a 4-in.-diameter 
safety block surrounding a 1.25-in.-diameter stainless-steel  co re  
cylinder. Total weight of uranium-molybdenum is -97 kg in this con- 
figuration. Reactivity is controlled by the usual two control rods and a 
burst  rod (-$1.50 each); in addition, there  is provision for manual ad- 
justment of -$1 by a m a s s  adjustment o r  shim ring located at the top 
of the core. For example, a shim ring of iron adds about $1, whereas 
one of uranium -molybdenum adds about $ 3  in reactivity. The fuel r ings 
a r e  bolted together and to the support plate by 3/,-in. bolts. Those bolts 
currently in use are made of a special high-strength nickel alloy, 
Inconel X, which exhibits a yield strength of -180,000 psi. 

During a preliminary s e r i e s  of bursts  at LASL to establish l imits  
for  routine operation, the maximum burst-temperature increase ob- 
served on Molly-G was 480°C in the zone of peak power density. 
The resultant shock experienced by the assembly (Inconel) bolts 
exceeded the yield point, producing a net elongation of -0.02 in. in each 
bolt. Similar observations were observed during the checkout of the 
HPRR. 

@ 
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In operation at WSMR, the core has produced -2000 bursts  of 
-6 x loi6 fissions with peak fuel-temperature increases  in the neigh- 
borhood of 250°C without observable damage. The shock-induced 
separation of the safety-block magnet produces an early s c r a m  similar  
to  that described for  HPRR operation. 

Super KUKLA 

Of the second group of uranium-molybdenum devices, Super 
KUKLAi3 has the largest  and highest yield. The basic design was de- 
veloped by, LRL, and the assembly machine was constructed by the 
Baldwin- Lima-Hamilton Company with technical direction by LRL. The 
reactor,  which went into operation in December 1964, is designed to 
serve as a prompt-irradiation source for a wide variety of samples, 
which may be exposed externally o r  in a large internal cavity. 

The core s t ructure  is basically a cylindrical shell open at  the 
top; it includes a cavity 18 in. in diameter and -24 in. high. The wall 
thickness is 6 in. The height is variable and is nominally 37 in. at 
cri t ical ,  with no reactivity perturbation in the cavity. The shell is 
composed of a stack of uranium-10 wt.% molybdenum alloy rings in 
which the uranium is enriched to 20%. Total fuel m a s s  is -5000 kg. 
The top of the cavity is reflected by a 6-in. tungsten disk attached to  
the sample container, Large cri t ical-mass adjustments can be made 
by changing fuel disks at the bottom of the lower co re  half; minor 
adjustments are made by changing rod enrichment from 20% to 40%. 
For  continuous control a gang of six shim rods operated individually 
o r  in combination enters the core  from above and employs double- 
ballscrew actuators. A similar  gang of s ix  rods enters  from below 
into the lower core  half and is used a s  a burst  rod by a double-action 
hydraulic cylinder. Reactor shutdown is accomplished by dropping 
the lower co re  half, which is also hydraulically actuated. Large 
telescoped cylindrical springs with extremely large spring constants 
are incorporated for vertical  shock suppression in the fuel stacks. 

The maximum temperature increase observed in preliminary 
operations is 140°C, which corresponds to a total yield of -2 X l o i8  
fissions -by far the largest  prompt burst  yield obtained for repetitive 
systems. The design yield figure for this device is -5 X l o i8  fissions. 
Because of the relatively large pulse width (-700 psec),  no inertial  
shock effects have been experienced. 

FAST NEUTRON BURST REACTOR (RUSSIAN) 

The Fast Neutron Burst  Reactor (IBR)'4, designed and built in 
Russia, is included in this paper for interest  because of its unique 

. . . .  . 
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design and because it is the only known foreign-designed fast  burst  
reactor  that falls  within the t ime frame under discussion. 

The IBR, located at  the Joint Institute for Nuclear Research at  
Dubna, U.S.S.R., achieved criticality in June 1960. 

This burst  reactor produces periodic pulses with an average 
power of about 6 kw for physical research,  primarily for neutron 
time-of-flight experiments. The frequency of the bursts  can be varied 
within the l imits 8 to 80 bursts/sec; however, i t  can also be used for 
the production of large single bursts.  

The bursts  of power in the reactor a r e  generated by a fast  me- 
chanical variation of i t s  reactivity, during which periodic super- 
criticality of the reactor is attained. The half-width of the power burst  
is 36 psec. During the remaining time the reactor  is subcritical. 

The singularity of the behavior of the IBR is that the value of the 
effective portion of delayed neutrons is very small. In normal opera- 
tion of the reactor,  it is e.g., about a hundred t imes smaller  
than the corresponding value for the usual steady-state reactor  with 
uranium fuel. This circumstance, of course, produces an especially 
high demand for precision of the regulating system. 

The active zone of the IBR has a fixed par t  and two movable 
par ts .  The periodic change of reactivity of the system takes place as 
a result  of the displacement of the movable parts,  which consist of 
two bushings of 235U mounted in two rotating members.  The reactor  
becomes supercrit ical  and the power bursts  a r e  developed only when 
the main and auxiliary bushings a r e  simultaneously superposed with 
the fixed part  of the active zone. 

The stationary par t  of the active zone consists of plutonium rods  
in stainless-steel  jackets. Each rod is fastened by a conical shank 
in the upper or  lower lattice of the active zone. Single-ended fastening 
of the rods guarantees a negative temperature coefficient of reactivity. 

The control system and reflectors provide the change of reactivity 
of the system during start-up operation, shutdown of the reactor,  and 
control of the power level in all cycles of operation. For emergency 
shutdown two rods in the stationary part, suspended on electromagnets, 
are used. 

A special apparatus, intended for the production of single power 
bursts  (reactivity booster), is provided in the reactor.  

@ 
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MODES OF OPERATION 

The two normal modes of operation for fast burst  reactors  a r e  
steady state and prompt burst. These a r e  no unique features asso-  
ciated with the steady state; therefore only the burst  mode is de- 
scribed. 
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Burst Mode 

The procedure for the routine produ‘ction of fission bursts  for 
fast  burst  reactors,  with the exceptions noted, is, f i rs t ,  establish the 
delayed crit ical  configuration by a short  low-level power run, next, 
re t ract  the safety block for a period of several  minutes to permit 
the delayed-neutron population to decay, and then reinser t  the safety 
block. This step is followed by insertion of the burst  rod, which 
rapidly boosts reactivity to the desired supercrit ical  point. The 
resulting power excursion is quenched by thermal expansion of the 
fuel, and the residual plateau power level is terminated by automatic 
scramming of the reactor.  

FRAN. The sequence of burst  operation for the FRAN reactor  is 
modified a s  follows: the control rods a r e  adjusted to place the reactor  
on a positive period corresponding to 309 above delayed critical; 
the safety block is removed for -15 min to allow delayed-neutron 
precursors  to decay; the burst  rod worth 85C is inserted; and burst  
is initiated by insertion of the safety block. 

SUPER KUKLA. The burst-generation procedure followed in Super 
KUKLA operations differs in two aspects f rom the usual burst  mode. 
F i r s t ,  the delayed crit ical  operation is performed with the burst  
gang inserted; then the burst  gang is withdrawn. The shim rods a r e  
adjusted so that insertion of the burst-rod gang leads to the desired 
reactivity; this adjustment is followed by insertion of the burst-rod 
gang. Second, the neutron source remains in place during the burst  
mode to reduce to a negligible level the probability of producing an 
oversized bur st .  

HPRR. The burst  sequence for the HPRR is as follows: after inser-  
tion of the safety block, the reactor is placed on a slightly positive 
period by proper adjustment of the regulating and m a s s  adjustment 
rods (it has been determined by positive-period measurements that 
a period of -95 sec  gives the standard burst  yield); the safety block 
is withdrawn to allow the delayed-neutron population to decay; and 
the burst  is then initiated by inserting the safety block and firing 
the burst  rod to i t s  “in” position. 

Other Modes 

Two additional modes of operation, namely, square wave and 
tailless bursts,  ,were developed for the SPR by P. D. O’Brien and 
h i s  Sandia Corporation staff. 

SQUARE WAVE. This method of operation was developed‘ to meet 
an experimental requirement for a higher gamma dose r a t e  than 
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could be obtained with normal steady-state operation of SPR-or with 
any other available gamma source.  

This method required operation of the SPR at a relatively high 
steady-state power for t imes on the order  of tens of seconds. Ideally 
the power -time history of the reactor during these operations should 
approach a square wave. 

The experimental requirement for fast r i s e  time obviously implies 
short  positive and stable reactor periods; a lower limit of 1 s e c  
(e-folding period) was chosen a s  a goal to use only after considerable 
experience with the longer periods. 

For  operating at such short  periods, the safety block was modified 
to permit i ts  use as a control rod with a ra te  of reactivity control 
variable from 2.3$  to 23C/sec. 

The normal sequence of operation to  establish delayed crit ical  
was followed. The control rods were then withdrawn until the assembly 
was made 29$ subcritical. 

The normal burst  sequence was followed, and, upon insertion of 
the burst  rod, the reactor  was supercrit ical  by 78C and reactor 
power increased in a 1-sec period. The safety block was then with- 
drawn a s  the reactor  approached the desired power level. This method 
gave better results than expected. 

Neither SPR nor SPR I1 is now equipped for square-wave op- 
eration. 

@ 

TAILLESS BURSTS. In normal operation, burst  reactors  of the f i r s t  
series characteristically produce a prompt pulse in which the peak 
power is of the o rde r  of lo4 Mw followed by a plateau level of the o rde r  
of 0.5 Mw. The duration of the plateau depends upon the response t ime 
of the s c r a m  system; it is -30 msec. Another characterist ic of such 
r eac to r s  is the random variation in delay time, the interval between 
the attainment of maximum reactivity and the t ime of burst  initiation. 
With no external neutron source,  the mean delay time for Godiva I1 
is -3 sec and for SPR is -80 msec. A technique of programmed burst  
initiation in SPR was developed to reduce the undesirable plateau and 
also to provide more precise  and predictable timing of the power 
pulse. This technique introduces a short  pulse of neutrons from a 
pulsed D-T generator a t  the instant maximum reactivity is attained. 
The plateau is shortened to a few milliseconds by preprogramming 
s c r a m  initiation, and the power pulse is predictable in time to an 
uncertainty of 1 to 2 psec. The neutron source currently employed 
for  this purpose, located about 8 f t  from the reactor,  generates 
2 X 10' neutrons (14 MeV) in a 10-psec pulse. This programming is 
unnecessary on la ter  Godiva models whose designs incorporate the 
spontaneous shock-induced s c r a m  feature. 

@ 
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LIMITATIONS 

Maximum burst  yields in the enriched-uranium reactors  generally 
a r e  limited by fuel integrity during the severe shocks associated 
with the rapid temperature increases.  Pure uranium metal, particu- 
lar ly  as-cast  uranium, is subject to surface roughening, anisotropic 
crystal  growth, and creation of internal voids. Such effects were ob- 
served and were presumably caused by burst  thermal  cycling o r  i r r a -  
diation, and they occurred for temperature r i s e s  (from ambient) of 
-200°C -far below the melting point. Mechanical shock to s t ructural  
members  is also a limiting factor in most of the early burst  machines, 
with the exception of FRAN as noted earlier. 

Alloyed-uranium fast burst  reactors  maintain dimensional stability 
when subject to  more extreme temperature cycles than can be tolerated 
with normal uranium metal. Extensive metallurgical tes ts  on this 
type of burst  reactor  have indicated relatively small  crystal  growth 
and excellent phase stability during o r  following repeated large 
temperature cycles of -500" C. However, this temperature cycle 
appears to  be an operational limiting value based on LASL's t e s t s  on 
the WSMR Fast Burst  Reactor described previously. 

SUMMARY 

This review of the history and development of fast burst  reactors  
for  a period of over two decades indicates that steady progress  has 
occurred. Most of the developments a r e  traceable to the national 
laboratories, but it is encouraging to see  the wider use and develop- 
ment activities on fast burst  reactors  in other government and com- 
mercial  organizations. Of the nine fast burst  reactors  discussed, 
seven are sti l l  in active use, which is good testimony to the important 
contributions they have made to a wide variety of scientific disciplines. 
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ABSTRACT 

Prel iminary resul ts  obtained with a new fast  burst  assembly a r e  presented. The 
fuel is U-1 .5  wt.% Nlo alloy. Assembly features  include a new scheme for s e -  
cur ing fuel components in the core.  

INTRODUCTION 

Performance of fast burst  reactors  has been limited in the past  by 
physical damage due to mechanical shock rather  than by more basic 
fuel limitations, such a s  high-temperature phase changes. For mini- 
mum burst  duration, the fuel must be solid metal  with the obvious 
restriction that co res  cannot be cast  on one piece because of criticality 
considerations. Accordingly, a typical core  comprises  six o r  more 
separate castings, with as many a s  nine bolts of fuel o r  high-strength 
alloy to secure them together. Burst-yield limitation in such assemblies 
usually is due to bolt elongation o r  thread loosening a s  a result  of 
thermal expansion of the fuel. 

The pr imary purpose of Godiva IV is to provide a flexible core  and 
support assembly for  use in a burst  reactor  design development pro- 
gram. Design emphasis has been focused on maximum power density and 
minimum burst  duration. The use of, the present system as an i r radia-  
tion facility has  received only minor consideration. 

In the preliminary version of Godiva IV reported in this paper, 
special  attention has been given to the severe mechanical shock prob- 
lems. Core-component design and core geometry a r e  being studied to 
minimize the t ransfer  of shock energy to the supporting structure.  The 
damage threshold for  individual fuel pieces hopefully will be raised a s  
a result  of the investigation of various fuel alloys. 
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CORE DESIGN 

The Godiva IV assembly and controls a r e  shown in Fig. 1. The fuel, 
shown unshaded in Fig. 2, is a U-1.5 wt.% Mo alloy (the uranium is 
-93.5% 235U) with a general configuration s imi la r  to that of Godivas I1 
and 111. Fuel components are all aluminum-ion plated and have a 
total mass  of -66 kg. Three external C-shaped clamps, y4 in. thick by 

Fig. I -Farst version of Godava IV on three-legged support stand shouiing sta- 
tionary ring assembly above the top shelf with safety block visible Jus t  below 

\ and the electromagnetLc latching assembly above the bottom shelf. 
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Fig. 2-Godiva IV  core detail. 

1y4 in. wide, fabricated from high-strength maraging steel ,  fasten the 
stack of six stationary fuel rings. 

The stationary assembly is bolted to vertical  s teel  supports with 
the bolts threaded into the midpoint of each clamp. This center-of-shock 
mounting se rves  to minimize shocks imparted to the support stand. 
The central  fuel pieces have been attached to the outer fuel cylinder by 
a split steel  retaining ring, shown shaded in Fig. 2, and in a la ter  modi- 
fication by the second fuel r ing with a reduced inside diameter as indi- 
'cated by the dotted line. 

Between the C-clamps and the fuel are s teel  pieces that distribute 
the load at  the fuel surface and, more importantly, provide shock ab- 
sorption at the top. The top piece is a solid loading ring that is relieved 
about 0.06 in. on the underside over about 2 in. circumferentially at 
each C-clamp position to act as a spring for  vertical  expansion. This 
ring is depressed -0.005 in. in a special hydraulic p r e s s  to permit in- 
stallation of the C-clamps. 

The burst  assembly is supported on a three-legged s t ructure  visi- 
ble in Fig. 1 which houses actuators for  reactivity control elements that 
enter  the core  from below, a s  in ea r l i e r  Godiva assemblies.  The safety 
block is threaded onto a stainless steel  support mandrel at the lower end 

@ 



98 WIMETT, WHITE, AND WAGNER 

so  that thermal expansion 'exerts a downward thrust  on the support shaft, 
opening a magnetic coupling to provide shock-induced scramming. 

BURST CHARACTERISTICS 

Operating characterist ics of Godiva IV a r e  s imilar  to those of 
Godiva I1 except for a slightly longer neutron lifetime (Rossi-alpha at  
delayed critical, (YR, = 0.85 X l o6  sec-'). Peak burst  temperature in- 
c r eases  reached 525°C with burst  widths of -24 psec. Associated s u r -  
face fluences a r e  -loi4 neutrons/cm2, and peak fluxes a r e  -4 x lo i8  

Total burst  yield for the most recent s e t  of data is shown plotted 
against reciprocal reactor  period in Fig. 3. Peak power and burst  

neutrons/cm2/sec. 

RECIPROCAL PERIOD (Q) X 10-5/sEC 

Fig. 3-Burst fission yield us. reciprocal reactor period. Yield = Ccu (1 + cu2r2), 
where T = 8.9 p e c .  

duration measured at  half-maximum power a r e  shown in Fig. 4. Yield 
data were obtained from aluminum (n, a) detectors calibrated relative 
to  fission activation of uranium foils placed in the core  center. Where 
aluminum detectors were not used, burst  temperature increase was 
used as an index of burst  yield. Peak power was measured by r e -  
sponse of a plastic scintillator photodiode detector. Power calibration 
was accomplished by using the approximate relation at some large 
yield, Y = 4Pm At/3.52, where P, is peak burst  power and At  is burst  
duration a s  defined previously. 
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Fig. 4-PeaIz burst poicev and biirst duration us. reciprocal reactor period. 
Pomer = a2(1 + Q ’ T ~ ) / Z ~ C Y R ,  where T = 8.9 psec. 

The average inertial lag time, 7 ,  for this assembly i s  8.9 psec, 
arr ived at  by adjusting this parameter in the f i rs t -order  analytical ex- 
p r e s s i o n s  p r e s e n t e d  i n  Figs. 3 a n d  4 f o r  best f i t  w i th  t h e  data. 

FISSION DENSITY AND NEUTRON LEAKAGE FLUX 

For Godiva IV a limited effort was made to measure fission densi- 
t i es  and a total leakage flux independent of radiochemistry techniques. 
Some effort was  also made to obtain relevant information regarding 
neutron spectra. Fission-density values were obtained from fission- 
activation measurements’ with low-density 235U foils irradiated at  the 
top of the safety block and calibrated by means of back-to-back fission 
chamber. * (The fissile deposits for the fission chamber were previously 
intercompared with secondary-standard deposits used by Stein and 
Smith e t  al.3>4 in a recent measurement of ar(235U)/o,(238U) between 1 
and 5 Mev.) Fission densities from the two bursts,  good to perhaps 6%, 
exceed by 14% a radiochemistry value determined at the same position 
on the safety block. 

*The  chambers  and the fissile deposits were  kindly furnished by Munson 
Thorpe of the Los Alamos Scientific Laboratory. 
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A leakage flux pe r  co re  fission for  Godiva IV was obtained from 
fission-foil activation responses at two positions: 2 in. above the fuel 
surface on axis and near  the core  center. With computed fission dis- 
tributions and a selected c ros s  section of u ~ ( ' ~ ~ U )  = 1.29 h 0.07 barns, a 
value of 8.7 h 1 X lo i3  neutrons/cm2 per  lo i7  fissions was derived5 for  
the upper position. (Correction from the Lady Godiva center spectrum 
to Godiva IV is l e s s  than I%.) 

Specification of neutron spectra  in and about a fast-neutron system 
like Godiva IV is an unsettled issue. Onlyone aspect of the spectra  may 
be considered established, namely, the preservation of the 235U-fission- 
spectrum shape above an energy of about 2 MeV. In Godiva IV, responses 
of the high-energy activation detectors, P(n,p), Al(n,p), 56Fe(n,p), and 
Al(n, a), a r e  almost indistinguishable from their  well-established r e -  
sponses in the 235U fission-neutron spectrum. This resul t  is consistent 
with those from similar  measurements in other Pajarito fast  c r i t i ca ld  
and is further confirmed by the well-known photoplate data of Rosen.' 
In Table 1 therefore the high-energy-group flux (E > 1.4 MeV) is a 235U 
fission-spectrum component. 

Spectrum measurements for  Godiva IV a r e  presented in Table 1 
along with established results for the undiluted spherical  assembly, 
Lady Godiva. The spectral  indexes l isted imply the accompanying three- 
group fluxes and chiefly indicate spectrum differences. Uncertainties, 
considered relative to Lady Godiva center spectrum, a r e  a few percent. 
Measurement and computation a r e  not in very good agreement; observed 
spectra  a r e  generally more energetic, with the old photoplate data an 
important exception. (Computations also disagree with observed neutron 
lifetimes in Godiva IV, the la t ter  implying a l e s s  energetic s p e c t r ~ m . ' ~  
See also J. T. Mihalczo, Session 1, Paper 1.) 

The softening of Godiva IV spectra  due to the internal and external 
steel is evident. At the center the fission-spectrum component above 
1.4 Mev is down by 40% relative to a 235U fission spectrum and down by 
10% relative to  Lady Godiva center spectrum. The axial leakage spec- 
t rum is even more affected: in contrast with Lady Godiva, the fission- 
spectrum component in the axial leakage for  Godiva IV is actually 
smaller  than in the center. The unusual pileup of neutrons between 0.6 
and 1.4 Mev is based upon a Zr (235U)/6 (Np) index acquiredindirectly, 
and it will require verification. 

PRELIMINARY RESULTS 

Power densities attained on this assembly without damage to the 
clamps and supports a r e  considerably higher than any attained pre- 
viously. Peak power density occurs near  the top of the safety block 



Table 1 

OBSERVED SPECTRAL INDEXES AND THREE-GROUP SPECTR4 

Observed 
spectral indexes 

2 3 5 ~  fission spectrums (nominal) 

Lady Godiva* 
Central .spectrum 

Spectral indexes . 
computation, ENDF/Bt  

Leakage spectrum 
Spectral indexes 
Differential measurements  

Photoplatell$ 
Time of flight12§ 

Computation, ENDF/BT 

Godiva IV 
Central spectrum 

Spectral indexes 
Computation, tlansen- Lioacht 

Spectral indexes 
Axial leakage spectrum, 

6.24 * 3.5% 

6.0 '* 2% 

H V  . 
Cf (Np) 0-0.6 0.6-1.4 1.4-m Ne v 

Energy groups, Rlev 
energy, 

5f (235 U) 

1.31 i- 3.5% 

1.18 d- 2% 

1.27 i 2% 

1.16 * ti% 

0.18 

0.31 
(0.3 3 )  

0.29 

( 0 .  3 3 )  
0.26 

(0.29) 

0.34 
(0.38) 

0.28 

0.38 

0.28 
(0.50) 

0.28 

0.2'3 
0.31 

(0.30) 

0.29 
(0.29) 

0.37 

0.54 1.9, 

0.41 -1 .5, 
(0.37) 

0.43 -1.6, 

0.38 -1.5, 
0.43 - 1 . G 5  

(0.41) 

0.37 -1.4, 
(0.33) 

0.35 -1.4, 

*Uranium-metal sphere (93.5% 235U), critical radius  =8.7 cm. 
tCornputation by the d iscre te  ordinates method using ENDF/B3 o r  Ilansen-Roachla c r o s s  sections as 

$Extrapolation to below 0.2 Mev i s  based on Eq. 1 in Ref. 6. 
$Reduction of zero-degree time-of-flight data lor  this table includes a computed correct ion to the full 

indicated. 

angular leakage flux. 

c > - c 

c. z 
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about a centimeter into the fuel outside the s teel  support mandrel. The 
maximum peak power density observed to  date is nearly 50 Mw/cm3 as 
indicated at the upper right corner  of Fig. 4. Significantly, no damage 
has  been observed in the safety block for  densities of this order. Fail- 
ures  observed were cracks in the second fuel ring from the top. This 
ring was fractured and replaced twice before the cause of failure was 
determined. It was found that the radial  clearance provided between the 
top central  fuel cylinder and the outer rings was insufficient, which r e -  
sulted in an added constraint on the outer rings. Failure involved frac- 
tures  that radiated outward from the control-rod clearance holes to the 
outside ring surface as a resul t  of s t r e s s  concentration. 

The modified assembly incorporates increased clearance around 
the upper inside cylinder and a modified second fuel ring, as mentioned 
ear l ier .  With these modifications i t  should be possible to increase burst  
yield and approach the damage threshold associated with dynamic s t r e s s  
within the fuel pieces. Calculations based on kinetic energy of fuel ex- 
pansion predict this threshold to  be yielding of the fuel clamps at  -10'' 
fissions. 

If dynamic-stress failure of the fuel should continue, an effort will 
be made to improve the yield strength of the metal, first by heat treat- 
ment, then by the substitution of a different fuel alloy. A joint metal- 
lurgical  program is currently underway at Los Alamos Scientific Labo- 
ratory and Sandia Corporation to investigate uranium alloys for  burst  
reactor  applications. 
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DISCUSSION 

YOCKEY: The Chairman would like to ask what is the total fluence 
in the glory hole, and what is your peak flux r a t e ?  

WIMETT: Peak surface flux rate is of the order  of 2 X loi8 
neutrons/cm2/sec. The peak fluence is something over  1014 neutrons/ 
cm2. Glory hole values a r e  about an order  of magnitude higher. 

O’BRIEN: How do you detect the presence of cracks operationally? 
Do they shut you down? 

WIMETT: We just chose to stop running af ter  cracks were ob- 
served. We lost  on the order  of 2 t  reactivity in this  las t  damaging 
burst .  

MUEHLHAUSE: Do you think there  would be any virtue in preparing 
these assemblies  with some initial thermal  distribution, i.e., generate 
an opposite radial-s t ress  distribution from the one that the excursion 
induces to  avoid internal s t r e s s  deformation during the pulse? 

WIMETT: I am not an expert on s t r e s s  analysis, but my guess  
would be that you would not gain much because whatever s t r e s s  you get 
initially is going to  be reflected into an opposite s t ress .  In this case 

@ 



104 WIMETT, WHITE, AND WAGNER 

your preloading and prestressing would add to the reflected wave, prob- 
ably. There must be someone else  here  whois more expert on s t ress .  

MUEHLHAUSE: I was thinking you' might be able to turn around 
thermal gradients f rom one sign to the other to avoid certain internal 
s t resses .  

WIMETT: My guess  is that i t  would be hopeless just  because of the 
problem of these s t r e s s  waves reflecting. You s t a r t  out with a s t r e s s  
at the center, and i t  reflects as surface traction; SO, I do not know in 
what way the preloading could counteract both those s t resses .  

STATHOPLOS: There are two types of s t resses ,  of course; one is 
due to a thermal gradient, and that is a constant kind of thing. The other, 
the inertial  s t ress ,  the one you a r e  talking about, does reverse  signs; so 
it would be very difficult to preload to take account of o r  to counteract 
the inertial  s t resses ,  because they a r e  oscillating back and forth. Per -  
haps one could do something about the thermal  s t r e s s ,  which is a con- 
stant. 

WIMETT: Oh yes, I guess perhaps that is what the ear l ie r  ques- 
tion posed. It had to do with eliminating that s t r e s s  due to temper' '1 t u re  
gradient. It might help. So far we really have not observed failure due 
to that effect, although we know we may eventually. 

MUEHLHAUSE: May I make another comment on that?  There has  
been a suggestion, maybe it has  been by several  people, that one can 
build radial  slots into the fuel metal, which would largely alleviate the 
thermal  s t ress .  I do not know whether it would do much about inertial  
s t ress ,  but that one suggestion might work. 

WIMETT: Yes. We have given that a lot of consideration. We had to 
stop ourselves twice, I think, from cutting slots.  We looked at this the 
f i r s t  time it cracked on the outside and considered putting in some 
s t r e s s  relief by slotting on the outside of the rod holes. It does not 
particularly mat ter  where the slots a r e  as long as you reduce radial  
dimensions over which these temperature differences can give you 
trouble. But we talked ourselves out of it, and I a m  glad we did. Eht if 
we do reach that form of stress failure, slotting will be our f i rs t  form 
of relief. This has  been done at Sandia. I will not discuss  it since it will 
covered in one of the la ter  papers. 

MUEHLHAUSE: Was the alloy you were working with alpha phase 
o r  gamma phase ? 

WIMETT: It is alpha phase at this point. The advice of our  metal- 
lurgis ts  was that they a r e  capable of casting such fine-grained matlyrial 
that i t  does not particularly mat ter  whether i t  is an alpha or  gamma. 

MUEHLHAUSE: There is no problem with thermal cycling? 
WIMETT: Not that we know of. For example, FRAN was an alpha- 

phase system, and it has  produced plenty of burs t s  without growth due 
to the alpha phase. 
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@ ABSTRACT 

On the basis of experience gained from the operation and evaluation of other 
f a s t  burs t  reactors ,  the SPR I1 was designed to be capable of producing a fas t -  
neutron fluence of loi5 in a 35-psec pulse inside a 1.5-in.-diameter glory hole. 
This second-generation fast  burs t  reac tor  uses  105 kg of 93% enriched uranium 
alloyed with 10 wt.% molybdenum a s  fuel, which, when fully assembled, forms  a 
right-circular cylinder 810 in. in diameter by 8.2 in. in height. 

During the extensive operating history of this reactor ,  a number of design 
innovations and operational techniques have been developed to allow higher 
levels of operation, increased reliability, and improved safety. These  develop- 
ments and operational experiences involving fuel failures a r e  detailed. 

INTRODUCTION 

In May 1960 the f i rs t  Sandia Pulsed Reactor was brought critical and 
subsequently used in radiation-effects testing for a series of more 
than 5600 operations over a period of seven years.  Experience gained 
with that reactor,  the Health Physics  Research Reactor (HPRR), and 
other fast burst  reactors  indicated the possibility of substantial improve- 
ment in the pulse yield with modest changes in reactor  design. This 
possibility, coupled with requirements for  a fast burst  reactor  with a 
reasonably sized glory hole in which neutron fluences on the o rde r  of 
1 x lo i5  neutrons/cm2 could be achieved in a single pulse, led to  the 
design effort culminating in the Sandia Pulsed Reactor I1 (SPR 11). 
Thus the SPR I1 answers  a specific need and is based upon experience 
and development information from Oak Ridge, Los Alamos, White Sands, 
and Sandia reactors.  Since the SPR I1 was brought cri t ical  in May 1967, 
it has  performed more than 1000 operations for experimental programs. 
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Although the design objectives of SPR I1 have been met, operations 
at the design level caused severe cracking of one fuel plate of the 
original fuel assembly. Burst  operation a t  substantially lower yields 
producing 300-350°C AT at the hottest par t  of the fuel assembly 
continued through approximately 850 operations, at which t ime the fuel 
assembly was replaced with one modified to reduce s t resses .  Opera- 
tion a t  the design yield appears  entirely satisfactory from the stand- 
point of fuel integrity, although a new problem of damage to  the 
control-rod dr ives  has delayed routine operation at design yield. The 
characterist ics of SPR I1 at two typical operating points a r e  outlined 
in Tables 1 and 2. 

Table 1 

SPR I1 PROMPT BURST CHARACTERISTICS 

Yield, fission 1.0 X lo '?  1.6 X 1OlT 
Maximum fuel- 

t empera ture  
r i s e ,  "C 340 . 560 

Initial period, psec  16 12 
Pulse width at half 

Prompt-neutron decay 
maximum, psec 46 32 

constant, sec-' 0.68 X l o 6  0.68 X 106 

Table 3 
CHARACTERISTICS OF SPR I1 RADIATION OUTPUT 

Pulse  s ize  

340°C AT pulse 560°C AT pulse 

Glory Glory 
Surf ace hole Surface hole 

Neutron fluence, 

Peak neutron flux, 

Gamma dose,  ' 

Gamma dose ra te ,  

n e u t r o n d c  m2 2.0 x 1 0 ' 4  6.0 x 1014 3.2 x 1014 1.0 x 1015 

neutrons/cm2/sec 4.4 x 10" 1.4 x 1019 1.0 x 1019 3.1 x 1019 

H,O r ads  3.1 x i o 4  1.4 x 105 4.8 x 104 2.3 x 105 

H,O rads /sec  6.7 X l o 8  3.0 X l o 9  1.5 X l o 9  7.2 X I O 9  

REACT0 R DESC RI PTI ON 

Fuel System 

The SPR I1 consists of s ix  rings or  plates and four rods of 93% 
enriched-uranium metal alloyed with 10 wt.% molybdenum (arranged 
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Fig. 1 -Cutaway of SPR I I  fuel  system. 

as shown in Fig. 1) which together weigh 105 kg. In its most compact 
arrangement, the fuel assembly is 8.078 in. in diameter and 8.206 in. 
high with a .  1.625 in. diameter hole along the axis of the cylinder. The 
six plates, which account for approximately 100 kg of the fuel weight, 
a r e  mounted in two distinct halves. The three upper plates a r e  fastened 
together by four high-strength A-286 alloy steel  bolts threaded into 
A-286 alloy steel fingers that protrude beyond the cylindrical surface 
of the upper fuel assembly to mounting, posts. Thus the upper fuel 
assembly is held stationary above the primary mounting surface of the 
reactor stand. The remaining three fuel plates a r e  fastened together 
by a second set  of four A-286 alloy steel  bolts threaded into special 
A-286 nuts and subsequently mounted on the four fingers of a spider 
fixed at the top of an axially located drive shaft. This lower core  half, 
called the safety block, is axially aligned bel6w the upper fuel as- 
sembly and .is capable of being driven over a distance of 2 h. to make , 

contact with the upper core  half. This motion of the safety block provides ' 

a shutdown capability in excess of $10. 
The fuel system is completed by three control rods and a burst  

rod, each of which weighs 1.2 kg and is 0.875 in. in diameter by 
10.625 in. long. These rods fit into cavities in the fuel 0.938 in. in 

I . 
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diameter by about 7 in. deep (not all the way through the assembly). The 
additional length of these rods is for mechanical convenience and not 
for nuclear considerations. The overall arrangement described is 
shown schematically in Fig. 2. 

I 

7 

Fig. 2- Cross section of SPR II fuel  sys tem.  

Several features of this  core  merit  additional discussion. Investi- 
gations on ear l ier  burst  reactor designs revealed the existence of 
severe shock forces generated by the nearly adiabatic heating and 
subsequent expansion of the fuel material. ' These shocks produce 
oscillations in the fuel assembly sufficiently severe  to cause damage 
to the fuel rings (see J. A. Reuscher, Session 1, Paper 3) .  An acoustical 
impedance mismatch has been introduced between the plates to  damp 
these oscillations i n  the axial direction and to reduce the s t r e s s  in the 
bolts holding the fuel plates together. This is accomplished by a feature 
designed to also eliminate t ransverse s t r e s s e s  in the bolts. A lug and 
matching r eces s  arrangement is around each of the four bolt holes in 
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each plate, as shown in Fig. 3. These four keying elements lock the 
fuel plates together to prevent lateral  o r  rotational motion. Since the 
male lug is 20 mils longer than i ts  mating female recess,  a correspond- 
ing gap is introduced between plates. This gap mitigates the shocks 
produced within the fuel assembly and provides space for thermal 
expansion of the individual fuel plates. Since the components of the 
assembly have small  contact a r e a s  only at  the edges and since major 
portions of the heating and expansion take place near the center of the 
plate, this gap is very effective in reducing the s t r e s s  introduced into 
the bolts.2 Even so, tensile s t r e s s e s  in the bolts a s  high a s  225,000 psi 
have been inferred from  measurement^.^ 

Fig. 3-SPR II fiiel-plate interlocking awangenzent. 

Although the dynamic s t r e s s e s  in the fuel-assembly bolts appear to 
have been in excess of their  static yield points, no failures in bolts 
have been experienced in SPR 11. There have been several  failures, 
however, in the fuel  component^.^ During a s e r i e s  of progressively 
l a rge r  bursts  undertaken with the intent of achieving the design 1 

operating level of the reactor, no difficulties were encountered other 
than the occasional need for bolt tightening, as experienced in the 
operation of ea r l i e r  Godiva-type react'ors, up to a burst  level of 
478°C AT. 

A subsequent 509°C burst  was accompanied by a loud report  
s imilar  to that of a rifle shot, and two observers  saw a shower of 
sparks on the closed-circuit television monitor (the shroud had been 
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removed). No particular significance was  attributed to the sound 
since at that time no previous experience indicated that the sound 
was abnormal for a 500°C burst. The sparks  were suspected to be the 
resul t  of pyrophoric fuel particles being separated from the surfaces  
of the center (hottest) fuel r ings during their  mechanical oscillations. 
Since a brief visual examination revealed no conspicuous evidence of 
damage and since delayed-critical operations indicated no change in 
fuel configuration, operations at  the 500°C AT level were continued 
(with very repeatable results). A subsequent attempt to increase the 
burst yield produced a A T  of 606°C (somewhat higher than expected) 
during which another small  display of sparks  was observed. Inspection 
of the reactor then revealed a broken control rod that failed through a 
thread-relief a r ea  at i t s  lower end (see P. D. O’Brien, Session 4, 
Paper  6). (In the current  SPR I1 core this intrinsic failure has been 
eliminated by increasing the length of the control rod and changing 
from male to female threads.) Disassembly and inspection of the core  
following the control-rod failure revealed a crack in the C-1 ring (see 
Fig. 4) which extended outward from the glory hole through a radial 
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Fig. 4-SPR II fuel-plate designations. 

thermocouple hole. Figure 5 shows the c rack  a s  it appeared at  that 
time. The penetrating dye used to reveal the full extent of the c rack  
greatly exaggerates i t s  width. 

After the broken control rod had been repaired and the other two 
control rods modified, SPR I1 was reassembled, and operations were 
resumed at reduced levels. During the 850 operations between that 
time and retirement of the damaged fuel assembly, other c racks  ap- 
peared in the C-1 plate as well as in three of the remaining five plates. 
Figure 6 shows the condition of the C-1 plate at retirement. In spite 
of the ever-increasing number of failures, the reactor continued to 
perform satisfactorily at reduced yields. 

These observed failures a r e  considered to have two interrelated 
causes. The initial failure along the radial thermocouple hole was 
most likely a tensile failure perpetrated by this s t r e s s  r i se r .  Although 
other stress-related failures were observed, some fuel c r acks  are 
also believed to be associated with s t r e s s  corrosion (e.g., the c racks  
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(b) 
Fig. 5- The C - l  plate of the SPR I1 when crack f i m t  appeared. (a) Top; (b) bot- 
tom. 
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- .  . .. . 

(b) 
Fig. 6--.The C-I plate at retirement.  (a) Top; (b) bottom. 
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near the bolt holes in the C-1 ring shown in Fig. 6). Elimination of the 
corrosion problem involved a change i n  the cooling system (discussed 
later in this paper), and an attempt to reduce s t r e s s  problems neces- 
sitated a change in fuel-plate design. Since the initial failure had 
occurred along a radial thermocouple hole, which represented a s t r e s s  
r iser ,  a l l  thermocouple holes, both radial and axial, were eliminated 

20-MIL SLOT 

Fig. 7-Modtfied C plate. 

from the C-1  and C-2 plates. Furthermore, since dynamic measure- 
ments on the C-2 ring indicated peak hoop s t r e s s e s  of twice the static 
yield strength of the fuel material  (see J. A. Reuscher, Session 1, 
Paper 3), the C-1 and C-2 rings were modified by cutting two 20-mil- 
wide slots through the plate between the glory hole and control-rod 
holes as shown in Fig. 7. Experience with the modified core indicates 
these modifications were successful in reducing peak s t r e s s e s  in the 
fuel. 

Drive Systems 

The fuel system previously described is mounted on a mechanized 
stand that positions the fuel and controls i ts  various motions. The 

the reactor  stand by four posts. The safety block is axially aligned 
below the upper fuel assembly on a shaft driven by a two-speed d-c 
motor through a belt drive, worm-gear reducer, and Acme screw. 
Experience at  Oak Ridge National Laboratory on the HPRR indi- 
cated the desirability of incorporating a magnetic coupling in the 
safety-block drive system to provide shock-induced s c r a m s  of the 
r e a ~ t o r . ~  Therefore on SPR I1 the safety-block drive shaft i s  made in 
two sections coupled by an electromagnet. With this arrangement any 
burst  with a yield exceeding -150°C A T  (corresponding to an initial 

upper fuel assembly is mounted on the pr imary  mounting surface of \ 
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period of less than 30 psec) develops sufficiently strong shock forces  
to eject the safety block by breaking the magnetic coupling.6 This 
arrangement offers the distinct advantage of a self-initiating scram, 
independent of the electronic sc rams  and considerabl; fas ter  (safety- 
block movement occurs within 225 psec), This very-high-speed me- 
chanical response of the system effectively reduces the length of the 
delayed crit ical  tail characterist ic of most Godiva-type reactors.  
Although the shock forces  generated by pulses below -150°C AT are 
insufficient to break the magnetic coupling, a nearly symmetrical  pulse 
can sti l l  be produced by using preprogrammed initiation and s c r a m  
signals to drop the safety block a few milliseconds after the burst. 

Also mounted on the pr imary mounting surface of the reactor  stand 
a r e  the three control-rod dr ives  and the burst-rod drive. The control- 
rod dr ives  consist of a d-c drive motor coupled to  a drive pinion through 
electric and mechanical clutches. The drive pinion, riding on a rack 
fitted into the hardened control-rod shaft, can thus operate the control 
rod over i t s  normal 6.75-in. travel. With an adjustment of the current  
on the electric clutch and an adjustment of the mechanical clutch, the 
drive system can function without slip under normal conditions and 
yet slip under the shock loads imposed during the pulse. This clutch 
slippage is intended to prevent damage to the gear and rack teeth 
during these high-load periods. The clutch is also used to  drop the 
control rod under s c r a m  conditions. (The SPR I1 was the f i r s t  fast  
burst  reactor  to  utilize scramming control rods.) Because of the 
intentional slippage of the drive train, rod position is monitored 
through a separate pinion coupled directly to a ten-turn pot in a standard 
null-balance readout system. The inertia of this position pickup is 
low enough that the sudden accelerations produced by the induced 
shocks do not damage the rack or pinion. Control-rod alignment is 
maintained by a split l inear ball bushing located between the drive 
pinion and the position-sensing pinion and by a Graphitar bushing about 
9 in. away at  the upper end of tne rod-drive package. This upper bush- 
ing rides on the fuel portion of the rod throughout i t s  travel,  thus 
imposing the requirement for  the 10.625-in.-long fuel rod for  the 
6.75-in. travel. Mounted on the lower end of the rod-drive package is 
an oil-filled dash pot to decelerate the rod at  the end of its stroke. 

When the new core was installed, it was placed on a sepa,rate stand 
to  allow check-out concurrent with routine operation of the old core. 
This dictated, among other things, all new control-rod drives. In these 
new control-rod dr ives  problems have appeared since the reduction 
of the fuel-assembly stress and corrosion difficulties. The experience 
a t  Sandia has been that any new fast burst  co re  will require an initial 
period of break-in during which bolts and other screwed connections, 
such as the control-rod-to-shaft joint, must be tightened periodically, 
but, with the new SPR 11 core,  the control-rod and burst-rod joints 
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demanded almost daily tightening i f  repeatable operation was to be 
maintained. Obviously something in the joint was failing. Disassembly 
and inspection revealed that a spacer used to adjust the rods in rela- 
tion to their  drives was being coined by the repeated shock loads 
imposed upon it. 

Another problem detected at  the same time and also attributable 
to the shock forces  experienced by the control-rod drive system involved 
the screws used to attach the rack (used to drive the control rod) to the 
shaft. Several efforts to  eliminate this difficulty have been tried with- 
out total success  although a mechanical stop placed between the end of 
the rack and the end of the keyway into which the rack fits has been the 
most successful effort to date. 

Fig. 8-Shock-induced damage t o  s~litclz washer. 

Perhaps the most dramatic  illustration of the shock forces  imposed 
upon the control-rod drive system is the failure of the switch washer 
shown in Fig. 8. This washer actuates the upper and lower limit 
switches. Since mechanical stops limited t ravel  in both directions, the 
only loads imposed upon, this  washer are those produced by shock. 
These shock loads were sufficient to  deform the washer and shear  the 
%-in. pin. 

Containment, Decoupling, and Cooling 

The escape of fission products from the fuel assembly of SPR I1 
is minimized by aluminum-ion plating of all fuel components. This  ion 
plating also protects the fuel against corrosion during high-temperature 
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operation. Evaluation of the desirability of heat treating (diffusing) the 
plating indicated that the fission-product retention was greater  on the 
untreated plates. Although this  ion plating is the best  protective coat- 
ing presently available for  this application, it is impossible to coat all 
the surfaces of such complex shapes. Therefore other means of con- 
tainment a r e  also used. 

REACTOR SHROUD. Completely covering the reactor,  as shown in 
Fig. 1, is a thin aluminum shroud that s e rves  several  functions. By 
completely covering the fuel assembly and by means of a distribution 
system built into its structure,  the shroud directs  the flow of gas  over 
the fuel system to achieve relatively efficient cooling. By virtue of 
this s ame  complete enclosure, any fission products escaping from the 
fuel are contained by the shroud and carr ied off by the cooling system 
(which is passed through absolute and activated-charcoal f i l ters).  

Cemented to the shroud is a thin layer of Sylgard (a silicon base 
elastomer) loaded to 50 wt.% elemental 'OB. This material  greatly 
diminishes the reactivity contribution of moderating materials external 
to the reactor. Fo r  example, a polyethylene slab 8 in. square by 2 in. 
thick contributed 56C of reactivity to the system when no decoupler 
was present but only 28C when the decoupling shroud was in place (see 
R. L. Coats and R. L. Long, Session 4, Paper  4). The effectiveness of 
this material  during the pulse is illustrated in Fig. 9, which shows that 
the kinetic response of the system to the polyethylene slab is virtually 
eliminated by the decoupling shroud.6 Figure 9 does not indicate that, 
while the polyethylene slab produced a pulse approximately 10 t imes 
as wide a s  normal when no decoupling shroud was employed, the same 
sample had no effect on pulse width when the shroud was in place. In 
contrast, nonmoderating mater ia ls  near the reactor  produce changes in 
reactor  behavior which a r e  unchanged by the shroud. 

Irradiation of samples of the boron-loaded Sylgard in the Sandia 
Engineering Reactor p r io r  to its use on SPR I1 indicated that neutron- 
induced embrittlement of the plastic material  would limit the life of a 
decoupling shroud to about 300 bursts. Other suitable methods of fabri- 
cating decoupling mater ia ls  proved impractical o r  excessively expen- 
sive; so Sylgard was used. Since the original shroud survived in excess 
of 800 operations, no further attempts will be made to find a better 
material. 

COOLING SYSTEM. The initial cooling scheme employed on SPR I1 
consisted of blowing compressed air on the fuel assembly from a 
distribution manifold fitted inside the shroud. This air passed down 
around the fuel and was then exhausted from the shroud through a 
filter into the reactor  room. A refrigerative d rye r  was used to reduce 
the moisture content and to  cool a i r  to  make a more effective coolant. 
A s  a result  of experience with the first core, the fuel-cracking problem 
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appeared to  be at least  partially caused by stress corrosion, which can 
logically be associated with the presence of oxygen and moisture 
during the high-temperature high-stress intervals of operation. 

Originally plans were to  install an inert-gas cooling system,' 
so t e s t s  were performed using dry nitrogen gas obtained by boiling 
liquid nitrogen. A s  a resul t  of these tests, a liquid-nitrogen storage 
tank and evaporator were installed and used on about the last 150 op- 
erations of the original co re  and on all operations of the new core. 
With the use of the existing distribution and exhaust system, the cooling 
rate  of the reactor  was improved by about 3Q%. When the cooling gas  
is f i rs t  turned on, the evaporator and all l ines are warm enough so the 
gas  introduced to the shroud is -15°C. A s  gas flow continues, the 
evaporator and l ines cool. Therefore as the reactor  temperature falls 
so does the gas  temperature,  an effect which maintains a large tem- 
perature  differential and the higher cooling rate. 

More important though, blanketing the fuel system with a dry iner t  
gas  s e e m s  to significantly reduce the s t ress-corrosion problem. Under 
these conditions the new core has been operated to pulse levels a s  
high a s  595°C A T  without damage. Although the ultimate effectiveness 
of this  cooling system has not y.et been evaluated and although the 
mechanical design changes discussed previously undoubtedly have also 

@ 
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helped, no cracks have been observed in the new fuel system whereas 
the original core had developed cracks by this point in its history. 
Furthermore, the discoloration of the ion plating observed on the first 
core and attributed to high-temperature diffusion of the aluminum into 
the uranium has been retarded on the new core. 

Reactor Controls 

The control system for  SPR I1 is generally quite standard; how- 
ever, it .does incorporate some features, first employed on its pre- 
decessor,  which experience has proven quite effective in improving 
safety and utilization. 

EXTERNAL INITIATION. The design and operation of the original 
SPR were very similar to Los Alamos Scientific Laboratory’s Godiva IT, 
and like that reactor  i t  produced a burst  with two distinct phases-the 
“prompt ’ spike” and the “tail” that followed the spike and persisted 
until the reactor  was scrammed, some 30 mseclater .  Even this short  a 
tail was achieved only after concerted efforts to  improve the response 
t imes of the relays, valves, and other mechanical portions of the sys- 
tem. Another aspect of the burst  was that the time between complete 
insertion of the burst  rod, i.e., attainment of maximum reactivity, and 
the occurrence of peak power in the spike varied statistically. Although 
the average time8 from maximum reactivity to peak power for  SPR was 
about 75 msec, delays as long as 1 sec were not a t  all  uncommon. 
These variations made i t  impossible to synchronize experiments with 
the peak of the burst, and in some cases recording capability was 
exhausted before the burst  took place. 

Burst-peak timing was improved on SPR by utilizing an external 
pulsed deuterium-tritium neutron source to initiate the burst. The 
source,  triggered when the reactor achieved i t s  maximum reactivity 
condition, produced about lo8 14-Mev neutrons in a 10-psec pulse. 
Since the probability of burst  initiation within the f i rs t  microsecond of 
such a neutron pulse is virtually 1, the only variation in t ime from 
initiation signal to peak power resulted from source jitter (negligible) 
and the e r r o r  in establis,hing initial reactivity, which determined the 
period on which the reactor  power rose. This  same system has been 
used on SPR I1 with the result  that e r r o r s  in predicting the t ime at  
which peak power will occur a r e  consistently l e s s  than 20 psec. Other 
fast  burst  reactors  are also employing this technique.’ 

AUTOMATIC SEQUENCING. With the ability to predict the time of 
the burst  peak came the ability to t ime the various functions of the 
reactor  to eliminate the tail. In conjunction with the development of 

a 
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external initiation, a 100-kc t imer  was installed to program the control 
sequence so that the s c r a m  coincided in t ime with the falling edge of 
the burst  spike, The sequence used is burst-rod insertion, s c r a m  
initiation, and source pulsing. Signals indicating the conpletion of each 
step must be received by the system before the next step can be 
initiated. This system has also been carr ied over and used on SPR 11. 
The breakaway of the magnetic coupling in the safety block on SPR II 
would appear to obviate the need for such a programmed sequence 
but such is not the case. A s  mentioned previously, the shock forces  
generated in small-yield bu r s t s  a r e  not sufficient to disengage the 
magnet; therefore without the programmed s c r a m  the burst  would again 
have a tail. Also, the programmed sc ram disengages the control-rod 
drive clutches pr ior  to the arr ival  of the shock forces, thus reducing 
the loads that larger  bu r s t s  impose on that drive train. 

A typical timing sequence used on SPR I1 (for a 300°C A T  burst)  
would be to insert  the burst  rod 400 msec before an arbi t rary zero 
time, wait 388 msec for insertion and damping of the burst  rod, 
initiate the s c r a m  signal, and about 0.12 msec before zero initiate the 
source-pulse signal. These settings vary for  different burst  s i ze s  
and a r e  determined experimentally. 

INTERLOCK BYPASS SWITCHES. Early experience at  Sandia with 
fast burst  reactor control systems revealed the necessity for bypassing 
cer ta in  sequence or condition interlocks to check out the reactor  o r  to 
operate under other than ordinary conditions. The universally employed 
technique of clip leads was initially used to bypass these interlocks. 
This procedure introduces a t  least two significant safety problems. 
Should the operator, who must leave the console and enter it f rom the 
back, pick the wrong terminals  with his clip lead he could bypass safety 
functions or operate portions of the reactor  unintentionally. Since the 
clip lead is hidden in the back of the console, its existence is some- @ t imes unknown to other operators  or  even forgotten. Therefore on the 
S P R  and S P R  I1 r eac to r s  all approved interlock bypass functions are 
permanently wired into the console and brought out to  a switch panel 
on the face of the console. These switches, mounted behind a locked 
panel, a r e  accessible only to  the reactor  supervisor. The condition 
of each bypass is indicated by two panel lights mounted on the face of 
the locked panel. Under normal conditions when an interlock is func- 
tioning, the lower (green).  light is on, and, when the bypass switch is 
operated, the lower light is extinguished and the upper (amber or  red) 
light is turned on. Thus the condition of the interlocks is displayed in 
a way that should eliminate any uncertainty or  err&.  Since all authorized 
interlock bypasses a r e  wired in permanently, there  should be no OC- 

casion for  the use of clip leads with their  inherent safety problems. 

\ 
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OPERATIONAL EXPERIENCE 

As discussed previously, the decoupling shroud on SPR I1 is very 
effective in decoupling the reactor  iieutronically from experiments 
placed around the outside surface of the fuel. Although the glory hole is 
lined by a stainless steel  thimble, no decoupling material  is present. 
Therefore samples placed in the ly2-in. glory hole a r e  very strongly 
coupled to the reactor. An experiment to  evaluate these effects was 
conducted by determining the reactivity contribution of various ma- 
ter ia ls  located over a range of positions within the glory hole thimble." 

This experiment revealed that mater ia ls  having high scattering 
cross  sections and low absorption c r o s s  sections (lead and aluminum) 
exhibit a negative-reactivity effect at the center of the co re  but a 
much greater  positive-reactivity contribution near  the core  boundary. 
This behavior is interpreted to  be the result  of neutrons being scattered 
out of the core by the sample when in the center and back into the core  
when the sample is near the core  boundary. Materials of high absorption 
c r o s s  section (e.g., 'OB), as expected, displayed a v e r y  strong negative- 
reactivity contribution near the center of the core. Again, because of 
scat ter  back into the core, a s imilar  positive contribution, although much 
smaller ,  is present a s  the poison sample approaches the core boundary. 
In contrast to these materials, a sample of polyethylene with its high 
hydrogen content displayed a positive-reactivity contribution throughout 
i t s  range of positions, reaching a maximuminthe center of the core. 

Figure 10 compares some of these results. The curve for  hydrogen 
was obtained by subtracting the effect of carbon (graphite) f rom that 
measured for polyethylene on the assumption that the effects of carbon 
and hydrogen in polyethylene a r e  independent. 

Evaluation of the effect of sample s ize  on i t s  contribution revealed 
that the absolute value of the worth per gram-atom decreases  as sample 
size increases.  This retiuction is primarily the result  of flux flattening 
and flux depression by the sample. 

All the above measurements were made in the delayed crit ical  
mode; a few prompt cri t ical  bursts  were also made with polyethylene 
and 'OB samples in the glory hole. Comparison of these data with free-  
field data revealed that poisons in the glory hole tend to  depress  the 
worth of the burst  rod without significant effect on the prompt-neutron 
decay constant. As theory and previous experiments predict," the 
polyethylene sample in the glory hole reduces the prompt-neutron 
decay constant, thus producing longer initial periods and smaller  
bursts  for similar control-rod adjustments. Although both poison and 
moderating materials 'in the glory hole tend to reduce the glory hole 
fluence, a significant positive contribution to  fluence was obtained by 
placing 2-in.-long copper slugs (reflectors) a t  the top and bottom of 
the glory hole. Since these end reflectors reduce leakage, they also 
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b- FUEL REGION-4 
SAMPLE POSITION, IN. 

Fig. IO-Reactivity coefyicient of selected materials a s  a function of position in 
SPR 11 glory kole. 

modify fission-density distributions, which may, in turn, lead to fuel- 
temperature problems. 

These data indicate some of the problems associated with the opera- 
tion of a fast  burst reactor with samples in a glory hole. Experience 
with SPR I1 also indicates the necessity for added caution in operating 
the reactor with samples in the glory hole although pulsing the reactor  
a few t imes  at lower levels with the sample i n  place is sufficient to 
establish the necessary data points for a satisfactory extrapolation to  
larger  yields. 

@ 
CONCLUSIONS 

The Sandia Pulsed Reactor I1 has now been in operation for over 
1000 pulses and normally operates at an average rate  of about 20 pulses 
per week. Difficulties have been encountered in large-yield bursts,  
but the problems involving fuel failures by s t r e s s  corrosion and tensile 
failure appear to have been greatly reduced. The problems involving 
control-rod dr ives  a r e  being corrected, and nothing indicates that 
routine operation at design level will not be realized in the near future. 
This level of operation has been made possible through utilization 
of design techniques and materials developed by various organizations 
working on fast burst  reactor technology. This reactor has proved 
quite satisfactory in that experimenters can expect repeatable per- 
formances at radiation levels of significant interest. 
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DISCUSSION 

YOCKEY: I s  your reactor shutdown factor reduced by the gaps 
between fuel plates ? 

JEFFERSON: I do not know that i t  is a great  deal different f rom 
what it was in SPR I, and that is the only thing with which to compare it. 
There is, of course, some difference because we are using an alloyed 
fuel ra ther  than pure uranium, but we do not have any way to measure 
any difference in negative temperature coefficient between this  design 
and one without gaps because we have not built one without gaps. A s  
Reuscher pointed out in his paper (see Session 1, Paper  3), the majority 
of the reactivity effect is caused by radial  expansibn, and these gaps do 
not change that. 

KING: Did the s lots  you cut in the rings improve the situation so 
you had no further cracking? 

JEFFERSON: We think so. We now have a significant number of 
pulses on the new core  operated up to  temperature excursions of 
595"C, and s o  far we have not detected any cracks in the fuel. We are 
now beyond the point where we developed cracks  previously. 

MILEY: .You mentioned that the cold-nitrogen cooling allowed you 
to increase the number of pulses per  day, but you did not give a number. 

JEFFERSON: We now produce 5 pulses in an 8-hr day. 
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MILEY: A s  an experimentalist who uses  this type of reactor ,  I 
believe that i t  would be of interest  to study possible methods of in- 
creasing the ' efficiency of cooling methods to  obtain a la rger  number 
of pulses pe r  day. This would, in my opinion, greatly increase the 
utility of the reactor.  

JEFFERSON: A s  an operator who has  to maintain these reactors ,  
I a m  violently against that increase because of the activity buildup in 
the fuel. 

MILEY: I understand that problem, but I am not convinced that 
we have reached an optimum number. 
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The VIPER reac tor  was  f i r s t  pulsed super cr i t ical  in August 1967 at  the Atomic 
Weapons Research Establishment, Aldermaston; since then 150 bursts  have been 
produced. The pulse width i s  400 psec,  and the peak yield i s  3.5 X loi7 fissions.  

In principle the reac tor  i s  s imi l a r  to Godiva, but it has cer ta in  different 
features .  The co re  consists of fuel rods  of partly enriched uranium embedded in 
a matrix of copper and epoxy resin.  The prompt negative coefficient of reactivity 
i s  largely due to the Doppler effect in 238U, an effect which i s  enhanced by the 
moderating properties of the epoxy resin.  

DESIGN PRINCIPLES 

The fast burst  reactor  VIPERiP2 is s imilar  in principle to Godiva but 
has  a few different features. The co re  is built of fuel rods, and there- 
fore  i t s  composition can be changed. The Doppler effect in 238U is used 
to  provide a large part  of the inherent temperature coefficient. The de- 
sign yield is 3 X lo'? fissions, and the pulse width, for the core compo- 
sition currently being used, is about 0.5 msec. A thick reflector is used 
to  conserve fuel and to provide a space big enough for the irradiation 
of experiments 1 f t  in size. The reflector also helps to decouple the 
co re  from its surroundings. 

The design premise was that uranium-metal fuel would withstand 
repeated pulsing to 450°C. For  a yield of 3 x lo1? fissions we would 
therefore require a t  least  200 kg of metal. With reasonable packing the 
235U-reflected cri t ical  m a s s  is much l e s s  than 200 kg; SO uranium 
of intermediate enrichment can be used. This factor is attractive be- 
cause the Doppler effect in 238U provides a significant inherent shut- 
down component compensating for the low temperature coefficient of 
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fuel in the form of rods. With 37.50/o-enriched uranium and some hy- 
drogenous material  in the core  to soften the neutron spectrum, the 
Doppler temperature coefficient compensates adequately. 

It was f i rs t  pulsed super cri t ical  in August 1967, and since then 
about 150 pulses have been run. 

CORE CONSTRUCTION 

The uranium fuel, 37.5% enriched-uranium alloyed with 1.25 wt.% 
molybdenum, is in the form of cylindrical rods, each 11.4 in. long and 
0.400 in. in diameter, clad in stainless steel. The cladding prevents 
possible reaction of hot fuel with a i r  and also provides a means of 
holding each fuel rod at i t s  midpoint so  that the forces  developed during 
the pulse heating will balance and will not load the reactor  structure.  
The cladding is pinched to the fuel rod at a circumferential notch in the 
center of the rod. Figure 1 shows the fuel-element design. Each ele- 
ment i s  cast  and machined to s ize  and contains 155 g of 235U in 418 g of 
uranium. 

The fuel rods a r e  loaded into the c o r e a s  a triangular lattice with a 
pitch 0.51 in. (Fig. 2). The fixed central block, 8 in. by 15 in., contains 
spaces for 478 elements, and each of the two side blocks contains 
spaces  for 133 elements. Each block is enclosed in a stainless s teel  
box. The side blocks are attached to hydraulic r a m s  and can be slowly 
raised into position to assemble the cri t ical  core  or  rapidly driven 
down. There is a central hole into which the pulse rod is driven to s t a r t  
the prompt-critical transient. A sectional view of the core  is shown in 
Fig. 3. The fuel elements a r e  located by three low-expansion-steel 
lattice plates that define the triangular matrix. The holes in the central  
plate a r e  displaced radially outward by 0.010 in. with respect to the 
holes in the top and bottom plates to prevent simple inward bowing of 
the fuel elements due to  the radial t ransverse temperature gradient. 
The elements r e s t  on a base plate of steel  and a r e  held down by springs 
bearing down on the core-box lid. The springs a r e  strong enough to en- 
s u r e  that each element remains seated on the base plate after the pulse 
is complete. The space between the fuel elements and the lattice plates 
is filled with matrix plates of copper o r  aluminium-loaded epoxy resin.  
Matrix plates a r e  available in thicknesses of 0.375 in. o r  0.187 in. and 
in various shapes which fit together in layers  that fill the core boxes a s  
in Fig. 2. The matrix a r e a  is divided in this way to allow for expansion 
of the materials when the reactor  is heated. The amount of hydrogen in 
the core  can be varied by varying the number of epoxy resin pieces 
loaded into the core matrix. Generally the matrix material  is the same  
in any one horizontal layer,  as shown in Fig. 3, which represents4he 
loading used for  the current assembly, VIPER 1. The core is loaded to 
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Fig. 2- VIPER coYe plan. 

critical, and any spa re  lattice positions a r e  thenfilled with copper rods 
of approximately the same dimensions as the fuel elements. The outline 
of the core  loading used for VIPER 1 is indicated by a black line in 
Fig. 2. 

An isometric diagram of the reactor  core  is shown in Fig. 4. 
The maximum volume fraction of uranium alloy in the core is 45%, 

and the minimum voidage amounts to 12.6%. The actual volume fractions 
in VIPER 1 are:  

Fuel Steel Copper Epoxy res in  Void 

45.0 14.0 14.0 9.5 17.5 
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The atomic ratio H :  235U is 0.46, and the cri t ical  mass  is 83 kg of 

Although in principle the core  composition can be changed, e.g., a 
co re  with no moderator could be built to give a pulse width about 30% 
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Fig. 4-An isoinetric diagram OJ the VIPER core. 

smal le r  than at  present and a core with more  moderator would give 
about 50% larger  pulse width, it has  not yet been necessary to change 
the core composition. 

REACTOR LAYOUT 

A plan of the reactor  core  and reflector is shown in Fig. 5, and a 
vertical  section drawing is shown in Fig. 6. The core is surrounded by 
copper at least 8 in. thick on all sides,  the top reflector being in the 
form of a single slab that can be raised to give access to the top of the 
core. Two fine and two coarse  control rods filled with boron enriched 
in 'OB a r e  provided at  the outer edge of the core  for  reactivity adjust- 
ment. They a r e  driven up o r  down by motors  mounted on the reflector 
lid. When fully down the boron-loaded region extends over the full core  
height, and when fully ra ised the space is filled by b ras s  followers. 
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Fig. 6-Vertical section of the coYe atad reflector of VIPER. 

Part of the side reflector is in the form of removable blocks, and the 
base plate is extended on that side so  that a large irradiation cavity 
about 13 in. square and 11 in. long can be provided when necessary by 
rearranging the reflector blocks. A bora1 plate may be inserted to de- 
couple the core from any slow neutrons produced in an irradiation ex- 
periment in the cavity. A space for smaller  irradiation experiments is 
provided by the top portion of the central hole in which the pulse rod 
moves, access  being provided by a removable plug in the top reflector. 
This central irradiation cavity is 1.75 in. in diameter and 3.5 in. long 
and is 3 in. from the core center at its nearest  point. Two other experi- 
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FLg 7-Getieral u i e i b  of VIPER 

mental holes a r e  provided in the corners  of the reflector. On the north 
side of the reactor  there  is a 4-in. plug which can be removed to 
accommodate a pulsed-neutron source used for  neutron-lifetime mea- 
surements and for  time-of-flight spectrometry.  The neutron beam for 
spectrum measurements pas ses  through the region of removable blocks 
on the south side. The reflector region below the co re  is extended in 
a skirt to act  a s  a radiation shield around the safety blocks when they 
a r e  lowered. 

A general view of the reactor is shown in Fig. 7 .  It has a base 
measuring 9 ft x 9 ft, is 13 ft high, and weighs 12 tons. The main feature 
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of the operating mechanisms is the hydraulic system for fast withdrawal 
of the safety blocks immediately after the reactor pulse. Energy for  
this purpose is stored in compressed nitrogen in a series of hydraulic 
accumulators, three for each safety block. Other ancillary i tems are a 
neutron source to provide an adequate neutron flux during start-up, a 
pneumatic drive system for the pulse rod, and a hoist for  the reflector 
lid. There is also a pulsed-neutron source to initiate the reactor pulse 
when required. Provision is made to supply argon gas  to the reactor  
core  continuously so  that the co re  components are always surrounded 
by an inert  atmosphere when hot. The reactor  has  no forced-cooling 
system, and i t  requires about 6 h r  to cool after a full-size pulse. 

The reactor  is mounted on a substantial f rame that can be moved 
along rails when necessary into a position where a pulse of neutrons 
can be injected and where a beam can be extracted into a flight tube for 
time-of-flight spectrometry. It is housed in a large concrete-walled 
containment cell that also houses the low-power experimental fast  re- 
actor VERA. 

CONTROL UNITS AND PULSE ROD 

The reactor is controlled by movement of safety blocks or  control 
rods. The safety blocks, which are portions of the fuel region of the 
core,  a r e  each worth at least  5%0 inreactivity. They a r e  lowered to pro- 
vide the necessary margin of safety when the reactor is being loaded 
with fuel o r  with irradiation samples, and they a r e  subsequently ra ised 
as the first step in the approach to critical. Upward movement over the 
12-in. stroke is complete in 3 min. The blocks a r e  driven rapidly down 
with an acceleration of about 5 g to terminate the plateau heating follow- 
ing a prompt cri t ical  reactor pulse. Each blockis supported on a 3-in.- 
diameter rod driven by a double-acting 4-in. -diameter hydraulic piston. 
The p res su res  on either side of this piston are adjusted so that the net 
upward force is sufficient to raise the block, i t s  movement being accu- 
rately controlled by a lead screw and nut. When rapid shutdown is r e -  
quired, the t r ip  signal opens vent valves in the lower cylinder, and the 
p re s su re  in the upper cylinder then dr ives  the block down, using stored 
energy from a hydraulic accumulator. The blockbegins to  move 20 msec 
af ter  the current supply to the vent valves is broken by the t r ip  signal, 
and the time required to  remove the f i rs t  dollar of reactivity is 47 
msec. 

The control rods a r e  b r a s s  boxes loaded withenriched boron. Each 
of two coarse rods contains about 440 g of 'OB and is worth about $1.2; 
each of two fine rods contains about 70 g of 'OB and i s  worth about $0.2. 
The control rods provide sufficient reactivity control to balance the ef- 
fect of irradiation samples and to provide an alternative means of reac-  
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to r  shutdown. They a r e  also used to  balance the reactor  accurately at  
the cr i t ical  condition. 

The pulse rod, illustrated in Fig. 3, consists of a steel  tube con- 
taining a 1.55-in.-dianieter by 4.125-in.-long cylinder of uranium metal 
weighing 2.35 kg, which is of the same  type and enrichment as used for 
the fuel elements. The reactivity worth ($1.27) is chosen so that a full- 
size pulse can be produced by driving the rod from i t s  fully-out to i t s  
fully-in position start ing with the reactor a t  delayed critical. A small  
margin of extra  reactivity is incorporated to allow for  variations in 
pulse-rod worth due to core  rearrangements. Fo r  the rapid insertion 
required in pulsed operation, the rod is driven pneumatically, and it 
covers  i t s  full 14-in. stroke in 220 msec, This is sufficiently rapid to  
reduce the probability of preinitiation to an acceptable level provided 
there is no significant neutron emission from experimental components @ in the irradiation cavities. For checking reactivity balances the rod 
may be driven at slow speed through a nut and lead screw. 

CORE MATERIALS 

The fuel has to have the following qualities: (1) adequate strength 
to r e s i s t  deformation under dynamic loading at high temperature,  
(2) minimum dimensional changes after thermal  cycling, and (3) sta- 
bility in the radiation environment. The suitability of uranium alloyed 
with 1.25 wt.% molybdenum was confirmed by t e s t s  of i t s  strength and 
i t s  resistance to thermal  cycling. 

During the reactor  pulse the material  in the fuel rods is com- 
pressed, and a compression wave t ravels  to the end of the rod, where 
it is reflected a s  a tension. The maximum stress o c y r s  at the rod 
center where the calculated average stress for  a full-size pulse is 
2 tons/sq. in. with a peak at  the notch of 8 tons/sq. in. The center fuel 
temperature is about 100°C at the compression peakand about 320°C at 
the tension peak. The fuel strength was measured by plain ba r  t e s t s  of 
the fracture  s t r e s s  and the elongation a t  temperatures  up to  600°C. 
Further t e s t s  of a s imilar  type were made on b a r s  notched in the same 
way a s  the actual fuel rods. These experiments showed that the 1.25 
wt.% molybdenum alloy had adequate margins of strength and ductility 
for regular use in 400°C pulses and thatdamage by local yielding a t  the 
notch would not be expected in pulses up to 500°C. 

The growth of the uranium alloy due to thermal  cycling was mea- 
sured by electrical  heating in a vacuum and in argon. The samples were 
cycled between 60°C and 500°C once every 2 min.; heating took place 
in 2.5 sec; and the growth was measuredafter  500 and 1000 cycles. The 
t e s t s  were then repeated over the same temperature range with a salt-  
bath heating system. The resul ts  show that the thermal-cycling-growth 
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resistance of the 1.25 wt.% molybdenum alloy is satisfactory; the mate- 
rial is unlikely to extend by more than 0.1% a s  a result  of 1000 cycles 
to 500°C. 

The stability of the fuel after prolonged irradiation has not been 
tested. In 1000 full-size pulses the accumulated neutron dose is about 
loi8 neutrons/cm2, and the mechanical properties of the fuel will be 
checked before this stage is reached. Other fuel effects considered 
were burn-up, which amounts to 0.0001% after 1000 pulses and is there- 
fo re  not important, and chemical reaction between uranium and stain- 
less steel, which should not be important since it proceeds very slowly 
a t  temperatures below 520°C. 

The moderator has to  have the following qualities: (1) it should 
contain an adequate proportion of hydrogen, (2) it should be capable of 
fabrication into the necessary shapes for the lattice, and (3) it should 
withstand heating to temperatures corresponding to  a full-size pulse 
without damage, significant loss  of hydrogen, o r  distortion. The mate- 
r i a l  chosen for this purpose was an aluminium-filled epoxy resin with 
the following percentage composition by weight: 

Aluminium 28.2 
Carbon 50.8 
Hydrogen 4.30 
Oxygen 16.70 

The material  had a hydrogen content of 0.062 g/cm3 and a density 
of 1.44 g/cm3. Small blocks of it were tested by heating in an inert  
atmosphere for 10 h r  a t  various temperatures.  Above 200°C there  was 
a small  weight loss  which increased slowly with temperature up to 
300°C and fairly rapidly at  higher temperatures.  However, allowing for 
the total time spent  a t  maximum temperature in each pulse, the total 
weight loss  in 1000 pulses to 300°C would be about 1%, which is ac- 
ceptable. The maximum moderator temperature in a full-size pulse is 
267°C. 

YIELD AND RADIATION DOSES IN  THE FULL-SIZE PULSE 

The maximum yield in a pulse in VIPER 1 is determined by the 
maximum temperature (275°C) to which the epoxy resin components 
can be heated without significant deterioration. Assuming a start ing 
temperature of 25"C, the peak temperature a t  the core thermocouple 
corresponding to maximum yield is 237"C, the average fuel tempera- 
t u re  rises to 332"C, and the peak fuel temperature is 456°C. 

The measured maximum yield expressed in fissions is 3.63 x 
The integrated doses of neutron and gamma radiation at various 

positions in and around the reactor  a r e  shown in Table 1. 
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Table 1 

RADIATION IN A FULL-SIZE VIPER PULSE 

Location 

Gamma Integrated 
radiation neutron dose r a t e ,  
dose,  r neutrons/cm2/sec 

Central irradiation cavity 

Core -reflector interface 

Large irradiation cavity 

(bottom surface) 1.3 x 105 1 x i o i 5  

(on reac tor  midplane) 5 x 104 0.9 x 1015 

(13 in. x 13 in. x 11 in. 
cavity with boron plate 
on core  surface) 

Inner face 3.5 x 10' 
Center 1.1 x i o 4  
Outer face 8 x l o 3  

(top surface,  near  reac tor  
Outer surface of reflector 

center l ine) 1.1 x 103 3 x 1 0 ' 3  

5 x 1 0 1 4  
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DISCUSSION 

GLASGOW: Why did you choose copper for the reflector and for the 
space between the fuel elements? Was it for the neutronics o r  for the 
economics ? 

McENHILL: We wanted something to reflect the neutrons which was  
of reasonable cost. It was partly neutronics, partly economics. I think 
we probably misfired on the economic side a s  copper is now very ex- 
pensive. 
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ABSTRACT 

The design objectives established for the Army Pulse Radiation Facility Reactor 
requi re  a surface fluence of 1 to 3 x loi4 neutrons/cm2 per  burst ,  a burst  width 
of 40 * 5 psec ,  a peak flux a t  the co re  sur face  of 2 to 3 X l o i 8  neutrons/cm2/sec, 
a total fission yield of 1 to 3 x steady-state operation a t  10 kw, and burs t  
repetition in 2 hr .  A paramet r ic  study of the Health Physics Research Reactor 
led to a co re  of l a rge r  diameter and smal le r  height-to-diameter ratio, making 
possible the inclusion of a glory hole 1.5 in. in diameter.  Each co re  pa r t  is 
aluminum-ion plated to control corrosion. The co re  i s  kept in an atmosphere of 
d r y  nitrogen to control s t ress -cor ros ion  cracking. All design specifications 
were  met o r  exceeded. 

The design objectives for the Army Pulse Radiation Facility Reactor 
(APRFR) required a surface fluence of 1 to 3 X 1014 neutrons/cm2 per 
burst, a burst width of 40 f 5 psec, a peak leakage flux at the surface 
of 2 to 3 x lo'* neutrons/cm2/sec, total fissions 1 to 3 x loi7,  steady- 
state operation at 10 kw, and burst  repetition in 2 hr. Since the Health 
Physics Research Reactor (HPRR) and its facility' most nearly met 
the Army requirements, the approach for the APRFR was to prepare 
a moderately improved and updated version of theHPRR. The design 
was modeled after the HPRR, and all design decisions pertaining to 
the HPRR were reexamined considering experiences at all burst  
reactor facilities. 

A parametric study of the reactor physics of the HPRR-type 
reactor was conducted to investigate the effect of the following vari-  
ables: (1) diameter of central  stainless steel  rod, (2) reduction of fuel 
enrichment, and (3) ratio of core height to diameter (H/D). The primary 
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factors  evaluated were fission yield limited by s t r e s s ,  fluence, maxi- 
mum temperature in the core,  and burst  full width at  half maximum. 

The flux flattening that results from a 2-in. stainless steel central 
rod allows the total fission yield to increase about 30%. The fluence at 
1 m also increases by 30%. The maximum core temperature drops f rom 
405°C to 327°C. The burst  width increases from 30 to 39 psec. The 
increase in burst width is within design objectives, and the larger  
fluence and yield and lower temperatures a r e  desirable. The reactor 
configuration with a large central  nonfuel region allows the incorpora- 
tion of a centrally located glory hole of useful size. An increase in 
total yield can also be obtained by decreasing the enrichment from 
93 to, say, 80%. This decrease in enrichment is a disadvantage with 
respect to a design that incorporates a nonfuel central rod because 
the maximum-to-average power ratio is reduced and because the max- 
imum core temperature is reduced for a given yield. 

Rather large variations of core height-to-diameter ratio a r e  r e -  
quired for minor improvements in the fission yield at the expense of 
appreciable increases in the total cri t ical  mass. Large variations in 
the height-to-diameter ratio actually reduce the fluence or  the flux 
near the surface of the reactor  core where most of the experiments 
a r e  located.' Little, if any, benefit and possibly some deleterious 
effects occur from appreciable deviation from a minimum-mass 
height-to-diameter ratio. The interaction of height-to-diameter ra t io  
and central-void effects resulted in choosing a height-to-diameter ratio 
equal to 0.89 rather  than to 1.13 as in the HPRR. This choice enlarged 
the central void and allowed the addition of an axially located glory 
hole large enough for samples o r  apparatus of significant size. For 
such samples the flux and fluence were increased by about a factor of 
3 over that available at the surface, which obviously resul ts  in a 
considerable increase in the usefulness of the reactor. 

The total fission yield in most fast burst reactors  is limited by 
static and dynamic thermal s t r e s ses .  Accordingly, the relative sizing 
and location of control rods, fuel-assembly bolts, fuel rings, and the 
safety block were investigated in detail. The limiting s t r e s s e s  were 
located, and the sizing of components was adjusted until approximately 
the same s t r e s s  limitation appeared in each part .  The fuel r ings a r e  
held together by nine U-10 wt.% Mo bolts. The s t r e s s  analysis showed 
that these bolts functioned primarily as very stiff energy-absorbing 
springs. Therefore the shank was undercut below the thread root 
diameter to increase the energy absorption capability. 

Uranium parts  a r e  usually plated to prevent sloughing of UO, and 
fission products. Unsuccessful attempts have been made to avoid 
s t ress-corrosion cracking by this means. Both nickel and aluminum- 
ion plating were tried.4 Results indicated a clear superiority of 
aluminum-ion plating; therefore all par ts  in service a r e  so  treated. 
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Stress-corrosion cracking is a serious problem in applications 
of U-10 wt.% Mo. Hoenig and SulSona5 showed that both oxygen and 
water vapor must be removed from the ambient atmosphere. The 
core pa r t s  are shrouded to contain a dry nitrogen atmosphere. The 
static and dynamic stresses relax below threshold for s t ress-corrosion 
cracking in a few minutes. Cooling can then be accomplished by blowing 
d ry  air over  the core. 

All design objectives were met or  exceeded. On the basis of early 
operational data, performance is as follows: maximum fission yield 
2.1 x lo’?, surface fluence 2.8 x l o i 4  neutrons/cm2, burst  width 40 
ysec, and peak leakage flux 6 x lo’* neutrons/cm2/sec. In the glory 
hole the maximum fluence will be 9.4 x l o i4  neutrons/cm2 and maxi- 
mum flux 2 x io1$ neutrons/cm2/sec. - 

@ PARAMETRIC STUDY OF REACTOR PHYSICS 

Reactor Structural Model 

The reactor  structural  model used throughout the parametric 
study is illustrated schematically in Fig. 1. Basic features included: 
(1) a central  stainless steel  rod to  which the safety block is attached 
at a position which is roughly at its axial midpoint, (2) a bolted reactor  
assembly consisting of annular cylindrical fuel disks, (3) flexible 
“finger” supports to  allow essentially unrestrained core expansion 
in all directions, and (4) hollow bolts whose shank cross-sectional 
area is equal to  the minimum thread root area to prevent s t r e s s  con- 
centration in the threads and to maximize energy-absorption capacity, 
The cold clearance gaps between the safety block and the rest of the 
reactor  assembly (as shown in Fig. 1) were kept constant for  purposes 
of this  study. For physics calculations the co re  was assumed to  consist 
of 95 vol.% U-10 wt.% Mo, 1.5 vel.% stainless steel (in addition to the 
central  stainless steel region), and 3.5 vol. % void. 

Fo r  each core configuration a series of calculations was performed 
to establish (1) static physics characterist ics,  including critical mass, 
power distributions, prompt-neutron lifetime, and radial and axial 
temperature coefficients of reactivity; and (2) reactor  transient power 
behavior in the prompt critical regime, e.g., burst  yield and width vs. 
initial reactivity insertion. The calculation method used t o  obtain 
information in these a r e a s  is described briefly in the following section. 

Calculation Methods 

Critical  mass,  power distributions, and radial and axial temper- 
a ture  coefficients were obtained using a two-dimensional transport  
theory code, DDF, on a CDC-1604 computer. The code employs the 
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(CENTRAL STAINLESS STEEL ROD 

FLEXIBLE FINGER 

HOLLOW BOLT 

CYLINDRICAL 
FUEL PIECES 
(OUTER SHELL) 

SAFETY BLOCK 

Fig. 1 -Reactov model fou fmvarnetvic study. 

S, method of solving the Boltzmann transport equation. All  calculations 
used the S4 approximation and a convergence criterion, E ,  of The 
bulk of the parametric study was done using a 1-group cross-section 
set  obtained from 6-group Hansen-Roach c r o s s  sections. The machine 
calculations were supplemented by experimental data and simple 1- 
group diffusion theory calculations where possible. 

Temperature coefficients of reactivity were calculated by sub- 
jecting the assembly to a 1000°C uniform temperature increase and 
allowing unrestrained expansion of all fuel pieces. The expansion 
coefficient used for U- 10 wt.% Mo was 12.6 x 10-6/oc. 

The prompt-neutron lifetime for each reactor  core was estimated 
from published calculations and measurements for a variety of fast 
burst reactors.  

The equation used to describe the prompt cri t ical  power behavior 
of the reactors  was 

F(t) = CYp p (t) F(t) 
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where F(t) = total fissions (or energy) at time t 
p(t) = reactivity above prompt cri t ical  as a function of time t 
ap  = $D/j prompt-neutron decay constant at  delayed crit ical  
PD = delayed-neutron fraction 
1 = prompt-neutron lifetime 

The reactivity above prompt cri t ical  was described by 

where p(t) = prompt reactivity ($)  a s  a function of time t 
p o  = initial reactivity addition ($ )  above prompt critical 

y,(t) = radial displacement (cm) of fuel as a function of time t 
y,(t) = axial displacement (cm) of fuel as a function of time t 

A = radial-expansion reactivity coefficient ($/cm) 
B = axial-expansion reactivity coefficient ($/cm) 

The power behavior of the reactor  was determined through the following 
sequence of operations: 

1. Select an initial reactivity insertion po .  
2. Assume a total fission yield and reactor power-time history. 
3. Compute core-boundary displacements, y,(t) and y,(t), on the 

basis of 2. 
4. Compute reactor power-time history on basis of displacements 

calculated in 3. 
5. Compare assumed power-time history, 2, with computed 

power-time history, 4. If burst  yield and width agree to within lo%, 
stop the problem; otherwise i terate using computed power- time 
history in step 2. 

Results 

The resul ts  of calculations for  nine basic reactor-core configura- 
tions covering three central  stainless steel  rod diameters (0, 1, and 
2 in.) and three core diameters for each steel  rod diameter a r e  pre- 
sented in Table 1. The prompt-neutron decay constant for  each con- 
figuration was estimated from published measurements and calculations 
for  a variety of fast  burst  reactors,  As a resul t  of calculations by 
Mihalczo, the decay constant was assumed independent of the core 
height-to-diameter ratio fo r  the range of values covered here.  The 
prompt decay constant var ies  approximately linearly with central  
stainless steel  rod diameter from a value of 8.4 X l o5  sec-' with no 
stainless steel  to about 6.4 x l o 5  sec-' for a 2-in.-diameter s teel  rod. 

The prompt cri t ical  power behavior for each of the nine core 
configurations in Table 1 was  calculated for three values of initial 
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Table 1 

STATIC PHYSICS RESULTS 

Reactor  number 

1 2 3  4 5  6 7 8  9 

Central  s ta in less  s tee l  
rod d i ame te r ,  in. 

Core  d i ame te r ,  in. 
Core  height, in. 
Core  height-to- 

d i ame te r  ra t io  
Cr i t ica l  m a s s ,  

kg U -  10 wt.% Mo 
Total  t empera tu re  

coefficient, t /T 
Axial t empera tu re  

coefficient, t P c  
Radial t empera tu re  

coefficient, CPC 
Safety-block power 

Outer-shel l  power 
' f ract ion 

fract ion 

6.5 
13 

2 

115 

-0.3 

-0.13 

-0.17 

0.2 

0.8 

0 
7.52 9.06 
7.52 5.55 

1 0.61 

89.5 94  

-0.3 -0.3 

-0.11 -n.m 

-0.19 -0.22 

0.2 0.21 

0.8 0.79 

7.0 
12.1 

1.73 

121.3 

-0.29 

-0.11 

-0.18 

0.23 

0.77 

1 
8.0 
7.7 

0.96 

101.3 

-0.3 

-0.09 

-0.21 

0.23 

0.77 

10.0 
5.4 

0.54 

111.6 

-0.29 

-0.05 

-0.24 

0.22 

0.78 

7.4 
14.65 

1.98 

155.2 

-0.3 

-0.12 

-0.18 

0.2 

0.8 

2 

9.8 

1.23 

122.7 

8.0 

-0.31 

-0.11 

-0. 20 

0.2 

0.8 

11.0 
5.5 

0.5 

134.3 

-0.3 

-0.06 

-0.24 

0.22 

0.78 

prompt reactivity insertion. Results of burst  yield and burst width vs. 
initial reactivity insertion were then tabulated. These resu l t s  a r e  
illustrated in Figs. 2 and 3, which show burst  width vs. s ta inless  steel 
rod diameter and burst  width VS. core  height-to-diameter ratio, 
respectively, for burst yields of 1 X 10" and 2 x 10" fissions. 

STUDY OF STATIC AND DYNAMIC STRESS 

Calculation Methods 

In all the reactor  cases  considered, maximum s t r e s ses  were cal- 
culated for the safety block, outer shell, and bolts. These maximum 
s t r e s ses  for each burst  were compared withthe allowable design s t r e s s  
to determine the maximum burst obtainable for  each reactor configura- 
tion. The allowable design s t r e s s  was defined a s  90% of the ultimate 
tensile strength corresponding to the highest temperature in the com- 
ponent. The ultimate tensile strength of U-10 wt.% Mo a s  a function 
of temperature is shown in Fig. 4 for  both cas t  and wrought material. 
The allowable design s t r e s s  in all cases  has been based on the use of 
cast  material (lower curve). Tensile data for U-10 wt.% Mo subse- 
quently obtained from samples obtained during fabrication indicated 
that the ultimate tensile strengths were 20 to 30% higher than those 
used in this paper. This increased allowable strength means that 
actual maximum allowable burst yields should be la rger  than cal- 
culated. 
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Fig. 2-Burst width us .  central stainless steel rod diameter. 
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Fig. 4-Ultimate tensile strength of cast U--IO wt.% Mo vs. temperature. 

The bolt s t r e s ses  were obtained using the following e x p r e ~ s i o n , ~  
which is valid for bolts in cases where Tp /T ,  > 1: 

If T,/T, < 1, then 

where E = Young's modulus 
CY = thermal  expansion coefficient 

To  = average temperature  rise in outer shell  
A, = outer-shell cross-sectional a r e a  (minimum 
A, = bolt cross-sectional a r e a  (minimum) 
T, = fundamental period of vibration of bolt 
Tp = pulse (heating) period 
V, = mean velocity of outer-shell pieces 
C = speed of sound in U-10 wt.o/o Mo 

These expressions were plotted as u r n a x / E ~ T o  vs. A,/A2 for various 
values of Tp/T,. These curves were then used in obtaining bolt 
stresses. 
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The stress in the outer cylindrical shell  of the reactor  core  con- 
sists of inertial  s t r e s s  and transient thermal s t ress .  The inertial  
s t r e s s  was computed by methods developed by B ~ r g r e e n . ~  Since the 
maximum temperature in the outer shell  occurs  a t  the inner edge, the 
inner edge is also the point of minimum allowable design s t ress .  The 
inertial  and thermal s t r e s ses  were algebraically added at the inner 
edge and compared with the allowable stress at that point. In almost 
all cases the allowable stress a t  the inner edge was the stress that 
limited fission yield in the reactor. 

The s t r e s s  in the safety block also consists of inertial  and t ran-  
sient thermal  stress. The thermal  s t ress ,  however, is small  since the 
temperature  gradients in the safety block a r e  generally small. The 
inertial  s t r e s s  was computed by using a bar  model for the safety block 
and the appropriate stress-reduction  factor^.^ @ 
Results 

Using the resul ts  of burst width and yield as described previously, 
s t r e s ses  in the bolts, safety block, and outer shell  of each reactor  
configuration were calculated as functions of burst yield. Initially, 
calculations were made for each core, assuming a standard safety- 
block s ize  and a fixed ratio of outer-shell to bolt cross-sectional 
area.  The standard safety block was defined as having a diameter 
equal to half the core  diameter and a fuel mass  equal to 14.5% of the 
total core  mass.  The shell-to-bolt cross-sectional area,  A,/A,, was 
fixed at a value of 11. 

S t resses  in the bolts, safety block, and outer shell  of each core  
were determined as functions of burst yield. The yield at which each 
component reached its s t r e s s  l imit  was  identified. In almost all  cases  
the limiting s t r e s s  was reached f i rs t  in the outer shell  of the core  
assembly. For  the tall cylinders (core height-to-diameter ra t io  = 2), 
however, the bolts had also approached their  l imit ing-stress  values 
at about the same fission yield at which the outer-shell s t r e s s  had 
become limiting. 

The limiting fission yield and corresponding burst  width for  each 
reactor  configuration a r e  listed in Table 2. The maximum core tem- 
perature, the fission yield per  unit core  mass,  and the maximum neu- 
t ron fluence 1 m from the reactor  center a r e  tabulated. 

A second se t  of calculations was performed for reac tors  4 to 9 to 
determine the effect of safety-block size.  In these reac tors  the safety- 
block diameter was maximized while a minimum outer-shell thickness 
of 1.5 in. was maintained to ensure accommodation of the bolts neces- 
s a r y  for shell  clamping. The shell-to-bolt cross-sectional a r ea  rat io  
was maintained at  11, the same value used for the small  safety-block 
study. The limiting s t r e s s  in each of these reac tors  was again at the 

@ 



Table 2 

MAXIMUM PERFORMANCE OF BASIC CORE CONFIGURATIONS 

S t re s s -  Max. core Pulse Neutron fluence 

Reactor diameter  m a s s ,  kg yield, a t  limited a t  limited Yield/mass, reactor  center,  
No. ratio U-10 wt.% Mo fissions yield, "F yield, psec fissions/kg neutrons/cm2 

Cri t ical  limited temperature  r i s e  width 1 m from Height-to- 

1.38 x 1012 1.25 x l o i 7  720 32 10.8 x 1014 
1.03 x 1017 750 30 11.5 x 1014 1 . 1 4 ~  1012 
1.03 x 1017 735 32 10.9 x 1014 1.14 x 1012 
1.35 x lo i7  650 36 11.1 x 1014 1.50 x 1012 
1.17 x 1017 670 35 11.6 x 1014 1.21 x 10'2 

1 2.0 115 
2 1.0 89.5 
3 0.61 94 
4 1.73 122 
5 0.96 1 0 1  
6 0.54 
7 1.98 155 
8 1.22 
9 

1.39 x 1012 
1.7 x 1017 610 39 11.0 x 1014 1.89 x 1012 

1.54 x 1012 

112 1.25 x 10IT 660 38 1 1 . 2 ~  1014 

123 1.36 x l o i 7  620 39 
10.1 x 1014 0.5 134 1-36 x 1017 57 0 43 
11.1 x 10'4 

1.51 x 1012 

r 
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inner of the outer core  shell; however ,  as the core h ight-to- 
diameter ra t io  approached 2,  the bolt stress became limiting. The 
l a rge r  safety blocks allowed higher maximum yields from these cores  
ranging from an increase of 6% at a height-to-diameter ratio of 1.73 to 
25% at a height-to-diameter ratio of 0.5 .  

Fig. 5-Linziting burst yield us. coYe heiglzt-to-diameter ratio. 

Stress  calculations were also performed for two 80%-enriched 
cores ,  designated reac tors  10 and 11, with no central  stainless steel 
rod. Results were obtained for core  height-to-diameter ra t ios  of 2 .5  
and 1.38. At the 2 . 5  ratio, the bolts reached a limiting stress at  a yield 
of 1.53 x l o i7  fissions. At the 1.38 ratio, the outer shell  was limiting 
at a yield of 1.37 X loi7 fissions. For low-enrichment cores ,  as for  the 
previous full-enrichment cores ,  the bolt s t r e s s  appears  to be limiting 
at core  height-to-diameter ra t ios  in excess of about 2.0, and maximum 
yield per  unit core  mass  appears  to  decrease at ra t ios  exceeding 2.0.  

Since maximum fission yield, maximum neutron fluence, maximum 
reactor  temperature, and burst  width a r e  important performance 
cr i ter ia ,  they have been summarized vs. core  height-to-diameter 
ra t io  for  the standard and large safety-block designs, in Figs. 5 to 7. 

- 
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METALLURGICAL PROBLEMS 

In general, metals a r e  seldom used in the pure form, especially 
for load-bearing o r  s t ressed parts.  It is natural, then, to look for an 
alloy of uranium with superior mechanical properties. Pure uranium 
has two drawbacks that lend further emphasis to a search for a suitable 
alloy, namely, a dimensional instability under thermal cycling and 
pyrophoricity. Study' of the available l i terature  a t  the time design 
decisions were being made on the HPRR indicated that the use of 
U-10 wt.% Mo increased the yield strength available to the designer 
f rom 43,000 psi  for pure uranium to the 90,000- to 140,000-psi range. 
The alloy was demonstrated? to be sufficiently dimensionally stable 
under thermal cycling. Tes t s  showed that U-10 wt.% Mo is not pyro- 
phoric, and i t  is regarded as an improvement over pure uranium even 
considering i t s  susceptibility to stress-corrosion cracking and i t s  
notch sensitivity. 

Pure uranium exists in three crystalline fo rms  - alpha, beta, and 
gamma. The alpha phase is stable below 662°C and exhibits an ortho- 
rhombic crystalline structure.  The beta form is stable from 662 to 
770°C; this phase is complex tetragonal. The gamma phase is body- 
centered cubic and is stable above 770°C to the melting point a t  1130°C. 
The addition of alloying elements, specifically molybdenum, stabilizes 
the gamma phase. The time -temperature transformation curve shows 
that in alloys with about 10 wt.o/o molybdenum the gamma phase may 
be quenched to room temperature.  The gamma phase is dimensionally 
stable under thermal cycling, in marked contrast  to the well-known 
ratcheting found in pure uranium. This stability is usually attributed 
to its body-centered cubic structure,  which provides a high degree 
of isotropy. The gamma phase is also stable under radiation damage 
although the burnup in fast  burst  reactor  service is not large enough 

When design decisions were being made for the APRFR, some 
experience in the use of U-10 wt.% Mo in burst  reactors.had already 
been obtained with the HPRR, the White Sands Missile Range Reactor 
(WSMR), the Super KUKLA,* and at  Sandia Corporation. In general, 
the material  was satisfactory. Plating and s t ress-corrosion cracking 
were the' principal problems. The maximum burst  s ize  that can be 
obtained with the fast  burst  reactor  appeared to  be limited by mechan- 
ical properties; subsequent tests .have proven that this  is the case. 
Alloys of uranium stronger than U-10 wt.% Mo had also been devel- 
oped. Information on these alloys which must be evaluated for  use in 
a fast  burst  reactor,  such a s  high-temperature strength, fatigue 
strength, and dimensional stability in thermal cycling, was not avail- 
able, however. These alloys a r e  in the alpha phase. The alpha phase 

@ to  require this property. 
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is of higher density than the gamma phase, and the difference is suf- 
ficiently large to  affect materially the neutronic calculations. There- 
fore U-10 wt.% Mo was chosen; the use of other alloys is not regarded 
to be within the scope of the present engineering design program but 
is the subject of another investigation. 

The core components were machined from induction-melted vac- 
uum castings heat treated to retain the gamma phase. Carbon is the 
impurity that is most important and most difficult to control. General 
concurrence is that carbon affects both the yield strength and ductility 
and should be kept as low in concentration as possible, in any event 
below 200 ppm?-lo 

Tensile specimens for determining tensile and ductility proper- 
ties were prepared. The tensile and ductility properties were measured 
in room air and in argon. The resul ts  shown in Fig. 8 indicate that the 
argon atmosphere afforded an important protection, and the ductility 
was preserved at high temperature. Young's modulus for  specimens 
tested in argon varied from 11.5 X l o 6  at  '75°F to 10.2 x l o6  at 1000°F. 
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Fig. 8- Tensile ductility properties of U-10  wt.% M o  alloy. 

An improvement in the plating was clearly desirable since nickel 
plating on uranium has been found to peel, flake, and blister. It was 
decided to compare nickel-plated parts with aluminum-ion-plated 
parts during criticality testing. The resul ts  with the two methods 
would then be evaluated. The aluminum plating stood up very well in 
the tests;  this method was adopted for the final APRFR core. 

The dynamic thermal s t r e s s e s  generated in a fast burst  reactor  
a r e  large and at high frequency (governed by natural modes of vibra- 
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tion). Thus the s t ra in  r a t e s  a r e  very high, Le., of the order  of 500 in./ 
in./sec. Uranium-10 wt.% molybdenum is one of a number of metals 
which show an increase in yield strength at  high s t ra in  rate.8 This 
effect is substantial and may amount to a doubling of yield strength at 
very high s t ra in  rates.  Conservative design practice does not allow 
this effect to be relied upon although it is worth noting, nevertheless. 

Numerous metals including brasses ,  steel ,  aluminum, and titanium 
alloys under s t r e s s  in corrosive environments will crack and fail i f  
s t r e s s  exceeds a certain value that depends on specific conditions. The 
phenomenon is not well understood, is highly variable, and no doubt is 
due to various causes in different materials under different conditions. 
Each case must be investigated individually, and a means of protection 
must be found to suit each application. 

Uranium - 10 wt.% molybdenum is susceptible to s t ress-corrosion 
cracking in room air. Two approaches have been taken: (1) find a 
satisfactory plating to prevent access  of the element responsible and 
(2) eliminate the corrosive compounds in a i r ,  i.e., oxygen and water, 
o r  utilize a noble gas. Failure of coatings, a s  f a r  as s t ress-corrosion 
cracking is concerned, is universally reported. l o  (Nevertheless, a 
plating is needed to prevent sloughing and spread of radioactive con- 
tamination.) Until a coating that is effective against s t ress-corrosion 
cracking is developed, the second alternative must be used. 

A s  previously mentioned the ductility of U-10 wt.% MO was 
greatly increased at  high temperature in an atmosphere of argon. 
The use of this gas would solve the problem; however, a more eco- 
nomical gas  is desired. Since dry air in large quantities is econom- 
ical, that medium is a good candidate. Hoenig and Sulsona' made a 
rather  extensive investigation of s t ress-corrosion cracking in various 
atmospheres, using the field-emission microscope to  detect cracks and 
to  study the surface condition of samples,  Studying the effect of a num- 

' ber of ambient gases,  they found that under d ry  nitrogen no surface 
cracks appeared after 1000 cycles up to a stress of 36,000 psi. This 
finding is in agreement with Peterson and Vandervoort, lo who dis- 
covered that vacuum dry nitrogen and dry COz protect against stress- 
corrosion cracking at the same  value of s t r e s s .  On the other hand d ry  
air was not satisfactory, indicating that both water and oxygen must be 
removed from the ambient atmosphere. 

The cooling time for  the APRFR at l a rge  bursts  is about 90 min. 
Dry nitrogen is expensive a s  a coolant for  this entire period. For-  
tunately transient and dynamic thermal s t r e s s e s  a r e  relaxed below 
the cri t ical  level in a few minutes. It is only necessary therefore to 
provide d ry  nitrogen as a blanket pr ior  to and for  a few minutes after 
the burst. The cooling may then begin with the use of dry air blown 
about the core. This is the means of combating s t ress-corrosion crack- 
ing currently in use. 

0 
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DESIGN DECISIONS 

The generation of a practical  design involves using idealized 
parameter studies and material  surveys in the context of problems of 
fabrication and operation. The flux flattening achieved by a 2-in. 
stainless steel  central rod indicated that a glory hole to achieve access  
to  the high-flux region of the core could be provided. The diameter of 
this glory hole was arbitrari ly set a t  1.5 in. When not in use for exper- 
iments, a plug is provided to fill 50% of the cavity. The glory hole must 
be surrounded by a protective liner, and clearance must be provided 
fo r  installation of the tube and for scramming the safety block. When 
all fabrication and installation tolerances a r e  considered, the inside 
diameter is 2yI6 in. for the central stainless steel safety-block holder, 
a s  shown in Fig. 9. 

With regard to the core  height-to-diameter ratio, the studies 
discussed previously indicated that a ratio somewhat less than 1, 
namely 0.89, would be the best choice. This decision established the 
diameter of the co re  at 8.90 in. The diameter of the HPRR fuel r ings 
is 8.00 in. 

A design of the safety block which differed from that of Fig. 1 was 
studied. This design is shown in Fig. 9 in i t s  final form. The full height 
of the safety block shown controls 15% more reactivity than the 3/4- 
length block shown in Fig. 1. Since it is positioned at  o r  near  i ts  max- 
imum effectiveness, the sensitivity of the safety block to positioning 
reproducibility is much less critical. The motion required to reduce 
the reactivity by $1, however, is much larger .  The contribution to the 
total fission yield that occurs in the tail  of the burst  as the safety 
block is removed must be evaluated therefore for different heights of 
the safety block. This study showed that for a burst  yield of 5 x lo i6  
the full-height safety block permits  a contribution from 11 to 20% of 
the total yield in the tail of the burst. The 3/4-length block permits  a 
contribution of from 6 to 11%. However, in the fission-yield value of 
interest  for this reactor,  that is, 1 to 2 X l o i7  fissions, this tail con- 
tribution drops considerably and is not expected to exceed 3?0 at  a 
fission yield of 2 x 10". 

The calculations were based on an acceleration of 2 g without 
consideration of the added acceleration due to  the inertial shock. Since 
the inertial shock is especially strong in high-yield pulses, the contri- 
bution of the tail is expected to  be even smaller  than 3%. The full- 
height safety block was incorporated in the design; this represents  one 
of the major departures from the HPRR. 

The bolt design shown in Fig. 9 was changed from that of Fig. 1 
for a number of reasons. Service and fabrication in the HPRR had 
shown that i t  is not feasible to plate the inside of the hollow bolt. The 
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Fig. 9-Core assembly of the APRFR with glory hole l iner.  
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difficulty of drilling a true hole contributed to the cost. The reduced- 
shank design was therefore adopted. The bolts were threaded into the 
bottom plate of the core which was used in the tes ts  to damage.' The 
distortion of this plate and galling of the core  bolts jammed four of the 
bolts. It was  necessary to break them to disassemble the core. The 
design was changed to secure  the bolts individually with nuts, as shown 
i n  Fig. 9. 

A coolant shroud, (Fig. 9), encloses the core to  direct the flow of 
air. Attached to the coolant shroud is a safety cage which is required 
to maintain a minimum distance of 0.5 in. to the core surface. The 
function of the safety tube is to prevent the inadvertent lowering of the 
core too near the floor, which could prevent the removal of the safety 
block, and the floor would add a large amount of reactivity. The 
reactivity worths of the reactor components measured both at  APRFR 
and the Oak Ridge Critical Experiment Facility (CEF) a r e  shown in 
Table 3. 

Table 3 

REACTIVITY WORTH OF REACTOR COMPONENTS 

Component 
Total  

worth, I$ CEF m e a ~ u r e m e n t , ~  6 

Regulating rod 75.5 72 
Mass adjustment rod 172.4 168 
Burs t  rod with 2.125-in. adaptor 127.7 * 
Glory hole l iner 24.5 No data available 
4 TC inse r t s  5.0 * 
Cooling shroud and safety cage 154 148 
Displacement gauge mounting plate Not  present 49 
Nitrogen can 2.0 * 

*These are new components, and hence no CEF data are available. 

After the configuration of Fig. 9 was adopted, the detailed sizing 
of pa r t s  was accomplished by calculating the localized stress at cri t ical  
points in the core bolts, fuel disks, and safety block, as well as in the 
mounting-bracket-ring core-support rod, regulating-rod-shaft mount- 
ing-bracket fingers, and safety-block holder as a function of burst  
yield. The stainless steel  par ts  were designed with a substantial margin 
of strength to withstand the shock of bursts  large enough to damage 
the core. The core-component s izes  were adjusted so that the limiting 
s t r e s s  was reached at approximately the same total fission yield. The 
largest  and safest routine burst yield was thus established at  1.5 x 10'' 
fissions. Burst tests" performed at  CEF established that no distor- 
tions occurred at a burst yield of 2.1 x 10". The difference in these 
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figures reflects the conservatism of the detailed design calculations 
and the lack of well-established cr i te r ia  for failure in fast burst  
reac tor  service. 

METALLURGICAL SPECIFICATIONS 
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CONCLUSION 

Reexamination and reevaluation of the design decisions pertaining 
to the HPRR and the application of new information and techniques 
learned at WSMR, Sandia Corporation, and at  the Super KUKLA facility 
resulted in a substantially improved core for the APRFR. The crit i-  
cality tes ts  at CEF included a se r i e s  of burst tes ts  which were de- 
liberately extended in fission yield until the core pieces sustained 
permanent damage. This was done to establish experimentally the 
maximum 'routine operating yield and to verify the design calculations. 
A number of the detailed design changes described were made a s  a 
r e s u l t  of these tests.  The c a l c u l a t e d  performance characterist ics a r e  
given in Table 4. 

Table 4 

APRFR PERFORMANCE ESTIMATE 
~~ 

Burst s i ze ,  fissions 

1 .5  x 1017 2 .1  x ioi7 3.7 x 10'7 

Fluence, neutrons/cm2 
Core surface 
Glory hole 

Core surface 
Glory hole 

Dose, tissue rads  
Core surface 
Glory hole 

Core surface 
Glory hole 

Flux rate ,  neutrons/cm2/sec 

Dose rate ,  rads /sec  

2 . 0  x 1014 
6.7 x 10'4 

4.3 x 10'8 
1 .4  x I O i 9  

7.6 x 105 
2.5 x I O 6  

1.6 x l o io  
5 . 3  x 10'0 

2.8  x 10'4 
9 .3  x i o i 4  

6.0 x i o i 8  
2 .0  x- 10'9 

4.9 x 1014 
1.6 x 10'5 

1.1 x 10'9 
3.7 x 10'9 

1.1 x l o 6  
3.6 x I O 6  

2.3 x I O t 0  
7.7 x 10'O 

1.9 x I O 6  
6.3 x l o 6  

4.2 x I O t o  
1.4 x lo1' 
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DISCUSSION 

ENNIS: What periods are we talking about here?  How fast were 
you inserting reactivity? I understand what your neutron flux was. 

STATHOPLOS: The reactivity is introduced stepwise by a rapid 
insertion of the burst  rod. The burst  width corresponding to  the 1.5 X 

10” fissions burst was, I believe, about 40 psec. 
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ABSTRACT 

The properties of alpha-phase and gamma-phase uranium alloys a r e  compared 
with respect to fast  burs t  reac tor  design and operation. Par t icu lar  emphasis 
i s  given to problems associated with the use  of the U - 1 0  wt.% Mo fuel. Pos-  
s ible  future directions in alloy development a r e  examined. 

INTRODUCTION AND BACKGROUND 

This paper discusses uranium-base fuels for fast  burst reactors  that 
operate a t  pulse widths of the order of tens of microseconds, s u c h  as 
the Sandia Pulsed Reactor I1 and the Godiva IV. Because dilution of 
uranium with alloying elements tends to broaden the pulse width, the 
fuel alloys of concern will be arbitrari ly limited to dilutions of l e s s  
than 10 wt.%. 

’ When examining uranium alloys within the l imits stated, it is 
logical to divide them into two groups- alpha-phase alloys and 
metastable gamma-phase alloys. These alloys may be classified 
broadly with respect to properties of importance to burst  reactor  
design. However, we must consider two important facts: first, fast 
burst  reactor fuels a r e  generally machined f rom castings, and, second, 
mechanical properties of heat-treatable alloys will depend on the 
thermal history imposed by the operation of the reactor. Table 1 gives 
a general comparison between the properties of alpha-phase uranium 
alloys and gamma-phase uranium alloys containing 10 wt.% or l e s s  in 
additions. The properties of unalloyed uranium are included for com- 
parison. The information in Table 1 i s  self-explanatory; however, the 
important properties from the standpoint of fast burst reactor  design 
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a r e  Young's modulus E, yield strength Y, heat capacity C, and the 
thermal expansion coefficient a. By analysis it can be shown that in a 
simple case reactor power may be maximized by maximizing the 
expression 

Use of the above expression would be an oversimplification of the task 
of fast burst  reactor design, which is indeed more complex. The above 
expression is based strictly on a thermal analysis that does not account 
for any inertial effects. Better cr i ter ia  must be established for figure- 
of-merit ratings to compare potential burst  reactor  fuels. However, 
using the above expression and the heat capacities, thermal expansion 
coefficients and the best  room-temperature mechanical properties 
given in Table 1 yield a factor of about 1 for alpha-phase alloys and a 
factor of 5.5 for gamma-phase alloys. 

URANIUM-10 WT. % MOLYBDENUM 

The choice of U-10 wt.% Mo as a burst  reactor fuel was natural 
since it i s  the only gamma-phase alloy that had been developed for 
steady-state reactor use and indeed the most stable gamma-phase 
alloy available at  1 0  wt.% dilution or less.  Compared to unalloyed 
uranium this alloy has higher strength and lower modulus. 

Now let  u s  examine the considerations which should be made when 
U-10 wt.% Mo is used a s  a fast burst  reactor fuel. 

Maintenance of the Gamma Phase 

The time-temperature-transformation (TTT) diagram' for  U- 
10 wt.% Mo is present in Fig. 1. This diagram shows that time at  high 
temperatures below about 590" C contributes to the transformation to 
alpha uranium plus delta uranium- molybdenum. Time at  about 500" C 
i s  particularly cri t ical  because the transformation can begin in only 
8 hr. From Fig. 1 the effect of lower molybdenum content on TTT be- 
havior can be seen by examining the curve for U-8 wt.% Mo. The 
maximum transformation rate  occurs a t  500°C and begins in only 
about 0.8 hr. 

The current fast  burst  reactors cool fast enough to prevent trans- 
formation. However, if a reactor i s  used for a large number of bursts  
below 590°C, then the time at  temperature during cooling wil l  con- 
tribute to destabilization of the gamma phase and possibly will initiate 
transformation. The cumulative effects of this type of operation can be 
erased by pulsing to gamma-phase temperatures. 



Table 1 

COMPARISON OF THE CAST PROPERTIES OF UNALLOYED URANIUM, ALPHA-PHASE URANIUM ALLOYS, AND 
GAMMA-PHASE URANIUM ALLOYS CONTAINING 10 WT.% OR LESS OF ALLOYING ADDITIONS 

Proper t ies  Unalloyed uranium Alpha-phase uranium alloys Gamma-phase uranium alloys 

Phases  present  

Oxidation resistance 

Thermal-cycling growth 

Thermal  considerations 

S t r e s s  cor ros ion  

Room tempera ture ,  as- 
cas t  mechanical 
proper t ies  

Yield strength,  I O 3  psi 
Tensile strength,  l o 3  psi 
Young's modulus, lo6  psi  
Elongation, % 

25-600°C 

coefficient, OC-1 

Thermal  properties,  

Thermal  expansion 

Heat content, cal/g/"C 

Alpha-uranium 

Poor 

Yes 

Operations limited by 
alpha-beta trans- 
formations a t  660°C 

None known 

22-35 
60 - 85 
22-24 

5-10 

20 
6.58 

Alpha-uranium plus sinal1 

Poor,  but better than un- 
amounts of second phase 

alloyed uranium 

Some growth, but minimal 
in certain alloys 

Operation probably limited 
by alpha-beta trans- 
lorination about 660°C 

None known 

50- 'io 
60-100 
22-24 

2-20 

-20 
-6.6 

Gamma-phase uranium 

Better than alpha-phase alloys 
but protection still needed for  
high-temperature applications 

None 

Gamma-phase i s  metastable and 
must be maintained to a s s u r e  
retention of gamma-phase 
properties 

Susceptible to s t ress -cor ros ion  
cracking under cer ta in  condi- 
tions 

$10- 1 2 0  (as-cast  and gnmiiia treated) 
$10- 130 (as-cast  and gamma treated) 
1 0  - 13 (as-cast  and gamma treated) 
10-16 (as-cast  and gamma treated) 

-13.5 
-8.0 
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6oo 
580 OC . ~ .  . 

START OF TRANSFORMATION 
OF METASTABLE y 

0 
0 Y I 

1 r i  
I I  

I 
I [ TRANSFORMATION -- . -. - - u- 5001 

I 

U-8 wt. 70 MO 

I IO 100 1000 10,000 
TIME, HR 

Fig. 1 - Time-temperature-transformation diagram f o r  the U-10 wt. % M o  al- 
loys quenched to  temperature f r o m  900°C. [From P. E. Repas, R. H. Goodenow, 
and R. F. Hehemann, Trans. Amer. Soc. Metals, 57: 151-152 (1964).] 

The consequences of small amounts of transformation of the U- 
10 wt.% Mo alloy in a burst  reactor a r e  not well understood, but signif- 
icant property changes and thermal-cycling distortion could be expected 
if a large amount of transformation occurs. 

Fuel Homogeneity 

Manufacture of U-10 wt.% Mo alloy castings is not without its 
difficulties. A problem a rea  is that of both macrosegregation and 
microsegregation. Macroinhomogeneity of induction castings, which a r e  
well s t i r r ed  in the molten state, is not an important problem. How- 
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ever, small  differences in molybdenum content occur; and, when these 
a r e  combined with microsegregation they can be serious, especially in 
large castings. Microsegregation occurs as a result  of the difference 
in the liquidus and solidus temperatures; the f i rs t  liquid to freeze is 
molybdenum rich, and the last  liquid to cool is uranium rich. There- 
fore a gradient of molybdenum content exists ac ross  the dendrites that 
grow from the melt. This gradient may not be evident on microscopic 
examination. Generally, a homogenization treatment for 24 hr at  900°C 
is used. The diffusion rate  of molybdenum in uranium is low, and, if 
coarse  dendrites a r e  present, a completely homogeneous structure may. 
not be obtained. The consequence of remaining microsegregation, 
especially in a region of low molybdenum content, is a less-stable 
gamma phase. That is, low molybdenum content in a cored structure 
could lead to transformation in shorter t imes  than a r e  expected. 

Stress Corrosion 

@ 

Evidence thus far suggests that U-10 wt.% Mo and other gamma- 
phase uranium alloys a re ,  i n  general, susceptible to s t r e s s  corrosion. 
The combined actions of s t r e s s  and a corrosive atmosphere cause 
failure at  a s t r e s s  below the actual yield strength of the alloy. S t r e s s  
corrosion is believed to have been the cause of some rather dramatic 
failures in U-10 wt.% MO alloy. 

One of the first-known failures occurred in the late 1950’s at  
Battelle Memorial Institute. A rod of gamma-phase U-10 wt.% Mo was 
cold swaged. Upon examination the next day, the rod was shattered, a s  
shown in Fig. 2. Other such experiences were noted elsewhere. 
Cracking was observed during and after fabrication of U-10 wt.% Mo 
bolts fo r  the KUKLA fast burst  reactor. In another case, U-10 wt.% 
Mo bolts were removed from the Army Pulse Radiation Facility Reac- 
tor (APRFR) after testing beyond design limits. Since the core  was 
slightly distorted, removal of the bolts was difficult. After removal 
the bolts cracked severely. It is now apparent that the residual s t r e s s  
in combination with atmospheric corrosion was the probable cause of 
failure. 

. Studies performed recently have illustrated the role of residual 
s t r e s s  in stress-corrosion cracking and have also pointed to the 
harmful effects of oxygen, hydrogen, and water vapor.2 Table 2 l is ts  
the contributing factors and possible remedies to the stress-corrosion 
problem. The affect of s t r e s s  corrosion in a “normal environ- 
ment” on the tensile strength3 of U-10 wt.% Mo and U-8 wt.% Mo- 
0.5 wt.% Ti is presented in Fig. 3. These tes ts  were performed with 
dead-weight loads and show time dependency. Under the conditions of 
the test ,  U-10 wt.% Mo withstood 37,500 psi  for long periods of time, 
and U-8 wt.% Mo-0.5 wt.% Ti withstood 62,000 psi. These strength 

@ 
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Fig. 2-Typical appeavance of a swaged gamma-phase U-10 wt.% M o  alloy 
that cracked af ter  swaging. 

Table 2 

CONTRIBUTING FACTORS AND REMEDIES FOR STRESS 
CORROSION IN URANIUM- 10 WT.% MOLYBDENUM ALLOYS 

Contributing factors Remedies 

Residual s t r e s s  f rom quenching Low-temperature heat 
treatment,  cold working, machin- treatment 
ing, o r  possibly f rom previous 
loading 

Use of dry  nitrogen, 
CO,, o r  iner t  gas  

Protective plating 

Oxygen 

Water vapor 
Hydrogen 

values, however, could vary with relative humidity, amount of residual 
stress, and other factors. 

What does this mean in regard to the use of U-10 wt.% Mo in 
fast  burst  reactors?  Referring to Fig. 3, for  the short  periods of 
time for  which the reactor  fuel is under s t r e s s ,  s t r e s s  corrosion is 



EXPERIENCE WITH MATERIALS 167 

apparently inoperative. The effect of repetitive-burst operation and 
s t r e s s  corrosion on bare  U-10 wt.% Mo remains to be determined. 

URANIUM-1.5 WT. % MOLYBDENUM 

The Godiva IV reactor  has been constructed using U-1.5 wt.% Mo 
a s  a fuel material. This alloy was chosen instead of uranium because 
i t  represented an improvement with regard to strength characterist ics 

“5’0”1m 
A A A  U-8 wt.% Mo-0.50wt.%li 
000 U-10 w1.% Mo 

L 

W (L 

6 62,500 

50,000 

37,500 

2510000 2 4 6 8 IO 12 
TIME TO FAILURE, HR 

I 

Fig. 3-Delayed-failure characteristics of two gamma-phase uranium alloys. 
Note that s t r e s s  corvosion lowers tlae ultimate strength of the alloy e v ~ l v e d . ~  

of unalloyed uranium and because its properties a r e  relatively un- 
affected by heat treatment. The gamma-phase alloys were not con- 
sidered for  this application because of stress-corrosion problems. 
In this  reactor  the fuel was not plated originally; aluminum ion- 
plating w a s  added after oxidation became a ser ious problem. (Con- 
sidering the resul ts  discussed in the previous section it may be 
fortunate that U-10 wt.% Mo was not used.) The choice of the U- 
1.5 wt.% Mo alloy was the result  of an alloy development program 
performed at  Los Alamos. This alloy has exceptionally good ductility 
for an alpha-phase alloy and has  a tensile strength of approximately 
100,000 psi. In addition, this alloy’s mechanical properties do not 
change appreciably with heat treatment, thus assuring uniform be- 
havior during burst reactor  ~ p e r a t i o n , ~  

~ _ _ ~ -  
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F U T U R E  DIRECTIONS FOR FAST BURST FUELS 

Fuel Improvement 

Improvements in current  fuels can be viewed as needed limited 
changes. With U- 10 wt.% Mo, the most needed improvement is elimina- 
tion of i t s  s t ress-corrosion susceptibility, which may be accomplished 
simply by operation with a completely clad fuel o r  in an atmosphere 
of dry. nitrogen. Another possibility for improvement is to  study the 
effect of small  additions of alloying elements on the s t r e s s  corrosion 
of this alloy. The addition of small  amounts, 1 wt.% or  l e s s  of platinum 
or another noble metal  which is a gamma stabilizer appears promising. 

With U-1.5 wt.% Mo there are currently no major problems 
though oxidation, and thermal-cycling stability might be limiting. For 
oxidation resistance aluminum-ion plating 0.1' some other coating could 
be utilized (see preceding section). For  thermal  cycling stability the 
most that can be accomplished is the achievement of a random large- 
grain structure.  

Alpha-Phase Alloys 

As noted in Table 1, of the alpha-phase alloys that a r e  known to 
be cas t  we can expect a modulus of 22 to 24 x lo6 psi. This property 
does not change significantly with alloy content as long as we a r e  in 
the realm of alpha-phase alloys. The best  tensile strengths now 
available with reasonable ductility a r e  of the order  of 100,000 psi. 
Some more work should be performed with possible alloying additions 
to attempt improvement of tensile strength, and the data should be 
obtained at  high strain rates.  

Gamma-Phase Alloys 

When looking for  gamma-phase alloys for  possible use in place of 
U-10 wt.% Mo, we must remember that molybdenum is the most potent 
gamma-phase stabilizer that has  been investigated. Therefore, when 
approaching the problem of developing an alloy which might be sub- 
stituted fo r  U-10 wt% Mo, we must consider the question of whether 
or not less gamma-phase stability can be tolerated in b u r s t r e a c t o r  
operation. For instance, in Fig. 1 the TTT diagram is presented for 
U-8 wt.% Mo. Can this  alloy be used in a current  burst reactor  with- 
out transforming? O r  possibly, can it be used even though it t rans-  
fo rms?  Similar questions a r i s e  when known metastable gamma-phase 
alloys are considered. 

If gamma-phase stability equivalent to or better than that of U- 
10 wt.% Mo is desired, a t  least one possibility is open. From the current  
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information on the uranium-rhenium system, U-8 to l O w t . %  Re alloys 
appear to hold p r ~ m i s e . ~  The mechanical properties and the TTT curve 
for these alloys a r e  not known. 

The modulus of elasticity of gamma-phase alloys is 9 to 13 x lo6 
psi, and the best tensile strengths a r e  of the o rde r  of 130 lo3  psi. Al- 
loys having higher tensile strengths might possibly be developed. 

Beta-Phase Alloys 

The beta-phase region in most uranium-alloy systems is quite 
limited in extent, and therefore only limited possibilities exist for  de- 
veloping a metastable beta-phase alloy for burst  reactor  use. Beta- 
phase alloys would be expected to have higher strengths than alpha- 
uranium alloys, but the modulus of elasticity is unknown. An alloy of 
U-0.3 wt.% Cr-0.3 wt% Mo retains beta uranium when quenched; 
however, the phase is metastable and t ransforms at  room tempera- 
ture. There do appear to be some possible alloy compositions that 
would result  in retained beta on slow cooling. On the basis  of the 
solubility of various elements in beta uranium, these additions appear 
to be the best beta stabilizers: rhodium, platinum, iridium, and 
rhenium. Their  solubility in the beta phase is 4, 3, 5, >2, and 2 wt.%, 
respectively. 
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DISCUSSION 

YOCKEY: The Army has developed uranium alloys that have 
strengths over 200,000 psi. Do you have any comment on the use of 
those alloys? 

BAUER: They are principally for a rmor  o r  projectile applications. 
You could t ry  them, but they a r e  low-ductility materials with high 
strength. They a r e  not single-phase alloys. Strength is obtained by the 
presence of a finely dispersed second phase. I had not really thought 
about them for  this application, but they are around 90% uranium, too, 
containing about 8 wt.% molybdenum with other alloy additions. The 
major problem in their  application would probably be in loss  of strength 
with t ime at  elevated temperature owing to coarsening of the dispersion. 

Actually there is less of the alloy material  than the re  is in 
U-10 wt.% Mo in some of these. One family of these alloys contains 
1% of molybdenum, niobium, and zirconium and 0.5% titanium. In a 
burst  reactor very little t ime is spent a t  high temperature. 

RUSSELL: Although this  is not my field, the curve you showed of 
the fatigue strength decreasing in a matter of hours from dead-weight 
loading was one of the most astounding things I have seen. Is  this  a 
common thing with uranium alloys, or  something that only happens with 
peanut butter, or what? 

BAUER: It is common to gamma-phase alloys, both this type alloy, 
uranium - niobium-base alloys, and the retained gamma-phase in gen- 
eral. 

RUSSELL: Do normal construction mater ia ls  show this particular 
type of behavior? 

BAUER: I think not as a general rule. The effect may be so 
pronounced because the gamma phase is metastable. 

STATHOPLOS: You mentioned that you thought there  would be a 
potential problem with alpha alloys if one went to  higher temperatures.  
I s  this because the grain s ize  grows? 

BAUER: Grains grow, yes, and particularly with higher tempera- 
t u re s  of operation you cannot eliminate distortion of alpha-phase al- 
loys. You' a r e  still dealing with the alpha-uranium phase, and the 
alpha-uranium phase is anisotropic. You cannot get completely away 
from the thermal-cycling growth problem. 

1 
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ABSTRACT 

A number of design improvements made on the IBR on the basis  of operational 
experience are described. Some peculiarities of the reac tor  under operating 
conditions of infrequent pulses a r e  given along with a short  description and the 
main parameters  of the high-power periodically pulsed reac tor  IBR-2 with an 
LIU-30 a s  an injector. Some major  experimental works on nuclear physics and 
solid-state physics performed using the IBR a r e  discussed. 

The periodically pulsed fast reactor  IBR was constructed in 1958- 1959 
and put into operation in July 1960. Since that t ime it  has been operated 
for 25,000 hr  and has produced 65,000 kw-hr of power. A detailed 
description of the theory of the IBR and its design a r e  given in Refs. 1 
to 4 (see Figs. 1 to 3). 

Continuous operation of the IBR made it possible to collect suf- 
ficient material  to permit positive conclusions to  be made regarding 
the reactor’s reliability, stability in operation, and fitness for perform- 
ing a wide range of physical investigations. During operation some 
units and, a s  a result, the ent i re  reactor  were considerably improved 
to  provide better reliability and to obtain better physical character-  
istics for  installation. 5-8 

Successful operation of the IBR stimulated the construction of the 
IBR 30, an improved and more  powerful version of the IBR and a fore- 
runner of the next generation of repetitively pulsed reactors.  IBR-2. 
This 4-Mw liquid-metal-cooled reactor is being designed by the Joint 
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Fig. I-Schematic drawing of the IBR. 
0) Rotatitzg disk 
(2) Subsidiary disk 
(3) Maiii bushing 
(4) Plutotiiu~ii rods in shielditag 
(5) scralli rods 0 3 )  Accelerator 
(6) Course control 
(7) Auloiiiatic vegulator rod 
(8) n/lunual conlvol rod 
(9) Side rejleclor 

(1 0) End reflector 
(11) Shielding glass 
(12) Mechatiistn for adjustinetit of main bushing 

(14) Reducing gear of the auxiliary bushing 
(15) Brake 
(16) Electrical drive 
(1 7) Auxiliary bushing 

Fig. 2- General 
view of the IBR 

reactor. 
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Fig. .?- Geneml  uiezcr of the ?peado?- hall. 

Institute for Nuclear Research (JINR) together with other design 
organizations of the USSR. 

OPERATIONAL EXPERIENCE OF AND IMPROVEMENTS TO 
THE IBR REACTOR 

A periodically pulsed reac tor  must have a device to provide 
periodic pulsation of reactivity. This device consists of two disks with 
uranium inserts,  a d-c engine, and a system of rotation t ransfer  from 
the engine to the disks. During the entire period of reactor operation, 
the following failures were revealed: 

1. Damage of one of the journal bearings of the main disk, which 
caused the shaft to skew; however, the fuel elements remained safe. At 
present higher quality bearings are used in the reactor,  and an extra 
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safety se t  of bearings has  been installed to restrict the skewness of 
the rol ler  if  the working se t  should be broken. 

2.  Destruction of the bearing and t ransfer  par t s  of the auxiliary 
disk owing to radiation polymerization of a viscous lubricant. There-  
fore  the viscous lubricant was replaced by a flowing one. 

3. Wear of the teeth of the coupling that connects the shaft of the 
reductor and the main disk, caused by torsional vibrations in the sys-  
tem. A coupling with rubber spacers  to damp vibrations was placed be- 
tween the rolls. 

4. Much attention was paid to the steel  coatingof the main uranium 
insert ,  which tended to swell shortly after start-up. 

This swelling caused concern since the gap between the reactor  
core  and the disk surface was only 1.7 mm. For  controlling the shape 
of the coating, capacity detectors were put inside to detect the shape of 
the coating during the rotation of the disk. By the summer  of 1963 the 
swelling was 0.6 mm above the disk surface. For  safety during opera- 
tion, the speed of disk rotation was decreased from 5000 to 3000 rpm, 
and the gap between the disk and the reactor  core  was extended. 

At the end of 1963, the disk with the uranium inser t  was replaced 
by another one with a coating 0.6 mm thick instead of 0.4 mm thick. 
Examination of the used uranium inser t  showed no changes in its shape. 
Analysis of the conditions of inser t  operation and some experiments on 
models indicated that the swelling of the coating is conditioned by tem- 
perature tensions in the coating and is aggravated by centrifugal forces. 
We hope that the changes made in the design of the coating on the basis  
of these data will make it possible to essentially increase the permis-  
sible heat load on the inser ts  of the IBR-30. 

The auxiliary movable inser t  that var ies  the pulse repetition r a t e  
determines the magnitude of secondary pulses of power (satellites), 
which occur during the passage of the main inser t  through the reactor  
core  i f  the auxiliary inser t  is outside the core.  Physical research  on 
the reactor  showed that the presence of satell i tes sometimes com- 
plicates the handling of experimental data. To decrease the amplitude 
of secondary pulses, the former auxiliary inser t  was replaced by a new, 
heavier one with an efficiency of about 1%. Many inconveniences r e -  
sulted from the necessity to change reductors and to provide manual 
synchronization of the main and auxiliary disks when pulse repetition 
rate  is varied. Added in 1965 was an electrical-mechanical system 
that allowed a remote shift of the reductor to another drive without 
interrupting the synchronization of the rotation of the main and 
auxiliary disks. 

In 1964 the cooling system of the reactor  was reconstructed. In 
particular,  the flow of air for fuel rods was increased up to 170 m3/hr, 
and forced-air cooling was provided for  the safety rods. These im- 
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provements made i t  possible to r a i se  the average power of the reactor  
up to 3 kw and then up to 6 kw. The temperature of the fuel-rod canning 
was 180°C at 6 kw. The temperatures of the coating of the uranium 
insert  and of the disk near the inser t  were measured by thermosensi- 
tive colors. According to these measurements, the temperature of the 
uranium in the center of the inser t  was estimated to be 190 to 260°C. 

Initially the kinematics of the reactor permitted i ts  operation at 
power pulse repetition r a t e s  of 5, 10, 25, and 50 sec-' (at a disk- 
rotation speed of 3000 rpm). However, a number of improvements to 
the mechanical par ts  made operation of the reactor  possible under 
other conditions of reactivity pulsation. For  some physics experi- 
ments i t  is desirable to increase the amplitude of power pulses, i.e., 
to  decrease the pulse repetition rate  at an unchanged power. This con- 
cerns,  f i rs t ,  experiments with very slow neutrons (a long t ime of flight 
from the source to the detector) and, second, those cases  in which the 
background intensity is proportional to  the time of analyzer operation 
(i.e., the background is of nonreactor origin). In these latter ca ses  a de- 
c rease  in the repetition rate  makes it possible to get a better relation 
of the effect to the background. 

In 1966 the IBR was operated in the mode when packets of pulses 
were formed with the frequency of '/8 cycles/sec; the cycle of pulses 
inside the packet was equal to y5,, sec and was determined by the fre-  
quency of rotation of the main moving core. The nature of pulse varia- 
tion in  t ime is shown in Fig, 4. 

Operation with infrequent pulses of a constant amplitude was ca r -  
ried out in the summer of 1968. The repetition rate was equal to 1 
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T I M E  

Fig. 4-Scheme of reactor pulse power in the IBR operating condition o fa l t e r -  
native amplitude pulses. 
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pulse/5 sec.  The energy of one power pulse was lo i5  fissions, which cor-  
responds to an average heating of the reactor  fuel elements of about 
10°C. The peak power at the pulse was 700 Mw. Quite unexpectedly in  
these conditions of operation, the pulse width of fast-neutron pulses 
considerably decreased. At a pulse repetition rate of y5 sec  and an 
average power of 6 kw, the measured value of the pulse half-width was 
56 psec and in the conditions of infrequent pulses, 36 psec (Fig. 5). The 
neutron detector used in measurements of pulse shape was a thorium 
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Fig. 5-Shape of the IBR reactor power pulses at the repetition rate 5 h e c  and 
O.Z/sec. 

fission chamber placed 6 m from the reactor  core,  pulses from which 
were sent through an electronic amplifying unit to the t ime analyzer 
with an intermediate memory with dead t ime of 1 pec .  The observed 
reduction of the pulse width and the shift in the position of the maximum 
of the pulse indicate the presence of a powerful negative effect of 
reactivity during the pulse, the value of which is estimated as ab- 
solute units of reactivity. 

Tension gauges detected nonstationary processes  in the s teel  
cladding of the fuel rod during and after the pulse. The tension gauges 
were glued to the surface of the fuel-element cladding at  two points in 
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the reactor  median plane, one a t  the most distant point f rom the 
center (No. 1) and the other at anangle of 90" with respect to i t  (No. 2), 
the rod being a distance of 4.3 cm from the reactor  center. The lower 
end of the fuel element was fixed; the upper end was loose. The fre-  
quency of longitudinal vibrations of the cladding (the negative value of 
the ordinate in Figs. 6 to 9 corresponds to the extension of the clad- 
ding) was about 8000 cycles/sec at  the maximum amplitude of ,3  X 

mm, which is in a ra ther  good agreement with the values calculated 
using the methods of R a n d l e ~ . ~  The observed delay of the maximum of 
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Fig. F- V 7 b ~ a t ~ o n s  of steel fuel-rod claddzng zn condrtLons of znfrequent pulses 
(detector No. 1) .  

Fig. 7- Vibrations of steel fiAel-rod cladding in  conditions of infrequent pulses 
(detector No. 2). 

cladding extension with regard to power pulse corresponds to that 
theoretically predicted. On the basis  of the measurements,  we can 
rather  definitely conclude that the thermal  expansion of plutonium does 
not resul t  in the above-mentioned dynamic effect of reactivity. The 
contraction of the cladding (the positive ordinate in Figs. 6 t o  9) at 
the moment of pulse, detected by gauge No. 1, s e e m s  to be due to fuel- 
rod skewness caused by the unevenness of heat release in the rod c r o s s  
section. The fuel-rod skewness may be a reason for  the negative jump 
of reactivity. However, an insufficient amount of experimental data 
makes it difficult to describe unambiguously the real picture of fuel-rod 
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Fig. 9-Damping of tvansvevse vibvations of the fuel-vod cladding. 

dynamics and of reactor kinetics at the moment of thermal shock. 
Since the effects discovered experimentally influence the physical 
characterist ics of pulsed reactors ,  e.g., their  safety, stability in 
operation, and the ability of the fuel rods to hold up under operation, 
some additional investigations will be carr ied out on the IBR-30 
reactor.  

The first attempt to multiply by 100 to 200 t imes the short  neutron 
burst  generated by an electron pulse from the microtron in the center 
of the reactor  core  was made8 at the beginning of 1965. Since that t ime 
the IBR has been operated alternatively in the booster and reactor  
mode. The periods when the microtron was not operated in conjunction 
with the IBR were used for its intensive study and improvement. The 
IBR microtron system has been operated about 3000 hr  for experiments. 
The parameters  of this systemi0-'2 a r e  given in Table 1. 

The maximum power of the system in the booster mode of opera- 
tion was achieved not only by increasing the electron current but also 
by increasing the diameter of the uranium target from 10 to  15 mm, 
(three t imes the diameter  of the beam), which resulted in the yield of 
neutrons from the target reaching i t s  maximum value of 1.5 x lo-' 
neutron/electron at  an electron energy of 30 MeV. The continuous 
operation of the IBR in conjunction with the microtron showed that an 
increase in the accelerated electron current  above 100 ma in a pulse 
could hardly be expected. 



PERIODICALLY PULSED REACTORS AT DUBNA 181 

Therefore it was decided to disassemble the microtron and to use 
the LIU-40 to inject electrons into the IBR-30. The linear accelerator 
will be installed vertically above the reactor.  The parameters  of the 
accelerator and booster with LIU-40 a r e  given in Table 1. Much atten- 
tion was paid to the target of the linear accelerator on which the ef- 
ficiency of the conversion of electrons into neutrons is dependent. 

Table 1 

THE CHARACTERISTICS OF INJECTORS AND BOOSTERS OF 
THE LABORATORY OF NEUTRON PHYSICS 

IBR-30 with 
Parameter  IBR niicrotron LIU-40 

- 

Energy of electrons 

Electron current  onto 
injected into ta rge t ,  h’lev 24 to 30 44 

ta rge t  during a pulse: 
ni a 60 to 80 1SO 

pulse,  psec 1.7 to 1.9 1.8 
Duration of electron 

Pulse- repe tition ra te ,  

Booster mean power a t  a 

Duration of continuous 

sec-1 50 100  

1 to 1.2 20 to 30 half-width of 3 psec ,  kw 

operation, h r  100  to 200 

Some thermal-physical calculations and experiments carr ied out with 
the electron flux of the microtron made it possible to choose an optimal 
design of target for operation in the IBR-30 core. High-melting-point 
alloys of plutonium will be used a s  target material. The target will be 
cooled by gaseous low-pressure helium. The maximum temperature 
of the target cladding i s  expected to be about 800°C. The character-  
ist ics of the beam in the LIU-40 make it possible to use the IBR-30 
in the booster mode of operation at  almost maximum power. The 
principles of design in the IBR-30 remain the same in the IBR. How- 
ever, for operation at  a mean power of 20 to 30 kw and for easier  
operation of the reactor under difficult radioactive conditions, some 
changes were made in some of the reactor parts. An increase in heat 
removal from the reactor core is achieved by a decrease  of the fuel- 
rod diameter and an increase of a i r  flow up to 300 m3/hr. The power 
produced i n  the moving part  of the core  will be equally distributed 
between two 235U inserts.  The kinematic scheme of the reactor  will 
enable operation at practically any pulse repetition rate,  i.e., from 
100 sec-’ to single pulses with the energy of lo i6  fissions. A normal 
alternate operation of the two uranium inser ts  is possible only if  
their  efficiencies differ by no more than reactivity units. Other- 
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wise an unequal amount of power is produced in the inserts.  The 
fabrication of inser ts  with the required precision is practically im- 
possible. Therefore some measures are foreseen to balance the in- 
s e r t s  physically. Considering the unfortunate solution of fastening the 
reactor core on the IBR disk jacket, apossibility of changing the pulsa- 
tion device of the reactor without dismantling the reactor core  is 
foreseen. 

The main characterist ics of the IBR-30 a r e  listed in Table 2. 
Start-up of the reactor is planned for 1969. 

Table 2 

CHARACTERISTICS OF THE IBR-30 REACTOR 

Mean thermal power,  kw 
Power during a pulse a t  
a frequency of 5 sec-', Mw 

Fissions/pul se 
Half-width of power pulse a t  a 

frequency of s / sec ,  psec  
Neutron generation t ime, see  
Volume of the reac tor  co re ,  l i t e rs  
East-neutron f lux  in  the co re ,  

averaged over  t ime, neutrons/ 
cmZ/sec 

a maximum pulse, neutrons/ 
c mz/sec 

Leakage of thermal neutrons f rom 
the moderator sur face ,  averaged 
over t ime, neutrons/cm2/sec 

pulse, psec 

Fast-neutron flux in the co re  a t  

Half-width of thermal-neutron 

30 

150 
u p  to 10'6 

50  
10-8 
2 

1013 

5.10'6 

G . 1 O i 0  

90 

The physics investigations carr ied out on the IBR and the IBR 
microtron system a r e  related to the following four areas:  

1. The study of the neutron as an elementary particle; estimation 
of neutron polarizability in the electrical field of the n u ~ l e u s ; ' ~  a new 
method of measuring the neutron-electron i n t e r a ~ t i o n ; ' ~  the f i r s t  ob- 
~ e r v a t i o n ' ~  of ultracold neutrons (velocity, 5 m/sec). The use of ultra- 
cold neutrons will permit a substantial increase in the accuracy of 
the measurements of the time of neutron decay and neutron electrical  
dipole moment. 

2. Nuclear physics, especially studies of neutron resonances: the 
development of a method to polarize neutrons with an energy of 1 to lo4 
ev;16 the use of polarized neutrons and polarized nuclear targets  in 
solving the important problem of the spin dependence of neutron- 
deuteron scattering" and the determination of the spins of holmium 
neutron resonances;I8 the study of the alpha decay of excited nuclear 
s ta tes  occurring in the form of neutron r e s o n a n ~ e s ; ' ~ ' ~ ~  and the study 
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of characterist ics of the neutron resonances of a large number of 
nuclei, including fissioning ones. 

3. Some problems that a r e  of importance to nuclear power engi- 
neering: the measurement of neutron spectra  generated in the propaga- 
tion of fission neutrons in matter;" the capture and fission c r o s s  sections 
and their  ratio for the most important fissioning nuclei in a wide energy 
range;23 and the study of the Doppler effect in uranium in the region of 
intermediate neutron energy. 

4. Physics of condensed matter:  the development of the time-of- 
flight method for the study of neutron diffraction by the magnetic 
substances in intense magnetic fields (such fields canbe generated only 
in the form of infrequent pulses, and diffraction measurements a r e  
practically impossible on stationary reactors  in this case);  and the 
study of the cri t ical  s ta tes  of liquids, the atomic dynamics of liquids 
and crystals,  and impurit ies in crystals  using the method of quasielastic 
and inelastic scattering of  neutron^.^^-^^ 

A considerable amount of information obtained in the fields men- 
tioned a r e  either quite new o r  essentially more accurate compared to 
those known before. To a considerable extent the possibility of carrying 
out these investigations is conditioned by the advantages of the IBR as 
a neutron source for neutron spectrometry. 

THE IBR-2 

The IBR-2 i s  a device that can have a wide range of applications in 
nuclear investigations, in the study of condensed matter by neutron- 
physics methods as well as applied works connected, for  instance, with 
the study of pulsed radiation effects. 

The device is comprised of a repetitively pulsed fast  liquid-metal- 
cooled reactor,  a high-current l inear induction electron accelerator 
LIU-30, and experimental facilities (Fig. 10). Two modes of operation 
a r e  possible: (1) an electron beam is sent from the accelerator to the 
target placed in the core  of the subcritical pulsed reactor,  i.e., a 
booster mode of operation, and (2) the reactor  is used without the 
injector in a condition of pulsed operation. 

8 

The Reactor 
The IBR-2 reactor  is a fast  reactor  with a highly enriched co re  

made of PuO,, which is t h e p a m e  a s  that of the stationary BR-5 reactor  
and which has been tested in  o p e r a t i ~ n . ~ ~ > ~ ~  Pulsation of reactor  power 
is achieved by modulation of reactivity by moving a par t  of the reflector 
with regard to the reactor core. 

The reactor  core, 40 cm high, is an i r regular  hexagon in the 
horizontal plane and consists of fuel assemblies of the type used in the 
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1 

2 

Fig. 10-A layout of the IBR-2. 
( I )  K eactor 
(2) Reactor building with experi- 

(5) The operating building of the IBR 
(6) A 100-m neutron guide of the IBR 
(q  A 1000-m neutron guide of the mental hall 

(3) Accelerator building IBR-2 
(4) Center building f o r  measuring 

BR-5 reactor with the spacing of 27 mm. The fuel assemblies a r e  forced 
into the lower supporting steel  plate. There a r e  seven fuel rods i n  each 
of the assemblies; some 7 1  fuel assemblies a r e  placed in the reactor  
core. The fuel rods a r e  fixed at both ends and coiled by a wire 0.5 mm 
in diameter for separation. The overload of fuel assemblies is achieved 
while keeping the reactor  vessel airtight. The used-up fuel assemblies 
a r e  cooled by sodium above the core before removal. Seven central  
cells  of the core a r e  occupied by a channel, the lower part  of which is 
used to locate the electron accelerator target and the upper part  is 
used to expose samples. The target is situated at  the half-height of the 
core. Initially the target material  will be tungsten cooled by sodium 
circulating in an isolated loop. 

The reactor core i s  in a double-walled steel  vessel. The gap be- 
tween the walls is used fo r  sodium leakage control and hot-air supply 
to heat the reactor. The sides of the hexahedron a r e  surrounded by 
air-cooled tungsten elements 80 mm thick which serve as control rods. 
The main and auxiliary coaxial moving reflectors a r e  adjacent to the 
largest  side of the hexahedron. The ro to r s  of the moving reflectors 
have three trapezoidal bulges, one of which is a proper reflector and 
the other two a r e  for equilibrium. The rotor is 120 cm in radius and 
6.5 cm thick (Figs. 11 and 12). It i s  rotated at  3000 rpm by an a-c 
engine. The auxiliary reflector is rotated by the same engine through 
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FiK. 11 -The plan of the reactor core. 
(1) Fuel assembly 
(2) Accelerator  target 
(3) Main moving reflector 
(4) Auxiliary movzng ref lector  control rods; nP, medium-effi- 
(5) Sectioned light-water moderators 
(6) Cold moderator control rod 
(7 )  Reflector of the cold moderator 

(8) Exposure channel in  reflector; 
6AC, fas t  safety rods; MAC, slow 
safety rods; KC, compensating 

ciency control rods; AP,  automatic 

a transmission, and its speed may be changed. The reactor  can. be 
operated at four possible pulse repetition rates,  namely, 50, 25, 10, 
and 5 pulses/sec. The highest repetition rate  occurs when the auxiliary 
reflector is stopped. The pulsation device is contained in a thin-wall 
airtight jacket filled with helium. The control rods KC-1 and KC-2 a r e  
intended for compensation of burnup of 239Pu and temperature reactivity 
effect; the medium-efficiency rod is used for smooth variation of 
reactivity during the start-up of the reactor. 

The automatic control rod (AP) i s  moved by a stepping engine of 
low inertia. The safety of the reactor is provided by four safety plugs 
worth 3.2%; two of them a r e  operated by a hydraulic machine. The fast 
safety plugs (the worth of 6AC i s  0.4%) operate between power pulses 
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during the period of 0.02 sec. The ejection of the slow safety plugs i s  
performed by gravity when the supporting magnets a r e  switched off. 

The cooling system of the IBR-2 core is ,  in principle, s imilar  to 
that of the BR-5 stationary reactor,  which proved to be reliable during 
continuous operation. The cooling system has three double loops. The 
coolant in the f i rs t  and second loop i s  liquid sodium, and a i r  is in the 
third one. The loops a r e  doubled for safety. Circulation of sodium in 
the primary and secondary loops will be achieved with the aid of elec- 
tromagnetic pumps. The input and output sodium temperatures a r e  
300°C and 400"C, respectively. The flow rate  of the coolant at  a mean 
power of 4 Mw i s  supposed to be 120 tons/hr. The cooling-system design 
foresees  the opportunity of natural circulation of sodium in case  the 
pumps fail to operate. Table 3 gives the main characterist ics of the 
reactor. The data of this  table a r e  calculated using the Monte Carlo 
method code3' and a r e  confirmed by the resul ts  of the mock-up of 
the reactor.  

@ 
Table 3 

CHARACTERISTICS OF THE IBR-2 REACTOR 

Mean thermal power, R'Iw 4 
Power during a pulse: 

At a frequency of s / s ec ,  R'Iw 
At a frequency of 30/sec,  IVIW 

7700 
700 
0.22 Power released between pulses,  Mw 

Power released in satell i tes a t  a 

Burs t  energy a t  a frequency of 

Global leakage from the reac tor ,  

Half-width of power pulse a t  a 

frequency of S/sec, ~ I W  0.026 

5/sec,  f issions 2.5 x 1016 ~ 

n e u t r o d s e c  1.75 x 10'7 

frequency of 5/sec,  psec  90 
Neutron generation t ime, sec 4.2 x 10-8 
Core volume, l i t e r s  17.9 
Reactor operating run at design 

power until 5% burnup, days 1000 

Experimental Setup 

The reactor is situated in the center of a biological shield, formed 
by two coaxial rings (Fig. 13). The space between the rings is occupied 
by experimental facilities. The space se rves  also a s  a place for as- 
sembly and disassembly of stationary reflectors,  light-water modera- 
tors,  tube conveyers, etc., which a r e  installed on shielding trolleys. 
Three-fourths of the outer concrete shield ring is surrounded by an 
experimental hall of 2600 m2 in area. The linac electron guide and de- 
flecting magnets, which turn electrons at 90" (Fig. 12), a r e  situated in 

I 
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Fig. 13-Shielding and horizontal neutron-beam holes of the IBR-2. 
(1) Intermediate neutron moderator 
(2) Thermal-neutron moderatm 
(3) Cold-neutron souYce rejlectav 
(4) Thermal- neutron m oderat o r  
(5) Stationary reflector 
(6) Light - water moderator 

(7) Exposure thermal-neutron channel 
(8) Exposure fast-neutron channel i n  

(9} Exposure fast-neutron channel i n  
the middle of the core (the 
f igures are in  circles) 

the hall beneath the reactor.  Moderators can be placed either in the 
vicinity of the reactor reflectors o r  in the shield and moved by a 
special device at  40" with regard to the horizontal plane. Figure 13 
gives the arrangement of the horizontal neutron-beam holes and 
moderators around the reactor core. Moderators 1, 2, and 4 a r e  light- 
water ones consisting of isolated sections, which permi ts  their  thick- 
nes s  to be varied to 35, 45, and 55 mm to obtain a maximum neutron- 
beam intensity in the energy interval required. The design of moderator 
loops permits a homogeneous and independent poisoning of the moderator 
o r  any of i ts  sections. 

Moderator 1, situated close to the moving reflector, can be used 
mainly a s  a source of intermediate neutrons. The moderator is 
t raversed by three horizontal channels 200 mm in diameter,  one Qf 
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which is 1000 m and two of which a r e  500 m in length. Moderators 2 
and 4 will be sources of thermal and epithermal neutrons. Neutrons fly 
from these moderators through s ix  horizontal guides 200 m in diameter 
and two inclined guides 150 mmindiameter.  Channels 1 and 9 represent  
a straight-through tangential channel, which can be used, for  instance, 
for experiments with “neutron gas”  (the study of the pa rame te r s  of 
nn-scattering). Both these channels a r e  installed on shield trolleys, 
which permits their  orientation to moderators 4 and 2, if required. To 
generate cold neutrons ( A  4 i )  a liquid-hydrogen moderator with a 
volume of 1000 cm3 is located behind light-water moderator 6. Gaseous 
helium with an input temperature of 11.5”K is used for i t s  cooling. The 
maximum temperature of hydrogen in the chamber is 25-24”K, and 
4 atm of pressure is kept in the moderator chamber to prevent hydro- 
gen f rom boiling. The effective temperature of neutrons leaving the 
moderator is expected to be 50°K. The cold moderator is t raversed by 
horizontal channels 4, 5, and 6, each 150 mm in diameter.  The pos- 
sibility of installing a hot moderator to increase the yield of epithermal 
neutrons is being considered. Beryllium oxide is supposed to be used 
as a material  for the hot moderator, in which case,  it should be heated 
to 1800 to 2000°C by reactor  radiation. The installation of three tube 
conveyers is foreseen. Table 4 presents the neutron-flux intensities 
that a r e  expected. 

@ 

Injector for the IBR-2 Reactor 

An electron accelerator has been chosen as the injector since i t s  
construction is simpler and its operation is more reliable compared 
with accelerators of heavy particles. 

The principles of operation and design of the LIU a r e  very s im- 
ple.32,34 This accelerator consists of a row of pulsed t ransformers  
(toroidal inductors), for which the electron beam accelerated along the 
inductor axis is a secondary winding. The cost of the LIU is decreasing 
while the efficiency is increasing, with reduction of the diameter of the 
inductors.33 Therefore the outer diameter of the LIU permalloy core 
of the inductors was chosen to  be 260 mm. The average power of the 
electron beam is expected to be 15% of the total power supply of the 
accelerator.  

Table 5 gives the parameters  of the LIU. The LIU-30 units have 
the following characterist ics.  The electron gun is meant for a pulse 
voltage of from 300 to  500 kv, the emission current  from the cathode 
being 300 amp. The inductors, in each of which the energy increase 
is 23 to 25 kev, willbe manufacturedfrom a 50% iron-nickel permalloy. 
The inductors a r e  cooled by distilled water. The pulse-reversing mag- 
netism is generated by pulsed line-type modulators. Some artificial 
nonuniform long l ines with an impedance varying from one cell to 
another according to a certain law a r e  used as energy accumulators. 

@ 

, 
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Table 4 

PARAMETERS OF NEUTRON BEAMS ON THE IBR-2 
REACTOR 

Thermal-neutron flux, neutrons/cm2/sec 
F r o m  the surface of moderator 6 ,  

F r o m  the surface of moderators  2 and 

In exposure channel 7 ,  averaged over 

F r o m  the surface of moderator 6 a t  a 

averaged over  t ime 

4 ,  averaged over t ime 

time 

maximum pulse a t  a frequency of s /  
sec 

In the straight-through tangential 
channel at a maximum pulse 

Half-width of thermal neutrons, psec  
In moderators 2 ,  4,  and 6 
In exposure channel and in cold 

moderator 
Neutron flux in energy interval 0.46 ev 

to 1 ev f r o m  the surface of moderator 
I, neutrons/cm2/sec 

Flux of neutrons with h = 5 w f rom the 
surface of the cold moderator a t  a 
!eutron maximum pulse,  neutrons/ 
A/cm2/sec 

Flux of f a s t  neutrons with an energy of 
0.4 kev to 10  Alev in the central  ex- 
posure channel averaged over t ime, 
neutrons/cm2/sec 

Table 5 

PARAMETERS OF THE LIU-30 

5.8 X 10l2 

3.5 x 1012 

a x 1013 

10'6 

9 x 1016 

120 

200 

0.4 x l o i 2  

4.2 x 1014 

3 x 1014 

Energy of electrons,  Mev 
Current  during a pulse, amp  
Electron pulse duration, psec 
Repetition rate, sec-I 
Outer diameter of the inductor, m m  
Accelerator length, m 
Power supply of the installation, 

averaged over  t ime, Mw(e) 
Electron-beam power, averaged over  

t ime, Mw 
Number of neutrons pe r  pulse f rom 
a thick unmultiplying uranium target,  
neutrons 

30 
250 
0.5 
50 
260 
160 

1.35 

0.2 

1.2 x 1013 
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Power thyratrons se rve  a s  ion commutators. One modulator feeds 
several  inductors simultaneously. The energy storage line is charged 
by a d -c  source through a choke coil, which provides the so-called 
“resonance condition of operation.” In this case the voltage on the line 
exceeds the voltage in the current source. 

Since the accelerator is long, delivery of accelerating pulses onto 
the inductor is compatible with the passage of electrons through the 
inductors. The focusing and correction of beam-axis deflections from 
the inductor axis a r e  performed by special-current coils and short  
solenoids placed between inductor sections. Separate focusing and 
correcting elements have independent power supplies. Because of the 
large length of the accelerator, the magnetic field of the earth will de- 
flect electron trajectories with regard to the accelerator axis between 
inductor sections. This effect is compensated by the special current 
coils. 

The accelerated electron beam will be controlled by gauges that 
measure the total electron current. i t s  space distribution, and the posi- 
tion of the beam with regard to the accelerator axis. 

The average power of the IBR-2 plus the LIU-30 booster vs. the 
half-width of pulse is given in Fig. 14. 

0 
0 

Fig. 14-The mean IBR-2 Teeactor pozueq- vs. the Imlf-width of the pulse for 
booster opevation; the pulse Id f -wid th  0 %  and the power Ti‘ aye expressed in 
micvoseconds and megawatts, ?>espectively. 

5 10 

PULSE HALF-WIDTH (o!.), p S E C  
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' DISCUSSION 

LARRIMORE: Could you tell us  about the schedule for the IBR-2. 
BLOKHINTSEV: Up to this date I have no formal decision from the 

Scientific Committee of our Institute, but I hope I shall  have a positive 
decision soon. It would take several  years  to  complete this  installation. 

McENHILL: I would like to  know how you produce the very cold 
neutrons traveling with the velocity of 1 to 2 m/sec. Also, what current  
of neutrons at that velocity do you achieve with this sys tem? 

BLOKHINTSEV: We produce ultra-cold neutrons using the total 
reflection of these neutrons from a copper tube. The number of these 
neutrons is 1 neutron/100 sec.  These experiments were performed 
under less than optimum conditions. 
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McENHILL: In the reflecting tube for reflecting these cold neu- 
trons, do you use a specialized tube, say of nickel, for  reflecting the 
very cold neutrons down? 

BLOKHINTS E V: Copper. 
MIHALC ZO: I s  4 Mw the best  power to construct such a system, o r  

is 10 o r  20 Mw better? Have you done optimization studies on the 
power? 

BLOKHINTSEV: You mean why did we choose 4 Mw? I do not like 
to make big jumps; it is better to  proceed step by step. 

LARRIMORE: Have you decided on a fuel for IBR-2? I s  it going to 
be plutonium oxide? 

BLOKHINTSEV: Yes, we chose the fuel elements very s imilar  to 
the elements of the BR-5 reactor  a t  Obninsk. We have had good ex- 
perience with them. 

LARRIMORE: When you a r e  using the IBR-1 in both the pulsed 
reactor and accelerator pulsed reactor mode, are you using i t  roughly 
half and half, o r  mostly in one of these ways o r  the other, o r  does it 
depend on the experimental program? 

BLOKHINTSEV: This depends on the experimental program. In gen- 
eral ,  we used IBR-1 half and half in both modes of the operation. 

MILEY: A s  I understand it, the IBR-30 uses  a moderator block 
to  produce thermal neutrons, i.e., a thermal-neutron pulse. Could you 
describe the moderator block? 

BLOKHINTSEV: We usually used water a s  the moderator-block. 
For ultracold neutrons we used polyethylene. 

MILEY: Polyethylene? What s ize  is i t ?  
BLOKHINTSEV: The s ize  was about 1 mm thick. 
BECKURTS: I have a question concerning the data of IBR-2. If I 

understood you correctly, you will have a burst  half-width of 90 p e c .  
This sounds very large compared to what people have been striving 
for. Is that because you find it very difficult to get a shorter  one, o r  
is it because your experimental people a r e  not interested in shorter  
bur st widths. 

BLOKHINTSEV: Of course it is better to have a shor t e r  durationof 
pulse than 90 psec, but i t  is not so  important for us because we have two 
modes of operation, namely, pulse reactor mode and electron ac- 
celerator injection. 

BECKURTS: I see.  This quoted figure referred to the pulsed reactor 
operation ? 

BLOKHINTSEV: Yes. 
BECKURTS: I see. But then would you have peak powers com- 

BLOKHINTSEV: Those figures were for pulsed reactor operation. 

, 

' 

parable to those figures given in the table that you have just shown? 

Data with the injector a r e  given in the paper. 
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LARRIMORE: For the IBR-30 where a r e  you going to put the elec- 
tron accelerator? As I remember,  in the pictures of the IBR layout 
the microtron was in a little room directly above the IBR. 

BLOKHINTSEV: We use the same  room for the new linear ac- 
celerator which previously housed the microtron. It is, as you indicate, 
located above the pulsed reactor.  
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ABSTRACT 

The repetitively pulsed fast  reac tor  i s  of interest  as  a high-intensity source  
for neutron-beam experiments. The design character is t ics  of a conceptual 
pulsed reac tor  operative at  an average power of 30 Mw a r e  discussed. The 
peak power during a pulse i s  about 4700 Mw, and the pulse width a t  half- 
maximum power i s  90 psec.  The reactivity i s  varied by reflector sections on 
high-speed rotors  ca r r i ed  past  a bare  face of the core.  A two-rotor sys tem is 
prefer red  to provide for variation of the repetition r a t e  between 20 and 60 
pulses/sec.  

The performance of the system described is limited by the ability of the 
fuel to withstand the cyclic thermal and inertial  s t r e s s e s  caused by power 
pulsing. The high-cycle-fatigue strength of a ce rme t  fue l  with a molybdenum 
matr ix  was determined in the unirradiated condition, and these data were used 
as the basis for  the co re  design. Developments and tes ts  on this fuel and on 
other potential pulsed reac tor  fuels, such as U-Nb-Zr te rnary  alloys and a 
U -Th dispersion, a r e  outlined. A s e r i e s  of cr i t ical  experiments and beam- 
source  optimization studies performed in support of the design effort i s  de- 

INTRODUCTION 

The repetitively pulsed fast  reactor  is under study at Brookhaven Na- 
tional Laboratory a s  a high-intensity neutron-beam source for  r e -  
search. Two alternate concepts a r e  being investigated: a pulsed re- 
actor in which the reactivity is modulated by mechanical means and 
an accelerator pulsed reactor  in which neutrons a r e  injected into the 
system f rom the target of an electron'accelerator coincidentally with 
mechanical modulation of the reactivity. Preliminary studies of these 
concepts' indicated that the performance of the pulsed reactor ,  in 
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t e r m s  of burst  magnitude and pulse width, is limited by the ability-of 
the fuel to withstand the cyclic khermal and inertial s t r e s s e s  produced 
by power pulsing and by the rate  of reactivity variation of the reactivity 
pulsation device. The performance of the accelerator pulsed reactor,  
however, is limited primarily by the output of, the electron accelerator 
that is used to  generate the injected neutrons; the fuel stresses and the 
reactivity pulsation device requirements a r e  not so severe a s  in the 
pulsed reactor. 

The studies that have been performed have concentrated on the 
reference design of a pulsed reactor in which performance is limited 
by the repetitive s t r e s s e s  developed in the fuel and on supporting fuel- 
development work, cri t ical  experiments, and beam-source studies. 
Discussions of these four major a reas  of work comprise the main 
sections of this paper. 

The goal of the reference design for the pulsed reactor  is to de- 
velop a realist ic maximum performance system that will provide the 
basis for evaluating the experimental utility of the concept. The cur-  
rent state of the reference design is describedin detail in the next sec-  
tion. When this design has been evaluated, the system will be optimized 
to  improve its performance, i f  possible. 

In the absence of experience with fuels operating at  high power 
levels in a repetitively pulsed reactor,  it is essential to select  a fuel 
for the reference design which is amenable to theoretical calculation 
of its response to power pulsing and is sufficiently developed s o  that 
its mechanical properties a r e  known and can be used as the basis for 
the design. A Pu02-Mo cermet  was selected a s  the current reference 
fuel because it best satisfies the above requirements and it promises 
to  have a high burnup potential. Tests  performed on the cermet  fuel 
and on other candidate fuels a r e  described under Fuel Test  and De- 
velopment. 

Studies of the accelerator pulsed reactor have not progressed as 
far a s  those of the pulsed reactor.  The accelerator pulsed concept 
requires a fuel with a higher fissile-material  loading because its core 
tends to be more compact. Test  work is planned on such a fuel, U- 
10 wt.% Mo. On the basis of currently available data, the design pa- 
r ame te r s  outlined in the preliminary studies' of the accelerator sys-  
tem sti l l  appear feasible. 

A fast reactor cri t ical  assembly, the Crit ical  Experiment Pulsed 
Fast Reactor, designated CEPFR- 1, was designed, constructed, and 
operated to provide design data for the pulsed reactor reference de- 
sign and to provide a means of testing the reliability of the predictions 
of reactor  performance. The CEPFR-1 facility and the results ob- 
tained thus far with thefacility are described under the section Critical 
Experiments. 

. .  
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Beam-source experiments have been performed to study the 
characterist ics of hydrogenous moderating blocks in pulsed reactors.  
The purpose of this work is to provide a basis for the design of the 
moderating blocks to produce the maximum yield of thermal neutrons 
with a pulse width commensurate with the burst  width of the reactor.  
The resul ts  of these experiments a r e  described under Beam-Source 
Studies. 

PULSED REACTOR REFERENCE DESIGN 

Design Description 

The current veysion of the reference pulsed reactor co re  is 
60 l i ters  in volume, is cooled with sodium, and is fueled with a 60 
vol.% PuOz-Mo cermet. The reactor  operates a t  an average power 
of 30 Mw. and the design repetition rate  is 60 pulses/sec. At this 
repetition rate.  the fuel will be exposed to about l o 9  power pulses in 
200 full-power days of operation. The fuel burnup after 200 days will 
be about 2 at.%. Since there  a r e  many iner t ia l -s t ress  cycles in the 
fuel during each power pulse, the expected cycl ic-s t ress  exposure is 
at  least  lo1' cycles. which is well into the high cycle fatigue range. 
The performance of the reactor  is limited by the high cycle fatigue 
properties of the cermet  fuel, and the current reference design core 
is based upon the resul ts  of fatigue t e s t s  of unirradiated specimens of 
the cermet  fuel, with U 0 2  substituted for  Pu02. 

Reactivity is varied by means of two rotors  carrying sections of 
reflector past  a bare  face of the core. The reflector-block material  
is a titanium alloy, Ti-5 wt.% A1-5 wt.% Zn-5 wt.% Z r ,  and the rotor  
hub may be either of the same  material  o r  of a higher strength mate- 
rial ,  such a s  maraging steel. Even i f  s imilar  materials a r e  used for  
the reflector block and hub, a mechanical joint between the two is 
required to facilitate periodic replacement of the block. The favored 
rotor  arrangement is one in which the core does not fall in the plane 
of rotation of the rotor.  Such an arrangement dictates a horizontal 
shaft for each rotor, with shafts offset horizontally f r o m  the co re  
region. A sketch of the co re  region and the pulsation devices is shown 
in Fig. 1. The reflector pulse block that provides most of the reac-  
tivity variation is carr ied on a high-speed rotor  of 36-in. radius 
spinning a t  3600 rpm. The tip speed is 1130 ft/sec, which represents  
a conservative design for these materials.  The high-speed rotor de- 
termines the pulse characterist ic,  and the speed of the second rotor  
can be varied to control the repetition rate  such that a pulse is pro- 
duced only when the pulse blocks of both rotors  pass  the core simul- 
taneously. The two-rotor reactivity pulsation system allows variation 

@ 
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of the repetition r a t e  between 20 and 60 pulses/sec; but, to stay within 
the fuel cyclic-stress limitations, the average reactor  power must be 
reduced a s  the repetition rate is lowered to hold the burst  magnitude 
at  an approximately constant level. 

! I 
CORE I Na 
L -=05 COOLANT 

CORE VESSEL 

Fig. 1 -Pulsed reactor core and pulse-block arrangement, with horizontal 
shafts. 

The rotor  housing is partially evacuated to  reduce the aerodynamic 
drag. The energy generated in the rotor  tip a s  a resul t  of gamma and 
neutron heating is radiated to the rotor housing, which is cooled by 
nitrogen gas. Preliminary calculations indicate that the steady-state 
reflector-block temperature will be about 800" F. 

The core has an equivalent height-to-diameter ratio of about 0.5. 
The short  core is advantageous in this geometry in that the reflector 
pulse block and the coolant both pass  the core  in the short  direction. 
Thus the reactivity curve is sharpened at  the peak, and the bulk-cool- 
ant temperature rise is minimized. A disadvantage may be a reduction 
in the thermal flux in the beam-source moderating regions around the 
periphery of the core. A s  an alternate, a c o r e  with a height-to-diameter 
ratio close to 1 and with a different rotor  arrangement (Fig. 2)  is 
being considered. However, this paper will be limited to the flattened 
core of Fig. 1. 

The characterist ics of the current reference design pulsed reac-  
tor have been estimated, and they are given in Table 1. 
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The reactor-shield zone and primary-system layout a r e  shown 
in plan view in Fig. 3 and in elevation in Fig. 4. The sodium-cooled 
core is contained in a core  vessel  with the beam-source moderator 
blocks and radial reflector outside the core vessel  in a nitrogen- 

CORE 
L - =  1 
D 

,-CORE VESSEL 

No I.' 
COOLANT 

cooled zone. The core vessel  extends to an overhead pot containing 
the primary- coolant circulating pumps and heat exchangers. The 
primary-system components a r e  either flanged o r  plugged into the 
system, and the connections a r e  located within the sodium pot. This 
concept facilitates access  to and replacement of primary-system com- 
ponents. Provision is also made for periodic replacement of the co re  
vessel  since it will be subjected to irradiation damage owing to i t s  
proximity to the core.  The location of the intermediate heat exchanger 
above co re  level provides for natural-circulation cooling of the core 
in the event the circulation pumps a r e  inoperative. 

Fuel handling will be performed in a cell  located above the co re  
vessel. Access to the control rods, moderator blocks, and reflector 
sections, and facilities for  replacement of the core  vessel  are pro- 
vided in this ce!l. A separate  cell on the same  level is provided over 
the pot for  the maintenance and replacement of primary-system 
components. 

The pulsation device will be maintained in a cell on the same level 
a s  the experimental area.  A shield plug is set  close to the rotor  hous- 
ings with sealing s t r ip s  around the periphery to form a minimum- 
volume cavity for the co re  region and pulsation device. This cavity, 
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Table I 

SUMMARY OF PULSED REACTOR REFERENCE-DESIGN CONDITIONS 

General Characterist ics 

Fuel material  
Coolant 
Core volume, l i t e rs  
Design repetition ra te ,  sec-' 
Range of variability of repetition ra te ,  

Average power, Mw 
Peak power, Mw 
Pulse  width at half-power, s e c  
Prompt reactivity between pulses, $ 
Prompt-neutron lifetime, sec 
Parabolic reactivity coefficient a ,  

s e c-1 

m-2 

Thermal and Hydraulic Characterist ics 

Coolant flow, gal/min 
Core inlet t empera ture ,  "F 
Bulk coolant At, "F 
Average co re  power density, Mw/liter 
Peak core  power density, Mw/liter 
Maximum tempera ture  r i s e  in fuel during 

Maximum fuel  cen ter  line tempera ture ,  "F 

Mechanical Characterist ics 

Fuel element,  outside diameter,  in. 
Cladding thickness, in. 
Pin spacing, pitch-to-diameter ra t io  
P r i m a r y  ro to r  diameter,  in. 
P r i m a r y  ro to r  speed, rpm 
P r i m a r y  ro to r  t ip speed, f t /sec 
Secondary ro tor  diameter,  in. 
Secondary ro tor  speed, r p m  

pulse, "F 

60 vol.% PuOz-Mo ce rme t  
Na . 
60 
60 

20 to 60 
30 
4700 
90 x 10-6 

5 x 10-8 
- 15 

2 

6200 
400 
121 
0.5 
1.05 

22.5 
65 0 

0.155 
0.015 
1.10 
70 
3600 
1100 
40 
1200 to 3600 

lined with energy-absorbing material  to absorb the blast energy associ-  
ated with an accident, provides leak containment. A seal is provided 
where the core vessel penetrates the floor of the core-region cavity 
so that, in the event of a vessel rupture above that point, the cavity 
would not drain but would flood to keep the core covered with coolant. 
This seal  must be decoupled when the core vessel  is replaced. All 
the piping below the level of the core cavity has secondary leak con- 
tainment, including the flanged joint at the lower end of the core 
vessel, which must be disconnected to permit removal of the core  
vessel. Access to this joint is provided in a cell located beneath the 
reactor  cavity. 
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Fig. 4-Elevation of pulsed reactor 
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820 

Electrical  t race heating will be provided on all  piping, and nitro- 
gen-gas heating will be used in the core  region and primary-system 
pot. 

- - 
59 106 

Thermal Analysis 

The thermal character is t ics  of the reference core have been 
analyzed using a three-dimensional heat-transfer code, LION, that 
was obtained from the Knolls Atomic Power Laboratory and adapted 
for use on the CDC-6600 computer at Brookhaven. A specimen of the 
thermal  analysis performed for a local power density of 1.9 Mw/liter is 
shown in Figs. 5 and 6. For this specimen case the pulse was assumed 
to have a half-width of 60 psec, and the repetition rate was 22 pulses/ 
sec. The fuel element in this case was a 0.125-in.-diameter pin of 
ce rme t  fuel with a 0.01 5-in. -thick cladding of molybdenum metallurgi- 
cally bonded to it. Figure 5 is a graph of the temperature of each nodal 
point a t  the axial peak of the core  hot pin. Nodes 51 through 57 cover 
the fuel from center line to surface; nodes 58, 59, and 60 a r e  in the 
cladding; node 106 is on the cladding surface; and node 117 is in the 
coolant stream. In this case, the fuel temperature increased at  a ra te  
of about 2 x 1OG0F/sec for about 70 ysec after the s t a r t  of the pulse, 
although the cladding remained unaffected for this  period. The rapid 
chilling of the outer portion of the cermet,  node 57, a s  a result  of heat 

TIME, pSEC 

Fig. 5-Teiiipei-atcci-e histuiy of )iodes at the a v i d  peak uy the hot pii i diwiiig aizd 
fo1loic;itig a p o i w v  pitlse.  
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loss  to the high-thermal-conductivity cladding, is illustrated by the de- 
c rease  in temperature indicated after about 180 psec. This chilling 
caused a steep temperature gradient at the fuel- cladding interface and 
led to  a significant alternating thermal s t r e s s  applied on top of the 
average thermal s t r e s s  that existed due to the steady-state temperature 
gradient in the pin. Figure 6 shows the actual temperature profile in the 
pin as a function of t ime and indicates the steep temperature gradient 
in the vicinity of the fuel-cladding interface after 216 psec. The maxi- 
mum gradient actually occurs at 192 psec; the stresses were calculated 
at that time. After 45 msec all temperatures have returned to their  
initial values, indicating that equilibrium pulsing conditions have been 
obtained. 
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Stress Analysis 

Pulsed operation leads to two sources of cyclic s t r e s s .  The first 
is a cyclic thermal s t r e s s  resulting from the chilling of the fuel surface 
after a power pulse. This chilling occurs before the fuel center line 
temperature has been reduced and thus increases  the temperature 
gradient from center line to surface.  The result  is an alternating 
thermal s t r e s s  applied in addition to the mean thermal stress due to 
the steady-state gradient associated with the average reactor power. 
There is one s t r e s s  cycle of this type per power pulse. 

The second cyclic-stress component is the inertial s t r e s s  that 
resul ts  from the extremely rapid heating rate  during a pulse and from 
the inability of the fuel to physically expand in equilibrium with the 
temperature.  This s t r e s s  induces longitudinal and radial  vibrations 
of the fuel pin and produces many s t r e s s  cycles per  individual power 
pulse. The rate  of amplitude decay, hence the number of s t r e s s  cycles 
per  power pulse, depends on the internal and external damping. 

Fo r  an analysis of the cyclic thermal  s t r e s s ,  the transient tem- 
perature  data are used as input to the code TEAR. This  code pro- 
vides an analytical solution to generalized plane thermal-s t ress  prob- 
l ems  involving layered materials. Figure 7 shows the radial  (ur), 
circumferential (ue), and axial (a,) s t r e s s e s  corresponding to the tem- 

@ 
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perature pattern at  the t ime of the peak temperature gradient a t  the 
fuel -cladding interface for the specimen thermal case shown in Figs. 5 
and 6. The cladding is in tension in the circumferential and longitudinal 
directions, and it maintains a compressive thermal s t r e s s  in most of 
the fuel. The s t r e s s  in the fuel near  the interface, however, is tensile. 

It is apparent from the specimen case resul ts  that the use of a 
cladding with a lower thermal conductivity, such a s  Inconel, might 
offer some advantage in reducing the chilling effect at the fuel surface. 
The same  advantage could be obtained by using an insulating ba r r i e r ,  
but the axial res t ra int  of the fuel by the cladding would be poor. Analy- 
sis of a Pu0,-Mo cermet  fuel clad with Inconel indicates that the 
fuel-surface tensile s t r e s s e s  a r e  reduced by a factor of about 2. Most 
of this  reduction is due to the decreased surface-chilling effect, with 
the balance due to a better match of the Young’s modulus-thermal 
expansion coefficient product of the fuel and cladding. 

The determination of the inertial s t r e s s e s  in a clad fuel element 
is more  difficult. The one-dimensional ca se  of thin unclad rods sub- 
jected to a ramp temperature input has been solved by Burgreen.’ 
A s e r i e s  of computer codes are under development at Brookhaven to 
handle the more general stress problem in a pulsed reactor  and to 
analyze both the thermal and inertial s t r e s s e s  simultaneously. These 
shock codes use a finite-difference method for solving equations of 
motion of an elastic body subjected t o  rapid heating. Features of these 
codes that have not been included in previous work in this field are:  

1. Extension to three-dimensional problems. 
2. Inclusion of the inertial  term. 
3. The capability of analyzing layered (clad) materials. 
4. The capability of handling arbi t rary temperature input functions. 

The f i rs t  code of the ser ies ,  for homogeneous axisymmetric 
bodies, has  been checked out satisfactorily against Burgreen’s one- 
dimensional model for  inertial  s t r e s ses  and displacements in a long 
thin unclad rod. The resul ts  also compare satisfactorily with the 
Pochhammer solution for longitudinal vibrations in an infinite cylinder. 
Another t r ia l  run was made for the s t r e s s e s  in a rapidly heated thick 
cylinder with a length-to-diameter ratio of 1.4. There is no analytical 
solution to this problem; however, the same  problem was solved using 
an adaptation of a code developed by the Sandia Corporation, and there  
was excellent agreement between the two methods of solution. Thus 
the agreement obtained in these restricted cases  between the Brook- 
haven code and other methods of solution indicates that the code is 
working satisfactorily. The other codes in the series applicable to 
layered axisymmetric bodies and finally to heterogeneous nonsym- 
metric bodies are now being completed, 

I -  

@ 
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Accurate values for the inertial s t r e s s  will not be available until 
the layered-body shock code is operating. Fo r  the present we must 
depend upon simple approximations. A one-dimensional model indi- 
cates  that the inertial s t r e s s  will fall between y4 Ea, AT and "/z Ea, AT, 
depending upon the length of the fuel element, where E is the modulus 
of elasticity, a, is the coefficient of expansion, and AT is the tempera- 
ture  increase in the fuel during a pulse. 

If the alternating inertial s t r e s s  is assumed to  equal &EN AT, 
the following conditions a r e  obtained for the specimen case of Figs. 5 
and 6: 

Mean thermal s t r e s s ,  psi: 5500 
Alternating thermal s t r e s s ,  psi: &2800 
Alternating inertial s t r e s s ,  psi: rt6400 

The frequency of the alternating inertial s t r e s s  is in the range of 
10 to 20 kc/sec. corresponding to the longitudinal resonant frequency 
of the fuel pin. The inertial s t r e s s  is superimposed on a thermal 
s t r e s s  that var ies  in the specimen case from 2700 psi  just pr ior  to a 
pulse to 8300 psi shortly after a pulse, and then decreases  again to 
2700 psi. The alternating inertial s t r e s s  decays in amplitude after a 
pulse at a ra te  (as yet undetermined) governed by the damping char- 
acter is t ics  of the fuel assembly. The specimen case thus gives an 
alternating s t r e s s  of 1-6400 psi with a peak mean s t r e s s  of 8300 psi. 

It should be noted that the current reference design core operates 
at much milder conditions than those of the specimen case.  The cur- 
rent  reference design core,  with a peak power density of 1.05 Mw/liter 
and a repetition rate of 60 pulses/sec, has the following stress condi- 
tions at the axial peak of the hot fuel pin: 

Mean thermal s t r e s s ,  psi: 3050 
Alternating thermal s t r e s s ,  psi: +580 
Alternating inertial  s t r e s s ,  psi: &1310 

The high-frequency alternating s t r e s s  here  is *1310 psi  with a peak 
mean s t r e s s  of 3630 psi. These conditions were chosen to be within 
the current  allowable stresses for the cermet  fuel of *1500 psi a l ter-  
nating, 4500 psi  mean for a 10" cycle life. 

In several  areas of the stress analysis, these assumptions, which 
require further study, were made: 

1. The number of iner t ia l -s t ress  cycles that the fuel will be ex-' 
posed to per pulse is unknown since the damping has  not been deter-  
mined. The current design assumption is that the decaying inertial-  
stress wave train will be equivalent to 10 full-amplitude iner t ia l -s t ress  
cycles per  power pulse, applied at the peak thermal s t r e s s .  This de- 
sign assumption is subject to revision a s  a result  of detailed analyses 
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to be done with the layered-body shock code modified to include damp- 
ing effects. 

2. The effects of irradiation and burnup on the ultimate strength 
and fatigue properties a r e  unknown. A program i s  planned to provide 
these data. 

3.  In this analysis the pulse energy has been assumed to be gen- 
erated uniformly in the cermet,  whereas, in fact, it is generated in the 
oxide particles alone. Analyses a r e  to be performed of the micro- 
s t r e s ses  induced by the rapid heating of 150-p cermet  particles within 
metal matrices.  Ultimately, reliance must be placed on proof tes ts  
where a fuel pin can be subjected to fission heating to produce this 
effect and to evaluate its influence og fuel failure. 

4. The reference fuel is a PuOz-Mo cermet;  the material  that 
has been tested thus far is a UOZ-Mo cermet. The effect of the sub- 
stitution of plutonium for uranium in the cermet  is not expected to be 
serious but must be considered. 

Physics Analysis 

Survey calculations were performed of the cri t ical  volume and 
neutron lifetime of some candidates for pulsed reactor fuel mate- 
rials.  The resul ts  a r e  tabulated in Table 2. The calculations were 

Table 2 

SURVEY CALCULATIONS FOR REFERENCE DESIGN 

Fuel 
Critical volume, Neutron lifetime, 

liters nsec 

40 vol.% PuOz-Mo cermet  94 61 
60 vol.% PuOz-Mo c e r m e t  38 41 
60 vol.% 235U-Mo cermet  135 70 

30 vel.% 235U-Th dispersion 175 83 
50 vol.% 235U-Th-dispersion 50 56 

2 3 5 ~ ~ 2  ce ramic  37 

Note: 1. Coolant volume fraction, 26% (sodium). 
2. Cladding and s t ruc ture  volume fraction, 30%. 
3 .  Core lined with 2 c m  of Bloc between core  and reflector. 
4. Core  reflected with 28 cm of s ta inless  steel (75%) and 

sodium (25%). 

done for cores  lined with a 2-cm-thick absorbing layer made up of 
Bi'C and tantalum. The effect of this liner, in general, is to reduce 
the neutron lifetime by a factor of 2 and to increase the core  volume 
by a factor of 1.5, in comparison with an unlined core with the same 
composition. The survey calculations of cri t ical  volume were done in 



BROOKHAVEN PULSED FAST RESEARCH REACTOR 211 

cylindrical geometries (height-to-diameter ratio = 1) by the S4 method. 
The volumes were checked, and the lifetimes were calculated in 
spherical  geometry with AIM-6; the agreement between the cri t ical  
volumes calculated by the two techniques was excellent. In both cases  
the Hansen and Roach group constants were used. 

After the 60 vol.% Pu0,-Mo cermet was selectedfor the reference 
design and the reference core geometry and compositions were estab- 
lished, detailed calculations of the cri t ical  volume, neutron lifetime, 
and parabolic reactivity coefficient CY were performed with the Monte 
Carlo code 05R ALFA. The geometry and materials of the various 
core  regions used in those calculations a r e  indicated in Fig. 8. The 

RADIAL REFLECTOR (STAINLESS STEEL AND 
VOID. 30 CM THICK)  

POISON LINER 
ATlNG REGION 
2 CM THICK1 /-(e;' C AND To. 2CM 

CORE REGION 
(AREA:  2 0 5 0  C 

THICK) 

AXIAL REFLECTOR 
( 7 5 %  STAINLESS STEEL, 

(1.27 CM THICK, W l  

C O R E ( 2 5 %  N a . 2 7 X  P u O 2 .  
45 % STPINLESS STEEL AND Mo) 

Fig. 8-Core geometry and conzposLtio)z f o r  refereuce-desLgn physics analysis. 

accuracy of this code was tested by applying the code to calculations 
of the CEPFR-1 core parameters,  and the agreement between calcu- 
lated values and experimentally determined values of all parameters,  
with the exception of the neutron lifetime, was very good. In the neu- 
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tron lifetime large discrepancies existed between calculated and mea- 
sured values for co res  with no poison l iners.  However, for  co res  with 
a poison l iner on all surfaces  except the pulse block face, the agree-  
ment was good. Therefore the calculational techniques applied to the 
reference core, which is lined with poison material, a r e  concluded 
to be valid. 

The reactivity change associated with a moving reflector block was 
calculated for  rectangular c o r e s  similar t o  the CEPFR- 1B crit ical  
assembly. The calculations were done using the SN method (N = 4, 6, 
8, and 8T) in x-y geometry for  co res  with various arrangements of 
poison l iners  and cavities. The Sm uses a new weighting function that 
was constructed to  accurately describe the anisotropic flux with a 
small  number of angular segments. The values for  A k corresponding 
to  movement of the reflector block f rom a position centered on the 
bare co re  face to a position displaced by 1.27 c m  from the center a r e  
summarized in Fig. 9 for  various arrangements of poison liners. From 
this analysis it was concluded that an absorbing l iner on a portion of 

MOVING ,'..",% GM 
REFLECTOR REFLECTOR 

C O R E  

A k = 0.000523 

( a )  
A k  = 0.00137 

( b )  

b k = 0.000092 

Fig.  9-Promising methods of increasing the Ak corresponding to small nzoue- 
ments of the pulse block. The values of Ak aye those calculated for a 1.27-criz 
displacement of the pulse block from the indicated position. 
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the bare  core  face increases  the reactivity change associated with 
movement of the reflector block. The effect of the absorbing l iner 
between the core and the stationary reflector on the Ak is small, 
although poison material  in this location is quite effective in reducing 
the neutron lifetime. Cores  with cavities, a s  shown in Fig, 9, were 
also studied; however, the convergence of the calculated reactivit ies 
was not satisfactory, and no conclusions could be reached concerning 
the effectiveness of core  cavities in  enhancing the reactivity change. 

FUEL TEST A N D  DEVELOPMENT 

Selection of Candidate Fuel Materials 

Battelle Memorial Institute (BMI) made a detailed survey of fuel 
materials for  application to the pulsed reactor  and the accelerator  
pulsed reactor.  All available data on alloy, cermet,  and dispersion 
fuels that met the initial screening cr i ter ia  were ~ o m p i l e d . ~  The initial 
screening cr i ter ia  required that the fuel must: 

1. Contain a minimum of 3.5 g/cm3 of fissile material. 
2. Be capable of about 2 at.% burnup. 
3. Contain minimum amounts of elements with low atomic num- 

4. Be capable of being clad for operation in liquid-sodium coolant. 
5. Be suitable for  operation at surface temperatures between 

The fuels that satisfied these criteria are listed in Table 3. The 
fuels that were selected for  the pulsed reactor  and the accelerator  
pulsed reactor  a r e  indicated in the appropriate column of the table. 
The selection of fuels for  the two concepts is based on the resul ts  of 
preliminary studies which indicated that the fuel with a high fissile 
content was needed for  the accelerator-injected concept and more 
dilute fuels could reasonably be used for the pulsed reactor.  In some 
cases  the co re  volume using a dilute 235U-bearing fuel is quite large, 
and the material  is of more interest  i f  it contains the isotope 233U. 
These cases  a r e  indicated by the asterisk.  

A three-phase fuel tes t  and development program was envisaged 
to determine the capability of the candidate fuels. The outline of the 
program is: 

Phase I: Development of fabrication techniques and determina- 
tion of mechanical properties,  including fatigue behavior, of the mate- 
rials in the unirradiated condition. 

Phase 11: Steady-state irradiation of mater ia ls  and postirradia- 
tion testing to determine the effect of irradiation. 

be r s  to provide for  a minimum neutron lifetime. 

200°C and 400°C and at  power densities of 2 to 4 Mw/liter. 

@ 
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Table 3 

SUMMARY OF FUEL SURVEY 

Application Uranium o r  
plutonium Accelerator 
loading, Pulsed pulsed 

Fuel gIcm3 r e a c t o r  reac tor  Comments 

Alloys 
U-40 wt.% A1 3.5 Too dilute 
U-10 wt.% Mo 15 X 
U-10 wt.% N b  15 Inferior to 

U-40 wt.% Zr  6 X* 
U-20 wt.% Nb-27 5.7 X* 

UOZ 9.2 X 
uc X 
PUOZ 9.6 X 
PUC X 

G O  V O ~ . %  PuOz-Mo 5.8 X 
60 V O ~ . %  UOZ-Mo 5.5 X* 

u--10 wt.% 
Mo 

wt.70 Z r  
Ceramics  

Cermets  and dispersions 

G O  vol.% P u  o r  U0,- Stainless s tee l  

fe r ior  to Mo 
s ta inless  s teel  mat r ix  in- 

Liquid 
PuOz (or  UOz)-Na paste  ' X  
P u -  Fe -Ce X 

*Of interest  pr imari ly  with 233U isotope. 

Phase 111: Proof t e s t s  that simulate, as closely as possible, op- 
eration in a high-performance pulsed reactor.  No single tes t  can pro- 
duce all  the effects of reactor operation; so a s e r i e s  of tes ts  will be 
required, each of which will simulate one or more of the cr i t ical  
aspects of pulsed reactor exposure. 

The materials indicated in Table 3 cover a wide range with regard 
to their  s ta tes  of development. Also, the properties determined for 
some of these materials in the unirradiated condition will be meaning- 
less.  The ceramic and liquid fuels a r e  examples. The U - Z r  alloy 
falls into this category because it is not a gamma-phase stable mate- 
rial and because the effect of irradiation on the properties of this 
material  i s  expected to be significant, The U-10  wt.% Mo alloy also 
fi ts  into this category; however, in the interest  of obtaining some 
data on which to base a reference design of the accelerator pulsed re-  
actor, Phase I testing of this alloy is planned. 
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Development work has  been done on a UOz-Mo cermet,  the U- 
Nb-Zr ternary alloy, and the U-Th dispersion. Of these, the cermet  
material  is in the most advanced state of development, and specimens 
of this material  have been subjected to high-cycle-fatigue tests.  The 
results of the work thus f a r  a r e  described in the following sections for  
each of these three fuel systems. Because the high cycle fatigue prop- 
er t ies  of the UOZ-Mo cermet  have been determined to a sufficient 
degree to  provide a bas i s  for  reactor design and because the effect 
of irradiation is not expected to  be a s  severe in the cermet  as in the 
other fuels, the cermet  was selected for  the pulsed reactor reference 
de sign. 

Development of U-Nb-Zr Ternary Alloys 

Interest  in this  ternary-alloy system is based on constitution 
work done by Russian investigators5 which shows that there is a stable 
gamma- uranium-phase field extending from the niobium corner  to  
uranium contents as high as 58 wt.%. Existence of the stable gamma 
phase promises good resistance to the effects of irradiation and cyclic 
s t ress ing for this alloy. No  data were available for these alloys, and 
no fabrication experience was reported. 

Several specific alloys of the ternary system were fabricated by 
BMI. Polished sections of the f i rs t  castings indicated the presence of 
center line "pipe" that was very fine and could not be detected in 
radiographs or in unpolished sections of the castings. Subsequent 
castings were performed using an Al2O3 collar in the top section of the 
mold in an attempt to slow down the rate  of heat loss  f rom the melt 
and thus provide for better feeding of molten metal into the solidifying 
region. 

A casting of U-  31 wt.% Nb- 12 wt.% Z r  was heated in vacuum for 
4 h r  at 1000°C and for  2 days at 1250°C. Metallographic examination 
indicated that homogenization was obtained and that the alloy was in- 
deed single phase. However, a large grain s ize  was exhibited, and a 
l e s s  severe homogenization treatment was attempted. Homogenization 
at 1250°C for 12 h r  in vacuum proved to  be adequate to obtain a 
homogeneous fine-grained single-phase material. Fabrication of this 
material  by hot rolling a t  1000°C and a t  1250°C resulted in cracking. 
Similar unsuccessful r e su l t s  were obtained for castings with the 
composition U-62 wt.% Nb-7 wt.% Zr. In addition, contrary to pre- 
dictions based on the available phase diagram, a small  amount of a 
second phase was distributed uniformly throughout the grain bound- 
a r i e s  of this alloy. The second-phase contamination may have been 
the result  of a deviation from the desired composition, an impurity 
phase, o r  a phase stabilized by minor impurities. 

\ 
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A third ternary composition, U-20 wt.% Nb-27 wt.% Z r ,  was 
selected in an attempt to produce a fabricable material  and to gain the 
advantage of a wrought s t ructure  not obtainable in the other two U-  
Nb- Z r  alloys. Two castings of this alloy were prepared by a r c  melt- 
ing and were cast  into graphite molds. The resulting structure was 
single phase and homogeneous after 1 2  h r  a t  1250°C in vacuum. How- 
ever, large grain s i zes  were obtained. Before improving the grain 
size, fabrication by hot rolling at  1315°C was attempted. Both castings 
were successfully rolled to a diameter slightly over 0.25 in. The alloy 
oxidized heavily, and, i f  the temperature of the specimen was allowed 
to drop much below 1315"C, i t  became very difficult to work. Seven 
additional a r c  castings were made in tapered molds and were homog- 
enized for 4 h r  at 1250°C. For fabricating the castings, right-circular 
cylinders were f i rs t  machined from the castings. Two cylinders were 
coated with MgO by exposure to burning magnesium ribbon and were 
placed in molybdenum cans. The canned specimens were hot rolled 
at 1315°C. Two passes  were made through the rolling mill, and di- 
ameter  reductions of 12.3 and 15.2% were achieved. 

Tensile tes ts  were performed on specimens of the three ternary 
compositions that were studied, and the resul ts  of these t e s t s  a r e  
presented in Table 4. 

Table 4 

TENSILE PROPERTIES OF U-Nb-Zr TERNARY ALLOYS AT 800°F 

Ultimate 0.2% offset A rea 
Modulus, strength, yield strength, reduction, 

Alloy l o 6  ps i  psi  ps i  70 

U-27 wt.% Z r - 2 0  wt.% Nb 12.5 91,200 75,700 32.5 
U-31 wt.% h'b-12 \vt.'% Z r *  12.0 36,000 0 
U-62 \&.%I Nb-7 wt.%t Z r *  17.0 36,000 0 

*As -cast. 

Development of U-Th Dispersions 

Uranium -thorium dispersions a r e  of interest  because of the higher 
fissile-atom concentrations that a r e  obtainable in comparison with a 
ce rme t  containing the same volumetric fraction of UOz. The uranium 
is present in the dispersion in the alpha phase. However, if i t  is con- 
tained in small  microspheres by a continuous thorium matrix, the ir- 
radiation behavior may be satisfactory. Development of this material  
was pursued at  BMI to develop fabrication techniques and to  determine 
the l imit  on uranium content. 

The first attempts to produce a Th-30 vol.% U dispersion were 
made a t  lOOO"C, as appeared to be necessary from the l i terature on 
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powdered thorium. Subsequent attempts a t  temperatures as low as 
800°C resulted in essentially fully dense specimens. The effects of 
sintering pressure and temperature were investigated for a Th- 
40 vel.% U dispersion. The pressure ranged from 5000 to 17,000 psi, 
and the temperature ranged from 750 to 1000°C. For temperatures  
above 750" C the microspheres showed excessive deformation. At 
750" C the highest p re s su res  produced negligible deformation. The 
density of the specimen was influenced more by pressure than by tem- 
perature;  so densities greater  than 90% of theoretical could be achieved 
even at  750°C by using p res su res  of 15,000 to 17,000 psi. An attempt 
was made to fabricate tensile specimens by blending and cold pressing 
the 40 vel.% dispersion into pellets '/2 in. in diameter by Yz in. long. 
Eight pellets were loaded into each of five tantalum tubes, which were 

@ then evacuated and sealed by electron-beam welding. The five speci- 
mens were hot isostatically pressed at  750°C and 17,500 psi  for  3 hr. 
All these specimens broke during machining along one of the bond 
lines between specimens. 

Development and Test of Cermet Fuels 

Two matrix materials were considered for  cermet fuels; stainless 
steel  and molybdenum. The stainless steel  matrix was of interest  be- 
cause i t  was the more highly developed of the two. However, the low 
thermal  conductivity and high coefficient of expansion of the stainless 
steel  cermet  were disadvantages in comparison with the molybdenum 
cermet.  On the basis of these properties, the molybdenum ce rme t  was 
selected over the stainless s teel  cermet. It has been assumed that the 
nature of the ceramic material  used in the cermet,  i.e., UOz, UC, PuOz, 
or  PuC, has little effect on the mechanical properties of unirradiated 
specimens. 

General Electric Co., Nuclear Materials and Propulsion Opera- 
tion (GE-NMPO), fabricated U02-Mo ce rme t  specimens of 40, 60, 
and 80 vol.o/o UOz and measured the tensile strength, thermal expansion, 
thermal conductivity, and sonic velocity of specimens of these mate- 
rials.  The resul ts  of this  work are described in Ref. 6, and the me- 
chanical test  data a r e  summarized in Table 5. The specimens were 
machined from cylindrical slugs of depleted UOz dispersed in a 
molybdenum matrix and in some cases  were clad with pure molyb- 
denum. The ceramic particle s i zes  used in the various specimens were 
40, 150, and 400 p. 

Additional specimens were fabricated for  fatigue testing. Fatigue 
t e s t s  were performed on the 60 vel,% UO2-Mo cermet with a 150-11 
ceramic particle size a t  two frequencies, 186 and 14,000 cycles/sec. 
The low-frequency t e s t s  were conducted by BMI using a machine 
owned by Brookhaven National Laboratory. The inert-gas system used 

@ 



Table 5 

TENSILE-TEST RESULTS FOR Mo-UO, CERMET SPECIMENS I N  HELIUM 
3: 
H z 
U 

Room- Static Yield s t r e s s ,*  Ultimate Fuel Fuel tempera ture  Test modulus a t  10-3 psi 
Specimen loading, particle s ta t ic  modulus, temperature,  t empera ture ,  s t r e s s , t  Elongation,t 

No. vel.'% s ize ,  1-1 ps i  "F I O +  psi 0.02% 0.2% 10-3 psi % 
M 

C-1-a1 80 150 14.2 800 3.6 4.6 0.1 c3 
C-l-aZ 80 150 800 4.4 4.6 0.3 
C-l-a3 80 150 800 9.8 3.9 4.4 0.2 

A-1-a4 60 150 12.1 1500 6.6 7.2 1.1 
A-1-a5 60 150 1500 6.9 0.6 
A-1-a6 60 150 1500 19.7 12.9 0.1 

A-1-a1 60 150 17.4 800 14.17 8.3 10.3 0.6 
A-1-a2 60 150 800 10.6 12.6 0.3$ 
A-1-a3 60 150 6.5 800 5.3, 7.8 7.9 0.6 
A-2-a1 60 40 20.5 800 13.5 0.3 
A-2-a2 60 40 800 10.2 0.4 
A-2-a3 60 40 800 13.7 0.2 

A-l-a7-G § 60 150 14.3 800 
A -1-a8-G8 60 150 800 10.4 
A -1-ag-GO 60 150 800 11.5 

10.5 0.2 
10.4 0.1 
11.5 0.4 



A-1-bllI 60 
A-l-bZlI 60 
A-l-b37 60 

A - l - c l * * , l t  60 
A-l-c2** 60 

B-1-a1 40 
B-1-32 40 
B-1-a3 40 

A -3-b 1 40 
A -3 - b 2 40 
A-3-b3 40 

D-1 0 
D-2 0 
D-5 0 

150 
150 
150 

150 
150 

150 
150 
150 

4 00 
4 00 
4 00 

15.4 800 
800 
800 

800 
18.2 800 

15.4 800 

800 

14.0 800 

800 

48.5 800 
800 
800 

800 

800 

8.5 11.5 13.3 
16.6 

20.2 8.9 11.1 13.6 

9.2 11.2 
7.5 8.2 10.9 

8.1 11.5 15.1 
12.6 15.0 17.1 

10.4 9.2 11.6 14.3 

7.9 10.6 12.4 
9.5 11.5 14.9 
8.8 11.2 13.7 

7.1 10.1 37.8 
7.3 9.8 37.7 
7.7 9.9 36.8 

1.1 
1.1 
1.7 

0.5 
0.5 

2.9 
2.4 
1.2 

1.9 
3.0 
1.2 

52 § 
53 § 
510 

* O . O O ~  min-1 s t r a in  rate.  
tl.O-in. gauge length X 0.25-in. diameter.  
~ U a s e d  on overa l l  length of specimen. 
BG = General  Elec t r ic  molybdenum; a l l  other  specimens a r e  Sylvania molybdenum. 
llVapor coated with 0.005-in. molybdenum. 

**Clad with molybdenum by autoclaving and machined to  0.003-in. thickness. 
f tCladding removed from half of gauge length in machining (because of nonconcentricity). 
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5 0 0 -  

for the elevated-temperature tes ts  did not provide adequate gas purity, 
and severe oxidation of the specimens occurred during the tests.  A s  a 
result, further t e s t s  at the low frequency were performed at  room 
temperature. The high-frequency tes ts  were conducted with ultra- 
sonic equipment at  Hydronautics, Inc. This testing was performed 
in a high-purity inert-gas environment at 750" F. All fatigue testing 
of the cermet was done at a mean s t r e s s  of 4500 psi. Strain gauges 
were attached to all specimens to monitor tes t  conditions. Before the 
s tar t  of each fatigue test ,  the modulus of the material was measured. 
This measured value was used to calculate the cyclic s t r e s s  from the 
cyclic strain that was  monitored on the specimen during the test .  The 
test resul ts  .are plotted in Fig. 10. The predicted fatigue curves a r e  

X ULTRASONIC TESTS A T  14,000 CYCLES/SEC, 750°F 

0 MECHANICAL TESTS A T  186 CYCLES/SEC, EO-F 

3500,  I I I 

- 
106 10' IO8 io9 IO'O 

CYCLES TO FAILURE 

Fig. 10-High cycle fatigue l$e of 6 0  vel.% UOz-1440 cermet.  All specimens 
were tested with a mean applied s t ress  o f4500  psi .  

also plotted in Fig. 10 for two assumed values of the ultimate tensile 
strength that bracketed the range of tensile strengths measured by 
GE-NMPO for this material. The Goodman c r i t e r i a  were used for  the 
predicted curves, and all  the data a r e  consistent with the predicted 
behavior. This agreement provides the basis for the cermet  fuel 
fatigue properties used in the reference design of the pulsed reactor. 
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CRITICAL EXPERIMENTS 

General Description 

A fast reactor  cri t ical  assembly designated CEPFR-1 was con- 
structed in support of the pulsed reactor reference design work. This 
assembly, consisting of a co re  of uranium, stainless steel, and alumi- 
num, reflected by stainless steel, was used for measurements to  tes t  
the reliability of theoretical predictions of the reactor parameters.  
Experiments to provide basic data were done on assemblies that were 
geometrically simple. 

The basic component of the assembly was a split-bed machine that 
allowed separation of the core  into two nominally equal sections. The 
table surfaces of the machine were two polished granite s labs  3 by 
6 by 1 ft, giving a working surface of 6 by 6 ft when the halves were 
together. The core and reflector were constructed of elements whose 
dimensions were 1.5 by 1 .5  in. in c r o s s  section and 39 in. in length. 
Core elements were made of 1.5-in.-square, 0.035-in. wall, stainless 
steel  tubing with 12 in. of solid stainless steel  in the bottom end, a 
14Y4-in. fuel section, and l2Y4 in. of stainless steel  in the upper sec- 
tion. The fuel section contained uranium, aluminum, and stainless 

@ 

Table G 

COMPOSITION O F  CEPFR-1A CORE 

Core Reflector 
atomic density, atomic density, 

Element IO@' atonis/cm2 1 0 - Z 4  at oms  /c 1112 

2 3 5 ~  
2 3 8 ~  

Iron 
Aluminum 
Chromium 
Nickel 
Copper 
84anganese 
Magnesium 
Carbon 

0.01160 
0.0008406 
0.02337 0.05967 
0.008555 
0.006452 0.01693 
0.002843 0.007502 
0 .ooo 1544 0.0001117 
0.0005231 0.001293 
0.00005043 
0.0000916 0.0002365 

Note: Core volume = 20.825 l i t e r s ,  and excess  reac- 
tivity = 92C. 

steel pins to achieve the desired core-region atom densities. The 
fuel was in the form of 0.170-in.-diameter pins. The fuel material  
was highly (93.2%) enriched-uranium metal, with a thin (about 0.0001 
in.) fluorocarbon coating. The composition of the assembly CEPFR- lA, 
which is typical of the assemblies reported here, is shown in Table 6. 
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Standard reflector elements were 1.5-in.-square by 39-in. -long 
stainless steel bars.  Some cans, identical to those used for  loading 
core elements, were loaded with boron carbide with a fi l ler  bar of 
stainless steel 0.5 in. thick. The cans were always loaded into the 
assembly so that the steel  bar was next to the core. Other cans were 
loaded with boron carbide and a 0.25-in.-thick s t r ip  of tantalum metal. 
These cans were loaded into the assembly so that the tantalum bar  was 
next to the core. 

The four control-rod blades were loaded with an appropriate num- 
ber of fuel, stainless steel, and aluminum pins to maintain the overall 
core volume fractions. The rod motion was  horizontal and normal to 
the direction of the table motion; the length of the fuel loading along 
the direction of travel corresponded to the width of any given core. 

Figure 11 shows a typical plan of an assembly, in this case 
C EPFR- 1C. 

S IN 

1 ~ 1 1 1 1 1 1 1 1 1 1 1 1 1 l l l l I I I  I I  
A B C D E F G H  I J K L M N O P Q R S T U V  

Fig. 11 
1.5 in. 
fue l .  S 

-Plan view oj- a lypical CEPFR-IC assembly.  Each cell unil = 1.5 by 
Control-rod width (including shealh) = 0.875 in. Numbered cells contain 
= Source location. B = B,C-loaded elenzents. 0 = Reflector e lements .  

Some of the more important measurements performed in the 
CEPFR-1 se r i e s  a r e  outlined below. The measurements made on a 
given assembly a r e  summarized in later sections. 

1. Safety Measurements. On each assembly a number of experi- 
ments were carr ied out to determine the operating characterist ics and 
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to measure quantitative values of parameters affecting safety. Included 
in these were control-rod worths, rate of reactivity addition by various 
modes, worths of hydrogenous reflector in and about the assembly, the 
effect of increasing the steel-reflector thickness, some cursory power 
measurements, and health physics radiation surveys. 

2. Fixed-Reflector Worth Effects. In addition to the investigation 
of the worth of hydrogenous material  in  and about the core, measure- 
ments were made of the effective worth of small  blocks of various 
materials placed in the reflector near the core. These were made to 
get an idea of the comparative magnitude of metal and hydrogenous 
material  reflectivity. In addition, the worth of a stainless steel  r e -  
flector bar was measured as a function of location near the core 
boundary. 

3. Moving-Reflector Worth Effects. The reactivity worths of re-  @ flector blocks near an open core face were measured a s  a function of 
the position, block geometry, and block material. The size of the open 
core face varied, and in some cases  a b a r r i e r  of boron carbide or  
boron carbide and tantalum was placed between the reflector block and 
the reflector steel extending beyond the open core face. The effect of 
such b a r r i e r s  on the parabolic coefficient of the reactivity curve was 
studied. In addition, the effect on the parabolic coefficient, a ,  of core 
cavities o r  core reentrant holes was studied for a number of assem- 
blies. (The coefficient cy is defined from the parabolic form of the 
reactivity vs. position curve in  the vicinity of the maximum: p(x) = 

4. Neutron-Lifetime Measurements. The neutron lifetimes for  
selected assemblies and conditions were measured by the Rossi-alpha 
technique. For most measurements a fission chamber was located at  
o r  near -the core-reflector interface. A number of different kinds of 
fission chambers, a s  well. as He3 detectors, were used in an effort to 
improve the measurement of neutron lifetime. Measurements using a 
specific fission detector located in a region as similar a s  possible 
from core to core were used as a standard. 

P m a x  - ox2.) 

CEPFR-1A Experiments 

CEPFR-1A was  an assembly reflected by about 12 in. of steel  on 
all sides. The nominal co re  s ize  was 9 by 9.5 by 14.77 in. 

The worth of small  blocks of various materials in the reflector 
next to the core was measured. A reflector element was removed, and 
a drive device was made so that a small  block of material  could be 
placed at  the core midplane and then removed by remote control. The 
blocks used in this experiment were al l  13/s by 13/s by 3% in. After 
achieving criticality and a suitable power, the sample was drawn up- 
ward until it was completely out of the reflector, the reactivity seen 
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on the analog meter being plotted against the sample position through- 
out. Typical curves are shown in Fig. 12. It should be noted that 
hydrogenous materials caused a maximum in the reactivity curve. 
“In” to  “out” reactivity worths of various materials are:  

z 
LT 
W c 
z 
W u 
W n 
0 0 

5 
0 LT 
LL 
W u z 
c a 
?2 a 

Sample material  Wor th ,  t 

Cadmium 
Palladium 
Aluminum 
Brass 
Copper 
Carbon (graphite) 
Nylon 
Lucite 

-7.8 
- 12.0 
- 12.8 
- 17.0 
-18.4 
-20.9 
-33.5 
-37.0 

I I I I I 

I I I I I 
to 20 30 40 50 

NEGATIVE REACTIVITY, C 

Fig. 12-Worth 01 small blocks iii the CEPFR- lA  reflector.  

The worth of an entire steel reflector element a t  several  different 
positions was determined by measuring the change in reactivity when 
the element was removed. These worths averaged around 50& for  re- 
flector elements next to the core. 

The neutron lifetime for  CEPFR-1A was measured with a standard 
fission-counter detector located in the s teel  reflector near the re- 
flector-core boundary. Several measurements were taken, and the 
weighted mean of these measurements gave a lifetime of 200 nsec, 
calculated with the assumption that Seff was 0.007. 

1 
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CEPFR-1B Experiments 

The CEPFR-IB assembly had one core face exposed, and the core 
volume was increased to compensate for the lost  reflector worth. 

The measurements made on the CEPFR-1B co res  consisted of a 
survey of the effect of various reflector blocks placed in front of the 
open co re  face, Block mater ia ls  and geometries were changed, and 
for  each case a study of block position vs. reactivity was made, as 
well a s  a measurement of neutron lifetime when the block was exactly 
in front of the open core face. 

The reactivity was determined a s  a function of reflector-block 
position by moving the particular block away from i t s  maximum re- 
activity position when the assembly was just critical. In nearly all  
ca ses  the block was moved in a plane parallel  to the plane of the open 
core face; in one case  it was moved perpendicularly away from the 
open core face. The assembly reactivity was obtained from an analog 
computer programmed to solve the kinetic equations using an input 
signal from an ion chamber at  the assembly. 

@ 

Results of the measurements a r e  summarized in Table 7 .  

Table 7 

M E AS U R EM E N  T S ON C E P F R - 1 B 

Block* Excess I < , ?  Block tvorth,  c y ,  1 ,  
Block mater ia l  s ize  s s ~ / c n i ~  (nsec) 

Stainless steel  -4 
Stainless steel  B 
Polymethyl metliacrj late X 
Beryl1 i u m  x 
Nickel A 
Nickel B 
Stamless s tee l  C 
None 
Carbon s tee l  A 

1.75 
0.30 
2.65 
5.70 
2.35 
0.75 

<0.10 
0.25 

<0.05 

5.75 
4.20 
7.10 

10.40 
G .50 
5.00 
1.70 

4.45 

~ 

1.81 137 
1.35 135 
3.15 159 
3.36 191 
1.91 134 
1.50 132 
0.57 130 

136 
1.20 135 

*A = 11.8 by 9 by 4 in. 
B = 14.6 by 9 by 2 in. 
C = 14.6 by 3 by 4 in. 

TWith the block in i t s  most reactive position and k effective = 1 fo r  the core 
specified, i .e . ,  at the  start of the  sliding-block measurement.  

CEPFR-1C Experiments 

Figure 11 shows a plan of a typical CEPFR-IC assembly. The 
experiments on CEPFR- 1C involved reflector-block measurements for  
various s izes  and mater ia ls  of blocks which covered a variable-width 
open core face. The total reactivity worths of the different blocks 
varied by a number of dollars. In addition, the width of the open co re  
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face was changed by replacing outer-row fuel and reflector elements 
with poison elements. 

Some conclusions regarding the CEPFR- 1C experiments may be 
summarized as follows: 

1. For the s teel  reflector block, and with poison elements used to  
define the core  window, the use of B4C alone in the amounts tested in 
the CEPFR-1C assemblies  appears to do little for  a. There is some 
improvement of CY with the addition of tantalum to the B4C. Poison 
ba r r i e r s  appear to be effective in increasing the value of cy for  s teel  
reflector blocks when sufficient poison is inserted. 

2. With the beryllium reflector block, the use of B4C + Ta poison 
to define the window substantially enhances a. This is probably a re- 
sult of the slowing-down propert ies  of beryllium, which give the bar-  
rier a higher effective absorption. 

3. Of all the reflector materials tested, the beryllium block is 
superior in t e rms  of cy and in t e rms  of total  reactivity swing. The 
lifetime is affected adversely, increasing from about 140 nsec with 
steel  ref lectors  to about 190 nsec with beryllium reflectors.  

4. Tungsten is a good window material when used in combination 
with a steel  reflector block. The CY with a tungsten window was mea- 
sured to  be greater  than the CY with no window (air) although the dif- 
ference was not large. 

5. There appears  to be little advantage obtained in either the N 
values or  total reactivity effect by reducing the reflector-block width 
or the open-face width. 

CEPFR-1D Experiments 

The CEPFR-1D cores  were built to investigate the effect of core  
cavities (reentrant holes) on the reflector-block reactivity and on a. 
The co res  were widened f rom a standard 9 in. in earlier assemblies  
to 12  in. to  achieve the core  cavities. This change required different 
control-rod loadings since the rods move in the direction which defines 
core  width and must be loaded to  that width for  clean geometry. Rods 1 
and 2, which ran  in the region in which there  were cavities, were 
loaded with voids in an appropriate location to align with the cavities. 
The core  elements remained unchanged, except that the cavities were 
made by insertion of fuel elements in which the fuel region was not 
loaded. Thus the cavities included the 0.035-in. walls of the cans. 

Some conclusions regarding the CEPFR-1D experiments may be 
summarized as follows: 

1. The average values of CY were in all cases reduced by the 
presence of the cavities, and the total block worths were less fo r  the 
same s ize  of sliding block. 
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2. The cavities caused the reactivity vs. position curves to  depart  
f rom a parabolic shape by about 30% in the direction of sharpening the 
peak of the curve. 

3. Windows of either lead or  tungsten were found to have little 
effect on (Y over that which was observed for a s imilar  size air gap. 
The overall reactivity swing was reduced by about 10% by either a 
%-in. window of lead or  tungsten over that measured for a s imilar  a i r  
gap. Another effect of the presence of a window or  gap was the dimin- 
ishing of the nonparabolic behavior of the sliding-block reactivity 
curve discussed in (2). With no gaps or  windows, the nonparabolic 
effect was about 30% with gaps o r  windows '/2 in. thick, the nonpara- 
bolic effect was reduced to the o rde r  of 6% for  the window and 18% for  
the a i r  gap; with 1-in.-thick gaps or  windows, the effect was no longer @ appreciable. 

4. Shortening the cavities 1.5 in. (from 7.5 in.) by the addition of 
one fuel element in each increased o, the total reactivity swing, and 
the nonparabolic effect by 10, 6, and 4470, respectively. 

5. Increasing the amount of tantalum to three t imes i t s  normal 
amount in two elements adjacent to each side of the 9-in. core opening 
had no appreciable effect on CY or the total block worth, contrary to  
the observations on CEPFR-1C. This apparent contradiction may be 
due to the difference in core  configuration (the CEPFR-1C had a solid 
core  whereas the CEPFR-1D had two cavities in the core) o r  to having 
exceeded the optimum tantalum loading in the above elements. 

BEAM-SOURCE STUDIES 

Experiments are in progress  to  study the character is t ics  of 
hydrogenous moderating blocks in pulsed reactors.  The purpose of 
the& studies is to  provide a basis  for the design of moderating blocks 
that will give the maximum yield of thermal neutrons with a pulse width 
commensurate with the natural pulse width of the reactor. 

Preliminary steady-state, pulse-shape, and spectrum measure- 
ments have been made to study the character is t ics  of various thick- 
nes ses  and geometries of polymethyl methacrylate (Lucite) and poly- 
ethylene at room temperature and liquid-nitrogen temperature in both 
the pulsed and steady-state modes. A detailed analysis has been done 
at room temperature on 2 4 -  by 24-in. stacks of various thicknesses. 
The data were used to synthesize the relative meri t  of various thick- 
nesses  of Lucite and polyethylene a s  moderating blocks for  a fast 
pulsed reactor. 
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Steady -St ate Me a s  u re me n t s  

These measurements were conducted using neutrons from a 235U 
fission plate. The spectrum is assumed to be comparable to the leakage 
spectrum from a fast reactor,  although probably somewhat harder. 
The study has concentrated on hydrogenous moderators since hydro- 
gen is the only element that can moderate the fast neutrons in the 
time required. 

The experimental arrangement is shown in Fig. 13. The Brook- 
haven Medical Research Reactor was operated at 100 watts nuclear 

NEUTRON 
BEAM 

235U FISSION PLATE, 
$ BY 4 IN. 

2-IN PARAFFIN + 9 
2- N L J C  TE -b \\\'\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

:- N ALJMINLM 

0030- N CADMILM -b \ 
-+ P 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 ; 1  \\ - 

0030- N CADM J M  -b 

0.030-IN. CADMIUM + J ~- 

0.030-IN. CADMIUM 

0.030-IN. ALUMINUM -b 

Fig. 13-Bean-source tes t  assembly 

power for  all runs. The beam from the patient-facility beam port  was 
thermalized by 2 in. of paraffin and 2 in. of Lucite before it impinged 
on the 235U fission plate. The test  assembly immediately behind the 
fission plate moderated the fission neutrons. The resultant neutrons 
were counted by a BF, detector, which is very nearly a 1/v detector, 
since the absorption probability for 2200 m/sec neutrons is only 0.04. 
Count r a t e s  were taken under four conditions for each assembly, i.e.,  
with and without fission plate and with and without the cadmium plate 
immediately in front of the BF, detector. From these four count rates, 
it was possible to eliminate those neutrons originating in the reactor 
neutron beam and also to differentiate between thermal neutrons (sub- 
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cadmium) and epicadmium neutrons that had originated as fast neu- 
t rons in the fission plate. 

In most cases  the moderating blocks were 24 in. square with 
variable thickness. However, one rectangular prism, 3 by 3 by 24 in. 
was studied fo r  comparison. Unless otherwise noted, the moderating 
blocks were 24 in. square. 

The neutron-yield results fo r  Lucite a r e  shown in Fig. 14 and for 
both materials in Table 8. A buffer zone o r  region between the fission 

yJ 
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1 2 3 0 
0 

TEST ZONE, IN. LUCITE 

Fig. 14 -Steady-state therinal-rzeutro~z yield f o r  Lucite 101th a subcadriziurn 
steady -state fission soiirce. 

plate and the test  zone composed of either Lucite o r  polyethylene and 
separated from the test region by 0.028 in. of cadmium was effective 
in increasing the thermal-neutron yield, presumably without affecting 
the neutron-pulse shape. The improvement in yield was observed to 
occur predominately in the small  assemblies. No improvement is seen 
for  the intermediate assemblies; in the larger  assemblies the thermal- 
neutron yield decreases  when a buffer zone is inserted. 

Both Lucite and polyethylene were used to investigate differences 
that might result  from molecular-binding effects and from hydrogen- 
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Table 8 

SUMMARY OF BEAM-SOURCE EXPERIMENTS 

Steady s ta te  

Thermal  flux Epicadmium 
relative to relative t o  

Temperature ,  T ,  S I P ,  cp (104), cp (104), cp (i/p peak Lucite peak Lucite 
"K Stack description ksec m/sec  cp (10 ) X thermal  (&) thermal  I 

300 
77 

300 
300 

77 
77 

300 
77 

300 
300 
300 
300 
300 

300 

1-in. Lucite 24 by 24 in. 
1-in. Lucite 24 by 24 in. 
2-in. Lucite 24 by 24 in. 
2-in. Lucite 24 by 24 in.  
2-in. Lucite 24 by 24 in. 
2-in. Lucite 24 by 24 in. 
3-in. Lucite 24 by 24 in. 
3-in. Lucite 24 by 24 in. 
4-in. Lucite 24 by 24 in.  
1-in. polyethylene 24 by 24 in. 
2-in. polyethylene 24 by 24 in.  
3-in. polyethylene 24 by 24 in.  
1-in. Lucite cadmium + 

1-in. Lucite buffer 
1'/ in. Lucite cadmium + 

' i-in. 1,ucite buffer 
3- by 3- by 24-in. Luci te t  

34 
-90 

75 
75 

-165 
-120 

130.5 
-182 

172 

89 
136 
35 

39 (43) 

2900 
1750 
2900 
2900 
1750 
1800 
2900 
1700 
3000 
3100 
2900 
3000 
3000 

1.08 0.28 
1.30 0.29 
G.6 0.85 
3.3 0.38 
0.65 0.1 
1.9 0.3 
4.4 0.36 
2 .0 0.2 
4.6 0.25 
2.1 0.36 
4.4 0.32 
4.2 0.27 
1.65 0.34 

3.85 
4.48 
7.75 
8.66 
6.5 
6.35 

12.20 
10.0 
18.4 
5.83 

13.75 
15.5 
4.85 

0.875 
0.805 
1.045 
0.987 
0.958 
1 .OO 
1.13 
0.904 
0.848 
0.857 
1.065 
1.131 
0.835 

0.334 0.07 

0.07 
0.07 

I .  * 

0.843 
0.843 

0.95 0.0405 

:.. 

- 1  

0.59 
1.08 
0.835 
0.405 

0.0785 
0.0607 
0.033 
0.07 

0.07 51 2950 3.1 0.38 8.15 0.759 0.67 

300 80 2700 0.6 0.075 8 0.755 0.347* 0.0325 

*Run normalized to  give relative yield without the bottom aluminum buffer. 
TWith 31/4-in. aluminum s ide  ref lector  + 3l/*-in.-thick aluminum buffer separated by cadmium. 



BROOKHAVEN PULSED FAST RESEARCH REACTOR 231 

Pulsed Experiments 

The pulsed experiments were carr ied out using aKaman model 810 
source to supply 14-Mev neutron pulses having a width of 3 Fsec at the 
r a t e  of 10 pulses/sec to the stacks. The source was located below the 
stacks,  and the neutron detector was located above the stacks. The 
cold s tacks were contained in an aluminum box covered on the bottom 
and s ides  with cadmium and insulated from its surroundings on all 
s ides  by 3 in. of expanded polystyrene. Liquid nitrogen was poured 
into the aluminum box, in intimate contact with the moderator, to re- 
duce the temperature of the box to approximately 77°K.  

Pulse-shape and spectrum measurements were carr ied out for  
both room-temperature and cold stacks. The pulse shapes emitted 
from the surface of the room-temperature moderator blocks were 
determined by following the neutron intensity leaking from the top 
24- by 24-in. face with a B"F3 counter a s  a function of time, after 
initiating the 3-psec pulse of neutrons at  the bottom 24- by 24-in. 
face. The t ime behavior of the neutron leakage was followed with a 
TMC 256-channel analyzer using the time-of-flight logic unit. In most 
cases the channel width of the analyzer was set a t  4 psec. The pulse- 
shape measurements were carr ied out with the B"F3 counter both 
directly on the moderator surface and with it separated from the 
surface by 0.028 in. of cadmium so that both the thermal and epi- 
thermal  behavior could be .determined. 

Similar measurements were carr ied out for  the cold studies 
except that the detector was separated from the s tack by the expanded 
polystyrene insulation. For interpreting these runs, measurements 
were performed of pulse shape for various thicknesses of insulat.ion 
between the stack and the detector. 

The spectra of the neutrons leaking from the room temperature 
and cold stacks were determined by carrying out time-of-flight -mea- 
surements with the Bi0F3 detector mounted from l to 3 m above the 
upper surface of the stack and the t ime analyzer set  to a 32-psec 
channel width. 

The data taken in both the pulse-shape and spectra  measurements 
were corrected for  background, dead time, and counter sensitivity. 

8 

@ 
5 

atom densities. When the thermal-neutron yields from Lucite and 
polyethylene a r e  compared on an equal hydrogen-atom basis,  little 
difference exists except for the amount of hydrogen present in thick- 
nesses  greater  than about 1.5 in. of either moderator. At greater  
thicknesses the Lucite moderating block gives a slightly lower yield 
than does polyethylene. This difference may be due to geometric effects 
since Lucite has a lower hydrogen-atom density and hence the BF, de- 
tector is slightly farther away from the source.  
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The data were analyzed assuming the neutron-velocity spectrum could 
be described by the sum of a Maxwellian and a v-’tail 

~ ( v )  dv = A(pv)’ dv + B (;)-’ dv 

The spectra a r e  characterized in Table 8 by the parameters cp(l/o), 
cp(104), cp(l/p)/cp(104), and x. The peak flux in the Maxwellian compo- 
nent of the neutron spectra  is cp(l/p), and the flux at  lo4 cm/sec is 
(p(104). The latter is an arbi t rary velocity in the epithermal region 
where the velocity spectrum is nearly l / v  in character.  The ratio 
(p(l/p)/(p(104) is the ratio of neutron fluxes at l o 4  cm/sec (epithermal) 
and at  1/p cm/sec (thermal). In all cases  x was found to  be nearly 
unity, which would be expected if the energy spectrum were 1/E in 
the epithermal region. 

Synthesis of Test Data 

The measured decay constants and yields of low-energy neutrons 
from the various room-temperature source blocks that have been 
studied were used to synthesize the relative performance of these 
sources  at a -pulsed reactor. Synthesis was carr ied out assuming that 
the pulsed reactor  had a 5 0 - p e c  pulse width and that a useful figure 
of meri t  could be written 

where q,,, 
of the thermal-neutron pulse a t  half-maximum. 

Lucite and polyethylene using Kley’s’ formulation 

is the peak thermal flux intensity and W is the full width 

The value of q,,, was calculated for  various thicknesses of 
, .  

where cp; (relative steady-state flux from the thermalization block) 
and T (block decay constant in psec) were experimentally determined. 

The thermal pulse width at  half-maximum (W) emerging from the 
thermalization block for  a 50-psec reactor pulse was calculated also 
assuming Kley’ s formulation 

W = 50 + T  In (1+e-50’T)psec (3 )  

The figures of meri t  a s  a function of thickness of Lucite and poly- 
ethylene blocks were determined; the Lucite resul ts  are shown in 
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Fig. 15. The figure of meri t  peaks at  a 1.2-in. thickness of Lucite and 
a 0.8-in. thickness of polyethylene, and at the peak the polyethylene 
figure of merit  is about 50% greater  than for the Lucite. The poly- 
ethylene has about 50% greater  hydrogen density than Lucite, which 
i l lustrates the importance of using a moderator block with as high a 
hydrogen density a s  possible, It is also interesting to note that the 3- 
by 3- by 24-in. Lucite pr ism has a figure of merit  of l e s s  than 40% 
that observed with a 24- by 24-in. Lucite block having the same  pulse 
width (-2 in. thick). 
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DISCUSSION 

McTAGGART: I would like t o  ask  a question about your lifetime 
measurements on the cri t ical  mock-ups. What mater ia l  was the re- 
flector without a poison l iner ? 

HOFFMAN: Stainless steel. 
McTAGGART: In our  experience not with steel  but nickel and 

copper, the calculations of flux in these ref lectors  and the contribution 
which the neutron population makes to the neutron lifetime is quite 
often wrongly calculated because of inadequate data. The presence of a 
boron l iner between the core and the reflector eliminates these low- 
energy neutrons from the reflector, and this may be why you get better 
agreement between the lifetime calculations for this poison-liner sys- 
tem. 

HOFFMAN: Yes, that is quite probable. 
BLOKHINTSEV: You made a statement that you had some ex- 

perience with fluid-metal fuel elements. What do you think about the 
possibility of using fuel elements of this type? 

HOFFMAN: We have thought about it a little bit. The experience 
at Brookhaven has  been on liquid-bismuth sys tems which a r e  quite 
dilute, and to get a high uranium content you have to go to a s lurry.  The 
most obvious liquid fuel s eems  to be molten plutonium, and that indeed 
is a possibility in the future. 

BLOKHINTSEV: I s  it in the far or  near  future ? 
HOFFMAN: We have not reached that decision yet. 
LARRIMORE: Would someone from Los Alamos like to say some- 

thing about molten plutonium? No? Okay. 
CLACK: Your summary says  that the reactor  is to  be used for  

high-intensity beam applications or beam research.  Would you ca re  to 
comment on probable research applications ? 
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HOFFMAN: I wouldn’t ca re  to comment, but there may be some- 
one in the audience who would. No volunteers? We feel that it can be 
applied to the general class of research being performed at the high- 
flux reac tors  on solid-state physics studies. I couldn’t get any more 
specific than that. 

HENDRIE: In the presence of an assortment of eminent experts, 
perhaps Karl  Beckurts could help u s  out since he is at least tempo- 
ra r i ly  on the staff at Brookhaven, and I do not propose to  talk about 
experiments while experts a r e  around. 

BECKURTS: I think it might be worthwhile to  cover that in the 
session tomorrow. 
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ABSTRACT 

A simple description of booster and accelerator-pulsed reac tor  properties is 
given in t e rms  of point reactor kinetics. A concept of an acce lera tor  pulsed 
r eac to r  of - 3  Mw average power and 5-psec pulsewidths at  pulse r a t e s  up to 
200 pulses/sec i s  presented. The major features a r e  239Pu fuel and a partially 
voided co re  concept which yields sho r t e r  neutron lifetimes and flexible moder- 
a tor  and flight-path configurations by eliminating beam tubes. Methods for  ob- 
taining short  moderator pulses a r e  i l lustrated with methods for estimating beam 
intensities. 

Booster reac tors  are defined as reactor  sys tems in which neutron 
multiplication is obtained utilizing an external accelerator source. 
Generally, the reactivity is held constant, but many recent proposals 
provide for cyclic variation of the reactivity. A s  such, cyclic o r  peri- 
odic boosters o r  accelerator pulsed reac tors  require  a source and 
operate below prompt critical during pulse- source multiplication; but, 
they have an average reactivity below delayed crit ical .  The following 
discussion consists of three parts.  

The first par t  is a very simple review of booster and accelerator  
pulsed reac tor  systems for  those who are unfamiliar with them. No 
new resul ts  are included. I am indebted to Gary Russell' for the calcu- 
lations and figures used in this section. 

The second section descr ibes  a pulsed reactor  concept that has  
many ideas based upon accelerator  target  technology. Most of the 
work was performed at  Idaho Nuclear Corporation for  the AEC.' Brief 
comments on modification and further developments at Los Alamos 
Scientific Laboratory (LASL) a r e  also included. 

@ 
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The third section introduces an approach for estimating beam 
intensities. It should also provide guidance for experimental moderator 
optimization. 

GENERAL BOOSTER CONSIDERATIONS 

The general properties of repetitively cycled systems have been 
discussed by Larrimore’ in more detail than can be covered here.  A 
major conclusion is that the realizable pulse gain is limited by the 
delayed-neutron sources.  This limitation can be seen from the following 
expression for  the ratio of the power generated due to delayed neutrons 
to the total power: 

where P d  is the power from delayed-neutron sources,  Pa”, is the total 
average power, and AEp is the average value of the prompt reactivity. 
This result  follows immediately from subtracting the prompt gain, 
l / A E p =  1/(1 -k+p), from the total gain, l/(l-@ (E is the average 
neutron multiplication), and dividing by the total gain. Likewise, the 
ratio of the power from the delayed neutrons to the power in the pulse 
can be expressed 

where Pp is the pulse power and p* is the conventional effective delayed- 
neutron fraction. Note that p above is equal to kp*. The limitation is a 
special case of the general statement that any steady-state reactor  
must actually be subcritical in the presence of neutron sources.  Criti- 
cality is defined in the usual sense of equilibrium from fission regen- 
eration. 

Equations 1 and 2 a r e  especially convenient because reactivit ies 
in dollars yield the power fractions directly. If, for  example, the reac-  
t o r  is operating at  an average reactivity of $4 below delayed critical, 
then Eq. 2 yields the fraction y4 o r  25% delayed power between pulses 
to  pulse power. The $4 is equivalent to -$5 prompt reactivity. 

Note that Eqs. 1 and 2 a r e  completely independent of the method 
of pulsing or the reactor configurations. The only reactor  dependence 
is through the nuclear-fission isotope used because of the different 
delayed-neutron fractions. The effects of the different delayed-neutrop 
fractions a r e  illustrated in Fig. 1, which shows the total and prompt 
gains as a function of neutron multiplication k for a nonreactivity- 
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Fig. 1 -Comparison of the actual proiizpt-neiitron gains f o r  233U, 235U, and 239Pu 
with the total gains f o r  a reactor operating i c~ i th  varying effective miiltiplication 
factors .  

modulated booster. Because the prompt-neutron gain is 1/A k,, the gain 
must be l e s s  than l /S  to avoid going delayed critical. This places rough 
absolute l imits on gains less than 400 to 500 for 239Pu and 233U and 140 
for  235U. For  the 25% background-to-pulse-power case above, these l im- 
its are reduced from 80 to 100 for  239Pu and 28 fo r  233U. These lower 
l imits are more realist ic because the 25% average power between 
pulses is much nearer  the maximum acceptable limit. 

This 25% maximum acceptable limit is a point frequently mis- 
understood; the argument is that, since the ratio of pulse-height peak 
to rate between pulses is very high, an excellent signal-to-noise ratio 
still exists. This point is il lustrated in Fig. 2, which shows pulse 
heights and backgrounds for different f ission isotopes. Actually this 
signal-to-noise argument is good, provided the events to be observed 
occur during the pulse. However, f o r  neutron time-of-flight experi- 
ments, the source-pulse neutrons occur a! the detector, spread out in 
t ime over the period between pulses. As a first approximation the 
neutrons at the detector a r e  equally distributed over the period; so the 
signal-to-noise ratio is 4 : 1. In addition to the time-of-flight usage, 
for any experiment in which delayed events a r e  being observed, ap- 
propriate signal-to-noise considerations must be made which a r e  
s imilar  in character  to those mentioned for time-of-flight experiments. 
In Fig. 2 about 65% of the power is generated between pulses for  235U. 

, 

' I  
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Fig. 2-Details of the relative power-pulse shapes f o r  233U, ”’U, and 239Pu foY 
the same gainand neutron l i fetimes.  Note that the peak amplitude of 235U is 
highest because the pulse is added t o  a higher background, and the peak-to- 
backgvound ratio is f a r  superior f o r  239Pu. 

e 

Operating charged-particle accelerator neutron sources in com- 
bination with boosters without reactivity modulation could not exceed 
a few hundred kilowatts for the l imits discussed; methods for re-  
moving these l imits have been proposed. One proposal3 suggests that 
j3 can be reduced by removing the delayed-neutron precursors,  but the 
idea has not been developed. The most useful approach would be to 
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Fig. 3-Plot of the power-pulse shape as  a function o f  t ime  over one period f o r  
the same gain and neutron lifetime f o r  233U, 235U, and 239Pu. The relative effects 
of the dafferent delayed-neutron fractions are illustrated f o r  a step reactivity 
insertion f o r  200 psec. 

chemically remove the delayed-neutron precursors from recirculating 
homogeneous reactors,  but homogeneous reactors  have proven so dif- 
ficult as static systems that flowing sys tems have not yet been at- 
tempted. Most proposals (including the following) for source-driven 
systems include the use of cyclic reactivity insertion, which allows 
the system to approach delayed crit ical  o r  to exceed delayed crit ical  
for a small fraction of the period. For the r e s t  of the period, the r e -  
activity returns to well below delayed crit ical ,  providing an average 
multiplication that is well below delayed critical. The source i s  in- 
troduced when the prompt reactivity is low, yielding a high source gain 
( E  = l /AkJ; the background is determined, however, by the average 
l/AE, which is l e s s  than l/p. An idealized representation of this opera- 
tion is shown in Fig. 3. 

For  such a source-driven system, the prompt reactor period is 
the product of the neutron gain t imes the prompt-neutron lifetime, ' 

which is given by 

where (Y is the prompt decay constant, G i s  the gain, and 1 is the aver- 
age neutron lifetime in the reactor. For many applications the value 
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of T~ is specified; and, because the reactor  lifetime is fixed, the gain 
is fixed. Or,  in a positive sense, the reactor designer can increase 
gains for specified T~ by minimizing the neutron lifetime. For example, 
the requirement of a pulse width of lo-' sec  r e s t r i c t s  the gain to 5 for 
a lifetime of 2 x lO-'sec and to 10 for 1 x sec. In contrast, 
specifying a pulse of 3 x sec would allow gains of 150 and 300, 
respectively, for  the corresponding neutron lifetimes. Note that reac- 
tivity modulation would be required for the high gains at  3 p e c  if the 
additional specification of 25% background-to-pulse power is required, 
but for the lower gains the background-to-pulse power is 1 and 2%, 
respectively, with reactivity modulation. In fact, for the lower gain 
cases,  modulation would be of very little value because practical 
modulation amplitudes a r e  small compared to  the 0.2 and 0.1 values 
of prompt reactivity for the gains of 5 and 10. A very good swing o r  
amplitude for modulation i s  a swing of 0.03 in Akp. 

Note that the conclusions on total gains a r e  completely independent 
of the time width or  pulse shape of the source pulse, but the additional 
effect of a finite time width for the source pulse is to lower the allow- 
able reactor period because of the increased pulse width introduced. 
The effect of the reactor  neutron lifetime on pulse shape and width 
for fixed gain and source pulse width is shown in Fig. 4. From the 
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Fig. 4-Effect of variation in. the prompt-neutron l i fetime on the Yeactor pulse 
shape. The areas under each pulse are the  same because the gains are the  same; 
the instantaneous or  rate gains at the peaks are  noticeably depressed f o r  longer 
neutron l i fetimes.  
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figure we see  that the above statement is oversimplified, and the 
restriction on gain should indeed be greater  if a need to retain the 
input pulse shape exists. Also, the restriction on gain is weakened by 
the source pulse width if the overall pulse width is not limiting. Note 
that the same  gain is assumed for all l ifetimes for this figure. 

Assuming a pulsed reactor  operating near critical, the neutron 
leakage is very nearly given by the ratio 

'11 - 1 - -~ 
Leakage 

Total neutrons produced '11 
(4) 

where 17 is the effective number of neutrons produced per neutron ab- 
sorbed. A comparison that i l lustrates the relative advantage of 239Pu 
as a fuel is given in Table 1 for typical reactor  systems. Note that 
although the leakage neutron yield is maximum for 239Pu, the pulse 
width is also largest  because of the larger  prompt gain allowed by the 
lower delayed fraction. The corresponding leakage neutron r a t e s  for  
235U and 233U could be attained for 239Pu at lower average power and 
with a lower pulse width. 

Table 1 

COI\.IPAIiISON OF FUELS FOR REACTORS OPERATING AT THE 
SAME AVERAGE TOTAL PO\VER* 

Parameter  

2 3 5 ~  23313 239Pu 
p* = 0.00641 p* = 0.00267 B* = 0.00204 
v =  2.46 v =  2.51 v = 2.93 
? J =  2.13 '7 = 2.33 TJ= 2.69 

Prompt gain 422 584 
Prompt leakage gaint  222 333 
Total gain 937 943 
Av. total power, NIw 9 9 
Peak power/av. background power 634 1016 
Prompt energy in pulse, lo 45 62 
Av.  prompt leakage ra te ,?  

Effective pulse width, psec  6.5 8.0 
neutrons/sec 1.69 x 2.53 x l o i 7  

*(S, = 9.5 x l o i 7  neutrons/sec, I ,  = 1 x 

TMaximum possible. 

sec, Ts = 4 psec, 
repetition r a t e  = 200 pulses/sec, reactivity swing = $5.0.) 

REPETITIVELY PULSED REACTOR CONCEPT 

685 
430 
1061 
9 
1011 
65 

3.27 x l o i 7  
9.0 

A preliminary reactor concept' with many attractive features  
consists of a small  plutonium booster reactor  producing 3 to  10 MW of 
average power in conjunction with a charged-particle neutron source. 
The combination of a reactor (booster) and a charged-particle neutron 
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source provides a facility of great flexibility as a reactor-technology 
tool because of the wide range of pulse frequencies, power-pulse 
heights, and pulse widths that can be produced. Pulse frequencies 
variable from 0 to 200 pulses/sec and widths variable between lop7 
and sec a r e  representative with corresponding peak power-pulse 
heights (3000 Mw) within the l imits imposed by average power and 
shutdown shock conditions. In the neutron-spectrometer mode of 
operation, the reactor is operated a s  a subcritical neutron pulse 
amplifier, amplifying short  neutron-driving pulses from the charged- 
particle source. In this operational mode, high neutron gains and cor- 
responding high reactor pulse power are obtained by rotating reactivity 
controls. The average reactivity of the reactor is maintained well below 
delayed critical, but the cyclic reactivity variation permits short-time 
operation between delayed and prompt cri t ical  for large amplification 
of the source pulse. 

Schematic representations of the preliminary concept a r e  shown 
in Figs. 5 to 7. Figure 5 is a cutaway view of the reactor and modera- 
tor system. The 8- by 8-in. cylindrical reactor  core consists of fuel 
and liquid-sodium coolant. A central tube through the core provides 
access  for the electron o r  other charged-particle beam and a plutonium 
target. The target cooling is contained in the particle-beam tube, 
allowing independent maintenance of the target. The upper half of the 
central tube also provides access  to test  samples from the reactor  
top. Irradiation space i s  also available in the elliptical containment 
vessel. The moderators for neutron spectroscopy sources a r e  cooled 
to 80°K with liquid nitrogen. Liquid-helium cooling to obtain lower 
temperatures could easily be incorporated if studies indicate sufficient 
merit ,  but liquid-nitrogen temperatures a r e  adequate for large per- 
formance gains. Two 1- m-radius rotating reactivity controls, which 
a r e  in phase, a r e  shown as they approach the reactor to provide the 
cyclic reactivity control. Studies a r e  being made including fuel as a 
part  of the rotating reactivity control. The reactor pulse frequency 
can be varied by operating the two rotating reactivity controls at  dif- 
ferent frequencies. This approach is desirable because the pulse 
characterist ics a r e  relatively unaltered compared to a single rotor  
control when repetition r a t e s  a r e  varied. A horizontal section of the 
Facility Repetitively Pulsed Reactor (RPTF) reactor concept and 
moderator is shown in Fig. 6. The drawing shows the rotating reactivity 
controls in the position for maximum reactivity. Only a few of the fuel 
pins of a total a r r ay  throughout the core a r e  shown to allow clear 
presentation of the rotor position. The relative positions of the reflec- 
tor,  'OB decoupling shield, and moderator a r e  also shown. Figure 7 
shows the relative vertical  positions of the charged-particle target, 
reactor core,  moderators, sample holder, and rotating fuel. It also 
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Fzg. 5- Cutaway view of a concept of the RPTF reactor and moderator system. 
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Typical Fuel Pin 

Fig. 6-Horizontal section through the center of the RPTF reactor core and 
moderator. 

-Care 

LPulsed Charged-Particle 
Beam Tube 

Fig. 7- Vertical section through the center line of the RPTF reactor core and 
rn oderat or. 
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gives the direction of flow for the reactor,  moderator, sample, and t a r -  
get coolants. 

In Fig. 8 beam-tube configurations and a larger  view of the rota- 
tional system a re  shown. Multiple beam access  t o a  common moderator 
surface is obtained by voiding space around the reactor. The voided 

Hole 

Fig. 8- Horizontal view showing typical beam-tube configurations and relative 
positions of the rotating fuel zuitlz respect to the RPTF reactor core. 

space also provides great flexibility in the tes t  utilization of the reac- 
tor,  and it could even allow a complete change of the reactor system. 
Safety advantages a r e  also inherent in the voided concept. The voided 
region is cooled by gaseous helium. The helium system will provide 
an additional radioactivity containment. 

A schematic diagram of the neutron source and reactor building 
of the RPTF is shown in Fig. 9, and another aspect of facility flexi- 
bility is shown. This aspect, represented by a separate charged- 
particle target cell,  i l lustrates that the charged-particle source and 
the reactor can be operated independently. The reactor design allows 
for operation a s  a pulsed reactor i n  a super-prompt cri t ical  mode in 
contrast to the booster o r  neutron-amplifier mode. At the same time, 
the electron beam can be utilized to study heat- and energy-transfer 
problems separately. The normal target power density from such an 



Equipment Area 

Fig. 9-Plan view of the charged-particle neutron s o u w e  and reactor building. 
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electron beam is at  least  10 t imes that of the reactor itself, and this  
power density can be increased (-25 to 30 Mw/liter) by focusing the 
beam to a smaller  size.  

The accelerator needed to supply the neutron source is considered 
to be a reasonable extrapolation from linacs now in operation. The 
original Idaho Nuclear Corporation proposal visualized a 100-Mev 
1.25-amp peak current with 4 - p e c  pulses, and pulse r a t e s  of 200 
pulses/sec. This proposal provides 100 kw on the target, which is about 
a factor of 2 increase over the highest powers available from known 
operating linacs. Recent study has  centered around specifications of 
8-amp peak current,  60 MeV, 3 - p e c  pulses, and 100 pulses/sec. These 
specifications would supply 144 kw on target,  and they could be ob- 
tained by a conservative extrapolation of the 80-amp peak current  
PHERMEX linac. The enhanced target power provides ag rea t e r  margin 
of safety against e r r o r s  in the estimated neutron yields o r  in lowering 
the design gain and hence the pulse width, 

Basing costs of such accelerators upon the scale-up in average 
power resul ts  in a 5 to 10 million dollar range. It is most likely that 
the 800 cycles/sec megaHertz (L band) machines would perform best  
a t  higher voltages and lower currents,  but equivalent performance is 
promised in the same  price range. A recent proposal by Knapp4 using 
side-coupled cavities promises to provide the source strength for 
considerably l e s s  than 5 million dollars. Because of the efficient con- 
version from radio frequency to electron energy, significantly lower 
operational cost would also result. Studies of the maximum current  
l imits  for such systems a r e  required to confirm this potential. 

A major purpose for the void around the reactor is to minimize 
the neutron lifetime. An example of the meri t  of this  approach is given 
in Table 2 from LASL  calculation^.^ The real izat ion of the full bare  
configuration cannot be expected because the entrance and exit coolant, 
moderators, and reflector safety controls will compromise these num- 
bers. Also, calculation, methods to determine the dependence of the 
void on size a r e  only now being developed. Experimental cri t ical  

@ 

Table 2 

NEUTRON LIFETIMES FOR CYLINDRICAL MODEL 

12 g h / c m 3  16 g Pu/cm3 

Reflected Unreflected Reflected Unreflected 

Neutron lifetime for 
infinite cylinder, s ec  7.8 x 0.90 x 6.7 x 0.66 x lo-* 

Neutron lifetime for 
core  height-to- 
diameter ratio = 1 3.1 x 0.93 x 2.4 x 0.67 x lo-* 
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studies will be required before accurate evaluations can be made of 
these factors. It does not seem unreasonable to expect neutron lifetimes 
of l e s s  than 2 x lo-' sec for partially voided configurations. 

The voided-core concept provides the following possible additional 
advantages: 

1. Maximum neutron leakage pe r  fission ( 1 . 5  to 1.9 neutrons/ 
fission) available from the core. These leakage neutrons can be utilized 
for experiments but a r e  also potentially available for  breeding, 

2. Enhanced effectiveness of mechanical reactivity insertion be- 
cause of the high leakage sensitivity. 

3. Increased negative temperature coefficients due to stronger 
leakage dependence upon thermal expansion. 

4. Internal expansion chamber capability for safety containment. 
5. Flexibility for changing e q e r i m e n t s  near the reactor  core, 

i.e., a single target moderator can be viewed by a number of neutron 
beams without conflicting beam pipes near the core. 

6. Simplified cooling requirements for  the reactor shield. 

Many of these points must be classed a s  predictions because they have 
not been demonstrated by experiment or  calculation, but they do offer 
interesting points for  exploration. 

The advantage of high TJ for  highneutronleakage for source r eac to r s  
has already been discussed, and emphasis upon the breeding aspect 
is a digression from the research aspect since the r e sea rch  reactor  
is not intended for  use a s  a breeder.  However, the idea leads paren- 
thetically to some interesting considerations about voids for  breeding 
reactors.  Generally, the effect of a reflector consisting of 238U or  
232Th for conversion is to degrade the fast-fission-spectrum neutrons 
into a lower energy region that is unattractive f o r  239Pu because of 
enhanced capture and lower fission at the lower energy, The void 
decouples the bare system from the degraded spectrum, preserving 
the high potential breeding ratio of the bare system. This idea needs 
computational verification and parametric study, and optimization 
remains relatively unexplored. 

ESTIMATES OF TIME-OF-FLIGHT BEAM INTENSITIES 

If we assume a uniform moderator without internal sou rces  or 
can be regeneration, the vector transport  equation for  the flux at t, F, 

expressed by the operational equation 

where A B + K, B is the sum of leakage, downscattering, and absorp- 
tion t e rms ,  and K is an integral of a scattering kernel operating on the 
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flux integrated over all  other vector space involving the sample volume 
and vector space. According to Willianis,' the solution can be expressed 

where M(v) is an equilibrium Maxwellian-like distribution, the second 
t e r m  represents  higher energy eigenfunctions (which can be shown to 
represent  near-equilibrium before the final distribution is obtained), 
and the third t e r m  is a continuum distribution. The equilibrium and 
near-equilibrium eigenfunction solutions a r e  interpreted to contain 
upscattering a s  well as downscattering, whereas the transient con- 
tinuum solution only contains downscattering. Thus, for a system at  
zero degrees,  the continuum distribution alone would remain because 
the neutrons would continue to moderate indefinitely without absorp- 
tion. The qualitative agreement with this interpretation is illustrated 
in Fig. 10, where the t ime distribution at  a fixed energy o r  velocity 
has been measured' for leakage neutrons from a polyethylene sample 
at  room temperature and for  the same sample at  -80" K. 

An experimental measurement of the time-dependent spectrum of 
polyethylene is represented in Fig. 11. The narrow ridge leading down 
to the Maxwellian is seen in the foreground. The evolution of the 
transient to the stable Maxwellian is not readily evident, but Fig. 10 
is based upon an actual constant energy-time measurement, and in- 
deed the energy distribution can be interpreted a s  a Maxwellian, with 
the consideration that it is a diffusion-hardened leakage spectrum. A 
rough schematic of the process  represented is shown in Fig. 12, the 
view is from the top as in an equipotential plot. The heavy black l ines 
represent twice the dispersion and the maximum value of the distribu- 
tion function. Equiflw contours are very schematically represented. 
The peak and the width p rogres s  together in the continuum transient, 
diverging linearly until upscattering starts as equilibrium is approached. 
The two representations of the distribution become orthogonal as 
equilibrium is attained. Note the continuation of the continuum transient 
for ze ro  temperature. 

The major discussiyn in the following pages will be about the 
transient continuum or  slowing-down portion of the solution. The fact 
that the properties of the solutions of the transport  equation are not 
a closed subject is only noted, and the discussion will be rest r ic ted to 
simple cases, alleviating the necessity of more rigorous development 
in this  active field. Some reference to  the theory will be made a s  it 
applies to the experimental approach being outlined. The experimental 
approach could, in turn, be of direct  interest  in testing the theories, 
but the basic objective will be to optimize the coupling between pulsed 
r eac to r s  and experiments. In this sense,  the approach is that of an 
engineering development program or  an applied measurement technique. 

@ 

@ 
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Polyethylene a t  Room Temperature 
o Polyethylene at Liquid-Ni t rogen Temperature 
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Fig. IO- The delta- function time-dependent neutron leakage at various energies 
f r o m  4- by 4- by 3-in.  polyethylene at room temperature and at 80°K. 



SHORT MODERATOR PULSES AND BOOSTER SYSTEMS 253 

Fig. 11-Experinzental neutron spectra plotted as  a fzrnction of t ime  after the 
introduction of a delta-function source. 

Assuming an infinite medium at zero degrees,  an analytical solu- 
tion of the time-dependent slowing-down neutron density for a monotonic 
hydrogen gas  is given by 

(7) 
1 dE 
2 E N(E,t) dE dt = - (Cvt)’ - dt 

where C is inverse mean free path and has been assumed constant for 
all energy, v is the average velocity, t is the time, and E is the neutron 
energy. The major approximation neglects the variation of cross  sec- 
tions with energy. Experimental data given in Fig. 13 show that the 
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Fig. 12-Equiflux plot of the neutron time-energy distribution af ter  introduc- 
tion of a delta-function source. The straight outside lines indicate the dispersion 
of width of the t ime  pulse; the center i s  the peak of the distribution. The final 
energy distribution i s  a diffusion-cooled Maxzvellian decaying away with a single 
exponential. 

experimental data are accurately described by the functional shape 
without specifying amplitude and cross-section values. The maximum, 
average value, second moment, and dispersion are given in the ex- 
pressions below: 

2 
tmax = - C V  

- 3  t = -  
CV 

- 12 
C V  

t2 = -  

.Assuming that C = 1.4 cm-', a rule-of-thumb value for the reciprocal 
product 1/Cv for  the hydrogenous medium is 

( 9) 
1 

C V  
t, = - = 1 / 2 m  psec 
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- Chi-Squared D is t r ibu t ion  w i th  
Six Degrees o f  Freedom 

10 
0 5 10 15 20 25 

Fig. 13-A .fit to  the t ime  distribution of 0.05-ev leakage neutrons from solid 
ammonia at  77°K itsing a chi-squared distribzition of si.u degrees of freedom. 
Note that this Ins an eqicivalenf fitnctional f o r m  a s  Eq. 7. 

RELATIVE TIME, pSEC 

i 

where E is in electron volts. The above equations provide the basis  for 
@ estimating epithermal-neutron pulse widths where it is assumed that 

the full width at half maximum, is given by T~ = 2 X 0.7 At = 1.4 At. TP ' 
For the idealized case of c = 1.4 cm-', the value of T~ is given by 

1 . 2  r =-psec 
P r n  

where E is in electron volts. This equation yields a value of 5.2 psec at 
0.05 ev; the experimentally observed values a r e  9 ysec for  solid am- 
monia, 15 psec for  polyethylene, and 17 psec  for  water. The difference 
is assumed to be the lower product of the inelastic-scattering c r o s s  
sections and mean logarithmic energy lo s s  compared to the free-atom 
case. Subsequent calculations assume a 10-ysec pulse width at  0.05 ev. 

A more general and quite accurate formula describing the time 
distribution for any medium was developed by Koppe18 using the 
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Greuling- Goertzel approximation. This approximation can be con- 
sidered as a higher order  age equation approach, and the appropriate 
expression obtained is 

where r = the gamma function 

5 y = - C ,  vt 
7' 

and 

1 
1 - a - CY€ -___ 

2a€z 
l-a-Cu€ 1' = 

where 5 is the usual average logarithmic energy decrement, CY is the 
maximum energy lo s s  pe r  collision, and E = In l/a. For  es t imates  for  
heavy moderators, the following Russiang slowing-down spectrometer 
values are recommended: 

where M is the m a s s  of the moderator. 
These time functions are schematically represented in Fig. 14, 

and their  magnitudes can be estimated f rom the formula given. A 
time-of-flight experiment at a distance R can be represented by a 
l inear t ime transformation of the time distribution by a t ime given by 
tor = R/v. The classical  time-of-flight specification is that to, be much 
greater  than 2 = T ~ ,  which avoids the problems posed by the non- 
separability of velocity and time in Eqs. 7 and 10. If this specification 
is not satisfied, the problem needs to  be treated using partial  dif- 
ferentials. More generally, the implied uniform sources and infinite 
media, which a r e  required to  provide the given solutions, a r e  not 
realistic; energy separability must be examined. Even where such 
separability can be made, the complicated source distribution and 
delta-function t ime source imply complex eigenfunctions o r  expo- 
nentials that are necessary to describe the wave-front character  of 
the continuum transient. However, the simple point of the time delay 
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Fig. 2.1- Graph of tlze time-7i:idth dists-ib7ction (near the initial t iwe)  showing 
the effects of an energy-dependent source including inelastic scattering. The 
latter efject is overentphasized. The second t ime  clist?,ibzction is that seen at the 
end of a time-of-.flight path. 

and the dispersion in this delay will be general and must be accounted 
for in time-of-flight experiments. It i s  usually treated as a source- 
thickness correction, but greater  refinements a r e  expected to show 
that this correction i s  inadequate. This question will be left open here.  

The basically complicated calculation of the space, energy, and 
time distribution of the flux within the medium will be avoided by dis- 
cussing the problem from an empirical, experimental point of view. 
The immediate discussion wil l  be restricted to the three observables: 
the source strength q, the leakage currents,  and the equilibrium ther- 
mal leakage. The source strength is assumed to be the f i rs t  interaction 
neutrons in the moderator from an external source. This distribution 
would be best determined by a Monte Carlo calculation, but rough 
estimates a r e  not difficult. The total source q is desired. The leakage 
flux' is experimentally observed to have an energy dependence d e - ,  
scribed by the modified 1/E expression 

@ 

Typically, experiments have been performed to optimize 4 a s  a func- 
tion of thickness of the moderator. These optima a r e  energy depen- 
dent," but the values of n usually fall between 0.85 and 0.95, the lower 
value being obtained for higher energy optimization. In the infinite 
medium, the flux becomes K L  dE/E, and the exponent lower than 1 is a 
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measure of the competition between moderation and leakage. Within 
the infinite medium the integral of the flux gives something like 17K1 for  
a unit density hydrogenous moderator, whereas the integral over 
Eq. 13 gives, for example, 34Kl. Because the number 17 represents  
the case  for  all source neutrons reaching thermal,  a fractional rela- 
tion can be established: 

where Nthemal  is the normalization constant integral over energy for  
the internal neutron flux (all-volume sum) with leakage. Fo r  the case 
chosen, Nthermal is also 34, or half the neutrons reach thermal  and half 
leak out. Fo r  an optimum moderator for  resonance neutrons, the case 
of one-half leakage and one-half reaching thermal  is observed to  be a 
reasonable approximation. Thermal measurements also provide rea- 
sonable confirmation of this  result. 

A prescription o r  recipe for  estimating beam fluxes (neutrons/ 
cm2/sec) is given by 

E ( 1 4  SF,F,F,K dE ~ 

(15) b =  
E 

where S = total source strength 
F, = fraction of the source impinging on the moderator 
Fz = fraction of neutrons staying i n  the moderator 
F3 = fraction of the leakage observed by the experiment, sug- 

gested to be estimated by taking the fractional buckling for  
the surface viewed 

K = normalization constant for the leakage spectrum 
Q = solid angle subtended by 1 cm2 at the detector or beam sam- 

ple position, and this is '/,vR2 if R is large compared to  the 
surface dimensions of the moderator being viewed 

The optimization problem for a particular experiment is in itself com- 
plicated, and, for  a large variety of beams, many optimization studies 
will be required before the best  solution is found. Usually the beam 
fluxes will be - SdER/E)/E. 

Calculations can be made to determine equivalent-source fluxes, 
and these will be found to  be disappointing because the moderator 
optimization has been made to maximize @peak / T ' ,  where @peak is the 
peak of pulse and T the time width. A maximum moderator pulse flux 
equivalent of l o i 6  neutrons/cm2/sec for  thermal neutrons is about the 
best  that can be obtained. This flux is postulated from a total neutron 
leakage of 1.7 x 10i7neutrons/sec from the reactor,  and i t  assumes the 
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equivalent flux to be determined from the source leakage being one- 
half the equivalent flux and allowing a factor of 4 for peak-to-average 
flux f rom a rectangular slab. However, this approach should only be 
used to emphasize the basic difference in optimization of beam leakage 
at short  time vs. optimizing the moderator flux. 

The mer i t s  of the short  pulse-leakage optimization can only be 
realized by comparing experimental intensities because source com- 
parisons in the t e r m s  of flux alone leave out many area,  geometric, 
and collimation factors. For example, a conventional steady-state 
reactor  flux of 10'' neutrons/cm2 and 10-cm-diameter beam ports  
would produce fewer neutrons per square centimeter at  the end of the 
flight path than the lo i6  neutrons/cm2 pulsed source above i f  it is 
necessary to use a chopper to obtain the 10-Isec pulse. The major 
difference is the chopper collimation limit on the source a rea  that can 
be used. In contrast, the total a r ea  (-400 cm2) would be potentially 
available if energy resolution is the only restriction (the need for  
angular definition of the beam could certainly modify this comparison). 

As presented, the proposal places great emphasis upon tangent 
beams, which a r e  generally desirable because of the inherent advantage 
to shielding and background problems. This advantage resul ts  since the, 
direct  reactor radiation is once scattered in leaving the reactor,  and 
it is degraded in energy and much easier to suppress experimentally. 
Cases occur in  which the neutron intensities favor side view of the 
moderator perpendicular to the general source direction. Macklin 
and Harvey" have shown that the halo target adopted for the ORELA 
produces higher beam intensities than a moderator placed between the 
target and experiment. The Idaho studies6 also indicate enhanced source 
intensities when viewing perpendicular to the source for special mod- 
erator  cases.  Further study of this question will be required, and the 
important point is to r a i se  the question of the side-view alternative. 

The above discussion emphasizes the desirability of retaining 
maximum flexibility in allowing moderator - source modification in 
the reactor design. In addition to the desire  to allow optimization for 
different experimental needs, separate and frequent maintenance on 
cold moderators should be allowed for  until enough experience has 

. been obtained to demonstrate the lack of such need or how to design 
around the need. Aside from the practical engineering considerations, 
maximum source intensities (as discussed previously) will probably 
negate the perpendicular-moderator scheme because maximum total 
intensities a r e  obtained by use of the largest  F, and the total a r ea  
possible. The subject is by no means closed, and the need for flexibility 
to allow for moderator modifications is enhanced thereby. 

The previous discussion has been almost exclusively directed 
toward neutron beams, but important experiments must be carr ied out 

@ 
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near the reactor. One case that should be mentioned i s  that of neutron 
reactors  where it is important to optimize the flux. Here advantage 
can be taken of the time-dependent moderation of the neutrons a s  the 
Russians’ have done in their  slowing-down spectrometer by using a 
lead moderator. Here the neutron hold-up in time, because of low 
energy lo s s  per  collision, yields markedly enhanced resonance fluxes 
and t ime separation giving - 30% fractional energy resolution. High 
peak 1/E pulse fluxes can be expected. The optimum reactor  pulse 
width will vary rapidly with energy. For 5-psec reactor pulses the 
optimum flux s t a r t s  a t  50 to  100 ev and remains for lower energies. 
The upper limit can be extended by lowering the reactor pulse widths 
if the same peak power is retained. 
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DISCUSSION 

HENDRIE: There was an elevation of the core and of the rotors  
either with or  without fuel running just below the core. Have you looked 
at the reactivity swing a s  a function of the separation of the rotor 
surface from the lower core surface? 

FLUHARTY: No, we have not. Geometrically, the rotor is large 
enough; so it looks a s  if we could stand separations of the o rde r  of 
inches without serious loss in the reactivity because of the relative 
size of the paddle. In other words, the paddles a r e  large compared to 
inches. 

HENDRIE: I expect this might be t rue for a fueled slug on the 
rotor. I wonder if it is t rue for a reflector block. The SORA people 

FLUHARTY: They were more worried about ra tes  than we are.  
We have proposed to operate this as a pulsed reactor,  but, if we do, 
we a r e  going to have to look at  questions like this more closely. For 
a booster o r  accelerator pulsed reactor these problems a r e  not nearly 
as severe. 

HENDRIE: We would like to use something like that on our ver- 
sion, but we find such a strong reactivity dependence that it just gets 
out of hand. 

BLOKHINTSEV: What power do you intend to develop i n  your 
booster installation? 

FLUHARTY: We are in the neighborhood of your proposal with 
an average power of 3 Mw. This figure looks very conservative, and 
it s eems  reasonable to go on up to 6 Mw. The volumes we a r e  talking 
about a r e  in the range of 6 to 10 li ters.  

@ found a very strong reactivity-swing dependence on that separation. 

BLOKHINTSEV: What about a realization of your idea? 
FLUHARTY: You mean where do we stand in t e r m s  of actually @ getting on with the job? We are still very much in the proposal stage; 

as you can see, what we a r e  talking about here is a concept. The 
engineering ideas have been looked at, and they seem to be conserva- 
tive-less than 10" r i s e  in the fuel per pulse. We a r e  comparing with 
steady-state systems, and it is not a big extrapolation on that basis. 
But we a r e  just proposing at this point. 
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ABSTRACT 

The pulsed reac tor  SORA, d e s i g n e d  at the Common Research Center of 
EURATOM at  I spra  a s  a source for  neutron-physics experiments, is described. 
The  design of the reac tor  facility and its operational character is t ics  are re- 
viewed, and operational control and safety and reac tor  safeguard considerations 
are discussed. 

INTRODUCTION 

The SORA reactor  is a pulsed fast  reactor  designed at the Common 
Research Center of EURATOM at  Ispra  to serve  as a neutron source 
for  beam research  in neutron and condensed-state physics using the 
time-of-flight measurement technique. * Construction has  been proposed 
at Ispra  as a replacement for  the existing 5-Mw heavy-water research  
reactor  and as an important s tep  in the development of pulsed reac tors  
as intense neutron sources. 

Detailed design studies on SORA star ted in 1963. From July 1964 
to January 1966, the design and specifications for the ent i re  reac-  
t o r  plant were prepared under a contract between EURATOM and 
the consortium BELGONUC LEAIRE/SIEMENS -SCHUCKERTWERKE. 
A critical-experiment program for SORA was car r ied  out under a 
EURATOM-U. S. Atomic Energy Commission agreement a t  Oak Ridge 
National Laboratory from the fall of 1965 to the fall of 1966. Numerous 
theoretical and experimental studies in reactor  physics and design, 

@ 

*The t e r m  “pulsed reactor”  is used to descr ibe a reac tor  that is periodi- 
cally, or repetitively, pulsed by reactivity inser t ions.  
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experimental facilities, safety, dynamics, and control have been ca r -  
r ied out a t  Ispra. 

The SORA reactor design and experimental use have beende-  
scribed at  previous stages in i t s  development, notably at  Karlsruhe in 
1965' and at Santa Fe in 1966.' In this paper we review the design of 
the reactor facility and i t s  operational characterist ics,  and we dis- 
cuss operational control and safety features and reactor safeguard 
considerations. 

DESCRIPTION OF THE REACTOR FACILITY 

The layout of the SORA reactor facility has  been established on 
the basis of experimental, operational, and safety requirements. Ex- 
perimental requirements, s imilar  to those for steady- state reactors  
used for neutron-beam experiments, are:  a variety of types of neutron 
sources,  good access  to the neutron sources,  good shielding to reduce 
experimental background, adequate space for  experimental setups, plus 
a few special requirements, e.g., the possibility of extending beams 
beyond the reactor building. 

The layout follows the l ines of other r e sea rch  reactors.  The ex- 
perimental and operational areas a r e  separated a s  much as possible, 
allocating almost the entire a rea  above the main floor to  the experi- 
menters and almost the entire basement a r e a  to the operators.  Fo r  
this reason and for safety reasons, we have,located practically a l l  the 
core cooling-loop components in the basement. Handling of the core,  
the vessel  internals, and the pulsation device is done above the main 
floor. 

Safety considerations have played a major role  in establishing the 
plant design and operating conditions. In addition to  many normal op- 
erational provisions, nltimate safety is assured by a two-barrier con- 
tainment: the reactor block shield as containment for  explosive effects 
and the steel  reactor building as containment for  any fission-product 
activity released. 

Figure 1 is a cutaway view of the reactor  showing the general  ar- 
rangement. In this section some details about the various pa r t s  of the 
reactor will be given. 

The Core 

The key to optimized performance of a fast  pulsed reactor  (or 
accelerator pulsed reactor) is small  core  volume, giving low prompt- 
neutron generation time, high worth of external reflectors,  and a high 
ratio of leakage neutrons to fission neutrons. Attaining a small  core  
volume means minimizing coolant and structural  volume fractions. By 
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Fig. 1 -C/itaiva\: uieic. of S O R A  

(1) Fuel element 
(2) Core window 
(3) Subassembly support plates 
(4) Reflector 
(5) Control rods  
( 6 )  Moderator 
(7) Moderator loading tube 
(8) Horizontal beam tube 
(9) Slanted beam tube 

(10) Large beam tube 
(11) Irradiation tube 
(12) Coolant inlet pipe 
(13) Lower plenum 
(14) Vessel support  r i m  
(15) Upper plenum 
(16) Auxiliary-loop outlet 
(17) Main-loop outlet 
(18) Overflow line 
(19) Cover-gas line 
(20) Core hold-down s t ruc ture  
(21) Vessel shield plug 
(23) Vessel instrumentation extension 
(24) Pulsation cell 
(25) Cooling-gas inlet pipe 
(26)  Cooling fan 

(27) Connector fo r  electrical  connec- 

(28) Rotor-positioning dr ive  
(29) Main drive motor  
(30) Bar re l  for position indication 
(31) Main ro tor  bearing 
(32) Helium-tight ro tor  housing 
(33) Housing fo r  cooling-gas flow 
(34) Main ro tor  a r m  
(35) Beryllium reflector block 
(36) Balancing a r m  
(37) Upper emergency bearing 
(39) Upper shaft butt 
(40) Lower shaft butt 
(41) Lower bearing 
(42) Cooling-gas outlet 
(43) Connector f o r  helium and lubri- 

cation 
(44) Graphite-shield coolant inlet 
(45) Graphite shield 
(47) Lower reflector 
(48) Shield block 
(49) Shield block 
(53) Pulsation-device rails 

tions 
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using an a r r a y  of fuel elements with rather  large diameter (15 mm) 
rods in close-packed hexagonal geometry, we attain in SORA a fuel 
volume fraction of 0.79 and a total core,  volume of less than 6 l i ters.  
The core cross-sectional a r e a  is about the same  as that of a water- 
reactor subassembly. However, for easing nuclear-safety problems 
during fuel loading, unloading, and storage, the core  is divided into 
three concentric ' subassemblies, and the inner subassembly, a central  
seven-rod cluster, is loaded last. This division into subassemblies 
also eased the cooling requirements (for which we use gas) during fuel 
handling. It did, however, ra ise  a question about clearances necessary 
in the core  for loading and unloading the subassemblies without damag- 
ing the fuel elements. Tests recently completed on a core mock-up 
indxate  that small  clearances a r e  required, which should not cause 
other problems. 

The close packing of the fuel elements causes  circumferential 
variations in the heat removal from the fuel element which, in turn, 
cause circumferential temperature variations in the cladding (see 
Core Heat-Removal Characteristics). These temperature differences 
cause axial thermal s t r e s s e s  considerably l a rge r  than other types of 
cladding s t r e s s e s  expected and create  the possibility of thermal-s t ress  
fatigue due to  start-up-shutdown cycles. This factor has led u s  to  con- 
sider alternate cladding mater ia ls  for SORA, materials having higher 
yield strength or better conductivity than s ta inless  steel. With the use 
of an Inconel, a power level of 1 Mw in SORA will be possible without 
difficulty. 

Regarding the choice of a uranium alloy for  SORA, the advantages 
of the fuel used in the Experimental Breeder Reactor No. 2 (EBR-2), 
U-5 wt.% Fs, over U-9 wt.% Mo becomes increasingly evident: 9% 
higher uranium density, 20% higher thermal  conductivity, and the rap- 
idly deepening understanding of swelling behavior under irradiation. It 
s eems  completely reasonable3 to expect 0.8 at.% burnup with less than 
5 vol.o/o swelling at  central  temperatures up to  550°C. This corresponds 
to an irradiation life of about 1.5 years  for the highest rated fuel and 
2.5 yea r s  for average rated fuel, a t  1 Mw mean power. 

Pulsation Device 

The design of the pulsation device was developed with the cri terion 
that the overall mechanical reliability had to  be as high as possible 
considering that certain par ts  a r e  subject to wear and to  radiation 
damage. The resulting basic features are:  

1. Vertical axis of the device. 
2. Symmetric rotor  design relative to rotor vertical  midplane. 
3. Compact, transportable, and exchangeable unit that does not 

require adjustment after installation in the reactor  block. 

a 
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4. Provisions for  maintenance and inspection outside the reactor  
block to guarantee that the pulsation device maintains the characteris-  
t ics  of a new device during operation periods. 

The materials were chosen on the basis of performance characteris-  
t i cs  and neutron activation. 

The use of beryllium as a moving reflector has several  significant 
advantages: high reactivity worth as a reflector, low weight, and low 
activation. Beryllium also has good strength and reasonable ductility in 
the operating-temperature range of 100 to 200°C. At these tempera- 
tures  fast-neutron irradiation results in an increase in strength and a 
lo s s  of ductility owing to helium production [mostly from (?z,21z) reac- 
tions], which will limit the lifetime of the beryllium in SORA to a few 
years. For this reason, annual o r  biannual replacement of the pulsation- 
device rotor is foreseen during the f i rs t  years  of operation, and we 
expect that eventually only replacement of the beryllium pieces will be 
necessary. For reasons of safety as well as fabrication, the total be- 
ryllium reflector i s  divided into four blocks, 6 cm high, l l  cm wide, 
and about 7 cm thick. 

The beryllium pieces a r e  attached at the end of the long a r m  of a 
three-armed propeller, the two balancing a r m s  being shorter  to reduce 
their  reactivity effect when they pass  near  the core. The rotor and 
conical hollow-shaft butts a r e  made of the well-known Ti- 6 wt.%Al- 
4 wt.O/oV alloy that provides a high strength-to-weight ratio and low 
activation under irradiation. The rotor is made up of four identical 
layers  6 cm high, to each of which is keyed one beryllium block. The 
connections a r e  made by three high-strength-steel keys, each of which 
takes a centrifugal force of 2.5 tons during operation at 3000 rpm. 
These keys a r e  prestressed by four titanium wedges so that elongation 
will not occur at rotor speeds up to  4000 rpm. 

The mechanical safety factors, considered a s  the ratio of maxi- 
mum s t r e s s  to yield or ultimate strength, a t  operating conditions a r e  
high in comparison with those used in the design of other rotating 
equipment. The minimum safety factors against yield s t r e s s  a r e  3.3  in 
the beryllium, 3.8 in the steel  keys, 3 in the fixation region of the tita- 
nium rotor,  and 8 in the r e s t  of the titanium rotor, which i s  designed 
for uniform stress .  The separation of the beryllium and rotor into four 
separate pieces and the use of the three-key connections give addi- 
tional high reliability against a sudden breakage of a large segment of 
the beryllium or i ts  fixation. 

The rotor operates in a narrow leak-tight housing filled with he- 
lium gas to reduce friction power. The use of helium also l imits  the 
Mach number to 0.3.  The aluminum-alloy housing is designed to have a 
high rigidity. P a r t  of this rigidity is supplied by external fins provided 
to assist the t ransfer  of the friction heat from helium through the 
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housing to a special nitrogen cooling circuit. This circuit  passes  9000 
m3/hr of nitrogen (S.T.P.) between the housing and an outer aluminum 
casing to remove approximately 30 kw of heat. The thin flat window in 
the housing, next to the core, presents no fabrication problem. This win- 
dow, a square plate of forged aluminum with 2-mm minimum thickness, 
is welded into the housing ring with controlled p re s t r e s s  to increase 
its stability. 

The rotor shaft butts a r e  supported by oil-lubricated bearings, the 
upper one supporting the rotor  weight and the lower one serving only 
for radial  guidance. In addition, emergency graphite bearings above 
and below the rotor, with 0.25-mm normal radial clearance, a s su re  
support of the rotor during stoppage in case  of a serious failure of a 
bekr ing. 

The upper rotor  shaft butt is connected through a tooth coupling to  
the motor shaft; a torque l imiter  is positioned between so that, in case 
the motor shaft should seize,  the rotor may spin to  res t  without inter- 
ference. The motor is a two-pole asynchronous motor with a squirrel-  
cage rotor  fed by a special power transformer that provides the desired 
velocity control of better than i0.5%. An electromagnetic brake, a 
geared pickup barrel  for  position signals, and a slow-speed positioning 
drive with electromagnetic clutch a r e  a lso provided. 

Reflector and Controls 

The reflector that surrounds the core  on five of its s ix  s ides  has 
been designed to: 

1. Provide a second containment for  the active NaK circuit  in the 
core region. 

2. Efficiently reflect fast and intermediate neutrons back to  the 
core. 

3. House the seven control and safety rods and the two moderator 
cryostats. 

4. Prevent the return of thermal and epithermal neutrons from the 
sca t t e re r s  and thermal shield to  the core. 

5. Pe rmi t  an efficient conversion of fast  neutrons to slow neutrons 
in the moderators. 

The second vessel containment system is provided by a s teel  layer 
that c loses  off the reflector from the vessel  and other surroundings. 
An inner region of the reflector is made of a good fast reflecting ma- 
terial ,  a W-Ni alloy, which also has the advantage of good epithermal- 
neutron absorption. The high conductivity of this material  aids the 
t ransfer  of heat deposited by gamma rays  to  nitrogen coolant flowing in 
channels located at  the front and rear. Surrounding and supporting the 
inner reflector region is a stainless steel structure that a lso guides 
the control rods and moderators. 
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Separation between the thermal-neutron sources  and the core is 
provided by an absorber layer located between the W - N i  alloy and the 
stainless steel pa r t s  of the reflector and around the front of the two 
moderator cryostats. The absorption capability is specified as equiva- 
lent to 0.25 g/cm2 of ‘OB for  neutron energies up to  10 ev. 

Seven reflector control rods perform the required safety, regula- 
tion, and reactivity compensation functions, The safety and reactivity 
compensation rods a r e  located a s  close as possible to the core  to  ob- 
tain maximum reactivity worth. Smaller reactivity worth is required 
for  the automatic control rods, one fast-acting rotary and one slow- 
acting, and they a r e  located far ther  from the core. 

Experimental Facilities 

The two principal neutron sources a r e  located in cryostats placed 
in the 14-cm-diameter vertical holes in the reflector, close to the core. 
Each cryostat  feeds four horizontal 10-cm-diameter beam tubes, two 
centered at  6 c m  above core midplane and two centered at  6 c m  below 
core midplane. This arrangement will allow the moderator geometry 
and composition to be optimized differently for  the upper and lower se t  
of beam tubes. For example, in the cold source, which is planned for  
the central  cryostat, one part  may include a beryllium filter and the 
other may not. 

The preliminary layout of the cold source has an inner half- 
cylinder of ice (volume about 1.5 l i ters)  and outer half-cylinder of 
beryllium. The cooling of the estimated 800 watts is performed by a 
liquid-nitrogen or gaseous-helium loop. For the thermal source, a 
volume of about 1 liter and a heat generation of about 500 watts is 
estimated. 

Additional experimental facilities include four slanted beam tubes 
viewing the upper l aye r s  of the two cryostats,  two horizontal beam 
tubes f o r  fas t  neutrons oriented toward the co re  window, and a large- 
diameter (30 cm) special-purpose beam tube intersected by a vertical  
irradiation tube. 

Flanged penetrations through the reactor  building are provided for  
each horizontal beam tube, and-gn a rea  of up to 100 m is available out- 
side the building fo r  experimental purposes. In the direction of one of 
the fast-neutron beam tubes, a distance of 1000 m is available. 

Reactor Block and Shields 

The reactor block shield surrounding the core and the so-called 
“pulsation cell” where the pulsation device is located is made of heavy 
concrete with steel  reinforcement except for the inner 40 c m  su r -  
rounding the pulsation cell, which is made of special borated concrete. 
This layer and the aluminum covering of the pulsation cell reduce the 
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activation level inside the reactor block. A movable lead shield 
located in the cell is provided to shield core radiation when the pulsa- 
tion cell is opened with the fuel in place. A graphite therma1,shield i s  
located between the reflector and the concrete shield in  the beam-tube 
a rea  to reduce the heat generation level in the concrete. This graphite 
layer is covered with boral to absorb the thermal neutrons produced, 
and it is cooled on its surfaces by nitrogen-gas flow. The heat genera- 
tion is estimated to be 10 kw, almost all of which is due to neutron 
capture in the boral. 

Cooling Circuits 

The core heat i s  t ransferred through primary and secondary NaK 
circuits and rejected to the atmosphere in air-cooled heat exchangers. 
A 50-kw auxiliary NaK system is provided for shutdown cooling. Cool- 
ing of the friction heat of the pulsation device and the heat generated in 
the reflector, controls, and shields, as well as the room containing the 
NaK loops, is by nitrogen circuits that t ransfer  the heat through freon 
secondary systems to water-cooled terminal heat exchangers. 

Handling of Activated Parts 

The fuel subassemblies a r e  transferred from the core to a hot 
cell in the basement and vice versa  in a special transfer machine that 
is handled by the building crane. Inert-gas cooling is used during 
t ransfer  operations. A 'second simpler machine is used for handling 
other reactor-vessel internals (shield block, instrumentation insert). 
The pulsation device is moved within the pulsation cell from outside 
with special manipulators at  the back of the cell and is handled by the 
building crane through a top hatch in the block shield. A special warm 
workshop for maintenance and testing is being planned adjacent to the 
reactor building. Control rods and moderator cryostats a r e  handled in 
a room below the reactor  block from which access  is provided to the 
hot-cell area.  

Nuclear Control and Safety Instrumentation 

Nine neutron-detection channels a r e  provided: two start-up chan- 
nels, two mean power (log) channels, three safety channels, and two 
movable-control channels. The detectors view the thermal-neutron 
pulse in the graphite, which has a peak-to-average value of about 15 
and a width of about 1 msec. Timing signals a r e  obtained from the pul- 
sation device. Conventional detection chains have been adopted for the 
nuclear instrumentation although it is planned to incorporate special- 
ized detection chains into the control and safety system at a la ter  date. 
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OPERATIONAL CHARACTERISTICS 

The reactor  physics, pulse characterist ics,  and core heat-removal 
characterist ics a r e  discussed in this section. A summary i s  given in 
Table 1. 

Reactor Physics and Pulse Characteristics 

The reactor  physics calculations for SORA concern pulse charac- 
ter is t ics ,  core  steady-state design, and moderator design. Develop- I 

Table 1 I 
PRINCIPAL REACTOR OPER.ATIONXL CHARXCTERlSTICS 

lieactur Ph\  s i c s  Character is t ics  

Prompt- lieu t ron gene ra ti on t ime,  nsec 
Delayed-neutron fraction 
Reactivity worth of moving reflector, Ak/k 
Parabolic reactivity pulse constant ( a ) ,  4 k / k  cni2 
Isotherindl temperature  coefficient, 4k/k/"C 
Total worth of control rods,  AB/lc 
Maximum prompt reactivity at pulsed cr i t ical i ty ,  Ak/lc 
Time-averaged ngutron flux in core ,  neutrons/cin2/sec 
' Total averaged over  c o r e  

Core  volume, l i t e r s  
Core  uranium. loading, lig 

Above,O.S Mev averaged over  c o r e  

20 
0.0064 
0.038 
5 x 10-4 

0.030 
80 X 10-5 

-1.4 x 10-5 

8.7 x 10'3 
4.0 x 10'3 

" 6  
61 

Pulse Chdi-acteristics 
. _. 

235U (600 k w )  

j ::3 
160 

I 1600 

1 central  moderator: neutrons/cinz/sec I 1.5 x l o i 5  

\Power pulse half-width; psec 
[Ratio of peak to background power 
;Peak thermal  flhx m reference 

,Thermal-flux half-width UI reference 
I central  moderator ,  psec 75 

_ _  

it 36 

- -  - 1  

Core  Neat-Removal Character is t ics  (600 krv) 
I -2 J" - - _I - . - - _. 

I '  

IPeak-to-average power' ra t io  1 .G 
Bverage fuel-element h e a r  power, watts/cm, 230 

200 
G 
54 

icoolant inlet temperature ,  oc 
Coolant average velocity, idsec 
Average coolant-temperature r i s e ,  "C 
Aver ige  heat-transfer coefficient, watts/cni2/°C 1.5 
Maximum fuel temperature ,  "C 43 5 
Maximum cladding peripheral temperature  difference, "C 86 
P r e s s u r e  drop in reac tor  vessel ,  kg/cm2 1.7 

w e r  'density, i;w/liter 100 

1 1  



2 74 LARRIMORE ET AL. 

ment of new methods was required in all three areas. The latter two 
a r e a s  have been experimentally complemented by a comprehensive 
critical-experiment program and by moderator experiments. 

and numerical6 methods for  calculating pulse 
characterist ics have been developed. In the analytical work, the origi- 
nal theory of Bondarenko and Stavisskii' has been generalized and ex- 
tended to pulsed boosters. The numerical method is a three-energy- 
group two- space-region kinetics model using input data obtained f r o m  
stationary S ,  flux and adjoint calculations. 

The theoretical methods used for calculating the steady- state 
physics characterist ics have been previously described.''' Both the 
specially developed Monte Carlo' code TIMOC and the SN codes a r e  
used. 

Physics design pa rame te r s  for SORA are now calculated by the 
following codes: 

1. TIMOC: core reactivity, moving-reflector worth and differen- 
tial reactivity effects (except a), generation time. 

2. S, codes: core reactivity, core  power distribution, control-rod 
worths, core reactivity coefficients, neutron kinetics input data for 
AIREK-PUL, reactor  and moderator flux distributions. 

3. AIREK-PUL: core and moderator pulse characterist ics in a 
three-group two-space point model. 

Both 

No satisfactory method is available for  calculating a. 
The SORA crit ical  experiment program" was performed at the 

Crit ical  Experiments Facility of Oak Ridge National Laboratory with 

These experiments were performed on a ra ther  exact geometrical 
mock-up of the SORA design. The core was mocked up by highly en- 
riched 235U rods located in vertical holes in an iron matrix. Measure- 
ments were made of moving-reflector reactivity worths and pulse 
shapes for beryllium and iron blocks with widths between 11 and 26 c m  
and for  various window configurations. (The window denotes the struc- 
tures  between the core and moving reflector.) The experimental pro- 
gram also included many measurements of control-rod and simulated- 
moderator worths and of various reactivity effects. 

Larger  than expected discrepancies in core  reactivity were found 
in detailed cross-check calculations between the cri t ical  experiment 
and the design by TIMOC and 2DXY codes. These discrepancies have 
stimulated a cross-section evaluation program based on the ENDF-B 
cross-section tape. Reactivity calculations as a function of the number 
of fuel elements in the core  for  the current reference design are plot- 
ted in Fig. 2, which shows a difference of about 4% in keff and an as- 
sociated uncertainty in co re  loading of plus o r  minus four elements. 

0 EURATOM participation from September 1965 to September 1966. 
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101 103 105 107 109 1 1 1  (13 115 117 119 121 123 
NUMBER OF FUEL ELEMENTS 

Fig, Z-iVIasirizii1iz effecticie. iiziiltiplicatioii factors as a fililctioiz of the izuiizber 
of fue l  eleuzeizts i i i  the coye. 

The dependence of the reactivity worth and a value of beryllium 
moving reflectors on the window thickness, as determined in the cri t i-  
cal  experiment, is shown in Fig. 3. Lines of constant worth in dollars 
( $ 1  = 0.0064) and CY in  Q/cm’ a r e  shown. The present reference design 
has an 11-cm beryllium reflector and a 10-mm window, giving $5.9 
worth and a 7.8 b/cm2 CY value. Increase in the beryllium width would 
improve both worth and a and is therefore under consideration. 

The theoretical calculations and experimental measurements for  
the neutron sources have been discussed previously.’ In the first se- 
r i e s  of experiments” the relative neutron yields of various moderator 
configurations at  room and liquid-nitrogen temperature were mea- 
sured. These measurements were extended to determine the t ime be- 
havior of neutron pulses at  single energies.’’ Considerations on the 
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BERYLLIUM REFLECTOR WIDTH, CM 

Fig. 3-Beryllium reflector reactivity worths and cy values froin the SORA 
critical experiment. 

design and optimization of experimental setups at  pulsed reactors  have 
developed continuously. 13- '6 

Core Heat-Removal Characteristics 

In rod bundles with small  spacings and liquid-metal cooling, heat 
transfer to the coolant is closely coupled with heat transfer inside the 
fuel element. A solution to this problem has recently been completed, 
and a computer program has been put into operation at Ispra." Heat 
conduction is calculated in the fuel, bond (or gap), and cladding, in- 
cluding the possibility of anisotropic fuel conductivity (e.g., due to ra- 
dial cracks).  Conduction is considered in the coolant using velocity 
distributions (as a function of pitch-to-diameter ratio) which were ex- 
perimentally determined. Neglect of eddy conduction makes the resul ts  
conservative for Peclet numbers above several  hundred, but this effect 
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I 
is of small  importance in SORA o r  similar systems. The resul ts  show 
a large reduction i n  average heat-transfer coefficient, in comparison 
with annular geometry, and illustrate the importance of good fuel, 
bond, and cladding conductivities in improving peripheral conduction 
and in thereby reducing circumferential temperature differences in the 
cladding. 

Results are shown in Table 1 for NaK coolant (200°C inlet tem- 
perature,  6 m/sec velocity), stainless steel  cladding (0.3 mm), sodium 
bond (0.2 mm), and U - 5  wt.%Fs fuel. Parameter  calculations have 
been performed to evaluate the effect of material  conductivities and 
dimensions on maximum fuel temperature and maximum cladding 
peripheral  temperature difference. 

@ OPERATIONAL CONTROL AND SAFETY 

Control and Safety Systems 

The reactivity of the reactor is controlled by seven rods serving 
the following functions (P = pulsed operation; S = stationary operation): 

ROD FUNCTION 

Safety rods  (2) Fas t  s c ram 
Fas t  control rod P: fast  automatic control 
Slow control rod P: automatic compensation 

Regulation rod Start-up; S: automatic control 
Adjustment rod P: reactivity compensation 

of fas t  control rod 

from delayed to prompt 
cri t icali ty 

Compensation Long-term reactivity compen- 
block sation 

Mock-up testing of pneumatically actuated dr ives  for the fast  safety 
rods have been carr ied out on two systems, one using fast-opening 
valves and the other using a pneumatic- mechanical latch system. The 
first, on which testing is more advanced, has demonstrated initial rod 
movement of 5 cm within 42 msec after a sc ram signal. This perfor- 
mance is within the specification that the reactor be shut down within 
two pulses after a high-pulse sc ram signal. 

The automatic control function in pulsed operation is divided 
among two rods for greater  safety: a rotary rod with 10 pcm* worth and 
a maximum speed of 1 rps and a vertically operated rod with about 
40 pcm worth and a maximum insertion speed of 1.4 pcm/sec. The 

*The abbreviation pcm i s  a very convenient unit of absolute reactivity: 
Ak P .00001 change in reactivity. 1 pcm = Ak = 
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slow rod centers the fast rod in i t s  range. The fast rod is driven by a 
d-c motor, with low time constant and high rotor inertia, directly 
connected to  the control-rod shaft. 

The safety system is divided into two interconnected par ts ,  the 
nuclear-safety system and the pulsation-device safety system. This 
division resul ts  from the requirements to operate the pulsation device 
with the reactor shutdown and to operate the reactor in both pulsed and 
stationary modes. The nuclear-safety system initiates two safety 
actions: fast  s c ram by rapid removal of the two safety rods, backed up 
by removal of other rods, and slow s c r a m  by extraction at  normal 
speed of the safety and other rods. The pulsation-device system ini- 
t iates two principal safety actions: fast stoppage of the rotor (in about 
5 min) and normal stoppage of the rotor. These two safety systems a r e  
interlocked to provide the necessary shutdown action for reactor  and 
pulsation device, depending on the type of malfunction signal. 

Operational Characteristics 

Requirements for  reactivity control during reactor operation arise 
from long-term reactivity effects, relatively prompt-acting effects, and 
sc ram and shutdown considerations. Operational reactivity inventory 
diagrams in Fig. 4 show the maximum reactivity condition and the 
pulsed and stationary operating conditions at  the beginning of fuel life. 
The excess reactivity requirement of 1830 pcm (0.0183 Ak) above de- 
layed crit ical  includes allowances for the difference between delayed 
and pulsed criticality, fuel burnup and swelling, changes in moderators,  
fuel-loading reactivity step, and reserve.  

The similari ty of pulsed and stationary reactor  kinetics has been 
previously d i s c ~ s s e d . ~ ’ ~  The usual inhour equation can be used for  
mean power periods if a fictitious delayed-neutron fraction is intro- 
duced. This has the value 31 pcm for SORA. The percentage variation 
in the peak pulse power caused by small  variations in the peak prompt 
reactivity is about 4% pe r  pcm. 

During start-up in the pulsed mode, the dependence of the pulsed 
reactor multiplication K on the peak reactivity is important. 
This relation is shown fo r  SORA in Fig. 5. Also shown in Fig. 5 is the 
subcritical source multiplication m, defined for  a pulsed reactor  as 
K/j3(1 - K). In routine start-up after establishing the core-cooling con- 
ditions, the pulsation device is started, bringing the source multiplica- 
tion to about 20. The two safety rods, the compensation block, and the 
adjustment rods a r e  inserted in sequence. The reactor is then about 
600 pcm subcritical, with source multiplication about 30 and K = 0.16. 
The regulation rod is then introduced continuously up to  about 50 pcm 
below pulsed subcriticality. At this point the actual critical approach 
begins, and the reactivity insertion rate  is progressively reduced f rom 
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3 pcm/sec to 0.3 pcm/sec. An interlocked semiautomatic procedure 
for constant period is presently being considered. 

Associated Studies 

Two studies connected with evaluation of operational control and 
safety a r e  worthy of note. The first is a reactor simulation and con- 
t rol  study aimed at providing the information concerning the transient 
behavior of the reactor needed for the design, for operation, and for  
safety analyses. Initially a mean value (i.e., period-averaged) kinetics 
model was studied using both a digital program and transfer-function 
analysis. The model included two-temperature thermal feedback and a 
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fast control loop, which was  optimized using transfer-function tech- 
niques, Problems studied included reactor start-up and system re-  
sponse (with and without control) to reactivity, coolant inlet tempera- 
ture, and coolant velocity step and ramp changes. 

More recently, a discrete-time simulation was begun using a 
, discrete-neutron kinetics model for pulsed reactorsi8 in which the 

time behavior of the delayed-neutron precursor concentrations is con- 
sidered explicitly only just before and just after each power pulse. 
The power pulse is represented by a delta function, and a general 
integration of the precursor  equations between pulses is used. A 
multiprecursor-group treatment has been included in a digital simula- 
tion code, including thermal and control feedbacks. A one-precursor- 
group treatment will be incorporated in a digital-analog pulsed reactor  
simulator. At the present time, reoptimization of the fast control loop 
is underway. 

The second study concerns the effects of pulsing on the SORA fuel 
element. F i r s t  results reported” showed the distribution of the avail- 
able vibration energy between the fuel and the cladding and the maxi- 
mum s t r e s s e s  to be expected from single pulses. Limits for fuel- 
element damage due to pulsing effects were shown to be far above 
operating conditions. More-recent work has focused on tde damping of 
the vibrations between two pulses. The dominant damping effect will be 
contact between fuel and cladding at  the bottom of the element. Experi- 
mental measurements have shown that internal friction in the fuel and 
viscous effects at  the surface will not be important. 
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pulsatioti period, f p ,  f o r  vavious values oj- the daiizpLtzg, p / r .  (T Ls daiizpitig tinze 
cotistazt arid p is the pulse period.) 

A theoretical study of the buildup of vibration amplitude due to 
repeated pulsing has given significant results. 2o When the fundamental 
vibration frequency of the fuel slug is not an exact multiple of the r e -  
actor period, destructive interference occurs. Curves of asymptotic 
amplifications, i.e., amplitudes relative t o  single-pulse amplitudes, 
vs. the number of fuel vibration cycles per  pulsation period a r e  shown 
in Fig. 6 for three values of damping. The peak amplification, which 
occurs when fp = N is an integer, is l / [ l - e x p ( - p / ~ ) ]  where p is the 
pulse period, T is the damping time constant, and fp is the number of 
fuel vibration cycles per  pulsation period. For 65% of the frequency 
range, however, the maximum amplitude is l e s s  than the single-pulse 
amplitude, quite independent of the magnitude of damping. Calculations 
of the transient buildup in pulse’ amplitude show that this buildup takes  
several  seconds. In SORA the effective damping caused by contact of 
the bottom of the fuel with the cladding is expected to be so large that 
no appreciable amplitude buildup occurs. 

REACTOR SAFEGUARDS ANALYSIS AND STUDIES 

Considerable effort has been devoted to assessing the operational 
and ultimate safety of SORA. Recently a thorough study of conceivable 
malfunctions was  completed which confirmed the large margins of 
safety provided by inherent and design features of the reactor. 
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The most severe accident conditions a r e  connected with reactivity 
incidents. Three types have been identified: accidents due to breakage 
of the pulsation device, reactivity insertions with the pulsation device 
running normally, and a core melting- reassembly accident caused by 
complete failure of the pr imary cooling system. The maximum credi- 
ble accident is attributed to  a particular specific failure of the pulsa- 
tion device- the sudden breakage of the reflector-block fixation region 
in a titanium rotor layer. 

Several new codes have been developed for  analyzing the reactivity 
accidents. The DOPPELAS p r ~ g r a m ~ ' - ~ ~  computes the temperature 
rise in the fuel during an excursion due to a step reactivity input be- 
tween two pulses, with allowance for a prompt Doppler feedback (posi- 
tive in SORA) and an inertially delayed negative axial thermal-expan- 
sion feedback. DOPPELAS has been used to establish fuel-element 
damage thresholds for ramp reactivity insertions with the pulsation 
device running normally, These thresholds are given in Table 2 for  

Table 2 

OR MELTING. $/SEC 
THRESHOLD REACTIVITY RAMP RATES FOR FUEL- ELEMENT DAMAGE 

6-mw power level 600-kw power level 

Pulse after start Fuel-element Fuel Fuel-element Fuel 
of r amp  damage melting damage melting 

1 25 27 7.2 8.9 
2 12.5 13 3.6 4.5 

source power and full power. The lowest is $3.6/sec, which would 
cause fuel-element damage on the second pulse after start of the re- 
activity insertion. The safety system will shut down the reactor  by the 
third pulse. The largest  accidental reactivity r amp  rate  identified in 
the analysis of malfunctions was $O.Ol/sec, which would not cause 
system damage even if  the safety system was inoperative. 

For the evaluation of severe transients, including those resulting 
from assumed fractures  of the pulsation-device rotor, the SOREX-1 
code has been d e ~ e l o p e d . ~ ~ ' ~ ~  This code includes models to evaluate the 
reactivity input caused by breakage of the rotor: kinetic behavior of 
the broken fragment, compression of the core  by the broken fragment, 
and axial expulsion of the coolant during the compression pulse. The 
nuclear excursion is evaluated using the modified Bethe- Tait  method 
for an equivalent sphere with rigid outer boundary. The fuel equation of 
state used in SOREX-1 has  been evaluated using the corresponding- 
states correlation; the resul ts  of a Van de r  Waals model were used as 
independent corroboration. 
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In accordance with the philosophy of the preliminary safeguards 
evaluation, conservative assumptions have been made at  each stage of 
the calculational models previously mentioned. The largest  credible 
energy release has been conservatively estimated to  be 430 Mw-sec 
total energy, of which 325 Mw-sec is available for mechanical destruc- 
tion. The initiating event fo r  this accident is the instantaneous fracture  
of the fixation region of one pulsation-device rotor layer a t  an angle of 

' 10.8" before i t  reaches the center-window position. Although these en- 
ergy releases  a r e  the basis  fo r  the containment evaluation and specifi- 
cation, further development of the excursion analyses to represent both 
the actual design and the physical models more realistically is ex- 
pected to result  in a large reduction in the maximum credible accident. 

The reenforced-concrete reactor  block contains the explosive ef- 
fects of any destructive reactor accident. The initial feasibility was 
shown using an equivalent static-pressure method for spherical  ge- 
ometry which allows for both shock and blast pressures.  A combined 
theoretical-experimental program was s tar ted in 1967 to t r ea t  in 
more detail the actual geometry and special parts.  The experimental 
program, using conventional explosives in scaled models, is aimed at 
providing data on shock and internal-missile effects in real  geometry, 
blast p re s su re  buildup and decay, behavior of reenforced concrete un- 
de r  explosive loadings, and shock-wave destruction in the beam-tube 
channels. From the f i rs t  test  s e r i e s  significant results a r e  now being 
obtained for  model laws and fo r  gas-exhaust and heat-sink effects on 
blast-pressure decay. This program has already considerably deep- 
ened our  understanding, and we expect it to  provide us  with the in- 
formation necessary for  assuring adequate and realist ic excursion 
containment. 

0 

@ CONCLUSIONS 

The additional design and development work for the SORA reactor  
since the SINS meeting in September 1966 has further confirmed the 
conclusions in our paper presented at  that meeting. 

SORA does not pose particularly difficult operational o r  safety 
problems. Experimental and theoretical physics studies have con- 
firmed the suitability of reflector pulsing used in SORA and have 
shown that SORA will be an excellent thermal- and cold-neutron 
source for time-of-flight experiments. Control and safety studies in- 
dicate that normal operational control can be readily performed and 
that malfunctions will not cause damage to  the reactor o r  danger to  
operating or  experimental personnel. Studies a lso demonstrate that the 
containment system provided will a s su re  that the maximum credible 
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accident does not cause a significant hazard to the surrounding 
population. 

DISCUSSION 

V. R. NARGUNDKAR (letter to G. R. Keepin after the conference): 
Our department has planned to build a pulsed fast reactor.  I am giving 
some of its features here. The pulsed fast reactor will be fueled with 
PuO,, and a molybdenum -iron reflector will be used. The average power 
will be about 30 kw, and forced-air cooling will be used. The reactor 
will be reflector pulsed, with a 50-psec pulse width a n d  a r e p e t i t i o n  
rate of 50 pulses/sec. 

I have been associated with this project for  a year or so. We  have 
finalized the design of the cri t ical  facility, and we expect to reach 
criticality in early 1970 and to continue cri t ical  experiments for 2 
years. The pulsed fast reactor is expected to be ready around 1973. 
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4-1 SURVEY OF FAST BURST REACTOR 
OPERATING PROCEDURES 

ROBERT L. LONG 
University of New Mexico, Albuquerque, New Mexico 

@ ABSTRACT 

The operating procedures of six of the eight operating fast  burs t  reac tor  fa- 
cil i t ies a r e  reviewed. Significant variations both in philosophy and in details of 
operation a r e  discussed. Some recommendations a r e  made for standardization 
of operations requirements.  

INTRODUCTION 

From my experience working at  several  burst  reactors  and af ter  
carefully reviewing the written procedures for a number of facilities, 
I have noticed significant variations in the philosophy and details of 
operations at  various facilities. This paper attempts to identify the 
common practices, as well as the variations. Operations manuals from 
six of the eight operating fast burst  reactor facilities were reviewed 
with particular attention to (1) staffing requirements, (2) review and 
approval of experiments, (3) radiological safety control of personnel, 
(4) reactor check-out and start-up procedures, (5) burst-sequence 
procedures, (6) maintenance, and (7) emergency procedures. 

@ 

WRITTEN PROCEDURES AND RECORDS 

Table 1 summarizes the information obtained concerning the length 
of written operating procedures, the amount of detail found in the pro- 
cedures, and the formal records  kept (as identified in the written 
procedures). A s  shown in the table, the written procedures vary in 
length from about 35 to 130 pages. The Super KUKLA and Godiva I V  

2 89 
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Table 1 

SURVEY OF WRITTEN PROCEDURES 

Facility Length Amount of detail Records kept 

APRFR 
Aberdeen 
Proving 
Grounds, 
Md . 

FBRF 
White 
Sands 
Missile 
Range, 
N. Mex. 

FRAN 
National 
Reactor 
Testing 
Station, 
Idaho 

HPRR 
Oak 
Ridge 
National 
Labora- 
tory,  
Tenn. 

Operating, 

28 figs.* 
96 PP.; 

Ope rating, 

Emergency. 
78 PP. 

2 1  PP. 

Operating, 
130 pp. 

Operating, f 
167 pp. 

Emergency, 
10 PP. 

Very detailed. Speci- 1. Operations log 
fies switches by 
name and te l ls  
which lights come 
on at a specified 
time. e tc .  

Quite detailed. 
Specifies which 
switches, which 
lights; etc. 

Step-by-step in- 
struction through 
sequence. Gen- 
erally does not 
refer to specific 
switches, lights, 
e tc .  

Very detailed. 
The APRFR 
patterned after 
HPRR. 

2 .  Operations checklists 
a .  Preoperational 
b. Daily instrument 
C .  Pu lse  data sheet  
d. End-of-day 
e. Steady-state data 

1. Outdoors operations 
g .  Core assembly 
11. Weekly and monthly 

3 .  Instrument calibration 
card  file 

4 .  Instrumentation and 
cquiprnent modification 
repair  card  file 

sheet  

1. Operations log 
a .  Daily 
b. Burst  operation 
c .  Power operation 
d .  Transport  procedure 
e .  Monthly 

operations 
2 .  Burst  reac tor  log of 

3. Experimental plan file 
4.  Maintenance card  file 

1. Console log 
2 .  Bypass log 
3 .  Experiment log 
4.  Burst  diagnostics book, 

FRAN burst  form 
5.  FRAN prestar t -up 

instrument checklist 
6 .  Maintenancc records 

1. Operations log 

sheets  
a .  HPRR check-out 

b. Steady-state log 
e .  Burst log sheets  

2 .  General operations log 
3 .  Trouble log 
4 .  Experiment log 
5 .  Maintenance card  file 
6.  Reactor  controls change 

7 .  HPRR change memo- 
memorandums 

randums 
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Table, 1 (Continued) 

Facility Length Amount of detail Records kept 
~~ 

S P R  I1 
Sandia 
Labora- 
tory,  
N .  files. 

VIPER 
Atomic 
\\'capons 
Rescarch 
Estab- 
lishment. 
United 
Kingdom 

0perating.Z 
62  pp. 

E me rg  e ncy . 
1 0  PP. 

Operating. 
35 pp. 

Emergency. 
:i pp. 

Brief step-by-step 1. Operations log 
instructions. Does a .  Daily checklist 
not refer to specific b. !~lonthly checklist 
lights. stvitches. 2 .  Burs t  operations log 
e tc .  :i. Esperimental request 

Step-by-step instruc- 1. Detailed operating log 
tions through se- 2 .  Physicists '  log 
quences. Generally :i. Tr ip  sequence record  
does not re fer  to hook 
specific s\vitches. 4 .  Operating certif icate 
indicators. etc.  file 

f i le 

5 .  Pulse  summary log 
6 .  Crit ical  approach file 
7 .  Core lattice records  
8 .  Fiss i le  mater ia l s  

9 .  Fault record  book 
1 0 .  Reactor fault repor t  
11. Iicactor maintenance 

sheet file 
12.  Reactor drawings and 

circuit  diagrams 
1:i. Reactor modification 

file 

storage log 

*Included for general  reference.  
tIncludes description of the reactor of the facility, and of the maintenance 

procedures.  
$Includes 35 pp. of descriptive mater ia l .  

facilities do not have formally prepared operations manuals; therefore 
they do not appear in Table 1. 

Some of the operating procedures incorporate large amounts of 
descriptive material, and the Health Physics Research Reactor (HPRR) 
manual includes maintenance procedures. The Fast  Burst Reactor Fa- 
cility (FBRF) has two separate maintenance manuals, one for electrical  
and mechanical maintenance and the other for instrumentation main- 
tenance. Some manuals a lso include emergency procedures; other fa- 
cil i t ies have separate emergency procedures. The most-detailed 
emergency procedures seem to be those for the FBRF. 

The types of records  and available checklists also vary greatly, 
with VIPER having requirements for the largest  number of records.  
The degree of formality about record keeping seems to depend very 
much on the safety review authority for a particular reactor facility. 
Those facilities with a large number of required formal records  seem 
to adapt very quickly to a routine, which makes the record keeping 
acceptable, if a bit annoying at times. 

a 
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In evaluating the written procedures with regard to  length and 
amount of detail, it is difficult to favor any specific format; however, 
details about “which switch to push” and “which lights should light’’ 
may mask the more important aspect of following co r rec t  and de- 
liberate operating sequences. The minute details  of operating the 
console itself are really learned only through actual operation of the 
controls. A few of the manuals a r e  so lengthy that the essential s teps  
in the operating sequence are difficult to locate and identify. After 
‘having participated in writing the manuals for  two of the facilities 
listed in Table 1, I prefer the step-by-step instructions (e.g., as in 
the SPR I1 and VIPER manuals) which a r e  not broken and chopped up 
by hardware details. 

The use of formal  checklists to assure  the followingof a correct  
sequence seems  to be especially favored at  the reactors  operated 
by the military at  the Army Pulse Radiation Facility Reactor (APRFR) 
and FBRF. Such checklists a r e  useful, but the operation underway is 
more important than the completion of the checklist. That is ,  when 
following the checklist could lead to an unusual o r  undesirable situa- 
tion, the operation must be halted and any change in sequence must be 
reviewed by appropriate operations personnel before modifications 
a r e  made and the sequence continued. 

PROCEDURES CONTENT 

Staffing Requirements 

Four levels of staff competence and responsibility exist at most 
reactor facilities. The t i t les at each level vary somewhat, with Reactor 
Operator being the only title common to all facilities. The levels are 
l isted in Table 2 with an appropriate title* and a brief summary of the 
responsibilities at each level. Since these levels are common to most 
facilities, this organizational arrangement is apparently satisfactory. 
The number of staff at  the reactor  supervisor and operator levels de- 
pends on the reactor work load and on the degree to which the reactor  
staff is assigned other responsibilities. 

All the facilities have a specified training program for their staff 
with certification at  the end of the training program being based on a 
written and oral  examination administered by the Facility Supervisor, 
usually with the assistance of an examining committee. Satisfactory 
completion of the training program and qualification for  the staff 
position is then certified by the Facility Supervisor. Most of the 
facilities require that the Operations Supervisor hold a college degree 
in engineering or  the physical sciences, o r  the equivalent. Many of the 

*These titles will be used in the discussions throughout the rest of this paper. 

. 
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Table 2 

STAFF LEVELS 

Number a t  
Title each level Responsibilities 

Facility 1 Senior technical management level. Responsible for 
Supervisor overall  supervision of reac tor  facility. May also 

have responsibility for other r eac to r s  or radiation 
facil i t ies.  Appoints and certif ies training and quali- 
fication of reac tor  staff. Provides for review of op- 
erations and establishes policy. 

Operations 1 Senior technical supervisory level. Responsible for  
review and approval of a l l  reac tor  operations and 
experiments.  Supervises and approves modifica- 
tions on design and procedures within l imits laid 
down by management and safety review committee.  
Supervises programs for studying and measuring 
reactor character is t ics .  

Supervisor 

Reactor 2 o r  more  Technical supervisory level. Responsible for day-to- 
Supervisor day supervision of reac tor  operations. Present  a t  

the reactor facility for all operations. Monitors and 
directs  all operations of the reactor .  Ass is t s  Op- 
erations Supervisor in planning and review of 
experiments.  

Reactor 2 or more  Technical operations level. Responsible for manipu- 
lation and control of the reactor under supervision 
of Reactor supervisor.  Per forms inspection and 
maintenance of equipment. 

Operator 

Reactor Supervisors also hold college degrees, but it is not uncommon 
- to find experienced technicians working very satisfactorily at this er) level. 

Most of the facilities have a formal requirement for staff members 
to participate in some minimum number of operations over a specified 
t ime period to maintain certification. This requirement s eems  espe- 
cially important considering the experimental nature of these facilities 
and the relative ease with which significant changes in operating char- 
acter is t ics  may occur. 

Most of the facilities have two committees with responsibilities 
for planning and review of operations. These committees are usually 
(1) an operations committee and (2) a safety review committee. 

The operations committee is usually made up of the Operations 
and Reactor Supervisors plus a health physics representative and 
perhaps one other experimentalist,  e.g., a frequent user  of the facility 
within the organization. This committee reviews experimental re- 
quests and monitors the day-to-day operation of the facility. 
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The safety review committee, composed of persons other than 
the operations staff and sometimes with representatives from other 
reactor facilities, reviews and approves operating limits, unusual 
experiments, major modifications to either procedures o r  facility and 
reactor design, and the overall administration of the reactor safety pro- 
gram. From my experience the chairman of this committee should be 
someone who is not in either the local technical o r  administrative 
chain of supervision. Since the committee sometimes imposes re- 
strictions on the operation of the facility, a chairman with line re- 
sponsibility may find a conflict between his requirement to provide an 
unbiased review of safety questions and his desire  to see  a particular 
experiment o r  modification accomplished. 

Another interesting aspect of the facility staffing is the variation 
in the number of staff members required to be present for  reactor 
operations. Although most facilities require that a t  least  two persons 
be present in the control room for the reactor  to be operated in the 
steady state,  one facility requires three persons at  all  times, and 
another requires only one “responsible observer” (not a certified Re- 
actor Operator) to monitor steady-state operations with servo control. 
For  burst  operations all but one facility require the presence in o r  
near the control room of a minimum of three persons: aReac to r  
Supervisor, a Reactor Operator, and an Operator-in-Training o r  
health physics monitor. Especially for reactors  that are burst  f re-  
quently o r  operated at relatively high (1-kw) steady-state power levels, 
the presence of a health physics monitor as part  of the operations 
staff can prevent chronic radiation exposure over the specified safe 
limits. 

Review and Approval of Experiments 

Procedures for  review and approval of experiments a t  all facili- 
t ies  a r e  based on the concept of the Operations o r  Facility Super- 
visor approving those experiments falling within specified l imits set 
by the safety review committee and higher authority review organiza- 
tions (e.g., the U. S. Atomic Energy Commission). Experiments not 
within these l imits a r e  submitted to the safety review committee for 
review and approval. There are ,  however, great  variations in the 
details of obtaining approval for experiments and in the amount of 
authority delegated to either the Operations o r  Facility Supervisors. 

The facility with the simplest  review procedure requires only that 
an experimental plan be submitted to , the Operations Supervisor for  
his review and approval. He reviews the experiment from the stand- 
point of i t s  effect on the safety of reactor operations and approves o r  
disapproves it. At this facility only experiments of a very unusual 
nature, those involving the use of high explosives o r  exceeding a 
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reactivity worth of $1.50, must be referred to the safety review 
committee. 

The facility with the most complicated review procedure requires  
that an experimental plan be prepared for each s e r i e s  of experiments. 
This plan must include a thorough description of the experiment and 
indicate any l imits on operation, any potential hazards,  and any special 
procedures required. The plan is then submitted to an operations 
committee for review and approval. (The Operations Supervisor acts  
as chairman of this committee.) With the approval of the operations 
committee, the plan is then submitted to the Facility Supervisor for 
his  approval. He, in turn, submits it to the safety review committee 
for their  approval. This committee then submits the experimental plan 
to  the top level of technical management for final approval. Once an 
experimental plan has received final approval. the Operations Super- 
visor may then approve minor changes before o r  during the actual 
conduct of the experiment s e r i e s .  

Three of the remaining four facilities have an operations com- 
mittee that a s s i s t s  the Operations Supervisor in the review and ap- 
proval of experiments. In the last facility each experimental plan must 
be reviewed and approved by both the Operations and Facility Super- 
visors.  As indicated at  the beginning of this section, experiments of 
an unusual nature (e.g.. explosives o r  large reactivity worths) a r e  
referred to the safety review committee. 

At one facility a university consultant periodically reviews the 
experimental program and operational data. The Facility Supervisor 
indicates that these reviews have been quite helpful in providing in- 
sight into potential procedural and design difficulties. 

The use of an operations committee in the review procedure 
permits  a variety of viewpoints to be .  applied to each experimental 
plan and removes the requirement that the Operations Supervisor be 
familiar with all the potential problem a r e a s  in any given experiment. 
Keeping the responsibility for approval of experiments at the opera- 
tions level encourages the operations staff to be fully a ler t  and to 
avoid falling into the attitude of “The Safety Review Committee said 
i t’s all right, so let  her  rip! ” Ultimate safety of any experiment always 
l ies  with the individuals actually carrying out the operations. 

@ 

Radiological Safety Control of Personnel 

There a r e  two pr imary methods of controlling the access  of 
personnel to the reactor  a r e a  during operations. The first method is 
that applied at  the HPRR and APRFR (these reactors  a r e  essentially 
unshielded) where a muster badge system is used. Anyone entering 
the fenced-in limited-access a rea  is issued a numbered badge by a 
security guard. Persons holding these badges a r e  then located by 
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visual o r  voice contact to  ensure that all persons in the reactor  a rea  
a r e  in the remotely located o r  shielded control building during the 
reactor burst. 

The other method is generally applied at  the facilities with heavily 
shielded reactor  cells. The cell is cleared of personnel by the opera- 
tions staff just pr ior  to operation, and access  to the cell is prevented 
usually by a physical lock (but a t  some facilities by electrical  interlock 
systems that prevent power from being applied to the door drives).  
Both methods appear to work quite satisfactorily. 

Reactor Check-Out and Start-up 

As expected, all the facilities follow a prescribed procedural 
checklist for reactor check-out and start-up. The purposes of the pre- 
operational checks are to ensure (1) safety of personnel during reac-  
tor  operation, (2) satisfactory performance of the reactor  control and 
safety systems, and (3) proper arrangement of experimental equip- 
ment with respect to the reactor.  At VIPER the Operations Supervisor 
and Reactor Supervisor must agree on the settings of t r i p  levels and 
on the reactivity corrections for the desired burst  yield. These data 
are then recorded in the reactor  logbook pr ior  to s t a r t  up. 

P r io r  to start-up on FRAN, the Operations and Reactor Super- 
visors  independently calculate the l imit  on one of the FRAN control- 
rod insertions. The movement of the control rod is then physically 
limited by inserting an aluminum plug into the control-rod hole in the 
reactor core. The l imit  on the control-rod insertion is that the total 
available excess reactivity with all rods inserted must not exceed the 
amount required to  produce a burst  yield of 5 X loi6 fissions. After 
the delayed crit ical  configuration is established, the total available 
excess reactivity is determined experimentally; if i t  exceeds the 
limit, the operation is terminated, and the aluminum plug is changed. 

The start-up o r  approach to a delayed crit ical  steady-state op- 
erating level is just about the same  at any of the facilities. All facili- 
ties permit the burst  rod to be inserted (and latched in most cases) 
pr ior  to safety-block insertion if the reactor is to be operated at a 
high power level and if an appreciable temperature r i s e  is anticipated. 
On VIPER the burst  rod has  a slow electromechanical drive and can 
be used a s  a control rod when desired. 

All the procedures require close observation of the start-up 
(count-rate) instrumentation channels when inserting the safety block 
and termination of the operation (by scramming) if  it appears the 
reactor  will be cri t ical  with only the safety block fully seated. In 
addition to this precaution, on VIPER the safety block must be stopped 
after each 2 in. of insertion (full insertion is 8 in.), and the count rates 
must be measured with a scaler  and compared to data from the pre-  
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vious operation. These data a r e  quite reliable in indicating the relative 
change in reactivity of the system, primarily because the reactor has  
a much larger  neutron s tar t -up source (10 to 15 curies of polonium- 
beryllium) than usually used on reactors  in the United States. 

Burst Sequence 

CORRECTION FOR DESIRED BURST YIELD. Interesting and per-  
haps significant variations appear in the sequences leading up to a 
burst  a t  each of the six facilities. On all the reactors  the usual ap- 
proach to cri t ical  sequence is followed with insertion of the safety 
block and subsequent insertion of the control rods to achieve a low- 
power steady-state operating condition. 

On the HPRR the Reactor Supervisor then specifies the control-rod 
adjustment required to give the desired amount of prompt reactivity 
when the burst  rod is inserted at  a la ter  t ime in the sequence. On the 
APRFR the Reactor Operator and the Reactor Supervisor independent-ly 
determine the required reactivity correction and control-rod move- 
ment. When they have agreed, the control-rod correction is made by 
the Reactor Operator and verified by the Reactor Supervisor. 

Next, on both the APRFR and HPRR, the period resulting from 
the rod movement (may be positive o r  negative) is measured by 
plotting the count ra te  a s  a function of time from two scaler- t imers  
receiving signals from fission-counter detectors. The measured period 
must correspond to the desired reactivity correction (allowed devia- 
tion not specified), o r  the control-rod adjustment must be changed and 
the period remeasured. The safety block is then withdrawn to permit 
the neutron level to decay to essentially the spontaneous fission source 
level (wait period). 

On the FBRF and SPR XI the Reactor Operator determines that 
the reactor  is delayed crit ical  by observing the output of a l inear 
micromicroammeter on a char t  recorder.  The definition of delayed 
crit ical  is that no detectable power level change occurs during a 
2-min observation interval. The Reactor Supervisor verifies the de- 
layed crit ical  condition and specifies the required control-rod correc-  
tion. The correct  movement of the control rod by the Reactor Operator 
is then observed and confirmed by the Reactor Supervisor, and the 
safety block is removed to begin the wait period. 

On FRAN after delayed critical i s  established, the safety block 
is cycled out and in twice to a s su re  proper seating, and delayed criti- 
cal is again established. Since the burst  rod has a reactivity worth of 
approximately 90&, the control-rod correction always involves an 
addition of reactivity such that the worth of the burst  rod plus the 
worth of the control-rod reactivity addition equals the desired prompt 
reactivity addition. The control rod is then inserted the desired 
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amount, and the safety block is again removed. After about 3 min 
the safety block is reinserted, and the stable reactor period (cor- 
responding to the control-rod reactivity addition) is measured. The 
operations must be terminated if  the measured and predicted reac-  
tivity differ by more  than 1&. If the reactivity addition is correct ,  
the safety block is removed to begin the wait period. 

On VIPER the Reactor Supervisor and Reactor Operator make 
independent calculations of the required control-rod correction which 
a r e  recorded in separate  logbooks. They then compare their  calcu- 
lations, resolve any differences, and both verify the delayed crit ical  
control-rod positions by a 2-min observation of steady-state power 
level. The control-rod correction is made, the new position recorded, 
and the reactivity adjustment again calculated. After movement of the 
control rod, the pulse rod is adjusted (it has  both a slow and fast  drive) 
to  reestablish delayed crit ical .  The change in reactivity is determined 
from the pulse-rod calibration curve and must agree with the change 
calculated from the control-rod movement. The pulse rod is then 
driven to its withdrawn position, and the safety block is removed to 
begin the wait period. 

A comparison of the procedures for the correction for  desired 
burst  yield shows that sequences at two of the reactor  sites do not pro- 
vide any check on the control-rod reactivity correction other than veri- 
fying the corrected position on the rod-position indicators. Three of the 
sequences require that stable reactor  period measurements be made 
to verify the correct  control-rod reactivity adjustment; one sequence 
uses  a slow drive capability and calibration curve of the burst rod to 
verify the control-rod reactivity adjustment. Only two of the six se- 
quences require  two independent calculations of the actual reactivity 
correction required, and only one of these insis ts  on actually keeping 
separate  logs to t ry  to ensure that the calculations a r e  really inde- 
pendent. 

The discussion of this particular sequence may appear lengthy, 
but it s eems  to be the most crucial  in the entire burst  operation. 
The significant differences in the care  with which this sequence is 
accomplished are probably the resul t  of pressures  by safety review 
committees. Another possible factor is the difference in experience of 
the staffs at the facilities. At least  an independent check on the calcu- 
lation of the reactivity correction would seem desirable; to ensure 
such a check being carr ied out for each burst ,  i t  should probably be 
formalized in some way. 

CORRECTION FOR TEMPERATURE CHANGE DURING WAIT PERIOD. 
The reactor  core  can change temperature during the wait period. 
If the core  cools, reactivity will be added (-0.3 /"C for  most of 
these reactors)  to the prompt reactivity addition at  the end of the 
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wait period. Three of the reactors  prevent (by electrical  interlocks) 
any movement of the control rods during the wait period, but the re- 
actor  procedures require that, i f  the change is g rea t e r  than a specified 
amount (varying from 1 to 5"C), the sequence must be halted and r e -  
s tar ted with the reestablishment of delayed critical. Two of the re- 
actors  have interlocks s o  that reactivity can only be withdrawn during 
the wait period, and a correction fo r  cooling is made just pr ior  .to 
reinserting the safety block. 

One reactor  permits either an addition o r  withdrawal of reac-  
tivity during the wait period to compensate for temperature changes. 
Since an inadvertent movement of a control rod and the subsequent 
addition of reactivity during the wait period could go undetected 
because of the low neutron population and high degree of subcriticality, 
this degree of flexibility is perhaps unwarranted. 

PROMPT-BURST PRODUCTION. At the end of the wai t  period and 
after the temperature check, the prompt burst  is produced by rein- 
sert ion of the safety block, followed by insertion of the burst  rod. The 
one exception is FRAN, where the burst  rod is inserted first, followed 
by the safety block. The burst  is subsequently initiated either by spon- 
taneous fission source neutrons o r  by an external deuterium -tritium 
pulsed source,  i f  precise timing of the burst  is desired. All the pro- 
cedures require that a careful record of the reactor  performance be 
entered in the log and that the predicted and actual performances be 
compared. Satisfactory performance of the reactor  safety circuits 
must  also be verified. 

Maintenance and Emergency Procedures 

Detailed analyses of the maintenance and emergency procedures 
a r e  outside the scope of this paper. In both cases  the procedures a r e  
very specialized for each reactor  system and for each facility. The 
length and detail of both maintenance and emergency procedures a r e  
probably greatest  at the two U. S. Army reactor  facilities, APRFR 
and FBRF. 

CONCLUSIONS 

In this review of fast .burst  reactor  operating procedures, many 
similari t ies in both sequence and philosophy of operation a r e  evident. 
There a re ,  however, some significant variations. The length of the 
written procedures var ies  greatly; and, for very long and greatly 
detailed operations manuals, the essential s teps  in the operating 
sequences a r e  somewhat difficult to follow and identify. The use of 
checklists for important sequences is desirable, but in using them 



300 LONG 

the operations staff must continue to evaluate the situation and halt 
the operation if  following the checklist could lead to an unsafe condition. 

The staffing of the facilities is fairly s imilar ,  but the number of 
persons required for  reactor operations does vary. The makeup of 
the safety review committee is also different. It s eems  important 
that the chairman of this committee be a person who is not in either 
the local technical o r  administrative chain of supervision. 

Procedures for the review of experimental plans vary signifi- 
cantly, and an operations committee with review and approval authority 
is important because the committee (1) brings different points of view 
to the review of the experimental plans and (2)  encourages aler tness  
and a sense of responsibility for  safety among the operations staff. 

The reactor check-out and start-up procedures a r e  s imilar ,  but 
significant variations exist in the determination of the correction for  
burst  yield. A procedure is desirable for providing an independent 
check on the calculation of the reactivity correction, with some means 
for  ensuring that this correction has actually been made. 

In the remainder of the burst  sequence, procedures are quite 
similar,  but the inadvertent insertion of reactivity during the wait 
period should be carefully guarded against both through administrative 
control and interlocks, where possible. 

Although not specifically discussed in this paper, carefully written 
and meaningful operating l imits  are essential in the safe day-to-Gay 
operation of any reactor.  For further discussion of these operating 
l imits  see R. L. Seale, Session 7, Paper 1, and A. De La Paz, Session 7, 
Paper 3. 

DISCUSSION 

GOSSMAN: Would you indicate the approximate worth of the burst  
rods at  the different reactor  facil i t ies? Do they all run about $1, 
maybe a little less, o r  a little m o r e ?  

LONG: Two out of the s ix  facilities use burst  rods that are worth 
less than $1; so they always add reactivity and always measure a 
positive period. The other four that I reviewed have a burst  rod which 
is worth more than a dollar-usually $1.10, o r  as high a s  $1.15 for  
VIPER where the neutron lifetime is longer and more reactivity is 
needed. 

GOSSMAN: On FRAN we have a control system in which the final 
insertion is with a safety block. The burst  rod itself is not used for 
initiating the burst. Is this the case in any other facilities that you 
investigated ? 

LONG: No, it is not, and I do mention that in my paper. All the 
r e s t  inser t  the safety block followed by the burst  rod. . 
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BANFIELD: In your table showing the supervisory personnel where 
do you find the l ines normally drawn between people with scientific 
degrees  and without? 

LONG: That is in the paper, too. The facility supervisors without 
exception a r e  required to have at  least  a bachelor’s degree. The op- 
eration supervisors  at most facil i t ies must have an engineering or  
physics degree o r  equivalent. However, i t  is not unusual to find tech- 
nicians functioning as operations supervisors  and doing a very fine 
job. 

McENHILL: I would like to  make a point here. It could possibly 
depend on the type of reactor  and on the utilization program. The 
history and experience of operating steady-state research  reac tors  
show that there  has been a continual degradation in the level of aca- 
demic qualifications considered essential  for supervisors. Whereas 
we once felt professional engineers were essential ,  we now give tech- 
nicians considerable responsibility in running steady-state research  
reactors .  On the other hand, with a system in which the experimental 
program is continually changing, i t  becomes very difficult to decide 
just what the reactor  is because it is a compound of the initial concept 
plus the experiment. In such a fluid situation where experiments a r e  
varying from day to day, I guess you need high-quality professional 
and well-experienced supervision. 
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Operational experience with the few fast  burst  r eac to r s  that a r e  utilized a s  
sources  of radiation for  experimental purposes a s  opposed to those that a r e  used 
to study the kinetics of the reac tor  itself i s  presented. The reac tors  discussed 
include the HPRR, the SPR 11, Super KUKLA, VIPER, and the WSMR reactor .  
In addition to some s ta t is t ics  on the performance of the reactors ,  this paper 
touches on the integrity of the fuel elements,  the mechanical support s t ructure ,  
the reac tor  instrumentation, and problems encountered with experiments,  
maintenance, and operation. 

This paper is limited to the operational problems with second-generation 
fast  burst  reac tors  to minimize any overlap of information with other 
papers  in these proceedings. Information about first-generation fast 
burst  reac tors  was summarized in 1965 by Wimett,' and fast  burst  
reac tor  history to date was reviewed by D. P. Wood (see Session 2, 
Paper  1). The second generation of fast burst  reactors,  which a r e  
primarily used a s  sources  of steady-state or pulsed radiation for 
experimental purposes, includes the Health Physics Research Reac- 
t o r  (HPRR), the Sandia Pulsed Reactor (SPR 11), the Super KUKLA, 
the VIPER, and the White Sands Missile Range Fas t  Burst  Reactor 
(WSMR). Some comments a r e  made concerning the Army Pulse Radia- 
tion Facility Reactor (APRFR). Information concerning these reac tors  
was supplied by Paul  O'Brien of Sandia, Fred  Kloverstrum and L. R. 
Peterson of Lawrence Radiation Laboratory, John Weale of Alder- 
maston, Robert Long of the University of New Mexico, and Armando 
De La Paz  of the White Sands Missile Range. 
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304 HOLLAND 

FUEL CLADDING 

As discussed in other papers a t  this symposium, the fuel for  bare-  
metal co res  is usually clad to prevent corrosion and to contain fission 
products. Both aluminum-ion plating and nickel electroplating are in 
current  use and a r e  considered a partial answer to the problems. 

Aluminum-ion plating on the SPR 11 cracked circumferentially on 
the outer surface of one fuel piece even before cracks appeared in the 
fuel plates. Since the c rack  was in a position that could not be at- 
tributed to s t r e s s  or temperature effects, it was postulated that the 
c rack  was due to corrosion at  the si te of a defect o r  possibly to water 
vapor diffusing through the plating. 

The nickel plating on the fuel rings and chrome flash over nickel 
on the HPRR control rods a r e  in good condition after several  years,  
but the reactor has had relatively few bursts. In 1964 cladding on some 
of the threaded uranium-molybdenum bolts stripped off, causing a 
bolt to jam in the bottom fuel ring. The failure was attributed to im- 
proper- cleaning of the metal  before plating. The bolts with defective 
cladding and the bottom fuel ring were stripped, cleaned, and replated 
with nickel, and the bolts were flash coated with gold. This plating also 
remains in good condition to date. 

The nickel cladding on the 40%-enriched-uranium control rods of 
the Super KUKLA reactor  is crinkled slightly owing to the 500°C tem- 
perature  that the rods attain in a maximum burst. The crinkling is not 
considered to be a problem. 

Both aluminum-ion plating and nickel electroplating were used 
on the APRFR fuel that was used in the test to failure reported by 
Mihalczo.' The aluminum-ion plating held up better in these tests.  

FUEL INTEGRITY 

The highly enriched-uranium- molybdenum fuel r ings have failed 
under various operating conditions on different reactors.  Mihalczo' 
reported that during t e s t s  at Oak Ridge National Laboratory (ORNL) 
one high-level burst  of 3.7 X 10'' fissions, after very few other lower 
yield bursts,  created longitudinal cracks through radial  thermocouple 
holes in the APRFR core. Jefferson (see Session 2, Paper  3) reported 
that a few months after increasing the burst  yield of the SPR I1 to 
produce maximum temperatures  above 500" C, longitudinal cracks 
through radial thermocouple holes and breakout of pieces of fuel near  
bolt holes were noted. P r i o r  to this  increase in burst  yield, about 400 
bu r s t s  had been completed on SPR I1 with no visible damage. In the 
HPRR, cracks a r e  slowly propagating longitudinally f rom radial ther- 
mocouple holes in the inner surface of the fuel disks  in a manner 
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s imilar  to that in the S P R  11. For the H P R R  core the maximum tem- 
perature  has been limited to 315"C, and the integrated exposure is 
equivalent to 410 pulses of 1 x 10'' fissions. The fuel pins of the 
V I P E R  reactor were radiographed after about 150 bursts,  and there 
were no signs of damage or dimensional change. 

CONTAMINATION 

If there is a defect in the fuel cladding or  a failure in the fuel 
s t ructure  of an operating reactor,  a concomitant contamination problem 
usually exists. For bare-metal fast  burst  reactors,  contamination is 
sometimes noted without these failures. Before any fuel defects were 
noted at  the H P R R ,  some contamination was found and attributed to 
fuel particles that were not removed after holes were dril led through 
the safety block for roll  pins. This contamination essentially dis- 
appeared after the through holes were thoroughly cleaned. Airborne 
contamination has not been detected inside the reactor building; if it 
were to  occur, the building exhaust is adequately filtered. Similar con- 
tamination was found a t  the WSMR after cladding peeled from one safety 
block. N o  evidence of contamination was noted during operation with a 
second safety block. 

Contamination from the S P R  I1 became a very real problem when 
c racks  appeared in the fuel. The problem was attacked in two steps. 
Firs t ,  the cooling air that was exhausted from the reactor shroud was 
passed through a 1-cfm absolute fi l ter  followed by two Mine Safety Ap- 
pliance a i r  line f i l ters  (in parallel) which contained activated charcoal. 
The charcoal f i l ters  were ordered without iodine preloading to eliminate 
any problem from the iodine in the filter. The f i l ters  minimized but did 
not eliminate the contamination. The second step was to install a three- 
stage filter of fiberglass, paper absolute fi l ters,  and activated charcoal 
in the building exhaust system which exhausts 5000 cfm from the 
building with a differential pressure of 5% in. of water. These filters 
practically eliminated contamination problems in other than the reactor  
area.  

@ 

@ 

RADIATION EXPOSURE 

Even if a contamination problem does not exist with some fast  
burst  reactors,  the fuel in all of them is so radioactive after high-yield 
bursts  that the exposures received in performing maintenance on the 
r eac to r s  a r e  very high. Because of this factor, other personnel are 
used where possible to make some of the experimental changes, espe- 
cially when the experiments do not follow the developed procedures. 
At all  facilities an effort has been made to minimize the personnel 
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exposures during the setup and retrieval of experiments. For example, 
the reactor is moved into position after the experiment is se t  up, and 
the reactor  is moved away before any equipment is retrieved, Also, 
procedures and equipment have been developed for remote removal of 
in-core samples. The exposure records at Sandia Corporation, where 
about 10 persons each received a total exposure of 1.5 r o r  more in the 
first quarter of 1968, and a t  the HPRR, where rarely does one individual 
receive an exposure of 1 r in a quarter,  show that exposure r a t e s  
follow the operating history of the reactor. This will continue to  be the 
case unless methods are developed to further minimize reactor  
maintenance and to further expedite the setup and retrieval of experi- 
ments. 

MAINTENANCE 

Much of the maintenance required on fast burst  r eac to r s  is 
mechanical in nature, which is not surprising considering the shock 
forces  involved in a burst. The difficulties range from elongation of 
bolts that hold the core  together to deformation and even to breakage 
of components. 

During early testing of the WSMR, shock effects bent the core-  
support plate. A heavier plate is now in use, but the plate st i l l  must be 
replaced periodically. 

Various materials have been used for  fast  burst  reactor core  bolts 
with slightly different results.  As was the case for other Godiva-type 
reactors ,  elongation of the core bolts was experienced during early 
operation of the SPR 11. The bolts, which a r e  made of special high- 
strength stainless steel  (A-286), loosened during the f i rs t  few bursts  
after reassembly but finally assumed a set. Even the loosening that 
followed reassembly of the core  diminished with continued operation 
and is no longer a problem. The core bolts for  the WSMR a r e  made of 
Inconel, and bolts installed in September 1968 have elongated 3 to  4 mils. 
At one t ime uranium-molybdenum alloy was used for  the three core  
bolts on the WSMR, but the bolts were overstressed at high yields. The 
nine core bolts for  the HPRR are made of uranium-molybdenum alloy. 
The design called for  overstressing the bolts slightly a t  installation, 
loosening them, and repeating the process  several  times. The original 
bolts are still in use with no measurable elongation due to burst  
operation. 

Although core bolts loosen during burst  operation, there  is no 
guarantee that they will be f ree  when it is necessary to disassemble 
the core. Stainless s teel  is notoriously bad in this respect, and it lived 
up to  its reputation on the SPR II. Galling ceased to be a problem when 
the stainless steel  bolts were treated with Lub-Loc 1000, a high- 
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temperature graphite coating supplied by Electrofilm Inc. of Holly- 
wood, Calif. There has  been no tendency fo r  the HPRRuranium- 
molybdenum bolts to  bind since they were replated a s  mentioned 
previously. The uranium-molybdenum bolts for the APRFR also were 
difficult to remove af ter  the critical experiments a t  ORNL, but this was 
af ter  the above-design-level burst  mentioned previously. Fo r  facilitat- 
ing removal in case  of binding, the APRFR was changed so that the 
bolts thread into nuts instead of the lower fuel plates. 

On some reactors  all devices fastened on the superstructure with 
screws o r  bolts loosen after repeated burst  operation. Lock washers 
extend the length of service, but the bolts eventually st i l l  work loose. 
On the WSMR and on the SPR 11, microswitches used for  the control- 
rod limit indication have been broken. On the SPR I1 the microswitches 
used for  limit switches a r e  located on the lower portion of the reactor  
support structure,  where the radiation level is relatively low. On the 
HPRR the loosening of bolts holding switches, etc., in place has  not 
been a problem, undoubtedly because of the lower burst  levels and lower 
burst  frequency, but perhaps because of the type of switches used and 
the method of mounting. On the HPRR these switches do not receive any 
direct  impact from the rods. 

Reliable monitoring of the position of movable fuel or control ele- 
ments is of utmost importance. Since the safety block is the largest  
piece of movable fuel and since in most ca ses  it is moved between burst  
preparation and the burst  itself, it is crucial  that the safety block be 
repositioned accurately. In addition to  position indicators on the 
safety-block drive, switches are used to indicate that the safety block 
itself is driven against a fixed stop or against fixed core elements. 
These switches a r e  a common source of trouble, and maintenance on 
them is a very real cause of radiation exposure. Much thought and ef- 
for t  has  been expanded to  develop safety-block inserted switches that @ will perform satisfactorily and when necessary will be easy to  main- 
tain. There still  is a market for a better “mousetrap,” or  in this case,  
a better seated switch for fast .burst reactors.  

Failure of rod-position indicators occurs  infrequently, and usually 
the failure is quite evident. On one occasion, however, one of the s ix  
l inear potentiometers that indicate shim-rod position for  the Super 
KUKLA reactor  malfunctioned in such a way that the operators  did not 
know where the rod was physically. The discrepancy was confirmed 
through discrepancies in delayed cr i t ical  settings between the burst  
rods and the shim rods. The potentiometer was replaced, and the 
calibration start-up procedures were redone, but with a l o s s  of several  
operating days. 

Radiation damage to  scintillation detectors or  glass  darkening of 
photomultiplier tubes placed near  burst  reactor co res  is quite com- 

@ 
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mon. Methods of circumventing the problems vary. These devices a r e  
par t  of the fast-scram system for the Super KUKLA reactor and a r e  
located approximately 4 in. from the fuel. An independent detector is 
placed at  the same location to monitor the neutron level in each burst. 
When the sensitivity of the fast-scram detectors begins to decrease 
appreciably, they a r e  replaced. At Sandia the scintillator used with a 
photodiode for  burst  shape and period measurements deteriorated much 
faster  on the SPR I1 than the scintillators did on the SPR. At  first the 
scintillators were to be replaced at  6-month intervals to combat the 
problem, but, they were moved further from the core,  and the deteriora- 
tion is not so acute. At VIPER glass components in the scintillation 
detectors have been removed where possible to combat the lo s s  in the 
transmission due to glass darkening, 

BURST YIELD ACCURACY 

A most interesting and important aspect of the operation of fast 
burst  reactors is the accuracy the operators achieve in obtaining the 
target yield. For the most part the accuracy is quite good; however, 
problems with some machines do continue, and isolated difficulties 
pers is t  with others. 

Preinitiations, o r  bursts  that start before the desired reactivity is 
completely inserted, cause the yield to be low. They a r e  to be expected 
with some probability, but on the VIPER reactor they have occurred 
with a higher probability than expected. Development work was under- 
taken to minimize preinitiations by increasing the insertion speed of 
both the burst rod and the safety block. The results to date a r e  not too 
successful, but work is continuing. 

The ability to produce yields accurately is extremely good for the 
higher yields on most reactors. With the SPR 11, for example, bursts  
with maximum temperature r i s e s  in the range of 500°C a r e  made 
within 1 to 2% of the predicted rise.  For lower yields the difficulty of 
predicting increases, but predictions a r e  still accurate within 10 to 
15°C for bursts  with temperature r i s e s  in the range of 100°C. Inability 
to make accurate low-yield bursts  is a problem in other reactors.  

At Super KUKLA the shape of the inhour curve varies because of 
'differences in the neutronic characterist ics of samples placed in the 
irradiation cavity. With samples that lengthen the effective prompt- 
neutron lifetime of the assembly, bursts  of low yields were terminated 
by the sc ram action of the fast safety system rather than the thermal 
expansion of the core,  Since such bursts were not closely reproducible, 
a key-switched sc ram delay circuit was added to  delay the sc ram ac- 
tion by 17 msec. The added delay allows the burst  to be terminated by 
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thermal expansion of the core, which markedly improves the ability to 
reproduce low-yield bursts. 

Low-yield bursts  at the HPRR, approximately 1 x l o i 6  fissions, 
also a r e  terminated by sc ram action of the safety system rather  than 
by thermal expansion of the core. Since there has been little demand for 
very low yield bursts,  this early sc ram i s  no real  problem. But the 
accuracy of achieving a target yield even for high-level bursts  has 
always been a problem at the HPRR. A considerable improvement was  
realized during early operation after it was noted that insertion of the 
burst  rod caused the safety block to oscillate. A system was developed 
to critically damp the stopping of the burst  rod upon insertion. This 
improvement eliminated oscillations of the safety block before the burst  
occurred and minimized, but did not eliminate, scatter in the burst 
yield. Further improvements were made in the safety-block suspension 
system, but scatter of 10 to 15% in burst yield i s  still common, and it 
is no better at high yields. 

With the Super KUKLA reactor,  the operators have difficulty in 
determining the actual exponential period for bursts  near prompt 
cri t ical ,  i.e., in the range of periods from 5 to 200 msec, owing to a 
50-msec peak-to-peak sinusoidal oscillation which i s  superimposed upon 
the exponential r i s e  in neutron population. The oscillations a r e  at- 
tributed to reactivity changes produced by mechanical vibrations of 
the burst  rods af ter  they strike their  inser t  stops. For an accurate 
determination of the exponential period, the outputs of several  detectors 
must sometimes be normalized and plotted over three or  four decades 
on a semilog graph to separate the sinusoidal component from the 
basic exponential. 

@ 

UNEXPECTED REACTIVITY CHANGES 

@ ' Of all.difficulties, the unexpected change in reactivity stands apart  
from all  the rest .  Some reactivity changes, owing to the action of the 
operators and fortunate timing, did not result  in  either the lo s s  of the 
experiment or damage to  the core. Such changes a r e  not covered as 
incidents o r  accidents in these proceedings (see P. D. O'Brien, Ses- 
sion 4, Paper 6). The failure of the shim-rod position indicator on the 
Super KUKLA reactor,  which was mentioned ear l ier ,  could have r e -  
sulted in a reactivity uncertainty of 54 or  for the intended burst  yield 
of 1.5 x loi8 fissions an e r r o r  qf 7 x 10'' fissions. A more dramatic 
change in reactivity occurred between two consecutive bursts  with the 
SPR 11. 

Late in the operating day, the delayed crit ical  calibrations of the 
SPR I1 indicated a 236 increase in reactivity. Operations were sus- 
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pended, and the radioactivity was allowed to decay overnight before the 
reactor was examined. The operators discovered puddles of water on 
the fuel. The water had been sprayed on the core because of failure of 
the d r i e r  in the reactor  cooling-air system. The air line was  dried out, 
and the reactor was operated at  a temperature of 200" C to evaporate all 
the water from the fuel; a s  expected, the 234 in added reactivity 
evaporated with the water. 

OUTDOOR OPERATION 

Because of the increased burst  yield of SPR I1 compared with 
SPR, operation of the SPR I1 at full yield at  the outdoor burst si te was 
impossible, and therefore no provisions were made for outdoor opera- 
tion. For experiments that must be located at  large distances from the 
core, a 12-in.-diameter beam port, which i s  pointed in the direction of 
the outdoor burst  site, was made through the wall of the reactor build- 
ing. Normally, this port is plugged with a stepped concrete-filled 
cylinder that is removed only for those experimentsfor which the beam 
port was designed. The beam port has been used very little, and, when 
it is, radiation scattering into nearby buildings is an additional problem. 
The WSMR and the HPRR were also designed for outdoor operation. 
The HPRR, however, is not operated outdoors because its building has 
little o r  no effect on the reactor operation and because there is suf- 
ficient room for the necessary separation between the reactor and the 
experiments inside the building. 

I 

EXPERIMENTS 

Some experiments a r e  interesting because of the worries they 
create  for the operators. One such experiment was  the deliberate 
detonation of a small  amount of the explosive RDX a s  soon as possible 
af ter  a burst  with the SPR 11. The explosive was  contained in a heavy 
steel  can guaranteed to contain the explosive energyof twice the charge 
used in the experiment. There were no spare  samples, and one of the 
requirements of the tes t  was that the explosive not be detonated unless 
the burst yield exceeded some specified minimum. To eliminate the 
chanhe of predetonation of the explosive and the resultant shift in 
reactivity before the burst  actually took place, the explosive was fired 
manually from the control console as soon as an observer had as- 
certained from the period meter that the burst was sufficiently large 
to satisfy the requirements of the experiment. Also, an interlock 
prevented firing the RDX until the s c r a m  action had started. The ex- 
periment was entirely satisfactory and almost anticlimatic after all the 
concern for safety. 
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CONCLUSIONS 

Most of what has been presented in this paper is a collection of 
isolated incidents o r  observations so that little can be said in summa- 
tion. Operating experiences, however, continue to demonstrate that 
these machines require constant attention to ensure not only that every 
par t  of the reactor system performs a s  designed but that everything 
that affects its operation performs correctly, including the operators  
and any experimental equipment. Also, improvements in reactor  
performance, which include increasing the number of pulses per day, 
must be accompanied by improvements in design to minimize personnel 
exposures during reactor  maintenance and experiment preparation. 
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DISCUSSION 

GOSSMANN: You indicated a fairly high degree of reproducibility 
in burst  operations with respect to  temperature r i s e s .  What would be 
the degree of reproducibility due to  positioning accuracies on the con- 
t ro l  rods, safety block, etc.? Do you have any information on that? 
Are we talking about a tenth of a cent reproducibility or  hundredths of 
cents, o r  what? 

HOLLAND: We have looked at  all these various things, like re- 
positioning of the safety block, dropping i t  off and putting it back, 
moving control rods, possible temperature variations through the whole 
core,  heating one side of the core  and seeing what the effects were. 
These were all  very small  numbers as f a r  as the e r r o r  in the burst  
yield was concerned for  the Health Physics Research Reactor. None 
of these things could give us  the change that would produce the spread 
in our burst  yield. 

GOSSMANN: I was interested in whether there was more o r  l e s s  
an established o r  an accepted limit of the degree of reproducibility 
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of delayed crit icals,  not considering changes induced by, say, burst 
generation? 

HOLLAND: Not to my knowledge. I think everyone has  his own 
ideas  about how accurately you can get to delayed crit ical  o r  how ac- 
curately you measure the period i f  you put in a positive o r  negative 
period to get a particular yield. 

O’BRIEN: I would like to comment on the last question. I think 
we consider i t  acceptable if we can reproduce our delayed crit ical  
reactivity within a couple of tenths of a cent. Ordinarily it is better 
than that, but we consider two tenths of a cent acceptable. 

HOLLAND: If you a r e  asking for a number, we use three tenths 
and feel that that is acceptable because we always get better than that. 

I 
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43 ABSTRACT 

Extensive experience accumulated during irradiation of experiments in fast  
burs t  reac tor  facilities has demonstrated that the effect of the experiment being 
i r radiated on the reactor character is t ics  i s  the pr imary  operational safety con- 
sideration. The general  nature of these effects and the associated procedures to 
be applied a r e  presented for  various categories of fast  burst  reac tor  experi-  
ments.  

Experience with experiments irradiated i n  fast  burst reactor  facilities 
is extensive and varied. The versatility of fast  burst  reactors  has led 
to their  use i n  a wide range of experiments, including the irradiation of 
materials, circuits, and electronic components, a s  well a s  dosimetry, 
radiobiological, and ecological experiments. Fast  burst reactors  a r e  
especially accommodating since they can be operated in either the burst 
o r  steady-state mode, depending on the experimental requirements. 

The nature of the experimental programs conducted at f a s t b u r s t  
reactor  facilities depends upon the objectives of the facility. Some re-  
actors  a re  operated pr imari ly  in the burst mode for the irradiation of 
experiments to study transient effects; others  a r e  operated in either 
the burst o r  steady-state modes in accordance with the requirements of 
different experimenters.  Table 1 l i s t s  the fast  burst reactor facilities 
that have been built and operated in- the United States. 

Experience in the irradiation of experiments a t  fast  burst  reac tors  
has centered on the importance of the effectof the experiment being ir- 
radiated on the burst character is t ics  of the reactor .  This experience 
has shown that the effects must be properly accounted for to fully en- 
su re  the safety of all reactor  operations. Where this experience does 
not exist, e.g., during the initial s tar t -up of a reactor ,  it  is essential 
that burst operations be conducted with a variety of materials, such a s  
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Table 1 

FAST BURST REACTORS' 

Nominal 
f iss ions Star t -up 

Reactor  Type of fuel p e r  b u r s t  Locat ion date  

Godiva I 

Godiva I1 

Nuclear Effects 
Reactor  
(Super KUKL A)  

Sandia Pulse  
Reactor (SPR) 

Nuclear Effects 
Re ac tor  (F  RA N) 

Health Physics  
Research 
Reactor  (HPRR) 

WSMR Fas t  Burst  
Reactor  (FBR) 

Sandia Pulsed 
Reactor  (SPR 11) 

Los Alamos 
Pulsed Reactor  

Army Pulse  
Radiation Facility 
Reactor  ( A  P R F R) 

Oralloy 

Oralloy 

Oralloy 

Oralloy 

Oralloy 

U-10 wt.% M a  

U-10 wt.% Ma 

U - 1 0  wt.% MO 

U-1.5 wt.% Ma 

U-10 wt.% Mo 

2 x 1016 

5.6 x l o i 6  

1.8 x 1017 

1.0 x 1017 

-2.2 1017 

-2.2 x 10'7 

-2.2 x i o i 7  

Los Alamos Scientific 
Laboratory,  N. Mex. 

Los Alamos Scientific 
Laboratory,  N. Mex. 

Lawrence Radiation 
Laboratory,  L ive r -  
m o r e ,  Calif. 

Sandia Corporation, 
Albuquerque, N. Mex. 

National Reactor  Tes t -  
ing Station, Idaho 

Oak Ridge National 
Labora to ry ,  Oak 
Ridge, Tennessee 

White Sands Missi le  
Range, N. Mex. 

Sandia Corporat ion 
Albuquerque, N. Mex. 

Los Alamos Scientific 
Labora to ry ,  N. Mex. 

Aberdeen Proving 
Grounds,  Md. 

1951 

1957 

1959 

1960 

1962 

1962 

1964 

1967 

1967 

1968 

those which would be involved in typical experiments. These operations 
not only provide valuable information on the reactor  but also add to the 
operational capabilities of the reactor  staff. The initial work in this 
a r e a  was carr ied out a t  Los Alamos Scientific Laboratory. A program 
was conducted at  the White Sands Missile Range Fast Burst  Reactor 
(FBR) to evaluate the reflectivity effects of materials on the nuclear 
characterist ics of the :*eactor. Although this program was conducted 
during the early operation of the reactor,  the resul ts  a r e  still of con- 
siderable use and applicability to the FBR. Further expansion and de- 
velopment of these studies is currently underway. 

Placing an experiment in close proximity to a fast burst  reactor  
results in reflection of neutrons into the fuel region during reactor  
operation. This reflection of neutrons increases  the overall reactivity 
of the reactor.  The magnitude of this reactivity increase can be evalu- 
ated from the change in control-rod positions at  delayed criticality with 
the experiment a s  compared to the same  condition without the experi- 
ment, The difference in control-rod positions, evaluated in t e r m s  of the 
equivalent reactivity worth, represents  the worth of the experiment. 

Further,  the reflectivity effect of the experiment leads to a change 
in the flux distribution in the reactor  fuel. If the experiment is located 
adjacent to one of the control rods or burst  rods, the reactivity worth 
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of the specific rod will be increased as a result  of the f l u x  change asso- 
ciated with the neutron reflection. This effect is of vital importance in 
the case of the burst  rod since changes in its reactivity worth a r e  not 
directly observed o r  subject to evaluation until the reactor  burst  takes 
place. This effect is normally accounted for by withdrawal (in the usual 
case) of control-rod reactivity at the time of delayed criticality to en- 
s u r e  that only the desired amount of prompt reactivity is added to the 
reactor  a t  the time of insertion of the burst  rod. 

A decoupling shield with a neutron-absorbing material  on its outer 
surface may be used to partially overcome the effects of the experi- 
ment being irradiated. Neutrons reflected from the experiment a r e  
thermalized and then absorbed so that their effect is diminished. Unless 
this procedure is followed, under some circumstances the reactor  and 
the experiment may be so interrelated that they become a coupled sys-  @ tem. The use of a decoupling shield is therefore a vital par t  of reactor  
operations involving the irradiation of experiments. 

Because of their effect on the reactor  burst  characterist ics,  ex- 
periments being irradiated must be arranged so  that no change in ex- 
periment location o r  mass  characterist ics takes place during the opera- 
tion of the reactor.  This is especially important during the wait period 
since the reactor  operator has  no direct  way of knowing o r  evaluating 
the effect of a change in the experimental arrangement i f  one were to  
occur. If changes occur and a r e  unaccounted for, a reactor  burst  of an 
unanticipated yield will take place. Movement of the experiment must 
be forbidden during reactor operations unless i t  is properly understood 
and evaluated pr ior  to the start of the operation. 

The accumulated experience in the irradiation of experiments in 
fas t  burst  reactor  facilities is presented in terms of general categories 
of experiments. The effect of the experiments on the operation of the - reactor  is then summarized. 

MATERIALS AND ELECTRONIC SYSTEMS STUDIES 

Fast burst  reactors  current ly .  in operation, with the exception of 
the Health Physics Research Reactor (HPRR),3 conduct extensive . 
burst  operations for materials and electronic systems transient- 
effects studies. Experiments in this category normally a r e  of such a 
s ize  and mass  that the reactor  characterist ics a r e  not affected sig- 
nificantly. These experiments usually involve the irradiation of a few 
samples or  components, e.g., circuit boards, a t  a time; therefore, large 
masses  of reflecting-type materials are not associated with these ex- 
periments. Transis tor  experiments a r e  routinely irradiated on a repeti- 
tive basis  with no significant effect on the operational characterist ics 
of the reactor.  
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Occasionally experiments involving the irradiation of materials o r  
electronic systems a r e  conducted with many i tems mounted together f o r  
irradiation in one burst  operation which result  in a heavy overall ex- 
periment. Another example of a large experimental arrangement is the 
irradiation of a material  o r  a system at  a desired neutron-to-gamma 
ratio, thus requiring the use of shielding. The overall  result  is an ex- 
perimental arrangement having such a large m a s s  that the associated 
reflectivity effects significantly influence the nuclear characterist ics of 
the reactor.  Experiments in this category have been performed on a 
routine basis without any compromise to  the safety of the reactor  at the 
SPR I1 and its p r e d e c e ~ s o r , ~  the SPR, a s  well as the FBR.’ 

Irradiation of an experiment may involve its movement during r e -  
actor  operation. A s  noted previously, experiments of this type should be 
irradiated only after a detailed review has been conducted pr ior  to the 
operation. The movement of the mass  of the experimental arrangement 
may not be directly obvious. For  example,6 an experiment conducted at 
the FBR involved using a battery a s  the power supply. The experimenter 
had planned to add the battery electrolyte pr ior  to the burst, but this 
action was not explicitly stated in the test  plan and therefore was not 
known by the reactor  operating group. When the experiment was i r r a -  
diated, the experimenter remotely actuated the electrolyte injection 
setup, and the electrolyte was added to the battery pr ior  to the burst. 
When the burst  took place the yield was significantly lower than an- 
ticipated because the battery electrolyte had moved in a direction that 
resulted in a reactivity reduction. Fortunately the electrolyte moved 
away from the reactor.  If i t  had moved toward the reactor,  the result-  
ing burst  would have been hazardous, possibly resulting in a major 
accident. Because of this incident the operating procedures for the FBR 
were modified to require that any experiment proposed for irradiation 
that involves a fluid o r  movement of the experiment must be reviewed 
and approved by the reactor safeguards committee pr ior  to i t s  per- 
formance. 

It should be noted that review of a proposed experimental plan 
pr ior  to i t s  performance does not relieve the reactor  operating staff 
of the need to evaluate the effect of the experimental arrangement on 
the reactor prior to  and during the operation of the reactor  before the 
burst  takes place. This preevaluation is absolutely necessary since i t  
is not possible for  any experimenter (from a practical  standpoint) to 
present the proposed experimental plan in such detail to permit an 
exact evaluation. Even if an exact evaluation were possible, the reactor  
operating staff and its associated review body cannot predict the possi- 
ble effect of all  experimental arrangements on the reactor,  especially 
when the proposed experiment differs from those previously performed. 

An example of the difficulty of predicting the exact effects of an 
experimental arrangement on reactor  operations is shown by an experi- 
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ment proposed fo r  irradiation at  the FBR. This experiment involved the 
irradiation of mater ia ls  having explosive characterist ics.  These ex- 
periments were enclosed in aluminum containers supported on an 
aluminum structure  located near  the reactor. '  The proposed experi- 
mental plan was reviewed by the appropriate review bodies and approved 
for  performance. When it was mounted in the reactor  a r e a  and the op- 
eration was begun, the reactivity worth of the experiment was found to 
exceed the administratively established value of $1.5 reactivity, the 
point at which the reactor safeguards committee must be informed be- 
fore  the operation can progress  any further.8 Although the reactivity 
worth of the experimental arrangement was suspected to be close to this 
value, the actual worth was considerably higher. After consultation with 
the reactor safeguards committee, the mass  adjustment ring was 
changed (it is mounted on top of the reactor fuel-ring assembly) to ac- 
count for approximately 6 5 t  of the reactivity contributed bythe experi- 
ment, thus permitting the irradiation to be conducted. Reactor burst  
operations were then conducted in accordance with both the require- 
ments of the experiment and the operational safetyof the reactor." 

The irradiation of experiments involving mater ia ls  o r  electronic 
components may significantly affect the nuclear characterist ics of the 
reactor  pr ior  to either the time of delayed criticality o r  the point a t  
which the reactor  burst  takes place. If the s t ructural  m a s s  of the ex- 
perimental arrangement is large enough, its reactivity contribution may 
also be large enough to result  in a reactor  burst  o r  in a rapid power 
level increase when the safety block is inserted into the fuel region. 
For  example, during operation of a Godiva-type reactor  for  irradiation 
of an experiment," a very rapid increase in power (terminated by a 
sc ram)  took place when the safety block was inserted into the fuel re- 
gion. Another example occurred at the FBR when the reactor  experi- 
ment involved a considerablp amount of polyethylene located near the 
reactor.  When the safety block was inserted, the count ra te  of the s tar t -  
up neutron instrumentation was observed to be significantly higher than 
in the usual case,  and the reactor  wenton a long (approximately 25 sec)  
period. No further effect was noted, and after observing the power level 
increase at  a stable period, the reactor  was shut down and the experi- 
mental arrangement modified to make i t s  effect l e s s  pronounced." 
These examples show that the effect of experiments may exceed the re- 
activity control available in the control rods, possibly resulting in a 
rapid power level increase o r  possibly a burst  when the safety block is 
inserted into the fuel region. 

@ 

@ 

EXPERIMENTS INVOLVING EXPLOSIVE MATERIALS 

Experimental programs at fast burst  reactors  have included the 
irradiation of experiments involving explosive materials.  The i r radia-  
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tion of these materials may, for  example, involve the transient studies 
of propellant material  subjected to a reactor burst. The principal effect 
that must be considered in the irradiation of these experiments is the 
possible ignition of the explosive reaction. For avoiding this situation 
most of these experiments a r e  conducted with the explosive material  
placed in containment vessels  designed to withstand the energy release 
associated with the explosive reaction. The review of the safety of the 
proposed experiments in this category includes the verification that the 
containment vessels  will withstand the applicable explosive energy r e -  
lease.  

Once the explosive material  to be irradiated is contained, the next 
consideration involves the mass  and location of the experimental ar- 
rangement. Because of the use of containment vessels  and their  asso- 
ciated structure,  the mass  of the overall experimental arrangement may 
be high enough to significantly affect the operational characterist ics of 
the reactor.  Containment vessels normally employed in these experi- 
ments a r e  usually made of aluminum since only small  quantities of the 
explosive material  a r e  irradiated at  any one time. A steel  containment 
vessel  may be employed in other cases,  e.g., in the irradiation of an 
explosive bolt. 

The irradiation of experiments having explosive materials a t  fast  
burst  reactors  has been safely performed with no situation noted in 
which the presence of the explosive material  compromised the safety of 
the reactor systems. For  ensuring that this effort is conducted and 
properly coordinated with considerations associated with reactor 
safety, written procedures may be desirable which specify the require- 
ments to be met before an experiment involving explosive material  
may be irradiated. The requirements that should be covered include: 
(1) the control to be exercised over the explosive material  pr ior  to, 
during, and after irradiation; (2) a general identification of the per-  

, sonnel authorized to handle the material; (3) the storage location of 
the materiaf pr ior  to irradiation; and (4) the designation of a r e a s  where 
the experiment is to be dismantled following irradiation. Experience at  
the FBR has indicated that the availability and use of written procedures 
covering these requirements ensure the proper understanding of all 
concerned and make for a more effective overall operation. In addition 
to these requirements the FBR proceduresi3 include the requirement 
that this category of experiments must also be reviewed and approved 
by the reactor safeguards committee pr ior  to performance. 

RADIOBIOLOGICAL EXPERIMENTS 

Fast burst reactors  have been used in a variety of radiobiological 
experiments. These experiments have involved the irradiation of she'ep, 
goats, ra ts ,  monkeys, and baboons; the experiments have been per-  
formed primarily at the HPRR, SPR, SPR 11, and FBR. 
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Experiments involving the irradiation of animals in burst  operation 
of the reactor have been s o  extensively conducted that the procedures 
involved form a basic par t  of the experimental irradiation procedures 
of a fast  burst reactor facility, The principal consideration, a s  in the 
other types of experiments, is the location andmovement of the experi- 
ment. Since the animal may move, it is essential that he be properly 
secured and restrained so that no movement which could affect the r e -  
actor is allowed to take place. Review of the proposed experiment must 
ensure that such is the case pr ior  toperformance of the irradiation. 

In actual practice complete securing of the animal may not be pos- 
sible o r  desirable. In some of these cases  the animal is placed suffi- 
ciently f a r  from the reactor that i t s  movement wil l  have no significant 
effect, e.g., experiments involving the irradiation of rhesus monkeys 
conducted at  the FBR require that the monkey have some degree of f ree-  
dom of his a rms .  Under these circumstances the monkey is placed fac- . 
ing away from the reactor and is located within a boxed enclosure. TO 
fur ther  ensure that there is no effect on the operation of the reactor,  
the distance from the reactor to the monkey is normally maintained at  
approximately 18 in. It should be noted, however, that experiments 
involving the irradiation of monkeys have been safely performed with 
the monkey placed closer to the reactor (approximately 10 in. from the 
core center line). Under these circumstances small  variations in de- 
layed crit ical  control-rod positions in the reactor  have been observed 
for  equivalent conditions. The differences have been attributed to move- 
ment of the monkey.14 

The effect of increasing the s i ze  of the animal being irradiated can 
best be seen by considering further the experience at the FBR. Follow- 
ing the experiments with the rhesus monkeys, baboons'.were used in the 
same general program, which required that more effective and positive 
steps be taken to res t ra in the animal during the reactor  burst  operation. 
A collapsible cage was used which compressed to r e s t r a in  the animal 
and remotely released following the burst  to  provide the desired free- 
dom of movement a t  the end of the operation. Further protection was 
provided by placing the baboons further away than the monkeys (approx- 
imately 3 ft from the reactor).  The reactor  burst  operations conducted 
during this t ime were normal, and no effect of movement was observed. 

@ 

EXPERIMENT IRRADIATION INVOLVING STEADY-STATE OPERATION 

The experimental irradiation requirements at fast  burst  reactors  
may require extensive irradiation in the steady-state mode of operation 
of the reactor.  The operational program of the HPRR, for  example, 
primarily involves the steady-state operation of the reactor.15 AS a 
further example, the operational program of the FBR has involved an 
increasing amount of steady-state operations. l6 
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The effect of the experiment being irradiated on the nuclear char- 
acterist ics of the reactor is much less significant and potentially l e s s  
hazardous in the steady-state mode of operation compared with the 
burst  mode. Dynamic movement of the burst  rod is not involved in the 
steady-state mode. Either the burst  rod is inserted and clamped in the 
fuel region o r  e lse  it is left out of the operational sequence and not 
moved. The only significant effect on the reactor is the reflection of 
neutrons which can be evaluated from the control-rod positions at  de- 
layed criticality, a s  is done in the burst  mode. 

Experience in the steady-state irradiation of experiments at the 
FBR indicates that extensive operation of the reactor  in this mode, 
where the usual operation is conducted a t  5 kw for 1 hr o r  less ,  resul ts  
in considerably higher radiation levels in the reactor  a rea  which may 
seriously limit any major maintenance effort on the reactor systems. 
In addition, during the steady-state operation of the reactor,  the indica- 
tion of particulate air activity in the reactor operations area increases  
considerably above the level normally encountered in the burst  mode. 
This increase occurs  primarily because normal operations of the FBR 
a r e  conducted with no exhaust of air from the reactor  cell area.  An 
absolute filter system has been installed in the cell exhaust, and action 
is currently underway to  provide the installation of a system to con- 
tinuously monitor the activity of the cell exhaust air. When this in- 
stallation is complete a proposal that the normal mode of conducting 
all  reactor operations be with the cell-exhaust system turned on will 
be suggested. This should provide for a much lower buildup in levels of 
radioactivity in the reactor  operations a rea  during steady-state i r radi-  
ation of experiments. 

Experience with this overall category of experiments has  indicated 
that the requirements applied to the review of experiments proposed for  
irradiation in the burst  mode a r e  more than adequate for  those proposed 
for performance in the steady-state mode. As noted previously, atten- 
tion should be given to the scheduling of steady-state operation during 
periods of operation which a r e  not immediately followed by mainte- 
nance on the reactor  systems. 

CONCLUSIONS 

The accumulated experience in the operation of fast  burst  reactors  
has involved the irradiation of numerous experiments having various 
characterist ics.  This experience has demonstrated that reactors  of this 
type can be safely used in the irradiation of experiments covering a 
wide range of reactor  operational requirements. The pr imary factor 
involved in the irradiation of experiments is the effect of the experi- 
ment on the nuclear characterist ics of the reactor,  particularly in the 



IRRADIATION EXPERIENCE 321 

burst  mode of operation. Experience has shown that the magnitude of 
these effects must be evaluated and accounted for  to ensure that proper 
control is exercised over  the operation of the reactor.  The requirements 
covering the performance of this evaluation a r e  a necessary part  of the 
administrative procedures that must be available at all fast  burst  reac-  
t o r  facilities. 
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DISCUSSION 

PETERSON: At Super KUKLA we have large reactivity samples on 
the order  of several  dollars (plus or  minus), and we also have to deter-  
mine the effect of changes in prompt-neutron lifetime for  a given 
sample. I wondered if you have encountered this problem of determining 
changes in neutron lifetime at your facility. 

DE LA PAZ: Most of our  experiments a r e  of fairly constant char- 
acterist ics;  we do not get involved with that type of experimental pro- 
g ram to any extent. 

GLASGOW: Have you done any quantitative work on reflector ef- 
fects here  ? 

DE LA PAZ: The initial work was done, a s  I said, by Bob Long 
while he was at  White Sands. We a r e  preparing to update this work. 
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Quite frankly we only recently got in a position where we could c a r r y  
out a program of this  type by setting aside a given amount of reactor  
time. 

McENHILL: The next paper describes some idealistic experiments 
on the effect of shielding materials on the reactor  characterist ics.  I 
think that a s  the history of fast  burst  operation progresses,  there may 
be some point in having some type of data center where one can obtain 
the so r t  of data that would be useful for operators using particular 
facilities with particular types of assemblies a s  a s o r t  of rough-and- 
ready guide to  get them into the right direction a s  far a s  reactivity is 
concerned. 
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ABSTRACT 

Results a r e  reported of systematic studies of various reflector effects on burst 
character is t ics  conducted a t  the White Sands Missile Range Fas t  Burs t  Reactor 
Facility and a t  the Sandia Pulsed Reactor Facility. A calculation model i s  de- 
scribed, and the calculated resul ts  a r e  compared with experimental findings. 

INTRODUCTION 

The White Sands M i s s i l e  Range Fast Burst  Reactor Facility (FBRF) 
and the Sandia Pulsed Reactors (SPR and SPR 11) a r e  Godiva-type reac- 
t o r s  operated in the super-prompt critical mode to produce high- 
intensity short-duration radiation pulses. '-* (See also R. M. Jefferson, 
Session 2. Paper  3.) External reflectors have long been known to affect 
the prompt-burst characterist ics of this type of reactor. '  The initial 
prompt period, peak fission rate,  burst  width, and total fission yield 
for a given reactivity insertion a r e  'quite different f rom the values for 
the unreflected reactor system. A differende in the characterist ics of 
outdoor (free-field) and indoor operation of Godiva I and Godiva I1 was 
also noted and attributed to the re turn  of wall-reflected neutrons to the 
fuel assembly during indoor operation. 

Systematic studies5i6 of various reflector effects have been con- 
ducted at the White Sands Missile Range (WSMR) and at Sandia. The FBRF 
studies were primarily experimental, and most of the reflectors used 
were in the form of rectangular blocks 20 by 20 by 2.54  cm o r  1.0 cm 
thick. Materials studied were aluminum, steel, wood, Lucite, paraffin, 
water, and boral. In the experimental studies at Sandia, the reflectors 
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used were polyethylene and steel  right-circular cylindrical shells of 
various thicknesses located at  radial  distances of 7.6 to 25.4 cm from 
the fuel surface of the SPR. 

A calculation model developed a t  Sandia, s imilar  to that of Cohn's 
reflected kinetics model,? permits  a multienergy representation of the 
reflected neutrons, including the t ransi t  and residence t imes involved. 
Multiple reflection is neglected. A monoenergetic description of the 
neutrons in the fuel is employed, with the energy of the reflected neu- 
t rons entering the core accounted for by effectiveness values. Monte 
Carlo techniques determine the various abundance factors and time 
constants associated with the reflected-neutron groups. 

REFLECTED FAST BURST REACTOR KINETICS MODEL 

The formulation of the reflected kinetic model presented here  is 
restricted to  small  reflectors (worth a few dollars in reactivity) and is 
based on the following assumptions: 

1. The following single-energy space-independent kinetics equa- 
tions a r e  applicable to the unreflected reactor:  

where n(t) = fuel neutron population at  time t 
C,(t) = population of the ith delayed-neutron-group precursor  a t  

time t 
A ,  = decay constant of i th delayed-neutron group 

k(t) = neutron multiplication factor for system at t ime t 
I = prompt-neutron lifetime for  unreflected system 

p ,  = ith delayed-group fraction of total neutrons from fission 
y, = effectiveness of itlz delayed-neutron group in producing 

fission 
VP = r,P, 

S(t) = rate of source-neutron production from extraneous sources,  
such as spontaneous fission, (ct,n) reactions, etc. 

2. No significant spatial o r  spectral  shift in the neutron distribu- 
tion in the fuel occurs when a reflector is placed near the reactor. 

3. These equations can be extended to the case of a reflected r e -  
actor by adding time-dependent source t e r m s  which account for  the 
return to the core  of the reflected neutrons and their  effectiveness in 
causing fission. 
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The validity of the f i r s t  assumption has  been substantiated many 
t imes  for  small  reac tors  with no appreciable re turn of leakage neu- 
t rons  to the reactor.  The second assumption has  been verified for 
small  ref lectors  by the resul ts  of flux measurements.8 The validity of 
the third assumption is demonstrated by the accuracy with which the 
reflected kinetic model predicts the observed reflector effects. 

The system to be analyzed consists of a small  fuel system and a 
single reflector separated from the fuel by a distance x. The following 
formulation paral le ls  that of Cohn‘ but is generally more applicable, 
being particularly suited to the description of a reflected fast burst  
reactor .  

A neutron which escapes from the fuel with energy E‘, enters  the 
reflector,  and returns  to the fuel at energy E has  associated with it 
its lifetime in the reactor before leakage, T~(E’ ) ;  the t ransi t  t ime f rom 
the reactor  to the reflector, T~(E’ ) ;  the residence t ime in the reflector,  
T~(E’ ,E) ;  the t ransi t  t ime from the reflector to the reactor ,  T ~ ( E ) ;  and 
the lifetime in the reactor  before being absorbed or  escaping from the 
reactor  again, T ~ ( E ) .  It is assumed for  all cases  studied that the effect 
of multiple reflection can be ignored. Furthermore, i t  is assumed that 
the E‘ and E dependence of the various t ime constants can be separated 
and that a fixed value of r2 can be assigned to all reflected neutrons 
f rom a given reflector regardless  of their  energy. This restriction has  
no significant effect on the resul ts  of the model for moderating reflec- 
t o r s  since T~ is very small  compared with T ~ ( E )  for  all important 
reflected-neutron energies. In the following formulation T~ and r5  a r e  
included in the fractional and effectiveness definitions, and they a r e  as- 
sumed to have little effect on the average lifetime of the fuel neutrons. 

The reflected-neutron energy distribution is divided into M distinct 
energy groups. For  convenience the neutron population within the re- 
flector is thought of in t e r m s  of the sum over all energy groups of the 
number of neutrons that ultimately escape from the reflector within any 
energy group and return to the reactor. 

The pseudo neutron population C’ in the reflector can be described 
for each of the reflector leakage-neutron energy groups by 

@ 

@ 

where C,’ (t) = population a t  t ime t of source energy neutrons in the r e -  
flector which ultimately reenter  the core  as reflected 
neutrons of the jtli  energy group 

n(t - T ~ )  = fuel neutron population at time t - T~ 

13; = fraction of fission neutrons that escape the fuel and, af- 
ter reflection, re turn to the fuel as reflected neutrons of 
the jtli energy group 
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r2 = t ime required for  a typical fuel leakage neutron to travel 

7 = the mean residence t ime in the reflector of a reflected 

y ;  = effectiveness of jth reflected-neutron group in producing 

Extension of the neutron-balance equation for  the fuel region to 
include the reflected neutrons is accomplished by the addition of source 
t e r m s  representing the reflected-neutron contribution in the following 
form: 

from the fuel to  the reflector 

neutron of the jtli energy group 

fission 

3J 

where T4J is the time for a reflected neutron of the j th energy group to 
travel from the reflector to the fuel and all other t e r m s  a r e  as previ- 
ously defined. The ordinary point reactor kinetics equations cannot si- 
multaneously satisfy the cri t ical  (k = 1) and steady-state conditions un- 
l e s s  the external source t e r m  is zero. Inmost  ca ses  the source t e r m  is 
independent of the reactor;  but, in the case  of the reflected reactor  
considered here,  the rate  a t  which neutrons areadded to the core under 
steady-state conditions is given by 

If the t e r m  y/3 appearing in the neutron-balance equation of the 
point reactor  kinetics equations is replaced by y*P* and if i t  is required 
that the resulting neutron balance satisfy the critical steady-state con- 
ditions, the following relation is found to be necessary: 

Replacing yB with y*p* preserves  the usual meaning of k and allows the 
equations to  satisfy simultaneously the cri t ical  (k = 1) and steady-state 
conditions. 

The reflected kinetics equations can now be formulated; they a r e  
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Except for the lag-time dependence on rdJ and r2, the t e r m s  accounting 
for  the reflected neutrons have the characterist ics of additional 
delayed-neutron groups. This form is convenient because many so- 
lutions applicable to a bare  reactor  may be carr ied over to the r e -  
flected model. Furthermore,  the new t e r m s  that a r e  introduced in the 
unreflected-reactor model can be calculated using experimentally 
determined quantities. 

The solution of this set of l inear differential equations is of in- 
t e r e s t  for the special case in which the neutron level is increasing 
with a constant period T. The solutions for C, and C; become 

Substitution into Eq. 1 yields, in dollar notation, 

where P ( $ ) =  p/ r8  
p = (k - l ) /k 

J* = l/k 
YB = XP,  
f ,  = ,.,8,/rB 
f; = 7;'P,/?'P 

Equation 6 is the relation between the reactivity and the stable reactor  
period for the reflected reactor;  it differs from the familiar inhour 
relation for a bare  core  only in the las t  terms.  Note that all  the previ- 
ous definitions of the bare  reactor  parameters  a r e  preserved. 

REACTIVITY EFFECTS OF REFLECTORS 

Typical Irradiation Experimental Arrangements 

A typical irradiation experimental arrangement may completely 
surround the reactor  and may contain a great variety of objects placed 
at  distances ranging from a few centimeters to several  meters  f rom the 
surfaces  of the core and safety shield. Table 1 contains a brief de- 
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Table 1 

REACTIVITY WORTHS OF TYPICAL EXPERIMENTAL ARRANGEMENTS 
AT THE F'BRFg 

Reactivity 
Description worth, $ 

Missile guidance package -35 cm in diameter a t  6 cm 

Four Lucite boxes (10 by 10 by 5 cm) containing silicon 
oil and printed circuit  hoards arranged symmetrically 
around the core  at 1 c m  f rom safety shield; assor ted  
detectors at 2.5 c m  f rom safety shield. 

Two metal boxes containing semiconductors and electronic 
components, one boron hall, and sulfur pellets, a t  sur -  
face of safety shield. 0.22 

f rom safety shield. 0.20 

1.02 

Two transistorized circuit  boards,  one boron hall, and 
a dry-charge battery (25 by 20 by 5 cm)  arranged symmetri-  
cally around the core  at  2.5 cm f rom safety shield. 1.09 

About 50 t rans is tors  mounted on Styrofoam hoard having 
a radius of 12.7 cm.  Components at about 1 cm f rom 
safety shield and surrounding 180" of reactor.  

power supply, one modulator and commutator, one battery 
pack, one sensor  mount (thermistor and photodiode); all  
components at 0.5 c m  f rom safety shield and surrounding 
180" of reac tor .  0.85 

0.32 

One small  t ransmi t te r  and tower s t ruc ture ,  one small  

scription and the reactivity contribution of a number of the experimen- 
tal arrangements exposed to the FBRF. Determination of the reactivity 
contribution of an experiment is based on control-rod-worth calibration 
curves and the measured change in delayed crit ical  control-rod 
positions, 

Burst Effect of Reflectors 

The first systematic studies of the effects of reflectors on burst-  
operation characterist ics were performed at the FBRF. Most of the re- 
flectors studied were in the form of rectangular plates 20 by 20 by 2.54 
or  1.9 cm. Two large rectangular boxes were also used, one of Lucite 
and the other of boral. Table 2 contains a description of each reflector 
arrangement, its reactivity contribution, and an abbreviated description 
by which the reflector will be referred to throughout the r e s t  of this  
paper. 

The reactivity worths of a single plate of each material  were also 
determined. These worths were usually a few percent higher than the 
average value obtained for a single plate from the measurement of the 
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Table 2 

REACTIVITI’ LVORTHS O F  FBRF REFLECTORS 

Abbreviated 
description Description 

Reactivity 
worth, 9; 

Bora1 box Inside dimensions 30.5 by 30.5 by 0.92 
47.5 cni, bottom open, top covered, 
box material  0.635 c m  thick, con- 
tains 0.366 g/cm2 of B,C, 5 cni 
f rom fuel to near  sur faces  of box. 

Aluminum plates Four each, 20.3 by 20.3 by 1.9 cm,  a t  
5.7 c m  f rom fuel to near  sur faces  
of plate. 

1 .15  

Stainless steel  Four each, 20.3 by 20.3 by 2.54 c m ,  2.38 
plates a t  5 c m  f rom fuel to near  sur faces  

of plate. 

Plywood plates Four each, 20.3 by 20.3 by 2.54 c m ,  0.71 
at 5 c m  f rom fuel to nea r  sur faces  
of plate. 

Lucite plates 

Lucite box 

Paraffin plates 

Water plates 

Four each, 20 by 20 by 1.9 c m ,  at 
5.5 c m  f rom fuel to nea r  sur faces  
of plate. 

61 cm high, ends open, wall thick- 
ness  1.9 c m ,  a t  10.5 c m  f rom fuel 
to near  sur faces  of box. 

Inside dimensions 41.3 by 41.3 by 

Four  each, 20 by 20 by 1.9 cm,  a t  
5 c m  f rom fuel to near  sur faces  of 
plate. 

Four  each, held in polyethylene bags 
placed in wire  baskets having dl- 
mensions 20.3 by 20.3 by 2.5 c m ,  
a t  8.5 c m  f rom fuel to nea r  su r -  
faces of plates.  

Water d a t e s  plus Identical to above descriptions.  boral 
boral  box box placed between water and re- 

actor fuel. 

1.46 

1.74 

2.25 

0.95 

1.83 

worth of all four plates simultaneously. The reactivity worth of the 
four water plates was also determined for a spacing of 4.5 cm from the 
fuel to the near  surfaces  of the plates. At this spacing the reactor  went 
super-delayed crit ical  upon seating of the safety block. From the 
control-rod-worth calibration and the measured positive period of the 
power excursion, the reactivity worth of the plates was determined to 
be $2.60. 

The reflector geometry used in the experiments on SPR was 
chosen to  simplify the mathematical treatment and to  facilitate a 
parametr ic  investigation of the reflector t ime constants r3  and T4. The 
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reflectors were 6-in.-high cylinders with various inside diameters and 
thicknesses. The transit  time r4 was investigated by varying the t ransi t  
distance while holding constant the thickness of the reflector and hence 
the reflector-neutron energy spectrum. The residence time T3 was in- 
ferred by extrapolating the results to zero transit  time. Since poly- 
ethylene is a good moderator, it was chosen a s  the pr imary material  
to be studied. The effects of steel  reflectors were also studied to com- 
pare  the effects of moderating and nonmoderating reflectors. 

An aluminum stand was constructed to support the reflectors in a 
manner to ensure that the aluminum was at  the greatest  possible dis-  
tance from the fuel assembly. This reflector stand was located by and 
supported on the reactor support s t ructure  so  that the position of the 
reflector with respect to the fuel assembly could be reproduced accu- 
rately. Table 3 contains a description of the reflectors used in the SPR 
experiments. 

Table 3 

REACTIVITY \VORTHS O F  SPR REFLECTORS 

Thickness, Inner d iameter ,  Reflector Apparent change' 
Material in. in. worth, $ in burst-rod w o r t h ,  d 

Pol yet h yl ene 1 17'4 64.1 0.50 f 0.3 
2 1 7 '/z 85.7 0.70 i 0.3 
1 14'/8 121.3 1.15 i 0.3 
1 1 2 185.2 1.5 f 0.3 
1 223/, 30.2 0.25 f 0.3 
1 2 6 '/4 18.Y 0.20 i 0.3 

1 8  46.31 1.1 f 0.3 
16 66.51 1.65 i 0.3 
14 99.9 2.5 f 0.3 

Steel 
% 
3/4 

*Discussed in a l a t e r  section. 

For  both the SPR and FBRF, reflectors or  experimental equipment 
placed near the reactor  generally contribute l e s s  than $2  of reactivity 
to the system. The perturbation of the spatial neutron-flux distribution 
within the fuel is not expected to be large, and therefore i t  is not ex- 
pected to seriously affect the control-rod calibrations, The radial  
neutron-flux distribution of the SPR assembly was mapped under bare  
and reflected conditions. The reflectors induced a change in the neutron 
flux at  any point in the fuel of no greater  than 2%. The SPR neutron f l u x  
in the region between the fuel and the reflector was mapped using sulfur 
dosimetry. A steel  reflector worth $1 in reactivity perturbed the neu- 
t ron flux in this region by about 10%. A polyethylene reflector worth 
$1 .21  in reactivity induced a somewhat smaller  perturbation. 

a 
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Differential and integral control-rod-worth calibrations were 
obtained for  the SPR and the FBRF assemblies  for  the unreflected con- 
dition and for each of the reflector conditions studied. A s  expected, 
little difference was noted between the bare and the reflected calibra- 
tion curves. An increase in the total integral worth of the control rods 
was noted; but, even for the highest worth reflector,  the change was 
only 5%. The effects  on burst-rod worth, though also small, a r e  signifi- 
cant; they a r e  discussed in a la ter  section. 

EFFECTS OF REFLECTORS ON THE KINETIC RESPONSE 
OF A FAST BURST REACTOR 

The effect of a reflector on the kinetics of a burst reactor  depends 
on the reflector parameters .  The bare  reactor  parameters  a r e  fixed 
quantities for a given fuel assembly, but the reflector parameters  can 
vary widely since they depend on the reflector material and the geo- 
metrical configuration of both the fuel assembly and the reflector. For 
example, a moderating reflector has  a much softer leakage spectrum 
than a nonmoderating reflector,  and the weighted average t ransi t  t ime 
7 4  is therefore longer for  the moderating material. 

In the absence of any reflected-neutron contributions, the relation 
between the stable reactor  period and the initial reactivity is given by 
the inhour equation 

@ 

For  super-prompt cri t ical  conditions, T is very small, and the relation 
reduces to 8 
where LY = 1/T and p,( $) = p( $) - 1. Equation 8 is the expression com- 
monly used in the experimental determination of both the prompt- 
neutron decay constant and the point on an a rb i t ra ry  reactivity scale  
which corresponds to prompt criticality. When the experimentally 
determined initial reciprocal period is plotted as a function of initial 
reactivity about some arb i t ra ry  reference reactivity, a straight line 
should result ,  according to Eq. 8. The slope of this line should be in- 
versely proportional to the prompt-neutron lifetime, and the intercept 
of the line with the reactivity axis should define the prompt critical 
point ( p  = p). With the prompt cri t ical  point defined, the reactivity 
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worth of the burst  rod can be determined. This technique is referred to 
a s  the slope-intercept method. 

For both reactors  the value of the unreflected burst-rod reactivity 
worth was determined by both cri t ical  measurements and the slope- 
intercept method discussed in the preceding paragraph. A difference of 
approximately 36: in the values of the unreflected burst-rod worth ob- 
tained by the two methods is attributed to the influence of room- 
reflected neutrons and to uncertainties regarding the correct  value to 
use fo r  the effective delayed-neutron fraction. Further investigation is 
necessary before absolute values of the burst-rod worth can be 
determined. 

For large reactivity additions such that the system is near prompt 
critical, the reactor  period is quite small, and the reflector t e r m s  in 
Eq. 6 become significant. In the reactivity region near prompt critical, 
reactor periods a r e  quite small  compared with the mean lifetime of the 
shortest-lived delayed-neutron-precursor group and yet a r e  large com- 
pared with the reflector t ime constants r2, r3 ,  and r4 for both the poly- 
ethylene and steel  reflectors discussed in this paper. If the room- 
reflected neutrons a r e  ignored, Eq. 6 can be expressed 

where 

and 

Thus i f  this effect were described in t e r m s  of bare  point reactor  
kinetic equations, one would conclude that there  had been an apparent 
change in the prompt-neutron decay constant ( I / y p )  produced by the 
addition of a reflector. The magnitude of the change is primarily a 
function of the total worth of the reflector, the hardness of the reflec- 
t o r  leakage spectrum, the effectiveness of the reflected neutrons in 
causing fission, and the spacing between the reflector and the fuel. 

For reactivity additions large enough to produce reactor  periods of 
the order  of 15  psec, the t ime constants 731 and rql of the lower energy 
groups are no longer small  compared with the reactor  period. An ob- 
servable departure from the linear relation between reciprocal period 
and prompt reactivity p , ( $ )  will result  if the energy spectrum of the 
reflected neutrons is quite soft. This effect is not observed in the case 
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of nonmoderating materials since fil for the lower energy reflected- 
neutron groups is negligibly small. For  very large separation distances 
between reflector and the reactor  (as in the case of room-reflected 
neutrons), at least  one low-energy reflected group can exist with a 
t ime constant that is large compared with the reactor  period in the 
prompt cri t ical  region. Let this group be the kth reactor group. 

Equation 6 can now be expressed 

If the t ime constants associated with the remaining reflector groups 
a r e  small  compared with T, Eq. 10 can be written 

A bare reactor  description would then imply that there  has  been a 
change not only in the prompt-neutron lifetime but a lso in the value of 
p. This would influence the value of the burst-rod worth so determined. 

When a reflector is placed near the fuel, ca re  must be used when 
applying the slope -intercept method to determine the prompt cri t ical  
point. Without data in the region of prompt criticality, the value of the 
burst-rod worth estimated by such a technique would be sma l l e r  than 
the actual value. This is especially t rue when a significant number of 
room-reflected neutrons a r e  present since the t ime constants could be 
relatively large and could easily satisfy the conditions of Eq. 9. The 
room-reflected neutrons then could be responsible for the discrepancy 
between the values of the burst-rod worth determined by the different 
methods because the value obtained by the slope -intercept method is 
invariably smaller .  

Such aneffect was noted when the FBRF burst-rod worth was com- 
pared for indoor and outdoor operation. Assuming the value of /3 to be 
invariant, the value of the burst-rod reactivity worth apparently de- 
creased by 1 . O B  when moving the system indoors. One infers from this  
decrease that the room-reflected neutrons had a reflected fraction f, of 
1.08 which satisfied the conditions of Eq. 9. 

FBRF and SPR Experimental Data 

Figure 1 shows the reciprocal period vs. the prompt reactivity 
data obtained for the different reflector conditions at  the FBRF. The 
slope -intercept method was used to determine the prompt-neutron 
decay constants and burst-rod worth fo r  the various FBRF reflector 
conditions. Table 4 presents the resul ts  of this analysis. On the FBRF 
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Fig. 1 -Reciprocal period as a junctioti oj- prompt reactivity for various r e -  
f l ec tor  cotijiguratiotis j o y  FBRF. 

Table 4 

PROMPT-NEUTRONDECAYCONSTANTAND 
BURST-ROD WORTHS FOR FBRF 

Prompt-neutron 
Burst-rod worth,? decay constant Burs t  width,S 

Reflector Svmbol* U S C C  

Bora1 box 
Aluminum plates 
Stainless steel  

Plywood plates 
Lucite plates 
Lucite box 
Paraffin plates 
Water plates 
Water plates 

No reflectors 

plates 

plus bora1 box 

0.110 
0.120 
0.149 

0.105 
0.119 
0.094 
0.127 
0.092 
0.133 

0.085 

0.67 
0.65 
0.62 

0.59 
0.46 
0.30 
0.26 
0.36 
0.51 

0.65 

48 
50 
53 

57 
62 
91 
98 
77 
60 

49 

*Symbols identify data in Fig.  1. 
TReactivity above prompt cri t ical .  
$Width a t  half maximum power for bu r s t  yield of 5 X l o i 6  f issions.  

a correlation appears to exist between the burst-rod worth and the r e -  
activity added by the reflector; this correlation is discussed later in 
this paper. Other data fo r  the FBRF, e.g., yield vs. reactivity, indicate 
the same  characterist ics a s  the SPR data which will now be presented. 
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Figures 2, 3, and 4 a r e  the resul ts  of reciprocal period vs. prompt 
reactivity measurements for SPR, and the figures indicate a linear re- 
lation for the free-field and nonmoderating reflected conditions, as is 
expected. This l inear relation was also observed for low prompt r e -  
activity for the polyethylene ref lectors  used in SPR experiments. 

0 I 2  3 4 5 6 7 8 9 IO I I  12 
I N I T I A L  PROMPT REACTIVITY,  4 

Fig.  2-Reciprocal period as a function of proriipt reactiuity f o r  various poly- 
ethylene reflectovs j-o?-SPR where ?* = distance fro111 ?-eactor cenler line to inner 
srirfhce of vejlector. 
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Fig.  3-Reciprocal period as  a function oj- provtpt reacliuity for uarious steel 
reflectors of uniforin thickness for SPR where Y = distance f r o m  reactor  center 
line to inner surface of reflector. 
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Fig. 4-Reciprocal period as a function of prompt reactivity f o r  various poly- 
ethylene reflectors of unifornz thickness f o r  SPR where Y = distance f r o m  the 
reflector center line to  inner surface of the reflector. 

Comparison of Calculations and Experiments for SPR 

For relating the predictions of Eq. 6 to experimental results,  the 
reflector parameters,  r2, T ~ ,  r4, etc., were calculated for a few of the 
SPR reflector arrangements using a Monte Carlo computer code de- 
veloped fo r  that purpose, Computer t ime was considerably reduced by 
using a discrete spatial and angular representation of the neutron dis- 
tribution. The computer calculation employed 87 neutron energy 
groups, and i t  was tested by calculating various SPR ba re  kinetics pa- 
r ame te r s  and comparing the resul ts  with known values. 

Using either the experimentally determined Godiva I neutron- 
leakage spectrum o r  one which was calculated for  the SPR assembly 
by Monte Carlo techniques, T~ was determined to be negligible for  all 
distances involved in this study. Monte Carlo techniques were also 
used to determine the inner-surface reflector leakage spectrum for  
various thicknesses of polyethylene reflectors and to determine the 
residence t ime of neutrons T ~ ( E )  in the reflectors as a function of the 
energy of the neutrons escaping from the reflector. The results are 
given in Figs. 5 and 6. The l ines represent an estimated best fit to the 
computed data. The resul ts  of a DDK calculation performed by Wimett4 
for the reflected-neutron energy spectrum from the inner surface of a 
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Fig. 5-Reflected-tteutron spectruin fyoin itiaer surface of various polyethylene 
ref lectors .  
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Fig.  6 -iVIotite Carlo calculated neutron residence t ime in polyethylene. 
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1-in.-thick Lucite reflector is also shown in Fig. 5. Wimett’s computed 
data were normalized to 10 neutrons for convenient display, and the 
Monte Carlo computed polyethylene data a r e  normalized to 1 neutron. 
The t ransi t  t ime T ~ ( E )  is inversely proportional to the velocity of the 
neutrons escaping from the reflector,  and for convenience i t  is given in 
Fig. 6 in t e r m s  of the time required to travel a distance of 10 cm. 
Multiple reflection was neglected in the determination of T ~ ( E )  and 

Using the calculated reflector leakage spectrum and effectiveness 
estimates based on further Monte Carlo calculations, the reflected- 
group effective fractions 31,’/3; were determined. The effect of the SPR 
cadmium shroud was included in the effectiveness estimate. The 
relation 

T3(E). 

w = c qp,’ 

was used to normalize the computed data to the measured worth W of 
the reflector. This relation is obtained by hypothetically removing the 
reflector from a system described by Eqs. 1, 2, and 3 and determining 
the reactivity that must be added to reestablish steady- state conditions. 

Equation 6 was plotted in Fig. 4 using the reflector parameters  
calculated by Monte Carlo techniques for one SPR reflector configura- 
tion. The essential  features of the experimental and calculated curves 
a r e  the same. The difference between the curves may be attributed to 
uncertainty in the estimate of reflected-neutron effectiveness and the 
inability to determine accurately the actual value of the burst-rod 
worth in the presence of room-reflected neutrons. The departure from 
linearity is evident in both the calculated and experimental results.  

For  a given material of a given thickness, the effective reflected 
fraction $/3, is directly proportional to the measured worth of the re- 
flector. Let a, be the constant of proportionality and define A(T) for  a 
given reflector as 

The value A(T) is the additional prompt reactivity per  unit reactivity 
worth of a reflector required to produce a given reactor  period. Ne- 
glecting delayed neutrons, Eq. 6 reads  
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where AR(T) pertains to a given experimental reflector of reactivity 
worth w ( $ )  and ~ R R ( T )  pertains to room-reflected neutrons of worth 
WRR( $). 

In the absence of an experimental reflector, A,,(T)WR, can be de- 
termined experimentally using the relation 

I f  
ARR(T)WRR = P ( $ )  - __ 

Y P  T 

The left-hand side of Eq. 12, consisting entirely of experimentally 
obtainable o r  known quantities, s e rves  a s  a basis  for studying the r e -  
flector effect. 

Inspection of Eq. 12 shows that if  the transit  t ime 7 4  is important 
A should increase monotonically a s  the distance between the fuel and 
the reflector is increased. The SPR experimental resul ts  confirm this 
effect, and one concludes that r4 is a significant quantity. The reactiv- 
ity worth of the reflectors was normalized to $1.0, and the resulting 
values of A were used in Eq. 12 to give p ( $ )  a s  a function of 1/T. The 
results,  given in Fig. 7, clearly indicate that, as the distance to the 
reflector increases,  the reflector effect becomes more pronounced. 

@ 
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r .  7-Reciprocal period as  a fuiictioti oj- prompt reactivity f o r  various po ly -  
iyleiie reflectors of uuiforin thicktiess oia SPR where Y = distance from reac-  

tor  cetiter liiie to iiiuer surface of reflector. 
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The total fission yield is given in Figs. 8, 9, and 10 as a function of 
initial reciprocal reactor period. A considerable increase in burst  
yield for  a given initial reciprocal period resul ts  from the addition of 
a moderating reflector. All SPR yield data can be related to fissions 
by the conversion factor 

F(fissions) = 1.82 X loi4 (A0)  

where 0 is in degrees centigrade. 

110 
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RECIPROCAL PERIOD a ,  io4 SEC-' 

Fig. 8 -Energy release p e r  burst as  a function of reciprocal period f o r  various 
polyethylene reflectors where Y = distance f r o m  reactor  center line to  inner 
surface of the reflector.  

An expression derived by Wimett4, using a ba re  reactor descrip- 
tion, implies that the yield for  a given initial period is directly pro- 
portional to the neutron lifetime. The reflector effect can be t reated as 
a change in neutron lifetime for  most of the reflectors; one therefore 
expects an increase in yield to result  from the addition of a reflector. 

Very little effect was observed in the case of the nonmoderating 
materials since the effective change in the neutron lifetime was quite 
small. 

The relation between burst  width at half maximum and initial pe- 
riod was also investigated; it was found to be essentially independent 
of prompt-neutron lifetime in the range investigated, as would be 
predicted on the basis of the model developed by Wimett. 
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RECIPROCAL PERIOD a ,  to4 SEC-' 

Fig.  9-Energy release per  burst as aficnction of reciprocal period f o r  various 
Polvethvletie ref lectors .  The distance f r o m  the reactor  center line to  the inner 
,&face- of the reflector is  83/4 in. 

0 
RECIPROCAL PERIOD a, io4 SEC-I 

Fig. 10-Energy release per  burst as a function of reciprocal period f o r  vari- 
ous steel reflectors f o r  SPR where Y = distance fronz the reactor  center line to 
inner surface oj- reflector. 
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The burst  width at  half maximum is given in Fig. 11 a s  a function 
of burst  yield. The figure emphatically i l lustrates the broadening of 
the burst  for a given yield when a moderating material  is located near 
the fuel. The peak fission r a t e s  obtained during the bursts  a r e  given in 
Fig. 12 a s  a function of burst  yield. The peak fission r a t e  for  a given 
initial reactor  period was observed to increase upon the addition of a 
reflector, as would be expected on the basis  of the Wimett model. Thus 
fo r  a given reactor  period, higher dose r a t e s  and greater  total yield 
a r e  possible for  a reflected system. 

8; IN. FROM FUEL CENTER LINE 

0 ,  1-IN.-THICK POLYETHYLENE 

8$ IN. FROM FUEL CENTER L INE 

, UNREFLECTED 

10-51. I I I I I 1 I I I 1 

YIELD, "C 

Fig. 11 -Burst width at half maximum f i ss ion  rate as  a function of burst yield 
f o r  various polyethylene reflectors f o r  SPR. 
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reflectors f o r  S P K .  
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EFFECTS ON BURST-ROD WORTH AND DECOUPLING 

Burst-Rod Worth vs. Reactivity Added 

The change in burst-rod worth a s  a result  of placing an experiment 
close to the co re  is potentially hazardous. Therefore it is important to 
t r y  to correlate this change in worth to some easily measured parame- 
ter, such as the reactivity added by the experiment. Figure 13 shows 
the increase in burst-rod worth plotted a s  a function of reflector re- 
activity worth for each reflector condition on the FBRF. The measured 

* 
0.08 I I I 1 

I 0.07 I 0.62x lb6 
0 
0.06 

n g 0.05 
& 0.04 

2 0.03 

I 

LL 

z 0.02 CO;65 x 1 C  
W 
2 0.01 
w a 
0 0  z 

0 . 6 5 ~  IO6 
0.51 X lo6 

0 . 5 9 ~ 1 0 ~  

0 0.36 x 106 0 0.30 X lo6 
I I I I I 

0 0.40 080 1.20 1.60 2.00 2.40 
1 2.80 

REFLECTOR REACTIVITY WORTH, $ 

Fig. 13-Increase in FBRF burst-rod worth as a function of ref lector  reactivity 
worth. 

value of the prompt-neutron decay constant is shown for  each data 
point. A smooth curve can be drawn through the data points for which 
this  constant has not changed very much from the unreflected value. 
With the exception of the paraffin data point (0.26 X lo6  sec-'), a family 
of curves might be generated for each value of decay constant. The 
generation of such a family of curves may be difficult experimentally 
since both the reactivity worth and the decay constant change a s  mod- 
erating reflectors are moved toward or  away from the reactor.  

Figure 13 has been used at the FBRF to predict reasonably well 
the effect on burst-rod worth of several  large experimental test set- 
ups. However, it should. be emphasized that the change in burst-rod 
worth is a smooth function of reactivity added only for  symmetrical  
reflector conditions. 

For  the SPR data the slope-intercept method was modified to 
produce resul ts  consistent with Eq. 6 and was used to determine the 
change in the burst-rod reactivity worth attributable to a reflector. 
This determination established a reactivity reference for  measure- 
ments above prompt critical. In both reactors,  nonmoderating materi-  

\ 
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als were found to induce the greatest  increase in the burst-rod worth. 
The resul ts  for SPR are given in Table 3, and the resul ts  for  FBRF 
a r e  given in Table 4. An uncertainty of approximately +0.36 resul ts  
from the difficulty in adequately accounting for the room-reflected 
neutrons. 

Burst-Rod Worth vs. Reflector Position 

A limited number of burs t s  was obtained for asymmetrical reflec- 
t o r  conditions on the FBRF. Four burs t s  were obtained with a single 
20.3- by 20.3- by 2.54-cm steel  plate located at  angular positions with 
respect to the burst rod of 30°, 60", 120", and 150". The plate was 
placed at  a distance of 5.0 cm from the fuel assembly. The reactivity 
worth of the reflector plate at each of the four positions was $0.65 f 
0.04. The variation in worth was probably caused by slight radial 
positioning e r ro r s .  

The control-rod withdrawal correction for  each of the four burs t s  
was identical, and changes in burst s ize  were attributed to the change 
in burst-rod worth resulting from the flux-distribution shift caused by 
the reflector plate. The actual reactivity inserted by the burst rod was 
calculated from the data obtained for CY vs. p ($ )  and yield vs. (Y for the 
unreflected reactor. The assumptiong was made that the prompt-neutron 
decay constant did not change. 

Figures 14 and 15 show the resul ts  from four bursts  with the steel 
plate and f rom two bursts  with the large Lucite panel. (The Lucite 
panel, 61 by 61 by 2.54  cm, was located 11.5 cm from the fuel assem-  
bly and had a reactivity worth of $0.42 f 0.02.) The l ines through the 
data points are drawn from equations having the form y = a. + ai cos 0. 

In addition to the data presented in Figs. 14 and 15, it would be of 
interest  to study such things as (1) the effect of changing the reactivity 
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Fig. 13-Effect oj. reflector locatioti on FBRF f i ss ion  yield 

worth of the reflector, (2) the effect of changing the s i ze  and geometry 
of the reflector, and (3) the effect of moderating reflectors.  Figures 14 
and 15 have been used also to predict reasonably well the effect on 
FBRF burst-rod worth of some experimental tes t  setups. 

Decoupling 

The coupling between a moderating reflector and the reactor  has 
the undesirable features'of making calculations of the burst  character-  
is t ics  fo r  a given reactivity addition more complicated and of causing 
a broader pulse for a given fission yield. Although a model has been 
developed which adequately predicts the behavior of a reflected fast 
burst  reactor,  safer operation resul ts  when the calculational require- 
ments a r e  minimized. 

A s  noted in the previous sections, moderating materials induce 
the greatest  change in the burst  characterist ics of a fast burst  reactor  
owing to the l a rge r  numll)er of low-energy neutrons that a r e  returned 
to the fuel from a moderating reflector. The transit  t ime r4 and the 
residence t ime T3 associated with the low-energy groups (<1 ev) a r e  
quite large,  and they greatly affect the dynamic response of the reac-  
t o r  system. However, by the proper use of absorbing materials,  the 
return of the low-energy neutrons to the reactor  can be prevented 
without affecting the transmission of Godiva spectrum neutrons. l o  

Cadmium has been used routinely a s  a decoupling shroud for  sev- 
e r a l  fast burst  reactors,  and it has been successful in diminishing the 
effect of moderating reflectors. A cadmium shroud was in place for all  
the experiments reported ear l ier  in this paper for  both the FBRF and 
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the SPR. The resul ts  of the experiments clearly indicate that cadmium 
may diminish the effect of moderating reflectors but certainly does not 
eliminate the effect. 

An analysis by T, F. Wimett and G. E. Hansen of the Los Alamos 
Scientific Laboratory indicated that neutrons having energies above the 
cadmium cutoff were primarily responsible for the effect and that 
boron would be a much more effective decoupling material. 

Boron was investigated a s  a decoupling material  on both the FBRF 
and SPR using 0.25-in.-thick plates of boral, a metallic mixture of B4C 
and aluminum. The 0.168-in.-thick core of the boral plates consists of 
44.7 wt.% B4C. The remaining material  is aluminum. The water plates 
discussed previously resulted in an apparent change in the FBRF 
prompt-neutron decay constant of from 0.65 x 106/sec (unreflected 
condition) to 0.36 x 106/sec. When boral plates were placed between the 
water plates and the reactor,  a prompt-neutron decay constant of 
0.51 X 106/sec resulted, indicating that the effect of the water plates 
was diminished by the boral decoupler. 

For  the evaluation of boron a s  a decoupling material  for the SPR I1 
(see R. M. Jefferson, Session 2 ,  Paper  3), the effectiveness of cadmium 
and boron was investigated experimentally using the SPR. Cad- 
mium was found to diminish greatly the effect of the moderating r e -  
flector used whereas two y4-in. boral plates virtually eliminated the 
effect. The resul ts  of the SPR experiments a r e  shown in Figs. 16 to 19. 
The resul ts  a r e  in good agreement with those predicted using fractions 
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Table 5 

REACTIVITY CONTRIBUTION OF 
2-IN.-THICK POLYETHYLENE SLAB . 

Decoupler 
Polyethylene 

worth,  t 

N o  decoupler 62 
0.01 in. cadmium 50 
0.03 in. cadmium 45 
0.06 in. cadmium 43 
0.25 in. boral 35 
0.50 in. boral 29 

and t ime constants calculated by Monte Carlo techniques. A 2-in.- 
thick, 6- by 6-in. polyethylene s lab placed 1 in. from S P R  was used for 
both the experimental and theoretical investigations. 

A boron-loaded decoupling shroud has the further favorable effects 
of diminishing the reactivity contribution of a moderating reflector. 
This result  is clearly evident in Table 5 where the reactivity contribu- 
tion of the 2-in.-thick polyethylene slab is given for various S P R  
decouplers. 
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DISCUSSION 

BRUNSON: In one figure you show the effect of the moderator with- 
out a decoupler and then a value for the moderator with various de- 
couplers-136 mils  of cadmium and a couple of boral thicknesses. 
Have you ever measured the reactivity worth of the decoupler without 
the moderator ? 

COATS: Yes, in every case. 
BRUNSON: What was the magfiitude of the effect? 
COATS: The reactivity worth of the various decoupling mater ia ls  

was important in the design of the SPR I1 decoupling shroud. A de- 
coupling shroud consisting of boral plates was constructed for  SPR 11. 
This shroud proved to  be excessive in reactivity worth and was re- 
placed by one using a 'OB-loaded silicon resin as the decoupling 
material. 

The cadmium decouplers used in the SPR experiments described 
in the paper had a reactivity worth of about 15 to 206 for  the position 
a t  which they were located during the experiment. The boral plates 
located at the same position had a reactivity worth of approximately 
506. 
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FOELL: If one wanted to i r radiate  medium o r  lightweight mate- 
rials in the glory hole, he would of course worry about this s ame  r e -  
activity effect that you have described here. Do you have the feeling 
that the decoupler material would be equally effective in the glory 
hole ? 

COATS: The physical dimensions of the SPR I1 irradiation cavity 
l imit  the material specimen to be placed in the cavity to  small  sizes.  
Although the reactivity effect for a given mass  of moderating material 
is grea te r  in the irradiation cavity than outside the system, the degree 
of moderation possible for a given reactivity worth is less .  Thus de- 
coupling with a low-energy-neutron absorber would not be as effective 
for  experiments placed in the SPR I1 glory hole. 

LARRIMORE: You know that repetitively pulsed reac tors  have 
four components, one of which i s  an absorber layer,  s o  we a r e  involved @ with the same problem you described. We have developed a three-  
group kinetics model which was published several  years  ago (EURATOM 
Report -EUR-2273). How many groups do you use, how do you get your 
constants, and what are the energies? 

COATS: Eighty-six neutron-energy groups were used in the analy- 
ses, i.e., determination of the reflected-group constants in the SPR 
experiments. The K. Parker  (Aldermaston) c ros s  sections were in- 
corporated in the Monte Carlo calculations. Several energy groups 
were added to extend into the lower energy regions. The resultant 
total happened to be 86. 

LARRIMORE: We have the feeling that you only have to worry 
about those neutrons which are around the order  of microseconds be- 
cause that is how wide your burst  is; so, we think you could group all 
your neutrons which live for  t imes up to, say, a microsecond, into one 
group and group those which have lifetimes of a microsecond o r  more  
into a second group. These turn out to be very low-energy neutrons in . ' 

@ the electron volt range. 
COATS: Well, again I cannot defend the large number of groups 

except to say that I did not want to go into any great  detail in trying to 
choose groups over a broader range. I wanted to partition the energy 
scale as much as I could, and I did have a large number of c ross -  
section groups. 

PETERSON: On the question of the moderating mater ia ls  in the 
glory hole, we do have some experience with this a t  Super KUKLA. We 
do get significant decoupling using cadmium o r  gadolinium. One pitfall 
to  this, however, is that you can get a very good neutron sink and not 
even be able to go cri t ical  i f  you have the right geometries. 

COATS: That is t rue,  but you also have a much larger  glory hole, 
and so you can see  a grea te r  moderation for a given reactivity worth. 

' 
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ABSTRACT 

This  paper summar izes  data obtained in preoperational tes ts  of the Army Pulse 
Radiation Facility Reactor. During these tes ts  a pulse with a yield of 6.09 X lo1? 
fissions was obtained, which i s  th ree  t imes  l a rge r  than the anticipated maxi- 
mum operational yield. The center third of the safety block was melted. The 
centrally located fuel r ings were distorted, and cracks  have appeared between 
the holes and the inner diameter.  The bolts were  stretched and slightly bent but 
not broken. The pulse rod, regulating rod, and mass  adjustment rod were 
slightly bent. Most of the U - 1 0  wt.% Rlo fuel par ts  no longer meet the original 
specifications and must be replaced for pulse operation. The re  was l i t t le o r  no 
damage to rod drive,  supports, etc,  no overexposure to radiation of the opera- 
tions personnel, and no detectable external or airborne radioactive hazards.  A 
number of changes in design, instrumentation, and procedure a r e  being made to 
place the reac tor  into full operation a t  levels of approximately 2 X l o 7  fissions/ 
pulse and.10 kw steady state.  

This paper descr ibes  a preliminary analysis of preoperational tes t s  
performed on the Army Pulse Radiation Facility Reactor (APRFR) a t  
the Ballistic Research Laboratories, Aberdeen Proving Ground, Mary- 
land. These tes t s  s tar ted with core  assembly on July 17, 1968, and 
ended with pulse 68-30, which produced a yield of 6.09 X 10" fissions. 
The yield of this pulse was considerably la rger  than expected, and a s  a 
resul t  the reactor  core  was damaged. There was no other damage to 
other par t s  of the reactor ,  no detectable external o r  airborne radiation 
hazards, and no overexposure of personnel to greater  than normal oc- 
cupational radiation levels. 

The pr imary cause of this inadvertent high yield appears a t  pres- 
ent to be that the reactivity of the pulse rod passed through a maximum 
before reaching i ts  seated position. An initiation occurred near this 
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position so  that a larger  value of reactivity was effective rather  than 
the expected and measured value at  the seated position. 

Under the section on reactor assembly and prepulse tests, pre-  
pulse calibration data a r e  summarized and the assembly tested at  
APRFR is compared with the assembly tested at the Crit ical  Experi- 
ment Facility (CEF) at  Oak Ridge National Laboratory (ORNL). In this 
paper the initial pulse operation, including the maximum yield pulse 
and the postulated cause for the maximum pulse, a r e  discussed, and a 
summary of reactor damage is given. The steps required to confirm 
the postulated cause of the maximum pulse and the steps required for 
resumption of APRFR operation a r e  discussed under Conclusions. 
These s teps  a r e  (1) replacement of damaged co re  parts;  (2) per-  
formance of pulse-rod, regulating-rod, and mass-adjustment-rod 
calibrations at  steady-state conditions to obtain data required to 
determine i f  the postulated cause can account quantitatively for all  
features of the excursion; and (3) changes in design, instrumentation, 
and operating procedures to permit operation of the APRFR with 
requisite safety at  full-performance levels. 

REACTOR ASSEMBLY AND PREPULSE TESTS 

Initial Configuration 

Reactor assembly for the preoperational tes ts  was begun at APRF 
(Army Pulse Radiation Facility) in July 1968 following receipt of 
requisite safety approvals. Personnel involved included APRF staff 
and two specialists from ORNL. 

Fuel r ings were selected according to s ize  and mass  to achieve a 
crit ical  co re  configuration with the thermocouple-instrumented fuel 
ring a s  close a s  possible to the center of the total core  height. This is 
desirable since these thermocouples a r e  used to monitor core  temper- 
a tures  which a r e  maximum near  the center of the core.  Nine fuel bolts 
were each matched with an Inconel nut and lubricated with Molykote 
505 to help a s su re  f r ee  movement. The pulse rod, mass  adjustment 
rod, regulating rod, and safety block were assembled. A number of 
nonfuel components a r e  involved in the reactor assembly. These a r e  
listed in Table 1. The assembly is shown schematically in Fig. 1. 
Table 2 lists the approach-to-critical steps,  The reactor first went 
critical a t  1442 on July 24, 1968. 

Following configuration E’ on July 24, 1968, core  F was assembled 
with a measured core height of 20.09 cm. This configuration pro- 
vided adequate control range on the regulating rod and mass  adjustment 
rod and was the basic core  used in all  experiments during this par t  of 
the APRFR preoperational tests.  Detailed information on core F fuel 
components is given in Table 3. 

, 
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Table 1 

NO-WUEL COMPONENTS USED FOR 
.4PRFlI CORE ASSENBLY 

~~ 

Item 
Nu nil, er 
required 

Core-support r ing 
Safety tube 
Glory hole liner 
Cooling shroud 
Safet.v cage 
Control-rod l iners  
Safety-block a i r  deflector 
c o r e  bolt spacers ,  1'3 mm (3/4 in.) 
Core bolt spacers ,  6 .35  mm (Y4 in.) 
Core bolt nuts 
Safety-tube locking adaptors 
Thermocouple inser t s  
Safety-block se t  s c rew 
Regulating-rod adaptor 
Mass-adjustment-rod adaptor 
Pulse-rod adaptor 
Several smal l  pins and se t  sc rews  

Q 

1 
1 
1 
1 
1 
:I 
1 

15 
9 
6 
3 
4 
1 
1 
1 
1 

Table 2 

APPROACH-TO-CRITICAL CONFIGURATIONS OF APRFR 

Fuel alloy Core 
Core mass, height, Time 

designation kg cm Date assembled 

A 61.013 12.578 July 17 1500 
B 100.797 15.771 July 19 1100 

E 123.105 19.508 July 24 1000 

C 112.633 17.574 July 2 2  1500 
D 118.410 18.463 July 2 3  1300 

E' (Same a s  E plus safety shield and cooling shroud) 

Prepulse Calibrations 

A number of differential regulating-rod and mass-adjustment-rod 
calibrations were performed. The maximum differential worth of the 
regulating rod was 5.226: /cm (13.276: /in.) and of the mass  adjustment 
rod was 12.06: /cm (30.54 /in.). The pulse-rod worth was determined 
from delayed-critical measurements with pulse rod in and out. The 
reactivity worth of various components is summarized in Table 4. 
Differences between the APRFR and CEF data as l isted in Table 4 a r e  
to be expected because of the slightly different core  configuration at 
CEF, as discussed in the following: 
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REGULATING ROD 

MOUNTING BRACKET 

THERMOCOUPL 
(FOUR INSTALLE 

SAFETY BLOCK HOLDER 

COOLANT SHROUD 

SAFETY CAGE (REMOVABLE) 

GLORY SAFETY TUBE 
LINE 

Fig. 1 -APRFR core assembly (shown with glory hole liner). 
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I 7881-21-0001 11.954 2.667 
7881-19-0003 10.416 2.229 
7882-18-0070 14.516 3.404 
7882-38-0062 8.465 1.895 
7881-17-0004 14.561 3.254 
7881-16-0007 12.272 2.753 

Subtotal 88.869 20.033 

a 7882-17-0064 1.845 
7882-17-0065 1.841 

. 7882-17-0067 1.849 
7882-17-0069 1.845 
7882-17-0072 1.845 
7882-17-0073 1.849 
7882-17-0074 1.850 
7882-17-0075 1.842 

1 7881,26-9051 1.961 

7881-27-0052 0.753 
' Regulating rod 

Safety 'block 
788 2- 22-0085 15.730 

< Subtotal 19.914 
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Table 4 

REACTIVITY WORTH OF REACTOR COMPONENTS 

Compo ne nt 

Regulating rod  
Mass adjustment rod  
Pulse  rod  
Glory hole l iner 
Safety tubet 
Thermocouple in se r t s  (4) 
Cooling shroud and safety cage 
Displacement-gauge mounting plate 
Nitrogen can 

Total 
worth,d: CEF measurement,'@ 

'r r 15 .3  

172.4 
127.7 

24.5 
22.5 
5.0 

154 
Not present 

2.0 

72  
168 

No data available 
* 

55 

148 
49 

* 

* 

*These are new components, and hence no C E F  data a r e  available. 
t T h e  safety tube was mounted f a r the r  away f r o m  the c o r e  because of the 

co re  nuts; hence, its worth was less at A P R F R  than a t  CEF. 

Differences Between APRFR and CEF Assemblies 

The various differences between the assemblies  tested at  CEF 
and APRFR can be divided into three broad categories. 

DIFFERENCES IN AUXILIARY COMPONENTS. The basic purpose of 
the tests'*' a t  CEF was to determine the pulse capabilities of the as- 
sembly and to check out the controls andinstrumentation. Thus the CEF 
tes t s  were more in the nature of a physics experiment and calibration, 
plus check-out of instrumentation. The maximum pulse yield obtained 
at CEF was 3 .7  x lo i7  fissions, and the data indicated the reactor  could 
be operated with a maximum yield of about 2.1 X 10" fissions/pulse. 

At APRFR the aim of the preoperational tes t s  was to obtain an 
operational reactor  in such a configuration that would be a useful 
facility for its mission, namely, the safe routine performance of high- 
yield pulses for radiation effects and other user-oriented experiments. 
The standard CE F pulse assembly was bare  except for experimental 
equipment nearby; the standard APRFR assembly included cooling 
shroud, safety cage, safety tube, and glory hole l iner as shown in 
Fig. 1. 

At CEF core-displacement gauges and a mounting plate were 
used during pulse operation. These gauges were used to obtain core- 
displacement data by Sandia and White Sands Missile Range person- 
nel.3 At APRF these components were not used. 

CHANGES IN REACTOR DESIGN RESULTING FROM CEF EXPERI- 
ENCE. One of the purposes of the CEF tests  was to identify possible 
design improvements. A number of changes were thus made at ORNL. 
These a re :  
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COTC Rolti/ig. In the CEF assembly the nine core bolts bolted into 
the bottom fuel plate. In the APRFR assembly the nine core bolts went 
through all fuel plates and were secured by Inconel nuts as shown in 
Fig. 1. This change was made a s  a result  of core-disassembly diffi- 
culty following the tes t s  at CEF. 

Sqletjl Block. In the CEF assembly the safety block started 
essentially at the top of the core. The safety block installed ar APRFR 
had been shortened; it started 0.889 cm below the top of the core.  
This change w a s  made to provide faster  reactor  shutdown upon with- 
drawal of the safety block. By moving the safety block down into the 
core,  initial safety-block withdrawal resul ts  in a greater  ra te  of r e -  
duction in reactivity than when it s t a r t s  at the core  surface. 

7’hc?,/-riiocoi~plcs. In the APRFR assembly the thermocouple holes 
and inser t s  in the center fuel plate were made la rger  but did not pene- 
t ra te  through the fuel to the central  hole in the core ,  as they did in the 
CEF assembly, and the thermocouple inser ts  were strengthened. This 
change was made to eliminate the s t r e s s  concentration at the thermo- 
couples in place during design-yield pulse operation. During the tes t s  
at CEF, the fuel disks cracked at those locations, and the thermo- 
couple inser ts  would tend to bounce out of the core  during higher yield 
pulse operation. 

I’ctlsc Rod. At CEF four different pulse rods were used at dif- 
ferent times: 

Pulse  Outs ide  Dynamic  
rod No. diameter.  ctii Length. cm E n r i c h m e n l ,  7 worth ,  6 

1 1.920 3 2 . 2 1  9:3.2 
- 1.920 25.40 9:1.2 97.5 
3 2.007 30.46 97.8 
4 ‘.007 25.40 9 i . S  110.5 

? 

The high-enrichment rods were used to increase rod worth to  produce 
the desired pulse yields. In general, pulse-rod worths at CEF were 
found to be lower than required for  operation at design yield. For  the 
APRFR core the pulse-rod diameter was therefore increased, but 
enrichment was kept at 93.2%. The pulse rod used at  APRFR was 25.40 ’ 

c m  long, and it had ‘an outside diameter of 2.10 cm. The uranium was 
93.15% enriched in 235U. 

At  CEF some fuel pieces were nickel plated and 
others  aluminum-ion plated. All fuel pieces supplied to APRFR were 
aluminum-ion plated at ORNL because of the superior  experience with 
aluminum-ion-plated fuel obtained at both CEF4 and Sandia’. 

DIFFERENCES IN OVERALL REACTOR ENVIRONMENT. The APRFR 
was operated in a reactor building of light-metal construction and at a 

CoYe Plotiiig. 
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distance of 242.6 cm above the floor s o  that neutron room return was 
minimized. At CEF the experiments were car r ied  out in a room com- 
pletely shielded by thick concrete walls; but the core  was removed from 
the walls, so  the room-return effect was thought to be small. At both 
APRF and CEF, instrumentation was present above the core,  which is 
thought to be the dominating room-return component. 

Core Atrnosplze~~e crnd Coolzrig. At CEF the assembly was in air 
at room temperature, and cooling following a pulse was provided by a 
fan. At APRF cooling was provided by forced air flow; for higher yield 
pulses the core  was kept in a dry-nitrogen atmosphere during a pulse 
to control s t ress-corrosion cracking, as indicated by research  spon- 
sored by the Ballistics Research Laboratories (BRL) at  the University 
of Arizona.' A dry-nitrogen atmosphere is also used at the Sandia 
Pulsed Reactor on the basis  of s imilar  considerations.' 

PULSE OPERATION 

Initial Pulse Operation 

Pulse operation was begun on Aug. 12, 1968. Personnel present  in- 
cluded APRF staff as well as ORNL specialists.  The character is t ics  
of the reactor  configuration used in this initial pulse operation are 
summarized in Table 5. Pulses  68-1 through 68-7 were of low yield 

Table 5 

CHARACTERISTICS OF REACTOR CONFIGURATION USED 
DURING INITIAL PULSE OPERATION 

Configuration designation 
Core height, cm 
Safety-block height, cm 
Pulse-rod length, cm 
Pulse-rod diameter ,  cm 
Pulse-rod enrichment, 5.10 
Pulse-rod m a s s ,  kg 
Total fuel mass on assembly (including al l  rods) ,  kg 
Height of core  center  above floor, cm 
Auxiliary components installed: 

Cooling shroud, safety cage, safety tube, glory hole 
l iner ,  and nitrogen can 

F 
20.09 
20.47 
25.40 
2.10 
93.15 
1.46 7 
125.393 
242.6 

and were used to check out the instrumentation. Pulse 68-7 was the 
f i r s t  for which a core- temperature  r i s e  was observed. Eight more  
pulses were obtained in this se r ies ,  culminating in pulse 68-17 with 
a yield of 12.6 X 10l6 fissions. Another pulse, 68-18, had been scheduled 
but was not performed. From the data obtained from these pulses, it 
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was determined that large negative reactivity adjustments of the o rde r  
of - 1 5 6  had to be made prior to each pulse to obtain the desired pulse 
yield. 

It is desirable to attain the design yield by making a small  reac-  
tivity adjustment. It was therefore determined that the pulse rod was 
too large and that i t s  worth had to be reduced, This reduction in worth 
was accomplished by increasing the adaptor to reduce the length of the 
pulse rod in the core  when fully seated. The pulse rod was a necessary 
assembly item; i ts  length was to be determined during these tests. 
Based on pulse rod in vs. out measurements at delayed crit ical ,  the new 
pulse-rod worth was determined to be 110.3t.  This method of reducing 
pulse-rod worth is in e r r o r  for pulse operation with the rod drive situ- 
ated above the core since the rod will go through a reactivity maximum 
before reaching its fully seated position. Both configurations assembled 
for these tes ts  were in e r r o r  in this regard.  The pulse rod went through 
a small  reactivity maximum in the f i rs t  configuration (core F) and 
through a larger  maximum with the longer adaptor. With this new 
pulse-rod configuration, a new s e r i e s  of pulses was obtained. Pulse 
68-19 was scheduled but not performed owing to delays with instru- 
mentation calibrations. Pulses 68-20 through 68-22 were sub-prompt 
critical, whereas pulses 68-23 through 68-29 ranged in yield from 
1.79 x lo i6  fissions to 12.26 x 1016fissions. Thedelayed crit ical  prompt- 
neutron decay constant was about 0.60 psec-'  compared with 0.55 
psec-' a t  CEF.  This pulse history failed to reveal that the pulse rod 
was going through a reactivity maximum before reaching i t s  fully 
seated position. Pulse 68-29 was fired on Sept. 5, 1968. Its yield of 
12.26 x 10l6 fissions was satisfactorily close to the expected 13.3 X loi6 
fissions. An assembly in which the pulse rod goes through a reactivity 
maximum before being fully seated can operate for some time without 
incident and apparently in a reproducible manner. Eventually a pulse @ will be initiated when the pulse rod has  a reactivity worth that is higher 
than i t s  value in the seated position, and a larger  than expected yield 
will be obtained. 

This situation apparently held for all pulses up to 68-30. The 
.probability that the pulse would be initiated just a s  the pulse rod 
passed through i t s  reactivity maximum depends upon a number of fac- 
tors ,  including background source level, reactivity insertion rate,  and 
total reactivity being added. In general, the probability that initiation 
will occur increases  as reactivity rates and reactivity increase; there-  
fore,  a s  the APRFR assembly was being taken to i t s  target yield of 
2.1 x 10'' fissions, this probability increased sharply. The quantitative 
relations involved in this problem a r e  currently being determined 
more closely in connection with a delayed-critical experiment a t  
APRF. 
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Occurrence of Maximum Yield Pulse 

Plans were made on the morning of Sept. 6, 1968, to fire pulse 
68-30. A physical inspection of the reactor was made that morning; 
nothing unusual was noted. A new nitrogen bottle, which feeds the 
pneumatic supply for the neutron start-up source and pulse rod, was 
connected. It is also used to provide a nitrogen atmosphere immedi- 
ately preceding and following a pulse. A heavy rain the evening before 
had caused some puddles on the reactor building floor but not close to 
the reactor. 

The prepulse calibrations and preparations were being made under 
the direction of the ORNL reactor  specialist and the APRFR reactor 
supervisor. As usual a delayed crit ical  configuration was established 
as part  of the pulse sequence, and no significant changes were ob- 
served since the previous pulse 68-29. A number of other APRFR 
personnel were in the control room, data-acquisition room, and the 
technical office of the control building. 

According to the established procedures, the reactivity insertion 
step over the previous one should be about 0 .5 t .  The insertion was 
8.05C, which was 0.646 above the 7.416 of pulse 68-29. This increase 
was acceptable. From the extrapolation of previous pulse data, this 
increase should have produced a yield of 1.68 x lo i7  fissions. The 
pulse occurred at 1058, and the following events were noted: 

1. The pulse instrumentation went off scale:  Thermocouple r e -  
corder  on 1200°F scale,  photodiode readout on oscilloscopes and tape. 

2. A scaler  used to measure the wait t ime between time zero on 
preburst  t imer  and pulse signal from photodiode read 0.07415 sec. 
This is evidence that the pulse was initiated before being fully seated. 
The t ime required for  the pulse rod to seat is about 0.09 sec. 

3. The reactor assembly appeared intact a s  seen on the TV 
screens and had shaker. only slightly following the pulse. However, a 
persistent glow was observed near where fuel pieces could be seen, 
namely, a t  the thermocouple holes and around the safety-tube holes 
near  the scrammed safety block. 

4. The safety block scrammed, and all other rods withdrew 
normally. 

5. All s c ram circuits functioned. 
6. Radiation levels were normal for a high-yield pulse. 
7. The pulse rod “ in”  light did not activate. The safety-block 

magnet light did not go out even though the safety-block drive had gone 
down a s  i t  should have. 

The core had been placed in a nitrogen atmosphere prior to the 
pulse. This was kept on trickle until 1114, when it was turned off to 
prevent the possible spread of contamination. The reactor  cooling sys- 
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tem was also left off to prevent the possible spread of contamination. 
The 1200°F thermocouple recorder  came back on scale 23 min. after 
the pulse. The in-core thermocouple was apparently not significantly 
damaged. Radiation levels and the state of the reactor  indicated that 
there  was no danger of re lease of radioactivity and that the reactor 
was shutdown. F i r s t  entry into the reactor building was made at  1234 
by two members of the reactor operations staff and the health physicist. 
No water was near the core. The floor beneath the reactor had been 
covered with white absorbent paper. A sulfur pellet, exposed to deter-  
mine yield, was retrieved at 1252. The core assembly machine was 
placed below the safety tube and core to prevent the core from falling 
to  the ground in the event the core  bolts were broken. (They were not.) 
The facility was secured at  1555. 

Subsequent inspection showed no loosened o r  missing components 
on the reactor  structure.  The dry-nitrogen-gas supply was investigated; 
i t  showed no evidence of having been able to supply moisture. 

Preliminary analysis showed that the yield was about 6 X lo" fis- 
sions and that the initial period was about 10 psec.  The melting point 
of the fuel (1150°C) had been exceeded; thus the safety limit of the 
APRF technical specifications of 1000°C had been exceeded. The 
required notifications were made that afternoon by the facility super- 
visor.  

Characteristics of Maximum Yield Pulse 

The yield of pulse 68-30 was 6.09 x 10'' fissions a s  determined 
from a sulfur pellet. The initial period a s  taken from a scope t r ace  
was 9.1 Ipsec, giving an alpha of 11 X.104 sec-! The core reached the 
alloy melting point of 1150°C. Extrapolation from pulse width at  half 
maximum vs.  period data indicated a width of 26.5 psec. The reactivity 
required to produce 6.09 x lo1' fissions was extrapolated from the 
existing yield vs. reactivity data to be about 184. 

The resul ts  of inspection of the pulse rod after pulse 68-30 a r e  
shown in Fig. 2.  If we assumed that the center of the black portion of 
the pulse rod was in the center of the core  during the pulse, then the 
25.40-cm-long rod was 1.70 cm above the top of the 20.09-cm-high 
co re  and ended 3.61 cm below the co re  at the time pulse 68-30 initiated. 

The insertion t ime of the pulse rod was 90 msec. The pulse t imer  
indicated that the pulse initiated 74.15 msec following insertion. The 
rod was therefore 15.85 msec from seating. The rod was 4.52 cm above 
its seated position, which is 8.18 cm below the bottom of the core. 
Therefore the bottom of the rod was 8.18 minus 4.52, o r  3.66 cm, 
below the core,  and the top was 1.65 cm above the top of the core. 
This is consistent with the data deduced in the previous paragraph. 
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Fig. 2-Sketch of' pulse-rod discoloratioli folloLuiuy pulse 68 -30. 

Table 6 

REMOTE-AREA MONITOR READINGS FOLLOWING PULSE 68-30 

Monitor 

Air-intake s t ructure  
Entrance to control building 
Vestibule 
Entrance to shielded access  tunnel 
Control room 
Instrument t ra i ler  room 
Entrance to reac tor  building 
Reactor building, near s t a i r s  
Outdoor tes t  s i t e  
Reactor handling device 

Dose r a t e  Dose r a t e  Dose r a t e  
2 min. 10 min. 20 min. 

after pulse after pulse after pulse 

750 m r / h r  80 mr /h r  18 m r / h r  
70 mr /h r  10 mr /h r  1 mr /h r  
None detectable 
0.4 mr /h r  
None detectable 
None detectable 
None detectable 
> lo0  r / h r  50 r / h r  25 r / h r  
Not operating 
150 r / h r  50 r / h r  Fluctuating 

Radiation levels were normal for a pulse of this yield, which is 
three t imes the projected maximum operational yield. The following 
data were obtained by the BRL health physics staff. Table 6 gives the 
dose rate measured by the 10 APRF remote-area monitors at various 
t imes a f te r  pulse 68-30. The measured dose rates and the way in 
which the dose ra tes  decreased with t ime were normal for  a pulse 
yielding 6 x 10'' fissions. 

The APRF is bounded by a warning fence located at a radius of 
1500 yd from the reactor. The total dose at  this boundary due to pulse 
68-30 was calculated to be 0.75 mrem; this is approximately three 
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t imes greater  than the dose expected from a normal pulse yielding 
2 x 10" fissions. The total of 0.75 mrem is the sum of the neutron 
and gamma dose delivered during the pulse (0.25 mrem)  and a gamma 
dose (approximately 0.5 mrem)  delivered after the pulse, due to the 
residual activity of the reactor  core. The Aberdeen Proving Ground 
boundary nearest  the location of the reactor is 0.9 miles to the north- 
west. The total dose at  this point due to pulse 68-30 is calculated to 
be 0.67 mrem. 

In the APRF control building a particulate air monitor draws a 
continuous sample from the return duct of the control building's f resh-  
air supply through a fixed particulate filter. This monitor showed no 
increase in air activity in the control building due to pulse 68-30. 

In the APRF reactor building radioactive particulate matter is 
formed by neutron activation in the reactor building during operations. 
Continuous sampling of reactor-building air is accomplished via a hose 
that runs from the reactor building to a particulate a i r  monitor located 
in the t r a i l e r  tunnel of the control building. Immediately following pulse 
68-30, this monitor indicated a rapid increase in air activity in the 
reactor  room. The rate  a t  which the activity increased and the level i t  
reached were normal for a pulse yielding 6 X 10'' fissions. Approxi- 
mately 50 min after pulse 68-30, a 24-min sample was cut from the 
f i l ter  of the particulate a i r  monitor. Analysis of this sample indicated 
an a i r  concentration of 1.4 x lo-' pc/cm3 for beta-gamma activity 
and 5.9 x l1c/cm3 for alpha activity. A plot was made of activity 
vs. t ime which indicated that the beta-gamma activity was decaying 
with a 36-min half-life and the alpha activity with a 35-min half-life. 
Further analysis o? this air sample indicated that long-lived alpha 
emit ters  were not present. 

The stack monitor draws a continuous sample from the stack dis- 
charge through a particulate fi l ter  and charcoal -iodine trap. Analysis 
of the filter and charcoal indicated the presence of 13'I. Analysis of the 
charcoal indicated an average 13'1 concentration of 7.8 x pc/cm3 
in the 5-hr postpulse stack discharge, resulting in a re lease of 200 ILC 

of I3'I to the environment. 
No increase in air activity was measured at  three continuous 

air monitors located 1.25, 5.9, and 12.2 miles from the APRF. Ex- 
posure of all  personnel was kept within normal occupational levels. 
In summary, these preoperational tes ts  of the APRFR, including the 
maximum yield pulse, have not significantly contributed to the ambient 
radioactivity levels in the APRF environment. 

Effects of the pulse on the physical condition of the core and r e -  
actor components a r e  summarized under Summary of Damage to 
Reactor. 

@ 

@ 
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ANALYSIS OF CAUSE OF MAXIMUM YIELD PULSE 

Probable Cause of Maximum Yield Pulse 

Analyses made to date indicate that the extra reactivity required to 
produce 6.09 x lo i7  fissions was present because of the position of the 
pulse rod. The maximum reactivity worth of the pulse rod is obtained 
when this rod is positioned approximately symmetrically in the core. 
The reactor must be designed and operated such that the pulse rod 
does not go through a reactivity maximum as a function of time. This 
cri terion was not met in either of the two reactor  configurations as- 
sembled for these tests.  

A postulated qualitative se t  of differential pulse-rod-worth curves 
i s  shown in Fig. 3. Lines A and B are the dynamic worths of the pulse 

2- 
L I  z 
a 
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W 

Fig, 3-Postirlated dijjkretztial Pulse-Yod reactivity ciwues. 6Vot to  scale.)  

rod when fully seated for the two reactor  configurations. For  the first 
pulse-rod position the rod went through a maximum of z t .  A differen- 
tial pulse-rod calibration is required for  the exact geometry to deter-  
mine z. An estimate for z is about 26  on the basis  of CEF data. In this 
configuration a pulse would have been initiated before the pulse rod 
fully seated sooner o r  la ter ,  and an extra  2 4  at 2 X 10'' fissions would 
have resulted in  -3 .5 X lo1' fissions. Moving the pulse rod down below 
the top of the core  changed the position of the pulse-rod fuel relative to 
that of the core  and reduced the pulse-rod worth by the amount x 
(2.88-cm steel  vs. U-10 wt.% Mo). This caused the pulse rod to go 
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through a larger  maximum of magnitude y before being seated. These 
effects may well account fo r  the extra reactivity required to produce 
the increase to 6.09 x lo' ' fissions from the planned 1.68 X 10'' fis- 
sions for pulse 68-30, namely, - 1 0 ~ .  The above model s e e m s  to 
explain the observed events; however, further measurements and 
analysis, including a cri t ical  experiment, a r e  required to establish 
more firmly the exact quantitative relations involved in pulse 68-30. 

Other Postulated Sources of  Unplanned Reactivity Additions 

A number of other possible causes for the maximum pulse were 
analyzed and rejected a s  not having been able to provide the necessary 
excess reactivity. The possible causes examined include 

1. Dislocation of auxiliary component. 
2 .  Dropping of mass  adjustment rod o r  regulating rod during wait 

3. Presence of foreign object. 
4. Erroneous safety-block seating. 
5. Water from nitrogen supply. 
6. E r r o r  in prepulse control-rod settings. 

period. 

SUMMARY OF DAMAGE TO REACTOR 

The fuel pieces assembled for the reactor configuration existing 
for pulse 68-30 are  listed in Table 3. Following pulse 68-30 the core 
was partially disassembled and inspected. Further inspection and de- 
tailed metallurgical examination of selected pieces a r e  planned. Visual 
inspection I to date has  revealed no signs of further cracks o r  crack 
propagation owing to s t r e s s  corrosion o r  other causes. The damage 
is summarized in the following paragraphs. 

@ Fuel Rings 

The condition of the fuel r ings is summarized in Table 7.  The 
three top and bottom rings'showed only small  damage. The four rings 
fused together at the inside diameter could probably be separated 
without much difficulty, but this has not been attempted since these 
rings a r e  being used in a cri t ical  experiment. 

Bolts 

All bolts showed only very slight dimensional changes and no 
visible cracks; they came out easily following pulse 68-30 in contrast 
with the experience at  CE F where considerable difficulty was experi- 
enced i n  removing bolts which had bound together in the bottom ring. 
The condition of the bolts is summarized in Table 8. The present 



368 KAZI, DUBYOSKI, AND DICKINSON 

Table 7 

CONDITION OF FUEL RINGS FOLLOWING PULSE 68-30 

Fuel-ring Height, Weight,* 
se r i a l  number cm kg Condition 

7882-20-0115 

7881-99-0009 

7882-40-0109 

7881-21-0001 
7881-19-0003 
7882-18-0070 
7882-38-0062 
7881-17-0004 

7881-16-0007 

Total 

1.2721 

0.526 

1.933 

2.667 
2.329 
3.404 
1.895 
3.254 

2.753 

5.760 

2.288 

8.637 

11.954 
10.416 
14.516 

8.465 
14.561 

12.272 

20.033 88.869 

No visible cracks,  slightly warped; 
bottom inside diameter slightly 
charred. 

No visible cracks,  char red  inside 
diame t ex-. 

No visible cracks,  char red  inside 
diameter.  

Spalling around inside diameter.  
Cracks visible between each bolt 

and rod hole to the inside diam- 
e t e r  of top three plates;  no vis-  
ible c racks  on o u t s i d  e; inside 
of plates char red  and fused to- 
gether. 

No visible cracks,  slightly warped; 
top inside d i a m  e t  e r slightly 
charred. 

*Prepulse data. 
?Top of core.  

Table 8 

CONDITION OF FUEL BOLTS FOLLOWING PULSE 68-30 

Bolt Weight," Necked, t Elongation, t 
se r i a l  number kg mm mm 

7882-17-0064 1.845 
7882-17-0065 1.841 
7882-17-0067 1.849 
7882-17-0069 1.845 
7 8 82 - 1 7,- 00 72 1.845 
7882-17-0073 1.849 
7882-17-0074 1.850 
7882-17-0075 1.842 
7882-17-0076 1.844 

Total 16.610 

0.2 
0.3 
0.4 
0.2 
0.3 
0.4 
0.5 
0.6 
0.2 

3.0 
3.7 
3.1 
3.3 
3.0 
3.5 
3.7 
3.1 
3.8 

* P r  epulse measurement.  
TAverage measurement a s  compared with drawings. 
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experience shows the advantage of the present nut-and-bolt design 
compared with the ea r l i e r  assembly of screwing the bolts into the 
bottom ring. 

Control Elements 

The safety block melted at  the hot spot, and i t  showed gross  mate- 
r i a l  deformation. The regulating rod and the mass  adjustment rod 
showed bows of 0.6 and 0.2 mm, respectively; the pulse rod bowed 
2.1 mm. 

Auxiliary Components 

The control-rod l iners,  the safety-block hanger, and thermocouple 
inser ts  will be replaced. It i s  expected that the safety tube will be 
modified. It is planned to replace the core-support ring and three 
core-support rods even though these show no visible damage (these a r e  
inexpensive i tems).  All rod dr ives  appear to be undamaged. 

@ 

CONCLUSIONS 

The high-yield pulse of Sept. 6, 1968, having a yield three t imes 
l a rge r  than authorized, did not result  in any detectable external o r  
airborne radiation hazards, nor did it cause any overexposures of any 
personnel. Damage was essentially limited to fuel pieces, and damage 
to the reactor  in general is small. 

The efficient and timely implementation of the facility emergency 
procedures proved that the procedures were well organized and effec- 
tive and the operations and health physics personnel well trained. The 
APRF staff quickly evaluated the situation and did not overreact.  No 
emergency equipment o r  off-site personnel were called to the scene 
since none were required. A number of actions a r e  presently in prog- 
r e s s  to make the APRFR fully operational. 

Measurements at Delayed Critical To Establish Reactivity in 
Core at Time of Pulse 68-30 

For confirming the hypothesis that the pulse-rod positioning caused 
the maximum pulse and for determining more accurately the reactivity 
in the core for pulse 68-30, a number of calibrations at delayed crit i-  
cal a r e  required. 

Differential-rod-worth curves will be obtained on all rods -pulse 
rod, regulating rod, and mass  adjustment rod. The regulating-rod and 
mass-adjustment rod curves will be used as base-line measurements 
to compare with existing curves. The pulse-rod curves,  using several  
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adaptors, will be used to determine the reactivity maxima. Core F has 
been reassembled to check physical compatibility of all par ts ,  and this 
cri t ical  experiment can be performed with the present damaged core, 
provided another safety block is used. The safety block used during the 
experiments at CEF is available for this purpose. The reactor will, of 
course, not be pulsed during these measurements a t  and near delayed 
critical. 

Repair of Core 

As discussed in the preceding section, all used fuel pieces will be 
shipped to ORNL for inspection, remachining, o r  replacement as 
required. 

Inspection of Reactor System 

A complete inspection of the mechanical and electronic reactor  
system is being made. Studies a r e  under way to investigate position 
reproducibility of all moving par ts  and their reactivity effects. Addi- 
tions and modifications to instrumentation, including reactivity and 
core-temperature measurement channels, a r e  being considered. 

Design and Operation Modifications 

The reactor design and operation a r e  being modified so that 
pulse-rod motion a s  well a s  all other rod motions will always result  
in monotonically increasing reactivity a s  a function of time. Changes 
a r e  being considered which would facilitate pulse-rod differential 
calibrations and improve reproducibility of other components, such a s  
the safety block, The environmental control of the core  and i t s  instru- 
mentation is being examined; different auxiliary components, such a s  
cooling shroud, safety cage, safety tube, and nitrogen, will be integrated 
into one system. 

Technical Report 

A technical report  will be issued following completion of all data 
analysis including completion of the cri t ical  experiment discussed 
previously. 

In summary, operation of the APRFR to date has shown the basic 
soundness of the overall core design and mechanical systems. The 
reactor behaved considerably better than might be expected at a per-  
formance level well above current routine limits. On the other hand, a 
number of modifications in design, instrumentation, and operating pro- 
cedures are clearly necessary. These will be described in detail once 
they a r e  finalized and implemented. 
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DISCUSSION 

WILSON: Did you not make any calculations of the worth of the 
burst  rod a s  a function of position pr ior  to the operation of the reactor  ? 

KAZI: Measurements were made of total-in and total-out reactivity 
worth at delayed critical. 

ZITEK: You indicated that the previous bursts  gave 12.3 X lo i6  vs.  
13.3 x lo i6  fissions predicted according to a curve. What was that curve ? 

KAZI: The curve, for example, of the temperature vs. reactivity, 
where the temperature is proportional to yield o r  something like sulfur 
yield. The main curve we were using was yield vs. reactivity insertion. 
The previous history did not give any clue that we were going through a 
reactivity maximum simply because all the pulses initiated a couple of 
hundred milliseconds after the pulse rod was fully inserted. So this is 
really a case where the past history to that point gave no indication that 
we were running through this maximum; the onlyway that can be picked 
up is through previous calibrations. 

@ 
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ABSTRACT 

This paper d iscusses  the causes  of 10 typical fast  burst  reac tor  incidents, 
the consequences of the incidents, and the actions taken to prevent recur rences .  
These 10 incidents by no means cover  the spectrum of possible accident 
mechanisms; however, they do i l lustrate the overriding importance of ad- 
ministrative control in providing for  safe operation under the almost un- 
believably wide range of experimental conditions to which fast  burs t  r eac to r s  
a r e  adaptable. 

INTRODUCTION 

During the last 15 years ,  the 11 fast burst  reactors  built and operated 
in the United States have produced nearly 15,000 super-prompt critical 
bursts. Not all these bursts  have proceeded exactly as expected; the 
exceptions are the incidents, defined for  the purpose of this  paper as 
unplanned gross  departures  f rom normal operational behavior. 

Incidents have played an important role in the evolution of fast  
burst  reactors;  in fact, an accidental prompt criticality (involving 
a remote-assembly machine called Jemima) was instrumental in the 
decision to  modify Lady Godiva to  become the f i rs t  routinely operated 
fast burst  reactor in the world. A number of significant improvements 
in design and in operating procedures have been the direct  products of 
incidents. Probably the most notable example is the shock-induced 
sc ram,  which f i rs t  occurred as an operational anomaly during the 
start-up of the Health Physics Research Reactor (HPRR): by definition, 
the first such sc ram constituted an incident. (To give proper credit  to 
M. I. Lundin and his associates a t  Oak Ridge National Laboratory, 
it should be noted that the concept of the shock-induced s c r a m  was 
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considered and then discarded a s  technologically premature early in 
the design of the HPRR.) Other developments h i s i n g  from incidents 
have been l e s s  spectacularly serendipitous, but they have nevertheless 
contributed substantially to  the convenience, the reliability, and, 
above all, the safety of fast  burst  reactor operation. 

It is impossible, and not very important, to determine how many 
fast  burst  reactor incidents have occurred. The number is clearly 
very small  considering that reactivity perturbations of only a few 
cents can produce either a disruptive power excursion or  a zero-yield 
fizzle. Out of 15,000 bursts  only two incidents occurred in which the 
fuel assembly was damaged beyond repair ,  and in four others less 
severe damage was sustained. The number of incidents in which the 
energy yield was below the threshold of damage is several  t imes 
larger ,  the factor depending on how one quantifies “gross departure 
from normal” in the definition of incident. Some of the low-yield 
incidents occurred under circumstances in which only luck determined 
whether reactivity was unintentionally increased or decreased; others 
have been more o r  l e s s  fortuitous instances of preinitiation limiting 
the yield of potential high-reactivity excursions. Nevertheless, the 
small  number of incidents and the even smaller  number of truly 
disruptive accidents stand a s  testimony to the inherent safety of 
Godiva-type burst  reactors.  It is important to note that there  has 
never been an injury or an overexposure of personnel to radiation 
in any fast  burst  reactor  incident. 

This paper discusses  10 typical incidents from the standpoint 
of the causes, the consequences, and the actions taken to prevent 
recurrences.  Admittedly, some of the causes  and corrections seem 
embarrassingly elementary; others a r e  quite subtle. The justification 
for this discussion is simply that the incidents occurred, some more 
than once even a t  the same facility. All could have been prevented 
by paying more careful attention to design and procedures-or 
perhaps by applying information gained in ea r l i e r  incidents, had 
that information been made available in the literature. 

PROCEDURAL INCIDENTS 

The incidents fall naturally into three categories: those resulting 
f rom design deficiencies, those associated with irradiation experi- 
ments, and those involving procedural e r ro r s .  Obviously, procedural 
e r r o r s  played a role in virtually all the incidents; but, these e r r o r s  
were the direct  and pr imary cause of only two incidents considered 
here  and, for that matter, of only two of those incidents about which 
information is available. 
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1. One such procedural incident involved an assembly whose 
total  excess  reactivity, with the safety block and al l  control rods 
fully inserted and with the burst  rod withdrawn, was only about 4 0 t  
(with respect to  delayed crit ical) .  With conventional operating pro- 
cedures, therefore, the minimum period possible during the initial 
approach to delayed crit icali ty was of the order  of 10 sec. This  
was considered inconvenient from an operational point of view, and 
it became the custom to "goose" the reactor ,  as the procedure was 
called, by inserting the burst  rod with the control rods  partially 
inserted.  Much shor te r  reactor  periods could be attained by this 
means, and the core neutron population could be built up rapidly. 
At this point in the sequence, of course, the burst rod was withdrawn, 
and the control rods  were inserted to their  delayed-critical positions; 
thereafter,  the normal burst sequence was followed. 

In this  incident the operator, who was alone in the control room, 
inserted the control rods too far before firing the burst rod. An 
abnormally large burst resulted, and the co re  and core-support 
s t ructure  were slightly damaged. 

The nonstandard operational sequence, even though it had been 
followed successfully many t imes previously, was the immediate cause 
of this  incident. Other contributing factors  were the solo operation 
of the reactor and the marginal excess  reactivity available. (Paren-  
thetically, it is worth noting that, at least on cylindrical reactors ,  
th i s  last deficiency can be overcome without machining new fuel 
components simply by clamping a small  nonfuel ring around the fuel 
assembly. A brass ring about 1 in. high and Yl6 in. thick was worth 
50C when clamped around the base of Godiva II.) 

2. The second procedural incident occurred at a different facility 
during the reactivity calibration of the safety block. With appropriate 
interlocks bypassed, the safety block was withdrawn stepwise, and 
the control rods were inserted at each step to reestablish delayed 
criticality. Control-rod calibration curves  were then used to  deter-  
mine the worth of each increment of safety-block movement. A care- 
fully planned, written test procedure was being followed under the 
direction of the facility supervisor; a reactor  supervisor, an operator, 
and a health physicist were a l so  present in the control room. 

A point in the calibration procedure was reached at which the 
reac tor  was near  cr i t ical  with the burst  rod and all control rods  fully 
inserted; the neutron level was so low, however, that e r ra t ic  instru- 
ment response made it uncertain whether o r  not the reac tor  was 
actually critical. Departing from the written procedure, the facility 
supervisor decided to re turn the reactor  to  an ear l ie r  configuration 
in which the reactor  could be made supercrit ical .  After building up 
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the core neutron population, he intended to  re turn the reactor  imme- 
diately to the last  doubtful configuration, expecting that he could posi- 
tively determine if the reactor  were critical. For this  procedure it was 
necessary to s c r a m  the reactor. The s c r a m s  were r e s e t  as soon as 
the safety-block slow-drive mechanism reached its fully retracted 
position, but a t  that time the control rods had moved only 0.7 in. 
(worth a total, for both rods, of about 206) f rom their  fully inserted 
positions. The burst  rod remained clamped in i t s  most reactive 
position. Among the interlocks that had been bypassed was one r e -  
quiring the control and burst  rods to be withdrawn before the safety 
block could be inserted. Starting at that condition, then, the facility 
supervisor (with the passive concurrence of the other members  of 
the operating crew) ordered the pneumatic safety-block insertion 
mechanism to be actuated. The reactor  assembled rapidly toward 
a configuration that potentially could have reached a reactivity of 
4 0 t  above prompt critical, but preinitiation at about 1 5 t  limited the 
fission yield to  approximately 1.5 x 10". Damage was limited to  newly 
installed experimental fuel components; eventual damage of these 
components was not at all unexpected-only the timing and the con- 
ditions under which it occurred! 

Again, the departure from established operating procedures was 
the direct  cause of the incident. Although the seriousness of the facility 
supervisor 's  e r r o r  in judgment cannot be minimized, a significant 
contributing factor was the failure of the two operating crew members  
to provide a human interlock against such e r ro r s .  This  incident is 
s imilar  to the f i rs t  in the sense that, effectively, there was only one 
operator. Obviously, little is gained by requiring operational crews 
of more than one person unless each person c a r r i e s  out his duties 
with a full awareness of his  responsibilities. 

These two incidents i l lustrate the overriding importance of care-  
fully considered and rigidly enforced administrative controls in pro- 
viding fo r  the safe operation of a fast  burst  reactor.  Proper control- 
system design and elaborate written procedures can be effective in 
reducing the number of opportunities for operational e r r o r s ,  but, 
sooner or later at every facility, situations a r i s e  in which the control 
system o r  the written procedures must be modified. In these situa- 
tions the mechanism must have been established, administratively, 
for assuring that these modifications a r e  carr ied out safely. An 
example of an effective administrative control, instituted at  several  
facilities following incident No. 2, is a regulation prohibiting an 
experimenter from serving a s  a member of the reactor operations 
crew during his experiment. Thus in incident No. 2, the individual 
responsible for  the calibration of the safety block would have had no 
operational responsibility during the calibration; he would have been 
able to devote his entire attention to the experiment itself. Although 
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he may have proposed the same departure f rom the written procedure, 
his  proposal would have had to be evaluated by a second equally well- 
qualified individual -a reactor  supervisor whose entire attention 
would have been directed toward the operational aspects of the calibra- 
tion. 

DESIGN-RELATED INCIDENTS 

Although design improvements have been suggested by failures 
that occurred during a number of fast burst  reactor  incidents, design 
deficiencies have been causative factors in only a few improvements, 
th ree  of which a r e  discussed below. Sometimes the role  of-an inade- 
quately designed component in causing an incident is obvious, and 
correction of the deficiency is straightforward. More often this is 
not t rue,  and even the identification of the accident mechanism is a 
matter  of speculation. In such cases  of design deficiency, the par t s  
that failed can be redesigned readily, but one is left wondering whether 
o r  not he has  corrected the real cause of the incident. It is at least  
comforting to observe that there  have been no repetitions of design- 
related incidents. 

@ 

3. Following an abnormally large burst of one of the Super 
Godivas, investigations showed that a screw coupling between a 
control rod and i t s  actuating mechanism had failed and that the rod 
was merely resting on i t s  dr ive screw. The rod  was therefore free 
to move in response to the forces  imposed by the rather  violent 
insertion of the burst  rod. Only an extra  '/Zt of reactivity over the 
amount intended was required to explain the large burst ,  and, after 
other possibilities had been discarded, i t  was hypothesized that the 
control rod had broken during the previous burst .  Then the unre- 
strained control rod had moved to a more  reactive position (only 
0.015 in. of motion was required) when the burst  rod was inserted 
during the operation. 

In retrospect, the coupling between the control rod and its dr ive 
mechanism was poorly designed: the failure occurred a t  the root 
of a male thread cut in the fuel material. All the rods  were modified 
by cutting much la rger  female threads in the rods and securing them 
to their  dr ive mechanisms by means of male-threaded steel adaptors. 
The resulting coupling was s t ronger  because of the la rger  screw 
thread size,  but perhaps equally as important was the fact that the 
smaller  diameter component was now steel  and therefore not subject 
to  s t ress-corrosion cracking. The rods were removed f rom service 
af ter  about 1000 bursts ,  and at  that time no evidence of incipient 
screw joint failure had appeared. 
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4. An early incident involving a first-generation Godiva occurred 
while the reactor  was being operated outdoors. Because of the very 
large variations in ambient temperature which occurred during the 
day, detection of small  reactivity perturbations was difficult even 
though there  was little change in experiment configuration from burst  
to burst. Although the energy yield in this incident was 1.4 t imes 
normal, a detailed inspection revealed no damage. (Years la ter ,  just 
prior to its retirement,  the reactor  was intentionally and repeatedly 
operated at twice-normal burst  yields without damage.) The only clue 
to the cause of the incident was a small  defect in the cadmium plating 
on the safety block. 

The hypothesis was that a piece of cadmium had fallen into the 
safety-block drive mechanism in such a manner that it prevented full 
insertion during the delayed-critical calibration, but i t  had moved 
during the preburst  waiting period s o  that the second insertion, just 
pr ior  to the burst ,  was to a slightly more (- l b  ) reactive position. 

Obviously, the cause of this incident was never positively identi- 
fied. The cadmium plating was entirely removed from the vicinity of 
the safety block, leaving only a thin nickel coating for  protection 
against oxidation. Later the nickel was replaced by aluminum when the 
ion-plating process  was developed a t  Sandia. Whether or  not the 
incident in question was actually caused by a plating failure, there 
has never been a recurrence.  

5. The only incident that can be attributed unambiguously to a 
design deficiency was the one caused by an actuator moving the burst  
rod through a position of maximum reactivity. Therefore, while the 
burst-rod worth as measured between i ts  two end positions was a s  
specified, the maximum worth was several  cents higher. This fact 
went unrecognized through nearly 30 bursts  and even through a 
design modification that exaggerated the condition. Data show that 
during every burst  preceding this incident the burst  rod had actually 
seated before initiation took place. Burst yields were therefore close 
to  the predicted values, and there was no other indication that the 
reactor was not behaving normally. In this incident initiation occurred 
when the burst  rod was near its position of maximum worth, and the 
reactivity was some 10t higher than intended. The reactor,  of course, 
was extensively damaged. 

When the incident was reviewed, its cause became obvious, and 
the design of the burst-rod actuator was readily modified to eliminate 
the reactivity peaking. That the peaking occurred at all and that it 
remained undetected through many operations i l lustrate the importance 
of unambiguous communication and definition of responsibility among 
the individuals and organizations concerned with the design and 
operation of a device a s  easily perturbed as a fast  burst  reactor.  
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A disquieting aspect of design-related incidents is that even in 
obvious cases  like incident No. 5, reconstruction of an incident 
involves a certain amount of conjecture. One is then left wondering 
i f  he has corrected al l  the design deficiencies-or even the right one. 

INCIDENTS ASSOCIATED WITH IRRADIATION EXPERIMENTS 

If incidents caused by design deficiencies a r e  disquieting, those 
associated with the irradiation of mater ia ls  placed near  a fast  burst  
reactor  a r e  truly frightening. Because of the almost l imitless variety 
of irradiation experiments and because of the insidious ways in which 
the mater ia ls  in these experiments can affect the neutronics of a 
reactor,  i t  is not surprising that most incidents occur during routine 
irradiation experiments. Interestingly enough, no really b izar re  ex- 
periment, for instance, one involving the detonation of explosives near  
a reactor  immediately after a burst ,  has ever  resulted in an incident. 
Those experiments are readily recognized as potentially dangerous 
and a r e  invariably planned with such ca re  that the actual operation is 
almost  anticlimactic. 

Although one can hypothesize other experiment-related causes, 
every such incident to date has  involved the movement of experimental 
equipment, ei ther accidentally, during a burst  sequence, o r  delib- 
erately,  between operations. The five incidents discussed below are 
typical, but they only suggest the wide range of possibilities for 
anomalous interactions between experiments and fast burst  reactors .  

6. In an experiment that might, by today’s standards, be consid- 
e red  questionable from the standpoint of safety, a large moderating 
experiment was being irradiated near  an ear ly  Godiva-type reactor. 
At the same time a second experiment was being irradiated in the 
burst-rod cavity. The burst  rod had been removed, and the safety 
block was used to initiate the power transients.  The total reactivity 
worth of the.  control rods  was less than $1; this made it impossible 
to establish delayed crit ical  with the safety block inserted and la ter ,  
during the preburst  waiting period, ‘to add the $1+ of reactivity 
necessary to  produce the desired burst  yield. A procedure was 
developed in which the first step was insertion of the control rods  
to an experimentally determined position at which approximately 
30 d of reactivity remained available for la te r  addition. Safety-block 
insertion then increased the reactivity to a level about 80& above 
delayed crit ical;  the exact reactivity was determined by measuring 
the stable reactor  period. Then, while the safety block was withdrawn 
to  permit  the decay of delayed-neutron precursors ,  an appropriate 
control-rod correction was made so that when the safety block was 
inserted the second time the level of reactivity required for  the burst  
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was achieved. Although somewhat involvgd, this procedure was quite 
satisfactory until the large external experiment was modified. In the 
modification both the configuration of the moderator and its distance 
from the reactor were changed-not obviously but, as it happened, 
significantly. When operation was resumed, the control rods were 
driven to their previously determined initial positions. Insertion of the 
safety block for  the period calibration initiated an excursion with a 
12-times-normal yield, and the reactor was badly damaged. 

The cause of this incident was not an unsafe operating procedure; 
it was the failure of the operations crew to appreciate the ease with 
which a small  change in an experiment can produce a significant 
reactivity perturbation. 

7. An incident embarrassingly similar to No. 6 occurred much 
la ter  a t  a different facility and involved an improved but nevertheless 
first-generation Godiva. For a special experimental requirement, a 
technique had been developed by which relatively broad (-1 msec) 
pulses were produced by wrapping a 1/2-in.-thick sheet of polyethylene 
around the safety screen surrounding the fuel assembly. (The effect 
of the polyethylene was, of course, to add reactivity and to increase 
the effective neutron lifetime.) The first phase of the experiment had 
been completed successfully several  months ear l ier ,  and, in prepara- 
tion for the second phase, the polyethylene had once again been in- 
stalled on the reactor safety screen. In the interval between the two 
phases of the experiment, the diameter of the safety screen had been 
reduced from 9.5 to 8.0 in. to increase the radiation dose delivered 
to samples located at  the point of closest experimental approach, 
Le., a t  the screen. This modification was completely overlooked in 
the plan for resuming the broad-pulse experiment, and the reactivity 
worth of the polyethylene was some $2 more than expected. During 
the first approach to delayed criticality, with the control and burst  
rods withdrawn, the reactor scrammed during slow mechanical (as 
opposed to pneumatic) insertion of the safety block. Not until some 
seconds la ter  did the reactor supervisor realize what had happened: 
the reactor had actually exceeded prompt criticality. The burst  yield 
was very low (it produced no fuel-temperature rise), and there  was 
no damage to the reactor. 

Again, because the operations crew failed to consider the effect 
of a shift in the position of a piece of experimental apparatus, an 
incident occurred during an operation where safety had been demon- 
strated many t imes previously. Only the relatively slow rate of 
reactivity addition (- 25t /sec) limited the energy release in the 
excursion. A contributing factor was the slow response of the s c r a m  
instrumentation because of the shielding effect of the polyethylene. 
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8. Among the f i rs t  experiments irradiated in the vertical  glory 
hole of a Super Godiva was one consisting of a prototype fission couple 
surrounded by several  grams of ‘OB. To assure that its position 
could be accurately reproduced from burst  to burst, the experiment 
was mounted on a special support stand, the location of which was 
determined by dowel pins that mated with accurately located sockets 
on the reactor itself. For reducing the radiation exposure of the 
experimenter, the stand was designed so that i t  was automatically 
picked up by the reactor  a s  the reactor was raised from i t s  under- 
ground storage pit and was replaced on the floor as the reactor was 
lowered. This incident was really a s e r i e s  of some 40 bu r s t s  during 
which yield reproducibility was very poor: more than a quarter  of the 
bursts  had yields over 10% above o r  below the intended yield. The 
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largest  burst  was only 20% higher than intended, so the reactor  was 
not damaged. 

Eventually investigators discovered that even with its elaborate 
design the support stand was not actually reproducing i t s  position 
each t ime the reactor  was raised. Therefore because of the very 
large effect of the ‘OB on the flux distribution in the reactor  core, the 
worth of the burst  rod was slightly different for each position of the 
experiment, and a shift of only ‘/za in burst-rod worth was sufficient t o  
change the burst yield by 10%. 

The gamma dose rate  1 m from the core was typically many 
tens of r ads  per  hour between bursts,  so  manual adjustment of the 
support stand w a s  impractical. A convenient and entirely satisfactory 
solution to the problem was the installation of a pilot light, readily 
visible on the closed-circuit television monitor, which is actuated by 
three microswitches in series, one microswitch at  the bottom of each 
leg of the support stand. When the pilot light is on, the operator is 
assured that the experiment stand is properly positioned. The problem 
of poor reproducibility was eliminated, and the system is now in use 
for  virtually all  glory hole experiments. 

@ 
9. One of the ear l ies t  radiation-effects research programs involv- 

ing the use of a fast  burst  reactor  was one in which i t  was desirable 
to move the experiment away from the reactor  a s  soon a s  possible 
after a burst. The reactor  itself was stationary, so the experiment 
was mounted on an electrically driven vehicle controlled by the experi- 
menter f rom the reactor control room. In h i s  anxiety to  move the 
experiment at the ear l ies t  possible t ime, the experimenter adopted 
the habit of actuating his  experiment vehicle on “zero” of the verbal 
countdown given by the reactor supervisor to the operator. At the 
time of this incident, external burst  initiation had not yet been intro- 
duced, and time delays of several  seconds between burst-rod inser-  
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tion and burst initiation were not uncommon. It was inevitable then 
that an occasion a rose  in which the experiment had s tar ted to  move 
away from the reactor  before the burst  was initiated; the result  was 
a zero-yield incident. If the drive motor reversing switch had been 
in i t s  opposite position o r  if the experiment had rocked back on its 
stand before beginning its motion away from the reactor,  a most 
serious accident might have resulted. 

The experiment was continued after the experimenter had been 
made aware of the possible consequences of his action. When the 
identical incident occurred a second time, however, an interlock 
was installed to prevent the experiment drive motor from being 
actuated until after a reactor  s c r a m  had occurred. It has become 
customary in 'newer facilities to require that power to all mobile 
experiments be supplied through an interlocked receptacle provided 
near the reactor.  

10. Another zero-yield incident, this one involving a missile 
electrical  system being irradiated very near  the co re  of a Super 
Godiva, i l lustrates the importance of unambiguous communication 
between the experimenter and the reactor  operations staff. In this 
instance the experimental plan stated that the electrical  system, 
which included a wet-cell battery, would remain passive until 3 sec  
before the burst; at that t ime the circuit  would be energized by 
activating the battery. The plan was approved, and equipment was 
set up in preparation for the first burst, which proceeded normally 
through the entire burst  sequence except that there  was no fuel- 
temperature rise and virtually no yield. Even a careful reexamination 
of the details of the experiment failed t o  produce an explanation for 
the incident, so i t  was decided to repeat the delayed-critical calibra- 
tion to determine i f  there  had been a change in the reactivity worth of 
the experiment (which had remained undisturbed since the incident). 
It was found that the worth had decreased some 1 3 t  so that the initial 
reactivity in the power transient was 5 t  below prompt cr i t ical  ra ther  
than 8 B above. Interrogation of the experimenter revealed that activat- 
ing the battery entailed moving the electrolyte from an internal 
reservoir  to the reaction chamber. Fortunately, the motion of the 
electrolyte was away from the reactor core;  otherwise an excursion, 
potentially with an initial reactivity 2 1 t  above prompt cri t ical ,  would 
have occurred. 

The striking feature of these five experiment-related incidents 
is that none of them was caused by a flagrant lapse on the par t  of 
any individual involved. In every case an operating procedure that 
had been demonstrated to be safe in similar,  but obviously not iden- 
tical, experiments was being followed. By sheer  good fortune only one 
of the incidents resulted in damage to  the reactor; but all  the incidents 
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were potentially damaging, and they were all equally ser ious from the 
standpoint that nothing except unusual foresight would have prevented 
them. A decoupling shroud would undoubtedly have reduced the magni- 
tude of the power excursion in incident No. 6, but no mechanical 
device-no elaborate interlock system, no electronic motion detector, 
no computerized reactivity meter- would have prevented any of them. 

CONCLUSION 

These 10 incidents illustrate the fundamental difference between 
conventional reactors  and fast burst  reactors:  engineered safety 
devices are at  least  a s  important as administrative controls in 
providing fo r  the safe operation of conventional reactors,  but ad- 
ministrative control is of overriding importance in the operation of 
fast burst  reactors.  

The incidents reported here are typical, but by no means do they 
cover the spectrum of possible accident mechanisms. Mistakes that 
have caused incidents in the past  can certainly be avoided in the 
future; reporting some of those mistakes is a secondary purpose for  
this paper. The pr imary purpose is to stimulate the thinking of those 
persons responsible for the design and operation of fast burst  re- 
actors,  with the hope that through more effective administrative 
controls the number of new accident mechanisms “discovered” can 
be reduced in the future. 
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DISCUSSION 

SEALE: I have an observation to make. In the incidents that you 
mentioned and in most of the incidents that we have heard about in the 
past, the effect of preinitiation has been traditionally to  l imit  yield 
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rather  than to enhance yield. I think that the rather  interesting aspect 
of the Aberdeen problem was that this was a case where preinitiation 
actually occurred at such a time as to enhance the yield. I guess the 
lesson there  is that it does not hurt to do our physics. 

O’BRIEN: Probably the most dramatic example of the “discovery” 
of a new design-associated accident mechanism that I know about is 
the Aberdeen incident. 

BANFIELD: You touched on the idea that all  these incidents can 
be directly o r  indirectly related to procedure somewhere along the 
line. My observation is that the operator o r  supervisor who is charged 
with the e r r o r  in judgement o r  procedure is always very exposed to 
the cri t icisms, but he is also in a position to  gain from the experience; 
not so for the person who makes the design or technical e r r o r .  

McTAGGART: Preinitiation is a problem on VIPER. It can and 
quite often does give an increased pulse size. It emphasized in our 
operating procedures that the setting of the t imer  sequence which 
controls the length of the plateau tail has  to  be chosen so that if the 
pulse preinitiates the extra heating will not exceed the l imits  set for  
the reactor. 

O’BRIEN: I objected some time ago, and I forgot that I objected, 
to describing the event a t  Aberdeen as a preinitiation. In my thinking 
that was not really a preinitiation. All the bursts  that had preceded it 
were something other than normal bursts. This one actually did occur 
when it  should have. 
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5-1 A HIGH-YIELD MOLTEN-SALT 
BURST REACTOR 

A .  M. PERRY 
Oak Ridne National Laboratory, Oak Ridge, Tennessee 

A pulsed molten-salt reac tor  appears capable of producing neutron fluences of 
1016 neutrons/cm* in neutron-irradiation specimens in single bursts  with widths 
of l e s s  than 1 msec. A reac tor  design i s  presented which achieves these goals, 
using a s  fuel the eutectic sal t  LiF-UF, (73-27  mole %). Neutronic, mechani- 
cal ,  and hydraulic analyses of the reac tor  a r e  discussed. 

For investigating certain types of neutron-induced radiation damage, 
very short intense bursts  of fast  neutrons must be produced. The time- 
integrated flux of neutrons (fluence) that can be produced in a single 
pulse of a fission reactor i s  limited, in part, by the volumetric heat 
capacity of the reactor fuel. The fused fluoride salts, such as those 
used in the Molten Salt Reactor Experiment (MSRE)' a t  the Oak Ridge 
National Laboratory(ORNL), have a very large capacity to absorb en- 
ergy without a phase change. The salt  LiF-UF, (73-27 mole%),  for 
example, has an integrated heat capacity of about 4 Mw-sec/liter be- 
tween the melting point of 490°C and the boiling point, which is above 
1500°C at  a pressure  of 1 atm. Investigation of the possible use of a 
molten-salt reactor  for generating single bu r s t s  of very high yield 
therefore seemed worthwhile, and three years  ago, in ear ly  1966, we 
made a brief study at  ORNL to determine the feasibility and probable 
performance of such a reactor. 

In this paper I shall outline some general conclusions of a pre- 
liminary survey of performance characterist ics and describe two dif- 
ferent versions of a molten-salt burst  reactor.  The first version, which 
I shall refer  to as the hard-core reactor,  appears to have extremely 
attractive performance, but it also has certain intrinsic difficulties 
which may or  may not be insurmountable. The second version, which I 
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shall refer  to as the soft-core reactor,  circumvents these difficulties 
a t  the expense of a somewhat greater burst  width but should otherwise 
perform a s  well a s  the first .  

Our basic concept for the reactor  consists of an annular molten- 
salt core  surrounding a central experimental thimble o r  test cavity. 
The core, in turn, is surrounded by a thick shell serving as both re- 
flector and container. The core contains no moderator other than the 
fuel salt itself, both to keep the neutron spectrum a s  fast a s  possible 
and to achieve the highest possible fission density around the test  
cavity. For  rapid assembly of a configuration that must be well above 
prompt critical, we visualize injecting a slug of fuel into the core  atop 
a piston of molten lead (with which the salt  does not mix) and then into 
a surrounding catch basin where the heat generated in the burst  is 
removed by a spray of lead droplets. Before describing such details 
further, however, I will indicate some of the general performance 
characterist ics to be expected. 

PRELIMINARY PARAMETER SURVEY 

In evaluating the performance of a molten-salt burst  reactor,  we 
were concerned with the neutron fluence in the test cavity and with the 
duration of a single burst. Actually the energy fluence 

F = &' dt J m  $(E,t) E dE 

rather  than the particle fluence is considered a better indication of the 
amount of radiation damage produced per  burst; the energy fluence was 
adopted as a figure of mer i t  in comparing possible reactor configura- 
tions. This fluence can be calculated with ordinary static neutronics 
codes, provided the fission-density distribution during the transient is 
essentially the same  as the steady-state mode; thiswas shown to be the 
case. The resul ts  of spherically symmetric one-dimensional multi- 
group diffusion calculations are shown in Fig. 1. The model for  the cal- 
culations was a 12-in. spherical cavity enclosed by a l-cm-thick nickel 
shell, followed by the salt  annulus, a 5-cm nickel shell, and a 25-cm 
graphite reflector. In one case (122-cm core diameter),  it was shown 
that a single 15-cm nickel shell produced the same resul ts  as the com- 
bined nickel-graphite layers. It may be seen from Fig. 1 that, although 
the total neutron flux in the test  cavity and the burst  yield continue to 
increase with increasing core size, very little is gained in energy flux 
or in the neutron flux above 100 kev for  co res  above 75  to 100 c m  in 
diameter (core volumes of 200 and 500 l i ters ,  respectively). The reac- 
t o r s  a r e  all fast, with median fission energies on the o rde r  of 100 kev, 
and the required uranium enrichments range from 20to 40%. (The mole 
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fraction of U F 4  in the salt  is fixed at 27%) These results indicate that 
an energy fluence of about 10l6 Mev/cm2 on target could be achieved 
with a molten-salt burst  reactor having a maximum temperature r i s e  
of 1000°C (maximum energy density of 3.93 Mw-sec/liter), which 
encouraged us to c a r r y  the investigation further. 

HARD-CORE BURST REACTOR 

Two-dimensional six-group diffusion calculations were performed 
to provide a somewhat better representation of a practical co re  con- 
figuration, including entrance' and exit passages for the salt. The com- 
putational model for a 200-liter core i s  shown in Fig. 2. A typical test  
specimen in the experiment thimble was represented by a somewhat 
arbi t rary mixture of aluminum (28 vol.o/o), copper (10 vel.%), poly- 
urethane foam (37 vel.%), and voids (25 vel.'%). The uranium enrichment 
was  adjusted to achieve prompt criticality at  a temperature of 875"C, 
which is the average temperature expected at the peak-power point 
during a burst. Neutron c r o s s  sections and the salt  volume were then 
adjusted to 500°C, the preburst  salt  temperature, and a second cal- 
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culation was performed to determine the required initial reactivity, 
Uniform addition of a l / v  poison to achieve k = (1 - p)-' then enabled 
us  to calculate the prompt-neutron generation time and to verify that 
the transient and steady-state modes do not differ appreciably in shape. 
The initial asymptotic reactor period and the burst  width (full width at 
half-maximum amplitude) were calculated from the expressions T = 
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Table 1 

CHAFblCTERISTICS OF MOLTEN-SALT BURST REACTORS 

2 00-liter 400-liter 
hard co re  soft co re  

Core height, c m  65 
Core outer d iameter ,  c m  75 

Total neutron fluence, neutrons/cm2 
Figure of mer i t ,*  Mev/cm2 

Neutron fluence (E > 100 kev), neutrons/cm2 
Prompt-neutron generation t ime, psec  0.36 
Required initial ksfi  1.044 
Uranium enrichment,  % 235U 40 
Initial asymptotic period, psec  10 
Burs t  width. usec 35 

0.6 x lo i6  

0.5 x 10'6 
1.4 x 10'6 

I .  

Burs t  yield, h4w-sec (fissions) 490 (1.5 x 1019) 

*Average neutron energy fluence in tes t  specimen. 

80 
90 
0.7 X lo i6  

0.6 X 1016 
1.5 
1.016 
23 
180 
700 
1200 (4 x io i9)  

1.8 x 10'6 

I / ( p  - p)  and 7 = 3.5 T, respectively. A summary of reactor  character-  
is t ics  is shown in Table 1. 

The very large initial excess reactivity required for the burst  is, 
of course, the result  of a substantial negative temperature coefficient 
of reactivity, which is itself the consequence of the' large thermal ex- 
pansion coefficient of the salt. The reason for calling this a hard-core 
reactor will become apparent shortly. 

WEAK- AND STRONG-SOURCE MODES OF ASSEMBLY 

We believe that this kind of performance-an energy fluence of 
nearly 1OI6 Mev/cm2 and a burst width of 35 psec-would be very 
useful indeed. Unfortunately, a ser ious obstacle to achieving such a 
narrow burst exists in the form of a rather  strong inherent neutron 
source in the molten-salt fuel arising primarily from (CY ,n) reactions 
in fluorine. In the reactor just described, the source strength is greater  
than lo6 neutrons/sec, and it is easily shown that this is far too strong a 
source to permit a leisurely insertion of reactivity well above prompt 
critical. 

We a r e  concerned here with the probability that a persistent fis- 
sion chain will n?t be established during the time t,, required for the 
reactivity insertion above prompt critical. Following much the same 
line of argument a s  that outlined by Hansen,' we can easily show that 
this probability, P(t,),  i s  related to the source strength S, the reac- 
tivity p, and the insertion time to  by the expression 

@ 

-In P(to)  = 0.5 Sto(p-  p )  
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fo r  a linear ramp insertion of reactivity. If we,require that P( to)  2 0.9, 
so that there is l e s s  than a 10% chance of preinitiation, then the above 
expression, on rearranging, becomes S 9 0.2/t0(p - p )  for a linear 
ramp. (Similarly, we can show that S 9 0. 15/to(p - p )  for a parabolic 
insertion, which is concave downward,) For example, if to( p - 0) = 

(e.g., p - p = 0.03, to = 0.03 sec), then S 5 200 neutrons/sec would be 
acceptable without any restrictions on neutron generation time. How- 
ever, there appears to be no chance of achieving so low a neutron- 
source strength in a molten-salt fuel. 

We a r e  led, therefore, to consider what combinations of reactivity, 
insertion time, and prompt-neutron generation time wil l  resul t  in ac- 
ceptable burst characterist ics if a persistent fission chain reaction is 
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Fig. 3-  Illustrative reactivity profiles. 



HIGH-YIELD MOLTEN-SALT BURST REACTOR 393 

established at  the outset, that is, i f  the ordinary reactor  kinetics 
equations apply throughout the period of reactivity insertion. We have 
calculated the course of reactor transients for various combinations of 
these parameters,  a l l  intended to produce the same total burst  yield 
(e.g., 1000 Mw-sec). Truncated l inear ramp insertions, truncated 
parabolic insertions (concave downward), and continued parabolic in- 
sert ions were included (see Fig. 3). The resul ts  a r e  shown in Fig. 4 in 
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Fig. 4-Burst yield us .  parameter X. 

which the burst  yield is plotted a s  a function of the dimensionless 
parameter 

i.e., the expected initial asymptotic period divided by the reactivity 
insertion time above prompt critical. Figure 4 clearly suggests that 
for the truncated insertions the cri terion x 2 0.015 should be satisfied; 
for continued parabolic insertions, the inequality should be replaced 
by an (approximate) equality. 
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Applying this  cri terion to the 200-liter hard core,  we find that the 
reactivity insertion of 0.037 above prompt cri t ical  would have to be 
completed in l e s s  than 1 msec to achieve a full undistorted burst  with 
the characterist ics shown in Table 1. Unfortunately, we have not as yet 
identified a suitable method of accomplishing this-by fuel movement, 
by poison removal, o r  by altering the reflector configuration- that is 
consistent with preserving the reactor for  subsequent reassembly. We 
have therefore reluctantly considered ways to slow down the response 
of the reactor. 

SOFT-CORE BURST REACTOR 

This result  we have achieved in two ways: by increasing the neu- 
t ron generation time and by decreasing the effective temperature coef- 
ficient of reactivity, thereby decreasing the excess reactivity that must 
be inserted to achieve the desired burst  yield. 

Increasing the prompt-neutron generation time by about a factor 
of 4 was accomplished by using a graphite reflector supported radially 
by a Hastelloy N wall and separated from the fuel sal t  by a niobium 
membrane. The graphite introduces some low-energy neutrons near  the 
outer boundary of the core  but has little effect on the neutron spectrum 
in the test cavity. In addition to increasing the prompt-neutron genera- 
tion time, the graphite reflector, by reducing the peak-to-average- 
power density ratio, actually permits a small  increase in the neutron 
energy fluence on target,  so long as the peak power density remains at  
the inner boundary of the core. To show the effect of the graphite 
reflector, we made some spherically symmetric multigroup neutron- 
diffusion calculations for  co res  of 200, 400, and 600 liters, both with 
and without a test  specimen in the cavity; resul ts  of these calculations 
are shown in Fig. 5. The discontinuities in the curves occur where the 
point of peak power moves from the inner to the outer co re  radius. 
This effect is illustrated in Fig. 6 for the 400-liter co re  with the tes t  
specimen present. In Fig. 7 we record the uranium enrichment re-  
quired for  each case; in Fig. 8 we show the influence of the graphite 
reflector on the prompt-neutron generation time. For the 400-liter 
core, with 14 c m  of graphite, the generation time is 1.5 psec. In Fig. 9 
we see the neutron energy spectrum in the test  specimen. 

To reduce the temperature coefficient of reactivity, we wish to 
offset par t  of the thermal  expansion coefficient of the salt. This may be 
done by incorporating gas  bubbles in the salt,  making it in effect much 
more compressible, o r  soft, so that rapid expansion of the liquid is 
accommodated temporarily by collapse of the gas  bubbles ra ther  than 
by g ross  expansion of the mixture. A mechanism for accomplishing this 
reproducibly is the a r r a y  of small  inverted cups shown in Fig. 10. As 
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the fuel salt surges  into the core, some of the cover gas is trapped in 
the cups, providing an effective salt  compressibility that depends on the 
total volume of gas contained within the cups and on the pressure  of the 
cover gas pr ior  to the burst. 

This soft-core approach to reducing the required initial reactivity 
will result, of course, in a highly nonlinear reactivity feedback and will 
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Fig. 9- Integral neutron energy spectrum in test  specimen. 

produce an unsymmetrical burst in which the final shutdown reactivity 
is much greater  in magnitude than the initial excess reactivity. Also, 
the dependence of burst character is t ics  on initial conditions wil l  be 
very difficult to calculate accurately in detail, and we cannot claim to 
have done so. We believe, however, that there  will be enough flexibility 
in initial conditions to permit a systematic empirical determination of 
the conditions necessary to produce a desired burst, which can always 

To estimate the excess reactivity required to satisfy the strong- 
source criterion, we assumed that the reactivity insertion profile is 
parabolic in shape, a s  shown in 'Fig, 3, and we calculated that ap- 
proximately 30 msec would be required for the reactivity to r i s e  0.045 
above delayed critical. Assuming that the same shape prevai ls  if  we 
reduce the maximum reactivity, we can find a unique relation between 
the excess  reactivity and prompt-neutron generation time that satisfies 
the strong-source criterion. We find that a maximum reactivity of 
0.008 above prompt cri t ical  is required for the calculated generation 
time of 1.5 psec. This corresponds to an initial asymptotic period of 
200 psec and a burst width well under 1 msec. 

A summary of burst character is t ics  for the 400-liter soft-core 
reactor  is shown in Table 1. 

@ ' be approached safely beginning with very low yields, 



. -  

398 PERRY 

EXPANSION CUP 
BRACES ~ \ 

EXPANSION 
[CUPS -I  CU IN /CUP 

I 
SECTION A-A 

I 

(7 
EXPERI M E NTAL 
THIMBLE 

\COLUMBIUM 
LINER 

POISON / ELEVATION SECTION B-B  
VANES 

Fig. IO-Molten-salt burst reactor; soft-core sectional views of core region. 



HIGH -YIE LD MOLTEN -SALT BURST REACTOR 

MECHANICAL AND HYDRAULIC ANALYSIS 

Thus f a r  I have discussed mainly the neutronics aspects  of a 
molten-salt burst  reactor.  W e  have also attempted to  identify the key 
engineering problems and to solve them. A vertical  section of a repre-  
sentative soft-core configuration is shown in Fig. 11. Fuel is injected 
into the core by pressurizing the gas space over the lead in the res- 
ervoir.  A pressure difference of approximately 70 psig is required to 
achieve a salt velocity of 1 5  ft/sec when the core is full. This p re s su re  
supplies the initial acceleration of the fuel salt  and the lead column on 
which it res ts ;  but, by the time the core is full, the p re s su re  is mainly 
overcoming static and hydraulic head losses.  The salt  continues through 
the core,  spilling over the top into the catch basin that surrounds the 
reflector. The entire t ransi t  time of the sal t  through the co re  is about 
'/z sec. 

TOP FLANGE -\ r E X P E R I M E N T A L  THIMBLE 
I 

Fig. 11 -Molten-salt burst reactor  concept. 
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Cool lead from the reservoir  is discharged throughthe spray rings 
into the hot salt, cooling it very quickly to  about 700°C. 

Salt and lead are then cooled back to the initial temperature by 
circulating lead through the salt and through the air-cooled heat ex- 
changer for  approximately 10 min. By -raising the lead level in the 
catch basin, we can slowly spill the cooled salt  back through the core 
and into the charge pipe. The lead is drained by gravity back into the 
reservoir,  returning the reactor to  i t s  preburst  configuration. 

The reactor system must of course be maintained at  a temperature 
of 500°C prior to a burst. For this purpose the entire system shown in 
Fig. 11, except the heat exchanger, is enclosed in an insulated elec- 
t r i ca l  furnace.. Undoubtedly it will be necessary to insulate and cool the 
test specimens inside the thimble. 

The transient pressure rise in the core  during the burst  is dif- 
ficult to calculate accurately, though simplifying assumptions make i t  
possible to estimate an upper bound. We believe the p re s su re  in the 
hard-core configuration might rise to  f rom 2000 to  3000 atm. In the 
soft-core configuration, the pressure necessary to drive the salt into 
the cups is estimated to  be 100 atm, though the actual peak p res su re  
during the burst  could be appreciably higher than this, depending in 
par t  on the gas  volume in the cups. 

In calculating shapes and magnitudes of the bursts,  we assumed 
that compressibility effects could be neglected, that is, that t he re  is no 
significant lag in salt  expansion a s  its temperature rises. This as- 
sumption may not be valid in fact and is almost certainly not valid for  
the hard core. If subsequent analysis should show such effects to  be 
important, the effect will be to reduce the reactivity required to  
achieve a given burst  yield and to increase the burst  width. 

Fo r  calculating stress levels in the core  walls, alternating loads 
with negligible steady-state components were assumed. For the hard 
core the Hastelloy N container would have to be nearly 1 ft thick and the 
experimental thimble up to 3 in. thick-much more than was assumed 
in the neutronics calculations. This requirement, too, could prove to be 
a serious flaw in this  otherwise very interesting configuration. Fo r  the 
soft core  the membrane lining the reflector would have to  be about 

in., i f ,  self-supporting, and less if supported by the reflector and 
Hastelloy N wall. 

The reflector -container region was examined for thermal s t r e s s e s  
resulting from gamma-ray heating during the burst. With 7% of the 
burst  energy deposited in this region, the peak temperature rise is 
175"C, the average rise is about 30°C, and the steepest radial  tem- 
perature gradient is about 35"C/cm near  the inner surface. These 
moderate conditions a r e  not expected to  cause significant thermal 
s t resses .  
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Problems with materials compatibility do not appear to be serious 
in this reactor,  and ample experience is available in  the handling of 
molten salt and lead. We believe the lower temperature portions of the 
lead system can be made of Croloy. The pa r t s  that see high-tempera- 
ture  salt and lead may require a protective lining of niobium. The cup 
assembly should probably be made entirely of niobium. The high- 
pressure  regions should probably be Hastelloy N with a-niobium liner. 

CONCLUSIONS 

Although additional design and some component development work 
would evidently be required before one could build such a device, we 
believe that a molten-salt burst reactor could be built that would yield 
fluences in the tes t  specimens of nearly l o 6  Mev/cm2 in a single burst. 
The presence of a large intrinsic neutron source prevents assembly in 
the usual weak-source mode and may prevent achievement of the very 
narrow bursts that otherwise appear attainable. We have outlined the 
design of a reactor configuration that will permit assembly in the 
presence of a strong source, with a burst  width l e s s  than 1 msec; 
further design innovations may possibly result  in a worthwhile reduc- 
tion in this parameter. Further details may be found in Ref. 3. 
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DISCUSSION 

THAMER: If a fused chloride fuel were usedcouldnot (1) the aver- 
age neutron energy be still higher and (2) the ( a ,n )  source be l e s s ?  

PERRY: There also a r e  (cr,n) reactions on chlorine, and you could 
reduce the source strength some but not enough. You would still have an 
intrinsic source of something in excess of lo4 neutrons/sec with chlo- 
ride salts. It would be l e s s  than with fluoride sa l t s  but still  too much 
for a weak-source mode of assembly. 

THAMER: Presumably the flux would be somewhat harder,  o r  
could be so, with an appropriate chloride mixture. Although chlorine 
might give some (cu,n) source, the source should be much l e s s  than that 
of fluorine, and the use of chlorides should decrease the problem of 
source strength. 

PERRY: I think that simply changing from the fluoride to the chlo- 
ride salts would not a l ter  the situation a s  I have described i t  because 
even a reduction of two o rde r s  of magnitude in the source strength 
would sti l l  not relieve us  from having to assemble with the reactor es-  
sentially awake and responding at  all t imes during the reactivity in- 
sertion. 

THAMER: As in point (1) I was also thinking in t e r m s  of chlorine 
isotopes not having the high inelastic-scattering c r o s s  sections of fluo- 
rine. 

PERRY: We have not examined this closely, and it is possible that 
one could get a somewhat harder  spectrum with chloride salts .  

CLACK: Could you get the necessary rate of reactivity insertion by 
firing a slug of solid fuel through a through tube ? 

PERRY: Moving a solid and getting the reactivity insertions in the 
time that would be required with a strong source would require accel- 
erations on the o rde r  of l o 4  g; I am not prepared to say this i s  not 
practical, but to me it does not look very practical. 
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ABSTRACT 

A description i s  given of the Electron Driven Nuclear Assembly (EDNA) concept 
being studied at  Sandia Laboratory. The EDNA concept employs a 25-Mev 
200,000-amp electron generator and a compact multiplying assembly. The 
design objective of the program i s  to provide a neutron fluence of approximately 
1 x 1015 neutrons/cm* per  pulse. The pulse width at half-maximum intensity i s  
res t r ic ted to 1 psec.  

In the las t  few years  significant advances have been made in the tech- 
nology of high-voltage flash X-ray generators. Although primarily con- 
cerned with X-ray production, the generators a r e  capable of producing 
useful quantities of neutrons for  experiments through photonuclear 
reactions in appropriate materials. A high-voltage flash X-ray device, 
when coupled with a small  fissile multiplying medium, can, in fact, 
compete with a fast  burst reactor, such as the Sandia Pulsed Reactor I1 
(SPR 11), in producing usable neutron fluence. Such a coupled system 
offers both the advantage of much higher dose rates than those obtain- 
able with fast burst  reac tors  and the advantage of grea te r  nuclear 
safety since the assembly is operated at subprompt cri t ical .  

The principle of operation of a high-voltage-generator -multiplying- 
medium combination (shown schematically in Fig. 1) is as follows: the 
high-energy electron beam produced by the generator is impinged on 
a high-Z target  located, ideally, near  the center of the multiplying 
assembly. A portion of the bremsstrahlung radiation produced in the 
target  undergoes (y,n) and (y,f) reactions in the fuel material of the 
multiplier. The neutrons so produced are increased in number by 
subprompt cri t ical  multiplication in the assembly. 

403 
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Fig. 1 --Booster concept. 

This principle of operation has been demonstrated on the Gulf 
General Atomic, Inc., Accelerator Pulsed Fast  Assembly (APFA)' and 
with the Harwell Neutron Booster' in England. In both systems a Linac 
is employed to generate the electron beam, and the neutron yield is 
therefore limited by the low electron currents typical 'of Linacs. The 
time-dependent behavior of a source-driven nuclear assembly has been 
described by Russell e t  al.,3 along with a discussion of the nuclear pa- 
r ame te r s  that govern the performance characterist ics of such an a s -  
sembly. Some measured and calculated information4 concerning neutron 
production per  electron incident on various materials is available in 
the l i terature.  

There is need in radiation-effects research for more-intense 
radiation sources  than a r e  currently available. In answer to this need, 
Sandia Corporation is presently pursuing the development of the Elec- 
t ron Driven Nuclear Assembly (EDNA). The design objective of the 
EDNA program is to produce a usable neutron fluence of loi5 neutrons/ 
cm' in a single pulse with a width at half-maximum intensity of 1 psec.  
A s  presently conceived, EDNA would consist of a 25-Mv 200,000-amp 
generator and a Godiva-like multiplying fuel assembly. 

A 25-Mv 200,000-amp generator requires an extrapolation of the 
technology developed in the design of the 12-Mv Hermes I1 device 
presently in use at  Sandia. The performance characterist ics of this 
new device cannot be accurately predicted but can be scaled from the 
existing generator performance. The practical considerations asso- 
ciated with the large energy content of the electron beam and the time- 
dependent fission densities required will necessitate sacrifices in the 
nuclear performance to maintain the mechanical integrity of the system. 

Inroads into the major design problems have been made. The abil- 
ity to drift a high-current electron beam is presently being investigated. 
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Preliminary resul ts  a r e  promising but inconclusive. Studies have indi- 
cated that composite targets  can be designed to absorb most of the 
electron-beam energy in nonfissile target materials a t  a minimal 
sacrifice in neutron production. The order  of fuel component segmen- 
tation necessary has been identified by s t r e s s  analysis of systems of 
interest ,  and concepts compatible with these findings a r e  being ex- 
plored. 

Uranium-235 is being used as the principal f issile material  in the 
present design studies, but 233U is being considered in the event that 
the design objectives cannot be achieved using 235U. 

The EDNA program now in the feasibility phase at  Sandia Lab- 
orator ies  is an attempt to provide a radiation source for experi-  
menters  which is capable not only of duplicating the pulse character-  
is t ics  of existing fast  burst  reactors  but also of generating dose r a t e s  
far in excess of those produced by fast burst  reactors.  The overall  
design of such a facility as the one described previously can be broken 
into four separate,  but not independent, design areas .  These a re :  (1) the 
design of the high-voltage high- current generator; (2) the development 
of high-current beam-handling techniques; (3) the design and develop- 
ment of electron-beam targets  compatible with the energy delivered in 
the electron pulse; and. (4) the design and development of a fuel as- 
sembly capable of withstanding the mechanical effects of the t ime- 
dependent fission densities required while maintaining a level of nu- 
c lear  performance sufficiently high to ensure that design objectives 
will be met. These design a r e a s  represent a considerable extrapola- 
tion of existing technology. The remainder of this paper is devoted to  
a discussion of the important facets of each of the major design a reas .  

@ 

HIGH-VOLTAGE GENERATOR 

@ As now envisioned, the EDNA high-voltage generator will be quite 
s imilar  in concept to the 12-Mev Hermes I1 generator which has  been 
under development at Sandia Laboratories for the past 3 years.  Al- 
though the EDNA generator must be capable of operating at  approxi- 
mately twice the voltage to which Hermes I1 has been tested, the 
Hermes 11 performance characterist ics provide a useful base from 
which to extrapolate performance characterist ics to the EDNA gen- 
erator .  

The basic components of a flash X-ray system, such as Hermes 11, 
are a Marx generator, a Blumlein transmission line, and an electron- 
beam-forming vacuum tube.5 A Marx generator consists, simply, of a 
bank of capacitors which se rves  a s  the primary energy storage of the 
flash X-ray system. The operation of the Marx generator consists of 
charging the capacitors in parallel to the operating voltage and then 
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switching the capacitors in s e r i e s  to give a voltage multiplication of 
n, where n is the number of capacitors. The Marx generator charges 
the Blumlein transmission line in approximately 1 psec.  A Blumlein 
transmission line consists of two transmission lines, which a r e  
charged in parallel  and, like the Marx generator capacitors, are 
discharged in s e r i e s  in approximately 70 nsec. The Blumlein pro- 
vides a rapid-discharge intermediate-energy storage between the 
Marx generator and the X-ray vacuum tube. 

The Hermes I1 Marx generator, consisting of 186 1-pf 100-kv 
capacitors, has  a maximum energy storage capability of 1 mega- 
joule but is presently being charged to 0.5 megajoule. Upon the dis- 
charge of the Marx generator capacitors in series, the stored energy 
is t ransferred to the 30-ft-long Blumlein. This energy, in turn, is 
rapidly t ransferred to the electron-beam-forming vacuum tube. A 
high-voltage short-duration electron beam is formed, and it is impinged 
on the high- Z anode, producing bremsstrahlung radiation. 

The Hermes I1 generator shown in Fig. 2 is enclosed in a cylindri- 
cal tank 20 ft in diameter and 80 f t  long which is filled with 150,000 gal 

7 M A R X  GENERATOR 

VACUUM SYSTEM-’ LTUBE ANODE 

Fig. 2-Hertnes II. 

of high-quality mineral  oil to provide electrical  insulation. The gen- 
erator  has  been tested up to a maximum tube voltage of 12 Mv and a 
corresponding tube current of 200,000 amp. For such an operation, an 
X-ray dose of approximately 6000 rad to water is produced 1 m from 
the target; the effective duration of the radiation pulse is approximately 
70 nsec. Hermes I1 will be operated with a nominal maximum tube 
voltage of 10 Mv, a tube current of 160,000 amp, and an X-ray dose 
at  1 m of 3000 rad. The machine is presently being operated con- 

, 
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servatively to avoid voltage breakdown levels in the Blumlein support 

insulators, and dendriting in the insulators of the vacuum tube. With 
moderate design changes, Hermes I1 could be extended to 14-Mv op- 
eration with a tube current of approximately 230,000 amp and with 
improved pulse shape characterist ics.  

The t ime constants associated with both Blumlein oil switching 
and the electron-tube inductance influence the time behavior of the 
voltage developed across  the X-ray tube and result  in an efficiency 
loss in transferring energy to the electron beam. A typical nor- 
malized Hermes TI voltage pulse shape is shown in Fig. 3 and com- 

I 
I structure,  tube shorting on the vacuum side of the beam-forming-tube 

_ -  SOUARE-WAVE OPERATION - TYPICAL HERMES Il PULSE SHAPE 
IPSEUDOSINE OPERATION) 

0 20 40 60 80 100 120 140 160 180 200 
TIME, NSEC 

FLg 3-High-uoltage geiierator tube voltage as u fiLtictLon of time 

@ pared with an optimum pulse which would resul t  from the elimination of 
all  undesirable delay times. The typical pulse shape and the optimum 
pulse shape will hereafter be referred to as that which resul ts  from 
pseudosine operation and square-wave operation, respectively. Owing 
to  the nature of the time-dependent voltage pulse, many of the beam 
electrons produced in normal operation have an energy far less than 
that required for significant neutron o r  X-ray production, and the 
effective radiation pulse duration is significantly smaller  than the 
actual beam duration. 

The basic design parameters  of a 25-Mv 200-kamp generator can 
be extrapolated from the r e sea rch  resul ts  leading to the development of 
Hermes 11. However, this extrapolation indicates that a large and 
somewhat expensive installation will be required. The Marx genera- 
t o r  for the EDNA machine will probably require  an energy storage 
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capability of approximately 1 megajoule, which should not present 
serious difficulties. The Blumlein and oil volume requirements will 
scale with energy according to the Hermes I1 parameters.  

The limitations placed on Hermes I1 by the voltage breakdown, 
tube shorting, and dendriting problems necessitate an investigation of 
these a r e a s  before the Hermes I1 design concept can be extended to a 
25-Mv 200-kamp machine for booster application. Further r e sea rch  
will also be required in the a r e a s  of multichannel oil switching in the 
Blumlein and of electron-tube cathode inductance to optimize the volt- 
age pulse characterist ics.  Studies in each of theproblem a r e a s  are now 
underway. Much experimental support can be given to the studies since 
Hermes I1 is now available for use in investigating these areas .  

ELECTRON-BEAM TRANSPORT 

The delivery of the electrons to the multiplying assembly repre-  
sents  a major problem area,  primarily because of a lack of knowledge 
concerning drift  phenomena for high-current high-energy electron 
beams. Little information is available concerning high- current elec- 
t ron transport, and virtually no information is available covering the 
25-Mv 200-kamp region of interest. 

The ability to drift  the 3.5-Mev 45,000-amp Hermes I electron 
beam over a distance of several  feet and around extreme bends in a 
drift chamber has been demonstrated at  Sandia. (Hermes I is a scaled- 
down version of Hermes 11.) The beam energy loss  upon bending the 
Hermes I beam has not been determined. Equal success  has been 
attained at  other facilities5 with beams of lower energy (-0.5 MeV) but 
with currents  in excess of 100,000 amp. The ability to drift  these lower 
energy beams with relative ease,  and even to divide the beam into two 
o r  more distinct beams, has been demonstrated. Experiments to date 
indicate, however, that a continued degradation, both in total beam 
energy and in the maximum energy per electron, occurs as the beam 
is drifted. 

The nature of the electron beam must be well understood before 
the target design can be optimized. A lo s s  in beam energy, partic- 
ularly if  this loss  occurs in the higher energy component of the elec- 
tron beam, can result  in a severe loss  in neutron production. The 
t ransverse component of electron motion in the beam influences the 
distribution of energy deposition in the target and the angular distri-  
bution of the resulting bremsstrahlung radiation. If the ease  of beam 
handling demonstrated with lower energy beams can be demonstrated 
for  the range of interest  for the EDNA machine, many new beam- 
target concepts can be explored. 
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The Hermes I1 beam has been successfully extracted from the 
vacuum tube, and experiments a r e  presently underway to determine the 
parameters  associated with electron beams in the 7- to 10-Mev 100- 
to  200-kamp range. Once the characteristics of these beams a r e  un- 
derstood, an extrapolation to the 25-Mev 200-kamp level may be 
possible. 

TARGET DESIGN 

The object of the target  design is to provide a target  which (1) is 
efficient in neutron production, (2)  is of a s ize  and geometry useful for 
booster application, and (3) will prevent damage to the fuel assembly 
by the electron beam. The design depends strongly on the character-  @ is t ics  of the electron beam delivered by the high-voltage generator. 
Optimally the 25-Mev 200,000-amp electron beam of the EDNA gen- 
e ra tor  would be monoenergetic and of constant current for  the dura-  
tion of the pulse. This type of pulse would correspond to square-wave 
operation and would resul t  in the greatest  efficiency in converting the 
energy s tore  of the system into neutrons. The time constants asso-  
ciated with switching and those associated with the inductances of the 
high-voltage system prevent the achievement of pure square-wave 
operation, and the voltage shape is more likely to be like that of 
Hermes I1 shown in Fig. 3. The 23aU target-neutron production per  
megajoule of incident-electron-beam energy as a function of the max- 
imum energy pe r  electron of the pulse is shown in Fig. 4 fo r  the two 
modes of operation. M. H. McGregor’s4 calculated data was used to 
determine the total neutron production in the target.  Figure 5 indicates 
time-dependent target-neutron production. 

There is reasonably good agreement between MacGregor’s calcu- 
@ lated data and some recent measurements made by D. E. Groce of 

Gulf General A t ~ m i c . ~  Groce’s data indicate that an increase in neu- 
t ron production of 20 to 30% can be achieved using 235U, 233U, o r  239Pu 
as the electron target  material instead of 238U. The use of fissile mate- 
rials as principal targets  in the EDNA scheme, however, would resul t  
in higher target  energy densit ies,  than in 238U owing to the increased 
heating from (n,f) rea.ctions. 

The efficient amplification of the neutrons produced in the target  
requires  that the neutrons be produced in a region of high neutron ef- 
fectiveness. In a bare  homogeneous system, the highest neutron effec- 
tiveness is at the center of the assembly. The dimensions of the beam- 
entry cavity also influence the cri t ical  size of the assembly, which, in 
turn, determines the prompt-neutron lifetime and, consequently, the 
maximum prompt multiplication that can be achieved for a given pulse 
width. A large beam-entry cavity would ultimately resul t  in lower 
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Fig. 4-Neutron yield f r o m  thick 238Utargel as  function of peak electron energy 
Curve A,  Square-wave operation. Curve B ,  Pseudosine operation. 
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Fig. 5- Time-dependent neutron production f r o m  238U target. 

yield performance for  a given system. Therefore, from the standpoint 
of neutron effectiveness and prompt multiplication, the diameter of 
the electron beam and the target dimensions must be kept small  com- 
pared with the dimensions of the fuel assembly. 

Materials problems will, however, dictate a lower limit on the 
beam diameter owing to the large amount of energy delivered in the 
electron pulse, For illustrating the conflict between the physics view- 
point and the materials viewpoint, consider a 3-in. -diameter, 200,000- 
amp, 25-Mv electron beam. For simplicity of discussion the beam 
pulse is assumed to be a square wave and to be of 100-nsec duration. 
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Such a beam diameter is very large from a physics point of view but 
resul ts  in an energy fluence of 11 kilojoules/cm2 of beam area.  If the 
beam were impinged directly on a uranium target,  an energy deposi- 
tion of approximately 150 cal/g would result  near the surface of the 
uranium owing to electron ionization-collision losses  alone, far in 
excess of the energy density required to melt the uranium. 

Composite targets can be constructed which will absorb most of 
the beam energy in materials other than uranium or  plutonium at  a 
small  sacrifice in neutron production. Consider a target consisting of 
a layer of some high-Z material ,  such as  tungsten, a layer of some 
low-Z material, such as graphite, and a layer of uranium o r  plutonium, 
as illustrated in Fig. 6. The electron-beam incident on the tungsten 

BREMSSTRAHLUNG PROWCTION 

Fig. 6 -Composite target. 

will produce bremsstrahlung radiation which is transmitted with little 
energy loss through the graphite to the uranium, thereby producing 
neutrons. The production of bremsstrahlung radiation, effective in 
producing neutrons, is a maximum for a tungsten thickness less than 
the maximum electron range; the purpose of the graphite is to prevent 
the electrons emerging from the tungsten from penetrating to the ura-  
nium. The thickness of the tungsten and graphite l aye r s  can be chosen 
to  maximize neutron production with the restriction that no electrons 
penetrate to the uranium. If it is assumed that all the bremsstrahlung 
radiation produced in the tungsten by a 200-kamp, 25-Mev, 100-nsec 
square-wave pulse remains in a 3-in. -diameter beam, approximately 
30 cal/g will be deposited at  the front surface of the uranium as a 
result  of bremsstrahlung heating. Even with the additional heating due 
to  (y,n), (y,f), and (n,f) reactions, the temperature in natural  o r  de- 
pleted uranium would remain below the melting point. The use of 
235U, 233U, or 239Pu would result in much higher temperatures  because 
of the increased (n,f) contribution, 

The use of composite targets, such a s  the one described in the 
preceding paragraph, would result  in significantly lower energy depo- 
sitions in the uranium or plutonium components of the target,  but ex- 
cessively high energy depositions would occur in the tungsten layer 
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of the target. Furthermore,  the inertial s t r e s s e s  developed in all  
l aye r s  of the target  by such rapid heating increase both the difficulty 
of maintaining the integrity of the target and of preventing damage to 
the fuel assembly. Segmentation of the target materials into small  
component pieces will result  in a lowering of the dynamic s t r e s ses ,  
but i t  is doubtful that target integrity can be maintained. In the likely 
event that one-shot target packages a r e  selected for  the EDNA pro- 
gram, the problem of containing heavy-metal vapors and fission prod- 
ucts  from the target and of preventing damage to the fuel assembly 
will remain a major concern. 

The composite target given a s  an example is but one of many con- 
cepts to be explored. Other geometrical configurations (e.g., a target 
that is slanted with respect to the direction of the beam) offer not only 
the possibility of reducing the dynamic stresses that resul t  but also of 
significantly lowering the energy deposition per  unit m a s s  of the target 
materials. Many materials, particularly the carbides, open the possi- 
bility of still further reduction in the temperatures of the target 
materials. 

The development of the EDNA target package requires  efforts in 
both theoretical and experimental programs. Existing computational 
models for  electron transport  and subsequent target heating a r e  being 
improved. The techniques used for  stress analysis in Sandia’s fast  
burst  reactor program are to be used for stress analysis of the target 
concepts. The resul ts  of these models form the basis  for  an experi- 
mental program using the existing Sandia flash X-ray devices and 
facilities outside Sandia Laboratories. The experimental program con- 
sists of an evaluation of various target concepts and mater ia ls  from 
the standpoint of both neutron production and target integrity. 

A s  part  of the experimental program, Sandia recently conducted 
a s e r i e s  of experiments using the APFA facility. The purpose of these 
experiments was to determine the relative neutron production of vari-  
ous composite targets. The Linac provided a 200- to  400-mamp pulse 
of 17-Mev electrons. The beam was directed into a Yd-in.-diameter 
beam-entry cavity and impinged on a target package near  the center 
of the multiplying assembly. For  the experiment 17-Mev operation of 
the Linac was chosen because, a t  the time, i t  was thought that 17-Mv 
operation might be obtainable with Hermes 11. 

Figures 7 and 8 give the neutron production for  target configura- 
tions similar to the composite target discussed previously in this  
section (Fig. 6). The resul ts  have been normalized to the production 
achieved by impinging the beam directly onto 235U. One inch of graphite 
was placed between the high-Z electron target and the uranium to 
ensure that no electrons capable of producing neutrons penetrated to 
the uranium. The resul ts  indicate that the composite targets  studied 
were at  least  20% l e s s  efficient in neutron production than a 235U (93% 



A DATA GRCUP I 
0 DATA GROUP 2 

W ,,p 
4 

O I  01 

413 

Fig.  7-iVeutron pvoditctioti ~ Y O I I Z  composite target as function of the thickness 
of the high-Z layer .  Values are noril2alized to productiotz without tantalui?z or 
carbon. 
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Fig. S --?VeutTon productioiz ~ Y O I I Z  composite target as  fiatzctiotz of tantalum 
thickness. 

enriched) target. Similar results have been obtained using a mercury 
interface. 

Although it is reasonable to extrapolate the resul ts  obtained with 
17-Mev electrons to the 25-Mev region of interest, future confirming 
experiments a r e  planned. 
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FUEL ASSEMBLY DESIGN 

General Considerations 

The specific objective in the fuel-assembly design a rea  is to  pro- 
duce a fuel system which (1) is compatible with the target design and 
with the beam-transport requirements, (2) will withstand the rapid 
temperature r i s e  and dynamic s t r e s s e s  associated with the fission 
density and rate  required to meet the overall fluence requirements, 
and (3) will (within the limitations imposed by the f i rs t  two condi- 
tions) produce in a small  but usable irradiation cavity a total neutron 
fluence of lo i5  neutrons/cm2 in a single pulse whose width at  half- 
maximum intensity is 1 psec. 

The total neutron yield of the fission pulse resulting from the sub- 
prompt cri t ical  multiplication of an accelerator-pulsed source of 
neutrons can be given to a good approximation by 

YN = y, k M, Lts S(t) dt 

where k = neutron reproduction number for  finite geometry 
M, = prompt multiplication factor [- l/k( 1 - P)- 11 

y ,  = effectiveness of the source neutron in producing fissions 
relative to a normal mode distribution of neutrons produced 
by neutron-induced fission within the assembly 

S(t) = time-dependent accelerator-induced neutron production rate- 
p = effective fraction of all fission-produced neutrons that re- 

t,  = duration of the accelerator-induced neutron pulse 
sulted from the decay of fission fragments 

Equation 1 is obtained using the one-energy-group space-independent 
kinetic equations. The effect of delayed neutrons and reactivity feedback 
have been ignored. The time-dependent behavior of the multiplied 
neutron pulse depends on the time history of the accelerator-induced 
neutron source; but, for  source-duration t imes much less than that of 
the multiplied pulse, the multiplied pulse width a t  half-maximum in- 
tensity (hereafter referred to a s  half-width) can be approximated by 

( 2) P.W. =>+ t M, I l n  2 2 

where I = prompt-neutron generation time and P.W. ,= pulse width. 
Equation 2 is developed for a square-wave-source time behavior using 
the one-energy-group space-independent kinetic equations. Again the 
effects of the delayed neutrons and reactivity feedback a r e  ignored. 
The relation se rves  a s  a good approximation for  other source-pulse 
shapes, providing t,  << pulse width. 
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Combining Eqs. 1 and 2 resul ts  in an approximate but useful re- 
lation between parameters  pertinent in the design of the EDNA fuel 
assembly: 

The maximum neutron fluence that can be made available in the ex- 
periment cavity depends not only on the total neutron yield but also 
upon the geometrical configuration and the nuclear properties of the 
fuel assembly. For  purposes of discussion, consider a bare  homoge- 
neous fast assembly, such as Lady Godiva‘ or Jezebel.‘ For a given 
time-integrated neutron-flux profile and a given neutron yield, the 
maximum neutron fluence available is inversely proportional to  the 
product vfMfo, ,  where v ,  is the average number of prompt neutrons 
produced pe r  fission, M, is the m a s s  of fissile material ,  and of is 
the microscopic fission c r o s s  section of the fissile material .  Fo r  a 
given neutron yield, the maximum neutron fluence available in the 
massive Super KUKLA’ is less than that which would resul t  f rom a 
s imilar  but more compact system of higher enrichment. 

Both the total neutron yield (for a given pulse half-width), by vir-  
tue of the prompt-neutron generation time of the assembly, and the 
maximum neutron fluence (for a given total neutron yield) a r e  in- 
fluenced by the s ize  of the system. F rom a physics standpoint, the 
most desirable system for  boosting is the smallest  system. Three 
principal fissile materials,  namely, 233U, 235U, and 239Pu, are gen- 
erally considered for  booster applications. A few of the parameters  
governing the performance of three such bare  homogeneous spherical 
systems are given in Table 1. 

@ 

Table 16-8 
PARAMETERS FOR BARE HOMOGENEOUS SPHERICAL SYSTEMS 

- - 
Critical Critical Prompt-neutron - “Of 

System mass, kg radius, cm lifetime, nsec “f25 

-93% 235u -53 8.72 -6 1.0  2.59* 1 .0  
239Pu -16 6.3 -3 1.68 3.077 1.42* 

-16 6.0 -3 1.70 2.72* 1.63* 2 3 3 ~  

*Godiva spectrum. 
TJezebel spectrum. 

The 239Pu and 233U systems a r e  f a r  superior to a 235U system with 
respect  to  the nuclear considerations alone, but, for a given neutron 
fluence, the 239Pu and 233U systems would experience much higher tem- 
perature  rises. Furthermore,  the alpha decay rate of 239Pu and 233U 
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constitute a potential health hazard that must be considered in the de- 
sign of a working facility. The radiological health hazard associated 
with 233U is further complicated by the activity buildup due to the 
presence of 232U. Uranium-233, containing l e s s  than 1 ppm 232U, is 
available, however. In view of the health problems associated with 
239Pu or 233U and because of the greater amount of available informa- 
tion on 235U systems, 235U has been chosen as the principal f issile 
material  for the initial design studies. 

For examining the net effect of the design considerations in the 
following sections on the ultimate performance of a high-yield booster 
system, consider the performance characterist ics of a solid 93%- 
enriched uranium system optimized for neutron fluence without re-  
gard to material limitations. Such a model s e rves  a s  a reference for 
studying effects of various design considerations, 

A 235U assembly optimized for neutron fluence output, but ignoring 
material  limitations, would be a solid sphere with negligibly small  
beam-entry and irradiation cavities. The performance characterist ics 
of such an assembly driven by the EDNA generator a r e  compared with 
existing APFA data in Table 2. The neutron-source production is 

Table 2 

PERFORMANCE CHARACTERISTICS FOR APFA AND EDNA GENERATORS 

APFA" ' EDNA EDNA 

Peak  electron energy, Mev 
Voltage pulse shape 
Voltage pulse duration 
Peak electron current ,  amp 
Electron-beam energy 
Neutron-source production 
Source-neutron effectiveness 
Neutron multiplication 
Fiss ion pulse width, psec  
Fiss ion yield, fissions 
Peak neutron fluence, neutrons 

45 
Square wav 
4.5 psec  
0.7 
142 joule 
6 X l o i i  
1 .8  
1000 
8 

/cmz 3 . 8 ~  l o i 2  
4.2 x 1014 

25 
e Pseudosine 

100 nsec* 
200,000 
430 kilojoule 
8.7 x 1014 
1.8 
230 
1 
1.4 x i o i 7  
1.3 x 1015 

25 
Square wave 
100 nsec 
200,000 
500 kilojoule 
1.35 x 1015 
1.8 
230 
1 
2.2 x 10'7 
2 x 1015 

*Effective radiation pulse duration. 

estimated for a 238U target using MacGregor's calculated data, and a 
relative source-neutron effectiveness of 1.8 was chosen for  all  sys- 
t ems  presented. Reactivity feedback was ignored, and the beam-entry 
and irradiation cavities were taken to be negligibly small, A prompt- 
neutron lifetime of 6 x lo-' sec was used for the EDNA system. 

It is important to emphasize that the performance characterist ics 
stated for the EDNA concept in Table 2 a r e  highly idealized and a r e  
not representative of a real  system. 

e 
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Therrnornechanical Considerations 

For providing a neutron fluence of 1015 neutrons/cm2 in a single 
pulse, time-integrated fission densities comparable to those of high- 
yield fast  burst  reactors  a r e  required, For  illustrating the severity of 
the stress problem associated with the EDNA design, an existing high- 
yield fast  burst  system, namely, SPR 11, will be considered. 

The Sandia Pulsed Reactor I1 is a Super Godiva fueled with 93%- 
enriched uranium alloyed with 10 wt.% molybdenum ( see  R. M. Jeffer-  
son, Session 2, Paper  3). Each of the s ix  1.3-in.-thick plates is an 
annulus with a ly2-in. inner diameter and an 8.0-in. outer diameter. 
When fully assembled the 104-kg core fo rms  a right-circular cylinder 
8.0 in. in diameter and 8.2 in. high. An axial glory hole 1.5 in. in 
diameter defines an internal irradiation cavity in which a neutron 
fluence of 1015 neutrons/cm2 may be produced in a single maximum- 
yield pulse. 

The SPR I1 is operated in the superprompt cri t ical  mode; it de- 
l ivers  a neutron fluence of 1015 neutrons/cm2 at the center of the glory 
hole in a 32-psec half-width pulse. The fission yield for  such a pulse is 
approximately 1.7 x lo’’, which produces a peak fuel temperature rise 
of 560°C. Without providing some form of s t r e s s  relief, dynamic ten- 
sile s t r e s s e s  in excess  of 160,000 psi  a r e  produced at  the surface of 
the glory hole. Although this is far  in excess of the static-yield 
strength at  the corresponding temperature,  the dynamic-yield strength 
is obviously not exceeded. A one-dimensional s t r e s s  analysis indicates 
that a peak dynamic tensile stress in excess of 600,000 psi  would re- 
sult if  SPR I1 were subjected to  the same  fission yield in a 1-psec half- 
width pulse. 

The EDNA fuel assembly will be subjected to  comparable tempera- 
ture  r i s e s  but a t  r a t e s  approximately 30 t imes those for  SPR 11. The 
stress condition constitutes the major limitation in the fuel-assembly 
design. Subdivision of the fuel assembly into small components and 
the choice of proper fuel materials can resul t  in considerably more 
favorable s t r e s s  conditions but at a significant l o s s  in nuclear per- 
formance. It is not sufficient merely to  select  a high-strength mate- 
rial; the material  must be selected on the bas i s  of a combination of 
such properties a s  the expansion coefficient, density, heat capacity, 
Poisson’s ratio, modulus of elasticity, and the yield strength that will 
result  in the most favorable s t r e s s  conditions with minimum los s  in 
nuclear performance. Complete information is available on only a few 
of the alloys of interest. The acquisition of additional data on other 
alloys is the basis  of a fuel study now in progress.  

Some knowledge of the behavior of U-10 wt% Mo has been gained 
through the calculational and experimental studies of SPR 11, and 
U-10 wt.% Mo has been used in the preliminary s t r e s s  analysis of 
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the EDNA fuel assembly (see J. A. Reuscher, Session 1, Paper  3). To 
date two basic fuel component geometries have been investigated: small 
spheres  and 10-in.-long rods of small diameters. Uniform heating was 
assumed for the spheres  and for the radial dimension in the cylinders. 
An axial heating profile like that of the SPR I1 fuel was assumed for 
the cylinder, The calculations were performed using pulse profiles 
like those expected for the booster, if reactivity feedback is ignored 
(curve 1 in Fig. 9), and like that predicted by Fuch's model for  super- 
prompt operation (curve 2 in Fig. 9). The components were assumed to 
be unconstrained by external materials. Some of the resul ts  a r e  given 
in Figs. 10 and 11. 

I I I I I I I I 

TIME, pSEC 

Fig. 9-Fission rate as function of t ime .  Curve 1 ,  Expected booster pulse 
shape, (no reactivity feedback). Curve 2, Gaussian pulse shape. 
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The strong dependence of the peak dynamic tensile s t r e s s  on the 
fuel component dimensions, the temperature r ise ,  and the pulse dura- 
tion is clearly evident. The results of other calculations indicate a 
significant dependence on the exact pulse profile. The peak dynamic 
s t r e s s  for the expected booster profile was approximately 30% l e s s  
than that for the Gaussian profile. On the basis of these preliminary 
results,  spheres of diameter no greater  than 0.25 in. and cylindrical 
rods with diameters l e s s  than 0.20 in. appear to be acceptable. A s  yet, 
no calculations have been performed for  thin fuel plates. The results 
f o r  other geometries suggest that very thin fuel plates (thickness 
-0,100 in.) might be acceptable. 

The segmentation required has  a detrimental effect on most other 
phases of the design. The increased surface a rea  imposed by segmen- 
tation increases the likelihood of corrosion and resultant alpha and 
fission-fragment contamination problems which could be severe  if 
233U or  239Pu a r e  used. The use of a very thin protective coating and 
an inert-gas cooling system, such as that used for SPR XI, appears 
mandatory. The increased surface a r e a  will, however, permit much 
more rapid cool down than is achievable with present fast burst  reac- 
tors. The assembly of many small  components will require a struc- 
tural design unlike that of preceding fast  burst  systems; various con- 
cepts a r e  now being studied. 

The addition of diluents, such a s  molybdenum (to give better dy- 
namic response), voids (produced by segmentation to reduce the s t r e s s  
levels), and cladding (to reduce corrosion and contamination), have a 
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detrimental effect on the nuclear performance of the system. Each addi- 
tion effectively increases  the size of the system, thereby increasing the 
effective prompt-neutron lifetime and lowering the maximum neutron 
fluence for  a given neutron yield. 

The introduction of voids by division of the fuel into small  com- 
ponents resul ts  in a decrease in the effective density of the system. 
The crit ical  s ize  and the prompt-neutron lifetime of a bare  homoge- 
neous spherical uranium (enriched to 93% 235U) system as a function 
of the effective density of the uranium is illustrated in Fig. 12. The 

01 0.2 0.3 0.4 0.5 0.6 0.7 0 8  0 9  
EFFECTIVE URANIUM DENSITY (pol  

Fig. 12-Critical radius atzd prompt-rieutrorz lzjetirne as  fuuctioiz of uratiium 
deris i ty .  

c i r c l e s  represent the resul ts  of a 58-energy-group Monte Carlo cal- 
culation. Over the range of densities examined by Monte Carlo tech- 
niques, the cri t ical  radius and the prompt-neutron lifetime were found 
to be inversely proportional to the density of the system. It is of 
interest  that this  result  is identical to  that predicted by a simple 
one-energy-group diffusion-theory analysis. 

The maximum packing fraction obtainable with uniform spheres  is 
0.74, which corresponds to a face-centered cubic structure. From 
Fig. 12 we see that reducing the density of a ba re  spherical 93.9%-en- 
riched spherical system to 0 . 7 4 ~ ~  increases  the critical radius f rom 
8.72 to 11.8 c m  and the prompt-neutron lifetime from 6 to  8.1 nsec. 
Using Eq. 3 and holding all other parameters  constant, we see that 
such a change in the prompt-neutron lifetime would resul t  in a 26% 
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los s  in total neutron yield. A 0.905 packing fraction can be achieved 
with uniform-diameter rods; this would, according to  Fig. 12, result  
in a minimum prompt-neutron lifetime of 6.6. The use of spheres  or  
cylindrical rods of two different radii  would result  in increased pack- 
ing fractions. 

Fuel Assembly Configuration 

The design of the EDNA fuel assembly must result  in a small  com- 
pact assembly with cavities for electron or gamma-radiation entry, for 
the neutron-producing target, and for experiment irradiation. In addi- 
tion, the fuel assembly design must incorporate mechanisms for  nor- 
mal slow reactivity control and for  fas t -scram capability. 

TARGET AND BEAM-ENTRY CONSIDERATIONS. The s ize  and depth 
of the beam (gamma or  electron)-entry cavity required depends 
strongly on the beam-target concept employed for  neutron production. 
In any event the incorporation of a beam-entry cavity in the design will 
result  in a less than optimum fuel-assembly geometry. As par t  of 
Sandia's target study program, two basic beam-target schemes were 
investigated using the APFA. By varying the depth of the radial y4-in.- 
diameter APFA beam-entry cavity, we could study the relative multi- 
plied neutron production a s  a function of cavity depth. The 17-Mev 
electron beam was impinged on 235U a t  the end of the cavity. The re- 
sults a r e  shown in Fig. 13; they indicate that electrons impinging near  
the center of the assembly are approximately three t imes a s  efficient 
in overall neutron production as electrons applied to the outside sur-  
face. No allowance has  been made for  degradation of the electron beam 
as it is transmitted in air over the distances of concern. 

The high forward peaking of the bremsstrahlung radiation suggests 
the possibility of placing a target outside the assembly and using the @ beam-entry cavity for transmission of the bremsstrahlung radiation to  
a point near  the center of the assembly. Such a scheme would allow 
most of the electron-beam energy t o  be deposited in a material  ex- 
ternal to  the fuel assembly. Again using the APFA facility, we investi- 
gated the effect of such a scheme; the resul ts  indicated that a 40% re -  
duction in yield would result  from placing the electron target  a t  the 
outside surface rather  than near  the center of the assembly. This  
result  is, of course, tied to  the particular character is t ics  of the beam 
delivered to the APFA fuel assembly. It may be possible to  increase 
the multiplied yield of the system by filling the cavity with a low-Z 
material .  The low-Z material  would have the effect of increasing the 
effectiveness of the gamma-produced neutrons and of decreasing the 
cri t ical  size of the fuel assembly, However, some los s  will occur in 
the amount of bremsstrahlung radiation delivered to the uranium. 

' 
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Furthermore, the addition of a large amount of low-atomic-mass 
material will certainly result  in an increase in the effective prompt- 
neutron lifetime of the system. The net effect of such a target con- 
figuration will be determined in future experiments. 

The interplay between the beam-entry cavity size,  depth, and 
location and the source-neutron effectiveness is quite complicated. 
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Fig.  13-Relative neutron production as a function of beam-entry depth f o r  
APFA. No correction f o r  gamma penetration. 

Ideally, the neutrons would be produced at  the center of a solid assem-  
bly by an electron beam traveling through an infinitesimally small  
beam-entry cavity. A s  the size of the beam-entry cavity and effective 
target surface a rea  increase, the effectiveness of the neutrons de- 
creases ,  owing to the increase in solid angle f o r  leakage and the in- 
c r ease  in the mean distance of neutron production from the center of 
the assembly. Furthermore, to provide a beam-entry cavity and non- 
fissile materials in the target, fuel material  must be displaced. The 
crit ical  size and prompt-neutron lifetime a r e  then increased, resulting 
in an overall reduction in performance. 

IRRADIATION CAVITY. The maximum neutron fluence in a bare  fast 
metal assembly occurs  near the center of the system. Removal of fuel 
material  from this region to provide an irradiation cavity constitutes 
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a reactivity loss  which, when adjusted for, resul ts  in a dispropor- 
tionately larger  addition of mass  on the outside surface. Furthermore,  
the l a rge r  and hence the more usable the irradiation cavity, the lower 
will be the average neutron fluence in the cavity for a given peak neu- 
tron fluence in the system. The net resul t  of incorporating an i r radia-  
tion cavity a t  the point of maximum neutron fluence is an overall 
reduction in total neutron yield and a corresponding reduction in the 
neutron fluence for a given neutron yield. A s  the size of the cavity in- 
creases ,  so does the degradation of the assembly performance. In 
selecting the location and s ize  of an irradiation cavity, one must also 
consider the relative intensities of the bremsstrahlung and neutron 
radiations. The SPR I1 can and will be used to study the effect of beam- 
entry cavity size for  cavity diameters up t o  1.5 in. Limited neutron 
effectiveness studies can also be performed using SPR 11. These 
experiments, though limited, will provide useful checks on calcula- 
tional models. 
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REACTIVITY CONTROL. For the provision of slow reactivity control 
without an .excessive number of control elements, schemes other than 
those used in fast  burst  reactor  design must be incorporated into the 
fuel assembly design. Excessive s t r e s s  levels would be produced in 
solid fissile control rods, such as those usedin SPR I1 (10 in. in length, 

nonfissile materials should not be used internally. Indications a r e  that 
the best mechanism for control is nonmoderating reflecting materials 
external to  the main fuel assembly. Such reflectors, having a total 
reactivity worth of a few dollars, would not result  in a significant in- 
c r ease  in the effective prompt-neutron lifetime, Moderating materials, 
however, could result  in a significantly increased effective prompt- 
neutron lifetime. Studies of various means of reflector control using 

‘I /* in. in diameter), For preserving the compactness of the system, 

@ 
SPR 11 are now in progress.  

SAFETY. One aspect of booster operation which must not be over- 
looked in striving to meet the design objectives is operational safety. 
A fast  burst  reactor and a booster assembly have much in common: 
they are both compact systems with rapid dynamic response to reac- 
.tivity changes. The operation of a fast  burst  reactor,  however, re- 
quires  both high reactivity addition r a t e s  and a weak-source condition 
just pr ior  to the superprompt cri t ical  excursion. Booster operation 
requires  neither rapid reactivity additions nor a weak-source condi- 
tion. Furthermore,  the most desirable operational reactivity level 
from a physics point of view is f a r  below prompt critical. Even with 
the added complexity of a high-voltage generator -fuel assembly com- 
bination, the safety of a booster assembly can be assured to a degree 
not possible with fast  burst  reactors .  
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CONCLUSIONS 

No definite conclusions can be reached at this t ime as to the like- 
lihood of either failure o r  success  in meeting the design objectives of 
the EDNA program. No single limitation of the target  design o r  the 
fuel-assembly design studies constitutes a tragic reduction in system 
performance from that of the ideal system described previously. 
Collectively, however, the effect of beam-entry cavities, irradiation- 
cavity segmentation, diluent materials, and cladding can resul t  in 50% 
o r  more l e s s  neutron fluence for a given pulse width and source pro- 
duction than that specified in the design objective. Even with such a 
reduction in the performance of the system, a neutron fluence of 1015 
neutrons/cm2 can still be attained through either an increase in the 
pulse width o r  an increase in performance of the high-voltage genera- 
tor .  The final design of the EDNA fuel assembly will represent  a com- 
promise between that which is desirable and that which is acceptable 
in each of the design areas .  Studies in the target-fuel assembly design 
a r e  far from completion. Many conceptual designs have yet to be stud- 
ied in detail, as have obvious assembly physics parameters ,  such as 
reactivity feedback. 

The ability to develop and t ransmit  a high-voltage beam specified 
for the EDNA program remains uncertain. Much work will be con- 
centrated in the area of the generator design and in beam-transport 
studies. 

There is no doubt that, even i f  the EDNA program should fall 
short of the stated design objective, the information gathered in the 
design studies will extend the technology of single-burst neutron and 
fission-gamma sources  far beyond that which presently exists. 
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KRONENBERG: What do you expect the ratio to be between the 
gamma and the neutron dose outside of such a device as compared 
with a regular Godiva r eac to r?  

COATS: I should think it would be roughly the same as we get 
now for a Godiva system-Godiva I o r  Godiva 11. 

KRONENBERG: Do you not believe that there  is some contribu- 
tion from the scattering of the incident beam in the reactor  assembly 
which contributes to additional gamma radiation? 

COATS: You are certainly going to have a contribution from the 
bremsstrahlung that i s  produced in the target. I believe, however, 
that by proper  location of the irradiation cavity you can keep this 
to a minimum. The bremsstrahlung radiation produced in the target 
is highly directional. If you locate the irradiation cavity at some 
la rge  angle to the direction of the electron beam and at  such a dis- 
tance to provide shielding by the reactor  fuel, the contribution from 
the bremsstrahlung can be kept to tolerable values. 

DONNERT: Have you considered going to electron energies  higher 
than 25 Mev? It would appear on the surface that i f  you increase the 
electron beam energy you favor the energy fraction going to brems-  
strahlung production; hence, i f  you dump the same total amount of 
energy you get more  bremsstrahlung and l e s s  ionization and thus l e s s  
heat to dissipate. 

COATS: That is certainly a point that I cannot argue with you. If 
you go to higher voltages you will get  a much more  efficient t ransfer  
of the energy into neutrons. The 25 Mev is a bit a rb i t ra ry  in the sense  
that a 25-Mev device was chosen simply because i t  appears  reasonable 
to produce. If we could go for higher voltages with more assurance 
of success, I am su re  that we would do it. 

DONNERT: DO you think that it would work quite a bit better i f  
you could just get to about 50 Mev ? 
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COATS: I am s u r e  that i t  would. 
JOHNSON: Have you looked at  what kind of penalties you would 

pay in t e r m s  of increased pulse width i f  you t r ied to increase the 
output just by increasing the multiplication of your assembly ? 

COATS: Certainly you can increase the multiplication and there- 
fore  increase the yield in the system. The one specified parameter  
that we a r e  trying to hold to is the 1-psec  pulse width. We can, of 
course, get higher yields at a sacrifice in pulse width. 

JOHNSON: What a r e  the penalties in yield in doing this ? 
COATS: Suppose that we do have a fission yield that produces a 

neutron fluence of loi5. Temperature rises on the order  of 500°C will 
result .  Uranium alloyed with 10 wt.% molybdenum has  a melting point 
slightly above 1000°C. If we doubled the yield of the system, we would 
be quite close to the melting point. This factor and s t r e s s  considera- 
tions constitute the limitations in yield. 



5-3 DISPOSABLE-CORE FAST 
BURST REACTORS 

L. D. P. KING 
Los Alamos Scientific Laboratory,  Los Alamos, New Mexico 

ABSTRACT 

A possible means for producing very large fast-neutron bursts  appears feasible 
through the use of a mobile fuel in an unconfined geometry. The fuel is dispersed 
by internal energy into a large cavity for reuse  without damage to the main 
facility. 

A study of such a potential sys tem has been made using a design concept 
designated Liquid Excursion Pulsed Reactor (LEPR). Calculations and some 
preliminary experiments for  such a system when'using a uranyl sulfate fuel 
solution look promising. Burst  intensities of 1019 to l o z o  may be achievable with 
minimum pulse widths at  half maximum of 35 psec. 

Two schematic designs of such a device a r e  i l lustrated.  

The attainment of the highest neutron burst  intensities has always been 
associated with self-destructive excursions. Such excursions have been 
disruptive owing to the inability of the fuel materials to dissipate the 
energy released in the fission process  with sufficient rapidity to pre-  @ vent excessive thermal  s t resses .  

On the other hand, the usefulness of such very high intensity 
sources, even though destructive, has been well documented. A s  part 
of the Los Alamos Rover Flight Safety Program, for  example, it  
became desirable to establish the threshold for breakup of a number of 
different new fuel materials. All available burst  facilities were used 
for these t e s t s  but always with negative resu l t s  since the peak fluxes 
were too low. It was only in the SNAPTRAN 10A-3 excursion' and the 
Kiwi-TNT experiment' that sufficient neutron intensities became avail- 
able. These were both deliberate destructive excursions. 

The need for such very high neutron burst  intensities initiated 
work at Los Alamos to explore the feasibility of making a repetitive 
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device that would permit  higher peak fluxes through actual co re  dis- 
persal  during the burst, without facility destruction, however. Destruc- 
tion of the fuel itself, in the sense of requiring complete refabrication, 
was arbitrari ly excluded a s  too costly and too difficult operationally to 
be useful on any repetitive basis. 

Fuels that might be applicable to a disposable and reusable core 
mode of operation include various types of mobile fuel particles or  
pellets, liquid metals, molten salts, uranyl phosphate, o r  one of the 
various types of aqueous fuel solutions, 

Aqueous uranyl sulfate was chosen a s  the most suitable fuel for 
an initial study of the disposable-core mode of operation because of its 
large heat capacity and probable ease of dispersal  and reassembly. 
Furthermore,  considerable information on the chemical and nuclear 
properties of this fuel is known from the homogeneous reactor  work at 
Los Alamos and Oak Ridge. Information is also available on the tran- 
sient response characterist ics of this fuel from the Kinetic Experiment 
on Water Boilers (KEWB)3 and calculations4 performed by Atomics 
International. Since the proposed operating conditions will be in a new 
regime of temperature and pressure,  however, fuel stability limitations 
are not known without further experimentation. 

Considerable information is also available about uranyl phosphate 
fueL5 Although this fuel has  a high-temperature nuclear stability, it is 
l e s s  suited to very short  pulses since the uranium solubility is rela- 
tively low. It has a higher viscosity, and i t  poses more difficult con- 
tainment problems. Some calculations were made using this  kind of 
fuel to investigate i t s  nuclear potential for  fast burst  use. 

LIQUID EXCURSION PULSED REACTOR CONCEPT 

The idea of a disposable-core pulsed reactor using a liquid fuel 
led to the concept of the Liquid Excursion Pulsed Reactor (LEPR).' 

The basic new feature of this concept is the creation of an environ- 
ment in which a slug of unreflected liquid fuel finds itself in a highly 
supercrit ical  nuclear condition while being physically unconfined. 
Immediately following the achievement of this situation, the liquid can 
be rapidly dispersed into a relatively large void region as a result  of 
its internal heat energy. This void region acts as a containment shell 
for  the fuel and for any heat-exchanger requirements. Inertial-pressure 
limitations are avoided owing to the geometry and very small  fuel 
volume relative to the containment shell volume. 

The following inherent advantages for  such a system appear to  
remove previous peak-power limitations: (1) The s ize  of the excursian 
is limited only by the excess  reactivity available and the total heat 
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capacity of the fuel solution rather  than by normal mechanical-strength 
considerations. (2) The large amount of heat energy generated by the 
pulse does not have to be extracted within the core but can be removed 
by an external system within the containment cavity. (3)  The back- 
ground intensity will be l e s s  than in any present fission-source system 
since the core region is completely dispersed by the fission pulse. 
This leads to a minimum delayed-neutron and gamma-ray activity and 
a maximum signal-to-noise ratio. (4) The device is repetitive even 
though the core region is dispersed. The repetition rate  is determined 
by the time required to assemble another supercrit ical  liquid-fuel 
geometry. 

Data Required To Prove Concept 

The following questions must be answered before proceeding 
confidently with this liquid-fuel concept. (1) I s  a large energy genera- 
tion possible in a fluid-fuel system that is not physically confined in a 
fixed geometry? (2) Can reactivity additions be made sufficiently large 
and rapid; and, a r e  there  any problems of preinitiation? (3) Does the 
fuel remain in a physical and chemical state following an excursion so 
that i t  may be reused in repetitive pulses? The answers to these 
questions will now be examined. 

1. LARGE ENERGY GENERATION, Calculations at Los Alamos have 
shown that very large energy generations a r e  possible in an unconfined 
and unreflected slug of liquid fuel if sufficient excess reactivity is 
made available. 

Several neutronic calculations were first made on unreflected 
spherical  and cylindrical geometries of interest  to determine the 
variation of excess reactivity with fuel volume a s  well as the effect of 
the hydrogen-to-uranium concentration on the prompt-neutron life- - 0 time.718 

Calculations combining both the hydrodynamic and kinetic neutronic 
properties of the fuel in an unreflected spherical  geometry were then 
made by means of the LASL Henre code.’ Table 1 summarizes  a few 
of the resul ts  from these latter computations. It is assumed that the 
excess  reactivities shown can be made available instantaneously. 

The first column of the table i l lustrates an example for  a typical 
uranyl phosphate fuel using a nearly maximum uranium concentration. 
For supplying a suitable excess reactivity, the solution volume chosen 
was 60 liters. A large pulse is produced, but the pulse width is not as 
short  as is desirable for  some applications owing to the limited uranium 
solubility and hence relatively long prompt-neutron lifetime. Pulse 
widths a t  half maximum a r e  probably limited toz100psec for  this fuel, 
even if larger  excess reactivit ies were made available. 



Table 1 

SOME CHARACTERISTICS O F  SPHERICAL UNREFLECTED LIQUID EXCURSIONS 

Sulfate Sulfate Sulfate device Maximum Low 
molarity,  molarity, with excess ultimate Sulfate for irradia- 

uranyl uranyl reactivity of energy in a small  tion of large 
31% re lease  system samples Characterist ic phosphate sulfate 

Large central  cavity No No No No No Y e s  
Uranyl fuel solutions Phosphate Sulfate Sulfate Sulfate Sulfate Sulfate 
Uranium molarity 0.42 0.864 1.56 3.12 3.12 3.12 
Fuel co re  radius,  c m  24.3 19.45 

Fuel density, g/cm3 1.9 1.31 1.48 1.97 1.97 1.97 
Reactivity 1.11 1.193 1.31 1.29 1.12 1.058 

Prompt-neutron l ifetime, 
psec 27 13 7 3.2 3.2 3.2 

Energy release,  Mw-sec 33 64 600 . 4100 116 400 
Width a t  half maximum, psec 
Period, psec 243 50 22.7 10.9 26.1 41.7 

24.3 24.3 16.45 22.86 to 32.5 
Fuel volume, l i t e r s  60.0 30.8 60.0 60.0 26.3 94.4 

Hydrogen/uranium 145 128 69 34 34 34 

87 60 35 44 73 1400 

Total neutron yield 1.4 X IO1* 2.5 X 10" 2.3 X 1.4 X l o z o  4 X I O i 8  1.4 x 1019 
Max. fuel p re s su re ,  psi  1 03 105 4.3 x 105 2.5 x 105 2 x 1 0 6  1.4 x 105 

cm/sec  3 x 103 5.5 x 104 1.4 x 105 105 1.97 x 105 1.5 x i o 4  
Max. fuel temp., "C 407 1595 6125 1875 39 x 103 1975 
Max. fuel velocity, 
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The second column is an example of an unreflected uranyl sulfate 
fuel volume of similar composition to that used in the KEWB experi- 
m e n t ~ . ~  A 19% excess reactivity is made available, however, instead of 
the 3% used i n  these experiments. It is seen that a very respectable 
energy release i s  obtained in a relatively narrow pulse. 

The third column indicates what happens with the sulfate fuel when 
the very large excess reactivity of 31% i s  made available. This is 
attained by increasing the fuel volume and the uranium concentration. 
The shortened prompt-neutron lifetime makes it possible to narrow 
the pulse further; the large excess reactivity permits a factor of 10 
increase in the energy release. 

The fourth column indicates about the ultimate which can be 
achieved neutronically in the sulfate fuel. The high uranium concentra- 
tion used has maintained the available reactivity and further shortened 
the prompt-neutron lifetime. This has resulted in a Godiva-like pulse 
width with an  enormous energy release. 

The fifth column indicates what can be done with the high uranium 
concentration sulfate fuel when used in a small  system with an easily 
achievable reactivity. 

The last column i n  the table shows the results of a calculation for 
a device designed for the irradiation of large samples in an 18-in.- 
diameter central  cavity. It i s  evident that with only a modest excess 
reactivity large narrow pulses a r e  obtained. Very little heating of the 
cavity pressure  shell was found. The peak fuel pressure  does not ex- 
ceed the elastic limit of modern high-strength steels. 

Additional calculations were made with this cavity geometry to see 
what was neutronically possible. The use of 105 and 126 l i t e rs  of fuel 
increased the available excess reactivity to 11% and 19%, respectively. 
The corresponding pulse periods and energy releases  were found to 
be 30 psec with 1400 Mw-sec and 18 psec with 3900 Mw-sec. It there- 
fore appears that cavity and noncavity geometries behave similarly 
neutronically.. A considerably larger  fuel volume and a different 
reactivity insertion arrangement may be required, however. 

These computational results show that the answer t o .  the first 
question concerned with the physical and neutronic feasibility of 
creating large-energy bursts  by highly supercrit ical  liquid-fuel geome- 
t r i e s  can be 'answered in the affirmative; 

2. LARGE EXCESS REACTIVITY. It has  been possible, ei ther acci- 
dentally or deliberately, to produce large excess reactivit ies by the 
rapid removal of poisons from, and the rapid fuel additions to, a criti- 
cal  or nearly cri t ical  geometry. In particular, very rapid reflector 
poison removal r a t e s  have been achieved in several  destructive excur- 
sions by special techniques. The SNAPTRAN 10A-3 excursion men- 
tioned previously introduced $3.6 at  an average rate  of $400/sec by 

@ 
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means of a pyrotechnic actuator. The period was 0.65 msec with a pulse 
width at  half maximum of about 2.2 msec. The total number of fissions 
was 1.2 x loi8. Similarly, the Kiwi-TNT excursion’ introduced $8.3 at 
an average rate  of $210/sec by means of hydraulic actuators. The 
period here was 0.6 msec with a pulse width at half maximum of 1.8 
msec and a total energy release of 3.1 x 10’’ fissions. Reactivity 
additions of this  type a r e  not expected to be destructive in a LEPR- 
type system since in this system the liquid-fuel co re  is f r ee  to dis- 
perse  for  later reassembly. The KEWB experiments removed $5 of 
central  poison a t  an average rate of 290 Z/sec. The minimum period 
was 0.57 msec. 

Another technique for obtaining large excess reactivit ies was 
suggested by experiments concerned with the ejection of H 2 0  from 
cylindrical containers. The experiments showed that velocities of 
7.5 cm/sec can be achieved in a 30-cm-diameter slug with a fairly 
simple pneumatic device. Higher velocities can undoubtedly be achieved 
by more advanced hydraulic or explosive techniques. Such experiments 
indicate that i t  will be possible to produce highly supercrit ical  and 
unconfined slugs of llquid fuel by either projecting the fuel from a 
region held subcritical by poisons and geometry or by the rapid 
simultaneous removal of poisons and fuel restraints.  

Other methods for  achieving large excess reactivit ies with liquid 
fuels have been suggested which do not require the removal of poisons. 
One such scheme proposes to project two subcritical liquid-fuel slugs 
at each other within a large cavity. lo Supercriticality is attained on 
impact of the two masses.  An alternative method, which avoids direct  
impact and optimizes the geometry, is to make one of the fuel slugs in 
the form of a cylindrical annulus and the second slug a smaller  cylinder 
which can just pass  through the annulus. Maximum supercriticality is 
achieved a s  the two fuel samples are passing each other. 

The second question on the feasibility of providing sufficient excess  
reactivity to an unconfined fuel slug to produce a large nuclear burst  
can also be answered in the affirmative. 

3. FUEL STABILITY. The third question requiring an affirmative 
answer to make the LEPR concept possible is whether the uranyl 
sulfate fuel maintains its chemical and physical properties to  permit 
reuse.  Experimental data from the KEWB experiments3 indicate that 
peak burst  powers up to about 170 Mw/liter and fuel and energy densi- 
t ies  of about 580 kw/sec/liter do not lead to fuel degradation when suit- 
able additives a r e  used in the fuel. The observed temperature rise and 
maximum pressure for such peak-power conditions were found to be 
only 88°C and 317 psi, respectively. 

Laboratory measurements on the other hand indicate that over an 
o rde r  of magnitude l e s s  energy density is permissible if there  is to  be 
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no r i s k  of U 0 4  precipitation in the fuel. This is based on room- 
temperature measurements of the solubilities of hydrogen peroxide in 
the fuel;'' 

The cause of this large discrepancy is unknown. Presumably, the 
rapid dynamic energy source of a pulse is not directly comparable to 
a s ta t ic .  laboratory measurement. The pulse nature of the energy 
release,  furthermore,  permits  a long r e s t  period for  back reactions to 
reduce the peroxide concentration. 

The energy-density conditions shown in Table 1 a r e  a lso one to 
two o r d e r s  of magnitude higher than have been experimentally used, 
and therefore there  is considerable uncertainty a s  to fuel stability. 
Work at  Oak Ridge, however, showed that high temperature produces 
rapid thermal decomposition of HzOz. High p res su res  may also be 
beneficial. The pulse conditions of Table 1 will produce very high- @ temperature and internal-pressure conditions precisely at the t ime of 
maximum energy release.  

Meaningful measurements concerning fuel stability and energy- 
density limitations can only be made if the fuel is subjected to  s imilar  
conditions to those existing in a nuclear burst. The combination of high 
temperature,  pressure,  and fission density is difficult to achieve ex- 
perimentally except in an actual fissioning tes t  device. Some measure- 
ments that simulate energy deposition r a t e s  similar to those in a LEPR 
device have been achieved, however, by means of a laser." A l a s e r  
pulse was used to completely vaporize a small  fuel sample in a quartz 
container. It w a s  estimated that the microli ter fuel sample absorbed 
4 to  6 joules and reached a maximum temperature of about 1800°C and 
a p res su re  of 1200 psi. The condensed solution was centrifuged back 
to i t s  original configuration; no change in the solution was detectable. 

It is evident that a t  the present t ime one cannot give a completely 
affirmative answer to the question of solution stability at the highest 
proposed LEPR operating conditions. P resen t  indications are prom- 
ising, however. Further experimental work is required to establish 
the power-density limitations for  this type, or other possible, mobile 
fuel. Critical experiments of the Kinetic Intense Neutron Generator 
reactori3 in progress  at LASL may be  able to  supply additional infor- 
mation on the stability of uranyl sulfate type fuel. 

@ 

Neutron-Source Considerations 

The kind of neutron source that is acceptable in a fast  burst  liquid 
reactor  can be visualized by considering the time t for the occurrence 
of the burst  (composed of two parts, t ,  + to) and the t ime Ak/a required 
for reactivity insertion, where t ,  is the mean initiation time, sec; 
to is t ime f rom burst  initiation to peak power, sec; a is reactivity 
ramp rate,  $/sec;  and Ak is total reactivity available, $. 
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An unacceptable condition for pulse s ize  arises if the neutron 
source is of such a magnitude that pulse initiation occurs during the 
ramp (&/a t,) since the yield can then fluctuate o rde r s  of magnitude. 

An acceptable situation for reproducibility in pulse intensity, but 
not necessarily for reproducible timing of the peak pulse, a r i s e s  if 
t ,  + to >> Ak/a. This means the source is either so weak that all  the 
reactivity can be inserted before disassembly will occur or, alterna- 
tively, the reactivity insertion is so rapid the existing background 
source does not prevent full reactivity insertion before disassembly. 

An acceptable situation for reproducibility in both the t ime of peak 
power and yield can be produced by means of a pulsed source with a 
low fuel background, i.e., the background must be low enough to avoid 
preinitiation and the pulsed source must be designed to  give initiation 
at  the optimum position of the fuel slug. 

Some inherent-neutron-background measurements have been made 
on a potential LEPR uranyl sulfate solution with a 3.12 uranium molar- 
ity. Principal neutron backgrounds in such a solution are produced by 
(cu,n) reactions on the oxygen isotopes "0 and '*O and by (y,n) reactions 
due to  delayed fission-product gamma rays. 

Measurements were madeI4 to determine the inherent neutron 
background in uranyl sulfate fuel solutions. In one experiment a normal 
oxygen composition in the water was .used, and in another the "IO and 
'*O isotopes were depleted. These resul ts  indicated that this inherent 
background is primarily due to the l8O since a depletion factor of about 
a factor of 10 in this  isotope reduced the background neutron count by 
the same factor. Greater  depletion factors can be achieved, if neces- 
sary,  by an established isotope separation method. The neutron con- 
tribution from "0 relative to  "0 for the 4.33 average alpha energy 
f r o m  235U is known to be only about 8.5% in normal water.15 

Any solution that is reused shortly after an excursion can have a 
relatively large delayed-gamma-ray background from the fission 
products, and hence it has  the potential for producing neutrons by 
(y,n) reactions with beryllium o r  deuterium. In a LEPR-type pulsed 
reactor,  no reflector is used, and other structural  mater ia ls  a r e  not 
present in the core; so, no sources of beryllium should be present. Any 
deuterium present in the fuel solution, however, can produce an 
appreciable neutron background that will vary with the running history 
of the solution. Measurements indicate the total neutron release in 
pure heavy water from this source to be 16% of that of the delayed 
neutrons but with periods ranging from 2.5 sec  to 53 hr.I6 These back- 
ground neutrons have substantially longer periods than the normal 
delayed neutrons and can therefore be a problem in the pulse initiation 
of a repetitive-burst device that reuses  its fuel. 

Fortunately, this source of neutrons can be decreased many o rde r s  
of magnitude by reducing the normal 150 ppm of heavy water by the 



DISPOSABLE -CORE FAST BURST REACTORS 435 

usual separation methods. A fuel solution using as i t s  hydrogen source 
the distillate from liquid hydrogen would essentially completely remove 
this  source of neutrons by eliminating deuterium from the fuel.'' 

It  would therefore appear that sources  of neutron background can 
be adequately reduced to avoid any preinitiation problems in a LEPR 
burst  facility. 

Reactor Configurations 

Two possible LEPR configurations have been considered: (1) a 
minimum-core-size arrangement of interest  primarily as a strong 
neutron source for external applications and (2)  adesign for  the i r radi-  
ation of large samples in the peak internal flux. 

Figures  1 and 2 i l lustrate schematically the minimum size and the 
type of configuration used in the calculations of Table 1. A hydraulically 
actuated piston (9) rigidly connected to  a fuel piston (1)  by means of a 
shaft (12) is used to project a slugof liquid fuel (2) from the subcritical 
geometry of Fig. 1 to the highly supercrit ical  position shown in Fig. 2. 
The fuel in Fig. 1 is maintained subcritical by a central  poison rod (3)  
and poison vanes (4). In the up position the fuel piston projects into a 
large cavity (16)  so that the cavity gas can have easy access  to  the 
piston fuel interface to  aid in the release of the fuel slug. As the fuel 
leaves the piston, the poison rod and vanes exert  l e s s  and l e s s  effect 
so the fuel slug abruptly becomes highly supercritical. At this point a 
pulsed-neutron source initiates a rapid excursion. The energy of the 
excursion disrupts the fuel slug by vaporizing its center. Fuel is 
thrown outward against the water-cooled containment walls (17) of the 
cavity, The fuel then runs by gravity into a fuel reservoir,  which is not 
shown, for  later reuse. A small  radiation and neutron glory hole (25) 
is aligned with the poison rod (3) so that the fuel-slug geometry can be 
maintained in its upward travel. A pressurized inert  gas  is used to  
prevent any fuel l o s s  through the hydraulic seal (23). A typical hy- 
draulic actuating system, shown in the lower portion of Figs. 1 and 2, 
is used to propel the fuel slug to  a high velocity. Fo r  achieving high 
piston velocities (- 250 ft/sec), a high-pressure sump pump is used to 
supply hydraulic fluid to  multiple accumulators and l a rge  headers. 
The upward velocity of the piston system is brought to  a controlled 
stop by the tapered upper surfaces  (14) of the hydraulic cylinder (15) 
and piston (9). 

The second configuration is shown in Fig. 3. A somewhat different 
arrangement is used to  permit the presence of a large central  irradia- 
tion facility. The liquid fuel fills an open-ended cylinder (2) placed on 
a pedestal (3) .  Fuel leakage out the bottom is prevented by the sliding 
sea l  (9). The containment shell (2) can be jerked off vertically, along 
with the internal poison sleeve (7) ,  by a r o d  (8) connected to  a hydraulic 

@ 
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Fig. 1 -Cross section of subcritical configuration of minimum-core-size LEPR 
1 ,  Fuel piston. 
2, Slug of liquid fue l .  
3 ,  Central poison rod.  
4 ,  Poison vanes. containment walls. 
9 ,  Hydraulically actuated piston. 

15,  Hydraulic cylinder. 
1 6 ,  Large cavity. 
17 ,  Water-cooled 

23, Hydraulic seal. 
25,  Glory hole. 12 ,  Connecting shaft. 

14 ,  Hydraulic cylitader, 
tapered upper surfaces .  

0 
0 
0 
0 



DISPOSABLE -CORE FAST BURST REACTORS 437 

Fig. 2- Cross sectiotz of supercritical cotifigiiratiotz of ,izitiiiizuin-core-size 
LEIPR.  

1 ,  Fuel pistoti. 
2 ,  Slug of liquid fue l .  
3 ,  Central poisoti rod. 
4 ,  Poisotz vanes. 
9 ,  Hydraulically actuated pistoti. 

15 ,  Hydraulic cylitider. 
1 6 ,  Large cavity. 
17 ,  Water-cooled containment walls. 
23, Hydraiilic seal .  
25. Glory hole. 

12 ,  Cotzrtectitig shaft. 
1 4 ,  Hydraulic cylitider, 

tapered ripper siirfaces 
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Fig. 3-Cross section of LEPR configuration f o r  the irradiation of large sum.  
ples in the peak internal f lux.  

1 ,  Liquid-fuel level.  7, Neutron poison sleeve.  
2, Fuel-containment shell. 8 ,  To j e rk  mechanism. 
3 ,  Main support pedestal. 9 ,  Sliding seal.  
4 ,  Stationary fue,l-pressure shell. 10, Fuel f i l l  tube. 
5, Sample-irradiation space. 11,  Free-run extension. 
6 ,  Sample -s upport cylinder. 12, Outer-containment shell .  

or explosive actuator placed above the view in the figure. The stationary 
pressure  shell (4) provides an inner fuel boundary a s  well a s  providing 
the containment shell fo r  the irradiation cavity (5). Samples for i r radi-  
ation can be inserted and removed by means of a movable piston (6) 
made of graphite o r  other neutronically suitable material. Fuel solu- 
tion can be added to the core  region through a f i l l  pipe (10). 

The fuel containment cylinder and poison sleeve a r e  made longer 
(11) than the fuel region to permit a free-run t ime in the actuator. In 
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this manner a high velocity can be achieved before fuel confinement 
and poison removal takes place. After removal of the poison sleeve and 
fuel cylinder, the fuel is in a supercrit ical  unconfined geometry. If a 
neutron pulse now initiates the system, fuel will be dispersed outward 
by the fission heating of the fuel against the water-cooled walls of the 
large containment vessel. The fuel is collected in  a reservoir ,  not 
shown in the figure, for  la ter  reuse. 

CONCLUSIONS 

Present  nuclear burst  yields a r e  limited by stress limitations 
imposed on core materials.  It appears that these limitations can be 
circumvented by the use of mobile fuels in novel co re  designs. The 
heat capacity of the fuel is sufficient to absorb the desired energy 
yield. The fuel can be harmlessly dispersed by internal energy from 
the co re  region into a heat-exchanger region. Liquid fuels s eem par- 
ticularly suitable. The fuel core  can be reconstituted for  reuse. The 
lack of a high repetition rate  is not thought detrimental owing to the 
magnitude of the potential burst  yields (10’’ to  10’’ fissions). 

@ 
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DISC USSlO N 

HETRICK: One of the surpr ises  we found in the KEWB experiment 
was that the shorter  the period, the more efficient the shutdown from 
radiolytic gas bubbles. Maybe you could improve the performance of 
your system by starting out with a highly pressurized system, 

KING: One of the ideas of the LEPR concept is that you reduce 
the high p res su res  normally produced in a large burst  system; you let  
the fluid create i ts  own internal high pressures ,  but you do not need a 
high-pressure containment system. The only high-pressure require- 
ments were in the design with the large internal cavity where we would 
need something that would take an external pressure  when the fuel is 
dispersed radially outwards. 

HETRICK: Let me ask  if your excursion calculations included a 
model of the radiolytic gas effect. 

KING: The gas bubbles were not included, but almost everything 
else was. The equation of state of the fuel was combined with the 
known neutronic properties in the calculations. 

HETRICK: Marvin Dunenfeld derived a model in 1960 which 
matched very well the empirical observations. The gas became very 
efficient as a shutdown mechanism around a 1-msec period; I wonder 
if that might be a severe limitation on the yield that you want. You 
might be overestimating the yield by an appreciable amount. 

KING: The gas bubbles you r e fe r  to can play only a very minor 
role since an appreciable portion of the fuel is vaporized during the 
fission pulse. Vapor pressure  provides the major disassembly force. 
It turns out that the inertial forces in the very short pulses, which you 
saw went down to a 35-psec pulse width at half maximum, a r e  appar- 
ently sufficient to prevent disassembly until a very large internal 
energy has been released. Initially the worry was, of course, whether 
this could be done. 
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SHAFTMAN: What about some newer version of the famous old 
King Push-pull  to do your reassembly? 

KING: This is a possibility, of course,  but I do not believe it is 
suitable for the very large bursts  shown in the table. I think if you 
want to get extremely short  pulses in an aqueous solution, you need very 
large excess k's, which must be put in very rapidly, and the LEPR 
method is superior to any other I know. I did not mention that there are 
several  exotic ways of greatly increasing the rate of reactivity addition 
without the requirement of poison removal. This can be done by shoot- 
ing two slugs of liquid at  each other. When one projects a slug of 
liquid rapidly enough, it looks like a piece of ice and maintains its 
geometry completely for  a short  time. You can use an annular cylinder 
a s  one part  of the assembly, and project it a t  a solid cylinder that 
fo rms  the center portion of the assembly. A maximum reactivity is 
attained when these two par ts  t ry  to pass  each other. This is certainly 
feasible in liquid systems, and dispersal  would take place very much 
as I have indicated. 

SHAFTMAN: I a m  thinking of a situation such a s  an ejection of a 
solid absorber f rom your one system. This initiates the pulse, kicks the 
fluid out, and goes into another system that looks very much like the 
first with the solid absorber.  

KING: You have the high-pressure problem here of containment, 
which I have tried to  avoid in this concept and I believe must be avoided 
in very large bursts. P r e s s u r e s  were already beginning to be the 
limitation in the KEWB experiments. The lack of confinement permits  
the partially vaporized fuel to expand freely into a larger  cavity, which 
is advantageous for two reasons: first, it reduces the p re s su res  in the 
containment cavity to  reasonable values, and, second, i t  d isperses  the 
fission products, and, as I indicated, this  will result in a greatly in- 
creased signal-to-noise ratio. 

BRUNSON: Have you considered using deuterium instead of hydro- 
gen in this to  achieve a higher spectrum and a shorter  lifetime? 

KING: I think the deuterium would be very detrimental  in that i t  
would create preinitiation problems of the type encountered in the 
Molten Salt Burst  Reactor described in the f i rs t  paper of this session. 
We can avoid all  preinitiation problems in the aqueous solution by 
making the water for  the fuel f rom liquid hydrogen, which has no 
deuterium I a m  told. This would eliminate the (y-n) background pro- 
duced by fission products. Any (a -n) background inherent in the fuel 
can be removed, if necessary,  by using oxygen depleted in "0. 

@ 
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ABSTRACT 

In view of the performance of coated-particle fuels (uranium carbide coated by 
pyrocarbon and imbedded in a graphite matrix) in various reac tor  sys tems,  it 
appears  of interest  to consider qualitatively the ultimate potential of such fuels 
in t e r m s  of attainable burs t  widths and maximum energy depositions. Limita- 
tions inherent in the character is t ics  of the pyrocarbon shell a r e  discussed. 

INTRODUCTION 

Fuel bodies that contain the fissile material  as small  particles have 
been used or considered for various reactor  systems. Coated-particle 
fuels [uranium oxide or  carbide coated by pyrocarbon (PyC) layers  and 
imbedded in a solid graphite matrix] have shown great strength in 
destructive testing;'' thus a qualitative investigation of the potential 
and the limitations of such fuels for burst  reactor applications appears 
to be of interest. 

By correlating some of the experimental data,'" thresholds for 
the energy deposition r a t e  have been deduced' at  which damage to the 
coating is likely to occur for a given pulse length and a prescribed 
geometric configuration, i.e., radius of fuel core, thickness of PyC 
layer, and volume fraction of particles in the matrix. These thresholds 
agree qualitatively with values obtained by analyzing the effects of 
reactivity excursions3 on coated fuel particles in t e r m s  of simple 
models that account fo r  the competing effects of the energy deposition 
rate,  of the pulse lengths, and of the s t r e s s e s  induced by thermal ex- 
pansion and by temperature gradients in the PyC shells. The resul ts  of 

@ 

443 



444 ADLER 

this analysis and the available experimental information’ will be used 
to estimate the order  of magnitude of bursts  and of the burst  widths 
potentially attainable with coated-particle fuel bodies containing ura- 
nium carbide co res  coated by representative PyC coatings. 

The potential capability of such fuels for  burst reactor  applica- 
tions may perhaps f i r s t  be gauged by considering some of the relevant 
parameters  of existing o r  proposed reactor systems. Table 1 sum- 
marizes  representative performance parameters  of several  operating 
or proposed burst  reactors ,  together with pulse character is t ics  in 
large excursions achieved in destruct-type experiments. 

Pulse  width, repetition rate, and maximum power attainable in a 
burst  may be considered the prime performance criteria for  a pulsed 
reactor.  It is obvious that a reactor co re  incorporating a substantial 
amount of graphite, e.g., a Kiwi-TNT-type core, provides a much 
wider pulse than those attainable with fast  assemblies where the burst  
widths may be in the microsecond range, or, with accelerator pulsing, 
even in the nanosecond range (see R. G. Fluharty, Session 3, Paper  3). 
On the other hand, the large heat capacity of graphite fuel bodies makes 
a very large energy deposition, and therefore a high peak power, 
feasible. In this respect, however, the energy depositions attainable 
during a burst  will be smaller  than those anticipated for the disposable- 
core  fast burst  reactors  like the LEPR (see L.D. P. King, Session 5, 
Paper  3) .  

Thus, it is apparent that a solid reactor  c o r e  consisting of coated 
fuel particles will not reach the capabilities envisaged for other sys- 
tems. On the other hand, the coated-particle fuel body may present 
advantages when’ compared, for example, with existing homogeneous 
reactors  of an improved TREAT type. Better fuel and fission-product 
containment at high operating temperatures  may be a possible advan- 
tage. A more relevant advantage of the coated-particle fuel bodies 
may a r i s e  from the much narrower pulse width and f rom the harder 
spectrum that apparently could be obtained. Pulse widths between 0.5 
and 1 msec appear possible; the flux spectra  may have a very small  
thermal and low epithermal component, in contrast with the TREAT- 
type reactors  which are basically thermal reactors .  

Both aspects could be important for  fuel-testing applications and 
possibly also for  investigation of the propagation of failure in fuel- 
element assemblies. 

MECHANISM OF FUEL BREAKUP PROCESSES 

It has  been observed that for comparable excursions a fuel matrix 
containing coated oxide particles can be fragmented; however, a 
s imilar  matrix containing coated carbide particles remains intact, 
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1.5 X l o 4  
-3 05 
3 . 5  x 10s 
300 
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showing only such microscopic changes a s  partial  dissolution of the 
shell surrounding the individual particles o r  migration of the material  
forming the particle into the shell, although sufficient heat is developed 
in some excursions to allow the fuel particle to melt and, potentially, 
to vaporize. 

The breakup of the fuel bodies containing PyC-coated uranium 
oxide particles can be understood qualitatively a s  follows: during the 
initial stage of the reactivity excursion, the fuel particles melt; a t  high 
ambient temperature, which may well exceed 2500°C, the oxide r eac t s  
with the surrounding carbon to  fo rm CO or  COz. Since these gases  a r e  
not absorbed, a great pressure r i s e  occurs that may rupture the 
particles and eventually fragment the graphite matrix, In this event, 
the response of the fuel body t o  the excursion is dominated by the 
formation of gases  and vapors which produce the mechanical stresses 
that a r e  responsible for  the breakup process.  

For uranium carbide particles, a more intricate interplay be- 
tween heat t ransfer  and thermomechanical processes  occurs; this 
interplay depends on the physical characterist ics of the PyC shell. A s  
long a s  the shell is intact, heat losses  to the matrix are small  because 
of the low conductivity, k,, in the crystallographic c-direction, which 
corresponds to the radial direction in the PyC shell of carbide par- 
t ic les  tested.' During the initial stage of a reactivity excursion, the 
temperature in the uranium carbide core of a coated particle therefore 
increases  rapidly. At the same time, the graphite matrix outside the 
PyC shell remains near  i t s  initial temperature. This condition leads to  
the expansion of the uranium carbide core relative to the shell, which 
may then be affected by strong hydrostatic p re s su res  a s  well a s  ther- 
mal s t r e s ses  ar is ing from the large temperature difference between the 
uranium carbide core inside and the graphite matrix outside the shell. 
If the resulting s t r e s s e s  in the shell a r e  sufficiently large, it will 
crack, and some uranium carbide will enter these cracks when the 
uranium carbide liquefies. At this stage, however, the heat-transfer 
characterist ics change radically: the uranium carbide is now in contact 
with a good conductor (the heat conductivity kll, in the crystallographic 
a-direction, i.e., the tangential direction in the PyC shell, being much 
larger  than k, by perhaps two o r d e r s  of magnitude), and the uranium 
carbide loses heat rapidly. Therefore the further p re s su re  buildup in 
the uranium carbide core is delayed, and matrix damage only occurs if 
sufficient energy is available to heat not only the uranium carbide suf- 
ficiently to create  a sizeable vapor pressure but a lso all the PyC 
beyond the melting point of the uranium carbide. 

It appears therefore that for fuel bodies containing carbide par- 
t icles the pressure buildup, and thus the effects of an excursion on the 
coated particles and on the fuel matrix, depends directly on the local 
changes of the temperature profile in the core  and the shell  during the 
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reactivity pulse and on the resulting thermomechanical effects. The 
temperature profile, in turn, i s  determined by the combined effects of 
the rate of energy deposition by fission in the uranium carbide, by the 
rate  of conductive heat losses  through the shell, and by the energy 
absorbed in the phase changes at  the moving-phase boundaries. At high 
temperatures, radiative losses  may also become relevant. Because the 
response of the particles depends on the details of the heat transfer,  
the response also is strongly affected by irregularit ies of particle 
s ize  o r  shape due to fabrication and the effects of irregular spacing of 
par t ic les  in the graphite matrix. It i s  therefore necessary to consider 
idealized simple models for the response of the carbide particles to 
obtain a qualitative insight into the role of the relevant physical and 
geometric parameters:  specific heat, heat of fusion, coefficient of 
l inear expansion, coefficients of heat conductivity, radius of uranium 
carbide core, thickness of the shell, and fuel loading of the matrix. 

The interplay between these parameters,  their  experimental 
uncertainties, and their  influence on the energy balance and heat con- 
duction, a s  well a s  thermomechanical effects, has been described 
e l ~ e w h e r e ; ~  threshold values for the different phases of the breakup 
process  (melting of fuel core, cracking of PyC shell, and matrix 
damage) have also been obtained which agree with the experimental 
data.' 

The principal results of these considerations are: 
1. A large reactivity pulse normally leads f i rs t  to the cracking of 

the shell; the threshold for this cracking depends primarily on thermo- 
mechanical and hydrostatic pressure  effects. 

2. After  the shell cracks,  the heat l o s s  from the uranium carbide 
increases,  and a pause in the temperature r i s e  may be expected. 

3. Matrix damage occurs only if sufficient energy i s  deposited in 
a short  enough time. The energy requirement for matrix damage 
depends markedly on the pulse length and the volume fraction of the 
particles in the fuel body. 

@ 

ULTIMATE POTENTIAL CAPABILITIES 
OF COATED-PARTICLE FUEL BODIES 

The usefulness of the coated-particle fuel bodies for burst  reactor 
applications will be limited by the possibilities of fuel migration and, 
more generally, of damage to the PyC shells. For avoiding such 
damage, the following limitations appear necessary as a minimum: 

1. The maximum temperature reached in the uranium carbide 
core should be below the melting point of UC2. Therefore the maximum 
temperature r i s e  permitted in the particle cores  should be 2300°C or  
less.  
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2. The s t r e s s e s  a c r o s s  the PyC should be well below the fracture 
stress of about 6 x lo4 psi, and the maximum strain should be l e s s  than 
the fracture strain,  which, in turn, depends on the specific mode of the 
formation of the shells. 

Shock effects, however, do not appear to  play a role in the breakup 
of the fuel bodies. A s  an illustration of the order  of magnitudes in- 
volved, consider a f r ee  shell of radius  R and thickness d; let c be the 
velocity of sound in the shell and T be the duration of heating due to 
the reactivity pulse. It is customary to consider three regimes: (1) The 
shock region, where T < d/2c; (2) The fast-heating region, where 
radial, but no circumferential, shock effects are expected: d/2c < T < 
nR/2c; and (3) The slow-heating region, where T 

Assuming that c is of the order  of l o 5  cm/sec,  R is, at most, 
2000 p, and d is less than 300 p, one has  for the case  of fast heating 
6 x < T < 3 x sec. Thus, it is obvious that even for  extremely 
large particles the heating time would have to be in the microsecond 
range for shock effects to occur; currently realized reactivity pulse 
lengths are of the order  of 0.1 msec or  longer, which rules  out shock 
effects. 

The requirement that the carbide core does not melt puts an im- 
mediate limitation on the burst  s ize  possibly achievable. F rom a 
simple heat-balance argument, one obtains for the maximum energy 
deposition A E  permissible for  a carbide core 

aR/2c. 

where AT is the maximum permissible temperature r ise ,  C is the 
specific heat, p is the density, and V is the volume. The indices 1, 2, 
and 3 r e fe r  to the carbide core,  the PyC layer, and the matr ix  region 
which can be associated with a particle that is obtained by assigning to 
each particle a spherical  graphite shell of an outer diameter cor-  
responding to the average spacing between the centers  of the fuel 
particles. 

The constant K is a measure of the fraction of energy which can 
be dissipated by conductive heat t ransfer  from the co re  to the PyC 
shell  and the graphite matrix during the reactivity pulse. F rom Eq. 1 
one obtains for F (the maximum number of fissions per  cubic centi- 
meters  compatible with a temperature rise of 2300°C in the carbide 
core) the relation 

1 + 0.1 K[(N,/N.) - 21 F = 1.2 x 1015 
1 . 5  + (N,/N,) 

where N, and Nu are the number of carbon and uranium atoms per  
cubic centimeter, respectively. The following parameter  values have 
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been assumed: p1 = 11.7 g/cm3, p = p 3 =  1.9 g/cm3, C1 = 0.4 joule/g"C, 
and C2 = C3 = 1.0 joule/g"C, which may be appropriate for the relevant 
o rde r s  of magnitude. Illustrative values of F a s  a function of the 
carbon-to-uranium ratio a re  given in Table 2. 

It i s  obvious that the burst performance of such fuels will depend 
critically on the value of the constant K .  which, in turn, depends 
primarily on the heat-transfer characterist ics of the PyC shell and on 
the geometric configuration. Smaller core radii  and thinner PyC shells 
will greatly improve the heat transfer.  

Table 2 

MAXIMUM XL LOCV.4BLE EWERGI' DEPOSITION RATES, FISSIONS/CM3* 

N C / K " i  IC: = 0.0 K 7  = 0.1 Ki = 0.5 K7 = 1.0 

7 
I 3.5 

10 1.07 1.16 1.54 2 . 0 1  
30 0.39 0.51 0.98 1.59 

100 0.12 0.25 0.77 1.43 
400 0.03 0.16 0.70 1.37 

1,000 0.01 0.15 0.G9 1.36 
10,000 0.001 0.14 0.68 1.35 

~ ~~ 

*Units: fissions/cm3. 
TN, /N" = carbon to uranium-235 atomic ratio.  
t K  = fraction of heat capacities of PyC shell  and mat r ix  usable during 

excursion as heat dump. 

It seems therefore that the fuel bodies already tested' may not be 
optimal for use in burst  reactors.  Extrapolating from experimental 
evidence and from the use ,of simple models, one may conjecture that 
fuel bodies containing particles with smal le r  fuel co res  (perhaps with 
diameters in the 30- to 50-p range) and covered with composite shells 
may tolerate much higher energy depositions and deposition r a t e s  than 
fuel bodies that have already been tested. Double shells with an inner 
layer of graphite covered with a thin PyC shell may have particular 
advantages: the inner layer could help in inhibiting fuel migration, 
acting as a protective coating; at the same time it provides a readily 
accessible heat sink since its conductivity may be much higher than 
that of PyC. The possible reduction of the thickness of the outer PyC 
shell would, of course, greatly reduce its thermal resistance and thus 
increase the value of K. Moreover, the s t r e s s e s  in a thin PyC shell 
could be greatly reduced because of the presence of an inner buffer 
zone. 

This conjecture is, of course, highly speculative: the whole heat- 
t ransfer  mechanism of a double or multiple coating depends on the 
production method; laminations may occur which reduce the heat- 
t ransfer  capability of the shell, and too thin a shell may not withstand 
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repetitive pulsing. Moreover, small  core  particles may not be obtain- 
able by large-scale commercial ,production methods. 

For these reasons one can merely indicate the ultimate range of 
potential fuel performance. A more quantitative statement based on a 
combined study of thermomechanical and heat-conduction effects 
would therefore be quite premature. 

It may, however, be of some interest  to consider ultimately at- 
tainable burst widths. Again, the values presented in Table 3 a r e  
speculative; they a r e  based on simple survey calculations assuming 
reactivity insertion and withdrawal ra tes  that a r e  on the border line of 
those already attained. Possible modification could occur, e.g., by 
suitable pulse shaping or using not fully enriched fuel to increase the 
reactivity coefficients, which, at the cost of reducing maximum power 
densities, could lead to such short power bursts. 

Table 3 

PULSE WIDTHS IN AN EXTREME EXCURSION (Ak = 0.05) 

N, /Nu * . tKt  

10  0.01 
30 0.025 

100 0.10 
400 1 .2  

TN,/N, = carbon to uranium atomic ratio. 
t t X  = half-width of pulse, msec .  

CONCLUSIONS 

Pyrocarbon-coated uranium carbide particles imbedded in a 
graphite matrix have shown high resistance to breakup in reactivity 
excursions. It appears conceivable that particles with a modified 
coating could lead to a better utilization of the inherent advantages of 
the high heat capacity of such fuel bodies. Although solid fuels contain- 
ing an appreciable amount of carbon will not be competitive with 
disposable-core devices to attain maximum burst yields, it appears 
possible that they could provide much shorter pulse lengths and harder 
spectra than TREAT-type reactor fuels and thus be of interest  for 
fuel-testing applications. 
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DISCUSSION 

GLASGOW: Is  there any possibility that we could mar ry  these last 
two concepts and come up with a fluidized-bed concept of pyrocarbon 
fuel particles ? 

ADLER: I would not like to speculate about that. 
GLASGOW: I was thinking of an added advantage that came up in 

one of the ear l ie r  sessions, of using some type of coolant as your 
moderating medium. 

PERRY: Felix, I missed a point. When you quoted energy deposition 
figures pe r  centimeter cubed, were those p e r  centimeter cubed of ura- 
nium carbide o r  of the entire matrix ? 

ADLER: The entire matrix. 
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ABSTRACT 

Cr i t e r i a  for  burst-reactor safety sys tems a r e  examinedcrit ically.  Systems usu- 
ally called “safety” sys tems a r e  found to have only a smal l  influence on safe  
operation of burs t  reactors .  Devices that reduce the change of an oversized 
burst ,  more  properly considered safety sys tems,  a r e  reviewed, and the coinci- 
dence and redundancy requirements for all  sys tems a r e  noted. It is concluded 
that the pr ime safety factors in the operation of a fast burst  reac tor  a r e  c a r e  
and intelligence on the par t  of the operators,  that these factors  can be aided by 
properly designed safety systems, and that the need for redundancy and coinci- 
dence logic in these sys tems i s  inextricably bound up with the operating proce- 
dures  in use.  

INTRODUCTION 

The history of fast burst  reactor  technology, from the early Godiva 
assembly on, has  been one of continual improvement and adaptation. 
The power of these machines, measured either in t e r m s  of peak fission 
rate  o r  burst  size, has grown, and, particularly since the introduction 
by Haynes, O’Brien, and others  of the forced-burst-initiation technique, 
their  usefulness a s  controlled sources  of neutrons has increased. 

The idea of deliberately assembling fissile material  to a state in 
excess of prompt criticality is, from the viewpoint of those who operate 
other types of fissile assemblies, ra ther  hair  -raising. Attempting such 
an assembly without the presence of a source s e e m s  a further bit of 
daring. As Wimett’ has  said: “. . . there  is a basic incompatibility be- 
tween absolute safeguards against unplanned prompt excursions and the 
reproducible generation of prompt bursts.” 

@ 
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GENERAL PURPOSE OF SCRAM CIRCUITS 

Let us  consider the safety system of a generalized fissile assembly 
as shown in the block diagram, Fig. 1. The assembly could be a critical 
assembly, a research reactor,  a power reactor,  o r  any of several  fast 
burst  reactors.  It has what we will call a “last-stage motion” for in- 

0 PER AT OR LT-’ 
SLOW p ADDITION 

LOGIC --a SOURCE 

-1 

DETECTOR 

Fig. 1 -Schematic diagram of a typical safety circuit f o r  a f i s s i l e  assembly. 

creasing reactivity. By this we mean there  is some remotely controlled 
system for increasing reactivity in the neighborhood of delayed criti-% 
cality. Such a mechanism is used in the approach to criticality a t  a t ime 
after g ross  fuel additions have made it possible to complete the approach 
with one or more simply controlled remote motions. 

In the diagram the last-stage motion has two capabilities: Slow re -  
activity addition and quick reactivity removal. 

In most ca ses  the logic unit follows a scheme  given in Table 1. The 
source can be present o r  absent; the detector can read below some mini- 
mum, within a selected range, o r  above a maximum; the operator can 
demand reactivity addition, removal, o r  nothing ( p  is reactivity). Ba- 
sically, the logic system is intended: (1) to reduce reactivity rapidly 
when a maximum fission rate is exceeded and (2) to forbid addition of 
reactivity when no source is present. (Both the source interlock and the 
minimum detector reading se rve  this purpose.) 

All the systems for fast burst  reactors  have ca r r i ed  these features 
also. They have’usually been justified a s  being intended only for steady- 
state operation.‘ Let us  see exactly what these logic conditions mean 
and what basic troubles they are intended to forestall.  
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Table 1 

SCHEMES FOR LOGIC UNITS 

Operator Source Detector Resulting 
demand eo ndi t ion reading motion 

p removal Any Any p removal 
p addition Present  Below min. None 
p addition Absent Below max. None 
Any Any Above max. p removal 
p addition Present  Between min. and m u .  p addition 

Firs t ,  a s  has been noted by ea r l i e r  system  philosopher^,^^^ even 
f o r  relatively slow assemblies the system cannot really terminate an 
excursion. A review5 of damaging excursions in all s o r t s  of systems, 
even ones with relatively long neutron lifetimes, indicates that these 
incidents take place in t imes f a r  too short  for  electromechanical sys-  
t e m s  to react.  

Note that the following concept is almost universally true: If an 
excursion is violent enough to be physically damaging, its t ime scale  
is short  enough to preclude safety-system action. If, on the other hand, 
a safety system can terminate the excursion, the excursion could not 
have been catastrophic anyway. 

It must be, then, that the object of such safety and interlock sys-  
t ems  is not the termination of excursions. What, then, is its purpose? 

Consider what happens if we add reactivity to such a system at a 
relatively slow rate. Provided, as the interlocks assure ,  there  is a 
source present and an appreciable fission rate,  the fission r a t e  will rise 
slowly as delayed criticality is approached and will generally exceed 
the maximum detector reading and cause a sc rami f  an attempt is made 
t o  continue reactivity addition to the region near  prompt criticality. 

Viewed in this fashion, then, the entire system is simply an aug- 
mented, nonlinear, negative reactivity feedback, meant to  function in a 
deliberate preinitiation situation. That is, the safety and interlock system 
of the usual f issile assembly is meant (1) to provide a strong nonlinear 
negative reactivity feedback and (2) to a s su re  that this mechanism func- 
tions by deliberate preinitiation. Thus this type of safety system can pre-  
vent (but not terminate) an excursion. during a slow approach to delayed 
criticality. The actual requirements 'of such a system a r e  not severe.  In 
general, the, slow reactivity addition r a t e  is such that the t ime between 
passing a high neutron level and arr ival  at prompt cri t ical  is many sec- 
onds. A system of the type described needs only to be capable of re- 
moving a substantial amount of reactivity in a second or  so. This is, of 
course,  t rue only under conditions where the r a t e  of reactivity addition is 
low, generally of the o rde r  of cents per  second, as i t  is when steady-state 
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reactors  o r  cri t ical  assemblies a r e  being operated o r  when delayed 
crit ical  approaches a r e  being made with burst  reactors.  

Safety systems, such as that of Fig. 1 o r  some slight variation 
thereof, also perform one other t rue safety (trouble prevention) func- 
tion: They l imit  power to  a value such that the heat generated in steady- 
state operation of the assembly never exceeds that which can be carr ied 
off without damage. In assemblies that lack high-capacity cooling sys-  
tems, and most burst  reactor  systems a r e  of this type, the maximum 
detector level for s c ram may be set to limit the power to give non- 
damaging temperatures a t  thermal equilibrium. 

Thus the safety and interlock system of Fig. 1 is intended (1) to 
prevent excursions under conditions of slow reactivity addition by 
preinitiating a strong artificial reactivity feedback and'(2) to preclude 
steady-state operation at  levels such that equilibrium temperatures  may 
be damaging. Note that both these functions are inherently concerned 
with steady-state operation o r  with operation substantially below prompt 
criticality. Neither is directly concerned with safety when the reactor  is 
burst, although, as we shall s e e  later,  some modifications of these func- 
tions a r e  indirectly applicable to burst  reactor safety. Nonetheless, sys-  
t ems  of the type of Fig. 1 were included in the earlier burst  machines 
(which were primarily cri t ical  assemblies run under special conditions), 
and we also observe that this type of system has been carr ied over into 
the safety and interlock systems of typical second-generation fast  burst  
reactors.  Thus in the case of the FRAN reactor,  recently set  up at  
the National Reactor Testing Station' either of two picoammeters 
driven by ion chambers will cause a s c r a m  when driven off scale, and 
s c r a m s  can be r e se t  only with the source inserted. (Several other 
s c r a m  and interlock features discussed la ter  a r e  present. They relate 
to other requirements more directly innate in the nature of a fast burst  
reactor.)  The Army Pulse Radiation Facility at Aberdeen, Maryland' has  
a s c r a m  on temperature as well as flux level. These devices a r e  rela- 
tively slow in their action; they a r e  therefore protective systems es-  
sentially like that of Fig. 1. 

During o r  immediately following a burst, a system of the type of 
Fig. 1 can also prevent a second unwanted excursion and prevent the 
reactor from levelling off a t  some undesired power. Both these func- 
tions involve responses on a t ime scale comparable with that required 
for the reactor  to cool off under normal conditions. They therefore 
impose no stringent speed requirement on the system. 

BURST REACTOR SAFETY SYSTEMS 

For reasons that appear to me to be primarily a matter of habit, 
the systems attached to burst  reactors  to perform the functions de- 
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scribed in the preceding section a r e  often called “safety systems” in 
safety analysis reports.  As we have noted, these systems actually have 
little to do with fast  burst  reactor  safety a s  such. TO begin with, they 
a r e  primarily concerned with preinitiation o r  steady operations, and 
neither of these matters  is directly concerned with fast  burst  safety. 

As fast  burst  systems a r e  generally run, the pr imary purpose of a 
t rue  safety feature should be to prevent anoversized burst. For examin- 
ing the possible cause of an oversized burst, let  us  f i rs t  investigate a 
typical fast  burst  reactor operating sequence and t r y  to pick those places 
in the sequence where e r r o r s  o r  miscalculations could cause such an oc- 
currence.  The usual sequence in general  t e rms  is: 

1. Starting with the reactor  in a shutdown condition, with the major 
safety block and all control rods in their  lowest reactivity position, a 

2. A large change of reactivity in the positive direction is made 
(usually by inserting the safety block) at a ra te  of the order  of several  
dollars per second. The reactor  remains well below delayed criticality, 
but appreciable neutrons are detected because of the source, and the 
change in multiplication from step 1 is clearly noticeable. 

3. The control rods a r e  inserted slowly, one at  a time, correspond- 
ing to thelast-stage motionof Fig. 1, reactivity being added at  the rate  of 
a few dollars per minute. 

4. The motions of step 3 a r e  continued until the reactor  reaches 
some low power at  delayed criticality o r  nearly delayed criticality. If 
any departure from delayed criticality is present at this point, i t s  
magnitude must be measured carefully. 

5. The reactivity is dropped to several  dollars below delayed cr i t i -  
cality, and the source is removed. 

6. A waiting period elapses during which delayed-neutron pre- 
c u r s o r s  a r e  allowed to  decay until the fission rate  has  dropped to  the 
point where the source in the reactor  may be considered a weak one by 
Hansen’s definition.’ 

7.- The reactor  is returned rather  rapidly to the delayed critical 
configuration. 

8. A known amount of reactivity, sufficient to bring the reactor  above 
prompt criticality by the desired amount, is inserted. 

9. The burst  occurs  either due to the statistically fortuitous initia- 
tion of a persistent chain by the natural source present o r  due t o  a pro- 
grammed pulse of neutrons inserted into the assembly by an artificial 
source. 

10. The burst  is terminated in its prompt aspect by the inherent 
negative feedback characterist ics of the system. That is, it is terminated 
by heating and the subsequent expansion, which reduces reactivity be- 
low prompt criticality. 

@ source is inserted. 
’ 
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11. The slowly decaying tail of fission activity is reduced by with- 
drawal of the safety block, 

There a r e  several  places in this sequence where an action can be 
taken or where an incident could occur which would tend to cause a burst 
l a rger  than one desires. We note that it is not the so-called “safety s y s -  
tem” that determines the burst s ize  in any sense. Burst  s ize  is en- 
tirely a function of the character is t ics  of the reactor. The pr ime vari- 
ables a r e  the amount of reactivity added during the period just before 
the burst occurs and the reactivity-feedback coefficients of the design. 

It is generally accepted that the most probable cause of an over- 
sized burst is an unintended preburst change in reactivity during step 6; 
that is, during the t ime between establishment of delayed criticality and 
the actual occurrence of the burst. Another possible cause of an over- 
sized burst is a failure to establish exactly the delayed crit ical  condi- 
tion; i.e., a failure to estimate exactly the reactivity above delayed 
criticality at the t ime when that measurement was made. A third pos- 
sible cause is a failure to properly measure or estimate the amount of 
reactivity added in step 8 when the burst  rod or mass  adjustment rod 
is inserted. 

The first of the above troubles can be due to a change in physi- 
cal configuration (perhaps something falling against the reactor  during 
the decay period), a change in composition (perhaps something being 
removed or inserted during that period), and so forth. The most likely 
cause of a failure to properly establish delayed criticality would, of 
course, be operator e r ro r .  Similarly, the most likely cause of failure 
to properly establish the amount of reactivity desired to be added for  the 
burst would also be operator e r ro r .  One can guard against unwanted 
changes in reactivity during the decay period only to a limited extent. A s  
the neutrons decay from the assembly and the level drops with no source 
present, it becomes increasingly difficult to keep exact t rack  of the 
reactivity. Further, the reactivity of the assembly during this period 
is usually so f a r  below criticality that practical means of measurement 
cannot establish the exact base value to within the accuracy required 
to properly limit burst size. Considering the t ime period and the fact 
that the neutron population in the system will remain very low until 
a f te r  the burst reactivity insertion (step 8), we cannot be certain that 
delayed criticality has again been exactly achieved in step 7. In general, 
then, we must consider interlocks which prevent an undesirable positive 
reactivity change during the decay period or which preclude a large 
operator e r r o r  in establishment of delayed criticality or in measuring 
the reactivity addition to be made. 

Some systems, such a s  the FRAN Reactor, incorporate devices 
intended to guard against g ross  e r r o r  in determining delayed criticality. 
That system has a period-meter sc ram in operation during the t ime 
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when delayed criticality is being established. The s c r a m  is set a t  a 
value such that it will shut down the system i f  the period resulting 
from any preburst  configuration could lead to an oversized burst  upon 
the addition of the burst  rod. Such a device, because of its action in 
bringing abnormal behavior to the attention of the operator, is indeed 
a guard of so r t s  against an oversized burst. 

Figure 2 shows the sequence of operational s teps  described pre-  
viously; the points a t  which a safety system might be expected to func- 
tion have been indicated, andthe type of action such a system should take 
is noted. Thus in the third step, the safety system of Fig. 1 is operative 
to prevent an undesired excursion during the approach to delayed crit i-  
cality. In step 4, a short-period s c r a m  is in operation to assure  that 
operator neglect will not result  in periods unsafely far from t rue  delayed 
criticality. In the t ime period immediately following step 5, one could 
conceive of a reactivity meter that would at least  signal to the operator 
i f  the withdrawal of the safety block did not drop the reactivity a s  far 
below delayed criticality as had been expected. 

This las t  safety device is, of course, more difficult to construct, 
especially since the pertinence of such a measurement would, in gen- 
eral ,  increase as the waiting period progressed; the accuracy of any 
measurement based on neutron counting, however, would fall off rapidly 
a s  the neutron population decreased. 

The next device mentioned in Fig. 2, the motion-detector s c ram,  
is one which, to my knowledge, has  not been incorporated in any sophisti- 
cated form on present burst  reactors.  It is an interlock meant to function 
i f  a physical change takes place during the decay period. In some cases  
a very specialized s o r t  of motion detector has been incorporated in a 
burst  system. The APRFR, for  example, which has a movable reactor  
structure,  has a s c r a m  that functions if the reactor  is moved during the 
decay period. But it appears that no one has t r ied to preclude diffi- 
culties of the s o r t  that damaged Godiva I; that is, motion of some object 
in the vicinity of the reactor  in such a way as to change the reflection 
characterist ics of the reactor  environment. It is rather  surprising 
that this has  not been t r ied since there  a r e  several  commercially 
available devices that could do this. There are electromagnetic 
Doppler-motion detectors (such as the Johnson Control Co. Model G-1 
Motion Detector) which can readily sound an a l a r m  when a small  m a s s  
moves in their  field of view. Also available a r e  information storage 
and comparison devices fo r  closed-circuit television systems (such as 
the Sutter Co. VMD-2 Video Motion Detector) which will a l a r m  if the 
sampled a r e a  rn a picture changes. 

The next safety device mentioned in Fig. 2 is the programmed- 
burst  system used with forced initiation. Calling this  system a safety 
feature is rather  foreign to  the thinking of most designers; but, since 
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it does indeed originate a signal that wil l  act to prevent either a re-  
peated burst  o r  a continued run at finite power after a burst ,  it s e rves  
at  least  one function of the system of Fig. 1 and may thus also be 
legitimately considered a safety system. 

Table 2 l is ts  the safety systems identified thus far,  together with 
the incident against which each is effective and the speed requirements 

Table 2 

SAFETY SYSTEMS 

System of Safety Reaction time 
Fig. 2 functions Backup required 

A ,  “safety” 
system 

B,  period 
s c r a m  

C ,  rho meter  
s c r a m  

D, motion 
detector 

Q E ,  programmed 
initiation and 
s c r a m  

(1) Prevents  excur- 
sion during d-c 
approach; ( 2 )  Pre- 
vents steady-state 
operation at too 
high power level: 
(3) Prevents  sec-  
ondary burst  o r  
steady s ta te  af ter  
burst  

Prevents  oversized 
burst  due to gross  
e r r o r  in delayed 
cr i t ical  

Prevents  oversized 
burs t  due to gross 
e r r o r  in delayed 
cr i t ical  

Prevents  oversized 
burst  due to 
change in reac- 
t o r  environment 

Prevents  secondary 
burst  o r  steady 
s ta te  a f te r  burst  

Manual s c r a m  

Procedures  

Procedures  

Operator observation 

Manual s c r a m  
sys tem A 

Few tenths 
of 3 second 

Few tenths 
of a second 

Few tenths 
of a second 

Few tenths 
of a second 

Time fixed by 
operational 
r a t h e r  than 
safety re- 
quirements  

of each. Note that, in general, even those meant to protect against an . 
oversized burst  need not be especially quick-acting. In general, if these 
sys tems can act within a time of the order  of a few tenths of a second, 
they can successfully perform their safety functions. 

We might now investigate what the other requirements of these 
sys tems may be. How much redundancy is desirable? To what par ts  
of the system should a single-failure cri terion similar to  that of the 
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Institute of Electrical  and Electronics Engineers, Inc. (IEEE)' apply? 
What coincidence logic is desirable? 

REDUNDANCY REQUIREMENTS 

All the sys tems of Fig. 2 a r e  in some sense redundant to the 
operating procedures of the burst reactor system. By this we mean that 
if  all operations a r e  carr ied out perfectly and no deviations from the 
plan occur none of these systems needs to function to a s su re  that no 
injury o r  damage will occur. In this respect the system is like those 
developed for other types of reactors. 

However, in the case of the fast burst  reactor,  the converse of 
the above statement is much l e s s  likely to be true. That is, although 
for other reactor types, a failure in operating plans wil l  be readily 
caught by the reactor  safety system, such is not necessarily the case 
for the fast burst  system. The burst  reactor  is, despite the ingenuity 
of control-system designers, an inherently unforgiving device, prone to 
do the wrong thing in the hands of the careless.  

Such e r r o r s  as the failure to properly measure burst-rod worth 
under changed conditions can not only set  the stage for an overburst 
but can simultaneously vitiate a device, such as system B, meant to 
protect against an overburst; nor would a degree of redundance in 
system B correct  this trouble. Further, undesired changes in the con- 
figuration during the decay period can be of a nature not readily discern- 
ible either by closed-circuit television o r  by motion detectors. 

It would seem, however, that prudence would dictate at least  one 
operating independent spare  for those systems that a r e  intended to pre- 
clude overbursts. That is, systems B, C, and D of Fig. 2 should be 
double. One recognizes that redundancy in these sys tems does not as- 
su re  their  functioning. Indeed, their  most likely reason for failure to 
function is the occurrence of an event they cannot be designed to meet. 
And it has been remarked" that safety-system redundance protects 
only against statist ical  component failure, not against design gaps. 

Nonetheless, it does not seem unreasonable to  require a double 
independent system for  each of systems B, C, and D. 

System A is also often made redundant, chiefly, it seems, because 
of its function to limit power during steady-state operation. Considered 
as a device to preclude repeated bursts  o r  unwanted steady operations, 
it is in itself redundant to the tail-chopping functions of the programmed- 
burst  system. And the completelydifferent principles on which these two 
systems, A and E, function assure that whatever benefit can be gained 
from redundancy is maximized. 

Directly involved in the redundancy question is the question of 
coincidence logic, which will be treated next. 
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SINGLE- FA1 LU RE ANALYSES 

It is evident from the preceding discussion that we can examine 
the sys tems A, B, C,  D, and E to a s su re  that no single failure will 
prevent their  functioning. By a single failure we mean: (1) one com- 
ponent that failed or  a circuit that faulted, (2) multiple failures resulting 
from a single external cause, (3) multiple failures resulting from a sin- 
gle internal cause, and (4) the accumulation of undetected failures until 
they cause a malfunction on test. 

The meanings of these four kinds of single failures, extracted from 
the proposed IEEE Guide to the Application of the Single-Failure 
Criterion’ a r e  self-explanatory, with the possible exception of the 
fourth type mentioned. That type is meant to classify as single any 
failure that resul ts  from several  successive failures, each of which 
would not be individually detectable until the las t  failure occurred. For 
example, if ei ther of two redundant safety chains can give a desired 
signal and i f  the tes ts  run a r e  such that only one chain need function to 
give an affirmative result, then, since the failure of one chain would go 
undetected until the other failed, the failure of both is considered a 
single failure. It i s  important to note that the fourth failure c lass  makes 
certain assumptions about the testing program a s  well as certain as- 
sumptions about the coincidence logic of safety circuits. 
o If, then, we wish to apply single-failure analysis to the circuits 

we have identified a s  preventing accidents in fast burst  reactors,  we 
will need to a s s e s s  the coincidence-logic requirements of burst  reactor 

@ 

’ circuitry. 

COINCIDENCE LOGIC 

There is a distinct dichotomy of view regarding the coincidence 
logic that is desirable fo r  the rather special  applications represented 
by fast burst reactor protective circuits. Figure 2 points out several  
types of protection which a r e  desired. 

Further, we have implied that some degree of redundancy is de- 
sirable in these circuits. There exists a question as to whether, if 
redundant, the protective circuits should be completely independent in 
their  action; i.e. , whether their  coincidence logic should be one-out-of-n 
or n’-out-of n, where 1 < n’ < n. 

Some fast burst  reactors,  e.g., the APRFR, have been built with 
two-out-of-three logic in the system designated A in Table 2. There is 
considerable difference of opinion about the advisability of such a design. 
Briefly, the arguments are:  Independent s c r a m s  (one-out-of-n logic) a r e  
clearly l e s s  likely to fail when needed. Since a burst reactor  spends 
most of i ts  time shutdown anyhow and since its continuity of operation 
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is never crucial, the false-scram penalties implied by one-out-of-n 
logic a r e  minimal. Requiring more than one-out-of-n is simply inviting 
failure under s t ress .  

On the other hand, as we noted earlier, one-out-of-n logic merely 
a s s u r e s  that an unsafe component failure in one channel will not stop the 
protective action. It does not guard against underdesign or  against oc- 
currence of an unforeseen situation. The probability of unsafe component 
failure in a properly designed and analyzed system is extremely small, 
and most protective-system failures in practice are the resul t  of the 
inherent inability of the system to respond to an unexpected situation. 
The assurance gained by one-out-of-n is therefore negligible. Using 
two-out-of-n logic will not only afford some slight advantage in oper- 
ability during steady-state runs, it will a lso afford a positive safety 
advantage. By making i t  possible to insert  a checking signal in one chan- 
nel a t  any t ime during operation, the more complex logic allows one to 
ca r ry  out more frequent checks of the sensitivity of the system without 
completely interrupting operations. 

One could, for example, arrange three motion-detecting systems 
in two-out-of-three coincidence for  system D of Table 2; then, require  
that just at the end of the decay period some small  motion signal be 
fed to each detector individually to a s su re  that each would have responded 
i f  something had moved. 

Note, however, that any safety advantage to be gained through a 
coincidence logic involving more than n'-out-of-n can be achieved only 
through increased testing capacity. In this sense it hinges upon opera- 
tional procedure. 

CONCLUSIONS 

Our pr imary conclusion regarding the safety and interlock systems 
for  burst  reactors  is rather  a negative one. To wit: these systems 
neither substitute for, nor substantially enhance, careful and knowledge- 
able operation. For many types of reactors  other than fast burst  types, 
clever interlocking can aid in assuring that operator e r r o r  will simply 
be met by refusal to perform. Here, however, the e r r o r s  most likely 
to be destructive are ones that no interlock prevents. 

Some protection can be gained against excessive temperatures  in 
the steady-state mode by a system like that of Fig. 1. Such a system also 
affords protection against undesired excursions during the approach to 
criticality. 

Rather little design ingenuity appears to have gone into interlock 
sys t ems '  to prevent oversized bursts.  In particular, devices a r e  avail- 
able to a larm or  s c r a m  on a change in reactor environment during the 
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decay period. Protection of that so r t  s eems  the only type that could 
supplement careful operation to a substantial degree. 

Redundancy in interlock and s c r a m  systems s e e m s  desirable, and 
a review of all  safety systems for conformance with the IEEE Single 
Failure Criterion is a fairly simple and desirable step in safety analysis. 

Coincidence logic is largely a matter of the designer’s own personal 
preference.  A properly constructed system can add safety to the extent 
to which mechanical systems can do so, irrespective of the coincidence 
logic employed. Some additional protection seems  available through 
multiple coincidence when combined with a carefully planned testing 
schedule, but the cost involved in such systems would usually be more 
than the additional assurance would. justify. 
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DISCUSSION 

MURPHY: It s t r i kes  me on iistening t o  your safety procedures that 
much of the work is relatively straightforward; it simply involves de- 
tailed checking of the reactor character is t ics  to  ensure that certain 
safety interlocks a r e  present, and so on. Nowadays high-speed digital 
computers a r e  available a t  a price that is not much different from that 
of a good multichannel analyzer. I a m  wondering i f  there  a r e  any 
laboratories now using small  computers, e.g., something on the order  
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of a PDP-8, to give a real-time check of not only the condition of your 
interlocks but also to give real-t ime checking of the reactor operator’s 
verification of delayed critical. 

(During the LASL tour that followed the conference, it was  found 
that the Los Alamos UHTREX reactor is controlled by such a computer 
system. Of course, UHTREX is not a fast  burst  reactor, but the differ- 
ences in a computer-control system for a burst reactor should not be 
very great.) 

SHON: To my knowledge there a r e  no burst  reactors  that a r e  doing 
this; of course, other types of reactors  a r e  doing it. I might say though 
that ever since the days of Frankenstein men have been inherently afraid 
of their  own creations. So, on the reactors  where real-time computers 
a r e  used to establish reactor characterist ics and respond to them, 
designers have been remarkably reluctant to t ru s t  the computers to 
add reactivity. They will let the computer take reactivity away anytime, 
but to add it, the computer always just te l ls  the operator. I am not su re  
that this is a good idea. It might be good to have a programmed-burst 
sequence that is completely controlled by a computer. 

CLACK: It s eems  to me that in your talk and in previous ones it 
has been implicit that you can always rely on a negative temperature 
coefficient. Is this in fact guaranteed under all  circumstances? 

SHON: The reactor  is designed to have this. 
CLACK: Could the characterist ics change so that you got a posi- 

tive temperature coefficient? 
SHON: I think it could happen. I cannotthink offhand of exactly what 

parameters  would have to change, but I suppose if you had some so r t  
of reflector that the reactor could expand into or something like that 
you might get a positive coefficient under some conditions. 
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ABSTRACT 

Requirements for instrumentation to measure  dose r a t e  and time-dependent 
neutron and gamma-ray spec t ra  from fast  burs t  reac tors  a r e  discussed. Specific 
dose- ra te  measuring sys tems a r e  compared. Techniques for  obtaining t ime- 
dependent spec t ra  a r e  discussed. 

In the intense radiation environment of a pulsed reactor, many physical 
properties of exposed equipment show strong changes that have a 
potential use in time-dependent dosimetry and gamma-ray and neutron 
spectrometry. In the design of a system to study the environment, the 
main difficulty, in fact, is to select from these properties the most 
suitable ones for extracting the desired information. A useful system 
should satisfy the following requirements: 

1. Its readout should be interpretable in well-defined units of the 
measured parameter;  for example, when dose is being measured as a 
function of time, the readout should be proportional to rads (in t e r m s  of 
the irradiated material), roentgens, or neutrons per square centimeter 
(nvt). This can be done only i f  the response of the detector is independent 
of energy or  i f  both its energy response and the energy distribution of 
the incident radiation a r e  known. 

2. The resolving time of the system (includingthe recorder)  should 
be short  compared with the pulse duration. For a typical 40-psec 
burst  length, the resolving time should be l e s s  than 1 p e c ,  including 
both the buildup and decay of the signal, so that small intensities im- 
mediately following high intensities can be monitored reliably. 

3. The system should be able to operate without saturation between 
4 x 10l2 rads/sec in the glory hole of a modern burst reactor and a few 
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rads  pe r  second for large distances. In practice this can be accomplished 
by the use of two or  more detector systems with different operational 
ranges. 

4. If desired, the system should be able to yield separate informa- 
tion on neutron and gamma-ray dose rates.  This can be done by using 
two different detectors having different neutron and gamma-ray sensi- 
tivity ratios. The ideal situation would be to have one detector sensitive 
only to neutrons and the other only to gamma rays. Although detectors 
with high gamma-ray-to-neutron sensitivity ratios can be made, the 
r eve r se  is difficult. 

DOSE-RATE MEASURING INSTRUMENTS 

The most straightforward approach is calorimetry, in which total 
heating produced by the radiation is measured. Classical calor imeters  
are integrating devices with a response t ime on the o rde r  of seconds, 
making them suitable only for  total dose measurements. Recently a 
detector using the pyroelectric effect in a ferroelectric mater ia l  has 
been developedip2 with a t ime resolution of about 30 nsec. 

Scintillators and photomultipliers o r  photodiodes a r e  frequently 
used to measure the dose rate  of a fast  burst  reactor. Inorganic crys- 
ta ls  a r e  not useful because of the long decay time of the fluorescence, 
about3 250 nsec for  NaI(T1) and 1.5 psec for CsI(T1). Systems with 
organic scintillators are quite satisfactory and a r e  commonly used. 
Organic scintillators a r e  sensitive to gamma rays,  and those contain- 
ing hydrogen (some do not, e.g., hexafluorobenzene) a r e  sensitive to 
fast neutrons. Their light output is directly proportional to gamma-ray 
energy absorbed for energies above 20 kev. However, the output per 
unit energy for  neutrons is not l inear until recoil-proton energies4 
approach 20 MeV. So, for the energies encountered in pulsed reactors,  
their  neutron response is nonlinear. 

The time resolution of organic scinti l lators is limited by the decay 
of fluorescence. Typical decay curves5 a r e  shown in Fig. 1. For most 
applications this decay is no problem. 

Saturation effects in organic scintillators are not well understood. 
There is some indication that high dose r a t e s  may saturate the scintil- 
lator,6 and permanent degradation of output a t  total doses of lo6  to lo8 
r ads  is well known for  some scintilla tor^.^ Recovery of the permanent 
effect is seen with aging or heating. 

Diffused- junction silicon diodes a r e  frequently used to measure 
dose. Their output is proportional to  the absorbed silicon dose and 
independent of the type of incident particle. Although these silicon 
diodes a r e  sensitive primarily to gamma rays,  sensitivity to neutrons 
may be obtained by coating them with an appropriate material  (e.g., 
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Fig. I-Light output as  a fiinction of t ime  follozoingan erposure of a scintillator 
to  a short pulse of gatntna r a y s  f?-otw a linear accelerate?.. 

hydrogenous material  for fast  neutrons, 6Li for almost-energy-inde- 
pendent response, or 235U for thermal neutrons). These detectors a r e  
l inear up to 10'' rad/sec, and their resolving t ime is 1 to 2 nsec. 
Typical sensitivity is 3 microcoulombs/rad/g of junction volume, with 
junction volumes ranging from 0.002 to 1 g. 

The secondary-electron- mixed-radiation dosimeter (SEMIRAD) is 
also used to measure reactor pulses a t  high dose rates.' I ts  signal 
depends on the absorbed dose in the layer  of wall adjacent to  the vac- 
uum chamber. It has  a flat energy dependence for gamma r a y s  above 
80 kev. Figure 2 shows a typical gamma-ray SEMIRAD. Neutron- 
sensitive versions have been made using either hydrogenous wall ma- @ 

INSULATOR CERAMIC 7 I N S U L A T O R 7  
EVAC U ATE D 
C H A M B E R -  

-/ O U T E R  1 P O T T E D  -,/ 
COLLECTOR SHIELD I N S U L A T O  R 

Fig. 2- CYOSS section through a SEMIRAD diode. 
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ter ia l  (protected by an evaporated metal coating) for fast neutrons or 
fissionable materials for total neutron measurements. The hydrogenous 
wall instrument has an output proportional to  r ads  in the wall material  
fo r  both gammas and neutrons. 

Resolving t imes on the order of 3 nsec a r e  readily obtained; no 
saturation is seen a t  dose rates  of lo1' rads/sec. The major disad- 
vantage of the SEMIRAD is its low sensitivity (typically 3 x lo-'' 
coulomb/rad which prohibits its use except near  the reactor  and 
necessitates great  care to avoid radiation-induced cable effects. 

Compton diodes have been repeatedly tried for gamma-ray mea- 
surements.  Their sensitivity is less than that of the SEMIRAD (about 

coulornb/rad). The major disadvantage is a very complicated en- 
ergy response for both gammas and neutrons, which is also a function 
of the direction of the incident radiation.*#' 

A new method for dose-rate measurement is now under develop- 
ment a t  Nuclear Defense Laboratories (NDL)." The system uses  the 
radiation-produced ions in a solution of perchloric acid to  absorb light. 
The lo s s  of transparency of the solution is proportional to the radiation 
intensity. Using a He-Ne laser beam and a system of m i r r o r s  and 
optical filters, personnel can remotely monitor the transparency of the 
radiation cell  without the use of signal cables. Figure 3 shows the 
arrangement of this dose-rate meter.  This method is usable for total 
doses  of 500 to 20,000 rads. The signal is proportional t o  water r ads  per  
unit time. Time resolution of sec has been reported. 

Fig. 3-Experimental arrangement of the transient-ion sensor and i t s  s y s t em 
at a f a s t  burst reactor. 
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NEUTRON AND GAMMA-RAY SPECTROSCOPY 

Two basic types of instruments a r e  used to determine time- 
dependent neutron or  gamma spectra:  (1) a monochromator, such a s  a 
bent crystal  diffraction grating for  gamma rays o r  a recoil-proton 
magnetic spectrometer for  fast neutrons, with an a r r a y  of detectors 
a t  the image plane of the monochromator, and (2) an a r r a y  of detectors, 
each with a different energy response. The spectrum is then unfolded 
from the combined output. 

Both types share  some characterist ics.  Readout of all the detectors 
must be in parallel; the number of channels of energy resolution equals 
the number of detectors. For a high-resolution system, the parallel  
electronics and display become quite cumbersome. A frequently used 
expedient is to assume constancy of spectra  from burst  to burst  and to 
examine only a limited portion of the spectrum on each burst. 

The t ime resolution of either type depends on the detectors used. 
Monochromators have several  advantages: The readout gives the 

spectrum either directly or  after a minimum cor rec t im  for  the energy 
response of the detectors. The energy resolution is limited only by 
collimation of the incident beam and the detector size; several  hundred 
channels of energy resolution a r e  feasible. Both crystal  and magnetic 
spectrometers can be calibrated absolutely. 

The major disadvantage of monochromators is their  very low 
sensitivity. Since good energy resolution requires very tight collima- 
tion a t  both input and output, the radiation seen by an individual 
detector is very small  compared with what would be seen in the free 
radiation field. Therefore the shielding requirements and cable-effect 
problems a r e  magnified. A further consequence of the tight collimation 
is that the monochromator measures  only radiation from a particular 
direction. This can lead to severe e r r o r s  if scattered radiation makes 
a significant contribution to  the total dose. 

The energy-dependent a r r a y  principle has  been applied in several  
ways to both neutron and gamma spectrometry. For  gamma spectrom- 
e t ry  the simplest is an a r r a y  of detectors  with different absorbers.  
Below 100 kev excellent discrimination can be obtained by varying the 
Z value of the absorbers,  makinguse of the sharp K edge. Above 100 kev 
the thickness is varied; lower energy gamma rays are more selectively 
absorbed. A spectrometer of this type has  been built using ferroelec- 
t r i c  detectors.' Figure 4 shows the spectrum obtained f rom a flash 
X-ray pulse. 

Two types of neutron spectrometers have been developed. One type 
developed at NDL uses  solid-state detectors coated with various ele- 
ments in which neutrons induce reactions. The response of an individual 
detector depends on the reaction c r o s s  section of the coating element; 
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hence, i t  can change very rapidly as a function of energy, Through the 
use of fissionable coatings, spectra can be measured down to thermal 
energies. Solid-state detectors with 235U and 6Li coatings a r e  com- 
mercially available. 
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Fig. 4-Gamma spectrum froin a f la sh  X-ray machine taken by means of f e r -  
roelectric materials. uT = spectruin averaged ouer the pulse length; 5(ATI) = 
between 0 and 30 psec; and o(AT,) = between 30 psec and the end of the pulse.  

A second kind of spectrometer u ses  proton recoi ls  in a thin sheet 
of plastic scintillator." Owing to  edge effects the output pe r  incident 
neutron at a given enirgy is not a l inear function of sheet thickness; 
so such an a r r a y  allows recovery of the original neutron spectrum. 
The lower energy limit of this system is set  by the requirement of 
good scintillator response to proton recoils, about 0.5 MeV. Figure 5 
shows the response of scinti l lators of various thicknesses a s  a function 
of incident neutron energy. 

The major disadvantage of all the energy-dependent a r r a y  systems 
is the requirement for  unfolding the spectrum from the detector signals. 
The calculation required is the numerical solution of a Fredholm 
integral equation: 

S,(t) =jm dE R,(E) F(E,t)  (1) 
0 

where S, and R.(E) a r e  the signal output and the response function of 
the nth detector, respectively, and F(E,t) is the neutron flux. For  
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computer solution this  equation is usually written a s  a matrix equation: 

(2) S,(t) = RnEF,(t) 

This equation is then solved at  increments of t. In general the matrix 
R is ill behaved and cannot be directly inverted; hence, i terative ap- 

Fag. 5-h’ori~alrzed sensttavzty of organac sczntzllato?~s of varyang tkacknesses 
(a) lo  neirt?*ons (nut) as fiinctzon of neutron energy. 

proximation schemes have evolved. Two such schemes a r e  outlined 
below. 

The first, by Gold,’’ assumes a t r ia l  solution FP).  Then the signal 
corresponding to this  t r ia l  solution is calculated: 

s‘,) = R , ~ F ( E O )  (3) 
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The next tr ial  solution is generated by the relation 

. - 

Iteration stops when some S',"' is sufficiently close to the experimental 
signal S,. 

This algorithm is very sensitive to  the co r rec t  choice of the t r i a l  
solution. For a t r ia l  solution greatly different f rom the correct  spectrum, 
the algorithm can go into unstable oscillation. 

The second algorithm involves more calculation per iteration but 
converges more quickly and is very insensitive" t o  the initial choice 
of F!), In fact, F(EO) can be chosenas a null vector. The basic algorithm 
is given as 

Owing to  the rapid convergence computer, running time is not excessive. 

CALIBRATION TECHNIQUES FOR DETECTORS 

Detectors can be calibrated by preexposure to  a steady-state neu- 
tron or  gamma source in the laboratory. This procedure yields 
mediocre results. I ts  lack of reliability is caused'by the large dif- 
ference in intensities encountered at  the burst compared with the 
calibration source. However, this type of calibration can be used to 
compute sensitivity settings of the recording apparatus. Much more 
accurate is the calibration obtained during the burst  itself by attaching 
reliable integrating dosimeters a t  the sensor and by expressing the 
integrated time vs. intensity recording in t e r m s  of the independently 
obtained total dose. 

.B 



TIME-DEPENDENT DOSIMETRY AND SPECTROSCOPY 477 

REFERENCES 

1. D. L. Hester ,  D. D. Glower, and L. J. Overton, Use of Fer roe lec t r ics  for 
Gamma Ray Dosimetry, Transactions of a Professional Group on Nuclear 
Engineering, IEEE (Iiist. Elec.  Elecl?.oir Eiig.), Ti-atis. A’iicl. Sci . ,  l l ( 6 ) :  145 
(1964). 

2.  D. Miller, P. Schlosser, J. Burt ,  D. D. Glower, and J. RI. McNeilly, A 
Pulsed Radiation Energy Spectrometer U s i n g  Fer roe lec t r ics ,  IEEE (Iizst. 
E l e c .  Electroiz. Eiig.), Trans. IVILCI. Sci . ,  14(6): 245 (1967). 

3. J. B. Birks ,  The Theory aizd Practice of Sciiztillatioiz CouiLli}zg, Chap. 11, 
The  Macmillan Company, New York, 1964. 

4. J. B. Birks ,  The Theory aiid Practice of Sciiilillalioii Coiiiitiizg, Chap. 6, The 
Macmillan Company, New York, 1964. 

5. J .  Kirkbride, E. C. Yates, and D. D. Crandall, hleasurement of the Decay 
T i m e  of Organic Scintillators, Xttcl. l~ist).i~iiz. Afethods, 52: 293 (1967). 

6. J. Stevens and R. B. Knowlen, Transient  Nonlinear Response of Plast ic  
Scintillators, IEEE (fiist. Elec. ELectmii. Eiig.), Tnziis. Ar/icl. S c i . ,  15(3): 136 

7. S. Kronenberg, High-Intensity Radiation Dosimetry with SER’IIRAD, U.  S. 

8. J .  G. Kelly, Compton Diodes: Theory and Conjectures, USAEC Report 

9. P. J. Ebert  and A. F. Langon, Rer;. Sei.  Imtrruiz., 38: 1747 (1967). 

0 (1968). 

Army Research and Development Monograph Series ,  No.  3, 1966. 

SC -RR-67-855, Sandia Corporation, 1968. 

10. N .  Klein, J. E. Fenning, J r . ,  and T .  L. Smith, Measurement of X-Ray Pulses  
by Chemical Means, Report NDL-TR-115, Nuclear Defense Laborator ies ,  
1968. 

11. R. Gold, An Iterative Unfolding Method for  Response Matrices, USAEC Re- 
port  ANL-6984, Argonne National Laboratory, 1964. 

1 2 .  F. S. Bechman, ilfatherizaticat Methods f o r  Digital Coiizputers, A. Ralston and 
H. S. Wilf, (Eds.) ,  Chap. 4, John Wiley & Sons, Inc., New York, 1960. 

DISCUSSION 

DONNERT: I would like to comment on the detection system that 
has been tried out by the Nuclear Defense Laboratory (NDL) using the 
l a s e r  beam. What is actually observed is the change in the concentra- 
tion of the solvated electron. The system, a s  was pointed out, has 
several  advantages; the disadvantage, a s  the system now stands, is 
that it responds to neutrons and gamma radiation. Several  yea r s  ago, 
before I left NDL, there  was some ser ious discussion about getting 
differentiation between neutrons and gamma rays  by using two 
detectors-one essentially a hydrogenous system and the other an 
essentially deuterated system. By getting both concentration-time 
t races ,  one ought to be able to distinguish between neutrons and gamma 
rays,  Is there anything along those l ines being done? 

LUX: I do not h o w ;  I have seen nothing on the deuterated system. 
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ABSTRACT 

e 

A 

Three  methods of digitally extracting reac tor  period a r e  discussed fo r  pulse- 
detector inputs. One of the methods discussed in this paper i s  explored in detail 
to investigate the l imits of accuracy for pulse-detector input sys tems.  Also, a 
simulation of the device proposed has been se t  up on a large digital computer to 
optimize the selectable parameters .  Hybrid period sys tems for  pulsing r eac to r s  
a r e  introduced with a limited treatment of their  function. 

INTRODUCTION 

This paper ' reviews digital techniques of reactor-period computation 
and describes instruments developed by the authors and others  which 
compute period by digital techniques. The object of this paper is not 
to discuss the use of large digital computers interfaced to conventional 
reactor information transducers;  our interest  l ies  rather in the a rea  of 
reactor instrumentation channels that would replace conventional analog 
functions, unit by unit. We envision digital count-rate meters ,  digital 
l inear power channels, and digital period me te r s  which eventually would 
replace presently used analog units. 

DIGITAL COUNT-RATE METERS 

A very impressive paper on a wide-range digital count-rate meter 
was published by Vincent and Rowles' in 1963. By an ingenuous manipu- 
lation of data accumulated in  a binary scaling system, they achieved the 
effect of an analog-circuit "smoothing" time constant. 

4 79 
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Figure l ( a )  shows the conventional l inear analog count-rate meter 
(CRM) circuit  with pulse- standardizing univibrator and diode pump. 
Figure l(b) shows the additional circuitry required to produce a simple 
log count-rate meter (LCRM). Figure l ( c )  shows a somewhat more pre- 
cise multidecade log count-rate meter that takes advantage of the 
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(C)  

Fig. 1 -Analog count-rate meters .  (a) Conventional analog count-rate meter.  
(21) Log count-rate meter.  (c) Multidecade count-rate meter.  

saturation characterist ics of several  single-stage systems. This last  
system can confine LCRM e r r o r s  to a small  fraction of a decade over 
five decades. 

The digital CRM system of Vincent and Rowles is shown in simpli- 
fied block-diagram form in Fig. 2. The operationof this unit i l lustrates 
the design of both a practical  CRM and the ultimate function of a precise  
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logarithm-extraction period computer. Digitally, to simulate the effect 
of a time constant, one wishes to produce the behavior shown in Eq. 1: 

This  can be done by accumulating counts over a set  period of time and 
then subtracting a constant fraction of the total accumulated counts. 

4?+ S U B T R A C T I O N  

CRYSTAL CLOCK S U B T R A C T I O N  
CONTROL F.F. W I T H  

S C A L E D  OUTPUT 

1 

Fig. 2-Sinzpltfied block diagram of the digital CRM of Vincent and Rowles. 

This ,  procedure is cycled continuously, adding C, counts each cycle and 
subtracting a fraction aC(t)  of the total accumulated counts. In fact, one 
recognizes the analogy to the basic differential equation 

dC(t) = [C, - aC(t)]  dt (2) 

which has  Eq. 1 as its solution. Performing this manipulation with 
binary scaling equipment is simple in concept, but i t  does require  a 
sizeable amount of basic digital hardware. However, with modern inte- 
grated circui ts  the implementation of this concept is quite practical. 

An additional comment is needed to clarify the operation of Vincent 
and Rowles' system. Specifically, a constant fraction of a number is 
automatically available in any scaler  to the base upon which the sca le r  
operates, i.e., the base 2 for  a binary scaler .  In the system described 
in Fig. 2, the fraction used was 2-l' o r  1/1024; it was obtained by 
interrogating s tages  11 through 20 of the scaler.  
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It is worthwhile to mention that recorder  outputs and analog meter 
indications are readily available by simple D- A conversion. Moreover, 
punched paper tape, printer, or other digital records a r e  also available 
for direct  computer input or permanent files. 

Another interesting approach to digital count-rate me te r s  and 
period extraction was reported by Fuan, Furet, and Kaiser, '  in 1966. 
These authors addressed themselves to the problem of the large power 
and consequent count-rate changes which occur during normal reactor  
start-up and operation. They developed a rate meter with an automatic 
change of counting time corresponding to  changes of input rate. They 
thereby achieved a control of the statist ical  e r ro r .  Their system also 
used a logic-switching circuit to select  one of two different sensitivity 
amplifier - detector assemblies to expand the overall dynamic range of 
operation. A detailed description, of their  period computation method 
will be presented later.  

BACKGROUND OF DIGITAL PERIOD COMPUTATION 

Figures 3(a) and (b) show the usual simplified analog reactor  power- 
period system and a digital system of the same format. In designing a 
digital period system, the first thought that might occur to the engineer 
is to reproduce the functions of the analog system directly on a one- 
for-one basis. Knowing that the conventional determination of period is 
based on first extracting a voltage proportional to the logarithm of 
power and then differentiating this signal, designers have f i r s t  looked 
for ways of digitally extracting the logarithm of a signal. Fuan, Furet ,  
and Kaiser2 and Vincent, Rowles, and Steels3 have done this  by very 
clever utilization of binary logic. In the work of Fuan, Furet, and Kaiser, 
about 200 t ransis tors  and 200 diodes were requiredfor the period com- 
puter. 

In Fig. 4, the basics of the process  of extracting a logarithm with 
binary logic a r e  illustrated based on the Vincent approach. Recalling 
how a time-constant effect was achieved by subtraction of a constant 
fraction of the total of the stored counts each cycle, one can easily make 
the small  step to the formation of a logarithm. Instead of one subtrac- 
tion at  the end of a count, the subtraction process  is repeated until the 
count accumulated in the scaler  is reduced to some preselected level. 
The number of subtractions necessary to reach the preselected level is 
the logarithm of the stored number to a precision dictated by the frac- 
tional value selected in the subtraction process,  plus a constant. 

From Fig. 4 i t  is clear  that an exponential decrease of the original 
count is occurring; that is, in any time At, the count is reduced by a 
constant fraction of the remaining count. This process  leads to an ap- 
proximation of a decreasing exponential. If one chooses to  stop the sub- 
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Fig, 3- (a) Conventional analog reactor-period sy s t em and (b) the digital 
counterpart. 

traction process a t  some minimum count, Co, the number of subtrac- 
tions, N, is a direct  measure of the logarithm of the original count as 
shown in Eq. 3, where the increments a r e  reduced to the differential 
l imi t s ,  

In C, = In Co + O N  (3) 

From Fig. 3(b) reactor  period is computed by subtracting two sequen- 
tial logarithms. Note that the logarithm of the constant Co is eliminated. 

A reactor increasing in power on a constant period follows the 
simple exponential expression 
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10-3 - 

NUMBER OF SUBTRACTIONS (N) 

Fig. 4-Digital genevation of the Eogavitknz of a nuvzbev C,. 

where T is the reactor period. Taking logarithms of power at  two se- 
quential t imes yields 

At In PI  - In P 2  = (5) 

An increment of N from Eq. 3 and At in Eq. 5 a r e  obviously related by 
the clock frequency in the computer. Power and counting rate  a r e  here  
considered to be equivalent. 

From Eq. 5 it is clear  that bothanalog and digital period me te r s  of 
conventional design compute the inverse period o r  the rate  of change of 
power with time. On an analog period meter  the inversion to period units 
in seconds is taken c a r e  of by calibrating the readout meter backward, 
reading from infinity to something like 1 sec  a s  a maximum indication. 
Fuan produced the necessary inversion for  the digital system by com- 
puting the logarithm of the difference of the logarithms of the counts 
and then executing an antilogarithm computation to obtain T. From the 
standpoint of the operation of a reactor,  the inverse period o r  ra te  of 
reactor  power change is a perfectly usable quantity, and the extra  com- 
putation to obtain the period appears to be quite unnecessary in prac- 
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tice. In fact many power reactors  use inverse-period me te r s  calibrated 
in such units a s  decades per  minute. 

Even though the logarithm approach is satisfactory, i t  is not the 
only means of producing a usable digital period computation. In fact, this 
approach appears unnecessarily complicated for  certain applications. 
Fo r  example, one can write the equation for period a s  

1 - 1 dP 
T P dt 

In finite difference notation, this equation becomes 

Since 4t can be fixed by a computer clock, the computation becomes 

1 - 1  A P  
T At P 

The minimum digital computation necessary appears to require  a sub- 
traction of two counts equivalent to  power at  a fixed difference in time 
and then a division by a count also equivalent to power. The computa- 
tion implied by Eq. 8 is restricted to small  changes in power, and con- 
sequently, a s  will be shown later, is subject to a compromise between 
e r r o r s  arising from counting statist ics and those relating to  the com- 
puting approximation. 

Although additions and subtractions are easily performed digitally, 
a division requires  some type of iteration or  other multiple manipula- 
tion. To an additional degree of approximation, Eq. 8 can be written a s  

( 9) 
1 1 P n + i  - 1 P"+1 
T = Z [  P, pn]=z[p,-l] 

a 
Fuan used this la t ter  form in an actual computer where only a division 
of two numbers had to be worked out. Figure 5 represents  this com- 
puter in block diagram form. His procedure for  division was simply 
to  multiply P, by a factor k and then find, by repeated subtractions, 
the number of t imes kP, could be removed from Pn+l. Clearly k is 
some small  convenient fraction of 1, i.e., 1/100 o r  1/1000. The result  
of the division must be multiplied by k to  obtain the quotient, but, with 
the proper choice of k, this  is only a simple display manipulation. 
Further,  i f  the computer were set  to operate with At equal to 1 sec and 
if it were desired to display rate  of power change in percent per  second, 
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Fig. 5- Digital rate computer that divides by successive subtraction. 

an interesting choice for  k is 1/100. Then the result  of the division is 
exactly the quantity wanted (percent of power change per second) after 
the computer subtracts the equivalent of (- 1) in accordance with Eq. 9. 

For this type of period computer, a negative period is sensed by a 
logic detection of a quotient of l e s s  than 1. When this situation occurs,  
the quotient is complemented before display. This sensing process  a lso 
permits  the selection for  display of a plus or minus sign on the readout 
panel. Fuan, Furet, and Kaiser stated an accuracy of between 2000 and 
50% for this computer, depending upon input signal rate. 

MILLETRON PERIOD COMPUTER 

Although Fuan's computer was simpler than Vincent's, i t  was felt 
that further investigation would prove worthwhile in three basic areas .  
First ,  i t  was determined that period rather  thanrate of change could be 
computed directly without complex manipulations. Second, it was be- 
lieved that the accuracy of the Fuan system could be substantially im- 
proved by a study of the controlling parameters.  Finally, it was be- 

l 

0 
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lieved that a system could be devised which would have a shorter dead 
time for sensing immediately a rapid power change (See Ref. 4.) 

Figure 6 i l lustrates the basic principle of operation of a period 
computer a s  indicated in Ref. 4. This computer reads out period directly 
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Fig. 6-Perzod computer that iizeasiwes tzme to  ncli~eve preset  power clzange. 

by simply counting the time required for the reactor power to increase 
or  decrease by a se t  percentage. The principle of operation is based on 
another interpretation .of the period equation 

or 
Q t In P = In P o  + - T 

If we select  P to be KP,, then 

t l n K = -  T 

and 

t 
In K 

T=- 
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The logarithm in Eq. 13 creates  no problem in a computer since i t  is a 
fixed constant: a scale factor o r  an oscillator setting. The problem of 
computing period is thereby reduced to simply counting a scaled oscil- 
lator frequency while the reactor experiences a preselected power 
change. A division must still  be performed in the computer but only by 
a fixed number. This process  is very simple, as can be seen in Fig. 6. 

Equation 13 must also be considered for  negative periods. In this 
case,  since t is always positive, In K must take on a different fixed 
value. It must, of course, represent a power decrease, and therefore i t  
is numerically less than zero. It is also of slightly greater  absolute 
magnitude. From Fig. 6 i t  can be seen that positive and negative periods 
a r e  computed by simultaneously checking for power increases  or  de- 
creases .  Comparators a r e  used to sense the time increment during 
which the power has decreased or increased to preselected factors. 

In operation, as indicated in Figs. 6 and 7, a period computation 
s t a r t s  with a normalizationz$ount that is prescaled by a factor of 10. 
This count is equivalent to Po and is stored until one of the comparators 
s enses  that the power has  increased or decreased by 20%. At the end of 
the normalization count, the period. clock counter is started. This clock 
will accumulate pulses from a master  oscillator until one of the com- 
parators  fires.  When a comparator fires,  i t  causes the period clock 
counter to display its contents, and it also selects  a plus or  minus sign 
as required. 

In the interest  of simplicity, the difference in the I l / ln  KI factors 
fo r  positive and negative periods can be ignored for  most practical 
work. For  the described computer, the oscillator was adjusted to yield 
the proper positive periods whereas the negative periods were in , e r ro r  
by a small, but known amount. Using dual clock counters and separate 
oscillators, one could eliminate this e r r o r .  It could also be eliminated 
by a manipulation during t ransfer  to display. 

Note that the indicated prescale factors  of 8, 10, and 12 are used 
for illustration to set up K values of K = 0.8, K = 1, and K = 1.2. Any 
other related combination may be wired in to adjust computation speed 
or  accuracy. A second point worth emphasizing is that the + 8 and + 12 
counters function a s  ra te  meters,  start ing at  zero and accumulating 

' counts over a preselected gate t ime to check for a comparison. If a 
comparison is not reached, the counters a r e  reset to zero, and a new 
count is initiated. Counting and resetting would then be continued until 

. comparison is achieved in either the t8 o r  t12 scalers .  Clearly the 
precision of time resolution is limited to the width of a counting-gate 
interval a s  can be seen in Fig. 7. For example, if a gating t ime of 0.1 
sec were used and (l / lnKI = 5, a 30-see period would be computed in 
6 sec. This computation would require 60 gating intervals; i t  would re- 
sult in a time resolution of 1 part  in 60. 
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The digital period computer just described is quite simple; this 
simplicity is gained at the sacrifice of some accuracy. Since the com- 
parison 'counters continuously discard data until a comparison is 

maximum efficiency. On the other hand, one cannot compute period to 
any respectable precision in any s imi la r  system using consecutive short  
gating t imes with ordinary counting tubes. For  example, a BF, counter 
can be operated up to about 1 megahertzpulse output rate. In a t ime in- 
terval  of sec, if a reactor  is on a long period, it may only change 
power by a small  fraction of 1%. Clearly one could not reliably dis- 
tinguish such a power change above the statistical fluctuations of the de- 
tector output. Because of the quality of the information available f rom 
conventional pulse counters, the reactor must be allowed to change 
power level by several  percent before period can be computed to an 
acceptable precision. 

@ 
achieved, I the available information on reactor  power is not used to 
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Figure 8 shows a model used to investigate the effect of the allowed 
power change in digital period computation. Also shown in this figure is 
a linearized representation of an increasing reactor-power t race and 
the i l o  e r r o r  band expected for a count-rate sensing of the power level. 
Using the - l a  deviation for a possible normalization count and a +lo 
deviation for a subsequent comparison count, we may devise a measure 
of timing or period e r r o r  in computation. The timing e r r o r ,  E ,  can be 
shown to be 

which reduces to 

In these equations, No represents the expected counting rate  at t = 0, K 
is the power increase being sensed, T is the time the power increase 
should require, and t ,  i s  the possible shorter time measured under the 
assumptions of *lo counting fluctuations noted previously. 

Equation 15 shows that one can reduce e r r o r  with high counting 
rates. However, Fig. 8(b) shows that within the limits of present-day 
counters, power changes of the order of 20% a r e  necessary for reason- 
able computation e r r o r .  For example, a counting rate of 106/sec using 
1-sec accumulation t imes  would yield 1% accuracy in the computation of 
period for 20% power change. This accuracy could be iniproved by 
taking longer counts or demanding a larger  power change. If K = 2, lo6  
accumulated counts per sample would yield 0.3% period-computation 
accuracy. 

The functions of the device ' shown in Fig. 6 were programmed at 
Pennsylvania State University on an IBM 360 to examine more com- 
pletely the problem of accuracy in a digital period meter. Figure 9 il- 
lustrates  the e r r o r s  observed for a set  of fixed periods a s  the simulated 
reactor power was increased. Various periods were selected, as were 
several  values of K, the power-change factor. The resul ts  clearly sub- 
stantiate, in principle, the predictions of Eq. 15. 

In the digital simulation, the reactor-power increase was taken to 
follow the expected exponential behavior. The data used to compute 
power a s  observed by a BF, counter were generated in the computer by 
a method used for  function generation in Monte Carlo computations. A 
Gaussian statistical distribution was entered with 1000 increments of 
dispersion. For a given true power, a random-number selection of a 
possible count-rate determination provided a simulation of the situation 
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Fig. 9- Output of period-computer simulation fog  constant positive 60 p e r i d .  

the digital period meter would experience with the BF, pulse-counter 
input. The IBM 360 then proceeded to compute period exactly a s  the 
actual period computer would. 

DIGITAL PERIOD COMPUTATION IN PULSING REACTORS 

Using pulse-counter inputs, digital computation of power and period 
in pulsing reactors  is difficult. For a slow pulsing machine, such a s  a 
TRIGA, t ime resolution on the order  of 1 msec is necessary to define 
the power as a function of time. Within 1 msec even a counter delivering 
a 1-megahertz rate will only accumulate 1000 events. Such a counter 
will be useful only over aboutthetopdecade of a reactor pulse. Systems 
using BF3 or fission-chamber counters are thus very restr ic ted in use 
for  pulsing reactors.  
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Figure 10 shows a hybrid system that can measure reactor period 
in fast pulsing  reactor^.^ The circuit w a s  originally developed for the 
White Sands Fast  Burst  Reactor, and the block diagram of Fig. 10 is 
f rom an Oak Ridge National Laboratory schematic modified by Mille- 
tron, Inc., for  use on the Army Pulse Radiation Facility Reactor. The 

ION-CHAMBER 
I N P U T  

D E C I M A L  
DISPLAY 

Fig. I O -  Hybrid prompt-period me ter .  

circuit  simply finds the e-folding t ime of a reactor. When a predeter- 
mined power level is sensed in LDC-1 (LDC stands for level-detection 
circuits), a clock is started which runs until LDC-2, 3, or  4 senses  that 
the power has increasedby e, e3, or e5. The accumulated time is a direct  
measure of period. This period computer uses  current input signals and 
can function over a wider range of power than a pulse input system. It 
can work with very fast periods, being restricted only by the frequency 
response of the amplifiers and comparators. 

Current input systems appear to have a substantial advantage over 
pulse input sys tems in respect to the information content of the in- 

, 

. 
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coming signals. A boron-lined reactor-power-detecting ion chamber 
will experience more than 10" events/sec when providing an output 
signal of 1 ma. The maximum resolvable event r a t e  in a fas t  BF3 
counter is only about 106/sec. The signal from a current chamber is 
clearly better than that from a pulse counter, as f a r  as the statistical 
fluctuation of the signal is concerned. For fast pulsing reactors,  some 
form of hybridizing appears necessary to produce a practical digital 
period meter. 

In Fig. 11 the concept of the device in Fig. 10 is expanded. Rather 
than using a number of amplifiers, the comparisonvoltage o r  the level- 

IO N-C H A M BE R 
I N P U T  

7-+l 
LOGIC 

EEDBACK 

COMPARATOR 

CRYSTAL CLOCK 

1 

L 1 

: H A N N E L  
i D V A N C E  

202 1 2 2 . .  ~ 2n 
REVERSIBLE-SHIFT 

REGISTER 

Fig. 11 -Proposed hybrid prompt-period meter providing sequential readings. 

amplifier gain i s  increased o r  decreased by a factor of 2 each time 
comparison i s  achieved. In this way a continuous record of doubling 
time is accumulated in the multichannel scaler.  This type of doubling- 
time presentation was mentioned very early by Schmidt, Eriksen, and 
Peil.' The multichannel scaler  i s  moved to thenext channel each time a 
power doubling is sensed. Dead time i s  encountered in shifting channels, 
particularly if a magnetic memory i s  used in the multichannel scaler. 
However, this dead time is known, and it can be added to the accumu- 
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lated time. Using 1-megahertz logic, this system should be quite ade- 
quate to  follow a TRIGA reactor. With 100-megahertz logic, i t  should 
be usable with prompt burst  reactors.  

CONCLUSIONS 

In view of the satisfactory performance that digital count-rate 
me te r s  have achieved, they should now be seriously reviewed by instru- 
ment suppliers for incorporation into reactor  start-up channels. Digital 
period meters  operating on pulse counters can be made to provide 
usably accurate readings; however, their  range is restricted,  and the 
use of ion chambers with D-A converters presently promises superior 
accuracy. At today’s stage of development, pulse digital period me te r s  
appear to be of most use in reactor calibration and research. In this 
use one can tolerate factor of 2 power changes during period computa- 
tion and sti l l  obtain outstanding accuracy. In routine reactor operation, 
periods must be computed for very small  power changes where the 
pulse-counter method has difficulty generating usable accuracy. 

For pulsing r eac to r s  a system that provides a single period read- 
ing for  each pulse has  been designed and constructed. A proposed s y s -  
tem based on an expansion of the same  concept i l lustrates that by 
hybridizing the period computer and using ion-chamber input, one 
should be able to compute period continuously with digital readout dur- 
ing a reactor pulse in the microsecond domain. 
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DISCUSSION 

JOHNSON: I assume that this system is really only for information. 
You would never use it a s  part  of a control circuit on a reactor  would 
you ? 
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KENNEY: You mean the last one or all the circuits I was describ- 

JOHNSON: The general idea. 
KENNEY: The idea? Well, we had hoped really to  developa digital 

device that would be satisfactory for  use in controlling a reactor. We 
really had hoped to do it. 

JOHNSON: It s e e m s  to me it would always be inherently inferior 
to an analog system because you would have to look at two points (in 
time). 

KENNEY: Yes, I think the obvious deficiency of a pulse detector is 
here. A s  long as you t ry  to work with a megacycle input, o r  even if you 
go to  something more  sophisticated and work with a 100-Mc input, you 
just have not improved the e r r o r  situation that much; lo8  events/sec 
compared with 10" in an  ionization chamber, andyou still a r e  not home 
free. So it seems to me that hybridization would be the only answer if 
you want to  have digital readout. 

ing ? 
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METHODS USED IN RADIATION-EFFECTS 

A REVIEW OF SOME PASSIVE DOSIMETRY 

STUDIES WITH FAST BURST REACTORS 

K. C .  HUMPHERYS 
Weapons Measurements Department, EG& G,  Inc., Santa Barbara Divis ion,  
Goleta, California 

ABSTRACT 

Some of the more  important instruments and methods used to determine neutron 
fluence, neutron energy spectra ,  and gamma-ray dose during radiation-effects 
experiments with fast  burst  r eac to r s  a r e  described and evaluated. General  
radiation-measurement problems encountered by radiation-effects investigators 
a r e  summarized, and the fundamental principles on which various measurement 
techniques a r e  based a r e  outlined. 

INTRODUCTION 

Over the past decade, the fast burst  reactor has won widespread ac- 
ceptance as a convenient pulsed source of neutrons and gamma rays by 
investigators studying the effects of radiation on materials,  compo- 
nents, and biological systems. In such studies the neutron fluence, 
neutron energy spectrum, and gamma-ray dose throughout the mate- 
r ia l s  being irradiated must be known during any given pulse of the 
reactor.  The time history of the radiation pulse is also important but 
is not considered to be within the scope of this paper. 

The unique dosimetry requirements for radiation-effects experi- 
ments a r i s e  from the perturbations created i n  the free-field environ- 
ment by the test  samples and ancillary apparatus. Because of these 
perturbations, the investigator must measure the various dosimetric 
parameters  on the actual experiment a r r a y  o r  on a mock-up of it. In 
practice this involves making dosimetric and radiation measurements 
at many points on, in, and around the various i tems being irradiated. 
This necessity for large numbers of measurements during every ex- 
periment contrasts sharply with the requirements for  mapping the 

@ 
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free-field radiation environment, in which case a single se t  of mea- 
surements is usually sufficient to permanently define the neutron 
fluence and gamma-ray dose throughout the reactor  test  cell. 

Although numerous dosimetry methods, both dynamic and passive, 
can be used to measure radiation environments, owing to the large 
numbers of measurements required in radiation-effects experiments, 
methods that use the comparatively sma l l e r  and less-complex passive 
detectors have been and sti l l  a r e  preferred. Typically, passive detec- 
t o r s  are easy to set up and handle during the experiment, and they can 
be read out by the investigator a t  his convenience. 

The review that follows summarizes  some of the basic passive 
dosimetry methods that have been used o r  considered for  use in 
radiation-effects experiments with fast burst reactors.  Although the 
treatment is by necessity somewhat cursory,  the instruments and 
methods described a r e  well documented for  the convenience of those 
readers interested in more detailed information. 

NEUTRON-FLUENCE MEASUREMENT 

Most neutron-fluence and energy-spectra measurements on fast 
burst reactors  a r e  made with neutron threshold foil techniques.1-26 
Other passive techniques that may be applied in characterizing the 
neutron environment include the use of nuclear emulsions27--32 and 
condenser-type ionization chambers.33-35 In addition to these passive 
techniques, a variety of dynamic-readout systems can also be used, 
including proton-recoil counters,36-40 solid-state spectrometers,39-43 
intrinsic thermocouples, 44 and proportional LET chambers.45146 Al- 
though these dynamic systems a r e  not considered to be within the 
scope of this review, i t  should be noted that even though they a r e  
superior to the passive detectors in certain respects,  because of the 
complexity of dynamic-readout instrumentation, they are not expected 
to  replace passive techniques where large numbers of measurements 
are required. 

Threshold Foils 

Many nuclear reactions of the types (n, particle) o r  (n, fission) 
exhibit a threshold energy, E,, below which the reaction does not occur 
and above which it does. Materials that exhibit such a threshold energy 
for some nuclear reaction represent a means of detecting the neutron 
fluence above that energy. Hence, by using a s e r i e s  of such materials 
as threshold detectors and by taking the differences in measured 
fluences above various threshold energies, one can determine the 
fluences in several  energy increments and thus obtain information on 
neutron energy spectra.  
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The c ross  section for  the nuclear reaction rises from zero a t  the 
threshold energy and varies a s  a function of neutron energy above it. 
Furthermore,  the threshold energy and c r o s s  section as a function of 
neutron energy a r e  peculiar to each particular reaction. Many of the 
isotopes formed by these reactions a r e  radioactive. In such cases ,  the 
quantity of radioisotope is obtained by measurement of the induced 
radioactivity of the foil. The neutron fluence above the threshold en- 
ergy is then related to this value by the following expression: 

where @ E t  = neutron fluence above threshold energy E, (neutrons/cm2) 
d ( E )  = differential neutron fluence as a function of energy 

A, = radioa'ctivity induced in foil (dis/sec at  zero decay t ime) 
N = number of atoms in the foil subject to the reaction 

o(E)  = c r o s s  section for the reaction a s  a function of neutron 

[(neutrons/crn')/Mev] 

energy (cm'/atom) 

The activity of a foil expressed in practical t e r m s  is 

where C P M  is counts/min at  t ime t, E is counter efficiency, and e--ht 
is correction for decay to time t. The number of atoms in the foil 
subject to the reaction is 

WNoI \ N = -  
M 

where W = foil weight (g) 
No = Avogadro number (atoms/mole) 

' M  = isotopic weight (g/mole) 

Combining Eqs. 1, 2, and 3, we have 

I = isotopic purity in fractional weight 

CPM M Lp @(E) dE 

'Et = (? G) lao(E)b(E) dE 

(3) 

(4) 

In practice, for most neutron-fluence measurements, the threshold 
energy and the c r o s s  section a s  a function of neutron energy a r e  re- 
placed with an effective threshold energy, Eteff,  and a constant effective 
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c ross  section, ueff. weighted by the expected neutron energy spectrum. 
Table 1 l i s t s  several  nuclear reactions used as threshold detectors, 
along with their  effective threshold energies and average c ros s  sec-  
tions, based upon a Watt fission spectrum. Because of the range of 
neutron energies of interest  with a fast burst reactor,  only the first 
four of the listed threshold reactions are customarily used. 

Table 1 

NEUTRONTHRESHOLDDETECTORS 

Effective threshold Effective c r o s s  section, 
Material Reaction energy (E t e f f ) ,  Mev cm2 

23qPu(n,D F.P. 
237Np(n, f )  F. P. 
2 1 8 ~  (n, f)  F. P.  
32~(n ,p )32P  
58Ni(n,p) 5R Co 
3 1 ~ ( n , p ) ? ' ~ i  
28Si(n,p) "A1 
24Mg(n,p) 24Na 
27Al(n. cu)24Na 
127~(n.2n)126~ 
75As(n,2n)74As 
'OZ r (n, 2n) " 2  r 

0.010 
0.60 
1.5 
3.0 
3.0 
2.5 
5.5 
6 .3  
8 .1  

11.0 
12 .0 
14.0 

1.7 
1.6 
0.55 
0.30 
0.29 
0.08 
0.05 
0.05 
0.11 
0.98 
1.30 
1.60 

The ' true c ros s  section, which var ies  with neutron energy, is r e -  
lated to  a constant idealized c ros s  section above an effective threshold 
energy as follows: 

where ueff is effective c ros s  section and Eteff is effective threshold 
energy. 

Figure 1 shows the idealized c ros s  sections for 237Np and 238U 
along with their  t rue c ros s  sections. The effective c ros s  section and 
effective threshold energy are normally specified for  a particular 
neutron spectral  distribution, such as a Watt fission spectrum. Fig- 
u res  2 through 5 a r e  graphs of the effective c ros s  section vs. effective 
threshold energy for a Watt fission spectrum, a Godiva reactor  spec- 
trum, and several  assumed extreme spectra  for  the four most widely 
used threshold foils. Also shown are the effective c ros s  sections and 
threshold energy values recommended by the American Society for  
Testing and Materials. 

Although there  have been no recent developments in the basic 
threshold foil technique, additional threshold reactions have been found, 
and improvements have been made in data-handling techniques. 
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Several computer codes have been developed to allow true c r o s s  
sections as a function of neutron energy for the threshold foils to be 
used rather  than an effective or idealized constant value. In this way 
one can obtain a complete differential neutron energy spectrum instead 
of the usual limited breakdown of the spectrum into several  energy 
increments. The technique essentially involves forming a set of simul- 
taneous equations, expressing threshold foil activities as functions of 
differential spectra, and obtaining a spectrum for  which calculated 
activities agree with the measured activities of the foils. The spectral  
shape is determined only to  the extent that the response functions, o r  
c ros s  sections, of the various threshold foils a r e  linearly independent. 
At least three  computer codes  have been developed for this purpose: 
SAND-II,47-49 SPECTRA,50 and RDMM.51J52 

@ 

Nuclear Emulsions 

A recoil proton moving through a film emulsion causes  ionization 
along its path, which resul ts  in a blackened t rack in the developed 
emulsion. The proton energy can be determined from the t rack length 
and known range-energy relations. If the neutron direction is known, 
the neutron energy can then be calculated by 
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E, = E,, COS 0 (6) 

In practice, the nuclear emulsion is usually placed at  an angle of 10" 
with respect to the neutron beam, and all t racks that fall within a 15" 
cone a r e  accepted for analysis. Thus Eq. 6 simply becomes E, = E, to 
within approximately 4% for those t racks measured. 

Significant use of nuclear emulsions has been made for absolute 
measurement of reactor  neutron energy spectra  inside fast reac- 
t o r ~ ? ~ - ~ ~  The nuclear-emulsion measurement of the Godiva I neutron 
spectrum by Frye,  Gammel, and Rosen2' in 1951 stands as classic 
among the neutron-spectrum measurements of fast burst  reactors.  The 
handling of emulsions is, however, complex and t ime consuming. Spe- 
cial  processing is required, emulsion shrinkage occurs and must be 
accounted for, and visual microscopic t rack measurements take many 
hours of painstaking effort. Therefore, although this method does rep- 
resent,  and has been used for, basic absolute neutron energy spectral  
measurements, i t  is not generally used in radiation-effects and radio- 
biological programs. 

Ionization Chambers 

Many radiation effects of a biological o r  physical nature are r e -  
lated to the energy that charged particles impart  to material.' A his- 
torically preferred method of determining this energy deposition 
involves measuring the ionization of a gas  in a small  cavity within the 
material  and inferring from this measurement the energy deposition 
in the surrounding medium. Such ion-chamber measurements, which 
a r e  based upon the Bragg-Gray principle and the Spencer -Attix 
theory, can be made with the condenser type of ionization chamber 
shown in Fig. 6. 

This method of dosimetry does not by itself distinguish between 
energy deposition in a material  from the neutron and gamma rays. 
Instead, it simply gives the total energy deposition by both neutron and 
gamma rays  in the particular material  from which the ion chamber 
is constructed. Although this detection characterist ic l imits  the use- 
fulness of the method in materials studies, i t  does not affect i t s  appli- 
cation in radiobiological studies, where ion chambers constructed of 
tissue-equivalent electrically conducting plastic a r e  used extensively 
for measuring t issue dose. 

GAMMA-RAY DOSE MEASUREMENTS 

The dosimetry methods most widely used to measure gamma-ray 
dose in radiation-effects experiments a r e  those which a r e  based on 
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radiation-induced changes in the luminescent and optical-absorption 
properties of various glasses  and in the luminescent properties of 
crystalline materials,  such a s  alkali -halide phosphors. Other passive 
methods that can be used are based on radiation-induced changes in 
various chemicals. Also available a r e  a number of dynamic-readout- 
type ionization chambers and scintillation detectors that measure 
gamma-ray dose rate and pulse shape as well as gamma-ray dose. 
However, as in the case of neutron-fluence measurement, passive 
dosimetry methods a r e  preferred where large numbers of measure- 
ments are required. 

The types of radiation-induced luminescent and optical changes in 
materials which form the basis  for dosimetry measurements are 
thermoluminescence,5~-5~ degradation of natural photoluminescence~7-60 
radiation-induced photoluminescence,61-66 and variation in optical den- 
~ i t y . 6 7 - ~ ~  Except for the degradation of natural photoluminescence, all  
these radiation-induced changes are used extensively in gamma dosim- 
etry. 
- The various radiation-induced chemical reactions that can be 

used for dosimetry measurements include oxidation-reduction, de- 
composition, acid formation, optical-density changes, and optical rota- 
tion. Chemicals that show oxidation -reduction or  decomposition when 
irradiated have been the most commonly used in chemical dosimeters. 

The gamma-ray dosimeters most commonly used in radiation- 
effects experiments with the fast burst  reactor a r e  described in the 
following sections. Also described a r e  several  miscellaneous systems 
of current o r  future importance to general gamma-ray dosimetry. 

@ 
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Thermoluminescent Dosimeters 

Thermoluminescence, broadly defined a s  the emission of light 
when a solid is heated to a temperature below that of incandescence, 
is not new. In fact it is only a special ca se  of phosphorescence. Since 
1883 when B e ~ q u e r e l ~ ~  published his first report  on work in this field, 
a variety of thermoluminescent materials have been investigated, and 
a wealth of information on the subject is available in the literature. 
The bibliography compiled by Angino, Grogler, and M ~ C a 1 1 ~ ~  is an ex- 
cellent guide to the l i terature on thermoluminescence, and Refs. 55 
and 56 a r e  of specific interest  as an introduction to the entire field of 
luminescence. 

Of the many thermoluminescent phosphors available, manganese- 
activated calcium fluoride (CaF, : Mn) and lithium fluoride (LiF) have 
proven most practical  for  dosimetry applications. Ionizing radiation 
r a i se s  bound electrons into the conduction band in these phosphors. 
The electrons a r e  stored in the metastable state until the application 
of thermal energy at some la ter  t ime allows them to return to the 
ground state, accompanied by the emission of visible light. The inten- 
s i ty  of the emitted light is directly related to the radiation exposure 
received by the phosphor. 

These thermoluminescent dosimeter (TLD) materials a r e  avail- 
able a s  a powder, as small  phosphor-filled glass  needles, and a s  hot- 
pressed chips o r  rods (see Fig. 7) .  Below approximately 200 kev, 
energy-correction shields a r e  necessary for  the CaF, : Mn dosimeters 
but not for the L i F  dosimeters. However, in high-thermal-neutron 
environments, suitable neutron shields must be used with both dosim- 
eters. Figure 8 shows the energy response for both TLD materials.  
The usable range of these TLD’s var ies  slightly according to the form 
of the material. The overall range is, however, on the order  of lo-’ to 
io5  r. 

Glass Dosimeters 

At radiation exposure levels below about lo3 r, changes occur in 
the luminescent properties of certain glasses;  a t  higher levels, changes 
occur in their  absorption spectrum. Based on these changes in lumi- 
nescence and absorption, a number of glasses  have been developed 
specifically for  dosimetry applications.61-66 Two of the most widely 
used of these are silver-activated phosphate glass  and cobalt glass. A 
recently developed bismuth glass  is expected to receive wide accep- 
tance as a dosimeter material  for measuring very high dose levels. 
In general, these glasses  form sturdy, simple, relatively accurate 
dosimeters that are easy to handle and analyze, and they a r e  reusable. 
However, since glass  generally has a higher Z value than tissue, air, 
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Fig. 7-TThe)-11lolic11zLtlescetlt dosirrreters. (n) Phosplror- poluder. (b) Glass ttee- 
dles f i l l ed  with plrosplzor- porwdele7-. (c) Plzosplzor chips. 

or  water, it will usually exhibit an over-response relative to these 
mater ia ls  a t  low gamma-ray energies. Energy shields a r e  therefore 
required with these dosimeters to  obtain a flat o r  uniform response. 
Table 2 lists the dosimeters and their  characterist ics.  Figure 9 shows 
the various forms of the dosimeters and their  energy shields, and 
Fig. 10 shows the shielded and unshielded energy response of the 
silver-phosphate and cobalt-glass dosimeters.  

Use of the silver-activated phosphate-glass d ~ s i m e t e r ~ ~ , ~ ~  is based 
on the production of ultraviolet-excited luminescent centers  by ionizing 
radiation. The exact photochemical reaction is not known, but it is 
presumed that a positive ion t r aps  an electron at  some preferred en- 
ergy level. An exponential buildup of luminescence for a short  t ime 
after irradiation indicates that other electron levels a r e  also filled 
but soon decay to the final state in the region of interest. Illumination 
by ultraviolet light r a i se s  these bound electrons to a higher state from 
which they return to the ground state with emission of their  charac- 

@ 
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Table 2 

GLASS-DOSIMETER CHARACTERISTICS 
~ 

Exposure Rate Fast-neutron 
range, Accuracy, dependence, response,  

Dosimeter r 5% r/sec r/neutron/cm2 

High-2 s i lver  101 to 2 x 104 110 None to l o 9  <3 x 

Low-Z si lver  10' to 2 x l o 4  . +-lo None to l o 9  -6 X lo-) 

Cobalt glass 104 to 4 x i o 6  110 None to l o 9  <3 X lo-'' 
Bismuth glass  106 to 10'0 % l o  Negative 

phosphate rods  

phosphate 

ter is t ic  orange luminescence, which peaks near 615 to 640 mm. 
Energy-compensation shields and thermal-neutron shields have both 
been developed for this glass  composition. The exposure range of this 
dosimeter is about 10' to 2 x lo4 r. 

Exposure of cobalt-glass plates to ionizing radiation resul ts  in 
formation of color centers in the glass.s7*68 The major induced absorp- 
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tion band occurs a t  400 nanometers. This glass  exhibits considerably 
greater  color stability than most glasses,  and i t  has a low-energy over- 
response somewhat smaller  than that of si lver -activated phosphate 
glass. However, an energy-compensation shield and a thermal-neutron 
shield a r e  both required. The useful exposure range of this glass  is 
from io4 to 4 x l o6  r. 

A bismuth-lead-borate glass69 has been developed a s  a high-level 
gamma dosimeter, specifically for use in mixed gamma-neutron en- 
vironments. This glass  has a wider sensitivity range and much l e s s  
fading of induced coloration than the other dosimeter glasses.  The 
absorption band is induced at  about 480 nanometers. It has been postu- 
lated that a photochemical reaction in which Bi,O, is reduced to bis- 
muth by A s 2 0 3  is responsible for the induced coloration. The useful 
exposure range of this dosimeter is about lo6  to 10" r. 

Chemical Dosimeters 

A wide variety of chemical systems has been studied for dosim- 
eter application, with the readouts ranging in complexity from a simple 
visual evaluation of color change to complex chemical -analytical 
methods. However, systems that employ spectrophotometric analysis 
a r e  the most commonly used. Chemical dosimeters can be used to 
measure radiation dose from mill irads to thousands of megarads, and 
they a r e  probably the most accurate laboratory dosimeters available. 
However, they also require ra ther  elaborate preparation. The chemi- 
cals  must be very pure to obtain good reproducibility, and it is often 
necessary to seal the solutions under special atmospheres. Also, since 
the chemicals usually consist of water or some organic liquid, they 
normally show a very high neutron response. 

The three most important chemical systems a r e  ferrous sulfate, 
ce r i c  sulfate, and oxalic acid. Another system that shows great  prom- 
ise for high-dose-range dosimetry applications employs radiachromic 
materials. Table 3 l is ts  the characterist ics of these chemical-dosim- 
e t e r  systems. 

Table 3 

CHEMICAL-DOSIMETER CHARACTERISTICS 

Exposure Accuracy 
range, to within, 

Dosimeters r % 

Ferrous  sulfate l o 3  to 4 x l o 4  -3 
Ceric  sulfate 104 to 1 0 6  -5 
Oxalic acid 10s to 1010 +15 
Radiachromic l o 5  to 10' 

mater ia l s  

Rate Fas t-neutron 

r/sec r/neutron/cm* 
dependence, response, 

None to 10' 
None to l o *  
None to 10'' 
None to 10" 

2 to 3 X lo-' 
2 to 3 X IO- '  
2 to 3 X I O - $  
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The f e r rous  sulfate, o r  Fricke,rQ-73 dosimeter has been studied 
extensively. Because of i t s  desirable characterist ics,  it has  been ac- 
cepted as the standard against which other dosimeter systems a r e  
calibrated. The standard Fricke dosimeter is based on the oxidation 
of ferrous ions in 0.8N H2S04. The exposure is determined by photo- 
metrically measuring the ferric-ion concentration. The f e r r i c  ion has 
a broad absorption peak at 305 nanometers. This dosimeter has a sat is-  
factory response in the range of lo3 to 4 x lo4 rads, and i t  has  no rate 
dependence up to lo8  rads/sec when properly used. It is accurate to 
within about &l%~, and the range can be extended to about lo5 rads in an 
oxygen-saturated a t m o ~ p h e r e . ? ~  

The cer ic  sulfate dosimeter is similar to the Fricke dosimeter, 
but i t  has a higher range. It is based on the reduction of cer ic  ions in 
H2S0, to cerous ions. The concentration of cer ic  ion is measured 
photometrically a t  320 nanometers, the ceric-ion absorption peak in 
H2S04. The response is l inear with exposure up to about lo6 rads,  but 
the solution is very susceptible to photoreduction by ordinary light, 
which l imits its reliability unless special precautions a r e  taken. 75 

The oxalic acid d 0 s i m e t e r ~ ~ - ~ 8  is a solution of oxalic acid in dis- 
tilled water. Radiation decomposes the oxalic acid into CO, and small  
amounts of aldehydes. The radiation dose is related to the amount of 
decomposed oxalic acid. The concentration of the remaining acid is 
determined either by NaOH titration o r  spectrophotometric analysis 
with copper benzidine. The oxalic acid-cupric benzidine complex has  
an absorption band at 248 nanometers, which is proportional to  the 
oxalic acid concentration. The dosimeter system is essentially l inear 
with dose in the range of lo5  to 10" r. 

Recent , research with radiachromic materials indicates that they 
are potentially very useful as high-dose-range dosimeters.  These 
dosimeters consist of colorless cyanide salts of the aminotriphenyl- 
methane dyes in appropriate activator solvents. These solutions be- 
come deeply colored when exposed to ionizing radiation. This phe- 
nomenon was originally noted by Lyman C h a l k l e ~ . ~ '  In recent yea r s  
various films, gels, impregnated papers, and liquid solutions of these 
dye -cyanides have been studied a s  dosimeters by W. L. McLaugh- 
lin80-82 and Humpherys. 8 3  Typical response curves (optical density vs. 
exposure) for several  of these mater ia ls  are given in Fig. 11. These 
mater ia ls  have a very long shelf life, small  temperature dependence, 
oxygen insensitivity, negligible fade, l inear response, and no need for  
ultrapure mater ia ls . .  The neutron response is not known but is cur- 
rently under investigation at  the University of Arizona by M. Wacks. 

There are a great  number of other chemical and miscellaneous 
dosimeters,7a-i06 both inorganic and organic, suitable for  dosimetry 
measurements from 1 to lo9  r. These dosimeters range in develop- 
ment from the relatively untested optically active organic compounds 

@ 
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to  the fully developed chlorinated hydrocarbon dosimeter. However, 
none are satisfactory for  present application. 

11 - TypLcal resporzse curves f o r  varLvus radLachromc materials 
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DISCUSSION 

KRONENBERG: You mentioned a very low response of the TLD’s 
to  neutrons. Does th i s  number include or  exclude the gamma rays  
produced by inelastic scattering of fast neutrons within the detector? 

HUMPHERYS: The gamma rays  produced in the dosimeter itself by 
the neutrons are included as -part of the neutron response. 

KRONENBERG: In a pure neutron environment would there  still 
be some response by the dosimeter? 

HUMPHERYS: Yes. 
KRONENBERG: Would th i s  response be la rger  than the number 

you quoted in your paper? 
HUMPHERYS: No, i f  indeed you had a pure neutron environment. 

That is one of the reasons I said “is probably” about that value. If a 
reac tor  designer would design u s  a reactor with a gamma switch that 
we could turn off, we could define the exact neutron response for  you. 
The big problem in trying to measure neutron sensitivity is to get a 
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pure neutron source with no gamma contamination. Some of the early 
measurements of neutron response of TLD materials and of glass  rods 
yielded a much much higher value. A s  a matter of fact, if you were to 
make a gamma-dose measurement on a Godiva-type reactor and then 
correct  for the neutron response by some of the ear ly  information 
available, you would end up with a negative gamma dose for the reac- 
tor.  Over the years  these neutron-response values have become 
smaller  and smaller,  and they possibly reflect the degree of capability 
of getting a gamma-free neutron field for the measurements. 

DONNERT: There is one difficulty with those gamma- Yadiation 
dosimetry systems which has  not been alluded to and which also to 
some extent can explain the observation of a “negative” gamma- 
radiation dose. That is the possibility that the response of several of 
the gamma-radiation dosimeters depends on dose-rate as well a s  
dose, if the dose rate  is high enough. Dose-rate effects have been 
observed in lithium fluoride thermoluminescent dosimeters,  in si lver- 
activated borosilicate glass, ‘as well as in the ferrous sulphate chemi- 
cal dosimeters. 

HUMPHERYS: Yes, dose-rate problems have always existed too. 
We are currently in the process of further defining and delineating the 
response of CaFz:  Mn and L iF  to  very high rates  of radiation and, as 
yet, find no dependence at  the r a t e s  encountered in pulsed reactors.  

McTAGGART: We have measured total doses of L i F  dosimeters 
in and around the VIPER reactor,  By exposing the L i F  dosimeters 
inside lead blocks, which attenuate the gamma flux more  than the neu- 
t ron flux, we deduce that the neutron sensitivity of our dosimeters is 
about r/neutrons/cm2. 
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@ ABSTRACT 

During the past  several  years  a form of intrinsic thermocouple, called a fission- 
couple, has been used by a number of experimenters to monitor fas t  t empera-  
ture  transients on reac tor  fuels. 

In this application a smal l  piece of fuel i s  used a s  the sensing device. The 
tempera ture  of the sensor  i s  monitored by attaching very fine thermocouple 
wires  to the fuel. This technique has demonstrated that actual reac tor  periods 
a s  short  a s  10 psec can be measured accurately. The device i s  being adapted 
to neutron-flux measurement problems by normalizing the observed tempera-  
ture  r i s e  to known neutron fluxes. The normalizationis dependent on the validity 
of standard flux measurements determined by activation or radiochemical 
analysis. 

This paper d iscusses  the enthalpy of the fissile element in the sensing pa r t  
of the detector and develops a mathematical model for determining heat losses 
due to the various mechanisms present in the particular geometric application. 

The paper a lso describes severa l  specific applications now being used and 
refers to available data from these experiments. 

@ INTRODUCTION 

The dependable use of thermocouples in reactor  environments has  been 
established for many years.  Basic thermocouple materials withstand 
radiation environments a s  well as any sensing materials and the per-  
formance and reliability of the device has been established.' 

This paper is addressed to the use of a type of intrinsic thermo- 
couple in reactor  diagnostics. The understanding of transient tempera- 
t u re s  is of fundamental importance in determining the physical be- 
havior of materials during reactor  excursions, This technique offers 
a method of determining transient and steady-state temperatures  
accurately. 

519 



520 MORRISON 

The t e rm “intrinsic” is used to identify the thermocouple applica- 
tion in which two separate thermocouple sensing leads a r e  attached to 
a third material ,  and the third material  becomes an integral par t  of 
the sensing circuit. The application described here  can be considered 
as a form .of intrinsic thermocouple; however, the heat-transfer 
mechanisms a r e  somewhat different than those encountered in con- 
ventional thermocouple measurements. This device, called a fission- 
couple, is identified for the unique characterist ic of having the heat 
source as an integral part  of the sensing mechanism. For this reason, 
only heat losses  are considered in determining the performance char- 
acterist ics since the heat is generated within the sensing mechanism. 

It is important to consider all the conditions that this technique 
will encounter in steady-state and transient conditions. Once reason- 
able models of performance a r e  developed and understood, the tech- 
nique becomes a valuable tool, not only for temperature measurements, 
but also for direct  neutron-flux and neutron-spectra measurements. 

MODEL DEVELOPMENT 

The signal measured in a thermocouple circuit has a number of 
sources.  In the steady-state situation, the signal can be mainly at-  
tributed to the Seeback effect, which produces a current  in a circuit 
comprised of two metals with one junction hotter than the other. Other 
effects, such a s  the Pelt ier effect, which tends to heat o r  cool the 
thermoelectric junction according to the’ direction of current flow, o r  
the Thompson effect, which develops a potential gradient along a 
differentially heated conductor, a r e  relatively minor in this application 
but must be considered if the temperature differentials become very 
high (>600”C). In a rapidly changing condition, several  other voltage 
sources appear which can seriously degrade the signal. The piezo- 
electric effect from mechanical displacement and the paramagnetic 
properties of the measurement hardware all tend to contribute to 
signal generation in an electromagnetic field. The magnitude of this 
signal is influenced by the geometry of the measurement device and 
electrical  and mechanical coupling to other par ts  of the circuit hard- 
ware. The decoupling of the sensing element from massive s t ructures  
is extremely important in that it eliminates the electrical path for 
these s t ray signals. 

The model developed is comprised of a pair  of thermocouple 
leads and a piece of fissile material. The thermoelements a r e  welded 
to the fissile material  to form an electrical circuit. In the event that 
a gamma-compensated device is desired, one of the thermoelements 
is then welded to a separate element that has gamma-absorption char- 
acter is t ics  s imilar  to  the fissile element, as well a s  s imilar  thermal 



FISSION-COUPLES 521 

and thermoelectric properties. This compensating element is designed 
to heat f rom gammas only; the fissile element heats from fissions and 
gammas. By connecting the sensing leads in a bucking configuration, 
we can consider the signal output to be due to fissioning only. 

/ F ‘ s s i ‘ e  

Chrome1 Constantan Chrome I 

The accuracy and response of the circuit  a r e  improved by select-  
ing thermoelement mater ia ls  that have low thermal conductivity, 
thermal  capacitance, and small  cross-sectional a rea .  It is also im- 
portant to choose thermocouple sensing mater ia ls  with thermal proper-  
t i es  that match each other. Uneven heat flow from the fissile element 
in contact with the sensing mater ia l  can create  a sizeable tempera- 
tu re  gradient and thus form an intermediate thermal  electromotive- 
force junction in the circuit which will give erroneous temperature  
indications (e.g., uranium has  a contact potential of -20 pv/”C). 

Having considered these possible effects, we have concluded that 
the most compatible mater ia ls  for a fission- couple using enriched 
uranium as the driving sensor  a r e  Chromel and Constantan. A search  
of the physical properties of conventional thermocouple mater ia ls  will 
reveal that Chromel -Constantan is the best candidate since the re- 
lationship of heat capacity, density, and thermal conductivities of the 
two mater ia ls  is within 1%.* 

The energies released by various mechanisms in a fissile mate- 
rial a r e  listed in Table 1. 

The heat generated in the sensor  is assumed to be -180 MeV/ 
fission. A portion of the fission fragment, neutrons, and gamma rays  
escape from the surface of the sensor .  Further  testing is required to 
determine if the beta particles offer a significant contribution. 

Assuming that 235U is chosen as the sensing material, the approxi- 
mate fission mean f r ee  path for  thermal  neutrons can be found from 

@ 

- _  - A  NQ 

where u is the c ros s  section (thermal), N is the atom density, and X is 
the‘thermal mean free path (fission). The standard “barn book”3 for  
c r o s s  sections lists a value of -0.015 in. for thermal neutrons. It is of 
interest  to consider the relation between A and s ize  for  a 235U element. 

*The koC, of Chromel vs.  Constantan is 647 v s .  642 [ B t ~ ~ / ( f t ~ / h r ~ F ) ~ l  de- 
termined from handbook values.  
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Table 1 

LIBRATION OF HEAT DUE TO FISSION* 

Mev 

Instantaneous : 
Energy of fission fragments 
Energy of fission neutrons 
Instantaneous gamma rays  
Capture gamma rays  

168 
5 
5 
7 

185 
- 

De 1 ay ed : 
Beta partlcles from fission products 

Radiation from capture products - 

7 
6 
2 

1 5  

Total 200 

* F r o m  S. Glasstone, Priiaciples of Nuclear Reac- 
tor  EtagLneerLng, p. 24, D. Van Nostrand Company, 
Inc., Princeton, N .  J., 1956. 

Gamma rays  from fission products 

The energy spectra  of the neutron fluxes in which the fission- 
couples will have to operate may range from quite well thermalized 
fluxes to fluxes with energy spectra  approaching the fission spectrum, ' 
a s  in the case of fast burst  reactors.  Fission-spectrum neutrons from 
235U have an average energy of -2 MeV. Since the 235U fission c r o s s  
section4 fo r  neutrons of this energy is in the order  of 1 barn, the value 
of A for 2-Mev neutrons is quite large (-8 in.). A 235U element of 
0.015 in. in diameter would be rather  insensitive to 2-Mev neutrons. 
On the other hand, the same  element would be expected to have rela-  
tively good sensitivity for thermal neutrons. Stillman5 of Los Alamos 
is conducting a series of experiments aimed at determining the opti- 
mum size of the fissile element. In monitoring the temperature rise 
obtained from Super KUKLA bursts  (average energy = 0.67 Mev), his  
data indicate that elements with diameters ranging from 0.015 to 
0.023 in. are satisfactory and, essentially, provide the same  output. 
The proper diameter can be estimated as 30.023 in. by shielding the 
energies below 0.4 ev. For a totally thermalized spectrum, the diame- 
t e r  of the sensing element becomes more critical, and present empiri-  
cal resul ts  indicate the dimension should be l e s s  than 0.015 in. but 
greater  than 0.008 in. 

From these results the proper s ize  of a 235U sensing element is 
seen to be of the order  of 0.015 in., A for  thermal neutrons; but, the 
optimization appears to be complicated by other phenomena, such as 
self-shielding effects and loss  of fission fragments, neutrons, and 
gamma rays  from the surface of the sensor.  The application of the 
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device must also be considered with respect to the flux source, e.g., 
anisotropic fluxes will require a smal le r  diameter than isotropic 
fluxes. 

Referring to Fig. 1 for a model of the fission-couple, we can esti-  
mate  certain properties of the device f rom fairly simple considera- 

I P ,  I 

L c 
Fig. I -Fission-couple model. 

p, density To, ambient tenzpe?*ature 
k ,  thermal conductivitj~ T I ,  junction temperature 
C ,  therwzal capacitv T,, elevated temperature due to  f issioning 
A,  cross-sectional area 

tions. For  example, the temperature  drop along the leads can be 
obtained by using Fourier ' s  law of heat conduction: 

where Q/A is heat flux into thermoelement junction and Q is rate of 
flow of energy into junction. This is a steady-state relation neglecting 
radial  heat conduction in the lead and neglecting radiative losses ,  a 
reasonable approximation for  very thin wires  in the temperature  range 
of interest .  Also, assuming that the thermal  conductivity is a constant, 
the temperature  at any point x in  the region 0 5 x i l I  is 

(Note the f rame of reference for  x in Fig. 1.) 
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Using Eq. 2 and assuming a l inear temperature  dependence of 
conductivity k = ko + C(T - To) (valid in the range of 20 to 5OO0C), 

+TO 
Qx T(x) = - 

[ko+C(T-To)] 2 A, 

The drop from junction temperature Ti  to T,, is then given by 

where a is the geometry factor of l l /Al of the thermocouple leads, To 
is the reference temperature, and C is a constant over the range of 
measurement. 

If heat is flowing through A,, then a temperature  gradient also 
exists in the fissile material. The temperature  distribution can be 
obtained from the more general heat-diffusion equation 

0 = q + k2V2T 

The t e rm q represents  the energy generation ra te  per  unit volume in 
the material, and, in general, it will depend upon the neutron-flux 
distribution in  the material and upon the neutron-energy distribution. 
The form of the Laplacian V 2  will depend upon the choice of the co- 
ordinate system used. Suitable boundary conditions must  be specified 
to  couple the solution of this equation to the solution of the equations 
for  the temperature  of the leads. 

The heat H generated by the fission process  is determined by 

(6) 
N 

H = p V M  a crf$ EK F A  

where p = density of element 
V = volume of element 

MF = mass  fraction of fissionable atoms ’ 
N, = Avogadro’s number (6.025 X loz3 atoms/gram atom) 

A = atomic weight 
af  = spectral  average c ros s  section 
6 = integrated neutron flux 
E = constant (energy released/fission) 
K = conversion factor (cal/Mev) 

Assuming that the temperature r i s e  of the fissile material is an 
adiabatic process, we can derive the following heat quantity (H) as 
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H = f T 2  pVCp dT 
,'TI 

where C, = specific heat of f issile material 
V = volume of fissile material 

T, = initial temperature 
T, = final temperature I 

p = fissile material density 

(Note: The temperature  range of measurement is picked where Cp is 
in a l inear region of f iss i le-mater ia l  property and is represented by 
the equation 

Cp = C1 + CzT (cal/g"K) (8) 

@ where C,  is specific heat at zero temperature, Cz is the rate  of change 
of specific heat with temperature, and T is absolute temperature.) 

Combining Eqs. 7 and 8 and integrating yields 

and evaluating Eq. 9, 

H = pV [ - (CIT, + 9) + ( C,T, + q)] 
Let  AT = T, - TI and C,, = C, + C,Tl which makes Eq. 9 

H =  pV C,, A T  A T  

By making Eq. 6 equal to Eq. 10, we can determine that the temperature  
of the element should be 

Let 

then 

N, 
F A  

M - I J ~  EK = C4 

- c p l +  (ct1+ 2C,C4bP 
AT = 

CZ 
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which is the temperature rise of the fissile material  fo r  the adiabatic 
condition. 

Assuming that a very rapid fission burst  r a i se s  the fissile- 
material temperature by 500 "C adiabatically, then the maximum rate 
of heat t ransfer  from the fissile material  to the thermocouple leads 
will occur immediately following the burst. For 0.0005-in. thermo- 
couple leads and a 0.015-in. 235U sphere, this maximum rate  can be 
shown to be quite small  using Eq. 2 (considering only one of the leads) 

This assumes that under 500°C temperature differential the only 
heat loss  of significance is along the thermocouple leads. Since the 
two materials of the sensing leads have been picked for  matching 
thermal properties, the total loss  from the 0.015-in. sphere of uranium 
is equal to 2.30 x cal/sec. If we assume the heat capacity of 
235U at 500°C a s  0.0426 cal/(g/"C), the corresponding maximum rate  
of loss  in temperature can be determined as 

= 8.3 O C/sec d T - Q  - 2.30 x io-* 
dt C,m (0.0426)(6.41 X 

(For the sake of simplicity, ki and C, were considered as constants in 
the above evaluations, and m is the m a s s  of the fissile material .)  In 
transient t e s t s  of duration l e s s  than 100 msec and of temperatures 
approaching 5OO0C, this loss  is probably smaller  than the resolution 
of the recording system. 

Considerable thought has been put into a method of determining 
the amount of heat loss  due to fission fragments leaving the surface of 
the fissile material .  Since the idealized model has sensing metal a t  
the surface of the fuel, i t  is postulated that the loss  is partially com- 
pensated for by the fragments being absorbed in the metal. 

APPLICATIONS 

A number of experiments have used this technique; available re- 
ports  are listed in the bibliography. In addition to those listed, P. G. 
Salgado of K-5, Los Alamos, is completing a s e r i e s  of experiments 
aimed at determining the thermal conductivity of buffer materials and 
of isotropic carbon coating of kernels of enriched uranium carbide. 
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One of the most recent applications of this technique has been the 
determination of the angular distribution of thermal neutrons in the 
Special Power Excursion Reactor Test  No. 4 (SPERT-4). For this 
requirement M. L. Stanley has designed a device that uses  cadmium a s  
a thermal-neutron shield with a 15" aperture. The thermal neutrons in- 
cident to the sensing element then determine the source geometry. 
Preliminary tes ts  indicate that reliable and repeatable data a r e  being 
obtained. Figure 2 shows a graph of observed values from 19 SPERT-4 
excursions. The burst  periods ranged from 10 to 3.0 msec (see 

': 

THERMAL-NEUTRON FLUX, {of2 NEUTRONS/CM'/SEC 

Fag. 2- Comparison of p?Fedacted performance of 71 7ut.%A1-29wt.R U (93% en- 
rached uranazim) angular dependent fasszon tliernzocoiiple. (Poznts a re  data poants 
f o r  thevnzocotrpk output LIZ C L V C U L ~  5 ) 

Table 2). The solid line represents  the calculated value using Eq. 11. 
The fissile alloy in this case is 71 wt.% A1-29 wt.% U. The uranium 
is 93% enriched. 

This particular experiment is still in progress.  The fission- 
couple devices have been installed in the reactor  for  approximately 
five months and have recorded approximately 200 excursions. 

SUMMARY AND CONCLUSIONS 

This measurement offers a number of important advantages over 
the standard neutron-measurement tools. The ideal instrument for 
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Table 2 
FISSION-THERMOCOUPLE OUTPUT FOR 3- TO 10-MSEC PERIOD 

SERIES IN SPERT-4 

Run 
number 

Predicted 
AT, "C 

420 
421 
422 
423 
424 

425 
426 
427 
428 
429 

23.0 
24.0 
23.5 
22.8 
26.0 

22.8 
22.9 
24.0 
22.9 
23.5 

Temperature  differential, "C 

TC-2* TC-3* TC-4* TC-5* Average 

28.0 26.8 25.8 24.4 26.3 
28.2 26.8 26.4 24.4 26.4 
28.0 26.4 26.0 24.0 26.1 
27.6 26.6 25.6 23.4 25.8 
27.6 26.0 25.8 23.6 25.8 
27.8 26.4 26.0 23.8 26.0 
27.4 26.0 25.8 23.8 25.8 
27.6 26.0 26.2 23.8 25.9 
27.6 26.2 26.2 23.6 25.9 
27.4 26.2 26.0 23.6 25.8 

Standard 
deviation 

*0.9 
i-0.9 
i l . 0  
11.0 
*0.9 
*0 .8  
i 0 .8  
*0.9 
11 .0  
10.9 

~~ 

* TC is thermocouple c i rcui t  number. 

% reactor diagnostics and control should be capable of detecting neutrons 
in the presence of strong gamma radiation, should be accurate, should 
respond rapidly to changes in neutron flux, and should offer minimum 
perturbation to the measured parameter.  The device discussed in this 
paper meets these requirements in flux levels from lo9 to loi5 neu- 
trons/cm2/sec. The entire detector can be made small  (<0.125 in. in 
diameter), and it has low impedance (<lo0 ohms for 10-unit thermo- 
piles). The sensitivity of a single-element fission- couple is about 
60 pv/'C using Chrome1 and Constantan leads. The rise time is quite 
small. Comparison of fission-couple response with photodiode re- 
sponse has shown the rise time to be <5 psec. Proper selection of 
materials can eliminate gamma-heating effects and shock or  transient 
signals from paramagnetic properties. The impedance characterist ics 
of the transducer make the measurement as simple and economical a s  
any thermocouple measurement circuit. Continued use and evaluation 
of the technique should provide experience for  experimenters to de- 
termine which applications are most suitable. Normalization of the 
thermal electromotive force generated in the circuit  to conventional 
measuring techniques for neutron flux is being established. The appli- 
cations now in use indicate that a cheap, rugged, and dependable tool 
is available. Further development in packaging will provide a fairly 
universal instrument for all reactor applications where fuel tempera- 
t u re  o r  neutron flux is the desired measurement. 
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DISCUSSION 

FREEMAN: I am wondering about the effects of burn-up on these 
fission-couples. To put it another way, what application do you s e e  for  
monitoring conditions in and around an operating power reactor?  

GOSSMAN: I do not know. I am not an expert on this subject. 
STILLMAN: We have used them in the Omega West Reactor in a 

steady-state radiation environment; however, we have not had too much 
success  with them. We used a fission-couple with a junction of 80% 
niobium and 20% uranium (of which 93.5% is 235U). This gave tempera- 
t u re s  like 600 to 700°C. I think we will have to go to lower enrich- 
ments of uranium. The fission-couple stayed in the reactor  for five 
days while the temperature output steadily decreased. This decrease 
in output did not tie in with the 235U depletion of the bead. The decrease 
in output was much too great for fuel depletion. But this application 
around a power reactor  is one which we wanted to try.  

We have done flux monitoring, radially and vertically, with these 
detectors in different prompt burst  reactors.  This type of measure- 
ment s eems  to be a real  use for  these detectors. The detector is quite 
small; so  there  is a minimum perturbation from the detector itself 
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when monitoring the neutron flux, We are sti l l  trying to develop the 
fission-couple for  steady- state radiation conditions. 

McTAGGAFtT: I have two questions. One concerns the rate  of heat 
loss  from these beads. You quoted a figure of 8"/sec down the wires. 
Have you a comfortable figure for  the radiation heat loss  from the 
bead itself? 

STILLMAN: It does not really become too important until you get 
to high temperatures like 1000°C. Then i t  becomes important a s  the 
thermal radiation goes as T4. If you stay at low temperatures,  by 
placing them in the appropriate neutron flux, the heat loss  due to 
thermal radiation appears to be negligible. The numbers we have 
calculated a r e  in Report LA-3470-MS. If you are looking at  a r a t e  
change, which is what we use them for in monitoring reactor  periods, 
the time scale is such that temperature losses  have not bothered us. 

McTAGGART: The other question is have you any experience with 
using plutonium a s  the source material? 

STILLMAN: No, but Sandia has. They have used plutonium to 
measure fission spectra. They use neptunium oxide, plutonium oxide, 
238U, and 235U to look a t  the fission spectrum. 

BARTON: What so r t  of periods do you find these thermocouples 
can measure effectively? What is their  t ime response? 

STILLMAN: We used them on the White Sands Missile Range 
burst  reactor  and every other prompt burst  reactor  we could use. 
We always accurately followed their  period measurement. For some 
time, this was our only means of checking their time response. For 
determining any limitations in response time, fission-couples were 
placed 3 m from a nuclear weapon in a recent underground nuclear- 
weapons test  at the Nevada Test  Site. The detector accurately followed 
the change in neutron population (alpha measurement) as the weapon 
exploded. The rapid change in neutron population has an e-folding time 
of 20 nsec. 
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7-1 THE ESSENTIALS OF FAST BURST REACTORS 
SAFEGUARDS ANALYSIS 

A review of the reac tor  safeguards analysis methods for fas t  burs t  r eac to r s  
emphasizes the essential  difference between fast  burs t  reac tors  and the power 
r eac to r s  that have a dominant influence in the safeguards analysis l i terature.  
This difference i s  the much smal le r  fission-product inventory present in the 
fast  burst  reactor .  The objective of safeguards analysis i s  usually stated a s  
verifying the protection of the public from any exposure to radiation produced 
by the reactor.  Present  c r i t e r i a  established for  operating facil i t ies meet this 
objective . 

Considering a more  restr ic t ive requirement,  mainly the protection of 
personnel at  the facility, the record of recent yea r s  shows that the concept of 
remote  operation has provided the means of meeting this objective. 

Finally, there  is hope that the establishment of an appropriate s e t  of oper- 
ating l imits can provide the vehicle. by whichprotection of the reac tor  itself may 
be  attained. Whether o r  not this hope is fulfilled depends very strongly on the 
definition of a real is t ic  s e t  of operating l imits and on the measures  taken when 
operating l imits a r e  violated. 

Operating l imits should be defined such that a violation is a c l ea r  indica- 
tion ,of unsatisfactory performance. Under these circumstances the management 
of the facility could then take action to analyze the cause of exceeding the 
operating l imits and to a s su re  the future observance of operating l imits,  greatly 
reducing the chances of an incident that could damage the reactor .  In effect, it  
i s  suggested that a violation of the operating l imits be treated a s  an administra- 
tive incident of relatively ser ious  proportions. It i s  important that the spir i t  of 
the operating limit not be diluted by the inclusion of tr ivial  res t r ic t ions that do 
not bear  on the safety of reac tor  operation. The operating l imits should be 
clear ly  and unambiguously stated,  and their  enforcement should be a pr ime 
responsibility of the facility management. 

I 

The f i rs t  step in determining the essential features of the safeguards 
analysis  for a fast  burst  reactor  is to define the objectives of the 
safeguards analysis. Traditionally the stated function of safeguards 
analysis has been to provide an engineering evaluation of the anticipated 
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operating procedures for  a reactor  to show that normal operation wil l  
result  in no adverse effect on the radiological environment of the gen- 
eral  public and that the radiological exposure of operating personnel 
falls  within the cr i ter ia  s e t  forth in the appropriate regulations (Code 
of Fedeval Regulations, Title 10, Chapter I, Part 20, hereafter abbrevi- 
ated 10 CFR 20, for U. S. Atomic Energy Commission controlled 
facilities). ’ Further,  the mechanism by which various accidents might 
occur and the severity of those accidents are evaluated, ultimately in 
t e r m s  of the effect these accidents might have on the general public. 
In performing these analyses recourse to the large body of l i terature 
on reactor  safeguards must be made with care.  The large fission- 
product inventories encountered in large power reactors  have influenced 
the cr i ter ia  that have been established in the form of guidelines for  
reactor safeguards analysis. Certainly the Atomic Energy Commission 
Manual Volume 8401, “A Guide for the Organization and Contents of 
Safety Analysis Reports,” intended as a guide for  the analysis of power 
reactors,  has marginal utility as a suggested guide of factors to be 
considered in analyzing the safeguards requirements for  fast  burst  
reactors.  

In spite of the preoccupation of AECM 8401 with central-station 
power reactors,  safeguards analysis for  fast burst  reactors  is an a r t  
that has been practiced with increasing regularity in recent years.  
This increase is due to the increased number of fast burst  reactors  
being built to  meet the needs of various programs. The need to review 
and in some cases  supplement the safeguards analysis for  facilities 
that have been in operation for some time has  a lso contributed to  this 
activity. These reviews have been the result  of the desire  to increase 
the s ize  of the operational bursts  at a given facility, the occurrence 
of incidents at an operating facility, o r  the questioning of practices o r  
design by the operating staff o r  the appropriate safety-review groups 
concerned with the particular facility. The documented resul ts  of some 
of these safeguards analysis activities have been examined in an at- 
tempt to determine the significant features of a fast  burst  reactor  
safeguards 

Although there  is not a specified set of questions to be answered 
or  a table of contents for fast  burst  reactor safeguards analysis, a 
more or l e s s  traditional format has been established for  these reports.  
Typical contents of these reports include introduction, s i te  description, 
facility description, reactor,  reactor analysis, instrumentation and 
control, organization and operation, and accident analysis. There a r e  
some variations from this format; however, the i tems shown in this 
tabulation are generally included. Incidentally, a safeguards analysis 
report  contains more information than that required to meet the nomi- 
nal safeguards analysis requirements. The report  usually includes a 
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broad justification for the construction and operation of the facility. 
Also, the report  is written in a style that allows it to be used a s  a 
preliminary training manual for operating personnel. With these addi- 
tional objectives in mind, a brief summary of the various sections of 
a safeguards analysis report  is in order .  

F i r s t  there  is a description of the si te,  including the geology and 
climatology of the immediate si te and the location of centers of popu- 
lation in the vicinity of the reactor.  Second, the facility is described, 
including the reactor building and the control building. Then the reac-  
t o r  itself is rather  comprehensively described. This description in- 
cludes information regarding the fuel material, the geometry and mass  
of the various core  components, the safety block, the control-rod 
drive system, and fast-rod actuator systems. Other features may 
include a description of the start-up source,  the burst-initiating 
source,  the reactor  cooling system, and special equipment for handling 
o r  positioning the reactor in the operating cell. 

At this point it is possible to evaluate the extent to which the nor- 
mal operation of the reactor constitutes a significant radiation source 
as f a r  a s  the general public and the operating crew a r e  concerned. We 
must recognize that the acceptable exposure to the operating crew 
resulting from the burst operation of the reactor  is considerably l e s s  
than the l imits set  forth in 10 CFR 20. The reason is very simply that 
the majority of the radiation exposure allowed the operating crew is 
received between bursts  during the performance of duties associated 
with the routine inspection and maintenance of the reactor  core, includ- 
ing such tasks  as the tightening of bolts, resetting of limit switches, 

' and the like. As a result  the design of. the facility is such as to limit 
the exposure from burst  operation to the operating crew to the o rde r  
of 1% of the 10 CFR 20 limit. The exposure limit for  unmonitored per-  
sonnel in 10 CFR 20 is approximately one-third that imposed on moni- 
tored personnel; consequently, the nominally acceptable exposure to 
unmonitored personnel from burst  operation is higher than the actually 
acceptable. dose to the operating crew since unmonitored personnel do 
not have. access  to the reactor  and hence a r e  not exposed between 
bursts.  This argument has significance when we consider that there  
a r e  three ways in which the environment resulting from normal burst  
operation can be brought within the l imits desired. One is by the 
shielding of the reactor; the second is by the imposition of separation 
distance between the reactor  and the operating personnel. Under either 
of these circumstances,  a s  long a s  unmonitored personnel a r e  a t  dis-  
tances greater  than that of the operating personnel, the requirements 
of 10 CFR 20 have been more than met. If on the other hand the shield- 
ing requirement for operating personnel is met by placing them within 
a shielded room, then the establishment of a large exclusion area 

@ 
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around the reactor  is necessary to provide protection of unmonitored 
personnel. In any event the safeguards requirements to protect both 
operating personnel and the public from the effects of normal operation 
a r e  straightforward, and they pose no particular difficulties o r  even 
inconvenience in the design of the facility. 

The safeguards analysis report  also includes an investigation of 
the control system of the reactor,  including a description of the man- 
machine interface and the various instrumentation channels. 

A very important requirement is the outlining of the administrative 
and operating procedures for the facility. This includes a description 
of the qualifications of the operating staff, a delineation of responsibili- 
t ies  for operational safety, a statement of the procedures necessary to 
a s su re  proper design and control of various experiments to be placed 
in the vicinity of the reactor,  and a preliminary statement of the in- 
spection and operating procedures for  the reactor.  This statement of 
the operating procedures includes a sequential cataloging of the s teps  
necessary to perform the normal burst  in a safe manner and, insofar 
a s  is possible a t  the time of the safeguards analysis, a statement of 
the consequences of that normal burst. 

At this point in the safeguards analysis, we have accumulated the 
information necessary to understand the normal operation of the reac-  
tor; it is at  this point that we finally a r r ive  at  what is usually regarded 
as the safeguards analysis for the reactor,  that is, the analysis of the 
consequences of some accidental operation of the reactor. Traditionally 
this accident analysis has been made on the basis  of something called 
the maximum credible accident (MCA), or more recently, the design- 
basis accident. Considerable disagreeme'nt has ar isen regarding the 
definition of the s ize  of this accident, a s  evidenced by the information 
shown in Table 1. 

Table 1 

BURST SIZES FOR VARIOUS FAST BURST REACTORS 

Operational b u r s t  MCA b u r s t  s ize ,  
Reactor m a s s  of fuel, Irg s ize ,  fissions fissions 

Enriched 235U fuel 

S P  R -57 2 x 10'6 10'8 
KUKLA -60 2 x 10'6 10'8 
FRAN (NRTS) -63 5.6 x l o i f i  1.5 x 1017 

HPRR (ORNL) 115 1017 1019 
FBR (WSMR) 103 1017 10'9 
APRF (BRL) 132 1 .5  x 1017 10'9 
SPR I1 105 1.7 x 10'7 10'8 

Enriched 235U-10 wt. % Mo fuel 
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For  enriched-uranium-fueled reactors ,  the MCA is a factor 50 
t imes l a rge r  than the operational burst. The l ist  of reactors  shown in 
Table 1 is not complete; however, the reactors  shown a r e  generally 
representative of the uranium-metal systems, and the lo i8  fission 
MCA is the largest  estimated for that system. With 235U-10 wt. % MO- 
fueled fast  burst  reactors,  there  is some disagreement regarding the 
s ize  of the burst  classified as the MCA. Incidentally, the operational 
burst  for  these systems is from 5 to 10 t imes l a rge r  than for  the 
uranium-fueled systems. The maximum credible accident for the 
2 3 5 ~ - 1 ~  wt. % MO reactors  is variously se t  a t  Ioi8 fissions o r  1oi9 
fissions. The lo i8  fission MCA assumed for the Sandia Pulse Reactor II 
(SPR 11) is the same7 a s  was assumed fo r  the enriched-uranium-fueled 
SPR L 3  Establishing lo i9  fissions a s  the MCA corresponds to limiting 
the energy available f rom an excursion to that amount necessary to 
vaporize the core of the reactor. '  On the basis of the adjustment of 
the data of Wimett e t  a1.l' made by Lundin4 for the 235U-10 wt. % MO 
systems, loi9 fissions would be achieved for  a reactivity addition of 
approximately 50a above prompt critical. The original calculations of 
Wimett e t  al. were based on a coupled neutronic -hydrodynamic model 
that used a gas  equation of state. Parameters  in this equation of state 
were adjusted to give results that agreedthroughthe range of reactivity 
additions that were achieved in Godiva 1. A simple extrapolation of 
these resul ts  is somewhat questionable, Possibly a more cogent 
argument regarding the establishment of an MCA can be based on the 
r e s u l t s  of the various incidents that have occurred to,date in which 
bare-metal  fast  burst  reactors '  have been involved. A summary of the 
documented incidents is given in Table 2. In all instances the fission 
yield involved in the incident has been well below the loi8 fission level, 
even though in some cases the yield was large enough to  cause exten- 
sive damage to the fuel of the assembly. Under the circumstances it 
s e e m s  unlikely that the lo1' fission MCA is in fact realistic. Quibbling 
about variations smaller  than a factor of 10 is a frustrating mental 
exercise. In any event the radiological re lease associated with the 
occurrence of the MCA does not impose severe limitations with regard 
to exclusion a r e a s  for  a fast  burst  facility. This, of course, is p r i -  
marily due to the low fission-product inventory associated with these 
reactors.  

Assuming that a competent criticality monitoring system has been 
designed for  the assembly operation,.the possibility of a stacking acci- 
dent is removed by the requirement that all actual approaches to  
cri t ical  be carr ied out in the remote-assembly mode. Typically inci- 
dents occurring during assembly of a reactor  a r e  the resul t  of per-  
sonnel being unaware of the actual geometry of the reactor  components 
(due to improper indication of control-rod o r  safety-block locations) o r  

. . 
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Table 2 

CRITICALITY ACCIDENTS FOR METAL SYSTEMS" 

Physical damage 
Incident Date Fissions Cause  to assembly 

Plutonium core,  tungsten- 

Plutonium core,  beryllium 

Jemina  
Godiva I 

Godiva I 

carbide reflector 

reflector 

Uranium core,  beryllium 
reflected 

Fas t  Burst Reactor, White 
Sands Missile Range 

Aberdeen Pulsed Reactor 
Facility, Ballistic Re- 
sea rch  Laboratory 

Aug. 21, 1964 

May 21. 1946 

Apr. 18,  1952 
Feb. 3, 1954 

Feb. 12, 1957 

Mar. 26. 1963 

May 28, 1965 

Sept. 6,  1968 

-10'6 

-3 x 10'5 

5.6 x l o i 6  
1.5 X l o t 6  

1.2 x 1017 

3.7 x 10" 

1.5 x 1 0 1 7  

-6 X l o f 7  

Hand stacking of 

Hand stacking of 

Computation e r r o r  
Incorrect positioning 

Shift of experimental 

reflector 

reflector 

of fuel 

equipment 

Improper alignment 
of components 

Unprogrammed bur s t  
due to e r r o r  in 
estimated reactivity 

Burst  rod in seated 
position not a t  
maximum reactivity 
position in travel 

None 

None 

None 
Slight warping of 

co re  pieces 
Warping, oxidation, 

near  melting of a 
core  center 

15 kg of uranium 
burned, 10 kg of 
uranium melted 
onto floor 

Failure of assembly 
bolts, coating 
chipped, two rings 
thrown from assembly 

Plastic flow in safety 
block, fusing of some 
core  par ts  

I 

Q 
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an improper assessment of the reactivity worth of experimental a s -  
semblies, which act  a s  reflectors placed in the vicinity of the reactor.  
Analysis of the characterist ics of the assembly greatly l imits  the con- 
sequences of such an incident by requiring the presence of a source of 
neutrons during the assembly operation and limiting the rate at  which 
reactivity is added to the assembly a s  the components a r e  brought 
together. Hansen'si2 classic analysis of this problem has been applied 
to  the SPR I1 reactor by Coats and O'Brien.? Their resul ts  indicate 
that the chances of having an inadvertent burst  that would exceed the 
operational burst  of about 2 x 10'' fissions during the assembly of 
SPR I1 in the presence of an effective source of 4 X lo5 neutrons/ 

' s e c  is l e s s  than 1 in a 1000 if the ramp rate of the reactivity addi- 
tion is kept l e s s  than $4/sec. Accordingly the safety-block speed has  
been adjusted to never exceed a reactivity addition of $4/sec. The 
result  of this procedure is not to prevent an inadvertent burst  but to 
provide assurance that the s ize  of an inadvertent burst  during s t a r t  up 
will be limited to a value within the capability of the assembly. This 
r amp  rate  is made satisfactory for  the rapid assembly of the reactor 
when a programmed burst is desired by the simple expedient of r e -  
moving the source and allowing the background neutron population to 
decay, reducing the chances of preinitiation to an acceptably small  
value for  the programmed burst. Thus a compromise between the desire  
to limit the unprogrammed burst  and to have an acceptably low inci- 
dence of preinitiated bursts  is achieved. 

The conclusion from this  example is not that all burst  reactors  
should be designed to have a r amp  rate of reactivity addition that is 
less than $4/sec; rather,  the use of r ampra te  of insertion of reactivity 
as a design parameter  instead of a s  an independent variable in the 
safety analysis is to be commended. Little is contributed to  safety to  
make detailed analyses of the consequences of extremely high r a t e s  of 
reactivity addition to predict the occurrence of paper incidents that 
reach the limit of the so-called maximum credible accident. Rate of 
reactivity addition is, in fact,. a variable that can be controlled during 
the assembly of the reactor,  and methods of analysis of the influence 
Of rate of reactivity addition a s  a function of the source strength of 
neutrons in the reactor  a r e  available. 

The programmed burst  ,in which an excessive amount of reactivity 
is introduced to the machine is a resul t  of improper evaluation of the 
desired reactivity to be inserted above delayed crit ical  to get the de- 
s i r ed  burst  size.  Presumably i f  the calibration of the reactor  control 
rods and burst  rod has been properly carr ied out and the evaluation of 
the adjustment necessary to get the desired reactivity above delayed 
crit ical  is properly made, this incident does not occur. Unfortunately 
this incident has  occurred in the past, and one can only conclude that, 

@ 



540 SEALE 

when it has  occurred, it has been the result  of (1) a g ross  e r r o r  in 
interpretation of the calibration curves by the operator, (2) unfamil- 
iari ty with or misunderstanding of the characterist ics of the reactor  
on the par t  of the operator, or (3) undetected movement o r  unexpected 
effects from experimental equipment. It is difficult to  s e e  how a formal 
safeguards analysis performed pr ior  to the construction of the reactor 
can provide any great  measure of assurance against the occurrence of 
the latter type of incident. However, the safeguards analysis can se t  
the stage for the proper climate for  the management of the facility. 
Ultimately administrators of the facility have the responsibility to 
motivate personnel to discharge competently the responsibility for  r e -  
actor operation. 

In summary, the safety analysis of a fast  burst  reactor satisfies 
its limited objective, namely, documenting the measures  to protect 
the public from radiation exposure resulting from the normal oper- 
ation of the reactor or the occurrence of incidents. Indeed, in many 
instances, the exclusion a r e a s  that have been provided around oper- 
ating facilities a r e  actually greater  than those required to  satisfy the 
needs of the safeguards analysis, and one can only speculate on 
whether considerations of privacy and prestige associated with l a rge  
exclusion a r e a s  may or  may not enter the issue. 

In imposing a more restrictive requirement on the safeguards 
analysis, nam'ely, verifying the protection of personnel a t  the operating 
facility, it s eems  obvious that the concept of remote operation has  
proven to  be more successful than anyone had ever  hoped. The eminent 
safety record of operating personnel a t  fast  burst  reactor  facilities in 
the las t  20 years  attests to  this. 

Having speculated about r ea l  estate and pointed with pride to the 
success of the concept of remote operation in protecting operating 
personnel, it s eems  only appropriate to  turn to  the challenge of the 
future. The hope is that modern safeguards analysis can provide a 
vehicle by which a significant measure of protection of the fast burst  
machine can be attained. This goal may be reached through the definition 
of a set  of operating l imits that defines a standard of performance 
against which the operation of the facility can be judged. The require- 
ment for operating l imits for  various reactors  has  been imposed in 
this country in the last few years.  There has  been some question a s  to 
the proper definition of an operating limit relative to the normal 
operation of a machine. It s eems  appropriate that operations that ex- 
ceed the operating limit should be treated as an administrative incident 
even though no significant damage to  the fast  burst  reactor machine 
has taken place. Assuming the proper attitude on the par t  of the man- 
agement of the facility, analysis of the cause of exceeding oper 
limits, and action taken to a s su re  the future observance of oper 
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l imits could greatly reduce the possibility of an incident occurring that 
would damage the reactor.  To be an effective administrative tool, 
operating l imits should be uncluttered by trivial  points that do not bear 
upon the safety of the reactor operation. The operating l imits them- 
selves  should be clearly and unambiguously defined, and the enforce- 
ment of their  intent should be a primary responsibility of the admin- 
istration of the facility, which brings us to probably the most important 
point of  all. In the operation of a fast  burst  reactor  facility, there  can 
be no ambiguity regarding responsibility for the safety of the operation 
of the facility. Lines of communication should be clear-cut, review 
procedures for various experiments should be unambiguously defined, 
and any deviation from this review procedure should be seriously 
reprimanded. 
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ABSTRACT 

The quantitative technique previously proposed’ by the author i s  used selectively 
to discuss some aspects of burst  reac tor  safety. It i s  concluded that, subject to 
cer ta in  provisos, a fas t  burst  reac tor  can, inprinciple,  be designed and operated 
within the safety targets proposed. In addition, the author points out that, apart  
from safety considerations, the need to “protect investment” leads to c r i t e r i a  
of the same  o rde r  a s  those derived f rom safety requirements.  

All reactors  c a r r y  some r isk of releasing fissile material  and fission 
products to the atmosphere, and a burst-reactor  is no exception. This 
r i sk  can be made acceptable by incorporating various features into the 
design and by adopting special procedures in operation. The extent of 
these protective measures  is obviously a matter of opinion which r e -  
f lects past  experience and current practices in the industry. 
. This paper does not s e t  out to establish the safety of a specific 

reactor,  nor is i t  a justification of one method of assessment  against 
another. Its purpose is to i l lustrate ,.some aspects of the probabilistic 
approach. In essence, this approach is quite simple, even i f  difficult 
to apply. It recognizes t’hat there  is some r i sk  in building and operating 
r eac to r s  as,  indeed, there  is r isk in. most human activities. 

The type of r isk and the extent of public involvement is fairly 
clear for most common industrial o r  social activities; however, nu- 
c lear  energy is seen as a new r isk and one carrying a g rea t e r  potential 
for  public involvement. This factor has led to more interest  in safety 
than is usual in technological development and to a search for a defini- 
tion of “undue risk“--a search which, up to date, has been largely il- 
lusory. 
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During the last 20 years,  the consideration of r isk from nuclear 
activities has passed through many stages. One, which is easily as-  
similated and superficially attractive, a ims at establishing a limit of 
r i sk  from all credible occurrences at a level a t  which there  would be 
no harm to people, o r  more correctly, that the potential harm would 
be below the level of statistical observation. But, as t ime passes,  the 
framework of credibility becomes more complex; additional and more 
unusual situations a r e  examined, such as the effect of crashing air- 
craft ,  earthquakes, o r  typhoons, and early assumptions a r e  reexamined, 
bringing again into question the possibility of pressure-vessel  o r  
large-pipe failure or  the effectiveness of spray o r  flooding systems. 

This question may seem f a r  removed from a fast  burst  reactor,  
but what accidents should a designer assume? What should he deem 
credible o r  incredible when he enters a field with no established case 
history? Should he assume the potential failure of any s t ressed steel  
by analogy of pipe failure? Should he assume that control systems will 
operate and that valves will c lose? Should he consider externally im- 
pacting loads, such as a i r c ra f t ?  

The answers do not emerge clearly from a study of past  rulings; 
the designer may be forced to obtain new rulings from safety commit- 
t ee s  and licensing groups. Consultative processes a r e  obviously 
desirable in setting up safety standards, but clearly consultation 
should lead to cr i ter ia  that a r e  reasonably stable and unambiguous 
and capable of common interpretation whether applied by designer, 
operator, o r  assessor .  

In an attempt to generate discussion of basic r isk cr i ter ia ,  an 
earlier paper' discussed an extreme example of siting a large reactor  
i n  the middle of a populated a r e a  of four million people. Assuming 
1311 as an indicator of hazard, a boundary line was proposed relating 
the upper l imits of iodine releases  and their  corresponding frequencies 
of occurrence; for  example, limiting lo3  curies a t  10-3/year, reducing 
to 10-6/year for  lo5  curies. Reactors may not be capable of reaching 
this  target for  some time to  come; but in a development phase a some- 
what higher r i sk  may be acceptable, and on other less-populated s i t e s  
a less-restr ic t ive target would still maintain r i sk  at  the same  level. 

Considerations of this type when applied to a fast burst  reactor 
involve the following stages: 

1. Determine the Potential Hazard. The reactor  may contain 
plutonium in addition to fission products. The l imit  of hazard will 
depend very much on s ize  and fuel, but it is likely that the extreme 
limit  is comparable to that of a 1- to 10-Mw power reactor,  Le., in 
the range of lo4 to lo5  curies  of 13'I. For this re lease the target fre- 
quency proposed' for  a populated site is to pe r  year. 

2. Consider the Site. On a fairly remote site, the public r i sk  can 
be reduced by at least  2 o r d e r s  of magnitude to give a target of lop3 to 
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per  year. The protection of people on the si te and the effect on 
other facilities needs consideration but is unlikely to modify the target 
specification in the low-frequency region. 

3. Consider the Reactor. An early safety assessment will indicate 
some of the ways in which accidents might occur. Unlike most power 
reactors ,  the safety of a fast  burst  reactor is unlikely to depend on 
the heat-removal circuits; and the reactor is unlikely to work under 
high p res su re  and is therefore not dependent on the integrity of a 
pr imary pressure envelope. 

The main a reas  of concern a r e  likely to be: 
(a) E r r o r s  in prediction of the core  performance, i.e., uncertainty 

in parameters.  
(b) E r r o r s  in operator action. 

@ 
(c) Failure in the control system designed to shut down the reac-  

tor  after a burst. 

The electrical  and mechanical gear  provided to shut down the reactor  
will have some chance of failure which might be as low a s  to 

per demand but is unlikely to be.lower, particularly in an experi- 
mental facility, even with the provision of alternative and redundant 
systems. If there  a r e  100 operations per  year,  a chance of failure is 
in the range of lo-' to 

Although a failure does not necessarily lead to a peak of energy 
liberation and core dispersion, uncontrolled excursions are difficult 
to analyze and expensive to test .  It is unlikely then that the designer 
will attempt to show that the r isk of a severe excursion is less than 
lo-' (within the family of all possible excursions); rather,  he will seek 
means for containing the consequences by providing containment local 
to the hazard (e.g., plutonium) or  as an enveloping enclosure with or  
without filters. 

These protective measures  are likely to ameliorate the conse- 
quences of a wide range of accidents and a r e  more likely to succeed 
for  small  excursions than for  large ones. There is some r i sk  of partial  
o r  complete failure through faults in valves, switchgear, joints, o r  
fi l ters,  o r  in passive systems through incomplete appreciation of the 
consequences of the accident (pressure, temperature,  missiles,  etc. ). 

For reasonably simple systems, a failure rate approaching 1 in 
100 is achievable and capable of fair, if not precise,  confirmation by 
vigilant inspection. A significantly lower rate is difficult to achieve, 
and it brings into question the validity of. the accident analysis. Hence, 
at the conceptual design stage, it s eems  possible to reach the target in 
the respect of accidents stemming f rom malfunction of the shutdown 
system. 

Mechanical and electrical  equipment can be routinely tested, and 
performance based on o r  compared with a considerable amount of 

per  year,  quite a significant risk. 
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parallel and relevant information. In contrast, the possibility of human 
e r r o r  in loading o r  in evaluation of core performance is far l e s s  
amenable to comparative numerical evaluation-partly on emotional 
grounds, partly through lack of systematic study. This subject has 
received attention in a i rcraf t  safety, and recently J. F. Ablitt has  dis-  
cussed some implications of human e r r o r  in reactor  operations. It 
remains for  the designer o r  a s ses so r  to recognize that failure is pos- 
sible, to identify a r e a s  of particular safety significance, and to state 
his own views on failure rate.  

The production of a burst  will require adjustment of the reactor  
controls by the operators. It is intended that such operations should 
be scrupulously vetted and double checked, but, even so, I believe that 
mistakes may a r i s e  at a ra te  between 1 per  100 to 1 per  1000 per 
operation. 

Recognizing the possibility of e r r o r ,  some designers will attempt 
to limit consequences by ensuring that the maximum foreseeable e r r o r  
leads only to fuel damage and not to violent disruption. Limitations of 
this so r t  imposed by design undoubtedly reduce risk,  but a t  some 
lower frequency they a r e  circumvented by intent o r  mischance. On 
balance, it is hard to believe that the r isk of severe accident from 
e r r o r  in control settings can be much l e s s  than per  event. If the 
control settings a r e  adjusted 10 to 100 t imes per  year,  this again gives 
a predicted accident frequency of lo-' to lo-' per  year.  

These arguments have been presented in generalized form; how- 
ever,  any specific proposal for a reactor would be treated in con- 
siderable detail, and the best  use made of all available and relevant 
information on plant and operator performance. In summary, an as-  
sessment might conclude that a fast burst  reactor  can be designed 
and operated within the safety targets  proposed, provided that: 

(a) The reactor site is reasonably remote. 
(b) The control system has adequate diversity and redundancy 

and is subject to planned maintenance and performance checks. 
(c) The core evaluation and control setting is carr ied out by com- 

petent staff and double checked. 
(d) Containment shall be provided to limit the escape of hazardous 

material  to l e s s  than 1%. This containment shall  be shown by routine 
tests to have a chance of failure of l e s s  than lo-' per event. 

Even so, on a provisional judgment, the r i sk  of s eve re  damage to 
the facility might be lo-' to lo-' per  year,  and the r isk of releasing a 
substantial fraction of the core  material  might be 

Apart from safety, considerable emphasis must always be placed 
on the protection of investment. The present estimate of rhsk to the 
facility of lo-'  to lo-' per  year  is probably a s  high as could be toler-  
ated. This is the range predicted for malfunction of the control system 

per  year. 
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o r  operator e r r o r  (for the assumptions made). Hence, sustained effort 
is needed to reduce the accident frequency, effort apar t  from any 
la ter  protection that may be credited to containment. 

This paper i l lustrates a general theme, the numbers used are 
indicative only; they a r e  used to amplify the theme. If the fast burst  
reactor  contained no plutonium (or equivalent), the estimated hazard 
might be reduced by a factor of 100; consequently, either containment 
might be omitted o r  more populated s i tes  might be used. Conversely, 
i f  the reactor  contained large amounts of plutonium, the overall hazard 
might be increased by a further factor of 10 and even more stringent 
containment might be required o r  limitations might be placed on the 
frequency of operation o r  t imes of operation. Essentially, this approach 
recognizes that man-made objects may fail and that operators may 

@ fail and that estimates of failure potential derived from perceptive and 
crit ical  use of comparative data, systematically assembled, will give 
a better appreciation of the potential weaknesses of the reactor sys-  
tem. This approach does not lead to the indefinite chase of the in- 
finitesimally small  (“to reduce the possibility of failure to nil to the 
sixth power”), provided that there  is agreement on the degree of r isk 
currently considered reasonable in relation to consequences. Agree- 
ment on this s co re  is likely to develop in t ime a s  most countries at a 
comparable stage of development ca r ry  r i sks  from social and in- 
dustrial  activities that differ only by small  factors from country to 
country. There may be arguments about the interpretation of evidence, 
but, if considered constructively, these arguments will in t ime lead to 
a convergence of opinion, a s  future safety can only be based on past  
and present experience. 

REFERENCE 

1. F. R. Farmer, Siting Criteria-A New Approach, in  Containment and Siting of 
NucZear Power Rants ,  Symposium Proceedings, Vienna, 1967, pp. 303-323, 
International Atomic Energy Agency, Vienna, 1967 (STI/PUB/l54). 



7-3 A STANDARD FOR FAST 
BURST REACTORS 

A .  DE L A  P A Z  
Department of the A r m y ,  \Vhite Sands Missile Range. 
N e w  Mexico 

ABSTRACT 

The accumulated experience and continued development and use  of fas t  burs t  
r eac to r s  make it essential  that a standard be developed for  the operation of 
these reactors .  The effor ts  of American Nuclear Society subcommittee N14 have 
led to the development of a standard based on the full use  of the experience 
gained to date. This standard, when formalized and issued, should be of con- 
s iderable  use to personnel involved in the design, operation, and regulatory re- 
view of fas t  burst  reactors .  

The use of fast  burst  reactors  in a variety of experimental programs 
has  resulted in a wealth of accumulated experience. Further, the 
demonstrated versatility of fast  burst  reactors  has led to their  con- 
tinued development and application in support of new experimental r e -  
quirements. The projected development of this field of reactor  tech- 
nology, coupled with the availability of operational experience) has  made 
the development of a standard for  the operation of fast  burst  reactors  
highly desirable.. Recognizing this, the Standards Committee of the 
American Nuclear Society established a subcommittee whose objective 
is the preparation of such a standard. It was considered that develop- 
ment of a standard on operation of fast  burst  reactors  would provide a 
basic set of general guidelines aimed at the safe and proper operation 
of these reactors  in accordance with the benefit of past  experience. The 
availability of these general guidelines would benefit those persons in- 
volved in the operation, design) and regulatory review of these reactors.  
The availability of the standard will also strengthen the basis  of under- 
standing between operational and regulatory review organizations. 
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The subcommittee, designated a s  N14, was organized in 1968; it 

A. De La Paz, White Sands Missile Range, Chairman 
D. P. Wood, U. S. Atomic Energy Commission, Albuquerque 

P. D. O’Brien, Sandia Laboratories 
T. F. Wimett, Los Alamos Scientific Laboratory 
L. B. Holland, Oak Ridge National Laboratory 
R. L. Long, University of New Mexico 

consists of the following members:  

Operations Office 

Effort on developing a standard for operation of fast burst  reac- 
t o r s  was  initiated by the subcommittee in August 1968 primarily as a 
result  of the work of H. Paxton at  Los Alamos Scientific Laboratory. The 
start ing point for  the standard was a list of general guidelines developed 
a s  a result  of discussions between H. Paxton and some of the members 
of the subcommittee (Wimett, O’Brien, and Long). A draft standard was 
developed and sent out for  review and commentby members  of the sub- 
committee and others working in fast  burst  reactor  technology. Exten- 
sive discussions and communications on this draft  standard were then 
used in the development of the current form of the standard being acted 
upon by the subcommittee. This current  form of the standard is pre- 
sented a s  Appendix A of this paper. 

OBJECTIVES 

The standard, a s  proposed, has  a s  its pr imary objective the speci- 
fication of general cr i ter ia  to be applied to the operation of fast  burst  
reactors  to ensure the safety of the general public and operating per-  
sonnel. Other general objectives in addition to this basic safety r e -  
quirement include the identification and emphasis of the role of the 
administrative procedures and the definition of basic reactor system 
performance requirements. The la t ter  areas ,  for example, a r e  of con- 
siderable importance since they significantly affect the safety of the 
overall operation. The combination of the basic objective and the 
supporting general requirements is aimed at  development of a standard 
that, in general, applies to all fast burst  reactors.  

The standard is not intended to specify design requirements o r  
otherwise limit o r  infringe upon design efforts in fast  burst  reactor 
technology. This aspect is necessary since preparation of a standard 
cannot be based upon projected developments in the field, and i t  must 
rely primarily on the use of past  experience and present technology. 
The standard is therefore primarily directed at  the operation of fast 
burst  reactors.  The requirements noted in the standard may, of course, 
be used by the reactor designer for general guidance but should not be 
considered a s  limiting his effort. 

~ 
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The standard a s  developed is divided into two essential  areas:  (1) 
those considerations which should be adhered to for compliance with 
the standard and (2) those factors which a r e  recommended but do not 
need rigid compliance. The word “shall” defines the former considera- 
tions whereas the word “should” covers the latter.  In this connection, 
the subcommittee did not pass  o r  otherwise make a judgment regarding 
the requirement and enforceability associated with compliance with the 
standard. It was considered that this a r ea  was beyond the purview of the 
subcommittee, whose function was primarily the technical development 
of the standard. The matter of enforceability of the standard is the 
same  a s  that which applies to all standards developed by the American 
Nuclear Society (ANS). In all cases,  further formalization and legal ac- 
tion beyond the scope of ANS a r e  required. 

The following par ts  of this paper present the principal considera- 
tions associated with the basic a reas  of coverage of the standard. @ 
ADMl N I STRATIVE PROC E DU RES 

The general administrative procedures that a r e  necessary to the 
safety of fast  burst  reactors  a r e  presented in t e r m s  of: (1) the defini- 
tion of responsibilities, (2) the review procedures that apply to proposed 
experiments, (3) the requirements on the availability and presence of 
properly certified personnel during reactor operation and maintenance, 
and (4) the availability of written procedures governing the operation of 
the reactor.  

The requirement that management define the responsibilities in- 
volved in reactor  operations is aimed at ensuring that all personnel 
fully understand their  commitment to the safety of reactor  operations 
within the scope of the duties and responsibilities of their  position. If 
this  is not accomplished, a lack of communication among the personnel 
involved, for example, could lead to a possibly hazardous condition. 
Moreover, i f  an ambiguity exists in this area,  it would be greatly em- 
phasized if something did go wrong. The .clear definition of duties and 
responsibilities is an essential par t  of the overall selection, training, 
and certification of reactor personnel, and i t  must be effectively ca r -  
r ied out by management. 

The state of the reactor systems must be properly monitored by the 
reactor  staff personnel any t ime that an actual o r  potentia1,change in 
the condition of these systems takes place. The requirement that (1) two 
certified personnel be present in the control areaduring reactor  opera- 
tions and (2) one certified reactor  operator be present in the control 
a r e a  during any maintenance or  experimental setup effort involving the 
reactor  systems is aimed at providing this coverage. 

The need to provide for  the review of proposed experiments pr ior  
to their  irradiation is essential to the safety of the reactor operations. 
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This need is particularly significant in view of the different types of ex- 
periments that may be irradiated and their  effect on the burst  charac- 
ter is t ics  of the reactor.  The proper evaluation of these effects is essen- 
tial to the safety of the reactor  since i ts  reactivity state and the value 
of the prompt reactivity inserted to achieve the burst  may be changed 
by the location, size, and mass  characterist ics of the reactor.  In addi- 
tion, experiments having unique characterist ics,  such a s  fluids o r  ex- 
plosive materials,  may be proposed fo r  irradiation. The established 
review procedures should provide for the evaluation of the safety of the 
reactor under all proposed experimental arrangements. 

FACILITY LAYOUT 

A section covering the general requirements applicable to the fast 
burst  reactor  facilities is included in the standard. The initial par t  of 
the section deals with the requirements covering access  to the reactor  
and the provisions that must be provided to ensure the safety of the 
general public and operating personnel during all phases of operation of 
the reactor.  This includes shielding, fencing, and any other physical 
provision that may be employed to accomplish the proper degree of 
safety. 
' General factors that should be considered in the design of the 

facility a r e  also presented. Attention is directed at  the provisions that 
a r e  required to prevent accidental criticality resulting from malopera- 
tion of facility auxiliary systems, such a s  cranes and elevators. Refer- 
ence is also made to the need for  having emergency procedures and 
provisions for preventing flooding of the reactor cell. 

The inclusion of these factors in the standard is aimed at  ensuring 
that the overall reactor  facility is provided with appropriate provisions 
not directly associated with the reactor  system but nevertheless neces- 
s a r y  to the protection of operating personnel and the general  public. 

REACTOR CHARACTERISTICS 

. Characterist ics covered in the standard basic to fast  burst  reac- 
t o r s  a r e  aimed a t  establishing the safety necessary to permit operation. 
The major a r e a s  covered a r e  the requirements that apply to  the pro- 
visions made for the control and termination of the reactor  operation. 
The major safety device is defined as the safety-block movement; i t  
reflects the condition that this movement be the primary mechanical 
shutdown mechanism of the reactor.  In addition, the standard calls for  
at least  two independent safety devices (such a s  movement of the safety 
block and control rods) having fail-safe features.  
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A primary requirement included in the standard is that the r e -  
producibility of the reactivity-control components shall  be such that 
variations in burst  yield do not exceed plus or  minus 2&. This pro- 
vision is of vital importance since the degree of repeatability of burst  
yields at equivalent conditions is an excellent means of monitoring the 
operational condition of the reactor.  If the variation is high o r  other- 
wise not in line with previous data and experience, i t  may indicate that 
there  is looseness in the control elements, thus resulting in different 
positioning conditions pr ior  to the burst. Corrective action must then 
be taken to prevent any further deterioration of the system involved 
which would result  in still  greater  variations in burst  yields. 

This section on reactor characterist ics in the standard also in- 
cludes the general provisions that should be available in reactor - system 
interlocks to prevent resetting of the reactor s c r a m s  o r  insertion of 
the safety block unless the control elements a r e  a t  their  position of 
minimum effectiveness. The section also notes that an interlock should 
be included to prevent the addition of reactivity after the s t a r t  of the 
neutron-decay period. These requirements have been included to en- 
s u r e  that the sequence of reactor  operation is carr ied out such that 
additions of reactivity a r e  made under carefully controlled conditions 
that permit a proper evaluation of the effects of these additions on the 
overall reactivity state of the reactor.  

EQUIPMENT CRITERIA 

General requirements have been included to ensure that provision 
is made for the prevention of any unauthorizedoperation of the reactor.  
In addition, guidelines have been included noting that manual s c r a m  
capabilities should be provided which can be actuated from any location 
that requires  the exclusion of personnel during reactor  operation. These 
general  requirements a r e  expanded to include the need to ensure com- 
munication between personnel at the reactor  control console and others 
at various locations in the facility, particularly the reactor  cell. Pro-  
visions for  ensuring that the reactor  is scrammed upon loss  of power to 
any safety device have also been included. 

@ 

OPERATING PROCEDURES 

General procedures considered to be necessary in the safe opera- 
tion of fast burst  reactors  a r e  also included in the standard. These pro- 
cedures include the clearing of the reactor  exclusion a r e a s  and the 
satisfactory check-out of newly installed o r  modified equipment pr ior  
to reactor  operations. In the standard particular attention is paid to the 
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need for suspending operations if an unexplained behavior of the reactor 
takes place. The general opinion of the subcommittee was that such 
situations should not be left unresolved since the unexplained behavior 
could be a preliminary indication of an uncontrolled operation. The reli-  
ance placed upon proper operation of the reactor systems to terminate 
the burst  and the fact that once the burst  is initiated i t  proceeds to a 
termination based on the performance of the reactor systems make i t  
essential that routine operations be suspended under these circum- 
stances. The subcommittee did, however, recognize that reactor opera- 
tions could be required to evaluate the cause of malfunctions o r  system 
deficiencies. 

This section of the standard on operating procedures concludes with 
a presentation of the general requirements of the burst-production cycle 
and the operations that should be performed prior to initial burst  oper- 
ation of a reactor.  Requirements for the daily check-out of the reactor  
systems pr ior  to operation are also presented. 

APPENDIX A: TENTATIVE STANDARD FOR FAST BURST REACTORS 

Scope 

This standard is for the guidance of those persons involved in the 
design, operation, and review of fast burst  reactors.  It has  been formu- 
lated in general t e r m s  to  be applicable to all current  fast  burst  reactors  
and is intended to be used only for general guidance in design effort for 
future reactors.  

Definitions 

LIMITATIONS 

The following definitions should not be regarded as encyclopedic. 
Other t e r m s  with definitions accepted by usage and by standardization 
in the nuclear field a r e  not included. 

GLOSSARY O F  TERMS 

Shall, shoulcl, and m a y :  The word “shall” is used to denote a r e -  
quirement; the word “should” to denote a recommendation; and the 
word “may” to denote.permission, neither a requirement nor a recom- 
mendation. To conform to this standard, all operations shall be per-  
formed in accordance with i ts  requirements but not necessarily with 
its recommendations. 

Fust burst reactor: An essentially unmoderated assembly of fis-, 
sionable material  designed to be operated to produce short-duration 
high-intensity bursts  of fission radiation. 
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Scmin: A rapid reduction of reactivity to subcriticality. 

Control elements: A s  used herein the t e r m  “control elements” in- 
cludes those reactor-core components whose movement increases  o r  
decreases  the reactivity of the reactor,  and it includes the control rods, 
burst  rod, and safety block, o r  equivalent. 

Sofetjr hlock: The safety block is that control element having a re- 
activity worth such that i t s  movement following a burst  is the primary 
mechanical means of terminating the operation. 

Sofetji cleuice: A mechanism o r  system designed to reduce the 
reactivity of a fast  burst  reactor  by movement of one (or more)  of the 
control elements. 

Administrative Procedures 

Responsibility for  the safety of operation shall be assigned unam- 
biguously by management. 

An experiment plan shall be reviewed and approved in accordance 
with procedures established by management pr ior  to the s t a r t  of each 
experiment. 

At least  two persons properly certified in accordance with proce- 
du res  established by management shall be present in the reactor-  
control-console a rea  during burst  operation of the reactor.  

At least  two properly certified persons shall be present during re- 
actor maintenance o r  experimental setup operations involving potential 
changes in reactivity of the reactor.  One of these two persons shall be 
present at the reactor  control console. 

Written procedures incorporating safety features shall  govern all 
operations. There shall  be provision for keeping procedures,current. 

Facility Layout 

Procedures shall be established for  the control of access to the re- 
actor area.  

Physical provision (e.g., shielding, fencing, and distance) shall be 
provided for  the protection of the general public and operating person- 
nel from the effects of a burst  an order  of magnitude greater  than the 
planned limit. 

The following shall be considered in planning a fast burst  reactor  
facility: 

a. The prevention of accidental cri t icali ty that might result  from 
failure o r  maloperation of supporting equipment, such a s  cranes,  ele- 
vators,  o r  other handling devices. 

b. The prevention of unauthorized entry into hazardous a r e a s  dur-  
ing nonworking hours. 
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c. Convenience of reactor operations and feasibility and ease of 

d. Prevention of flooding. 
e. Emergency procedures. 

A permanently installed radiation area-monitoring system with 
appropriate a l a rm indication shall be provided which is designed to 
monitor and indicate the radiation levels at selected points. 

reactor-systems maintenance procedures. 

Reactor Characteristics 

Inherent prompt-reactivity quenching (negative temperature coeffi- 
cient) shall be a fundamental characterist ic of the reactor.  

There shall  be at  least  two independent safety devices (such as a 
safety block and control rods), and both shall have fail-safe (with r e -  
spect to electrical  power) s c ram features. 

The major safety device (such as safety-block movement) shall be 
capable of shutting down the reactor  to subcritical under the most r e -  
flective conditions for any possible experimental arrangement. The 
rate  of reactivity reduction upon sc ram shall begreater  than the normal 
rate of addition. 

Reproducibility of the effect of the reactivity-control components 
shall  be such that burst  yield variation shall not exceed +20%. 

A shroud to l imit  neutron reflection by experiment should be avail- 
able and used a s  deemed appropriate. 

There should be control rod(s )  with total reactivity worth greater  
than the excess reactivity (with the reactor fully assembled and all con- 
trol  rods in) for the bare  (unreflected) reactor.  

r’ 

There should be interlocks to prevent the following: 
a. Resetting of the s c r a m s  unless the control elements a r e  at posi- 

tions of minimum effectiveness. 
b. Insertion of the safety block unless the other control elements 

$ a r e  a t  positions of minimum effectiveness, except a t  the end of the 

c. Reactivity addition by control-rod movement after the s t a r t  of 
neutron-decay period. 

the neutron-decay period. 

Equipment Criteria 
There shall be physical safeguards against unauthorized operation of 

the reactor.  
There shall be means of communication between personnel a t  the 

reactor control console and others in the reactor  area.  
Provisions for  manual s c r a m  actuation shall  exist a t  the reactor  

control console and in those general  locations inthe reactor  area which 
require  the exclusion of personnel during reactor  operation. 

Loss of power to any safety device shall initiate a scram. 
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Procedures for ensuring that the reactor  exclusion areas are 
cleared of all personnel shall be established and carr ied out pr ior  to 
the s t a r t  of any reactor operation. 

The satisfactory mechanical performance of newly installed o r  sig- 
nificantly altered control-element systems o r  safety devices shall be 
established before achieving initial criticality following the system o r  
component installation o r  modification. 

Reactivity additions shall not be made unless the effects of pre-  
ceding additions have been observed and understood. 

Any unexpected behavior of the reactor o r  i t s  associated equipment 
shall  be evaluated promptly. 

The proper functioning of the required number of safety devices 
shall be established pr ior  to start ing operations each day. In the course 
of these t e s t s  o r  early in each day’s operation, the response of each r e -  
quired detector system to a change in neutron o r  gamma-ray level, a s  
applicable, shall  be confirmed. 

Consideration of the influence of peripheral experimental equip- 
ment on reactivity and the calibration of all control elements shall be 
guided by prior experimental information and calculation. 

Additions of reactivity shall not be made simultaneously by two o r  
more types of control elements. 

The following operations should be performed a s  part  of the initial 
operations conducted following f i rs t  assembly of the reactor  fuel. These 
preliminary operations should be conducted in accordance with formally 
approved written procedures. 

a. A visual and mechanical check of the reactor  fuel assembly. 
b. Verification of reactor-shutdown margin and determination of the 

r a t e  of shutdown associated with safety-block movement. 
c. Detailed calibration of the control rods, including a check of the 

reproducibility of the reactivity effects of cycling the control rods. 
d. Calibration of the burst  rod with sufficient detail to govern ad- 

justment to the desired worth, if  applicable. 
e. Calibration of incremental reactivity adjustments, such as those 

required to compensate for reactivity effects of peripheral  experimen- 
tal equipment. 

The burst-production cycle shall include the following: 
a. A reference reactivity check at delayed criticality or  by means 

of a positive period no shorter  than 10 sec. 
b. Adjustment of the control-rod positions, taking into account the 

reactor-fuel temperature and the effects of the experimental arrange- 
ment on the reactivity worth of the burst  rod so that actuation of the 
burst  rod will give the desired reactivity. 
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c. Adjustment in reactivity by control-rod movement to compensate 
f o r  temperature variations during the neutron-decay period, i f  required. 

DISCUSSION 

McENHILL: I think I missed the objectives of the exercise, yet the 
objectives must, I feel, be eminently clear. There-was a compound of 
principle and procedure in the presentation, whereas I personally feel 
there  is a need to divorce the two. It is a very salutary exercise for 
each operator to sit down and carefully delineate the safety principles 
upon which his reactor and his total facilitydepend. Having set down all 
the principles on which safety depends, he can then delineate the full 
detailed operating procedures, and at this stage he can use codes of 
practice, etc., to help him. I was concerned that with a compound of 
principle and practice such a s  that proposed there is just a danger that 
this could become a checklist for operators who thought that if  they 
went through all these things they might have a safe facility. I am not 
wholly sold on the idea of standardized encyclicals. I like general  
principles and I like illustrations, but I get a little worried about de- 
tailed codes of practice taking the place of thinking and experience. 
I admit I may be quite wrong in the objectives. 

of operational procedures. The standard would not replace the basic 
safety documents of the facilities, such as the technical specifications, 
operating limits, procedures, o r  the safeguards analysis report. It does, 
however, in a general way, hopefully provide some basis of understand- 
ing between the regulatory review agency personnel and the reactor- 
operations personnel. For example, if the standard were completed we 
would not have any possibility of an unexpectedimposition of new safety 
requirements. So the standard provides a definition of requirements 
which form the basis  of, hopefully, some understanding. Only in that r e -  
spect do I think that it has merit .  

ZITEK: Are you saying that the Atomic Energy Commission will 
accept this standard in lieu of a technical specification? 

DE LA PAZ: No. I said that the standard does not replace the tech- 
nical specification. This stage in operational considerations deals with 
safety, and it is apart  from technical specifications. 

CALLIHAN: The disposition of this proposed standard has  not been 
entirely established. I cite a s imilar  document, prepared a number of 
years  ago, dealing with cri t ical  experiments that exists today not as a 
USA standard but a s  an ANS standard. Nonetheless, following the process  
by which a draf t  is first developed and after the subcommittee action 
when they have prepared what they believe to be a final document, the 

DE LA PAZ: The objective of the standard is not to providedetaLs- 
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availability of that document will be announced in i\Ticc/eni- iVctf:s and will 
be available f o r  comment. There is still that opportunity to take a crack 
at  it. This present draft  is an effort. at any rate ,  a s  was the one with 
cri t ical  experiments, to get into print that on which experienced people 
in the field had agreed. Obviously there is no legal connotation in any 
industry-developed standard until a regulating body. a municipality for  
example, adopts i t  a s  a par t  of a code. a s  a part  of a building code for  
example. 

Throughout these papers a thread of experience has runwhich 
leads me to a very hackneyed remark: we have a score 01- more years  
now of exciting and progressive experience in nuclear energy, but they 
have been frightfully costly because of safety factors piled on top of ig- 
norance factors,  and ignorance factors piled on top of safety factors.  
NOW one can at least  express  the hope that some return can be gleaned 
from the experiences of these costly years.  
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ABSTRACT 

The methods of neutron diffraction and possible experiments a r e  outlined. 
The advantages of such methods a r e  established, and the ability to increase  
the effective experimental capabilities i s  demonstrated. The mentioned ex- 
per iments  demonstrate the need f o r  a continued effort to increase  the effec- 
tiveness of slow-neutron-scattering experiments. 

INTRODUCTION 

Thermal neutrons have advantages compared with other types of 
particle probes in revealing the positions' and motions' of atoms in 
solids, liquids, and gases. In this  paper thermal-neutron r e sea rch  
with repetitively pulsed neutron sources  leading to structural  infor- 
mation will be discussed; in the following paper (K. H. Beckurts and 
R. M. Brugger, Session 8, Paper 2), the inelastic-scattering experi- 
ments leading to dynamical information will be presented. 

The f i rs t  of the advantages neutrons have over other methods 
is that neutrons a r e  penetrating particles for most samples, which 
allows them to s e e  the atomic s t ructure  in bulk and not on the surface. 
One example of the exploitation of this penetrability is in studies of 
samples a t  high p res su res  ' in which the ' neutron passes  through a 
relatively thick sample holder and observes the pressurized sample 
inside. The second advantage is- that the.  neutrons most desirable for  ' , 

XOn leave of absence f r o m  Institut fur  Angewandte Kernphysik, Kernfors- 
chungszentrum, Karlsruhe,  Germany. 
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diffraction studies a r e  nondestructive because they have too little 
energy to break chemical bonds. It has been shown that powder dif- 
fraction patterns for samples that disintegrate during an X-ray expo- 
s u r e  can be obtained by neutrons without excessive damage. The 
third advantage is that neutrons have a different sensitivity of inter- 
action to atoms than do the other probes. This allows different com- 
binations of atoms to be studied, Le., neutrons can locate the positions 
of hydrogen atoms in the presence of heavy elements and the ordering 
of atoms in compounds composed of neighboring elements in the 
periodic table. The fourth advantage is that, since the neutrons have 
magnetic moments, they interact with atoms having magnetic moments 
to reveal magnetic ordering in materials. Neutron diffraction has 
contributed the bulk of our knowledge about magnetic ordering in anti- 
ferromagnetic materials? spiral  magnetic structures,  spin density 
waves, and magnetic density distribution per unit cell. Because of 
these many advantages, thermal neutrons have become an important 
probe for the r e sea rche r  to  ascertain atomic structures.  

A s  with most particle probes, the advantages of neutrons in ce r -  
tain situations a r e  disadvantages in others. For  example, the fact 
that neutrons a r e  penetrating probes means that they are poor for 
studying surface phenomena. In addition to such inherent disadvan- 
tages, neutron diffraction has always lagged behind X-ray diffraction 
in developments of experimental techniques and the availability and 
intensity of sources.  Because of the advantageous qualities of neutrons, 
a need exists for more sources  to pursue pulsed-neutron studies. Many 
of their  disadvantages will be overcome when intense repetitively 
pulsed neutron sources  become available and techniques a r e  developed 
t o  exploit them. The following sections will briefly outline some of the 
changes in techniques and the experiments that a r e  possible now o r  
will become possible when more-intense sources  are realized. 

PRESENT DIFFRACTION TECHNIQUES 

Neutron diffraction is based on the Bragg relation h = 2d sin Qg, 

where h is the wavelength of the neutrons, d is the plane spacing of 
the crystal, and Qg is the Bragg angle (which is one-half the scat-  
tering angle). The conventional neutron-diffraction approach was an 
outgrowth of X-ray diffraction; neutrons having one wavelength h a r e  
scattered from a sample, and a search is made of 2 8 ~  for a preference 
in scattering. The values of Qg at which there is preference for  
scattering allows a se t  of d values to be calculated, as illustrated in 
Fig. 1 along with an example of data. With the background of experience 
from X-ray diffraction and the availability of steady-state reactors,  
this conventional technique has proved very successful. 
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Fig. I -(a) Conventional fixed-wavelength neutron-dqfyaction experiment and 
(b) an example of the data. 

Because of the desire  to increase the capabilities of diffraction 
methods and because of the anticipation of repetitively pulsed sources  
a s  more-intense sources, new approaches to diffraction have begun 
to be developed in the las t  several  years. These methods depend on 
time-of-flight measurements; Fig. 2 is an example. Here pulses of 
polychromatic neutrons a r e  produced either by chopping a beam from 
a steady source o r  by pulsing the source itself. The burs t s  of neutrons 
impinge upon a sample, and the wavelengths of those that a r e  pref- 
erentially scattered by the sample a t  a fixed scattering angle a r e  
determined by measuring their time of flight to the detector. These 
A ' S  measured at fixed OB allow a se t  of d values to be calculated from 
the Bragg equation. It has been shown that for powdered samples with 
a steady source of neutrons, comparable resolution and intensity to 
the conventional technique can be obtained with the time-of-flight 
technique. Time-of-flight experiments in which 2 8 ~  is near 180" should 
yield extremely good resolution. 

Fig. 2-  (a) Time-of-flight fixed-angle neutron-diffraction experiment and (b) an 
example of the data. 
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Because of the backlog of experience, the conventional method is 
more convenient and desirable for most experiments. However, the 
time-of-flight technique with steady sources has  certain advantages, 
i.e., i t s  use with pressurized samples, with very cold samples, and 
for the study of transient effects. This technique is being developed, 
but i t  probably accounts for  l e s s  than 5% of the effort at this time. 
With the advent of intense repetitively pulsed sources,  however, the 
time-of-flight technique promises to increase the experimental capa- 
bilities by several  o rde r s  of magnitude, and i t s  application will be 
greatly expanded. 

An example of a time'-of-flight neutron-diffraction experiment is 
the one now operating at the Materials Testing Reactor (MTR).3 The 
experimental arrangement is shown in Fig. 3. A beam of thermal 
neutrons is taken from the steady-flux reactor and chopped into 
bursts  by a mechanical chopper. These bursts  of neutrons impinge 

,u,pper I 6O-Ton Ram 

Beam 

Fig. 3 - A  cutaway of the MTR time-of-flight neutron-diffraction instrument 
used f o r  studying samples at high pressures.  

, 
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upon a powdered sample, and a small  percentage a r e  diffracted toward 
the detectors. The detectors a r e  located at scattering angles of 90" and 
60" at  flight paths of 2 m. The flight time o r  wavelength of the scat-  
tered neutrons is determined by multichannel t ime analyzers asso- 
ciated with each detector. 

The time-of-flight method was developed for these experiments 
because it is more compatible with the p re s su re  chambers required 
to hold the pressurized samples. The exertion of large p re s su re  upon 
the sample requires that i t  be surrounded by a massive p re s su re  cell. 
But to allow the neutrons to enter and exit from the sample requires  
that not too much material  interfere with the beam. The use of a 
conventional diffraction system would have required that the strength 
of a large a rea  of the cell, that a r ea  needed to scan the Bragg angle, 
would be limited. 

On the other hand, by using the time-of-flight method, only narrow 
cracks were cut into the sample cylinder to allow the beam to enter 
and exit at the fixed angles. Figure 4 shows one of the p re s su re  cel ls  
which has held a sample y4 in. in diameter and 1 in. long to p re s su res  
of 40 kbars. The alumina cell is hard and thick enough when supported 
to hold this pressure,  yet thin enough to pass  a large fraction of the 
neutrons. The binding ring provides the strength, and i t s  strength is 
only slightly compromised by the narrow beam cracks.  

Figure 5 is an example of diffraction data obtained with this 
system when the sample was bismuth pressurized until it transformed 
into a different phase. About 40 Bragg peaks were obtained, from 
which the crystal  s t ructure  of bismuth in phase I1 was indexed for  the 
first time. 

FUTURE DIFFRACTION TECHNIQUES 

The time-of-flight technique is very wasteful of neutrons when a,  
steady reactor  is the source; the duty cycle is l e s s  than 1%. But the 
time-of-flight technique comes into its own with the advent of repeti- 
tively pulsed sources  whose peak power is very high but whose average 
power is equivalent to present reactors.  With repetitively pulsed I 

sources  the neutrons are produced only when they a r e  needed. With 
the proper design of the pulsed source and the tailoring of experi- 
ments, effective increases  in capability of 100 to 1000 should be 
realized. 

Although some latitude and personal preference a r e  considered 
in the parameters  of the repetitively pulsed source,  the characterist ics 
outlined in Table 1 give one possible set. For the neutrons to have a 
wavelength compatible with the atomic spacings of the samples under 
study, their energies need to span the range from 0.001 to 1 ev. This 
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e 
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Fig. 4 - A  cutaway of the cell used in  the high-pressure experiments. 

range can be obtained easily from a cold moderator placed near the 
source. Fluharty4 has shown that the burst  t imes of the thermal 
neutrons emitted from a cold moderator can be as low as 10 ysec. 
For cold neutrons the bursts  will be wider, possibly as wide a s  
50 psec. This burst  time o r  l e s s  is desired to give the desired resolu- 
tion in the experiments. Moderators o r  radiators as large as 10 by 10 
c m  are also quite compatible with these burst  t imes.  They a r e  large 
enough to give good intensity and small  enough that the t ime resolution 
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Table 1 

DESIRABLE CHARACTERISTICS OF REPETITIVELY PULSED 
NEUTRONSOURCE 

Energj  range. ev 0.001 to 1 .00  
Burs t  width, psec 

Repetition ra te ,  pulses/sec 

Intensity. neutrons/cm2/sec Equivalent to 

-10 (hot neutrons) to 
50 (cold neutrons) 

5 to 100 
-10 x 1 0  Beam radiator  s ize ,  em2 

neutrons/cm2/sec 
steady s ta te  

Backgrounds Low 
Beam tubes Multiple 

is not smeared. Such a pulsed source can also be made compatible 
with low neutron generation between bursts  which appears a s  back- 
ground. Several beam tubes can be designed around the source to  
service at least  10 experiments. From 5 to 100 pulses/sec will yield 
the maximum intensity by having the maximum repetitive rate  while 
not allowing overlap in the experiments. Having selected these l imits 
on the source, a repetitively pulsed source is conceivable with an 
average power of 1 to 10 Mw and an equivalent experimental capability 
of a steady-state reactor of the o rde r  of 10'' neutrons/cm2/sec. 
This source can be built within the present l imits  of engineering 
capability. 

The time-of-flight techniques must be expanded to use these 
pulsed sources  effectively. For  powdered and amorphous solids, 
liquids, and gases,  the present time-of-flight techniques will only 
have to be made compatible with the pulsed sources.  This is straight- 
forward. For  single-crystal diffraction studies the instrumentation 
must be extended. 0:ie approach is to construct a space- and time- 
sensitive detector. Then the equivalent of Laue patterns will be 
obtained but with additions. Where the Laue techniques with X r ays  
only observe diffraction spots of mixed order ,  the time-of-flight 
system with neutrons incorporating a space- and time-sensitive 
detector will observe all these spots but determine magnitudes for 
each order  contributing to a spot. Thus a complete single-crystal 
diffraction pattern will be obtained in a single setting. Ideally these 
space and time detectors would be spherical and centered on the 
samples; but, planar o r  cylindrical detectors may be acceptable. 

One possible experimental arrangement, depicted in Fig. 6, 
expands the idea of this  type of time-of-flight Laue diffraction experi- 
ment. Polychromatic neutrons from the pulsed source a r e  diffracted 
by the single-crystal  sample. A large multiwired spark chamber 
located behind the sample detects the diffracted neutrons. The chamber 
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is filled with 3He to increase its sensitivity. The position in space at  
which each neutron interacted with the chamber is determined by 
coincidence of signals from vertical and horizontal wires  if a crossed- 
wire system is used o r  by signal transmission t ime along the wire i f  
parallel  wires  in only one direction a r e  used. These data a r e  stored 
in a large memory data storage-processing system. At a la ter  t ime 
the memory is scanned to reveal a time-of-flight spectrum for  each 
a r e a  of the detector, an area which would be determined by the spacing 
of the wires. From these spectra  the location of the Laue spots could 
be determined. For each spot the time-of-flight spectrum would sepa- 
r a t e  all orders .  No uncertainty would remain between the contributions 
to the (OOn) spot by neutrons having wavelength X diffracted from 
planes d apart  a s  compared with neutrons contributing to the same  spot 
but with wavelengths of Zh, 3X, etc., diffracted from planes Zd, 3d, etc., 
apart .  Having once accepted the concept of time-of-flight diffraction, 
one real izes  that many permutations of the experiments become 
possible. Brainstorming of experimental capabilities has  only begun. 

FUTURE EXPERIMENTS 

/ 

Much information about the physical properties of nature is 
determined through a measurement of the microscopic structure of 
materials.  In fact, crystallography, which is this determination, is 
now recognized a s  an independent discipline of science. Crystallog- 
raphy has  gained such status because of the vast  amount of r e sea rch  
that has  occurred in this discipline, and the amount projected in the 
future seems  unbounded. Neutron-diffraction research has contributed 
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i t s  fair sha re  to the growth of crystallography even though neutrons 
were latecomers; their  sha re  of the future studies appears at least  
a s  large a s  that of neutron-diffraction research. Pulsed-neutron 
diffraction can ca r ry  a fair  sha re  of this load. 

The advent of more-intense sources o r  sources  with unique 
characterist ics always opens up new vistas of research.  This has  
been quite apparent recently in optics. Although the old sources 
certainly were not considered to be weak, the coming of the l a se r s  
has made possible radical and exciting new experiments. The same  
will happen in slow-neutron physics when the experimental flux is 
increased. 

Although much of the future research in crystallography, such 
a s  studies of organic crystals,  magnetic crystals,  and alloys, can and 
will be made with pulsed sources  having fluxes no higher than the 
existing reactors ,  many important future studies will only be feasible 
o r  possible when more-intense sources  a r e  available. The experiments 
mentioned in this section will emphasize the latter.  

Many materials having the simpler crystalline s t ructure  have 
been analyzed, but even more materials with complicated s t ructure  
have not been analyzed. A s  the s t ructures  of the simpler materials 
have been determined, the interest  has been extended to more com- 
plicated cases.  But impeding this extension is the increasing difficulty 
of the experiments. Thus the focus of neutron diffraction with present 
experimental capabilities might be roughly represented as a bell- 
shaped curve centered around a dozen atoms pe r  unit cell but with 
wings extending on the low side to very difficult to measure unstable 
compounds of a few atoms per  unit cell and on the high side to the 
simpler biological molecules of a few thousand atoms per unit cell. 
An attempt to depict this is given in Fig. 7 .  On the basis  of past  
progress  of neutron diffraction and the feasibility of performing 
experiments, one might expect the median of such a curve to  shift 
toward 100 atoms/unit cell when effective fluxes of about 10'' neutrons/ 
cm2/sec become available. Here neutrons will make major contribu- 
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Fig. 7-An attempt to depict the shift of interest as more-intense sources 
become available. 
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tions by locating the positions of hydrogens particularly after X rays 
have located the C - N - 0  backbone of these molecules. A major sha re  
of the information about biological processes  is held in hydrogen loca- 
tions and in the change of location a s  biological processes  progress .  

Studies of magnetic structure,  which require polarized beams, 
can be made with time-of-flight methods. One approach would be 
polarizing fi l ters,  such a s  the LazMg12(N03)1224(H20), which would be 
placed in the beams both to polarize the incident beam and to analyze 
the scattered beam. Many magnetic ordering studies would then 
become accessible. 

Besides the need for more-intense sources to progress  to more- 
complicated molecules, more-intense sources a r e  a lso needed for 
experiments in which the sample i s  exposed to extreme conditions. 
The neutron-diffraction experiments on samples pressurized to >IO0 
kbars  is one example of these extremes. At present the extreme of 
p re s su re  is 40 kbars  with initial experiments just start ing on samples 
a t  100 kbars.  But these measurements a r e  on powdered samples of 
relatively simple structure.  Experiments with single-crystal samples 
a r e  desirable, but none have yet been attempted at  high pressures .  
Because of the small  samples that must be employed, the maximum 
initial intensity will be required. 

Great interest  exists in studying samples to 1 megabar because 
these p re s su res  a r e  representative of the core  of our  earth. But a 
static p res su re  system which will reach 1 megabar has  yet to  be 
designed for X rays,  much l e s s  for neutrons; the X-ray devices are 
now straining toward 300 to 500 kbars. When these devices a r e  de- 
signed for neutrons, they will certainly entail a quite small  sample 
deeply embedded in the p re s su re  system. 

Besides the extremes of pressure,  samples under other extreme 
conditions a r e  also of interest. Such parameter  variables a s  tempera- 
t u re  (both low and high), magnetic field, electric fields, tension forces,  
and sheer  forces  a r e  examples. In many of these extreme environ- 
ments, only ,small  samples will be possible. These experiments will 
then require the maximum flux to  guarantee success.  One interesting 
s e t  of conditions is the measurement of samples at constant volume, 
which requires  adjustment of both p re s su re  and temperature.  

Megabar p re s su res  have been reached in transient systems, and 
intense pulsed X-ray systems a r e  now available for studying these 
transient systems. A similar  approach can also be followed in neutron 
diffraction when pulsed sources  that a r e  intense enough a r e  available. 
The transient approach demonstrates two advantages of pulsed sys -  
tems. Firs t ,  one has the ability to extend the limit of forces  acting 
on the sample, in this case pressure,  by applying a transient force. 
Besides pressure,  other forces  might be applied transiently, such a s  
electric o r  magnetic field, shock waves, and so forth. The second 

, 
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advantage is the ability to study the change in s t ructure  of the material  
a s  the transient fo rce . i s  building up and decaying. 

Neutron and X-ray diffraction have determined the s t ructures  of 
many pure systems. Although knowledge of the pure system is impor- 
tant and often dominant, nature provides few solids that a r e  pure. 
In fact, the impurities often radically change the nature of the mate- 
rial, and this change provides the interesting study. Although neutrons 
are not well adapted to observe small  amounts of impurities in mate- 
rials, some success  has  been had in these experiments when the 
impurity atoms are in a concentration greater  then 1%. These experi- 
ments a r e  usually conducted at  small  scattering angles where good 
resolution is required; more-intense sources of thermal neutrons 
would allow the experiments to be refined. Observation of the modifica- 
tion of the host lattice of a s  little impurity as 0.1% should be feasible 
in the future. 

Because of our poor understanding of the liquid state,  experiments 
on liquids a r e  difficult to  project. However, neutron diffraction from 
liquids has shed some light in this area, and more experiments 
probably lie ahead. Of particular interest  is the “crystal  like” nature 
of a liquid and the range o r  extent of this correlated structure.  Very 
long wavelength neutrons may be needed to  observe the s ize  of these 
crystal  globules. The intensity of long wavelength. o r  cold-neutron 
beams is quite restricted at present. More experiments will probably 
be forthcoming when more-intense sources  a r e  made available. 

’ Neutron radiography can be considered to be a form of neutron 
diffraction o r  scattering. Recent emphasis has been directed toward 
the efficient use of weaker sources;  however, needs can be projected 
for experimentation along at least  two additional paths. Very high 
resolution and better definition a r e  desirable in some experiments. 
The definition can be obtained by tailoring the energies of the neutrons 
to be most sensitive to the element of interest. This can be achieved 
with steady-state reactors  through monoenergetic beams, but it can 
also be achieved through time-of-flight neutron radiography with 
pulsed sources.  The second path is to use the pulsed capabilities to  
take motion pictures -motion neutron radiographs of a rapidly chang- 
ing sample. Such pictures would complement X-ray motion pictures. 

Neutron diffraction with repetitively pulsed sources  has several  
other possibilities. Studies of radioactive samples too hot for X- 
radiography a r e  possible. Change of lattice spacing with neutron 
dose is an example of the information to be gained. A s  the research 
capabilities expand, analytical methods of using these developments 
should be forthcoming. Any one of the different experimental tech- 
niques is a possibility. So f a r  little progress  along this line has  been 
achieved because of limited source strength. This discussion indicates 
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the need for continued effort to  increase  the effectiveness of slow- 
neutron- scattering experiments. 
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DISCUSSION 

KRONENBERG: Toward the end of your paper you mentioned that 
much higher intensity sources  are needed. In your opinion, what is 
the importance of higher intensity at the cost  of increased pulse 
length? 

BRUGGER: For  these experiments that I have mentioned, I think 
we need pulses of 10 psec o r  less.  For many of the experiments that 
have been done by pulsed methods, the time-of-flight equipment 
produced pulses of about 10 psec. In contrast, the IBR reactor in 
Russia produces longer pulses, and these a r e  used. I think these 
longer pulses a r e  a l e s s  desirable way to operate. Dr. Fluharty has 
shown that we can get shor t  pulses out of pulsed sources;  we should 
not sett le for anything less. Certainly we would des i re  shor te r  pulses 
i f  the same  number of neutrons were in each pulse; but, if we have 
to  sacrifice neutrons for shor te r  pulses, I would not want to do it. 
As far as I am concerned, 10 psec is a nice compromise. 

KRONENBERG:' Does not the length of pulse influence very 
strongly your time-of-flight measurements? 

BRUGGER: Yes, of course, the pulse length does influence the 
time-of-flight measurements. I think we can get adequate resolution 
at 10 psec; at 50 psec  we do not have good resolution. At the present 
t ime 1 psec would be better than I would efficiently use. 

GOSSMAN: Are these fluxes that you quoted, l o i4  to lo1', incident 
on the experiment, o r  is this the pulsed-reactor flux? 

@ 
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BRUGGER: No, these fluxes a r e  not incident on an experiment. 
I had to  pick some reference so I picked essentially the source flux 
back at  the core  or at the pulsed reactor.  They are effective fluxes; 
they a r e  not total fluxes. A pulsed reactor is not going to  produce loi7 
average flux, but i t  produces 10'' effective flux. Fo r  example, the IBR 
reactor a t  about 6 kw is a s  effective a s  a loi4 neutrons/cm2/sec 
steady-state reactor in the data that are produced. This is an estimate 
f rom looking at  their  experimental data. 

GOSSMAN: What about the energies? I s  there  any preference for 
thermal over fast? 

BRUGGER: Yes, for solid-state physics one would like fluxes 
between 1 mv and 1 ev.' We heard ear l ier  in the conference that the 
Russians a r e  going down to 1 m/sec. I am not s u r e  what that is in en- 
ergy, but it is such an extreme case on the low-energy side that I do not 
think we appreciate how to use it. On the other hand, neutrons above 
1 ev a r e  so energetic o r  their  wavelengths a r e  s o  short  that there is 
not a great  use for them in solid-state physics. 

GOSSMAN: On these repetitively pulsed r eac to r s  do you think 
you can get such low energies with the necessary high intensities? 

BRUGGER: The reactor that Fluharty proposed had about a 
lo i7  equivalent flux. It would give this equivalent flux because i t  is 
a pulsed reactor.  If you cut out the repetition rate, you a r e  back to a 
mediocre source. It was pointed out ea r l i e r  this afternoon that the 
average radioactivity produced by a single-burst reactor  was very 
low whereas a repetitively pulsed reactor  is very high. This factor 
demonstrates that the average flux out of the single-pulsed device is 
low; one only gains flux i f  one pulses it very often. 

McENHILL: I wonder i f  I might ask a question in relation to your 
space-time detector? In the United Kingdom there  has  been the usual 
argument about the relative mer i t s  of a high-flux continuous reactor  
and something like a pulsed-neutron booster for the study-of condensed 
matter, the net result  being that no new facility is yet approved. One 
of the things that would be particularly interesting, since to  some 
extent it compensates for low-neutron fluence in certain experiments, 
is to develop a space-time detector with a very good spatial resolu- 
tion. Since this detector would be useful in the type of inelastic- 
scattering experiments and the type of neutron-diffraction experiments ' 
you discussed, I wondered i f  you were developing such a device at  
Idaho. You said the data processing facility is available, but is there  
any active work being done to  develop a big counter matrix? 

BRUGGER: "Is there any development being done in our labo- 
ratory?" Our answer to  this question is the same  as to why England 
does not settle on a design; we do not have the money. I have heard of 
one space-sensitive detector being developed at  Oak Ridge, but I 
have not seen i t  yet. 

c 
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McENHILL; -I .  know Dr .  Beckurts is going to answer, but I would 
just like to  say that we a r e  doing a very small  feasibility study on 
such a counter a t  Aldermaston. We have looked at spark counters 
and dismissed them; we have looked at  solid-state lithium-drifted 
germanium counters, and, although we are using them for medical 
applications, we a r e  not going to  use them for this. We have settled 
for plastic scintillators, but we a r e  not moving very fast  due to lack 
of money and effort. 

BECKURTS: In the context of the Grenoble high-flux reactor  
project, we are trying to develop such space-time detectors. We a r e  
following several  routes: one is based on scintillators, and the other 
on using crossed-wire proportional counters. It 1s interesting to note 
that high-energy physicists have recently discovered the usefulness 
of cross-wire  proportional counters in contrast to spark chambers, 
and there  is important work going on at  European Organization for 
Nuclear Research (CERN) and also at  Brookhaven National Laboratory 
from which I think neutron physicists could really profit very much. 

@ 
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ABSTRACT 

The possibilities for using a repetitively pulsed reac tor  a s  a neutron source  for 
inelastic-scattering time-of-flight studies with slow neutrons a r e  reviewed. A 
rough comparison between steady-state reac tors  and repetitively pulsed r eac to r s  
for a simple experiment i s  car r iedout  in some detail, and the implications of the 
recently introduced method of statist ical  chopping a r e  reviewed. It i s  concluded 
that very advanced repetitively pulsed reac tor  sys tems,  yielding short  bursts  'and 
peak fluxes in the range of loi6 to loi7 neutrons/cm2/sec, could resul t  in con- 
s iderable  progress  in the field of inelastic-scattering studies. 

INTRODUCTION 

Inelastic scattering of near-thermal neutrons has become one of the 
main research  applications of thermal-neutron beams from reactors.  
Started about 15 yea r s  ago, these' experiments had the initial objective 
of ascertaining scattering behavior of materials to be used as reactor 
moderators. This inelastic-scattering technique was quickly realized 
to be a most powerful tool for the study of dynamical properties of 
matter,  and the effort subsequently shifted in that direction. The intent 
of this paper i s  not to give a detailed account of the various possible 
applications of inelastic neutron scattering (for detailed surveys see  
Refs. 1 to 3), but the following is a short  list of fields where neutrons 
have been applied successfully or  where their  application seems 
promising. 

@ 
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1. Dispersion laws of phonons in solids. 
2. Dispersion laws for  magnons in solids; spin waves. 
3. Interactions between excitations in solids; phonon -phonon, 

4. Dyna_mics of ordering processes  near  phase transition points. 
5. Dynamical structure of liquids; phonons, diffusive motions, etc. 
6. Propert ies  of quantum fluids. 
7. Vibrational spectra  of complex molecules; biological systems, 

8. Frequency distributions of impurities in host lattices. 
9. Magnetic and electric quadrupole hyperfine interaction. 

10. Studies of electronic levels in solids. 
11. Investigations of the properties of dense gases.  

Inelastic-scattering experiments require a double neutron spec- 
t rometer  as schematically shown in Fig. l(a). The measured quantity is 
the scattering law S ( K , W ) ,  in which R z  = is - 5, is the change in neutron 
momentum and l iw = E-E, is the change in neutron energy in the scat- 
tering event. Obviously, and a s  seen in Fig. 1(b), the resolution in the 
determination of S(2, w )  is directly related to the s ize  of the volume ele- 
ments dp’3 and d$i, which, in turn, a r e  determined by the angular and 
energy resolution of the double spectrometer.  Since in a scattering ex- 

phonon-magnon, etc. 

polymer c ros s  linking, etc. 

REACTOR 
SAMPLE 

MONOCHROMATOR 

MONOCHROMATOR DETECTOR 

( b )  

Fig. 1 -(a) Principal arrangement f o r  inelastic-scatter_ing e_xperiments. Energy 
transfer  is Kw = Eo - E ;  momentum transfer is KT = Po - P. (b) Relations ,fer 
sc_attering experiment in inomenturn space. Counting rate i s  R - nfs (k ,w)  d e  
d@ . 



NEUTRON INELASTIC-SCATTERING EXPERIMENTS 581 

periment the counting rate* is R - nfS(z,w)dP3dPi, it becomes ob- 
vious- that, as the resolution is increased, the counting rate  drops 
sharply. Here n is the neutron density of the source reactor, and f is 
the beam-utilization factor that expresses  which portion of the im- 
pinging neutrons is actually used in the spectrometer.  As a matter of 
fact, almost all scattering experiments require a high resolution, and 
to  obtain acceptable counting r a t e s  and signal-to-background ratios; we 
need (1) reactors  with very high useful neutron fluxes and (2) instru- 
ments that make highly efficient use of these fluxes. 

In the past, experimenters have used steady-state reactors  with 
flux levels in the range of 10” to l o i4  neutrons/cm’/sec. They used in- 
struments which, though often ingenious, were f a r  from making optimum 
use of the available flux. Many valuable resul ts  have been obtained, but 
the attainable counting r a t e s  and signal-to-background ratios have 
seriously limited the accuracy of many investigations and have ruled 
out some of the previously mentioned applications completely. Recently, 
further progress  became possible with the successful operation of the 
very high flux reactors  a t  Brookhaven National Laboratory and a t  Oak 
Ridge National Laboratory and the construction of the Grenoble high 
flux reactor,  al l  three of which provide flux levels close to  o r  above 
i o i 5  neutrons/cm’/sec. Simultaneously, several  new experimental 
techniques a r e  being developed which promise a very efficient utiliza- 
tion of the neutron flux. We can thus expect rapid growth of inelastic- 
scattering techniques during the next few years.  

There is, however, a completely different approach to the prob- 
l em than l a rge r  steady-state reactors .  Many neutron spectrometers 
employ time-of-flight (TOF) methods, either for pr imary or  for  sec-  
ondary energy selection o r  for  both. In any case their  performance 
depends essentially on the peak reactor  flux during a short  t ime interval 
ra ther  than on the time-averaged flux, These spectrometers  can there- 
fore  take advantage of the high peak fluxes available from repetitively 
pulsed reactors .  At the same  time, they can take additional advantage 
of the low average flux levels in repetitively pulsed reactors;  the high- 
flux region becomes more easily accessible, and radiation loads on 
crucial  pa r t s  of the experiments (like cold moderators,  in-pile colli- 
mators,  etc.) a r e  much lower. This repetitively pulsed reactor ap- 
proach was f i rs t  carr ied out by the Dubna group, members of which 
have written many fine research papers  on inelastic-scattering mea- 
surements  performed with their  IBR r e a ~ t o r . ~ - ~  The potential of this 
approach has been investigated thoroughly by the Ispra group in the 
context of the SORA development program.*-’ Major pa r t s  of two in- 
ternational meetings during the year  1966 were devoted to discussions 

. .  - -  ~-.  . .  

*This  relation is very plausible. It i s  derived i n  Ref. 4. 
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of repetitively pulsed reactor application to inelastic-scattering 
studies. "I " 

TIME-OF-FLIGHT EXPERIMENTS 

Let us investigate this repetitively pulsed reactor  approach a little 
closer: Fig. 2 shows schematically the four principal types of double 
neutron spectrometers  used for inelastic-scattering studies on steady- 

BRAGG 1st BRAGG DETECTOR R$ew REA% TECTORS 

(0) (b)  

CHOPPER SAMPLE 2na BRAGG 
CRYSTAL 
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\ .  

DETECTORS 

REACTOR DETECTORS 
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( s t  CHOPPER 2 n d  CHOPPER 
BRAGG CRYSTAL 

( C )  (d 

Fig. 2-Four basic types of double spectrometers.  (a) Triple axis spectrometer.  
(b) Crystal-chopper spectrometer.  (c) Phase chopper system. (d) Chopper- 
crystal spectrometer.  

state reactors .  They represent all the four possible combinations of the 
two basic techniques for neutron monochromatization, i.e., crystal  
diffraction and TOF selection. Using crystal  diffraction for the energy 
analysis on both the pr imary and the scattered-neutron beam leads 
to the well-known triple-axis spectrometer. This instrument i s  ideal 
fo r  experiments where only narrow and well-defined regions of 
the z,u space have to be scanned; in fact, most of our knowledge 
about phonon and magnon dispersion relations s tems from experiments 
with triple-axis spectrometers.  Selecting the pr imary energy by 
crystal diffraction and the secondary energy by TOF can be achieved in 
several  ways: a mechanical chopper in combination with a stationary 
crystal  can be used or the crystal  can be rotated at a high angular speed 
so that the Bragg condition is fulfilled only for short  time intervals. 
Such rotating crystal spectrometers  have certain advantages over 
crystal -chopper combinations since a certain amount of intensity 
bunching is possible. Another possibility, presently under investigation 
a t  Oak Ridge, i s  to use magnetic reflections from fer r i tes  which can be 
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switched by pulsed magnetic fields. In any case, the crystal-TOF com- 
bination is a good technique for measurements where large regions in 
Z,w space have to be scanned simultaneously since many secondary de- 
tectors  and flight paths can be used. The combination is thus very suit- 
able f o r  studies of incoherent scattering; however, i t  has  also been used 
successfully for  phonon-dispersion relation measurements. 

Using TOF methods for both primary- and secondary-energy mea- 
surements yields the double chopper whose applicability is similar to 
that of the crystal-TOF combination. Over most of the range of inci- 
dent energies, the intensity a t  a given resolution would be lower than 
that obtainable with a crystal  - TOF Combination; however, a t  very low 
energies (-lop3 ev) suitable monochroniatization crystals  a r e  difficult 
to find, and at  high incident energies (-lo-' ev) the crystal  reflectivi- 
t i e s  drop sharply. 

The remaining possibility is to use TOFfor primary-energy selec- 
tion and crystal  diffraction for  the secondary. Crystal  diffraction is a 
very powerful device which has probably not been exploited to i t s  full 
potential. By proper arrangement of several  secondary monochromating 
crystals,  the z2w space can be scanned along preset  direction simul- 
taneously. If only downscattering to low energies is of interest, a beryl- 
lium filter between the sample and the crystals can be used to reduce 
backgrounds and eliminate higher order  reflection corrections. [In a 
simpler version of this method, only a beryllium filter is used, and all  
downscattering below the beryllium cutoff energy is measured (inverse 
beryllium-filter method). There is also a simpler version of the 
crystal-TOF combination in which only a beryllium filter is used to 
roughly. monochromatize the primary beams (beryllium-filter - chopper 
method). ] 

It is obvious that all these spectrometers,  with the exception of the 
tr iple-axis spectrometer,  can. also be used in combination with a 
repetitively pulsed reactor,  At the same  time they can be simplified 
since one of the choppers can be eliminated. Figure 3 shows a crystal-  
TOF facility a t  the Dubna IBR r e a ~ t o r . ~  Theneutron burst  from the fast  
co re  is thermalized in an H 2 0  moderator and monochromatized by a 
zinc single crystal, and the scattered neutrons t r ave r se  a 10-m flight 
path. The setup was mainly intended for phonon-dispersion relation 
measurements. Figure 4 shows a double TOF facility a t  the IBR reac- 

pr imary neutron bursts  travel for  about 11.3 m before they hit a 
chopper that has a defined phase relation to the reactor  pulse. A nearly 
monochromatic pulse is thus obtained which is scattered by a sample 
very close to the chopper. Energy after scattering is measured using 11 
flight paths at different scattering angles with lengths up to 11 m. As 
an example of the data obtained with this instrument, Fig. 5 shows flight 

@ 

t o r  which was built by the Obninsk group.6 After thermalization, the . .  
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Fig. 3- Crystal- TOF spectrometer at the IBR Reactor. 

I ,  Reactor core i, Detector 
2, Moderator 9, Collimator 
3, 11, Neutron flight tube 
4,  6, 8, Shielding 
5 ,  Ziizc siiigle crystal 

I O ,  Sample 
12, Detector shield 

Fig. 4-Double T O F  spectrometer at the IBR reactor. P, Chopper. Q, Sample. 
D ,  Detectors. 1,2,4,  C o l l i ~ i ~ u t o r ~  a i d  flLght paths. Other numbers mad let ters 
ure tzot deyitied. 
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Fig. 5-Spectra of neutrons scattered by Z r l f l . 4 j o r  vavtous angles (Eo = 0.024 
ev, T = 400°C) observed b y  L ? f o ~ o v  et al. at the IBR reactor. (a) Secondary flight 
path 5.5 ill. (11) Secondary flight path 10.5 M .  

t ime distributions of 24-Mev incident neutrons .scattered by ZrH1e46 at  
various angles. The elastic peak and the peak for  one-phonon gains 
f rom the well-known 0.13-ev optical level can be very well separated, 
and the contributions of acoustic modes a r e  well discernible. Finally, 
Fig. 6 shows a TOF -crystal diffraction double neutron spectrometer  a t  
the IBR reactor. '  A beryllium fil ter is used for  the scattered neutrons 
to  remove higher order  reflections. The pr imary flight path is of the 
o rde r  of 20 m. Figure 7 shows the TOF spectrum recorded with poly- 

4 5 
r- 

Fzg. 6- Crystal- TOF spectrometer  at  the IBR reactor. 
1 ,  Reactor core 5 ,  Saiizple 
2, Modevat or  
3 ,  Vacirwlz tube 
4 ,  Col lmator  8 ,  Saiizple 

6 ,  Berjilliu111 f i l t e r  LuLth co1liInati)ig cadii i iui i? iitsert 
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Fig. 7-Spectrum of neidrons scattered by polycrystalline NH,Cl at T = - 75°C 
observed by Parlinski et al. at the IBR reactor. 

crystalline NH4C1 as the scattering substance and gives an idea of very 
good resolution obtainable with this instrument. 

REPETITIVELY PULSED VS. STEADY-STATE EXPERIMENTS 

The spectrometers described in the preceding section do not repre-  
sent the only, nor the optimized, instruments that can be built; in fact, 
many kinds of improvements and modifications have been used o r  pro- 
posed, e.g., use of additional f i l ters,  neutron-conducting tubes, ad- 
vanced multidetector arrangements employing multiwire proportional 
chambers, etc. However, these more basic instruments a r e  convenient 
for  comparing the potential of steady-state and repetitively pulsed r e -  
actors.  Such comparisons depend strongly on the type of experiment to  
be conducted, and they can be made only within rather  wide limits. Of 
course, the experiments also depend strongly on the characterist ics of 
the repetitively pulsed reactor  under consideration, and they may help 
to  establish the desirable characterist ics for the repetitively pulsed 
reactor.  

Let us  consider, as in Fig. 2(d), a v e r y  simple experiment in which 
the primary energy selection is by TOF, the secondary by crystal  dif- 
fraction, and let  the secondary spectrometer be exactly the same  in 
both cases.  We then have to compare the attainable intensities of the 
two setups for the same  pr imary energy resolution AE/E. According to 
Kley,' this can be done by introducing a figure of meri t  M which is de- 
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fined in the following way: M is the number of neutrons/cm2/sec/AE 
hitting the scattering sample for  a repetitively pulsed reactor setup 
divided by the number of neutrons/cm2/sec/AE hitting the scattering 
sample for  a steady-state reactor.  

For experiments on coherent scattering which require a good 
angular resolution of the incident beam, Kley proposes a modified 
quantity: Mi i s  the number of neutrons/cm2/sec/AE/steradian hitting 
the scattering sample for a repetitively pulsed reactor divided by the 
number of neutrons/cm’/sec/AE/steradian hitting the scattering sam-  
ple for  a steady-state reactor. 

It can be shown very easily that the following relations hold: 

where @, = peak f l u  in repetitively pulsed reactor 
A t i  = effective widthof thermalized burs t  f rom repetitively pulsed 

F, = usable a rea  at the source of the beam hole i n  the repetitively 

v i  = burs t  repetition rate of repetitively pulsed reactor 
l I  = distance between beam-hole source and scattering sample 
@z = flux in steady-state reac tor  

F2 = effective beam c r o s s  section of the chopper 
u z  = repetition ra te  of the chopper 
l2 = distance between chopper and scattering sample 

reactor 

pulsed reactor 

At2 = burst  width produced by the chopper 

Owing to the request for equal resolution,. we have At,/l, = At,/12. 
Assuming further that the repetition ra te  is dictated by frame-overlap 
conditions, we have vl/v2 = 12/11 = At,/At, and thus 

These relations show the advantage of a high peak flux in a repetitively 
pulsed reactor.  Furthermore, in the case of incoherent scattering ex- 
periments where the angular resolution of the primary neutrons does 
not matter,  the repetitively pulsed reac tor  receives a considerable 



588 BECKURTS AND BRUGGER 

benefit since the full primary-beam c r o s s  section defines the us,able 
solid angle; however, in a steady-state-reactor experiment, the beam 
cross-section a r e a  is seriously restr ic ted by the chopper - F,/F, may 
be a s  large a s  10. The last  factor, however, appears to be a very s e r i -  
ous disadvantage of the repetitively pulsed reactor.  With the chopper, 
At is limited by mechanical design considerations; At, a s  low as 10 to 
20 psec appears feasible and has  been achieved in operating systems. 
The effective burst  width of the thermalized pulse from a repetitively 
pulsed reactor depends on many parameters ,  especially the actual 
width of the fast  burst  and the size, shape, composition, and tempera- 
ture  of the moderator. The above relation indicates that the quantity 
+,,,~x/At, has to be optimized in a repetitively pulsed reactor.  The re- 
sult of this optimization, of course, depends also very strongly on the 
neutron energy range. 

For very cold neutrons (E < 0.01 ev), the widthof the neutron burst  
is essentially determined by the thermalization and diffusion t ime in 
the moderator, and the burst  width cannot be reduced much below -100 
psec without excessive losses  in peak flux. This would make repetitively 
pulsed reactors  l e s s  attractive for  cold-neutron studies. (An obvious 
way to reduce A t ,  wouid be to use an additional chopper close to the 
repetitively pulsed reactor.  One then loses, of course, the F2/F, ad- 
vantage; also, the resulting loss  in duty cycle can hardly be compen- 
sated by increasing the repetition rate.) Fortunately, neutron-conducting 
tubes offer a very elegant way out of this difficulty: The (Atz/At1)' fac- 
to r  a r i s e s  due to the effective solid angle which extends from the sam- 
ple to the source and which decreases  as the flight path increases,  How- 
ever,  if a neutron-conducting tube with totally reflecting walls'' is used, 
there  is no reduction in intensity and the (At2/At1)' factor drops out 
completely. The crit ical  angle for  a nickel surface is 2 3  min at  4 = 
0.006 ev. This is reasonable for  coherent scattering experiments using 
cold neutrons. 

At higher neutron energies shorter  burst  widths may be obtained by 
reasonably tailored moderation, and in the epithermal range the limit- 
ing element may be the pr imary fast-neutron burst  ra ther  than the 
moderation process. Accelerator-injected operation of a reactivity- 
modulated booster system may prove advantageous over the repetitively 
pulsed reactor  operation mode to  obtain short  bursts;  The possibility 
of obtaining short  pulses is discussed in papers by Russel, Crosbie, and 
Stevens, l 3  Fluharty, l 4  and Poole;" we shall  not go into more detail here. 
It appears possible to obtain near-maximum peak fluxes at burst widths 
that do not exceed those obtainable from choppers. This is indicated in 
particular by the recent resul ts  of Fluharty et al.I4 which showed that 
optimized e m a X / A t 2  values can be obtained at widths of = l o  l s e c  at  neu- 
t ron energies a s  low as 0.005 ev using solid NH4 at  liquid-nitrogen tem- 
peratures  a s  a moderator. 
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The decisive figure of meri t  fo r  comparing the performance of 
scattering experiments using repetitively pulsed reactors  and steady- 
state neutron sources  is the ratio of the peak flux in the repetitively 
pulsed reactor to the time-averaged flux in the steady-state reactor,  
perhaps with a certain but not too ser ious disadvantage factor for the 
repetitively pulsed reactor due to burst  width and with some beam- 
a r e a  advantage factors for  certain types of experiments. It is thus the 
potential for high peak fluxes which makes repetitively pulsed reactors  
attractive to neutron inelastic-scattering studies. The IBR yields a 
peak flux of around 5 X 1013 neutrons/cm2/sec and thus cannot give data 
of basically higher quality than existing medium or high flux reactors.  
The SORA reactor with a plutonium core would yield a peak flux of 
about 4 X loi5 neutrons/cm2/sec which is higher than the peak flux in 
existing high flux reactors .  Indeed, some experiments could be expected 
to perform better with SORA than with other existing sources.  But the 
t rue progress  would a r i s e  if  repetitively pulsed reactors  with peak flux 
values well above loi6, which are probably unattainable to steady-state 
reactors  a t  reasonable operation costs, could be built. 

THE STATISTICAL CHOPPER 

The preceding considerations have shown that in TOF measure- 
ments a repetitively pulsed reactor  with a given peak flux performs 
about a s  well a s  a steady-state reactor with the same  average neutron 
flux, Le., with an average power that may be as much as 100 or even 
500 times higher than that of the repetitively pulsed reactor.  Time-of- 
flight spectrometers  thus make an extremely inefficient use of the neu- 
t rons f rom a steady-state reactor.  Only a fraction At/T of the neutrons 
is used where At is the chopper burst  width and T = l / u ,  the recur-  
rence t ime which is normally se t  by frame-overlap considerations. If 
a broad neutron spectrum is chopped, the duty cycle becomes worse the 
higher the resolution is pushed. 

Recently a new concept of chopper construction has  been de- 
veloped16r17 which may lead to considerable improvement in t ime utili- 
zation. Although at present it is applicable to steady-state reactors  
only, this technique deserves  close examination in this paper since it 
may affect the evaluation of steady-state vs. repetitively pulsed sys -  
tems. This technique is the so-called “statistical chopper,” which is 
schematically shown in Figs. 8 to  10. The chopping wheel consists of 
such an a r r ay  of slits and absorbing masks that the transmitted neutron 
beam forms a pseudonoise sequence [S(t)] of bursts  with varying length 
and intervals. These pseudonoise sequences, which have been investi- 
gated thoroughly in the context of error-correct ing codes,18 have the 
particular property that their  autocorrelation function is very s imilar  

I 
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Fig. 8- General layout of TOF sys t em at the statistical chopper at Karlsruhe. 

Fig. 9-Disk with two pseudorandom binavy sequences (diameter 51 em,  angular 
velocity 7382 r p i i i ,  and At  = 32 p e d  at the statistical chopper at Karlsrrlhe. 

to the resolution function of a simple chopper running with the same  
speed a s  the statistical wheel and having just one s l i t  of about the same  
width as the smallest  one within the pseudonoise sequence. If measure- 
ments using the statist ical  chopper a r e  considered in the usual manner 
and i f  a c ros s  correlation between the measured TOF distribution and 
the source function is performed, the same  result  [ ~ ( t ) ]  a s  with a nor- 
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mal chopper is obtained. Without sacrificing resolution and at  the same  
overlap conditions, the duty cycle has thus been increased from ~ 1 %  to 
about 50%. This looks very surprising at  f i rs t  view, and a closer in- 
spection of the statist ical  e r r o r  appearing in this type of measurement 
shows that the gain in statistical accuracy in the determination of the 
neutron TOF distribution is in general much smalier  than the gain in 
total transmitted intensity. If F(t) is the actual neutron TOF distribution 
to be observed, the ratio of the statist ical  e r r o r  in a given measuring 
t ime interval for the two methods i s i 6 , l i .  

@ 
BFstatistical chopper LF + (4u/N)1 
6Fnorn,al chopper -4 F(t) + 2u 

where u is the time-uncorrelated counter background, N = T/At is a 
number characterizing the number of elementary s teps  in the pseudo- 
noise sequence, and F is the average of the TOF distribution taken 
over the recurrence period T of the chopper. This relation shows the 
tremendous potential of the statist ical  chopper method as f a r  as back- 
ground rejection is concerned; in this respect almost full advantage of 
the increased duty cycle is taken. But, even if  there is no uncorrelated 
background, the statist ical  method yields higher accuracy in those r e -  
gions of the TOF spectrum where F(t) > 2F. Fortunately, in many cases,  
e.g., TOF diffraction, phonon and magnon studies, and detailed analysis 
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of quasielastic scattering lines, this region is the one in which worth- 
while information appears in a t ime spectrum. 

So far,  the technique has been used successfully by the group at  
Argonne National Laboratory" and Karlsruhe for TOF diffraction 
studies and by the Karlsruhe groupi7, l9 for phonon-dispersion-law mea- 
surements on platinum and silver. Investigators a t  Idaho recently con- 
structed a correlation chopper, and they a r e  exploring its usefulness. 
Judging from the experience gathered at Karlsruhe, the statistical tech- 
nique increases  the effective neutron flux for certain investigations by 
a factor that may be a s  high as 10. 

We believe that this powerful technique has to be further exploited 
before any final conclusions can be drawn. Its  applicability can be ex- 
tended to other types of experiments; it appears promising, for in- 
stance, to build a double chopper based on this principle which would 
simultaneously scan the whole range of primary and secondary en- 
ergies. Chopping schemes other than the simple binary pseudonoise 
sequences may be found which, at some sacrifice in duty cycle, lead to 
a higher gain in statist ical  accuracy for certain types of problems. The 
Oak Ridge electromagnetic chopper that was mentioned previously may 
turn out to  be an almost ideal pseudonoise modulator. 

There is sti l l  another approach to the high-duty cycle chopper, i.e., 
sinusoidal modulation of the continuous reactor beam and subsequent 
measurement of the Fourier transform of the TOF distribution func- 
tion.20s21 This has probably not yet been developed to the same state of 
the a r t  as the statist ical  pulsing technique, but it a lso appears promis- 
ing for certain, though more restricted,  c lasses  of problems. 

CONCLUSIONS 

The preceding r emarks  by no means imply that these new high- 
duty cycle systems rule out repetitively pulsed reactors.  On one hand 
there  a r e  many problems where the high-duty cycle systems cannot be 
used advantageously and where only a higher peak flux can help (a typi- 
cal example would be very weak peaks in a TOF distribution next to 
very strong ones which would be overshadowed). Furthermore,  strong 
repetitively pulsed reactors  may be used for the study of time-dependent 
phenomenon in solids or liquids which is not possible when statist ical  
puising on steady-state beams is used. Finally, there  is no doubt that 
some statistical features can be used to improve the performance of 
repetitively pulsed reactors.  It would probably be feasible to design 
double TOF spectrometers combining a repetitively pulsed reactor and 
a statistical chopper. Statistical concepts may eventually be used to in- 
c r ease  the repetition rate  of a pulsed reactor (by a factor of 2 to 5) be- 
yond those r a t e s  normally se t  by frame-overlap conditions. 
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In any case, however, a repetitively pulsed reactor has to be well 
advanced to compete with o r  to surpass  our present-day high-flux r e -  
actors  using optimized instruments. Peak flux levels in the lo i6  to  lo i7  
range should be obtained at  very short  bursts  and high repetition rates. 
Some more specific data for a desirable system a r e  given in the pre-  
ceding paper (see R. M. Brugger and K. H. Beckurts, Session 8, 
Paper 1). The number of available beam holes should be large (10 to 
15),  and there  should be very flexible facilities to install various kinds 
of moderators to match the spectrum and the t ime spread of the neu- 
t rons to the individual experiment. We a r e  aware that these parameters  
represent an enormous extrapolation over presently attainable figures. 
They are ,  however, in the same  range a s  those considered in the frame- 
work of the present Brookhaven National Laboratory (see J. Hendrie 
e t  al., Session 3, Paper  2)  and Idahoi4 proposals. 

Although this system is desirable,  i t  would be extremely worth- 
while to actually build a system with l e s s  ambitious specifications in 
the near future. A system with specifications in the range of SORA 
would represent a very useful intermediate s tep between IBR and the 
very advanced system mentioned previously. Actually operating a sys- 
tem of this s ize  would initiate many new experimental techniques that 
may give additional momentum to the repetitively pulsed reactor 
approach. 
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8-3 FISSION-NEUTRON PULSE RADIOLYSIS 

L. M.  THEARD and J. L. RUSSELL, JR .  
Gulf General Atomic Incorporated, San Diego, California 

INTRODU CTl ON 

Radiation chemistry, which concerns chemical effects induced in mat- 
ter by ionizing radiation, is studied by various techniques.' Stable 
chemical products, e.g., hydrogen gas  and hydrogen peroxide generated 
in aqueous solutions, can be detected subsequent to the irradiation and 
studied a s  a function of various parameters,  such a s  radiation dose, 
dose rate,  and additive concentration. Unstable transient chemical 
products, such a s  free radicals and ions, can be detected also, and the 
information obtained is very useful in determining the mechanisms 
by which radiation induces chemical transformations in matter. 

Pulse radiolysis is one of the techniques which permits the direct  
study of radiation-produced transient chemical species. The technique 
is usable under conditions of such practical  importance a s  with liquids 
at room temperature. Of further importance the t ime dependence of 
various short-lived (less than sec)  chemical transients can be 
determined, following pulse irradiation, thus providing information 
pertinent to mechanisms of reactions. The detection method is fast- 
response optical absorption o r  spectrophotometry. The required radia- 
tion source must provide high-intensity pulses of radiation with short  
pulse duration compared with the lifetime of the transients to be studied. 

In the past  only pulsed electrons and X r ays  have been used in 
pulse radiolysis. However, certain fast  burst  r eac to r s  generate neutron 
pulses that a r e  usable for  pulse radiolysis studies. The data that might 
be obtained from such studies on biochemical systems have an im- 
portant relevance to radiobiology and radiation therapy. This paper 
discusses  the proposed use of the Accelerator-Pulsed Fast  Crit ical  
Assembly (APFA-111) for fission-neutron pulse radiolysis studies. 

59 5 



596 THEARD AND RUSSELL . 

SOME ASPECTS OF RADIATION CHEMISTRY AND RADIATION BIOLOGY 

A principal step in the radiation-induced decomposition of molec- 
ular systems is the formation of ions, free electrons, and free radi- 
cals.'i2 For the irradiation of water, these processes  may be rep- 
resented as follows. Ionization, 

is followed by electron hydration 

Q and OH formation via ion-molecule reaction 

Formation of H and OH free radicals may occur also via electronic 
excitation of water by the radiation 

to  produce an excited water molecule, H20*, which decomposes 

H2O* + H ' +  OH (5) 

The f r ee  radicals e,, (hydrated electron), OH (hydroxyl radical), and 
H (hydrogen atom) a r e  all very reactive and will react  with each other 
or with impurities and solutes present in the water. 

In biological systems, reactions 1 through 5 will occur to a signif- 
icant extent since water comprises a large fraction (approximately 
80% in many cases) of the living cell. The f r ee  radicals generated from 
water decomposition in the cell may react with biomolecules. This 
process  is called the radiobiological indirect effect. Biomolecules in 
ifradiated cells a r e  also damaged by direct  absorption of energy from 
the radiation; this effect is called the direct  effect. 

Decomposition of biomolecules by. both indirect and direct  effects 
proceeds via free-radical intermediate forms of the b i o m ~ l e c u l e . ~  For 
example, hydroxyl radicals add on to various portions of the important 
giant molecule deoxyribonucleic acid (DNA) to form free radicals4 which, 
in turn, a r e  reactive with other f r ee  radicals and with oxygen. Alter- 
natively, direct  excitation of DNA can lead to loss  of a hydrogen atom 
which leaves a free-radical form of DNA that also r eac t s  further with 
other f r ee  radicals o r  with oxygen. 

' 
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Radiation chemical studies of dilute aqueous solutions of bio- 
chemicals pertain primarily to the indirect effect since most of the 
radiation energy is absorbed by water. Information pertaining to the 
direct  effect can be obtained in solutions of sufficiently high biochemi- 
cal concentration fo r  which direct  absorption by the biochemical is 
significant. Direct effects may be studied also with d ry  biochemicals, 
of course, but this approach is of limited applicability in pulse r a -  
diolysis since the sample must be optically transparent in the visible 
and ultraviolet spectral  regions. 

Charged particles deposit energy inhomogeneously in condensed 
media.'*5 The loss  of energy pe r  unit distance traveled is a function of 
the particle speed and the magnitude of i t s  charge. The slower the 
speed and the greater  the charge, the greater  the energy loss  per unit 
distance. Thus the energy loss  pe r  unit distance increases  in the o r d e r  
electrons, protons, and alpha particles for  these particles a t  equal 
initial energy. 

As a result  of inhomogeneous energy deposition by ionizing radia- 
tion, f ree  radicals a r e  generated inhomogeneously, and their  chemistry 
is a function of their spacial distribution. Electrons with energy of the 
o rde r  of 1 Mev lose about 100 ev average per  loss  event. The average 
energy loss  per  unit distance traversed, (-dE/dt) o r  LET (linear 
energy transfer),  is 0.02 ev/d. Therefore the average separation of 
energy-deposition events5 is 5000 d. For each deposition of energy of 
the order  of 100 ev, an ion and a secondary electron are produced; the 
secondary electron, which carries most of the energy deposited, can 
further ionize and excite molecules. These additional ionizations and 
excitations will occur in close proximity to the first ionization, how- 
ever,  since the range of the low-energy secondary electron is very 
low.' As a result  several  ionizations, excitations, and subsequent 
decompositions will occur in a volume of small  diameter,  generally 
a few tens of angstroms. Q - 

The situation is quite different for  high-LET particles. The av- 
erage LET for  fission neutrons in water is about 4 ev/d. In this case 
energy is deposited primarily by energetic protons generated through 
collision between fission neutrons and hydrogen atoms bound in water 
molecules. An average LET of 4 ev/d indicates that the average energy 
deposited for  each water molecule t raversed is sufficient to dissociate 
one of the hydrogen-oxygen bonds in water. Further,  the amount of 
energy deposited for each two adjacent molecules t raversed is sufficient 
to ionize one of the molecules. The result  then is that a cylindrical 
volume containing closely spaced ions, electrons, and f r ee  radicals 
is generated along the proton track. Nuclei of oxygen, carbon, and other 
atoms generated in solution by neutron collisions wil l  produce cylinders 
of reactive chemical intermediates in even g rea t e r  concentrations. 
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Macromolecular biomolecules present in a fission-neutron-ir- 
radiated medium a r e  likely to undergo multiple bond breakage from 
direct  effects because of the large amount of energy impart.ed to the 
molecule even if the ionizing particle t r ave r ses  the smallest  dimen- 
sion of the molecule. Irradiation of surrounding aqueous regions can 
lead to multiple bond breakage by the indirect effect where f r ee  radi-  
cals a r e  generated sufficiently close to  the biomoleeule. The specific 
chemical bonds broken by fission neutrons may differ from those 
broken by fast  electrons since the energy imparted to molecules 
generally is higher for the former.  

It has been found that radiation-induced damage of cells and tis- 
sues  may be much greater  (up to a factor of 3) in the presence of 
oxygen than in the absence of ~ x y g e n . ~  However, this effect is observed 
only for radiations of low LET, such asgamma rays  and fast  electrons. 
This observation has  practical  importance to radiation therapy. Thus 
in tumors with poor vascular systems, the oxygen content may be 
lower than in the surrounding normal tissue. As a result  the tumor 
t issue is l e s s  sensitive to gamma-ray therapy than is the surrounding 
tissue. Efforts to  overcome this differential in t issue sensitivity to 
radiation have included patient treatment in a hyperbaric oxygen en- 
vironment which enhances the radiation sensitivity of the tumor by 
increasing i t s  oxygen content although not affecting the radiation sen- 
sitivity of the normal tissue. Alternatively, if high-LET radiation can 
be used, the radiation sensitivities of normal and anoxic t issue a r e  
equal, and no undesirable differential effect prevails. The technology 
of neutron therapy has not yet permitted the widespread use of hyper- 
bar ic  oxygen environments. Another of i ts  characterist ics of interest  
is i t s  high penetrability along with high LET as opposed to the low 
penetrability of a direct  source of high-LET particles. Analogously, 
low-LET gamma rays  a r e  employed often in radiation therapy for their  

, 

@ 

high penetrability in preference to fast-electron beams having the 
same  LET. 

Characterist ics of the observed radiobiological oxygen effect 
suggest that i t s  mechanism involves free-radical reactions. It is known 
that e,, H, and various free-radical fo rms  of biomolecules generated 
by the direct  and indirect effects react  readily with oxygen. Thus it is 
plausible that reaction of these species with oxygen for  low-LET ra- 
diations leads to more damage (e.g., through peroxide formation) than 
that which occurs in the absence of oxygen. For high-LET radiations, 
which tend to be more damaging than low-LET radiations, it is likely 
that the reactions of oxygen with damaged biomolecules simply result  
in a type of overkill, The chemical effect induced in cells by high-LET 
radiation in the absence of oxygen may be a s  biologically damaging as 
that which resul ts  in the presence of oxygen. Important to this ex- 
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planation is the requirement that the biochemical effect of high-LET 
radiation is different from that of low-LET radiation. Such a difference 
may be detectable by a comparison of neutron and electron pulse r a -  
diolysis studies in which free radicals generated in identical systems 
by the different radiations may be detected and distinguished by their  
optical absorption spectra  and reaction kinetics. 

Principle of Pulse Radiolysis 

The various free radicals generated in a sample by ionizing r a -  
diation may disappear by a variety of mechanisms. During irradiation 
the free-radical concentration will attain a value called the steady- 
state concentration for which the rate of free-radical formation equals 
the rate  of disappearance. Optical absorption of many f r ee  radicals 
occurs  in the ultraviolet and visible spectral  regions. Thus when 
generated in media transparent in these spectral  regions, these f r ee  
radicals a r e  potentially detectable by optical absorption spectro- 
photometry. The steady-state free-radical concentration generated by 
low-intensity radiation sources,  however, is usually too low for detec- 
tion by this method. Very high intensity radiation sources,  such a s  the 
electron l inear accelerato'r, generate detectable concentrations of f r e e  
radicals,  and, of added importance, the irradiation t ime required is 
short  compared to the lifetime of many of the f r ee  radicals generated. 
Therefore by using a fast-response spectrophotometric system, one 
can observe free-radical concentration a s  a function of t ime a s  reac- 
tion occurs.  Information obtained includes absorption spectra  that 
indicate the type of free radicals formed, the intensity of absorption 
that re la tes  to the free-radical yield, and the t ime dependence of f ree-  
radical concentration from which mechanisms of reaction often can be 
determined. Free-radical reactions presently can be time-resolved 
down to the order  of lo-* sec. 

A schematic representation of an experimental setup used at  Gulf 
General Atomic Incorporated is shown in Fig. 1. The optical com- 
ponents shown a r e  fixed on a portable table that can be oriented to 
permit passage of a 15-Mev electron beam through spherical  mi r -  
r o r  4 (SM 4), the sample cell, and SM 5. Alternatively, the table can 
be positioned so that the electron beam t r ave r ses  the sample cell  
from the side perpendicular to the direction shown. The focusing and 
reflecting elements of the optical system a r e  front-surfaced aluminum 
mi r ro r s .  From a lamp, light that is reinforced by reflection from 
spherical  m i r r o r  SM 1 is imaged through flat m i r r o r  1 ( F M  1) by SM 2 
on an entrance window in SM 3. Spherical m i r r o r s  (SM 4) (split ver-  
tically into two identical halves), SM 3, and the sample cell constitute 
a multiple-traverse absorption a r r a y  that can be se t  for  up to 28 passes  
of light (in units of four passes) through samples as long a s  4 cm. 

@ 
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After the final t raversal  of the light beam through the sample, an image 
of the light source is focused on an exit window in SM 3. The light is 
reimaged by SM 5 through F M  2 onto the entrance slit of the mono- 
chromator. The exiting monochromatic light is detected by a photo- 
multiplier tube whose response is displayed on an oscilloscope screen. 

Figure 2 is a photograph of oscilloscopic display of photomultiplier 
response to light a t  a wavelength of 335 mp. The irradiated sample is 
an aqueous solution of thymine, a constituent of the nucleic acid DNA, 
with ethanol added to suppress  the reaction of OH and H with thymine. 
The reaction product, which absorbs light, is formed by the addition 
of elq to thymine to give a negatively charged product T-. The oscil- 
loscope sweep is triggered 60 p e c  before the firing of a 0.1-psec 
electron pulse. When the pulse is fired, reaction of eaq with thymine 
is complete in about 0.2 ysec. Thus the decrease in light intensity 
shown at a sweep speed of 50 psec per  horizontal division appears to 
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Fig. 2-Oscilloscope trace showing the decay of T -  in an aqueous solution of 
tJiyn7ine (1.6 1 0F4Af) a id  ethanol f O . l ~ V l ) ,  p H  5.5, ioctuelengtlz 335 i i i p ,  and dose 
-1 GOO vads. 

be instantaneous at  the point where the radiation pulse is fired. The 
decrease of light absorption with increasing time is a function of the 
decrease of the concentration of T- as a result  of i t s  subsequent 
reaction. The signal decay is interpretable in t e r m s  of two processes.  
The first, indicated by the initial sharp decrease of signal, is attribu- 
table to neutralization of T- by hydrated protons to form a product 
TH which also absorbs light at 335 m& The second process is the 
slower disappearance of TH by reaction with itself and possibly other 
free radicals. Figure 3 shows absorption spectratakenfrom a s e r i e s  of 
photographs s imilar  to that shown in Fig. 2 for varying wavelength. 

Fission-Neutron Pulse Radiolysis 
! 

The Accelerator Pulsed Fast  Crit ical  Assembly (APFA) generates 
pulsed neutrons; it is suitable for  use in neutron pulse radiolysis 
studies. The APFA, shown in Fig:4, is a 7-in.-diameter uranium (93 
wt.% '3%) unreflected fast  reactor.  With the reactor  in a sub-prompt 
cri t ical  configuration, the electron beam from the Gulf General Atomic 
50-Mev or  94-Mev Linac is injected into the core  through a beam- 
entry hole 3/,-in. in diameter. The beam is stopped near  the center of 
the core, resulting in bremsstrahlung and providing a g ross  neu\ron 
source through (r,n) and (y,f) reactions with the uranium nuclei. This 
source is subsequently multiplied by the reactor,  producing a short-  
time-duration ( - 7  X sec)  intense pulse of neutrons from the reac- 
to r  with a uniform neutron leakage over 47i steradians. 

The peak fast-neutron flux inside the cavity is 5 X lo i7  neutrons/ 
cm2/sec, whereas, a t  closest approach outside the cavity, it is an o rde r  
of magnitude lower. The resultant neutron dose in water outside the 
cavity is about 600 rads,  which is adequate to produce a spectrophoto- 
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Fig. 3-Spectra determined f y o m  datu on aqueous solutions of thymine (4.6 x 
I O v 4 M )  and ethanol (0.1M); P H  5.5,  uiavelength 335 mp, and dose -1600 rads.  
T-  and T H  f r o m  T -  + HJO$~-  T H  + H20.  

metrically observable concentration of hydrated electrons and other 
f r ee  radicals in aqueous solution. Modifications of the Gulf General 
Atomic pulse radiolysis optical system will permit  i t s  use with APFA- 
111. The 7-psec half-width of the pulse is sufficiently short  for  t ime 
resolution of certain f ree  radicals,  as indicated in Fig. 2. The gamma 
dose is about one-fourth the neutron dose. Effects attributable to 
gamma irradiation for APFA-I11 pulse radiolysis studies can be esti-  
mated by effects of hydrogenous shielding mater ia ls  and by comparison 
to  electron-pulse radiolysis results.  

Data on both the indirect and direct effects for  aqueous systems 
will be sought. For  pure water the determination of the yield and time 
dependence of e iq  (detectable by absorption of red light) will be of in- 
terest .  This information along with data on effects of additive reactants 
may provide a means for determining t rack dimensions. Studies of 
biochemical solutes a r e  of interest  over a concentration range up to  
where direct  effects a r e  important. F ree  radicals distinguishable in 
spectral  character is t ics  and reactivity f rom those generated by ener- 
getic electrons will be soupht. 
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Fig. 4-Tl~e APFA-III. 
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DISCUSSION 

GOTTSCHALL: Considering your t ime resolution possible right 
now as well as the LET effect, would you comment on possible direct  
observation of intratrack reactions ? 

THEARD: I think that it is very unlikely. Perhaps I should clarify 
your question a little bit for those who might not be familiar with ra- 
diation chemistry in that much detail, The question pertains to intra- 
t rack free-radical reactions as opposed to f ree-radical  reactions OC- 

curring outside the track. A significant point is that the high density 
of f ree  radicals within the t rack of high-LET radiation leads to con- 
siderable radical -radical reaction. Indeed, the intratrack chemistry 
is more probable in the case of these densely ionizing radiations than 
is diffusion away from the track. So you can consider that f r ee  radicals 
generated in the t rack have an alternative to either react with them- 
selves  o r  diffuse away and react  with free radicals generated from 
neighboring t racks  o r  with solutes. The speed of these reactions oc- 
curring inside the track, I think even in the case of gamma rays,  is 
on the order  of nanoseconds. Consequently, for  the extremely high-LET 
radiations, these processes  would probably be much too fast for  actual 
observation a t  present. What one could hope, which I think would be of 
importance, is to identify and determine the concentrations of various 
f r e e  radicals which ultimately do migrate f rom the t rack.  
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SMATHERS: Are you bothered at  all  by the radiolytic-gas produc- 
tion leading to gas  bubble formation within the cell and scattering of 
the light within the t ime frame that you a r e  working? 

THEARD: We have never had any difficulty with that, which I think 
would pretty much depend on the dose delivered to the sample; in the 
case of the electron pulse radiolysis where we can deposit very high 
doses at present, we have never had a problem along those lines. 

RUSSELL: The developments a t  Sandia with plans for a flash X- 
ray pulsed reactor operating at  microsecond o r  l e s s  pulses should 
have considerable impact on the number of f r ee  radicals that can be 
studied by neutron pulse radiolysis. 

THEARD: I agree. A s  a matter of fact, the history of development 
of electron pulse radiolysis is one which includes, f i rs t ,  the study of 
reactions on the t ime scale of tens  of microseconds, and now we a r e  
looking at  reactions occurring on the order  of nanoseconds. I think 
that s imilar  improvements in neutron pulse radiolysis might be ex- 
pected, particularly since now there  is clearly the prospect for  im- 
proving the intensity and pulse characterist ics of neutrons. 
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TEACHING APPLICATION OF FAST BURST REACTORS 

IN UNIVERSITY PROGRAMS 

GLENN A. WHAN 
The  University of New .Mexico, Albuquerque, New Mexico 

This paper specifically discusses teaching applications of fast  burst  
reactors .  There a r e  a great number of ways ih which these small  bare  
fast  systems can be incorporated into both classroom calculations and 
laboratory demonstrations. I shall not attempt to relay all these 
possibilities to you but shall describe only a few of the ways in which we 
have incorporated these reactors  into our teaching program at The 
University of New Mexico. I hope that the comments I make, as well as 
the comments made by the authors of the following papers, will 
stimulate additional ideas. 

Firs t ,  let  me make a few comments about calculational problems. 
In general, these fall into four categories particularly suitable for 
classroom homework assignments. The first a r e a  could be criticality 
calculations. This type of reactor  is an extremely simple clean model 
which can be used for  the calculation of cri t ical  mass.  You can use 
almost any degree of complexity, start ing with the simple one group 
up through two groups, S,,, P,, Monte Carlo, etc. Any of these tech- 
niques a r e  applicable to this reacto’r model, and I do not believe I have 
to  dwell on this idea to any extent. 

The second obvious calculational a r e a  is kinetics. Here again the 
system is extremely simple with only a few feedback mechanisms to 
complicate the kinetics model. One can begin initially with a very 
simple isothermal point reactor  and extend this into the nonisothermal 
case using one or  two dimensions-just as complicated as you wish 
to be to describe the dynamic behavior of these reactors.  

A third a r e a  that f i ts  beautifully into classroom exercises  is worth 
calculations. Calculations of control-rod worth, reflector worth, im- 
portance functions, and perturbation effects a r e  easily handled for  
this system, and there a r e  enough experimental data available for  these 
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reactors  to evaluate just how well calculational results agree with 
actual experimental measurements. 

The fourth a r e a  that I will discuss briefly is that of radiation 
shielding. Some of the radiation problems encountered during the de- 
sign, construction, and initial start-up of the burst  reactor a t  Sandia 
gave me a number of very interesting problems that I have passed 
along to our students. Dosimetry measurements during the initial 
start-up of the reactor  pointed out quite clearly that there  were intense 
fields of radiation outside the reactor  building. With these experimental 
measurements available, I have asked the students to calculate the 
dose at  the side of the building from radiation-coming directly through 
the walls, f rom radiation scattered off the metal beam-catcher walls, 
and from air scat ter  between the reactor building and the beam catcher. 
Surprisingly, the students come up with calculational values that a r e  
correct  within an order  of magnitude, which is an accomplishment in 
shielding calculations. Another example that lends itself nicely to cal- 
culational models in the classroom is concrete activation inside the 
reactor building. Air activation inside the building has also caused 
some trouble. One can give the students a typical burst  of l o i 6  o r  
10'' neutrons/burst and ask them to predict the activity of the concrete 
walls and the activity of the air inside the enclosure. Their resul ts  
again come within an order  of magnitude, and they seem to get some 
satisfaction out of comparing their theoretical calculations with actual 
experimental measurements. 

Next, I would like to sha re  with you experiences which we have 
had with instructional laboratory experiments using the Sandia Pulsed 
Reactor. Each year we conduct these instructional experiments with 
our  laboratory class  a t  the Sandia Laboratory on Saturdays, usually 
with small  groups of s ix  or  seven students per  class.  This fall, be- 
cause of the increasing enrollments, we had two sections performing 
the experiments-one section of seven students in the morning and 
one section of seven students in the afternoon. I shall describe these 
experiments in more detail later,  but f i rs t  let  me talk briefly about 
three experiments which we have not done routinely with the students, 
but ones which we a r e  thinking of developing for use in the very near  
future: reflector-worth measurements, prompt-neutron decay life- 
times, and the t ime response of radiation detectors and dosimetry. 

The reflector-worth experiment should be easy to  ca r ry  out with 
this bare  uncluttered reactor core. One can position various thick- 
nesses  of reflector around the reactor;  or, at some distance from the 
core, one can vary the position of the reflector. It is then a simple 
matter  to measure how much reactivity worth has been added or  
subtracted. Again this is a very simple calculational model and some- 
thing that the students can compare with experimental results.  A 
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second experiment that we a r e  considering is one dealing with statist ical  
techniques for the measurement of prompt-neutron decay constants. 
Again this small  compact reactor  is very accessible for experimental 
measuring equipment. It has a very short  prompt-neutron lifetime, 
and there  is good separation between the prompt and delayed neutrons. 
The short  decay chains allow for  rapid gathering of data. One of our  
doctoral students is working on this particular problem for his dis-  
sertation research,  and I a m  almost certain that out of this research 
we shall develop an experiment appropriate for  our laboratory classes.  

The l a s t  experiment that I wish to mention is the time response of 
radiation detection and dosimetry measurements. In most ca ses  radia- 
tion detection and dose measurements can best be demonstrated in the 
laboratory with small  steady-state sources.  If one wishes to show the 
time response of active detectors, however, this reactor is particularly 
useful fo r  producing short  bursts  of neutrons. A flash X-ray machine 
can then be used to obtain short  bursts  of gamma radiation. Also, for 
short-term changes in passive dosimetry materials,  such a s  changes 
in optical density and thermoluminescence, studies a r e  tiest pe r -  
formed with pulsed radiation sources.  

One experiment that might be considered a natural for the burst  
reactor is one demonstrating step insertions of reactivity. The design 
and instrumentation of the Sandia reactor,  however, leaves no simple 
way to insert  step changes of reactivity from delayed critical. The 
reactor could, of course,  be modified, but this modification would not 
be practical. 

In the resul ts  of some of the experiments that we have conducted 
recently with our students, experimental data were taken by one of the 
laboratory groups which showed the complete calibration of a control 
rod. Now you might s ay  that one can calibrate a control rod with any 
reactor so. why use a fast  burst  reactor?  This calibration can be done 
very rapidly with the burst  reactor  because we can measure periods 
in the range of 3 to 5 sec. It takes very little t ime to get each experi- 
mental point. The students can calibrate an entire control rod in some- 
thing like an hour. Another advantage is that since the reactor  has so 
much excess reactivity we can calibrate one entire control rod with 
little adjustment to the other control rods. Finally, because of the small  
fas t  system, there  is essentially no interaction between control rods 
for  this core. Interaction is often a difficulty encountered with the 
calibration of control rods in a thermal core.  

The next ,experiment is a. comparison between the experimental 
resul ts  and the theoretically predicted curve for an approach to prompt 
cri t ical  on the Sandia Pulsed Reactor. The experimental points a r e  taken 
by the students a s  they approach prompt critical, measuring shorter  
and shorter periods. This is exciting for  the students. Students cannot 
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very often do an experiment demonstrating the approach to prompt 
critical. They use their  own control-rod calibration data to determine 
the incremental insertions of control rod for  the approach of prompt 
critical. They take the whole business seriously, and it turns  out to be 
one of our most popular experiments. 

Once the prompt cri t ical  point has been determined, the students 
then go through a normal burst sequence for  the reactor  by inserting 
2 o r  3C worth of excess prompt reactivity. The integrated neutron-flux 
response is normalized to the steady-state temperature measured in 
the reactor  a t  some t ime relatively long after the burst. The students 
then calculate the dynamic temperature coefficient based on the average 
temperature in the reactor  a t  the time the co re  drops below prompt 
critical. They also measure the static temperature coefficient for the 
reactor  by changing the core temperature 10 to 1 5 ° C  and then mea- 
suring the change in reactivity, It is often difficult in thermal water- 
cooled reactors  to change the temperature over a very large range, 
and certainly difficult to do it rapidly. 

The experiments that I have described involve just two experi- 
mental days. The first day we introduce the students to the instrumenta- 
tion associated with the reactor,  let  them become familiar with the 
system, and then perform the control-rod calibration. On the second 
day we carr ied out the approach to  prompt cri t ical  and measured the 
dynamic and static temperature coefficients. 

In summary, I think it is correct  to  say that the fast  burst  reactor  
has  played an important par t  in the teaching activities a t  The University 
of New Mexico, in addition to the role i t  has played and will continue 
to play in our research program. 
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ABSTRACT 

P a s t  university research  involving fast  burs t  reac tors  is reviewed. Several 
s tudies  related to reac tor  kinetics and reactor  development a r e  discussed. 
U s e  of the reac tor  a s  a pulsed source to study neutron pulse propagation and 
radiobiological studies requiring both a pulsed and a steady-state fast-neutron 
source  a r e  a lso reviewed. A surpris ing lack of university involvement in 
s tudies  of radiation effects on mater ia ls  and electronics is discussed. 

On the basis  of this review, as well a s  research  reported by nonuniversity 
investigators, some promising future research  a r e a s  a r e  suggested along with 
a discussion of possible means of carrying out off-campus r e s e a r c h  of this 
type. 

INTRODUCTION 

University utilization of fast burst reactors  has proceeded over the 
years  on a relatively small scale  but with some significant results.  
There is every reason to believe that such activities will expand in 
scope and importance in the future. In this paper we review past uses  
and then examine some future possibilities. Our attention i s  restricted 
to single-burst systems. Possible uses of repetitively pulsed fast  
reactors  have been reviewed extensively by others (see R. M. Brugger 
and K. H. Beckurts, Session 8, Papers  1 and 2, and D. I. Blohkintsev, 
Session 3, Paper 1). For this reason, and also because such systems 
a r e  not now generally available, they a r e  not considered in this paper. 

University uses  of thermal pulsed reactors,  such as the TRIGA, 
were discussed at an ear l ier  American Nuclear Society conference.' 
In contrast, the work described in this paper has been selected because 
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it  specifically requires,  for one reason o r  another, a fast  reactor 
system. 

It is estimated that some 15,000 bursts have been recorded with 
fast burst  reactors  to date (see P. D. O’Brien, Session 4, Paper 6). 
If i t  is assumed that roughly 10 bursts  a r e  required for a particular 
type of experiment, this represents  some 1500 different experiments. 
It will be shown shortly that universities were involved in only a few 
of these. This r a i se s  several  questions, e.g., will university involve- 
ment increase in the future ? How many of the experiments carr ied 
out by others might have been suitable for university r e sea rch?  
Hopefully answers to these questions will become clear  as we proceed. 

Fast  burst  reactor  research generally falls  under two broad 
areas:  studies aimed at  reactor  development and studies that use the 
reactor  as a radiation source. The former may be further subdivided 
into reactor kinetics, materials studies, and instrumentation, Source 
studies include neutron-beam physics, radiobiological studies, and 
studies of radiation effects on both materials and electronic compo- 
nents. The following discussion will be organized according to these 
categories. 

REACTOR DEVELOPMENT: STUDIES TO DATE 

Reactor Kinetics 

A major advantage of the fast burst  reactor for  kinetics studies 
is that the absence of reflectors, coolant channels, etc., presents an 
exceptionally simple geometry and hence a relative “clean” situation 
for  comparing experiments and analysis. Although the actual feedback 
mechanisms a r e  complicated, they a r e  well defined, and, in contrast  
to the typical ‘reactor system, the neutronics can be conveniently 
isolated from other components. 

University-related reactor  kinetics studies reported to date have 
largely involved the fast burst  reactors  a t  Sandia, the Sandia Pulsed 
Reactor (SPR) and Sandia Pulsed Reactor I1 (SPR 11). In 1967, Coats’ 
doctoral thesis, based on at  SPR, was mainly directed at 
developing simple analytic methods for analyzing experiments that 
require the placement of moderating materials near  the reactor during 
a burst. (Moderators may vary and have been varied from poly- 
ethylene to monkeys ! )  Coats developed and experimentally verified a 
kinetics model applicable to this situation, i.e., to a reflected fast  
burst  reactor.  His experiments represent an extension of ear l ier  
studies by Long4 using the White Sands Fast  Burst  Reactor. This work 
is continuing through a cooperative program between Sandia and the 
University of New Mexico (UNM) (see R. L. Long and R. L. Coats, 
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Session 4, Paper  4) .  A fur ther  extension of the research  is underway 
through the efforts of C. C. Pr ice ,  a UNM doctoral student, who is 
investigating techniques for  applying statist ical  analysis (e.g., Rossi- 
alpha) to determine the prompt-neutron decay constant to predict the 
burst  behavior of SPR I1 in  the presence of a r e f l e ~ t o r . ~  

Also, Long6 recently completed an experimental study of reac-  
tivity contributions i n  the glory hole of SPR 11. He is currently devel- 
oping a calculational model for predicting reactivity worths, which 
will be tested against these data. The resul t  should be most useful for  
planning reactor  experiments. 

Sandia and UNM have also cooperated on thermomechanical shock 
studies reported by Reuscher of Sandia who serves  par t  time on the 
UNM staff (see J. A. Reuscher, Session 1, Paper 3). To date these 
studies have largely involved measurements of the shock effects, but 
work is now underway to develop a coupled thermomechanical neutron- 
kinetics model for use in burst  calculations involving the shock region. 

McTaggart’ reports  that there  a r e  several  studies in progress  a t  
the VIPER reactor  in England which involve universities. These in- 
clude an investigation of a multipoint spatial  model by Vaughan of 
Birmingham University; analysis of the inertial  s t r e s s  problem for an 
idealized geometry and extending to plastic deformation by Car te r  of 
Cambridge University; and a remeasurement  of delayed-neutron data 
in a variable spectrum environment by Clifford of Imperial College. 

@ 

Materials 

The pr ime university involvement in this a r e a  to date is the study 
of s t ress-corrosion cracking of uranium -molybdenum alloys by Hoenig 
and Sulsona of the University of Arizona,8 Their  research  was done 
under contract with the U. S. Army in connection with development 
of the Army reactor  at Aberdeen. Results were used in Sulsona’s 
Ph. D. thesis.  

Instrumentation 

The, main university involvement in instrumentation to date comes 
through a cooperative program between Sandia and Glower’s investi- 
gators  at Ohio State University involving the development of fe r ro-  
e lectr ic  element causes a release of electrical  charge by the element. 
The linearity of this system, as well as its response in high-intensity 
neutron and gamma fields, has  been studied using the SPR. Although 
such detectors may find applications with a variety of sources, cer -  
tainly one motivation for their  development is their  use with burst  
reactors .  
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THE REACTOR AS A RADIATION SOURCE: STUDIES TO DATE 

Neutron Beam and Neutron Pulse Experiments 

Miley and his  studentsi0*" have used the Oak Ridge Health Physics 
Research Reactor (HPRR) as a pulsed source of neutrons to study 
neutron-pulse propagation through a large graphite stack located near 
the reactor."8" This study represents  an extension of earlier work 
of this nature which used a TRIGA reactor." The HPRR offers several  
advantages over the thermal system. The relatively narrow pulse 
(-60 p s e c  at  full width and half-maximum as opposed to -10 msec f o r  
the TRIGA) affords a more precise determination of the neutron dis- 
persion law at  higher frequencies. The slowing down and approach to 
thermal equilibrium can also be conveniently studied; and, since the 
reactor is not located in a pool, the propagating medium is easily 
accessible, and a variety of a r r a y s  and geometries can be envisioned. 

An important advantage of the burst  reactor  over typical accel- 
erator  neutron sources  i s  the high intensity available. (The time- 
integrated intensity from a high repetition rate  accelerator is com- 
petitive, but the signal-to-noise ratio is not as good as for  a single 
high-intensity burst  operation.) Miley and coworkers have carr ied 
out some preliminary studies involving highly absorbing heterogeneous 
a r r a y s  designed to exploit this advantage. They have shown that such 
measurements a r e  possible using the HPRR, but an extensive mea- 
surement and theoretical development is required before meaningful 
results a r e  obtained. 

Radiobiological Studies 

Universities have perhaps been involved to a l a rge r  extent in 
radiobiological studies than any other area.  The bulk of this work has  
been centered at the HPRR. 

Constantin and coworkers at the University of Tennessee Agri- 
culture Research Laboratory have reported extensive studies of fast-  
neutron effects on seeds, seedlings, and Love, now asso- 
ciated with the Horticulture Department of Louisiana State University, 
is also actively involved in this work. 

It is interesting to note that most of these irradiations involve 
low-power steady-state runs rather  than burst  operation. Constantin 
and Love" list three reasons for  using the HPRR: the fast-neutron 
energy spectrum is well known; dosimetry is accurate and repro-  
ducible; and thermal-neutron and gamma-ray contaminations a r e  low. 

Various animal irradiations have been studied, and Willhoit" 
received his Ph. D. from the University of Pittsburgh for  studies a t  
the HPRR involving rats. Now at  the University of North Carolina, 
he has  continued similar studies.18 The advantages of the HPRR cited 
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previously for seed irradiation a r e  equally significant here.  In addi- 
tion, R u ~ s e l l ’ ~  showed that fast  neutrons offer a higher mutation-to- 
sterilization ratio than gammas; so the breeding period over which 
significant mutation data can be collected is extended. Also he notes 
that dose-rate effects a r e  smaller  than for gamma rays; these factors 
may be quite significant in animal studies. 

Radiation Effects on Materials and Electronics 

It appears that a bulk of the studies to date requiring burst  oper- 
ation of the various fast  burst  reactors  fall under this heading. Sur- 
prisingly, however, the authors were not able to find any instances 
where universities have been directly involved. 

n 

FACILITY UTILIZATION BY UNIVERSITIES 

From the preceding discussion it is clear  that two facilities, 
Sandia’s SPR and SPR I1 and Oak Ridge’s HPRR, have been involved 
in most university studies to date. Two students, one from the Uni- 
versity of Virginia and one from the University of Arizona, have just 
recently begun reactor kinetic oriented studies a t  White Sands, 2 o  but 
none of the other facilities a r e  similarly involved. The Army burst  
reactor facility at the Ballistics Research Laboratory is not yet 
operational, but there  is an indication that cooperative university 
programs would be welcomed.21 However, such programs would not 
be easily introduced elsewhere. The Godiva IV facility at Los Alamos 
is mainly intended to explore the possible development of improved 
fast  burst  reactors,  and this program does not lend itself well to 
simultaneous use by others (see T. F. Wimett, R. H. White, and R. G. 
Wagner, Session 2 ,  Paper 2). Kloverstrom‘’ is pessimistic about 
possible use of the Super KUKLA at  the Nevada Test  Site. He s t r e s s e s  
that its location in a res t r ic ted a r e a  is a real  disadvantage. Further 
he f ea r s  that “the repetition rate  of a fast  burst  reactor  is f a r  too low 
f o r  most (nuclear physics) applications to compare favorably with 
other pulsed neutron sources. Hence he feels that such reactors  are 
“not a promising tool in university-type research with the possible ex- 
ception of special a r e a s  like radiation damage, biomedical studies, 
and property studies of fissile materials.” (Although we essentially 
agree with this idea, we contend, however, that the number and im- 
portance of these “special  a r e a s ”  a r e  such that fas t  burst  r eac to r s  
are a promising tool for university research.)  Little information is 
available about attitudes at  the one remaining facility, FRAN, recently 
relocated a t  the reactor  test site in Idaho. 

In review it would appear that more-extensive university use of 
these facilities has been hampered by such factors a s  their  remoteness 

@ 
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and sometimes classified nature, their  service orientation and diffi- 
culties in scheduling, the expenses involved in off- campus research,  
and a general lack of knowledge of the facilities by university faculty. 
However, none of these obstacles is insurmountable, and the studies 
cited ea r l i e r  demonstrate that if well-thought-out research is devel- 
oped by faculty, methods can be found to do it. In such situations the 
reactor staff members have almost always been very encouraging, 
cooperative, and helpful. 

We might next consider some specific forms for carrying out 
future programs. One possibility would be to locate a fast  burst  reac-  
t o r  on a university campus. There a re ,  however, a number of obvious 
problems with this approach, including questions related to safety, 
money, and flexibility. Thus it appears that continued and expanded 
cooperative programs with existing and new facilities represent the 
most reasonable path to follow. A number of opportunities exist. 
Summer work at  the facilities involving both faculty and students is 
often feasible. Students may be assigned to the facility during the 
period required to ca r ry  out their  thesis research. If the reactor  is 
not too distant from a university, i t  may be possible to commute for 
short  periods of time to c a r r y  out specific experiments. (As noted 
ear l ier ,  George Miley and several  of his students have made a number 
of short  visi ts  to the HPRR, a distance of 520 miles from campus.) 
Finally, it might be noted that a summer institute designed to acquaint 
faculty with potential research with fast  burst  r eac to r s  has been 
proposed by Robert Long, but no definite arrangements have been made 
yet. 

Financing such studies is a problem common to all research. In 
this case,  however, in addition to the usual support from government 
agencies, support can be obtained directly from the facility o r  f rom 
organizations like Associated Western Universities o r  Oak Ridge 
Associated Universities. 

SOME POTENTIAL RESEARCH AREAS 

It would indeed be difficult and dangerous to attempt to predict 
the research a r e a s  which will o r  should receive attention in the future. 
Rather, the present comments a r e  merely intended to l is t  a few a r e a s  
that might be considered by interested persons. Extension of the 
various university studies cited ear l ier  represent one starting point. 
In addition, extensions of some of the studies reported by nonuniversity 
investigators would appear to be appropriate for  university research. 

Reactor kinetics and the associated thermomechanical shock 
problem a r e  excellent examples. Some progress  has  been made in the 
development of accurate analytic models that incorporate the effect 

1 
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of the shock on the reactor  kinetics; however, considerably more 
work and verification by comparison with experiment appears war- 
ranted. A growing university interest  in this a r e a  was noted ear l ier ,  

Kurstedt and several  other studies have been reported recently. 
and Kazi have described the development of the computer code SAKIMO, 
which is based on a spatial average (point reactor) model for both the 
neutronics and inertia effects. The latter is effectively represented 
a s  the displacement of a thin cylindrical shell. Appropriate reactivity 
coefficients to represent this effect a r e  determined by normalizing 
the model to low-yield bursts; i t  then can be applied to the high-yield 
region, where shock effects a r e  important, and i t  allows a study of the 
resulting pulse shapes and temperature history. Several extensions of 
this  model might be considered, e.g., spatial effects might be included, 
coupled with an explicit calculation of the reactivity coefficients. 

The calculation of reactivity coefficients for  these small  fast  
reactors  remains a challenging problem. In addition to the shock feed- 
back problem, the accurate evaluation of reactivity coefficients is 
quite cri t ical  in the design of repetitively pulsed reactors.  Along these 
lines, TakahashiZ6 recently described a s e r i e s  of Monte Carlo calcula- 
tions to determine the reactivity change due to a moving reflector. 
He was forced to use rather elaborate technique because the perturba- 
tion involved truly represents  a three dimensional problem, for which 
Monte Carlo methods a r e  well suited. He notes difficulties were en- 
countered when s imilar  calculations were attempted with SN and f i rs t -  
flight collision-probability methods. 

The thermal-shock studies by Reuscher were noted ear l ier ,  and 
additional information is given in Refs. 27 and 28. H e  suggests several  
unsolved problems remain. Studies to date have generally been r e -  
stricted to  one-dimensional problems. Some two-dimensional studies 
have been 'considered; however, a proper definition of boundary condi- 
tions at corners  has not been found. Ultimately i t  is hoped that a full 
three-dimensional representation can be solved. Another extension is 
suggested by a possible design proposed for future reactors  which 
involves coated-particle fuel pellets, e.g., s ee  F. T. Adler, Session 5, 
Paper  4. The importance of thermal shock on the pellets themselves 
can be alleviated by proper selection of pellet size;  however, the 
effect of the induced vibrations on the container must be considered. 
This suggests studies of the response to a temperature pulse for  
cylindrical o r  hexagonal containers o r  hexagonal containers filled with 
elastic spheres  or rods. 

There a r e  also equally important problems associated with ther- 
mal-shock-measurement technique. Most of the measurements to date 
have employed the traditional Bentley gauge. However, this gauge 
suffers from interference from the radiation field and, in fact, may 
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ultimately suffer permanent damage, In an effort to get around this 
problem, Ellisz9 recently developed a gauge based on an eddy-current 
measurement. This instrument avoids radiation interference, but in 
i t s  present state i t  appears to  suffer from sensitivity and accuracy 
problems. Alternately Miley3' has suggested the use of a laser for  
this measurement. Deflection from m i r r o r s  attached to  the core would 
offer one means of detection. Another scheme would be to make the 
m i r r o r  on the core a par t  of the laser's optical cavity, in which case 
observation of fringe patterns would provide a very sensitive detector 
that would be f r ee  of radiation effects. 

Some important practical extensions of the neutron pulse studies 
mentioned ea r l i e r  a r e  also possible. Neutron diffraction and time-of- 
flight studies anticipated for  future repetitively pulsed reactors  r e -  
quire a moderator block to thermalize neutrons before they enter the 
flight tube. This problem has only recently been discussed in detail 
by Fluharty3* (see also Session 3, Paper 3). The moderator block must 
be designed to meet very stringent requirements. It must neither 
widen the pulse too much nor attenuate its amplitude excessively. A 
comprehensive theoretical treatment has  not been published, and, since 
experimental data a r e  scanty, it is doubtful that an optimum block 
design has  been achieved. Experimental studies to date have employed 
the Rensselaer Polytechnic Institute l inear accelerator.  However, afast 
burst  reactor might be used, and it would offer the advantages of a 
realist ic energy spectrum and geometry. Physically the experiment 
would be quite s imilar  to the propagation experiment described by 
Miley, Tsoulfanidis, and Doshi,ioi '' except that appropriate moderator 
materials and s izes  would be used instead of a graphite stack. This 
problem is especially intriguing because it combines advanced re- 
search in neutron thermalization with an immediate practical  applica- 
tion. 

Areas suggested up to this point have been directly related to 
reactor kinetics o r  reactor  development. Actually, even more oppor- 
tunities appear to exist in the a r e a s  of radiation effects in biology, 
materials,  and electronics. As discussed ea r l i e r  university involve- 
ment in biological studies has been strong, but practically no involve- 
ment has been developed in the other areas .  The reason is not clear.  
Universities a r e  involved in such studies using other radiation sources.  
Yet fast burst  reactors  offer some important advantages for  these 
studies, e.g., dose-rate range and fast-neutron intensity, and, in fact, 
several  of the reactors  have been justified largely on this basis. One 
possible explanation is that university staff views the nature of these 
studies a s  too empirical o r  applied. If so, this point of view would 
appear to be shortsighted. True, many of the studies reported to date 
were designed to yield specific data for immediate applications. Still, 
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we must remember that the basic underlying mechanisms a r e  often 
poorly understood and worthy of academic study. 

The phenomenon of radiation-induced electrical  conductivity in 
insulating materials is an excellent example. Studies a t  Sandia using 
SPR have established extensive empirical data that can be used in 
design studies, etc.; however, the detailed mechanisms involved 
in the phenomenon remain ambiguous. 

Early investigators studying polyethylene proposed that the proton 
ion acted a s  a charge ca r r i e r ,  This model slowly gave way to a 
trapping model in which electronic conduction dominated. Then it was 
suggested that a hopping model, attributed to unpublished studies by 
S. H. Glarum, was more suitable. Others have shown that the inter-  
action of Compton and delta-ray electrons and trapped electrons may 
have a significant role. In retrospect,  i t  is clear that the mechanisms 
a r e  indeed complicated and require much more study before a de- 
finitive theory is possible. Coppage and Peterson34 s ta te  that they avoid 
the use of a model "as much a s  possible in the belief that insufficient 
knowledge exists concerning the transport  properties of polymeric 
materials to warrant the use of any 'conventional' models." 

This situation is not mcommon in other radiation-effect studies. 
It is not surprising either since radiation interactions with matter 
a r e  typically complex. A wealth of fundamental research appears 
possible in these a r e a s  which would be most appropriate for university 
involvement. 
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DESIGN PROBLEMS 

PAUL D. O’BRIEN 
Sandia Laboratories,  Sandia Corporation, Albuquerque, New Mexico 

I never felt that Glenn Whan and I agreed completely on what the sub- 
ject of design problems entails. I would prefer  to go beyond the scope 
of problems concerned strictly with the mechanical design of fast  
burst  reactors  and generally discuss design, analytical, and even oper- 
ational problems that a r e  amenable, a t  least, to partial  solution at 
universities. 

Specifically I am going to discuss problems associated with the 
three reactor  programs of current  interest  at Sandia Corporation: 
(1) Although the Sandia Pulsed Reactor I1 (SPR 11) has been in operation 
for over a year and a half ,  it would be naive to s u g g e s t  t h a t  all its 
problems have been dealt with satisfactorily. (2) In Session 5, Paper 2 
Dick Coats described the booster. Although we have made some prog- 
ress, we a r e  only at  the beginning of a long list of problems that will 
have to be solved during the next 3 or 4 years.  (3) Still farther down 
the road is a very high yield burst  reactor  capable of delivering a fast- 
neutron fluence of lo i6  in a single burst  -perhaps a reactor  like one 
of those described by King or P e r r y  (see L. D. P. King, Session 5, 
Paper  3, and A. M. Perry,  Session 5 ,  Paper  1). With these reactors  we 
are talking about energy r e l eases  of the o rde r  of thousands of mega- 
watt-seconds per  burst; clearly, difficult problems will be associated 
with this design-lots of them! 

The problems I will consider fall into these th ree  areas .  I do not 
know the answers o r  even, in some cases, how to begin finding the 
answers; nobody does. But the problems can be.  solved through the 
mutual effort of people in the laboratory and people at universities. 
They can be solved as thesis problems for  M.S. o r  Ph.D. degrees.  
They can be solved by faculty members  working a s  consultants. Some 
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of them might be solved by an academic task force like the one pro- 
posed by Bob Long for the investigation of neutron-wave propagation. 

These problems a r e  almost impossible to t r y  to categorize ac- 
cording to discipline. S. A. Hoenig, a t  the University of Arizona, for 
example, is a physicist working in the Electrical Engineering Depart- 
ment on metallurgical problems. Fast  burst  reactor problems, like 
most nuclear-engineering problems, c ros s  many interdisciplinary 
boundaries. 

I a m  well aware that most of you work at universities at which 
there  simply is no easy access  to a fast burst  reactor.  That factor is 
not necessarily a ba r r i e r  to your participation in the solution of fast 
burst  reactor problems. Sooner o r  la ter  there  must be some labora- 
tory work in the practical application of the solution to a particular 
problem; but, the work leading to that solution can be carr ied out by 
two people, one a t  the laboratory working in conjunction with one, 
either a student o r  faculty member, a t  the university. In general, I 
think i t  is fair  to say that, timewise, the more remote the practical 
application of the solution to a problem is, the more amenable that 
solution is to work done largely on campus. Then a s  the time for  ap- 
plication approaches, the greater  the percentage of the work that must 
be done at  the laboratory. George Miley (see preceding paper) has  
already alluded to one of the difficulties that a r i s e s  in this situation: 
the reactors  that are already in operation are usually so heavily 
scheduled that it is virtually impossible to  plan a careful, methodical, 
long reactor experiment. And, to have any hope of approval a t  all, any 
experiment must have at  least  a remote application to work in which 
the laboratory is interested; we simply cannot accommodate some of 
the flights of fancy that occasionally c r o s s  the professorial  mind. 

After that long-winded introduction, let  us consider a few of the 
problems of current interest  a t  Sandia. 

(1) Ever since the original SPR became operational in 1961, 
interest  in varying the neutron-to-gamma ratio has  continued. The 
reason for this interest  is obvious: varying the neutron-to-gamma 
ratio of a single radiation source is the most convenient way to  de- 
termine which component of the radiation, neutrons o r  gammas, is 
responsible for  producing some observed effect. Sporadic attempts have 
been made to  shield, selectively, neutrons o r  gammas (a slab of lead 
o r  polyethylene is easy to place between the reactor and an experi- 
ment). But a systematic analysis has never been developed which would 
allow the neutron-to-gamma ratio to be tailored to the experimenter’s 
requirements. This problem is of considerable interest  a t  all fast burst  
reactor  facilities, and one which could be solved with only a modest 
amount of experimental verification. 

(2) Gordon Hansen referred to the problem of burst  initiation 
probability a s  a function of source level in the reactor  (see Session 1, 
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Paper 4). In our early operational experience with SPR 11, we have 
experienced a higher incidence of preinitiation than would be expected 
on the basis of Hansen’s o r  George Bell’s work at  Los Alamos. Al- 
though the problem now appears to be unique to SPR I1 (undoubtedly 
due to the relatively high residual gamma activity of the core),  i t  will 
certainly become important a t  other facilities a s  they move toward high 
reactor  performance. We do not understand the problem, and we simply 
do not have the t ime to pursue it. This aspect would make an interesting 
M.S. o r  Ph.D. thesis. 

(3) From Coats’ description of the booster, we a r e  aware of the 
reason for considering finely divided cores:  massive fuel components 
just will not accommodate the very rapid deposition of fission energy 
that is characterist ic of booster operation. For  example, if  we were 
to  use SPR I1 a s  a multiplying assembly in a booster, we would be 
dumping 6 o r  7 megajoules of energy in a nearly solid 100-kg mass  of 
fuel-in 1 psec. This would clearly be a one-shot device! One of the 
problems associated with a finely divided core is reactivity feedback: 
how does one calculate the temperature coefficient of reactivity? 
Intuitively we can argue that the center of mass  of each individual fuel 
particle remains fixed in space during a burst; the m a s s  of the fuel 
does not change, s o  the overall density does not change. I s  there  a 
reactivity feedback mechanism? How big is i t ?  Could i t  possibly be 
positive ? (That possibility would certainly be an undesirable situa- 
tion !)  

In connection with the problem of reactivity feedback, until now 
no one has ever  considered the contribution of Doppler broadening to 
the shutdown coefficient of a Godiva-type reactor  because of the very 
low 238U content of the fuel. It could be very important in a finely 
divided booster core. 

(4) A worthwhile problem fo r  a mechanical engineer would be a 
definitive study of the distribution of energy deposition in a core  dur- 
ing a burst .  A s  operators we a r e  primarily interested in the relative 
fission (or energy) yield from burst  to burst .  Fo r  this purpose the 
temperature r i s e  of any point in the core  se rves  as a convenient and 
adequate measure of relative yield. But we really have not taken the 
trouble to analyze the thermodynamics of a burst  so that we can real- 
istically relate the temperature rise at some point in the co re  to the 
absolute energy release during the burst. 

I will simply enumerate some of the other problems that might 
provide a basis  for  closer cooperation between fast  burst  reactor  
laboratories and universities. George Miley mentioned instrumenta- 
tion; certainly there  is lots of room for improvement of the diagnostic 
instrumentation used in conjunction with fast  burst  reactors.  Among 
the more obvious needs a r e  radiation-insensitive high-frequency s t ra in  
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gauges, displacement transducers,  accurate period-measuring devices, 
and reactivity meters.  

He also mentioned the need for  research with materials. This 
a r e a  is one in which universities can play, and have played, an im- 
portant role. We need better alloys; we donot even know very well what 
physical properties make a material  good o r  bad for  application in a 
fast burst  reactor.  We need to know the relation between the strength 
of a material  measured under static conditions and its strength at  the 
very high s t ra in  r a t e s  that a r i s e  during a burst. We need to  know more 
about the failure mechanisms of fast burst  reactor  fuels, and we 
obviously need to  know more about the problems associated with the 
use of fluid fuels, which appear as interesting possibilities for appli- 
cation in a very high yield burst  reactor. 

Then there  a r e  chemistry problems, e.g., corrosion, material  
compatibility, and so forth; and kinetics problems, e.g., an analytical 
treatment of the effect of experiments on the neutronics of the reactor;  
and health-physics problems, e.g., we have had some problem with the 
release of fission products during high-level bursts  of SPR 11. This 
problem is going to be exaggerated in a finely divided core. Other 
health-physics problems that will undoubtedly arise during the booster 
program a r e  those associated with the use of 239Pu or ,  more likely, 
233U. In metallurgy we need insight into the importance of phase sta- 
bility in solid metal fuels. A lot of work is yet to be done in the field 
of transformation kinetics under fast transient conditions. 

In summary, we have no dearth of problems of mutual interest  to 
universities and fast  burst  reactor  laboratories. As the designs of 
these reactors  become more and more sophisticated, the associated 
problems become more and more challenging. The professional com- 
petence of the people at the laboratories is constantly being upgraded; 
so excellent guidance is available for  graduate students doing thesis  
research in absentia. Close cooperation between laboratories and uni- 
vers i t ies  is advantageous since we have more problems to  solve than 
we have people to  solve them. In short, fast  burst  reactor technology 
provides an ideal medium for interaction between universities and 
government-operated laboratories. 
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This paper briefly summarizes  the one-day conference on The Use of 
Fast  Burst  Reactors in University Programs held at  the University of 
New Mexico, Albuquerque, N. Mex., on Jan. 31, 1969. The conference, 
held in conjunction with the Fast  Burst  Reactors National Topical Meet- 
ing, was sponsored by the Department of Nuclear Engineering of the 
University of New Mexico and the Associated Western Universities with 
funds provided by the U. S. Atomic Energy Commission. The observa- 
tions presented in this paper represent my views and a partial  con- 
sensus derived from informal discussions with a limited number of 
attendees . 

The design and use of fast  burst  reactors  a r e  a r e a s  of the nuclear 
field which have received little attention from nuclear science and en- 
gineering educators. However, this special class of r eac to r s  has  some 
unique features which make i t  very useful for  academic training and re- 
search. The objective of the conference was to define the extent to which 
fast burst  reactor  technology should be incorporated into university 
teaching and research programs. The National Topical Meeting had 163 
attendees, including 44 university people. At the university conference, 
almost all  the university-associated attendees were present. 

Although teaching applications were discussed, the majority of t ime 
was devoted to  research applications and the mechanics of university- 
industry collaboration which could best involve the universities in this 
research. Consequently this summary is divided into three sections: 
(1) teaching applications, (2) r e sea rch  applications, and (3) university - 
industry -government laboratory collaboration in fast  burst  reactor  r e -  
search. 

The types of fast  burst  reactors  discussed at  the Topical Meeting 
fell somewhat naturally into two categories: (1) single-burst reactors  of 
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the Godiva type and (2) repetitively pulsed reactors  of the Russian IBR 
type. The former were the pr imary object of the educational conference 
discussions, and the conclusions in this paper for the most part  refer  to 
this type. 

Teaching Applications 

The University of New Mexico is apparently the only university 
having enough access  to fast burst  reactors  to permit their  use for  
teaching. The oral  presentation and ensuing discussion on this subject 
did illustrate that this c lass  of reactors  possesses  some unique aspects 
for  instruction. The most salient of these are:  (1) the simplicity of 
analysis of i t s  static and kinetic behavior, e.g., a one-group diffusion 
theory analysis often suffices; (2) unique versions of reactivity measure- 
ments a r e  possible, e.g., 3- to 5-sec periods can be used in control-rod 
calibrations; (3) the simplicity of the system as a neutron and gamma- 
ray source lends itself to interesting shielding experiments; and (4) i t  is 
well suited for experiments dealing with the kinetic response of radia- 
tion detectors and dosimetry. 

Research Applications 

The r e sea rch  applications discussed were also limited primarily to 
the single-burst reactor  although considerable interest  was evident for  
use of a repetitively pulsed fast  reactor,  i f  and when such a device is 
constructed in the United States. 

George Miley’s excellent review of past  and present research appli- 
cations (see paper by Miley and Kurstedt) identified several  a r e a s  in 
which universities were, o r  more importantly, could be, involved. The 
majority of these research applications involve the study of phenomena 
which a r e  (1) strongly rate dependent and take place on a t ime scale of 
the order  of the reactor  burst  width and (2) require a very hard neutron 
spectrum. A simple example is the propagation of a fast-neutron pulse 
through a small  metallic assembly. All these applications fall into two 
broad categories: (1) reactor development and (2) research requiring 
short  intense bursts  of fast  neutrons o r  gamma radiation, designated 
he re  a s  burst-source experiments. Subclasses were identified within 
these categories. 

APPLICATIONS OF FAST BURST REACTORS 

Reactor development experiments Burst-source experiments 

Reactor physics and kinetics 
Engineering mechanics Biological effects 
Materials Radiation effects 
Radiation effects Materials 
Instrumentation Electronics 

Neutron-beam experiments 
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A few universities a r e  presently involved in r e sea rch  in one o r  
more of the above areas.’ However, for  the most part ,  these few a r e  lo- 
cated within a reasonable distance from a fast  burst  reactor  facility. 
Fo r  example, the University of New Mexico and the University of Ari- 
zona apparently a r e  heavily involved in research on SPR I1 at Sandia. 
Neither the Health Physics Pulsed Reactor (HPPR) at  Oak Ridge Na- 
tional Laboratory nor the Army Pulse Radiation Facility Reactor 
(APRFR) at the Ballistic Research Laboratories is presently being uti- 
lized to any great  extent for  university-initiated research. 

The discussion on research applications indicated one aspect of the 
previous Fast  Burst Reactor conference that apparently frustrated sev- 
eral attendees; this was the failure to identify and discuss broad re- 
search a r e a s  whose needs a r e  met by fast  burst  reactors.  It is reason- 
able, though perhaps overly optimistic, to hope that the understanding of 
fast  burst  r eac to r s  gained from this conference and the resulting pub- 
licity may generate new attempts at better research utilization within a 
much broader group of scientific disciplines. 

The research applications of the repetitively pulsed fast  reactors  
received extensive attention previous to the conference, and their  poten- 
tial for university use was reiterated here.  Such research a r e a s  a s  
space- and time-dependent detectors, solid-state physics, accelerator 
booster systems, and time-dependent transport  theory would be asso-  
ciated with such systems and would certainly have academic respect-  
ability. 

Several of the attendees expressed strong sentiment for  a follow-up 
conference aimed exclusively at  u s e r s  and applications of fast  burst  
reactors.  

University-Industry-Government Laboratory Collaboration 

It appears extremely unlikely that a fast  burst  reactor  will be lo- 
cated on a university campus in the near  o r  foreseeable future. There 
was strong agreement among the participants that the vitality of uni- 
versity research in this area would consequently dependupon the degree 
of collaboration between universities and industrial and government 
laboratories.  Paul 0’ Brien of Sandia very eloquently described Sandia’s 
interest  in university collaboration, and he even went so far as to sug- 
gest  several  a r e a s  of possible research. These included problems in 
reactor  physics, materials,  health physics, and engineering mechanics. 
Representatives from the FRAN staff at  the National Reactor Testing 
Site also displayed strong interest in cooperative ventures. The sug- 
gested mechanisms by which this could be accomplished a r e  (1) gradu- 
a te  students’ theses, (2) faculty task forces a t  the universities, and 
(3) faculty consulting activities. (Some enthusiasm was also shown 
by a few faculty members who suggested that the IBR reactor  in 
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Dubna should be made available to  their  students.) A few universities 
located near fast burst  reactor  facilities might well s e rve  as liaisons or  
as clearinghouses for  this type of research collaboration, On the debit 
side of the ledger, i t  was observed that some of the fast burst  facilities 
may not have enough staff and experience to tolerate the presence of 
initially inexperienced graduate students. 

CONCLUSIONS 

A brief and certainly not all-inclusive interpretation of the conclu- 
sions derived from the conference is: 

1. Fast  burst  reactors  possess  several  unique pedagogical charac- 
teristics, making them attractive for  university teaching applications. 
This factor has  had limited educational impact, however, since the reac- 
t o r s  a r e  readily accessible only to a few universities located near  the 
facilities. 

2. Fast  burst  reactors  are well suited for  research in several  
areas, but universities, with a few notable exceptions, a r e  not heavily 
involved in their  use. The consensus, however, was that universities 
could and should be more involved. 

3. A much stronger mode of university -industry -government 
laboratory interaction is necessary to permit effective university r e -  
search in this area, Industry, the university associations, and govern- 
ment strongly supported this view. 

4. A conference o r  institute devoted primarily to use r s  and re- 
search applications of fast burst  reactors  might be an appropriate 
follow-up of this conference. Tentative Atomic Energy Commission in- 
terest in such a conference was expressed. 

5. The conference organizers,  sponsors, and speakers  deserve the 
unanimous commendation and appreciation of the attendees for  providing 
a format and an atmosphere conducive to  a very informative and valu- 
able discussion on the educational uses  of this class of reactors.  The 
successful creation of contacts between the universities and the staffs 
associated with the fast burst  reactor  facilities was due primarily to the 
enthusiasm and the generosity of all those responsible for  the con- 
ference. 
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