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FOREWORD 

The Naval Reactors Physics Handbook, which is the seventh in a series of handbooks on 
the basic reactor technology developed under the sponsorship of the Naval Reactors Branch of 
the Atomic Energy Commission, presents the analytical and experimental physics techniques 
which have been developed for the reactors designed in the Naval and Shippingport (PWR) Re- 
actor Programs. Reactor physics has  been strongly emphasized in these programs, and ex- 
tensive experimental and computational facilities have been developed. Further, particular 
attentton has been paid to obtaining from reactor operation aa milch 2: * I  information aa 
possible. Prototype reactors have been carefully instrumented and elaborate series of physics 
tests have been carried out with the two-fold objectives of confirming and refining the physics 
calculations used in each particular reactor design and of obtaining increaried general under- 
standing of reactors. 

Power reactors must meet many stringent requirements such as size limitations, sta- 
bility, and reliability. Above all, changes cannot be made in a finished core to compensate 
for design error. The fundamental importance of physics in establishing fuel loading, start- 
up, control, power distribution, and endurance is widely recognized. What is perhaps less 
well-realized is the constant interplay of mechanical, metallurgical, and plant considerations 
with physics to provide a well-balanCed design. The requirements on physics are therefore 
especially severe in a power reactor. In order to provide precise and dependable physics 
information it has been necessary to develop many detailed methods of analysis. Many of 
these analytical techniques are  applicable to other reactors of widely differing characteristics. 

The physics methods reported in these volumes are characterized by their having been 
found useful in the design of actual power reactors. In addition, basic reactor theory developed 
in the laboratories participating in the Naval Reactors Program is also covered. This includes 
many areas of reactor physics which have long presented particular difficulty - for example, 
thermal neutron spectra, control rod effectiveness, self-shielding and transport effects, tem- 
perature coefficients of reactivity, and f l u x  stability. 

While I am pleased with the advances in physics whicfi have been made in the course of 
the Naval Reactors and Shippingport programs, I know that there is a great deal more that 
must be done to improve our understanding of reactors and our ability to design them for 
longer life, more uniform power distribution, simpler control, and more effective utilization 
of the fuel. I hope that by publishing our available data and techniques in these volumes we 
will provide impetus toward the solution of many of the basic reactor physics problems still 
outstanding. 

H. G. RICKOVER 
Chief, Naval Reactors Branch 
Reactor Development Division 
U. S. Atomic Energy Commission 
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EDITORIAL BOARD PREFACE 

The purpose of this handbook is to present the most pertinent parts of the body of physics 
knowledge which has been built up in the course of the Naval and Shippingport (PWR) Reactor 
Programs, with the aim of providing a background of understanding for those interested in 
nuclear core design. Much of the material has already been published either in scientific 
journals or topical laboratory reports; scientists engaged in the Naval Reactors Program, as 
elsewhere, are encouraged to report their work in the normal manner. However, as is usual 
in rapidly expanding programs, much data have remained in the form of internal memoranda 
and other informal communications. It was felt to be desirable and timely to review and re- 
capitulate the work which has been done on the Program and to make it available in convenient 
and readily applicable form. Wherever practicable the chapters in these volumes have been 
prepared by authors who actively pmticipated in the developments discussed. 

material which is of especially wide interest or is common to both thermal and intermediate- 
neutron-energy reactor types. The physics design of light-water -moderated and -cooled re-  
actors is covered in Volume II, and that of intermediate-neutron-energy power reactors in 
Volume III. 

One of the rewards of editing a work of this kind has been the discovery of many illumi- 
nating relationships between the development programs of different types of reactors. For 
example, in an intermediate reactor in which the physics characteristics in the core do not 
change greatly with temperature, it was  natural in the critical assembly work to rely heavily 
upon a quite accurate mock-up of the core at room temperature. In light-water reactors, the 
philosophy was somewhat different. Since the physics properties of the core change greatly 
with temperature, an accurate mock-up at room temperature was not so important; the 
ability of calculational procedures to predict the results of the critical experiments at room 
temperature was reasonable assurance that the calculational procedures would also be valid 
under power operating conditions. This has indeed proved to be the case. Even so, as per- 
formance requirements have become more severe, it has been necessary to go to more and 
more faithful moc,k-ups of water-cooled reactors. Along with these developments, analytical 
techniques, aided by large digital computers, have been making great advances. 

Volume I of the handbook attempts to  bring together the basic theoretical and experimental 

Reactor physics today is such a rapidly growing field that the book is necessarily uneven 
since it has been prepared over the course of several years by editors operating on a part- 
time basis. All members of the Editorial Board have participated N l y  in this work by 
reading all chapters and providing detailed comments. Criticism and suggestions by the 
reader will be welcomed. 

The writer wishes to express his appreciation to Rear Admiral H. G. Rickover for sug- 
gesting the preparation of this handbook and for giving much encouragement at all times. 
Special thanks are also due to T. Pcc-helL, III, Technical Director of the Naval Reactors 
Branch, for many helpful suggestions. 

A. RADKOWSKY 
Chairman, Editorial Board 
Naval Reactors Physics Handbook 
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EDITOR'S PREFACE 

The present volume has been prepared for persons with some knowledge of the physics of 
nuclear reactors. It is intended to make available the accumulated physics experience of the 
Knolls Atomic Power Laboratory in its work on intermediate spectrum reactors. Only those 
portions have been selected which were deemed to be most useful and significant to other 
physicists concerned with the problems of reactor design. 

The volume is divided into four parts which are more or less independent of one another. 
Part I (Chaps. -2-9), "Investigation of Reactor Characteristics by Critical ~ S S E E ~ ~ ~ S ,  
flects the importance of the properties of critical assemblies and of the techniques for ob- 
taining experimental information about such assemblies. Part 11 (Chaps. 10-20), "Reactivity 
Effects Associated with Reactor Operation, details the use of both critical assemblies and 
reactor theory to make and teat predictions of the manner in which the reactivity of an inter- 
mediate power reactor will vary during operation. Part III (Chaps. 21-26), "Heat Generation 
and Nuclear Materials Problems, 
space and time, and what nuclear effects result from the presence of beryllium or sodium in 
the reactor. Part IV (Chaps. 25'-38), "Reactor Kinetics and Temperature Coefficients," re- 
lates to the transient or near-transient behavior of intermediate reactors. 

The persons who were in large part responsible for correlating the separate chapters in 
each part (R.T. Frost, P. L. Hofmann, J. S. King, H. B. Stewart, and M.L. Storm) had this 
responsibility by virtue of their particular experience with the subject of each part. I am 
indebted to  them for much of the additional insight that the editorial modifications may 
provide. P. F. Zweifel also contributed as Associate Editor of the volume. 

Further appreciation is due to Rear Admiral Rickover and Dr. Racurowsky of the Naval 
Reactors Branch of the U. S. Atomic Energy Commission for providing the stimulus for this 
handbook and for encouraging the work on this volume. The editorial advice of the A. E. C. 's 
Technical Information Service, Oak Ridge Extension, has been valuable. I particularly appre- 
ciate the performance of Miss M. J. Sears at KAPL a8 Technical Editor, translating the 
authors' demands into material practicable for the printed page. 

Although the concepts and terminology of intermediate reactor physics may at times seem 
strange to the reader who has dealt exclusively with thermal reactor physics, they are neces- 
s a r y  and natural outcomes of the differences between the two subjects. Being aware of the 
difference, we have attempted to indicate the development of the concepts and to explain the 
terminology as it is used. 

re- 

considers how reactor heat generation is spread out in 

J. R. STEHN 
Theoretical Physicist 
Knolls Atomic Power Laboratory 
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Chapter 1 
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I 

. THE PHYSICS OF INTERMEDIATE SPEC8?YM 
REACTORS 

1. R. STEHN 

1.1 INTERMEDIATE REACTORS IN GENERAL 

An intermediate reactor is a nuclear reactor in which a majority of the fissions are 
produced by neutrons of energies intermediate between tnermal and fast. A great range 
of intermediate reactors can be imagined, differing in neutron-energy spectrum distribu- 
tion. One parameter useful in describing such a reactor is the median energy of-the 
neutrons producing fissions, and values of this parameter between 1 and lb electron 
volts are characteristic. 

The neutron energy spectrum has a wide spread in intermediate reactors. The 
spectrum average of the neutron cross-section of each reactor constituent is therefore 
not strongly affected by the presence of one or a few low-energy resonances. Materials 
that a r e  well-known neutron poisons in thermal reactors (cadmium, samarium, fission- 
product Xd3') are not so markedly different from other materials in their tendency to 
absorb neutrons in an intermediate reactor. One consequence of this situation is that in 
intermediate reactors it is relatively easy to override xenon. 

For a reactor to have an intermediate spectrum, it must have some moderation, but 
not too much. A water-cooled reactor can be intermediate only if water is present in 
proportions too small to provide adequate cooling for a power reactor. Other hydro- 
genous materials can be used (sparingly) for moderation if a coolant other than water 
is used; this is shown in the assemblies using metallic hydrides described in Chap. 2. 

A. Beryllium as Moderator 
Beryllium, beryllium oxide, and graphite were considered as moderators for the 

small-size intermediate reactors that were built at the Knolls Atomic Power Laboratory 
(KAPL). Beryllium was chosen from among these three materials because it had 
promise, as a metal, of greater strength than either of the others. Even though it was 
perhaps not to be reliedupon as a structural material, beryllium could be shaped to f i t  . 
snugly where it was needed, and it was expected to hold its shape better than graphite 
under irradiation. 

In addition to i ts  being a moderator, beryuium has certain less imporbnt nuclear 
properties which would be expected to influence the operation of reactors containing 
large amounts of this material. Beryllium is more liable than most elements to undergo 
three nuclear reactions that either produce or absorb neutrons: the (n,2n), the (n,a), 
and the (Xn) reactions. 

I In theoretical criticality calculations at KAPL, the (n,2n) and (n, 4 effects have con- 
sistently been assumed to cancel each other. These two effects have accordingly been 
neglected when reactivities and power distributions were computed. Although the suc- 
cess of the results appears to justify neglecting these two effects, uncertainties in the 
other neutron cross-sections used in the calculations may have compensated for any 
error  caused by neglecting them. Recent work by G. J. Fischer' suggests that the 
Be(n,2n) cross-section, at any rate, is quite appreciable for fast neutrons. 
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Neutron-absorbing Li6 is formed in the moderator as the decay product of the 
Beg (n, cu)He6 reaction. The resulting loss in reactivity is judged (according to Chap. 26) 
to be relatively unimportant. Helium gas (both He4 and He3 ) is generated in beryllium 
by (n,2n), (n,a), (y,n), and ensuing reactions; but the amounts of gas so produced a r e  
negligible for the reactors so  far considered. 

The threshold for the Bes(y,n)Be8 reaction is only 1.67 MeV, lower than for any 
other element. Beryllium therefore acts as a neutron source in the presence of photons 
harder than 1.67 MeV. The photoneutrons that develop after high-power operation of a 
beryllium-moderated reactor contribute significantly to the effective neutron source 
strength for days and months, as long as NaZ4 and fission products a re  emitting hard 
gamma rays. Some observations on this appear in Chap. 25. 

Sodium as Coolant 

power reactors discussed in this volume differ strikingly from water-cooled reactors, 
not only in nuclear characteristics but in engineering design as well. The choice of this 
type of coolant was a decision to take full advantage of the superior heat-transfer char- 
acteristics of fairly readily available materials (such as sodium, potassium, lead, or 
bismuth) that have slight affinity for neutrons, are monatomic and hence not likely to 
suffer radiation damage, and are liquids well below the boiling point at steam-turbine 
operating temperatures. The high thermal conductivities of liquid metals make it easy 
to avoid local overheating that may lead to boiling and resultant density fluctuations in 
the coolant. Their low vapor pressures at temperatures of interest for steam-turbine 
use enable the coolant system to be kept essentially at atmospheric pressure in a thin- 
walled piping system. A further advantage that accrues to the liquid-metal heat-transfer 
system is the possibility of using an electromagnetic pump, without bearings or moving 
parts, to circulate the coolant. 

The choice of sodium as the particular metal to use was  made primarily on the basis 
of its physical properties. It is relatively cheap, it conducts heat well, and its low 
density makes it easy to pump. Since it is an active alkali, it must be handled with care, 
and an elaborate technology had to be developed for keeping it out of contact with water 
and oxygen. Despite its chemical activity, it is not particularly corrosive to steels. Its 
worst drawback is the NaZ4 radioactivity that is generated in it by neutron capture; the 
resulting gamma radiation throughout the primary coolant system enlarges the portion of 
the reactor complex that mist  be shielded and prevents access to the coolant system both 
during operation and - unless the sodium is drained out - for as long as a week after 
shutdown. 

Potassium has many of the same advantafjes and difficulties as sodium, but its neu- 
tron absorption cross-section is appreciably larger. Neutron absorption in a coolant is 
undesirable because of the consequent adverse positive effect on the temperature coeffi- 
cient of reactivity (expansion of the coolant reduces the amount of neutron-absorbing 
material in the core). As a coolant, potassium therefore might not contribute negatively, 
as sodium in fact does (Chap. 28), to the temperature coefficient of the reactor. Both 
sodium and potassium are  solids at room temperature. Although some mixtures of 
sodium and potassium have the advantage that they are liquid at room temperature, this 
advantage does not oir'sei. iiie rJossible temperature coefficient disadvantage accompscy; 
ing the use of potassium. Use of the heavier molten metals was given little considera- 
tion, for their thermal conductivities are lower, their densities are  higher, and little was 
known about their chemical properties at high temperatures. 

The choice of molten metal as the heat-transfer medium makes the intermediate 

PHYSICAL STUDIES ON INTERMEDIATE REACTORS 

Much of the development effort on the reactors discussed in this volume was set by 
the decision to use an intermediate-energy neutron spectrum. Little was known about 
neutron cross-sections in such a spectrum, and no detailed theoretical methods were 
readily available which could connect the little that was known with the measurable 
properties of the reactor. Critical assemblies of the same nuclear composition as the 
new reactor designs being proposed had to be built and tested for their nuclear proper- 
ties. Theoretical methods had to be devised for correlating the properties of one as- 
sembly with those of another, and the reliability of these correlations had to be checked 
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by experiment, before the effects of minor design changes could be accurately assessed. 
Special calculations and experiments had to be performed to check the hazards of various 
possible mishaps during reactor operation. 

In general, much of the same kind of exploring had to be done for the intermediate 
reactors as had been done for the first nuclear reactors six years before. The inter- 
mediate enriched-fuel reactors considered here were much smaller than natural- 
uranium reactors, and the experimental and theoretical approaches that proved profitable 
here were quite different. Because these reactors had intermediate spectra, in addition, 
the exploratory approaches also differed considerably from those used with watec- 
moderated enriched-fuel reactors. We now consider the uses made of the two principal 
tools which were developed for the study of these reactors: the critical assembly 
and multigroup age-diffusion theory. 

A. Experimental Reactor Studies 

A wide variety of nuclear designs WasTnitially seen to be within the iapge of possi- 
bility. The critical assembly facility built to cover this range had to have considerable 
flexibility as to composition and geometry. Chapter 3 describes the flexibility in me- 
chanical designs of the two facilities in which the assemblies were erected the 
Preliminary Pile Assembly (PPA) and the Proof Test Reactor (PTR). The convenience 
and safety of the designs is indicated by the fact that in one year-and-a-half period, 
during which seven substantially different PPA’s were built and tested, criticality was 
safely attained more than 3000 times, an average of over seven times per working day. 

The PPA program, described in Chap. 2, had several functions. First, the critical 
mass and the effectiveness of the control scheme were established for each nuclear 
design considered. Then the power distribution was studied (Chap. 21) to learn how 
much variation in power density could be expected in the final reactor. To aid in fore- 
casting the effect of minor design changes, the effects upon reactivity of inserting 
various materials (their reactivity coefficients) were determined, as in Chaps. 7, 8, and 
9. For the most promising designs, more detailed information about the endurance of 
the reactor (the amount of energy in megawatt hours or equivalent units it could deliver, 
before refueling) was obtained by reducing the fuel load to represent various stages of 
depletion and by adding poison material to simulate the fission products (Chap. 19). A 
study of the possibility of using a burnable poison was made in a similar manner 
(Chap. 17). Measurements were made of the density of gamma radiation in the reflector 
and blanket (Chap.. 23) as a check on rather detailed calculations of the amounts of 
gamma-ray heating throughout the reactor. ’ 

There was strong interplay between theory and experiment in the critical assembly 
program. The theory of reactivity coefficients used in Chap. 7 gave an understanding of 
the measured quantities and also guided an estimate of the isothermal temperature co- 
efficient (Chap. 29), a quantity which in turn could be checked experimentally over a 
limited range of temperature (Chap. 28). A statistical nuclear theory approach to the 
neutron-absorbing properties of the fission products (Chap. 12), only a few of which were 
susceptible of direct measurement, was basic in deciding how to simulate fission 
products in the reactor endurance studies. In setting up suitable models for the par- 
tially depleted reactor, both the theoretical and the experimental endurance StUdieS 
(Chaps. 10 and 19) were simplified by the fact that the power density distribution in these 
intermediate reactors varied relatively little with degree of burnup. 

Because materials a r e  in general more transpasent to intermediate-energy neutrons 
than to thermal neutrons, the details of the inhomogeneities a r e  less important in inter- 
mediate reactors. Hence an intermediate critical assembly can readily be made to be 
quite an accurate nuclear mock-up of a power reactor even though no individual part of 
the power reactor is simulated carefully. This enabled the over-all critical-assembly 
program to be considerably simpler than it might otherwise have been. 

Another feature of these intermediate reactors that helped the critical assemblies 
to be reasonably close approximations to the power reactor at its operating temperature 
w a s  their small temperature coefficients. Sodium, unlike water, has relatively little 
moderating effect upon neutrons; hence a temperature-induced change in coolant density 
makes relatively little difference to a sodium-cooled reactor. Even though the temper- 
ature effects were not known in detail until quite late in the program, it was clear that 
any critical assembly simulating a sodium-cooled reactor would be fairly close to the 
hot reactor in its nuclear properties. 
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A cthacterist ic of the PPA program was the use of the more conveniently handled 
solid metals, magnesium and aluminum, to simulate the nuclear properties of sodium. 
This substitution was initially a stop-gap measure, for it was difficult to enclose sodium 
in air-tight steel cans without using a solder containing a neutron poison (silver). Never- 
theless the nuclear simulation of sodium by magnesium or aluminum proved to be re- 
markably close and was used thereafter in the PPA program and in part of the PTR 
program as well. 

The Proof Test Reactor (PTR), a fairly exact room-temperature mock-up of power 
reactors at operating temperature, was a second type of critical assembly facility that 
was built as the engineering design of the power reactor approached completion. One of 
the objectives of the PTR was implied in its name: it was  a facility for (‘proof testing” 
final components a6 to their nuclear properties before installing them in the reactor 
itself. Other objectives were to obtain more accurate fuel load and control estimations 
and to measure (at least over a limited range of attainable room temperatures) the 
temperature dependence of reactivity (Chap. 28). 

power reactor after it was completed. The temperature coefficient and the power co- 
efficient, as well as the effects of xenon, were measured with the reactor at various tem- 
peratures and at various power levels. Kinetics studies were made by observing the re- 
actor’s response to oscillations in power level that resulted from purposeful oscillations 
of a control element. These tests, continued through the operating life of the reactor, 
are discussed in Chaps. 20, 30, and 35. 

A number of tests that could not be made on a critical assembly were made on each 

B. Multigroup Age-Diffusion Theory 
A multigroup formulation of age-diffusion theory”-‘was developed into a powerful 

tool for the study of reactor statics. The neutron-energy spectrum is divided into a 
number of groups; over each group the neutron cross-sections are taken to be constants 
ihdependent of energy in any given region of the reactor; and the diffusion equations for the 
separate groups are solved numerically by a rapidly converging iteration method. The 
basic approximation that the reactor may be considered to be spatially homogeneous in 
each region was  fairly good even in markedly heterogeneous intermediate reactors, be- 
cause the heterogeneities were short-range compared with the diffusion length for all 
except perhaps the thermal groups. 

It is a strength of the multigroup method that the group widths can be adjusted, ac- 
cording to the refinement of the cross-section information available, to make allowance 
for significant variations of cross-section with neutron energy. The method is adaptable 
to large-scale digital computer use; indeed, it is quite cumbersome otherwise. Multi- 
group theory can be applied to many kinds of reactor problems, including those of water- 
moderated reactors. The distribution of fission and of non-fission events of various 
sorts, both in space and in energy, as well as the degree of criticality of an assembly, 
can be calculated by this method. A weakness of the method is that, like any method 
based on diffusion theory, it is not so accurate as transport thepry in the treatment of the 
effects that occur in and near strong absorbers and at boundaries. It is possible, however, 
to introduce transport-theory corrections into the diffusion formulation. For example, 
self-shielding effects can be handled by special procedures such as those discussed in 
Chap. 11. - 

Four chapters of this volume are concerned primarily with applications of the multi- 
group calculational method: Chap. 10 tells how over-all surveys of reactor character- 
istics were made for various possible compositions; Chap. 11 describes a method of 
calculating self-shielding; Chap. 16 is an estimation of the effect of adding burnable 
poisons, and Chap. 18 gives details of reactivity calculations with two-dimensional 
models. 

1.3 CHARACTERISTICS OF INTERMEDIATE REACTORS 

A. Xenon and Fission-product Poisoning 
The severe poisoning effect of fission-product X d S 5  in thermal reactors is due to 

its having an absorption resonance in the thermal-energy region, with the peak of the 
cross-section at 0.065 ev. 
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CHARACTERISCICS OF INTERMEDIATE REACTORS 1.3 

The effect of this resuname is much less pronounced in a fast or intermediate re- 
actor, where the neutron absorption of a material is a spectrum-weighted average over 
many absorption resonances in addition to.those near thermal energy. Tests in intermediate 
reactors during and after power runs have shown the magnitude of absorption to be expected 
ff there were no other major absorption resonances beside the well-known one in Xe’” 
Thus xenon over-ride is not a major problem in the intermediate reactor. 

In contrast to the behavior of Xe’i neutron absorption in the remaining fission 
products increases in importance, relative to the neutron utilization in fission, as the 
reactor spectrum is changed from thermal to intermediate. In Chap. 12, Ession-product 
poisoning-is ciiscussea on the basis of statistical theory. nuclei are-puioriZXiiFmdre o r  
less equal basis in an intermediate spectrum; for it is their average absorption in the 
resonance region, rather than their thermal absorption, which is important. 

in the burnup of a given amount of fuel may typically cause only one-quarter as much 
loss in reactivity as is ascribable simply to the reduction in fuel load In an inter- 
mediate reactor, on the other hand, the fission-product absorption may cause twice as 
much reactivity loss as does the corresponding reduction in fuel load. As a consequence, 
neutron absorption by fission products is a significant factor in determining the possible 
operating lifetime of an intermediate reactor. 

In a thermal reactor, neutron absorption by the fission products which are produced 

Neutron Leakage 

siderable neutron leakage. The relative transparency of matter to fast and intermediate- 
energy neutrons aggravates this leakage, but the reflector tends to reduce it. Neutrons 
may also stream out through channels in the reflector, an effect which should be particu- 
larly evident in the critical assemblies, where not even sodium fills up the interstices. 
The close agreement between critical assembly and power reactor criticalities confirmed 
that this streaming effect was not important. 

The intermediate reactors dealt with in this volume are small and thus have con- 

Mechanism for Control 

completely by changes in the reflector. Reflector control offers the advantage that the 
design of the core of the reactor is free to be determined primarily by heat transfer con- 
siderations. Pure reflector control was suggested by the fact that the addition of a re- 
flector to a bare assembly significantly reduces its critical mass. In one system that 
was tried, portions of a beryllium reflector could be slid parallel to the reactor axis into 
or  away from positions adjacent to a cylindrical core. This scheme was tested in critical 
assemblies and found successful (Chap. 2). 

was surrounded by rotatable cylinders, each of which contained beryllium and boron con- 
centrated on opposite faces of the cylinder. Rotation of each cylinder about its own axis 
displaces reflector beryllium and replaces it by boron, a good poison and a poor reflector 
material. The beryllium can be displaced a larger distance if the cylinders are larger 
(and accordingly few in number). On the other hand, a larger fraction of the reflector 
can be displaced if the cylinders are smaller (and more numerous). A choice of six for 
the number of cylinders was a reasonable compromise between the two alternatives, and 
this choice was tested in several critical assemblies (Chap. 15). This control system 
operated both by varying the neutron leakage and by changing the energy spectrum of the 
neutrons near the edge of the core. 

in several reactors as a “secondary safety rod” which might contain boron, hafnium, o r  
some other poison and which could be plunged into the center of the core. 

Because of its large neutron leakage a small intermediate reactor can be controlled 

A mixture of reflector and poison control was used in a second system. The core 

A third system used pure poison control. This was combined with the second system 

Possibilities for Breeding 

actors in 1946, to investigate the possibility of breeding in an intermediate neutron 
spectrum. If true breeding is to occur, more than one new atom of fuel must be created 
by neutron capture in fertile material (U2’8) for each atom of fuel (PuZs9) used up. The 
neutron economy of this process is very sensitive to the fraction of neutrons lost by non- 

The Knolls Atomic Power Laboratory (ZCAPL) began its work on intermediate re- 
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fission capture in the fuel, a fraction which, for plutonium in thermal reactors, is too 
high for breeding to be possible. Measurements showed that alpha, the neutron capture- 
to-fission cross-section ratio, was even higher for neutrons in  the lower intermediate- 
energy region than it was for thermal neutrons, and that alpha decreased only at rela- 
tively high neutron energies. Hence true breeding of PuZ3’ can occur only in fast or 
nearly fast reactors. 

After it was found that the goals of the intermediate power-breeder project were 
difficult to realize, the effort of the Laboratory was devoted to applying the desirable 
features of intermediate reactors to naval propulsion systems. The Submarine Inter- 
mediate Reactor (SIR) program was in some respects a continuation of the earlier effort 
to build a small-sized power reactor with highly enriched fuel and an intermediate- 
energy-neutron spectrum. 

E. Temperature Coefficient 
It was not evident a priori that an intermediate-type reactor would display a nega- 

tive temperature coefficient of reactivity and thus be stable toward temperature fluctu- 
ations, under all conditions of operation. The primary effect of increasing the tem- 
perature of the coolant is to push coolant out of the core. If the coolant is a moderator 
like water, this expansion may gnke a large difference in reactivity; but if it is sodium, 
coolant expansion makes much less difference. When the reactivity coefficients of the 
various core materials became known (Chap. 7), the effects of expansion as a result of 
a uniform temperature rise all over the core could readily be calculated to be a reduc- 
tion in reactivity (Chap. 29). The thermal base effect, a hardening of the thermal portion 
of the reactor neutron spectrum as the moderator temperature increases, was found to 
be fairly unimportant in the central region of the core (Chap. 31); but it makes a signi- 
ficant over-all contribution when integrated over the entire reactor (Chap. 28). 

Rapid rises in fuel temperature can readily occur during transients without produc- 
ing much of a temperature rise in the reactor core as a whole. Inasmuch as the fuel has 
appreciable thickness, self-shielding of its resonances occurs and the Doppler broaden- 
ing of these resonances reduces the self-shielding as the temperature of the fuel in- 
creases. For a given resonance, the reduction in  self-shielding has opposite effects on 
the reactivity, depending on whether it is a fission resonance or a capture resonance that 
is involved, or on what proportion of each occurs in the resonance. It was not possible 
by theory alone to predict with confidence whether the net effect of the Doppler reduction 
in self-shielding was a negative or a positive prompt temperature coefficient in the fuel 
(Chap, 32). A way was devised, however, to measure this net effect by periodically 
heating and cooling a portion of the fuel in an assembly (Chap. 33). The measurements 
showed that the net fuel Doppler coefficient contributed negatively to the temperature 
coefficient, and that the Cf3’ residue in the enriched fuel contributed significantly to this 
result. Since the majority of the other effects also contribute negatively, the over-all 
temperature coefficient of these intermediate reactors is negative. 

observations on the kinetics of the responses of a power reactor to sudden step-wise 
changes in reactivity (Chaps. 36 and 37), as well as by reactivity oscillator studies 
(Chap. 35). 

The temperature-coefficient considerations just discussed were used in hazards 
calculations, as in Chap. 38, to aid in predicting the sequence of events that would occur 
if the reactivity controls were by some mischance to cause the reactivity to increase 
steadily beyond prompt criticality. 

The safe direction in sign of the prompt temperature coefficient was confirmed by 

1.4 COMPARISON WITH THERMAL REACTORS 

A. Control Requirements 
One of the characteristics of the intermediate-energy-spectrum reactors is their 

relatively small control requirements. Table 1.1 compares typical control requirements 
of an intermediate reactor with those for a water-moderated thermal reactor having the 
same power and endurance. 
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TABLE l.l--CONTROL REQUIREMENTS NECESSARY FOR APPROXIMATELY 
2000 HR ENDURANCE AT 50 MW IN A TYPICAL INTERMEDIATE REACTOR 

AND IN A COMPARABLE PRESSURIZED WATER REACTOR * 
Intermediate Equivalent pressurized- 

reactor water reactor 
Fuel burnup $ 4 t  $12 
Stable fission products 6 3 
Saturated samarium 1 1 
Peak xenon $. 3 14 
Temperature defect 1 5 

5 Safety margin - 
TOTAL 8 $20 $40 

- 5 

~~ ~ 

* The control requirements for both types of reactor depend on the size and composition 
of the reactor as well as on the fuel inventory and power distribution. The approximate 
values in the table refer to typical reactors using highly enriched uranium as fuel, 
having equivalent power and endurance characteristics and no burnable poison. 

t A “dollar” of control is the amount of control needed to change the reactor from de- 
layed critical to prompt critical. For SIR-type reactors it is taken to be 0.0085 in k. 
See Secs. 2.2 and 5.3 in subsequent chapters for details. 

$. “Peak xenon” refers to the total reactivity loss produced by the largest concentration 
of xenon after shutdown, as compared with a nonxenon condition. As used here, 
‘‘peak xenon” is the sum of “equilibrium xenon,’ and “transient xenon.” 

8 The totals are  obtained on the basis that requirements a re  independent and additive. 

Although the control requirements for these reactors are only approximate, $e dif- 
ference in over-all control requirements between the two types of reactors is certainly 
quite large. The reactivity requirements indicated by the first three items in the table 
could, of course, be covered at least partially by the use of burnable poison in either re- 
actor. If it is assumed that a burnable poison was used and that it could compensate for 
all but approximately one-fourth of these three reactivity requirements in each reactor, 
then the total control requirements for the intermediate reactor and the equivalent pres- 
surized-water reactor would be about $12 and $28, respectively. Another factor which 
should be noted in comparing the two reactors is the relatively large peak xenon reactivity 
requirement in the water-cooled reactor. If one were willing to continue operation of the 
plant to a point in life where the over-ride of only the steady-state xenon is the limiting 
factor, then the addition to the endurance of the water-cooled reactor would be significantly 
larger than to that of the sodium-cooled reactor. 

The smaller effect of xenon poisoning in the intermediate-energy reactor is due not 
only to the smaller average xenon cross-section in the intermediate spectrum (relative 
to the fuel cross-section) but also to the fact that the fuel inventory of the intermediate 
reactor is larger and its specific power is lower than the corresponding quantities for 
the equivalent pressurized-water reactor. The difference in fuel inventory also con- 
tributes to the difference in reactivity associated with the fuel burnups for the two 
reactors. 

B. Fuel Requirements 
Another illuminating way to compare two reactors is to note what portions of their 

fuel investments are  required for what purpose. The total fuel requirements of an inter- 
mediate reactor and an equivalent water-cooled thermal reactor can be divided into fuel 
allowances for intrinsic mass and the fuel required to cover reactivity defects for peak 
xenon, samarium, stable fission-product poisons, and fuel burnup. The intrinsic mass is 
defined as the fuel required to establish criticality in the hot clean reactor. The effects 
of peak xenon and samarium remain relatively constant throughout the reactor life, while 
the fuel burnup and stable fission product accumulation grow throughout the reactor life 
to the final values which a re  assigned in this analysis. 
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1.5 TECHNIQUES AND RESULTS OF GENERAL APPLICABILITY 

By comparing the intrinsic critical masses, one can get some feeling for the basic 
fuel investments in the two reactors. By adding the fuel assignments for fuel burnup and 
stable fission-product poison accumulation, it is possible to arrive at some index for the 
efficiency of fuel utilization to cover reactivity losses associated with energy production. 
Table 1.2 shows typical fuel allocations for these two reactors. 

TABLE 1.2--FUEL LOADINGS NECESSARY FOR APPROXIMATELY 2000 HR 
ENDURANCE AT 50 MW IN A TYPICAL INTERMEDIATE AND IN A 

COMPARABLE PRESSURIZED-WATER REACTOR 

Intermediate Equivalent pressurized- 
reactor* water reactor* 

10 kg 
7 

Intrinsic critical mass 26 hg 
Peak xenon 4 
Saturated samarium 2 1 
Stable fission products 12 1 

6 6 Fuel burnup - - 
50 kg 25 kg 

~~ ~ 

* These fuel allocations are approximate and refer to typical highly enriched reactors 
having equivalent power and endurance, and no burnable poison. 

Approximately three times as much fuel is required in the intermediate reactor 
simply to achieve criticality. The intermediate reactor requires a slightly smaller 
quantity of fuel to over-ride the combined xenon and samarium reactivity defects. The 
net result is that the intermediate reactor needs about twice as much fuel to cover the 
reactivity losses associated with fuel burnup in order to produce the same plant energy. 

The fuel consumed in the two reactors was chosen to be the same in this particular 
comparison. There is some justification for this choice in the fact that the tyo phe- 
nomena influencing the fuel utilization act in opposite directions. For a given con- 
sumption of fuel, the total number of fissions in the intermediate reactor is somewhat 
smaller because of its higher value of alpha, the capture-to-fission ratio, for U235 (0.35 
in the intermediate spectrum as compared to 0.18 in a thermal spectrum). This may be 
compensated by the potentially better thermodynamic efficiency of the sodium-cooled 
reactor, a result of its higher operating temperature. 

1.5 TECHNIQUES AND RESULTS OF GENERAL APPLICABILITY 

In many of the studies reported in this volume, devices and techniques (both experi- 
mental and theoretical) were developed and results were generated that have general use 
in reactor research. These are listed here for convenience, with references to chapters 
which give further details. 

A. Deeices 
1. The mechanical design of the critical assemblies (Chap. 3) involving separable 

2. The pile oscillator (Chap. 9), with which reactivity effects of small samples of 
halves and a conveniently loaded horizontal tube matrix. 

material a r e  measured. 

measure and record the spatial distribution of fissions in a critical assembly. 

direct measurement of the Doppler contribution to the fuel temperature coefficient 
(Chap. 33). 

3. The fuel element “sciLNler’y (Chaps. 6 and 21), which uses automatic devices to 

4. The apparatus for periodically heating and cooling a portion of the fuel to make a 

B. Experimental Techniques 

1. The use of the “foil-sandwich” technique (Chap. 6) to measure the absorption of 
neutrons in the most prominent resonance of a material - a technique that is helpful in 
determining the neutron energy spectrum of an assembly. 
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2. The schemes described in Chap. 5 for calibrating critical-assembly control 

3. The various methods discussed in Chap. 15 for using critical-assembly mock-ups 

4. The ion-chamber for determining gamma-ray heating in a reactor (Chap. 23). 

elements in absolute uni t s  of reactivity. 

to estimate the range of control to be availkble in a power reactor. 

C. Theoretical Techniques 
1. The detailed application of the multigroup age-diffusion theory. Although this ap- 

plication formed an essential background for many of the studies, it is ordinarily given 
only passing mention in the various chapters in this volume. For details of the method 
see Vol. I, %hap. 2, of this publication, and the work of H. Hurwitz, Jr., and 
R. Ehrlich. -‘ 

2. The systematic manner of surveying the nuclear properties of whole classes of 
reactors, by means of the multigroup calculational scheme (Chap. 10). 

3. The technique of calculating the heating effects to be expected in the outer por- 
tions of the reactor (Chap. 22). 

4. Forecasting with an analog simulator (Chap. 38) the sequence of occurrences to 
be expected in a reactor 

D. Conceptual Developments and Results 
1. A broader understanding of how to use the inverse multiplication method during 

2. Experimental observations (Chap. 8) of thelmanner in which the “self-shielding” 

3. The relatively simple recipes of Chap. 24 for estimating radioactivity and heat 

4. The measurements of the shape of the thermal “tail” of the neutron energy 

5. The use of bbth the pile oscillator and of the rod-drop technique to predict the 

reactor loading to predict the critical fuel load (Chap. 4). 

of layers of materials varies with their thickness. 

generation in the fission products after reactor shutdown. 

spectrum, discussed in Chap. 31. 

kinetic behavior of a reactor. (Chaps. 34-37) 
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Chapter 2 

__-- - 
THE CRITICAL ASSEMBLY PROGRAM 

H. B. STEWART and M. L STORM 

2.1 INTRODUCTION 

This chapter is a brief account of the beryllium-moderated and/or-reflected as- 
semblies which were studied at KAPL and their relation to the sodium-cooled reactor 
projects under consideration at the time. In addition, comparisons that were made 
between calculation and experiment for some of the more interesting assemblies 
are summarized. 

The wealth of experimental data obtained from these assemblies found immediate 
application both as a test of theoretical methods and as a source of engineering design 
information. In this latter connection, it should be noted that the application of data 
from the critical assemblies to the sodium-cooled power reactors w a s  relatively 
straightforward since temperature effects in the designs under consideration were small 
compared to those encountered in water-cooled reactors. 

The first KAPL critical assembly, which was brought to criticality on April 22, 
1948,’ was constructed to assist in. the design of a power-breeder reactor which was to 
operate in the intermediate neutron energy region. This PreliminaryPile Assembly 
(PPA), originally called “zero power assembly,” was the first of about thirty beryllium- 
or hydrogen-moderated and berylliuG-reflected critical assemblies whose U235 content 
varied from about 10 to 120 kg with consequent variation in their associated properties. 

The Preliminary Pile Assembly is discussed in Secs. 2.2 - 2.4; the Proof Test Re- 
actor is considered briefly in Sec. 2.5. The-design, control, and instrumentation of 
these critical facilities are covered in Chap. 3. 

2.2 THE PRELIMINARY PILE ASSEMBLIES (PPA’S) 

As was mentioned previously, the first critical assembly w a s  constructed as part of 
the power breeder project which had as an objective the investigation of the feasibility of 
breeding in intermediate neutron energy reactors. A bibliography of progress reports 
dealing with the power-breeder project as well as.a chronological history of some key 
areas of study is given in KAPL-Memo-EAL-7’. At  the beginning of 1947, the following 
general s ecifications had been set for this power reactor 3: 

1. Ug5- fueled (estimated critical loading, 40 kg) 
2. Beryllium-moderated and beryllium-reflected 
3. Sodium-cooled 
4. Natural uranium breeding blanket 
5. High intermediate spectrum, median fission energy of 10,000 ev 
6. Steel container and structural material 
7. 10-Mw heat output 
In May 1947, when the feasibility report4 for the “zero power pile” was  published, 

there was  little availablz knowledge of neutron cross -sections in the intermediate-energy 
region and reactor calculations were especially difficult and uncertain. It thus appeared 
necessary to build a flexible critical assembly to obtain information on such items as: 
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critical mass and size; control effectiveness; power distributions; neutron spectrum; re- 
activity effects of structural materials, coolant and impurities; and plutonium production 
in the blanket. Design parameters to be studied were: moderator-to-fuel ratio, coolant- 
to-fuel ratio, self absorption of, fuel, reflector thickness, blanket thicknes5 and coolant 
channel arrangement. The assembly could be used to obtain preliminary design informa- 
tion, check the details of the final design, and determine desirable parameters for future 
reactors. 

The following are pertinent features of the critical facility, applicable to all the as- 
semblies designated by PPA numbers. (More detailed descriptions are given in refer- 
ences 4, 5, 6, and in Chap. 3.) 

beds such that the unique axes of the two prisms are colinear and parallel to the beds. 
One bed is stationary and the other is movable so  that the two prisms can be separated 
or brought together by remote control. With the two halves apart, an internal face in 
each half is exposed to permit loading or  unloading of the separated assembly. Figure 
2.1 is a photograph of the stationary half of one of the earliest assemblies (PPA-31, 
showing the assembly in its normal shutdown condition with the reactor separated 
into two halves. Figure 2.2 shows both halves of a later PPA, partly loaded. 

The reactor consists of two right hexagonal prisms which rest on two horizontal 

Each half of the core is enclosed in a hexagonal steel open-ended box which was sur-  
rounded by slabs of natural uranium (as in Fig 2.1) when it was  desired to mock up a 
breeding blanket. These boxes are filled with a matrix of steel tubes arranged in a 
honeycomb fashion. Two-inch diameter rods containing the reactor components are in- 
serted into the tubes. The core rods are made of component disks of fuel, moderator, 
structural material, or coolant mock-up. The assembled fuel slugs slide into the central 
tubes of the container, while the tubes in the peripheral region are occupied by moderator. 

P 

L I - I.-- - -- - - _---. -- -. 
Fig. 2.1-Photograph of the stationary halfof one of the earliest critical assemblies, PPA-3, 
encased in its uranium blanket. The ten holes in the core correspond to the particular slugs 

that wcre movable in the safety and control system. 

! 
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Fig. 2.2-Photograph ofa  latucritiul assembly, partly loaded. In this assembly, blanket 
and reflector could be simulated by slugs ofappropriate composition around the periphery 

of the hexagonal box. 

The reactivity of the assembly is governed by the relative position of the two halves 
and, when these are  together, by control and safety rods. These rods are similar in 
composition to the remainder of the core and their removal produces a decrease in re- 
activity. 

* * *  
The description of the PPA's follows. The composition of all pertinent assemblies is 

given in Section 2.6 (Tables 2.5 - 2.7), which was prepared by M. E. Way. 
The first critical assembly' was  used for orientation experiments. It was limited in 

resemblance to the proposed power breeder by the small amount of U235 on hand and the 
fact that the uranium blanket had not been completed. The core contained U235 and 
beryllium and w a s  side-reflected with a beryllium reflector. There was no reflector at 
the ends of the hexagon and the core and reflector were surrounded by a lead blanket. 
Criticality w a s  reached with about 10 kg of fuel, and it was estimated that half of the fis- 
sions were due to neutrons with energies below one electron volt. This reactor was dis- 
mantled when sufficient U235 was available for a faster spectrum. 

blanket.'-' (It should be noted, as a matter of nomenclature, that the early critical fa- 
cilities, located at the Sacandaga Atomic Power Laboratory, were referred to in the labo- 
ratory literature at the time as SAPL-2, etc.,rather than PPA-2 etc.) These reactors, 
which culminated in PPA-5, were successively closer representations of the proposed 
Intermediate Power Breeder. Table 2.5 shows that from PPA-2 to PPA-5 the Be:U235 
ratio decreased monotonically from 134 1 to 33:l and the critical mass increased 
monotonically from 31 to 58 kilograms. The core of PPA-2 contained no sodium and it 
w a s  directly surrounded by the natural uranium blanket. In PPA-3 sodium w a s  included 
in the core and a beryllium reflector w a s  added. More sodium was  added in PPA-4 to 
allow for more heat transfer in the power reactor, and the reflector was made thicker for 
fuel economy. Beryllium was replaced by more sodium in the core of PPA-5 10 which con- 

The succeeding three assemblies, PPA-2, -3, and -4, had a complete natural uranium 
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sequently had a higher energy neutron spectrum. Experimental studies were carried out 
on PPA-5 for most of the year 1949. 

Measurements on the capture-to-fission cross-section ratio of plutonium in various 
neutron spectra indicated that tpe breeding gain in a reactor similar to PPA-5 would be 
marginal, if  possible at all," and Wt it was desirable to go to a faster neutron spectrum 
for improved breeding. It was then proposed to design Q "dual-purpose" reactor"," 
incorporating a large degree of flexibility, in which the dual objectives of high specific 

. power and breeding could be investigated separately. The reactor core was to be made 
up of two interchangeable types of elements: beryllium rods,and fast reactor fuel ele- 
ments which contained no beryllium. These fuel and moderator elements would be SO 
designed that all would have nearly the same reactivity value, A wide variation of 
spectrum could thus be brought about by the substitution of fuel rods for beryllium rods 
or vice versa. With few fuel rods and a low intermediate spectrum the assembly could 
be tested at a high specific power, while the use of many fuel rods and a much faster 
spectrum would result in an assembly where the breeding gain could be optimized. 

Various aspects of the dual-purpose reactor were studied in PPA-6, -7, -8, -9, and 
-10. The hexagonal prism in these assemblies was composed of aluminum tubes, re- 
placing the steel tubes used in the previous assemblies. Assemblies PPA-6, 7, and -8l' 
were used to study the flexibility of the spectrum and the interchangeability of moderator 
and fuel rods. PPA-6 was completely loaded with 49 moderator rods and 27 fuel rods, 
Be:U236 ratio of 45:l . The UZs5 mass was 45 kg, but the pile was  sub-critical by at 
least 5 kg. The spectrum was made faster in PPA-7 which contained 36 moderater rods 
and 40 fuel rods, Be:UZs5 ratio of 241 . PPA-7 was critical with 66 kg of U2s5 , but 
it had little excess reactivity for experimental flexibility. PPA-8 had a larger core 
volume than the previous two assemblies, but the loading pattern was similar to PPA-6 
since the ratio of moderator to {I.@ slugs was two to one. The core contained 70 modera- 
tor rods and 35 fuel rodq Be:U ratio of 501, and had 85 cents excess reactivity with 
a fuel load of 58 kg of UZs5 . The data obtained in PPA-6, -7, and -8 aided greatly in the 
nuclear design of the dual-purpose reactor, and assemblies PPA-9= and -10'' respec- 
tively represented detailed mock-ups of the engineering design for the intermediate and 
fast loadings. 

With PPA-11, an intense effort was mad$ to investigate the fundamental character- 
istics of a fast intermediate energy reactor. 
a Be:U2" ratio of only 1.R1 . Many of the experiments that had been performed in 
PPA-5 were repeated in PPA-11 in order to supplement the data obtained in the earlier 
slower piles. 

PPA-11 contained 123 kg of UZs5 and had 

PPA-12 and PPA-14 werem*' more nearly thermal assemblies, and gave informa- 
tion on the amount of control that could be attained by translating the side reflector 
beryllium parallel to the reactor axis. Table 2.6 gives the compositions of these and 
several subsequent assemblies. PPA-15 tested the concept of rotating drum control." 
The poison faces of the drums were simulated in the PPA by tubes filled with boron 
carbide. -Mb&<:cacons suggested by the work on PPA-15 were incorporated" into 
PPA-18. A photograph of PPA-18, illustrating the control cylinder representation,is 
shown in Fig. 15.1. 

On the basis of experiments conducted in PPA-18 an analysis w a s  mZ$140f the fuel 
requirements and endurances for various contemplated loading patterns . The 
procedure consisted of making step-wise analytical corrections to the PPA geometry 
and composition, and of evaluating the reactivity changes associated with each step, 
until PPA-18 was converted conceptually to the loading pattern in question. (A complete 
description of the method appears in Chap. 19, especially Sec. 19.3.) 

PPA-19 had 45 kg of fuelz5 and simulated control cylinders set at 106 deg. (See Sec. 
15.2 for a discussion of contcol drum mock-ups.) PPA-202' w a s  a mock-up of a clean 
reactor with about 50 kg of vSs . Further information on reactors of this type w a s  ob- 
tained in the Proof Test Reactor which will be discussed in Sec. 2.5. 
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EXPERIMENT VS ONLDIMENSIONAL. MULTIGROUP THEORY 2.3 

PPA-21 designates seven assemblies, PPA-21A through PPA-SlG?’ These assem- 
blies were used to study correlations between variations in reactor composition and other 
reactor parameters. PPA-21A (Table 2.1) was a clean reactor with a 62-kg fuel load and 
a Be:Uass ratio of about 931. Instead of a control cylinder mock-up it k e d  a boron 
curtain mock-up employing core-length boron tubes distributed around the core-reflector 
boundary. PPA-21G represented the depleted version of PPA-2lA. It had a 57-kg fuel 
load and employed cadmium riniformly distributed in the core to simulate fission-product 
poisoning. The boron curtain was  removed from the core-reflector interface in PPA-21G. 
In assemblies PPA-21B through -21F were considered the effects of variations of the 
amounts of fuel and of beryllium and also of the presence of boron and cadmium, either 
in the core o r  at the core reflector boundary, 09 r?~?5c\~s reactor parameters. PPA-25 ae 
and -26 (Table 2.7) were the last of the beq2iv2. .:-----.%rated and -reflected assemblies. 
PPA-25 contained 47 kg of U2” , 17 per cent of stainless steel by volume, and $9 of boron 
poison. Bulk reflector studies were made in PPA-25 to determine the relative worth of 
such reflector materials as graphite, magnesium oxide, &d stainless steel. In PPA-26 
the boron waa moved from the interstitial volume of the core to the core-reflector inter- 
face. 

(The dollar, $, is the unit of reactivity equal to the reactivity difference between de- 
layed and prompt critical. Thus $1 of reactivity is equivalent to the effective delayed 
neutron fraction in absolute reactivity units. A dollar value of 0.0085 in k has been 
used for many of the intermediate reactors discussed in this volume. A cent, $, is one 
per cent of a dollar.) 

The use of zirconium hydride as a moderator, rather than beryllium, was also con- 
sidered. In PPA-27 through -32 (Table 2.7) the core beryllium was replaced by an ap- 
proprit:; &mount of zirconium and thin polyethylene disks to simulate zirconium hy- 
dride. The assemblies in this group were beryllium-reflected and were contained in a 
stainless steel blanket. These studies considered variations of spectrum, power distri- 
bution, and reactivity coefficients for small-core zirconium hydride reactors as functions 
of moderator : fuel ratio (holding core volume constant) and of core volume (holding the 
amounts of fuel and moderator constant). 

PPA-32 was the last assembly to be studied in connection with the sodium-cooled 
reactor program. 

EXPERIMENT VS ONE-DIMENSIONAL MULTIGROUP THEORY 

The theoretical work on the intermediate spectrum assemblies studied at this 
laboratory have been based on multigroup solutions of the age-diffusion equation. 
Methods for reducing the age-diffusion equation and its adjoint to multigroup farm, as 
well as numerical and analytical techniques for solving these equations, have been de- 
scribed in detail by Hurwitz and Ehrlich, in Volume I, Chap. 2 of this Handbook and else- 
where. 31-34 More detailed discussions of the results of the multigroup calculations can 
be found in the references. 

Criticality 

tions which performed from 1948 to 1952 for PPA-2, -3, -5, -11, -13 and -14. The multi- 
group formulation was not extended to two-dimensional problems until late 1953; hence all 
of these calculations were for spherical reactor models. Since the PPA geometry is 
hexagonal with different side- and end-reflector compositions, the question arose as to 
the equivalence between the spherical model and the PPA. A procedure for choosing 
spherical models which yields results in satisfactory agreement with experiment is 
as f01lows.~’~ It is assumed that a spherical core with the same percentage composi- 
tion but with 10 per cent less core volume has the same k,, asthe hexagonal prism 
PPA. Appropriately averaged reflector and blanket regions are used. Table 2.1 
summarizes the reactivities calculated for the six assemblies. 

Hurwitz and Ehrlich 31-33 have summarized pertinent results of multigroup calcula- 
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2.3 EXPERIMENT VS ONE-DIMENSIONAL MULTIGROUP THEORY 

TABLE 2.1--CALCULATED bif OF VARIOUS ASSEMBLIES " 
Assembly PPA-2 PPA-3 PPA-5 PPA-11 PPA-13 PPA-14 
kerf calculated* 1.08(1.03)f 1.06(1.0l)f 0.99 1.0 1.003 0.9853 
Core: Uass , kg 31.5 42.4 58.1 123 32.5 36.3 
MOIS Be/mols uZsb 131 46.1 33.8 1.74 185 197 

Coolant vol z 0 9.8 28.4 40 24.5 29.1 
Radius of equivalent 

sphere, cm 30 24 27.6 24 39 39 
Reflector, thickness U,30 cm Be,30 cm Be,8 cm Be,8 cm Be,18 cm Be,18 cm 
Blanket None U U U ss B ss 
Energy groups 8 8 8 9 12 12 
Date of calculation 1948 1948 1949 19 52 1951 19 51 
* Each reactor was critical 
?Parenthetical figures are estimates based on more recent cross -sections. 
$'Calculated without cadmium and boron mocking up fission products. Experimentally the 

cadmium and boron contributed -$10.80~to the reactivity, which value was used in arriv- 
ing at the calculated k = 0.985. 

Coolant None Na Na Na Mg-Al Mg-A1 

BStainless steel 

1 
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Power Distribution and Fission Probabilities 
During the year that PPA-5 was in existence, many detailed comparisons between 

theory and experiment were made for this a s ~ e r n b l y . ~ " ~ ~  For example, in Figs2.3 and 
2.4 we reproduce from reference 32 the power distribution and the "statistical weight'' 
of fuel (see Sec. 7.1 for a definition of this term) as obtained by theory and experiment 
for PPA-5. A more detailed comparison of the calculated and measured power distribu- 
tions would require two-dimensional multigroup calculations, but it is evident that there 
is qualitative agreement between the theoretical curve and the various experimental 
traverses. The theoretical and experimental values for the statistical weight of fuel are  
in good agreement in the central core region and the differences occurring at larger radii 
may be ascribed to the geometrical model employed in the calculations. 

I 1 I I I I I I I I 
5 10 

0.6 
0 

DISTANCE FROM CENTER OF CORE (IN.) 

Fig. 2.3-Power distributions in PPA-5. The theoretical spherical model curve (dashed) 
is compared with the results of three experimental traverses. The traverse ending at A is 
the direction between two flats of the PPA prism. The traverse ending at B is along the axis 
of the assembly. The traverse ending at C is a diagonal one, though coplanar with the other 

two. 
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In Table 2.2 comparison is made 32 between the calculated and experimental values 
of VFH and FL for gold foils in PPA-5. FH is the fission-spectrum average of the iter- 
ated fission probability, F(r, u); v is the number of neutrons per fission; and FL 'is the 
capture spectrum average of F (r, u). (These terms are  explained in Sec. 7.1.) 

TABLE 2.2-4TERATED FISSION PROBABILITIES IN PPA-5 
Core edge Core center 

Theory Experiment Theory Experiment 

VFH 162 163 a3 107 F, for 0.002-in. gold foil 
98 97 49 69 FL for 0.025-in. gold foil 

All quantities are in dollar units. 
The experimental values at the edge of the core appear too high because the data repre- 
sent an average over the 2-in. diameter foils, which extended 2 in. into the core. 

102 104 51 75 
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2.3 EXPERIMENT vs ONISDIMENSIONAL MULTIGROUP THEORY 

Representation of Control Cylinders 
In representing the rotating-drum-type of reflector control by means of an equivalent 

spherical model the control drums were simulated by the introduction of uniformly dis- 
tributed amounts of boron into the reflector. The boron concentration corresponding to the 
least reactive (0-deg) drum position was  chosen to give agreement in reactivity with the 
safety margin (the amount of k a  by which the reactor is subcritical at shutdown) which 
was predicted on the basis of PPA experiments; while the most reactive (146-deg) drum 
position, where the beryllium face is turned almost completely towards the reactor core, 
was  represented by a reflector which contained no boron. Control drum rotation w a s  
represented by varying the amount of boron uniformly distributed in the reflector. For 
example, in the selection of a spherical model representation of a clean reactor (40 kg 
PPA-18) enough boron was  introduceds5 in the reflector to make the representation 
critical; the amount bore no relation to the actual boron content in PPA-18. 

.Reactivity Coefficients 
Experiments in PPA-18 were made the basis for estimating (as inshap. 19) the fuel 

requirements and endurance for various contemplated loading patterns. The analysis 
relied heavily upon a knowledge of the reactivity coefficients (defined in Sec. 7.1) of the 
reactor materials for the clean and depleted core conditions. Emphasis was placed on 
the perturbation theory evaluation of these reactivity coefficients for comparison with 
experimental values. As a representative example of this type of calculation,Fig. 2.5 
shows a comparisons5 between the theoretical and experimental values of the boron re- 
activity coefficient in the clean PPA-18 as a function of sample thickness at the center 
and core edge. The experimental and calculated values are  in good agreement at the 
core center, while the values calculated for the core edge lie consistently below the 
experimental values. The latter behavior reflects the inadequacies of the spherical 
model. The lower values of the calculated reactiviw coefficient at the core edge is an 
indication of the hardening of the calculated core edge spectrum resulting from the use 
of a uniform reflector boron distribution to simulate the critical control drum settings. 

-2 ----_ 
d' 

SAMPLE THICKNESS ( MOL/CMZ) 

Fig. 2.~-Rcactivity coefficients of boron in PPA-18 (theory vs experiment). 

Gamma-ray Heating 
Much analytical and experimental effort was expended in evaluating the heating 

arising from gamma-ray interactions in a reactor. (See Chaps. 22 and 23.) The gamma- 
ray heating measurements were made in the reflector and blanket regions of PPA-18 and 
-19, and the agreement between experiment and calculation was found'to be quite satis- 
factory. 
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EXPERIMENT VS TWO-DIMENSIONAL. MULTIGROUP THEORY 2.4 
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2' TOP REFLECTOR 
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2.4 EXPERIMENT VS TWO-DIMENSIONAL MULTIGROUP THEORY 

The multigroup formulation was extended to two-dimensional problems in late 1953; 
and PPA-19 was the first critical assembly for which such calculations were performed. 
PPA-19 was a mock-up of a depleted reactor, The core loading was 45 kg of Uass,  and 
the presence of accumulated fission products was simulated by the introduction in the 
core region of 55 moles of cadmium in the form of thin cadmium strips. The fuel load 
was such as to make the assembly just critical with all six control drums in the 106-deg 
position. The results of the two-dimensional (r, z) and/or (rye) calculations will now be 
compared with experimental information on reactivity as a function of control drum 
orientation, on power distribution, and on sodium activation. 

I- 

, <  

I 

Fig. d-Reactor model for (r,z) formulation. In &is figure, N,& and M,AZ locate succeo- 
sive interfaus in the rand z directions. Nj and Mk are integers, while the &r and AZ repre- 

sent respectively the axial and radial mesh spacings. 
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(r, z) Calculations 
A suitable reactor for an (r, z )  calculationsB is obviously one in which angular varia- 

tions are either nonexistent or relatively insignificant so that they can be ignored. In 
PPA-19 the presence of the control drums, and in particular the presence of the B4C in 
the drums, introduces marked angular asymmetries. These asymmetries are minimized, 
so far as the core region is concerned, when the B4C region i s  rotated away from the 
core-reflector interface. This means that the (r, z) formulation is most nearly applicable 
when the control drums a re  in the 180-deg setting. Nevertheless it was possible to apply 
the (r, z) formulation to derive useful information which could be compared with experi- 
mental data obtained when the control drums were in the 1064eg position, as will now be 
described. To eliminate angular dependence in the model, it was assumed that the drums 
were set in the 180-deg position and that in this setting the influence of their boron on the 
core could be ignored. The result was a side-reflector region comprised of the stationary 
reflectors and the non-boron region of the drums. Details of the construction of the re- 
actor model are given in reference 36. A schematic diagram of the resulting model is 
shown in Fig. 2.6. The multigroup calculations were formulated for a reactor model with 
no boron in the reflector and with a core composition corresponding to an experimental 
loading that was critical with all control cylinders in the 106-deg setting. The eigenvalue, 
vc, of the multigroup calculation was 2.44, which is equivalent to an excess reactivity of 
$2.8 (using $1 = .0085 in k). This excess reactivity represents the reactivity change which 
would be brought about by a rotation of all drums from the 106-deg to the- 180-deg setting, 
no change being made in the core composition. This $2.8 excess reactivity is to be com- 
pared with an experimentally derived value of $3.9.'' The latter value was  obtained by 
extrapolating the PPA-19 control cylinder calibration curve (which extended from 106-deg 
to 146-deg) to the 180-deg setting. 



2.4 EXPERIMENT vs TWO-DIMENSIONAL MULTIGROUP THEORY 

(r, z) Calculation of Power Distribution 
The power distribution obtained from the (r, z) multigroup calculation is shown in 

Fig. 2.7. Available experimental information" consists of a number of radial and longi- 
tudinal power traverses. In Fig. 2;8, a cross-section of PPA-19 (106-deg) at the equa- 
torial plane, it is seen that these radial traverses extend from the central fuel slug 0 to 
peripheral slugs E, F, G, and H, respectively. In Fig. 2.9 the power distributions meas- 
ured along these traverses are  plotted on a radial scale which has been normalized to 
unity at the core-reflector interface for each traverse. In addition, the power itself has 
been normalized to unity at the .core center. The calculated radial power distribution in 
the equatorial plane, similarly normalized, is also shown in Fig. 2.9. In Fig. 2.8 the fuel 
slug F is comparatively near the B,C region, while slug H is located in a corner between 
two beryllium reflector surfaces, remote from the B,C region. Accordingly the interface 
values of the corresponding radial traverses are noticeably lower and higher than the cal- 
culated value. As  might be expected from Fig. 2.8, the best over-all agreement between 
calculated and experiment is obtained for the 0-E traverse. 

Measured values for longitudinal traverses represent the power average over the 
2-in. thick slug cross-section. Hence in comparing longitudinal power traverses the 
multigroup results were appropriately averaged. In Figs. 2.10 and 2.11, calculated and 
experimental longitudinal traverses are compared at slugs 0 and T. The agreement is 
reasonable. 

(r, z) Calculation of Coolant Radioactivity 
It was important for the shield design to know the total Na24 gamma activity. Hence 

experiments were performed in the PPA-19 to obbin sodium activation data. The meas- 
ured activities in 30-min runs were corrected to saturation activities, and comparison 
with average regional values obtained from multigroup calculations is shown in Table 2.3. 

10 

18AZ 

- 10 

9 
- 

- 

- 

-0 
20A c 

I 

I 

Fig. 1.7-Power contours in one quarter of  PPA-19 by (r,z) calculations (relative power 
d u e s  only). Ar-1.84 crn, Az- 1.94 cm. 
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EXPERIMENT VS TWO-DIMENSIONAL MUL.l'IGROl.JP THEORY 2.4 

TABLE 2*3--AyEFUGE SATURATED SODIUM ACTWATION IN PPA-19 sB 
Experimental Calculated 

Region (104 disintegrations/sec/mol/watt) 

Core 27 24 
Transition region 42 - 

40 End reflector 
Stationary reflector 30 40 (side reflector) 

30 - Control drum 

30 (topreflector) 

BiC REGION 
Fig. 2.8-A schematic diagrant of the quatonal plane of PPA-19. 
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-CALCULATED TRAVERSE 

0-H 

1 
-0-E TRAVERSE 

$ ~ 0 - 6  TRAVERSE 

NORMALIZED RADIAL DISTANCE 
Fig. ze-Radid dismbutions of power in PPA-rg. 
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2.4 EXPERIMENT vs TWO-DIMENSIONAL MULTIGROUP THEORY 

1.1 I J I I 1 I I I I 
1 

/ 
I 

9 0.8 - 
5 $ 0.7- 

ob d.1 d.2 ;3 i.4 d.5 d.e 0!7 0!8 0:9 Ilo 
NORMALIZED LONGITUDINAL DISTANCE 

Fig. z .x~Axial  distribution of power in PPA-xgalong cenml slug 0. 

1.1 r I I I I I I I I I 

w 

d a 
0.6 - 

o.+ 
T 1 

ob OlI  0'2 013 014 d.5 OI, 017 018 i.9 ,lo 
NORMALIZED LONGITUDINAL DISTANCE 

Fig. z.xx-Longimdinal power distributions along outer slug T. 

Comparison of experimental and calculated values indicates best agreement for the 
core region. This reflects the more accurate representation of the core in the multi- 
group model. For shielding purposes, however, the agreement is satisfactory. 

(r, 6 ) Calculation of Criticality and Power Distribution 

The development of the (r, 0 ) multigroup formulation received impetus from the desire 
to create a technique which would effectively take into consideration the angular dependency 
introduced by the presence of the control cylinders. The application of the (r, 0 ) formula- 
tion to PPA-19 is described in reference 37. The reactor model used in this calculation 
is depicted by the solid lines in Fig. 2.12 while the actual PPA-19 median plane is in- 
dicated by bwken lines and cross-hatching. 
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BOUNDARY 
I - Y O F  PPA 

\ / ’ BOUNDARY \ / 
/ OF MODEL \ 

Fig. 2.12-Median plane of PPA-19 ( 1 4  deg). Regions of model used in ealculatiom mm- 
pared with actual PPA regions. 

.6 I I I I  1 1 1 1  I I I I  1 1 1 ,  

30 40 0 IO 20 
RADIAL DISTANCE, r (cm) 

Fig. 2.13-Radial distribution of power in PPA19. 
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The results of the (rye)  calculation were in excellent agreement with experiment. The 
actual assembly was just critical for the 106-deg drum position and the calculated assem- 
bly was only 28 cents subcritical (vc = 2.506). Comparison between calculated and experi- 
mental power distributions for the traverses from slug 0 to slugs E, F, and H a re  shown 
in Figs. 2.13, 2.14, and 2.15. The calculated power contours in the median plane, indicat- 
ing the effect of the control cylinder boron on the power distribution, are presented in Fig. 
2.16. Finally in Fig. 2.17, relative average sodium activation in the median plane as ob- 
tained by theory and experiment is compared. 

(r,z) Calculations on Central Safety Rod 

The (r, z) multigroup coding was also applied3* to the determination of the effect of 
the B4C secondary safety rod simulated in PPA-19. Two-dimensional calculations were 
performed for an (r, z) model in which the secondary safety was inserted and an (r, z) 
model in which the secondary safety was cocked. The calculated loss in reactivity in 
dollars resulting from the full insertion of the safety rod was obtained from these calcu- 
lations as $3.97. This is to be compared with an experimental value of $2.14. 

I I 1 I I I 1 I I 1 
4 8 12 16 20 24 28 32 36 40 

cm 

Fig. 2.14-Radial distribution of power in PPA-19. 
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Fig. n.15-Radial distribution of power in PPA-19. 
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i EXPERIMENT VS TWO-DIMENSIONAL THEORY 

REFLECTOR 

1.48 

Fig. 2.16-Power contours in PPA-19 median plane by (r$) cdculation (relative values 
only). This figure extends over a differently oriented and more ruaicted portion of the 

median plane than does Fig. 2.12. 
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Fig. z.17-Radial distribution of sodium activation on PPA-19 median plane. 
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2.5 THE PROOF TEST R E A ~ O R  (PTR) 

From a geometrical point of view the (r, z) multigroup formulation was well suited 
for this problem, for the safety rod was a cylinder located on the reactor axis. However, 
since the calculation involved the application of unmodified diffusion-theory boundary con- 
ditions to a centrally located strong absorber, it was to be expected that the calculated 
worth of the safety rod would be greater 3F the experimental value. In this regard it is 
of interest to note that (r,0) calculations of the safety margin in the clean reactor (0-deg 
control drum setting) yield a value of $9.62 as compared to the experimental value of 
$6.3 2 $L40 These results are consistent with the comparison between theory and ex- 
periment obtained in the secondary safety calculation of the preceding paragraph. 

16-Group Calculation for Hydride-Moderated Assemblies 

modification, were performed for three of the zirconium-hydrogen-moderated Prelimin- 
ary Pile Assemblie~.'~ In particular, PPA-27, -28, and -30 were chosen for com- 
parison purposes since these assemblies did not contain peripheral boron and thus were 
more amenable to  the construction of the corresponding spherical models for pre- 
liminary calculations. In constructing the spherical model, the core volume was equated 
to that of the PPA core. The preliminary results are shown in Table 2.4. 

Finally, some l6-group spherical model calculations, using the Selengut-Goertzel 

TABLE 2.4--MULTIPLICATION FACTOR AND CENTRAL CADMNM 
FRACTION FOR PPA-27, -28, AND -304' 

PPA-27 PPA-28 PPA-30 
(Core volume (Core volume (Core volume 

208 liters) 208 liters) 149 liters) 
Calc E T  Calc Exp Calc Exp 

k 1.007 1.0081 0.981 1.0048 0.957 1.0043 
Central cadmium 

fraction 0.25 0.23 . 0.29 0.30 0.22 0.23 

The agreement in k between calculation and experiment for PPA-27 is probably 
fortuitous. The calculated multiplication factor is less than the experimental value, by 
an amount that increases as the cqre volume decreases. Inelastic scattering, which was 
neglected in all the calculations mentioned here, becomes more significant for smaller 
volumes and might account for part of the discrepancy. 

The agreement in the values of the central cadmium fraction is satisfactory. In 
general, the cadmium fraction and normalized power distributions obtained from the 
spherical model were found to be in reasonable agreement with experiment. The greatest 
differences occur near the core-reflector interfaces, indicating the geometrical limitations 
of the model employed. The experimentally observed flat power distribution in the central 
core region was exhibited in the calculated results. 

2.5 THE PROOF TEST REACTOR (PTR) 

The PTR was a low-power critical assembly4*fi3 designed to furnish nuclear informa- 
tion for the power reactor development program which could not be obtained from the PPA. 

The immediate objectives of the PTR program were to assure the safety of the power 
reactor loading and experimental programs, ensure the early and continued safe operation 
of the reactor, and to permit interpretations and evaluations of performance which would 

' not be possible with the power reactor itself. The design, control, and instrumentation of 
the PTR is discussed in Sec. 3.4. It was a vertical assembly which was separable into 
two parts by means of a hydraulic elevator (see Fig. 3.5). About one-third of the fuel 
rods (half-length) were suspended above the elevator, while the rest  of the core, the re- 
flector, and the control cylinders were mounted in the elevator framework. 

the following features: 
The limitations of the PPA in providing detailed design information stemmed from 
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1. The PPA has a fixed tube matrix for the entire reactor. Details of the exact 
geometry of the power reactor core-reflector interface associated with central 
cylinder rotation could not be reproduced in the PPA. 

2. The core construction and fuel element arrangement in the PPA is different from 
that of the power reactor, and the PPA can only accommoate half-length rods. 

The PTR was designed to eliminate these geometrical differences, and the assembly con- 
sisted of a full-scale mock-up of the power reactor expanded to operating temperature. 
It differed from the power reactors in that sodium was replaced by aluminum and mag- 
nesium in the P T q  and the PTR fuel rods were composed of disks and thus differed from 
the power reactor fuel assemblies. 

Some of the provisions of the PTR which permitted a detailed study of the nuclear 
characteristics of each power reactor and allowed for the testing of fuel assemblies, 
control cylinders, and samples of reactor components were as follows: 

1. The dimensions of the PTR core matrix, triflutes, core-reflector interface, and 
reflector components were selected to mock-up the power reactor core as 
closely as possible. 

2. Core and reflector components were easily removed without disturbing the re- 
mainder of the reactor structure, and actual reactor components could be in- 
stalled in the P T R  This included fuel slugs, reflector control cylinders, and 
stationary reflector assemblies. 

vestigation of burnup and its effect on endurance. 

allow detailed investigation of control cylinder effects. 

3. The PTR fuel rod composition could be varied over a wide range to permit in- 

4. The PTR control cylinders could be manually adjusted to any angular setting to 

The fully loaded critical condition of the PTR was achievedM on January 29, 1954. 

1. Proof-testing of reactor control cylinders to ensure that their nuclear properties 
were uniform relative to each other and were consistent with other experiments". 

2. Loading procedure t e s p  . 
3. Calibration of ionization chambers 2-1. 

4. Proof testing of secondary safety rod2?. 
5. Measurement of Doppler temperature coefficients for SIR-type fuel elements". 
The following chapters in this volume of the Handbook discuss experimental infor- 

1. Chapter 15 treats the evaluation of SIR-type reflector control in the PTR. 
2. Chapter 17 discusses the experimental techniques used in the PTR investigation 

of burnable poisons. 
3. Chapter 20 compares nuclear characteristics of the power reactor obtained from 

calculation, PTR experiments, and the actual operation of the reactor. 
4. Chapter 21 discusses power distribution measurements in the P T R  
5. Chapter 28 discusses PTR isothermal-temperature-coefficient measurement. 

Following is a partial listing of some of the experiments which were performed: 

mation obtained in the PTR: 
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Section 2.6 TABLE 2.5--CFUTICAL ASSEMBLY COMPOSITIONS (prepared by M. E. Way) 

CORE PPA-1 PPA-2 PPA-3 PPA-4 PPA-5 PPA-6t PPA-7 PPA-8 PPA-9 PPA-10 PPA-11 

No. of rings* 
Length, in. 
Volume, liters 
% void 
Be/U atom ratio 
Be, kg 

% Vol 

% Vol 

% Vol 

% Vol 

Na, kg 

A4 kg 

Fe, kg 

Stainless Steel, kg 

UZs5, kg 

U2=, kg 

Fuel thickness, in. 

% Vol 

% Vol 

% Vol 

END-REFLECTOR 

Thickness, in. 
Volume, liters 
%I Void 
Be, kg 

O/n Vol 

5 
16.5 
- 
- 

218 
87.8 

0 

3.4 

24.3 

- 
- 

- 
- - 

10.5 - 
- - 
- 

6 
20.1 

-112 
15.7 

134 
161.2 

0 

< 2  

39.4 

- 
- 
- 
- 
- - 

31.3 

1.6 

0.020 

- 
- 

5 
17.2 - 62 
15.7 
48 
77.4 

6.2 
- 
- 

< 2  - 
17.3 - 
- - 

42.4 

2.2 
- 
- 

5.5 5.5 
18.6 18.6 
85.0 85.1 
15.5 15.5 
45 33 
82.7 72.6 

19.2 24.2 
-. - 
.. - 

< 2  <2 - 
29.2 30.0 - - 
- - - - 

47.5 58.1 

2.6 3.1 

- - 
- 

0.020 0.020 0.020 

- - - e  (No end reflector)- - - - 

5.5 5.5 
17.1 17.1 
78.0 78.0 
6.2 6.4 

45.4 23.6 
78.7 60.3 
54.6 41.8 
12.0 17.7 
15.8 23.4 
13.9 13.9 
6.5 6.5 
5.8 7.5 
1.0 1.4 

82.6 102.0 
12.6 15.8 
45.2 66.6 
3.1 4.6 
2.4 3.6 
0.2 0.2 

7.6 
27.4 
5.0 

6.5 
17.1 

111.9 
6.3 

50.1 
112.1 
54.1 
18.5 
16.9 
19.9 
6.5 
9.0 
1.0 

113.8 
12.4 
58.3 

3.1 
0.2 

2.8 

7.6 - 
27.4 39.3 
5.0 5.1 

6.5 
18.1 

118.6 
6.4 

55.2 
119.5 
54.4 
18.2 
15.8 
21.1 
6.4 
8.8 
1.0 

130.4 
13.4 
56.4 
2.6 
3.0 
0.1 

7.2 
36.9 
5.7 

5.5 
18.1 
86.0 

6.0 
4.13 

19.9 
12.5 
32.9 
39.4 
15.3 
6.4 

14.5 
2.2 

191.5 
25.4 

125.4 
7.8 
6.7 
0.4 

7.2 
27.0 
6.2 

5 
17.1 
62.6 
7.4 
1.73 
8.2 
7.1 

24.3 
40.0 
11.1 
6.4 
1.2 
2.2 

130.5 
25.8 

123.6 
10.6 
6.5 
0.6 
0.040 

9.7 
28.1 
5.3 

35.8 35.8 51.3 47.4 34.1 27.6 
‘70.3 70.3 70.4 69.2 68.2 52.9 . - _ _  .- - 

* The rings refer to concentric hexagonal annuli of tubes containing the PPA elements. Ring 1 is the central tube, Ring 2 is the 

t PPA-6 was subcritical. 
six tubes around the central tube, etc.; see Fig. 23.3, Of Chap. 23. 
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TABLE 2.5 (Continued) 
END-RE FLECTOR 
(Continued) PPA-1 PPA-2 PPA-3 PPA-4 PPA-5 PPA-6t PPA-7 PPA-8 PPA-9 PPA-10 PPA-11 

2.8 
10.6 
5.0 
6.6 
1.4 
0.6 

14.9 
6.8 

2.8 
10.6 

5.0 
6.6 
1.4 
0.6 

14.9 
6.8 

4.0 4.0 
10.6 11.2 
7.2 6.7 
6.6 6.6 

3.0 
11.6 
4.9 
6.6 
1.5 
0.7 

14.6 
6.8 

6.8 
24.7 
5.2 
6.6 

'r VI VI 

r: - 
m 
L: 2.0 

0.6 
2.0 
0.7 

20.0 
6.7 

3.3 
1.5 

21.3 
6.7 

20.4 
8.9 

Stainless Steel, kg 
% Vol 

SIDE-REFLECTOR 

None 1 1.5 1.5 
- 

21.0 
143.4 - 

- - 
6.6 

46.9 

1.5 1.5 1.5 1.5 
65.3 
5.7 

90.6 
74.9 

1.5 
52.2 
5.7 

74.2 
76.7 
2.2 
4.2 
9.3 
6.4 
0.99 
0.25 

28.2 
6.7 

1.5 
49.3 
5.6 

67.2 
73.4 
3.5 
7.4 
9.0 
6.4 
1.7 
0.44 

10.9 
6.8 

No, of rings 
Volume, l i ters 
% Void 
Be, kg 

Na, kg 

A4 kg 

Fe, kg 

Stainless Steel, kg 

% Vol 

% Vol 

% Vol 

% Vol 

?6 Vol 

52.4 52.4 61.6 
5.8 5.8 5.7 

- - 
21.7 21.0 
71.3 143.4 - - 72.7 

77.0 
72.7 
77.0 

88.0 
77.0 

76.8 - 
1.9 
3.7 
9.3 
6.6 
0.91 
0.22 

1.9 
3.7 

2.2 
3.7 

3.7 
5.8 

0.416 

3.0 

19.0 

- 
- 

- 
1.9 

25.4 
- 9.3 10.9 11.6 

6.6 6.6 6.4 
0.91 ' 1.08 1.79 
0.22 0.22 0.35 

28.5 28.5 33.4 
6.8 6.8 6.7 

35.4 
6.7 

BLANKET 

Material Pb U U U U U U U U U - - Thickness, in. - 12 12 12 - - 
End, % Vol - - - - - 17.0 25.2 17.1 18.8 48.9 53.6 
Side, % Vol - - - - 69.5 69.5 56.3 55.1 66.7 56.5 t? 



TABLE 2.6--CRITICAL ASSEMBLY COMPOSITIONS (prepared by M. E. Way) 
0 
N 

CORE PPA-12 PPA-14 PPA-15 PPA-16 PPA-17 PPA-18 PPA-19 PPA-20 

* * * * * No. of rings 8 8 >9 
27.9 30.5 30.5 27.4 27.4 27.4 

- 293.9 326.3 326.3 - 
Core length, in. 27.2 27.2 
Core volume, liters 27 2 27 2 299.3 

Be/U 

11.2 14.9 14.9 14.2 12.7 11.2 % Void 4.7 4.3 

Be, kg 

137.5 
278.8 - 51.9 

84.5 73.0 88.5 77.2 - 14.9 
80.5 80.5 90.4 103.6 - 13.2 

183.4 - 7.8 
40.0 40.0 45.2 51.7 

- 0.9 
2.7 2.7 3.0 3.5 

- 0.1 

157.4 
272.8 

178.5 195.8 187.2 206 206 187.2 

317.2 287.8 272.1 272.1 294.0 317.2 
54.3 54.3 53.1 52.6 52.6 
89.3 95.1 89.2 84.5 

Mg, kg 18.9 20.1 17.1 14.9 14.9 

ao. 1 73.2 80.5 80.5 

221.5 221.5 179.3 204.2 Stainless steel, kg % Vol 10.4 10.4 7.6 7.8 7.8 
U2=, kg 39.8 36.3 40.0 40.0 

0.8 0.7 0.7 0.7 
UZs8, kg 2.9 2.7 2.7 2.7 

- % Vol 

% Vol 

% Vol 

- 
- A4 kg 10.9 10.0 10.0 9.1 9.1 

183.7 204.2 165.4 .. 

- - * % Vol 

‘ %Vol 
Fuel thickness, gm/cm2 0.123 0.123 0.123 - - - 
Cadmium, kg 1.7 

- c 0.1 0.1 0.1 0.1 
- 

- 6.4 7.1 5.9 1.0 

SIDE-REFLECTOR 

402: 6 
216.8 

9.85 12.9 12.3 12.3 11.7 10.6 11.3 

402.6 
216.8 

401.3 402.6 402.6 402.6 
- - 216.8 216.8 216.8 216.8 

367 Volume, liters Rot $ 

% Void Rot? $ 
stat 

stat - - 11.9 11.9 11.9 10.3 7.9 7.9 

* All cores beginning with PPA-15 had the rotating reflector control mock-up and an irregular core reflector boundary, 

t Per  cent voids apply only to the Be-Mg-SS portions of the control cylinders. 
Rot = portion of reflector simulating rotating control cylinder. 
Stat = stationary portion of reflector. 

$ PPA-12 had a partial side reflector. See Sec. 2.2 of text. 

n (See Fig. 15.1.) 

m 5 
7: 
H 

_ _ _ _  .-*-- ----h -.- - . -  h -- - -  -- 
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TABLE 2.6 (Continued) 

SIDE-RE FLECTOR 
(Continued) PPA-12 PPA-14 PPA-15 PPA-16 PPA-17 PPA-18 PPA-19 PPA-20 

- 599.7 601.6 601.6 610.2 6 18.4 613.1 
325.9 325.9 325.9 334.5 343.8 343.8 - - Be, kg Rot $ 

Stat 
Rot 
Stat 

30.6 - 14.1 
7.3 

14.1 
7.3 

14.1 
7.3 

14.1 
7.3 

14.1 
7.3 

14.1 
7.3 

Stainless Steel, 
kg Rot 

Stat 
126.1 - 178.0 

74.8 
179.5 
74.8 

179.5 
74.8 

138.5 
74.2 

138.5 
74.2 

138.5 ’ 

74.2 

Control 
Cylinder 
Position 66 deg 146 deg 106 deg 66 deg 

END-RE FLECTOR 

Thickness, in. Fixed 

Volume, liters Fixed 
Movable 

Movable 

14.8 - 14.8 - 
148 - 

14.1 

130.6 

30.2 

153.1 

27.0 

- 

- 

- 
- 

- 

8.7 
8.3 

69.7 
68.2 
23.3 
25.6 
81.7 

11.0 
23.4 

63.8 

8.7 
8.3 

69.7 
68.2 
23.3 
25.6 
81.7 
63.8 
11.0 
23.4 

8.0 
7.8 

85.2 
84.1 
16.2 
20.7 
94.9 
80.2 
26.4 
33.8 

7.8 
7.7 

85.6 
82.9 

7.8 
7 .‘7 

83.6 
82.9 
11.8 
8.3 

79.0 
64.7 
47.6 
64.2 

148 - 
% Void Fixed 

Movable 
Fixed 
Movable 
Fixed 
Movable 

4.9 - 4.9 

180.8 

63.4 

- 

- 
- 

11.8 
8.3 

79.0 
64.7 
47.6 
64.2 

108.8 

63.4 

- 
- 

’0 
V > 

Stainless steel, 
kg Fixed 

Movable 
51.2 51.2 53.3 24.1 24.1 29.2 32.1 

23.3 23.3 31.4 32.5 - - - 32.1 
32.5 

$ PPA-12 had a partial side reflector. See Sec. 2.2 of text. 
Fixed = Fixed half of PPA. 
Movable = Movable half of PPA. 



BERYLLIUM -MODERATED 
CORE PPA-21Ab PPA-25 PPA-26 

No. of rings 
Length, in. 
Volume, liters 
Sb Void 
Be/U atom ratio 
Be, 

kg 
% Vol 

Mg, 
kg 
% Vol 

H/U 

kg 
% Vol 

kg 
% Vol 

kg 
% Vol 

kg 
96 Vol 

Polyethylene, 

Zr, 

A 4  

ss, 

u 2 3 5  
9 

HYDRIDE -MODERATED 
PPA-27 PPA-28 PPA-29 PPA-30 PPA-31 PPA-32 

kg 
i2 % Vol 

8 
27.9 

273.3 
13.1 
92.9 

220.6 
43.7 

98.4 
20.7 
- 
- - 
- 
- 

124.2 
16.5 

93.9 
4.3 

61.9 
1.2 

7 
27.7 

208.2 
15.1 

113.7 

206.6 
53.8 

- - 
- 
- - 
- - 

95.4 
17.3 

211.3 
13.3 

47.4 
2.0 

7 
27.7 

208.2 
15 

113.7 

206.6 
53 

- - 
- 
- - 
- - 

95.4 
17.3 

211.3 
16 

47.4 
2.0 

7 
27.7 

208.2 
14.3 
- 
- - 
- 
- 

12.0 

17.0 
9.1 

217.4 
16.4 

244.9 
45.7 

211.3 
13.3 

47.4 
1.2 

7 
27.7 

208.2 
12.0 
- 
- - 
- - 

15.3 

21.6 
11.4 

217.4 
16.4 

244.9 
45.7 

21 1.3 
13.3 

47.4 
1.2 

* 7  
27.7 

208.2 
14.3 
- 
- - 
- - 

10.4 

17.0 
9.1 

217.4 
16.4 

253.3 
45.7 

211.3 
13.3 

54.2 
1.2 

6 
27.7 

149.2 
14.2 
- 
- - 
- - 

12.1 

17.1 
12.7 

218.4 
23.0 

123.0 
31.0 

203.3 
17.1 

47.2 
1.7 

6 
20.5 

110.4 
15.2 
- 

- - 
- - 

12.1 

17.1 
17.2 

63.5 
9.0 

100.8 
34.5 

189.5 
21.6 

47.2 
2.4 

6 
20.5 

110.4 
14.2 
- 

- - 
- 

21.9 

21.8 
22.0 

115.5 
16.4 

73.0 
26.0 

181.9 
20.7 

33.5 
1.7 

m * The first of a series of minor modifications of PPA-21. 
W 
u 
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CORE BE RY LLNM -MODE RATED 
PPA-21A* PPA-25 PPA-26 

HYDRIDE -MODERATED 
PPA-27 PPA-28 PPA-29 PPA-30 PPA-31 PPA-32 

BERYLLIUM -MODERATED 
SIDE REFLECTOR PPA-21A* PPA-25 PPA-26 

No. of Rings 
Volume, liters 
% Void 
Be, kg 
ss, kg 
Poison t 
Poison Distribution 
$ of Poison 

HYDRIDE -MODERATED 
PPA-27 $PA-28 PPA-29 PPA-30 PPA-31 PPA-32 

4 
518.1 
13 

793.4 
184.1 

B,Ct 
curtain - 12 

4 
463.5 
12.8 

710.3 
159.2 

4 
463.5 

12.8 
710.3 
159.2 

B4C 
interface 

8.4 

4 
463.5 

12.8 
710.3 
159.2 

4 
463.5 

12.8 
710.3 
159.2 

- 

4 
463.5 
12.8 

710.3 
159.2 

B t  

3.0 
curtain 

4 
409.0 

12.8 
627.4 
141.8 

- 

4 
409.0 

12.8 
627.4 
141.8 

B, B4 c 
distributed 

5.6 

4 
409.0 
12.8 

627.4 
141.8 

B 
distributed 

2.5 

END REFLECTOR 

17.5 
175 
13.5 

140.5 
117.6 

- 
61.3 

17.4 
130.8 
12.8 

104.7 ' 
- 

134.7 
45.3 

17.4 
130.8 
12.8 

104.7 
- 

134.7 
45.3 

17.4 
130.8 
12.8 

104.7 
- 

134.7 
45.3 

17.4 
130.8 
12.8 

104.7 
- 

134.7 
45.3 

17.4 
130.8 
12.8 

104.7 
- 

134.7 
45.3 

17.4 
93.7 
12.8 
75.2 
- 

97.3 
30.8 

17.4 
93.7 
12.8 
75.2 

97.3 
30.8 

17.4 
93.7 
12.8 
75.2 
- 

97.3 
30.8 

* The first of a series of minor modifications of PPA-21. 
t B indicates boron in pyrex rods; B4 C, stainless steel tubes filled with B & powder. 

Total of 2 equal reflectors. 

-0 
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3.1 

Chapter 3 

DESIGN OF CRITICAL ASSEMBLIES 

F. G. LaVlOLETTE 

OBJECTMS AND REQUIREMENTS O F  CRITICAL ASSEMBLIES 

Critical experiment programs have been found to be valuable during at least three 
distinct stages in the design and construction of a power reactor. These stages are: 

1. The exploratory study of new reactor design concepts, 
2. The development of design details, 
3. The proof-testing of the completed reactor components. 

Different types of assemb€ies are needed at the different stages. A critical assembly 
designed for development studies or for proof-testing may be completely inadequate for 
exploratory studies, and vice versa. 

In general, the design choice for an exploratory critical experiment program should 
emphasize economy, flexibility, and speed for setting up and changing experimental con- 
figurations. During the early phase of a reactor design program, it may be necessary to 
investigate reactor designs having radically different sizes, geometries, and composi- 
tions. Different types of control systems may be studied, and the gross power distribu- 
tion characteristics may be of interest. Not only must the assembly be able to accom- 
modate this variety of design conditions, but it must be able to do it easily and quickly. 
Inla reactor design program, reactor engineers are frequently waiting for physics re- 
sults in order to make design decisions, a fact which places a premium on speed of 
experimentation. As a rule, the fine details of these design problems are relatively 
unimportant, so that the accuracy of the mock-up can be sacrificed for versatility and 
flexibility. 

Experience has indicated that an assembly consisting entirely of solid material is 
superior to a liquid-containing assembly for these investigations, even though the coolant 
in the power reactor is usually a liquid. The use of solid materials is not only advan- 
tageous in achieving flexibility, but it also makes it easier to reproduce the reactivity in 
successive experiments. Reactivity-coefficient experiments which require accusate re- 
activity measurements are usually very valuable in the exploratory program, and thus re- 
activity reproducibility is very important. 

The size of the components in the flexible critical assembly is often chosen as a 
compromise between reliable experimental results and a minimum number of components 
to handle in the assembly operations. Large reactor components (e.g., fuel elements, 
moderator components, poison elements) make assembly operations easy and fast. How- 
ever, the larger components make it more difficult to simulate fine geometry details 
carefully. In particular, self-shielding effects and flux inhomogeneities can be large if 
the components become too large. These difficulties can be eliminated somewhat by 
investigating the reactivity- or flux-distribution effect of substituting some more pre- 
cisely designed fuel rods for a few of the large component rods. 

In general, the less accurate results from coarse mock-ups were justifiable to 
achieve flexibility and versatility in the exploratory program for intermediate reactors. 
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3.2 APPLICATIONS AND GENERAL FEATURES 

The Preliminary Pile Assembly @PA), which will be described in Sec. 3.3, is an ex- 
ample of a critical assembly which has been used for exploratory reactor design 
programs. 

The development program demands more precise information on design details. 
Hence the critical assembly for this program must have design features which approxi- 
mate the power reactor design quite closely wherever the nuclear physics characteris- 
tics may be important. The control elements, in particular, must be simulated quite 
accurately in the critical assembly which is used for development studies. However, 
unlike the mock-up of water-cooled reactors in which the use of water critical assem- 
blies is dictated for this phase of the program, sodium-cooled reactors can be simulated 
by all-solid assemblies, with magnesium or aluminum, for example, to mock the sodium. 
This is possible because the sodium has a relatively small effect on both the reactivity 
and the flux distribution in the reactor. 

The Proof Test Reactor (PTR), which will be described in Sec. 3.4, and which was 
used in the design studies of the power reactors as well as for nuclear proof testing of 
power reactor components, is typical of a critical assembly which was designed for 
development investigation. In this assembly, reflector and control elements could be 
mocked in considerable detail, but there was still some flexibility maintained in the 
core. An essential requirement for the PTR design was that it provide a means for 
substituting power reactor components for critical assembly components to ensure 
design and fabrication procedures. 

Since critical experiment operations involve frequent design changes which usually 
result in reactivity changes, the problem of safety is important. For this reason, care- 
ful consideration must be given to the design of the critical assembly to ensure safe 
operations. Some of the requirements for safety are as follows: 

1. Loading - The reactivity margin below critical during shutdown operations 
should be substantially larger than any reactivity changes which might conceiv- 
ably result from assembly rearrangements. 

2. Instrumentation - Neutron detector systems should be ready for monitoring and 
'for'activating alarm and automatic shutdown mechanisms when either the power 
level or  the reactor period becomes abnormal. 

3. Interlocks - The control and safety system should be designed to limit opera- 
tions to a safe sequence by interlocks in the system. 

4. Rate of reactivity increase - Provision should be made for limiting the rate of 
reactivity increase to values which permit adequate time for operator action and 
automatic shutdown in the event of an experimental error  or equipment mal- 
function. 

5. Fast shutdown - The automatic monitoring and scram system should be capable 
of reducing the reactivity rapidly and reliably in the event of an unusual power 
level or reactor period condition. 

6. Fail-safe design - All equipment, particularly that involving the control system, 
should be designed so that no single failure can lead to an increase in reactivity 
or  an unsafe condition. 

3.2 APPLICATIONS AND GENERAL FEATURES 

As  is implied in the preFe-diiiiiiction, the PPA is a flexible reactor with respect to 
changes in composition and geometry. It is therefore ideally suited to basic design in- 
vestigations leading to determinations of critical mass, control range, endurance, spec- 
trum, and power distribution as well as for materials testing. The PPA has been used 
for the investigation of 37 different assemblies ranging in spectrum from thermal to 
fast intermediate. Details of the composition of these assemblies are given in Chap. 2. 

The PTR was constructed to the dimensions of a hot power reactor with provisions 
for installation of actual power reactor components in the core and reflector regions. 
The uses of the PPA and the PTR assemblies in the reactor design program are told 
in Chap. 2. 

Both the PPA and PTR facilities embody the following general features: 
1. A mechanism separating the reactor into two roughly equal portions far enough 

apart to reduce the reactivity of the assembly far below criticality. This en- 
sures a safe margin for manual loading procedures. 
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THE PRELIMINARY PILE ASSEMBLY (PPA) 3.3 

2. Rapid-action safety rods. 
3. Control rods for fine adjustments of reactivity during approach to, and mainte- 

nance of, criticality. 
4. A shielded cell or enclpsure to protect operating personnel both during normal 

operations and in the event of a power surge. 
5. A remote control panel for operation of the assembly. 
6. An instrumentation and control system for reactor monitoring, for safety inter- 

locks that delineate operating procedure, and for automatic safety shutdown. 
The normal procedure for a reactor experiment consists of two steps: loading and 

achievement of criticality. 
The loading step involves manual repositionhg of the reactor fuel to prepare for 

the particular test under way. This & done with-thereactivity fully reduced and with 
interlock circuits arranged to prevent operation of reactor controls. In this condition, 
it is safe from the standpoint of reactivity effects for personnel to work at the core 
interface, between the two halves. However, the normal operating power level of the 
assembly must be kept as low as possible to minimize the resictual radiation from the 
core during loading. Power levels of about 1 watt are sufficiently low to permit per- 
sonnel access lb min after shutdown. 

is done with the shield cell closed and with interlock circuits arranged to permit only a 
predetermined sequence of reactivity control changes. During this step the critical posi- 
tion of calibrated control elements is determined, or else a constant power level is held 
f e r  sampIe activation, depending on the test being run. 

Achievement of criticality is carried out by remote operation of the reactor. This 

3.3 THE PRELIMINARY PlLE ASSEMBLY (PPA) 

Structure 
The PPA, Fig. 3.1, consists of two similar tube bundles mounted on a horizontal 

axis, each containing one-half of the core and reflector regions of the reactor. One 

Fig. 3.1-The Preliminary Pile Assembly (PPA) with halve separated. 
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3.3 THE PRELIMINARY PILE ASSEMBLY (PPA) 

Fig. 3.2-PPA slug, showing diiks of vuious m o r  materials. Scale is in inches. 

bundle, mounted on a screw-driven plate, cp be moved toward or away from the other. 
The separation of the two halves effects a reactivity change of about $30 for loading 
safety. (See Sec. 2.2 for the definition of the unit of reactivity called the dollar.) 

The reactor materials (uranium-aluminum alloy fuel, beryllium, magnesium, 
stainless steel) are in the form of disks of various thickness placed on a steel rod to 
form rods or slugs, Fig. 3.2, which f i t  into the aluminum or stainless steel tube matrix. 
There are in addition beryllium triflutes, Fig. 3.3, which f i t  into the interstices of the 
tube matrix. 

Control 

powered by an amplidyne-controlled d-c gear-motor (lower left of Fig. 3.1) with slow- 
down limit switches built into the movable bed mechanism. This system automatically 
reduces the rate of increase of reactivity as the assembly is closed. The rate of in- 
crease is kept at 5$/sec per dollar below critical. (A logarithmic reactivitq increase 

The drive screw mechanism for moving the two halves of the reactor together is 

-- 
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Fig. 3.3-PPA beryllium aiflutc 

I 

I 

I 
CHAPTER 3 i 



TEE PRELIMINARY PILE ASSEMBLY (PPA) 3.3 

rate of 0.05 has been adopted in KAPL critical-assembly operating practice as a rough 
safety criterion. This rate produces a subcritical reactor period of about 20 sec.) 

Control, safety, and source rod drive mechanisms are mounted on support plates at 
the rear faces of the tube bundles, Fig. 3.1. The control and safety drive mechanisms 
can be arranged to move either regular PPA-type fuel rods or boron or cadmium poison 
rods. 

The number and location of safety rods in the two matrices are selected to provide 
a total reactivity change of $1.25 to $1.50. Rates of reactivity increase on the safety 
rods are limited to about 2O$/sec by interlock circuits and by mechanism cocking speeds. 
The safety mechanisms are  designed to provide a reduction of reactivity at rates as rapid 

Two to four control mechanisms moving one or two rods each are used to provide 
control from 609 to 909 of reactivity. The rate of reactivity increase on these control 
rods is limited to 1 or- 2$/sec. Control rod positions are indicated at the control 
panel by a vernier dual-selsyn system. 
rod positions corresponds to a reactivity of the order of O.Ol$,  Usually other factors, 
such as errors  in observing exact criticality, perturbation of control rod calibration by 
experimental changes, and buildup of photoneutron sources, actually limit the accuracy 
of reactivity determinations to about 0.19. 

as $5 to $10 per second. .---__ - 

The precision of setting and reading the control 

. 

All control mechanisms are designed to fail in a safe manner. A storage battery 
supply furnishes power to drive the PPA halves apart in case of power failure. The 
safety rods are driven to their least reactive position by mechanical springs when the 
current to the holding coils is interrupted. 

A polonium-beryllium neutron source of about lo6 neutrons/sec is used to provide 
an initial neutron flux in the reactor even with the reactivity M y  reduced by the loading 
safety mechanism. The source may be withdrawn from the core to the back of the re- 
flector by remote control to avoid errors  which it may produce in the determination of 
criticality. 

Interlock circuits incorporated in the control system impose the followinglimita- 

1. Before the halves of the assembly can be moved together to increase reactivity 
tions on the operating sequence: 

a. the source must be in the core (to be pulled out later), 
b. the control rods must be in their least reactive position, 
c. the safety rods must be cocked in the most reactive position, and 
d. the reactor shield cell must be closed. 

sembly are completely closed. 
2. Reactivity can be increased with the control rods only after the halves of the as- 

Instrumentation 
The following nuclear control instrumentation is used on the PPA. 
1. Three BFS -filled current ionization chambers with associated electronic cur- 

rent amplifiers and trip circuits. These provide meter readings and electrical 
output signals proportional to the neutron flux or power level of the reactor. 
Signals exceeding twice the full-scale meter reading operate the trip circuit and 
initiate reactor scram. 

2. A fourth BF,-filled current ionization chamber with an electronic log response 
current amplifier operating in conjunction with a differentiating amplifier. This 
provides a meter reading and output signal proportional to the inverse pile 
period. This also drives a trip circuit set to cause reactor scram on periods 
of less than 20 sec. 

3. Four neutron pulse counter sets that have either B'OF, -filled pulse chambers or 
B" -lined proportional counters. These counters are used in approaching criti- 
cality and for subcritical reactivity measurements. 

Experimental Considerations 
The uranium-aluminum allov fuel disks for the PPA contain 35 per cent bg'weight of 

uranium enriched to -90 per  cent U235. Two 0.040-in. thick disks (of diameter 1.96 in.) 
a r e  located at each fuel position to provide about the same self-shieldinp as exists in the 
power reactor fuel elements. 

- 
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3.3 THE PRELIMINARY PILE ASSEMBLY (PPA) 

The PPA does not contain sodium; the sodium coolant is mocked by aluminum and 
magnesium disks. These are used in the proper amount to provide a reactivity contri- 
bution e q 9  to that of the power reactor sodium as deter’hined by tests of sodium 
samples in the PPA. 

and solid boron carbide rods arranged in six hexagonal patterns at the corners of the 
core lattice, a8 can be seen in Fig. 3.4. These are  similar in size and position to the 
control cylinders. The detailed characteristics of control cylinders were studied in a 
special “single-cylinder” mock-up (the hexagon that is farthest to the right in Fig. 3.4) 
having B4C poison rods. 

Study of the depleted reactor is facilitated by mocking fission-product poisons with 
thin cadmium strips inserted in the interstices of the tube bundle and by removing some 
fuel disks to simulate fuel depletion. 

The reactor control cylinders are mocked up in the PPA by beryllium reflector rods 

Fig. 3.+%nulation of reactor control cylinders in the PPA. On the hexagonal face of the 
PPA midplane are outlined six smaller hexagoris, each of which endoses a control cylinder 
modr-up. One “control cylinder” (farthest to the right, about half-way up the PPA face) 
contains poison rods similar in size and cornpition to those to be used in the rcactqr bcmg 
mocked-up. The disks labelled MD are urds of “moderator” 6.c. beryllium and steel) slugs. 
Thoselabelled R are the ends of “reflector” slugs (mostly beryllium). The core slugs are 

numbered according to a pit ional scheme in use at the time. 

I 
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3.4 THE PROOF-TEST REACTOR (PTR) 

Structure 
The entire PTR reflector and core structure and most of the fuel rods are mounted 

vertically on a 25-ton hydraulic elevator, Fig. 3.5. Fuel rods containing one-sixth of 

THE PROOF-TEST REACTOR (PTR) 3.4 

1. Elevotor 
2. Bottom (movable) portion of PTR 

3. Motrix plate suppod 
4. Top suppod plate 

1. Alignment p h e  
8. Control rods 

9. Control drive mechanism 

10. Rendor conhol cylinder 
5. Suspended fuel rods 
6. Core rnofrix plate 

11. Beryllfum reflector 
12. Core rods 

Fig. 3-5-Thc Pmof Tat Reactor (PTR) facility sketched in a cutaway view. 
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the fuel and core materials are suspended from a tower above the elevator, Fig. 3.6. 
As the elevator is raised the suspended fuel rods enter the core and complete the as- 
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F i i  +Top (srawnary) portion af PTR core, hanging from the topsupport plate and 
containing onwixth of the core. The thrtc longer rods are full-core-length fuel rods that fit 
into t h e  d s s  tubes in the lower portion of the assembly. As the elevator is lowered, three 
B& rods are driven into thae  three tubes as an additional safety mechanism (see text 

on Control). 
sembly, Fig. 3.7. The reactor is subcritical by about $20 when the elevator is down, 
so that manual changes may be made safely. 

I 

. .  

* 

Fig. 3.7-PTR in operating p i t i o n ,  the two “halves” together. Dials indicate PTR control 
rod positions. 
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I 

Control 
Safety during PTR loading is ensured by two separate mechanisms. n e  first is 

that provided by the relative motion of the suspended fuel rods and core matrix de- 
scribed above; this contributes approximately $10 of reactivity change. The second 
loading safety mechanism contributes an additional $10; it involves three core-length 
B,C rods which are mechanically driven into the core, as the elevator is lowered, by a 
linear geneva mechanism coupled to a control rail on the elevator shaft. As the elevator 
rises, the elevator speed is automatically reduced by the operation of a series of limit 
swit'ch&kind run-off trolleys which successively reduce the pumpine c >yc.  
elevator hydraulic drive system. In this way the rate of reactivity iricueaisa is limited 
to 5$/sec per dollar subcritical. 

Control rod, safety rod, and source drive mechanisms are mounted in a compart- 
ment immediately below the reactor lower support plate. Five groups of fuel-containing 
safety rods (a total of 16 rods of half-core length) provide a total reactivity change of 
about $2. The mechanisms limit the rate of safety-rod reactivity increase to about 
15$/sec and provide reactivity reduction at a rate of $lO/sec. 

Three groups of fuel-containing control rods (tot& of 10 half-core-length rods) 
provide a total fine control range of about 90$. The associated mechanisms and inter- 
locks limit the rate of reactivity increase to about 2$/sec. The precision of setting for 
the control rod positions is about 0.0029. The same factors which were mentioned for 
the PPA usually limit the accuracy of reactivity determinations to about 0.19. The 
control rod positions a re  indicated by three large revolution counters mounted on 
the elevator below the reactor, Fig. 3.7. This counter indication is visible from the 
control room through a shield window when the reactor is raised. 

The PTR has a Po-Be neutron source which emits about lo' neutrons/sec. This 
source is sufficiently strong to activate period-measuring instruments when the reac- 
tivity is far below critical. Thus the period trip when set to operate at a 20-sec 
period establishes a limit on the subcritical rate of increase of reactivity at a value of 
about 5$/sec per dollar subcritical. 

control system as were described for the PPA. 

of the 

Interlock circuits impose the same limitations on the operating sequence in the PTR 

Instrumentation 
The PTR nuclear instrumentation is similar to that of the PPA witp the exception 

that individual channel relay trip circuits are replaced by a single multichannel dual- 
bus electronic-trip circuit. The normal operation of this system is independent of any 
relay functions and is therefore highly reliable. 

The neutron-sensitive instrument complement includes: 
1. three zero-stabilized amplifier systems (providing power level trip) amplifying 

2. two log and period amplifier systems (providing period trip) similarly acti- 

3. four neutron pulse counter systems. 

the current from three BF3 ion chambers, 

vated, 

Experimental Considerations 

responding cold power react0.r components. However, the PTR matrix tubes are 
mounted in an expanded array corresponding to the size of the hot reactor core. This 
provides clearances between tube and triflute components sufficient to permit easy 
removal and exchange of parts for experiments. 

The PTR fuel rods are stacks of flat disks of beryllium, stainless steel, fuel, and 
magnesium (to simulate sodium), held in thii-walled stainless steel tubes. The fuel is 
an alloy of 35 percent (by weight) of uranium in aluminum, the uranium being enriched 
to-90 percent in U235. The fuel disks, which have a thickness of 0.040 in. and a di- 
ameter of 1.60 in., are  generally stacked in layers three disks thick to provide self- 
shielding similar to that in the power reactors. 

dition, fuel elements may be installed with sodium contained in a sealed matrix tube. 

All PTFt core and reflector components are manufactured to the size of the cor- 

The disk-type PTR fuel rods can be replaced by regular reactorfuel slugs. In ad- 
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Provision has been made for insertion of samples in certain triflute spaces and in 
special fuel rods with axial sample holes. Cadmium-plated sleeves can be installed in 
the 0.03-in. annular spaces between PTR fuel rods and the matrix tubes to mock 
fission-product poisons. 
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Chapter 4 

INVERSE -MClhTIPLICATION TECHNIQUES 

H. B. STEWART, F. 6. LaVIOLETTE, and T. 1. KRIEGER 

4.1 REACTOR MULTIPLICATION 
I 

I 

The technique of measuring reactor multiplication is an important one in reactor 
operation since it is frequently used to indicate the approach to criticality during reactor 
loading. Multiplication techniques also provide an important means for measurement of 
reactivity changes in critical experiment work. 

steady source of neutrons is supplied to the core. The reactor assembly then serves as 
a multiplying medium to enhance the neutron f lux produced by the source. The neutron 
flux is measured with detectors placed in or near the assembly. In any quantitative 
measurement of flux level the souxce distribution, the geometry of the assembly, and 
the properties of the detectors are important factors which must be taken into account. 

The multiplication of an assembly, M, is defined as the ratio of the t o m  number of 
fission energy neutrons appearing per unit time in the assembly to the number which 
would appear in a fictitious assembly identical in every respect to the assembly in 
question except that the fuel is replaced by a completely inert material which neither 
scatters nor absorbs neutrons. From the definition of M it follows that 

A subcritical reactor will produce a neutron flux at a measurable level only if a 

M = (F + S)/S 
where S is the source strength, F/v is the fission rate in the assembly in question, and 
v is the number of neutrons emitted per fission. 

In practice, however, it is not the reactor fission rate that is measured, but the 
neutron flux response of a particular detector at a particular location. There are thus 
disturbing effects due to core leakage, to the spectrum and spatial distribution of the 
source, and to the geometry, location, and spectral response of the detector. A more 
nearly practical quantity, therefore, is the apparent multiplication, MSpp, which is 
defined as the ratio of the responses of a particular neutron detector in-the actual and 
in the fictitious assemblies, the same source being present during both measurements. 
The ratio of hgPp to M is denoted as: 

The value of the quantity p depends upon the disturbing effects mentioned above. Some 
of these effects are discussed further inSecs.4.2 and 4.3. 

this difficulty is circumvented by measuring differences in l/Ma 
values (see Sec. 4.3). In principle, if the fictitious assembly cod$ be built, absolute 
measurements of both F and S could be made which would relate the flux in the actual 
assembly to that in the fictitious assembly. 

assembly in question as a function of some core parameter, such as the amount of fuel 
loaded, and to extrapolate accurately to the value of that parameter which makes the 

In actuality, of course, a measurement in the fictitious assembly is impossible; but 
rather than absolute 

The ultimate aim of the multiplication measurements is to determine the keff of the 
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assembly just critical (bff = 1). It is thus necessary to obtain the functional relation- 
ship between k f f a n d  I&pp; this is done in Sec. 4.2. The relationship is particularly 
simple when the source produces neutrons having the same spatial and energy distribu- 
tions as the neutrons produced by the fundamental mode of the fission distribution. In 
rhat case, it can be shown from simple neutron conservation arguments that 1/Mapp is 
directly proportional to (1 - kee). In the general case, where the source neutrons do not 
have the same distribution as the fundamental mode of fission neutrons, and where the 
detector characteristics must be considered, the relationship between Ma and keffis 
more complicated. Nevertheless it will appear in Sec. 4.2 that in the lia as k e f f 4 ,  
1 /Ma 4 1  - k&; so that the usual procedure of plotting l/aPp as a function of the 
a m 0 3  of fuel loaded, and extrapolating to a zero value to find the critical load, is valid. 
The complete shape of the loading curve depends of course upon the actual relationship 
between l/Ma and bff. Some approximate formulae for this relationship will be de- 
rived in Sec. e2. These are useful in extrapolating l/Mapp to zero. 

4.2 DERIVATION OF MULTIPLICA!LTON FORMULA 

This concerns the multiplication in intermediate reflected reactors. In these cases, 
unfortunately, the usual normal mode analysis is not legitimate, for the large neutron 
energy range, together with the rapid spatial variation of neutron spectrum, render 
invalid the concepts of spectrum-averaged parameters (such as the diffusion constant 
and the various cross-sections) which are independent of position. The results to be 
derived below, while of considerable interest in themselves, are based on the use of 
such concepts and thus are applicable to intermediate reactors only in a qualitative way. 

containing a source of fas t  neutrons whose distribution over the reactor is that of the 
nth normal mode,%(r) and whose strength is Sn. This may be considered to be a com- 
p s e n t  of an arbitrafsource. Let Et denote the neutron energy above which the likeli- 
hood of producing fissions may be neglected. (In intermediate reactors, Et may be very 
high, of the order of kilovolts.) Let P(Et,If'-g) denote the infinite-medium slowing-down 
kernel to energy Et.  A diffusion equation for the flux of neutrons, @, in the 0 to E t  
energy range is: 

Consider for mathematical convenience a bare, subcritical, homogeneous reactor, 
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Do'$-Z,$ +Idrt[kZagf') - + S,*#)]P(Ee, I - r' - P I )  = 0 

where D is the diffusion constant averaged over the energy range 0 - E l ,  
Za is the absorption cross-section similarly averaged, 

(4.2) 

k is the ratio of neutrons born in one generation to those born in the preceding 
generation (in an infinite mediumr 

Taking the Fourier transform of Eq. 4.2 

(4.3) 

where-l is the Fourier transform variable and the bar indicates a transformed function. 
Since \E,(f) is defined as the ngnormal  mode of the source it obeys the wave equation 

V2!IfE,+ €$!Ifn = 0 

where b2 is the nth - buckling eigenvalue. Taking the transform of Eq. 4.4, 

-b2 ?Gn(h) + BiTn (k) = 0 

which implies thatTn (b) - 0 unless b2 = Bt . Hence, i f  b2 # B: , Eq. 4.3 becomes 

[Db2 + za- ma.F(4 9 b?IT (E) = 0 

(4.4) 

(4.5) 

It follows that T (b) # 0 only when b2 = K2 and possibly also when b2 = BM2 , where Bw ', 
the material buckliag, isthe positive zero of the expression in the square brackets in 
Eq. 4.5. Now it will be shown that $ (B;) = 0. 

CHAPTER 4 

\ 



DERIVATION OF MULTIPLICATION FORMULA 4.2 
I 

I 

Since the functions *,form a complete set, expand@ in terms of the 9,: 

9 =F aj 'kj whence 

d " -  

Now differs from 0 only when b 2  = B,' and, as the reactor is considered to be sub- 
critical, B ' < B, for a~ n. Consequently, F(B M ' ) is equal to 0. 

Thus #e flux in the presence of a normal-mode source distribution has the same 
normal mode distribution as the source. To determine the amplitude of the flux dis- 
tributlon, set  

@ = A,*, 

in Eq. 4.3, which gives 

[Db' + Z; - (kZ; +%) F(EQ, b')]T (b) = 0 
a An a 

 NOW^, (b) # 0 when b' = B:. Hence, 
S DB: +C, - (kC, + 2) F(El, Bi) = 0 
An 

or 

(4.6) 

where L2 E D/& . 
subscript 0 denote this condition, Then, 

When the fuel is replaced by inert material, the value of k is zero. Let the added 

(4.7) 

Dividing Eq. 4.6 by Eq. 4.7, 

Here Mn is the apparent multiplication in the presence of-the n%norm_al mode 
source distribution. In the case of highly enriched reactors, P(EQ, B, ) = Po (EQ, B: 1, 
for which case Eq. 4.8 reduces to 

where 

(4.9) 

(4.10) 

If the source distribution is a single normal mode, it must be the fundamental (n=O) 
mode since this is the only one which is physically realizable (all others have negative 
values at some interior points), Since criticality corresponds to ko = 1, it follows from 
Eq. 4.9 that the multiplication becomes infinite as criticality is approached, a result in 
agreement with the general concept of reactor multiplication. 

For an arbitrary source distribution, the apparent multiplication is not defined 
independent of detector position, as w a s  found to be the case (Eq. 4.9) when only a single 
normal mode is present. By Eqs. 4.6, 4.7 and 4.10: 
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(4.11) 

As criticality is approached.with increasing core loading, the n = 0 term in the 
numerator of the last formof Eq.4.llbecomes progressively more predominant. If the 
higher-order terms in the numerator are neglected, we have 

(4.12) 

Thus, at any given point 5 as k approaches unity M approaches infinity as 1/(1 - ko), or 
1/M approaches zero like (1 - bo). If 1/M is plotted as a function of the fuel loading L, 
the curve will cross the L axis at L = L where ko(Lc) = 1. Tn general, 1/M is not a 
linear function of L except near k, = 1 so that care must be exercised in extrapolating 
the curve to the L axis from too far below criticality. 

Until now, to this point in the chapter, reactor multiplication has been considered 
from a purely theoretical viewpoint. Questions arising from deviations of the reactor 
from the ideal one discussed above wil l  now be discussed, as well as with those arising 
from the practical difficulties encountered in measuring reactor multiplication. Clearly, 
these questions can generally be treated only in a semiempirical, phenomenological 
manner, and with even less rigor than was possible in the development thus far. We 
now discuss Mappfor some typical cases. 

Consider first the influence of detector location on the measurement of reactor 
multiplication. If the detector is sufficiently small and is such that it can be introduced 
into the reactor core without greatly perturbing the conditions therein, then the multi- 
plication measured will be that given by Eq. 4.11 or Eq. 4.12 above. Tf the detector is 
distributed over a volume A of the core, then, provided the flux is negligibly perturbed 
by the presence of the detector, the multiplication is given by 

(4.13) 

as follows from Eq. 4.11. From Eq. 4.13 M(A) becomes infinite as criticality is ap- 
proached, provided that 

Q {E )#  0 
0 

But the last inequality follows directly from the positive nature of Q(r) inside the re- 
actor, In the special case when A is the entire volume of the reactorcore, the integrals 
I core dr \kn (r) become smaller with increasing n as does kn, with the result that the 
higher-%der k m s  in the numerator in Eq. 4.13 may be neglected as in Eq. 4.12. 
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INVERSE MULTIPLICATION MEASUREMENTS IN REACTOR LOADING 4.3 

When the detector is outside the reactor, the situation is more difficult to analyze, 
owing in part to the preferential attenuation of the thermal leakage neutrons by the re- 
flector. Let Fn  denote the fraction of neutrons escaping from the reactor which originate 
in the nth - mode of the source. Roughly, F, is given by 

r 1 

(4.14) 

where /3 i s  of the nature of an effective albedo factor for all the neutrons. Thus the ex- 
ternal detector is expected to indicate a quantity proportional to F Gn or to 

when the source has an n 2  mode distribution. The multiplication (M,).xtfor such a 
source as measured by an external detector is 

(4.15) 

where (M,)htis the multiplication measured by an internal detector. When the source 
is arbitrary, the externally indicated multiplication is 

(4.16) 
0 -  

n 1 + B i  L g  

from which it again follows that M ext-cooas criticality is approached, since the fraction 
escaping in the fundamental mode is not zero. Thus, even with an externally situated 
detector, the approach to criticality can be gained by plotting l/Magainst core loading 
and extrapolating to the L axis. 

p (the ratio of Map, to M) which are generated by the source distribution and detector 
location. Other aspects of the situation are  best discussed from an empirical point of 
view, as is done in the next section. 

The analysis of this section has given a qualitative understanding of those portions of 

4.3 INVERSE MULTIPLICATION mASUREMENTS IN REACTOR LOADING 

The apparent multiplication, Mapp , defined in Sec. 4.1, was  related to the true multi- 
plication, M, by a factor p. In the present section the true multiplication wil l  be con- 
sidered to be that obtained in the presence of a normal mode source, so that 

The factor p is of course a function of k e a  but it is slowly varying when keff is near 
unity, as was seen in Sec. 4.2. The factor (1 - kff), on the other hand, rapidly changes 
i ts  magnitude when kejy is near unity; so that it becomes dominant in determining the 
value of 1/M near criticality. 

In the remon where p varies relatively slowly, the loading required to achieve 
criticality can be calculated approximately. If two successive multiplication measure- 
ments M, and M, (where M,> MI) a r e  taken for values of k e e  equalto k ,  and k,, then 

(4.17) 

Let 6 be a measure of the reactivity change made by the addition of equal-valued fuel 
rods or by the motion of a linear control element such that the values 6, and 6, corre- 
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spond to the reproduction factors k l  and k2. Then the value of 0 which will make the 
system critical will be 

54 

or, in terms of detector counting rates, 
C 

e c  = e2 + A0 2 
c2 -c,  

(4.18) 

(4.19) 

The inverse multiplication as a function of kerf is indicated for three examples in 
Fig. 4.1. The curves represent the reciprocal of the apparent multiplication as given by 
a leakage detector (Eq. 4.16) for cases where the leakage decreases, remains constant, 
or increases as the fuel load increases to criticality. It may be shown from the analysis 
of Sec. 4.2 that the general shape of the curves would be reversed if the detectors were 
located in the core instead of outside the core boundary. Hence, if the character of a 
loading curve is unknown prior to the loading program, the most cautious procedure is 
to place multiplication detectors both in and outside the reactor core. 

The extremes in loading characteristics are illustrated in Fig. 4.2, which shows 
some data obtained in loading experiments on the PTR. The abscissa in this figure is 
the number of fuel rods loaded rather than kefe. The fuel was  distributed in such a 

LEAKAGE DECREASING 
FROM 0.9 TO 0.4 AS 

- 

- 

- 

0 0.5 I .o 

Fig. +I-Dependence of apparent invme multiplication on ka for three types of leakage 
variation when an external detector is used. 

CHAPTER 4 



INVERSE MULTIPLICATION MEASUREMENT OF k 
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Fig. 4.2-Two loading curves: inverse multiplication vs amount of fuel loaded. Curve A 
was obtained when fuel and moderator were loaded simultaneously into the PTR. Curve 
B was found when fuel alone was loaded into the assembly after the moderator was a n -  

pletely installed. Both curves were obtained with an external detector. 

4.4 

broad pattern, however, that the statistical weight of successive increments could be 
considered to be constant. The top curve, labelled A, was obtained when complete fuel 
slugs containing both fuel and beryllium were used in the loading (the details appeared 
on pp. 71-83 of KAPL-1207 '). The bottom curve, labelled B, was obtained when fuel 
alone was added to a core already complete in its beryllium content (as described on 
pp. 77-79 of KAPL-1180 7. Both curves show external (end) counter data. 

The optimum loading curve would be a straight line. Of the two examples in Fig. 
4.2, Curve B is safer to use for extrapolations than Curve A, despite the fact that the 
latter is closer to a straight line, for the following reasons: 

1. The actual critical mass is smaller than the critical mass suggested by the 
slope at any given point of Curve A, for Curve A is concave downwards. 

2. A s  fuel is added, the counting statistics improve rapidly for case B, while for 
case A the statistics show no significant improvement until about 90 per cent 
of the rods are loaded. 

4.4 INVERSE MULTIPLICATION MEASUREMENT OF k 

The multiplication method is useful in comparing reactivity changes in a reactor 
provided that the value of p remains suitably constant. 

Consider a critical assembly in which (1) a small reactivity increment R can be 
calibrated by rod drop or reactor period measurements, and (2) the value of p is constant 
over the range of interest. 

Assume that the reactor is subcritical by an amount v so that 

l /Mv = V/P (4.20) 

If k is then reduced by the known amount R, 

= ( v  +R)/P (4.21) 

Similarly, if  the reactor is subcritical by an amount w such that 

1/M = W / P  (4.22) 
W 
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prior to an unknown reduction X in Sfl, then 

1/Mx = (X + W)/P 

From Eqs. 4.20 and 4.21, 

R - R 
=(1/% - 1 / M d  -- 

The reactivity X is, similarly, 

X'= p(1/% - 1/M ,b PA 

The value of X can also be expressed directly in terms of R 

Here detector counting rates may be 
so  that 

(4.23) 

(4.24) 

(4.25) 

(4.26) 

substituted for corresponding multiplication values 

(4.27) 

Where large reactivity changes are to be measured, it may be necessary to determine 
the value of p as a function of reactivity. This can be done if  a mechanism is available 
for changing reactivity by an increment R whose value is either constant or varies in a 
known manner as the reactivity under measurement is altered. 

In this case the reactivity change to be measured is made in a number of more or 
less equal steps, XI , X+, etc. Initially and after each step XI, measurements are made 
of the incremental change in inverse multiplication due to the reference change R. This 
will provide a set  of values for p: 

(4.28) 

Thevalues of the incremental steps XI may then be calculated using average values of p 
from Eq. 4.28. The unknown reactivity change X is then 

X = X l + X ,  +...... = A [qJ-]+ A [i] =, pq] +. . . . . . . (4.29) 

The values of p measured in Eq. 4.28 must be determined as the changes a r e  made in 
X, the particular reactivity increment to be measured. The values of p associated with 
any other large reactivity change may be different even though such a change may be 
similar to X but in a different part of the core region. 

An example of this method is illustrated by the measurement of the safety margin in 
PPA-20. A central PPA safety rod (a core fuel rod) was selected as the reference rod 
to provide the known reactivity R. Since this rod is quite far from the control cylinders 
in the reflector, it was assumed that its value R would remain constant as the control 
cylinders are rotated or at most decrease only as fast as the reactivity of the assembly. 

Some values of p measured by J. A. Bistline are plotted in Fig. 4.3, as a function of 
reactivity in dollars. Since the control cylinders in effect control neutron leakage from 
the core, the leakage should increase as boron is rotated into the core, and therefore p 
might be expected to increase. Actually p decreased as can be seen in Fig. 4.3. This 
indicates that although core leakage increased as a result of the boron poison at the core 
periphery, the attenuation of the neutron flux in the control cylinders and reflector also 
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Fig. +j-Values of the ratio of apparent to true multiplication, p-Ak/A (X/M.& as a 
function of the degree of subcriticality. 

increased. The value of p changed by about 30 per cent over a range of $8. Standard 
deviations of the counting data from six counters are indicated by the vertical lines. At 
the point $8 below critical the standard deviation was 15 per cent. This large error  
value is obtained because the measurement of p involves the difference of two relatively 
small counting rates., The,dashed line indicates the values of p calculated with the as- 
sumption that the safety rod value decreased at the same rate as the reactivity of the 
assembly. 

The inverse multiplication measurements have all been based on the assumption 
that the reactivity value of the central safety rods remains constant, independent of the 
control cylinder positions. It is not easy to devise an'experiment which will test the 
validity of this assumption. However, an independent calibration of p was carried out by 
measuring the reactivity value of eo disks in the clean critical reactor, and using this 
Ak to find p subsequent to a A(l/M) measurement of the disks in the subcritical pile. 
The justification for considering this an independent calibration was  based on (a) the 
fact that the boron sample involved neutron absorption instead of beryllium scattering 
and UZ3'fissions as in the safety rod, and (b) the boron sample was located at a point 
instead of alopg a line. 

The relative results of the Po and the safety rod calibration experiments are out- 
lined in Table 4.1. In general, the two calibration constants agree quite well. Some of 
the deviations might be accounted for by shadow effects between the three samples when 
they are close together. The A(l/M) resulting from the B'O disks located near the end 
of the reactor core depend strongly on the particular end chosen, since the counting sets 
were located predominately at one end of the assembly, viz, the end of the stationary half. 
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4.5 INDICATION OF RATE OF REACTIVITY INCREASE 

One purpose for the experiments summarized in Table 4.1 was  to examine the effect 
of the point source distribution on the A(l/Mepp) measurements. Since the apparent 
attenuation of the boron reactivity effect along the symmetry axis is comparable at 
k = 1.0 and k = 0.9, as measured both by critical experiments and by multiplication 
experiments, it is concluded that the point source distribution is not a significant 
problem for subcritical experiments where k 2 0.9. 

In contrast to the measurements along the-symmetry axis, it is noted that the A( 1/M) 
value of the boron falls off severely in the subcritical reactor for positions near the con- 
trol cylinder. This, however, is interpreted as a real change in the reactivity effect of 
the samples near the control cylinders due to a large change in the neutron flux and 
neutron value in this region of the core. 

TABLE 4.1 --COMPARISON OF A( 1/M) CALIBRATION CONSTANTS 
USING FUEL SAFETY-ROD STANDARD AND B" DISK STANDARD 

Reactivity Value P, N/M) of 
of Three Disks* Three B'' Disks? 

Location of (control cylinders (control cylinders) 

Ring 2, center $1.24 $1.17 1.06 

B'O Disk at 66 deg) at 6 deg) 

Ring 2, 10 inches from center 
in stationary half 0.66 0.72 0.92 

Ring 2, 13 inches from center --- 
0*49}o.40 l.oo 

Ring 3, center 1.13 1.02 1.10 

in stationary half --- 
in movable half 0.40 0.31 

Ring 9, center 0.26 0.11 0.42 

*Three BIO disks were used inthe multiplication experiments while one disk was used 
in the critical experiment. The quoted reactivity value is three times the single disk 
reactivity value. 

t A(l/M) reactivity values are  based on the safety rod calibration constant, pgi. 
#pB is the BIO calibration constant. 

The results of the examination indicate that the inverse multiplication technique is 
quite good for applications where k 20.9. However, the accuracy and ease of experi- 
mentation is considerably poorer than that associated with critical experiments. 

4.5 INDICATION OF RATE OF REACTIVITY 'INCREASE 

The routine approach to criticality in a critical assembly involves making large 
reactivity increases in a relatively short time. The shutdown margin for a critical as- 
sembly may be in the order of $10 to $30 of reactivity and usually this is recovered in 
about 5 to 10 min. Although the drive speed may be controlled to decrease the re- 
activity rate as the assembly approaches critical, normal monitoring with neutron 
counters or ion chambers does not provide information to th'k operator which can be 
readily interpreted in terms of rate of reactivity increase. 

logarithmic reactivity rate. 
The use of a sensitive period meter permits direct monitoring of the approximate 

If the counting rate for a neutron detector is 

c 'ps c = -  1 -k 

the use of a logarithmic response circuit produces an output signal 
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Differentiation of this signal with respect to time gives 

dV &/dt 1 = - m ) = T  

, 
I 
I 
I 
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! 

(4.32) 

where T is the reading of the reciprocal scale of the period meter and the value of C'p S 
is assumed to be constant 

A constant reading of the period meter indicates that reactivity is increasing at a 
rate proportional to the reactivity margin below critical. Thus a 20-sec period indica- 
tion would result if the reactivity margin below critical were decreasing at a rate of 
5 per cent per second. In this case the rate of imrease of reactivity would be 5O$/sec 
when the reactor is $10 below critical and wudii ueci3S&3e to 1$/sec for a reactivity of 
20$ below critical. 

This treatment does not consider the effect of transients introduced by the delayed 
neutrons, which become significant near critical. However, these effects produce an 
increase in the period meter reading (shorter indicated periods), which errs on the safe 
side. 

The period meter can be arranged to operate the reactor shutdown system in the 
event that the, percentage rate of reactivity increase exceeds a predetermined value. 
For such a trip system to provide adequate protection it is necessary to use a sensitive 
detector or a strong neutron source. The log-period circuit must receive a signal in 
excess .of its minimum threshold value for a sufficient time to compute the period and 
operate the shutdown system before dangerous reactivity levels are achieved. 
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Chapter 5 

METHODS OF CALIBRATING CONTROL RODS 

F. FElNER and P. G. KLANN 

5.1 INTRODUCTION 

Many aspects of present-day critical assembly techniques hinge upon the use of a 
well-calibrated set of control rods. We may mention such widely differing examples as 
the determination of the adequacy of reactor shutdown systems, and the comparison of 
calculations with experimentally determined reactivity and temperature coefficients. 
Considerable effort has been expended in the development of calibration methods. It is 
the purpose of this chapter to describe and compare some of the techniques presently 
used at the Knolls Atomic Power Laboratory. 

To calibrate any control system, it is necessary to obtain a yardstick or “ruler” 
whose value can be found in terms of some natural reactivity unit, such as inhours or 
dollars. This may be either an element of the control system itself or a safety rod 
whose size or mechanical arrangement makes it more convenient for this purpose. We  
shall now discuss ways of evaluating the reactivity worth of such a ‘‘ruler,’’ or any 
readily removable or insertable amount of fuel or absorbing material. 

5.2 ROD-DROP METHOD 

A. Basic Equations 

The rod-drop method makes use of the fact that the consequence of a sudden reduc- 
tion in multiplication from criticality by an amount Ak is to reduce the flux by a factor 
1/ [ 1 + (A k/Be~f)]. Here Beff is the “effective’, delayed neutron fraction, larger than 
the actual fraction B because the delayed neutrons are less energetic than the prompt 
ones and hence less likely to leak out from the core. That is to say, if is the steady- 
state neutron density prior to the reduction in multiplication (henceforth called the 
“drop”) and n1 is the neutron density a few prompt generation times after the reduction 

This expression can be derived as follows from the one-group space-independent 
kinetic equations for the neutron density n as a functionof time t: 

(5.3) 
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5.2 ROD-DROP METHOD 

Here kp =prompt multiplication constant, 
=prompt generation time, 

X i  =decay constant of iG group of delayed neutron precursors, 
ci = spatial density of ig group of delayed neutron precursors, 
Bi = effective yield of ig group of delayed neutron precursors, - CS, -Beff 

i 

Prior to the drop, when the precursor formation rate and the flux are  not changing, 

(5.4) 

where k i  denotes the prompt multiplication constant before the drop when the assembly 
is at delayed critical. Any external neutron source has been removed before this 
equilibrium situation is attained. Subsequent to the drop, three distinct time intervals 
may be considered: 

Interval l., the transient time, within a few prompt generation times of the drop, 

Interval 2., the interval between the transient time and a time somewhat less than 

Interval 3., times greater than 

say from 0 to sec; 

the half-life of the shortest-lived significant delayed group, i. e. 
from 10- sec to sec; 

sec after the drop. 
During Interval 2 the precursor density is unchanged and a quasi-steady-state situation 
exists in which the neutrons resulting from precursors established prior to the drop are 
multiplted by the reactor which now has a prompt multiplication constant kb . Thus 

Writing k' = < + Beff and Ak = 1-k', Eq. 5.5 becomes 

B. Rod-Drop Technique 
If the quasi-stationary flux in the post-drop Interval 2 described above could be at- 

tained and measured accurately, we would then have a simple means of evaluating 
(Ak/B eff). This, however, is not generally possible since the recording trace of any 
flux-measuring detector will reflect unwanted transient effects (including those of the rod 
motion) in the time interval of interest. To evaluate n,, it is thus necessary to make use 
of the trace for times during Interval 3 and extrapolate it back to Interval 2 by using the 
delayed neutron fractions and their lifetimes. This technique has been used with success 
and good reproducibility, but it is cumbersome and time-consuming. 

A much more convenient alternative was developed by H. F. Schulz. He found that i f  
experimental observations on the post-drop flux are used to calculate the ratio 
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ROD-DROP METHOD 5.2 

Here T is a time of the order of 15 sec, and E is a short time W e l l  into InterVd 3, i.e., 
perhaps 10" sec after the drop; in practice, E may be the instant at which the rod or rods 
have reached the end of their stroke. The quantity C is a constant, generally called the 
Schulz constant. 

The value of C was determined by performing a series of drops in an assembly hav- 
ing an intermediate energy spectrum and evaluating ( A I S / , _ ~ )  by the extrapolation method 
described in the preceding paragraph. The reactivity ch&nges were in the range from $.60 
to $1.20, and they led to a least sqFares value for C of 0.417 if T equals 15 sec. It was 
subsequently shown by H. Hurwitz that C should indeed be quite insensitive to the magni- 
tude of Ak; its values should range from 0.37 to 0.42, tke kmct limits being determined 
by the parameters of the delayed neutron fractions. On the basi's-oT-€he delayed neutron 
information available in 1952,2 Hurwitz made the calculations represented in Figs. 5.1 
and 5.2. Figure 5.1 shows the post-drop flux as a function of time for a number of 
values of Ak; Fig. 5.2 displays the "constant" calculated from the n, (t) curves of Fig. 
5.1. The measured value, 0.417, agrees reasonably well with the calculations at the 
smaller values of R, for which the experiments were done. 

cuits gated by the complete insertion of the rad, i.e., the post-drop counting interval 
starts after the transient effects associated with the drop have died out. The pre-drop 
intervals are started manually and repeated until satisfactory duplication indicates a 

The equipment used in the rod-drop measurements consists of 15-sec counting cir- 
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c. - 
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Fig. 5.z-Theoretical dependenceofroddropcalibration“mmtanc” C on magnitudeofdmp. 

steady power level. The equipment permits simultaneous measurement to be made on 
several counters positioned around the reactor. 

C. Limitations of the Rod-Drop Method 
The foregoing discussion implicity assumes that modal changes associated with the 

rod drop are negligible, i.e., that the detecting system samples the pre- and post-drop 
fluxes equally. Unequal flux sampling may arise from two causes: (1) Local perturba- 
tions of the flux shape in the counter vicinity due to the dropped rod; (2) Real changes in 
the fundamental mode of the reactor between the pre- and post-drop configurations. 

Regarding the former effect, it is found in practice that unless considerable care is 
exercised, variations with counter position of 15 per cent in the measured value of A k  
may be observed for drops as small as lo$ in a thermal reactor. In intermediate 
spectrum reactors (used in the determinations of the Schulz constant) such sensitivity 
was not observed. However, even in thermal reactors judicious placement of counters 
can prevent this complication and permit sampling of the flux as a whole. 

The modal effect is most clearly encountered when a rod drop is performed on a 
whole bank of rods, as in an effort to determine the reactivity of the reactor in a shut- 
down condition. A counter located near the peak of the pre-drop flux distribution will  
see a larger sample of the pre-drop flux than of the post-drop f l q  it w i l l  thus indicate 
a larger apparent Ak than that measured from other counter locations. Such behavior 
has been observed experimentally (on the Bettis Pressurized Water Reactor flexible as- 
sembly, for example). In experiments of this nature, the assumption of an unchanged 
fundamental mode is clearly violated and some modification of the theory is required, 

D. Application of Rod-Drop Method to Large Ak 

of $5 or more) the modal changes may be taken into account in a simple way. Inspection 
of Eq. 5.1 shows that for drops of $5 or  more (Ak/Beff>5), the flux decreases by a factor 
of six o r  more within a few prompt generation times. thus becomes reasonable to 
consider as negligible the number of additional delayed neutron precursors formed during 
the early part of the post-droEigterval (say 10 or 20 sec, Le., one or two precursor 
decay “periods”). In this situation we can approximate Eq. 5.3 by 

When the reactivity change due to the dropping of a rod bank is large (of the order 

whose solution is 

where the ci(0) are the precursor concentrations prior to the drop. The delayed neutrons 
emitted per unit time, 
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then constitute the source which is multiplied by the reactor. The spatial distribution of 
this source is that of the3pre-drop flux, n,, (rJ, so that in order to apply the general theory 
for a multiplying system we must expand this source in terms of the eigenmodes of the 
post-drop reactor. Denoting these as 'k,(f>, we have 

and thence, 

(5.10) 

where k,, is the prompt multiplication constant of the n& mode neutrons in the post-drop 
reactor. The higher mode multiplication constants are related to that of the fundamental 
mode by 

1 + M'B' -- kPn 0 

where Bi and Bi are total bucklings for the fundamental and nth mode respectively and 
M2 is the migration area. As expressed in Eq. 5.10, n,(r, t) i s thus  a function of so., 
both explicitly and implicity through the kp, 

To apply the foregoing formalism, let us consider a one-dimensional problem, i.e., 
no($ = n,(z). We then have 

- 

where L = post-drop reactor height plus reflector savings, and 

(5.11) 

(5.12) 

where Bt is the transverse buckling and Bd = (nn/L)'. 
To get an estimate of the A k due to the dropped bank we would then proceed as 

follows: (1) measure no(& (2) measure In, (z,t)dt for an interval of say 15 sec after the 
drop, and (3) compare this measurement with calculations of In,(z,t)dt for a family of 
values of kp0 and the same time interval and choose the value giving the best fit. In 
practice, an experimental determination of Inl (z,t)dt may be difficult. In this case it 
may be possible to make use of the difference in shape of nl(z) for different values of 
k and make measurements at a small number of critical positions. 

5.3 PERIOD MEASURE3lENTS 

The fundamental expression relating reactivity and period may be written as4 
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5.3 PERIOD MEASUREMENTS 

(5.13) 

where k s ~  (k-l) = p ,  the excess reactivity in dollars, 
w = the inverse e-folding time (0.693/doubling time), 

fli = the fraction of all fission neutrons which result from the ith precursor - 
group, fl=cBi = thefractionof all fission neutrons which are delayed, 

i 
€1 = a factor giving the relative importance of the ith delayed neutron group. 

Al l  the E i  will be taken as being equal in this &%cussion; E~ = E ,  where 

Xi = the decay constant of the ith precursor group, 
7 = the prompt generation time, 

E = g E i f l i / B  

For ~ < 1 0 ’ ~  sec and p<20$, the second term on the left hand side is about 2 per cent of 
the first. 
may be neglected altogether. Assuming q = ~ ,  Eq. 5.13 then becomes: 

For intermediate reactors T is of the order of lo4 sec so the term TW/k@ 

4 xi p = l  -EB - w +  h 
1 i 

(5.14) 

It should be noted here that one may assign an ordering to the directness of our ex- 
perimental knowledge of the different units of reactivities, i.e., inhours, dollars, and per 
cent Ak Inhours are, of course, direct experimental observations of the rate of power 
level rise of a reactor and thus require no interpretation. Dollars are determined-by 
Eq. 5.13. Under the constraint that the second term of the left-hand side of Eq. 5.13 is 
negligible compared to the first (Le., m/(k-l) <<1), and the assumption that E = E, 
the evaluation of reactivity in dollars depends only on a knowledge of the fli /,& Le., the 
relative yields (without effectiveness factors) of the various delayed groups. To convert 
dollars to per cent Ak, however, requires actual knowledge of the effectiveness factor E, 
which differs from one reactor to another because of different leakage conditions. 

From the expression in Eq. 5.14 we may construct a curve of reactivity versus w 
(or doubling-time since this is more convenient). Figure 5.3 is su%h a curve for U235 
based upon the delayed neutron data of Keepin, Wimett and Zeigler. 

Doubling-time calibration measurements are generally made by withdrawing the 
rod in question while the reactor is critical at low power. The time required for the 
power to double is then found by observing the current from several ionization chambers 
located around the reactor. In the course of a number of such doublings the reactor 
power increases by one or two decades. A s  the reactor power increases, the current 
fluctuations decrease so that, in general,’ more weight is put on the later determinations, 
provided there is no evidence of saturation of the chamber currents. By inspecting a 
series of five or so measurements one should satisfy oneself that a true stable period has 
been reached and observed. Experimental aspects of fhe period-measurement method 
are discussed in Vol. TI, Chap. 8 of this Handbook (in Sec. 8.17 (e) “Rod-Bump Period 
Method”). 

The use of period measurements in calibrating rods has in principle somewhat more 
severe restrictions than the rod-drop method. A practical lower limit for reactivity 
calibraticzr?s.by ~ ‘ J Z S  of period measurements is set  by the possibility that tor doubling 
times of longer than 2 min pile drift may introduce uncertainties into the measurements. 
An upper limit for calibrations is set by the fact that reactivies greater than 209 result in 
periods short enough to trip the safety circuits. In addition it should be noted that be- 
tween successive period measurements time must be allowed for the delayed precursors 
to reach equilibrium. This time is of the order of 5 or 10 min. 

A. Comparison of Period and Rod-Drop Measurements 
Considerable use has been made of the two methods describe4 so that it may be 

of interest to compare them. While good period measurements are restrictedto a range of 
reactivity between 56 and 209, rod-drop meashrements may in principle be made over a 
much wider range. However, rod-drop measurements do in practice suffer from the 
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Fig. 5.3-Excos reactivity versus rranorpcriai, calculated under rcsmctions given in t a t  
of Sec. 5.3. 

counter location effects previously alluded to even for small drops, while the agreement 
between different chambers in a period measurement is much better, -3 per cent. Thus 
it has been found that, in the lo$ to 20C range, period.measurements are easier to make 
than rod-drop measurements. By paying close attention to counter positioning, it is 
possible to obtain agreement between rod-drop measurements and period measurements 
of reactivity to within 6 per cent. 

5.4 ADDITIONAL METHODS 

A. Pulse Methods 
Recently the pulse method has been used’ with good success in the determination of 

reactivity. It may be shown that under certain conditions (for example, long enough after 
a pulse that all the modes but the fundamental have died down, and yet soon enough that 

ing the introduction of a short burst of neutrons into a subcritical assembly at t=O. The 
slope of the (log flux) vs (time) curve is thus -AkdT. By determining T by means of a 
pulsing experiment at delayed critical, and then making another experiment after the un- 
known Ak has  been introduced, Ak may be found. Good agreement between pulse meas- 
urements and a combination of period and rod-drop determination has been obtained for 
values of Ak as large as $15. 

the delayed neutrons are not dominant) the neutron density decays as e -hk;Jt/T follow- 

B. Rod Oscillator 
Calibration technique based on the periodic oscillation of a section of rod has been 

used successfully at Bettis and is described in Vol. II, Sec. 8.17 (d) of this Handbook 
and elsewhere: In this method the oscillating component of the power level resulting 
from the rod oscillation is measured and related to the Ak of the rod by one of two 
methods: (1) absolutely by an integration of the pile kinetic equations, or (2) in terms 
of a measurement of one of the previously described methods. That is to say, if we 
denote the oscillating component and the steady-state neutron density by 6n and n re- 
spectively, we have 6n/n = A(w)Ak where w is the frequency of oscillation. A(w) may be 
calculated from the pile kinetic equations or it may be found empirically by oscillating 
a known Ak. 

The agreement between results of this method and the ones previously described is 
good, and there are some practical advantages to using it rather than the period measure- 
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ments for calibration of a control system. 
may be obtained much more quickly since (1) the steadystate power is constant so that 
no time is lost in waiting for the delayed precursors to return to equilibrium, and (2) it 
is not necessary for the reactor power to be exactly constant prior to starting a meas- 
urement since it is only the alternating component which is being observed. The use of 
this technique, of course, requires the availability of the necessary equipment to oscil- 
late rods, preferably with variable period and amplitude. 

Alarge number of differential rod worths 

C. Extension of Single-RodCalibration 
In the foregoing we have been primarily concerned with the calibration of a single 

rod or part of a rod. The extension to the calibration of a control system is fairly 
straightforward and may be accomplished in essentially two ways, i.e., by using the 
calibrated rod as a “ruler,” or by repeated use of the methods described. The former 
technique involves the repeated substitution of portions of the as-yet-uncalibrated rods 
for the “ruler” with suitable intermediate compensating changes on other rods. Care 
must be exercised in regard to coupling between the rods, Le., the extent to which the 
value of the ruler depends on the configuration of the other rods. It may thus be neces- 
s a 4  to determine the reactivity value of the “ruler” several times in the course of 
caIibraUng the whole control system. 

Alternatively, the direct calibration methods described may be used repeatedly. It 
has already been mentioned that the rod oscillator technique lends itself well to the de- 
termination of a large number of differential rod worths. Similarly, a series of period 
measurements and rod drops may be performed in principle, although in practice this 
may be more time consuming than use of the “ruler.” 

The question of the total value of the rods of a control system again involves the 
coupling between the rods. In general, the sum of the individually calibrated rods is 
greater than their bank worth, the quantity of interest in connection with shutdown re- 
activity. Perhaps the most convenient way of determining the bank worth is by means of 
the pulse technique. The bank worth compared with the sum of the individual rods then 
gives some insight into the coupling effects. 
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Chapter 6 

ACTIVATION EXPERIMENTS 

ti. B. STEWART and G. B. W I N  

6.1 INTRODUCTION 

Because the absorption of neutrons is readily detectable in those materials which 
become radioactive upon exposure to neutron irradiation, activation experiments repre- 
sent a very important part of any critical experiment program. Many of the activation 
techniques which have been used in the KAPL critical experiment program are familiar 
to nuclear physicists but are included in this discussion for completeness. Some of the 
activation techniques which are described were developed as part of the KAPL critical 
experiment program, and in some cases the measurements were important principally 
because of the interest in intermediate energy spectrum reactors. Applications of acti- 
vation experiments include: 1. neutron economy studies, 2. power distributions, and 
3. the determination of the neutron energy spectrum. 

1. Neutron economy experiments are those which determine the neutron absorption 
in each of the reactor materials. Although reactivity coefficient measurements 
(such as those described in Chaps. 7, 8, and 9) are  also important in neutron 
economy studies, particularly where the neutron absorption in a reactor material 
does not lead to a radioactive isotope whose activation can be measured, most 
neutron economy experiments are based fundamentally on activation measure- 
ments. By means of activation experiments it is possible to measure the neutron 
absorption in various poison materials relative to the fission rate in the fuel, 
even though the effective cross-sections for these materials may not be known 
accurately for the reactor spectrum under study. 

2. The determination of the relative heat generation rates in different parts of the 
reactor core is crucial to the engineering design of power reactors. In order to 
allow access to the experimental facility, it is necessary to limit the operation 
of critical assemblies to power levels so low (of the order of one watt) thatthe heat 
generation cannot be measured directly by temperature-sensing equipment. 
Nevertheless, the relative amounts of fission-product activity induced in the fuel 
elements within the critical assembly core allows the power distribution to be 
estimated in a corresponding power reactor. Furthermore, by calibrating in a 
standard flux the induced fission-product activity p e r  unit fission rate, activation 
experiments can be used to make an absolute determination of the total reactor 
fission rate and, consequently, of the reactor power, The details of these cali- 
brations and some examples of applications will be discussed in Secs. 6,2-6.4. 

3. Two methods for determining the energy distribution of the neutron flux have 
been used for investigating reactor spectra. One method is to measure the frac- 
tion of fissions in fuel which are caused by neutrons having energies below a 
certain cut-off energy by comparing the fission-product activity induced in a 
bare fuel disk to that in a similar fuel disk which is shielded by some absorbing 
material (such as cadmium) which absorbs all neutrons below a cut-off energy. 
The other technique for measuring the energy distribution of the neutron flux in 
a reactor is to observe the activity induced in resonance absorbers having a 

h 
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single strong resonance. Because the resonance absorption is quite often 
significant in other resonances as well as the particular resonance of interest, 
special techniques are usually needed to distinguish the absorption in the single 
strong resonance from the total resonance activation. These techniques and 
the calibration procedures will be described in Sec. 6.5. 

6.2 NEXTRON ABSORPTlON MEASUREMENT BY ACTIVATION 

The radioactivity induced in a sample during a reactor exposure is a measure of the 
neutron absorption in the sample. In this section techniques for measuring the activation 
are described and the interpretation of the activation measurements are  discussed. 

In most activation experiments, which involve thin samples or foils, beta counting 
with proportional counters has been found to be the most satisfactory method for measur- 
ing the activity. 

However, it has been the practise in this laboratory to count the gamma activity of 
the fission products in the enriched uranium fuel in order to obtain a measure of the 
fission rate that has occurred in the fuel. The natural beta background of the If3' in the 
PPA fuel disks tends to be relatively large; hence, the amount of statistical accuracy 
required in beta counting is usually so large that counting losses become appreciable. 
Gamma counting has the additional advantage over beta counting in that there is less 
self-absorption in the sample. Beta counting tends to emphasize surface activation 
effects, while gamma counting is more indicative of the volume activation. 

urements is that of counting the beta activity of fission fragments which have been caught 
by aluminum foils in contact with the fuel disk. The most important advantage of this 
technique is that purely surface effects can be measured if desired since the range of 
the fission fragments in fuel is very small. The actual counting technique is the same 
as that for counting the beta activity induced in foils. 

The efficiency of a particular counting arrangement depends on the geometry of the 
counting tube and the sample. In order to assign a quantitative measure to the counting 
efficiency, a quantity known as the "counting geometry" is defined as the ratio of the 
events counted by the counter to the number of disintegrations which occurred in the 
sample during the same time interval. The counting geometry as defined here depends 
not only on the arrangement of the counting tube and sample, but also on the absorption 
and scattering of the beta particles by the sample and surroundings. 

A third activation technique which has been used occasionally in fission rate meas- 

A. General Theory of Activation Measurements 
The rate of absorption of a neutron flux in a foil can be described by the following 

general relations: 
Let p = number of neutrons absorbed/cm'/sec in a foil 

x = thickness of foil in cm 
2: = absorption cross-section in cm'/cm3 

nv = ~ e r m a l  neutron flux in neutrons/cm'/sec 
NV = epithermal neutron flux in neutrons/cm'/sec per unit lethargy interval 
p = cos $ , where 0 = angle of incident neutron flux relative to surface normal 

For -an isotropic thermal neutron flux the absorption rate in a thin flat foil is 

where &h is an appropriately averaged thermal absorption cross-section which will be 
discussed in greater detail somewhat later. 

For an isotropic epithermal neutron flux, the absorption rate is 

Some elements a r e  known to have an unusually strong resonance in their absorption 
cross -section in the low-energy region, so that they capture neutrons predominantly 
within a small energy interval including this resonance. If this neutron capture leads to 
a radioactive isotope, then the activity induced in such a foil is due largely to the incident 
neutron flux which lies in this resonance energy region. If Nv is constant or a slowly 

70 CHAPTER 6 
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varying function of energy in the region where Z is appreciable, then Nv can be removed 
from the integral in Eq. 6.2, or 

Thus the rate of absorption of epithermal neutrons in the foil is proportional to the 
neutron flux in the energy region of the resonance. 

The intensity of a thermal flux can be determined from the thermal activation of a 
foil provided that: (1) the relation between p, and the foil activation is known and (2) the 
value of the integral in Eq. 6.1 is hown.  

Likewise,if the resonance absorption in a foil is due primarily to a single strong 
resonance, then the intensity of an epithermal flux can be determined at the energy E,,, 
from the resonance activation of the foil provided that: (1) the relation between p 
the foil activity is known and(2) the value of the integraI in Eq. 6.3 is known. 

The relation in item (1)depends on the exposure time and decay time of the foil and 
the counting geometry. This relation is the same for thermal and epithermal activations. 
Item(2) differs for the two cases and will be discussed independently later. 

B. Relation between Absorption Rate and Me&ured Activity of an Activation Foil 
If r is the number of radioactive nuclei per cm2 present at time t in the foil and if 

they all are  of one species having a decay constant A, then this number depends on the 
rate of absorption of neutrons and €he rate of decay,of active nuclei according to . 

(6.4) 

After the foil is removed from the neutron flux the rate of decay is _ _  

The solution of these equations with boundary conditions appropriate to a reactor ex- 
posure time $, followed by a decay time 
At, is well approximated by 

which ends at the middle of a countinginterval 

(6.6) 

if XAt((1. Here Ar is the number of disintegrations per cm2 that occur in the foil 
during the counting interval At. Immediately after an infinite exposure, the disintegra- 
tion rate is equal to the rate of absorption of neutrons, p, and is known as the saturation 
disintegration rate; the corresponding activity of the foil as measured by a counter is 
known as the saturation activity, A, of the foil. Then it may be said that 

A = K p a  (6.7) 

where K is the counting geometry and a is the area of the foil. If the foil has been ex- 
posed to a neutron flux for time t, and is counted at a time 
giving Ac counts in a time At, the saturation activity is found from 

following the exposure, 

if AAt << 1.If the decay timetz is measured from the termination of the exposure to the 
middle of the cowting period, then the err= in the approximation used in Eqs. 6.6 and 
6.8 is particularly small. For example, for A t  = 0.2 Tuz the error  is less than 0.1 per 
cent, and for A t  = 0.5 TI/ the e r ro r  is 0.5 per cent, where 
activity. 

is the half-life of the 
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Tables were prepared for the 54-minute indium, the 2.7-day gold, and the 2.59-hour 
ulmganese activities (those used in this work) so that values of eeAtand (1 - eAAt) could 
easily be found for any time t. 

C. Relation between Fission Rate and Measured Activity in a Fission Foil 
The activity which is induced in fissionable material by neutron absorption is the 

result of the superposition of a large number of fission-product decays. Therefore, 
it does not follow a simple exponential decay law and the saturation activity cannot be 
determined. However, if the exposure time \, the decay time &, and the counting 
period At  are the same in all experiments and the counting geometry is always the 
same, the activity is nevertheless pro ortional to the fission rate which occurred in 
the foil. For this reasion U235and Pug3’were always exposed for a standard time of 
30 min, and a decay table was available for correcting the activity to a fixed decay 
time chosen for convenience to be 20 min. The counting interval was standardized at 
3 min and the counting geometry was always the same. The decay curve for P u  has 
been found to be slightly different from that for UZ3’, hence separate decay tables were 
prepared for the two fissile elements. Within the limits of experimental error  the 
decay curve has been found to be the same for fissions induced by thermal neutrons 
and inbxmediate-energy neutrons. Figure 6.1 indicates a typical decay curve obtained 
for a U 

An “apparent counting geometry’’ for the fuel disks is defined, Km, in such a 
way that 

fuel disk under the standard conditions outlined above. 

where A,, = the fission-product gamma activity of a fuel disk corrected to a 20-min 

and p = fission rate per cm which occurred in the fuel disk during the 30-min 

It should be noted, however, that the definition of a counting geometry as applied to 
fission foil counting loses some of its significance; for in this case the induced activity 
is a result of the decay of fission products, and the ratio of the activation to the neutron 
absorption in the foil is more complicated than for the case of neutron absorption lead- 
ing to only one active isotope. 

decay time as desyibed above, 

exposure. 

20) 
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DECAY TIME, tz (PAIN.) 

Fig. 6.1-Decay ofgamma activity of u“ fission products following~o-min exposure. 
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The shielding and scattering effects of the foil itself and of parts of the beta count- 
ing equipment make the direct evaluation of the counting geometry practically im- 
possible. Nevertheless, in many neutron economy errperiments and in the calibration 
of the critical assembly power level it is necessary to know the absolute neutron ab- 
sorption rate in particular absorber samples. In intermediate-energy-spectrum 
reactors where neither the neutron flux spectrum nor the resonance cross-sections 
are known accurately, the calculation of the neutron absorption rate is particularly 
difficult. The resonance absorption rate, pr 6 ,  can, however, be measured providing 
the counting geometry K (or Kapp) can be determined using a known thermal flux. 

Since the decay constants and beta energy characteristics of radioactive nuclei 
are independent of the way in which the nuclei are produced, the counting geometry 
associated with a radioactive foil resulting from resonance neutron absorption is 
the same as the counting geometry,associated with the same foil activated Dya 
thermal neutron flux. Hence, by irradiating the foil in a calibrated thermal neutron 
flux where both the neutron flux intensity and the thermal absorption cross-section 
are accurately known, the counting geometry can be determined. This same counting 
geometry can then be used to evaluate the absorption rate in the same foil irradiated 
in the intermediate energy neutron spectrum. 

Having calibrated a foil of one material in a standard neutron flux, the counting 
geometry of foils of another material can be evaluated by exposing the standard foil 
and the secondary foil simultaneously to the same thermal neutron flux. The ab- 
sorption rate in the secondary foil can then be evaluated from its thermal cross- 
section and the measured thermal neutron flux. All of the types of foils which were 
used in the critical assembly activation experiments were calibrated in this manner 
relative to a standard foil. 

D. .'Absorption of Thermal Neutrons in Foils 
The thermal calibration experiments are done both in a collimated beam of neutrons 

and in a neutron flux which is isotropic in angular distribution. For the case of a colli- 
mated neutron flux nv falling on a unit area of foil which has an absorption cross-section 
Z ,  the absorption rate is given by 

(6.10) 

while for the case of a neutron flux having an isotropic distribution, the absorption rateis 

p = n v l  dpp(1  - e-XZ/p) (6.11) 

where nv /h  is the flux per unit solid angle. In the case of absorption at thermal ener- 
gies, the effective value of &depends upon the thickness of the foil, because of the 
distribution in velocity of the neutrons in thethermal region. If the thermal neutrons 
are assumed to obey a Maxwellian velocity distribution, then the following interpretation 
can be placed on nv and Cth. 
Let n = total number of neutrons of thermal energies per unit volume 

v = velocity of a group of neutrons, not necessarily the most probable velocity 
vo = most probable velocity at temperature T; vo = (2k T/m)'/2 

m = mass of neutron 
k = Boltzmann constant 
T = effective temperature of the neutron flux 

v0 = 2200 m/sec at 2 0 ' ~ )  

To = 293OK 
then, defining a dimensionless velocity variable, 

the effective neutron flux in thermal equilibrium is 
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6.2 NEUTRON ABSORPTION MEASUREMENT BY ACTIVATION 

If the neutron flux falls on a foil which absorbs neutrons according to a l /v law in 
the thermal region, then the absorption cross-section of the foil can be expressed by 

3 vo c =- 
V (6.14) 

where E o  is the cross-section for neutrons having velocity v,. The value of Co for most 
elements is well known at the standard thermal (2200 m/sec) neutron velocity.' From the 
definitions of vo and y it follows that 

(6.15) 

and therefore that 

Defining 

9 = Zo yo ($y2 so that Z = s l y  

(6.16) 

(6.17) 

then the number of neutrons absorbed per second by a unit area of the foil in a collimated 
neutron beam is given by 

(6.18) 
while for a flux which is isotropic in angular distribution the absorption rate per unit 
area of the foil is 

(6.19) 

EFFECTIVE FOIL THICKNESS, SX 

Fig. 6.2-Ncuuon absorption in thick fails, I/V crosssection. 
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EVALUATION OF ABSOLUTE POWER AND POWER DISTRIBUTION IN CRITICAL EXPERIMENTS 6.3 

The factors in the brackets of Eqs. 6.18 and 6.19 have been evaluated by Zahn2 for 
values of sx = 0.001 to sx = 1.0. The results have been extended to larger values of sx 
by numerical integration w d  are  indicated in Fig. 6.2. The curve marked A represents 
the absorption rate per unit flux for a foil of unit area exposed to a monoenergetic flux 
isotropic in angular distribution, plotted as a function of sx. Curves B and C represent 
the absorption rate in a l/v detector per unit effective thermal flux for the cases of a 
collimated thermal neutron flux and a thermal f lux  isotropic in angular distribution, 
respectively, each as a function of sx. These curves are  the results of the evaluation of 
the bracketed parts of Eqs. 6.18 and 6.19. The temperature T in Eq. 6.12 is the effective 

medium and the components of flux in the epithermal energy region. The effective tem- 
perature of the neutron flux must be determined by independent experiments. 

absorber obeys a l/v law in the thermal energy region. The cross-sections of ~ ' 5  and 
Pu "'deviate somewhat from a l/v relation at thermal energies because of their low 
energy resonances. In order to calculate the absorption rate in U"'and Pu2", it is 
necessary to solve equations similar to 6.18 and 6.19, but with sx/y replaced by XC where 
Z is a more complicated function of y and T than previously. In these cases the solutionS 
must be obtained by numerical integration. 

I 
temperature of the neutron flux and is influenceci boiii by the temperature of the diffusion 

, 
Equations 6.18 and 6.19 are  based on the assumption that the cross-section of the 

6.3 EVALUATION OF ABSOLUTE POWER AND POWER DISTRIBUTION 
IN CRITICAL EXPERIMENTS 

The rate of fissioning in the entire assembly can be determined if the absolute 
I number of fissions per second occurring in one fuel disk is measured and the power 

distribution relative to this fuel disk is determined. The relative power distribution 
can be measured accurately by comparing the relative gamma activity induced in vari- 
ous fuel disks distributed throughout the reactor core. To measure the absolute number 
of fissions per second occurring in one fuel disk involves the determination of the ap- 
parent counting geometry for the fission product activity, as indicated by Eq. 6.9. It can 
be measured by exposing the. fuel disk to a calibrated thermal flyx; for which the fission 
rate can be calculated from the neutron flux and the fission cross-section. Then the 
gamma activity associated with a known fission rate can be measured. 

1 
I 

A. Automatic Neutron-Flux Scanner 
As an addition to the gamma counting of individual fuel elements, a flux-scanning 

instrument has proved to be very useful in the critical experiment program. To obtain 
radial distributions of power or flux, strips of $'5 or other foil materials are attached 
in convenient locations in the interface between the two halves of the PPA. To obtain 
distributions in the axial direction, the strips are inserted in matrix tubes adjacent to 
the fuel slugs. The assembly is brought to criticality and operated at a constant power 
level to give the strips the standard 30-min exposure. After shutdown the strips are  
removed from the assembly and are scanned by a travelling radiation counter. 

If the experiment is carried out in high neutron fluxes, the induced activity in a 
long sample of uranium can be measured as a function of position along the sample 
simply by scanning it with a counting-rate meter. With low neutron fluxes, on the other 
hand, the relatively low counting rate dictates a slow scanning speed, lest statistical 
fluctuations in the recorded curve be excessive. On the other hand, the low counting 
rate also requires that the counting be done soon after the sample irradiation, when the 
induced activity is still decaying too rapidly to remain sensibly constant during the time 
required to scan. It is possible, of course, to correct the data obtained with a slow 
scanning speed for the effects of the decay. Since the decay of the fission-product 
activity depends on the duration of irradiation, both the decay and the irradiation must 
be timed accurately. 

for any smooth time decay of radioactivity during scanning without recourse to an 
empirical decay curve. Exact knowledge of the duration of pile irradiation and the 
moment of shutdown is not required. 

The scanning device which has been used in this laboratory' corrects automatically 
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B. Principle of Scanner Operation 
When a long thin sample is irradiated in an inhomogeneous neutron flux, the induced 

radioactivity A, after irradiation has ceased, is given as a function of position z along 
its length and of time t by 

(6.20) 

where f gives the variation with position and g represents the time decay of the radio- 
activity. 

Let n be the total number of points along a strip whose relative activities are  to be 
compared. Suppose the scanner starts at one end of the strip and counts at successive 
points down to the other end and back again. If the activity at x = x is measured at time 
t and again at time tz n the sum of the two counts recorded wh1 be proportional to 
j 

Comparing this to the counts recorded at the starting point, x = 3,the ratio is 

(6.21) 

If the intervals (tzn -bn - j+ l )  and (t j  - t)  are chosen to be equal, Fig. 6.3 shows 
that the ratio R is unity to at least the same degree of accuracy that a linear approxima- 
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Fig. 6.3-Valiity of linear approximation to decay curve. 

76 



POWER DISTRIBUTION IN SODIUM-COOLED INTERMEDIATLENERGY REACTORS 6.4 

I 

i 

tion - to g(t) is valid over the interval from t1 to tzn. (R is equal to the ratio of lengths 
B D K D  in Fig. 6.3, and this is larger than m m  for all pairs of points.) The linear 
approximation involved here is not the first term of a Taylor expansion about any point, 
but rather the chord that intersects the curve g(t) at tl and tan. If the scanning cycle is 
made short enough, it may be assumed that R = 1 and the ratio of the sums of pairs 
of counts in the two channels may be taken as a measure of the ratio f(x )/f(x& 

When counting uranium strips, the scanner is set  to read at ten s e p h t e  points, 
counting for 30 sec at each point. Thus a complete back-and-forth scan requires 
2 x 10 x 30 sec = 10 min, plus the small additional time consumed in moving between 
points. Examination of the empirical decay curve has shown that the linear approxima- 
tion to g(t) introduces an error  of only 0.5 per cent in the relative actiiGj- iS %e two - 
extreme ends of a fuel sample when a single 10-min scan is taken 35 min after shutdown 
following an irradiation time of 30 min. Of course, the relative error  introduced on 
subsequent scans or  for points closer together in the sample is less. 

In measuring activities that decay exponentially with time, the requirements on the 
scanning cycle (so that the correction for the time decay during scanning be sufficiently 
accurate) are particularly simple. Here the ratio R as applied to the two ends of the 
sample be comes 

(1 i e-A/7)/2e-AL/27 = cosh (A/27, (6.22) 

where A = t2 11- tlis the time required for a complete scanning cycle and r is the mean 
life of the activity being observed. Thus, to attain a time decay correction accuracy of 
6 or less, the condition is 

cosh (A/27) s(1 + 8 ) ,  or, approximately, ( A / r )  5 2 a  (6.23) 

That is, for an accuracy of 0.5 per cent, the scanning cycle should be no more than 1/5 
of the mean life of the activity measured. 

To ensure that the counts recorded in the jE channel represent a measure of the 
relative radioactivity only at the position xJ, it is necessary that the counter be well 
shielded and collimated. For this reason beta counting is preferable in this application 
to gamma counting. 

power experimental reactors, particularly for determining the central-to-average 
power ratio. An absolute measurement of central neutron flux by conventional methods 
(with standard foils), together with a number of traverses through the reactor, permits 
calculation of the total number of fissions in the reactor. 

The scanner has been used extensively for measurements of neutron flux in low- 

6.4. POWER DISTRIBUTION IN SODIUM-COOLED INTERMEDIATE-ENERGY REACTORS 

Knowledge of the power distribution is important both for thermal design and for 
nuclear design of a power reactor. 

A convenient figure of merit for indicating the evenness of power distribution in a 
reactor is the ratio (PODave), where Po is the central specific power and Pave is  
the average specific power in the reactor core. On this basis, a reactor with a perfectly 
flat power distribution would, of course, have a power ratio of PODave = 1. Table 6.1 
shows typical values of Po /Pave measured for a number of the preliminary pile as- 
semblies discussed in Chap. 2, Sec. 2.2. Figures 6.4 and 6.5 indicate axial and radial 
power distribution curves for two of these intermediate-neutron-energy critical assem- 
blies. The power distributions have the following characteristics which a re  typical of 
intermediate energy spectrum reactors: 

TABLE 6.1--RATIO OF CENTRAL SPECIFIC POWER TO AVERAGE SPECIFIC 
POWER IN CRITICAL ASSEMBLIES 

PPA -2 -3 -4 -5 -11 -12 -14 -19 -20 -21 -25 -28 -30 
1.92 1.61 1.19 1.12 1.09 1.77 1.56 1.45 1.60 1.38 1.36 1.11 1.11 .p* /pave 
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Fig. 6.4-Traverses of power distribution in PPA-4. 
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Fig. 6.5-Traverses of power distribution in PP.4-3 and P P A j  

1. In general, the peak-to-average power ratios in intermediate spectrum reactors 
have values between 1.2 and 2.0. These ratios are  distinctly smaller than the 
corresponding ratios in thermal reactors for two reasons: First, the effective- 
ness of the beryllium reflector allows the axial and radial fluxes to decrease only 
slightly near the edge of the core. Second, the variations and gradients in flux 
produced by core inhomogeneities tend to be small because of the relatively large 
effective diffusion lengths for neutrons in intermediate energy spectra. 

2. With reflector control, changes in control settings produce rather large changes 
in the power generation at the edge of the reactor core. Even here, the gradients 
in the neutron flux are not so severe as in a thermal reactor - again because the 
intermediate energy neutrons have larger diffusion lengths. 

3. The neutron flux distribution can be significantly different from the power dis- 
tribution. This differences arises because the reflector not only scatters neu- 
trons back to the reactor core but also has a moderating effect which tends to 
increase the intensity of the low-energy neutron flux at the edge of the core rela- 
tive to the f a s t  neutron flux. 
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DETERMINATION OF NEUTRON ENERGY SPECTRUM BY FOIL ACTIVATION TECHNIQUES 6.5 

4. Neutron channelling or streaming, as through coolant channels, can be relatively 
important in the intermediate energy spectrum because the gradients in neutron 
flux may be significantly different for different neutron energy groups. Since 
channels usually exist in axial directions through the core and end-reflectors Of 
a reactor, neutron streaming tends to enhance axial leakage and make the end 
reflectors less effective than the side reflectors. Furthermore, the channels 
provide a path for the relatively low-energy neutron flux in the reflector region 
to stream back into the central core region where the neutron flux tends to be 
somewhat higher in energy. These effects were particularly noticeable in the 
relatively fast assemblies with small core dimensions, PPA-2 to PPA-11. 

6.5 DETERMINATION OF NEUTRON ENERGY SFZCTWX EY FOIL 
ACTIVATION TECHNIQUES 

The absorption rate in a foil having a predominant resonance at one neutron energy 
is proportional to the neutron flux at that energy (Eq. 6.3). Furthermore, since the 
saturation activity A,,, induced in the resonance foil is proportional to the absorption 
rate, 

= C  A (Nv)rea rea rea (6.24) 

.It must be emphasized, however, that this relation is valid only when no significant ab- 
sorption occurs outside the region of the single predominant resonance. 

A. Calibration of Resonance Foils, in the Sigma Pile 
The constant, CreS, for the resonance foils can be calibrated by some activation 

experiments in a sigma pile (also called a “standard pile”). The sigma pile used in 
these calibrations was a 6 ft by 6 f t  by 10 ft rectangular stack of graphite blocks, with 
the long dimension of the stack lying in a horizontal plane. Two of the graphite blocks 
which were slightly undersized could be removed from the longitudinal axis of the 
sigma pile. At a distance 5 cm from the end of one of these blocks a cylindrical hole 
contained a 3-curie radium-beryllium neutron source which w a s  normally located at a 
position 3 f t  from the end of the pile. The other block, which was  located collinear with 
and against the end of the source block, had eight lateral slots beginning at 5 cm from 
the end of the block and spaced 10 cm apart. Hence, foils could be placed between 10 
to 80 cm from the source for activation experiments. 

The maximum epithermal flux which w a s  available in the sigma pile w a s  of the 
order of Nv = 3 x 10’ neutrons/cm2/sec per unit lethargy interval. The maximum 
thermal flux which w a s  available w a s  approximately nv = 4 x lo4 neutrons/cm "/set. 

The theory of the calibration of the constant Cree is as follows: 

Let q = the slowing-down density of the neutrons, i.e., the density of neutrons crossing 
energy E per second, per unit volume, 

Q = the number of neutrons per second emitted by the source, 
X = the mean free scattering length for the neutrons at E rea, 
4 = the average logarithmic energy loss per collision. 

Then, from age theory, and Eq. 6.24, 

(6.25) 
If the source is in an infinite moderating medium (approximated by the large graphite 
sigma pile),then the slowing-down rate of the neutrons integrated over the complete 
volume of the medium must equal the number of neutrons being produced per second in 
order that equilibrium be maintained. In other words, 

u3 

4 d  d r  r2q = Q (6.26) 
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6.5 DETERMINATION OF NEUTRON ENERGY SPECTRUM BY FOIL ACTIVATION TECHNIQUES 

From Eqs. 6.25 and 6.26, the value of Cres is found to be 

(6.27) 

A direct calibration of the strength Q of the radium-beryllium source has not been 
attempted in this laboratory. However, if the activation of resonance foils is measured 
both in a standardized sigma pile and in an uncalibrated sigma pile, the source strength 
of the uncalibrated source can be evaluated by means of Eq. 6.27. This w a s  done using 
the Argonne sigma pile and gold foils. The sourcestrength of the 0.5-curie &-Be Source 
in the Argonne sigma pile was taken to be 5.7 x 10’ neutrons per second (A. Wattenberg, 
private communication). From this value, and the results of activation experiments with 
gold foils, the strength of the 3-curie %-Be source in the KAPL sigma pile w a s  calcu- 
lated to be Q = 3.1 x 10’ neutrons per second. In order to evaluate CreB, cadmium- 
covered foils were exposed in a number of slots in the sigma pile, so that a value of 

d r  r A - could be obtained by numerical integration, and then qee was found by 
Eq. 6.27. 

B. Self-Absorption, or Foil Sandwich, Technique for Measuring Epithermal 
Neutron Fluxes 

The derivation of Eqs. 6.3 and 6.24 involved the assumption that the neutron absorp- 
tion was  appreciable in an energy region which contained only one resonance. If the 
epithermal neutron flux is approximately constant with energy, this assumption seems 
to be fairly good for indium, gold, and manganese foil$. However, if the neutron flux is 
appreciably greater in the higher intermediate-energy region (from lo3 to 10’ ev) than 
it is between 1 to 100 ev, an appreciable fraction of the absorption may occur at 
resonances in the higher energy region where the flux is more intense. In such a case, 
the foil activation is not a measure of the neutron flux at the predominant resonance 
energy of the foil. 

A more accurate method for measuring the neutron flux at qes, suggested by 
T. M. Snyder, is based on measuring the self-absorption of neutrons in a foil which has 
a thickness such that xZ : 1 at Eres and xZ<<l at all energies outside the predominant 
resonance region. 

Figure 6.6 illustrates the general principle of this self-absorption or foil sandwich 
method. The dashed horizontal line at the top of Fig. 6.6a indicates the neutron energy 
spectrum in the reactor (assumed constant in the region of the two resonances) as it 
impinges on a single foil. The solid line in Fig. 6.6a shows the absorption of this 
incident flux that takes place in such a foil. 

If a foil is covered on both sides by similar foils, then Fig. 6.6a represents what 
occurs in either one of the outer foils. Figure 6.6b indicates the fraction of the f lux  
transmitted by the outer foil, assuming again that the epithermal neutron flux spectrum 
is constant. This same fraction transmitted appears in Fig. 6 . 6 ~  as the flux impinging 
on the inner foil. 

The inner foil, exposed to a flux reduced in the region of each resonance, absorbs 
a smaller fraction of the original flux in that region, as is indicated by the solid curve 
on Fig. 6.6~. The amount by which it is re&s.ueed, za compared to the singlefoil, is indi- 
cated by the shaded area on Fig. 6,6d. This difference between the single and inner foil, 
the self-absorbed part of the activation, is larger for the more pronounced resonance. 

The advantage which is realized by using the self-absorption technique rather than 
the resonance-absorption method can be seen from the following analysis. (It is as- 
sumed that the neutron f l u  is perpendicular to the plane of the foil in order to simplify 
the analysis. The demonstration can be extended to the case of an isotropic flux 
distribution.) 

width Ai within which the flux is approximately constant, then the neutron absorption in 
an outer foil can be represented by 

If the complete energy region of neutron absorption is divided into sub-regions of 

80 

(6.28) 
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6.5 DETERMINATION OF NEUTRON ENERGY SPECTRUM BY FOIL ACTIVATION TECHNIQUES 

Here cpl is the neutron fluxin the energy sub-region that includes the predominant resonance 
atEl ,and +%(i # 1) represents thefluxinatypicalsub-region, includingregions where reso- 
nances might occur athigher energies. pres, which is the first  term on the right, must be 
determined. 

Since the foils are sufficiently thii that xC<<l in all regions except that of the predominant 
resonance, the exactexpressioncanbe expandedinthe regionof E, tothe form 

(6.29) 

The energy interval A i i s  sufficiently large to include all the significant contribution 
from any one resonance. The internal Ai is therefore of the order of r, where r is the 
total neutron width for absorption. In general, the absorption width ra is much larger 
than the scattering width r, below 10 kev, and r is approximately independent of the 
resonance energy; so the intervals Aifor the resonances at higher energies will  be at 
least of the same order of magnitude as the interval A ifor the predominant resonance 
energy. 

The following definitions wil l  simpUfy the notation: 

The factor Br is some mean value of (1 - e' 9 over the enerm interval A,. and is of the I 

order of 1 since x C 2 1 in this interval. Likewise c i  is somemean value of xZ  and d i  is 
a mean value of ( x C ) ~  over the interval 4; but q<<l and di<<ci since a<< 1 away from 
the predominant resonance. The quantity J1, to be used later, is a mean value of (1 
in the interval A1 and is, like BI, of the order of unity. By these definitions, 

(6.30) 

"he ratio of the total o d e r  foii absorption to that in the predominant resonance energy 
region is given by 

(6.31) 

Similar reasoning is applied to express the neutron absorption in the inner foil, upon 
which impinges a flux at each energy that is smaller by a factor 
pinging upon the outer foil. 

than the flux im- 
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(6.33) 

The difference between the absorptions in the two foils is 

Psing1e- Pinner = 

A i  

Here the expression for Pres given in Eq. 6.30 has been used. Finally, 

Psinglo- Pinner = 5 1 1  +( .E' (6.34) 
Pres Bi @,A,Jl )C ;tfl (VI _. . . I 

The relative error made by ignoring any of the summation terms above is considerably 
smaller in Eq. 6.34, where it is proportional to $/Jl, than in Eq. 6.31, where it i: propor- 
tional to q /B,. (Remember that di  and c i  are  of the order of magnitude of (xZ) and (xz), 
respectively, while J l  and B1 are of the order of unity.) Typical order-of-magnitude values 
for a resonance might be these: 

Substitute these values into Eqs. 6.31 and 6.34, as if no other resonance contributes, and 
remember that B1 and Jl are  of the order of unity 

(6.35) 

This comparison indicates the advantage that lies in the foil sandwich technique for 
estimating resonance absorption. 

A quantity calculabledirectly from observations on foils activated 
the ratio 

in an assembly is 

(6.36) ( JliBl) 
=-ii-T 

The correction term f defined here has the value, if smaller order terms involving the d 
are neglected, 

(6.37) 

Although the ratio (J1 /4 ) would be difficult to compute, it can be approximated experi- 
mentally by the ratio (psingle - pinner)/psin4 found on foils exposed in a neutron flux 
for which f = 0. A neutron spectrum havlng@,J& close to zero is found in the sigma 
pile at positions remote from the source, at least for indium (E, = 1.46 ev) and for gold 
(El = 4.9 ev). 
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6.5 DETERMINATION OF NEUTRON ENERGY SPECTRUM BY FOIL ACTIVATION TECHNIQUES 

Table 6.2 gives values of (J1 /a ) and of f found for indium and gold foils in three 
different piles. According to the last column of the table, single foil activation measure- 
ments to determine (Nv),,, by Eq. 6.24 would in PPA-5 give results too high, by 24 per 
cent in the case of indium, by 77 per cent in the case of gold. 

TABLE 6.2--FRACTIONAL RESONANCE ABSORPTtONS 
IN OUTER FOIL, BY SELF-ABSORPTION METHOD (EQ. 6.36) 

In Predominant 
Resonance In Secondary Resonances 

Foil El (J, /Bl 1 f f f 
Sigma Pile Sigma Pile* PPA-4 PPA-5 

1.46 ev 0.46 0.01 5 0.04 0.14 0.24 Tndium 

4.91 ev 0.53 0.04 & 0.04 0.47 0.77 Gold 

*The correction term f measured 10 cm from source in sigma pile. 

Using Eqs. 6.7 and 6.33 it is found that for the self-absorption technique 

(Nv)res 2 Ckes (Psi-- 'inner) (6.38) 
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Fig. 6.7-Epithermal neutron energy spectra in three assemblies. 
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The constant C i e s  can be obtained from sigma pile calibrations just as Cres was ob- 
tained using Eq. 6.27. In this case the calibration is more difficult, however, because 
errors in counting rates are magnified by using differences 

foils are  sufficiently thin, however, that xZ << 1 at all energies other than the absorption 
resonance energy, then the essential features of the theory ar_e not changed. 

The effect of scattering resonances has been neglected in this discussion. If the 

C. PPA Spectrum Measurements 

Figure 6.7 shows the energy distributions of the epithermal fluxes at the center of 

The points indicate the measured values of the flux at 1.46, 4.9, and 340ev, using 
PPA-3, -4, and -5. 

- 
the resonance self -absorption technique for indium, gold, and manganese foils. The 
vertical lines indicate the experimental uncertainties in the measurements. The solid 
curves are  the neutron flux distributions obtained from multigroup calculations. 

The foils used were annular disks having an outer diameter of 1.5 in. and a hole of 
0.5 in. diameter. The indium foils (E, = 1.46 ev) had to be diluted with a non-absorber 
in order to attain a small enough effective thickness; they were an alloy of indium and 
aluminum, containing 10 per cent indium. They weighed 0.74 g each andtheir effective 
thickness was 0.0004 in. The gold foils (E, = 4..91 ev) were pure gold, 0,002 in.-thisk, 
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Fii. 6.8-Spatial distribution of epithermal neutral flux-axial traverse in PPA-5. 
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weighing 1.10 g. The manganese foils (E, = 337 ev) included 3 per cent copper to make 
them ductile; they were 0.610 in. thick and weighed 1.83 g. 

shielded by cadmium shield foils (0.020 in. thick) to absorb out the neutron flux below 
0.5 ev. These cadmium shield foils had an outer diameter of 2.0 in. and a central hole 
of diameter 0.2 in., and they covered as much area as was possible for foils stacked in 
a PPA fuel slug. 

the resonance foils. The curves show quite strikingly the moderating effect of the re- 
flector, which degrades the energies of the faster neutrons even as it returns them to 
the outer part of the core. 

In epithermal flux measurements some foils were exposed bare and others were 

Figure 6.8 shows the axial distribution of the neutron flux in PPA-5 as measured by 

6.6 CADMIUM FRACTION EXPERIMENTS 

The cadmium fraction is defined as 

(6.39) 

where 'bare = fission rate in a bare fuel disk 

cadmium cut-off 

PCd = fission rate in a cadmium-covered fuel disk - PCd= fission rate in a fuel disk caused by neutrons having energies below the 

The cadmium fraction of a fuel disk represents the fraction of the fissions which result 
from neutrons having energies below the cadmium cut-off energy, relative to the total 
number of fissions in the disk. A large cadmium fraction in a fuel disk would indicate 
that it had been exposed to a relatively slow neutron energy spectrum. (The cadmium 

Pbare 

fraction must not be confused with the- cadmium ratio, which l's defined & A*e /Aca 
and is eaual to 1/(1 -CF).) 

If the crosslsection-for cadmium were large below energy E, and became zero 
abruptly above energy E, , then the cut-off energy would be E,. However, since the 
cut-off region for cadmium extends from 0.2 to approximately 2.0 ev, the effective cut- 
off energy will depend on: (1) the thickness of the cadmium shield,(2) the neutron flux 
distribution in this energy region, and (3)the absorption cross -section of the fuel disk in 
the same region. It is significant to know the cadmium cut-off energy in the different 
spectra as a function of cadmium thickness. The cut-off energy, E,, is defined as the 
energy above which the absorption in bare fuel equals the total absorption in fuel 
covered by cadmium. Assuming that no absorptions occur in cadmium-covered fuel 
below 0.2 ev and that the cadmium transmits all neutrons above 2.0 ev, then the 
definition of cadmium cut-off can be expressed as: 

Here $ is the epithermal neutron flux and in general is a function of the energy. xf and 
C arz *uLlz LXckness and total absorption cross-section of the fuel; X C ~  and CCd are 
similar quantities for cadmium. If $ is known in the energy region from 0.2 to 2.0 ev, 
then Eq. 6.40 can be solved for E, by numerical integration. 
f 

Flux experiments in PPA-5, using indium, gold, and manganese foils, indicate that 
the neutron flux in this assembly below 340 ev can be represented by the empirical 
relations: 

1/2 

$ (E) = a  E (at center of core) (6.41) 

and 
1/4 

$ (E) = b E (at edge of core) (6.42) 
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Eq. 6.40 has been solved for both types of spectrum and for a number of cadmium shield 
thicknesses. The cadmium cut-off energy as a function of cadmium thickness is shown 
in Fig. 6.9. The cut-off energy curves for the two flux distributions Eqs. 6.41 and 6.42 
are practically identical. A similar calculation with $ assumed to be independent of E 
gave cut-off energies as a function of cadmium thickness within 5 per cent of the curve 
shown in Fig. 6.9. Hence, it can be assumed that the cadmium cut-off energy for a 
particular cadmium shield is practically independent of the energy distribution of the 
flux within the limits of variation in the intermediate reactor. The cadmium cut-off 
energy for an 0.020 in. cadmium shield covering an 0.020 in. U235 fuel disk is E, =0.53ev. 
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Fig. 6.9-Effect of cadmium shield thickness on cadmium cutoff enctgy. 

0.20 - 
0, 

2 
I- 
O 

LL 

- 

5 0.10 PPA-3 - - 
zp a - 
0 

I 1 I I I I I I I 
5 IO OO 

DISTANCE FROM CORE CENTER (IN.) 

Fig. 6.io-Cadmium fraction distribution in three assemblies. 

ACTIVATION EXPERISIENTS 



6.6 REFERENCES 

A. Results of Some PPA Cadmium Fraction Measurements in Preliminary Pile Assemblies 
The average cadmium fraction for an assembly is defined as 
- F &(CF), 

An 
CF 

n 

(6.43) 

where n refers to an individual fuel disk in the reactor core and the summation is over 
all the fuel disks. Table 6.3 gives the cadmium fractions at the core center and the edge 
of some typical assemblies. The average cadmium fraction is also given. 

Figure 6.10 shows the variation of the cadmium fractions along an axial traverse for 
several preliminary pile assemblies. The moderating effect of the beryllium reflectors is 
again quite apparent. The effect is, of course, most apparent in the higher energy spec- 
trum reactors having relatively small dimensions. 

TABLE 6.3-- CADMIUM FRACTIONS IN INTERMEDIATE ASSEMBLIES 

- CF at CF at 
PPA Core Center Core Edge C F  
-2 
-3 
-4 
-5 
-12 
-14 
-20 
-25 
-26 
-27 
-28 
-29 
-30 
-31 
-32 

0.18 
0.04 
0.03 
0.02 
0.20 
0.20 
0.10 
0.04 
0.17 
0.22 
0.30 
0.22 
0.23 
0.26 
0.39 

0.16 
0.10 
0.18 
0.15 
0.45 
0.45 
0.55 
0.48 
0.50 
0.55 
0.49 
0.48 
0.44 
0.37 
0.49 

0.19 
0.17 
0.11 
0.08 
0.28 
0.27 

(0.24) 

(0.31) 
(0.40) 
(0.31) 
(0.30) 

(0.36) 

- 
(0.20) 

- 

Values in () are  estimated. 
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Chapter 7 

REACTIVITY COEFFICIENT SYSTEMATICS 

H. B. STEWART and M. 1. STORM 

7.1 INTRODUCTION 

An integral part of the critical assembly program at KAPL has been the experi- 
mental determination of the reactivity changes associated with the introduction of 
samples of various materials into the assemblies. This chapter considers the reac- 
tivity effects that were observed in several widely different intermediate energy criti- 
cal facilities, all using beryllium for moderator and reflector. The observed spectral 
dependence of the reactivity coefficient data is interpreted in terms of the reactivity 
coefficient theory presented by Hurwitzl. Many of the basic concepts arising in re- 
actor design can be understood, at least qualitatively, by adopting this approach to the 
interpretation of the experimental information. 

The assemblies under discussion encompass a wide range of compositions, for 
they were used to simulate the clean and depleted conditions in reactors of interest to 
the Intermediate Power Breeder and Submarine Intermediate Reactor programs. For 
example, their fuel loadings ranged from about 40 to 125 kg of Uass , while the asso- 
ciated beryllium-to-uranium atom ratios varied from about 180 to 1.7. Some of the 
cores contained as much as nine dollars of absorber, and the median fission energy at 
the center of the core ranged from about 40 to 2.4 X IO5 ev. Further description of 
these critical assemblies appfars in Chap. 2. 

As discussed by Hurwitz , the reactivity effects arising from the introduction of 
a given material into a critical assembly are a function of the associated changes in 
macroscopic fission cross-section AXf,  absorption cross-section AXm diffusion COef- 
ficient AD, and slowing-down power and inelastic scattering cross-section AX (E-E ’). 
The resultant reactivity change is 

I efdE[VQ, - (f,E)*VF(r,E)IAD - - 
v f  dfJ- Cz,SFE zf 

where$ &,E) is the neutron flux per unit energy at position 5 and neutron energy E, 
F @,E) is the iterated fission probability (the “favorableness” of a neutron), FH (r) is the 
fiss’ion spectrum average of F(r,E) (the high energy neutron “favorableness”), an2 Y is  
the number of neutrons emitted-per fission. The total fission rate for the entire reac- 
tor, ftoh,is related to FE (z) by 

(7.2) 
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7.2 CENTRAL REACTIVITY COEFFICIENTS 

In many cases only one or two of the four effects covered by Eq. 7.1 account for the 
major part of the reactivity change produced by the sample, and it is possible to classify 
the experimental data accordingly. In addition, matters are further simplified when the 
sample is placed at the center of the (symmetrical) assembly,where the reactivity effect 
due to a change in diffusion coefficient is zero. 

Section 7.2 considers first the central reactivity coefficients (RC's) of those ele- 
ments which are predominantly neutron absorbers. Using data such as those in Table 
7.2, one can evaluate the average capture cross-sections for tach material at the 
center of each assembly. These are expressed as a ratio q,/uf of the effective ab- 
sorption cross-section per absorber atom to the effective fission cross-section per 
fuel atom, for this ratio is more significant in reactor design than is either cross- 
section by itself. While these central coefficients have been measured in only a few 
reactors having significantly different neutron spectra, there are sufficient data to 
discern over-all trends in the average resonance cross-sections. Section 7.2 then 
analyzes the central RC's of some typical moderators (H,Be,C). Although it is not 
possible to obtain average slowing-down cross-sections (analogous to the previ- 
ously mentioned average capture cross-sections) on the basis of experimental data 
alone, the central reactivity coefficients for these moderators do correlate somewhat 
with their slowing-down powers. 

Section 7.3 takes up the distributed RC's (i.e., the values averaged over the &ore 
volume) of fuel, moderator, and absorber. Some general observations a re  made re- 
garding the distributed RC of fuel in various reactors. Inasmuch as the principal con- 
cern with poisons in reactor design is the amount of additional fuel required to com- 
pensate a given a m o u ~ o f  poison, the ratio of the distributed poison RC to the distri- 
buted fuel RC (RC,/RCp) istaken as a measure of the effect of a poison. The reac- 
tivity effects of neutron slowing-down and neutron scattering are difficult to separate 
explicitly in the observed distributed RC values, but some systematics can be pre- 
sented. 

Section 7.4 ends the chapter with a mention of transformation theorems and their 
application to problems in reactor design. With these theorems it is possible to 
predict the reactivity effect of volume expansions, with or without density changes, if 
one knows the reactivity contributions of all the reactor materials. 

The reactivity coefficient data presented here are the product of the labors of 
many people over a period of about eight years. It is practically impossible to acknowl- 
edge all their efforts; the interested reader is referred to the bibliography in Ref. 2 
for a summary of literature pertinent to each assembly. The compilation of the ex- 
perimental information was performed by Miss M. E. Way. 

7.2 CENTRAL REACTIVITY COEFFICIENTS 

A. Absorbers 
According to Eqs. 7.1 and 7.2 the reactivity change associated with the placement 

of a pure absorber at position - r in a critical assembly is 

wh'ere Na is the number uf atoms in the sample, so that AXa = N,a,. 
the average favorableness of the neutrons lost by absorption, by 

Define FL, (:I, 

(7.4) 

Consider one mole of material and express the reactivity change in units of cents, then, 
the reactivity coefficient of the absorbing sample, in cents per mole, is 
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f I  CENTRAL. REACTIVITY COEFFICIEhm 7.2 

I 
Here Aa(r) is the absorption rate in  one mole of the sample, and c is one hundredth of 
the reactivity difference between prompt and delayed critical. 

absorption and fission cross-sections at position - r, i.e., 
A s  mentioned in Sec. 7.1, the value needed is the ratio of flux-weighted average 

Here Af, analogous to Aa, is the fission rate per mole of fuel. Division of both sides of 
Eq. 7.5 by Af(r)/ftotleads to 

A f / f to t  A f  c Ff c 

For U235 as a fuel, 

(7.8) 

where M is the total fuel load in grams and P(r)/Pa., is the ratio of the specific power 
at - r to the average reactor specific power. T&s, it may be stated that 

-RC, - 
Q, 

(7.9) - 
of ( ~ 1  235 FLaCz) 

M Pav C 

Now the results of central reactivity coefficient measurements performed in PPA-5, 
-11, -12 and -20 will be considered in some detail. Table 7.1 gives the central median 
fission energy, the ratio of central to average specific power, and Flg (O)/c for each of 
these assemblies. In addition, the beryllium-to-uranium atom ratio, the fuel inventory, 
the fraction of fissions at the cenEr occ-wring below the cadmium cut-off energy, and 
the factor used to convert RC, to ua (O)/a, (0) are also indicated. 

TABLE ?.I--CENTRAL DATA FOR PPA-5, -11, -12, -20 

Be:U Fraction of Median Fission Fuel -1 

Atom Fissions Below Energy Fh(o) *P(O) Load, P(0) - -  
PPA Ratio Cd Cutoff (ev) C P,, M (gm) [;d M C 

~~ ~ 

11 1.73 (0.01 235,000 0.86 x lo4 1.09 123,600 0.05613 
5 33 0.02 1,500 0.97 x104 1.12 58,100 0.02276 

20 137.5 0.09 82 1.45 x104 1.60 51,700 0.009479 
12 178.5 0.24 40 1.42 x104 1.77 39,800 0.006739 

The values of F b  (0) listed for PPA-5, -11, and -20 were obtained from Eq. 7.5 
using simultaneous RC and activation measurements on the same gold foil. The same 
technique was used with indium to find FLa ( 0) for PPA-12. The results for the two 
absorbers should be comparable; for it has been found in practice that Ra is not a 
sensitive function of the absorption spectrum in a given reactor (see Chap. 8). 
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TABLE ?.2--CENTRAL REACTIVITY COEFF'TClENTS 

PPA-PO (82 ev) PPA-5 (1,500 ev) , PPA-ll(235,WOev) (and MedG PPA-12 (40 CV) 
RC Thlckness RC Thickness RC Thlckuess Thtckaess FLeeIon Energy) RC 

Element $/mol 10" mol/cm' 'a/% $/mol 10-'mol/cma 'apf $/mol lO-'mol/cm* Fa/Ff $/mol 10-3 mol/cm' 'a/'r -- - - 1 B  +5.24 100. - _  
3 
4 
5 
6 
7 
8 
.Q 
11 
12 
13 
14 
15. 
16 
17 
20 
22 
23 
24 
25 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
37 
41 
42 
44 
45 
48 
47 
48 
49 
50 
51 
52 
53 
55 
56 
58 
60 
82 
82 
02 
63 
70 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
90 
92 
92 
92 
94 

L1 - 
B e -  
B -152 
C - 
ii 
0 
F- 
Na . 
'M3 
AI 
81 
P 
S 
c1 
Ca 
TI 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zn 
Ga 
t ie 
As 
Se 
Br 
Rb 
Nb 
Mo 
Ru 
Rh 
Pd 
Ag 
Cd 
L 
8n 
Sb 
Te 
I 
C8 
B3 
Ce 
Nd 
Sm 
Sm 
8m 
Eu 
Yb 
HI 
Ta 
W 
Re 
OS 
Ir - 
Pt 
Au 
a 
TI 
Pb 
EL 
nl 
$5. 

""8 

Pu"' 

-0.19 

0.86 
3.3 - 

I 

-1.8 

-4.0 - 
-5.0 
-6.4 

-133. 
-15. 
-67.1 

-330. 

-93. 

- 

-70. 

- 

- - . -1.98 39. 0.045 - - + O X  "51. - +0.68 52. - 4.86 51. 

4 . 3 5  143. - 4.65 159. 
0.28 1.02 -79.3 0.505 0.75 -24.6 1.7 0.56 -3.0 7.4 

- 

143.0 - 
- 
- 

1.5 

0.59 
5.0 

0.68 
5.7 
2.4 
0.23 

- 

- 

- 

. -  

- 

- - 

- 
- +0.12 - 4 . 1 2  

- 
0.0013 - 

0.0044 -0.38 
0.022 4 . 4  

- -13.0 - -0.89 - - - 
0.012 - 
0.027 - 
0.034 -3.8 
0.043 -5.1 

0.90 -82. 
0.10 - 
0.45 -122. 
2.22 -193. 

- - - - - 
0.63 -32. 
- - - - -440. - -160. - -260. 

- -182. 
0.47 -120. - 4 2 .  - - 

-173. - - - 
- 

4 .13  
+23.5 
-13.3 

54. 
115. 

36. 
2.1 

4.0 
153. 

.. 

- 
12.0 
4.6 

0.74 

0.027 
0.0177 

1.39 

0.0075 

(Sub Cd) 
(Epi Cd) 

- 
0.40 
0.071 
0.59 

0.0036 
0.042 

0.123 
0.0065 

0.0362 
0.048 

0.78 

1.21 
1.83 

0.30 

4.2 
1.7 
2.48 

1.73 
1.14 
0.40 - 

80.7 0.039 
0.55 
2.07 0.126 

-0.02 
4.29 
+0.49 
4 . 2 4  
+0.24 
+0.14 
+0.12 
+0.32 
-0.18 
-0.75 
-0.22 
-0.05 
-0.17 
-0.043 
-3.1 
-0.02 
-6.3 
-0.28 
-1.24 
-0.38 

-0.84 
-8.22 
-1.4 

-12.2 
-2.11 
-4.0 
-3.2 

-11. 
-18.8 
-7.9 

-25.2 
-9.7 

-33.8 
-1.67 
-8.74 
-2.13 

-22.1 
-11.6 

-0.58 
-0.20 
-0.88 

-40. 

-137. 
-15.3 

-17.2 
-8.7 

-50.7 
-18. 
-78. 
-12.5 
-33. 

- 

-4.72 
-2.29 
-0.013 
-0.008 
-9.18 
-8.65 

+19. 

33. 
82. 
10.4 
56. 
74. 

102. 
34. 
25. 
71. 
34. 
15. 
10. 

81.2 
0.83 

44. 
2.01 

152.0 
0.0 

110. 

8. 
7. 

15.6 
4.5 
3.7 
1.1 
5.0 
3.3 
7.0 
5.6 
0.22 
0.23 
0.071 
9.9 
4.5 
3.6 
1.1 
5.4 
4.0 
5.3 
3.u 
0.8 

0.50 
4.0 

2.4 
5.3 
0.97 

- 

0.00045 - 
- +0.20 43. 

- - .. 
0.0041 -0.18 - 
0.011 -0.023 - 
0.50 
0.00114 - - 
0.00367 - - 
0.0010 - - 
0.071 - - 
0.00046 - 
0.14 - 
0.0063 - - 
0.0282 4 . 0 1  14. 
0.00865 - - - -0.24 - 
0.019 - - 
0.142 - 
0.031 - 
0.278 - - 
0.048 - - 
0.092 -0.57 - 
0.072 -0.73 4.8 
0.25 - 
0.43 -2.08 3.8 
0.18 - 
0.57 - 
0.22 - 
0.769 - - 
0.038 ' - - 
0.20 
0.0485 - 
0.503 - 
0.264 - 
0.013 - 
0.0048 - 
0.02 - 
0.9 

- - 

- 

- - - 
3.12 - 
0.348 - - 
0.39 -3.1 
0.20 
1.15 . - 
n 4 i n  - 

- 

-.--- 
0.19 1.77 
1.4 0.285 - 
0.56 0.76 -3.1 - 

11.0 0.107 - 
3.8 0.052 - 

18. 0.000296 - 
2.6 0.209 - 
0.23 0.197 - 
4.7 0.000182 4 . 1 1  47. 

4. I - + E 3  8.08 - +0.13 80. - +28.4 7.7 

0.12 

0.010 
0.0013 

L 

0.0135 

0.032 
0.041 

0.117 

0.11 

0.17 
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Table 7.2 summarizes central reactivity coefficients that were measured in the 
same four assemblies and the corresponding values for ua ( O r 5  ( 0), as computed from 
Eq. 7.9 and the last column of Table 7.1. (It should be noted that scattering contribu- 
tions to the measured reactivity coefficient may be significant for weak absorbers.) 

The median fission energy has been selected as the parameter to be used in de- 
picting the spectrum dependency of the values of (.Fa/F )given in Table 7.2. This, of 
course, is not a unique choic? and, for example, a me& absorption energy as de- 
fined in KAPL-Memo-HBS-2 could have been employed. In this alternative approach 
Eq. 7.3 would be written in the form 

k ftot 
with the effective absorption cross-section defined as 

- (7.10) 

The median absorption energy would then be defined as the energy E, for which 

(7.11) 

(7.12) 

Figure 7.1, based on the data in Table 7.2, indicates the variation of ",/% with 
median fission energy for a few absorber samples which were measured m more than 
one of the assemblies. The thermal valuesof </ 5 have been included. In the case of 
the non-l/v absorbers, the Maxwellian - averagedfcross-sections were used assuming 
a neutron temperature of 293% As indicated in Fig. 7.1, data on samples placed at the 
outer edge of the core of PPA-12 were also used in drawing the curves for boron, cad- 
mium, and gold. In addition, values of a = (T /of for thick and thin U2s5 sampless have 
been indicated in the figure. The thin sampje value at 235,000 ev was obtained from 
PPA-11 experiments. Three classes of absorbers can be identified: 

1. the l/v absorbers 
2. the typical resonance absorbers 
3. the resonance absorbers having a large resonance near the thermal energy 

It is evident both in Table 7.2 and in Fig. 7.1 that the va lueof (uEf )  for a l/v ab- 
sorber (boron) decreases monotonically as the median fission energy increases. This 
means that the zP35 fission cross-section decreases less rapidly than l/v with neutron 
energy. Additional measurements at lower values of the median fission energy would 
be required to show the increaseof %/?$ with increasing median fission energy which 
occurs in thermal reactors. 

Resonance absorbers typically show a maximum in the value of(E /%) as the 
neutron energy increases. In the case of the lighter atom absorbers &.g. niobium and 
molybdenum) this maximum appears to occur above 1000 ev, whereas with heavier 
atom absorbers (e.g., tantalum and gold) the maximum occurs below 1000 ev. The dif- 
ferent behavior of the two groups of resonance absorbers reflects the difference in 
level structure between them. 

The over-all behavior of these two groups is probably representative of that of the 
stable fission products with small and with large level spacings. This indicates in 
general that the stable fission products are relatively more important absorbers in 
intermediate spectra reactors than they are in either thermal or fast reactors. 

Since the capture resonances in f3' a re  probably typical of the heavy element 
resqnance absorbers, the values of the captureso-fission cross-section ratio in thin 
samples, athin behave in a manner similar to (ua /$) for gold and tantalum. The 
values for cf~ick indicate that the capture resonances were more self-shielded than 
the fission resonances, a consequence of which is that the values of cy measured on the 
thicker samples are somewhat lower. 

region. 

93 REACTIVITY COEFFICIENT SYSTEMATICS 

I l  



I 
7.2 CEKTRAL REACTIVITY COEFFICIENTS 

I 

2 

\ 

94 CHAPTER 7 



:- 7 ,  :, 

CENTRAL REACTIVITY COEFFICIENTS 7.2 

The third type of absorber is typified by cadmium and samarium (&so XelS5 ). In 
this case the value of (a,/%) decreases rapidly as the median fission energy increases, 
since the principal resonance for these absorbers occurs in the thermal energy region. 

B. Moderators 
The fractional change in reactivity brought about by the introduction of moderating 

material which does not absorb neutrons significantly is given by Eq. 7.1 as: 

(7.13) 

For the case of a centrally located specimen containing Nm atoms, Eq. 7.13 becomes 

Nul 
-F f,t 
Ak = - JdE$(O,E)JdE'[F(O,E')-F(O,E)]a(E-E') (7.14) 

Thus, if RC, is the moderator's reactivity coefficient in cents/mole, an equation, 
analagous to Eq. 7.5 for RCa is: 

A d o )  mE41 
(7.15) RCm(0) = 7 C 

tot 

where Am( 0)  is the rate of occurrence of moderating events at the center of the reactor 
for a mole of the sample and  NE-^ I is the average change in neutron value as a result 
of the moderation. However, since the total number of moderating events cannot be 
determined experimentally, cannot be determined on the basis of experiment 
alone. It is convenient for purposes of correlation to divide both sides of Eq. 7.15 by 
Af(0)/fwtas defined by Eq. 7.8. Then 

(7.16) 

The quantity[ Am(0 )/Af(O )] AFG El /c for hydrogen, beryllium, and carbon is shown as a 
function of central median fissio';; energy in Fig. 7.2. The relative effectiveness of H, 
Be, and C in scattering neutrons from high energy regions of low importance to lower 
energies of greater importance is cIearly seen, the ordering being in accordance with 
their relative values of ea,. In addition, as would be expected, the moderating ef- 
fectiveness increases as the assembly spectrum gets harder, in accord with the fact 
that as bf increases with energy. 

inelastic scattering are of comparable significance a re  usually difficult to analyze be- 
cause information is lacking on the effects of inelastic scattering. However, as a specific 
illustration of these effects, consider the central RC of zirconium (-O.l6$/mole) meas- 
ured in PPA-80. An analysis of this experimental value, which employed adjoint functions 
and available information on its inelastic scattering properties, indicated that the nega- 
tive reactivjty contribution due to absorption was about -0.53$/mole while the positive 
contribution due to slowing down and inelastic scattering combined was about +0.37$/ 
mole. The contribution of the inelastic scattering was 3.5 times as large as that of 
the slowing-down. 

Reactivity effects of materials in which the effects of absorption, slowing down, and 
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Fig. 7.2-Moderadng cffecrivcness versus neutron energy. 

7.3 DISTRIBUTED REACTIVITY COEFFICIENTS 

In this section the factors affecting the RC of fuel are considered from a qualita- 
tive point of view: the variation of the distributed fuel and beryllium reactivity co- 
efficients in a wide variety of intermediate spectrum reactors, and the fuel increment 
required to compensate for reactor poisons. 

There are fewer experimental data for distributed absorber RC’s, since the dis- 
tributed coefficient is more laborious to measure. In addition, the scattering contri- 
butions tend to obscure the interpretation of the distributed RC for the weak absorbers. 
However, ratios of averaged absorption to fission cross-sections obtained from dis- 
tributed RC measurements are important parameters in studying burnable poisons, 
fission-product poisoning, and the poisoning effects of structural materials. Some ex- 
perimental values obtained in conjunction with the burnable poison-program are given in 
Chap. 17 of this volume. Calculated values of these parameters, as well as applications 
to burnable poison studies, are discussed in Chap. 16. 

Referring to Eqs. 7.1 and 7.2, aod neglecting sample-introduced changes other than 
in absorption and fission cross-sections, one sees that the reactivity change associated 
with the introduction of a sample of If3’ at position - r in a critical assembly is 

K Itot 
(7.17) 

Here Nf is the number of atoms in the fuel sample. The second form of this relation 
arises because the total absorption (Le., neutron loss) cross-section involves both 
fission and capture: Oa = Up + 
ing the reactivity change in umts of cents, 

= Of(l+a). Considering one mole of fuel, and express- 
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(7.18) 

where &(r) is the fission rate in a mole of fuel; FLf (r) and FLc (r) are respectively the 
average orF(f,E) for 2e$rons producing fission in U Z 5  and for neutrons absorbed by 
radiative ca ture in U 
fission in $5 and FL(r) is aefined by its use in Eq. 7.18. 

(cents/mole) of the fuel times the numbe?-.Gf moles of fuel in the assembly. This extra- 
polated total value can be obtained by imagining that fuel is added to the reactor in such 
a manner that the spatial distribution of the added fuel is the same as the distribution of 
fuel already in the assembly. If, say, one percent of the fuel load in the assembly.were 
considered to be added in this manner, then 100 times the resultant reactivity change 
would be the extrapowed total fuel value. 

fuel - 

, a ( r )  is the average value of LT at - r for.neutrons producing 

Now consider the Fktrapolated total value of fuel, which is defined as the average RC 

From Eq. 7.18 the following expression is obtained for the extrapolated totalvalueof 

1-( l+a) FL 
(7.19) 

- 
RC, Mf = C 

where RCf is the distributed fuel reactivity coefficient and Mfis  the fuel load in moles. 
In obtaining Eq. 7.19, use has been made of the relation in Eq. 7.2 that the power-weighted 
average of vFH (2) over the whole core is unity. The quantity 
average of the indicated parameters also weighted by the power distribution. Thus the 
distributed fuel reactivity coefficient is a function of 1Mf and 

It is evident that a decrease in fuel load Mf, as might be obtained by going to a more 
thermal assembly, tends to increase the distributed fuel reactivity - coefficient. Since a 
is near its peak value in intermediate energy assemblies, RC, also tends to be increased 
by a reduction in crwhich can be achieved in an intermediate assembly - by going either to 
a more nearly thermal or  to a much faster spectrum. Finally RCftends tobe increased 
by a decrease in which can be achieved by decreasing the leakage occurring during 
the slowing-down process. (To justify the statement just made, consider a neutron intro- 
duced at high energy in an intermediate reactor. ' If the probability of leakage during the 
slowing-down process is decreased, then the iterated fission probability for the energy 
region where most of the fissions are occurring must also decrease -- so long as the 
reactor remains just critical -- in order that criticality be maintained.) A change in 
leakage probability accompanies rotations of control cylinders, located at the core- 
reflector interface, which contain an absorbing face and a reflecting face. Initidy, 
when the core is clean, the reactors achieve criticality with the poison side facing the 
core. As fuel is depleted and fission products accumulate, criticality is maintained by 
rotating the drums so that thereflecting sides face - the core and the leakage proba- 
bility is decreased, Hence FL diminishes, and RCf grows larger, as the - fuel is burned 
up. The decrease in Mf as the fuel is depleted has a similar effect on RCp. 

In Table 7.3 are summarizfd the distributed reactivity coefficients of U235 and the 
total extrapolated values of u" for twelve critical assemblies. In additih, the cor- 
responding values of (l+a)FL as obtained from Eq. 7.19, as well as the pertinent core 
volumes and Be:U ratios, a r e  listed. The condition of core and reflector can be seen in 
the Comment column. More detailed descriptions of these reactors are given&n Chap. 2. 

Although at first glance there is no obvious over-all correlation of the u" data, a 
definite pattern is discernable. Considering the reactors in pairs [ PPA-21A vs 
PPA-21G; PPA-19 (66 deg vs 106 deg); PPA-18 (66 deg vs  146 deg) ] note that the dis- 
tributed fuel coefficient for the clean core (high leakage) condition is considerably 
smaller than the corresponding coefficient for depleted (low leakage) condition where 
there are no reflector poisons at the core-reflector interface. The extrapolated total 
values of fuel for these assemblies follow the same pattern, and accordingly the values 
of Tl+cr)FL are  higher for the clean condition than for the depleted condition. Since 

represents an 
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Core  Be:1 
Volume, Atoi 

Assembly liters Ratj 

PPA-11 63 

PPA-5 85 
PPA-4 85 
PPA-21A 273 

PPA-21G 273 

PPA-20 294 
(66 deg) 

(66 deg) 
PPA-19 293 

PPA-19 293 
(106 deg) 

PPA-18 293 
(66 deg) 

PPA-I8 293 
(146 deg) 

PPA-15 299 
PPA-17 326 

1.7: 

3: 
4: 
9: 

101 

138 

157 

157 

187 

187 

187 
206 

TABLE 7.3--DISTRIBUTED CORE DATA FOR gS5 AND BERYLLIUM 

RC. Extrapolated 
cents Mf, Totai Value, 
mole kg $ lizq 
9.1 

10.8 
12.0 
8.0 

12.5 
9.1 

10.4 

17.2 

11.2 

.8.6 

.1.7 
10.2 

124 

58 
48 
62 

57 

52 

45 

45 

40 

40 

40 
40 

48 0.60 

27 0.77 
24 0.79 
21 0.82 

30 0.74 

20 0.83 

20 0.83 

33 0.72 

19 0.84 

32 0.73 

20 0.83 
35 0.71 

E, Extrapolate1 
cents MB, Total Value 
mole kg $ 
- 
0.45 8.2 

0.47 73 
0.45 a3 
0.23 220 

0.16 220 

0.19 279 

0.21 273 

0.15 273 

0.20 288 

0.12 288 

0.20 294 
0.11 317 

4.1 

38 
41 
57 

39 

59 

64 

44 

65 

38 

65 
39 

- 

Comments 

Clean core and clean reflector; the 
beryllium is an estimated value 
Clean core and clean reflector 
Clean core and clean reflector 
Clean core, boron curtain mock-up at  
core-reflector interface 
Depleted version of PPA-21A. No 
boron curtain, poisoned core 
Clean Core, boron in reflector 

Clean core, boron in reflector 

Partially depleted and poisoned core 

Clean core, boron in reflector 

Depleted reactor, clean reflector, 
3oisoned core 
:lean core, boron in reflector 
Poisoned core, clean reflector 
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Calculation 
Contribution Contribution Contribution 

of Degradation of Transport of Absorption 
Term, Term, Term, 

$/mole $/mole $/mole 

(l+a) does not vary greatly with position for a given reactor, the decrease in 
decreasing leakage is reflected by an increase in total fuel value. The values of 
(l+obFTy for these reactors vary from 0.82 to 0.84 in the clean condition and from 0.71 
to 0.74 in the depleted condition. On the other hand, the value of (w for PPA-11 is 
0.60. This lower value reflects the smaller (Y obtaining in that faster assembly. HOW- 
ever, it should be pointed out that in a fast assembly like PPA-11, which contains a con- 
siderable amount of fuel and little moderator, the degradation and transport properties 
of fuel may be significant. The validity of calculating -for PPA-11 from Eq. 7.19, 
which neglects these effects, has not been considered in detah. 

assembly is described by Eq. 7.13. Since it is difficult to separate the various effects 
experimentally a qualitative discussion follows. Both the moderation and the diffusion 
terms in Eq. 7.13 contributing to a distributeci beryiiium RC can be expected to de- 
crease in proceeding from the clean to depleted condition; this goes with the decrease in 
value of the iterated fission probability F as the neutron leakage is reduced by rotating 
the control drums. 

Also consider the extrapolated total value of beryllium which- is obtained as the 
product of the distributed beryllium RC by the total number of moles of beryllium in the 
region. Table 7.3 summarizes the distributed RC and the extrapolated total value of 
beryllium for the cores of the twelve critical assembles. Again considering the reactors 
in pairs, both the distributed RC and the extrapolated total value for beryllium de- 
crease as the leakage decreases. In addition the distributed beryllium coefficient is 
noticeably larger in the high leakage assemblies. 

in Eq. 7.13 to the distributed beryllium RC, Table 7.4 summarizes the values of these 
effects, as obtained by P. L. Hofmann4 using perturbation theory, for several assem- 

with 

The reactivity change associated with the introduction of beryllium in a critical 

As an indication of the relative contributions of the .moderation and diffusion terms 

blies. The contribution of absorption to the reactivity effect is also listed. 
TABLE ?.4--EXPERIMENTAL AND CALCULATED VALUES FOR THE 

BERYLLIUM DISTRIBUTED REACTIVITY COEFFICIENT 

Experiment 

Total E, Measured RC 
$/mole $/mole 

Assembly 

PPA-18 
(66 de@ 

PPA-18 
(146 deg) 

PPA-20 
(66 del9 

PPA-19 

+0.082 

+O. 131 

t0.091 

+0.036 

+0.074 

+0.048 

-0.001 

-0.0006 

-0.0006 

+O. 117 

+O. 204 

+0.138 

+O. 118 

+0.192 

+0.146 
(106 deg) 

The calculations were 
settings were simulated by 
tor boron. The calculation 

performed for spherical models in which the control drum 
the intEduction of uniformly distributed amounts of reflec- 
of the RC in PPA-18 at 66 deg was  specifically performed 

for a PPA model while the remaining values were obtained using reactor models whose 
fuel load and composition were comparable to the experimental assemblies. It is seen 
that both the transport and degradation effects decrease as the leakage decreases. The 
contribution of absorption to the total 

duced by the distributed addition of a given amount of poison material. The RC of a 
mole of absorber at position f: is 

is negligible. 
Consider next the amount of fuel required to compensate the reactivity loss pro- 
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or the total value of the poison is 
- 

a F  t o t  La - 
RCaAM, = - 

f t o t  
(7.20) 

where ma is the distributed absorber RC ($/mole), AMa is the total number of moles 
of poison added, a is the total absorption rate in the poison, and Fh is the average 
value of FLa (r) fo8%eutrons absorbed by the poison. 
- 
u235. The worth of fuel added is obtained from Eq. 7.19 as 

Let this poison addition be compensated by the distribLte5 z$E% of AMf moles of 

(7.21) 

Adding Eqs. 7.20 and 7.21 and setting this sum equal to zero for compensated addi- 
tions of fuel and absorber, 

(7.22) 

(7.23) 

However, - - 
ua a - e=c-  - 

tot Of 
where the double bar indicates averages over both the neutron flux spectrum and the 
core volume. Combining Eqs. 7.22 and 7.23 yields 

(7.24) 

Thus the fuel increase required to compensate for a given poison addition depends ex- 
plicitly not on the fuel loading but on FLa,Ca/r$, and (w, and a reduction in any of 
these tends to lower the additional fuel requirements. 

- -  - 

addition of fuel and absorber, it is of interest 
fuel and absorber reactivity coefficients for some of 

the reactors considered previously. For example, in Table 7.5 the distributed RC's of 
U"' and cadmium as well as their ratios are listed for PPA-18 and PPA-19 for each of 
the drum positions considered previously. The cadmium used for these measurements 
was in the form of slivers whose approximate dimensions were 0.03 in. x 0.06 in. x 
13.75 in. The valtes given in Table '7.5 are taken from more detailed compilations by 
Kerr ' and Schulz . 

TABLE 7.5--DISTRIBUTED RC'S OF U235 AND Cd 

PPA-18 PPA-18 PPA-19 PPA-€9 
66 deg 146 deg 66 deg 106 deg - 

Rq,, ($/mole) 11.2 18.6 10.4 17.2 
RCcd ($/mole) 20.2 19.4 16.5 14.6 
RC 
4 1.80 1.04 1.59 0.85 

- 
- 

RC 235 
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For each reactor as one proceeds from the condition of higher leakage to lower leak- 
age, the previouslyzscussed reduction of (1- with decreasing leakage is manifested 
in the decrease in RGd/ RCZs5. In this example the change in the fuel RC is more signifi- 
cant than that of the cadmium. 

7.4 TRANSFORMATIONS 

In many instances it is not possible to simulate in a critical assembly the engineer- 
ingdetails of the power reactor under investigation. However, the determination of the re- 
activity coefficients of the reactor's constituents in a given critical assembly provides a 
means for determininglhc U c r e n c e  in criticality between the two reactors. This is ac- 
complished by means of conceptual transformations of the critical facility into the pF:.v?r 
reactor, whereby the reactivity changes associated with the transformation a r e  evalu- 
ated via the appropriate reactivity coefficients. In fact, as Hurwitz and Ehrlich' have 
discussed, by assuming linear addition of reactivity changes it is possible to predict the 
net reactivity difference between two assemblies to the order of 50 cents when the sum 
of the absolute values of the various reactivity changes is of the order of 10 dollars. 

With the knowledge of all the reactivity coefficients for the materials in a given as- 
sembly, it is also possible to introduce the concept of the total extrapolated value of all 
reactor materials. The total vdue of all materials in the intermediate assemblies 
studied at *KAPL has ranged from about 70 to 120 dollars. 
has shown that although there is no general rule regarding the total value of all 
materials in an assembly, there is a general relation of asimilar nature. Ac- 
cording to this relation, the sum of all reactivity values arising from fission, absorp- 
tion, and moderation, minus the total value due to scattering, is equal to zero. However, 
as discussed by Hurwitz, this relationship cannot be used as a check on reactivity co- 
efficient measurements unless the individual reactivity coefficients can be resolved 
into transport and non-transport components. 

Specific examples'of reactor trans$ormations have been described in detail in the 
literature. For example, in KAPL-837 , on the basis of experiments conducted in 
PPA-18, an analysis was made of the fuel requirement and endurance for three reactor 
loading patterns. In another work," reactivity coefficients measured in the core and 
reflector of PPA-4 were used to extrapolate to the criticaliw of the reactor which 
PPA-4 mocked up. Since the core volume of the reactor of interest was not the same 
as that of PPA-4, a transformation was made in which the product of linear dimensions 
and density was held constant. The transformed reactor had the same size as PPA-4 
and the reactivity differences between the latter and the transformed assembly were 
then evaluated. 

sions and density is held constant, can be coupled with a knowledge of the total extra- 
polated value of all reactor materials to provide a simple means for estimating the ef- 
fects of various transformations. Considering uniform volume (V) and density(p ) 
changes, 

this connection, Hurwitz 

The constancy of reactivity, for transformations where the product of linear dimen- 

(7.25) 

since 

1. an increase in volume with constant density increases reactivity 
2. an increase in density with constant volume increases reactivity 
3. a change in which p V d 3  is consbnt, or (dp/p)+(l/S)(dV/V) = 0, results in no 

change in reactivity. 

The constant R is obtained by a standard reactivity coefficient evaluation of all core 
and reflector materials with the volume held constant. Thus, if K, is the total extra- 
polated value of all materials in the reactor, K = 3R and 

(7.26) 
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For example, the transformation which maintains a constant inventory of materials in the 
reactor is useful in the determination of the temperature coefficient associated with ex- 
pansion. In this case 

and 

(7.27) 

(7.28) 

Applying Eq. 7.28 to the clean SIR where KT 2 0.85 yields dk/k = - 0.57 dV/V in reason- 
able agreement with the value 0.5 dV/V obtained by Hofmann and Siegel" via multigroup 
calculations. 

As an extension to the preceding discussion it is quite often of interest to evaluate 
the fuel increase necessary to compensate the above change. In this case, i f  K is the total extrapolated fuel value, F 

or, for constant KT and q, 

where A is a constant of integration. 
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Chapter 8 

REACTIVITY COEFFICIENTS AND SELF-SHIELDING 
MEASUREMENTS 

1. S. KING 

8.1 INTRODUCTION 

Measurements of reactivity coefficients have found extensive use in the design of in- 
termediate energy reactors. The reactivity worth for samples of each core component 
was  obtained in practically all the critical assemblies which were examined experimen- 
tally. These have been of great value in the predictions of the appropriate fuel load, 
endurance, effects of variations in composition, and the worth of control systems, as 
well as in the study of the neutron economy of the reactors. As an important part of the 
reactivity coefficient program, the self-shielding characteristics of thick absorber and 
fuel foils were measured in some reactors of low intermediate energy spectra. These 
measurements and their implications form a major part of the subject of the present 
chapter . 

The interpretation and application to critical experiments of reactivity coepicient 
measurements is based on the danger coefficient theory developed by Hurwitz. The 
concepts and definitions of that theory in terms of measurable quantities are summarized 
in Chap. 7 of this volume, which considers particularly the dependence of the reactivity 
coefficients upon reactor characteristics such as neutron energy spectrum. 

The reactivity coefficient (RC) of a material is the change in reactivity per unit 
amount 01 material (ideally, for infinitesimal samples) insertedhto a void (or air) space 
in the reactor. Another term for the reactivity coefficient has been “danger coefficient.” 
Yet another is “statistical weight,” particularly when the dependence of the RC of fuel 
upon position in the reactor is being discussed. The RC is most directly measured by 
observing the displacement of a calibrated control rod necessary to compensate the re- 
activity chahge brought about by the introduction of the sample. Some care must be 
exercised to avoid extpneous reactivity effects which can complicate the interpretation 
of the experiment. For example, large samples of strong absorbers or moderators can 
cause local flux perturbations which affect the neutron absorption in the sample and may 
even cause a change in the sensitivity of the control rod. 

In heterogeneous reactor core designs, it is quite common for absorber or fuel ma- 
terials to be located in components which have relatively large dimensions so that self- 
shielding effects can be significant. Furthermore, it is often convenient in critical ex- 
periment facilities to use components having different dimensions and possibly different 
geometries from those in the power reactor; therefore the self-shielding factors may be 
somewhat different in the critical experiment from those in the power reactor. As a 
result, self-shielding measurements are an important part of the critical experiment 
program. 

be expressed, as a consequence of Eqs. 7.4 and 7.5 and an extension of the thinking there- 
in to a thicker sample, in the form 

In general, the reactivity coefficient of an absorber sample having a thickness x can 
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8.2 SELFSHIELDING MEASUREMENTS ON ABSORBERS IN P P A - ~ ~  

where $o is the magnitude of the flux (assumed isotropic) at the surface of the absorber, 
u, (E) is the total cross-section for atoms of the material. 

f(Na U+ x) is  a self-shielding factor for thickness x of the absorber, 
L is the number of atoms per mole (0.6025~ lo2'). 

Also refer to the quantities defined in Chap. 7. 

I, Chap. 2, of this Handbook. It is sufficient here to remark that because of the predomi- 
nance of resonance absorption the incident flux external to the sample is essentially ~ n -  
perturbed. Then the simple escape probability function of Placzek adequately describes 
the self-shielding effect and the correct expression is assumed to be 

The calculation of the proper self-shielding function f is discussed in detail% Volume 

or (8.2) 

where 4 (E) = Nax ut(E) 

if the self-shielding IS sufficiently large to change the neutron absorption spectrum sub- 
stantially. In practice it has been found that this change in FL, is insignificant. 

The value of FLB. in Eq. 8.1 can depend somewhat on the self-shielding of the sample 

8.2 SELF-SHIELDING MEASUREMEN!I'S ON ABSORBERS IN PPA-20 

The effects of self-shielding on the reactivity effectiveness of absorber samples can 
be observed and extended reliably into the region of infinite dilution if very thin absorber 
samples are used. A program of experiments was conducted on a number of absorber 
materials located at the center of the PPA-20 core. The intermediate energy spectrum 
at the center of the PPA-20 core is shown in Fig. 8.1. The higher energy portion of the 
curve was  determined (see Sec. 6.5, especially Fig. 6.7) by activation measurements on 
indium, gold, and manganese foils, the points for which appear as squares with associated 
ranges of error  at energies of 1.46, 4.91, and 337 ev. The lower energy portion of the 
curve was  established by a trial-and-error fitting of RC measurements on very thin 
boron, cadmium, and cadmium-covered samarium (the last two behave as non-activating 

0 -TIME-OF-FLIGHT SPECTROMETER 
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Fig. 8.1-Neutmn energy spectrum near center of PPA-20. 
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SELFSHIELDING MEASUREMENTS ON ABSORBERS IN PPA-'LO 8.2 

Fig. 8.2-Iterated fission probability (neutron favorableness function) as a function of 
neutron energy, at center of PPA-20. 

, ' { I ,  isotopes with strong low energy resonances). Equason 7.5 was used and a mulbgroup = !i' 
",!f I calculation estimate of the variation of FLa below the gold or indium resonance energies. 

A more recent time-of-flight spectrometer measurement of the shape of the spectrum 
from a lattice of this same assembly gave the numerous points shown as circles (wi.4- 
out their fairly large errors) on Fig. 8.1. The absolute values for the neutron flux were 
adjusted to match the results obtained from the resonance foil measurements. 

Independent measurements of the reactivity coefficient and the activation of gold 
foils provided an absolute determination of FL, at the prominent gold resonance energy 
of 4.9 ev. This determination was used to normklize a multigroup calculation of the de- 
pendence of F(5E) upon E at the center of the, reactor core. The result of this calcula- 
tion is indicated in Fig. 8.2. In principle, this curve can be checked at other energies by 
similar measurements with other resonance foils. Since the function is slowly varying 
and rather difficult to measure, only the single value of F, was attempted with the gold 
foil activation. 

The reactivity coefficients and activations associated with different thicknesses of 
gold foils were measured in order to examine the possible variation of FL, as a function 
of sample thickness and, therefore, neutron absorption spectrum. The results of the ex- 
periment indicated that the value of F h  was independent of the foil thickness within the 
limits of uncertainty for the experiment. 

A foil-sandwich technique was used in the self-shielding experiments in order to 
emphasize the difference in reactivity coefficients which arise from the self-shielding 
only. In this technique, for example, 12 similar foils would be located-at 12 symmetrical 
positions in the reactor core and the reactivity of the assembly would be measured by 
observing the control rod position for steadyetate power equilibrium. Following this 
test the foils would be then arranged in s ix  doublets at a symmetrical se t  of six of the 
same geometrical positions. The reactivity of the reactor for this condition would again 
be measured from control rod position and the difference in reactivity relative to the 
initial test determined. Since the same total amount of material would be used in each 
test, the difference in reactivity would be due only to the difference in self-shielding 
(aside from shadowing effects involving the locations of the foils relative to the controls). 
In subsequent steps the foils might be arranged in three groups of four, two groups of 
six, and finally one group of 12, and the appropriate reactivity measurements then made. 

The results of self-shielding measurements for boron, cadmium, gold, silver, 
tantalum. hafnium, and tungsten are shown in Fig. 8.3--8.10. Measurements were made 

* , '  

, #  

!. 
- 
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Fig. S.~-Selfshielding of reactivity coefficient for bomn near center of PPA-20. 
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Fig. 8.4-Selfshielding of reactivity coefficient for cadmium near center of PPA-lo. 
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Fig. 8.5-Self-shielding of reactivity coefficient for cadmium at outer edge of PPA-zo core. 
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Fig. 8.6-Selfshielding of reactivity coeffident for gold near center of PPA-20. 
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Fig. 8.7-Selfshielding of reactivity coefficient for silver near center of PPA-7.0. 

with samples sufficiently thin (-2 x 1 0 - ~  moles/cm2 ) to permit reasonably accurate 
extrapolation to zero thickness in most cases. Figure 8.11 indicates the self-shielding 
curves for the different absorbers on a common ordinate scale on which the reactivity 
coefficient is units for zero thickness. 

8.3 SELF-SHIELDING MEASUREMENTS OF FUEL 

Self-shielding measurements for various fuel sample thicknesses have been hVeSt i -  
gated in some detail in PPA-20 and in PPA-21 (an assembly with quite a different neutron 
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Fig. 8.8-Self-shielding of reactivity coefficient for tantalum near center of PPA-20. 

300 I 4 I I I I I I  I I I I " "  I I I  1 1 1 1  I I I I I I I I  t I I 1 I I I ~  

--- EXPERIMENTAL BEST FIT --- 
- ---[., P HfOp +AI POWDER - 

\ I Hf METAL 
\ 

\I 
\ 200 - - 

1 
-I 
0 
5 - 
\ 

0 
2 
a 100 - 

- HAFNIUM 
(NEAR CENTER) 1 

0 I ,,,,I 1 I I I,,,,I I I , I I , , ,  I , , , I ,,,, I , , , I , , ,  
10-6 10-5  IO-^ 10-3 10-2 Io-' 

THICKNESS ( MOL/CM2) 

Fig. 8.9-Self-shielding of reactivity coefficient for hafnium near center of PPA-io. 

energy spectrum). The results of the fuel measurements in PPA-20 a re  shown in Fig. 
8.12. The values of z indicate distances in an axial directiomfrom the central plane bi- 
secting the reactor core. The interface between the core and the end reflector occurs 
at z = 13 in. In PPA-20, Ring 9 is the ring ot fuel slug positions adjacent to the beryllium reflector 
and therefore has a relativelylow energy neutron spectrum. The position indicated as z = 0.2 in. 
in Ring 4, on the other hand, is fairlyrepresentative of the neutron fluxat the center of the re- 
actor core and has a somewhat higher energy spectrum. The activation measurements Of 
Fig. 8-1 were actually performed in Ring 4 at the positi6n z = 0.2 in. It should be kept in 
mind that "fuel" here denotes uranium containing -90 per cent UZs5 and -10 per cent UZ3' 
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NNGSTEN 
(NEAR CENTER) 

--- EXPERIMENTAL 
BEST FIT 

Fig. 8.10-Self-shielding of reactivity coefficient for tungsten near center of PPA-m. 

I .o a 

Fig. 8.1 I-Cornparison of self-shielding m a  normalized to unity. 

In general, it can be seen from a comparison of the measurements made at various 
positions in the reactor core that the fuel self-shielding decreases as the neutron spec- 
trum becomes faster. This effect can be explained by assuming that the self-shielding 
characteristics of the fission resonances in Ifs5 with neutron energy somewhat 
differently from those of the capture resonances and . A systemtic  study 
of this self-shielding characteristic for fuel has not been made, but scattered measure- 
menta in assemblies possessing somewhat faster neutron energy spectra have shown that 
the reactivity coefficient of fuel can actually increase as the sample thicknesses increase. 
In this case, the self-shielding of the parasitic capture resonances must be more signifi- 
cant than the self-shielding of the fission resonances. An example of such a condition is 
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FUEL THICKNESS (MOL /CM2) 

Fig. 8.1z-Selfshidding of reactivity coefficient for fuel at various locations in PPA-20. 
Explanation of locations is given in Sec. 8.3 of text. 

1 
!?ig 8.13-Selfshielding of reactivity coefficient for Up) and for fuel near ;enter of PPA-o 

and PPA-21. Fuel contains -IO per cent of U M  

shown in Fig. 8.13 which compares the reactivity coefficient values for fuel samples 
measured near the center of the PPA-21 reactor core. In this figure the self-shielding 
curves both for fuel and U2s5 (corrections have been made for the UZs* contribution) 
which were measured in PPtc20 and PPA-21 are shown. Although some self-shielding 
effect can be seen for the v' in PPA-21, the curves are extremely flat over almost 
two decades of thickness. 

In the intermediate energy spectrum reactor, the resonance region contributes 
heavily to the absorption integral and hence to the reactivity coefficient. In the 
spectrum of Fig. 8.1, for example, an unshielded l/v absorber (boron) has a median 
absorption energy of 2.0 ev, whereas U2s5 has a median fission energy of about 40 ev. 
Because of the complexity of the multiple resonance cross-sections as well as 
the incompleteness of cross-section data, calculation of reactivity coefficients 
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from nuclear data is in general a difficult problem when self-shielding is present. The 
reactivity coefficients of simple absorbers such as boron, cadmium, and gold can be 
successfully computed, for any degree of self-shielding, by straightforward integrations 
of Eqs. 8.2 and 8.1. As is evident in Figs. 8.3-8.6, the deviations between calculations 
and experiments were about 26  per cent for these cases. However, the uncertain& is 
much greater for elements with multiple resonances, even for unshielded samples. An 
attempt was  made to calculate the self-shielded reactivity coefficient of silver and the 
zero-thickness reactivity coefficients for tantalum and hafnium. 

The method of attack was  to consider the absorption cross-section as the sum of a 
l/v term and a multi-resonance term. The first term involves merely a renormalized 
boron integration. The second term is assumed to be a sum of resonance integrals, each 
with the cross -section obeying the single-resonance Breit - Wigner formula: - 

(8.3) 

Here u a T  
respectively the neutron width, the gamma width,. and the total width for b e  jg resonance. 
Eq. 7.3, when modified as was Eq. 8.1 to include self-shielding, becomes 

is the maximum value of the (n, Y )  cross-section, and I?, , raj, r j  are 

This expression is broken up, in order to obtain the multi-resonance term, into a summa- 
tion over the individual resonances: 

It is assumed that F(5,E) does not change appreciably over a single resonance, so that 

Then, defining 

which is an absorption-spectrum-weighted average of f(4) over the resonance, Eq. 8.5 be- 
comes 

Use of the functional form of o,(E) in Eq. 8.3, together with the assumption thatQ,(r,E) - 
varies only slightly from a value $ over a single resonance, leads to 
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resonance with F (x) equal to that of the small resonance at 40.8 ev, to give the 

in Fig. 8.7. 
It would appear from the above analysis either that resonances above 100 ev are im- 

portant in the PPA-20 spectrum, or  else that many small resonances below 100 ev have 
not been reported in the cross-section literature. On the assumption that the former was 
the case, the average level strength and level densits of the reported resonances for 
silver, tantalum, and hafnium were used to extend the summation of Eq. 8.10 from 100 ev 
to - , a region with practically no measured resonances reported at the time. This was 
done for x = 0, that is, for all F j  = 1.0. The results are shown in Table 8.1. It is evident 
that in each case the calculated reactivity coefficient is still too small. ("he resonance 
data. used are  shown in Table 8.2 and represent unpublished Brookhaven data as of July 
1954.) 

correct magnitu d e at x = 0, one obtains the excellent f i t  shown by theupper curve 

TABLE 8.1--COMPUTATION OF ZERO-THICKNESS REACTIVITY 
COEFE'ICIENTS FROM CROSS-SECTION RESONANCE DATA 

I' Calculated RC, $ /mol RC of Natural 
Isotope 2gr:, 6, 2gDn Element, C /mol 

mv x104 l/v 0-100 ev 100ev- Total Calc. Observed 

Ag lo7 

Ta ln1 

Ag 
2.1 25.0 0.84 4 24 

'3.0 16.5 1.82 11 191 
8 36 

17 219 
125 138 (* 5%) 

3.4 6.0 5.6 2 72 63 137 
(0-50 ev) (50 e v - 4  

137 140 (* 8%) 

Hf 
Hf 
Hf 17' 
Hf 

2.11 4.35 4.85 38 742 
17.8 -100 l.78 11 224 
2.32 11.1 2.09 a 58 
4.07 -100 0.41 2 5 

49 
1 

19 
0 

829 
236 230 295(*10%) 
85 

7 

TABLE 8.2--NEUTRON CROSS-SECTION RESONANCE DATA USED 
IN COMPUTATIONS 

r 
et: ' EO, ua 3; 2grn, Isotope % Abundance ev b-ev mv 

Aglo7 51.4 16.6 60 f 7 . 5.6 f 0.8 0.13 (assumed) 
42.4 45 f 15 10 * 4 0.13 (assumed) 
45.6 
52.2 

5.22 
31.1 
40.8 
56.8 
72.5 
88.5 
4.29 

10.36 
13.9 
20.7 
24.2 
36.7 
39.4 
1.08 
2.3 
5.9 
3.5 

48.6 

Ta'" 

Hf In 

100 

18.4 

8 f 2  
150 f 30 

775 f 25 
52 f 6 
34 f 10 
95 f 25 

150 f 30 
21 f 5 
59 f 5 
32 * 5 
12 * 2 
7 * 2  

27 f 5 
250 
180 
110 
280 
80 

170 

2.1 f 0.6 
36 f 10 
12.2 f 0.5 
9.0 f 0.2 
8 .  *3 

24 6 
47 f 15 
10 f 3 

1.9 
2.5 
1.3 
1.1 
5.0 

71.0 
54.0 
2.0 
4.5 
5.5 

11 

0.13 (assumed) 
0.13 (assumed) 

0.156. 
0.13 (assumed) 
0.13 (assumed) 
0.13 (assumed) 
0.13 (assumed) 
0.13 (assumed) 
0.10 (assumed) 
0.10 (assumed) 
0.10 (assumed) 
0.10 (assumed) 
0.10 (assumed) 
0.10 (assumed) 
0.10 (assumed] 
0.043 
0.078 
0.055 (assumed) 
0.049 
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TABLE 8.2--(Continued) 

Isotope 96 Abundance 

9.0 41 3.5 0.076 (assumed) 
14.1 42 4 0.116 €ifzm 

Hf 
HfL7' 

29.1 
13.8 

22.5 17 2.4 0.100 (assumed) 
23.6 3.9 0.7 0.100 (assumed) 
27.3 7.6 1.6 0.100 (assumed) 
33.2 5.3 1.3 0.100 (assumed) 
37.0 46 11 0.100 (assumed) 
46.8 62 18 0.100 (assumed) 
49.1 220 53 0.100 (assumed) 
56.0 63 22 0.100 (assumed) 
57.2 20 8.4 0.100 (assumed) 
64.6 140 46 0.100 (assumed) 
68.4 91 36 0.100 (assumed) 
71.3 14 7.1 0.100 (assumed) 
75 38 18 0.100 (assumed) 
85.8 12 7.2 0.100 (assumed) 
87.4 15 8.9 0.100 (assumed) 
94.4 12 7.7 0.100 (assumed) 

100.1 32 20 0.100 (assumed) 
7.8 1500 50 0.100 (assumed) 
5.7 70 4.5 0.060 (assumed) 

17.7 11 1.4 0.100 (assumed) 
23.9 29 46 0.100 (assumed) 
26.5 5.6 1.0 0.100 (assumed) 
31.5 18 3.9 0.100 (assumed) 
36.9 75 18 0.100 (assumed) 
40.5 80 21 0.100 (assumed) 
42.6 26 7.5 0.100 (assumed) 
69.7 16 8.0 0.100 (assumed) 

Hf '* 35.3 74 200 -35 0.100 (assumed) 

The conclusion is that the errors  are more easily accounted for by missing reso- 
nances in the low energy region (below 100 ev) than by errors  in extending the sum to 
high energies. Since the latter region accounts for only a small fraction of the total 
reactivity coefficient, a much more drastic revision in the assumed level strengths and 
densities would have to be made than would be necessary in the low energy region. These 
calculations have not been repeated with more recent cross-section data. 

It is of interest to note that the calculation and measurements, if refined, can in 
principle be used as a means of detecting and measuring effective level densities and 
strengths in regions not resolved by cross-section study techniques. 
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Chapter 9 

APPLICATION OF PILE OSCILLATION TECHNIQUES 
TO THE MEASUREMENT QF REACTIVITY 
COEFFICIENTS 
F. FEIHER and R. *T. FROST 

9.1 INTRODUCTION 

Knowledge of the zero-thickness reactivity coefficients of the separated isotopes 
would be useful in many phases of reactor design and analysis. In principle these co- 
efficients could be calculated for materials of any desired thickness if the resonance 
parameters were known from cross-section measurements and if the spectrum of the 
reactor were available. For many elements or isotopes of elements which might be of 
use as control-rod materials or burnable poisons, however, insufficient cross-section 
information exists to permit such calculations. It is then useful to use the reactor itself 
to measure the coefficients. Report KAPL-1703 discusses the principle underlying the 
use of the pile oscillator for this purpose. 

Two factors tend to complicate the experimentaldetermination of isotopic reactivltp co- 
efficients. The first is that, in general, one is not able to obtain Samples of single isotopes in 
quantity (it is for this reason, of course, that the cross-sections have not been measured), 
andthe secondis the uncertaintyas tohow stronglythe samples are self-shielded. Byvirtue of 
its great sensitivity, the pile oscillator technique is useful in overcoming both of these difficul- 
ties. Small quantities of materials, even though diluted so as to minimize self-shielding effects, 
still give measurable signals. As a specific application of the oscillator technique, this chapter 
will discuss a survey of elements for possible use as burnable poisons in an intermediate spec- 
trum reactor. The measurements were made in PPA-31 (whose compositionappears in Chap. 2, 
Table 2.7). 

' 

9,2 CORRECTIONS FOR SELF-SHIELDING 
In a survey of the kind here under consideration, isotopes are encountered with 

extremely high cross-.sections. The interpretation of reactivity coefficient measure- 
ments even on very small amounts of such materials may be clouded by self-shieldiqg 
effects. The samples must be made thin enough, or diluted sufficiently, to render 
unimportant two types of effects: 
Type 1. For a homogeneous mixture of infinitesimally small grains of absorber in a 

matrix, or "solvent," of less absorbing material, the central grains may be 
shielded from the neutron flux by the outer grains. This is termed configura- 
tion shielding. 

each grain. 
Type 2. When the grains are of finite size, self-shielding effects may be a factor within 

It is possible to calculate the size of a sphere (having the density of the material in 
question) whose self-shielding is equal to the configuration shielding of the sample in its 
capsule. In order to eliminate effects of "ype 2, then, it is necessary to make the actual 
particle size much smaller than the size which gives the equivalent of the configuration 
shielding. (In an extreme case this requirement meant grain sizes of less than 10 mi- 
crons in diameter. To this end the samples were ground down finer and finer until 
microscopic analysis indicated that the criterion had been met. After thorough mixing 
with aluminum powder, the "~olvent, '~ the mixture was again checked under the micro- 
scope for signs of clumping.) 
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9.2 CORRECTIONS FOR SELFSHIELDING 

As regards the configuration shielding, it is possible to obtain a zero-thickness 
reactivity coefficient p u e  in either of two ways. The self-shielding factor, f ,  is ex- 
pressible in the form 

Here a is a constant for a given isotope 
4 = mp/AV (mol/cm2 ) 
m = mass of sample (g) 
p = “hydraulic radius” of capsuleE 2V/S 
A = atomic weight of sample 
V = volume of absorber (cm3 ) 
S = surface area of sample (cm2) 

From this expression, and the definition of f as f = RC/RC, , it follows that 

RC = RC, /(1 + ag) 

RC, is the zero-thickness reactivity coefficient. 
where RC is the reactivity coefficient for a given thickness, and 

From a plot of RC vs 5 it is thus possible to determine RC, and a. This is the first way 
of obtaining RC, . 

The second way of obtaining RC, depends upon the empirical fact that for self - 
shielding factors greater than 0.6,@ n RC) varies linearly with 4. That is to say, within 
the accuracy of obtainable data, RC = RC, e-& It may easily be verified that the plots 
of 1/(1 + ag) and of e-& liewithin 5 per cent of each other when a4. s0.7 and a/a =0.77. 
When only a few measurements of RC as a function of 4 are  available, and there is good 
reason to believe that a4 4 0.7 (i.e., f >  0.6), it is easier to use the second method and 
extrapolate a straight-line semi-log p l 8  of RC vs 4 to obtain RC, . 

Frequently the limitations of time and lack of enriched isotopes in larger 
amounts make it impossible to measure more than two samples of any given 
isotopic mixture. The second method must then be used and extrapolated from two 
points to determine a value of RC, . Needless to say, if a meaningful extrapolation is 
to be made from just two experimental points, a good idea of the experimental error  to 
assign to them must be established. 

A complication arises from the fact that enriched isotopic samples a re  rarely ob- 
tained in which other isotopes a re  really present only in negligible quantities. There- 
fore, in going from one quantity of this sample to another the self-shielding change 
is not only that of the isotope under study but involves the contaminants as well. As an 
example, suppose five different mixtures of the five principal hafnium isotopes, Le., 
samples with five different isotopic abundance ratios,are available. From measurements 
on these it is desired to deduce the zero-thickness reactivity coefficient value for as 
many of the isotopes as possible. 

In order to obtain the zero-thickness RC’s of the five isotopes, Re’s for the five 
mixtures must be measured as a function of thickness. If only a single RC measurement 
on each of the mixtures were obtained, there would he, in addition to the five unknown 
zero-thickness reactivity coefficients, twenty-five unknown self-shielding factors. How- 
ever, if ..;e seasurements on each of the five iscope mixtures are  carried out €or 
several thicknesses, the following applies: Let RC& denote the measured reactivity 
coefficient value of sample i (i = 1 . . -5) extrapolated to zero thickness. Let RGi = the 
zero thickness reactivity coefficient of hafnium isotope i (i = 1 . . .5, corresponding to 
hafnium 176, 177, 178, 179, 180, the other isotope being neglected). If Cui represents 
the atom fraction of isotope v in sample number i, then RC, =EC,~RC,V . These five 
equations can be solved for thezero-thickness reactivity coefficients of the five 
isotopes, RC?. 

--i 
V 

In practice, an approximate solution can sometimes be obtained for the RC’s of the 
isotopes with the larger cross-sections without the necessity for  performing measure- 
ments on more than a single thickness of the samples enriched in the isotopes with the 
smaller cross-sections, if the single sample is thin enough that self-shielding is rela- 
tively unimportant. 
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EQUIPMENT 9.3 

9.3 EQUIPMENT 

The apparatus used in the measurements made by the oscillator technique consists 
of&) a mechanical pile oscillator (.Le.. a device for periodically moving into vd out of 
the active region of the assembly a sample of the material to be measured),and(2) a de- 
tection device which measures the effect of these periodic changes on the pile reactivity. 

The mechanical oscillator is made up of the following parts: 
1. The tube in which the sample slides into and out of the assembly core. This tube 

is generally the center slug of the assembly. 
2. A 10-chamber cylinder which may be 'loaded" with sample capsules prior to a 

run. Any sample may then be introduced into the oscillator tube by remote con- 
trol. 

3. A gas pressure system to propel the sample capsules both into and out of the 
reactor core. The motion is such as to produce a square-wave reactivity modu- 
lation, 

4. A time-base generator and selsyn system which permits adjustment of the oscil- 
lating period to equal that of the galvanometer (see below) to within a few tenths 
of one per cent. 

The detecting system makes use of a high-Q detector with no electronic amplifica- 
tion, in preference to the more standard integrators. The elimination of all such elec- 
tronic elements and their accompanying stability difficulties has proved to be a valuable 
innovation. The detecting system (see Fig. 9.1) consists of: 

GALVANOMETER FILTER 
Q-SELECTOR 

Fig. g.r-Block diagram of detecting equipment 

5. An ion chamber located near the region of maximum flux. 
6. A micro-ammeter for monitoring the d-c level of the reactor. 
7. A high-pass (pile drift) filter which enables the subsequent equipment to look 

only at the a-c component of the neutron level. 
8. An attenuator and Q selector. 
9. A moving-coil galvanometer in an evacuated bell jar. Removal of air from the 

jar to the point where the mean free path is greater than the dimensions of the 
galvanometer makes it possible to reduce air damping to the pdnt  where the Q 
of the galvanometer may be made to exceed 100. In general, Q values of about 
30 were found to be most useful. 

Some of these components will now be described in greater detail. 
The drive mechanism (3) consists of a synchronous motor with a coupling arrange- 

ment which permits accurate and stable adjustment of the output speed over a limited 
range. Synchronization with the line frequency w a s  found to be excellent for times as 
long as a day, and the line frequency is thought to be stable to a few tenths of a per cent 

. 

The ion chamber (5) was  made sufficiently large that 
a. no amplification was necessary, 
b. chamber noise was negligible compared to pile noise. In practice this means a 

d-c chamber current of the order of a microampere when the pile power is a 
few watts. 

A diagram of the filter (7) is shown in Fig. 9.2 along with a plot of the magnitude of 
its transfer function vs frequency. The important features of the filter are: 

APPLICATION OF PILE OSCILLATION TECHNIQUEs TO THE MEASUREMENT OF RE- 
ACTIVITY COEEmClENTS 
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a. For all settings of the Q-selector, its resistance r must be much less than the 
filter resistance R, otherwise the filter attenuati;n would not be independent of 
the attenuator setting. 

b. Analysis of the filter network shown in Fig. 9.2 shows that the magnitude of the . 
high-pass filter transfer function, G, varies as w3 near w = 0, so that slow pile 
drifts are really strongly suppressed. It should be pointed out that the first 
resistor of the filter. should be either wire-wound or of a type with similar low- 
noise characteristics. 

The attenuator and Q-selector are diagrammed in Fig. 9.3. For given Q-selector 
setting the attenuator switch may only be se t  at positions on the level or below the Q- 
selector switch. It may then be shown that with the resistance values indicated, the 

/ 
C C C 

.7 - 

.6 - 
IGI 
.s - 

.4 - 

.3 - 

I 
.3 -4 5 .6 .S 0 .I .2 

w set.-' 

Fig. 9.1-High pass (pile drift) filter characteristics. G is the transfer function of the filter, 
shown in its dependence upon the frequency. 
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EQUIPMENT 9.3 

FILTER 
O-SELECTOR SWITCH 

OALVAN' "a OWETER 

gg. 9.3-Attenuator and QJelector. Values of the high-pass filter resi&aice rare shown in 
O h .  
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9.3 EQUIPMENT 

Fig. g.S-Oscillator tube with the x-chamber sample. Chamber is on the left  In the fore- 
gmund is the square-wave calibrating oxillator. A poison half-cylinder that rotates inside a 

stationary poison half-cylinder is visible at the left end of .the tube. 

Fig. g.6-Close-up view of the xorhamber sample cylinder. 
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ANALYSIS OF DATA 9.5 

attenuator switch cannot change the Q by more than 10 per cent, nor can the Q-selector 
sMtch affect the attenuator by more than 0.5 per cent. The position commonly used was 
C (Q 30); in this case the effect of the attenuator on Q is g.2 per cent. 

The moving-coil galvanameter has a very high sensitivity. It was adjusted to have 
the desired natural period of about 15 see. 

Figures 9.4-9.6 are photographs of the equipment. Figure 9.4 shows the control 
panel including attenuator and Q-selector switch. The,lights indicate which sample is 
being oscillated. Figure 9.5 shows the oscillator tube with the ten-chkmber cylinder at 
the left and a calibrating square-wave oscillator of conventional rotating design. 

Figure 9.6 is a close-up view of the ten-chamber cylinder and associated pneumatic 
tubing. 

9.4 EXPERIMENTAL PROCEDURE 

During a typical day’s running, approximately five sample capsules can be measured 
along with a standard and a blank capsule. The standard consists of a solid cylinder of 
phenolic resin in the shape of the capsules, whose reactivity value is sufficiently large to 
be measurable on the control rods. It thus serves to calibrate the oscillator detection 
equipment. The capsules are bullet-shaped shells of aluminum 2.4 in. long, with anouter 
diameter of 0.35 in. and an internal diameter of 0.25 in. In cases where the volume of 
the sample to be measured was  smaller than that of the capsule, aluminum powder was 
used to “dilute” the sample. 

In order to obtain measurements in which the effects of self-shielding are reduced 
to a minimum under the restraint of constant sample volume, it is clear that thematerial 
should be diluted as much as is consistent with obtaining reactivity signals of measurable 
si!ze. The sample was diluted until the signal was  so small that the e r ro r  introduced by 
pile level fluctuations became of the same order of magnitude as the uncertainties in the 
self-shielding. For most samples, this led to carrying out the measurements with 
samples giving signals of the order of 0.05$, which is equiialent to 15 mg of highly di- 
luted natural boron. In cases where insufficient material was available, naturally, 
smaller signals had to be used. 

For most of the capsules, the galvanometer deflections were recorded for 100 oscil- 
lator cycles. The deflections were read by the experimenter at times corresponding to a 
given point of the oscillation cycle and punched into an automatic point plotter. 

A typical trace so obtained is shown in Fig. 9.7. At frequent intervals during a run 
the power level was  read on the d-c ammeter. The power level was generally held 
constant to within 2 parts in 150 during a 100-cycle (-25 min) measurement. It should 
be noted that to achieve such stability, it was in general necessary to wai t  for about 15 
minutes after a given sample was started oscillating before beginning a measurement; 
an additional period of 10 minutes was  needed for the galvanometer to come toequilibrium. 

9.5 ANALYSIS OF DATA 

For each sample measured, two numbers were desired: the RC of the sample and the 
accuracy with which it was known. To determine the RC, straight’lines were drawn on the 
data traces corresponding to the average values of the left and right deflections, as 
judged by eye. The peak-to-peak average deflection so obtained was then corrected for 
the aluminum powder and capsule and compared with the standard. 

The objection may be raised that a more systematic way of averaging the traces 
should be found than just an estimate by eye. Checks on the accuracy of the eye method 
were made by 

1. having different observers make the estimate, 
2. finding the average by using a planimeter to measure the area included by the 

galvanometer trace and calculating the width of the equivalent rectangle. 
Agreement between observers was within 1 per cent and agreement between the eye and 
pihimeter method w a s  about 2 per cent for peak-to-peak deflections of roughly 3 cm. 
In view of the errors  due to noise (see below) which amount to -10 per cent for a 3-cm 
peak-to-peak deflection, it was considered unprofitable to expend the extra effort re- 
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Fig. 9.7-Typical tnce obtained from point plotter. 
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Fig. 9.8-Reactivity coefficient vs sample thickness. 
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EXPERIMENTAL RESULTS 9.7 

quired by the planimeter method. (The reproducibility of planimeter measurements for 
such erratic figures is probably not better than 1 per cent.) 

Reactivity coefficient values in cents per mole were calculated for each capsule and 
the results plotted vs the “thickness” of the sample material. These curves were then 
extrapolated to the zero-thickness reactivity coefficient values for the various samples 
measured. Measurements were made only on elements containing not more than two 
naturally occurring isotopes. For those with just one isotope, the zero-thickness value 
obtained from the extrapolation was obviously the isotopic value wanted. For those 
elements with two isotopes, two samples with different isotopic abundances were meas- 
ured s o  that the two zero-thickness values obtained from the graphs made it possible to 
solve for the isotopic zero-thickness reactivity coefficient values. 

9.6 ERROrC ANALYSIS 

The advantage of the oscillator technique is its high sensitivity, making it possible 
to measure very small signals; While this feature is very desirable it necessitates a 
thorough investigation of the noise associated with the experiment. In addition, the use 
of a high-Q detecting device (the galvanometer) complicates the error  analysis. 

KAPL-1703.: Here only the approach taken and the significant results wi l l  be given. 
Use is made of the fact that noise fluctuations of the pile are representable by an os- 
cillating source. For measurements at 10-w reactor power lasting for 25 min, it is 
shown that a signal-to-noise ratio of 1.0 is realizable for signals as small as 0.002$!. 

While the signal-to-noise ratio for a single cycle increases with Q, the number of in- 
dependent measurements made in a given period of time decreases with Q, and the two 
effects cancel. 

The traces obtained by means of the technique described in Sec. 9.4 bear out the 
results of the noise analysis, Le.. the spread of what can reasonably be called the average 
value of the deflections agrees well with 0.002$!. 

The errors  to be expected have been examined in considerable detail in Report 

It is also shown that the signal-to-noise ratio of the detector is independent of its Q. 

9.7 EXPERIMENTAL RESULTS 

The experimental results obtained are plotted in Figs. 9.8-9.10 for those instances 
in which two capsules of different thickness were measured. The label on each curve 
indicates the isotope predominantly present in the sample. The errors indicated were a 
consequence of the pile noise as discussed in Sec. 9.6. The isotopic zero-thickness re- 
activity coefficients (obtained directly from the graphs in the case of single-isotope 
elements, and solved for in the case of two-isotope elements) are shown in Table 9.1. 
The errors indicated in the table for the two-isotope elements were calculated as follows: 

1. A standard deviation is computed for the zero-thickness reactivity coefficient, 
=:for each isotopic mixture measured. Let _I RC, be the measured reactivity 

coefficient for the sample of effective thickness 
deviation in E,. The form assumed is: 

and let be the standard 

Since the RC?, RCA - - - are independent measurements on different thicknesses <,, t,, - - 
we may combine the errors in the standard Gaussian manner and obtain (for the case of 
two thicknesses) 

where 4 y=- 
4 2 - 4  1 
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9.7 EXPERIMENTAL RESULTS 
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COMPARISON WITH ESTIMATES BASED UPON CROSSSECTION RESONANCE PARAMETERS 9.8 

The e,, e,, 0 are assumed to have negligible error,. 
1 

2. The T i v a l u e s  corresponding to different isotopic mixtures are then combined, 
again on the basis of independence, to obtain the quoted standard deviations on the 
isotopic reactivity coefficients. In this case the isotopic abuhdances in the dif- 
ferent mixtures a re  assumed to be known to within negligible error. 

9.8 COMPARISON WITR ESTIMATES BASED UPON CROSS-SECTION 
RESONANCE PARAMETERS 

Expected zero-thickness reactivity coefficient values are calculated from the ex- 
pression for absorbers discussed in Chap. ?. (Eq. 7.3): 

RC is in cents/mole 

f ot= total fission rate in the reactor per watt 

$ (E)= neutron flux per unit energy interval per watt 
F(E)= neutron value function or favorableness (see Sec. 7.1). This is assumed to be a 

slowly varying function over .each resonance. 

Since the coefficient of the integral is the same for all samples, the quantity of interest 
is 

L = Avogadro's number 

a, IE)= absorption cross-section per atom 

la dE$(E)u'(E) F(E) 
For multi-resonance absorbers, reasoning analogous to that leading to Eq. 8.10 

gives as the resonance contribution: 

Her e 
rj is the total width at half-maximum of the jth level 

a3 - 
$ is the neutron flux at the jg resonance energy 

- 
a max is the peak absorption cross-section at the jth resonance 

F(Ej)is a mean value of F(E) at the jth resonance 

It has been assumed here that $(E) F(E) varies a negligible amount over'the width of one 
resonance. The contribution of the nonresonance processes such as l/v absorption must 
be added when significant. 

In many instances, due to the inadequacy of the cross-section data, these estimates 
a re  rather crude. Every effort was made to use the latest publisheddata for widths and 
peak cross-sections. It should be noted that only known resonances a re  included in these 
estimates, as opposed to those quoted in Chap. 8 where an effort was made to extrapolate 
to higher energies. 

in Chap. 6. 

- 

The flux used was measured in PPA-PO by G. B. Gavin using the methods described 

The estimates so made are  generally useful from two points of view: (1) Compar- 
ison with subsequently measured values indicates the degree to which predictions of 
reactivity coefficient values may be made. (2) The estimates serve to determine the 
amount of the sample material to be put into the capsules. It should also be noted that in 
some instances comparison of the calculated and measured reactivity coefficients may 
make it possible to assign to an isotope a resonance which is only known to exist for the 
element. 

, .  
' , I  

I 
! '  
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9.8 COMPARISON WITH ESTIMATES BASED UPON CROSSSECTION RESONANCE PARAMETERS 

The values calculated according to the above prescription a re  shown in Table 9.1. 
Inspection of the results in Table 9.1 indicates that in many cases the uncertanties of 
the experimental data prevent meaningful comparison with the CdlCUlated values. In 
these cases where comparison is possible, discrepancies may be due to a lack of reso- 
nance parameter data at the higher energies which a re  still significant in intermediate 
reactors, and to uncertainty in assigning resonances to a particular isotope. These 
factors are especially applicable to the iridium results. 

The data of Table 9.1 show reasonable agreement in 12 out of the 18 isotopes 
tested, Of the six showing disagreement, one difference was in an inexplicable direc- 
tion, for the measured RC was lower than that calcuable from the known resonances. 

In general, although the data accumulated in the very short survey here reported 
are not definitive, the method itself has been shown to be a very sensitive means of 
obtaining reactivity coefficients on small quantities of essentially unshielded isotopic 
samples. 

TABLE 9.1--REACTIVI'IY COEFFICIENT DATA 
~~ 

Total 
Calculated 

Element RC from Resonances, 1/v Contrib., RC Experimental RC, 
$/mol C /mol $/mol $/mol 

Single Isotopes 
Mn 3.9 1.6 5.5 24.0 t 2.6 
c o  11 4.3 15.3 28.4 5 4.0 
As 7.9 0.48 8.4 28.2 5 2.8 
*Y 0.16 0 0.16 0.1 2 0.3 
Rh 102 17.5 120 135 t 14 
Ho (13% Eu) 110 7.5 118 180 2 42 
Tm(l% Lu) 220 13.8 234 165 2 30 

112 2.5 115 140 5 15 Ta 
Pairs of Isotopes 

*Ag'OT 34 3.5 37.5 33 26 
A P 9  218 9.8 228 290 2 50 
In 55 7.4 62 670 f 670 
In 330 23 353 390 f 50 

*Sb121 51 0.66 52 48 5 6 
*Sb1Z3 4.7 0.45 5.2 37 2 4  
Rem5 252 11.7 264 290 2 50 

*Rem7 26 6.3 32 23 f 5 
*Irlgl 240 117 357 430 f 80 
w 9 3  130 14 144 390 2 60 

*Only one sample thickness was measured. 

Referred to 
REFERENCES in section 

1. F. Feiner, R. T. Frost, and H. Hurwitz, Jr., Pile Oscillator Techniques 
and Error Analysis of Oscillator Measurements, Report KAPL-1703, 
October 1956. 

2. KAPL Staff, Report of the Physics Sections for September, October, 
November, 1952, Report JSAPL-847. (Classified) See also Vol. I , 
Chap. 2, of this Handbook. 
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REACTOR SURVEY C CULATlO 

P. 1. HOFMANN and M. 1. STORM 

10.1 INTRODUCTION 

The purpose of conducting reactor survey calculations is to investigate the inter- 
action of a relatively large number of nuclear.parameters (such a8 reactor size, type of 
moderator, type of coolant, and amount of fissionable material required) in order to 
predict reactor behavior and to obtain an optimum nuclear design. Survey calctilations 
can be very simple if only one or two parameters are to be varied. They may become 
quite complex if a large number of parameters are to be considered. 

In this discussion survey calculation techniques employed at the Knolls Atomic 
Power Laboratory (KAPL) in the investigation of SIR-type reactors a re  primarily 
considered. The term SIR-type reactor refers to an intermediate spectrum reactor 
that is reflector-controlled by means of rotating control drums located at the core- 
side reflector interface. One side of each drum has a neutron absorber face; the 
other face consists of moderating material. 

The determination of the nuclear characteristics of intermediate spectrum reactors 
depends heavily on the so-called “multigroup approach” of Hurwitz and Ehrlich, de- 
scribed in Volume 1’. At KAPL various multigroup schemes were in use, most of them 
employing about 15 lethargy groups. This comparatively large number of groups makes 
it impractical to perform calculations without the aid of some sort of automatic com- 
puting equipment. Until fairly recently TBM machines like the CPC were employed, and 
with their aid it was possible to complete 15-group multigroup calculations for com- 
paratively simple reactor models (for instance: three concentric spheres, each of 
uniform composition, representing reactor core, reflector, and blanket, respectively) 
in about 5 hr. Similar calculations by means of desk calculators might occupy one 
person about two weeks. Recently, fas t  computers like the UNIVAC have become more 
generally available, and it is now possible to perform these calculations in a matter 
of minutes. 

The results of a reactor survey can be presented graphically by mapping a series 
of “reactor points.” For example, a typical map might consist of a critical mass 
contour as a function of moderator volume fraction and core size. In a simple survey 
each reactor point can be mapped on the basis of the information derived from a single 
multigroup calculation. In a more complex survey involving, for instance, the deter- 
mination of reactor endurance, it might be necessary to conduct a whole series of 
multigroup calculations to fix a single reactor point. In the following paragraphs 
various survey techniques employing one- and two-dimensional multigroup formulations 
will be described. 

10.2 SPHERICAL GEOMETRIES: CLEAN AND DEPLETED REACTORS 

A survey technique for determining reactor endurance is described in Report 
KAPL-975*. This was the first time that the large capacity and high computing speed 
of the UNlVAC was utilized to survey the nuclear properties of a large variety of re- 
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103 SPHERICAL GEOMETRIES: STEPWISE BURNOUT 

actors. In this approach two reactor conditions were examined in the calculation ot 
each reactor point: the clean-core critical condition and the completely depleted re- 
actor condition. For calculation of the depleted condition fission products other than 
xenon were lumped together, and boron was used to simulate this group of fission 
products. The mathematical treatment of the xenon followed standard techniques 
similar to those described in Chap. 13.' A reactor life in full-power hours was assumed, 
and the necessary mass in the depleted condition was calculated with the reactor re- 
flected by a beryllium-sodium-steel reflector. 

In the clean condition boron was removed from the core, and a specified amount of 
U2'5 was added to account for the burnout for the required full-power hours. The re- 
flector for this clean calculation was the same as the one used to determine the critical 
mass in the depleted condition. Thus the difference in multiplication constant between 
these two calculations is due to fission-product poisoning and fuel depletion. The addi- 
tion of the peak xenon reactivity defect and of a suitable allowance for safety margin 
yields the total reactivity range which must be supplied by the control system for safe 
operation at the specified power level and for the specified number of hours. 

the SIR-type control system. Another calculation was performed for a clean core and a 
reflector Containing some specified uniformly distributed amount of boron, character - 
istic of the zero-degree control-cylinder position (B,C face toward the core). This 
amount was based on experimental information obtained in the preliminary pile assembly 
(PPA). The reactivity difference between the reactor containing the initial U235 loading 
and having a clean reflector (no boron) and the reactor with the boron reflector is a 
measure of the reactivity available for control. A comparison of this reactivity dif - 
ference with the required reactivity difference provides an estimate of the reactor 
endurance. 

The results of these calculations are presented in Report KAPL-975' as a series of 
contours of fuel loading, endurance, and Xenon reactivity aefects as a function of core 
beryllium volume fraction and core size. Such mappings facilitate the selection of 
optimum nuclear design regions. Representative calculation times per reactor point are 
of the order of 15 min. 

The results shown in Fig. 10.1 (reproduced from Fig. 1 of Report KAPL-975') per- 
tain to a hypothetical sodium-cooled beryllium-moderated 120-Mw reactor. Endurance 
values given in Fig. 10.1 are normalized to 900 hr  operation at 120 Mw. For example, 
an endurance of 2.0 corresponds to 1800 full-power hours. As described in Report 
KAPL-975, if the indicated endurance is greater than 900 hr, suitable adjustments must 
be made in the depleted loading to account for the increased fission-product accumulation. 

The next step was to examine the amountbf shim control which would be supplied by 

10.3 SPHERICAL GEOMETRIES STEPWISE BURNOUT 

Another and somewhat more elaborate technique to obtain similar contour maps is 
described in references 4 to 7. This technique was specifically developed to treat the 
application of burnable poisons to SIR-type reactors. However, it can also be used for 
other reactor endurance surveys. As before, all calculations were patterned on three- 
media spherical models consisting of homogeneous core, reflector, and blanket regions. 
The basic purpose of all calculations was to obtain the endurance in full-power hours 
for various SIR-type reactors. The following procedure is used. It is assumed that the 
reactor operates at full power over its entire life span. This time span is divided into - .  
arbitrary time increments. An initial reflector boron concentration is chosen to repre- 
sent the critical control-cylinder position, and a multi oup calculation is performed. 
From the results of this first calculation, a rate of UeP burnout and fission-product 
accumulation (simulated by boron) is obtained. With these rates the uniform UZs5 load- 
ing and fission-product concentration at the end of the time interval can be determined. 
If theburnup of fuel over the.entire life cycle is not too great, the assumption of uni- 
formity of fuel depletion and stable fission-product accumulation is adequate. After ad- 
justments are made for the presence of xenon, criticality is re-established by the re- 
moval of some reflector boron to simulate control-cylinder rotation. This entire pro- 
cedure is repeated until the reflector boron concentration is reduced to zero (Control 
cylinders in their most reactive position) which indicates the end of the reactor life. 

Examples of the results obtained from this type of survey a re  presented in refer- 
ences 8 and 9. In particular, in reference 9, it was desired to find a small reactor with long 
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10.4 TWO-DIMENSIONAL GEOMETRIES 

endurance at SIR power whicn would fit into the S1G container. In order to find possible 
design points satisfying these criteria an endurance survey was made of small core 
beryllium-moderated sodium-cooled reactors in which the control is provided by rotating 
cylinders. The same sodium velocity was used in all calculations and account was taken 
of the increasing volume fraction occupied by fuel and structural material with decreasing 
core volume. The results of.this study a re  given in Fig. 10.2. (Reproduced from Fig. 10 
of Report KAPL-Memo-MLS-5.') It can be seen in Fig. 10.2 that cores with diameters 
between 23 and 22 in. and core loadings varying from about 54 to 82 kg were of possible 
interest. The endurance in this region varies between 2500 and 3500 hr and the safety 
margin extends from -$A to -$8. Representative calculation times per reactor point 
were about 3 hr. 

10.4 TWO-DIMENSIONAL GEOMETRIES 

The two techniques described above have utilized one-dimensional spherical r e  - 
actor geometries. In the case of the S1G the use of this geometry did not realistically 
account for the angular dependency introduced by the presence of the rotating control 
cylinders. The development of the (r-e) method, which involves the two cylindrical 
space dimensions of radius and angle, received impetus from a desire to create a 
multigroup technique which would effectively treat the unique S1G geometry. 

An early application of the (r-0) technique was a survey of a single well-defined 
reactor, namely, the SlG, over its entire lifetime. The purpose of the survey was to 
obtain information concerning control characteristics, flu, and power distributions 
throughou[othe reactor history, and to make comparison with experiment whenever 
possible. A number of (r-0) calculations were performed to trace the behavior of 
the reactor at discrete time intervals corresponding to the completely shutdown con- 
dition, the clean critical condition, an intermediate condition, and, finally, the depleted 
condition near the end of the reactor operational life cycle. In general, the results of 
this survey were in good agreement with measurements made in preliminary pile 
assemblies (PPA, PTR) representing various stages of reactor life. Representative 
calculation times on the UNIVAC are about 6 h r  per source iteration, and several 
iterations are usually required. 

the cylindrical coordinates radius and height. A suitable reactor model for an (r-z) 
calculation is one in which angular variations are either nonexistent or relatively in- 
significant so that they can be ignored. The (r-z) method has been employed in various 
surveys. For instance, in a study of helium-cooled reactors this method was used to 
determine the effect on power distribution and critical mass brought about by changes in 
the L/D (length-to-diameter) ratio. Another study" considered the effect on excess 
reactivity and shutdown safety of lengthenhg the S1G core and increasing the fuel loading. 
Representative calculation times per source iteration are again of the order of 6 h r  on the 

Another two-dimensional scheme of great utility is the (r-z) method, which employs 

UNIVAC. 
In conclusion it mifit be pointed out that while reactor surveys are costly, the survey 

orocedure is nevertheless more economical than the building of numerous critical as- 
iemblies to investigate a broad area of interesting nuclear designs. 
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Chapter 11 

SELF-SHIELDING CALCULATIONS 
FOR SIR-TYPE REACTORS 

P. 1. HOFMANN and M. 1. STORM 

11.1 INTRODUCTION 

Many criticality calculations for practical reactor geometries are performed by 
establishing an equivalent homogeneous reactor model whose nuclear properties are 
then analyzed. The transformation of the actual heterogeneous reactor geometry to 
the equivalent homogeneous model can be accomplished by the employment of effec- 
tive absorption cross-sections in the homogeneous model. The factors used to modify 
the actual absorption cross-sections in order to obtain effective values are referred 
to as self-shielding factors. 

The self-shielding scheme used at JSAPL in conjunction with the multigroup 
formulation of the age-diffusion equation was developed by H. Hurwitz, Jr. and G. M. 
Roe. The mathematical development of this theory is described in detail in refer- 
ences 1 to 3. 

The application of the Hurwitz-Roe self-shielding methods to specific SIR-type 
geometries is discussed in this chapter. Simplified analytical approximations for 
these self-shielding factors, which were used extensively in multigroup survey calcu- 
lations, are also developed. Initial application of this theory to SlG/SZG was made 
by H. Hurwitz,, Jr., G. M. Roe, and W. J. C. Bartels. 

A brief outline of the Hurwitz-Roe scheme is given in the following paragraphs. 
The age-diffusion equation can be written as2 

(11.1) 

where nv is the neutron flux per unit lethargy, S(r,u) is the source of neutrons, and 
q is the slowing-down aensity defined as 

q = nv &, (11.2) 

Equation 11.1 is obtained assuming Zais much smaller thanZ,, but this as- 
sumption is not always justified. One way of accounting for large absorptions con- 
sists of the following procedure. The space-independent solution of the age-diffu- 
sion equation in a source-free energy range'is compared with the corresponding 
solution of the Boltzmann equation. This comparison then indicates what adjustments 
are necessary to establish equivalence between the slowing-down processes as 
calculated by the two methods. A description of this approach is given in references 
2 and 3, where various solutions of the space-independent Boltzmann equation are 
presented. 

One possible modificatiox? is to change the definition of the slowing-down den- 
sity, but this procedure has not been adopted at KAPL. Instead, the relation q = nv 4Ze 
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11.1 INTRODUCTION 

has been retained, and the absorption cross-sections have been adjusted by means 
of,properly chosen (self-shielding) factors in order to give 'the desired variation of 
q with energy for the space-independent problem. This method accounts for both 
the presence of large absorption and the heterogeneity of the assembly. 

The space-independent solution of the age-diffusion equation in a source-free en- 
ergy region is 

(11.3) 

As discussed in references 2 and 3, an approximate solution of the Boltzmann 
equation is 

q = QO exp (- 1" X(u') du') (11.4) 

where X(u) is related to P (u), the probability that a neutron scattered into the leth- 
argy u will be captured betore being scattered again, by the relation 

(11.5) 

In the above, a = (M - 1)2 /(M + lt, where M is the mass of the scattering material 
relative to the neutron mass and P; is the average value of Pc (u) when the spacing of 
the absorption resonances is small compared to the average energy loss in a scat- 
tering collision. If the absorption resonances a re  broad, this averaging is not nec- 
essary and Pc (u) may be used. The solution of Eq. 11.5 can be written as 

(11.6) 

where /3 is a correction factor which is unity whenf;-, is small. In one approximation 
0 is taken as 

(11.7) 

where y is a function ofa . Comparing Eqs. 11.3 and 11.4, it is seen that, if the term 
Z a appearing in the age-diffusion equation were to be replaced by ( &)ePn chosen so 
that 

(11.8) 

the desired correspondence between the two solutions of the space-independent prob- 
lem would be obtained. Thus, using Eq. 11.6, 
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SFLF-SHIELDING FACTORS 11.2 

In summary, the following procedure applies in obtaining (%)de: (1) calculate 
P,(u); (2) average P,(u) when necessary, and (3) correct with the factor 0 when the 
average absorption probabiuty is large. (In most practical cases it is sufficient to 
let@ = 1.) The averaging of P, (u) over resonances has been done by G. M. Roe for 
various geometries.’ In the energy region of small resonance spacings where P, (u) 
is usually averaged, the self-shielding factors tend to be close to unity. 

In practice the calculation of P, (u) is usually quite difficult; several simplifying 
assumptions must be made, and the over-all treatment is semiquantitative at bes t  - However, the effects of self-shielding on criticality are not major since, in the en- 
ergy range where self-shielding is important (low energy), leakage is unimportant. 
The main effect of self-shielding is to change the neutron spectrum in the core. 
Multigroup calculations by I. Bornstein on SIR-type reactors loaded with 35 and . 
40 kg of U ”’ and with clean reflectors show that the difference in k between calcula- 
tions performed with and without self-shielding factors is about 2.5 per cent. 

the SIR-type geometry wil l  be ppesented. Only the low-energy region where the self- 
shielding factors are appreciably different from unity will be discussed. 

In the following sections a description of the application of these procedures to 

11.2 SELF-SHIELDING FACTORS 

The reactor core is depicted a8 consisting of two regions: (1) the fuel region - 
containing fuel and associated absorbers in contact with the fuel (e.g., fission prod- 
ucts) - and (2) the moderator region - containing structural materials and coolant in 
addition to the moderator. It is assumed that these materials are uniformly mixed, 

The probability of capture before scattering is then considered as being made 
up of two component probabilities: (1) Po, the probability of capture in the fuel 
region before scattering ‘or capture by the moderator region, and (2) &, , the prob- 
ability of capture before scattering in the moderator region. Hence 

P, = Po + P, (1 1.1 1) 

The probability of scattering before capture in the fuel region is 1 - Po, so that 
P, can be approximated by 

(11.12) 

where 2&, is the macroscopic absorption cross-section in the moderator region and 
C, is the macroscopic scattering cross-section (scattering in fuel is neglected). 
The above formula would be correct if structural and moderator materials were 
mixed homogeneously. 

Po is approximated by 

(11.13) 

where &is the macroscopic absorption cross-section for the fuel region, f is the 
geometrical fuel-element self-shielding f a ~ t o r ~ ~ ~ a n d  C is a parameter designed to 
take account of mutual shielding between fuel elements. When fuel is “black” (f zm 
approaching a constant value), Po is redefined as P,, and C is obtained from Eq. 
11.13. The calculation of Pd and hence C, depends on the specific reactor under 
consideration. 

For a 50-kg core, the largest value B takes at isolated resonances is about 1.08. 
More typical values of p are in the neighborhood of 1.02. Since the subsequent self- 
shielding calculations are simpler when f l  is unity, it is convenient to let f l  = 1 in 
Eq. 11.9 and obtain 
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(11.14) 

Since (qJefd(q,&ff isequal to the ratio of capture probabilities in the two 
regions, 

and 

(11.15) 

where A and B are the self-shielding factors for the fuel region and moderator region, 
respectively. 

Solving for A and B yields 

(11.16) 

11.3 APPLICATION TO SIR-TYPE GEOMETRY 

In applying the previously developed formulas for A and B, it is first necessary 
to obtain an expression for the coupling parameter C in terms of P,. P, is the 
limiting value of Po when the fuel is "black." Under these conditions (see, for ex- 
ample, reference 5), the geometrical self-shielding factor approaches the value 

1 
2(2V/S)Z 

where V, S, and Care the volume, surface area, and macroscopic absorption cross- 
section, respectively, of the fuel element. Z is related t o C , b y k  =vZ, where v is 
the fuel-element core volume fraction. Hence, in the limit of black fuel, f &,ap- 
proaches &/4V, and Eq. 11.13 becomes 

sv/4v 
Cs + cam + C(sv/4V) P w  = (11.17) 

(11.18) 
1 4v 

P w  c = - -(E, + C,) 

. The calculation of Poo depends on the specific reactor core under consideration. 
Usually 8, > cam , and furthermore Z8 is fairly constant in the energy range under 
consideration so t h 2  C is not a sensitive function of energy. This can be seen 
clearly in Fig. 11.1 where C is plotted as a function of lethargy. 

geometry will be described. 

the birth rate is Uniform, so that the fraction of moderated neutrons born in the 
central beryllium (rl) and the fraction born in the interstitial regions (r2) are pro- 
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portfonal to the volumes involved. ("Centralf1 and Tnterstitial" denote geometrical 
configurations in the reactor; an idealized model is shown in  Fig. 11.2. ) 

0 
d 
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J1.0' ' I ' ' ' I ' I ' 1 . 
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0. 

0 
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Fig. ~r.r-Van'ation of coupling parameter C (Eq. 11.18) with le- U. 

First consider the moderated neutrons born in the centrally located beryllium. 
A uniform volume distribution of isotropic neutron sources within that region is 
assumed. The fractional escape of neutrons of a given lethargy, from the beryllium 
in that region, is calculated by first-collision theory using the self-shielding curve 
for an infinite cylinder?" Since a scattering collision removes a neutron from the 
lethargy under consideration, the scatterings can be treated as absorptions for the 
purpose of this calculation, and the total cross-section is used in computing the self- 
shielding factor. In this case,' the escape probability is equal to the self-shielding 
factor for neutrons isotropically incident upon the surface bounding the beryllium, SO 
that the escape probability is read directly from the self-shielding curves. 

determined. It is assumed that the neutrons emanate from the centrally located 
beryllium with a cosine distribution and that the probability for passage through the 
fuel is a purely geometrical effect which could be determined graphically for repre- 
sentative positions on the surface. An average probability of 0.24 is obtained; in 
other words, 76 per cent of the neutrons leaving the central beryllium are absorbed 
in the adjoining fuel region when the fuel is black. 

The disposition of the 24 per cent of the neutrons. escaping from the central 
beryllium is then treated in the following approximate manner, which permits a 
closed expression to be obtained for P,. 

The complicated geometry exterior to the central beryllium and fuel regions is 
replaced by equivalent concentric annuli representing the successive interstitial 
beryllium, fuel, and central beryllium regions which the neutron encounters (Fig. 11.2). 
The chance of passing through the equivalent beryllium annuli is calculated on the 
basis of exponential attenuation, whereas the chance of passage through the succes- 
sive fuel regions is approximated by the previously mentioned value of 0.24. The 
following notation is introduced. A s  a neutron goes from the center to the outside of 
Fig. 11.2: 

The probability of passage through the fuel when the fuel is black must now be 

p, is the chance that a neutron born in the central beryllium reaches the surface 

CENTRAL BERYLLIUM REGION 

FUEL REGlON 

INTERSTITIAL BERYLLIUM REGION 

EQUIVALENT FUEL REGION 
EQUIVALENT CENTRAL BERYLLIUM 
REGlON 

Fig. I I.1-Sketch of equivalent core geometry (not to scale). 
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11.3 APPLICATION TO SIR-TYPE GEOMETRY 

9 is the chance that a neutron passes through a fuel region 
q, is the chance that a neutron passes through the interstitial region 
p, is the chance that a neutron passes through the equivalent central beryllium 

region. 
Of the neutrons born in the central beryllium, the fraction that is absorbed in the 
fuel is 

assuming an infinite array of concentric annuli. 

to the beryllium under consideration. Denoting by qo the fraction escaping from the 
equivalent interstitial region, one finds in analogy to Eq. 11.19 that the probability of 
capture in fuel of the neutrons born in this interstitial beryllium is given by 

Now consider the neutrons born in the first ring of interstitial beryllium exterior 

(11.20) 

Finally, by adding Eqs. 11.19 and 11.20, the total probability of capture before scat- 
tering in fuel when the fuel is black is obtained as 

(11.21) 

With the above expression for P e C can now be obtained from Eq. 11.18. It then is 
assumed that P, is the same for each fuel assembly regardless of its location inthe 
reactor, 

As an illustrative example consider neutrons near lethargy u = 17 (-0.4 ev). The 
following values are obtained for the p's and q's: 

& =  0.33, p ~ =  0.27, go= 0.74, g,= 0.82, 

so  that, with@ = 0.24, r,= 0.69, and r, = 0.31, one finds Pa= 0.397. Hence, returning 
to Eq. 11.18 with CS+& = 0.49 and 4V/Sv = 2.61, a representative value of C is 
obtained as 1.24. Referring again to Fig. 11.1, it is seen that C is not a sensitive 
function of energy in the range of interest. With C determined, the self-shielding 
factors A and B are obtained from Eq. 11.16. 

range from u = 13.8 to u = 18.7, are shown in Fig. 11.3 as a function of u. In Fig. 
11.4, A and B have been replotted a8 a function of&&C,. It is seen that the func- 
tional relation In Fig. 11.4 is much simpler than that of Fig. 11.3. By use of the 
above data, average A's and B's for pertinent lethargy groups were calculated and 
plotted as a function of the gro@-averaged&,&, . The resulting curves were then 
fitted by: the following empirical expressions7 : 

The results of calculations for A and B for .the clean 50-kg core, in the lethargy 

(11.22) 

These forms have been used extensively in multigroup surveys employing auto- 
matic computing machines. 'The above empirical expressions can be derived from 
Eq. 11.16 in the following manner: 
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APPLICATION M SIR-TYPE GEOMETRY 11.3 

0.6 

With Z8> Zm,Eq. 11.16 reduces to 

I I I I I 1 

t 
A =  1 + fC (C,/C,) (11.25) 

Furthermore, for most geometries of practical interest, f can be approximated 
by 

1 = 1 + (3V/S) 

0.4 I I I I 1 I I 
15 16 13 14 

IS 

' I  

LETHARGY, u 

Fig. 11.3-SIG self-shielding facton A and B as a function of u. 
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11.3 APPLICATION TO SIR-TYPE GEOMETRY 

MODERATOR REGION) 

0.4 I I I I I I 1 I 
0 5 I .o I .5 2.0 2.5 -3.0 

C a 0  

Fig. II.,++lfshiclding facmn A and B as a function of 
2,/€2.. 

where V, S, and Zare the volume, surface area, and macroscopic absorption cross- 
section, respectively, of the fuel element. For SIR-type fuel elements, f can be re- 
expressed as 

1 
1 + i3 ( ~ c , o / t ~ , )  

f =  (11.24) 

where 

R is the fuel element equivalent radius, and v is the volume fraction of the fuel ele- 
ments in the core. Substitution of Eq. 11.24 into Eq. 11.23 yields 

where 

(11.25) 

L 

r 

, 

In the energy region of interest, C and (C, are slowly varying functions. With C ff 
1.25, and with typical values for the other constants E is approximately 0.42, in 
satisfactory agreement with Eq. 11.22. Even if C were taken a8 unity, as a first 
approximation, a value of 0.37 would be ahtainedfor E. 
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Similarly, for C, >Zm, B can be written as 

(11.26) 

after substituting for C,/&Z, from Eq. 11.25. Withe Z 0.2 and E S 0.4, Eq. 11.25 
reduces to the form given in Eq. 11.22; namely, B = (1 + A)/2. 
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Chapter 12 

STATISTICAL THEORY ESTIMATION OF 
FlSSlO N-PRO DUCT POI SON I NG 

P. GREEBLER and H. HURWITZ, Jr. 

12.1 INTRODUCTION 

Prediction of the endurance of a nuclear reactor requires an accurate computation of 
poisoning resulting from long-lived fission products. Recent theoretical and experimental 
studies of nuclear cross-sections have furnished sufficient information for such calcu- 
lations. 

Several estimates of fission-product poisoning in thermal reactors have been made 
from the considerable data available on thermal cross-sections." ' Poisoning of an 
intermediate-energy reactor was calculated by Clark3 and more recently by King: who 
computed reactivity coefficients for six of the most important fission-product nuclides. 
King's calculations were based primarily on a few prominent absorption resonances in 
the low-energy region. Thus f a r  no calculation of poisoning has been reported which in- 
cludes the effect of the absorption cross-sections of all the long-lived fission products at 
higher energies. 

Businaro, Gallone, and Morgan made some theoretical calculations' of nuclear 
cross-sections in the energy range 10' to 10' ev, based on recent studies of the sta- 
tistical behavior of nuclear resonances. In particular, cross-sections were calculated 
for 11 nuclides varying in mass number from 82 to' 153, this being the range of atomic 
mass that includes virtually all the fission products. From these cross-sections and 
curves of the yields of the stable fission products, the total cross-section of all the 
fission products was estimated at energies from 10' to 10' ev. (For convenience we 
shall designate the microscopic absorption cross-section of all the fission products, in- 
barns per fission, as the "fission-product cross-section," and denote it by the symbol up. 
Since it is frequently convenient to include in this cross-section the contribution of UZ3' 
resulting from radiative capture of neutrons by UZ3' , we denote the fission-product 
cross-section including U'% by the symbol i$) 

Values of the fission-product cross-section Ep estimated by Businaro, Gallone, and 
Morgan, were roughly five times higher than an earlier estimate made at KAPL, the 
KAPL estimate being that isp was of the order of the cross-section of a boron atom: A l l  
the 11 nuclides used by Businaro, Gallone, and Morgan to calculate the fission-product 
cross-section iFp were even Z-odd N or  odd Z-even N types (Z and N being the numbers 
of protons and neutrons, respectively), and none of the nuclides possessed a number of 
neutrons within two of the magic numbers 50 or 82. Even-even nuclei possess consider- 
ably smaller cross-sections, on the average, than odd-even, even-odd, or  odd-odd nuclei. 
Furthermore, nuclei with magic N have very small cross-sections? Since one-half of 
the long-lived fission products are even-even nuclei and a large fraction have or are  
near magic N, it is highly probable that omission of these factors accounted for the large 
Fp values obtained in reference 5. 

Fission-product cross-sections are evaluated over an energy range 10' to lo5 ev 
for the work described here, taking into consideration the magic N and even Z-even N 
effects. In fact, the contribution of each of the long-lived fission products to the fission- 
product cross-section Fp, Ss considered separately. Values of Fpp. thus obtained are used 
in multigroup calculations to yield the poisoning in the higher energy groups (40 to lo' ev) 
contributed by all the fission products in an intermediate reactor. 
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12.2 METHOD OF ANALYSIS' 

Since application of recent nuclear theory to the computation of cross-sections at 
higher energies is the primary objective of this study, we consider first the underlying 
principles of this analysis. 

12.2 METHOD OF ANALYSIS 

Following the procedure of Weisskopf: we make a distinction between fine structure 
and gross structure of nuclear cross-sections. Knowledge of the fine structure of a 
given nuclide requires a list of the location and intensity of each resonance in the 
neutron-energy spectrum; in other words, Eo, the resonance energy, ry, the radiation 
width, and I',, the neutron width, must be specified for each resonance. Knowledge of 
the gross structure involves the average cross-section in a specified energy interval, 
the fluctuations caused by individual resonances being smoothed out. The distinction is 
important since the fine structure can be determined only by detailed experimental 
study, whereas the gross structure can be predicted by nuclear theory from a relatively 
small amount of experimental data In practical applications the fine structure is more 
important at low energies; whereas the gross structure is more important at high 
energies. In computing the fission-product poisoning at thermal enerqes, for example, 
i t  is more useful to know that the peak of the strong resonance of Sm' ' occurs at 0.096 
ev than it is to h o w  that this nuclide has typically six resonances of a certain average 
strength in each 50-ev energy range. For a similar computation in the neighborhood of 
1000 ev, on the other hand, it is less useful to know the cross-section at precisely 1000 ev 
(which may or may not coincide with a resonance peak) than it is to know the average 
cross-section in the range between 975 and 1025 ev. A t  sufficiently high energies, de- 
pending upon the particular nuclide being considered, appreciable overlapping of the 
resonances is bound to occur; therefore only the gross structure can be readily observed 
in any case. 

Absorption cross-sections of a nuclide may be identified with the gross structure, 
for practical applications, at energies that are high compared with the average energy 
spacing between resonances. For nuclei with nonzero spin, let D be the average spacing 
between the energy levels of each spin state of the compound nucleus formed during the 
nuclear interaction. This statement implies that for each nuclide there exists an 
average energy spacing D between resonance peaks, independent of energy, a fact that 
has befn confirmed experimentally for many nuclei for neutron energies up to about 
1 MeV. 
E can be computed by integrating over an individual resonance with respect to energy and 
multiplying the integral by D-', the number of resonances per unit energy interval. This 
average cross-section will be correct, however,. only if the resonance chosen for integra- 
tion possesses the average strength for the resonances that occur near energy E. This 
requires that the neutron width, r, , be appropriately averaged. Values of the radiation 
width ry, for a given nuclide do not vary appreciably over the energy range of interes 

vary from one resonance to another wit n a macroscopic energy interval. (The reduced 

neutron widths with all resonances effectively reduced to 1 ev.) This variation is de- 
scribed most aptly as a Gaussian distribution with respect to (I$)'/', as proposed by 
Yorter and Thomas.'O''' 
Sec. 12.6, where the following equation for the average absorption cross-section at 
energy E of a given nuclide is derived: 

The average nuclear absorption cross-section of a nuclide near a given energy 

Neutron widths, r,, vary as E'/'; in addition, the reduced neutron widths ri =r,.E-' b , 
neutron width r: does not have the E' P ' dependence of r, . This permits comparison of 

- . 

Further details concerning these factors a re  discussed in 

(12.1) 
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where A = nuclide mass number (atomic weight) 
a, = average absorption cross-section at energy E (barn) 
E = energy (ev) 
r i  = average reduced neutron width (ev)'! 
D = average spacing between resonances of the same spin (ev). For even Z-odd N 

or  odd Z-even N nuclides, D is actually twice the experimental resonance 
spacing, as discussed in Sec, 12.6. 
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METHOD OF ANALYSIS 12.2 

TABLE 12.1-4b) FOR SMALL VALUm OF w 
(PORTER-THOMAS DISTRIBUTION) 

W b (w) W b (W) 

0 0 0.10 0.069 
0.02 0.017 0.12 0.080 
0.04 0.032 0.14 0.090 
0.06 0.045 0.16 0.100 
0.08 0.057 0.18 0.110 

0.20 0.119 

W b (W) 

0.25 0.140 
0.30 0.160 
0.35 0.179 
0.40 0.196 
0.50 0.227 

A 

w = ry/[E"$;/D)D], where r,, = radiation width (ev). 
I#J (w) is obtained from the solid curve of Fig. 12.3 and is defined by Eq. 12.12. 
I#J (w) is tabulated in Table 12.1 for small values of w. 

The second term on the right, involving energy and mass number of the nuclide, does 
not differ appreciably from unity at energies below lo4 ev. A t  lo4 ev i t  contributes 
roughly an additional 30 per cent to cross-sections of nuclides in the atomic mass region 
of fission products, and above lo" ev this term is of considerable magnitude. An ap- 
proximation to Eq. 12.1, valid at very low energies, where @(w) = 1, is 

(12.2) 

A t  high energies $(w) = w, and the first term in brackets on the right side of Eq. 12.1 
varies as E-', being directly proportional to Fy/D. A t  sufficlently high energies that the 
second term in Eq. 12.1 becomes large compared with unity, the cross-section becomes 
independent of energy. Thus the average (gross) cross-section has a large value at low 
energies, decreasing at first as E"12 as the energy is increased, then decreasing more 
rapidly as E is increased, and finally approaching a constant value at very large E. A t  
energies above 1 Mev the level spacing D may very appreciably with energy,' and this 
factor has not been taken into account in Eq. 12.1. 

Fission-product cross-sections Op and 6' a re  evaluated as ZiYiIJ& where Yi is the 
fractional yield of the ig f i s s ion  product and Fai is the absorption cross-section of the 
ithproduct, (computed from Eq. 12.1.) For the evaluation of i7.. , CiYi = 2; whereas, for 
the evaluation of Op I which includes U236 , ZiYi = 2 + a = 2.38 for atypical intermediate re- 
actor. The summation is taken over all the long-lived stable fission products, which a re  
listed in Table 12.2. Also listed are  Z and N numbers for each isotope, per cent fission 
yields taken directly from Table 5 of King's report: and values of D, rj,, and the ratio 
r:/D. It should be noted from Eq. 12.1 that these latter three values specifyza as a 
function oftenergy for a given nuclide. 

function of nuclear mass number, using the "cloudy crystal ball" model of the nucleus. 
The theoretical evaluation, shown as the solid curve of Fig. 12.1, is compared with 
measured values of T,"/D obtained by Harvey et al.' The experimental points confirm 
the general form of the theoretical curve, but the maximum is appreciably less than pre- 
dicted. The r;/D values listed in Table 12.2 were obtained from the dashed curve of 
Fig. 12.1. A large number of r,, values have been compiled by Hughes and Harvey13 for 

Feshbach, Porter, and Weisskopf" have made a theoretical evaluation of F:/D as a 

the 1955 book of neutron cross-sections. Many of these values are plotted in Fig. 12.2, 
and the solid curve was used to obtain the I?,, values listed in Table 12.2. 

L2vel spacings (D) have been measured for a large number of nuclides by Harvey 
et ai., and several of these a r e  among the fission products listed in Table 12.2. (Those 
D values in  Table 12.2 which are  listed with specified limits of error were obtained from 
references 9 and 14). For many of the fission products, level spacings are estimated 
from the 1955 compilation of neutron cross-sections by counting resonance peaks in the 
low-energy region of good res01ution.l~ Cross-section plots of natural elements contain- 
ing several isotopes are  treated by assuming that each isotope of odd mass number ac- 
counted for six times thenumber of unidentified resonances as an even Z-even N isotope. 
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.12.2 I M ~ T H O I )  01: ASALYSIS 

TABLE 12.2-DATA FOR FISSION-PRODUCT CROSSSECTION 

Fission-product absorption cross- 
section, barns per  fission 

Radiation 
Yield (Y) Spacing 01, width At At At At 

Nuclide Z N x 102 ev (r7)., ev D 

36 47 
36 48 
36 49 
37 48 
36 50 

37 50 
38 50 
39 50 
38 52 
40 51  

40 52 
40 53 
40 54 
42 53 
40 56 

42 55 
42 56 
43 56. 
42 58 
44 57 

44 58 
45 58 
44 60 
46 59 
46 60 

46 61 
46 62 
47 62 
48 63 
48 64 

48 65 
49 66 
52 74 
53 74 
52  76 

53 76 
52 78 
54 77 
54 78 
55 78 

54 80 
55 80 
54 82 
55 82 
56 82 

0.59 
1.11 
0.33 
1.20 
2.14 

2.82 
3.56 
4.58 
5.62 
6.10 

6.32 
6.47 
6.55 
6.61 
6.61 

6.56 
6.48 
6.16 
5.56 
4.60 

3.56 
2.41 
1.50 
0.92 
0.53 

0.26 
0.13 
0.028 
0.018 
0.013 

0.012 
0.011 
0.18 
0.38 
0.71 

1.20 
1.97 
2.85 
4.24 
6.70 

7.53 
6.00 
6.24 
4.70 
6.61 

500 
2,000 
2,000 
2,000 

10,000 

6,000 
2,000 
6,000 
6,000 
2,000 

2,000 
2,000 
2,000 

370 f 120 
2,000 

370 f 120 
500 f 150 

500 f 150 
32 

10 0 

200 
40 

400 
50 

100 

' 50 
100 

3 1 * 6  
50 

100 

50 
14 -+ 2 

300 
:d r 3 

400 

50 
800 
10 0 
40 0 

42 i 5 

2,000 
100 

10,000 
300 

10,000 

0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.19 
0.18 
0.17 

0.16 
0.15 
0.15 
0.14 
0.14 

0.13 
0.13 
0.12 
0.12 
0.11 

0.11 
0.10 
0.10 
0.09 
0.09 

0.08 
0.08 
0.09 
0.09 
0.10 

0.10 
0.11 
0.11 
0.12 
0.12 

0.13 
0.13 
0.14 
0.14 
0.15 

0.30 
0.31 
0.32 
0.32 
0.33 

0.33 
0.34 
0.34 
0.35 
0.35 

0.36 
0.36 
0.37 
0.37 
0.38 

0.38 
0.40 
0 -40 
0.41 
0.42 

0.43 
0.44 
0.45 
0.46 
0.47 

0.48 
0.50 
0.51 
0.52 
0.53 

0.54 
0.55 
0.78 
0.81 
0.84 

0.87 
0.90 
0.94 
0.98 
1.03 

1.08 
1.14 
1.20 
1.27 
1.35 

0.03 
0.03 
0.01 
0.03 
0.02 

0.03 
0.08 
0.06 
0.07 
0.13 

0.14 
0.14 
0.14 
0.40 
0.14 

0.38 
0.32 
0.84 
0.27 
0.48 

0.28 
0 3 3  
0.08 
0.12 
0.05 

0.03 
0.01 
0.004 
0.002 
0.001 

0.002 
0.002 
0.01 
0.08 
0.04 

0.23 
0.09 
0.42 
0.30 
1.61 

0.21 
1.04 
0.03 
0.45 
0.04 

0.007 
0.004 
0.001 
0.004 
0.002 

0.003 
0.015 
0.007 
0.008 
0.024 

0.025 
0.026 
0.027 
0.070 
0.025 

0.064 
0.052 
0.216 
0.042 
0.097 

0.048 
0.077 
0.012 
0.026 
0.010 

0.008 
0.002 
0.0009 
0.0004 
0.0002 

0.0003 
0.0005 
0.002 
0.018 
0,008 

0.042 
0.012 
0.073 
0.054 
0.316 

0.022 
0.186 
0.003 
0.068 
0.004 

0.0012 0.00031 
0.0005 0.00009 
0.0001 0.00002 
0.0005 0.00009 
0.0003 0.00006 

0.0004 0.00007 
0.0019 0.00032 
0.0008 0.00013 
0.0009 0.00016 
0.0029 0.00049 

0.0030 0.00052 
0.0032 0.00054 
0.0033 0.00055 
0.0132 0.00288 
0.0040 0.00052 

0.0134 0.00207 
0.0100 0.00169 
0.0504 0.01278 
0.0075 0.00126 
0.0181 0.00504 

0.0092 0.00214 
0.0170 0.00396 
0.0025 0.00041 
0.0056 0.00160 
0.0019 0.00052 

0.0015 0.00039 
0.0005 0.00011 
0.0003 0.00006 
0.0001 0.00002 
0.0001 0.00001 

0.0001 0.00002 
0.0001 0.00002 
0.0003 0.00004 
0.0036 9.@@7'7. 
0.0009 0.00011 

0.0075 0.00216 
0.0015 0.00025 
0.0147 0.00270 
0.0066 0.00110 
0.0571 0.01602 

0.0027 0.00045 
0.0378 0.00716 
0.0004 0.00007 
0.0121 0.00020 
0.0005 0.00009 

148 CHAPTEH 1 2  



METHOD OF ANALYSIS 12.2 

TABLE 12.2- (Continued) 
! 

% 
i 

1 1  

Fission-product absorption cross- 
section, barns per fission 

Radiation 
Yield M Spacing (D), width l& At At At At ' f (  

I \  Nuclide Z N x 102 ev Cry), ev D 10'ev 10aev 104 ev 10'ev 

0.0184 0.00299 
0.0065 0.00009 
0.0252 0.00414 

0.0193 0.00335 

0.0062 0.00104 

1 

I ,  

0.0005 0.00009 i !  
1 :  

i '  

La1Sg 
Ce"0 

~ e " '  
Nd"' 
Ndiu 
Nd"' 
Nd146 
h 1 4 l  
h 1 4 1  

pr141 

Nd148 

Ndim 
h 1 4 8  

a 1 6 1  
-162 

EuiS3 
a1u 
Gd'S 
Gd' 
Gd'" 
U W  

57 82 
58 82 
59 82 
58 84 
60 83 

60 84 
60 85 
60 86 
61 86 
62 85 

60 88 
62 87 
60 90 
62 89 
62 90 

63 90 
62 92 
64 91 
64 92 
64 93 
92 144 

6.59 
6.51 
6.41 
6.22 
5.90 

5.06 
3.95 
3.07 
2.26 
0.09 

1.79 
1.40 
0.178 
0.486 
0.305 

0.122 
0.100 
0.055 
0.028 
0.016 
38.0 

300 
10,000 

200 
6,000 
200 

500 
100 
500 
30 
17 

1,000 
17 

1,000 
17 
50 

2.2 f 0.3 
100 
20 
50 
20 
16 

0.15 1.44 
0.15 1.53 
0.14 1.62 
0.13 1.71 
0.12 1.80 

0.11 1.89 
0.10 1.97 
0.10 2.05 
0.09 2.13 
0.09 2.21 

0.08 2.29 
0.08 2.37 
0.08 2.44 
0.08 2.51 
0.08 2.58 

0.09 2.65 
0.09 2.72 
0.09 2.79 
0.09 2.79 
0.09 2.72 
0.03 1.00 

0.72 
0.04 
0.93 
0.04 
0.76 

0.40 
0.90 
0.24 
0.81 
0.04 

0.07 
0.68 
0.02 
0.25 
0.08 

0.11 
0.02 
0.03 
0.01 
0.01 
7.65 

0.l22 
0.004 
0.164 
0.004 
0.107 

0.051 
0.145 
0.025 
0.145 
0.010 

0.008 
0.123 
0.002 
0.044 
0.013 

0.023 
0.003 
0.008 
0.001 
0.002 
1.444 

0.0275 0.00455 
0.0031 0.00052 
0.0239 0.00419 
0.0015 0.00034 

0.0009 0.00014 
0.0220 0.00612 
0.0003 0.00005 
0.0080 
0.0016 

0.0075 
0.0004 
0.0009 
0.0003 
0.0004 
0.3111 

'! 

0.00178 
0.00027 

0.00158 
0.00007 
0.00013 
0.00004 
0.00007 
0.06952 

1 

' 1  
i 

' I  

d- o 
x 

IZln 

I I , , I  , I  I I 1 1 1  I 

fl 
A EVEN 2 - E V E N  N 

EVEN 2 - O D D  N 
o ODD 2- EVEN N 
DASHED CURVE WAS USED 
FOR CALCULATIONS OF 
FISSION -PRODUCT 
POISONING I \  

200 

ATOMlC MASS OF TARGET NUCLEUS 
Fig. 12.1-ExpcrimmtaI and predicted values of r,O/D. Solid curve is "cloudy crystal ball" 

theory prediction. 

D 
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12.2 METHOD OF ANALYSIS 

0 ODD EVEN 
EVEN ODD 

A EVEN EVEN 
0 ODD ODD 
X UNKNOWN ASSIGNMENT 

KEY: Z moo 
- 
ti -.. 
fi= 

ATOMIC WEIGHT OF TARGET NUCLEUS 

Fig. 12.2- r7 versus atomic weight of target nudeus. 

TABLE 12.3-FISSION-PRODUCT CROSS-SECTIONS 

Cross-section symbol Unit 10*ev 10sev 10'ev 10'ev 10'ev 

Fission-product - 0 Barnsper 23.0 4.2 0.80 0.17 0.07 
fission 

fission 

fission 

fission 

atom 

P' absorption 
(including ua') 

uZsB absorption YZa Barnsper 7.6 , 1.4 0.31 0.07 0.03 

Barnsper 15.4 2.8 0.49 0.10 0.04 Fission-product IP 

u s  fission f 

absorption 
u (computedby Barnsper 47 9.9 1.7 0.30 0.24 

Barnsper 23 8 ;5 3.7 1.7 1.3 - 'Businaro et al.) 

- 
~ - -. 

Insufficient cross-section data were available to estimate D for several of the 
nuclides listed in Table 12.2. Fortunately, most of these nuclei occur in the regions 
near magic W, therefore their contribution to the total fission-product poisoning was 
very small. Spacings for  these nuclei were obtained from plots of D versus neutron 
number N. These plots were made from the data of Harvey et al.,'~'~ with separate 
curves for even-even, even-odd, and odd-even nuclei. Harvey's data indicate that, in 
the region between the magic N numbers 50 and 82, even-even nuclei possess D values 
from 3 to 10 times greater than those with odd. atomic mass numbers. D values for all 
types of nuclei rise steeply as magic N numbers are approached, and extrapolation of the 
curves indicates a D value of the order of lo4 ev for even Z-magic N nuclei. This 
figure was used as an upper limit for the D values of even Z-magic N nuclides listed in 
Table 12.2, being revised downward when sufficient data were available to suggest such 
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DISCUSSION OF RESULTS 12.3 

I revision. A l l  the even Z-magic N nuclei contribute so little to the fission-product 

the calculated results. Another factor considered in estimating D values, in the absence 
of specific cross-section data, was that nuclei with'large N numbers relative to the 
isotope of maximum stability would have larger D values than the isotopes with smaller 
N of identical Z and even-odd type. 

cross-section that large errors  in their estimated D values produce negligible effect on I 

E 
d 

D 
12.3 DISCUSSION OF RESULTS 

. Pal11res of YFa for each fission product are listed in the four ri&.t- I-zr! columns of 
Table 12.2 for energies from lo2 to lo5 ev. Table 12.3 shows the computed fission- 
product cross-sections at energies from 10' to lo6 ev. (The v ue at lo6 ev was com- 

as 5 for all fission products and 6.2 for UB6. Listed separately are fission-product 
cross-sections cpi and 6, and Fa for U2% weighted by its fission yield Y. Fission- 
product cross-sections 5 computed by Businaro et a l .5  are also listed, and it is seen 
that these a re  about three times greater that1 our values. Fission cross-sections of 
U"' a r e  also listed in Table 12.3 for r.eference purposes. Comparison of CPOSS- 
sections obtained by the statistical approach with available experimental information is 
discussed in reference 21. 

The importance of taking into consideration the large D values of even Z-even N 
nuclei and of magic N nuclei can be realized from the following results of the calcula- 
tions made for lo3 ev: 

1. Even Z-even N nuclei (excludingU2") constitute 50 per cent of the total fission 
yield (141 of 2.0), but they contribute only 15 per cent to the fission-product cross- 
section op . 

2. Nuclei with N numbers from 48 to 52 (inclusive) constitute 17 per cent (0.34 of 
2.0) of the total fission yield, but they contribute only 3 per cent to E . 

3. Nuclei with N numbers from 80 to 84 (inclusive) constitute 38per cent (0.68 of 
2.0) of the total fission *el$ and they contribute 25 per cent to $. If we separate the 
nuclides C S ' ~ ~  , Cs'", La' ', Px-'~', and Nd'43 from this group, the remaining nuclides 
(all even Z-even N) constitute 19 per cent of the total fission yield and contribute only 
3 per cent to7ip. 

duced neutron width r: produced the set of curves shown in Fig. 12-3. The Porter- 
Thomas distribution used for our calculations (solid curve) yields $(w) values lower than 
those predicted by an exponential distribution, but higher than an exponential distribution 
with respect to the square root of r:. $(w) is maximum for a hypothetical distribution 
in which r:is equal for all resonances. $(w) values for small w are tabulated in 
Table 12.1 for the Porter-Thomas distribution. 

puted using the asymptotic condition $(w) = w). The factor A' P in Eq. 12.1 was taken 

Analysis of the function $(w), appearing in Eq. 12.1, for various distributions of re- 

I .01 I I 1 I 1 I I 1 I I 

I I I I I I I 1 I J 
0 2 4 6 8 10 12 14 16 18 20 

w = r7[E '2F,]-' 
Fig. 123--+(w) v m  w. 

i: 

1, 

I 
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I 
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12.3 DISCUSSION OF RESULTS 

To estimate fission-product poisoning at higher energies, multigroup calculations 
were made of the rate of decrease of reactivity in a model of a =-type reactor. 
Fifteen energy groups, from 10 Mev to 0.075 ev, were used for these calculations follow- 
ing the procedures described in references 6 and 15. Values of fission-product cross- 
section averaged over lethargy for each group and corrected for shielding in the fuel 
element are listed in Table 12.4. Actual numerical computation of fission-product 
poisonin was carried out by perturbation methods, using adjoints evaluated earlier by 
Hofman3' for the appropriate model (clean and depleted reactor conditions are  repre- 
sented by separate models). Statistically evaluated cross-sections Ep* were used for the 
first eight groups. The energy spread of the eighth group (38 to 170 ev) is sufficiently 
large to justify use of the cross-sections Fpt, but the higher groups (lower energies) a r e  
too narrow in energy spread to permit use of these statistically evaluated cross- 
sections. (Since most of the fission-product cross-section Bpr is contributed by nuclei 
with D values of 100 ev or lower, it is reasonable to assume that F.1 , averaged over a 
lethargy group, is a good approximation of the actual averaged fission-product cross- 
section, provided the energy spread of the group exceeds 100 ev. A curve of FP1 versus 
energy was extrapolated below the 100-ev value listed in Table 12.3 by utilizing Eq. 12.2 
to calculate 
structure," its applicability extends to lower energies thanqhat of the gross structure of 
most of the individual nuclides. Fluctuations at lower energies caused by fine structure 
of individual nuclei are smoothed out considerably as a result of the summation over all 
the fission products. 

The rate of decrease of reactivity for a clean reactor resulting from fission-product 
absorption between 10 Mev and 38 ev was computed a8 11c per mol of UZ3' fissions or 
2.lC per 1000Mwh. This is 29 per cent of the total fission-product poisoning (34 per cent 
for the depleted condition), which is discussed in the next section. 

at 0.01 ev.) It should be noted that, since F is a "grand gross 

TABLE 12.4-MULTIGROUP EVALUATION OF FISYON-PRODUCT POISONING IN 
A SIR-TYPE REACTOR 

~ ~~ 

Fission-product cross-section, barns 

Corrected for burnout 
Corrected for Rate of reactivity 

loss, C/1000Mwh 

Group Lethargy shielding (depleted Clean Depleted 
No. U Energy (E), ev Uncorrected in fuel reactor) reactor reactor 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

0-0.5 10'-6.2 X 10' 

1-2 3.8 x 10'--1.4 x lo6 
0.6-1 6.2 x 10'-3.8 X 10' 

1.4 x 106-5.0 X lo6 
5.0 x 10'-1.8 X 10' 

2-3 
3-4 
4-8 
8-11 

1.8 x 10'4.4 x 10' 
3.4 x 10'-1.7 x lo2 

11-12.5 170-38 
12.6- 13.75 38-10.8 
13.75- 15 10.8-3.1 

15-16 3.1- 1.J.S' 
16-17 1.13-0.40 
17 - 17.75 0;40- 0 -195 

17.75-18.7 0.195-0.075 
18.7 0.075 

0.029 
0.032 
0.047 
0.073 
0.11 
0.56 
6.1 
28 
19 
52 
26 
59 
25 

1495 
1390 

0.11 
0.55 
5.9 
26 
17 
45 
24 
50 
17 
900 
720 

0.11 
0.55 
5.9 
26 
17 
45 
23 
28 
15 
320 
270 

Totals 

0 
0 
0 
0 
0 
0.13 
0.74 
1.18 

0 
0 
0 
0 
0 
0.11 
0.69 
1.14 

.43 0.42 

.7a 0.72 

.26 0.24 

.45 0.22 
.OB 0.06 

2.37 0.93 
. a2 1.09 

. 7.22 5.62 
-- 

12.4 MULTIGROUP CALCULATIONS OF FISSION-PRODUCT POISONING: 
AEUSON WITH EXPJSRIIW~TALDATA 

Fission-product cross-sections for the seven higher lethargy groups also listed in 
Table 12.4, were calculated from the latest available cross-section data? 
strength of each absorption resonance of a nuclide was averaged over the lethargy group 

The 
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in which it occurred and was weighted by the fission yield of the nuclide. Unidentified 
resonances in cross-section plots of natural elements containing several isotopes are 
treated, as suggested by King: by assigning a 31 favorability ratio (ratio of reactivity 
coefficients) for isotopes with odd mass numbers over those with even 2-even N. 
Cross-sections of SmW1 in the subcadmium region are calculated by the method of 
King: using the Patio of thermal cross-sections of Sm"' to Smul for the entire region. 
This procedure is also followed for Nd"' and Nd"' . In energy groups 10 through 15 
most of the fission-product cross-section is contributed by a few well-known resonances. 
In group 9, however, many unidentified and poorly resolved resonances contribute to the 
cross-section; therefore the value for this group is, at best, a rough estimate. For the 
two highest lethargy groups most of the fis-9icn-prohct cross-section is a result of the 
giant sml4' resonance. 

and shows the contribution of each group to the rate of decrease of reactivity. Effec- 
tive burnup factors of 0.32, 0.78, and 0.94 are applied to Sm14g, SmlS1, and Rh", re- 
spectively, for the depleted condition based on an endurance of 90,OOOMwh. Correction 
factors for UZs5 shielding of the fission products in the fuel elements have been calcu- 
lated from the formula on page 18 of reference 6. Rates of decrease of reactivity shown 
in Table 12.4 are 7.2$ and 5;6$ Per 1000 Mwh for clean and depleted conditione, 
respectively. 

Table 12.4 lists fission-product cross-sections for both clean and depleted conditions 

If we add to these values the reactivity loss caused by fuel burnup, 2.7C and 4.5$ 
per 1000 Mwh for clean and depleted conditions ",the predicted long-term rate of de- 
crease of reactivity is 9.9$ and 10.10 per 1000 Mwh for clean and depleted conditions, 
respectively, In Chap. 20 are analyzed experimental data on the rare of reactivity loss 
in the intermediate reactor as a result of long-lived fission-product poisons and fuel 
burnup. The experimental value, 12.5C per 1000 Mwh, obtained by several different 
methods of analysis, is in reasonable agreement with our calculated results. 

12.5 CONCLUSIONS 

Absorption cross-sections of fission-product nuclei can be evaluated from statistical 
features of nuclear resonances. For energies that are high compared with the average 
level spacing, D, the computed cross -section should be a sufficiently good approximation 
for practical applications. For energies that are lower than D, the computed cross-section 
generally will be a poor approximation. Limitations on the accuracy of the statisticd 
method at higher energies arise from inadequate data on nuclear resonances. The 
principal source of error  is the lack of reliable D values for many nuclei, and asecondary 
cause for error is the uncertainty of the ri/D values predicted from theoretical 
considerations. 

Various distributions of reduced neutron width, r:, which have been proposed are 
analyzed for th: effect of each on the computed cross-section. A hypothetical distribu- 
tion in which rn is equal for all resonances yields a maximum comButed cross-section, 
and values in decreasing order are computed for distributions of rn that are exponential, 
Gaussian with respect to the square root of I?:, and exponential with respect to the 
square root of r;. 

Fission-product'cross-sections are evaluated at energies from 10' to lo5 ev (and 
approximately at lo6 ev), using the statistical method. The statistical approach is par- 
ticularly applicable to fission products since the effective cross-section per fission is 
obtained by summing over a large number of cross-sections. Approximately one-half of 
all stable fission products are  even Z-even N nuclei. Also one-half of the fission 
products have magic or near-magic neutron numbers (50 f 2 or 82 2). Level spacings. 
for nuclei in these groupings are generally high. This accounts for the fact that our 
computed cross -sections are considerably lower than those calculated earlier by 
Busharo, Gallone, and Morgan. Multigroup calculation fission-product poisoning, from 
our statistical cross-section values for the higher energy groups, produced results in 
good agreement with experimental data on fission-product poisoning in the S1G. 

Since fission-product cross-sections computed by the statistical method are  aC- 
curate only at relatively high energies, their usefulness for reactor calculations in- 
creases with increasing energy spectrum of the reactor. For a thermal reactor the 
importance of the long-lived poison SmI4' overrides a l l  other stable fission products. 
In an intermediate reactor a higher percentage of the fission-product absorption occws 
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12.6 APPENDIX 

at energies that are sufficiently high for  application of the statistical method. For high- 
energy reactors fission-product poisoning may be calculated entirely by the 
statistical process. 

12.6 APPENDIX 

A. Derivation of Equation 12.1 

The Breit-Wigner single-level equation for the absorption cross-section is (con- 
sidering only nucleons of angular momentum Q = 0) 

(12.3) 

where l?,, r,, and r = neutron, radiation, and total level widths 

A0 = h @mE, )-In = neutron wave length at resonance energy 

E = energy 
E, = energy at the resonance peak 

g = statistical weight of the spin state of the compound nucleus 
formed during interaction 

Integrating Eq. 12.3 over energy, neglecting the variation of energy except in the term 
E - E,, and extending the lower limit of integration to --for convenience, yields, as the 
resonance strength, 

(12.4) 

where the reduced neutron width r: = Eil" r, . 
For a spe$fied nuclide, r is approximately constant over the energy range of 

interest, but r, values vary axcording to a statistic&distribution. It is convenient to 
introduce a variable x, defined by x = ro/F;, where r'i is the average neutron width for 
the nuclide. The statistical distribution of I?: values is now expressed as a probability 
function P(x). The quantity P(x) expresses the probability that a-randomly selected level 
of the compound nucleus will possess a neutron width ratio r," /I?: that is equal to x 
(within the limits x to x + dx). Introducing the variable w = F,/EIP l?:, multiplying 
SZ by P(x), and integrating over x yields as the average resonance strength, 

where 

- xP(x) dx 
1 + (x/w) 4(w) = l 

(12.5) 

(12.6) 

If D is the average level spacing for the spin state of statistical weight g, there are  
D" resonances per unit energy interval. Thus the average cross-section at energy E 
due to the levels of the spin state being considered is 

(12.7) 

For energies sufficiently high that the barrier penetration factor for Q = 1 is not ap- 
preciably less than unity, we must correct Eq. 12.7 for the effect of the nucleons of 
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orbital angular momentum e> 0. This is accomplished a p p r ~ x i m a t e l y ~ ' ~ ~  by multiply- 
ing Eq. 12.7 by the factor [ 1 + (A"' E"2 /3160)]' Evaluating the constants of Eq. 12.7 
so that Oa is expressed in barns and energies are expressed in electron volts yields 

0 
! I  

- 4.12 x I06g F; A%E% 
-+(w) 1+- ( 3160) 

Ug = 
Eyz D 

(12.8) 

Excepting the g factor, Eq. 12.8 is identical with Eq. 1 2 . t  For nuclei with zero spin 
(even 2-even N), g is unity. For our calculations we assume that g = 1/2 for each spin 
state of odd-A target nuclei. Since spin values of such nuclei in the fission-product 
region tend to be high, the assumption of g = 1/2 is a good approximation. Since there 
are  two spin states for each target nucleus of nonzero spin, we sum over the two states; 
so the factor g in Eq. 12.8 is set equal to unity for all nuclides. It should be noted, how- 
ever, that D is the average level spacing for a single spin state, which is twice the 
average spacing between experimental resonances for odd-A target nuclei. 

I 
B. Evaluation of q,(w) 

Calculations of (p (w) from Eq. 12.6 yield the following expressions for the various 

Uniform distribution, P(x) = 6 (x -1) where 6 denotes the Dirac 6 function. 

Exponential distribution [ Hughes et al. ] ', P(x) = e -x 

distributions P(x) of neutron width that were analyzed: 

+(w) = w/(w +.l) (12.9) ' I  
+(w) = w[l + wew Ei(-w)] (12.10) 

where 
e''du Ei(-x) = - m u  

(12.11) 

Gaussian distribution of (l?;f' [ Porter-Thomas I", P(x) = (2rx)-'I2 

(12.12) 

Exponential distribution of (l?:) 1'2 [ BetheI2',P(x) = (2x)-I/ e -(2x) 

(12.13) 
where 

cos u du 
Ci(x) = J" - u  

(12.14) 

(12.15) " s i n u d u  
Si(X) = J 

o u  

Eqs. 12.9, 12.10, 12.12, and 12.13 are plotted in Fig. 12.3. The Porter-Thomas dis- 
tribution was used for our calculations since there is theoretical justification for this 
distribution, and it appears to give the best fit for nuclei in the atomic number -region 
of fission products?' 
for their calculations, which makes their $(w) values about 10 per cent higher than those 
used for our computations. 

Businaro, Gallone, and Morgan used the exponential distribution 
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Chapter 13 

A XENON CALCULATION PROCEQURE ADAPTABLE 
TO DIGITAL COMPUTERS 

P. 1. HOFMANN, H. HURWITZ, Jr., and E. WACHSPRESS 

13.1 INTRODUCTION 

This report summarizes a digital-computer procedure used at KAPL for the deter- 
mination of the xenon concentration and its effect on reactivitg during reactor operation 
and after shutdown. The techniques that are outlined were devised to be particularly 
applicable to intermediate-spectrum reactors. 

In general, the approach has relied-as far as terminology and formalism are con- 
cerned-on multigroup calculation methods as developed by Ehrlich and Hurwitz? Par- 
ticular emphasis has been placed on (1) steady-state operation and (2) peak xenon over- 
ride. 

For both of these conditions methods are described for calculating the xenon con- 
centration and its effect on reactivity. 

It should be noted that the xenon behavior in SIR-type reactqrs differs markedly 
from that encountered in rod-controlled water -moderated thermal reactors. The xenon 
reactivity defects in the intermediate reactor are much smaller than comparable defects 
for the thermal reactor. Furthermore, the peak xenon defect following complete shut- 
down occurs much sooner in the former than in the latter and is not much larger than 
the steady-state defect. 

13.2 STEADY-STATE XENON CONCENTRATION 

In this section the build-up of the steady-state xenon concentration is reviewed by 

Xenon-135 is the result of the radioactive Chain 
considering the formation, radioactive decay, and burnup of xenon. . 

Tellurium-135 decays rapidly, and Cesium-135 is fairly stable. We are therefore 
primarily concerned with the chain 

There is also evidence of direct formation of xenon as a fission product; the,amount 

The rate of change of nuclei per cubic centimeter of I'35 and XelS5 can be described 

of xenon formed in this manner is small compared to that produced by the radioactive 
decay of iodine. 

by the following differential equations: 
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13.3 PEAK XENON CONCENTRATION 

(13.2) 

where NI = nuclei per  cubic centimeter of 1"' 
Nxe = nuclei per cubic centimeter of Xet3' 

AI = decay constant of 113' 
Axe = decay constant of Xe135 

yI = fission yield 
yxe = Xe13' direct fission yield 

t$ = neutron flux 
axe = microscopic xet3' capture cross-section 

uI = microscopic P3' capture cross-section 
xf= macroscopic u*" fission cross-section 

The cross-sections are averaged over the energy spectrum af the reactor, $IT =J$o(E)dE. 
This spectrum depends upon the condition of the reactor, and unless otherwise specified 
the ds refer to the steady-state condition. 

Since (T and y are comparatively small, we can neglect them, obtaining from Eqs. 
13.1 and 13% xe 

3 = y,@ Cf - XINr dt 

For steady-state operation we obtain 

The xenon steady-state concentration, N Z  , is, from Eqs. 13.5 and 13.6, 
Y m f  

%e + @%e 
NFe = 

(13.3) 

(13.4) 

(13.5) 

(13.6) 

(13.7) 

where y is written, instead of yI, because of the small amount of direct xenon formation. 
This value of y will be referred to as the "xenon yield." 

13.3 PEAK XENON CONCENTRATION 

When a-reactor that has been cperafing for some time is shut down to zero power, 
the xenon concentration will build up to a maximum and then decay since the direct xenon 
yield is smaller than the xenon burnout at steady state; Le., 

Y, @& < axe 

When the flux falls to zero, dNx,/dt, Eq. 13.2, becomes positive. After the iodine decays 
(NI becomes small), dN,/dt becomes negative. Hence N must reach a maximum. 

With $ = 0, corresponding to shutdown, Eqs. 13.3 and B.4 become 

dt A1N.I 
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CALCULATION OF R E A ~ V I T Y  EFFECTS 13.4 

A t  t r: 0, NIand NXe are the steady-state values obtained from Eqs. 13.5 and 13.6, 
provided that the reactor has operated over a period long enough for a steady-state con- 
dition to be obtained before shutdown. The solution of Eqs. 13.8 and 13.9 for NXe is 

(13.10) 

where $ is the steady-state reactor flux before shutdown (t = 0). The xenon concentration 
wil l  reach a maximum at a time t given by 

By substituting the value of t given by Eq. 13.11 into Eq. 13.10, we obtain 

(13.11) 

We are particularly concerned with-Ecls. 13.7 and 13.12. It is convenient to intro- 
duce at this point a quantity B, called the "peak reduction by burnup," defined by the 
equation 

(1 3.13) 

Nss-nb 
xe Isthe steady-state xenon concentration with no burnup and is the xenon con- 

centration obtained from Eq. 13.7 by equating u % = 0. 

(1 3.1 4) 

where 7% is the mean lifetime of xenon. When the values for NEakinEq. 13.12 and NE-nb 
in Eq. 13.14 are substituted into Eq. 13.13, we find that y$Zf cancels out and that B is a 
function of $u 

xe 

A plot of B as a function of $axe is given in Fig. 13.1. This quantity B is very con- 
venient for calculation purposes. 

13.4 CALCULATION OF REACTIVITY EFFECTS 

The purpose of the calculations is to evaluate the loss of reactivity brought about by 
(1) steady-state xenon concentration and (2) peak xenon concentration after shutdown. 

The loss of reactivity with peak xenon gives an indication of the excess reactivity 
that must be available to start the reactor when the xenon concentration is at a maximum. 

Although the xenon formation in power reactors is space-dependent, many machine 
codes currently in use do not allow for sufficient space-dependent composition variations 
to permit a proper evaluation of the nonuniform xenon distribution. The xenon effects 
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13.4 CALCULATION OF REACTIVITY EFFECTS 

- 

- 

- 
E m - 

- 
EQUATION (13.15) 

I x IO -4 I .5x 10-4 + uXe (NEUTRONS/SEC) 

Fig. 13.I-Peak burnout reduction factor. Note: the asymptotic value of B, from Eq. 
13.15 1s -0.313. 

are often approximated by assuming that the distribution of xenon is uniform in a speci- 
fied region. However, machine codes that automatically calculate pointwise xenon con- 
centrations are in preparation. The effect of the xenon space dependency on reactivity 
and power distribution can be obtained from the procedure described here without re- 
sorting to pointwise composition specifications. A t  the time when the majority of the 
SlG/S2G calculations were performed, available machine codes were restricted to 
three-region (core, reflector, and blanket) spherical reactor models. 

at which a low-energy neutron is absorbed. (Low energy here refers to the energy 
region in which the xenon absorption cross-section is large.) 

It is assumed that the presence of xenon does not change the position in the reactor 

* * *  
A multigroup calculation is performed, and the fission distribution in the reactor 

is divided into two parts, FH and FL; FH fissions per secdnd per cubic centimeter are 
those fissions in the higher energy ranges where the xenon cross-section is negligible, 
and FL are those fissions in the energy range where the xenon absorptions compete wi th  
fission. In this low range an average 0% /sf is used. For SlG/SSG calculations FL is 
taken as the fissions in the thermal group (lethargy u = 18.7) and in the first nonthermal 
group (u = 18.7 to u = 17.75). These groups have been chosen so that the average ratio 
of 0% to uf for each group is the same. Thus the. average oXe ,bf is independent of 
neutron energy in this low-energy region. The ratio of fissions to total absorptions in 
the core is also essentially constant in these two roups. 

QM,I the effect of xenon on?!' is calculated, giving a new distrihtion, FL', and a total 
fission rate of F = F H  + F 
malized source S for the multigroup calculation agree in shape. In practice few itera- 
tions are required. As  derived in Vol. I, Chap. 9, this publication, the reactivity is given 

f Multigroup methods are used to calculate F and FL, assuming no xenon is present. 

The calculation is iterated until F I and the assumed nor- 

by 

where v is the neutrons produced per fission and F 
Care should be taken to distinguish between the sy&ol FH, which represents high- 
energy fissions, and F H ,  which represents the iterated fission probability for fission 
neutrons. 
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STEADYSTATE XENON REACTIVITY 13.5 

As an example, in spherical co-ordinates the factor vFH may be approximated by 

in the absence of an adjoint multigroup calculation. The evaluation of k is correct in- 
dependent of the choice of S if vFH is correct. If vF, is approximately correct, the 
error in k will be small, particularly because S will also have substantially the correct 
shape. The effect of xenon on reactivity is obtained by a comparison of F (no xenon) with 
the F’ calculated for a particular xenon concentration and distribution. 

13.5 STEADY-STATE XENON REACTIVITY 

In this section the calculations are described in greater de’tail. First, consider the 
steady-state xenon concentration. Xenon is produced at point m at a rate 

R, =f,NuY (13.1 6) 

where y is the xenon yield, Nu is the number of $3s atoms per cubic centimeter, and f, 
is the fission rate per uranium atom at position m in the core and at specified reactor 
power. The latter can be written as 

To account for the reduction in f: due to steady-state xenon, we introduce the term 
c- : 

111 

low-energy flux with equilibrium xenon 
low-energy flux, no xenon c, = 1 - Em = (1 3.1 7) 

The term E, has been introduced as a convenience. 
The steady-state xenon concentration Nss at goint m can now be obtained. From 

Eq. 13.7, x”m 

where 7 is the mean life of XeL35. 
By introducing C, , Eq. 13.7 can be rewritten and applied to point m: 

(13.1 8) 

Tn the denominator, I$L has been written for I$o because it is the only flux that reacts 

By substituting Eq. 13.16 into Eq. 13.18, we obtain 
0 with xenon. 

(1 3.1.9) 

By assuming the same total absorptions in the last two groups with or without xenon, we 
have (ignoring the change in self-shielding caused by the presence of xenon) 

(13.20) 

L L  where C, = (A /F )Nuafis the macroscopic absorption cross-section of the low-energy 
group without xenon. AL and FL are the total core absorptions and fissions, respectively, 
in the low-energy region, obtained from the multigroup calculation. 

If Eq. 13.20 were substituted into Eq. 13.19, an equation in Nss would result which 
&rn 
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13.5 STEADYSTATE XENON REACTIVITY 

could be solved for NBS 
is bypassed, and the effect of the xenon concentration on reactivity is calculated directly. 
A number of constants are now defined which are of use in the UNlVAC procedure. 

For the purposes of machine calculations, however, this step %. 

From Eqs. 13.17 and 13.20, ,we note 

Substituting Eq. 13.19 in Eq. 13.21, 

Now let 

In terms of these constants Eq. 13.22 becomes 

Now let 

Qm 
= 1 + a, + 6, 

(13.21) 

(13.22) 

(1 3.23) 

(1 3.24) 

(13.25) 

(13.26) 

(13.27) 

(1 3.28) 

Note that am, /9m ,6,, 
obtainable from the multigroup calculation. If Eqs. 13.26, 13.27, and 13.28 are sub- 
stituted in Eq. 13.25, we obtain 

, and r, can a1 be crr2ulated -'om...nown quantities 

By dividing by - (1 + am + Bm)eOm and simplwing further, we obtain 

(13.29) 

(1 3.30) 
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Let 

By solving the quadratic Eq. 13.30 in x we get m' 

PEAK XENON REACTIVITY 

(13.31) 

(1 3.32) 

(y, is positive by definition; x 

physical impossibility of the sign before the Ydical being positive can be shown by ex- 
amining the limiting value of X, as Y ,  approaches zero. 

venient to use the following approximation: 

is real.) 

It should be noted here that an extraneous root has been introduced in Eq. 13.32. The 

In order to simplify the UNIVAC procedure by eliminating the square root, it is con- 

We then obtain 

(13.33) 

(1 3.34) 

This approximation is in erroc by only 1 per cent for y, = 0.16 and is adequate for 
the range of v, under consideration. In practice y, is rarely close to its maximum 
value of 0.25. 

From known quantities y, can be calculated, and hence x, and therefore, E, can be 
obtained. It is then a simple matter to determine the low-energy fissions Fk in the 
presence of steady-state xenon. For steady-state conditions 

FL' m = Fk(1- eOrnx,) = Fk(1- ern) (1 3.35) 

13.6 PEAK XENON REACTIVITY 

For the case of the peak xenon condition, a similar procedure can be followed. 
Refxence should be made to Eq. 13.13, which relates the peak xenon concentration 
N E  and the quantity NZ-nb. The latter quantity is obtainable from Eq. 13.19 by 
setting the flux equal to zero. We then obtain 

By using Eq. 13.13, the peak xenon concentration is 

The quantity B (or Bm) given in Fig. 13.1 is a function of @ m q e .  

Brn #jp xe= (1 - EOmXm) 7 

(1 3.36) 

(13.3 7) 

(13.38) 

T t  should be emphasized that the unperturbed flux was corrected for the presence of 
steady-state and not peak xenon. Further, for UNIVAC calculations, B, given in.Fig. 
13.1 may be approximated by 

1 + 2.11 x I O ' ( @ U ~ ~ )  
B m =  1 + 7.01 x 104(@uxe)E 

A XENON CAI.CULATION PROCEDURE ADAPTABLE TO DIGITAL COMPUTERS 163 

I 



13.7 RECAPITULATION 
1 
! 

(1 3.39) - 1 + 0.448,(1- ~ m )  - 
1 + 1.478m(1- Em) 

(Note T = 4.78~ lo' sec) 

If a peak xenon concentration is present, the low-energy fissions F& are reduced, 
resulting in 1 perk 

(1 3.40) 

On substituting Eq. 13.37 in Eq. 13.40 and sirhplif*ng, we find 

(13.41) 

13.7 RECAPITULATION 

The entire procedure is now summarized. 
The multiplication constant k is given by 

k =  
1 P(vFH)d(Vol) 
/S(vFH)d(Vol) 

(1 3.42) 

H Tf no xenon is present, we substitute F, = F i  i F for P and solve for k. 
With steady-state xenon present we solve E 13& to obtaii X, and hence E,. Then 

from Eq. 13.35 we obtain the reduced fissions 5'; and 4en:e we substitute Fk' i Fi fo rP  in 
Eq. 13.42 and solve for k. (This must be iterated until FL + FH is proportional to the 
assumed source.) 

In the case for peak xenon, F:'] 

The change in reactivity, Ak, for the presence of steady-state and peak xenon can 

is obtainedfrom Eq. 13.41, and the appropriate kis 
calculated from Eq. 13.42. Peak 

then be easily obtained. 
* * *  

P The above procedure is strictly correct for obtaining tne conditions for criticali 
with steady-state xenon. In this case, as indicated above, the fission rates Fk and F, 
are calculated by the multigroup methods with no xenon present. The problem is iterated 
until the corrected distribution F' = F H  i F L ' i s  l/v times the assuyed fission neutron 
source. The method automatically corrects for the fact, that it is F, rather than F, 
which determines the rate of xenon production. (This follows from the form of Eq. 13.19. 
Actually, the correction in the power at any point due to the presence of steady-state 
xenon is only a few per cent.) Once the steady-state problem has been performed, the 
reduction factors{ 1 + B,[ a, - E$, (FL/AL)y]}-I as indicated in Eq. 13.41 can be used 
directly for the peak xenon case,-the t e rm L! the reduc,tion factor being evaluated for 
the steady-state xenon case, but the high-energy fissions and low-energy absorptions 
being evaluated for the peak xenon case. 

lations. In general, good agreement with S1G test data has been obtained. (See Secs. 
14.4 and 20.12.) 

The procedures outlined in this chapter have been applied extensively to S1G calcu- 
I 

. Referred to 
in section 

13.1 
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Chapter 14 

PREDICTION OF FlSSl 

1. S. KING 

, 14.1 INTRODUCTION 

The importance of a reliable prediction 
sign is well established. Without this inform 
ance is possible. Predictions for a SIR-type 
over one-third of the total mechanical contrc 
poisoning. At  the same time, theoretical pre 
little was known of the complicated cross-se 
Consequently certain critical-assembly data 
the writer. These data, though scattered and 
experimental determination.1-3 

14.2 LONG-LIVED FISSION-PRODUCT ESTIMA1 

It should be stated at once that an accur: 
only if individual reactivity measurements c( 
most of the important fission-product isotopi 
measurements because most of the isotopes 
separated form suitable for reactivity deter2 
results must be reverted to by observing hox 
This shortcoming, together with approximati 
with lifetime, make the critical-facility estii 
liability; Le., probably not better than 2 25 p 

A. Experimental Basis 
The experimental data were collected fr 
1. Direct reactivity coefficient measye  

separated and stable product isotopes 
ficient measurement technique follow 
data were obtained as a function of pc 
of core depletion. In some cases ext 
comparison with self -shielding data ( 
sidered that fission-product depositit 
self -shielding corrections.) 

2. Inferred reactivity coefficients for UI 
general systematic survey of stable, 
number, Z. Such a survey requires : 
underlaken in an early PPA mock-up 
difficult to obtain, and measurement 
gives the data and shows actually twc 
nuclei (A h mass number). Further 

)N-PRODUCT POISONING 

C fission-product poisoning of a reactor de- 
.tion no real estimate of lifetime or endur- 
:eactor were particularly desirable since 
is allocated to long-lived fission-product 
dctions were particularly difficult since so 
tions in the intermediate-energy region. 
rere gathered together by M. E. Way and 
incomplete, served as the basis for an 

ZS 

:e experimental study would be feasible 
Ild be made (in the critical facility) on 
3. It has been impossible to make such 
re unstable and cannot be obtained in 
inations. Consequently many indirect 
fission-product “stand-ins” behave. 
ns on the change in reactivity values 
ate of the endurance of marginal re- 
r cent. 

- 

lm three areas of measurement: 
nents of unshielded samples of as many 
as were available. The reactivity coef- 
d the pattern described in Chap. 8. The 
iition in the core and degree (simulated) 
apolation to infinite dilution depended on 
1 other similar isotopes. (It can be con- 
i in the core is not great enough to require 

ivailable isotopes from interpolations of a 
,eparated isotopes as a function of atomic 
fairly large program. It w a s  actually 
in an era when separated isotopes were 
zchniques were unrefined). Figure 14.1 
curves, one for even A and one for odd A 
ztails are given in Sec 14.5. (It should be 
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142 MNG-LIVED FISSION-PRODUCF ESTIlPIATB 

said that with the rapid and accurate pile oscillator technique developed at KAPL 
and the availability of many enriched isotopic samples, a much more complete 
and reliable survey could be made today.) 

3. Measurements of the power distribution, f(r,t), and favorableness function, FL (r,t), 
as functions of core position, r, for several mocked-up lifetime conditions, t, of 
the reactor design. The power data provided knowledge of proper weighting 
factors for the reactivity-coefficient data, which were taken at a single central 
core position. The study of FLprovided the connection between absorption rates 
and reactivity coefficients. 

B. Calculational Approximations 
The reactivity coefficient data were combined with measurements of FL(r,t) andf(r,t) 

to calculate the reactivity loss produced by the accumulation of each fission product in 
the manner now to be described. In principle, one should use Eq. 14.3, which is now to 
be derived, to do this. In practice, however, several approximations had to be made, as 
in Eqs. 14.6 and 14.7. 

For a particular core position denoted by the position vector r and the volume ele- 
ment dr, a single fission product at time t after startup poisons the core by an amount 

Ak(r,t) d r  = RC(r,t) n(r,t) dr (14.1) 

Here Ak(r,t) = the reactivity loss in dollars per unit volume 
RC(r,t) = the reactivity coefficient in dollars per mole for the fission product at the 

given position r at the time t after startup 
n(r,t) = the number of moles of the fission product per unit volume at r and t 

Let L = Avogadro's number (6.02 x atoms/mole) 
Y = the fission yield of the particular fission product in question 
X = the radioactive decay constant (X = 0 if  the fission product is stable) 

Aa(r,t), E I ,  dE oa(E)#(E,r,t), = the rate of absorptions per atom of fission product 
f(r,t) = the fission rate per unit volume at r and t 

(assumed dilute enough that self-shielding may be neglected) 

Then the production, decay, and depletion of the particular fission product follow the 
equation 

dno 1 [Y f ( r , t ) /~ ]  - [X + aa(r,t)] n(r,t) (14.2) 
dt 

By substituting the solution of this equation for n into Eq. 14.1, one obtains the exact, 
though cumbersome, relation 

Ak(r,t) = {RC(r,t)(Y/L) exp(-L* dt'[X + Aa(r,t')])] 
114.31 

dt" f(r,t") exp(+j'"dt'[h aa!r,?')])} 
0 

This expression, integrated over the volume of the core, gives the reactivity loss pro- 
duced by that particular fission product in the reactor. 

* * *  
More usable expressions can be obtained if advantage is taken of the fact that inSIR- 

type reactors the quantities f(r,t) and Aa(r,t) in the coefficients on the right-hand side of 
Eq. 14.2 vary only slightly with time. Accordingly it is a reasonable approximation to 
use, inplace of Eq. 14.2, an equation in which these quantities are  replaced by constants 
rand Aawhich may be near the time-average values of those quantities from startup 
(t = 0) to final shutdown (t = to). 

I 

I 

I 

! 

I 
i 

1 

i 
1 .  

i 

I 
i 
I 

i 
t 
i 

166 CHAPTER 14 



G(r)  E f 1" dtr Aa(r,t) 
t o  0 

The solution to Eq. 14.4 is 

LONG-LIVED FISSION-PRODUCT ESTIMATES 14.2 

(14.4) 

which allows the reactivity to be written in the form 
/ 

L\k(r,t) = RC(r,t) (Y/L)&) t C(r,t) 

(14.5) 

(14.6) 

Here 

is a decay factor. 

- enough during the life of the reactor to ensure that lo o dt * (A + Aa) <<1, then the value of 
f(r) dr  is indeed close to the time-average fission rate in dr. (This can be seen by ex- 
panding Eq. 14.3 and comparing with Eq. 14.6.) If P is the total reactor power in watts, 

When ( A  + aa)t is small, C(r,t) is close to unityt Furthermore, if h + Aa(r,t) is small 

dr Fz! Jdr f(r,t) = 3.12 x 10" x P 

Wecan integrate Eq. 14.6 in this case so that 

or 

(14.7) 

(14.8) 

E ( t )  = 5.18 X 10''' YPt (RQen(t) 

It is clear that (RC),ffis a core-distributed reactivity value that has been weighted by a 
time-average power distribution. In practice, the time-average power distribution ?(r) 
is taken as a mean between mock-up power distribution measurements for t = 0 and 
similar measurements for a time corresponding to the end point in question. 

* * *  
When & dt'(h + Aa) is of the order of unity, the depletion factor C(r,t) in Eq. 14.6 

must be measured, at least approxiEtely. This is done in the critical-assembly mock- 
ups by measurements to determine Aa(r), which necessitates knowledge of the absorption 
integral at every point i n A e  core and of its variation with burnup. A f a i r  approximation 
is possible by assuming Aa(r) equal to the absorption integral for a core mock-up corre- 
sponding to mid-life condition; i.e., 

- 
Aa(r,to) P Aa(r,td2) 
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14.2 LONG-LIVED FISSION-PRODUCT ESTIMATES 

The quantity E(r, t0/2) is found from simultaneous measurements of RC(t,/2) and 
FL(t0/2) combined according to the Hurwitz pre~cript ion:~ 

- 
Aa(r,to) E Aa(r,td2) = RC(r,to/2) 3.12 X 10" P 

F~(r, to/2) 6.02 x 1OW 

From this value of E(r,to), the .value of.C(r,t,) is computed. Then, as in Eq. 14.8, 
integration of Eq. 14.6 over theiolume of the core leads to 

- 
Ak(t) = t(Y/L) 

= 5.18 x 
d r  RC(r,t) C(r,t) ?(r) 

YPt J' dr  RC(r,t) C(r,t) T(r)/J dr 3r) 
= 5.18 x 10-14 ypt (RC x c),ff 

(14.9) 

(14.10) 

Use of the quantity (RC),& that was defined in Eq. 14.8 leads to a new quantity Ceff(t) 
defined by 

z ( t )  = 5.18 X lo-'' YPt (RC),ff (t) Ceff(t) (14.11) 

- Although in Eq. 14.10, RC(r,t) explicitly appears only for the final time t at which 
Ak(t) is desired, it must not be forgotten that implicit in the approximate expression for 
C(r,t) is a knowledge of both RC(r,t/2) and F~(r,t/2) (by Eq. 14.9). Even if Aa(r,t) could 
be obtaked for all times by applying Eq. 14.9 to a completeknowledge of RC and FL and 
if thus Aa(r) could be c o m p u t .  and used in Eq. 14.5, the Ak(t) based upon Eq. 14.6 would 
still not be so accurate a8 a Ak(t) based upon Eq. 14.3. In the critical-assembly mock- 
ups, data for t = 0, t = $, and perhaps one intermediate value of t were obtained, and 
rough averages were found. Since C can be quite small for the most potent absorbers, 
the errors made in these approximations may have been fairly severe. 

* * *  
When X +  A a  is very &ge, as in the case of very short-lived fission products or 

highly poisonous ones (Xe 
tion value early in any period of operation of the reactor and gat the effective reactivity 
coefficient is not one obtained by a time-average fission rate f(r) as w a s  used in Eqs. 
14.8 and 14.10. In this case it is possible to make a direct approximation to the exact 
expression Eq. 14.3. Since X + A a  is large, l. dtt(X + Aa) is a rapidly increasing function 
of t; indeed, it is (X + Aa)t if the flux$ is constant with time. The exponential factor in 
the integral over t" in Eq. 14.3 is an even more rapidly increasing function, so that 
f(r,t") can be replaced by its value at t, the upper limit of integration, with little effect 
on the result, to give 

1, it is evident that the reactivity effect must take a satura- 

Ak(r,t) dr I d r  RC(r,t) (Y/L) exp[-xdt'(A + .a)] f(r,t) 

f dt" exp [.it dt'(X+ Aa)] (14.12) 

The integral over dt" is then approximated, for large (A + Aa)t, by 

4' dt" exp [. 4. dtt(A + Aa)] = exp [. 6 dtr(A + Aa)] /(A + Aa) 

so that 
Ak(r,t) d r  s dr(Y/L) RC(r,t) f(r,t)/[A + Aa(r,t)] (14.13) 

By using the Hurwitz formula (Eq. 14.9) for Aa(r,t), one finally obtains the xenon 
reactivity loss as the volume integral over the expression. 

Ak(r,t) dr = dr(Y/L) RC(r,t) f (r,t)/[A + 5.18 x 10'" P RC(r,t)/FL (r,t)] (14.14) 
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ESTIMATES OF CORE POISONING IN A DEPLETED REACTOR 14.3 

Here Y is the cumulative fission yield of the mass-135 chain ~ o u g h  Xe1s5, 
decay constant, and f(r,t) is normalized as in Eq. 14.7. 

is the xiss 

14.3 ESTIMATES OF CORE POISONING IN A DEPLETED REACTOR 

Altogether there are  about 65 important fission-produAt_n_u_c?ides. These are listed 
in Table 14.1 with their approximate yields. For all but the five isotopes noted in 
Table 14.2, only the indirect reactivity coefficient measurements of Fig. 14.1 were 
available. These were made in an early PPA core (PPA-5) of a different composition. 
Reactivity coefficients for these 60 nuclides were crudely estimated by norWizing the 
curves by the average of the reactivity coefficient ratios from PPA. :42 and PPA-10, for 
several test samples measured in both mock-ups. 

Experimental data on FL 's, reactivity coefficients, and power distributions were 
obtained in PPA-19 and PPA-20, which mocked cores for a clean reactor (t = 0) and for 
a depleted reactor (t - 100,000 Mwh) if the two can be considered as two stages in the life 
of a single reactor. Unfortunately only a very few fission-product samples were avail- 
able: namely, Ffh103, C S ' ~ ~ ,  and natural samarium. However, data on these, together with 

TABLE M.I-Sl"k3LE AND LONG-LIVED 
FISSION-PRODUCT YIELDS 

Fractional 
Nuclide yield X 100, % 

0.59 
1.11 
0.35 
1.20 
2.14 
2.82 
3.56 
4.58 
5.62 
6.10 
6.32 
6.47 
6.55 
6.61 
6.61 
6.56 
6.48 
6.16 
5.56 
4.60 
3.56 
2.41 
1.50 
0.92 
0.53 
0.26 
0.13 
0.028 
0.018 
0.013 
0.012 
0.011 

Fractional 
Nuclide yield X 100, % 

0.18 
0.38 
0.71 
1.20 
1.97 
2.85 
4.24 
6.10 
7.53 
6.00 
6.24 
4.70 
6;61 
6.59 
6.51 
6.41 
6.22 
5.90 
5.06 
3.95 
3.07 
2.26. 
0.09 
1.79 
1.40 
0.718 
0.486 
0.305 
0.122 
0.100 
0.055 
0.028 
0.016 
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14.4 XENON MOCK-UP MEASUREMENTS 

TABLE 14.2-POISONING INFERRED FROM DIEU3CT REACTIVITY- 
COEFFICIENT MEASUREMENTS 

Fractional W3 eff (to), Wto) s 

Nuclide yield x loo ,% $/mole (c),ff(to) $ 

~ i 0 S  2.41 0.81. 0.93 0.37 
CS‘SS 6.70 0.42 0.97 0.54 

0.09 2.05 0 .a0 0.03 
1.30 

SmU‘ sm”’ 1.40 17.10 0.27 
&Si 0.486 4.23 0 .%4 0.27 

0.60 VU’ 38.0 0.082 1.00 

Total 3.11 
- 

reasonable assumptions about the reactivity coefficient split among the samarium iso- 
topes, provided at least a crude experimental basis for a major fraction of the fission 
poisoning at the end of roughly lOQ,OQO Mvth life. TtiF 14.2 summarizes the data for 
six major isotopes. The reactivity coefficient for U was  estimated’ from Rhm data. 
It is included in the tables as an effective “fission product.’’ Data obtained from Fig. 
14.1 lead to an addition of $1.86 to Ak(t,,) for the 60 isotopes not listed in Table 14.2, the 
weaker absorbers among the fission products. Adding the two gives a total poison bal- 
ance after 100,000 Mwh (6 kg fuel depletion) of $4.97 with an estimated uncertainty of 
? 25 per cent. This number has yet to be completely verified. It agrees reasonably well 
with the result of a statistical calculation (Chap. 12). See the discussion of these in 
Sec. 20.12. 

is due primarily to lack of separated isotope samples. The approximations of the 
method should not introduce an error  any greater than the uncertainty of the yields 
themselves, i.e., 5 10 per cent. Use of extremely small samples of many separated 
isotopes in pile oscillator measurements could have led to a long-lived fission-poison 
estimate of about L 10 per cent uncertainty. 

It should be observed that the crudity and uncertainty of this fission-product study 

14.4 mNON MOCK-UP MEASUREMENTS 

Xenon poisoning in an intermediate-energy spectrum is less important relative to 
long-lived poisons than in thermal reactors. Nevertheless it was expected to contribute 
some 30 per cent to the total burned-out core fission-product poisoning in S1G. Hence 
some experimental estimate was desired to complete the total poison prediction. This 
was made by usQg samarium to simulate xenon in the P P A  critical assembly. The 
strong resonance in Sm14’ at 0.0975 ev is close enough to the Xel” resonance at 0.0863 ev 
that the following two assumptions are valid in the intermediate spectrum (1) The 
neutron spectrum seen by sub-cadmium samarium is the same as that seen by Xe135; 
(2) the iterated fission probability, FL, is the same for the two resonances. By use of 
these assumptions, together with the assumption that the ratio of absorption integrals for 
e a  two resonances is equal to the ratio of their known level strengths, a knowledge of 
xenon poisoning was inferred from detailed reactivity measurements of thin samarium 
samples placed at repr.esentative core positions. The difference between the samarium 
reactivity coefficients for bare and for cadmium-covered samples defines the reactivity 
coefficient for absorption in the Sm14’ resonance at 0.0975 ev. Multiplying this result by 
the ratio of level strengths (3.6 X lo5 barn-ev for Xela5and 7250 barn-ev for Sml49 gives 
a reactivity coefficient for as a function of core,position. 

As  a check on the above assumptions, numerical integrations of absorption rates for 
Srnx4’ and0Xe1a6 were also made with rather crude spectrum measurements from P P A  
dataand with cross-sections as giveninReport BNL-170.5 The numerical results were 15 
per cent lower than those from the simple level-strength ratios, and in actual application 
a mean value between the two results was used. 

Once the xenon reactivity coefficient was obtained, the calculation of steady-state 
xenon poisoning was made with the same general approach as for long-lived fission 
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, 

products described above. As before, experimental knowledge is necessary, for all 
points in the core, of the reactivity coefficient, RC, the iterated fission probability, FL, 
and the ratio of the power at the given position relative to total core power. Unlike the 
long-lived poison case, however, these need only be known at the time, t, of interest 
since this strong absorber quickly reaches a saturated condition. The steady-state 
xenon poisoning for both the clean (t = 10,000 Mwh) and depleted (t = 100,000 Mwh) cores 
w a s  calculated by Eq. 14.14. The results were 

Ak  (t zz 10,000 Mwh) = $2.76 5 15 per cent 
Ak (t = 100,000 Mwh) = $3.02 5 15 percent 

The initial data from a power reactor gave a clean-core steady-state xenon poisoning 
of $2.30, in reasonable agreement with the first of these values. However, in the light of 
recent xenon cross-section data and further measurements on samarium in PTR mock-ups 
of the clean and dirty SlG, the original 1954 estimates' have been reworked. The com- 
parison obtained' with the S1G power facility show excellent agreement both at steady- 
state and peak xenon. As  reported by Way: these comparisons appear in Table 14.3. 

TABLE 14.3-XENON POISONING EFFECTS ON REACTrVITy 

Steady state, $ Peak, $* Hours'until peak 

i 

Measured clean Ak 2.4 2.5 2-4 
Estimated clean Ak 2.4 f 20% 2.6 t 20% 4.0 
Estimated dirty Ak 2.2 f 20% 2.4 i 20% 4.3 

14.5 REACTIVITY COEFE'ICIENTS AS A FUNCTION OF ATOMlC NUMBER 

The work reportedinthis section w a s  done under the general supervision of G. Dessauer. 
It w a s  briefly reported by T. M. Snyder at the Geneva Conference in 1955.6 

Figure 14.1 combines the experimentally measurea central reactivity coefficient 
values in PPA-Binamanner guided bythefollowingassumptions abouteffectivenuclear ab- 
sorption cross -sections in the intermediate reactor neutron spectrum (these assumptioy 
are really about the average nuclear level spacings, as discussed by Hurwitz and Bethe 

1. Odd-mass nuclides (both odd Z-even N and even Z-odd N) have effective absorp- 
tion cross-sections that are generally slowly varying with Z and N. Odd-even 
nuclides in a given Yegion of Z have cross-sections roughly equal to those of the 
even-odd nuclides in that region. 

effective absorption cross-sections slowly varying with Z. Their cross-sections 
are considerably smaller (by a factor of about 1/3) than those of neighboring odd- 
mass nuclides. 

3. Cross-sections of nuclides that possess closed shells, or are within one or two 
nucleons of a closed shell, are exceptions from the above two assumptions and 
are  much smaller, in accordance with the observations of Hughes et al! 

In Fig 14.1, solid circles show the reactivity coefficients measured for the odd-Z 
elements. These elements are  comprised almost exclusively of odd-even nuclides. 
There are enough values available to allow fairly complete interpolation to values for the 
neighboring even-odd nuclides, which appear as open circles in Fig 14.1--an interpola- 
tion that is, however, restricted by the measurements of the reactivity coefficients for 
even-Z elements, as will  now be explained. The odd-A (odd-mass) curve, the highest one 
on the figure, is made up of these two kinds of points, plus some (with a question mark) 
that had to be almost sheer guesses because of a lack of pure rare-earth samples for 
measurement. 

The reactivity coefficient values observed for even-Z elements are considered as 
being made up of two contributions: first, that of the even-odd nuclides and, second, that 
of the even-even nuclides. The contribution of the even-odd nuclides was computed as 
the product of the open-circle value on the odd-A curve and the fractional abundance of 
such nuclides in the element. After that the contribution of the even-even nuclides could 
be computed by subtracting the contribution of the former from the measured reactivity 

2. Even-even nuclides (practically all the even-mass ones) also generally have 
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Fig. 141-Rcactivieg changes at the CUIN of PPA-$ due to capture alone. 

I 

172 

coefficient value. This, divided by the fractional abundance of even-even nuclides in the 
element, gave an estimated reactivity coefficient for even-A nuclides shown as an open 
triangle on the even-A curve. 

A measured reactivity coefficient for an even-Z element thus actually set  upper and 
lower limits for the reactivity coefficients both of the even-odd and the even-even 
nuclides; and the smoothness of interpolation on the odd-A curve w a s  2 compromise to 
give simultaneously a reasonable smoothness to the resulting even-A curve. 

which Fig. 14.1 was based. 
Table 14.4 gives the reactivity coefficient measuremen6 and the calculations on 
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TABLE 14.4-MEASURED AND ESTIMATED REACTIVITY COEFFICIENTS FOR CENTER OF PPA-5 
Odd-even nuclides Even-odd nuclides Even-even nuclides 

RC, RC, RC, RC , 
Z Element $/mole Abundance, % $/mole Abundance, % $/mole Abundance,% $/mole 

17 

19 
. 20 

22 
23 
24 
26 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

40 
41 
42 

44 
45 
46 
47 
48 
49 

--- 

--- 

--- 

--- 

c1 

K 
Ca 

Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zn 
oa 
Ge 
As 
se 
Br 
fi 
Rb 
Sr 

Zr 
Nb 
Mo 

Ru 
Rh 
Pd 
Ag 
Cd 
In 

0.84 

0.62 
0.30 

0.15 
0.26 
0.13 
3.2 
0.30 
6.4 
0.38 
1.25 
0.48 
2.15 
0.94 
6.3 
1.45 
12.3 

--- 

--- 

--- 
2.15 --- --- 
0.16 
4.0 
3.2 

11.2 
19 
8 
25.3 
10 
34 

--- 

99.75 

100 

100 

100 . 

100 

100 

10 0 

100 

10 0 0.84 

99.99 0.62 

--- --- 
0.26 

3.2 

6.4 

1.25 

2.15 

6.3 

12.3 

2.9* 

-- --- 
100 4.0 

--- ..-- 
100 19 

100 26.3 

100 34 

0.14 

12.9 

9.5 

2.2 

1.1 

4.1 

7 .8 

7.5 

11.2 

26.2 

29.7 

22.2 

25.1 

--- 
0.51 

0.33 

0.76 

2.5 

2.75 

1.65 

3.7 

8.9 

10.6s 

l.6* 

0.5* 

8.0' 

29 

22 

29i5 

-- 
99.86 

a7 .I 

90.6 

97.8 

98.9 

95.9 

92.2 

92.5 

--- 
--e 

88.8 

74.8 

70.3 

77.8 

74.9 

--- 
0.30 

0.12 

0.07 

0.25 

0.35 

0.43 

0.71 

0.83 

0.90* 

0.40* 

0.15* 

2.1* 

3.7 

4 

3.5 

*Deduced by making special assumptions about the nuclides with closed shells of neutrons (N= 50, 82, 
and 126) which are consistent with the data of Hughes et al., on fission neutron cross-sections. 



TABLE 14,4-(Continued) 
Even-odd nuclides Even-even nuclides Odd-even nuclides 

n 

5 m 
7J 
I 

P 

RC RC, RC , RC, 
Z Element $/mole Abundance, % $/mole Abundance, % $/mole Abundance,% $/mole 

sn 

Te 
I 
xe 
cs 
Ba 

Ce 

Nd 

Sm 
Eu 

Yb 

Hf 
Ta 
W 
Re 
os 
Ir 
Pt 
Au 
Hg 
TI 
Pb 

7 .O 

13 .O 

36.8' 

3.1' 

--- 
100 

--- 
100 

10 0 

100 

100 

100 

--- 
33.8 

50.7 

75.4 

30 

2.3 

20.6 

28.8 

--- 
30.5 

32.3 

14.3 

17.6 

33.7 

30.1 

21 

16.5 

92.1 

--- 
82.1 

100 

79.5 

71.2 

--- 
-..- 
--- 
69.5 

67.7 

85.7 

82.4 

66.3 

69.9 

79 

0.7 

1.3 

3.1* 

0.3* 

0.74* 

LO* 

11* 

--- 
--- 
--- 
8.6 

12.7 

11.5 

9.2 

3.2 

1.9 

0.2* 
83 Bi 0.2 100 0.2 

and 126) which are consistent with the data of Hughes et al., on fission neutron cross-sections. 
*Deduced by making special assumptions about the nucljdes with closed shells of neutrons (N= 50, 82, 
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Chapter 15 

EVALUATION OF SIR-TYPE REHECJ'QR 
CONTROL IN CRITICAL ASSEMBLIES 

1. k BISTLINE, Jr. 

15.1 INTRODUCTION 

Methods of control for intermediate reactors were investigated almost from the 
start of the critical assembly program at the b o l l s  Atomic Power Laboratory (see 
Chap. 2). PPA-12 was built to investigate the use  of a translating side reflector as a 
control element. A different control method, involving a rotating beryllium cylinder 
faced on one side with B4C, was subsequently tried, and the results were encouraging. 
PPA-15 incorporated six regions of B4C in the reactor to simulate six rotating cyl- 
inders. A detailed mock-up of a design for these cylinders was  constructed for use in 
the PPA (see Sec. 15.5). 

Techniques for measuring the control value of the poison cylinders were worked 
out and various control poisons were evaluated."' The Proof Test Reactor (PTR) 
facility 11s used to provide additional design information on cylindrical reflector con- 
trol elements. 

This chapter discusses the techniques developed for measuring the control value 
.of the cylinder mock-ups and gives a comparison of the effectiveness of various con- 
trol poisons in an intermediate spectrum. The critical assembly studies were carried 
out mainly in PPA-18 and in the P T R  These facilities are also briefly described in 
this chapter. 

istics and safety margins are discussed in Chap. 19 of this volume. Two-dimensional 
multigroup calculations of these quantities are discussed in Chap. 18. 

The application of these experimental data to the evaluation of endurance character- 

15.2 EXPERDIENTAL FACILITIES 

A. Description of PPA-18 

The PPA-18 was a low-power flexible nuclear mock-up of a SIR-type design.The 
control cylinders were mocked-up in PPA-18 by six hexagonal prisms consisting of 
37 slugs per prism located at the corners of the reactor. Five of the 37 slugs con- 
tained B4C powder in steel cans and 29 of the slugs were beryllium reflectors slugs. 
The arrangement of the mocked-up control cylinders is shown in Fig. 15.1. 

The locatran af the control cylinders was chosen to make the PPA core area 
approximately equal to the reactor core area and to make the distance between tne 
control cylinders and tne core center as close as possible to that in the reactor. Ro- 
tation of the PPA control cylinders was accomplished by exchanging the B4 C-filled 
rods with the beryllium rods around the periphery of the control-cylinder hexagon. 
Because of the geometry of the PPA tube matrix and the location of tne control cylin- 
der, the PPA control-cylinder mock-up could only simulate the control-cylinder angles 
of 6, 26, 46, . . . 146 deg. 

Control and safety of the reactor was provided by the control cylinders. In tne 
PPA the control cylinders were fixed as described, and safety was provided by (1) 
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15.2 EXPERIMENTAL FACILITIES 1 
I 

- c 

&%h% I. . ,.. , . 
’ -  . .  , i _.- - . 

I 

Fig. 15.1-CrmsJsaon view of equatorial plane of the PPA. The following regions are 
outliie&(I) the core in the centa; (2) the six control cyliindcrs, (a) the five B,C tubes and 
(b) the rhmtube void region; 6) the beryllium reflector region between the cylinders; and 

the staidessteel primary shield. 
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EXPERIMENTAL FACILITIES 15.2 

~ _ _ _ _ _ ~ _  
CD SAFETY RODS 

0 B4C 

STATIONARY BERYLLIUM REFLECTOR 
0 CONTROL RODS 

0 VOID 

6 STAINLESS STEEL . 
@ CORE RODS 
@ CONTROL CYLINDER BERYLLIUM 

Fig. IS.Z-PPA-IS. C d o n a l  view of movable half. BdC at 6 d e g  pit ion.  

splitting the assembly into two halves and (2) removing several fuel and reflector rods 
at high speed. Figure 15.2 indicates the location of the safety and control rods. Con- 
tr.01 was provided by the accurate positioning of calibrated control rods. 

B. Description of the Proof Test Reactor (PTR) 
The PTR was a critical assembly built to the S1G dimensions. (A more detailed 

description is given in Chap. 3. See Fig. 3.5) The PTR was mounted vertically 
on a %-ton hydraulic elevator except for one-sixth of the fuel core materials which 
were suspended from a tower above the assembly. As the elevator was raised the 
suspended fuel rods entered the core to make a complete assembly. 

PTR matrix tubes were mounted in an expanded array corresponding to the size of 
the S1G core at  operating temperatures. 

magnesium (to mock sodium) stacked in thin-walled stainless-steel tubes. 

differences: 

Although all parts were manufactured to the size of the cold S1G dimensions, the 

The PTR fuel rods consisted of flat disks of fuel, beryllium, stainless steel, and 

The six S l G  control cylinders were duplicated in the PTR but with the following 

1. They did not control the PTR since their position could be changed only by 
manual adjustment with the reactor shutdown. 

2. The PTR cylinders were made with simplified welding, beryllium machining, 
and support structures. Coolant channels were present in the beryllium slab 
of only one PTR cylinder. 

3. The PTR cylinders were not immersed in sodium. 
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15.3 EVALUATION OF CONTROL MARGINS 

PTR control was provided by manual adjustment of the six control elements in 
the shutdown position until the reactor was near critical when the elevator was 
raised to complete the assembly. Fuel control rods were then driven into the core 
to make the assembly critical. 

15.3 EVALUATION OF CONTROL MARGINS 

Since the control cylinders rotate from their least reactive position at 0 deg 
to their most reactive one at 140 deg and since the PPA-18 was critical witn the con- 
trol cylinders at 66 deg, two types of experiments were indicated: 

1. Rotation of the cylinders from 66 to 6 deg with a subcritical reactor to meas- 
ure the reactivity loss (safety margin) in the clean reactor. 

2. Rotation of thecylinders from 66 to 146 deg to measure the excess reactivity 
over clean critical. This is a measure of the reactivity available to com- 
pensate for the effects of fuel burnup and fission-product poisoning during 
operation. 

Several techniques were used to evaluate each of these control values. For rota- 

A. The single-cylinder method. 
B. The reciprocal multiplication method (1/M method). 
C. The reactivity-coefficient method. 

A. The single-cylinder method. 
D. The reactivity-coefficient method 
E. In the PTR the rotation from clean critical (60 deg) to depleted (140 deg) was 

compensated by removing fuel and by adding cadmium to simulate fission- 
product poisons. 

The results of these methods are shown in the different control-cylinder calibra- 
tion curves for the PPA-18 in Fig. 15.3. The probable value for the B4C poison safety 
margin between 66 and 6 deg was $(8.5 f 1.5). The probable value for the excess re- 
activity between 66 and 146 deg was $(12.7 f 1.3). 

indicates an excess reactivity of $13.0 for control-element rotation between 66 and 
140 deg. 

ments were made with B4C rods. The effectiveness of alternate control poison was 
then compared with the B4C data. A description of each of the techniques listed above 
follows. 

tion from 66 to 6 deg, the following techniques were used: 

For rotation from 66 to 146 deg, these techniques were used 

The results of the PTR calibration are shown in Fig. 15.4. Integration of this curve 

Since B,C was considered the most probable control poison, all rotation experi- 

A. Single-cylinder Method 
The single-cylinder method of control evaluations consists of alternate small- 

step rotations of two of the control cylinders in opposite directions from the standard 
loading critical position. With each step the reactivity change is measured on control 
rods calibrated by the rod-drop technique as the rotation progresses. By this method 
a critical reactor control ci.wve for one cylinder is obtained over its entire range. When 
the PPA control cylinck:;: ,. ?,:, xi the 6-, 66-, 126-, and 186-deg positions, it was TB- 
placed by the detailed mock-up, and the change in reactivity was measured. Appro- 
priate corrections were applied to the safety margins at 46, 26, and 66 deg on the basis 
of the remtivity difference between the detailed mock-up and the PPA control cylinders 
at the 6-deg position. 

This method does not simulate the simultaneous motion of a l l  six cylinders which 
characterizes S1G operation; it therefore does not record the accompanying inter- 
action of the control cylinders. It predicts a somewhat larger safety margin than is 
found in the actual case when the six cylinders are at 6 deg. Sielar ly ,  the excess re- 
activity indicated at 146 deg on the basis of single-cylinder dah  is larger than the 
actual value with all six cylinders. Table 15.1 is a summary of the data that were ob- 
tained from the PPA-18 single-cylinder experiment. The value for six cylinders was 
obtained simply as six times the corrected value for the single cylinder. A curve of 
the results is given in Fig. 15.3: 

ent poisons at various cylinder positions. 
This method is the fastest one to use and is particularly useful in comparing differ- 
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EVALUATION OF CONTROL MARGINS 15.3 

f 
(0)- SINGLE CYLINDER METHOD 
(b)--+ RECIPROCAL MULTIPLICATION METHOD 
(C)---O RC M€fHOD - SAFETY MARGIN 
(d)---n RC METHOD - EXCESS REACTIVITY 

I I I I I I I I 20 40 60 80 100 I20 140 160 1 8 0  I 200 

POSITION OF A U  SIX CONTROL CYLINDERS (DEG.) 

Fig. 15.3-PPA-18. Detailed mock-up calibrations of poison control cylmden. 

TABLE 1 5 . 1  -BdC SINGLE-CYLINDER EVALUATION OF THE SAFETY. 
MARGIN AND EXCESS REACTIVlTY 

Poeition, One Values using SiX 
deg cylinder, $ detailed mock-up, $ cylinders, $ 

6 
26 
46 
66 
86 
106 
126 
186 

-1.83 
-1.63 
-1.11 
0 

+1.04 
+1.96 
+2.30 
+2.71 

-1.47 
-1.31* 
-0.89* 

0 

*Calculated by ratios from the PPA cylinder measurements. 

EVALUATION OF SIR-TYPE REFLECTOR CONTROL I N  CRITICAL ASSEMBLIES 

-8.82 
-7.86 
-5.34 
0 

+6.24 
+11.76 
+13.80 
+16.26 
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B. Reciprocal Multiplication Method 
The reciprocal multiplication method was devised to allow a measurement of the 

reactivity change produced by rotating all six control cylinders from 66 to 6 deg without 
making any changes in the reactor core. This method consists in counting leakage 
neutrons that escape-from the subcritical assembly; it is subject to large error be- 
cause of the low counting rates when the control cylinders are at 6 deg. The multi- 
plication, M, is measured by observing the counting rate of neutron chambers rela-. 
tive to the counting rate for source neutrons before loading the reactor. The ratio of 
counting. rate for a given load to the counting rate for ‘zero load is defined as the 
multiplication, and the reciprocal multiplication is a measure of the reactivity differ- 
ence between the given load and criticality. Chapter 4 discusses these matters in more 
detail. 

The positionof the B4C during the rotation of the control cylinders not only affects 
the pile reactivity or the multiplication but also affects the neutron leakage from the 
core. Consequently the apparent multiplication as measured by the external neutron 
detectors differs from the true multiplication of the reactor. An attempt was made 
to overcome this difficulty by calibrating incremental reciprocal multiplications at 
different control-cylinder positions in terms of known and relatively constant re- 
activity changes. 

troduce the known reactivity change in the reactor for this experiment. These were 
calibrated by a rod-drop measurement in the cri t icd reactor before the start of the 
experiment. Since these rods were at the center of the core, their reactivity value 
should have been least affected by the control-cylinder rotations on the outside edge 
of the core, and it was assumed throughout the experiment that their reactivity value 
remained constant. These three rods were dropped out of the reactor after each 
change in the control-cylinder position to obtain a calibration of the apparent multi- 
plication at that counting rate. 

The three safety kods in the center of the reactor (Fig. 15.2) were used to in- 
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In order to improve.the accuracy with the detailed mock-up, two experiments 
were necessary. In the first experiment the shape of the curve of reactivity versus 
control-cylinder position was found by rotating the six PPA cylinders in 20-deg 
steps from 66 to 6 deg. Since the early experiments had shown that the stainless 
steel had i ts  greatest effect in the 6-deg position, it was important to obtain the best 
possible measurement relating the PPA mock-up to the detailed mock-up in this posi- 
tion. The precision of the experiment is a function of the counting rate and is poor 
when the reactor is $lO.QO below critical, which occurs when all six PPA cylinders 
are  at 6 deg. For this reason, substitution of the detailed mock-up for that of the 
PPA ‘when the control cylinders were at 6 deg would have given a poor measurement. 

This difficdty was overcome in a second experiment. In this second experiment 
the total loss in reactivity due to the rotation of the detailed mock-up from 66 to 6 
deg in one step was found. StarUngvith the detailed mock-up and the PPA cylinders 
at 66 deg, the detailed mock-up alone was rotated from 66 to 6 deg, and the counts 
were taken. In this step the counting rate was high enough that a large error was not 
inherent in the experiment. This one measurement was not sufficient, however, since 
the interaction effect was not yet known. The detailed mock-up was then removed, 
and the 2-in.-diameter boron tubes were inserted to determine whether the poison 
value of the detailed mock-up (as given by the counting rate) could be matched by 
some configuration of these boron tubes. It was found possible to match the counting 
rate by removing the two outside rods of the five-tube configuration. This pattern 
of three 2-in.-diameter B4C tubes was then used to simulate the control cylinders 
at 6 deg. The experiment was continued by rotating the other five cylinders from 
66 to 6 deg and using this modification at 6 deg. The reduction in the safety margin 
produced by this refinement was applied to the 46- and 26-deg steps, wnere tne de- 
tailed mock-up could not be used, on the basis of the reactivity difference between 
this measurement and the five-tube configurations at 6 dee. 

The results are given in Table 15.2 and appear on the control curve in Fig. 15.3 
The estimated probable error  for this measurement is 5 $1.00 for the total value at 
6 deg. 
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TABLE 15.2 -RECIPROCAL-MULTIPLICATlON 
EVALUATION OF THE SAFETY MARGIN 

Reactivity change for 
Rotation, deg six cylinders, $ 

66-46 
46-26 
26-6 

66-6 

4.7 9 
1.65 
0.71 

Total 7.15 

Reactivity-Coefficient Method (Safety Margin Measurement) 

produced by moving all six control cylinders from 66 to 6 deg. The rationale of this 
method for safety-margin tests is to increase the reactivity of the pile by adding a 
reactive material at the center of the core. It is necessary to assume that the 
neutron spectrum is not changed appreciably at the core-control-cylinder interface 
region; for a different neutron spectrum would undoubtedly cause a change in the 
competition of neutron absorptions between boron and fuel, and in neutron leakage. 

was chosen to increase the reactivity by lowering the neutron-energy spectrum at 
the core center. The reactivity coefficient of the polyethylene was measured after 
each step by calibrated control rods, and the value of the control cylinders was de- 
termined from the dollar value of the polyethylene which was added to restore 
criticality after each rotation of the control cylinders. Twelve polyethylene disks, 
2 in. in diameter and 0.1 in. thick, weke distributed in the first 5 in. of each fuel 
rod in the three central rings when the control cylinders were at 6 deg. , 

on the basis of the reactivity difference between the detailed mock-up and the PPA 
control cylinder at the 6-deg position. The results are shown in Table 15.3 and 

The reactivity-coefficient method likewise can measure the reactivity change 

Since enough extra fuel was not available, a hydrogenous material, polyethylene, 

Appropriate corrections were applied to the safety margins at 46, 26, and 6 deg 

TABLE 15.3 -REACTIVITY-COEFFICfNT METHOD FOR 
EVALUATING SAFETY MARGIN 

Effectiveness of 
Rotation for all control Effectiveness of PPA detailed mock-up 

cylinders, deg control cylinders, $ (six cylinders), $ 

66-46 6.81 5.47 
46-26 3.41 2.79 
26 -6 0.73 0.59 

66-6 Total 11.01 8.85 

appear on the control curve shown in Fig. 15.3. The probable error  assigned to the 
safety-margin evaluation by this method is + - $1.00 for the total value at 6 deg. 

D. Reactivity-Coefficient Method (Excess-Reactivity Measurement) 
This application of the method consists in using cadmium slivers in the core as 

a means of simulating the fission-product poisoning and burnup. Tnese slivers were 
used in each of the three corners of tne core interstices. Sufficient cadmium was 
added during each rotational step to allow all the control cylinders to be rotate& out 
20 deg. The reactivity coefficient of the cadmium was measured at each step by 
calibrated control rods. The results are given in Table 15.4 and appear on the con- 
trol curve shown in Figure 15.3. 

consistent reactivity coefficients for the cadmium slivers. The probable error  as- 
The largest source of error in this experiment was the difficulty of obtaining 
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15.4 COMPARISON OF ALTERNATE CONTROL MATERIALS FOR S ~ G  
i 

TABU 15.4-REACTIVITY COEFFICIENT 
EVALUATION OF EXCESS REACTIWCY 

Position of control Excess 
cylinders, deg reactivity,. $ 

66 
86 
106 
126 
146 

0 
5.7 
9.7 
11.7 
12.7 

I 

signed to the total excess reactivity obtained by this method is 5 $1.3 for the total 
value at 146 deg. 

E. Simulated Fission-Product Poison Fuel Removal Method 
'I'his method consists in measuring the control-element sensitivity, &/de, at 

critical in steps from clean to spent critical. These steps are established by 
(1) uniformly removing fuel to simulate burnup, (2) uniformly adding the appropri- 
ate amount of poison (in the form of cadmium sleeves) to simulate the fission prod- 
ucts resulting from the fuel burnup, and then (3) adjusting the control elements in 
phase to restore criticality. 

This measurement was made on the PTR. At  each step the PTR control rods 
were calibrated by the rod-drop method and the cents per degree per control element 
was measured by moving the element a fixed amount and compensating with the 
calibrated control rod. The differential control-element curve, Fig. 15.4, was ob- 
tained. The total excess reactivity over clean critical, $14.4, was obtained as six 
times the integral of this curve from 60 to 140 deg. 

CYLINDER POSITION (DEG) 

Fig. 154-PTR controlqlindcr ditfcientid calibration. 

15.4 COMPARISON OF ALTERNATE CONTROL MATERIALS FOR S1G 

During the latter part of the program, the control cylinder was investigated for 
possible improvements in nuclear properties, engineering design, and cost. This 
study involved the investigation of alternate control poisons, rearrangement of the 
beryllium, and changes of the structural supports. Comparison of a number of the 
poisons was made in the PPA. The PTR experiments, on the other hand, were con- 
cerned both with alternate poisons and with the rearrangement of beryllium in the 
cylinder as a result of engineering cnanges. The reactivity contribution of the beryl- 

I 

! 
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COMPARISON OF ALTERNATE CONTROL MATERIALS FOR SIG 15.4 

lium in the cylinder is important since in the depleted reactor the beryllium face 
of the cylinder is toward the core and directly affects the endurance of the reactor. 
PPA-18 and PPA-20 Control Poison Comparison 

the detailed mock-up in place of the B4C at the 6-deg position, The results are ex- 
pressed in Table 15.5 as total control value for six cylinders. Since all poisons 
have the least effect on core reactivity at the 140-deg position of the cylinders, 
a change in control value is a consequence of the change in the safety margin. 

-50 kg of Uass and a Be:gS5 ratio near 140:1, a comparison was made on the basis 
of the detailed mock-up for By Bm and B4C. Hafnium metal strips were also com- 
pared with the B4C detailed mock-up. In addition, attempts were made to increase 

A. 
The PPA-18 work consisted in substituting another set  of 50 poison tubes into 

In PPA-20, a critical assembly similar to PPA-18 in construction but containing 

TABLE 15.5-CONTROL POISON EVALUATIONS IN PPA-18 

Density, Total control for 
Material d c c  all six cylinders, $ 

~ 

B& ' . 1.9 
Samarium-gadolinium 

oxide mixture 3.88 
Samarium-gadolinium 

oxide mixture 4.98 
Hafnium oxide 2.38 

20.8 

17.9 

18.7 
17.1 

the control possible in a cylinder by increasing the area of the poison face and by 
backing the poison with NaOH to obtain greater thermalization of the neutrons pass- 
ing through the poison. The results are shown in Table 15.6. The data used to 
compile this table were taken with one cylinder at 6 deg. The single-cylinder 
safety margin was multiplied by six and reduced by 5 per cent to obtain the total 
shutdown safety margin. (This 5 per cent is the estimated reduction in the safety 
margin due to coupling at 6 deg.) 

B. PTR Control Poison Comparison 
Some detailed experiments were made by D. J. Anthony with the PTR for a 

modified control cylinder (see Fig. 15:5). This cylinder had 

TABLE 15.6  -SAFETY MARGINS AND CU3AN-CFUTICAL POSITIONS FOR SIX CONTROL 
CYLINDERS WITH SEVERAL POISONS IN PPA-20 USING THE DETAILED MOCK-UP 

Angle of cylinder 
face covered with 

Control cylinder element Density P o ~ o n ,  deg Safety margin, Q 

B,C (%-in.-dia. tubes) 

B C (backed by NaOH) 
* t o  (?,@xkdia. tubes) 

Boron (g/s-in.-dfa. tubes) 

Boron (back cow of tubes 

Hafnium (sheet form) 
Hafnium (backed by NaOH) 
Hafnium 

removed) 

1.9 g/cms 
1.9 g/cms 
1.9 g/cms 
1.9 g/cms 
1.4 g/cms 
1.4 g/cms 
0.6 g/cms 
0.6 g/cms 
0.6 g/cms 

0.45-in. thick 
0.45411. thick 
0.20-in. thick 

130 
110 
100 
110 
110 
100 

100 
110 

100 
100 
100 

7.9 f 0.5 
7.1 f 0.4 
6.9 f 0.4 
7.9 f 0.5 

10.6 0.9 
10.6 * 0.9 
5.8 * 0.4 
5.6 f 0.3 
4.5 f 0.3 

5.1 f 0.3 
6.7 f 0.4 
3.7 f 0.3 
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A - A' REPRESENTS EFFECTIVE ZONE 
B - B' REPRESENTS CORE BOUNDARY 

Fig. 15.5-Modificd control cylinder in the position. 

TABLE 15.7 -POISON COMPARISON ON PTR TEST CYLINDER 
0-DEG POSITION 

Run Outer row Middle row Inner row Ah* 

Aluminum 0 
+ 17 

Hafnium +26 
3 Hafniumt Hafaiumt Hafaiumt +36 
4 Hafnium Hsfniumt Hafniumt +28 

B4C 
Aluminum AlUliUUm 

0 B4C 
1 B4C 
2 Hafnium Hafnium 

5 Hafnium Hafnium Aluminum +34 
6 Hafnium Aluminum AlUmlUUIll +54 
7 Rareearth$ Hafnium Rare earth$ +35 
8 Rareearth$ B4C Rare earths +22 
9 Rareearth$ Aluminum AlumiUUm +65 

*(+)means le% poisonous than the 0 rhn and therefore a 
reduction in 6afety.margin. 

tHafnium rods clad with s ta in le s s  steel .  
SRare-earth compounds (60.4 per cent samarium; 21 per 

cent  gadolinium; 1 per cent praseodymium; 0.7 per cent neo- 
dynium; and 10 per cent other).  
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APPENDIX: DESCRIPTION OF THE DETAILED MOCK-UP OF THE CO~TROL CYLINDER 15.5 
I 

1. Three rows of l/a-ia-diarneter poison tubes covering an angle of 116 deg 
on the cylinder face; the outer row held 23 poison tubes, themiddle row, 
19 tubes, and the inner row, 15 tubes. 

2. Two rows of beryllium tubes; the outer row contained eighteen 1.25-in.-&- 
ameter tubes, and the inner row, nine 1.75-in.-diameter tubes. 

In this cylinder, sodium in the cylinder voids could be mocked up with aluminum 
plates cut to fit around the rods. The experimental results obtained from compar- 
ing various combinations of poisons in this cylinder are given in Table 15.7. Since 
these measurements were made with the test cylinder at 0 deg and the opposite 
cylinder moved out to compensate for the test cylinder, the results are subject to 
the errors  introduced by distortion of the flux. The probable experJmental error 

---ossociZt.tPd with these results due to controLelement calibration, p!-,siYorq etc., is- 
about f 0.59. 

The modified cylinder was also used to measure the reactivity value of beryl- 
lium in the cylinder at 140 deg in the PTR. The distributed reactivity coefficient 
measured in positions R-1 through R-6 (see Fig. 15.5) along the entire length of the 
cylinder was +0.048$/mole. 

15.5 APPENDIX: DESCRIPTION OF THE DETAILED MOCK-UP OF THE CONTROL 
CYLINDER 

The poison section of a PPA control cylinder consisted of five a-in.-diameter 
B,C tubes. The prism shape of the PPA cylinder dictated a design of the detailed 
mock-up such that it could be used only at the corner prism angles of 6, 66, and 
126 deg. An example of a detailed mock-up is seen in Fig. 15.6. In addition to the 

Fig. 15.6Detailed modcup of a control cylinder at the 6-d- position. T h e  number of rods 
at the left arc core rods. The slugs at top and bottom lettered with R are stationary reflector 
rods and the ones on the right with MD indicate control-cylindcr beryllium rods. The 
smaller cylinders arc ntbcs containing boron carbide and rods of alumink,  magnesium, and 
stainless stcd. The triangular-ended pieces are beryllium triflutes used in this case to mock- 
up a straight line edge.of a beryllium region. The flat strip cmssing the core slugs was in 
place for dctumining a power distribution dong a traverse across the reactor. (See Chaps. 

6 and q.) 
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15.5 APPENDIX DESCRIFTION OF THE DETAILED MOCK-UP OF THE CONTROL CYLINDER 

stainless-steel tubes containing the poison, some aluminum and magnesium rods 
were used to simulate the S1G sodium. The mock-up also included some stainless- 
steel and beryllium rods used to simulate the large concentration of stainless steel 
in the cylinder. The poison tubes were removable, and sets of 50 containing boron 
carbide, natural boron, Bm , a rare-earth mixture (oxides of samarium and 
gadolinium), and hafnium oxide were available for testing in the mock-up. A 
hafnium metal-slab mock-up was also available for use in place of the tubes. The 
densities of the poisons tested a r e  listed in Table 15.6. 

Reactivity Comparison of the SlG Control Cylinder with the PPA Detailed Mock-up 

Although much effort was made to duplicate accurately the S1G control cylinder 
design, some discrepancies between the detailed mock-up and the S1G control 
cylinders still existed and had to be evaluated by reactivity-coefficient experiments. 
These discrepancies included (1) absence of sodium, (2) differences in stainless-steel 
content throughout the mock-up; (3) differences in the amount of sodium, stainless 
steel, and beryllium between control-cylinder face and core. 

An analysis of the B,C and stainless-steel regions of the S1G cylinder and the 
PPA detailed mock-up showed that the following differences in reactivity existed 
per cylinder: 

1. At 6-deg position: S1G excess k over PPA mock-up = (3 f lo)$. 
2. A t  66-dep: position; S1G excess k m e r  PPA mock-up = (-2 lo)$ 
3. At 126-d;g pbsition: difference was insignificant. 
Since these measurements showed such small differences, no correction was 

made to the control calibration curves. 
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Chapter 16 

, 

BURNABLE POISON CALCULATIONS 

FOR INTERMEDIATE REACTQS 

P. 1. HOFMANN and M. 1. STORM 

16.1 INTRODUCTION 

In power reactors designed to operate for lengthy periods without refueling, an ex- 
cess amount of fuel over that required for initial criticality must be available to com- 
pensate for the reactivity loss brought about by fuel depletion and fission-product ac- 
cumulation. Furthermore, a control scheme must be provided to maintain criticality 
at a l l  times. The more conventional control schemes usually consist In the mechan- 
ical introduction and removal of neutron-absorbing materials (e.g., translating core 
control rods or control cylinders). To reduce the use of mechanical control devices 
to a minimum and still provide for high endurance at large powers, one alternate pro- 
cedure is to build into the reactor core a suitably chosen neutron absorber (burnable 
poison) which compensates for the initial excess fuel investment. Ideally this absorber 
would be destroyed in such a manner that the reactivity loss caused by fuel depletion 
and fission-product accumulation is exactly compensated by the reactivity gain as- 
sociated with poison depletion. Since in practice this compensation is never perfect, 
some mechanical control devices are needed to take account of the reactivity mis- 
match, as well as to provide the necessary control for power maneuvers and shutdown. 

Two obvious,requirements for suitable burnable poisons exist. The first require- 
ment is that the neutron-absorption cross-section of the poison be large com- 
pared to that of fuel in order that the poison residue at the end of the core life be 
small. However, too large a neutron-absorption cross-section may be undesirable 
because the initial poison depletion and consequent associated reactivity increase 
might then be too rapid. A proper choice of burnable poison elements with regard to 
geometry and composition, and hence self-shielding, can provide a remedy for this 
defect. A second requirement of such a poison is that the isotope resulting.from 
neutron capture be a weak absorber. 

The present chapter describes burnable poison calculations performed for sub- 
marine intermediate reactors. A convenient measure of the suitability of a specific 
burnable poison is its effect on reactor endurance. Accordingy, all the calculations 
described here are concerned with the changes in endurance that can be brought 
about by the addition of burnable poisons. 

The applications of burnable poisons considered here resulted from efforts to 
modify SIR-type reactors that were already designed. They did not attempt to 
design new reactors incorporating burnable poisons from the outset. Hence, when 
any specific scheme for the introduction of burnable poisons is evaluated, it should 
be remembered that there are competing means of achieving endurance gains in 
SIR-type reactors which do not involve the use of burnable poisons. For example, 
if the U2” loading were increased and sufficient beryllium removed to maintain the 
original initial safety margin, an endurance gain would be@ of about 4500 Mwh for 
each kilogram of UzSs added? On the other hand, if the v“ loading were increased 
without the removal of beryllium, the gain would be about 7500 Mwh/kg added. This 
last approach could be only used if initially there were sufficient safety to permit 
the subsequent reduction in safety margin. 
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16.2 ONEGROUP REACTOR MODEL 

Two types of barnable poison modifications of SIR-type reactors have been con- 
sidered. They can be categorized as compensated and uncompensated additions of 
burnable poisons. Compensated addition means the simultaneous addition of fuel 
and burnable poison in such a manner as to maintain the initial safety margin of the 
unpoisoned reactor. One is then interested in the endurance increase brought about 
by the change. In uncompensated additions burnable poison alone is added to the 
core to increase the initial safety margin. 

was done ky Hurwitz and Nims in 1952”’ and the program was continued for three 
The initial investigation of the addition of burnable poisons to =-type reactors 

years.. 
A simplified one-energy-group approach is described in Secs. 16.246.4 andin Sec. 

16.5 a more elaborate mul&roup formulation of this problem is described. 

16.2 ONE-GROUP REACTOR MODEL 
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In this section a one-group semianalytical method for calculating the effects on 
endurance of the addition of burnable poisons to SIR-type reactors is considered. 
The chzuige in reactivity with time of the reactor under consideration is formulated 
in terms of available experimental data, and use is made of the one-group poison 
depletion model described in Report KAPL-8472. The reactivity requirements alot- 
ted to peak xenon and fine control are assumed constant throughout the reactor 
history, and the endurance is calculated as that time when the remaining excess re- 
activity can no longer compensate the loss resulting from depletion, fission- 
product formation, and the burnable poison residue. Machine methods utilizing a 
multigroup formulation, to be discussed in Sec. 16.5, can take a more realistic ac- 
count of the many factors involved in a burnable poison study. Nevertheless, it is 
helpful to utilize simple approaches to the problem in order to obtain qualitative 
ideas of. effects and trends before embarking on a detailed program of machine calcu- 
lations. 

Consider the SIR-type reactor. An observable when the reactor is in operation 
is the setting of the control cylinders as a function of the megawatt hours of opera- 
tion. In order to make endurance estimates it is necessary to correlate cylinder 
positions with fuel depletion. 

The reactivity of the assembly is a function of its composition and confi‘gura- 
tion. During critical operation the reactivity variations brought about by changes in 
composition and configuration must occur in a compensating manner. The major 
compositional changes are the depletion of fuel, the accumulation of fission products, 
and the depletion of the burnable poison. The changes in configuration a re  caused by 
the motion of the control cylinders. 

For small changes in the state of the assembly, the reactivity change can be 
expressed in terms of the first order partial derivatives of reactivity with respect 
to the reactor parameters.‘ The physical interpretation of these derivatives is in 
terms of the so-called “reactivity coefficients” (RC’s). The complexity of the 
problem arises from the unknown dependence of each coefficient on all the reactor 
variables. 

G,‘,:. ,’+ .; purpose of this section is to present a qualitative pictwpy#sas- 
sumption is made that the reactivity coefficients are constant over the range of 
parameters under consideration. To this end, effective values of reactivity co- 
efficients are selected. For example, in the case of fuel, values d about 
40 and 70$!/kg of U’” have been measured in the clean and depleted SIR-PPA 
cores, respectively, and for simplicity an average value of 55$/kg of Uzs5 has 
been adopted. 

Now consider in more detail a SIR-tJrpe reactor that does not utilize burnable 
poisons and is critical at time zero with the following characteristics: (1) control 
range, AKc ; (2) initial safety margin, AKs(0); and (3) initial excess reactivity, 
AKE (0) = AK - as (0). Let the peak xenon defect, assumed constant with time, 
be AK,, and fet the reactivity requirement for fine coptrol be AKFr Then the 
initial potential reactivity available for shim control, AKsH(0), to compensate for 
fuel burnup and fission-product formation is taken as 

AKsH(O) = AKE (0) - IAK,, I - IAK,, I (16.1) 

C 
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ONLGROUP REACTOR MODEL 16.2 

Let M(t) be the Uas5 content in kilograms at time t. The reactivity loss, %, due 
to fuel burnout w i l l  be expressed as 

(16.2) 

, 

where d, is the effective worth of the fuel in dollars per kilog~am. M(t) and M(0) 
are related by 

,. . - :* . wnere g is the rate of fuel depletion in kilograms per hoe: oz', mere generally, in 
, kg/Mwh. Thus Eq. 16.2 becomes 

AKu(t) =-a,& (16.4) 

For SIR-type reactors, g can be taken as 60 x 10" kg/Mwh5 The reactivity loss 
due to non-xenon fission-product formation, , is taken as 

AKFp(t) = -ft (16.5) 

where f, the rate of fission-product poisoning, is taken as 4.5$/1000 Mwh from es- 
timations by the method of Chap, 14. (Measurements in S1G (Chap. 20) indicate that 
this represents an underestimate of the fission-product poisoning.) 

The endurance of the reference reactor is now taken as that time, tf , when 

(16.6) 

Now consider the addition of burnable poison and fuel, o r  burnable poison alone, 

Let D(0) be the initial dollar value of poisons added. The new potential reactivity 

to the reactor. In the following, primed quantities will refer to the reactor with 
burnable poisons, whereas unprimed quantities denote the reference system. 

available for shim control, AX& (O), is taken a8 

AKhH (0) = A K ~ ~  (0) - D(0) + dU[M' (0) - M(O)] (16.7) 
I 

whereas the new initial safety margin, AKL (O), is 

It is assumed in the above that the total control range and reactivity requirements 
for peak xenon and fine control are unchanged, so that 

i A K ~ H  (0) + ~ K g ( 0 )  = AKsH (0) + AKS(0) (16.9) 

When fuel and burnable poison are added in a compensating fashion 

(1 6.10) 

and hence 

BURNABLE POISON CALCULATIONS FOR INTERMEDIATE REACTORS 
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16.2 ONE-GROUP REACTOR MODEL 

When burnable poisons alone are added, M'(0) = M(O), and 

(16.12) 

Consider the addition of several poisons of typical initial dollar value D (0) where 

c D,(O) = N O )  
j 

(1 6.1 3) 

The reactivity change due to poison burnup, AGP, is taken as 

AKgp(t) =CDj(O)[1- 1 Pj(t)] (1 6.14) 

where P (t) is the fraction of the tnitial amount of the j+ poison remaining at time t. It is 
assumecflas before that effective constant burnable poison reactivity coefficients can 
be chosen. 

Thus the reactivity change, AK(t), due to fuel burnup, fission-product formation, 
and poison burnup is taken as 

AK(t) = Dj(O)[1 - Pj(t)] - (f + *g)t (1 6.15) 

When each burnable poison consists of a single absorbing isotope, P is given bya 

pf = UuJ/meyJ(l-pJ) (16.16) 

where U = M(t)/M(O) is the fraction of the initial fuel loading remaining at time t; u 
and uu are effective microscopic poison and total fuel absorption cross-sections; and 
yj is related to the poison self-shielding factor, f by the relation 

J' 
1 

'J = 1 + q P J  

0 
Eq. 16.16. 

To eliminate one parameter, y , in these illustrative calculations, we restrict 
ourselves to the ca8e of time-indedendent poison self-shielding factors ( yj = 0). Then 
P is given by expressions of the form 

Pj = u"J - (16.17) 

includes the fuel self-shielding factor, which is assumed constant in deriving 

where a jis the ratio of the effective poison to totalfuel microscopic absorption cross-section. 
A discussion of the effects of varying the parameter y is given in references 2 and 

which are obtainable by adjustment of the poison self-shielding factor. 
For burnable poisons that consist of fwo absorbing isotopes, where the second 

isotope is created by neutron capture in the first, Eq. 16.17 cannot be used for the 
second isotope. It is shown in Sec.16.12that if PI = Uai for the first isotope then for 
the second isotope 

3, where consideration is given to the broad range of s L pes of reactivity variation 

(16.18) 

where Pj 
isotope. 

NJ(t)/Nj (O), N j  being the concentration per cubic centimeter of the jth - 
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I 

In the following subsections some illustrative examples of the types of calcula- 
tions that can be performed with this reactor model are given. 

16.3 COMPENSATED POISON ADDITION (ONE-GROUP MODEL) 

A. Single Burnable Poison 
A s  a first illustrative example, the compensated addition of burnable poisons to 

a SIR-type reactor is considered. If we assign a value of $10 to AK (0) (an estimate 
based on experiments performed in low-power mock-ups of the SlGTthe endurance of 
the reference reactor with no burnable poison is obtained from Eq. 16.6 as that time, 
tf , when 

With the compensated addition of poison and fuel (Eq. 16.111, qH (0) = AKsE(0) 
and A% (0) = aK, (0). If, in addition, it is postulated that the unpoisoned reactor 
has a mnimum safety margin, then it is of interest to ascertain under what conditions 
the reactor with burnable poisons will always possess at least this minimum safety 
margin. One can then examine the reactivity change, AK(t), caused by fuel burnup, 
fission-product formation, and poison burnup in order to see when AK(t) has a maxi- 
mum. Since the control range is assumed constant in this model, the presence of a 
maximum in AK(t) would indicate a reduction in the safety margin from its initial 
value. Restricting oneself for the present to a single burnable poison, one obtains 
from Eqs. 16.15 and 16.17 

or  

and 

Examining Eq. 16.22 one sees that since 
1---->o gt - M'(t) 

M'(0) M'(0) 

(16.20) 

(16.21) 

(16.22) 

then for al > 1, d2 (AK)/de is negative. Hence for a, > 1, AK(t) is always concave 
downward, and, to ensure that AK(t) has no maximum during the reactor lifetime, it is 
sufficient to impose the condition that ,pL be zero or negative. It is then found 

from Eq. 16.21 that when 
=0 

(1 6.23) 

the reactor will always have an adequate safety margin. 
When fuel and burnable poison are added in a compensating fashion, 
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DL(0) = dUIM'(0) - M(O)] ; and Eq. 16.23 can be written as 

(1  6.24) f + dug Z 1  
dUgr ' (O) - M(0)Ia ,  

M'(0) 

For any given compensated fuel increase, AM = M'(0) - M(O), a range of a's can be 
found for which Eq. 16.24 is satisfied. Denote the maximum value of a for eachAM by 

In Fig. 16.1, a- is plotted as a funtion of AM. The loading, M(O), of the refer- amax' ence reactor was taken as about 50 kg for the calculations. It is seen from Fig. 16.1 that, 
for small compensated additions, poisons that burn up rapidly (large values of a) can be 
used without a resultant loss of safety margin. However, the larger the poison addition, 
the smaller the permissible range of a's that will satisfy the condition that no maximum 
occur in =(t). 

The endurance is obtained as that time, tp when 

AK(tt) + A ~ H  (0). = 0 (16.25) 

Substitution of Eq. 16.20 in Eq. 16.25 yields 

J 
E 

0 

f o r  1 I I  I I I I I I I I I I I  
- - 

60 - 
- 

50 - 
- 

40 - 
- 

30 - 
- 

20 - 
- 

IO - 
- 

I I I I I I I I I I 1 I 1 I 
10 20 30 

(16.26) 
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Fig. 16.1-1~- as a function of AM for compenutcd burnable poison additions. For specified 
AM, a must be lap than % to ensure an adequate safety margin at all times. 
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Fig. 16.2--Endurancc gain as a function of increase in fuel loading for compensated burnable 

poison additions. 
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16.3 COMPENSATED POISON ADDITION (ONILGROUP MODEL) 

this large value of a the endurance return does not differ greatly from the value of 
7100 MwE/kg obtained in this model (see Sec. 16.13) for infinite a. 

off or decrease in AE/AM for sufficiently large mass additions has been obtained in 
the more detailed multigroup calculations discussed in Secs. 16.6 - 16.7. 

The endurance results obtained from this simple model do not exhibit any leveling 

B. Two Absorbing Isotopes 
As a second illustrative example consider the compensated addition of natural hafnium 

and treat only the HflW and Hf'" isotopes. Then AK(t) is obtained from Eqs. 16.15, 
16.17, and 16.18 as 

(1 6.27) 

or 

AK(t) = DI(0) (1 - UQ1) + Q(0) [l - Ni(o)/N2(o) (u ( r2  - Val) - U.21- (f + dUg)t 1 - (Q!?/Q!i) 

where subscripts 1 and 2 refer to HfXR and , respectively. 
Proceeding as before: 

since In addition _- du - g  
dt-M'-(O) * 

In the following numerical example we restrict ourselves to the case of unshielded 
hafnium. PTR oscillator measurements (Chap. 17) for zero-thickness hafnium isotopes 
yielded central reactivity coefficients (RC's) of -14.2 and -3.86$/mol for Hf'" and 

and values of a, = 8.2 anda, = 2.2 for the distributed isotopes. Using these 
values, we see that a, > 1, a,  > 1, (g /al ) <1 and 
m178 

so that da(AQ/dta as given by Eq. 16.29 is negative. (As discussed in Chap. 17, a con- 
stant conversion factor was used to obtain distributed reactivity coefficients from the 
measured central values. This is in good agreement with perturbation theory calcula- 
tions.) Thus, again postulating a minimum safety margin in the unpoisoned reactor, we 
obtain the following criterion that be zero or negative: 

(16.30) 

Equation 16.30 reduces to Eq. 16.23 when 4 (0) = 0. 
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Similarly the endurance is taken as that time, tf, when 

+ AKg,(O) = (f + dug)tf (16.31) 

For compensated additions of natural hafnium 

! 

I 

permitting the evaluation of D, (0) and D, (0). 
Endurances were obtained by graphical solution of Eq. 16.31 for a large range Of 

values of the parameters satisfying Eq. 16.30. The results are shown in Fig. 16.3 where 
AE is plotted as a function of AM. In each case the ratio ( a,/a,) was fixed on the basis 
of mulitgroup calculations for unshielded hafnium, as 4.1. 

10 1 I I I I I I I I I I I I I 

(16.32) 

(1 6.33) 

c 
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Fig. 16.3-Endurance gain as a function of increase in fud loading for compensated additions 

of hafnium. (aria, fixed at value 41). 
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Fii. 16.4-Variation of Pi and P, with U. 
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The variation of .P, and Pz with U is shown in Fig. 16.4 for the same range of d 8. The 
maximum value of P2 is given (see Sec. 16.5) by 

and th i s  maximum occurs at a value of U = UM given by 

(16.34) 

(16.35) 

Thus Pta depends only on the ratios a, /a,  and N ,(0)/N2 (0); whereas the value of U at 
which the maximum occurs depends in addition on the difference (q - %). 

16.4 UNCOMPENSATED POISON ADDITION (ONE-GROUP MODEL) 

Consider the addition of burriable poison alone to the reference reactor. Such an addi- 
tion might be contemplated if the boron in the SIR-type control cylinder were replaced by 
material with poorer absorption properties so that the control cylinders did not provide 
adequate safety margin.. One is then interested in restricting. the resulting loss of 
endurance. As described in Eq. 16.12, the effect in the model is to decrease the available 
shim control and increase the safety margin, so that 

hKhH(O) = AKsH(0) - Di(0) 
AK$(O) = hKS(0) + ~ ~ ( 0 )  

In the following illustrative calculations the reference model is again taken as a 
50-kg reactor withAKSH(0) = $10, and we will consider the uncompensated addition Of 
$3 and $5 worth of poison. 

that, for q(0 )  = $3, AK(t) will have a maximum for a ,  >22 and that, for D,(O) = $5,AK(t) 
will have a maximum for a >13. The endurance calculations are performed, as was 

an adequate safety margin is always maintained. 
For the case of natural hafnium’the uncompensated addition of $3 and $5 worth of 

poison is also considered. By using the same p?rameters as before (a /a, = 4.1), one 
finds from Eq. 16.30 that, for D(0) = $3, A Ht) had a maximum for a, >!38 and that, for 
D(0) = $5, AK(t) has a maximum for a, >22. The results of the endurance calculations 
are  shown in Fig. 16.6’where the endurance loss is plotted as a function of a ,  for each 
of the poison additions considered. 

First, consider the addition of a single burnable poison. One finds from Eq. 16.23 

# described previously, and the results are shown in Fig. 16.5 for the range of a’s where 

16.5 MULTIGROUP APPROACH 

The approach discussed in Sec. 16.2 has the advantage of great simplicity and is 
valuable in providing qualitative information regarding the effects on reactor en- 
durance of the nature, quantity, and location of the poison elements. For example, 
for any given burnable poison a change in the location of the poison elements would be 
reflected by a change in the corresponding value of a to be used. However, a major 
drawback of the method lies in the difficulty of selecting effective parameters valid 
over the intermediate spectrum as it changes with reactor operation. 

In order to cope with the disadvantages of the one-group model, the more elabor- 
ate method of performing multigroup calculations at discrete time intervals during 
the reactor life has been employed. In this approach a’number of criticality calcula- 
tions are performed at various stages of fuel burnup, and the endurance is determined 
as that time when the reactor can no longer override peak xenon. The details of the 
method to be used in this type of calculation were evolved in 1953 in discussions with 
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Fig. 16.~-Endurance Ims as a function of a far uncompensated burnable poison additions. 

G. J. Habetler,, H. Hurwitz, Jr., and J. B. Nims, Jr., and the first  description of the 
method is gP:r*.. ?. -3fsrence 6. The programming of the method for UNIVAC calcula- 
tion was done by G. J. Habetler and M. A. Ketchum. 

The calculations that form t$e basis of this method are of the multigroup type de- 
veloped by Hurwitz and Ehrlich. All  calculations were performed for three-media 
(homogeneous composition) spherical models consisting of a core, reflector, and 
blanket region. The composition and dimensions of the model a re  given in Table 16.1. 
When the cylindrical core is converted to an equivalent spherical model, it is as- 
sumed that a sphere with 8 per cent less core volume and the same percentage com- 
position has the same reactivity as the cylindrical core. Control-drum rotations 
were represented by introducing varying uniformly distributed amounts of boron into 
the reflector region To render this procedure more realistic, the boron concentra- 
tion corresponding to the 0-deg drum position was chosen to give agreement with the 
safety margin predicted on the basis of PPA experiments. * From the results of 
these experiments it was estimated that the reactor would be - $7.70 subcritical 
with the drums in the 0-deg position (boron face turned all the way toward the core). I 
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MULTIGROUP APPROACH 16.5 

= I  
Fig. 16.6-Endurance loss as a function of a1 for unmrnpuwatcd additions of hafnium. 

Hence the 0-deg position was represented by a reflector boron concentration such 
that the multigroup calculation for the model yields a safety margin of - $7.70. The 
most reactive position, that is the position where the drum beryllium face is turned 
in toward the reactor core, was represented by a reflector that contained no boron 

The effects of fission-product buildup were treated by replacing the non-xenon 
fission products by boron distributed uniformly in the core at the rate of 0.8 toron 
atoms per fission. This follows the procedure outlined in Report KAPL-975 
which the “boron yields” per fission was chosen to give agreement with the estimated 
reactivity value of the fission products after 60,000 Mwh of operation. (Measure- 
ments in the SI G (Chap. 20) indicate now that this represents an underestimate of 
the fission-product poisoning.) It is assumed that the non-xenon fission products 
build up linearly with the megawatt hours of’operation. The mathematical treatment 
of the xenon buildup during reactor operation and after shutdown follows the methods 
described in Report KAPL-993.10 

The calculations are now described in greater detail. The basic purpose of all 
calculations is toobtain the endurance in hours at full-power operation for various 
SIR-type reactors. A limitation on the endurance is the requirement that at all times 
sufficient control must be available to override peak xenon, The following procedure 
is used. 

It is postulated that the reactor operates at full power over its entire life span, 
which is arbitrarily divided into equal time increments. (An increment of 25,000 Mwh 
has been used for all calculations.) The assumption is made that xenon builds up to 
its steady-state value instantaneously at t = 0, and a critical calculation is obtained 
at this instant by adjustment of the reflector boron concentration. From the results 
of this first calculation, a rate of UZs5 and poison burnout is obtained. Assuming 
that this rate remains unchanged over the first  time interval A t  , = t, - to,  one 

in 
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can then calculate the U2" 
tion of a linear buildup of fission products, the amount of fission products (or rather 
their boron equivalent) that has accumulated during At, can be calculated. W e  are 
now in a position to perform another multigroup calculation with a new fuel and burn- 
able poison loading and a core boron concentration characteristic of the fission- 
product accumulation at t, . Criticality is again achieved by adjustment of the re- 
flector boron, which mocks the compensating control-drum rotation. Before pro- 
ceeding any further, however, we must test whether sufficient excess reactivity is 
available to override the peak xenon concentration at this point. For this test all the 
boron is removed from the reflector (i.e., the drums are turned to the most reactive 
position), and the reactivity of the assembly is determined. This excess reactivity 
is compared with the peak xenon defect, As long as the excess reactivity is greater 
than the peak xenon defect, we have an indication that peak xenon can be overriden 
and can, therefore, proceed with the calculation for the next time interval. This pro- 
cedure is repeated until the peak xenon test fails. 

The concentration of reflector boron corresponding to the 0-deg drum position 
is so chosen that the calculated safety margin for the clean seactor is in agreement 
with that predicted on the basis of PPA experiments. When burnable poisons are 
added in a compensating manner, the first step in the calculation is to adjust the 
initial fuel loading to maintain the desired safety margin with the reflector boron 
concentration characteristic of the 0-deg drum setting, Once the initial fuel and burn- 
able poison loadings are adjusted, the reflector boron is changed to yield a critical 
assembly at time zero, and the calculation proceeds as was described. 

coding. 

and burnable poison concentration at t, . On the assump- 

The following items of interest are obtdned from this burnable poison multigroup 

1. Results of the initial loading iteration 
2. Endurance 
3. AbsorPtion intemals at 25,000 Mwh time intervals for fuel and burnable 

poiso&, from which one can calculate the parameter a 
4. Reactor composition at 25,000 Mwh time intervals 
In the next subsection, pertinent results obtained from the application of this 

burnable poison code are presented. 

16.6 DESCRIPTION OF MULTIGROUP CALCULATIONS 

As was mentioned previously, the concepts of the burnable poison coding were 
evolved in 1953. The first detailed description of results obtained from this approach 
appeared" in early 1954, and, from this date until September 1955, various applica- 
tions of the multigroup approach were made, In describing these calculations, we 
shall adhere fairly closely to the chronological order of their appearance. 

burnable poisolis, a reference endurance calculation is performed for a reactor 
model with no burnable poison; then endurance calculations are  carried out for mod- 
ified reactors that conldn the specific poisons under consideration. Thus, in apply- 
ing this coding to burriable poison calculations, one is assessing various poisons 
from the point of view of the posslble endurance changes brought about by their use. 

the poison, 2nd hence the manner in which the poison is introduced into the core. 
Since one objective of the burnable poison investigations was to consider possible 

was initiallyi resolved by choosing the modification which would result in the least 
design change. Changes within the fuel element were considered, but no changes in 
the over-all fuel element dimensions were contemplated. Thus the initial investiga- 

fuel elements. This approach offered advantages in design and manufacturing 
schedules. 

In the application of this multigroup coding to the investigation of the effects of 

An important factor in all burnable poison calculations is the self-shielding of 

I modificationp of SIR-type reactors already designed, the question of poison location 

tions considered adding burnable poison and more fuel to the originally designed 

1 
' I  
i 
I 
! 

A. Boron 
The first burnable poison multigroup calculations considered the compensated 

addition of boron and fuel to the fuel elements. In these calculations the fuel, burn- 
able poison, boron equivalent fission products, and xenon were self-shielded with L 

I .  
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DESCRIETION OF MULTIGROUP CALCULATIONS 16.6 i 
the factor A usually applied in multigroup calculations for SIR-tgpe reactors to the 
absorption cross-sections of fuel and associated absorbers in contact with fuel. The 
self-shielding factor A i  for the ith - group was obtained gj12from the equation 

(16.36) 

, 

I 

where Cai is the macroscopic absorption cross-section of fuel and associated ab- 
sorbers and is the macroscopic slowing-down power for the ith group. The 
self-shielding factor B applied to the absorption cross-section of moderator, 
structural material, and coolant is taken in this schemeg~'%s 

1 + Ai 
2 Bi = - (16.37) 

The main result of the series of boron calculations, which wi l l  be dtscussed in  
more detail later, was that the endurance is increased by approximately3000 Mwh/kg 
of U235 added.' 

\ * * *  , 
P; 

For comparison purposes the coding was then applied to the following non-burn- 

1. The Uas5 loading of thg'fuel elements was increased and sufficient beryllium 

2. The U2s5 loading was increased without the removal of beryllium, resulting in 

The results of these calculations' were that the endurance gain was 4500 Mwh/kg 
of U 

These non-burnable-poison modifications of SIR-type reactors provided competi- 
tive processes for achieving endurance gains and could be used as yardsticks in 
evaluating the merit of any proposed scheme tha,t involved the use of burnable poisons. 
The non-burnable-poison modifications were also check calculations for the multi- 
group coding in the sense that the values of 4500 and7500 Mwh/kgwereinreasonable 
agreement with estimates of endurance changes that were based on the then current 
values for fission-product poisoning and the reactidty coefficients of fuel and 
beryllium (a description of this method for analyzing endurance changes is given in 

able-poison modifications of the reactor: 

was removed to maintain the original initial safety margin. 

a reduced initial safety margin. 

added by the first method and 7500 Mwh/kg of Uass added by the second method. 

chap. 19). 

B. Cadmium 
The next series of calculations considered the compensated addition of cadmium 

and fuel to the reactor fuel elements. The self-shielding scheme employed was \%e 
same as was used in the boron calculations, and the endurance return was found 
to be about 4500 Mwh/kg of UZs5 added for fuel additions up to about 13 kg. A t  some 
loading increase in the vicinity of 15 kg, the endurance of the reactor began to de- 
crease with the further compensated addition of fuel and cadmium. This effect (to 
be discussed in more detail in Sec. 16.9) is attributed to the decrease in the effec- 
tiveness of the reflector control system (in the spherical model) for sufficiently 
large additions of fuel and cadmium. 

. 

C. Hafnium 
Calculations were also performed for the compensated addition of fuel and nat- 

ural hafnium to the fuel elements. (Since these hafnium calculations were performed, 
revised group average cross sections for hafnium isotopes have been obtained. l4 
The use of these revised data results in better agreement with experimental re- 
activity coefficients than was obtainable with previously available cross-section in- 
formation.) Only the Hf"' and the Hf ''* isotopes were considered, and provisions 

;I j 
'I ! 

, .  

! ;  

I 

I 
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16.6 DESCRIPTION OF MULTIGROUP CALCULATIONS 

were made in the coding for the burnup of E'?? and Hfl?' as well as the formation 
of H f f 7 *  from €If1??. It is of interest to mention briefly the self-shielding factors 
calculated by J. B. Nims, Jr., which were applied tothe hafnium isotopes. Self- 
shielding factors were calculated for individual resonances and various concentra- 
tions of hafnium atoms by means of the methods describedby G. M. Roe.ls An average 
weighted self-shielding factor for each energy group in the hafnium resonance 
region was then found for each hafnium concentration. In obtaining the group self- 
shielding factor, the values for individual resonances were weighted by the contribu- 
tion of the corresponding resonances to the total group absorption cross-section. 
The resulting values for the group average self-shielding factors as a function of 
hafnium concentration were then fitted with empirical expressions for use in UNIVAC 

. calculations. The above procedure assumes that there is no interference between 
'the resonances of hafnium and the materials in contact with it. In the energy region 
bglow the re80nance6, the hafnium was self-shielded with the factor A described in 
Eq. 16.36. The other materials in contact with hafnium in the fuel element were 
self-shielded with the factor A in all energy groups. 

D. Effects of Self-shielding Changes 
The next series of calculations was selected to see how sensitive the results of 

the multigroup approach were to extreme variations of the burnable poison self- 
shielding factors. Accordingly calculations were performed for boron, cadmium, 
and hafnium when the poisons were unshielded and not in intimate contact with fuel. 
This is an idealized limiting case . and . I  corresponds most nearly to uniform dispersal 

F 
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FUEL INCREASE A M  (kg) 

Fig. 16.7-Moles of unshidded burnable poison as a function of fuel increase required to 
maintain a constant initial safety margin. 
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INITIAL LOADING 16.7 

of moderate amounts of poison in the moderator and structure. In all calculations 
the poisons were not self-shielded, and the remaining materials were self-shielded 
with the factors A and B mentioned previously. These self-shielding factors were, 
of course, approximate, and more exact treatment-would require recourse to the 
detailed procedures described in references 12 a d  15. However, this approach 
permitted determination of the effects of an extreme choice of self-shielding, and, 
in addition, certain results of the calculations, such as the effective a's, could be 
compared with information obtained from experimental measurements for zero 
thickness isotopes. 

We  now consider in detail the results of the shielded and unshielded burnable 
poison multigroup calculations. In particular, the initial loading iterations, ratios 
of effective poison cross-section to total fuel cross-section, endurance, and burnup 
characteristics will be presented and compared wherever possible with available 
data. 

16.7 INITIAL LOADING 

The initial burnable poison loadings (Ap, moles) and associated fuel increases 
( AM, kg) required to maintain a constant initial safety margin are shown in Fig. 16-7 
for the case of unshielded boron, cadmium, and hafnium and in Figs. 16.8 to 16.10 
for the case of poison in inti:ate contact with fuel. (The endurance returns re- 
ported in Report KAPL-1171 for the shielded hafnium calculations were afterward 
found to be incorrect as a result of errors  discovered in the UNIVAC tapes. How- 

c 70t 
? 
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FUEL INCREASE (kq) 

Fig. 16.8-Variation of moles of natural boron as a function of fuel increase required to 
maintain a constant initial safety margin. 
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ever, the errors  did not affect the results of the initial loading iterations, which a re  
presented in Fig. 16.10.) The results shown in Fig. 16.7 have been replotted in 
Figs. 16.8 to 16.10 to facilitate comparison between the two sets of calculations. 
All  fuel and burnable poison loadings reported are equivalent reactor quantities as 
obtained from the spherical model (see Table 16.1) of 8 per cent less core volume. 
In adjusting the fuel loading for each specified amount of burnable poison to yield 
an initial safety margin of $7.70, the reflector boron concentration corresponding 
to the 0-deg drum position was fixed at 0.001234 x loa4 nuclei/cms in all 
calculations. 

TABLE 16.1 - SPHERICAL REACTOR MODEL 

40 Core xadius, cm 
Reflector radius, cm 58 
Blanket radius, cm 83 

Composition (nuclei/cm ' X lo"') of moderator, coolant, and structure 

Material Core Reflector Blanket 

Beryllium 0.0632 0.0931 
Sodium 0.00743 0.00398 0.00450 

0.00702 0.00380 0.0679 +&,& Stainless steel - 
- 

aor----- 
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Fig. 16.9-Variation of moles of natural admiurn as a function of fuel increase required to 
maintain a constant initial safety margin. 
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maintain a constant initial safety margin. 

3 

e It is seen in Figs. 16.7 and 16.9 that the cadmium loading curve increases 
rapidly for fuel increases greater than 8 kg. Since cadmium is a thermal poison, 
this behavior reflects the decreasing importance of the low-energy groups in the 
shutdown condition for sufficiently large compensated additions of cadmium and 
fuel. 

For moderate simultaneous additions of fuel and unshielded poison the ratios 
Ap/AM are in accord with the ratios (RC) 
distributed reactivity coefficients for the c%$k shut%own condition." [These re- 
activity coefficients were: 

, 

/(RC) oisaevaluated using calculated 

for fuel (-90 per cent UzSs ), 44.2$/kg of U2s5 ; 
for unshielded boron, - 30.8$/mole; 
for unshielded cadmium, - 93.2$/mole; 
for unshielded hafnium, - 89.2$/mole. ] 

This comparison is given in Table 16.2. In each case the values used in obtain- 
ing the ratio A p/AM were taken from the first calculated points shown in Fig. 16.7 
for the respective poisons.. 

The greatest difference occurs for the case of boron where the amount of poison 
added in the burnable poison calculations is quite large. It is seen that, for moder- 
ate compensated additions of fuel and burnable poisons, extrapolation of the calcula- 
ted reactivity-coefficient data seems reasonable. 

Comparison of Ap/ AM with experiment can only be made in an approximate 
manner. Measurements have been made of central reactivity coefficients for un- 

- 
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16.8 EFFECTIVE POISON-TO-FUEL CROSSSECTION RATIO 

shielded poisons for the clean-critical condition. In addition, PTR measurements 
of distributed core reactivity coefficients for boron, cadmium, and hafnium show 
that the change in poison value from clean-critical to the clean-shutdown condition 
is small compared to experimental uncertainties of 10 to 15 per cent. Thus, if one 
estimates the distributed reactivity coefficients from the central unshielded values 
and, in addition, assumes that they are unchanged in going to the shutdown condition, 
comparison can then be made with the ratios listed in Table 16.2. The ratios ob- 
tained in this manner are about 40 per cent less than the ratios (RClfuel/(RC)poison 

TABLE POI SO COMPARISON OF ( R C ) ~ ~ ~ ~ / ( R C ) ~ ~ ~ ~ ~  WITH AP/AM 
OBTAINED FROM THE UNSHIELDED BURNABLE POISON CALCULATIONS 

Material (RC)fuel/(RC) poison AP/AM, moleskg 

Unshielded 1.44 1.80 (Ap = 20.9, AM = 11.6) 

Unshielded - 0.41 0.56 (Ap = 1.92, AM = 3.43) 

Unshlelded 0.50 0.52 (Ap = 1.05, AM = 2.01) 

boron 

cadmium 

hafnium 

obtained on the basis of the calculated reactivity coefficients. In addition to the ap- 
proximations inherent in the above procedure, a partial cause for the discrepancy is 
that the fuel reactivity coefficient estimated from experiment is less than the calcu- 
lated one, whereas the poison reactivity coefficients estimated from experiment are 
greater than the calculated reactivity coefficients. Therefore, in forming the ratio 
(RC) fUel/(RC) the difference between calculated and experimentally derived 
quantities accentuates the difference between their ratios. 

In Figs. 16.8 to 16.10 comparison is made of the results of the initial loading 
iterations obtained for unshielded poison and poison in intimate contact with fuel. 
,Both sets of calculations are consistent in the sense that for a given fuel loading more 
shielded poison is required to maintain the initial safety margin than in the un- 
shielded cases. 

, 

16.8 EFFECTIVE POISON-TO-FUEL CROSS-SECTION RATIO 
, 

A parameter of interest in the one-group treatment of poison burnup discussed 
in Sec. 16.3 is the ratio, a , of the effective microscopic poison absorption cross- 
section to the effective microscopic total fuel cross-section. The multigroup coding 
employed in the burnable pDison calculations records the absorption integrals for fuel 
and buknable poison at 25,000 Mwh time interval!, thus permitting the determination 
of u . Values of (I so obtained for and Cd 
shielded o r  in intimate contact with fuel are  plotted as a function of time in Figs. 16.11 
and 16.12 for various calculations. Corresponding values for unshielded hafnium 
appear in Fig. 16.13. Each curve is labeled by the value of AM required to maintain 
the initial safety margin when burnable poisons are  added. (The corresponding value 
of Ap can be obtained from Figs. 16.8 to 16.10.) 

On examination of Fig. 16.11, it is seen that%m for any given initial fuel loading 
is fairly insensitive to time and hence drum position for both the shielded and un- 
shielded calculatTons. However, the values for aCalls shown in Fig. 16.12 vary ap- 
preciably over the life of the reactor, making it more difficult to select a single con- 
stant ratio of effective cross-sections for use in a simple theory. 

A t  time zero the calculations can be compared with the ratios of effective zero- 
thickness poison cross-section to total fuel cross-section as obtained from ex- 
perimental reactivity coefficient data. Values of 3.58 and 22.5 wereobtained for Bm 
and Cd1lS and values of 8.2 and 2.2 were obtained (chap. 17) for Hf"' and €If1'* , 
respectively. Extrapolation to A M = 0 of the zero-time ratios given in Figs. 16.11 to 

when the poisons are either un- 
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- _  Fig. 16.11-Variation of the ratio (a& of the-effective B'O and total fuel absorption cross- 
sections. 

I 
#- 

16.13 for the unshielded calculations yields values of 4.25 and 21 for B" and Cd"' 
and 7.80 and 1.85 for Hf 177 and =I7*. These values are in good agreement with the 
experimental information. 

16.9 ENDURANCE GAINS 

The endurance gain in Mwh, AE, the initial number of kilograms of fuel added, 
AM, and the quotient A E/ A M obtained from the multigroup calculations for un- 

shielded poison and poison in intimate contact with fuel are summarized in Table 16.3. 
The first item of interest in Table 16.3 is the marked drop in endurance of both 

the shielded and unshielded cadmium cases for compensated fuel increases greater 
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Fig. 16.~3-Variations of the quantities a],,, PIT* and for’uluhiddcd hafnium. 
a l l8  

than about 14 kg. In some of these calculations as noted in Table 16.3, the reactor 
did not go critical at time zero in the presence of steady-state xenon with no boron in 
the reflector. This effect can be explained as follows. 

tion is carried out in the shutdown condition to maintain a constant initial safety 
margin. According to spherical model calculations, the distributed reactivity 
coefficient of unshielded cadmium for the clean-critical condition is 23 per cent 
greater than the corresponding reactivity coefficient for the clean-shutdown condition. 
This fact results in decreased reflector control in the spherical model, and, for 
sufficiently large compensated additions of cadmium and fuel, the decrease in reflector 
control is sufficient to prevent the reactor from going critical in the presence of 
steady-state xenon. 

The endurance gain, A E, is plotted as a function of A M for the unshielded calcula- 
tions in Fig. 16.14, and comparison between the two sets of calculations is made in 

Although fuel and cadmium are added in a compensating manner, the compensa- 
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16.9 ENDURANCE GAINS 

TABGE 16.3 - ENDURANCE RESULTS 
Poison in intimate contact 

Unshielded poison with fuel 
Fuel Endurance Fuel Endurance 

Burnable increase, gain AE/AM, increase, gain AE/AM, 
poison AM, kg AE, Mwh Mwh/kg AM, kg AE, Mwh Mwh/kg 

Natural 
boron 

Natural 
cadmium 

Natural 
hafnium 

11.6 
22.4 
29.2 

3.43 
5.94 
9.03 
13.6 
17.7 
18.7 
19.7 

10.4 
2.01 

39,000 
63,000 
70,000 
24,000 
42,000 
65,000 

Negativef 
Negative$ 
Negative$ 

6,900 
34,000 

100,000 

3,300 
2,800 
2,400 

6,900 
7,100 
7,200 
7,400 

3,400 
3,300 

9.90 
19.7 
25.3 

13.7 
18.9 

6.27 

31,000 
57,000 
73,000 

36,000 
64,000 

Negative* 

3,200 
2,900 
2,900 

5,700 
4,700 

19.3 58,000 3,000 
* The endurance of this reactor was about 25,000 Mwh 
t The endurance of this reactor was  less than 25,000 Mwh 
$ The reactor did not go critical at time zero in the presence of steady-state xenon 

with no boron in the reflector. 

Figs. 16.15 and 16.16. The sharp decrease at large A M in the A E curve for cadmium 
is not shown in Figs. 16.14 and 16.16. 

same manner as the fuel and the idealized case of the addition of unshielded poison 
are similar from the viewpoint of the one-group model of poison burnup discussed in 
Sec. 16.3. In each case the fraction of the initial amount of poison remaining in the re- 
actor, P, is related to the fraction of the initial amount of fuel remaining, U, by the 
relation P = U a, where a is the ratio of effective microscopic poison cross-section 
to effective microscopic total fuel cross-section. For boron and cadmium in intimate 

self-shielded. In both cases the self-shielding parameter, y , discussed in reference 
2, is zero. 

In view of this similarity it is of interest to examine in more detail the results of 
the multigroup endurance calculations and to compare them with the predictions of the 
one-group model discussed in Sec. 16.3. 

It is seen from Fig. 16.14 and Table 16.3 that the endurance gains obtained from 
the shielded and unshielded boron calculations a re  quite similar until fuel loadings are 
reached for which saturation effects in the unshielded calculations become appreciable. 
The values of a for the shielded.boron.calculations a re  about 20 per cent less  than the 
corresponding values of a (see Fig. 16.11) for the unshielded calculations. These 
values of (r are qualitatively consistent with the fact that the endurance returns from 
the unshielded calculations-are somewhat greater than those of the shielded calcula- 
tions for moderate fuel additions where saturation effects have not appeared in the 
unshielded calculations. Finally, referring to Fig. 16.2 one sees that for Q = 4, by use 
of the simple one-group theory, a value of AE/ AM = 3700 Mwh/kg is predicted and 
that for a = 3 a value of A E / A  M = 2800 Mwh/kg is predicted. These results are in 
reasonable agreement with the multigroup calculations for a corresponding range of a 's. 

Referring to Fig. 16.16 and Table 16.3 and restricting our attention to moderate 
fuel additions, where decrease in reflector control is not apparent, we see that the 
unshielded cadmium calculations yield larger endurance returns than the shielded cases. 
This result is in qualitative agreement with the relative magnitudes of the values of a 
for corresponding calculations (see 'Fig. 16.12). Owing to the large variation in the 
values of a for the cadmium calculations, it is more difficult to select effective values 

The addition of poison in intimate contact with fuel which is self-shielded in the 

- 
witR fuel, the poison and fuel cross-sections are self-shielded with the same 
whereas in the unshielded calculations only the fuel cross-section has been 
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Fig. 16.14-Variation of endurance increase iu a function of fud increase when unshiddcd 

boron, cadmium, and hafnium arc used as burnable poisons. 

for comparison with the Sesults of the one-group approach. However, it is seen that, 
in the unshieldedcalculations where the values of a range from about 14 to 32, the 
endurance returns are in reasonable agreement with the value of AE/AM = 7000 Mwh/kg 
obtained in the one-group model for infinite a (Sec. 16.5). In addition, for 
comparison with the shielded calculations, we find in Fig. 16.2 that as a ranges from 
6 to 9, AE/AM varies from 5000 to 6000 Mwh/kg, in general agreement with the 
multigroup results. Finally, in regard to the unshielded cadmium calculations, it 
should be mentioned that the rapid burnup of poison associated with the large values 
of a resulted in the occurrence of maximums in the excess reactivity as calculated 
at 25,000 Mwh time invervals. This peaking is probably associated with a correspond- 
ing reduction in the safety margin. The effect did not occur in the shielded cadmium 
calculations or in any of the boron or hafnium cases. 

Finally, let us consider the results of the unshielded hafnium calculations shown 
in Fig. 16.14 and Table 16.3. By choosing q 7 7 =  7 and q7?/CY,* = 4.1 (see Fig. 16.13), 
one finds that the corresponding value of A E/ A M = 3200 Idwh/kg, obtained from 
the one-group model (see Fig. 16.3), is in agreement with the multigroup results. One 
point that should be mentioned in connection with the unshielded hafnium calculations 
is that the self-shieldin factor for a resonance absorber i s  less than 1 even for a 
homogeneous medium. ' Thus the self-shieldingfactors of unity, applied and 
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Eg. 16.15-Endurance increase as a function of fuel increase when boron is used as a bum- 

able poison. 

HfLm in the cases considered, are  greater than what would occur if the hafnium were 
mixed uniformly with the moderator. The departure of these factors from unity can be 
calculated by using the methods and graphs presented in reference 15. For the three 
hafnium loadings shown in Fig. 16.7, the self-shielding factors of unity applied to all 
energy groups are high by at most 10 per cent fo,r Hf'". Although the self-shielding 
factor for Hflm is about 0.93 for the first calculation, it decreases to about 0.7 and 0.55 
for the last two cases, Thus, in the last two hafnium calculations, the poisoning effect 
of the €Ifla residue is overemphasized. 

16.10 POISON A N D  FUEL BURNUPS 
The fraction of the initial amount'of burnable poison remaining in the reactor at 

the end of the reactor lifetime, Pf, and the fraction of the initial fuel loading remaining 
at these times, U are summarized in Table 16.4. (Since multigroup calculations a re  
performed at 25100 Mwh time intervals, Pp and U, are  obtained by interpolation of the 
given data.) In addition, the value 9 that will relate P, and U, by the expression 
P,= UTf is listed for each case. Each multigroup calculation is identified by the cor- 
responding value of AM obtained from the initial loading iterations. 

No value of af is listed for HfXm where the relation between P and U is a more com- 
plicated function of U than e. If the finite time .intervals used in the multigroup burnup 
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Fig. 16.16-Endurance increase as a function of fuel increase when cadmium is usd as a 
burnable poison. 

calculations are considered, the values of crp listed in Table 16.4 are in reasonable 
agreement with corresponding values (shown in Fig. 16.11 to 16.13) obtained from the 
multigroup absorption integrals. 

In all cases the value of Pf.for Hflm is greater than 1. It is of interest to compare 
these results with those shown in Fig. 16.4, as obtained from the one-group model. 
Choosing a, = 7, one .finds that, for U = 0.86, P, = 0.35 and P2 = 1.155. This is in fair 
agreement with the results listed in Table 16.4. 

16.11 COMMENTS 
The previous sections have been concerned mainly with the detailed discussion of 

two calculational schemes (i.e., one-group and multigroup) for determining the effects 
on endurance of burnable poison additions to SIR-type reactors. In this section we com- 
ment briefly on several broad areas that merit consideration in the application of burn- 
able poisons to any reactor. In particular, three areas may be considered (1) non- 
uniform distribution of burnable poisons, (2) choice of suitable burnable poison elements, 
and (3) effect of burnable poisons on reactor temperature coefficients. 

Nonuniform poison distributions offer the possibilities of placing the poisons in a 
region of high a, thus increasing the endurance return. Although such poison distribu- 
tions have not been discussed expiicitly in the previous sections, the one-group method 

16.11 

BURNABLE POISON CALCULATIONS FOR INTERMEDIATE REACTORS 215 



16.12 APPENDIX: BURNUP EXPRFSSIONS FOR nvo ISOTOPES 

TABLE 16.4 - BURNUP RESULTS 

Poison in intimate contact 
Unshielded poison with fuel Burnable 

poison AM,kg PI Uf "f* AM,@ PI uf "f* 

B'O 11.6 0.500 0.857 4.5 9.90 0.581 0.857 3.5 
22.4 0.535 0.858 4.1 19.7 0.598 0.854 3.3 
29.2 0.565 0.863 3.9 25.3 0.610 0.853 3.1 

3.43 0.0010 0.853 43 6.27 0.053 0.847 18 
5.94 0.0011 0.840 39 13.7 0.124 0.837 12 
9.03 0.0028 0.825 32 

13.6 0.0028 0.804 27 

Cd'l' 

0.300 
2'01 1.188 

0.310 
. 1.180 

0.338 
lge3 1.179 

can be used through choice of a suitable u characteristic of the specified nonuniform 
distribution. However, the multigroup coding described in Sec. 16.5 was limited to a 
single homogeneous spherical core region. Since these multigroup calculations were 
performed, a new machine code has been developed by G. J. Habetler and M. Ketchum 
which permits the division of the core into concentric regions, each possessing a dif- 
ferent (homogeneous) composition. The new coding has the additional advantage of per- 
mitting calculations to be performed for one-dimensional cylinders and slabs as well as 
for spheres, It also makes it possible to investigate problems in power distribution 
associated with the poison localization. 

Certainly one of the questions to be answered in the application of burnable poisons 
to any reactor is the choice of a suitable burnable poison specimen. This choice affects 
not only the metallurgical area, but it affects also the physics of the situation by way of 
the associated self-shielding considerations. In most practical situations metallurgical 
considerations are paramount, and the physics consequences must be accepted. 

Th? effect of the use of burnable poisons on the temperature coefficients of the re- 
actor is important in control and safeguard considerations. In this respect two effects 
must .be'given careful consideration. If the burnable poison is a resonance absorber in 
intimate contact with fael, a significant negative Doppler te-mperature coefficient may 
result. If on the other harid a poison like cadmium'krith a single.low-lying broad 
resonance is used, the thermal base effects predominate. If the neutron temperature 
is sufficiently high, the possibility of positive thermal base effects should be recognized. 

16.12 APPENDIX: BURNUP EXPRESSIONS FOR TWO ISOTOPES 
In the following discussion we assume a monoenergetic neutron spectrum, A l l  

cross-sections are effective microscopic cross-sections which are assumed to be cor- 
rected by constant self-shielding factors. The final results can be expressed in terms 
of ratios, a, of the effective poison to total fuel microscopic absorption cross-sections. 
u can be obtained from experiment or from multigroup calculations as 

where j denotes the jgisotope. 
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The burnup of each isotope is described by the expressions 

9 = -Nl$ol 

where N is the concentration in atoms per cubic centimeter. 
The burnup of fuel is described by the relation 

and, if the reactor is operating at a constant power level, 

+NUuf = F (fissions/cm3 sec) 

Then, using Eqs. 16.40 and 16.41, 

or 

NU(t) = NU(0) - F 3 t 
Of 

and 

where 

,f 

One obtains, from Eqs. 16.38, 16.41, 16.43, and 16.43, 

or 

where 

UyJ E - OJ 
UU 
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I 16.12 APPENDIX: BURNUP EXPRESSIONS FOR TWO ISOTOPES 

I 
Equation 16.39 can be written as 

or 

Substitution of Eq. 16.43 and 16.44 in 16.45 yields 

Equation 16.46 is readily - integrated by rewriting it as 

5,. -!- [ (1 - ht)-%Y2(t)] = aiNi(0)h(l - ht) " dt 

Integrating Eq. 16.47 and using the notation N2(t)l,,, = NdO) yields 

Or . 

The maximum value of P2 occurs when 

or when 

(16.45) 

(16.46) 

(16.47) 

(16.48) 

(1 6.49) 

(1 6.50) 

The maximum value of P2 is then given by 
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16.13APPENDIX INCREASE IN FUEL LOAD FOR COMPLETE POISON BURNUP 
The endurance of the reference reactor (no burnabie poisons) is obtained from 

Eq. 16.10 as that time, G, when '4 

(f 7 dug) t: = AK,,(O) 

(16.51) 

(16.52) 

For the compensated addition of burnable poison, AKiH (0) = AK, (0). Since the 

' \- 
poison burns out completely, the endurance is that time, ti, when 

(f + dug) ti = AK,,(O) + d,AM 

By subtracting Eq. 16.52 from Eq. 16.53 

(f + dUg)(th- ti) = (f + d,g)AE = %AM 

Hence, using the numerical values given in Sec. 16.2, one obtains 

= 7000 Mwh/kg -- AE dU - 5 5 m g  
AM- f +dug-  74.5 X 1 0 9  + 55 x 60 x 10-8) $/Mwh 
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Chapter I 7  

CRlTl CAL-ASSEMBLY I NVESTlGATlO N 
OF BURNABLE POISONS 

0.1. ANTHONY and R. T. FROST 

17.1 INTRODUCTION 

Burnable poisons can be used to reduce the range of mechanical control required 
for a proposed reactor design. They can also be employed in the modification of existing 
designs by permitting increased loadings and thus gaining increased endurance without 
changing the mechanical control features'of the reactor. 

The ideal burnable poison is one which burns out at such a rate that the resulting 
gain in reactivity is equal to the loss in reactivity associated with fuel depletion and the 
buildup of fission-product poisons and which leaves no burnable poison residue at the 
end of core l i e .  If such a poison can be found, then the increase in endurance is a 
function only of the initial fuel increment. In practice, however, a perfect reactivity 
match is not attainable. Furthermore, the gain in endurance may be limited by the 
amount of burnable poison residue. This residue depends upon the absorption cross- 
section of the burnable poison material, its geometrical self-shielding, the amount of 
poison used, and the fuel burnup. Metallurgical feasibility and suitability, as well as 
the effect on the over-ali reactor temperature coefficient, must also be considered in 
the selection of a practical burnable poison. 

investigation of burnable poisons in the PTR critical assembly w i l l  be discussed from 
the point of view of modifying an existing reactor design. 

In this chapter the analytical and experimental techniques that were used in the 
. 

17.2 CRITERIA FOR THE SELECTION OF A BURNABLE POISON -- 
The following criteria can be established to determine the relative merits of 

1. A high isotopic absorption cross-section is required. The question of whether - 
various isotopes as burnable poisons in an intermediate-energy neutron spectrum: 

this cross-section is too high does not usually arise in practice since the 
effective poison cross-section can be modified by suitable adjustment of the 
self-shielding parameter. Self-shielding provides a degree of freedom which 
makes possible favorable burnup characteristics. The relative values of 
averaged isotopic cross-sections can be obtained by examining the zero- 
thickness reactivity coefficients, for the reactivity coefficient is proportional 
to the ratio of absorptions in poison to the fission rate in the reactor.' 

isotopic cross-section must be very large compared to that for the isotope of 
mass number A + 1, unless the half-life of the A + 1 isotope i s shor t  enough to 

3. An important criterion in selecting a burnable poison for a reactor is its effect 
on the over-all reactor temperature coefficient. In this regard both thermal 
base and Doppler broadening effects must be assessed. The possibility of 
tolerating positive thermal base effects depends on the specific reactor under 
consideration. 

2. If an isotope of mass number A is to be considered as a burnable poison, the 

prevent its building up appreciably. '- 
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17.3 EXPERIMENTAL MEASUREMENTS 

4. It might be desirable that the Doppler effect due to absorption resonances be 
as large as possible, so that some prompt negative temperature effects could 
be obtained by placing the isotope in intimate thermal contact with the fuel. 
Since. however, this effect would diminish with.Doison burnup. the comfort 
achieved by adding the poison to the clean reactor might be but a temporary one. 
Such an expedient might only serve to conceal .a latent over-all prompt pssitive 
temperature coefficient in the reactor, which would remain undiscovered until 
the reactor had been in operation for some time. Hence this procedure might be 
unwise except in a reactor whose temperature coefficient w a s  already thoroughly 
understood in the absence of the burnable poison. 

5. The incorporation of the burnable poison must be feasible metallurgically. Any 
suitable burnable poison w i l l  have a very high cross-section, so  that even when 
it is appreciably self-shielded the specimen will be physically thin. This fact 
offers relatively great freedom in finding a suitable location for the poison. 

17.3 EXPERIMENTAL MEASUREMENTS 

A. Pile Oscillator Measurements of Reactivity Coefficients 
Since hafnium w a s  a neutron-absorbing material extensively investigated in the PTR 

burnable poison program, a discussion of several measurements on hafnium wil l  serve 
to illustrate the experimental techniques that can be used to evaluate the relative merits 
of various isotopes as possible burnable poisons in accordance with some of the pre- 
viously described criteria. 

The reactivity-coefficient values for unshielded Hf1'6y Hf'", Himy Hf"O,  and Hfm0 
were calculated from the results of pile oscillator measurements (details of the pneu- 
matic type of pile oscillator technique are described in Chap. 9) of isotopically enriched 
samples of hafnium obtained from the Oak Ridge National Laboratory.. In order to de- 
termine unshielded reactivity coefficients, self-shielding measurements were made with 
natural hafnium as well as with the enriched samples of HfLm and €IfLm, the high absorp- 
tion cross -section isotopes; the capsulated oscillator samples were diluted d t h  alumi- 
num powder and the experimental results were corrected for the reactivity effect intro- 
duced by the aluminum content. 

It should be emphasized that only milligram quantities of these samples were meas- 
ured with the pile oscillator. Gram quantities would have been necessary for conven- 
tional reactivity-coefficient measurements in which the reactivity change resulting from 
the introduction of the sample or samples must be compensated by displacement of the 
calibrated PTR control rods (as in Chap. 7). Since the supply of many enriched isotopes 
that might be suitable for use as burnable poisons is still somewhat limited, the neces- 
sity of using the pile oscillator technique becomes obvious when one is searching for a 
suitable burnable poison. 

The self-shielding curves for natural hafnium and the enriched HfLm and €IfLm 
samples, measured in the center of the clean PTR core, are shown in  Figs. 17.1 and 
17.2. 

I I I I I I 
L1 I 2 3 4 5 6 
a SAMPLE THICKNESS ( 10-4 MOLICM~ I 

Fig. 17.1-Ccntral PTR oscillator rncasurerncntS on natural hafnium. 
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EXPERIMENTAL MEASUREMENTS 17.3 

- -  
I I I I I 

SAMPLE THICKNESS (10'4MOL/CM2) . 
0.2 0.4 0.6 0.8 I .o I .2 

Fig. 17.z-Ccntral PTR oscillator measurements on enriched hafnium samples. 

In order to establish the accuracy of the pile oscillator method, the calculated 
central unshielded reactivity coefficients for the hafnium isotopes, listed in Table 17.1, 
were used to estimate the reactivity coefficient for natural hafnium. The results indi- 
cated a central unshielded value of -410 $/mol, which is in good agreement with the 
oscillator-measured value of -393 $/mol of natural hafnium. 

Because of the lack of sufficient hafnium isotope cross-section data, it w a s  neces- 
sary to utilize experimental methods to determine accurately the parameter up/ut, the 
ratio of unshielded poison cross-section to total fuel cross-section. This ratio can be 
used to calculate the reactivity effect of the burnout of Hf'= and the consequent formation 
of HPm, as w a s  done by the method of Sec. 16.2. 

reactivity coefficients ascording to the method of Hurwitz, described in ReportKAPL-98.' 
A factor of 0.24, f i c h  is the ratio of the measured unshielded distributed reactivity 
coefficient of natural hafnium (-95$/mol) to the measured central value of -393$/mol, 
was used to convert the central reactivity coefficients to distributed values. The fact 
that the ratio ap /ut for HfIm is appreciable makes natural hafnium less desirable as a 
burnable poison, particularly if the amotmts of burnable poisons to be used are  fairly 

. 
The distributed uP,bt ratios, listed in Table 17.1, were calculated from distributed 

large. 

TABLE 17.1--CENTRAL REACTIVITY COEFFICIENTS OF 
UNSHIELDED HAFNIUM ISOTOPES 

RC contribution % & 9  
Abundance, Central RC, to natural Hf, distributed 

Isotope 96 $/mol $/mol values 
Hf "13 5.2 -197 -10 1.1 
Hf 18.5 -1420 -263 8.2 
Hf 27.1 -386 -105 2.2 
Hf 13.8 -152 -21 0.86 
€Ifm 35.2 -32 -11 0.18 

Total -410 
2.2 Natural hafnium -393 

B. Measurement of Doppler Coefficient by Oscillatory Heating 
Oscillatory heating measurements of the Doppler effect for natural hafnium in the 

central region of the PTR showed a small increase of poisoning with increasing tem- 
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17.4 ENDURANCE CALCULATIONS 

perature. The value for T(dk/dT), given in Table 33.1 of Chap. 33, shows that a mole 
of centrally located hafnium (which, at the thiclmess used in the experiments, should 
give approximately $1 of poisoning) would increase its poisoning value by only 2.5$ if  
its absolute temperature were increased by a factor of e. Since reasonable poison 
loadingsfor a SIR-type of reactor would have to be of the order of several dollars of 
reactivity, the associated reactivity change would be of the order of lo$ for an e-fold 
increase in temperature. 'This small value of the Doppler coefficient for hafnium is 
the result of the low energy of the resonances in which the principal absorption occurs. 

C. Other Measurements 
Most of the experimental physics work w a s  concerned with the evaluation of criteria 

1, 2, and 4 given in Sec. 17.2. Several experiments were performed to determine whether 
the reactivity effect of large amounts of poison loaded into the central core region 
(hafnium, cadmium, and boron samples were used) varied as the control cylinder boron 
was moved in from the clean-critical position (66 deg) to the shutdown position (0 deg). 
Inverse-multiplication measurements indicated that the boron and cadmium were about 
30 per cent more poisonous, while the hafnium w a s  only 15 per cent more poisonous 
when the control cylinders were rotated to the O-deg position. The increase in value of 
the centrally located poisons is apparently due to f lux  peaking at the center of the core 
which results from the location of control cylinder B,C at the core-reflector interface 
in the shutdown condition. 

The same experiments were repeated with the three poisons uniformly distributed 
throughout the core; no appreciable change in poison value with control cylinder position 
was  seen. More extensive experimental investigations would be required to evaluate 
fully the use of burnable poisons in SIR-type reactors. In particular, it would be neces- 
sary to 

1. Determine the contribution of the poison to the over-all reactor temperature 
coefficient, 

2. Investigate possible coupling effects that might exist between neighboring fuel 
elements containing the burnable poison or between burnable poison elements 
and reactor control element poison, 

3. Evaluate self-shielding effects arising from design requirements. 

17.4 ENDURANCE CALCULATIONS 

In order to illustrate the relative merits of B1', Cd"', SmI4', and natural hafnium 
(assumed to consist of HflV and Ef'" only) when used as burnable poisons to extend 
reactor endurance, consider the following example. Suppose that $3.0 of unshielded 
burnable poison is to be uniformly distributed throughoutthe core of aSIR-type reactor. 
What additional hours of endurance can be obtained by adding additional fuel to offset 
the loss in reactivity that this poison produces, for eachgf the poisons listed above? 
Since the fuel has a reactivity coefficient of 44 $/kg of v" in the clean reactor, the 
amount of fuel added is 6.82 k g f  UZs5 

is worth 78$ in the depleted reactor (Chap. 19), and 
fission products (aside from xenon and samarium) plus fuel depletion build up a re- 
activity defect at the rate of 9.3$/1000 Mwh (Sec. 20.12). Hence each kilogram of gS5 
added to the fuel can compensate in reactivity for 78$/(9.3 x lo-' $/Mwh) = 8400 Mwh 
of additional operation. 

cycle of the reactor, then the resulting gain in endurance would be equivalent to 
8400 Mwh/kg of U235 added. 

Experimentally, 1 kg of U 

If, therefore, the poison burned out completely before the termination of the life 

However, when burnout is incomplete, the gain in endurance, T, is equal to 

Y - X P  
F 

.-  

where Y = total worth of fuel added (78$/kg of U235 x 6.82 kg) 
X = total worth of poison added (300$) 
P = relative amount of poison in the core, at end of core life 
F = reactivity defect rate (9.3 X lO-'$/Mwh) 
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The second term in the numerator represents a reactivity loss due to the poison 
residue and can be calculated by the method of Hurwitz and Nims (Sec. 16.2) which de- 
scribes burnup of the poison in terms of geometrical self-shielding, the ratio of op /ut, 
and the relative amount of fuel burnup. When self-shielding is neglected, the equation 
for  the burnup of a burnable poison consisting of a single isotope A reduces to Eq. 16.17. 

where PA = relative amount of poison remaining in the reactor 
U = relative amount of fuel remaining 
u A = effective cross-section of isotope A 
ut = total absorption cross-section for fuel 

The formation and burnup of isotope A + 1 (e.g., resulting from the burnup of 
Hfln) is represented, when self-shielding is neglected, by Eq. 16.18 

where p is the ratio of the initial amounts in the reactor of isotopes A and A + 1, re- 
spec tively . 

The calculations of the endurance gained per kilogram of U235 for the various poisons 
which are summarized in Table 17.2 are based on reactivity-coefficient experiments in 
the PTR. However, since the experiments involved the reactivity measurements of small 
samples (<50$), the applications of the results are limited to relatively small additions 
of fuel, probably up to 5 kg. 

Although in the case of Cdl"and Sm14' the gain in endurance is equivalent to the gain 
resulting from the addition of fuel, the burnup rate of these two isotopes is so high that 
the gain in reactivity exceeds the loss resulting from the depletion of fuel and accumula- 
tion of fission products and thus requires the use of some shim conti.01. By proper self- 
shielding of the poison, however, it is possible to obtain more nearly compatible burnup 
rates. / 

TABLE 1?.2--RESULTS OF ENDURANCE CALCULATIONS 
- 

Megawatt hours gained Poison 
Method per kg of UZs5 added UP 1% residue, $ 

Uncompensated addition 
of $3 of fuel 8400 

Addition of $3 of fuel 
compensated by the use 
of burnable poison 
B" 5700 3.58 -1.7 
Cd'lS 8400 22.5 - 
srn14' 8400 26.7 - 
Natural hafnium* 6500 2.1 -1.2 

*Assumed to consist of Hfln and Hflm only. 

REFERENCE 
1. H. Hurwitz, Jr., Note on the Theory of Danger Coefficients, 

Report KAPL-98, October, 1948. See Chap. 7, this volume, 
and also Vol. I, Chap. 9, this publication. 

Referred to 
in section 

17.2,17.3A 
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Chapter 18 

. TWO-DIMENSIONAL (r-e) MULTIGROUP ANALYSIS 
OF A SIR-TYPE .REACTOR 

P. 1. HOFMANN and E. 1. WACHSPRESS 

18.1 INTRODUCT[ON 

This chapter presents the results of an r - 0  multigroup analysis of an intermediate 
spectrum power reactor over its entire lifetime. The term r - e multigroup signifies 
that multigroup calculations were performed for reactor configurations with material 
compositions varying in both the radial, r, and angular,0, directions. References 1 to 4 
are  pertinent to multigroup calculational techniques. 

In this survey 13 calculations were performed on a UNIVAC. These calculations 
were made for an r - 0 model representing the reactor in 

1. The completely shutdown condition 
2. The clean-critical condition 
3. An intermediate stage during its operational life cycle 
4. The depleted condition near the end of its operational life cycle 
For each reactor configuration, determinations were made of 
1. The reactivity variation with control-drum position near critical 
2. The flux distributions for 15 energy groups 
3. The power distribution 
4. The neutron balance in the various reactor regions 
The results of these determinations are described in some detail in this chapter. 
In the past, several one-dimensional multigroup calculations (spherical model) for 

reactors have been performed. The one-dimensional limitation makes the results of 
these calculations somewhat unrealistic when applied to SIR-type reactors. This is 
particularly true for the treatment of the control-drum rotation. The development of 
the r - 0 multigroup method received impetus from a desire to create a mdtigroup 
calculation that would effectively treat the unique geometry of a rotating control cylinder. 
The results of the r - 8 analysis display a greater degree of realism than previously 
achieved by means of one-dimensional multigroup calculations. 
These comparisons have substantiated the usefulness of this technique in treating the 
azimuthal variation introduced by the presence of control drums. 

> 

Results of this r - 0  analysis have been compared with applicable PPA experiments. 

18.2 REACTOR MODEL 

A. Simplified Reactor Model 
A simplified reactor model was analyzed in order to limit the UNIVAC calculation 

The first simplication was  to reduce the number of different regions in the reactor 

time to a reasonable order of mangitude and to be consistent with the accuracy of the 
calculational technique. 

model. Only five regions were specified: core. reflector, B4 Cy void, and shield. The 
core is defined as that region which contains UZ3'. 
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The core is surrounded by the reflector, which consists of six stationary reflectors 
and six control drums. The control drums in turn are divided into a B4C region, a void 
region, and a non-B,C region. The composition of the stationary reflectors and of the 
non-B,C region of the control drums is similar enough to permit these two regions to be 
lumped together in the model and designated as the reflector. 

In the reactor a sodium-filled gap lies between the core proper and the reflector. 
The sodium gap is a region in itself. However, since this region is comparatively small, 
it is arbitrarily divided equally between the reflector and the core. The B4C region is a 
mock-up of the B4C region of the control drum. The shield region mocks part of the 
immediate steel-sodium layer surrounding the reactor. 

Mesh Mock-up 
The simplified model was  modified sti l l  further in the configurations actually used 

in the calculations. An even number of increments in the 8 direction was chosen to 
provide for  30-deg representation of mock-ups having symmetry about the 30-deg line. 
The size of the increments in the radial direction, Ar, w a s  chosen to give the proper 
core area in the median plane (r S 2.2 cm). The angular increment A8 was  approxi- 
mately 2.3 deg, i.e., 26 increments in a 60-deg sector. 

in the r direction of seven plus the outer boundary. The maximum number of interfaces 
in the 0 direction is limited to seven plus the boundary edges. 

.Sketches of the mesh mock-ups for the various drum positions are  shown in Fig. 
18.1. That these drums positions are given to the nearest half degree is no indication of 
the accuracy of the mock-ups. An attempt was made in deciding upon a mock-up to re- 
produce a specific drum position (e. g., 60-deg). Then the angle between the leading edge 
of the poison sector and the line between the center of the core and the center of the 
rotating drum plus half the nominal 110-deg (or 55-deg) arc of the poison sector was 
taken as the drum rotation actually mocked. In the 60-5-deg case the leading edge of the 
poison was 5.5 deg. Therefore 55 + 5.5 = 60.5 deg as shown in Fig. 18.1. 

The UNIVAC coding limited the mesh mock-up to a maximum number of interfaces 

Compositions 

products, that were used in the computations are listed in Table 18.1. 
The per cent compositions of the various regions, exclusive of UZs5 and fission 

TABLE 18.1--COMPOSITION OF REACTOR MODEL 
Exclusive of U235and fission products 

Volume fractions Grams/ 
Material cubic centimeter Core Reflector B4C region Shield 

Beryllium 1.81 0.524 0.843 

Stainless steel 7.85 ' 0.081 0.051 0.800 
Magnesium 1.74 0.018 
Oxygen 1.77 X l o a  

nuclei/cms 

Sodium 0.86 0.334 0.106 0.200 

Boron 0.0222x 10": 
nuclei/cm 

The B4 C region consists of stainless -steel tubes filled with B4 C and cooled by 
sodium. In the model only boron w a s  introduced in this region in a concentration equiva- 
lent to that in the actual region. 

The void region w a s  treated by the method described in Report KAPL-11722 The 
diffusion length in this region, to allow properly for axial streaming of neutrons, w a s  
estimated as 5.75 cm. 

Five different cores appear in this series of calcdations: 
1. Fresh clean reactor, no xenon 
2. Fresh reactor, steady-state xenon 
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REACTOR MODEL 18.2 

DRUM POSITION; 
5.5"+55" = 60.5" 

-1 7-5.5" 

DRUM POSITION: 70.5" DRUM POSITION;79" 

DRUM POS1TION:101.5° DRUM POSITION:I2l0 

DRUM POSITION! 93" 

DRUM POSITION: 139" 

Fig. 18.z-Mesh mock-ups for various control drum positions. 

3. Partially depleted reactor, fission products, steady-state xenon 
4. Depleted reactor, fission products, steady-state xenon 
5. Depleted reactor, fission products, peak xenon 
With the components chosen, the partially depleted reactor had 75,000 Mwh of 

operation and the depleted reactor had produced 115,000 Mwh. Fission products other 
than xenon were simulated by natural boron dist5ibuted uniformly in the core. It was 
assumed that 0.8 boron atom per fission would represent an adequate fission-product 
equivalent. (This procedure follows the method outlined on page 17 of Report KAPL-975.5) 
The xenon concentrations, steady-state and peak xenon after shutdown from full power, 
were calculated for a clean reactor using a spherical model. The xenon concentration 
change with fuel burnup w a s  ignored in this series of calculations. 

In Table 18.2, the UZ3', boron, and xenon concentrations for the various reactor 
cores are listed. Uniform spatial fuel depletion and fission-product buildup have been 
assumed. 

TWO-DIMENSIONAL (r4) MULTIGROUP ANALYSIS OF SIR-TYPE REACTOR 229 



i 
18.2 REACTOR MODEL 

TABLE 18.2--U2", BORON, AND XENON CONCENTRATIONS 

v'", 
Xenon, volume Boron, 

Reactor Core fraction nuclei/cm nuclei/cm 
~ ~~~~ 

Fresh, clean 0.00970 0 0 
Fresh, steady-state xenon 0.00970 0 1.34 X 10" 
Partly depleted, fission products, steady-statexenon 0.00885 2.31 X los 1.34 X IOL6 
Depleted, fission products, steady-state xenon 0.00840 3.46X los 1.34 X lOI6 
Depleted, fission products, peak xenon 0.00840 3.46X los 1.44 X 10" 

~ ~ ~~ -~ 

D. InputData 
All input data used in these calculations a re  tabulated in Table 18.3, considerably 

rounded off. A self-shielding scheme as described in Report KAPL-1418' was used to 
account for core heterogeneities. 

TABLE 18.3-yGROUP DEPENDENT INPUT DATA 
- 
1 - -. Group Au 5 =I3 c =DAu ZB Au C, Au l/wz 

Calc. 1. Core: Fresh, clean 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

0.5 
0.5 
1.0 
1.0 
1.0 
4.0 
3.0 
1.5 
1.25 
1.25 
1.0 
1 .o 
0.75 
0.95 
1.0 

51.6 
49.5 
41.4 
22.5 
17.3 
12.9 
12.0 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
13.2 
14.4 

1.80 
1.53 
2.61 
1.45 
1.09 
3.33 
2.20 
1.05 
0.858 
0.852 
0.702 
0.613 
0.474 
0.626 
0.682 

0.00032 
0.00032 
0.00064 
0.00068 
0.00080 
0.0066 
0.0209 
0.0270 
0.033 
0.0378 
0.0157 
0.0361 

0.0793 
0.0929 

0.0528 

0.00030 
0.00030 
0.00059 
0.00062 
0.00071 
0.00513 
0.0140 
0.0177 
0.0220 
0.0196 
0.0084 
0.0262 

0.0591 
0.0691 

0.0387 

3.33 
1.67 
1.67 
1.15 
1.03 
0.887 
0.870 
0.840 
0.833 
0.847 
0.935 
0.833 
0.735 
0.654 
0 

Calc. 2. Core: Fresh, steady-state Xe 
1 0.5 51.6 1.60 0.00032 0.00030 * 
2 0.5 49.5 1.53 0.00032 0.00030 
3 1.0 41.4 2.61 0.00064 0.00059 
4 1.0 22.5 1.45 0.00068 0.00062 
5 1.0 17.3 1.09 0.00080 0.0 0 0 7 1 
6 4.0 12.9 3.33 0.0066 0.00513 
7 3.0 12.0 2.20 0.021 0.0140 
8 1.5 11.9 1.05 0.027 0.0177 

10 1.25 11.9 0.852 0.038 0.0196 
11 1.0 11.9 0.702 0.016 0.0084 
12 1.0 11.9 0.673 0.036 0.0262 
13 0.75 11.9 0.473 0.054 0.0384 
14 0.95 13.2 0.615 0.087 0.0547 
15 1.0 14.4 0.672 0.100 0.0633 

9 1.25 11.9 0.86 0.033 0.0220 

* 1/w2 was the same for all cores. 
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REACTOR MODEL 18.2 

TABLE 18.3 --(Continued) 
1 

Group Au Ea Au 

Calc. 3. Core: Partly depleted, fission products and steady -state Xe 
* 1 0.5 51.6 1.60 0.00029 0.00027 

2 0.5 49.5 1.53 0.00029 0.00027 
3 1.0 41.4 2.61 0.00059 0.00054 
4 1.0 22.5 1.45 0.00063 0.00057 
5 1.0 17.3 1.09 0.00074 0.00065 
6 4.0 12.9 3.33 0.00112 0.00469 
7 3.0 12.0 2.20 0.00195 0.0128 . 
8 1.5 11.9 1.05 0.00253 0.0163 

10 1.25 11.9 0.85 0.0361 0.0181 
11 1.0 11.9 0.70 0.0164 0.0076 
12 1:o 11.9 0.67 0.0361 0.0239 
13 0.75 11.9 0.47 0.0524 0.0354 
14 0.95 13.2 0.62 0.0864 0.0503 
15 1.0 14.4 0.67 0.0994 0.0583 

9 1.25 11.9 0.86 0.0314 0.0202 

Calc. 4. Core: Depleted, fission products and steady-state Xe 
0.00026 * 1 0-0.5 51.6 1.60 0.00028 

2 0.5-1.0 49.5 1.53 0.00028 0.00026 
~ 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

i -2 
2-3 
3-4 
4-8 
8-11 
11-12.5 
12.5-13.75 
13.75-15 
15-16 
16-17 
17-17.75 
17.75-18.7 
18.7 

41.4 
22.5 
17.3 
12.9 
12.0 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
13.2 
14.4 

2.61 
1.45 
1.09 
3.33 
2.20 
1.05 
0.86 
0.855 
0.701 
0.673 
0.475 
0.617 
0.673 

0.00057 
0.00060 
0.00071 
0.00587 
0.0187 
0.0244 
0.0308 
0.0353 
0.0168 
0.0361 
0.0519 
0.0859 
0.0990 

0.00051 
0.00054 
0.00062 
0.00445 
0.0122 
0.0155 
0.0193 
0.0172 
0.0072 
0.0227 
0.0337 
0.0480 
0.0557 

Calc. 5. Core: Depleted, fission products and peak Xe 
0.00028 0.00026 * 1 0-0.5 51.6 1.60 

2 0.5-1 49.5 1.53 0.00028 0.00026 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

1-2 
2-3 
3 -4 
4-8 
8-11 
11-12.5 
12.5-13.75 
13.75-15 
15-16 
16-17 
17-17.75 
17.75-18.7 
18.7 

41.4 
22.5 
17.3 
12.9 
12.0 
11.9 
11.9 
11.9 
11.9 
11.9 
11.9 
13.2 
14.4 

2.61 
1.45 
1.09 
3.33 
2.20 
1.05 
0.862 
0.855 
0.701 
0.673 
0.475 
0.616 
0.673 

0.00057 
0.00060 
0.00071 
0.00587 
0.0188 
0.0244 
0.0304 
0.0353 
0.0168 
0.0361 
0.0519 
0.0865 
0.0995 

0.00051 
0.00054 
0.00062 
0.00445 
0.0122 
0.0155 
0.0193 
0.0172 
0.00724 
0.0227 
0.0337 
0.0477 
0.0553 

* l/wz was the same for all cores. 
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18.2 REACTOR MODEL 

TABLE 18.3- (Continued) 

Reflector 
0.5 35.4 1.24 0.000014 2.50 

2.08 
1 

0.5 34.2 1.19 0.000014 
1.67 

2 
1.0 28.20 1.99 0.000029 

1.N 
3 

1.0 15.1 1.08 0.000029 
1.10 

4 
1.0 11.5 0.816 0.000029 

1.08 
5 

4.0 8.45 2.43 0.000156 
1.00 

6 
7.89 1.66 0.000377 3.0 

0.99 
7 
8 1.5 7.77 0.807 0.000392 

1.25 7.76 0.671 0.000655 0.98 
0.962 

9 
1.25 7.76 0.671 0.00124 

0.971 
10 

1.0 7.76 0.536 0.00175 
0.962 

11 
12 1.0 7.76 0.535 0.00289 

0.75 7.82 0.403 0.00319 0.952 
0.926 

13 
14 0.95 8.69 I 0.561 0.00655 

0 15 1.0 9.54 0.640 0.00855 

- I/% 1/02 

Group AU I 4cs c=DAu Z, Au 495 1,293 
1 Calc . talc. - 

B,C Region 
137. 5.08 0.0017 2.77 3.80 0.5 1 

0.5 145. 5.34 0.0014 2.38 2 
1.0 139. 9.92 0.0025 1.37 3 
1.0 115. 7.30 0.0032 0.862 4 
1.0 80.8 4.58 0.0070 1.18 5 
4.0 61.0 12.2 0.0907 0.813 6 

7 3.0 60.1 5.49 0.307 0.980 
1.5 60.1 1.33 0.447 0.709 
1.25 60.1 0.62 0.751 0.725 9 
1.25 60.1 0.365 1.377 0.633 10 

11 1.0 60.1 0.167 1.941 0.599 
12 1.0 60.1 0.104 3.173 0.394 
13 0.75 60.1 0.051 3.63 0.521 
14 0.95 60.1 '0.0428 7.10 0.461 

2.60 
1.21 
1.17 
1.34 
0.79 
0.517 
0.694 
0.670 
0.674 
0.688 
0.679 
0.955 
0.952 

a 

15 1.0 60.1 0.035 9.33 0 

Shield Region 
0.00021 2.50 2.64 1.13 

1.70 
0.5 129. 

1.92 
1.34 1.0 134. 2.23 0.00041 2.08 
1.07 

3 
4 1.0 127. 1.95 0.00041 0.82 

1.05 5 1.0 104. 1.28 0.00041 1.27 
1.30 4.0- 92.0 6.65 0.00175 1.04 
1.20 1.47 

6 

0.972 
3.0 47.8 1.74 0.00386 

1.03 
7 

0.930 
1.5 36.6 0.659 0.00538 

0.97 
a 

0.870 
9 1.25 36.6 0.548 0.0090 

0.92 
0.874 

10 1.25 36.6 0.542 0.01110 
0.94 11 1.0 36.6 0.427 0.0241 

0.901 
1.0 36.6 0.420 

0.962 
12 

0.859 
0.75 36.5 0.309 0.0455 

0.524 
13 

0 
14 
15 1 .o 36.4 0.389 0.117 

1 
2 0.5 127. 1.11 0.00021 

0.819 0.0397 . 0.69 

0.95 36.5 0.378 0.0900 
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TABLE 18.3-- (Continued) 

1 
- 

Group Au EC, c = DAu 

Void Region 

1 0.5 100 2.88 
2 0.5 100 2.88 
3 1.0 100 5.75 
4 1.0 100 5.75 
5 1.0 100 5.75 
6 4.0 100 23.0 
7 3.0 100 17.3 
8 1.5 100 8.62 
9 1.25 100 7.19 
10 1.25 100 7.19 

13 0.75 100 4.31 
14 0.95 100 5.46 

11 1.0 100 5.75 
12 1.0 100 5.75 

15 1.0 100 , 5.75 

The average neutron degradations from one lethargy group to the next were treated 
by a method outlined in Report TID-2009; (The average degradation in the ith lethargy 
group < is related to the degradation out of the ig group q; by 
determined by trial and error.) 

w.98 wherew, is 

18.3 REACTIVITY RESULTS 

In Table 18.4 the excess Ak for the 13 multigroup calculations are listed. (The 
dollar reactivity values are based on 0.0085 in Ak = $1.) 

One quantity that is of particular interest with regard to the .control characteristics 
of the reactor is the control sensitivity (cents per degree of rotation) of the control 
cylinders. This sensitivity at various control-cylinder positions w a s  determined (by a 
graphical method) from the values listed in Table 18.4. Ac-ly the sensitivity curve 
(not shown) is a composite of two curves. Up to about 70 deg the clean reactor is in 

TABLE 18.4--SUMMARY OF RESULTS 

Drum position, Excess Ak, 
deg $ Reactor Core 
0 -9.62 Fresh, clean 

Fres' - 31 -7.38 
Fresh, rl---c clean _.-_ 60.5 -3.21 70.5 0.51 

n, clean 

rresn, clean 
Fresh, steady-state xenon 
Fresh, steady-state xenon 
Fresh, steady-state xenon 

60.5 
70.5 
79 

4.71 

1.50 
-1.50 

Partly depleted, fission products, steady-state xenon 79 -4.44 93 0.44 
1.18 

Partly depleted, fission products, steady-state xenon 
Partly depleted, fission products, steady-state xenon 

Depleted, fission products, peak xenon 
Depleted, fission products, peak xenon 

101.5 

Depleted, fission products, steady-state xenon 0 -19.70 
121 0.59 
139 2.35 
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16.3 REACTIVITY RESULTS 

234 

Fig. 18.z-Reactor contml chmcteristics. 

various stages of subcriticality. The clean reactor becomes critical in the neighborhood 
of 70 deg. It is maintained critical by the continuous supply of positive reactivity from 
the control drums as the fuel is depleted. Therefore the second portion of the curve 
for rotations greater than 70 deg always applies to a critical reactor. The point of 
maximum sensitivity (-4l$/deg) occurs in the neighborhood of clean critical (near 7Odeg). 

under the control sensitivity curve. The resulting S curve is shown in Fig. 18.2. Ex- 
amination of this curve indicates an over-all control range of $24.5. This value is in 
good agreement with a $22 estimate obtained from PPA experiments. 

It would be possible to plot an S curve for any specific core composition (i.e., point 
in the reactor lifetime). This curve would differ slightly from Fig. 18.2. However, it iS 
possible to use Fig. 18.2 to estimate the safety available in the shutdown condition. For 
example, Fig. 18.2 shows a reactivity difference of $21.1 from the 117-deg drum rotation 
to the O-deg position. From the calculation for the O-deg drum position of a core that 
W a s  critical at 117 deg (the last calculation summarized in Table 18.4) the safety W a s  
determined as $19.7, compared with $21.1 obtained from Fig. 18.2. In this comparison 
the difference between steady-state and peak xenon (which is about 5%) has beenignored. 
This fact indicates that control curves in future surveys of comparable reactors may be 
determined for  one particular core condition and the resulting curves may be interpreted 
in the same manner as the dynamic curve of Fig. 18.2. 

Knowledge of the over-all control range makes it possible to estimate the endurance 
Of the reactor. In Fig. 18.3, the critical control-drum position has been plotted 
function of full-power hours of endurance. The calculated values have been extrapolated 
to the 140-deg drum position, which w a s  taken to be the maximum mechanical range of 
the control drum. On this graph we have ignored tlie differences between steady-state 

Another representation of the control characteristics can be obtained by integrating 

a 
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Fig. 18.3-Critical drum position throughout life. 

and peak xenon concentrations. The full-power endurance 'estimated from the graph is 
-140,000 Mwh. Although this endurance estimate is, of course, subject to uncerfainties 
it shouldbepointed out that the peak xenon concentration of 1.44 X 10'' nuclei/cm is 
probably a high value for depleted reactors since it w a s  actually calculated for a hard 
spectrum, clean reactor model. 

18.4 FLUX DISTRIBUTIONS 

One of the results of the multigroup calcdations is a complete set  of spatial flux 
distributions for each energy group. Contour maps of pertinent flux distributions are 
shown in Fig. 18.4. On the left side of the figure, from top to bottom, are the contour 
maps of the total, subcadmium, and thermal fluxes for the fresh clean reactor with 
control drums set  at 70 deg. On the right-hand side of the figure are  the comparable 
maps for the depleted reactor with peak xenon and with drums at 139 deg. 

The total flux is the summation over the entire flux spectrum comprising all 15 
lethargy groups. The subcadmium flux is the summation over only the lowest three 
energy groups (lethary IJ between 17.0 and 18.7). The thermal flux is simply the flux 
of the lowest energy group (u = 18.7). The flux distributions shown refer to the reactor 
median plane. As normalization in an r - 8 calculation is somewhat arbitrary, anattempt 
was made to normalize in such a manner as to give numerical values of fluxes and 
powers comparable with those obtainable from the plane z = 0 of a similar r - z calculation. 

had not yet been fully perfected. Since convergence is slowest in the central reactor 
region, the flux values for this region are somewhat inaccurate. Schemes are now 
available which speed up the convergence rate in the central region; consequently better 
results can now be obtained. 

At  the time these multigroup calculations were performed, the iteration techniques 

An examination of Fig. 18.4 shows that the total flux patterns are reasonably cir- 
cular in the central part of the core region. The effect of the reflector nonuniformities 
becomes apparent as the reflector is approached. The patterns for subcadmium and 
thermal flux show very definitely the effect of the reflector. High flux peaks a re  built 
up in the beryllium portion of the reflector with deep minima occurring in the boron 
region. This thermal-flux peakage is particularly pronounced in the clean reactor. The 
thermal-flux peak occurs near the boundary of the stationary reflector and the non-B,C 
portion of the control cylinder. 

RVO-DIMENSIONAL (rJ) MULTIGROUP ANALYSIS OF SIR-TYPE REACTOR 235 



18.5 POWER DISTRIBUTIONS 

. 

r 

I 
c 

DEPLETED REACTOR WITH 
FRESH CLEAN REACTOR PEAK XENON 
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0 

,158 

Fig. ~S+-Flux distribution for reactor in initial and final stages. (Contours in median 
plane; relative units). 

18.5 POWER DISTRIBUTIONS 

The power at the point (r, e) is obtained from the summation 

C i +, e ,ui) . c =i Aui 
where $iis the relative average flux and Xf is the average macroscopic fission Cross' i section for lethargy group i. 
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(70.5 DEG.) 
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STEADY STATE XENON 

(70.5 DEG.) 

POWER DISTRIBUTIONS 

DEPLETED 

1.55 
PEAK XENON 
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..:: m :::. 

1.60 

STEADY STATE XENON 
(93 DEG.) 

1.15 
PEAK XENON 

(139 DEG.) 

18.5 

Fig. r8.S-Power distribution for reactor in initial, intermediate. and find stages. 
(Contours in median plane; average reactor power= 1.00) 

Figure 18.5 shows power-distribution contour maps for five pertinent reactor con- 
figurations. Since the power distributions are derived from the f lux  distributions, the 
inaccuracies in the flux distributions near the center of the reactor appear also in the 
power distributions. However, the power distributions shown in Fig. 18.5 have been 
corrected by assuming a Bessel function f i t  near the reactor core center. 

The power distributions pertain to the median plane of the reactor. However, be- 
cause of the normalization procedure mentioned in Sec. 18.4, one may consider the 
power values shown on the contour maps to be relative to an average reactor power of 
unity. With this normalization the average power in the median plane is 1.15. 

The power distributions calculated here may be compared with the results of 
Chap. 21 in a pair of critical assemblies, PPA-20 (66 deg) and PPA-19 (106 deg), that 
respectively mocked clean and depleted reactors of a type similar to those discussed 
here. Figure 18.6 is a composite cross-section of three critical assemblies, and it 
illustrates the positioning of the boron slugs that represent the control drums at three 
different settings, 66 deg, 106 deg, and 126 deg. The arrows on Fig. 18.6 indicate the 
directions along which traverses of the power distributions in the critical assemblies 
have been measured. 

Figure 18.7 shows comparisons of the calculated and the experimental power 
variations along four traverses in the midplane of each pair of reactors. The difference 
in control drum setting between PPA-19 and the depleted reactor (106 deg vs 121 deg) 
makes the comparisons less valid for the traverse on the right of Fig. 18.7. A more 
direct comparison between calculations and PPA measurements is given in Report 
KAPL-1172: Nevertheless the reasonable agreement found here indicates the useful- 
ness of applying the two-dimensional (r,e) multigroup techniques to the detailed analysis 
of intermediate spectrum reactors with complicated geometry. 
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18.6 NEUTRON BALANCES 

PPA-20 

Fig. 18.6-Compositc cmssccdon of three control cylinder settings in the PPA. 

18.6 NEUTRON BALANCES 

Detailed neutron balances for  two reactor conditions are presented in Tables 18.5 
and 18.6. The neutron balance of Table 18.5 refers to the fresh clean reactor with the 
drums rotated to 70 deg. Table 18.6 shows the neutron balance for the depleted reactor 
with peak xenon and with the drums rotated to 130 deg. 

One interesting aspect, for instance, is the energy-dependent fission distribution (i.e.. 
fraction of fissions which occur in each energy group). Figure 18.8 shows a plot af cumu- 
lative fissions vs lethargy u for the two reactor configurations under discussion. For 
the clean reactor one obtains a median fission energy of -43 ev; whereas a median 
fission energy of ,-29 ev is obtained for the depleted reactor. These fission energies 
are, of course, characteristic of the reactor median plane and may, therefore, be some- 
what higher than the average medim fission energies for the entire reactor. As fuel 
depletion proceeds and the control drums rotate the B4 C region away from the reactor 
core, the spectrum becomes softer. The hardening effect due to the fission-product 
accumulation appears to be too small to change this trend. 

The median fission energies for  five successive reactor configurations are  listed 
in Table 18.7. 

A great deal of useful information can be extracted from these neutron balances. 
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TABLE 18.5--NEUTRON BALANCE FOR FRESH CLEAN REACTOR AT 70.5 DEG 

C o r e  Reflector Blanket 
DI A DO L, L D* A DO L D I  A D o  Lz 1 L, *F Group u 

9-0.5 0.023 O'.OOOl 0.0197 0.0004 0.0027 0.0000 0.0025 0.0000 -0.0025 

0.5-1 0.1026 0.0197 0.0009 0.0965 0.0039 0.0204 

1-2 0.4450 0.0965 0.0066 0.4112 0.0238 0.0999 

2 -3 0.300 0.4112 0.0082 0.6182 0.0157 0.0691 

3 -4 0.1300 0.6182 0.0091 0.6835 0.0112 0.0443 

4 -8 0.6835 0.0520 0.5379 0.0236 0.0700 

8-11 0.5379 0.1130 0.3901 0.0106 0.0242 

11-12.5 0.3901 0.1051 0.2750 0.0036 0.0064 

12.5-13.75 0.2750 0.0875 0.1846 0.0020 0.0009 

13.75-15 0.1846 0.0640 0.1209 0.0013 -0.0015 

15-16 0.1209 0.0200 0.1008 0.0008 -0.0008 

16-17 0.1008 0.0345 0.0670 0.0006 -0.0012 

17-17.75 0.0670 0.0318 0.0372 0.0003 -0.0023 

17.75-18.7 0.0372 0.0252 0.0158 0.0002 -0.9039 

18.7 0.0157 0.0335 0. 0.0002 -0.0180 -- 

0.0025 0,0000 0.0211 0.0004 -0,0190 

0,0211 0,0001 6.1106 0.0033 -0.0928 

0.1106 0.0001 0.1717 0.0021 -0.0633 

0.1717 0.0006 0.2075 0.0016 -0.0381 

0.2075 0.0003 0.2452 0.0042 -0.0421 

0.2452 0.0007 0.2255 0.0026 0.0164 

0.2255 0.0006 0.2056 0.0012 0.0181 

0.2056 0,0010 0.1864 0.0009 0.0173 

0.1864 0.0017 0.1666 O.O008!f '0.0173 

0.1666 0.0021 0.1517 0.0006 0.0122 

0.1517 0.0032 0.1367 0.0005 0.0113 

0.1367 0.0032 0.1238 0.0004 0.0092 

0.1238 0.0064 0.1045 0.0005 0.0124 

0.1045 0.0418 0. 0.0005 0.0622 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

~~ 

0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0001 0.0000 -0.0001 

0.0001 0.0000 0.0011 0.0002 -0.0012 

0.0011 0.0001 0.0011 0.0002 -0.0004 

0.0011 0.0001 0.0014 0.0002 -0.0005 

0.0014 0.0002 0.0020 0.0008 -0.0017 

0.0020 0.0005 0.0033 0.0002 -0.0021 

0.0033 0.0007 0.0032 0.0001 -0.0006 

0.0032 0.0010 0.0028 0.0001 -0.0006 

0.0028 0.0016 0.0022 0.0000 -0.0010 

0.0022 0.0017 0.0017 0,0000 -0.0013 

0.0017 0.0022 0.0012 0.0000 -0.0017 

0,0012 0,0019 0.0010 0.0000 -0.0017 

0.0010 0.0029 0.0008 0,0000 -0.0027 

0.0008 0.01&7 0. 0.0001 -0.0180 

Totals 1.00 0.5914 0.0983 0.3103 0.0618 0.0196 -0.0814 0.0315 0.0020 -0.0335 



TABLE 18.5--( Continued) 
Absorber Void Fissions Totals 

F S A D 0' LZ LO Group u D* A DO LZ L LZ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

0-0.5 

0.5-1 

1-2 

2-3 

3-4 

4-8 

8-11 

11-12.5 

12.5- 13.75 

13.75- 15 

15-16 

16-17 

17-17.75 

17.75-18.7 

18.7 

Total 

0.0002 

0.0010 

0.0024 

0.0032 

0.0049 

0.0029 

0.0010 

0.0006 

0.0002 

0.0001 

0.0001 

0.0000 

0.0000 

0.0000 

0.0000 0.0002 

0.0001 0.0010 

0.0007 0.0024 

0.0010 0.0032 

0.0021 0.0050 

0.0203 0.0029 

0.0367 0,0010 

0.02260 0.0006 

0.0165 0.0002 

0.0134 0.0001 

0.0094, 0.0001 

0.0076 0.0000 

0.0047 0.0000 

0.0053 0.0000 

0.0167 0 

0.1570 
- 

0.0000 

0.0001 

0.0024 

0.0021 

0.0012 

0.0024 

0.0006 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

-0.0002 

-0.0012 

-0.0046 

-0.0039 

-0.0050 

-0.0207 

-0.0354 

-0.0222 

-0.0162 

-0.0133 

-0.0091 

-0.0076 

-0.0047 

-0.0053 

-0.0167 

0.0000 

0.0001 

0.0006 

0.0007 

0.0007 

0.0021 

0.0009 

0.0000 

0.0000 

0.0001 

0.0000 

0.0000 

0.0000 

0.0000 

0.0001 

0.0001 

0.0009 

0.0060 

0.0075 

0.0082 

0.0406 

0.0758 

0.0689 

0.0577 

0.0333 ' 

0.0108 

0,0250 

0.0234 

0.0188 

0.0249 

0.0092 -0.1661 0.0053 0.4017 

0.0230 

0.1244 

0.5637 

0.8252 

0.9242 

0.8973 

0.7880 

0.6200 

0.4844 

0.3741 

0.2898 

0.2543 

0.2049 

0.1620 

0.1211 

0.0001 

0.0010 

0.0074 

0.0093 

0.0119 

0.0728 

0.1509 

0.1290 

0.1060 

0.0807 

0.0331 

0.0474 

0.0417 

0.03987 

0.1.107 

0.8417 

0.0224 

0.1187 

0.5252 

0.7942 

0.8973 

0.7880 

0.6200 

0.4845 

0.3741 

0.2898 

0.2543 

0.2049 

0,1620 

0.1211 

0 

0.0005 0.0000 

0.0046 0.0000 

0.0305 0.0007 

0.02080 0.0008 

0.0149 0.0001 

0.0332 0.0034 

0.0149 0.0022 

0.0050 0.0015 

0.0030 0.0014 

0.0022 0.0014 

0.0014 0.0010 

0.0011 0.0008 

0.0006 0.0006 

0.'0007 I , 0.0004 

0.0008 0.0096 0 z 
0.1343 0.02040 

8 
DO = Degradation out 5 = Fission spectrum d 

DI = Degradation in 
Lo = Leakage out of reactor at outer radial boundary 
A = Absorption L = Leakage out of region in r-0 plane 

Lz = End leakage based on axial buckling = 0.00089515 = (n/H) * 
S s Neutron source (X + @) 
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TABLE 18.6--NEUTRON BALANCE FOR DEPLETED REACTOR AT 139 DEG 

-z a -- -2 Y -  "F -- uruup u 

1 0-0.5 0.023 0.0001 0.0194 0.0004 0.0031 0,0000 0.0030 0.0000 

2 0.5-1 

3 1-2 

4 2-3 

5 3-4 

6 4-8 

7 8-11 

8 11-12.5 

9 12.5-13.75 

10 13.75-15 

11 15-16 

12 16-17 

13 17-17.75 

14 17.75-18.7 

0.1020 0.0194 0,0008 0.0947 0.0039 0.0220 

0.4450 0.0947 0.0057 0.4062 0.0236 0.1046 

0,300 0.4062 0.0072 0.6130 0.0195 0.0705 

0.130 0.6130 0.0081 0.6800 0.0112 0.0438 

0.6800 0,0474 0.5477 0.0240 0.0610 

0.5477 0.1077 0.4150 0.0051 0.0198 

0.4150 0.1054 0.3060 0.0041 -0.0004 

0.3059 0.0933 0.2157 0.0024 -0.0054 

0.2157 0.0734 0.1486 0.0016 -0.0080 

0.1486 0.0269 0.1263 0.0010 -0.0055 

0.1263 0.0446 0.0866 0.0008 -0.0056 

0.0866 0.0422 0.0500 0.0003 -0.0060 

0.0500 0.0375 0.0215 0.0002 -0.0093 

0.0030 0,0000 0.0243 0.0004 -0.0217 

0.0243 0.0001 0.1206 0.0036 -0.1001 

0.1206 0,0001 0.1871 0.0023 -0.0689 

0.1871 0.0001 0.2259 0.0017 -0.0405 

0.2259 0.0003 0.2696 0.0046 -0.0486 

0.2696 0.0008 0,2628 0.0031 +0.0030 

0.2628 0.0008 0.2506 0.0014 0.0099 

0.2506 0.0012 0.2340 o.0011 0.0143 

0.2340 0.0021 0.2134 0,0010 0.0175 

0.2134 0.0028 0.1965 0.0006 0.0133 

0.1965 0.0042 0.1785 0.0007 0.0131 

0.1785 0.0042 0.1618 0.0004 0.0121 

0.1618 0.0083 0.1357 0.0006 0.0171 

0.0000 0.0000 0.0002 0.0000 -0.0002 

0.0002 0.0001 0.0018 0.0002 -0.0020 

0.0018 0.0001 0.0011 0.0003 0.0003 

0.0011 0.0001 0.0018 0.0002 -0.0009 

0.0018 0.0003 0.0019 0.0010 -0.0013 

0,0019 0.0005 0.0037 0.0002 -0.0025 

0.0037 0.0006 0.0032 0.0001 -0.0001 

0.0032 0.0009 0.0026 0.0000 -0.0004 

0.0026 0.0014 0.0021 0.0000 -0.0009 

0.0021 0.0016 0.0017 0.0000 -0.0012 

0.0017 0.0021 0.0010 0.0000 -0.0014 

0.0010 0.0016 0.0009 0.0000 -0.0016 

0.0009 0.0027 0.0004 0.0000 -0.0022 

0.0000 -0.0159 

Totals 1.00 0.6597 0.0945 0.2458 0.0741 0.0251 -0.0993 0.0282 0.0022 -0.0303 
-- 0.0033 0.0832 0.0004 0.0163 0 - 0.0215 0.0596 0 0.0004 -0.0384 0.1357 0.0492 0 - 15 18.7 

0 z 
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TABLE le.&-( Continued) 

Void Totals 
LO 

Absorber 
Group U DI A DO LZ L LZ F s A DO Lz 

1 

2. 

3 

4 

5 

6 

7 

8 

9 

10 

11 

I 2 

13 

14 

15 

0-0.5 

0.5-1 

1-2 

2-3 

3-4 

4-8 

8-11 

11-12.5 

12.5-1'3.75 

13.75-15 

15-16 

16-17 

17-17.75 

17.75-18.7 

18.7 

Totals 

0.0000 

0.0000 0.0000 

0.0001 0.0001 

0.000d 0.0002 

0.0006 0.0005 

0.0010 0.0058 

0.0008 0.0118 

0.0006 0.0086 

0.0002 0.0076 

0.0001 0.0077 

0,0001 0.0060 

0.0000 0.0057 

0.0000 0.0040 

0.0000 0.0054 

0.0000 0.0279 

0.0000 

0.0001 

0.0006 

0.0006 

0.0010 

0.0008 

O.gO06 

0.0002 

0.0001 

0.0001 

0.0000 

0.0000 

0.0000 

0.0000 

0 

I ,  

0.0000 

0.0000 

0.0005 

0.0005 

0.0001 

0.0007 

0.0002 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0 

0.0000 

0.0000 

-0.0001 

-0.0011 

-0.0007 

-0,0010 

-0.0063 

-0.01 18 

-0.0082 

-0.007 5 

-0.0076 

-0.0060 

-0.0057 

-0.0040 

-0.0054 

-0.0279 

0.0000 

0.0000 

0.0003 

0.0004 

0.0004 

0.0014 

0.0008 

0.0003 

0.0002 

0.0002 

0.0001 

0.0001 

0.0001 

0.0001 

0.0003 

0.0001 

0.0007 

0.0052 

0.0064 

0.0070 

0.0359 

0.0700 

0.0670 

0.0591 

0.0358 

0.0116 

0.0280 

0.0274 

0.0207 

0.0331 

0.0913 0.0020 

0.023 

0.1244 

0.5642 

0.8293 

0.9318 

0.9087 

0.8200 

0.6821 

0.5600 

0.4524 

0.3642 

0.3245 

0.2661 

0.2128 

0.1577 

0.0001 

0.0008 

0 0060 

0.0076 

0.0087 

0.0537 

0.1208 

0.1154 

0.1030 

0.0847 

0.0372 

0.0565 

0.0521 

0.0539 

0.1529 - 

0.0224 

0.1192 

0.5293 

0.8018 

0.9087 

0.620 

0.6821 

0.5600 

0.4524 

0.3642 

0.3245 

0.2661 

0.2127 

0.1577 

0 

0.0005 

0.0043 

0.0283 

0.0190 

0.0135 

0.0317 

0.0094 

0.0059 

0.0037 

0.0028 

0.0019 

0.0016 

0.0008 

0.0010 

0.0041 

+o.oooo 
0.0000 

0,0007 

0.0009 

0.0009 

.0.0033 

0.0077 

0.0009 

0.0008 

0.0008 

0.0005 

0.0004 

0.0005 

0.0002 

0.0007 

-0.0933 0.0046 0.4080 0.8532 0.1284 0.0184 

DI = Degradation in 
LO =: Leakage out of reactor at outer radial boundary 
A = Absorption L = Leakage out  of region in r-8 plane 
DO = Degradation out 

Lz = End leakage based on axial buckling = 0.00089515 = (n/H)' 
S 

% = Fission spectrum 

= Neutron source (X + @) 
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Chapter 19 

ESTIMATION OF REACTOR ENDURANCE 

CHARACTERISTICS BY CRITICAL EXPERIMENTS 

D. 1. ANTHONY and H. B. STEWART 

19.1 INTRODUCTION 

The total energy available from the complete life cycle of a reactor power plant 
can be evaluated approximately by virtually zero-power experiments on a critical ex- 
periment mock-up assembly. The low power oper?tion and the flexibility of the 
critical assembly make it possible to conduct experimental programs on a variety of 
reactor designs efficiently and economically. 

During the course of the S1G design program, experimental and analytical tech- 
niques developed at KAPL were used at the PPA for endurance evaluations of S1G. 
Some aspects of these techniques were presented in laboratory Reports K~iPL-837~ 
and KAPL-988'. This chapter- is a review of these principles and an outline of their 
application to the performance evaluation of a power reactor. 

The problem is to evsuate 
1. The static differences in reactivity between the critical assembly and the powei 

reactor resulting from detailed differences in composition and geometry; 
2. The changes in reactivity associated with the burnup of fuel and the consequent 

reactor control compensations during power operation. 
In general, the static reactivity difference between the critical assembly and the 

power reactor is different at the various phases of the reactor life because the re- 
activity values of the reactor components vary with the changes in control-element 
geometries, fuel burnups, and fission-product poison accumulations. However, from 
the standpoint of total reactor endurance, these reactivity comparisons are important 
only in the maximum and minimum reactivity conditions, or the freshly loaded (clean) 
and depleted (dirty) conditions., 

Since the total energy delivered by a power reactor is directly proportional to 
the amount of fuel burned (the capture-to-fission ratio is virtually constant throughout 
life), the endurance evaluation consists in determining the difference in fuel load 
between the fresh reactor and the spent reactor. The fresh fuel load is established 
in the critical experiment by loading fuel until the reactor is critical with the control 
elements in a minimum reactivity position; at this position a predetermined increment 
of the total available control (Le., that between shutdown and clean critical) is re- 
tained as a fast safety mechanism. The magnitude of this control increment or 
safety margin, as it is usually referred to, is dictated by the speed of shutdown from 
full-power operation that is required to prevent reactor core damage following a loss 
of coolant flow. 

The spent-reactor fuel inventory is established by the stepwise conversion of the 
fresh reactor to the spent reactor by 

1. Uniformly removing fuel to simulate burnup 
2. Adding an appropriate amount of poison (e.g., cadmium) to mock fission- 

3. Maintaining criticality by means of the control elements until the control 
product poisons resulting from fuel burnup 

elements are in the maximum reactivity position. 
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19.2 THE PPA AS A NUCLEAR REPLICA OF A SIR-TYPE REACTOR 
. ... I /  

19.2 

I 

However, since the fuel burns up at different rates in different parts of the reactor 
core and at different times, a small correction must be applied to the experimentally 
measured reactivity value of fuel in the spent reactor. Details of this correction 
are  discussed in Sec. 19.6. 

THE PPA AS A NUCLEAR REPLICA OF A SIR-TYPE REACTOR 

Since it is important to maintain a certain degree of fleldbi1.W in the critical ex- 
periments, it is not possible to mock a power reactor in detail. Consequently, the 
Preliminary Pile Assemblies differed4n several respe'cts from the =-type reactors 
which they were intended to simulate. 

The PPA is a hexagonal array of stainless-steel tC'i.f.? , F..?Z:b . _ I  having an 0.02-ia 
thick wall and a 2.04-in. outside diameter, with 2.04-in. baLween centers. The as- 
sembly is divided into a stationary half and a movable half, as shown in Fig. 19.1; 
each half contains Bll'tubes 27-in. long. When the halves are together, control of 
the assembly is achieved by the use of 10 calibrated movable fuel and reflector rods 
arranged to move in four banks of 2 or 3 rods each. Similarly, 10 fuel rods arranged 
to move in five banks of 2 or 3 rods each are  used as a fast safety device. 

When typical SIR-type cores were mocked, 181 tubes were used. The stationary 
reflector in each core was simulated by beryllium slugs of 1.96-ia diameter, whereas 
the control cylinders were mocked by hexagonal prisms consisting of 37 PPA tubes, 
four tubes on a side, of a total cross-sectional area approximating that of a control 
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cylinder. Beryllium slugs made up the reflector portion of the cylinder, and five 
1.93-in. diameter cans of boron carbide along the perimeter of each hexagon ap- 
proximated the poison’portion of the control cylinder. The six control cylinders 
mocked in this way could be “rotated” by interchanging B, C cores and beryllium 
slugs manually when the halves of the assembly were separated. 

but the radial asymmetries and geometric boundaries in SIR-type reactors are dif- 
ficult to mock exactly in the PPA. In the typical core the PPA mock-up could be ar- 
ranged to have a core area within 2 per cent, a (core center)-to-(control cylinder 
center) distance within 1 per cent, and the control cylinder area within 20 per cent, 
of the corresponding areas and distances in the power reactor. The PPA dimensions 
were chosen, whenever possible, to approximate the dimensions of the power reactor 
at operating temperature. 

Another difference between the PPA and the power reactors was the use of 
aluminum and magnesium in the PPA to take the place of sodium in the reactor. The 
fuel elements were also different; the PPA fuel disks, 0.04 in. thick and 1.96 in. in 
diameter, were made of uranium-aluminum alloy, about 35 per cent uranium and 
65 per cent aluminum by weight. 

Both the power reactors and the PPA have symmetry in the longitudinal direction, 

19.3 THEORY 

With the approach described in Report KAPL-988 by T ~ n k s , . ~  the reactivity of a 
power reactor at any time may, in general, be written as a function of reactor ma- 
terials (including fuel remaining), amount of poison resulting from the accumulation 
of fission products, available control, and effects due to geometry. Thus 

K = K(6 ,  Mi, F,, G,) - 
where 6 = control position 

Mi = reactor materials including fuel 
FL = fission-product poisons including xenon 
G, = effects due to geometry 

By means of a Taylor expansion then it is possible to go from a point in “K space” 
defined by the critical-assembly (PPA) variables to a point characterized by the power 
reactor variables. If only the first-order terms are retained, the following equation 
results: 

where KO = aK/ae , the contro1,sensitivity 
= aK/a Mi,. the re~ctivity coefficient of a par.ticular reactor material 

KFi = the reactivity coefficient of the fission products 
K,, = the “reactivity coefficient” of a particular geometrical change 

Subscripts 1 and 2 refer to the P P A  and power reactor variables, respectively. 
The reactivity coefficient of a material, defined as aK/a M, is the reactivity 

change per unit mass of material. It is customary to express the reactivity coef- 
ficient in units of cents per mole(or gram-atom) since this places the reactivity co- 
efficients of all elements on an atomic basis, similar to cross-sections. The reac- 
tivity coefficient not only differs from one material to another, it is also a function of 
the position in the reactor and a function of the control-cylinder positions and compo- 
sition of the reactor. However, it is independent of the reactor power level. 

activity comparisons are important only in the freshly loaded (clean) and the de- 
pleted (dirty) conditions. Therefore the following cases will be considered: 

AS discussed in Sec. 19.1, from a standpoint of total reactor endurance, the re- 
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19.3 THEORY 

Case 1: Shutdown Condition ( 8  = 0 deg) 

= 0 deg, Eq. 19.1 becomes 
By assuming that no fission-product poison is present (Fi = 0 )  and that 8, = 4 

(19.2) 

where the summation terms represent the reactivity comparison of the power re- 
actor and the critical assembly both in the shutdown condition. From the measured 
safety margin in the critical experiment, 1 - K1, the safety margin for the power re- 
actor, 1 - K, , can be estimated. 

Case 2: Clean-critical Start-up 

critical, i.e., K1 = K, = 1, then Eq. 19.1 becomes 
If both the critical assembly and the power reactor are assumed to be clean 

6 K =  0 =KO (0, -0, ) ++Mi(M$ - Mj-l)CFKGi (Gi, - % (19.3) 

because Fi = 0, i.e., no fission-product poisons are present in the clean-critical re- 
actor. 

Solving for e,, the power reactor control-cylinder position, Eq. 19.3 becomes 
I 

(19.4) 

which indicates that the difference in clean-critical position depends on the deviations 
in composition and geometry between the reactor and the PPA. 

Case 3: Depleted Condition ( 0  = 140 deg) 
In this condition, Eq. 19.1 reduces to 

6K = 0 = (Mi2- Mi,) + C KFi(Fi2 - Fi,) t KG,(Gi, - Gi,) (19.5) 

for K, = Kl = 1 and0, = el= 140 deg. 

Since the energy developed by a power reactor is directly proportional to the 
amount of fuel burned, it becomes necessary to investigate a reactor in the poisoned 
condition in order to estimate endurance. Experimentally this situation is realized 
by converting the clean-critical mock-up to the depleted condition by the stepwise 
removal of fuel to simulate burnup and by the addition of cadmium to simulate the 
accumulation of fission-product poisons, along with the appropriate rotation of the 
control elements. 

The problem then is to estimate the corresponding fuel burnup in the power re- 
actor for the same control setting as is mocked by the cadmium-poisoned critical 
assembly. By starting with Eq. 19.5, in order to solve for the fuel burnup in the 
power reactor, and with 

m = initial fuel load 
m2 = fuel burnup in the power reactor 
ml = fuel burnup mocked in the critical assembly 
Y = moles of cadmium (Yz T Yx) in the critical assembly 
Z = moles of fission products (other than xenon) in the power reactor 
X = moles of xenon in the power reactor 
Nj = moles of reactor materials (other than fuel) 
Gi = effects due to geometry 
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the following equation results: 

The total amount of cadmium, Y, has been written as Y = Yz + Yxe since cadmium is 
used to mock both the xenon poisoning and the fission-product poisoning. 

of uZ3' is 
The number of moles of fission products resulting from the burnup of m, moles 

Z1 = 2mz/(1+ a) 

where ct is the capture-to-fission ratio for U235 . Since 

the amount of burnup in the reactor may be written as 

(19.7) 

The two summation terms in brackets in Eq. 19.7 represent the effect of the re- 
activity deviation of the critical assembly from the power reactor in the poisoned 
condition as a result of inaccuracies in reactor geometry and material choices. 

" ' -  
19.4 EVALUATION OF THEIREACTIVITY DIFFERENCES BETWEEN S1G AND P P A  

As was discussed in Sec 19.2, it is not possible to mock a power reactor in 
detail and still maintain the required degree of flexibility in the critical experiment. 
On this account, analytical evaluation of the geometrical differences had to be used 
along with the reactivity-coefficient results to estimate completely the differences 
between the S1G and the PPA. Furthermore, from the standpoint of total reactor 
endurance, the reactivity comparisons are important only in the clean and dirty 
conditions. 

The results of the reactivity comparisons or  analyses, which are used to evalu- 
ate the geometrical and compositional-differences between the power reactor and the 
critical-assembly mock-up on the basis of experimentally determined reactivity co- 
efficients of the various reactor materials, are represented by the summation terms 
in Eqs. 19.2, 19.3, and 19.5 for the different phases of the life cycle of the reactor. 

For example, one reactivity analysis, the details of which are summarized in 
Table 19.1, indicated that the S1G was more reactive than the PPA by $(l. 7 1.7) 
in the clean shutdown condition (all six control cylinders in the 0-deg position), and 
$(O. 79 f 1.7) more reactive in the dirty condition (the control cylinders each at 140 deg). 
Actually the reactivity coefficients used in the reactivity analysis of the shutdown (0 deg) 
phase were determined in the clean condition for which the control cylinders were in 
the 62-deg position. The reactivity coefficients were assumed to be the same for 
the 0-deg position as for the 62-deg position. On the other hand, the analysis of 
the dirty condition was properly based on reactivity coefficients evaluated in a 
cadmium-poisoned and fuel-depleted PPA. 
been justified by subcritical measurements. 

Since the reactivity analysis established by means of Eq. 19.2 that the S1G was 
more reactive than the PPA by $(1.7 5 1.7) in the shutdown condition, then the 
S1G safety.margin, the amount of reactivity below clean critical when the control 
cylinders a re  in the 0-deg or shutdown position, was estimated to be - $(5.7 2 1.8). 
These numbers are based on a PPA calibration of the safety margin (Fig. 19.2), 
which was measured.as - $(7.4 

However, the assumption above has 

0.7) by inverse-multiplication techniques. 
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19.5 REACTOR ENDURAXCE EVALUATION 

TABLE 19.1-IU3ACTIVITY COMPARISON OF S1G AND PPA* 

Clean Dirty 
shutdown, $ condition, $ Estimated 
(8 = 0 deg) (0 = 140 deg) uncertainty, $ 

Step 1: Differences in core beryllium cornposition 
Step 2: Since the area of the PPA core is about 2% 

hrger than that of SlG, materfal w88 con- 
ceptually removed from the edge of the 
PPA core and redistributed throughout the 
PPA core by means of the appropriate re- 
activity coefffciente 

Step 3: Differences in core-material composition 
other than beryllium 

Step 4: Dlfferences in geometry and composition of 
reflector reglons 

Step 5: Severalmther differences in addition to 
those listed above; each is assumed to be 
independent of control-cylinder positions 
(a) Neutron stream- 
@) S1G quality control of reactor materids 
(c) Neutron temperature effects 
(d) Doppler effect for fuel 
(e) Iron lumping in S1G reflectors 

Totals 

+0.64 

+0.54 

-1.34 

+1.45 

0 .o 
+0.75 
t 

-0.3 
t 

+1.74 

-0.38 *0.3 

+0.40 A0.03 

-1.62 *0.3 

+1.94 i0.3 

0 .o *1 .o 
+0.75 i0.5 
t * l . O  

t i0.5 

+0.79 *1.7 

-0.3 *o.a 

_ _ _ _ ~  ~~ 

* Positive contribution means S1G more reactive than PPA. 
t No data. 

19.5 REACTOR ENDURANCE EVALUATION 

Completion of the necessary clean-critical experiments (e. g., reactivity-co- 
efficient measurements, power-distribution determinations, self-shielding studies, 
and control evaluations) is followed by the conversion of the critical assembly to the 
mock-up of the depleted power reactor. This is accomplished by uniformly decreas- 
ing the fuel loading to simulate a particular burnup and by adding a uniform amount 
of cadmium, compatible with the simulated fuel burnup, to mock the poison effect of 
xenon and the other fission products. The amount of cadmium added can be de- 
termined approximately from estimated values for xenon and the long-lived fission- 
product poisons, on the assumption that cadmium adequately mocks the poisons. 
Criticality is then restored by rotation of the six control cylinders. 

This stepwise procedure is repeated until the control cylinders are in their 
most reactive position (140 deg). This establishes thefuel burnup that is to be 
mocked and the poison value of the cadmium in the PPA. 

critical assembly to allow a reactivity comparison of the PPA and the reactor in the 
depleted condition. Other critical experiments a re  performed to enable the Calcula- 
tion of the fuel burnup in the reactor by means of Eq. 19.7. 

Finally, reestimations of the xenon and fission-product poison effects in the re- 
actor can be made in view of experimental results obtained from the PPA mock-up. 

Reactivity coefficients of the reactor materials are measured in this 140-deg 

19.6 REACTIVITY EFFECT O F  NONUNIFORM FUEL BURNUP 

Thus far only uniform fuel burnup has been considered since m, moles of fuel 
were removed uniformly from the PPA for experimental convenience in order to 

250 CHAPTER 19 



RE4CTIVITY EFFECT OF NONUNIFORM FUEL BURNUP 19.6 - 
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Fig. rg.2-Estimatcd SIG safety margin dependence upon control cylinder position, based 
on musuremcnts in PPA mock-ups. 

mock the depleted reactor. The distribution of the fuel burnup in the power reactor 
depends on the history of the reactor, and, in general, the reactivity effect of the 
fuel actually burned out differs from that which would arise from the uniform removal 
of the same quantity of fuel. The total apparent reactivity loss caused by the uniform 
removal of m moles of fuel is mK, . The total apparent reactivity loss resulting 
from a nonuniform burnup of fuel IS 

(19.8) 

where mi is the burnup of fuel in the it& volume element and p, is the power gen- 
erated in the fuel of that volume element. The total reactor power is p (assumed con- 
stant). Furthermore, pi is a function of the control-cylinder positions and con- 
sequently the time, t, since reactor startup. Therefore, K, is a burnup-weighted 
distributed reactivity coefficient that includes the effect of nonuniform fuel burnup. 

time-integrated power associated with each fuel element in the reactor. 
The value of can be obtained from the PPA fuel reactivity coefficients and the 
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CONCLUSION 

The total reactivity difference between the reactor and PPA due to fuel depletion, 
which is represented by the first term in Eq. 19.6, should be written 

I 
I 

where f =% /K 
of fuel to the unfiorr.:ly distributed reactivity coefficient measured in the PPA. 

Estimation of the S1G fuel burnup, based on a calculated value of 1.08 2 0.05 
for the ratio of the burnup-weighted and the uniformly distributed reactivity coefficient 
for fuel, results in an estimated endurance of 125,000 Mwh 5 25 per cent. 

A similar situation arises from the uniform loading of cadmium in the PPA core 
to mock the accumulation of fission products in the power reactor since the deposi- 
tion of fission-product poisons, resulting from fuel burnup, has the same distribution 
as the fuel burnup, provided the burnup rate of the poison is small. (The xenon 
poison is treated separately from the other fission products because of its large 
cross-section and relatively short half-life.) 

The calculated values of peak xenon and fission-product poisons which were used 
in the final evaluation of the endurance of the power reactor were obtained as described 
in Chap. 14 and in Report KAPL-1151.' They were based on the power-weighted re- 
activity coefficients and a consideration of the burnup rates of the significant fission- 
product poisons. 

is the ratio of the burnup-weighted distributed reactivity coefficient 

1 

19.7 CONCLUSION 

Three items of available S1G data are  presented here to indicate the degree of 
effectiveness of the experimental and associated analytical techniques discussed in 
this chapter. 

1. An estimate of the expected endurance of SlG, based on the first 25,000 Mwh 
of operation, indicated an endurance which was not far from the 125,000 Mwh 
value predicted above. (Note that this endurance prediction was based only on 
experiments with the flexible PPA. Subsequent experiments with the more 
accurate PTR indicated an endurance very close to the endurance presently 
expected of S1G.)- 

2. The S1G safety margin was  measured as -$(6.520.75), which compares favorably 
with the predicted value of - $(5.7 2 1.8). 

3. The most recent estimated xenon poison values (based on PTR measurements) 
are  compared in Table 19.2 with - the values measured for the clean S1G in full- 
power operation. 

. 

TABLE 19.2-BNON POISON IN THE CLEAN S1G 

Steady-state Peak value, 
value, $ $ 

Estimated (see Chap. 14) -2.4 * 20% -2.6 20% 
Measured -2.4 -2.5 

These data indicate a quite satisfactory degree of effectiveness for the methods 
of comparison and extrapolation described in this chapter. 
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Chapter 20 

LOADING, NUCLEAR TESTING, AND POWER 
OPERATION OF THE S1G 

R. 6. STATER, L. 6. BARRETT, 1. A. BISTLINE, Jr., and R. C. DAHLBER6 
- 

20.1 INTRODUCTION . <  

The first nuclear testing of the SlG,the land-based prototype of the Submarine 
'Intermediate Reactor: was begun on March 10, 1955. Although ehnsi 've prelimihary 
testing had been performed in the KAPL Proof Test Reactor (PTR): it was necessary 
to make certain tests during the initial startup of S1G for safeguards reasons and addi- 
tional tests throughout the reactor life to measure fundamental nuclear characteristics 

45,000 megawatt hours (Mwh) of operation. The first test involved the loading of fuei, 
measurement of the nuclear safety margin, and determination of the critical control- 
element positions. The reactor was subsequently filled with sodium coolant, and the 
control elements were calibrated by the "rod-drop" technique. The effect of sodium 
flow and pressure on reactivity was measured. Detailed testing was then performed to 
evaluate temperature and power coefficients in S1G in reference to naval requirements 
for maneuvering stability. Endurance predictions were made for S1G on the basis of the 
rate of reactivity decrease in the clean reactor caused by the accumulation of fission 
products and depletion of fuel. 

One significant result of S1G testing has been the degree to which nuclear character- 
istics have been predicted successfully by PTR measurements and reactor physics cal- 
culations. This gives added confidence to present critical-assembly and analytical work. 

The scope of nuclear testing included items on initial loading, power calibration, 
control-element calibration, sodium filling of the core, sodium-flow and sodium-uressure 

:' 

not available from critical experiments. . .  
This chapter describes nuclear test procedures and results obtained during the first . 

. * 

I '  , 

i 
I I  effects, temperature- and power-coefficient measurements, fission-prodyct buildup and 

fuel-depletion reactivity effects, and power-distribution measurements. Subjects such as 

and decay heat determinations are not included in this category. 
shielding measurements, reactor transient behavior and maneuvering characteristics, i 

I 
i 

* I  

I 
I .  

20.2 INITIAL LOADING' 

The objective of the first test performed was to load the fuel s lugs  into the dry (no 
sodium) SlG core while ensuring an adequate safety margin. 

By loading the reactor dry and operating at very low power levels, it was possible to 
obtain shielding data that could be acquired at no other time during the reactor life. 

To obtain access to the top of the reactor for fuel loading, it is necessary to remove 
the six control drive mechanisms and lock the cylinders in the least reactive position, 
i.e., with the boron poison face toward the core. In addition, it is necessary to remove 
the secondary-safety-rod drive and container thimble. Thus the S1G employs no cocked 
safety devices during fueling operations, andconsequently it was imperative that one rely 
heavily on obtaining interpretable multiplication data. The multiplication of neutrons in 
a subcritical assembly is, as in Chap. 4, 

1 

I 



'20.2 INITIAL LOADING 

(20.1) 

where M is the actual reactor multiplication and keff is the effective multiplication factor- 

In the case of SlG, where a neutron source is present in the core and where 
geometrical factors such as instrument location and neutron attenuation must be con- 
sidered, this equation can be modified to the following f o r m  

G C 
MaPP = l-k,ff= co (20.2) 

where Mapp=apparent reactor mulGplication as measured by nuclear instrumentation 
G = geometric factor 

CO = counting rate with source rod alone in core 
C = subsequent counting rate after loading some fuel slugs or, if all slugs are 

loaded, after rotating control cylinders through an interval on approach to 
criticality 

In general, it is more convenient to use the reciprocal of the multiplication of source 
neutrons or inverse multiplication. 

IM =- 1 -keff co (20.3) 
G =c 

where IM = inverse multiplication = l / l ~ & ~ ~ .  

multiplication approaches zero. 
Thus, as the reactor approaches critlcality, keff approaches unity and the inverse 

Extensive preliminary investigation of various loading schemes was made on the PTR 
to develop a slug lo53ng sequence that would supply the best multiplication data to ensure 
safe loading of S1G. During the actual loading, inverse-multiplication data were used as 
a continual monitor of the nuclear status of the reactor by comparison with corresponding 
PTFt results. As a result of the close nuclear similarity between the S1G and the PTR, 
the S1G safety margin could be assumed to be at least as large as that of the PTR aslong 
as the extrapolation of S1G loading curves to zero inverse multiplication did not fall  at a 
lower loading than for the PTR. 

During loading the primary-coolant system contained helium, and electrical heating 
units were used to maintain the average reactor temperature between 275 and 3000F. 
The first fuel that was loaded contained aneutron source.After it was loaded, counting 
rates were determined on four proportional counters, and these rates were taken as the 
source count. Fuel slugs were then loaded in a designated pattern, and the inverse 
multiplication was calculated at specified Mtervals. 

in Fig. 20.1. For comparative purposes the PTR curves are shown in Fig. 20.2. The 
inverse multiplication decreased almost linearly for both reactors after about one-fourth 
of the fuel had been loaded. The initial increase in inverse multiplication can be at- 
tributed to the fact that the first fuel loaded around the source tends to decrease the 
neutron leakage more than to increase reactor multiplication; i.e., the magnitude of the 
geometric factor, G, was decreasing. The differences between the S1G and PTR loading 
curves werexaused by the inexact mock-up of shielding and fuel in the PTR. In addition, 
the PTR was built to simulate reactor conditions at full operating temperature, whereas 
the SlG was at 275 to 300oF. 

The S1G loading curves as obtained from the four proportional counters are shown 

On completion of fuel loading, the first estimate of the S1G safety margin was ob- 
tained by insertion of the secondary safety rod into the central matrix position. BY Con- 
verting the counting rates before and after insertion to inverse multiplication and as- 
suming the secondary safety rod to be worth $(2.70 5 0.20) as measured in the PTR, the 
safety margin was estimated as 

IM 0 328 SM == Ak($) =- 0.068 $2.702 $13.00 (20.4) 
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Fig. m.2-PTR lodding curve. The three curves are the records of three counters in three 
different locations. The dashed curves indicate the shapes of the curves that would have been 

expected had there been no attempt to mock up sodium in the PTR. 

where SM = safety margin of S1G without sodium in core 
IM = inverse multiplication with control cylinders least reactive and secondary 

safety rod cocked 

secondary safety rod into core 
AIM = absolute magnitude of change in inverse multiplication on insertion of 

Ak($) = absolute magnitude of reactivity change causing AIM (i.e., $2.70). 
After installation of the control-cylinder drive mechanisms, the approach to 

criticality was begun. The secondary safety rod was first cocked, and the control 
cylinders were then rotated in phase toward their most reactive position. Rotation was 
stopped and inverse-multiplication measurements were made at specified rotational 
increments (Fig. 20.3). (During this phase of the test, six thermOC6UpleS attached to 
selected parts of one special fuel assembly were carefully monitored to ensure against 
excessive core temperature because of nuclear-power generation.) Before counting- 
rate losses in the proportional counters became appreciable, current readings were 
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Fig. 20.3-Cylinder rotation to criticality in the dry SIC 

obtained from ion chambers feeding d-c zero-stabilized amplifiers in the low-level 
circuit? 

Within about $3.00 of critical the inverse multiplication became a linear function of 
in-phase control-cylinder position and could therefore be extrapolated quite accurately 
to the critical position. As  criticality was approached, cylinder rotational increments 
were reduced, and finally one cylinder at a time was positioned forward a few degrees. 
The clean-critical in-phase control-cylinder position was found to be 78.9 deg. This 
value was in very good agreement with PTR predictions. A two-dimensional multigroup 
calculation had estimated the dry clean-critical in-phase cylinder position to be 82 deg. 
This compares favorably with the actual position and should give added confidence to 
the analytical methods being used. 

After  criticality was reached, the power level was increased to a steady-state level 
of about 50 watts. (At 1$ below critical the power was approximately 10 watts. Initial 
power-level estimates prior to any power calibrations in S1G were made with the reactor 
a few cents subcritical. If the S1G and the PTR were identical nuclear-wise, the multi- 
plication of source strength should be the same in the two reactors at the same degree 
of subcriticality so that the relative power levels should have been directly proportional 
to source strengths. Power levels for the PTR were known accurately. Then, by as- 
sociating the subcritical power level with instrument readings, subsequent estimates Of 
S1G power levels at critical were available.) The secondary safety rod was calibrated 
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I ,  

by the standard rod-drop technique. The reactivity value of the rod was calculated as I 
follows: 1 1 1 1  

n 1 
no 1 + A k  
-= -  (20.5) 

i '  
' I  

I 

or 1' 
n 1.17 - 0.33 

& = O n -  n - 0.33 = $(2.55 2 0.10) 

where Ak = negative reactivity value of rod ($) 
, f  no = steady-state neutron level at 50 watts as measured by proportional counter 1 

' i  
I 

I 
immediately prior to rod drop = 1.17 X lo6 cpm 

n = neutron level immediately after rod drop as obtained by extrapolation of I t ,  

delayed-neutron decay curve back to time of initiation of drop = 0.33 x 10' cpm 

1 :  
The fact that the actual calibrated rod value of $2.55 in S1G was less than the value 

of $2.70 measured in the PTR is probably attributable to composition differences: the 
S1G contained no sodium during dry startup, whereas the PTR contained magnesium as a 
sodium mock-up. By use of the calibrated value of the secondary safety rod, the actual 
dry safety margin at 2750F was  then 

I 
I 

1 

SM = 0.328 x $2.55 = $(12.30 5 2;50) 0.068 
The probable error  of the safety-margin measurement is set at 220 percent of its 

value because of a 3 per cent probable e r ro r  in each inverse-multiplication measure- 
ment and a 4 per cent error  on the secondary-safety-rod value. It should also be pointed 
out that the rod calibration was performed at criticality, whereas the safety-margin 
calculation was  based upon inverse -multiplication changes at about $12.00 subcritical. 
It is implicitly assumed that the safety-rod value remains constant for the two cases. 
Experience with the PTR has shown that reactivity values change as the controlcylinders 
are moved to their least reactive position. Although the magnitude of this change is 
somewhat uncertain, it is probably not very large. The estimated dry safety margin 
from PTR measurements had been $12.00. 

from the slope of the inverse-multiplication data plotted during,the first rotation to 
critical if it is assumed that the safety margin is directly related to inverse multiplica- 
tion. Bottom-counter data indicated the control sensitivity to be about 4.2C/deg/cylinder. 
Side counters indicated less sensitivity, but it is believed that the position of the adjacent 
control-cylinder poison influenced leakage to these instruments, i.e., caused the geo- 
metric factor, G, to vary with cylinder position. The predicted control sensitivity from 
PTR measurements with a sodium mock-up was 4.%/deg/cylinder. Analytical methods' 
had indicated a sensitivity of 5.$/deg per  cylinder. 

It is possible to obtain a measure of the control-cylinder sensitivity at criticality 

20.3 POWER -LEVEL CALIBRATION' 

It was necessary to calibrate the S1G neutron-flux instrumentation readings in terms 
of reactor power level for two reasons: 

1. To prevent any reactor operation at power levels appreciably greater than 1 kw 
which might damage the reactor structure during certain testing performed without the 
benefit of the primary coolant 

2. To allow evaluation of shielding test results. 
The technique employed for calibration consisted basically in comparing fuel activa- 

vations in S1G with similar activations in the PTR at a lmown power level. 
Two removable fuel elements were inserted into an accessible matrix position. Sub- 

sequently the reactor was brought to criticality, and the power level was quickly adjusted 
to a steady-state value that was estimated to be 20 watts by a method devised F. G. 
LaViolette and H. B. Stewart. This power level was maintained for exactly 3 hr; then a 
manual scram was initiated and the two fuel elements were removed for gamma-radiation 
scanning' (Chap. 21). The power-level calibratiop was then simply a matter of comparing 
the activity of the S1G elements with that of two identical elements irradiated for 3 h r  in 
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the PTR at a power level known to be 19 2 2 watts.' The actual S1G power level w a s  
calculated as follows: 

(20.6) 

where Pslo = S1G power level (watts) 
P, = PTR power level = 19 watts 
C slo = integial of counts obtained on automatic scanner using two fuel elements 

C, = integral of counts obtained on automatic scanner using two fuel elements 

For an average of five scans the S1G power level w a s  calculated to be 18.4 2 2 watts 
(versus the 20-watt estimate). No corrections for decay of radiation were required since 
both the S1G and PTR scans were made at exactly the same time after reactor shutdown. 
The S1G nuclear instrument readings during the 3-hr run were taken as equivalent to an 
18.4-watt power level, and subsequent dry operation was  based upon this calibration. 

The accuracy of the fuel activation technique for power calibration as applied to this 
test is, of course, limited by the similarity of the S1G and PTR power distributions. The 
automatic scanner provided a longitudinal power distribution (Fig. 20.4), which com- 
pared favorably with the PTR distribution?' However, no data were obtained for radial 
power distributions in the clean S1G. It was not expected that the radial distributions 
would have compared quite so well since the PTR contained magnesium as a sodium 
mock-up; this caused a difference of about 15 deg between the in-phase wet critical PTR 
control-cylinder positions and the in-phase dry critical S l G  positions. 

calibration between instrument readings and power level was necessary because of 
sodium attenuation between the core and instruments. However, for the same degree of 
subcriticality, the equilibrium reactor power level caused by source multiplication 
should be identical with or without sodium. After the wet  critical in-phase control- 
cylinder position and control-cylinder sensitivity were determined, it w a s  possible to 
establish a known degree of subcriticality and recalibrate the instruments. 

irradiated in S1G 

irradiated in PTR 

It might be noted that, after filling the primary-coolant system with sodium, a re- 
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FILING WITH SODIUM 20.4 

20.4 FILLING WITH SODIUM 'I 

After completion of dry testing the primary-coolant system w a s  prepared for filling 
with sodium. It was necessary, of course, to ensure nuclear safety during the filling of 
the core and to measure the reactivity changes that occurred. It was particularly im- 
portant from a safeguards point of view to know the speed and magnitude of the reactivity 
changes that might occur when sodium entered the core. Hence a procedure for fiiing 
the core and reflector was adopted which minimized the possibility of a nuclear incident. 
In an intermediate reactor the danger exists of introducing into the core hydrogenous 
material which has a relatively large positive reactivity coefficient. 

Before the primary-coolant system w a s  charged with sodium, the following three 

1. The average reactor temperature was adjusted to about 2750F by use of electrical 
heating units. 

2. The primary-coolant system was evacuated to below loop and was canstantly 
monitored until it was  evident that there were no volatile substances such as oil 
and water in the system. 

3. The secondary safety rod was cocked, one control drum was positioned at 70 deg, 
and the other five drums remained at 0 deg. By this procedure the dry reactor 
was  somewhat nearer criticality and thus became more sensitive to small re- 
activity changes while additional safety was  immediately available. During the 
entire filling operation the zero-stabilized amplifiers were set on their most 
sensitive range scale; the cocked safeties would then scram if the power reached 
a level of 2 or  3 watts. 

When all reactor and liquid-metal instrumentation had been checked and all reactor 
and liquid-metal components fqund to be in working order, the charging operation was 
begun. The initial charging.rate of the sodium into the system was 10 gpm until the 
sodium level was up to, but not in, the lower plenum chamber. A t  this point filling was 
halted and the counting rate was determined. 

The procedure then called for a filling rate of 4 gpm, stopping at 4-in. height incre- 
ments for counting-rate determinations. This technique was designed to safeguard the 
reactor, even if large amounts of oil had remained undetected in the primary-coolant 
system. However, the sodium level in the core rose at a somewhat faster rate~than was 
expected, and it w a s  not possible to determine the reactor multiplication after each 4-in. 
rise in the level. The level in the core was estimated with the following instrumentation: 

steps were performed 

1. Proportional counters, The sodium level, as well as the subcriticality of the 
reactor, could be estimated by observing changes in the reactor multiplication 
as the sodium entered the system. The side counters gave the most reliable 
indication since they were relatively unaffected by any neutron attenuation from 
the sodium. 

2. Thermocouples on the reactor container. Initially, the thermocouples indicated 
various temperatures, depending on their proximity to electrical heating units. 
However, as the level of the sodium was raised, all thermocouples successively 
indicated the same temperature. Temperature changes were gradual, however, 
and it was  only possible to specify the sodium level to within a few inches. 

3. Sodium level instrumentation in the hold tank of the sodium service cell. The 
level of sodium was also approximated by measuring the volume of sodium 
pumped and comparing this with calculated sodium volumes in the coolantsystem. 

At no time during the filling was the sodium observed to have a neptive reactivity 
coefficient. This substantiated experimental workof Anthony and Schulz whichindicated 
that the reactivity coefficient was always positive, even in the reflector. 

After sodium filling had been completed, the approach to wet critical was made. 
Inverse multiplication was  plotted as a function of cylinder position as for the dry rota- 
tion to criticality. It was found that, for an average reactor temperature of 4500F, the 
wet critical in-phase cylinder position was 58.5 deg (Fig. 20.5), a shift of 20 deg from 
the dry critical position. 

The safety margin was determined in two ways: (1) the degree of subcriticality was 
calculated by using Eq. 20.4 for changes in count rate as the cylinders were rotated 
through a definite increment; and (2) the curve of control-cylinder sensitivity was inte- 
grated up to the critical position. The average safety margin from these two determina- 
tions was $(6.30 2 1.00) at 4500F. 
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The reactivity value of the sodium was determined from the difference between the 
dry and wet safety margins. The safety margin of the dry S1G at 2750F had been found 
to be $12.30. Adjusting this value for the temperature coefficient of the reactor without 
sodium (from Table 20.3), one obtains $12.60 for the dry S1G at 450°F. Hence the 
nominal value of all the sodium (with the control cylinders at 0 deg) was $12.60 - $6.30 = 
$6.30. Estimates based on reactivity-coefficient measurements in KAPL critical as- 
semblies had indicated that the core sodium alone should be worth about $4.00. 

20.5 SECONDARY SAFETY-ROD AND CONTROL-CYLINDER CALIBRATION 13y14 

Immediately after the primary-coolant system had been filled with sodium, a check 
was made on the secondary-safety-rod reactivity value and on control-cylinder sensi- 
tivities. Two methods of calibration were used. Both involved the rod-drop technique 
(Eq. 20.5). 

The first method required dropping the secondary safety rod into the critical reactor 
to determine its worth. Then with the secondary safety rod remaining completely in- 
serted, criticality was reestablished and the power level w a s  restored to the original 
pre-rod-drop level by adjusting the control cylinders in phase toward their most reactive 
position. In this manner the cylinders were calibrated by relating the cylinder rotation 
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SECONDARYSAFETY-ROD AND CONTROLCYLINDER CALIBRATION 20.5 

TABLE 20.l--CONTROL-CYLINDER SENSITIVITY BY SECONDARY- 
SAFETY-ROD-DROP METHOD 

Run drop No. 
1 2 3 

Power Ievel, watts 100 100 100 
Average reactor temperature, O F  370 370 650 
In-phase cylinder position 

In-phase cylinder position 

Value of rod drop, $ 
Average control sensitivity over 

before rod drop, deg 57.6 57.5 60.0 

after rod drop, deg 67.0 67.3 70.0 
Rotation interval 9.4 9.8 10.0 

2.23 f 0.15 2.33 5 0.20 2.45 f 0.12 

interval, $ /deg/cylinder 3.95 2 0.25 4.01 2 0.3 4.12 50.2 

necessary to restore power and the calibrated rod value. This method provided an 
average control-cylinder sensitivity over a 10-deg range. The results obtained by this 
method a re  shown in Table 20.1. 

Some difficulty was ekperienced in making the safety-rod drop to the fully inserted 
position during this experiment because of the safety circuit,modification required to 
scram the secondary safety rod independently of the control cylinders (primary safeties). 
Therefore, the total safety-rod value was probably closer to the PTR-predicted value of 
$2.70 than the measured values listed in Table 20.1 would suggest. The measured values 
were well within the design specification requiring a minimum value of $2.00. 

The control sensitivity calculations were.based on these measured safety-rodvalues. 
The accuracy of this technique of measuring control sensitivity is limited because the 
neutron flux at the core-control-cylinder interface tends to increase relative to the. 
average flux when the safety rod is inserted. Since the relative effectiveness of a neu- 
tron absorber is roughly proportional to the square of the neutron flux, the control 
sensitivity values obtaged by this method would be expected to be slightly higher than the 
actual values during normal operation. 

The second method utilized for measuring control-cylinder sensitivities made use of 
the equipment developed for power-coefficient measurements (see Chap. 35). It proved 
possible to move a control cylinder so quickly through the limited 2-deg fine-control 
interval that the rod-drop technique could be applied for calibration. The time required 
for the cylinder to “drop” through the 2-deg range was between 120 and 180 msec. Dur- 
ing initial reactor operation sensitivity measurements were performed in a range around 
the in-phase critical position by positioning the cylinders slightly out of phase so that the 
one being calibrated was at the desired location. Since during normal operation the 
cylinders remain within 25 deg of the in-phase position and since sensitivity values are 
affected by deviations from the in-phase location of cylinders, this method of obtaining a 
range of calibration was generally limited to within 5 deg of in-phase. W~th extended 
power operation and the associated build-up of xenon and fission products, it has been 
possible to extend the range of calibrations from the initial wet critical position of 
58.5 deg up to a i  deg. 

Neutron response to a typical 2-deg drop is shown in Fig. 20.6. Table 20.2 lists 
some of the data associated with the test results shown in Fig. 20.7. 

Although the control-cylinder motion was not recorded for these particular runs, 
some windup and backlash apparently existed in the system so that the cylinder bounced 
on reaching the lower 2-deg limit. This can be noted in the neutron-level behavior at 
the end of the drop shown on Fig. 20.6. 
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Fig. z o . 6 N e u m n  level response to P rapid 24g control-cylinder rotation. Some control- 
cylinder “bounce” is evident. 

In Fig. 20.7 there is an apparent drop in sensitivity values by an amount between 
0.15 and 0.25$/deg per cylinder for the runs made at 73 deg and higher. Such a shift 
could result from a change of as little as 4 min in the 2-deg stroke. Since these runs 
were made using the No. 5 rather than the No. 1 control cylinder as for the previous 
runs, it is conceivable that the differences in the two drive systems caused the apparent 
sensitivity shift. For comparison purposes Fig. 20.7 algo shows sensitivities predicted 
from PTR testing by Anthony, Schemel, and MacKinney. 

The S1G control curve (Fig. 20.8) was obtained by an integration of the sensitivity 
values in Fig. 20.7. The broken portion of the curve is an estimate made from PTR 
measurements. 
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Fig. 2o.S-SIG control curve. 

20.6 SODIUM FLOW AND PRESSURE EFFECTS ON REACTIYITY's'17 

Although a flow effect on reactivity was not elrpected, maneuverability considerations 
made it necessary to investigate thoroughly all possible sources of reactivity change 
during normal operation. 

In experiments performed at low power (1 to 25 watts), a negative effect up to about 239 
was observed as the flow rate was varied between zero and rated flow (Fig. 20.9). The 
time constant of this effect appeared to be less than 4 sec. 

An analysis of the test results and subsequent experiments indicated that these 
reactivity variations were probably the result of slight movements of the core matrix 
structure. In gas-flow tests, pressure gradients were found between the side reflector 
and the core matrix regions; these gradients caused the outer part of the matrix to bow 
toward the reflector. The maximum deflection of the matrix into the gap between the 
core and reflector was about 0.08 in. With the use of PTR reactivity coefficients, a 
reactivity decrease of about 30C due to bowing was calculated to be possible. After. 
studying (1) the effect of the flow-induced reactivity changes on the control system and 
(2) the possibility of contact between the control cylinders and the core matrix at 
higher power levels, the existence of the flow effect was judged not to be serious. 

primary-coolant-system pressure on the reactivity of the clean critical S1G. 
Other experiments were made at low power to measure at low power the effect of 
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Fig. m.g-Effect of coolant flow rate on reactivity. 

The results obtained at both high and low flow rates indicated the existence of a 
slight positive pressure effect on reactivity. A positive pressure effect of 1.5$ to 2.0c 
was found in going from 35 to 100 psig. It was concluded that the operation of the reactor 
would not be influenced greatly by pressure changes in the sodium. 

20.7 TEMPERATURE- AND POWER-COEFF'ICIENT mASUREMENTS 
(Similar material on temperature and power coefficients appears in Chaps. 27 through 37. 
The emphasis here is on the over-all nuclear testing; whereas in these other chapters 
the subject is examined in its more specialized aspects.) 

smdpoint of maneuvering stability and safety is the power coefficient of reactivity. To 
ensure satisfactory maneuvering stabiliq in S l G ,  it was necessary for the over-all 
power coefficient to be negative. From the standpoint of safety during rapid maneuvers, 
it was very desirable to have a fast coefficient component-which was negative or at least 
not strongly positive. Reactor kinetics studies using the pile simulator have shown that 

A nuclear characteristic of primary importance to the entire power plant from the 
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the plant can be maneuvered satisfactorily providing the f a s t  coefficient does not exceed 
a positive value of about 0.02$/OF increase in fuel temperature. 

thermal temperature coefficient’’ was made. As used in this chapter, the temperature 
coefficient is associated with changes in reactor temperature induced by changes in 
sodium temperature made externally to the core as contrasted to the power coefficient 
which is associated with temperature changes initiated by heat generation in the fuel. 
Although the temperature coefficient is not strictly applicable to the normal situation 
during a power maneuver, it is a convenient criterion since it can be measured at low 
power or even when the reactor is subcriticaleif desired. The isothermal-temperature- 
coefficient measurement has provided an easy method for continual low-power monitoring 
during the reactor life to detect any drift in the temperature coefficient and possibly to 
warn of unexpected changes in the magnitude of the over-all coefficient. 

During the approach to and initial operation at rated power, a variety of techniques 
were used to measure the S1G power coefficient, and these tests were repeated periodi- 
callv throughout the core life to observe any changes in the coefficient. Such tests in- 
volve basically a comparison of the reactor transfer function or the neutron-level 
response at low power with similar characteristics at higher powers. 

Prior to any high-power operation of SlG, a measurement of the so-called “iso- 

Both the temperature and power coefficients consist of several contributing com- 
ponents, each having a particular algebraic sign, magnitude, and response time. They 
include 

1. Structural expansion effects. . The exp‘ansion of the core and reflector with in- 
creasing temperature has several effects on reactivity. (See Chap. 29 for 
quantitative calculations.) The various contributions are difficult to calculate 
because of their complicated dependence on the mechanical construction of 
the core. 
The geometrical expansion causes the reactor buckling to decrease with a corre- 
sponding reduction in neutron leakage. This, of course, has a positive effect on 
reactivity. On the other hand, the expansion decreases the density of allmaterials 
in the reactor and results in increases in neutron age and diffusion length. This 
latter effect tends to increase the leakage or reduce reactivity and outweighs the 
positive buckling effect. Mechanical motion of the control cylinders relative to 
the core may cause additional reactivity changes. The time of response for vari- 
ous structural expansion effects to occur after a power-level change should vary 
between 10 sec in the core and 30 sec ’in the reflector. 

core and reflector of about $6.30 (i. e., moderation properties outweigh absorp- 
tion), expansion of sodium on heating reduces the number of sodium nuclei h the 
reactor and results in a decrease in reactivity. The response time for the major 
portion of the sodium in the core should be between 0.2 and 0.6 sec, a fairly 
fast coefficient. 

the thermal-neutron temperature distribution shifts upward and results in tem- 
perature or power effects on reactivity. Since an appreciable fraction of the 
sub-cadmium fissions in the S1G core is due to neutrons thermalized in the re- 
flector and scattered back to the core, a decrease in the reflector steel absorp- 
tion cross-section with temperature may have a positive effect on reactivity. 
This effect, in the case of the reflector structure, can lag substantially behind 
the core temperature. 
The most serious potential positive thermal-base effect is related to XeIS5 - The 
peak of the xenon resonance is at such low energy, 0.08 ev, that a temperature 
increase of the core moderator causes the xenon-to-fission cross-section 
ratio to decrease and produce a positive reactivity contribution. Similar 
effects, perhaps negative, may arise from the variation in a for U2” with energy 
and also with the accumulation of other fission products. Nearly 25 per cent of 
the beryllium’in the core is in direct contact with sodium; this results in a re- 
sponse time of about 1 sec for the thermal-base effect. 

4. Doppler effect. (See‘Chap. 52.) The Doppler coefficient is important because of 
the large changes possible in fuel temperature inS5extremely short times. This 
coefficient results from the broadening of the v“ cross-section resonances with 

2. Sodium-expansioneffects. Since sodium has apositive reactivity effect inthe S1G 

3. Thermal-base effect. A s  the temperature of the beryllium moderator increases, 
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ISOTHERMAL TEMPERATURE COEFFICIENT 20.8 

increased fuel temperature. A positive contribution is made by the fissioncross- 
section; whereas a negative contribution is obtained from the absorption cross- 
section. Experimental measurements in the PTR indicate the over-all Doppler 
effect to be negative in the clean reactor. (See Chap. 33.) The response to this 
effect is for all practical purposes nearly instantaneous with power. 
Because of the importance of determining temperature- and power-coefficient 
information, particularly concerning fast-response components, the several 
techniques that have been employed on SlG are discussed individually. 

20.8 ISOTHERMAL TEMPERATURE COEFFICIENTLB 

For this test the reactor power was adjusted to 1 kw with the average reactor tem- 
perature at 500°F and sodium flow at 63 per cent rated flow. Since at this low power 
essentially no heat w a s  being generated in the core, temperature had to be maintained 
and varied, when required, by sources external to the reactor. One source of heat was 
the electrical heating units on the primary-coolant system. Heat was also obtained from 
the electromagnetic pumps by operating them at high flow rates. Under these conditions 
it was possible to increase the average reactor temperature at a rate of 10°F/hr. Dur- 
ing this test water was present in the steam generators. The control-cylinder motion 
necessary to maintain a constant neutron level was recorded as a function of the reactor 
temperature. Because of the small changes in reactivity, one cylinder was adjusted at 
a time to minimize position uncertainty. The temperature coefficient was calculated 
from the measured over-all reactor temperature increase and the known control- 
cylinder sensitivity. The observed isothermal temperature coefficient of reactivity at 
low power was  found to agree better with predicted coefficient than one might expect 
from the uncertainties in the calculations. A breakdown of the predicted result is given 
in Table 20.3. 

TABLE 20.3--PFtEDICTED ISOTHERMAL TEMPERATURE 
COEFFICIENT (CLEAN CORE) 

Coefficient, 
Contributor 4 / O F  

1. Structural expansignls (Chap. 29) -0.17 

0.10 
-0.04 
-0.20 

2. Sodium expansion (Chap. 28) -0.09 
3. Thermal-basezffect (cf. Chap. 28) 

- 4. Doppler effect (Chap. 33) 
Over-all coefficient 

20.9 STEADY-STATE TEMPERATURE COEFFICIENT 

The steady-state temperature coefficient differs in principle from the isothermal 
temperature coefficient in that the temperature distribution throughout the reactor core 
resembles the temperature distribution during normal-power operation. These some- 
what more refined temperature coefficient measurements were made at 50 and 100 per 
cent rated power by varying the reactor inlet sodium temperature. All tests were per- 
formed with rated AT across the reactor, with constant sodium flow and with different 
xenon concentrations. The inlet sodium temperature was decreased about 50°F by 
lowering pressure in the steam generators. Control-cylinder motion was used to 
measure the associated reactivity change. 

Figure 20.10 shows the experimental results as a function of xenon concentration. 
For a given measurement the analysis was complicated by the xenon buildup during the 
finite time required for the change in inlet temperature. This correction €or xenon was  
of the same magnitude as the change in reactivity with temperature. The fact that the 
temperature coefficient for both the 50 and 100 per cent power runs decreased with 
increasing xenon concentration indicates the xenon contribution to be a positive co- 
efficient. The apparent increase in temperature coefficient in going from 50 to 100 

LOADING, NUCJSAR TESTING, AND POWER OPERATION 267 
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Fig. lo.xo-Steadystate tmperaturc eoefficicnt as function of xenon concentration. 
Values arc given relative to the zcm power value taken as -1.0. 

per cent power has not been explained; possibly it was due to experimental errors. 
The temperature coefficient had been expected to become less negative with increasing 
power level because of the logarithmic relation of the Doppler effect with temperature." 

20.10 POWER COEFFICIENT BY PILE-OSCILTATOR TECHNIQUEP 

268 

A series of power-coefficient measurements was  made on S1G at six power levels 
before full power was reached. Power coefficients were measured by means of pile- 
oscillator techniques, with the reactivity variation being introduced through small os- 
cillations of a control cylinder. (See Chaps. 34 and 35 and also reference 22.) In 
essence, this technique involves the measurement of the reactor transfer function at 
different power levels. The changes occurring in the reactor transfer function as 
power is increased result from the effects of the various reactor temperature co- 
efficients. 

sinusoidal variation in reactivity is given by 
The response of a reactor with negative temperature-coefficient feedback to a small 

where &n/n,, = fractional power change 
6k = oscillating reactivity ($1 

r(j w) = power coefficient of reactivity 
A(j w) = low-power reference transfer function 

(20.7) 
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POWER COEFFICIENT BY ROD-DROP TECHNIQUE 20.11 

When the reference transfer function is obtained at low power, the thermal response 
of the reactor is negligible. The clean S1G reference function that was observed checked 
well with calculations and with the PTR reference function (Chap. 34 and reference 23.) 

Solving Eq. 20.7 for the temperature effect r(j dn,,, we have 

- r (J 4no = bn/no (Iw) - A m  ((20.8) 
6k 1 

To obtain an average power coefficient in units of dollars per megawatt, r (j w)no 
should be divided'by the power change in megawatts between the low- and high-power 
runs. 

The small reactivity oscillations (6 k) of the control cylinder were recorded from 
the output of a selsyn transmitter in the control drive mechanism. To provide the best 
comparison of eltperimental results with calculated results, a maximum reactivity 
oscillation of 54$ was employed. For safety reasons mechanical stops were used in the 
control drive mechanism which set 2 deg as the maximum possible full stroke obtainable. 
An ionization chamber was used as the sensing element for the neutron level or 6n/n,, . 
A description of the apparatus employed and the results are given in Chap. 35. 

20.11 POWER COEFFICIENT BY ROD-DROP TECHNIQUE 

The rod-drop technique for measuring the power coefficient (Chap. 36 and reference 
24) resembles thepile-oscillator method in that it is a comparison of low- and high- 
power characteristics, but in this case it is a measurement of neutron-level response to 
a "drop" of the control cylinder through a limited 2-deg stroke. Basically this method 
involves calculation of the Ak(t) required to produce the observed neutron-level response 
during and immediately following the drop. The difference between the calculated Ak's 
obtained from a low-power reference run and from a high-power run is then a measure 
of the reactivity effects of temperature changes during the high-power drop. 

Akdt) = Ak(t) - Luro(t) and m- = power coefficient ($/Mw) (20.9) abii. (9 

where Akdt) = reactivity resulting from temperature changes in reactor components 
during a rod drop 

calculated from neutron-level response at a given power level 
Ako(t) = calculated reactivity change caused by control element during rod drop 

at low power with no temperature effects 
AP(t) = power change resulting from %(t) 

Ak(t) = total reactivity change (control element and temperature effects) as 

Figure 20.11 shows typical results in terms of power coefficients, i.e., cents per 
megawatt power change, for reactor operation at 40 per cent rated power, 5000F average 
reactor temperature, and l O O O F  AT. The power coefficient varies with time after drop 
because various core components respond to a change in power with different time 
constants. The initial buildup of xenon appears to make the coefficient somewhat less 

TIME (SEC.) 

Fig. zo.11-Powcr coefficients after 30,000 Mwh of operation. Results of rod-dmp 
mcasurunents made after 430. and 237 hours of continuoos operation. 
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20.12 . REACTIVITY EFFECT OF FUEL DEPLETION AND FISSION-PRODUCT ACCUMULATION 

negative. As in the case of pile-oscillator tests, an increase in the prompt negative 
effect has been observed after periods of extended operation. The coefficients in 
Fig. 20.11 were obtained after about 30,000 Mwh of operation and are  not appreciably 
different from results for similar reactor conditions during the initial extended full- 
power operation. 

20.12 REACTIVITY EFFECT OF FUEL DEPLETION AND FISSION-PRODUCT 
ACCUMULATION25 

Measured reactivity defects (decrease in reactivity) and defect rates in the S1G 
during initial power operation were due to fission-product buildup, fuel depletion, and 
Lie accumulation in beryllium. The reactivity defect was followed as a function of time 
by observing the compensating motion required on the six control cylinders. Cylinder positions were converted to reactivity units by using the control curve (Fig. 20.8), and 
these values were subsequently corrected for the sodium-flow effect (Fig. 20.9) and for 
the temperature effect. 

to determine the reactivity defect rate, it was necessary to log the S1G power history 
by making periodic sodium heat balances around the reactor. Power was calculated as 

The defect rate is of primary importance in predicting reactor endurance. In order 

P = 2.348 p CpF A T  (20.10) 

where P =power (watts) 
p = sodium density at average reactor temperature (lb/cu ft) 

F = sodium-flow rate (gpm) 
Cp = specific heat of sodium at average reactor temperature (Btu/lb/oF) 

AT = sodium temperature rise across reactor (OF) 
Power and reactivity defect variations during a tgpical one-week pefiod of operation 

are shown in Fig. 20.12. 

I 

270 

Fig. w.xt-Powcr and reactivity d e f s t  variations during one week of SIG operation. 
Reactivity defects were calculated from control cylinder settings. The reactor was shut 

down for about thm days during this period. 
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REACIWITY EFFECT OF FUEL DEPLETION AND FISSION-PRODUCT ACCUMULATION 20.12 
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Fig. 20.~3-Gmwth of reactivity defect with reactor operation. Xenon &eca have been 
taken out; what is shown here is the result of fuel depletion and non-xenon hion-product 

buildup. 

Determination of the defect rate was complicated by the existence of major fission- 
product poisons having transient characteristics, namely, XeLSs and Sm" '. The best 
method found for obtaining the non-xenon defect rate was to determine as a function of 
the accumulated megawatt hours of operation the reactivity defects at reactor startups 
after periods of extended shutdown where little or no xenon was present. Based upon 
the first 45,000 Mwh of operation, the non-xenon defect rate was 12.5$/1000 Mwh as 
shown in Fig. 20.13. The non-xenon, non-samarium defect rate was calculated to be 
9.39/1000 Mwh by correcting the measured rate of 12.5$/1000 Mwh for the initial 
transient behavior of Sm"', using PTR reactivity-coefficient data obtained by King 
(Chap. 14.) Since the Sm"' concentration w i l l  begin to approach saturation after about 
1000 hr  of full-power operation, the over-all non-xenon defect rate should decrease 
from 12.5$/1000 Mwh in the clean reactor toward 9.3$/1000 Mwh in the depletedreactor. 

The measured non-xenon defect rate agrees reasonably with the sum of the various 
reactivity loss contributions expected in the clean reactor (Table 20.4). The loss due 
to fuel depletion has been evaluated quite accurately in the PTR mock-up of the clean 
S1G to be 2.6$/1000 Mwh andashould not be subject to any large uncertainty. The poison- 
ing effect of the buildup of Li in the beryllium'has been calculated (Chap. 26) to be 
1.1$/1000 Mwh; again, this can add only slightly to the uncertainty of the total defect 
rate. There is, however, considerable uncertain@ as to the poisoning effect of the 
fission products. 

A straight theoretical computation (Chap. 12) of the fission-product poisoning, as- 
suming that the nuclear level widths and spacings of fissionproducts are distributed statis- 
tically much as in other materials, has led to an initial defect rate of 7.2$/1000 Mwh. 
Of this 2.4$/1000 Mwh is due to Sm14', and 4.8$/1000 Mwh is due to the other 
non-xenon fission products. The defect rate diminishes to 5.6$/1000 Mwh as the 
reactor becomes depleted and the Sm'"' approaches saturation. This treatment is truly 
statistical only for the high-energy resonances, and special effects have to be con- 
sidered for the important low-energy resonances such a s  in Sm"' 

nuclides, combined with judicious ex+apolation of such measurements on a number of 
elements in the fission-product region, have been used to estimate an average fission- 
product defect rate of 4.7$/1000 Mwh over the core life. Of this, 4.7$, 1.39 is due to 
Sm14', and 3.4 $is due to the remaining non-xenon fission products. As can be seen in 

Reactivity coefficient measurements in the PTR (Chap. 14) on a few fission-product 
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20.13 POWER DISTRIBUTION 

Table 20.4, the defect rates that are predicted by these two methods are somewhat 
lower than the measured value. 

Reactivity observations carried on for more than 75,000 Mwh of operation, indicated 
that the d75zct rate was maintained at about the initial 12.5$/1000 Mwh value. Inasmuch 
as the Sm is bound to approach saturation after long operation the other sources of 
reactivity loss must have increased to offset the decreasing Sm14' contribution. Fuel 
depletion seems most likely to have done this. 

TABLE 20.4--FtEACTIVITY DEFECT RATES EXPECTED 
CONTRIBUTIONS VS VALUES' MEASURED IN S1G 

Source of defect (!/lo00 Mwh $/lOOOMwh $/lo00 Mwh 
Clean value, Depleted value, Average value, 

Fuel depletion (PTR data) 2.6 4.3 3.5 
Li ' buildup (calculated) 1.1 1.1 1.1 
~m 14' 
Other fission products 2.4 17.2. 15.6* k . 7 t  

O 

4.8 5.6 3.4 (except xenon) - 
Expected totals 10.9 11.0 9.3 
SlG measured values, 

*Calculated (Chap. 12). 
tPTR data (Chap. 14). 

$/lo00 Mwh 12.5 12.5 12.5 

The clean full-power steady-state xenon defect was measured as $2.30 by comparing 
cylinder positions after an extended run at full  power with the critical position at the next 
startup. This value is in good agreement with the prediction from multigroup calculations 
by Hofmann and NevinsZ6 of $2.14. The peak of the xenon transient appeared to occur 
about 3 hr after shutdown and was only lo$ greater than the steady-state defect. 

Any prediction of reactor endurance, defined as the total energy output accumulated 
before the reactor loses the ability to override peak xenon following a shutdown from full  
power, has at this point the following inherent uncertainties: 

1. Defect rate. ?e non-xenon, non-samarium defect rate of 9.3$/1000 Mwh as 
measured in the clean reactor may not be constant during reactor life because of 
the changing neutron spectrum. 

2. Control curve. The S1G excess reactivity above clean critical and that available 
for endurance must be based on PTR measurements where fission products a re  
mocked up by cadmium. 

3. Transient poison reactivity. The reactivity allowances in the depleted reactor 
for Xels5 and Sm14 are based upon PTR measurements only. 

20.13 POWER DISTRIBUTION 

As  yet no complete set of power-distribution data has been obtained in the S1G. 
Other than the scanning of individual elements during dry power level calibration, only 
four assemblies have been removed and scanned. The burnup in these four was  rela- 
tively low since they had been in the core an equivalent of slightly more than 25,000 Mwh. 
The longitudinal scans showed depressions in activity at the center of the fuel region and 
about halfway toward either end, as appear in Fig. 20.14. These depressions were caused 
by steel reinforcements in the fuel assemblies. The actual activity without the structural 
steel would presumably be a smooth curve as estimated by the dashed line. Unfortunately 
Fig. 20.14 is not a true power distribution; for it has been found that there was a high 
variable background count related to the position of the assembly being scanned, which 
tended to increase the values at the ends of the assembly more than it did at its center. 
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Fig. 20.14-longitudinal scan of fuel assembly. See text, Scc  20.13, for explanation of the 
dips in the curve. 

20.14 SUBSEQUENT TESTING 

Some testing was continued through the core life of S1G since critical experiments 
can provide only limited information on the effects of fission-product accumulation and 
fuel depletion on certain reactor characteristics. In particular, control-element cali- 
brations Were performedafterevery lO-deg in-phase motion owing to non-xenon fission 
products and to fuel depletion; the isothermal temperature coefficients and sodium-flow 
coefficients were monitored monthly; the reactivity defect as a function of integrated 
power operation was followed; and power coefficient measurements were taken at 
intervals of 30,000 Mwh. This continued testing served in general to substantiate the 
results described in this chapter. 
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Chapter 21 

POWER-DISTRIBUTION MEASUREMENTS 

ON CRITICAL ASSEMBLIES 

6. B. GAVIN, E. B. FEHR, and R. T. FROST 

21.1 INTRODUCTION 

For reactor analysis and design purposes the power distribution as well as a 
variety of other reactor characteristics must be known as a function of control-element 
position and of fuel burnup. To study the significant aspects of these characteristics, 
both in the quasi steady-state condition and as a function of time, two critical assem- 
blies were constructed. One assembly (PPA-20, 66-deg position) simulated a clean 
reactor, and the other (PPA-19, 106-deg position) simulated a depleted reactor. 

The results of the fission-rate measurements in each assembly have direct appli- 
cation in (1) choosing the sizes of the coolant orifices, (2) analyzing differential stresses 
due to heat gradients, and (3) evaluating fuel burnup and reactor endurance. 

Later work w a s  done in the PTR. A sample of the results of such work is also in- 
cluded in this chapter. In general, the PTR results verified those obtained from the 
PPA’s. 

21.2 CRITICAL ASSEMBLIES USED 

The PPA-20 w a s  a mock-up of a clean reactor having about 50 kg of fuel, but it had 
approximately $1 worth of cadmium to make it possible to locate all six of the control 
cylinders at a 66-deg position. (The clean reactor would be critical wi th  all six control 
drums rotated 58 deg from their least reactive, or boron-toward-core, position. The 
hexagonal matrix of the PPA’s allows them to mock up cylinder positions only at 6,26,46, 
66, . . . 126 deg. The cadmium added allowed use of the nearest possible angle to 58deg.) 
The cadmium w a s  in the form of slivers and was  loaded in the interstitial region of the 
tube matrix. Because of the presence of the cadmium, PPA-20 simulates the reactor 
somewhere between clean start-up and the steady-state xenon condition. The PPA-19 
contained approximately 45 kg of fuel and $8 worth of cadmium, which corresponds to 
the same reactor with steady-state xenon after about 100,000 Mwh of operation. Since 
in this depleted condition the control cylinder would have been rotated to move the 
boron away from the reactor core, no attempt was made to mock the control cylinder 
in detail in any sector of the PPA-19. Three control cylinders shown in Fig. 21.1 indi- 
cate the 66-deg location of the control cylinders in the PPA-20; another three cylinders 
show the 106-deg position for the PPA-19 mock-up. (No actual critical assembly, of 
course, had such a mixed set  of control-cylinder positions.) 

Except for the fuel and cadmium in the reactor core, the compositions of the 
PPA-19 and PPA-20 were practically the same. The .detailed compositions are  given 
in Table 21.1, wherein the abbreviation SS is used for Stainless Steel. 

The sample of PTR data was taken on a modification of PTR-3 that was intended to 
simulate the depleted condition of a reactor, with control cylinders set  at 126 deg. The 
composition of this reactor is also included in Table 21.1. The cadmium in it w a s  in 
the form of 0.6-mil-thick plating considerably thinner than the slivers used in the PPA’s 
hence it was  more effective as a poison in the PTR. 
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Fig. ZLI-TWO halves of equatorial plane. 

TABLE 21.1--CORE COMPOSITIONS 

Material PPA-20. 66 deg 
Be, moles 30,248 
SS, moles 3,322 
Mg, moles 3,173 

3,842 
3 B m o l e s  u2S5’ moles 14.6 

220 

Poison VLJ :I> 

, mo1e.s 
Cd, moles 9.4 

of Cd, $ 1 

PPA-19, 106 deg 
30,248 

3,327 
3,638 
3,354 

12.62 
192.16 

52.9 

8 

PTR-3, 126 deg 
29,962 

3,386 
2,256 
4,049 

14.8 
202.5 

12.75 
,.: 

9 

21.3 TECHNIQUES OF POWER-DISTRIBUTION MEASUREMENT 

. The methods used for comparing the local fission rates in these assemblies evolved 
from simple activation techniques. Basically, a measurement of the fission-product 
activity in PPA fuel disks was  used to determine the power-distribution characteristics 
because it is the most direct and probably the most accurate type of measurement. The 
integral type disk-activation. measurements were effected by placing standard PPA fuel 
disks at appropriate positions throughout the reactor core, removing these disks after 
an exposure, and counting the gamma activity induced in the disks. Such measurements 
integrate the power distribution over each 2-inch diameter fuel disk used and are ac- 
cordingly too coarsegrained to represent steep power gradients accurately. 
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Two special techniques were developed to show small-scale power variations, at 
least on a relative basis. These techniques had the common feature bat they measured 
the activity variations along UZs5 strips that had been irradiated in the assembly. The 
thickness of these strips was such that they had the same self-shielding as the fuel. 
$ome strips were placed along radial lines, as in Fig. 15.6, on the mid-plane interface 
(between the two halves of the assembly). Other strips were inserted axially along the 
PPA fuel tubes at the edges of the fuel disks. 

The first technique’ was to comparethe blackeningof photographic film on which the 
U2” strips were laid after the reactor was shut down. Thi’s radioautographic technique, 
which w a s  used in the PPA-19 measurements, suffered from the usual large errors  of 
film density measurements. 

The second technique’“ w a s  the use of an automatic “scanner” which measured the 
beta activity of successive narrow portions of the strip. This scanner was  used in the 
PPA-20 measurements; it w a s  designed to have high resolution, to reproduce results 
well, to be fast in operation, and to correct automatically for the time decay factor. 

In all these measurements the data obtained by the different techniques have been 
intercompared, and the most reasonable results have been chosen for the power dis- 
tribution given in subsequent figures. Table 21.2 summarizes the techniques used in 
this power distribution study. 

TABLE 21.2--TECHNIQUES EMPLO.YED FOR FISSION-RATE MEASUREMENTS 

Fuel-dis! Fuel -s trip Fuel-strip 
counting radioautograph ’ counting2-* 

Irradiated PPA fuel disk u2” ~l strip? u~~~ strip, 
material highlx enriched 31% UZs5 by weight highly enriched 

Dimensions of 2 -in.-diame ter Rectangular strips Rectangular strips 
inu2 

irradiated disk, 40-mil 1/2 X 8 in., 7-mil 3/4 X 20 in., 3-mil 
material thickness thickness thickness 

Effective 0.115 gm /cm2 ’ 0.115 gm/cmz 0.156 gm /cm2 
uZs5 thickness 

Radioactivity Fission-product Fission-product Fission -product 
detected y decay B decay B decay 

Detecting End-window Type K ,  x-ray film End-window 
instrument Geiger counter or  and densitometer Geiger counter 

Scintillation 
counter 

Geometric Area of PPA Densitometer aper- Adjustable slit 
resolution fuel disk, ture, usually usually 3/16 X 

Information Absolute fission Gradient details Gradient details 
2 in. in diameter 1/8-in. diameter 3/4 in. 

obtained rate per disk and relative power and relative power 
distribution distribution 

A. Normalization of Results 
In presenting the results of fission-rate measurements, it has been the practice at 

KAPL to establish the fission rate of the central PPA fuel disk as UniQ and to normalize 
the fission rates at all other disks to the central value. This is convenient for illustra- 
tive purposes and it also permits an absolute evaluation of the reactor power level in 
terms of a calibrated PPA fuel disk located at the center of the reactor. 

do not represent the fission-rate gradients which are developed across the disk. To 
indicate the shape and magnitude of the radial gradients and to maintain general con- 
sistency, the results of the measurements along the last 2 in. of the radial traverses 
have been renormalized so that (1) the slope of the gradient is based on the differential 

The integral fission rates per fuel disk in the peripheral slugs of the core, however, 
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fuel-strip measurements and (2) the area under the more finely resolved curve is 
equivalent to the result of the integral measurement over the 2-in. disk. 

21.4 RELATIVE POWER DISTRIBUTIONS 

A. Radial Power Gradients 
A list of maximum power gradient indices for the peripheral fuel slugs in each 

assembly is given in Table 21.3. The indices indicate the ratio A f / f ;  where Af is the 
maximum change in the fission rate across the PPA fuel slug and Tis the average 
fission rate developed by the slug when the control cylinders are at the 106-deg posi- 
tion. The 106-deg position w a s  chosen as a reasonable compromise between the initial 
66-deg position and the 140-deg position of maximum reactivity. 

TABLE 21.3--POWER GRADIENT INDICES 

PPA-20 (66 deg) PPA-19 (106 deg) 
Slug Traverse Af AfE Slug Traverse Af AfE 

2 
3 
4 
9 

18 
13 

5 
1 

B 0.06 
0.31 

C 0.51 
0.38 

D 0.26 
-0.26 
-0.41 

A -0.35 

0.10 151 
0.48 163 
0.61 172 
0.43 171 
0.34 97 

-0.38 110 
-0.64 124 
-0.59 138 

G 0.23 0.37 
0.20 0.30 

H 0.38 0.46 
0.47 0.53 

E 0.32 0.41 
0.25 0.36 
0.25 0.39 

F 0.23 0.40 

The indices in Table 21.3 are given for successive adjacent fuel slugs around the 
periphery of the core, going from right-to left on the power contour diagrams of Figs. 
21.2 and 21.3. 

! 
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B. Longitudinal.Power Variations 
The longitudinal distributions of the relative power which w a s  developed in several 

fuel slugs in PPA-20 (66-deg position) and PPA-19 (106-deg position) are shown in 
Figs. 21.4 and 21.5. These slugs were located in the half of the PPA’s that corresponds 

1.2 I I I 1 I I I I 
I 

I .o 
51 

a w 0-8 - 
3 
2 

5 
9 0.6 - 
J 
W 
a 0.4 - 

0 ’  I I I I I I I 1 
0 2 4 6 8 IO 12 14 16 

DISTANCE FROM EQUATORIAL PLANE (IN.) 
Fig. i r~ -hng i tud ina l  power distribution, clean reactor (PPA-io), in slugs 4,38,51 and 

91 of Fig. 21.1. 
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1.0 

0.8 
9 
0 
0. 

9 0.6 
F 

E 0.4 

U 
J 

I I I 1 I I I I 
0 2 4 6 8 IO 12 14 16 01 

DISTANCE FROM EQUATORIAL PLANE (IN.) 
Fig. zr.S--lomritudinnl Iwwer dist&tion, depleted reactor (PPA-: j : .  

to the lower h& of the reactor. They are identified by the numbers shown on Fig. 21.1. 
The relative power developed along a longitudinal plane in each assembly is shown by 
contour curves in Figs. 21.6 and 21.7. The planes for which the contour curves are 
representative intersect the equatorial plane along the lines C and H shown in Fig. 18.6. 

CORE-SIDE REFLECTOR BOUNDARY 

I 2 3 4 5 6 7 8 9 l 0 1 1 1 2 1 3  
DISTANCE FROM EQUATORIAL PLANE (IN.) 

Fig. zx.6-Power contours, dean reactor (PPA-20) along longitudinal plane, tnver~e c. 
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FiR. zr..r-Power contours, 
depleted reactor (PPA-19) along 
longitudinal plane, traverse H. 

REIATIVE POWER DISTRIBUTIONS 21.4 
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Fig. z1.8-Lonmnidinal p w c r  
distribution in PTR-3. 
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The relative power generation along the entire lengths of two PTR fuel elements is 
shown in Fig. 21.8. The power development was not symmetrical, for there w a s  an 
appreciably smaller amount of reflecting material on top of the reactor (the location of 
the mocked-up sodium entrance and exit flow pipes) than there w a s  on the bottom of the 
reactor. 

C. Radial Power Variations 
The distribution of the relatitre power developed along the equatorial plane in two 

radial directions in one assembly is shown in Fig. 21.9. These two and the other 
traverses studied for the two reactors are  indicated by the lines marked A through H 
on Figs. 18.6, 21.2, and 21.3. The relative power developed throughout the equatorial 
plane in each assembly is illustrated by contour curves in Figs. 21.2 and 21.3. 

The relative power developments along the four equatorial plane traverses of 
PTR-3, J, K, L, M of Fig. 18.6, are shown in Fig. 21.10. 

x 2 6  

TRAVERSE C n 
0.6 

-FUEL DISK MEASUREMENT ALONG TRAVERSE 
---FUEL DISK MEASUREMENT NEAR TRAVERSE 

0 FUEL STRIP MEASUREMENT 
I 1 I I I I I I 
2 4 6 8 IO 12 14 16 

DISTANCE FROM UNIOUE AXIS (IN.) 

TRAVERSE A 

0.8 - 
K 
W s 2 0.6 - 
w 
2 
I- 2 0.4 - 
W a 

POIS ON 

0.2 - -FUEL DISK MEASUREMENT ALONG TRAVERSE --- FUEL DISK MEASUREMENT NEAR TRAVERSE 
o FUEL STRIP MEASUREMENT 
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2 4 6 8 IO 12 14 16 
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Fig. 21.pRadial power distribution in the equatorial plane, PPA-20. 
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Fig. zr.lo-Radial power distribution in equatorial plane, PTR-3. 

21.5 ABSOLUTE POWER LEVEL 

The absolute reactor power level in each assembly is not of direct interest since 
the operating level is arbitrary and does not alter the general characteristics of the 
power distribution. In order to compare the absolute fission rate at any point in the 
reactor for different control-cylinder positions, however, it is necessary to normalize 
the total relative distribution in each assembly to a common oherating level. The fol- 
lowing ratios are  therefore bf interest. 

Total reactor fission rate 
Fission rate of the central fuel disk 
Fission rate of the central fuel disk 
Average fission rate per disk 

PPA-20 (66 deg) PPA-19 (106 deg) 
(1.4 5 0.05) x lo4 (1.3 5 0.05) x lo4 

1.5 f 0.05 1.6 f 0.05 
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For typical measurements the PPA was operated at a power level such that the 
absolute fission rate induced in the central fuel disk yzy approximately 2 x lo6 fissions 
per second, corresponding to a n o r 4  operating level slightly below 1 watt. 

A. Estimating Total Power from Mid-plane Measurements 
More emphasis should be placed on measuring the variations in power density 

across the equatorial plane of the reactor than on measuring its longitudinal variations. 
This is due to the following two circumstances: 

1. Although the shape of the radial power distributions varies strikingly from one 
traverse to another, 'the shape of the longitudinal power distribution differs com- 
paratively little from one slugtoanother and canreadily be estimatedfrom that of 
neighboring slugs. 

ticularly in the integrated heat production of ah entire fuel slugrequire more 
engineering-design attention than those arising from longitudinal gradients. 

Since it required less experimental time to measure the radial power distribution 

2. Thermal stresses arising from radial gradients in the heat production, par- 

in the equatorial plane of a PPA than to measure the longitudinal one, it w a s  of interest 
to correlate the integral power characteristic of each fuel slug with the power developed 
by each slug at the equatorial plane. The ratio of f to fl is given for several slugs in 
Table 21.4 where ris the average fission rate of the slug and fl is the fission rate of the 
disk 0.2 in. from the equatorial plane. 

With the exception of the fuel slugs in the peripheral ring near the boron, it is ap- 
parent that the ratio is practically constant to within experimental accuracy. The as- 
sumption that this ratio is constant permits quick and reliable surveys of the integral 
power characteristics of various assemblies with a minimum of reactor operating time. 

TABLE 21.4--COMPARISON OF EQUATORIAL POWER 
AND AVERAGE POWER 

PPA-20 (66 deg) PPA-19 (106 deg) 

1 0.84 138 0.80 
2 0.82 151 0.81 
3 0.81 163 0.85 
4 0.83 172 0.83 
5 0.87 124 0.80 
6 0.92 137 0.86 
9 0.89 17 1 0.85 
13 0.87 110 0.86 
16 0.87 149 0.87 
18 0.88 97 0.88 
24 0.88 122 0.87 
27 0.85 96 0.86 
49 0.89 94 0.87 
50 0.90 107 0.88 
91 0.89 91 0.87 
92 0.88 92 0.87 

Slug Vf1 ' Slug VI 

A more thorough comparison of the relative power distributions along the equatorial 
plane appears on Fig. 21.11 for the PTR study. The analogous figures for the power 
values averaged over the whole lengths of the PTR fuel slugs appear on Fig. 21.12. 

B. Experimental Uncertainties 
A sufficient number of counting events were obtained for each activation measure- 

ment to reduce statistical uncertainties to less than 1 per cent. Instrument instability, 
particularly in high-voltage regulation, limited reproducibility to between 1 and 2 per 
cent. Small variations in the location of the samples in the counters as well as in the 
desired core position could introduce an additional error  of about 1 per cent. Measure- 
ments are generally good to about 3 per cent, with a maximum uncertainty of about 
5 percent. 
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PTR- 3 

Fig. 31.1 1-Radial power distribution, values in the quator id  plane, PTR-3. 

Measurements of the radial gradients in PPA-PO were reproducible to about 1 per 
cent. The radial gradients in PPA-19 were not checked for reproducibility but on the 
basis of similar data are believed to be correct within 5 per cent. The difference in 
precision is attributed to the superiority of the strip-scanning technique. The normaliza- 
tion of the radial gradient data obtained from the strip measurements to the results of 
the disk measurements can be in error  by a few per cent because a slightly different 
volume element is activated in each set  of data. (A common volume is required to make 
the two sets of data completely consistent.) 

Interpolations and a numerical integration of the experimental data give a value for 
the integrated power distribution which is uncertain by 3 or 4 per cent. The uncertainty 
in the fission rate per unit power throughout the core is therefore about 5 per cent. In 
the region along the core reflector boundary where the large gradients exist, the fission 
rate per unit power is subject to large uncertainties if applied to smaller elemental 
volumes than normally occupied by a fuel-disk element. The uncertainty associated with 
this smaller resolution based on the strip scanning measurements should not exceed 10 
per cent. 
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Chapter 22 

GAMMA-RAY AND NEUTRON 
HEAT GENERATION 

INTRODUCTION 

H. HURWITZ, Jr., and M. L. STORM 

22.1 INTRODUCTION 

The determination of the magnitude and distribution of the heat generation within 
a reactor is obviously essential to the design of the reactor cooling system. During 
steady-state operation at full power, the major part of the energy released by fission 
is deposited within the fuel-containing regions and a large fraction of this core heat 
generation arises from the conversion of the kinetic energy of the fission products into 
heat. On the other hand, the heat generation in the non-fuel-containing regions (e.g., 
reflector and blanket) arises from gamma-ray absorption and neutron slowing-down and 
capture processes. 

For example, in a SIR-type reactor during steady-state operation, approximately 
94 per cent of the total heat generation occurs in the core, 4 per cent occurs in the 
reflector, and 2 per cent in the blanket. A summary of the various energy sources 
and their fractional contributions to the heat generation in each region is given in 
Table 22.1. 

TABLE 22.1 - FRACTIONAL CONTRIBUTION OF VARIOUS ENERGY SOURCES 

(FOR STEADY-STATE OPERATION) 
TO THE HEAT GENERATION IN EACH REGION OF AN INTERMEDIATE -ACTOR 

Region 
Energy Source Core Reflector Blanket 

Kinetic energy 
of fission products 
Fission product 
betas 
Neutron degradation 
and (n, a) reaction 
in beryllium 
Prompt fission gammas 
and capture gammas 
Fission-product gammas 

0.27 --- 0.02 

0.04 
0.02 

0.57 
0.16 

0.89 

0.11 

For thermal design purposes, the heat generated by gamma-ray absorptions must 
be known, not only in the reflector and blanket during operation at power, but also 
over the entire reactor during postoperation shutdown when the fission-product gamma- 
rays a re  the principal source of heat. 
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The spatial distribution of heat generation due to the fission-product betas and 
the kinetic energy of the fission products is given essentially by the fission distribu- 
tion and as such is obtained by the experimental techniques described in Chap. 21 of 
this volume and by the multigroup calculations described in Vol. I, Chap. 2. In this 
article we consider the heat generation in SIR-type reactors produced by gamma-ray 
absorption and by neutron degradation and capture. Specific application is made to 
the case of steady-state full-power operation, but the methods employed are also ap- 
plicable to the determination of transient heating effects. 

of calculating the absorptions resulting from various surface and volume sources of 
gamma radiation in plane, spherical, and cylindrical geometries. The gamma-ray 
absorption problem is treated by the “straight-ahead” approximation (Secs. 22.2, 
22.10, 22.11) and the assumption of esqonential attenuation. A justification of this ap- 
proach for the intermediate reactor is given in B (Sec. 22.10-22.13), where a gamma- 
ray multigroup calculation is used to determine effective energy absorption cross- 
sections. Finally in C (particularly Sec. 22.14-22-18), both the gamma-ray absorption 
distributions obtained in A and the effective cross-sections calculated in B are 
applied to the determinafisn of the steidy-state heat generation in a power reactor. 

The calculations described in this article were performed in 1952, prior to the 
eGensive use of large-scale computing machines which facilitate the treatment of 
multidimensional geometries. Thus, a necessary approximation in the heat-genera- 
tion calculations was the use of multigroup data on neutron capture and degradation 
which were obtained for spherical representations of the reactor. The procedure em- 
ployed, in general, was to treat various alternative simple models and compare the 
results, since machine techniques were not available for treating the actual geometry 
rigorously. However, the calculations performed for the various models were in 
reasonable agreement with one another, and the theoretically obtained heat genera- 
tion agreed within experimental error with subsequent measurements (in 1953) of 
the gamma-ray heating at most points within the reactor. A comparison of the 
theoretical and experimental gamma-ray heating determinations is given in Chap. 23 
of this volume. 

Although machine methods are now available to handle the complicated geomet- 
rical considerations which arise in the determination of reactor heat generation, 
the analytical approaches described in this chapter are still usefuL They predict ab- 
solute magnitudes e d  spatial distributions of heating rates that agree with experi- 
ment; and for preliminary design conaiderations they are preferable in their direct 
approach to a detailed program of machine calculations. 

In A of this chapter (Secs. 22.2-22.9), a general discussion is given of the problem 
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Chapter 22 

HEAT GENERATION 
GAMMA-RAY AND NEUTRON 

A. GAMMA-RAY ABSORPTION DISTRIBUTIONS 
FOR SIMPLE GEOMETRIES 

H. HURWITZ, Jr., 6. M. ROE, and M. 1. STORM 

The design of reactor cooling systems is aided by a knowledge of the magnitude and 
distribution of the absorption of the gammas produced in the core, and of the secondary 
gamma radiation produced by neutron capture and inelastic scattering. In this chapter, 
the geometries of different regions of a reactor are idealized by considering plane, 
spherical, and cylindrical bodies with various surface and volume sources of gamma 
radiation. This idealization permits the analytic evaluation of most of the integrals 
arising in the absorption calculations. In addition, the “straight-ahead” approximation 
is assumed at all times; this assumes that, in all scattering events, the gamma-rays 
keep their direction unchanged (seeSecs. 22.10 and 22.11). The gamma-ray attenuation is 
assumed to be exponential. The validity of these assumptions is considered in B, where 
the selection of effective energy-absorption coefficients is discussed. 

For plane-geometry situations, the results of the distributed source calculations 
may be applied even when the regions involved have different absorption properties. For 
other geometries, the examples considered which involve distributed sources apply di- 
rectly only to reactors in which the gamma-ray attenuation properties of the core and 
reflector regions are quite similar. On the other hand, problems which involve a core 
and reflector with different attenuation coefficients may be treated by first calculating 
the gamma-ray energy which escapes from the core and then considering this energy as 
a surface source at the core-reflector interface. Results are presented for several.al- 
ternative simple surface-source angular distributions. The accuracy of this approach 
has been tested by comparing the results obtained this way with distributed volume 
source calculations for the case of equal attenuation length in core and reflector. Agree- 
ment is found to be good, provided sensible choices are made for the angular distribu- 
tion of the surface source. 

, 
As a guide for selecting mathematical functions to represent surface source angular 

distributions which occur in practice, it is helpful to investigate, in various limiting 
cases, the distribution of gamma-rays emitted from a surface A of a volume V contain- 
ing a uniform isotropic source of radiation. Let dA, Fig. 22.1, be an element of area 
on A; let x be the distance from a volume element dV in the source region to dA, and 
let$ be the angle that the emergent beam makes with the normal to the surface. The 
solid angle d!2 subtended at dV by the element of surface area is dS2‘ = (dA cos $vX2, 
and the volume of an element in the source region is dV = x2 dxdS2. Then the enekgy 
E($) emerging at dA per unit time into solid angle dS2 is given by the relation: 
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22.2 INTRODUCTION 
1 

Figure 22.1 

-xmax 
E($)dSZdA f -  SdVd SZ' e''= 

x =o 

(22.1) 

where a is the probability of absorption per unit 1engt.b for a photon in V, and S is the 
gamma-ray energy emitted per unit volume, solid angle, and time. 

Now consider the limiting cases when OX, > > 1 and when ox max << 1. One 
then obtains from Eq.. 22.1: 

E($) - cos $ for ox, >>1 (Lambert's Law) (22.2) 

(22.3) 

When A is the surface of a sphere of radius R, it is seen that x = 2R cos $ 
and hence, in the limiting cases of large and small OR, E($) is prop3ional re- 
spectively to cos $ and to cos "$. 

width d, x max = d/cos $ . In this case the limiting forms for E are E - cos$ for a d  
large, and E independent of $ for ad small. The latter case corresponds to the distri- 
bution for an isotropic plane source. 

In Secs. 22.3 and 22.4, the cases of an infinite plane and a sphere with surface in- 
tensities of emitted radiation proportional to cosn $ (n = 0, 1, 2) will be considered. In 
Secs. 22.5 and 22.6, a region bounded by two infinite planes wi l l  be considered, first with 
an exponentially distributed source and then with a space-independent source of gamma- 
rays per unit volume. Finally, in Secs. 22.7 and 22.8, the cases of a sphere and cylinder 
with a constant source strength per unit volume w i l l  be treated under the assumption of 
equal mean free paths of the gamma-rays in the source and external region, In the 
cylindrical cases, the distribution is obtained along a radius of an infinite cylinder and 
along the axis of a finite cylinder with height equal to diameter. 

The gamma-ray escape fractions are calculated for a uniform source in a sphere 
and slab and for an exponential source in a semi-infinite slab, Since the escape frac- 
tions for the uniform source cases are equal to the self-shielding factors, a plot of the 
self-shielding factors for sphere, slab, and cylinder is included in this report as 
Fig. 22.20. 

In Sec. 22.9, asymptotic formulas are obtained for the energy absorption at large 
and small distances for plane and spherical sources with various angular distributions 
and with general assumptions about the attenuation curves. These yield results which 
have been used to check the specific calculations made for the case of exponential at- 
tenuation. 

is convenient to consider the fraction of the escaping energy which is absorbed in thin 

When the surface A consists of two infinite planes enclosing a source region of 

In order to compare the results for spheres, slabs, and cylinders quantitatively, it 
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INFINITE PLANE WITH SURFACE INTENSITY PROPORTIONAL TO can4 22.3 

shells of unit thickness as a function of distance from the surface. Comparative plots 
are given for these functions. These plots are conveniently normalized and provide a 
simple means for obtaining results for arbitrary ratios of attenuation length to radius 
for spheres and cylinders with the various angular distributions of emerging radiation. 

22.3 INFINITE PLANE WITH SURFACE INTENSITY PROPORTIONAL TO Cosn$ 

per second given b y  
Consider an infinite plane with an emitted intensity per unit area per solid angle 

E =anCOSn$, (n=O, I, 2),anaconstant, 05$5n/2 - -  
Let y be the co-ordinate of a source point P; Q is the point at which the intensity of the 
absorbed radiation is to be found; x is the perpendicular distance from Q to the plane; 
p = d y v  is the distance from P to Q; andp 'dSldp is the size of the volume element 
at Q. As before, (#J is the angle between the normal to the surface and the beam of radi- 
ation emitted into the solid angle dSZ 

If u is the probabiiity of absorption per unit length for a photon in the infinite region 
exterior to the plane, then the intensity of absorbed radiation per unit volume per unit 
time at Q is given by: 

- UP 
(22.4) [ a cosn $ dR02nydyl a e'OP, "'f-2 TUZ cosn$ - e dp 

I n =  P2dSMp n P 

where cos q~ = x/p. 
The results of integrating Eq. 22.4 for n = 0, 1, 2 are as follows: 

Jux 

& = n u a z  
ux 

(22.5) 

(22.6) 

(22.7) 

00 

The integral J x  (du/u)eWu is tabulated as a function of x It should be noted that 
Eqs. 22.5, 22.6 and 22.7, as well as the majority of the other equationssin this section, 
can be expressed more compactly in terms of the functions2 &(x) = 
Most of the results in this section are expressed in terms of E, (x) ab this func- 
tion is widely tabulated. 

of radiation emitted per unit area per unit time. The constants &nand an are related by 

e'XU u-n du. 

Let the physically known quantity on the surface of the plane be gQ the total intensity 

an cosn $ 2n sin $ d$ 

from which one easily obtains 

go = 2na0 (22.8) 

g1 = n a1 (22.9) 

2 gz = 3n a2 

GAMMA-RAY AND NEUTRON HEAT GENERATION 

(22.10) 
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22.3 INFINITE PLANE WITH SURFACE INTENSITY PROPORTIONAL TO  COS=^ 

Before substituting Eqs. 22.8 through 22.10 into the expressions for &, it is con- 
venient to define a normalized intensity Id in such a way that 

Since 

I,d[ ax] = 1 

I, dx = g ,  it is seen that 
J: ' 

I 

(22.11) 

(22.12) 

I 

i 

NORMALIZED DISTANCE, crX 
Fig. zz.z-Normalid absorption intensities, plane source with three possible angular 

diSmbutions. 
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INFINITE PLANE WITH SURFACE INTENSITY PROPORTIONAL TO cos"+ 22.3 

Using Eq. 22.12 and Eqs. 22.5 through 22.10, 

-U 

Io1 = .  e U du 
ox 

(22.13) I 

I 
(22.14) 

I 

-U 

U du -(ux-l)e-OX) (22.15) 

I Equations 22.13, 22.14 and 22.15 are plotted in Fig. 22.2. The asymptotic behavior 
of the functions for large values of ux is given by the following: 

I 
1 2 -  

0 .  ux (22.16) 

-a 
ux 

11.: 2- e (22.17) 

(22.18) e'OX I;, 3- ux 

(A direct derivation of these formulas is given in Sec. 22.9.) 
The fraction of the radiation emitted from the plane that is absorbed within a dis- 

tance x of the plane is given by 

(22.19) 

Substitution of Eqs. 22.13, 22.14 and 22.15 into the above yields 

(22.20) 

I 

PI = 1 + ea [ ax-1 ] - (ax{[" du (22.21) 
Jo X 

(22.22) 

The fraction of the radiation emitted from a unit area of the plane that escapes into the 
the region beyond x is, of course, given by (l-Pn). Equations 22.20 -22.22 are plotted in 
Fig. 22.3 

For application in Secs. 22.5 and 22.6, Eq. 22.5 (n=o) for the thin plane will be ex- 
tended to the case in which the radiation traverses two media of different absorption 
probabilities per unit length. Suppose that the regions with cross-sections oa and u1 are 
of width x and width h and the path lengths in the two regions a re  designated by Po andP1. 
The total path length p =Po + p, is related to the individual paths by: 

i 

(22.23) 
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22.4 SPHERE WITH SURFACE INTENSIn PROPORTIONAL TO W+ 

or 
L 

NORMALIZED DISTANCE, u X 
Fig. zz.3-Fraction of radiation absorbed within distance x of a plane source with various 

angular distributions (Eqs. 22.20,22.21, and 22.22). 

The intensity of absorbed radiation per unit volume per sec at x + h is given by: 

(22.24) 

22.4 SPHERE WITH SURFACE INTENSITY PROPORTIONAL TO Cosn ,$ 

Consider a sphere with an emitted intensity per unit area per solid angle per second 
given by: 

In Fig. 22.4, r is the distance from the center of the sphere to the point Q at which the in- 
tensity of absorbed radiation is to be found, R is the radius of the sphere, 6 is the angle 
between r and the radius vector to an element of area S on the surface of the sphere, p 
is the distance from S to Q, and $ is the angle between the normal to the surface of the 
sphere and the beam of radiation emitted into the solid angle dQ. 

The p, 6 , and $ a re  connected by the relations: 

p cos$ = r cos0 - R 
2 2 2  P = r + R - 2rRcos6 

(22.25) 

(22.26) 
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SPHERE WITH SURFACE INTENSITY PROPORTIONAL TO cos*+ 22.4 I 
I 

I 
f 

i’ Figure 12.4 

or 

I 

2 
(r2 - R ~ )  - P 

RP 
cos$ = -2 (22.27) 

I f r  is the probability of absorption per unit path length for a photon in the infinite 
region exterior to the sphere, then the intensity of absorbed radiation per unit volume 
per second at Q is given by: 

[ a, cosn$ dS2 %R2 sin e de] ue-OP dp 

P 2  dQdP 

’(r-R) P r -  
(22.28) 

where cos $is given by Eq. 22.27. The results of integrating Eq. 22.28 for n = 0, 1, 2 
are  as follows: 

(22.29) 

- u ( r -R)  
2 [u(r-R)+l] - u2 (r+R)2[u (r-R)-1] +Fa 

GAMMA-KAY AND NEUTRON HEAT GENERATIOX 
I 

(22.31) 
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22.4 

i 

SPHERE WITH SURFACE INTENSITY PROPORTIONAL TO Cosn+ 

,Let G.,be the total radiation emitted from the surface of the sphere per second. 
The constants G, and a, are related by 

G, = &.Iy"n cos" $ .% sin$ d$ 

from which the following are obtained 

G, = 8 A 2 %  (22.32) 

(22.33) 

8 1 2  G, = p R a, 

It is convenient to introduce a variable r ' defined by 

r' = r/R 

Since the total radiation absorbed in the region ekernal to the sphere is 

it is convenient to define a normalized intensil& such that 

"sphere 
Substitution of Eqs. 22.32 through 22.36 into 22.29, 22.30 and 22.31 ford;: 

(22.34) 

(22.35) 

(22.36) 

(22.31 I 

1 A= 

(22.38) 

U 

L 
The equations for the infinite plane calculated in Sec. 22.3 could, of course, have 

been obtained from those derived in this section for a sphere by taking the limit as 
Rem, r-ao, and (r - R)-x. The correspondence between the absorption obtained for 
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SPHERE WITH SURFACE m-rmsrm PROPORTIONAL M ss"9 22.4 

plane and for spherical geometries can be shown if (K/uR)r"  for the sphere is plotted 
versus oR(r' -1) on the same graph as that on which f for the plane is plotted versus 
ox. (The function (38goR)rt'd [uR(r'-1) ] is equal to the fraction of emerging energy 
that is absorbed in a spherical shell between r and r + dr. Note d [ oR(r'-l)] =a&.) 
This is done in Figs. 22.5, 22.6 and 22.7, where for each value of n the parameter @R has 
been taken to be 1.0, 1.5, and 2.0. It is seen that in each case all curves start at the same 
point and that each family of curves is closely grouped. This facilitates interpolation for 
different values of the parameter OR. The following asymptotic expressions for 
(3&/uR)r'" are obtained from Eqs. 22.37, 22.38 and 22.39: n 

Fig. 22.5-Normalized radiation absorption intensity distributions near spherid sources 
or plane source. 

(A direct derivation 
of these formulas -- 38' 1 p  = 

OR O R  is given in Sec. 22.0.) 

(22.40) 

(22.41) 

(22.42) 

The fraction of the radiation emitted from the sphere that is absorbed within a dis- 
tance r is given by 

(22.43) 
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22.4 SPHERE WITH SURFACE INTENSITY PROPORTIONAL TO cos*+ 

I 

\ '  

Fig. 22.6Radiation absorption rates as function of distance from spherical sou- or 
plane source. 

COSINE SQUARED ANGULAR DlSTRlBUTlON 
(EQS. 22.39 AND 22.15) 

Fig. 22.72Radiation absorption as function of distance from spherical source or plane 
SOUrCe. 

I 
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EXPONENTIAL SOURCE IN SEMI-INFINITE REGION 22.5 

hbstitution of Eqs. 22.37, 22.38 and 22.39 into Eq. 22.43 yields 

I I \ 

+ (4uR-1)@R)'(r1-1)' + [~(UR)' - 4(uR) + 21 uR(rl-1) + 2-4(uR)' (2245) 

5 f 2  
e - U R p T  /(~R)'(r1~-1) - (uR)'(ri2-1)2 - 4(uR)'(r1z-1)''2 

+ 
16(uR)' 

-0 R(r -1) 

16(uR)' 
+ l % R V Z +  121 + Lf (OR)' (rl-l)' + (1-6uR) (uR)'(r 1-1) ' 

(22.46) 1 + [ -12 + 12bR + 8(uR)' ] uR(rl-1) - [ 12 + 16 (OR)' ] 

These functions are plotted versus uR(r'-1) in Figs. 22.88,22,8B and 22.8C for 
uR = 1.0, 1.5, 2.0, on the same graphs are plotted the corresponding curves for a plane 
that are given by Eqs. 22.20, 22.21 and 22.22, 

22.5 EXPONENTIAL SOURCE IN SEMI-INFINITE REGION 

Consider two semi-infinite regions R,, and R1 which have different gamma-ray ab- 
sorption cross-sections per unit length, u, and 0,. Assume a distributed isotropic 
source of gamma radiation of the form u e-m This type of distribution would corre- 
spond to capture gammas arising from a%ux of neutrons entering R, from R and 
having a diffusion length (l/u N) in Ro . For. convenience, disthces measured outward 
from the interface into each region w i l l  be considered positive. 

thin plane located in Ro (using Eq. 2224) with a, = (u,e*Ng)dq/Qr, and 0 = ul ) and then 
To find the absorption of gammaxays in R, consider the contribution in R1 from one 
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m N E N T I A L  SOURCE IN SEMI-INFINITE REGION 

- 
x - 

A. ISOTROPIC ANGULAR DISTRIBUTION - 
(EQS. 22.44 AND 22.20) - 

L 

- 

- 
- 

2.0 ID 

NORMALIZED DISTANCE [U (r-R) FROM SPHERE, u X  FROM PLANE] 

Fig. 22.8A -Fraction of radiation absorbed within distance r of spherical source or within distance x of plane source. 

1.0 

x 

0 

- 
a - - 

B. COSINE ANGULAR DISTRIBUTION - L. 

W 
0 
2 
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- (EQS. 22.45 AND 22.211 
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B 
m a 
m 

a ii LL 4 - 
v 

NORMALIZED DISTANCE [U (r-R) FROM SPHERE, uX  FROM PLANEJ 
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EXPONENTIAL SOURCE IN SEMI-1- REGION 22.5 

I .o 

- 
X 

0 
b' 

W - 
0 z 

a - 

F - 2 a 
z 
I 0.5 - 
5 
a 
m a s: m a 

0 
a a 

- 

I- 
- 

W 
- 

- 
z - 
b - 
LL 

0 
0 1.0 2.0 

NORMALIZED DISTANCE [u(r-R) FROM SPHERE, U X  FROM PLANE] 

Fig. rdC-Fraction of radiation absorbed within distance r of spherical sourer) or within 
distance x of plane source. 

sum over all 9. Upon doing this, it is found that 5, the &tensity per unii volume per 
second of radiation absorbed in R, is: 

(22.47) 

To find the absorption at any point q in R,,, consider contributions from thin planes 
at ql andq2 (See ng. 22.9 and Use Eq. 22.5 With (ao = U@-uNq dy/4n ando = go), SUm 
over q, as q2  Varie.9 from q+EtO "oj q z  as q2  varies from 0 to q- E, and then take 

SOURCE REGION Ro REGION RI 
I I I -0 QI 

I I I  
I I I  
I I I I 

q, q 92 0 

q I-h c 

Figure 22.9 
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22.5 EXPONENTIAL SOURCE IN SEMI-INFINITE REGION 

the limit a8 €00 (the introduction of E is necessary as the integrands are  unbounded). 
Upon doing this, &, the intensity per unit volume per second of radiation absorbed in % 
is: 

Although the gamma-ray flux is continuous evermhere, the absorption intensitJT may be 
discontinuous. In particular, at h = 0, the intensity 11 is equal to (u1/2)1n [ (uN+llo )/uO] , 
and at q = 0, I, is equal to (00 /2)h I[(Ofl+%)/O0]. This discontindtJT at the interface 
can be removed by introducing normallzed intensities defined by 

(22.49) r1 = l(ul, 1; = b / U o  

If, in addition, the following quantities are defined 

(22.50) 

and Eqs. 22.49 and 22.50 are introduced into Eqs. 22.47 and 22.48, one obtains for the 
normallzed intensities: 

(22.51) 

(22.52) 

At the hterfac'e 

1: = i = $ ~n [ 14- at x=y=o (22.53) 

Eqs. 22.51 and 22.52 are plotted in Fig. 22.10 for values of the parameter Q equal to 
0, 1/2, 1, 2, and o. 
When dl = 0, Eqs. 22.51 and 22.52 reduce to 
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-y=voq -x= vlh- 
NORMALIZED DISTANCES FROM INTERFACE 

Fig. zz.ro-Normdized absorption intensities near interface between semi-infinite regions. 
one of which has an exponentid yxlrcc 

which represent the absorptions due to a thin plane (except for the different normaliza- 
tion factor). 

When (I = 1, it is found that 

(22.5 la) 

(22.52~~) 

where y = 0.5772 is Mer's constant; and when (I = CO, ~ 0 t h  I: and 1:are equal to zero. 
Since the total source strength is unity, the fraction of the radiation that enters Rl 

from RO can be obtained by calculating tbe total absorption in Rr. When this is done, it 
is found that the fraction F escaping into R1 is: 

(22.54) 

This function is plotted in Fig. 22.11. 
In the normalization defined by Eq. 22.40 

It is often convenient to normalize the intensity of absorbed radiation in R, alone. Since 
I, dh=F, we can introduce a normalized intensityd ; defined by 

of:= I, 
"IF 
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22.5 EXPONENTIAL SOURCE IN SEMI-INFINITE REGION 

lL 

3 
z_ 0.3 
a 
3 
v) w 
z 

' ! 

-- 

- 

I 
i. 
I t  

Fig. 22.1 I-Fraction of radiadon escaping from suni-infinite region containing exponential 
SOUKCC. 

so that 

f l i h ; ~ , h ! ~ g  Eqs. 22.55, 22.54 a d  22.50 into 22.47, 

(22.55) 

20 

(22.56) 

and at x =0, 

I 
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EXPONENTIAL SOURCE IN SEMI-INFINITE REGION 22.5 

NORMALIZED DISTANCE INTO NON-SOURCE REGION, X ~ U !  h 

Fig. n.1z-Radintion intensity distributions from exponential source in semi-infinite region, 
normalized to non-sourtc region total of unity (Eq. 22.56). 

Eq. 22.56 is plotted in Fig. 22.12 for a= 0, 1, W. when a =  0, Eq. 22.56 reduced 
to the equation for a thin plane: 

and when a = 3 Eq. 22.56 reduces to the case of a plane source with a cosine angular 
distribution 

OD -u 
op',= 2 [e-' - x J x  + du] 

. -- 
c c 

. -  
I .  



22.6 UNIFORM SOURCE IN FINITE REGION 

The case of an exponential source distribution in a region of finite width d can be ob- 
tained by considering this distribution to be the sum of two exponential distributions, S, 
and S, , of opposite sign in semi-infinite regions, as indicated in Fig. 22.13. 

DlSTRl8UTlON SI 

I 

*d* - -9L ---- 
DISTRIBUTION s2 

RESULTANT DISTRIBUTION ( SI + S 2 )  

r l  
E l  12.13 

The results for the total distribution can then be obtained by combining the results 
for the two component sources. 

22.6 UNIFORM SOURCE IN FINITE REGION 

Consider a finite region Fb of width s with unit source strength of gamma-rays per 
unit volume. Let the absorption cross section per unit length be 0 0  in Ro, and let it be 
u ando 2 in the semi-infinite regions R and R , on both sides ofR o.  For convenience, 
distances measured outward in both directions from the interface separating R,, and R, 
will be considered positive. 

one thin plane in Ro (using Eq. 22.24 with cyo = (dq/Qr) and then sum over all q from 
q = 0 to q = 8. Upon doing this it is found that the intensity per unit volume per second 
of absorbed radiation is: 

To find the absorption of gamma-rays in RL, consider the contribution in R , from 
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UNIFORM SOURCE IN FINITE REGION 22.6 

To find the absorption at any point q in A,, consider contributions from thin planes 
at qland q, (see Fig. 22.14; use Eq. 22.5 with cuo=dq/4n), sum over q, as q, varies from 
q + E t o s ,  sumoverq ,  asq,variesfromOtoq-E,andthentakethelimitasE- 0 
(the introduction of E is necessary a s  the integrands are unbounded). Upon doing this, 
the intensity per unit,volume per second of radiation absorbed in Ft,, is found to be: 

The intensity of absorbed radiation I2  in R, is obtained from Eq. 22.57 by substitu- 
ing u for u and (q - s) for h. Thus 

At h = q = 0, Eq. 22.57 and 22.58 reduce to 

(22.59) 

while Eq. 22.59 becomes, at q = s, 

It is convenient to remove these discontinuities by introducing normalized intensi- 
ties defined by 

I and 1; = 2 
0 2  8 

I t Io 1; = I 
O1S' I o  = - uos ' 

In addition, the following quantities are defined 

Q = uos, x = qh, J = uoq, and = Q (q-s) 

S&stitution of Eq. 22.60 and 22.61 into 22.57, 22.58 an 

(22.60) 

(22.61) 

22.59 yields: 

GAMMA-RAY ASD NEUTRON HEAT GENERATION 
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(22.63) 

(22.64) 

Eqs. 22.62, 22.63 and 22.64 are plotted in Fig. 22.15 for values of the parameter 
equal to 0.5, 1, 2 and w.  The curve for each a is, of course symmetrical about 
y = (l/2)aiand the interface between RO and Rz lies at y = a for each value of the 
parameter. The normalized intensities defined by Eq. 22.60 a re  such as to make the 
area under each curve in Fig. 22.15 equal to unity. 

I: 
! 

I (FOR y i ~ o ) l  (FOR Y C O )  

NORMALIZED DISTANCES 

Fig. zz.IS-Normalized absorption intensities for uniform SOUKC in slabs of normalized 
thickness, a-uos (Eqs. 2~.6%2~.63,and 22.64). 

The total absorption in Ff, is given by 

hence, the fraction of the radiation in & that escapes into Rl is 

I 

(22.65) 

(22.66) 

This function is plotted in Fig. 22.16. (Note that f, is one-half of the self-shielding 
factor given in Fig. 22.20 f0r.a slab.) The fraction of the emitted radiation that escapes 
into Ra is given by the same expression. 
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UNIFORM SOURCE IN FINITE REGION. 22.6 

I I I I I I I I 2 

2 01 1.0 2.0 3.0 4.0 
a 5 0  

NORMALIZED SLAB 1HICKNESS.o =uo S 
IA. 

Fig. 11.16-Fraction of radiation from slab with uniform source chat cscapa from one 
surf? (Eq. 1266). 

It is seen from Eq. 22.66 tha€ 

Hence, the intensity of absorbed radiation in R1 alone can be normalized by defining c 

so that 

d(cl h) = 1 

Substitution of Eqs. 22.67, 22.67 and 22.61 into 22.57 yields 

(22.67) 

(22.68) 

Equation 22.68 is plotted in Fig. 22.17 for values of the parameter a equal to 0, 1 and 00 - 
1 and -. When a=o the equation reduces to the equation for a thin plane: 

2; =I")bu, x u  

and when a=00, the equation reduces to the equation for a plane with a cosine distribution 
of sources: 
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NORMALIZED DISTANCE, X = -1 h 

2a.q-No~al izcd absorption intensity near slab with uniform S O W  for normalized 
slab thicknas, a-ue (E+ 22-66). 

An alternative normalization to that defined by Eq. 22.60 is to introduce the nor- 
malized intensities: 

= I  0 0  - (22.69) 

and use the following variables 
-: -U? (q-s) (22.70) - 

a =  u d s , ~  = u d , ~  = !, Y - - 
go 8 ua 

This normalization is sometimes more convenient for the application of the results 
to specific numerical cases. Substitution of Eqs. 22.69,'22.70, into 22.57, 22.58 and 



UNIFORM SOURCE IN SPHERICAL REGION 22.7 

EquationS 22.71, 22.72 and 22.73 are plotted in Fig. 22.18 for values of the parame- 
ter equal to 0, 0.1, 0.5, 1, 2, and-. The source region i s  more clearly defined in this 
representation, and the interface between 
Y = 1. The area under all curves in Fig. 
equal, these graphs have the direct physical significance of being the ratio of the gamma- 
ray absorption at a point to the absorption that would exist if the source were a unit 
source throughout all space. 

and R a is now at the k e d  vertical line 
18 is unity. For the case where a l l O ' s  are 

I I I '4 I I I I I I 

=- 1.0 - 

NORMALIZED DISTANCES 

Fig. il.I8--Normalized absorption intensities for uniform source in slab (Eqs. 11.71. 
22.72, and 12.73). 

22.7 UNIFORM SOURCE IN SPHERICAL REGION 

volume per second. It will be assumed that the absorption cross-sections for gamma; 
rays inside and outside the source region are equal. The intensity of absorbed radia- 
tion per unit volume per second at any point is given by 

Consider a sphere of radius R with a unit isotropic source of gamma-rays per Unit 

(22.74) 

where r ' denotes the distance from the center of the sphere to the volume element where 
the absorption is being calculated, r denotes the variable of integration in the source 
region, and dV is the element of volume in  the source region. Equation 22.74 can be put 
in a more convenient form by dividing both sides by u and then taking the partial deriva- 
tive with respect too,  yielding. 

Then *satisfies the following equations inside and outside of the source region: 

i n V  

outside of V 

(22.76) 

(22.77) 
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22.7 UNIFORM SOURCE IN SPHERICAL REGION. 

Thus the solution for 9 is 

1 asinhur  
r - 

-Ur e * = B  7 

i n V  

outside of V 

(22.78) 

(22.79) 

where r now denotes the distance from the center of the sphere of the volume element 
where the absorption is being calculated. The constants of integration a and B a re  ob- 
tained as follows: 

At the center of the sphere, *is found from Eq. 22.75 to be 

q=L" 4nr2 dr = 

Comparison of this result with Eq. 22.78 evaluated at r = 0 yields 

(l+uR)e- a= 
u3 

Imposing the condition that *be continuous at r = R yields 

Hence, it may be seen that 

outside of V 1 = Regr -EuR - ( 1 ~ ~ ) s i n h  1 OR 
u 2 r  

The intensity of absorbed radiation, I, is obtained from the relation 

U 

Substitution of Eqs. 22.80, 22.81 into 22.82 yields: 

(22.80) 

(22.81) 

(22.82) 

where r' = r/R. 
Equations 22.83 and 22.84 are plotted in Fig. 22.19 for UR equal to 1.0, 1.5, 2.0, and -. 
It was seen in Sec. 22.22 that spheres with surface intensities of emitted radiation pro- 

portional to cos $ and cos $, respectively, a r e  extreme limits corresponding to the 
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cases whenoR inside the sphere is respectively very large and very small. The case of 
equal mean free paths considered in this section lies between these extreme limits. , 

Hence one would expect the intensity of absorbed radiation given by Eq. 22.84 for the 
region external to the sphere to be bracketed by the results of Sec. 22.4 for a sphere with 
a cosine and cosin-quared surface distribution. 

(RADIAL DISTANCE)/( RADWS OF SPHEREl,r/R=r’ . .  

Fig. z2.1g-Absorption intensity distributions for uniform source in sphere 
(E+ 22.83 and 22.84). 

In order to make the comparison, the absorption given by Eq. 22.84 must be nor- 
malized to correspond to the normalization used in Sec. 22.4 Eq. 22.36. This is done in 
the following manner: 

The total radiation G absorbed in the region external to the source region is calcu- 
lated (by use of Eq. 22.84) as 

Define a normalized intensity, J, by 

4,a31 I J=-- 
3G - c  

where 

(22.85) 

(22.86) 

(22.87) 

is the fraction of the total radiation which escapes from the surface of the sphere. This 
function is plotted on Fig. 22.20 as the self-shielding factor for a sphere. 
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22.8 UNIFORM SOURCE IN CYLINDRICAL REGION 

0 

0 
-I 

I 
tn 
I 
IL 
-I w 
tn 

z, 
w 

Fig. 22.m-Self~hielding factors ( f )  for slabs, cytidea, and spheres. The self-shielding 
factor is qual to the fraction-of radiation escaping from the volume containing a uniform 

isotropic source. The absorption aossxction is U. 

If (SJ/crR)r'" is now plottedversus uR(r'-1), the results can be compared with 
(3,$'/~R)r1~ for the sphere with a cosine and cosine squared surface distribution which 
were plotted versus uR(r'-l) in Figs. 22.6 and 22.7. This comparison is made in Figs. 
22.21, 22.22 and 22.23 for OR equal to 1.0, 1.5 and 2.0. It is seen that the results of this 
section for equal mean free paths are closely,bracketed by the results of Sec. 22.4 for a 
sphere with a cosine and cosine squared surface distribution. 

22.8 UNIFORM SOURCE IN CYLINDRICAL REGION 

Consider a cylinder of radius R and length zo, which contains a unit isotropic 
source of gamma-rays per unit volume per second. It wi l l  be assumed that the absorp- 
tion cross-sections for gamma-rays inside and outside the source region are equal. The 
integrals arising in the calculation of the absorption can no longer be evaluated by 
pWely analytic methods. However there are two special cases for which the integrations 
are relatively simple. 

A. Case 1: Absbrption in End Plane of Semi-Infinite Cylinder 
Let Ip be the intensity of absorbed radiation per unit volume per second at a distance 

r. from the axis of the cylinder and in a plane coincident with the end plane of the cylin- 
der. Let p, 0 and z be the cylindrical co-ordinates of the typical point in  the cylinder, 
where z is measured from the end plane and the plane 0 = 0 includes'the point at distance 
r. If the radius of the cylinder is R, I, is given by: 

(22.88) 

CHAPTER 22 



UNIFORM SOURCE IN CYLINDRICAL REGION 22.8 

1 

uR=l.O 

NORMALIZED DISTANCE, u ( r - R )  

Fig. ni.zI-Normalized radiation absorption intensities near spherical sourcc Radiation 
mcan free path the same inside and outside of sphcre. Uniform volume source is compared 

with surface sources angularly distributed as they were in Figs. 22.6 and 227. 

where the distance D to the typical point (p,e,z) is given by: 

D ' = z '  + r 2  + p 2 - 2 r p c o s e  

Equation 22.88 can be put into a more convenient form by dividing both sides by 
then taking the partial derivative with respect to u, which yields: 

or 

GAMMA-RAY AND NEUTRON HEAT GENERATION 

(22.89) 

and 

(22.90) 
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COSINE SQUARED 

COSINE SQUARED 

u R z I . 5  

NORMALIZED DISTANCE, u(r-R)  

Fig. 22.2z-Normdized absorption intensities near sphcrid source. Radiation mean free 
path the same outside and inside of sphere. Uniform volume source is compared with surface 

sourccs angularly distributed as .they were in Figs. 21.6 and 21.7. 

where W is given by 

(22.91) 

Upon substituthg for D from Eqs. 22.89 and 22.91, W becomes: 

(22.92) 
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at?= 2.0 

NUKMALlLtU U I Y I A N C E ,  u ( r - R )  

Fig. 22.23-Normalized radiation absorption intensities near spherical source. Radiation 
mean free path the same inside and outside of sphere. Uniform volume source is cpmpared 

with surface sources angularly distributed as they were in Figs. 22.6 and 22.7. 

The three integrations arising in Eq. 22.92 can be carried out successively if the follow- 
ing formulas are applied: 

(22.93) 
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where I and K are the Bessel functions of imaginary argument. One then obtains: 

w = gj Ko(mz (a) i f r  > R  (22.94) 

w = -  1 [ 1- oRK,(OR)IO (a) ] i f r<  R 
2 2  

Substitution of Eq. 22.94 into 22.90 yields: 

b = z  - 2- uR_/.w K,(z) I, (T) . $ for r/R<1 
UR 

for r /R>l  

(22.95a) 

(289%) 

When r > R, the asymptotic expressions for the Bessel functions ' may be inserted 
in Eq. 22.95b to give the following expansion for $: 

(22.96) 

00 

where q ( x )  = 

numerical integration of Eq. 2P95a for r < R 

e-= u - ~  du are tabulated fun~tions."~ 
Values of Ip in Table 22.1 were computed by means of Eq. 22.96 for r > R and the 

TABLE 22.1--ABSORPTION IN END PLANE OF SEMI-INFINITE CYLINDER 
Absorption Intensity I as a function of r '  =r/R for oR equal to 1.0, 1.5 and 2.0 

I, 
r '  OR = 1.0 UR = 1.5 uR = 2.0 

0.0 0.364 0.424 0.458 
0.2 0.360 0.421 0.455 
0.4 0.347 0.408 0.443 
0.6 0.325 0.384 0.420 
0.8 0.283 0.335 0.370 
1.0 0.181 0.204 0.215 
1.2 0.084 0.083 0.074 

0.0346 1.4 0.051 0.0441 
1.7 0.027 0.0197 0.0130 
2.0 0.015 0.0095 0.0053 

Equations 22.95 have been ezaluated numerically for a much wider range of 
parameters by J. P. Simpelaar. The values in Table 22.1 for an end plane of a semi- 
infinite cylinder are just  half as great as the values for any plane normal to an infinite 
cylinder. 

B. Case 2: Distribution on the Axis of a Finite Cylinder with Equal Height and Diameter 
Let IA be the amount of radiation absorbed per unit volume per second on the ex- 

tended axis of a cylinder of length z, and radius R, at a distance z from the end of the 
cylinder. IA is given by: 
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R oe-ov'c2 + Z I y  +pa  
IA =JZO dzf 2np dp 

0 0 4n [ (z+z'92+ $1 
(22.97) 

Now pdp can be replaced by, LdL, where L2 = (z + z " ) ~  + pa, so that one of the integra- 
tions in Eq. 22.97 can be carried out directly to yield: 

IJZ) = ;Xo [.. (OZ +a") - E  0 V G Z z F  dz" (22.98) 
00 1 ( )I 

where En(x) = /I e-" u - ~  du. Equation 22.98 was integrated numerically with the 
length za equal to .twice the radius; the results are given in Table 22.2. 

The close agreement between the values of IA at z' = 0 and I, at r = 0 shows that 
the flux at the end of a cylinder with equal height and diameter is almost as large as the 
flux at the end of a semi-infinite cylindrical source for the values.of uR considered here. 

Twice the values of I, given in Table 22.1 yield the radial distribution in'any normril 
plane of an infinite cylinder. It is of interest to compare the results for an infinite 
cylinder with those obtained in Sec. 22.5 for a sphere under the same assumption of 
equal mean free path. It is most sfgnificant to compare the fraction of emergent energy 

TABLE 22.2--ABSORPTION ON AXIS OF,FINITE CYLINDER 
Absorption intensity IA as a function of z '  = z/R for OR equal to 1.0, 1.5, and 2.0. 

The length of the cylinder was taken to be 2R. 

I A 
2' = z/R OR = 1.0 UR = 1.5 OR = 2.0 
0.0 0.359 0.422 0.457 
0.2 0.1700 0.1733 0.1623 
0.4 0.0980 0.0900 0.0759 
0.7 0.0475 0.0376 0.0274 
1.0 0.0247 0.0169 0.0106 

absorbed in a cylindrical shell dr with that absorbed in a spherical shell dr. In par- 
ticular, we must normalize % and compare it with (3J/uR)ria, which is plotted in 
Figs. 22.21, 22.22, and 22.23. 

The normalization of 2I,, corresponding to that used in Eq. 22.86 to define f, is: 

(22.99) I 21, 
I, =-f, 

where f, is the fraction of the total radiation which escapes from the surface of the 
cylinder. In addition, by considering the total absorption in the region exterior to a 
cylinder, it is seen that (c/oR)r' is the function which must be comaared with 
(3J/u R)r' for given values'-of uR(r'-1). 
in Table 22.3. 

The results of this compaiison are given 

TABLE 22.3--COMPARISON OF (3J/o R)r" (SPHERE) WtTH (21r/u R)ri(iNANY 
NORMAL PLANF OF INFINITE CYLINDER) FOR uR EQUAL TO ?.0,1.5, AND 2.0 

2L;, r '  
oR 
3ra J 
oR 

- 
- 

OR = 1.0 oR(r1 - 1) OR 
3P2 J 
oR 
- 

0.0 
0.2 
0.4 
0.7 
1.0 

1.774 1.614 1.099. 
0.988 0.940 1.051 
0.700 0.685 1.022 
0.450 0.470 0.957 
0.294 0.330 0.891 
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TABLE 22.3--(Continued) 
21; r' 

o R  
J 3r" J 

oR oR UR = 1.5 . UR(r' - 1) 

UR = 2.0 

0.0 1.784 1.629 1.095 
0.3 0.870 0.800 1.088 
0.6 0.540 0.520 1.038 
1.05 0.292 0.300 0.973 
1.50 0.166 0.180 0.922 
0.0 1.792 1.717 1.044 
0.4 0.740 0.710 1.042 
0.8 0.404 0.415 0.973 
1.4 0.184 0.205 0.898 
2.0 0.088 0.105 0.838 

The values for Ip were taken from Table 22.1, and the values for (3J/frR)r12 were 
taken from Figs. 22.21, 22.22 and 22.23. The values of the fraction of the total radiation 
which escapes from the surface of the cylinder were taken from Fig. 22.20 which was 
originally obtained in connection with self-shielding pfoblems. 2'5 

Thus, for a given value of OR, it is seen that 2'I' r /OR close to the surface is slightly 
greater than, but farther away grows less than, 3rPzJ/uR. 

Although calculations were not made for the cases of an infinite cylinder with a 
cosine and cosine-squared surface intensity of emitted Tadiatiqn, estimates of the in- 
tensity of absorbed radiation can be mate. A plot of (2'I /oR)r versus oR(r ' - 1) for an 
infinite cylinder with a cosine o r  cosine-squared surface intensity of emitted radiation 
would lie between the plots of &@o R)r" (sphere) and I' (infinite plane) in Figs 22.6 and 
22.7. Since there is not too great a qpread between the above-mentioned graphs for 
sphere and plane, the estimate of (2I /o R)r' can be made with reasonable accuracy. 

quired at the surface of the cylinder, and we find that for an infinite cylinder: 
For example, examination of Figs. 22.6 and 22.7 shows that no interpolation is re- 

21' 

21' 

- r' (cosine distribution) = 2 oR 

- r' (cosine-squared distribution) = 1.50 oR 
A s  in the sphe,rical case discussed in Sec. 22.7, these values bracket the average 

value of (%/crR)r = 1.78 at the surface of the cylinder, which was obtained under the 
assumption of equal mean free paths (see Table 22.3). 

22.9 PLANE AND SPFIERE WITH A MORE GENERAL KERNEL 

In this section, expressions will be derived for the energy absorption at very large 
and very small distances from a plane and from a spherical surface source of radiation 
with various angular distributions, The straight-ahead approximation is used, but a 
more general kernel is assumed than in the previous sections. Let G(p) dp represent the 
fraction of energy in a monodirectional beam which is absorbed in the path length dp at a 
distance p from the source. Let the angular distribution of radiation from the surface 
under consideration be characterized by the function f@), where f(p) @ gives the fraction 
of radiation emerging at angles $ from the normal to the surface for which cos$ lies be- 
between p andp + dp. The following forms for f(p) will be considered 

Form for f(p) 

f(p) = 1 
fee(> = 2p 
f(p) = 3pa 
f(p) = 6 (jl-1) 
f(p) = 1/2 

324 

Range of p 

-1 <p< 1 

Isotropic (one -sided) 
Cosine distribution (Lambert's law) 
Cosine -squared distribution 
Monodirectional 
Fully isotropic 
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, 

Let x) dx and K,(x) dx be the fraction of radiation absorbed between the distances 
x and x +% from a plane (for the plane source, $(x) dx refers to the radiation absorbed 
on only one side of the source) and spherical source, respectively. The expression 
Kp(x) dx thus represents the radiation absorbed in a slab of thickness dx at distance x 
from the source, while K,(x) dx represents the radiation absorbed in a spherical shell of 
thickness dx and radius r = (R + x) where R is the radius of the surface on which the 
source is located. The terms K(x) dx, f(p) dp, and G(0) Q are related by 

Bx) dx = dxldpf(pc)cb)(ap/ax) (22.100) 

where p as a function of p and x is determined by the geometry. For the plane case, 
Kp(x) is proportional to T(x) where I(x) represents the energy absorbed per unit volume 
at distance x from the source, whereas for a spherical source, KB(x) is proportional to 
r21(r) where I(r) is the radiation absorbed per unit volume at radius r. From the defini- 
tion it follows that the integral of KB(x) and Kp(x) from x = 0 to infinity is unity. Further- 
more, for any angular distribution for which f @) = O,p<O, it w i l l  be seen that KdO) = 
q ( 0 ) .  (For f@) = 1, p> 0, both of these quantities are infinite.) In general, K,(x) falls 
below Kp(x) for intermediate values of x and is greater than %(x) for large x. In addi- 
tion, for cases where f@) = 0 for p<O, Kp(x) and K,(x) are larger than a x )  for small 
values of x and smaller than G(x) for large values of x. 

X For a plane source where p = -, Eq. 22.100 becomes 

(22.101) 

At a small distance from the source (x-0), Eq. 22.101 yields 

Kp(0) = aG(0) (22.102) 

For large x, Eq. 22.101 can be evaluated if it is assumed that at large distances G(p) 
decreases roughly exponentially. In this case, the main contribution to Eq. 22.101 comes 
from pE1. It is therefore legitimate to use the following approximate expression for 
G(x/p 1: 

where 
veE-d(1nG)/dp] p = x  

Eq. 22.101 then yields for large x 

(22.103) 

(22.104) 
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Note that for the monodirectional source $(x) = G(x), and thus the infinite value quoted 
for /3 really means that the form given in Eq. 22.104 for I$ (x) does not apply in this case. 
In addition, for the isotropic case (one-sided) 

(22.105) 

This reduces directly to the result in Eq. 22.104 for large x with the above approxima- 
tion for G@). 

ing expression (note that f(p) = O,p<O, for most cases of interest): 
For a spherical source of radius R, K,(x) is obtained from Eq. 22.100 as the follow- 

(22.106) 

where 
r = x + R  

p & - IP +p2 R~ - p ~  
Sincep = 0 for x = 0 and p>O, the value of KdO) is the same for a spherical or plane 

source for all angular distributions having f(p) = 0 for p<O. For large x, the relation 
between x and p becomes 

p’ = r - p R = x + ( l  -p)R 

Hence Eq. 22.106 becomes for large x 

(22.107) 

By means of the same approrrimation used for large x in the plane case, K&x) can be 
written 

where 

This leads immediately to the following results: 
w t -dbG)/dX 

1 while for f(p) = z, -1< p < 1, 
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(22.111) 

(22.112) 
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These relationships follow directly from Eq. 22.106 by means of the substitution 

( P +  4 c =  Rp (22.113) 

Note that Eqs. 22.111 and 22.112 are similar in form to Eq. 22.105 so that KB(x) for 
an isbtropic source can be expressed simply in terms of Kp(x) for a plane source. Thus 
for f(p) = 1, p > 0 

1 Similarly, for f(p) = 2 -1 <p <I, 

K, (x) - K, (X + 2R) 

GAMMA. 

(22.114) 

(22. r15) 
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GAMMA-RAY AND NEUTRON 
HEAT GENERATION 

Be MULTIGROUP TREATMENTS OF GAMMA-RAY ABSORPTION 

H. HURWITZ, Jr., 1. B. NIMS, Jr., and M. 1. STORM 

22.10 INTRODUCTION 

In applying the results derived in Part A for the distribution of gamma-ray absorptions, 
the problem arises of selecting a single effective energy absorption cross-section for 
which the assumption of exponential attenuation is valid within a reasonable degree of 
accuracy. An .energy absorption cross -section representative of the initial core gamma- 
ray spectrum can be obtained once the shape of the initial spectrum is known. This 
cross-section is not rigorously valid at all distances because of the change of the spec- 
trum with penetration. The present study investigates the accuracy with which the ab- 
sorption may be represented by an exponential approximation and determines the effec- 
tive cross-section to be used in this representation. 

To consider this question for SIR-type reactors, a multigroup calculation was per- 
formed to determine the spectral energy distribution and energy deposition rate as a 
function of distance froma.point source along a straight-line path starting in the core and 
continuing into the reflector. The “straight-shew' approximation (wherein the gamma- 
ray photons lose the proper amounts of energy on collisions with electrons but are as- 
sumed to keep their direction of travel unchanged) was used, and various representative 
path lengths in core and reflector material were chosen. Although the treatment of 
gamma-ray attenuation by the straight-ahead approximation and the multigroup method 
would not be entirely satisfactory in the case of shielding studies, this approach is 
considered to be useful for gamma-ray heating calculations, where the distances in- 
volved are comparatively small. 

Although low-energy gamma radiation is scattered more than gamma radiation of 
higher energy, it is also absorbed more rapidly. Thus the absorption of low-energy 
radiation should not occur too f a r  away from where it is assumed to take place in the 
straight-ahead approximation. Use of the straight-ahead approximation yields an 
underestimate of the energy absorbed near the source and an overestimate of the 
energy absorbed far away from the source. (It is to be noted that ample cooling is 
provided in the core where the gamma radiation is a minor contributor to the steady- 
state heat generation.) To copterbalance this effect, the low end of the spectrum is 
cut off at an energy of 0.5 mc . This means that gamma radiation of energy less than 
0.5 mc' is assumed to be absorbed immediately in this calculation. 

The multigroup equations were formulated using two alternative methods: 
1. The spectral energy density was assumed constant within each group. 
2. The spectral energy density w a s  assumed to vary linearly wi th  energy within 

The results obtained by the two methods are in good agreement. 
The effective energy absorption cross-section w a s  found to be 0.067 cm" in the 

core and 0.056 cm" in the reflector for the path lengths considered. The inaccuracy in 
the absorption resulting from the use of these effective values does not exceed 4 per cent 

each group. 
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in the core for the greatest path length used. In the reflector the inaccuracy is initially 
not greater than 9 per cent, and it decreases to 5 per cent at greater distances. 

22.11 MATHEMATICAL FORMULATION 

The penetration of gamma radiation through matter involves absorption processes 
due to the photoelectric effect and pair production, and energy 'degradation and scattering 
resulting from Compton collisions. Of primary interest in reactor heat generation 
problems is the energy deposition rate in material located at distances from core 
gamma-ray sources that are small compared to the distances of interest in shielding 
problems. In view of these relatively small distances (that is, within a few attenuation 
lengths of the source), it is .reasonable to assume straight-ahead propagation. In this 
approximation the energy degradation in a Compton collision .is considere4 but Compton 
scattering is neglected. The equation governing the one-dimsd,cr:.l penetration and 
energy degradation of the gamma radiation is then given bya 

') +p(E)P(E, x) =p k(E'-E)P(E', x)dE' (22.116) 
ax E 

1 where 
E = the photon energy in units of mc 

E, = the maximum energy in the beam 
P(B, x) = €he number-of photons in the beam passing point x per unit time in the 

energy range E to F + dE 
p(E) = the total narrow-beam absorption and scattering cross-sectior) 

Compton-scattered into the energy range E to B + dE. k(E'-E) is 
obtained from the Klein-Nishina formula, and is given as 

k(E -E) = the probability per unit length of path for a photon of energy E to be 

(22.117) 

where urn is the Thomson cross-section (u& = 8; ro 
radius), and N is the number of electrons per unit v o h e .  

In Eq. 22.116, the termp(E)P(E,x) represents the loss of photons at x by pure ab- 
absorption and scattering to lower energies. The term on the right represents the in- 
crease in density of photons of energy E brought about by the degradation of photons of 
energy E', where E'varies from E to the maximum energy Em . 

It is convenient in this formulation to introduce the spectral energy density Y(E,x) 
which is related to P(E,x) by 

being the classical electron 

(22.11 8) Y(E,x) = EP(E,x) 

Substitution of Eq. 22.118 into Eq. 22.116 yields 

+ p(E)Y(E,x) =/" K(E '-E)Y(E',x)dE! ax 
E 

(22.119) 

where 

In the multigroup formulation the spectral energy range is divided into finite regions 
of arbitrary energy widths AEi. The magnitude of each group width AEiis given by 
(Ei+1 - Ei); and Yi is the spectral energy density corresponding to the energy El. The 
multigroup equations are  formed from Eq. 22.119 by first rewriting the right-hand side 
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as a summation of integrals whose limits of integration correspond to the group limits, 
and then integrating both sides over the ig group. One then obtains 

' ay(E*x)dE 
dE J:*' K(E'-E)Y(E',x)dE' (22.121) 

21 d 
ax 

E l  
In order to proceed further, assumptions are .made as to the dependence of Y(E,x) on 

energy. In particular, the following two approaches lend themselves to simple formula- 
tions of the multigroup equations. In the first approach the spectral energy density is 
assumed independent of energy within each group, and in the second approach the spectral 
energy density is assumed to be a linear function of energy within each group. These 
two methods will now be considered in turn. 

Method A. Y(E,x) independent of E within each group. 
Eq. 22.121 then becomes: 

where 

fE'-AEi =[: IC( E '-E)dE 

It is now convenient to introduce the total group energy Nidefined by 

(22.122) 

(22.123) 

N i  =I:' YdE (22.124) 
i 

Since in this formulati0n.Y is independent of energy in each group, Eq. 22.124 becomes 

N i  = Yi(Ei+l - El) 

Substitution of Eq. 22.125 into Eq. 22.122 yields 

(22.125) 

a ?  +PINi= TJ,iNj (i = 0,1 ... n-1) (22.126) 
d 2% ax 

where n is the number of groups chosen, 

(22.127) 

(22.128) 

It should be noted that the series of differential equations represented by Eq. 22.126 
are of the form 

(etc.) 
Ns-2 

' .  

! 

which enables one to obtain analytic solutions for each &, in succession without undue 
amounts of labor. This simplifying feature is due to the fact that the absorption of 
gamma radiation does not give rise to gamma radiation of higher energy, unlike the 
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L 

1 

Substitution of Eq. 22.129 into Eq. 22.121 yields, after some elementary operations 
1 
I 

fission absorption of neutrons. The initial Conditions to be used are determined by the 
shape of the initial spectrum. 

Method B. Y(E,x) is a linear function of E in each group. 

Let 

I 
Y 

c 
where z, and ,are again defined by Eq. 22.127 and 22.128 and where 

(22.131) 

dE' (22.132) 
r E ' - A X I  

* When Y l + l  equals Yl, Eq. 22.130 reduces to Eq. 22.126, as is to be expected. 
The series of differential equations represented by Eq. 22,130 for n groups com- 

prise n equations involving n + 1 unknowns. To solve these equations, it is necessary to 
make an additional assumption. The customary procedure of setting the spectral energy 
density equal to zero at the upper end of the spectrum is followed. 

Before proceeding further it is necessary to choose group widths AEl and to evaluate 
the coefficients appearing in Eq. 22.126 and 22.130. The group widths are chosen so that 
there is a reasonable degree of uniformity of. source s t r e n e ,  &bsorptio_n, and scattering 
cross-sections within a given group. The coefficients pi, U, fj,j, and gj & depend on 
the composition of the region through which the gamma radiation is travefing. 

22.12 APPLICATIONS TO SIR-TYPE REACTORS 

The initial conditions to be used in obtaining solutions of Eqs. 22.126 and 22.130 are 

1. Measurements made on the Los Alamos Water Boiler and Fast Reactor' show 
that the number of photons emitted per unit energy interval decreases ex- 
ponentially with photon energy in an energy range of approximately 0.5 to 8 MeV. 
The gamma-rays comprising this spectrum consist of prompt fission gammas, 
delayed fission-product gammas, and capture gamma-rays primarily from the 
product nucleus U2sB . From Fig. 3 of reference 7 an average representation of 
the variation of the photon density spectrum was  found to be exp( -0.61 E), where, 
a s  before, E is in units of mc' . On this basis the spectral energy density was 
taken to vary as E exp(-0.61 E). This relation was used t2 distribute a total 
energy of 14 Mev/fission in the energy range 0.5 to 10 mc . The total of 14 MeV/ 
fission includes the following. 
a. Prompt fission gamma-rays: 5 Mev/fissionB 
b. Delayed fission-product gamma-rays: 6 Mev/fission' 
c. Capture gamma-rays from product nucleus Uzs: 

(Calculated from absorptions obtained from critical mass calculations for 
the reactor3 

This contribution to the total birth spectrum is indicated as the dashed curve in 
Fig. 22.24. 

2. To the above total of 14 Mev/fission must be added 0.1 Mev/fission resultingfrom 
capture processes in sodium in the core, and 0.9 Mev/fission resulting from 

determined by the gamma-ray birth spectrum in the core. This spectrum was con- 
structed in the following manner: 

3 Mev/fission 
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Fig. z~~+-Gamma-ray birth spccaum. 

capture processes in iron in the core. These numbers were deduced from the 
absorptions obtained in critical mass calculations. Since Na" emits a 1.38- and 
a 2.76-Mev gamma, the total of 0.1 Mev/fission was distributed with a flat dis- 
tribution in the range 2 to 6 mc2 . Of the total of 0.9 Mev/fission resulting from 
neutron capture processes in iron,' !.3 Mev/fission was distributed with a flat 
distribution in the range of 2 to 6 mc2, and 0.6 Mev/fission was distributed in the 
same manner in the range 6 to 10 mc . Finally, as an estimate of the gammas 
resulting from induced radioactivity in the core, a total of 1 Mev/fission was 
distributed with a flat distribution in the range 0.5 to 4 mc2 . 

The above contributions to the birth spectrum are depicted in Fig. 22.24. The com- 
ponents of the spectrum discussed in 1. and 2. were used to synthesize a smooth spec- 
trum having a total energy of 16 Mev/fission which is represented by the sold line in 
Fig. 22.24. 

With the birth spectrum thus obtained, it was necessary to divide the energy range 
0.5 to 10 mc2 into a finite number of groups and to obtain representations of the initial 
spectrum for either Method A or Method B, where the spectral energy density is as- 
sumed independent of energy o r  a linear function of energy within each group. 

Five energy groups were chosen in order to keep the numerical work within the 
scope of hand calculations. These groups covered the following energy ranges 

Group 0 0.5 < E  < 1 mc2 - =  

The choice of group widths, 

Group 1: 1 <E < 2mc? 
Group 2 2 -<E - < 4 mc2 
Group 3 4 <_ E ,< 6 mc" 
Group 4 6 < - E <, 10 mc" 
while arbitrary, wa8 such #at the narrowest groups lay in 

- -  - -  
- -  
- -  
- -  

the energy region where the initial spectrum and #e total absorption cross-section 
varied most rapidly with energy. (See Figs. 22.24 and 22.25.) 

The initial spectrum and the representations of this spectrum that are to be used for 
Methods A and B a re  shown in Fig. 22.26. In each representation the total energy in each 
group is the same as the total energy in the continuous spectrum between the energy 
limits defining each group. In accordance with the discussion at the end of Sec. 22.11, 
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the spectral energy density was set equal to zero at the upper end of the spectrum in the 
representation used for Method B. 

The relation between the total energy in a group Niand the spectral energy density 
at the ends of each group is given by Eq. 22.125 for Method A. For Method B it is ob- 
tained by substituting Eq. 22.129 into Eq. 22.124, yielding: 

(22.133) 

By integration over the continuous spectrum shown in Fig. 22.26 the following values 
were obtained for the mal energy in eacb group 

Group 0: 1.4 Mev/fission 0.5 <.E<_ 1 mc' 
Group 1: 3.5 Mev/fission 1 <_ E ,< 2 m 2  
Group 2 5.9 Mev/fission 2 E z< 4 mc' 
Group 3 3.1 Mev/fission 4 < - -  E < 6 mc' 
Group 4: 2.1 Mev/fission .6 2 E 7 10 mc' 

- - -  

- -  

= =  
The insertion of these values into Eqs. 22.125 and 22.133 yielded the representations of 
the spectrum shown in Mg. 22.26 that were used for Methods A and B. 

In Sec. 22.13, where solutions are obtained for each method, results will  be deter- 
mined for an initial spectrum normalized to unity. 

Finally, the coefficients &, &, FA,, and &, which appear in the multigroup Eqs. 
22.126 and 22.130 must be determined. 

A plot of the total absorption curve p(E) for the reactor core and reflector gaterig 
is given in Fig. 22.25. Knowledge of this function permits the determination of & andUa 
from Eqs. 22.127 and 22.131 by means of numerical integration. The results are listed 
in Table 22.4. 

TABLE 22.4--VALUES OF AND Vi IN CORE AND REFLECTOR - - 
p i  ' ui 

Group Index Core Reflector Core Reflector 
i = o  0.2380 0.1726 0.1786 0.1264 
i = 1  0.1536 0.1280 0.2243 0.1870 
i = 2  0.1039 0.0920 0.3037 0.2637 
i = 3  0.0791 0.0684 0.3935 0.3379 
i = 4  0.0660 0.0542 0.5262 0.4311 

It is seen from Eqs. 22.128 and 22.132 that G,j,iand idepend on the function f E,dEI 
which is defined by Eq. 22.123. Substitution of Eqs. 22.123 and 22.123 yields =[$t + g + & h n E + [ $  +$] E a -[2+;]E])] E=E' 

"' 

(3/8)% E=Ei 

for 3 - -  < E '  <E, - -  - 1 E=E*~l (22.134) 
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Fig. zz.zs-TotaI phomn absorptiod cmsssations in reactor core and rrflerror. 

The function f ~t-&Ei/(3/8)Na, is plotted in Fig. 22.27 for the group widths chosen. 
Knowledge of this function permits the determination of 6,,F/(3/8)IWm and &;1/(3/8)Nua 
from Eqs, 22.128 and 22.132. When these values are  multiplied by (3/8)um and by the 
number of electrons per unit volume (N being a different numbez in core and reflector 
materia),  the following in Table 22.5 are obtained for T in core and reflector material. j P d  gj,i 

Substitution of the coefficients listed in Tables 22.4 and 22.5 into Eqs. 22.126 and 
22.130 yields the desired seta of equations for Methods A and B in the core and reflector. 
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Fig. ii.i6-Gamma-ray birch spectra. 

. .  

TABLE 22.5-VALUES OF 
f J Y i  

AND gj iIN THE CORE AND REFLECTOR 

Core Reflector Core Reflector 
f 4 ) 4  0.0072 0.0063 0.0594 0.0524 
f4,S 0.0068 0.0060 n 0.0512 0.0451 

0.0340 0.0050 0.0044 
0.0022 0.0019 0.0167 0.0147 

0.0011 0.0010 0.0086 0.0075 
f S ) S  0.0092 0.0082 0.0516 0.0455 
fs,2 0.0155 0.0137 0.0754 0.0665 
f S , l  0.0055 0.0049 0.0266 0.0234 

0.0024 0.0131 0.0116 
f2 ,2 0.0225 0.0198 0.0715 0.0631' 
f 2 ) l  0.0196 0.0173 0.0541 0.0477 
f 2 , O  0.0076 0.0067 0.0211 0.0186 
fl,l 0.0421 0.0372 0.0670 0.0591 
f1,o 0.0379 0.0334 0.0465 0.0410 
fo, 0 0.0630 0.0556 0.0593 0.0523 

> 

- - 
g4,4 
g4,9 
- - 
- - 

0.0385 g4,2 

'4,'l 

g4 ,O 

f 4  ,2 

f4,1 

- - 
- - 

f 4  ,O - - 
gs, 9 

gs, 2 

gs, 1 

gs, 0 

g2,2 

g2,1 
g2, 0 

%,I 

g1,0 

- - 
- - 
- - 

0.0027 fS)0 - - 
- - 
- - 
- - 
- - 
- - 

22.13 SOLUTIONS OF THE MULTIGROUP EQUATIONS 

In this section, pertinent results of the solutions of the multigroup equations, subject 

A s  mentioned before, calculations of gamma-ray absorption for various geometrical 

to the initial representations of the birth spectrum depicted in Fig. 22.26 for Methods A 
and B, are presented in graphical form. 

configurations are simplified by the use of ar orgy absorption kernel of the form 

* .  
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Fig. zz.z7-Relative Compton scattering into each p u p .  

oaexp( -OaX), where Ua is an effective energy absorption cross-section to be obtained 
from the multigroup calculations. 

The procedure followed is to calculate N =F Ni, the total energy in all groups, as a 
function of distance along a straight-line path starting at a point source located in the 
core. Various representative distances of travel in core and reflector material are 
chosen. The following straight-line paths were considered 

Path 1 - 60 cm in core material only 
Path 2 - 20 cm in core and then 40 cm in reflector 
Path 3 - 40 cm in core and then 20 cm in reflector 
Path 4 - 60 cm in reflector material only (the source point being located at the 

core- reflector interface) 
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In order to perform the calculations for Paths 2 and 3; the spectral energy distribu- 
tion in the core must first be determined as a function of distance. Then, for example, in 
Path 2, the spectral energy distribution in the core after 20 cm of travel is used as the 
tnitial spectrum for the subsequent 40 cm of travel in reflector material. In addition, 
the spectral distributions for various distances of travel in both media are normalized 
to unity for purposes of comparison. 

Finally, the solution for N = XN the total energy in the beam, is normalized to 
I f  

correspond to a total initial energy of unity. Then (-aN/ax) is the fractionalenergy 
absorption per centimeter of path, and the straightness of a plot of this function on semi- 
logarithmic paper indicates how accurately the absorption can be represented by a single 
exponential . 

It is seen that the solutions of Eq. 21.126 are of the form 

(k,i = 0, 1, 2, 3, 4) 

k p  
for the energy in each group. N = f Ni and (-aN/ax) are then calculated. In plotting the 
spectrum, Eq. 22.125 is used to obtain %from K .  

The solutions of Eq. 22.130 are also of the form 

(k,i = 0, 1, 2, 3, 4) 

The energy in each group, N,, is obtained from Yi by use of Eq. 22.133; N = FNiand  
(-a N/8 x) are calculated as before. 

The equilibrium spectrum is obtained by considering the dominant exponential term 
in each expression for Yi at very large distances. (In the actual physical problem a true 
equilibrium is not reached, for the shape of the spectrum at high energies is continually 
changing. The equilibrium spectrum mentioned here is a mathematical equilibrium 

. which arises from the multigroup treatment. This mathematical equilibrium may repre- 
sent the true situation fairly well at intermediate distances but must not be considered 
to be valid for the high-energy part of the spectrum at extremely large distances.) 

Figure 22.28 compares the normalized spectral energy distributions in core and 
reflector material at x = 20 cm, 40 cm, and at equilibrium as obtained by Methods A and 
B for Paths 1 and 4. Figure 22.29 compares the fractional energy absorption per centi- 
meter of path as a function of distance of travel in each region. The curves starting at 
x = 20 and 40 cm correspond to Paths 2 and 3 where the radiation travels 20 and 40 cm, 
respectively, in core material before entering the reflector. The reflector curve start- 
ing at x = 0 (Path 4) corresponds to gamma radiation born at the core-reflector inter- 
face which then travels 60 cm in reflector material. 

the spectral energy density to be constant o r  a linear function of energy in each group. 
The most marked deviation in the results of the two methods occurs in the equilibrium 
cases (bottom of Fig. 22.28), where the spectral energy density in the linear case 
(Method B) is too high at 6 mc2 . This is directly attributable to the assumption that 
Y(E,x) is zero at the high end of the spectrum. A t  equilibrium the spectral energy dis- 
tribution is fairly flat, hard to f i t  by a linear function which is constrained to zero at 
10 mc'. This deviation is not manifested in the other spectral comparisons where 
Y(E,x) decreases with increasing energy. 

Detailed comparison of the spectral distributions in core and reflector shows that 
there is less energy in the lowest energy group in core material than in reflector ma- 
terial at corresponding distances of travel. This is due to the relatively greater ab- 
8orptiOn properties of core material a t  these energies (Fig. 22.25). In conjunction with 

These illustrations show that essentially the same results are obtained by assuming 

this effect i t  is interesting to note (Figure 22.29, reflector curves starting at x = 20 and 
40 cm) that a ray leaving the core is initially less strongly absorbed than it is after it 
has travelled farther into the reflector. This is due to the fact that the lower energy 
groups of gamma-rays leaving the core contain less energy than the corresponding 
groups of rays which travelled the same distance in all reflector material. 
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Fig. 2z.zg-Fractional energy absorption rates in reflector and core materials. Total e n e m  
in initial spectrum normalized to unity. 

There is a slight tendency for the fractional energy absorption curves to be S-shaped 
as a function of distance as compared to a purely exponential absorption. This is illus- 
trated by the exaggerated curve on the left in Fig. 22.30 where h(a/dx)is plotted as a 
function of x. The true curve fortnN (on the right in Fig. 22.30) first falls below the 
exponential due to the softening of the spectrum by Compton collisions. At intermediate 
distances thel2nN curve becomes less steep as there is less energy left in the beam and 
the spectrum is gradually rehardening. Finally, at large distances, the hardening effect 
predominates. Hence, the curve forQn( -dN/dx) first rises above the exponential absorp- 
tion curve, falls below it at intermediate distances, and then rises again at very large 
distances. For example, the initial slope of the all-reflector curve shown in Fig. 22.29 
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x 
Figure 22.30 

is 0.052, at intermediate distances it is 0.056, while at still larger distances it ap- 
proaches 0.048 which is the attenuation coefficient for the multigroup equilibrium 
spectrum. 

depends on the total energy in all groups, is less sensitive than the shape of the spectral 
energy density curve to minor variations in the initial conditions and compositions of the 
regions. 

From consideration of Fig. 22.29 it is found that the effective energy-absorption 
cross-sections in the core and reflector are 0.067 and 0.056 cm-' , respectively. In 
Fig. 22.31 the fractional absorption per centimeter of path in the core as obtained by the 
multigroup methods is compared with the function 

It is to be noted that the fractional energy absorption per centimeter of path, which 

(22.135) 

The results given by this equation are  in good agreement with multigroup calculations, 
and the error  is only 4 per cent a t  a distance of 60 cm. A t  smaller distances it is con- 
siderably less. In Fig. 22.32 the fractional energy absorption per centimeter of path in 
the reflector as calculated by the multigroup method for radiation originally emitted 
from a unit source in the core is compared with the function 

(22.136) 

where d is the distance travelled in the core and x is the distance travelled in the re- 
flector. Equation 22.136 can be interpreted in the following manner: 

The factor e-o.67a represents the strength at the core-reflector interface of radia- 
tion emitted from a unit source in the core d centimeters away from the interface. The 
factor 0.056 e-O*056X represents the fractional energy absorption per centimeter of path 
in reflector material due to a unit source located a t  the core-reflector interface. 

from the core-reflector interface, and the error  decreases to less than 5 per cent at 
greater distances. 

differ greatly, the possibility arises of choosing a single effecave energy-absorption 
cross-section to represent both regions. This, of course, is not so accurate as treating 
each region separately but the assumption of equal mean free path in all regions simpli- 
fies certain absorption calculations for non-planar geometry. It is seen from Fig. 22.35 
that no single exponential can represent exactly the absorption in both regions. Hence, 
the accuracy of such a choice depends on which path lengths occur most frequently. 
The values of 0.067 and 0.056 cm-l for the core and reflector suggest at a vque of 
0.06 cm-1 be chosen to represent both regions. The function 0.06 ea*'x represents 
the absorption within 30 per cent in both regions for total path lengths in core and re- 
flector not exceeding'40 cm. 

The results given by Eq. 22.136 are accurate within 9 per cent at small distances 

Since the effective energy-absorption coefficients of the core and reflector do not 

It should be remembered that the multigroup calculation is not valid at large dis- 
tances because of the neglect of angular scattering and the incorrect representation of 
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the top group which is gradually changing shape. However, the relative magnitudes of 
the lower end of the spectrum are  reasonably good as given by the multigroup calculation. 

the energy absorbed near the source and overestimates the energy absorbed far away 
from the source. To counterbalance this effect, the multigroup spectrum was cut off at 

As mentioned in Sec. 22.10, use of the straight-ahead approximation underestimates 
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Fig. zz.31-Fractional energy absorption rata in core material. Total energy in initial 
spectrum is normalized to unity. 
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Fig. zz.32-Fractional energy absorption rates in reflector matuial. Toral energy in initial 
spectrum normalized to unity. 

an energy of 0.5 mc', and radiation of lower energy was assumed to be absorbed 
immediately. 

One way of checking the multigroup calculation is to average an appropriate energy- 
absorption cross-section for core and reflector material over the initial spectrum and 
compare these average values with the initial fractional absorption per centimeter of 
path as given by the multigroup calculation (0.066and 0.053 ,ma are initial values in 
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core and reflector; see Fig. 22.35). An “appropriate” energy-absorption cross-section 
in this calculation is one that is consistent with the assumption that all radiation scat- 
tered below 0.5 mc2 is absorbed immediately. This cross-section is obtained by sub- 
tracting from the total cross-section (PT) the croFs-section (Ccs) for the fraction of the 
energy scattered to energies greater than 0.5 mc . This scattering cross-section is 
given by 

(22.137) 

by Eqs. 22.113 and 22.116, respectively. When 
this calculatlon is carried out and pa = pT-ps is formed (see Fig. 22.25 for pT), the 
results obtained from averagin pa over the initial spectrum agree exactly with the 
values of 0.066 and 0.053 cmS obtained from the multigroup calculation. (Differences 
between core and reflector material enter into the factor (3/8)Numwhich appears in 
Eq. 22.117. This factor (3/8)Numequals 0.1301 cml for the reflector and 0.1475 cm-‘ 
for the core material,) 

Note that the results for the fractional absorption per centimeter of path do not 
differ greatly from straight lines (see Fig. 22.29). Thus the effective attenuation CO- 
efficients as obtained from the multigroup results at moderate distances are, for the 
case considered, very close to the initial attenuation coefficients (i.e., 0.067 and 0.056 
as compared with 0.066 and 0.053 cm-’1. This would indicate that in reactor calculations 
it is a satisfactory approximation to use the appropriate energy absorption coefficient 
evaluated for the initial spectrum as discussed above. 

. .  
. 
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C. HEAT GENERATION IN AN INTERMEDIATE REACTOR 

H. HURWITZ, Jr., 1. B. NIMS, Jr., and M. 1. STORM 

22.14 INTRODUCTION 
d ,  1 

I 
In this final part of the chapter, we obtain the magnitude and distribution of the heat //:/i 

;;I; li 
'$1';. 

generated in an intermediate reactor by the absorption of gamma radiation, by neutron 
degradation, and by (n,a) reactions in beryllium. Account is not taken of the kinetic 
energy of fission products and fission betas in the core. All  values are obtained for If I !;;I, $ 1  

11;; Iir I 
steady-state operation at 1 Mw. ', 3 1  

As was mentioned previously in A, the procedure has been to treat various alterna- 
:!-!; I, 

it 11 
:, . {  

, j~ 
this approach is given in B, where a gamma-ray multigroup calculation is carried out 
reflector regions. I t  1 

calculation are presented in Figs. 22.33 and 22.34. I i, 

an important parameter in the heat-generation calculations. Finally, it should be pointed 
out that the power distribution in the core is nonuniform. 

tive simple models and compare the results, because techniques were not available for 
treating the actual geometry rigorously. The results obtaiied for the various models 
are in reasonable agreement with one another and with the experimental results de- 
scribed in Chap. 23. 

Information on neutron degradation and gamma-source strengths resulting from 
neutron capture is obtained from neutron multigroup calculations. A t  the time of this 
study (1952) such calculations had been performed only for spherical representations 
of the reactor. Hence a necessary approximation was the employment of neutron 

3 ,  , 

::*,I 

I ,1 

I 
I, II 

multigroup results obtaiied for a spherical geometry. After the sources of gamma 
radiation have been determined, the magnitude and distribution of the absorption of the ; I  

gamma radiation can be obtained approximately by various integrations of the type dis- 
cussed in Sec. 22.2. The gamma-ray absorption problem is treated by the straight- 
ahead approximation and the assumption of exponential attenuation. A justification of 

:!I 

to determine the effective energy absorption cross-sections for the SIR-type core and ' i  

' For convenience, the following schematic drawings of the regions of interest in this ; 

,!if It is evident from Fig. 22.33 that the setting of the movable control drum should be 

A first approach is.to calculate the heat generation in the core, reflector, and 
thermal blanket on the basis of spherical geometry in which the core, reflector, and 
blanket are represented by concentric spherical regions. In this approximation it 
is possible to utilize fully the results of the critical mass calculations on the ab- 
sorption and scattering of neutrons. The control drums a re  assumed to be in the 
180-deg position, where the movable reflector material is in the position closest to 
the core. Account is taken of neutron degradation and (n, a) reactions in beryllium, as 
well as the absorption of gamma radiation born in the core, reflector, and thermal 
blanket. 

A second approach, which takes account of the non-uniform gamma-ray source in 
the core and the plane geometry at the interface between the core and the stationary 



i '  
c 

Fig. 22.33-Schematic cross-sectional view thmugh reactor mid-plane. Conml drum angle, 
0, is indicated. 

reflector, is to represent the core as a slab with a source distribution that rises ex- 
ponentially near the core-reflector interface. This model yields an overestimate of the 
heat generation due to the core gammas, but it will be seen that this effect is of im- 
portance only near the core-reflector interface. 

With the information obtained from the above calculatipns as a background, a more 
realistic representation of the reactor as given by a cylindrlcal model is considered (Fig. 
22.34). It is then possible to take account of the differences in composition of the top and 
.side reflector and the top and side blanket. The distributions obtained from spherical 
calculations will be used to represent the heat generation in the equatorial plane of the 
cylinder. The total heat generations calculated via both models are in good agreement. 
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SPRERICAL MODEL 22.16 
8 -  

In the above calculations the control drums were assumed to be in the 180-deg posi- 
tion. Heat generation in the reactor equatorial plane will also be calculated as a func- 
tion of the control drum position, measured by angle 0 on Fig. 22.33. In particular, the 
O-deg, 90-deg, and 180-deg positions are considered. 

22.15 SPHERICAL MODEL 

In order to take fu l l  advantage of available data on the absorption and degradation of 
neutrons, the first heat-generation calculation is done for a spherical model whose di- 
mensions are similar to those used in critical mass calcdations. In particular, this 
model has a core radius of 39 cm, a reflector thickness of 18 cm, and a blanket thickness 
of 14 cm. This core has a volume of 2.5 X lo5 cm3. (A cylindrical representation of 
the reactor is  discuss^ in See. 22.17.) Results for a 1-Mw reactor power level are 
errpressed in watts/cm of homogeneous material in the regions of interest. The con- 
tributions to the heat generation by gamma-rays born ib the core, reflector, and 
blanket as well a8 by neutron degradation and (n, a ) reactions in beryllium are con- 
sidered. 

are used in the core, reflector, and blanket: 
The following gamma-ray source strengths and energy-absorption cross-sections 

1. Core 
Total gamma-ray source strength of 16 Mev/fission which is equivalent to 80 kw 

at a reactor power level of 1 Mw. The effective energy absorption coefficient is 0.067 cm-? 
2. Reflector 
Total gamma-ray source strength of 13 kw. This is obtained from neutron-ab- 

sorption data given in critical-mass calculations and the assumption that 8 Mev in 
gamma energy is released per neutron absorption. The effective energy-absorption 
cross-section of reflector material for gamma rays escaping from the core is 
0.056 cm-'. (The shape of and total energy in the core birth spectrum, a8 well as the 
values to be usad for the efkt iv 'e  energy absorption coefficients in core and reflector 
material, were discussed in Sec. 22.12.) Although the spectrum of the reflector- born 
gamma-rays, which arise from neutron capture in iron, contains less low energy. than 
that of the gamma-rays which escape from the core, the contribution of these gammas 
to the heat generation is much less due to the weaker source strength. Hence, it is 
only a slight overestimate to assume that the energy-absorption cross-section for re- 
flector-born gammas is also 0.056 cm". Similarly, it is assumed that the energy- 
absorption cross -section of reflector material for the spectral energy distribution of 
blanket gammas which escape into the reflector is 0.056xm-? 

3. Blanket 
Neutron multigroup calculations show that the neutrons can be considered to be 

exponentially absorbed within the first 14 cm of the blanket, the absorption coefficient 
being 0.46 cm-l. In addition, on the assumption that 8 MeV in gamma energy is released 
for each neutron capture in the blanket iron, a total of 16 kw of gammas is found to be 
born in the blanket. In selecting an energy-absorption cross-section for blanket material 
which is considered to be 100 per cent iron, consideration was given to the spectrum of 
gamma rays entering the blanket from the reflector as well as to the gammas born in the 
blanket. Concerning the former, a mean energy-absorption coefficienf .for blanket 
material, averaged over gamma-ray spectra leaving the reflector, yielded an average 
energy-absorption cross -section of 0.21 cm-'. Concerning the latter, calculations done 
by Nuclear Development Associates" show that the spectral energy density due to a plane 
monodirectional source in iron is essentially flat for initial source energies of 1/2, 1, 
2, and 3 MeV, at penetrations of 4, 7, and 10 mean free paths. Although most of the energy 
contained in the capture gamma spectrum of iron is released as 7.6-Mev gamrnas,l2 a 
flat distribution was assumed valid and an average of the energy absorption coefficients 
for iron over a flat spectrum extending down to 0.3 MeV yielded an energy absorption 
coefficient of 0.207 cm4. Since the two values are approximately the same, an effective 
energy-absorption cross-section of 0.21 cm- 'is used for the blanket. 
Using the above source strengths and energy-absorption coefficients in conjunction with 
the normalized absorption distributions given in Sec. 22.13, the heat generation due to 
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Fig. .zz.3~-Gamma-ray heat generation in a spherical model reactor. Heat generation 
rates integrated over the three regions are as follows [The notation (n,n') refers to neutron 

degradation. A11 figures are in kilowato.]: 

Heat Source - core Reflector Blanket 

9 4  7.7 
3.0 11-7 - 

1 5 8 4  Gammas born in core 
Gammas born in reflector 1.6 
Gammas born in blanket - 
(n,a) and (n,n') reactions 18.6 10.1 

Total of all sources 78.6 36.5 11.1 

gamma-rays is obtained in the following manner. (The results are  shown in Fig. 22.35.) 
The total source of 80 kw (16 Mev/fission) in the 39-cm core was assumed to be 

uniformly distributed with a strength of 0.320 watt/cms. (In reality there is a non- 
uniform power distribution in the core and this effect will be considered in Sec. 22.16 
and in Sec. 22.21. However, except for heat generation near the core-reflector inter- 
face, the assumption of uniform source distribution is reasonably accurate.) The heat 
generation in the core was  then obtained from Eq. 22.83 with the parameterCR = 2.61. 

One method for calculating the absorption of gamma-rays in the region external to 
a source region is to assume that the gamma-rays emanate from a surface source with 
an appropriate surface angular distribution and then calculate the absorption due to this 
surface distribution of sources. It was shown in Sec. 22.2 that a reasonable surface 
angular distribution for a sphere lies between a cosine and cosine-squared surface 
angular distribution, and the average of the absorptions obtained for both surface sources 
was used in this calculation. The fractional escape from the 39-cm bore is 0.27 (Fig. 
22.20), and the absorption in the reflector of the 21.6 kw of gammas leaving the core was 
calculated by using an average of the absorptions obtained from cosine and cosine- 
squared surface angular distributions (Eqs. 22.38 and 22.39) for the parameter oR = 
(0.056) (39) = 2.18. (See Sec. 22.21 for the fraction escape from a spherical core with a 
non-uniform source distribution.) In calculating the heat generation in the blanket due 
to the core-born gammas, it was  found that of the 21.6 kw that left the core, 5.9 kw 
escaped through the reflector into the blanket (Figs. 22.8B and 22.8C); and this energy 
was treated as emanating from a surface source on the reflector-blanket interface with 
a surface angular distribution that was the average of a cosine and cosine-squared 
distribution . 
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SPHERICAL MODEL 22.15 

The total o kw born in the reflector was  assumed to be uniformly distri-uted 
with a source strength of 0.0245 watts/cm '. (This over estimates the heatingln the 
outer parts of the reflector and the blanket due to the reflector-born gammas and under- 
estimates the heating in the center and inner parts of the reflector. However, the re- 
flector-born gammas are only a small part of the total heating so that the under estimate 
is not serious.) The heat generation in core and reflector due to this source was  obtained 
by considering two concentric spheres of radii 39 and 57 cm, each having a source 
strength of 0.0245 watts/cm' and an energy-absorption cross-section of 0.056 cm-1. Sub- 
traction of the heat generation (Eqs. 22.83 and 22.84)due to the smaller sphere from that 
due to the larger sphere yields the heat generation due to the spherical shell bounded by 
inner and outer radii of 39 and 57 cm. It is necessary to assume equal mean free paths 
to use the formulas referred to, and while the results obtained are correct for the re- 
flector region, they are not valid for the core, whose cross-section is 0.067 cm-l. How- 
ever, this contribution to heat generation in the core is small, and the results in the core 
were modified to conform approximately to the true cross-section by multiplying the 
heat generation by 0.067/0.056 and simultaneously changing the scale as measured from 
the core-reflector interface by the ratio 0.056/0.067. The contribution of the reflector- 
born gammas to heat generation in the blanket was  calculated by finding the escape from 
the reflector into the blanket, assuming the uniform source, and treating the 3.7 kw 
e9tering the blanket by the game method that was used in calculating the heat generation 
due to the 5.9 kw of core gammas that entered the blanket. In Fig. 22.35 the combined 
heat generation in the blanket region due to the total 9.6 kw of reflector and core gammas 
entering this region is show. 

The exponential source in the blanket can be treated by the analysis presented in 
Sec. 22.5, for values of the parameters ON, 00 , and u l  equal to 0.46, 0.21, and 0.056, 
respectively. The analysis referred to above was normalized to correspond to a unit 
source strength which is distributed according to the relation ON exp (-0Ny). The con- 
version factor to the reactor atZMwis 16,000/4n(5~2=0.392 in order to express the result- 
ing heat generation in watts/cm . Although the mathematics referred to is for plane 
geometry, this is a reasonable approximation since the reflector-blanket interface is 
57 cm from the center of the core. However, to make allowance for the spherical 
geometry, the calculated heat generation due to the blanket-born gammas was multiplied 
by the factor (57/r)2, r being the radial distance from the center of the core, in order to 
take account of the difference in heat generation for spherical and plane shells of thick- 
ness dr. 

The heat generation due to neutron degradation and (n, (r ) reactions in beryllium was 
calculated by the method of M. H. Sbckelford and'D. Keaveney" on the basis of informa- 
tion available from multigroup critical mass calculations for a 39-cm spherical core. 

The results of all calculations based on the 39-cm core are  plotted in Fig. 22.35 
and the heat generation in each region due to the individual sources is tabulated. On the 
basis of this model the heat generation rates in the core, reflector, and blanket are 
78.6, 36.5, and 21.1 kw, respectively, yielding a total heat generation in all three regions 
of 136.2 kw. Since the source energy available consisted of 137.6 kw (80.0 kw of core 
gammas, 13.0 kw of reflector gammas, 16.0 kw of blanket gammas, and 28.6 k w  gen- 
erated by neutron degradation and (n, a)  reactions), it is seen that only 1.4 kw remains 
to be absorbed beyond 14 cm of blanket material. The total source of 137.6 kw (27.5 
Mev/fission at a power of 1 Mw) is obtained as follows: 

Source Strength in Mev/fission 
Prompt Fission Gammas 5.0 
Delayed Fission Gammas 6.0 
Capture Gammas: Blanket 3.2 

Reflector 2.6 
Core 4.0 

Gammas Due to Induced Radioactivity in Core 1.0 
Neutron Kinetic Energy 5.0 

0.7 Kinetic Energy of a's Released in (n, a) Reaction in Be 
Total 27.5 

- 

GAMMA-RAY A S D  NEUTRON HEAT GENERATICS 349 



- -- _ I  

22.16 HEAT GENERATION DUE TO A NON-UNIFORM CORE GAMMA-RAY SOURCE (PIANE MODEL) 

t 

' 

22.16 HEAT GENERATION DUE TO A NON-UNIFORM CORE 
GAMMA-RAY SOURCE (PLANE MODEL) 

Measurements of the power distribution in critical assemblies (Chap. 21, Table 21.3) 
show that the largest radial power gradients occur near the interface between the core 
and side reflector when measured in the direction of the beryllium reflector region as 
distinguished from the B4C poison region. However, the power distribution in the radial 
direction was found to be fairly flat until a region which lies within 6 cm of the core- 
reflector interface was reached. 

core gamma-ray sources was obtained by representing the core as a slab of 78-cm 
thickness. This is a reasonable approximation since the spatial orientation of the core 
and stationary reflector are well represented in plane geometry. The following source 
distributions were used (see Fig. 22.36): 

On the basis of these measurements an upper limit to the radial effect of non-uniform 

UNIFORM SOURCE 
EXPONENTIAL 

SOURCE 

I I '  

Fig. zz .~6Sourcc distribution in core as represented by a 78-m slab. 

1. An exponential source of 5.55 (0.1 ea**) watts/cms in the 6 cm adjacent to the 
core-reflector interfaces where x (cm) is measured from the interface. 

2. A uniform source of 0.305 watts/cm" in the remaining 66 cm. 
The above source strengths were chosen so that the average source per unit volume in 
the slab was 0.322 watts/cm' in conformance with the source strength used in the last 
section for the 39-cm spherical model. In this plane model the gamma-ray source 
density at the core-reflector interface is 0.555 watts/cm' which is a liberal upper bound 
for the source density. 

With these source distributions the heat generation in core and reflector material 
was calculated by the methods and formulas presented in Secs. 22.5 and 22.6. The re- 
sults of the calculation are shown in Fig. 22.37 as the SLAB curve. For comparison 
the heat generation due to a uniform distribution of core gamma-ray sources in a 39-cm- 
radius sphere is replotted on the same graph, as the SPHERE curve. 

It is evident that the core gamma-heat generation in the reflector and last 6 cm of 
the core is greater when the core is represented by a slab with the above source dis- 
tribution than it is when represented by a sphere with a uniform source distribution, the 
average source per unit volume being the same in both models. This is brought about 
by the additional transmission of gammas arising from the plane geometry and the 
exponential behavior of the source that was assumed in the plane model. It is seen in 
Fig. 22.37 that the excess heat generation of the plane model over the 39-cm spherical 
model is about 0.1 watts/cm3 at the core-reflector interface. This effect is appropriate 
for regions around the core periphery which a re  not close to boron. 

The SPHERE, MODIFTED curve in Fig. 22.37 represents an approximate modifica- 
tion of the heat generation in the spherical model which takes into consideration the non- 
uniform core gamma sohrce. It obtained by reducing the results of the plane model 
in the reflector by the ratio (39/r) at large distances, and by using the criterion that 
the total heat generation in the modified spherical model should not differ greatly from 
the unmodified spherical model. Although this calculation yields information concerning 
the peak heating to be expected in the equatorial plane of the reactor, it is desirable to 
use a systematic approach which will have more connection with the cylindrical reac- 
tor model. This will be done in the next section where the heat generation will be 
recalculated for a spherical model of smaller core radius (36 cm) but with the same 
total source strengths that were used in the last section for the 39-cm sphere. It is 
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cation which takes account of the nonuniform gamma-ray source in the sphere (See Scc 
22.16). By this model, the integrated core heating is 57.8 kw, and that of the Aector  is 

19.2 kw. 

obvious that the heat generaGon -obtained from this model wi l l  be greater than that 
obtained from the 39-cm model. In addition, it will be seen that the core gamma heat- 
ing in the reflector region of the 36-cm spherical model is in agreement with the heat 
generation due to core gammas in the reflector equatorial plane of the cylindrical 
representation. 

A SIR-type reactor core is taken to have a volume of 3 X 10" cm' and a height of il i '1 
j j l  j 1  1, 70 cm. A cylinder of radius 36 cm and height 72 cm has a volume of 2.93X lo5 cm', 

and these dimensions are used for a cylindrical representation of the reactor core. 
(An appropriate radius for a cylinder equal in length to the reactor core could be 
found to give the correct core volume, but the model with equal height and diameter 
was chosen for comenience. The slight difference in heat-generation values arising I! 1 ,I 
from the difference in dimensions is within the accuracy of the calculation. ) 

a spherical model, data on the absorption and degradation of neutrons were available 
only for the spherical model. In order to utilize these neutron data in a cylindrical 
model, it is assumed as a first approximation that the relationship of the heat genera- 
tion in the spherical and cylindrical models arising from neutron degradation and 
capture gamma sources is the same as the relationship of the heat generation in the 
two models arising from a uniformly distributed core gamma source of 80 kw. The 
core-born gammas are a major contributor to heat generation throughout the reactor 
(exclusive of fission fragment kinetic energy which is deposited in the fuel elements), 
and a spherical model can be chosen that will yield core gamma heat generation equiva- 
lent to that obtained in a cylinder. The above procedure yields values for the total heat 
generation in the cylinder model that agree with the totals obtained in a spherical model. 

,;I\ ! .  'I 
'i Ij i ' 1 
ii :j/l j /  q , Although a cylindrical model is a more realistic representation of the reactor than is 

,/ ! , '  . 
,i / j  

: I  

.t , ! 
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(Sec 11.17) CYLINDRICAL MODEL 

The criterion used in choosing such a spherical model is that the ratio of volume 
to surface area of both sphere and cylinder be equal in order to ensure that the frac- 
tional escape of gamma-rays from the core be similar in the two models, The radius 
of the equivalent sphere is found to be 36 cm. 

thickness 18 cm, and blanket thickness 14 cm is shown in Fig. 22.38. The gamma-ray 
The heat generation obtained with a spherical model of core radius 36 cm, reflector 

0.6 

0.1 

H 
s a  
B z 
W 
Q 

‘s 
I 0. 

C 

RESULTS ARE OBTAINED FOR 
HOMOGENEOUS REGIONAL 
MATER1 AL I 

TOTAL HEAT GENERATION 
I 

Fig. 22.38-Hcat generation in the Spherical model, 36cm radius, power level I mw. 
Heat generation rates integrated over the three regions art in kilowatts as  follows: 

Core Reflector Blanket Heat Source - 
Gammas born in core 57.1 
Gammas born in reflector I .6 7.8 
Gammas born in blanket 
(n,a) and (n,n’) reactions 18.6 10.1 

1602 ) 10.2 

11.7 - 3.0 - 

Total heat generation 77.4 37.1 21.9 

source strengths and energy-absorption cross -sections used in the core, reflector, 
and blanket are the same as those used in Sec. 22.15 for the 39-cm spherical mod&, 
and the heat generation due to gamma-rays is calculated in a like manner. As was 
discussed at the end of Sec. 22.16, the use of these data with the smaller core geometry 
yields larger heat-generation values, and this effect can be considered as taking into 
accountanon-uniform core gamma source in the larger model. However, it is to be 
noted that the total heat generation of 136.5 kw in the 36-cm model is in good agreement 
with the total of 136.2 kw obtained with the 39-cm spherical model. In obtaining the 
heat generation due to neutron degradation and (n,a) reactions in the 36-cm sphere, 
the criterion used was that this distribution should yield the same total heat generation 
as that obtained in the 39-cm sphere. Thus, if the heat generation in one sphere is 
given by f(r/R), where r is the radial coordinate and R is the radius of the sphere, 
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CYLINDRICAL MODEL 22.17 

the same total heat generation in another sphere of radius T is obtained by using 
(R/T)'f(r/T) as the new distribution function. 

convenient to consider separately the heat generation in the core, side reflector, 
and blanket, and the top and bottom reflector and blanket. 

In calculating the heat generation in  the cylindrical model of the reactor, it is 

1. Core 
Heat generation due to core-born gammas along the cylinder axis and in the 

radial equatorial plane can be obtained from Eqs. 22.139 and 22.95a, respectively. The 
results of performing these calculations for a total uniformly distributed core gamma 
source of 80 kw and an effective energy-absorption cross-section of 0.067 cm" are 
shown as the solid curves in Fig. 22.39. 

In order to compare the above results with the heat generation in the 36-cm 
sphere due to core gammas, use is made of the transformation from spherical to 
cylindrical geometry that is given in Eq. 22.144. This transformation produces a heat- 
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Fig. zz.3g-Heating of cylindrical core by core-born gammas. Reactor power level, I mw. 
Heating distributions along the axis of the cylindrical core (top curves) and radically in 
the equatorial plane (bottom curves). The solid curves are the cylindrical model distribu- 
tions; the dashed curves are the transformed cylindrical distributions ( S n  Sec. 22.17~1). 
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generation distribution in a cylinder such that the total heat generapon in the sphere 
and cylinder are equal. In Fig. 22.39 a comparison is made of the heat generation along 
the cylinder axis and.in the radial plane as obtained from the above-mentioned cylinder 
calculations and from the application of the transformation to the 36-cm spherical core 
gamma heat-generation distribution. It is seen that the comparison is good; and even 
the slightly greater values of the transformed spherical function near the core edge 
can be accepted as tending to compensate for the error due to neglecting the nonuniform 
core -gamma-source distribution in the cylinder. 

On the basis of the above pomparison the heat-generation profiles in the 
cylindrical core, including the heat generated by neutron degradation, and (n, a) reactions 
as well as by core gamma radiation, are obtained by applying the transformation given 
in Eq. 22.144 to the total heat-generation distribution in the 36-cm spherical core. 

2. Side Reflector and Side Blanket 
The heat generation in the reflector equatorial plane of the cylinder due to core- 

born gammas was calculated by means of Eq. 22.95b. Since this equation was derived 
on the assumption that the energy absorption coefficients of all regions are equal, a 
value of 0.06 cm-' was  used for this coefficient. (See Sec. 22.13 for the selection of 
this cross-section value.) In Fig. 22.40 a comparison is made of reflector heat genera- 
tion due to core-born gammas as calculated for the 36-cm spherical model and as 
calculated in the equatorial plane of the cylinder. There is good agreement between 
the two distributions. The total heat generation in the equatorial plane of the cylinder, 
in both the side reflector and side blanket, will be represented by the total heat genera- 
tion calculated in the reflector and blanket of the 36-cm spherical model. The variation 
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Fig. nz.40-Heating in reflector equatorial plane by core-born gammas. Reactor power 
level, I mw. The cylindrical model (radius of cylinder, 36 em), assumed equal mean free 
paths for gammas in core and reflector. The spherical model (radius, 36 m) treated the 
core gammas as a surface source with absorptions as the average of a cosine and a cosinc- 

squared distribution. 
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22.18 HEAT GENERATION IN THE SIDE REFLECTOR AS A FUNCTION OF CONTROL DRUM POSITION 
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It shod& be noted that all results have been obtained in watts/cms of material of 
average regional composition. For design purposes it is necessary to obtain heat- 
generation values in beryllium or iron in the core and reflector regions. To do this it is 
necessary to consider separately gamma heat generation and neutron heat generation. 

Thus, to obtain the heat generation in beryllium due to neutron digradation and (n,d 
reactions, the values obtained for average regional composition should be divided by the 
volume fraction of beryllium in the region of interest. This is done because neutron 
scattering occurs mainly in beryllium, and (n, 4 reactions occur only in beryllium. 

The gamma heat generation in beryllium or iron is obtained by multiplying the 
results given for average regional composition by the ratio of the effective energy ab- 
sorption cross-section of the individual material to that for the average composition. 
The effective energy absorption cross-section of iron in the core and reflector is 
0.21 cm" ; and the effective energy-absorption cross-section for beryllium in the 
core and reflector is 0.045 cm" . These values a re  obtained by averaging energy- 
absorption cross-sections for beryllium and iron over representr.tive spectra in 
core and reflectors. The effective energy-absorption cross-sectrons for homogene- 
ous material are 0.067 and 0.056 cm" for core and reflector regions, respectively. 

22.18 HEAT GFNFRATION IN THE SIDE REFLECTOR AS A FUNCTION OF CONTROL 
DRUM POSITION 

In the cylindrical model considered in the last section, it was assumed that a l l  
control drums were in the 180-deg setting in which the poison region is farthest 
away from the core. However, a control drum setting of 90-deg more nearly repre- 
sents the average operating position and this setting, as well as the 0 and 180-deg 
position will be considered when heat-generation profiles in the reflector equatorial 
plane are obtained in this section. Since the importance of control-drum setting in 
heat-generation calculations arises from the influence of the poison region on neu- 
tron flux, it is of interest to review available information on this effect. 

Neutron multigroup calculations have been performed for a spherical core com- 
pletely surrounded by a layer of boron whose thickness is determined by the amount 
of boron in the control drums and for a spherical model with no boron present. The 
latter case corresponds to the 180-deg control drum setting and the neutron data 
obtained from this calculation were utilized in previous sections. The former case 
corresponds more nearly to the 0-deg control drum setting (Fig. 22.42) although in 
this settingthe side core - reflector interface is only 58 per cent covered with 
boron. Since multigroup information on the effect of the poison r eg iown  neutron 
flux is available for a spherical model with and without a boron shell around the 
core, it is seen that numerous approximations are required to apply these data to 
the geometry for different control-drum settings. The numbers obtained must 
therefore be regarded as a highly qualitative indication of heat-generation variations 
which may occur. 

The effects to be considered with a change in  control-drum position are: 
1. The effect of the change in power distribution on gammas escaping from the 

2. The effect of the change in neutron flux on neutron degradation and neutron 

3. The effect of control-drum iron on the attenuation of gamma-rays. 

core. 

absorption in the reflector, and neutron absorption in the control drum. This 
affects neutron heating and heat generation due to capture gammas. 

In calculating the heat-generation profiles for each control drum setting, various 
radial paths from the center of the core a re  considered. A rough guide for es- 
timating the heat generation along each radial line in  the equatorial plane is ob- 
tained by considering a spherical model corresponding to that radial line. The 
spherical model for each line is defined to have a core, control drum, and reflector 
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LINES OF EOUAL HEAT GENERATION IN REFLECTOR EQUATORIAL PLANE 
CONTROL DRUM POSITION iao DEGREES 

I I 

I I 

ARBITRARY UNITS 

LINES OF EOUAL HEAT GENERATION IN REFLECTOR EQUATORIAL PLANE 
CONTROL DRUM POSITION 90 DEGREES 

ARBITRARY UNITS. 
(VALUES IN POISON REGION 
INCLUDE GAMMA RADIATION ONLY) 

equatorial plane. 
Top: 1 8 o d g .  position of control cylinder 
Middle: godeg. position of control cylinder 
Bottom: o d e g .  position of control cylinder 

Relative values only. 
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22.18 APPENDIX: GAMMARAY ABSORPTION ON THE ms OF A CYLINDFUCAL ~OURCE REGION 

region of thicknesses which are equal to the corresponding thicknesses along the 
radial line. The. control drum region in the spherical model is in turn divided into 
two spherical shells, one containing the average composition of the poison tube 
region of the control drums and the other containing iron corresponding to the steel 
backbone of the control drum. 

For each radial line, the values for neutron heating and core gamma escape 
obtained previously were reduced according to the control-drum setting and the 
proximity of the radial line to the poison region. This reduction was estimated by 
making use ofmultigroup results for the escape of fast neutrons from the core in 
the limiting cases of the spherical models with and without a layer of boron. The 
ratio of the escapes in these two models is 0.65. Hence, values for neutron heating 
and core gamma escape were reduced by factors varying from 0.65 to 1.0, de- 
pending on control-drum position and proximity of the radial line to the poison 
region. This approach is not unreasonable in view of the somewhat similar dif- 
fusion properties of f a s t  neutrons and gammas. (For an independent calculation 
of the ratio of the fractional escapes for the extreme power distributions, see 
Sec. 22.21.) 

Shielding of core gammas by the iron backbone in the control drum was es- 
timated by use of the equivalent spherical shell in the 0-deg sefflng. In the 90-deg 
setting, the shielding effect was estimated by the shadow area subtended by the 
iron. 

small except in the iron itself. The captures in iron were obtained by use of data 
for the limiting multigroup cases of a spherical model with and without poison. 
In the 0-deg position the absorption was obtained by considering the neutron cur- 
rent into the, poison region and estimating the fraction absorbed in the iron back- 
bone. In the 90-deg setting the absorption was obtained by appropriate inter- 
polation of the limiting multigroup cases. Total absorptions calculated by these 
methods were in agreement with total absorption calculated by the use of re- 
activity coefficients (See Chap. ?). 

path by again using neutron absorption data from the neutron multigroup calcula- 
tions with and without boron. 

for control drum settings of 0, 90, and 180-deg are shown in Fig. 22.42. It is 
clear that the above procedure is highly qualitative. As discussed in the preceding 
section, the variation with height of these values can be approximated by the factor 
cos nz/108. 

The heat generation resulting from capture gammas in the iron backbone is 

Neutron capture in distributed reflector iron was estimated for each radial 

The results of performing these calculations in the reflector equatorial plane 

2239 APPENDIX: GAMMA-RAY ABSORPTION ON THE AXIS OF A CYLINDRICAL 
SOURCE REGION 

Consider a cylindrical source region of radius R and height L with unit source 
strength per unit volume. Assuming straight-ahead propagation and exponential 
attenuation ( o being the effective energy absorption cross section), the intensity of 
absorbed radiation at any point z on the axis (0 I: z 2 L) is given by - 

-. &, - 2)" + rz2 oe /" 2nr  dr  
Z + E  0 2 '4n[(z ,  - 2)' + r t ]  

1 
: 

(22.1 38) 

where (zl ,rl 1 (zl < z, 0 <rl 5 R) 
and (zz,rz ), (2,: z, 0 5 r z  ZR) 

- -  - - 
are source points in the cylinder. 

- 
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APPENDIX: A TRANSFORMATION FROM SPHERICAL TO CYLINDRICAL GEOMETRY 

Equation 22.138 can be rewritten as: 

22.20 

(22.139) 

L %,. d z 2  

I 
Integrating and taking the limit as E - 0 yields: 

-0 (L-2) 
+ UZ[ e" du+ ~ ( L - z f  

r (22.1 
u 0( L-2 ) dul 

Since j -  
v 

e-u du is a - 
11 

- 
tabulated function, only the last term in Eq. 22.139 requires 

numeri%al htegration.. In particular, for L = 2R the following results a re  ob- 
tained for the cases'oR = 2 and OR = 3. 

,39) 

I(z) for ' I(z) for 
z/R u R =  2 0 R = 3  

0 0.457 0.486 
0.25 0.781 0.873 
0.50 0.859 0.941 
0.75 0.887 0.960 
1.00 * 0.895 0.965 

22.20 APPENDM: A TRANSFORMATION FROM SPHERICAL TO CYLINDRICAL 
GEOMETRY 

Let t be.the distance from the center of a sphere of radius T (0 5 t 4 T), and 
let f(t/T) = f(tt) be the heat-generation distribution in thia sphere. The total heat 
generation in the sphere is given by 

Q = 4nT'f f(tf) t f 2  dtf 
0 

AY AND NEUTROl HEAT GENERATION 

t for t f  =- T (22.140) 
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22.20 APPENDIX: A TRANSFORMATION FROM SPHERICAL TO CYLINDRICAL GEOMETRY 

The heat-generation distribution as a function of position in a cylinder is, of 
course, not determined uniquely by a knowledge of f(tl). It is, however, frequently 
necessary for practical purposes to make a reasonable guess as to how the dis- 
tribution might look in a cylinder. To achieve this it is convenient to make use Of 
an ad hoc transformation which generates a function in the cylinder which has the 
desired volume integral of heat generation and behaves reasonably well along the 
axis and equatorial plane of the cylinder. This transformation may be obtained 
as follows: 

cylindrical representation of the reactor and, assuming cylindrical symmetry, let z 
and r be the usual cylindrical coordinates measured from the center of the cyl- 
inder. Then it is readily seen that the following heat-generation distributions in 
the cylinder yield a total heat generation which is equal to that given for the 
sphere in Eq. 22.140. 

Let the cylinder be one of radiusR and height 2R so that it corresponds to the 

.. 
1 

a R cos g , f o r  I Z I  < r  2 T 3  - 
sin (22.141) 

where a = a(r/R), B = S(z/R), and the function f(X1 is the same in both geometries. 

ity on Eq. 22.141 at z = r. This yields the transcendental equation 
One relation between aand B is obtained by imposing the condition of continu- 

Jo(y) 9 0 5: y 5 B yy cot YY = -- 
2 J, (Y) - (22.142) 

I 
(22.143) 

I 
Since heat-generation calculations along the axis of the cylinder and in the 

equatorial plane of the cylinder (see Fig. 22.39) show that the heat generation falls 
off by a factor of approximately one-half in proceeding from the center to the edge 
of the core, the parameter B will be chosen so Jo (8) = 1/2 or p = 1.521. 

seen that the functions 
.Using the above values for a and B , and considering the case of T = R, it is 

r 
2 (rz 

f(k) a' sin - 
where a = 0.9314 + 0.0193($] 

and J (1.521&), for lz l  2 - r (i) 2 J1(l.521 

yield the same total heat generation in a cylinder as does the distribution f(t/R) 
in a sphere. r a- 

It is to be noted that increases from 1 to 1.168 as r/R varies from ar sin - R 

cos-,for R lzl < - r 

1.521 I: 

3 

0 to 1 and that 'ncreases from 1 to 1.356 as z/R varies from 0 to 1. 
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FRACTIONAL ESCAPE FROM A SPHERICAL SOURCE REGION HAVING A NONUNIFORM SOURCE DISTRIBUTION 22.21 

22.21 

Thus ih the cylinder equatorial plane, the transformed function falls off less rap- 
idly with radius then the original function. The fallingoff along the cylinder axis 
is still less rapid. These effects are qualitatively similar to what may happen in 
actual cases, but there is no quantitative significance to the results. At z = r = R, 
the transformed function (Eq. 22.144) is 0.45 times thevalue of the spherical 
function at r = R. Since the derivatives of the transformation function are not 
continuous across z = r, some smoothing-out of the profiles is necessary. This 
smoothing-out process can be accomplished without appreciably changing the 
volume integral. 

APPENDIX: FRACTIONAL ESCAPE FROM A SPHERICAL SOURCE REGION 
HAVING A NONUNIFORM SOURCE DISTRIBUTION 

The purpose of this section is to determine the fractional escape from a 
sphere with a nonuniform source distribution. The results obtained are used to 
investigate the accuracy of the assumption of a uniform core-gamma-source 
distribution used in Sec. 22.15 and 22.17, and to investigate the effect of a change 
in power distribution on gamma-ray escape from the core. 

In particular, two sets of extreme source distributions corresponding to ex- 
perimental measurements of the power distribution in the PPA and theoretical 
values obtained from SIR neutron multigroup calculations a re  considered. These 
eource distributions, Si(r), normalized to a total source of unity in a spherical 
core region, a r e  shown in Fig. 22.43. The distribution S, corresponds to measure- 
ments along a radial line through the center of the boron region when the control 
drum is in the 66-deg position, and the distribution S, corresponds to measurements 
along a radial line through the center of the reflector region when the drum is in 
the 126-deg position. These distributions a re  normalized to unity in a 40-cm 
sphere. The distributions S, and S, are theoretical distributions obtained from 
multigroup calculations for a 39-cm spherical core with and without a B,C shell 
around the sphere. They a re  normalized to unity in a 39-cm sphere. 

To evaluate the fractional escape, an escape probability f(r) for a unit isotropic 
point source at distance r from the center of a sphere is obtained, and then the 

DISTANCE FROM CENTER OF SPHERE (CM) 

Fig. z~..+3--Normalized noduniform core gamma source distributions. S1-cxperimentai 
distribution dong radial line through center of boron region when drum is in 66deg. posi- 
tion. &-experimental distribution along radial line through center of reflector region when 
drum i s  in 126dcg. position. Srtheoretical distribution obtained from multigroup calcu- 
lations for 39-m spherical core with boron shell. S~-theoretical distribution obtained from 

multigroup calculations for 39-m sphere with no boron present. 
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fractional eacaue from the sphere with source distribution s,(r) is given by 
4 d S i  (r)f(r)r dr. The function f(r) is obtained in the follomng manner: 

Consider a point, isotropic, uyit source located a distance r from the center 
of a sphere of radius R The effective energy absorption coefficient of the source 
region is o and p is the radius vector from the source point to any point on the sur- 
face of the sphere. Then f(r) is given by 

2f1 e -” d(cos e ) 
f(r) = 

477 
where R2 = r2 + p + 2pr  case 

Thus, changing variables, l4 

f(r) = ; r p 2  + R’ -r2 e -up ad p 
2 p  ‘r 

R-r 

-2aR 
Note that at r = 0, f(0) = euR and at r = R, f(R) = A + - e 

2 4oR. 

(2 2.14 5) 

Using the above expression for f(r), the fractional escapes F obtained with 
source distributions Si(r) were calculated from Fi = 477l S$(r)f(r$r” dr and were 
found to be: 

F1= 0.22 
Fz= 0.29 

F3 = 0.20 
F4 = 0.29 

In comparison it is of interest to note that the fractional escape from a sphere 
with a uniform source distribution (see Sec. 22.7, Fig. 22.20) is 0.26 when the 
parameter oR = (0.067) (40) = 2.68 and it is 0.27 when oR = (0.067) (39) = 2.61. 
Thus it is seen that the assumption of uniform source distribution, as used in 
Secs. 22.15 and 22.17 for the 180-deg control drum position, is a reasonable one. 

Using the above results it is also possible to check the assumption made in 
Sec. 22.18 that the effect of a change in power distribution is the same for both 
fast neutrcns and gammas. It is seen that the ratio F, /F4 of the fractional escapes 
corresponding to the extreme source distributions obtained from neutron multigroup 
calculations is 0.69. This is in adequate agreement with the ratio of 0.65 used in 
Sec. 22.18. Using the escapes Fl and Fz based on the extreme experimental source 
distributions, it.is seen that the ratio of the escapes is 0.76, which is in agreement 
with the ratio based on multigroup data. 
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Chapter 23 

GAMMA-RAY HEAT1 NG MEASUREMENTS 
IN THE PPA 

1. A. RICH and R. E. SLOVACEK 

2 3.1 INTRODUCTION 

The distribution and magnitude of the heating that arises from gamma-ray and neu- 
tron interactions in the reflector and blanket of an intermediate reactor are  of impor- 
tance in the proper design of the cooling system for those regions. Calculations of the 
neutron and gamma-ray heating in such a reactor are described in Chap. 22, thisvolume. 
The measurements described here were made in PPA-20 (an assembly similar to the 
reactor) to determine experimentally the distribution and magnitude of the gamma-ray 
heating. 

The gamma-ray field in the reactor originates from prompt fission gamma rays, 
delayed gamma rays associated with fission-product decay, capture gamma rays in 
structural materials (iron) and in fuel, and, finally, gamma rays resulting from the in- 
duced radioactivity in sodium and other materials in the core. The absence of sodium in 
the PPA in which the measurements were carried out did not make the PPA gamma-ray 
birth spectrum appreciably different from that of the reactor in question since the sodium 
gamma contribution is only 0.6 per cent of the total gamma-ray energy produced in the 
reactor. The sodium reactor gamma-ray birth spectrum (Fig. 22.24) has a peak at about 
1 Mev and a long tail at higher energies. A t  5 MeV, the spectral energy density is 8 per 
cent of maximum. 

The beryllium and iron of the reflector and blanket absorb gamma-ray energy pri- 
marily by means of the Compton effect; however, the interpretation of the measurements 
is independent of the mechanism for producing the electron recoils. The recoil electron 
energy is transferred to the atoms of the medium by ionization and excitation and appears 
ultimately as heat energy in the medium. 

Two methods of measuring the gamma heating are possible--a calorimetric meas- 
urement and an ionization type of measurement. These two techniques were compared 
recently at Oak Ridge' by using CO, in a graphite-walled cavity type ionization chamber 
and in a calorimeter which measured the rate of vaporization of liquid nitrogen. The re- 
sults of the two methods agreed to *thin 3 per cent. The ionization method with a capacitive 
type ion chamber was used for the present measurements. This method was used be- 
cause the temperature rise wfien the PPA operated at -1 watt would be extremely small 
and would rule out a calorimetric measurement, an ion chamber without connecting leads 
could be located conveniently in almost any position in the assembly, and a large number 
of capacitive type chambers could be constructed at a relatively low cost and exposed 
simultaneously in the assembly for rapid accumulation of data. . 

The ionization produced in the detector gas can be related, with certain restrictions, 
to the ionization produced in the medium in the neighborhood of the detector. This rela- 
tion has been studied theoretically and experimentally by Gray. 2-5 This relation is 
known as Gray's principle. (See Eq. 23.1.) 

- . .  . I .  
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I 23.2 GRAYS PRINCIPLE 

23.2 GRAY'S PRINCIPLE 

To understand the conditions for which this relation is valid, consider a small gas 
cavity in a solid medium surrounded on all sides by a thickness of medium which exceeds 
the maximum secondary electron range in the medium for the gamma rays  in question. 
If the cavity dimensions are  small compared to this electron range, the introduction of the 
gas cavity does not seriously perturb the velocity distribution of the electrons that cross 
the surface enclosing the gas cavity. The electron energy lost per unit volume had the 
electrons traversed the solid medium instead of the gas cavity is in the ratiop, to the 
electron energy lost per unit volume in the gas cavity, where 

(23.1) 

and E, = the energy loss per unit volume in the solid medium 
= the number of ion pairs per unit volume formed in the gas 
= the average energy lost by an electron in forming an ion pair in the gas (- s) = the stopping power or the electron energy loss per unit path length in a 

In the Gray relation, Eq. 23.1, W is assumed to be independent of energy5 and equal 
to 32.5 ev per ion pair or 52.1 x 1O-l' watt-sec per ion pair to within 3 per cent for all 
electron velocities. Actually W increases for electron energies below 8 kev, but since 
the mean recoil electron energy for a reactor's gamma-ray spectrum is well above this 
value, the assumption of the constancy of W is justified. 

The stopping power of a medium for electrons with a kinetic energy E is given by a 
slight modification of Heitler's expression' for the loss of energy due to ionizing colli- 
sions, 

jv 
W 

given medium 

where e = the electronic charge 
Z = the atomic number of the medium 
Nz, = the number of electrons per cubic centimeter in the medium 
mc = electron rest energy 
6 = the ratio of the electron velocity to the velocity of light 
IZ = the average ionization potential of an atom in the medium 

This expression may also be written as 

(- @= NzSz 

(23.2) 

(23.3) 

where S 2 is the stopping power per electron of the medium (of atomic number Z). Equa- 
tion 23.1 can then be expressed as 

(23.4) 

or 

The ratio f Z  = Sz/S, of the stopping power per electron in the solid medium rela- 
tive to that in the gas is a slowly varying function of Z and is practically independent of 
the electron velocity. The quantity f has been determined experimentally by Gray for 
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THE ION CHAMBER DETECTORS 23.3 

recoil electrons from Ra (Be) gamma rays with air as the gas in the cavity. His re- 
sults are in good agreement with Eq. 23.2 for the electron stopping power as a function 
of electron energy and 2 of the medium. The theoretical values of f z for iron, aluminum, 
and beryllium are 0.87, 0.94, and 1.04, respectively, based on f z = 1.0 for air (mean Z = 
7.3). 

23.3 THE ION CHAMBER DETECTORS 

Gray” has shown that the absolute energy absorbed per unit volume may be deter- 
mined with an accuracy of 5 per cent. The accuracy attainable with this technique is 
limited by uncertainties in the average energy required to form an ion pair on the gas, 
in the stopping power ratio, and in the ion collection efficiency. Another difficulty is in- 
herent in the size of the gas cavity (ionization chamber) that is used: the spatial resolu- 
tion of the details of the gamma-ray flux density can be no finer than this size though, of 
course, a kind of space average value is obtained, even in a steep flux gradient. 

A s  stated in Sec. 23.2, the cavity in the ion chamber must have a wall thickness 
greater than the maximum range of the secondary electrons in the solid medium. It is 
also necessary that the production of ion pairs in the gas be due predominantly to elec- 
trons from the solid medium, that all ion pairs  in the gas be collected, and that no multi- 
plication occur as a result of collisions in the gas. 

Figure 23.1 is a drawing of the capacitive-type ion chamber (developed by T. A. 
Rich, of the General Electric Company) for the heating measurements. Six cold-rolled 

GAP 
I INSULATOR 

/ 

EL 

I& 23.1-CmswecMnal v i m  of the ion chamber. 

steel, ten aluminum, and ten beryllium chambers were constructed. The steel chambers 
were intended to be used in the steel reactor blanket, the beryllium ones in the beryllium 
reflector, and the aluminum ones in the core. Delays in obtaining the beryllium cham- 
bers, however, forced the use of aluminum chambers in some of the reflector measure- 
ments. For each of these chambers, the center electrode was made 0.81 cm in diameter 
and 1.53 cm in length. With a 0.025-cm gap spacing and a 0.12-cm3 cavity volume, the 
chamber sensitivity was such that a measurable voltage change was obtained across a 
chamber located anywhere in the reflector or in the blanket positions adjacent to  the re- 
flector. Simultaneous measurements in regions of relatively low gamma-ray flux were 

GAMMA-RAY HEATING MEASUREMENTS IN THE PPA ‘ 367 



rn "4 

23.3 THE ION CHAMBER DETECTORS 

made possible with four cold-rolled steel ion chambers which had a 0.076-cm gap spacing 
and a 0.33 cms cavity volume; their larger CavitJr  volume made them more sensitive. 

Polystyrene was used as the insulating material because of its low leakage rate. 
Teflon was found to be unsatisfactory as an insulator. Spurious ionization produced in 
the cavity by proton recoils from the polystyrene should be small because of the small 
solid.angle subtended by the effective cavity volume at the insulator. Extreme care had 
to be exercised in keeping the insulator surfaces clean to maintain a low leakage rate. 

The chambers were tested for the presence of gas multiplication. Gamma rays from 
a 25-mg radium source were used to discharge the chambers, and the discharge rate 
dV/dt volts/sec was measured for initial charging voltages of 93 and 300 volts. The 
measured discharge rates were the same to within 5 per cent for the two initial voltages. 
Had gas multiplication been present in this range of charging voltages, the discharge 
rate would have been greater at the higher initial voltage. 

A pocket chamber electrometer was modified to charge these chambers to 150 volts 
and to read the potential change AV across the chamber and reader capacitances after 
each run. The potential change was indicated by a voltmeter with two ranges (0-20 and 
0-100 volts). 

tion (Eq. 23.4) is determined from the following exyression in terms of the measured 
quantities 

The quantity j, (ion pairs per cubic centimeter-second-watts) used in the Gray rela- 

(23.5) 

where AV = potential change in volts 
CC = chamber capacitance in farads 
CR = reading instrument capacitance in farads 
e = electronic charge in coulombs 
vc = effective cavity volume in cubic centimeters 
P = reactor power level in watts 
t = exposure time in seconds 

Each run was made at a PPA power level of 4 watts for a time of 1800 sec. The 
power level was determined with previously calibrated ion chambers (see Chap. 6, Secs. 
6.3 and 6.5,for the bases of calibration). The error in tP, namely the exposure that re- 
sulted from the periods of low-power operation while the assembly was being brought up 
to power, was measured and found to be negligible. 

Chamber capacitances were measured with a capacitance bridge by the substitution 
method. The average capacitance of the more sensitive cold-rolled steel chambers w a s  
about 5.2 ppf, whereas that of all the other chambers was 17 ppf. A value of C, = 5.7 ppf 
was obtained for the modified reader capacitance as measured with a Q meter. 

The effective cavity volume was  taken to consist of the space around the center elec- 
trode adjacent to the bottom face and side of the center electrode. The space between 
the insulator and center electrode and between the cap and chamber added little to the 
effective cavity volume,for the small electric field in these regions resulted in poor ion- 
collection efficiency, 

Jackets of the same material as the ion chamber were made to fit around the ion 
chambers to f i l l  the remaining space inside a 2-h-diameter PPA tube. The effective 
thickness of the ion-chamber walls was thereby increased to 2.1 cm. This thickness 
corresponds to the range of 7.3-Mev electrons in beryllium and of higher energy elec- 
trons in aluminum and iron. Since the gamma-ray spectrum in the PPA has relatively 
few quanta over 7 MeV, the Gray relation condition on chamber wal l  thickness is satis- 
fied; the electron spectrum seen by the cavity is characteristic of the medium for which 
the measurement is being made. 

It was convenient to use air at atmospheric pressure in the gas cavity even though 
this introduces a possible uncertainty in the measurement, namely, that protons from 
the (n,p) reaction on N14 give rise to an excess of measured ionization. This contribu- 
tion to the gas ionization by the protons was determined as follows: four beryllium cham- 
bers and two of the more sensitive steel chambers were filled with Cog at atmospheric 
pressure. One beryllium chamber was located in each of the four rings in the stationary 
beryllium, and the two steel chambers were located in the first ring of the blanket redon. 
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Beryllium and steel chambers filled with air at atmospheric pressure were placed in 
symmetrical positions in another sector of the assembly. Each CO2-filled chamber was 
compared to its air-filled counterpart as to ionization during reactor operation. 

The proton ionization correction factor fp is plotted in Fig. 23.2 as a function of 
radial distance from the core center. This correction factor is the ratio of the ioniza- 
tion in a given position as determined with a Copfil led chamber to that determined with 
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Fig. y.a-Air correction factor, f,, as o function of radial position. 

an &-filled chamber. The variation of fp with the neutron flux is in the right direction. 
The value of fp for a given ring obtained from the experimental curve in Fig. 23.2 was 
used to correct the quantity jv, Eq. 23.4, as determined from measurements for the air- 
filled chamber. 

23.4 DISCUSSION AND RESULTS 

The experimental results do not represent the level of gamma-ray heating to be ex- 
pected in a reactor that has been operated for a long period of time. The PPA was op- 
erated only 30 min, during which time the delayed fission-product gamma-ray genera- 
tion rate did not reach its saturation value of 7 Mev/fission. Assuming a startup from a 
cold pile, the average delayed gamma-ray flux would be 5.5 Mev/fission during a 30-min 
run (see Chap. 24). Adding this to the 5 Mev/fission prompt gamma rays, one obtains 
10.5 Mev/fission or about 88 per cent of the saturation fission gamma-ray flux (5 MeV/ 
fission prompt plus 7 Mev/fission delayed). Since an unknown quantity of long-lived 
fission products had accumulated from previous PPA operations and since the capture 
gamma-ray flux from the pile materials was present through the 30-min run, it is esti- 
mated that an average of at least 90 per cent of the total saturated gamma-ray flux was 
available during a run. No correction was made to the measurements for this effect. 

PPA as well as  along longitudinal traverses. Equatorial plane measurements were 
made with the small cavity (less sensitive) steel chambers in every position.of the first 
blanket ring (adjacent to the reflector). The large cavity (more sensitive) steel chambers 
were used to obtain the heating in every position of the second blanket ring and in every 
second position of the third ring. Although the gamma-ray heating was obtained in every 
reflector position in the equatorial plane with the aluminum chambers, the beryllium 

The gamma-ray heating distribution was determined in the equatorial plane of the 
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chamber measurements were limited to the stationary beryllium reflector region be- 
cause the beryllium chambers were completed only near the end of the experiment. Si- 
multaneous measurements were made in symmetrical positions in three sectors of the 
PPA to check the consistency of the measurements. At  least two determinations of the 
heating were made in each blanket position and in each stationary beryllium position. 
The heating measurements at certain points in the control drum were made only once 
with the aluminum chambers. The heating was obtained at a total of 75.points in the 
equatorial plane. 

steel chambers are presented in Fig. 23.3. The mean value of all measurements at a 
given position is presented. 

The equatorial plane gamma-ray heating measurements made with the beryllium and 

NUMBERS AT THE CENTER OF EACH POSITION GIVE THE LOCAL HEATING IN 
UNITS OF IO-e WATTS/CM3 PER WATT OF POWER LEVEL 

I R t  

Fig. q.3-Gamma-ray heat generation in the reflector and blanket of PPARo mevurcd 
with beryllium and steel chambers. Numbers at the center of each position give the local 

heating in units of 10'~ watcs/cmJ per watt of power Icvcl. 

The aluminum chamber measurements can be used to determine the gamma-ray 
heating in those beryllium regions in which measurements were not made with the 
beryllium chambers. The correction factor to be applied to the aluminum chamber 
measurements, determined from the heating measurements made in those positions in 
which both beryllium and aluminum chambers were used, was found to be 0.56 averaged 
for all positions. Theoretically, in regions of equal gamma-ray flux, this ratio should be 
equal to the ratio of stopping powers, (pBe /pM) = 0.68. The perturbing effect Of the 
aluminum jackets and chambers on the neutron and gamma-ray spectra in various parts 
of the reflector makes the interpretation of the aluminum measurements difficult. A 
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larger error  is therefore assigned to the aluminum measurements. The equatorial plane 
gamma-ray heating a s  measured with the aluminum chambers and corrected to give the 
heating in beryllium is presented in Fig. 23.4. 

NUMBERS AT THE CENTER OF EACH POSITION GIVE THE LOCAL HEATING IN 
UNITS OF Ide WATTS/CM3 PER WATT OF POWER LEVEL 

Fig. q . ~ - G a m m a - m y  heat generation in the reflector of PPA-m measured with aluminum 
chambers. Numbers at the center of each position give the local heating in units of 10" 

watts/cma per watt-hour of power level. 

The longitudinal heating distribution was obtained for the three stationary beryllium 
positions adjacent to the core and for three blanket positions adjacent to the reflector. 
Chambers were placed on either side of the center plane to verify the heat distribution 
symmetry about the equatorial plane. Time allowed only one determination of the longi- 
tudinal variation of the heating at most of the slug points. 

traverses in the blanket is given in Table 23.1. 
The gamma-ray heating measured with the steel chambers along three longitudinal 

TABLE 23.1 --LONGITUDINAL HEATING TN BLANKET 

Ev (10" watt/cm per watt of power level) 
Blanket Blanket 

POSITIONS A, B, AND C (Fig. 23.4) 

Distance from 
mid-plane Blanket 

cm position A position B position C 
1.8 4.7 5.9 6; 0 
9.4 4.4 5.2 - 

3.8 4.8 
2.5 3.1 
1.2 1.4 

1.1 

17.0 
32.3 
43.9 
47.5 0.93 
59.2 0.12 0.11 

5.1 
3.1 - 
1.4 - 
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Table 23.2 gives the measured gamma-ray heating along three longitudinal traverses 
obtained with the beryllium ion chambers in the reflector. The heating in the last posi- 
tion along each traverse was obtained with steel chambers since these positions were io- 
cated in the blanket at the ends of the PPA. 

TABLE 23.2--LONGITUDINAL HEATING IN BLANKET 
PORTIONS D, E, AND F (Fig. 23.4) 

mid-plane Reflector Reflector Reflector 
cm position D position E position F 
1.8 4.6 

4.1 - 
3.4 
2.2 
2.3 

3.0 

Ev (lo’* watthm” per watt of power level) Distance from 

5.0 5.1 
4.5 18.5 

3.7 3.8 27.2 
2.5 2.9 35.6 

51.3 0.95 1.8 1.4 43.7 
1.0 
3.4 4.2 55.1* 

*Measurements were made with steel chambers. 

0.88 

Since the heatingdata were obtainedfrom about 35 PPA runs with 30 different ion cham- 
bers, the uncertainties in all of the measured quantities were treated as random errors  
in estimating the experimental error. The largest uncertainty was the 2 15 per cent 
error in  the pile power level. Other estimated probable errors are 2 2 per cent in the 
voltmeter reading AV, k 3 per cent in the measured capacitances (C,+C,), k 3 per cent 
in the mean energy W transferred in forming an ion pair, k 7 percent in the air correc- 
tion factor fp, and the 2 10 per cent uncertainty in the effective cavity volume. An ex- 
perimental error  of 2 2O.per cent, based on the propagation of random errors, is as- 
signed to the beryllium and steel chamber measurements. A further uncertainty of 20 
per cent in the Be/Al heating ratio leads to an estimated experimental error of 40 per 
cent for the aluminum chamber measurements. 

A comparison of the experimental results can be made with the calculations of Hurwitz, 
Nims, and Storm (Chap. 22, Sec. 22.17). Figure 23.5is aplotof thegamma-rayheating, in 
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units of 10" watts/cm3 per watt  of reactor power, inthe equatorial plane along the radial 
traverse R, (as indicated in Fig. 23.3) through the center of the stationaryberylliumand 
blanket regions. The experimental points were obtained with the control drums at the 
66 deg position. The solid curve in Fig. 23.5 represents the calculated gamma-ray heat- 
ing for the 66 deg control drum position obtained by taking 75 percent of the calculated 
gamma-ray heating for a control drum position of 180 deg. (The fraction 75 per cent was 
obtained by interpolating the average heating between 0 and 180 deg, an admittedly crude 
procedure.) Since these results are for an average regional composition, an 80 per cent 
correction to obtain the gamma heating in the beryllium also has to be applied. This 
correction is just  the ratio of the beryllium gamma-ray absorption coefficient (0.045 
cm-') to the average absorption coefficient (0.056 cm-l) for the reflector materials. 

heating for the points along the radial traverse RT (Fig. 23.3) in the equatorial plane. 
Table 23.3 gives the ratio of the calculated gamma heating to the measured gamma 

TABLE  RATIO OF CALCULATED HEATING TO MEAS~TRED 
HEATING ALONG RADIAL TRAVERSE R, 

Distance from Ratio 
core center (watts/cm3) calc 

Ring cm (watts/cm") exp 
10 38.3 1.2 
11 42.8 1.0 
12 47.4 1.1 

14 56.4 1.0 
13 51.9 1.4 

15 61.0 0.7 
16 65.5 0.5 

The longitudinal heating distribution in the reflector adjacent to the core is plotted 
in Fig. 23.6. Since the longitudinal heating for the three positions was the same within 
the experimental error, the plotted experimental points represent the average value for 

-,THEORETICAL DISTRIBUTION 
0 ,  Be CHAMBER MEASUREMENTS 

I 
-,THEORETICAL DISTRIBUTION 
0 ,  Be CHAMBER MEASUREMENTS 

CORE LEVEL 

- 

0 20 40 

Fig. q.6Longitudinal distribution of heating in the reflector. 
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the three positions. The theoretical distribution is that for the center position. Figure 
23.7 is a similar plot for the blanket region adjacent to the reflector. The longitudinal 

I I 

Fig. q.7-hngitudinaI distribution of heating in the blinket. 

distribution for both the reflector and blanket was approximated in the heating calcula- 
tions by a function proportional to (cos nz/108), where z is the distance in centimeters 
from the center plane. This distribution is plotted as the solid curve in Figs. 23.6 and 
23.7. 

heating for points along longitudinal traversals in the reflector and blanket is given in 
Table 23.4. 

The ratio of the calculated gamma-ray heating to the experimentally determined 

TABLE 23.4--RATIO OF CALCULATED HEATING TO MEASURED 
HEATING ALONG LONGITUDINAL TRAVERSES 

center plane (z), ( watts/cm3 ) calc (watts/cm3 calc 
cm (watt s/c m 3 ) = j  7 w a t t s / c m 3 ~  

Distance from Reflector Blanket 

1.78 
9.40 

17.0 
18.5 
27.2 
32.3 
35.6 
43.8 
47.5 
51.3 

1.2 - - 
1.2 
1.2 

1.2 
1.1 

0.5 

- 

- 

1.1 
1.2 
1.2 - - 
1.3 

1.4 
1.1 

- 

- 
A s  indicated in Tables 23.3 and 23.4, the agreement between the measured and tal- 

culated results is poor only at large distances from the core center. The approximations 
used in the heating calculations may not be sufficiently good to give the proper heating 
distribution near the reactor extremities. 
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Chapter 24 

DECAY HEAT AND ACTIVITY 

1. R. STEHN and E. F. CLANCY 

24.1 INTRODUCTION 

In this chapter a means is developed for estimating the rate of heat generation 
accompanying the radioactive decay of the fission products subsequent to the shutdown 
of an enriched reactor. An expression is found for the decay power at an arbitrary 
cooling time following operation at a constant power level for an arbitrary length of 
time. The levels of beta and gamma activity of the fission products are also ex- 
pressible for cooling times exceeding one day. 

Not included in the results given in the subsequent sections of this chapter are 
three other sources of heat and radioactivity in the post-shutdown period: 

1. Reactor constituents other than the fission products become radioactive. The, 
principal activity of this type in sodium-cooled reactors, the 15-hr NaZ4, can 
generate initially up to 0.03 per cent of the operating power level, but it never 
develops over a tenth as much power as the fission products. Several activities 
a re  generated in the stainless steel, but their contributions are negligible. The 
23-min UZ3' and 2.3-day Npzse are important in reactors fueled b y g t u r a l  or 
low-enrichment uranium' (in natural uranium, for example, the Np alone 
initially generates 0.24 per cent of the operating power level, and considerably 
later it develops a third as much power as the fission products) but the con- 
tributions of these isotopes are negligible in reactors using fuel highly enriched 
in u ~ ~ ~ .  

2. The fission products continue to generate delayed neutrons after shutdown. The 
delayed neutrons maintain the neutron flux at a level of the order of 1 per cent of 
the pre-shutdown flux for times up to a minute or so, and this keeps the fission 
rate at a similar fraction of the operating power level. The power development 
from the delayed neutrons, roughly as important for the first few seconds as the 
decay power considered in this chapter, is properly a part of reactor neutron 
kinetics. 

3. Photoneutrons generated by hard gamma radiation in beryllium tend to maintain 
the neutron flux and the fission rate. The gammas, whose energy must2$xceed 
the 1.67-Mev threshold for the Be(y,n) reaction, arise both from the Na and 
from the fission products. 

Neutron-generating sources 2 and 3 above, while quite important in the first few 
seconds of shutdown, die down considerably more rapidly than does the effect of the 
fission products. Measurements by F. G. LaViolette (similar to those described in 
Chap. 25) of neutron flux levels in the S1G after shutdown from a 50-hr run at constant 
power enables us  to make the comparison of Table 24.1 with fission-product decay 
powers calculated as described later in this chapter. 

I, ' I  
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24.2 EXPERIMENTAL INFORMATION AVAILABLE 

TABLE 24.1--DELAYED NEUTRON AND PHOTONEUTRON POWER COMPARED 
WITH FISSION-PRODUCT DECAY POWER 

Time after shutdown, min 0.5 1 2 5 10 50 
Delayed neutron and photoneutron power, 0.58 0.27 0.106 0.040 0.026 0.016 

% of operating power 
Fission-product decay power, 2.23 1.88 1.60 1.25 1.04 0.85 

Ratio of the two powers 0.26 0.14 0.066 0.032 0.025 0.024 

% of operating power 

The remainder of this chapter considers solely the heating and radioactivity due to 
fission-product decay,which predominates over the other sources after the first few 
seconds following shutdom. 

If one knew the fission yields, the half-lives, and the radiations of all the radioactive 
fission products, one could compute the sum of the exponentially decaying radiations 
accompanying fission-product decay in .any given amount of fuel after any given length of 
exposure in a reactor at a constant power level. Calculations of this type have been made 
by a number of authors.*-’ Since little if anything is known about the shorter-lived of 
the fission products, such a summation computation for short cooling times is subject to 
considerable uncertainty. The work presented here consists in part of a summation 
study restricted to those fission products whose half-lives exceed 6 hr. This restricted 
summation study is adequate for cooling times of one day and longer. 

upon experimental observation. Five different types of information are  involved 
For cooling times of less than a day, the estimations depend to a great extent 

A. Gamma-ray spectra and photon emission rates of irradiated fissile material 

B. Beta and gamma disintegration rates’of foils of enriched uranium for cooling 
after short times of cooling (10 msec to 1600 sec). 

times between 20 and 300 min. 
C. Beta and gamma disintegration rates of irradiated natural uranium for cooling 

times ranging from 10 min to a year. 
D. Gamma and beta emission rates of enriched uranium measured immediately 

upon cessation of an extended irradiation. 
E. Heat generation rates measured calorimetrically on natural uranium fuel s l u e ,  

for cooling times of an hour and longer. 
The complete description of the fission-product decay that is finally obtained has a 

time-dependence that is made a reasonable f i t  to the data of types A, B, and C, above. 
The absolute or numerical values are adjusted to match data of typesD and E, above. 
These adjustments and fittings are done in the course of preparing a description, or a 
graphical representation, of the radioactive decay that follows a very short period of 
reactor operation (called here a “burst of fissions”). Another representation, the de- 
scription of the decay following a very long period of operation (“infinite irradiation”), 
has a ready use in the treatment of the general case of a finite period of exposure. 

24.2 

A. 

EXPERIMENTAL INFORMATION AVAILABLE 

Cooling Times up to 1600 Sec 
(a) First Three Sec. of Cooling. Work by Brolley et al.” has resolved discrepancies 
in the earlier measurements of the rate of decay of the fission-product radiations durhg 

L 

. .  . .  

the first few seconds of cooling. These authors-conclude that neither the beta nor the 
gamma radiations decay appreciably during the first few milliseconds after fissioning, 
and that the gamma decay during the first 2.7 sec of cooling after a burst of fissions Can 
be represented solely as a combination of the gammas emitted by two of the three 
shortest-lived nuclides that are  known also to yield delayed neutrons in fission, 
namely, the ones with half-lives of 1.52 and 0.43 sec. 11-19 (The 0.11-sec delayed neutron 
group more recently reported by Keepinand Wimett was discovered since the Work 
Of Brolley et al.; its neutron yield is low enough that it might reasonably be eXPected to 
have negligible effect on the gamma emission.) 

lives to it. We assume here that the beta decay has exactly the same time behavior as 
Brolley did not follow the decay of the beta radiation long enough to assign half- 
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the gamma decay, so that the contribution of the 1.52-sec activity to both gamma and 
beta radiation at zero cooling time is 40 per cent of the contribution of the 0.43-sec 
activity -- a ratio that can be calculated from Brolley’s gamma-decay curve. We 
follow the time-dependence of the Brolley curve in the present work for the first 2.7 sec. 

(b) Cooling through 17 Sec. Measurements made by Leipunsky et al.14 on fissile 
samples subjected to short irradiations indicate that the gamma photon emission rate 
varies with cooling time as t-’.* for cooling times between 1 and 17 sec. 

This behavior agrees with that reported by Brolley in the cooling times common to 
the two experiments. We assume as before that both the beta- and gamma-energy 
emission rates have the time-dependence quoted by Leipunsky. We follow this time- 
dependence, however, only to 8-sec cooling time. This is a way of compromising be- 
tween the behavior found by Leipunsky and the rather different behavior found by Zobel, 
now to be d i scwed ;  the two agree as to the proportional rates of decrease at about 
8 sec. 

(c) Cooling through 1600 Sec. Well-instrumented measurements by Zobel and Loves 
give a great deal of information about the rate of gamma emission by UZ3’ fission 
products in various energy ranges for times from roughly 1 sec to 1600 sec after 
relatively short irradiations. W e  extrapolate these results to lower energies and add 
a contribution (about 10 percent of the energy) for the 0 to 0.28-Mev photon range that 
this study did not cover, in order to obtain the rate of gamma energy emission. These 
data show a slower proportional rate of decrease for the first few seconds than do 
those of either Brolley or Leipunsky. We follow the time-dependence of Zobel’s data 
from 8- to 1600-sec cooling time. We take the absolute values of the gamma power to 
be 80 percent of those reported by Zobel (which is within the reported possible error) 
for reasons to be discussed later with the integral measurements in Subsection D. We 
assume the beta power to be equal to the gamma power at each time of cooling. 

B. Cooling Times between 20 and 300 Min 
Although no such information appears to have been published, the manner of decay 

of the radioactivity of foils of fissile material after exposure in a low-power reactor is 
fairly well known. Beta and gamma counting rates on such foils were obtained at KAPL 
by G. B. Gavin and H. B. Stewart; the exposure period was  30 min and the cooling times 
were between 20 and 300 min. Allowing for the relatively long exposure period, we f i t  
the data over a 30-min interval of cooling time by an assumed time-dep.endence of the 
form t-*. For beta counting rates, the value a appears to be roughly 1.2 over the whole 
time of cooling from 20 to 300 min. 

For gamma counting rates, Q increased from 1.2 at the shorter cooling times up to 
1.6 at times between 200 and 300 min. The more rapid t-’.’ decay is used significantly 
in the present work, as will soon be discussed in Subsection C; 

C, Longer Times of Cooling 
Many early studies of the beta and gamma activities of natural uranium afterneutron 

irradiation were confined to measuring the counting rates for a particular sample under 
particular conditions as a function of time of cooling. Such measurements were not 
readily reduced to an absolute basis; furthermore, the effects of the UZsg and Np2” pro- 
duced by neutron capture in the UZs8 had to be estimated separately and subtracted in 
order to give the decay of the fission products alone. Way and Wigner summarized this 
work in their celebrated paper on the statistical nuclear theory approach to fission- 
product decay?‘The Way-Wigner expression for the decay rate, which involved terms in 

and t ” 0 4  after relatively long cooling times, fitted the data, at least roughly, over t-l.2 

an astonishingly wide range of cooling times. 
W e  assume a t-’.’ dependence for both beta and gamma radiations in the range of 

cooling times from 3 hr  to 1 day. This represents a more rapid rate of decay than the 
Way-Wigner expression. The experimental data summarized by Way and Wigner are 
not seriously inconsistent with our presentation. It is necessary to assume so rapid a 
decay rate in order to make a smooth transition between the two portions of the curve 
for which absolute energy emission rates are  given; namely, Zobel’s gamma values for 
times up to 1600 sec, and our OM summation computation for times longer than 1 day. 
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I 24.3 PRESENTATION OF RESULTS 

Our summation study, as mentioned in Sec. 24.1, totals the radiation contributions of 
the individual fission-product nuclides whose half-lives exceed 6 h r  and of their shorter- 
lived descendants. These nuclides occur in 32 of the known fission-product decay chains. 
The fission yields, half-lives, and radiations assumed in the calculations were those 
available in 1956. 17’19 Neglect of the nuclides whose half-lives are less than 6 hr  is 
estimated to cause less than 10 per cent error in the results for a cooling time of 1 day 
and less than 1 per cent error for a cooling time of 2 days. Radiochemical knowledge of 
the nuclides considered in the calculations is sufficiently precise that this summation 
study should represent the fission-product radiation quite accurately after more than 
2 days’ cooling. 

D. Integral of Radiations over All Times of Cooling 

. 

A measurement of the intensity of the fission-product radiations immediately after 
the end of an exposure to a constant neutron flux constitutes an experimental determina- 
tion of the time integral of the radiations following a burst of fissions. Since the radia- 
tions decay quite rapidly, an exposure can readily be made long enough to yield a good 
approximation to the integral over an infinitely long time -- in other words, to the 
amount of delayed energy emitted per fission. 

According to a selection made by Wayzo from early measurements, the delayed beta 
energy is 7 Mev/fission and the delayed gamma energy is 5 Mev/fission. Peelle and co- 
workers 2 1  recently reported a value of 4.8 Mev/fission for the portion of the delayed 
gamma energy that is emitted by photons inathe energy range from 0.36 Mev to 5.8 MeV. 
Extrapolating the spectrum given by Zobel, we would estimate a total delayed gamma 
energy of 8.4 Mev/fission. With such conflicting values, it seems not unreasonable to 
take 7.0 Mev/fission as the delayed gamma energy. 

In this work we assume that the delayed beta emission rate equals the delayed 
gamma rate at every instant of time, and that the total delayed gamma and beta energy 
is 14 MeV. Furthermore, we assume that the typical energy release per fission in an 
operating reactor is exactly 200 MeV, so that the delayed energy emission is 7 per cent 
of the total effective energy developed per fission. 

The integral over-all times of the total heat emission rate following a burst of 
fissions should accordingly be 7 per cent of the energy developed in the burst. It was  
found impossible to meet this requirement if Zobel’s data were taken as reported, fgr 
the integral turned out to be too large. With Zobel’s data reduced by 20 per cent, 
however, the curve gave the desired 7 per cent integral. This does not seem too 
drastic a reduction, since Zobel quotes a possible error  of 20 per cent in his results; 
nevertheless, it should be remarked that we are somewhat arbitrary both in assuming 
beta and gamma powers to be equal and in the 7 per cent choice for the total decay 
energy. 

E. Calorimetric Measurements 
The rate of heat generation in slugs of irradiated natural uranium after cooling 

times ranging from hours to days was  determined calorimetrically by Day and Cannon” 
in a basic experiment. Substantial corrections had to be made for the energy carried 
away by gamma radiation escaping from the calorimeter2* as well as for the heat 
generated by UZ3’ and NpZaQ ; furthermore, the rate of fissioning in the slugs during 
exposure was not too well hown. Nevertheless, the results of Day and Cannon con- 
stitute an independent test of the description for fission-product decay power that W a s  
foitnd as described above. The points labelled “Experimental” on Pigs. 24.1 and 24.2 
are Day and Cannon’s original values corrected for gamma escape and for UZa9 and 
NpZs9 heating. The curves on these figures are  calculated from the results of the 
present work. The calculated curves tend to be low, but they reproduce the trend with 
time fairly well. 

’ 

24.3 PRESENTATION OF RESULTS 

Figures 24.3 and 24.4 show the time behavior of the total decay power, both beta and 
gamma, after a burst of fissions. These figures give six overlapping portions Of the 
single basic curve which was developed in the manner discussed in the preceding section- 
The unit chosen for the ordinates of these figures is the watt per megawatt day. A mega- 
watt day (Mwd) corresponds to a “burst” of 2.7 x lo2’ fissions, or to the fissioning of 
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Fig. z+i-Comparison of calculated curves with calorimetric dam (shorcucposures). 
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Fig. q.5-Dccay power after infinite irradiation. 

1.05 grams of UZs5. Although the curve is f a r  from linear on the log-log plot used in 
Figs. 24.3 and 24.4, some portions of it can be reasonably well approximated by straight 
lines of slope corresponding to the usually assumed t-'.' behavior. From 10 sec to 3 hr, 
an approximation to the curve is 4.10 t".' Mev/sec per fission; from 1 day to 100 days, 
it is very nearly 2.46 t'l** Mev/sec per fission. These can be compared with an early 
simple expression given by Way and Wigner =: 2.66 t".' Mevlsec per fission. 

Figure 24.5 shows the decay power as a function of cooling time after an infinitely 
long irradiation. This curve is the integral of the "burst" curve of Figs. 24.3 and 24.4. 
For zero cooling time the curve of Fig. .24.5 has the 7 per cent value that was assumed 
for the infinite integral. 

According to a simple theorem in radioactive decay, this "infinite irradiation" 
curve can be used to compute the decay power following any finite period of exposure to 
a constant neutron flux. The theorem states that the intensity of the fission-product 
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fission product power is 1.24 p u  cent of operating power). 

radiations following a finite period of operation is Simply the difference between the 
VaheS on the infinite ir-ation C m V e  of Fig. 24.5 for two times of cooling 

1. the time elapsed from the end of the exposure period to the moment in question 
(the time normally considered to be the “cooling time” following a run), and 

2. the time elapsed from the beginning of the exposure period to the moment in 
question (the E of the time of exposure and the cooling time). 

with this theorem, two nomograms have been constructed for rapid estimation of 
the decay-heat evolution following various times of operation. Figure 24.6 is the 
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fission product power is 0.12 per cent of the operating power). 

nomogram designed for cooling times in the range of seconds and minutes, whereas 
Fig. 24.7 is the one designed for cooling times of hours or days. 

If the cooling time is longer than the period of operation, the two particular times 
just  defined are relatively close together, and it is difficult to read accurately the dif- 
ference in the corresponding ordinates of Fig. 24.5, or  to use the nomograms of Figs. 
24.6 and 24.7. It is just such cases that invite the use of the "burst" curve of Figs. 
24.3 and 24.4. In these cases, the approximation can be made that the decay heat fol- 
lowing a period T (days) of operation at a constant power level P (Mw) is nearly the 
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each period makes to the heat-generation rate at any given time after shutdown, and 
to total these contributions. A relatively simple way of obtaining the desired result 
is to break up the operating history into definite but not equal time intervals preceding 
the shutdown, regardless of whether or  not the reactor was  operating at a constant- 
power level during an interval. If these time intervals are so chosen that each is small 
compared to the subsequent time elapsing to the shutdown in question, one may use 
the “burst” formulation of Figs. 24.3 and 24.4 to calculate the contribution of each 
interval to the total decay power. It is helpful in this scheme to have a cumulative 
hourly record of the megawatt days of energy put forth by the reactor. Even though the 
contribution of any one interval may be in error  by as much as 25 per cent of itself (in 
the case that the interval is half as long as the subsequent time to the shutdown), the sum 
of contributions from J intervals that contribute about equally is statistically liable to a 
relative error  of 2 5 / a  per cent. 

Figures 24.8-24.11 give the results of the detailed summation study for cooling 
times exceeding a day. On each of these figures the beta and gamma contributions are 
shown separately; the contributions of various photon energy groups are also shown. 
These figures are useful in estimating the needs for shielding, as for a spent fuel 
element. 

Figures 24.8 and 24.9 give the burst and infinite irradiation curves for the beta and 
gamma power developments. Figures 24.10 and 24.11 give similar curves for the beta 
and gamma activities; that is, for the rates of emission of beta particles and of gamma 
photons. These figures can be used for finite periods of exposure in exactly the same 
way as was  described for Figs. 24.3, 24.4, and 24.5. 
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Fig. 24.9-Beta and gamma powers after infinite irradiation. The rata of energy emission 
in gamma-ray photons of various energy ranges are shown. The labelling of each curve 

indicates the photon energy range. 
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Fig. q.io-Bcta and gamma activities following bunt. The rates of energy emission in 
gamma-ray photons of various energy ranges are shown. The labelling of each CUNC indicates 

the photon energy range. 
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Fig. 24.1 !-Beta and gamma activities after infinite irradiation. The rates ofenugy emission 
in gamma-ray photons of ~arious energy ranges arc shown. The labelling of each curve 

indicates the photon energy range. 
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Chapter 25 

PHOTONEUTRONS IN BERYLLIUM-MODERATED 
REACTORS 

F. 6. LaVlOLETTE 

25.1 INTRODUCTION 

Beryllium has a lower threshold for the production of photoneutrons than has any 
other element, so that beryllium-moderated reactors should show, more strongly than 
other reactors, transient source effects that result from the production of photoneutrons 
by the fission-product gamma-rays. In sodium-cooled reactors there is an additional 
effect caused by the sodium gamma-rays. After shutdown, the production of gamma-rays 
and of the corresponding photoneutrons decays at a relatively slow rate. These photoneu- 
trons constitute in effect a neutron source. 

Safety considerations dictate that a fairly intense source of neutrons be present in 
a reactor core whenever its reactivity is being increased from a subcritical condition, 
in order to provide means for indicating the approach to criticality. Sensitive propor- 
tional counters are  required to measure the resulting neutron flux. It is a distinct 
advantage of a beryllium-moderated reactor that the long-lived photoneutrons appear - 
ing after reactor operation provide a sufficiently strong source to activate less sensi- 
tive detectors, such as fission counters and current chambers, for a considerable 
period of time after reactor shutdown. These photoneutrons, furthermore, can keep a 
beryllium-containing reactor virtually unaffected by any decay of the initially installed 
neutron source. 

In the operation of such a reactor, it is desirable to predict how long the plant can be 
shut down before the photoneutron source becomes too weak to activate startup instru- 
ments with the control elements in their least reactive position. In addition it is desirable 
to distinguish the short-term photoneutron effects when estimating the xenon reactivity 
defect and to separate the photoneutron-induced fission heating from the decay-heat gen- 
eration after shutdown. 

Different methods were used for evaluating the short-period and the long-period 
photoneutron effects. Since the mathematical treatment of the technique for short- 
period measurements best illustrates the behavior of a reactor with photoneutrons, this 
will be discussed first. The short-term flotoneutron decay characteristics were studied 
in “power-drop” experiments by D. J. Anthony and R. J. Scheme1 who used the PTR 
operating at low power levels. This experiment involved the observation of the reactivity 
variations required to keep the power level constant after arapidreactivity change has 
produced a sudden decrease in power level. The reactor beh&vior in this case is il lus- 
trated in Fig. 25.1. Assume that the power level No has existed for a long period of time 
prior to t = 0. At time zero the reactivity is suddenly decreased by an amount sufficient 
to cause a prompt decrease in power level to a value $. If no further reactivity change 
were made the power level would continue to decrease below N f a s  .the concentration of the 
delayed neutron precursors decayed from the initial value which was in equilibrium at the 
power level No. However, if the reactivity is gradually restored the power level may be 
held constant at level Nf In this case the reactivity defect (as measured by the displace- 
ment of the control element from the original critical position) varies with time in the 
same manner as the function describing the decay of the concentration of delayed-neutron 
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Fig. zS.I-Hcilctivity transient following n step change in power IKVKI. - 
precursors from its initial equilibrium value for level No to the new equilibrium value for 
the level Nf. 

The presence of photoneutron groups having decay periods longer than the periods of 
ordinary delayed neutrons causes a persistence of this reactivity defect. F'urthermore, 
the strength of the photoneutron source relative to that of the. delayed-neutron source may 
be evaluated in terms of this reactivity defect, as w i l l  now be shown. 

25.2 POWER DROP MEASUREMENTS 

Consider a reactor with several groups of different delayed-neutron and photo- 
neutron periods. The reactor kinetics equations connecting the power level and the 
concentrations of the precursors of the various groups with the time are': 

dN/dt = (k - 1 - 8 )  N/T + C XiCi  

d$/dt = 8, N/T - XiCi 

(25.1) 

(25.2) 

No fixed source term is included in Eqs. 25.1 and 25.2, since the installed source strength 
may be considered negligible in comparison with the photoneutron source. 
neutron source terms appear, together with the delayed-neutron groups, in the summation F A  iCi.In these two equations: 

volume per unit time, 

neutron precursors, 

i 

The photo- 

N is proportional to the power level and is a measure of the fissions per unit 

Ci is a measure of the concentration of the i& group of delayed neutron or photo- 

X, is the decay constant for the itJ group, 
@i is the effective yield of the iE group, as a'fraction of all the neutrons, 

/3 is defined as p i ,  
T is the prompt generation time for neutrons, i 

(k-1) is the reactivity. For delayed critical, k = 1. 
Experimentally, by appropriate manipulation of the reactor controls, the power level 

is made to drop suddenly from an original constant value of No to a final constant Value of 
Np The time at which this occurs is t = 0. The controls are thereafter varied in what- 
ever manner is necessary to hold the power level fixed atNf. (See Fig. 25.1.) 

The concentration of the ith group of precursors, initially in equilibrium at a Value 
ci0 = &%/rX i, drops toward afinal equilibrium value (& = @i H~/$IP According to 
Eq. 25.2, since N is constantwhent> %the time dependence is 
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Since the experimental manipulations ensure that dN/dt = 0, Eq. 25.1 then gives an ex- 
pression for the reactivity. Substituting for the Ciin Eq. 25.1, and eliminating T by means 
of expressions above, this equation is obtained: 

1 c 

(25.4) 
I J 1-k(t) 

B 
- -  

The term CAn(Cn0~-Cnf) in the denominator on the right-hand side of Eq. 25.4 repre- 
sents the total change in the delayed neutron and photoneutron source, i.e., the difference 
between the neutron source due to all precursors in equilibrium with the power level No 
and that due to all precursors in equilibrium with the new power levelNf. The summation 
in Eq. 25.4 is composed of terms 

each of which represents the fraction of this total source change due to the ith group of 
precursors after decay for time t. It is to be noted that the decay period for the function 
fi(t) is identical to that of the generating precursor. 

The delayed and photoneutron source due to all groups at time t is then 
c 

(25.6) 

.L L ”  
Equation 25.4 can then be written as 

J 

(25.7) 
1-k(t) 

I 

P N o - N f  f(t) = 

which presents directly, in terms of the observed reactivity, the fraction of delayed and 
photoneutrons remaining at time t. Note that the components of f(t) due to photoneutron 
precursors having periods greater than the delayed-neutron periods will after a sufficient 
time dominate the value of f(t). This is true even though the concentration of such pre- 
cursors at initial equilibrium is much smaller than the concentration of ordinary delayed- 
neutron precursors. 

This “power-drop” method is applicable to the determination of photoneutron con- 
tributions due to precursors with periods from a few minutes to several hours. Pre- 
cursors with shorter periods are  masked by the ordinary delayed neutrons. Precursors 
with longer periods do not build up to saturation value in the operating time usually con- 
venient for such low-power experiments. 

The sensitivity of the above technique for indicating the photoneutron effects is 
determined by the ratio of the initial sustained power level No to the final power level Nf.  
It is not desirable to operate critical assemblies at power levels No higher than a few 
watts for any appreciable length of time. Also, instrumental sensitivity establishes the 
minimum readable level Nf to be inathe milliwatt range. Therefore the ratio No/Np is 
limited to values of the order of 10 . 

To sum up, the “power-drop” method consists of recording as a function of time the 
control-rod position, and hence the reactivity k(t), which is necessary to maintain the re- 
actor power level constant at the value Nf. The source function f(t), calculated by means 
of Eq. 25.7, is then decomposed into its several exponential decaying components (Eq. 25.6) 
by well-known methods. 

25.3 STARTUP MEASUREMENTS 

A method developed by J. A. Bistline and the author may be used with a power reac- 
tor to obtain information on the weak long-period photoneutron groups which can not be 
determined conveniently by the power-drop method of Sec. 25.2. This method involves 
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25.3 STARTUP MEASUREMENTS 

measurements of neutron levels and control-element positions taken during the approach 
to criticality after the reactor has been shut down from a period of sustained high-power 
operation. 

Since the long-period photoneutrons act as a nearly constant source, the straight- 
forward way of measuring the strength of this source would be to find the neutron power 
level at  some convenient degree of subcriticality. Unfortunately, the degree of sub- 
criticality after high-power operation is not determined solely by the control-element 
setting. Temperature changes and xenon poisoning both strongly influence the value of 
the reactivity after shutdown. Therefore it is necessary to make an auxiliary measure- 
ment which in effect calibrates the control elements in terms of subcriticality. 

The method for doing this is illustrated by Fig. 25.2. This shows the general time 
dependence of the transient power level and reactivity for the case where the reactor is 
shut down at time zero and returned to a near critical condition after a long time in- 
terval T, which may be in the range 1 to 1000 hr. 

'('b NS--- . ; - -  
A#D= SHUTOOWN 
REACT1 VlTY 

Fig. zS.?-Reactivity and power transients during shutdown and subsequent approach ro 
criticality in s tamp method. 

The approach to criticality is performed in a stepwise fashion as shown on the right 
of Fig. 25.2. Two power levels, N: and N,, a r e  selected, low enough to produce no sig- 
nificant core temperature changes but nevertheless associated with control element 
positions relatively near criticality. (This latter condition is imposed to minimize 
errors in neutron detector readings due to changes in control (element geometry.) The 
control element is manipulated to hold the power constant at N, for a few minutes, and 
then to raise it and hold it constant at Ns. 

The amouqts by which the reactor is subcritical at the levels Ni and N,, respec- 
tively, are  1-k, a?d I-k, . If the neutron detector geometry is essentially unchanged 
between levels N, and N,, and if there is no appreciable decay of the neutron source (the 
photoneutrons associated with operation at the original power level), the multiplication 
relation 

Nl(1-kJ = Ns(l-k,) (25.9) 

may be used to express the difference in the two reactivities as measured by a cali- 
brated control element: 

6km = k s  - k *  , = (1-kJ x (Ns-Ni)/NL (25.10) 

By appropriate manipulation of the control element, the power level is raised to Ni and 
held constant at that value for a few minutes; then it is raised further to N, and held 
constant at that value for a similar length of time. The equilibrium settings of the con- 
trol element of these two power levels will now be expressed in terms of the neutron 
source contributed by the photoneutron precursor concentrations CJ(T) remaining from 
the previous power operation. Consider, for simplification, that the startup consists of 
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a simple one-step increase in power level from 0 to N,. The delayed neutron and photo- 
neutron precursor concentration associated therewith w i l l  rise from 0 to Ci, (see 
Eq. 25.3) obeying the relation 

(25.11) 

Here time is measured from the new startup. The time t = 0 is then a time interval T 
after shutdown from power operation. The longer-lived photoneutron precursors re- 
maining from power operation, indicated by subscript j, must be taken into account ex- 
plicitly as a constant source term in the kinetics equation analogous to Eq. 25.1: 

(25.12) 

By reasoning similar to that qhich led to Eq. 25.4, the reactivity necessary to maintain 
the power level at NB is 

1-k(t) C % C F )  -EX1 C,gAi" 
- =  3 

B c XI% 
1 

When the concentration of delayed-neutron precursors reaches equilibrium, which takes 
about 10 min, the exponential terms in the equation above have diminished to zero, so that 

(25.13) 

(25.14) 

Using the definition of f(t) in Eq. 25.6, and the equilibrium values of Cl, and C, from 
Eq. 25.2, we reduce the expression above to 

(25.15) 

Finally, combining Eqs. 25.10 and 25.15, an expression for the photoneutrons remaining 
at time T after shutdown from power operation, expressed as a fraction of the total de- 
layed and photoneutrons initially present, is: 

(25.16) 

In the application of this equation the measurement of the reactivity change 8k, and 
the ratio N, /N I: must be made under constant temperature conditions. m e r m o r e  the 
time between the measurement of N; and N, must be sufficiently short that changes in 
the xenon reactivity defect from the prior power operation will not produce a significant 
error in 6km. Since the ratio &/Ns may be very large, in the range from 10' to 108, 
neutron-level instrumentation must be provided which can cover this range. 

tion of long-lived photoneutron precursors is small compared to the total equilibrium 
concentration of all delayed and photoneutron precursors. As a justification of this 
assumption, it is found in practice that the total concentration is wi th i i  1 per cent of 
the equilibrium value 10 min after a step change in power level. An additional as- 
sumption is that the spatial distribution and effectiveness of the photoneutrons in the 
subcritical reactor are the same as for delayed neutrons in the critical reactor. The 
error introduced by this assumption is considered acceptably small for the SIR-type 
reactors since significantly large errors  occur in estimating the effective power-level 
history during which the longer-lived gamma-ray precursors are built up. However, 

The derivations of Eqs. 25.9 and 25.15 above assume that the equilibrium concentra- 

1 
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this assumption may not be valid for other reactor systems where the core geometry 
can change by large amounts as the control elements are moved to compensate for 
temperature changes. 

25.4 EXPERIMENTAL RESULTS 

Data on photoneutron decay in beryllium-moderated reactors have been obtained 
from power-drop tests on the PTR and from startup tests on the S1G and S2G reactors. 
These have been used to construct the curves of Fig. 25.3 for operating times from 1 hr  
to 100 hr. 

The uppermost curve in Fig. 25.3 (for an operating time of 100 hr)  was analyzed 
graphically to determine the relative values of the photoneutron source due to individual 
gamma emitters. The values shown in Table 25.1 indicate the approximate fraction of 

- the total delayed neutrons contributed by each emitter after the reactor has been in op- 
eration for 100 hr. The analysis leading to Table 25.1 was based cr: hdf-life data taken 

TABLE 25.l--PHOTONEUTRON YIELDS 
Photoneutron yield 

(fraction of the 
Half-life, delayed neutrons), 

B j  / B  
Gammaemitter 

Precursor ' hr 
308 1 x 10-5 

77 
30 

15 

6.7 
2.8 

2 x 

20 x io-' 
6 X lo-' 

20-50 X lo-' 
50-200 X IO-' 

lo" I I I I 
'SOURCE OF DATA 

PTR 
k o SI0 

I I I I I 
1000 I1 2 0.01 0.1 I IO 100 

COOLING TIME t (HOURS) 

Fig. z5.3-Decay of photoneutrons in beryllium-moderated reactors. 
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REACTOR FISSION POWER-LEVEL AFTER SHUTDOWN 25.5 

from the literature. The data provided by the curve of Fig. 25.3 are not considered 
sufficiently accurate to warrant any attempt to determine both the half-lives and the 
yields of the photoneutron groups. The values of p i / p  in Table 25.1 have been cor- 
rected to apply to an infinite thickness of beryllium. 

25.5 REACTOR FISSION POWER-LEVEL AFTER SHUTDOWN 

The fission power at time t aftei- a reactor shutdown may be calculated from 
Eq. 25.7. Taking advantage of the fact that N,,<<Noin this case, and writing (1-k d ) for 
the shutdown reactivity, we find 

(25.17) 

The function f(t) is given in Fig. 25.3, and (l-kd)//3 is simply tke c&down marginin 
dollars. Applied to a $5 shutdown, this equation indicates that the fission power 
falls below the gamma-decay power within 1 min after shutdswn and is less than 10 per 
cent of the gamma-decay heat after 3 min. 

If the ceutron detector instrumentation indicates over the range from full power 
to about 10 * of full power, Eq. 25.17 indicates that with a $5 shutdown from extended 
operation at 10 per cent rated power, the neutron level is readable for over 1OO.days. 
This suggests the longevity of the photoneutron source in a beryllium-moderated re- 
actor. 

REFERENCE 
1. H. Hurwitz, Jr., Derivation and Integration of the Pile-Kinetic Equations, 

Nucleonics 5(1): 161 (July 1949). 

PHOTONEUTROSS IN BERYLLIUhl-MODERATED REACTORS 
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Chapter 26 

- -POISONING BY Li" GROWTH IN THE MODEWTOR 

1. 6. BARRETT 

26.1 INTRODUCTION 

In a beryllium-moderated reactor the nuclear poison Lis is produced through the 
reactions 

Bee + n - Hea + 4 ,  He'- ~i' + 8- 

The He' decays into Lii with a half-life of 0.82 sec. The threshold for the (n, a) reaction 
on Bee is 0.72 MeV, and the cross-section goes up to a peak value of 100 millibarn8. The 
cross-section for this reaction is shown in Fig. 26.1, which is based on recent measure- 
ments? It should be noted that this cross-section curve differs ryiically from the 
curve given in Report BNL-325', which was based on earlier data. The cross-section 
curve shown in Fig. 28.1 is here extrapolated above the highest energy measurement at 
4.4 MeV, but, since most fission neutrons are burn with energies less  than this value, 
the final results are insensitive to the method of extrapolation. 
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26.2 ANALYSIS 

The calculations reported in this chapter were done to estimate the reactivity loss 
caused by the presence of Lis in a typical beryllium-moderated reactor and thus aid in 
analyzing endurance and long-term reactivity effects. 

26.2 ANALYSIS 

The differential equation for the concentrationof Lis atoms as a function of time is 

(26.1) 

Here N u  and N& represent the numbers of atoms of Lis and Be9, respectively, per 
unit volume; 0 (Li) is the absorption cross-section of Lis, arid @Be) is the (n,a) cross- 
section. The volume of the core is Vc and nv(E,r) is the neutron flux. 

Dividing the range of integration of energy into subranges corresponding to the 
lethargy intervals ~ u i  of the multigroup analysis of the neutron flux in the reactor, one 
obtains 

The solution of Eq. 26.2, assuming that NB is constant, is 

(26.2) 

(26.3) 

i 

where - i = the group index 
nv 1 = the neutron flux averaged over lethargy in the group and averaged over the 

core. It has been normalized to a fission-source strength of 1 neutron per 
cubic centimeter per second 

vi = an average group microscopic cross-section 
- 
N L i  and %e = the average values of the Lie and Be concentration over the core 

Aui = the lethargy group width 

= 3.1X 10lO(fissions per watt-sec) x (power in watts) 
C VC 

P is the conversion factor between the multigroup power normalization of 1 fission 
neutron per cubic centimeter per second and the assumed power level of the core; and 

vc is the number of neutrons emitted per fission that would make the assembly studied by 
the multigroup method just critical. 
For the purpose of calculating the Lie buildup in the core, the value for was 

taken from a clean - 50hg one-dimensional multigroup caseAt the 30-cm-radius position. 
A similar calculation was done for the reflector; here the nvlvalues were taken from the 
same case but at the radial position of 49 cm. The fluxes at these .two particular radii 
are average flux values for the core and reflector, respectively. They are shown in 
Table 26.1. 

The absorption cross-section of Lis for neutron energy E below 1200 ev was ob- 
tained by assuming the I/v law to hold with a thermal value of 953 barns at E = 0.025 ev. 
This assumption appears to be justified upon examination of the total cross-section 
curve. In the range of ufrom 1.5 up to 9 (E from 2.2.Mev down to 1200 ev), the a$- 
s o r p t i p  cross-section for Lis was taken from the (n, Q) curve in Report BNL-325. 330th 
the Li (n, 9 and the Bes @,a) cross-sections were taken as unshielded The average 
group Cross-sections us,ed and the mi values are tabulated in Table 26.1. The value of 
P was taken as 27 X 10 for a 1-Mw reactor. 

The reactivity coefficients for Lis were calculated according to the methods de- 
scribed by Hofmann? which are outlined in Sec. 32.2. 
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RESULTS 26,3 

TABLE 26.1--MULTIGROUP QUANTITIES 
Oi(Li), ;4Be), =, AUi 

Group Range of u barns barns (at r = 30 cm) 
1 0-0.5 0.054 0.0089 0.25 
2 0.5-1 0.069 0.0574 1.47 
3 1-2 0.106 0.0605 10.67 
4 2-3 0.321 0.0011 11.83 
5 3-4 1.98 0 11.56 
6 4-8 1.67 0 31.88 
7 8-11 6.18 0 16.66 
8 11-12.5 17.5 0 5.84 
9 12.5-13.75 34.4 0 3.34 
10 13.75-15 64.6 0 2.17 
11 15-16 113 0 1: 24 
12 16-17 186 0 0.94 
13 17-17.75 283 0 0.43 
14 17.75-18.7 436 0 0.28 
15 18.7 488 0 0.12 

Weighted 0-18.7 1159 0.745 - 
totals 

26.3 RESULTS 

After 1000 Mwh of operation the amount of Lis produced is calculated to be 0.0203 
mol. Af te r  ten times as long a period of operation, the amount of Lis is 1.92 mol - less 
than ten times as much because some of the lithium is burned up. These are the amounts 
of Li' developed in the roughly 28,000 mol of beryllium in the core. 

Using a calculated distributed reactivity coefficient* of -53$/mol for unshielded L? , 
one obtains reactivity losses after 10,000 and 100,000 Mwh equal to 1.089 and 1029. Since 
the depletion of fuel and the buildup of fission products reduce reactivity by 12.5$/1000 
Mwh (Sec. 20.12) the reactor endurance after about lO0,OOf Mwh of operation should be 
diminished by about 8000,Mwh because of the growth of Li in the core. The reactivity 
loss resulting from the growth of Lis in the reflector is negligible (-0.19 in 100,000 Mwh). 
There is no direct experimental evidence as to. the magnitude of this lithium poisoning 
effect, for in the measurements made to date it has not been separated from the effects 
of fission-product buildup and fuel depletion. 

If fuel assemblies are replaced by fresh ones after a life of something like 100,000 
Mwh, and if 30 per cent of the core beryllium remains in the reactor, the new core will 
begin life with 33$ less reactivity than the first core did. A third core, similarly, would 
have 66$ less, a fourth one about $1.00 less, and so on. Saturation effects would of 
course reduce these incremental reactivity losses after a number of reloadings, so that 
the handicap to infinitely aged core beryllium in this example would be $2.86. 
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Chapter 27 

REACTOR KINETICS AND TEMPERATURE COEFFICIENTS 

R. T. FROST 

27.1 INTEREST FOR INTERMEDIATE REACTORS 

The temperature coefficient of an intermediate -spectrum, sodium-cooled reactor is 
an order of magnitude smaller than that of a typical water-cooled plant. This is due to 
the relatively small coolant expansion effect and the relative unimportance of thermal 
spectrum shifts. In addition, the reactor kinetic behavior is distinguished from that of a 
typical water-cooled plant by the presence of a significant photoneutron effect arising 
from the beryllium moderator. 

Considerable effort w a s  expended in the intermediate reactor program in an attempt 
to predict, before the reactor was  built, the temperature dependence and the kinetic 
characteristics of the power reactor. Information obtainable from reactor experiments 
and from calculations w a s  applied to two broad problems. One was to predict the re- 
activity changes which would result from various power transients' expected in the course 
of normal maneuvering, and particularly to insure that unusual maneuvers would not lead 
to self -sustained oscillations in power level. The results of these predictions were 
checked by actual tests in the reactor after it was  built. The other problem was  to esti- 
mate the course of reactor incidents (nuclear runaways). The second problem required 
a knowledge of those core characteristics which might affect the initiation and termina- 
tion of a reactor incident: neutron generation time, prompt temperature coefficient, 
and the possible magnitude of reactivity increases resulting from such accidents as fuel 
element vaporization. Secs. 27.2 and 27.3 and Chaps. 28 through 37 cover the first 
problem, while Sec. 27.4 and Chap. 38 deal with the second. 

27.2 TEMPERATURE COEFFICIENTS 

The changes in reactivity with temperature are due primarily to four different 
phenomena: (a) thermal expansion of the reactor structure, (b) sodium expansion, 
(c) thermal base effects, and (d) the Doppler effect. 

(a) The geometrical expansion causes the reactor buckling to decrease and thus 
tends to reduce leakage as the temperature is raised. On the other hand, the reduced 
density of core materials at the higher temperature increases the neutron migration 
area and thus tends to increase the leakage. This latter effect dominates and produces 
a net negative temperature coefficient as a result of thermal expansion of the core 
(Chap. 29). 

reactivity, its neutron moderation is a stronger effect than its neutron absorption. 
However, thermal expansion of the sodium reduces the number of sodium nuclei in 
the core and thus results in a negative contribution to the reactor temperature co- 
efficient. The experimental determination of reactivity coefficients for sodium as a 
function of position throughout the core and reflector, together with the known co- 
efficient of thermal expansion, allows a simple determination of this reactivity effect 
(Chap. 28). 

(b) Sodium has a positive reactivity effect in the core because, in terms of 
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(c) As the temperature of the beryllium moderator increases, the mean energy of 
the neutrons near thermal is increased, both in the core and in the reflector. The 
phenomena associated with this are commonly lumped together and referred to as the 
“thermal baqe effect.’’ 

between absorption and fissio-n. Because the xenon resonance is at 0.085 ev, the ratio of 
average xenon to average fuel cross-section should decrease as the thermal neutron 
distribution shifts upward beyond 0.085 ev,in energy with increased beryllium tempera- 
ture. This produces a positive contribution to the temperature coefficient. Another 
effect of the thermal spectrum shift in the core is the change in fuel capture-to-fission 
cross-section ratio. Since this change is estimated to be small compared to the other 
effects, it was  not considered further in the work which follows. In the reflector, the 
decrease in the ratio of absorption to scattering cross-section for steel means an in- . 
creasing thermal diffusion length with increasing temperature; this increases the 
thermal current returned by the reflector and hence mi&n a positive contribution to 
the temperature coefficient. 

changes with temperature w a s  anticipated and observed. The resultant decrease in 
magnitude of the over-all temperature coefficient with the buildup of xenon in the S1G 
was  in fact the most obvious systematic effect .observed during reactor operations. 

Later physics experiments and calculations (Chap. 31) have shown that the change 
in thermal spectrum with temperature in the central core region is negligible. These 
experiments were done with a partial core mock-up, a thermal column neutron source 
and a chopper and time-of-flight detector; the spectrum obtained was representative 
only of the central core region. Theoretical considerations, although carried through 
in detail only for the central core region, indicate that the thermal spectrum shifts are 
appreciable near the core-reflector interface and in the reflector itself. It is the outer 
regions of the reactor core, therefore, that produce the positive contribution to the 
temperature coefficient by xenon. 

and decreases the self-shielding of both fission and capture resonances, is associated 
with fuel element temperature and hence contributes to the most rapid temperature 
coefficient. Although this effect is smaller in magnitude than the other effects for a 
given temperature excursion, its importance is enhanced by the fact that the fuel 
element temperature excursions are ordinarily much higher than the temperature 
variations in other core components. . 

Calculations on the fuel Doppler coefficient (Chap. 32) showed that the effect was a 
small difference between large positive and large negative effects. The positive effect 
results from the unshielding of the fission component of the resonances, while the 
negative effect results from the increase with temperature of parasitic captures ac- 
companying a similar change in resonance self-shielding. A summary 01 the effect of 
the uncertainties in the experimental values of the capture-to-fission ratio (usnally 
denoted as a) in the known U235 resonances has been given by H. Hurwitz.’ The result 
of the calculation is fairly sensitive to a chd its variation within each resonance. 
Calculations which were made in 1954;with the then-available values of a, gave the 
Doppler coefficient as apositive difference betweenpositive andnegative contributions that 
were approximately seven times as large as the difference between them. It seemed 
unlikely at that time, however, that the uncertainties in a were great enough that further 
refinements in neutron spectroscopy could bring the calculated results into agreement 
with the experimentally measured U2” Dopper effect. More recent information on a is 
such as to reduce this discrepancy somewhat, but the agreement is still not satisfactory. 

Another possible error in the Doppler calculations lies in the fact that the net result 
is quite sensitive to the difference between the neutron “iterated fission probabilities” 
for resonance and for thermal neutrons. However, since the analyses of reactivity CO- 
efficients that involved calculated iterated fission probabilities (reported in Chap. 8) 
showed that reasonable agreement w a s  obtained between calculation and experiment in 
most cases, this e r r o r  is probably not large. It must be admitted, however, that the 
experiments were not analyzed for a possible consistent error  in the calculated 
resonance values of iterated fission probability. 

of fuel were supplemented by measurements for pure resonance absorbers for which go0 
resonance parameter data were available. The experimental technique, described in 

In the core there are changes in reactivity accompanying the change in competition 

An appreciable contribution to the temperature coefficient due to thermal spectrum 

(d) The Doppler effect, which causes temperature broadening of the fuel resonances 

The experimental measuremenis of the Doppler change in the reactivity coefficient 
d 
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RESPONSE TO VARIATIONS IN POWER LEVEL 27.3 

Chap. 33, consisted of a cyclic heating procedure and detection with a tuned circuit. The 
measurements indicated that the U238 portion of the fuel contributed about half of the 
over-all negative fuel coefficient, and that this over-all coefficient was appreciably 
negative over at least most of the core volume. It is worth noting that the measurements 
of the Doppler effect for the pure resonance absorbers were in fair agreement with the 
calculations and that the calculations in this case did not involve any cancellation be- 
tween opposing effects such as mentioned in the case of fuel. 

The so-called “ieothermal” temperature coefficient gives the rate of reactivity 
change resulting from the effects listed above when all reactor components are at the 
same temperature. Measurements and calculations on this quantity appear in Chaps. 28 
and 29. The isothermal temperature coefficient was measured near room temperature 
in a critical assembly. However, since the coolant was  mocked with magnesium and 
aluminum in the critical assemblies, the reactivity change due to sodium expansion had 
to be measured by a separate experiment. Another difference between the critical as- 
sembly and the power reactor’ isothermal temperature coefficients arises from dif- 
ferences in mechanical construction of the cores which make the amounts of thermal 
expansion different in the two reactors (Chap. 28). 

terms of its components, it is not’directly applicable in actual operation of the power 
reactor. There are always temperature gradients in the reactor operating at power. 
Hence there is practical interest in the power coefficient, the rate of change of re- 
activity with power level, which is discussed in Chap. 30. 

Although in concept the isothermal temperature coefficient is simple to deal with in 

27.3 RESPONSE TO VARIATIONS IN POWER LEVEL 

In order to ensure that power transients would not give rise to power-level oscil- 
lations, a pile oscillator was used to measure the response of a reactor (Chap. 35) to 
sinusoidal variations of multiplication factor over a range of frequencies up to and 
including those at which only the fuel-temperature oscillations would be important. 
Preparatory experiments in the PTR critical assembly (Chap. 34) helped establish the 
feasibility of the technique. These experiments demonstrated that the effects of wave 
propagation are  unimportant at the highest frequencies which were used in the .experi- 
ments on the power reactor. The wave-propagationeffect is simply the nomeparability 
of the spatial and time dependence of the neutron density during fast  transients, and it 
is connected with the phenomenon of the different decay times for the various spatial 
modes in kinetic experiments of the transient type. Because of the relative ease of 
doing the experiments in the critical assembly, the experiments could be carried out 
therein at frequencies sufficiently high to obtain a measure of the prompt generation 
time divided by the effective delayed neutron fraction. Small suspected wave-propagation 
effects at the highest frequency, however, prevented this measurement from being 
more than a crude one. 

A given set of temperature coefficients for the various reactor components {such 
as fuel, beryllium, and coolant) should lead to a unique response to reactivity oscil- 
lations as a function of frequency. Attempts were therefore made to correlate the 
experimental results with the thermal models; calculated or experimental values were 
used f a r  the temperature coefficients, and an analog model for the solution of the heat 
transfer problem (Chap. 38). The reactivity effect of the xenon temperature coefficient 
which had been anticipated agreed qualitatively with the pile-oscillator results that 
were found in the presence of xenon, but only crude quantitative comparisons were 
possible. This w a s  due in part to the large number of variables involved in the com- 
parison, such as time constants and temperature coefficients of various other core 
components. The oscillator experiments at power were, however, extremely successful 
in their principal objec.tive of demonstrating the stability of the reactor under a variety 
of operating conditions. 

Semi-independent information regarding the kinetic response of the power reactor 
to sinusoidal inputs w a s  obtained from transient experiments in which the reactivity w a s  
changed suddenly. Ideally, the transient analysis would be made with step-function 
changes in multiplication constant, but the mechanical inertia of the control elements 
forced the reactivity changes to be approximately of a “ramp” character (Chap. 36). 
Laplace transformation of the variations of reactivity and power during a transient gave 
values for the sinusoidal response which could be compared with the pile-oscillator re- 



27.4 HAZARDS CONSIDERATIONS 

sults over a limited frequency range (Chap. 37). The information obtained with the ramp 
experiments is not entirely independent of the pile -oscillator results in that both types of 
experiment utilized some equipment in common (such as the ion chamber). Both types of 
experiment showed the same relative change in the temperature coefficient due to xenon, 
although an apparent normalization error  in one (or both) of the experiments resulted in 
a factor-of-two difference in this coefficient as derived from the two experiments. 

Although the "ramp" type of experiment is quicker to perform than the oscillator 
experiment, it does not give so directly the fundamental information regarding stability 
against power-level oscillations. Furthermore, since the transient response is meas- 
ured over a limited time interval only, and the transformation procedure requires the 
response over an infinite interval, approximations are involved which render the results 
meaningless for all but the highest frequencies (above 1 radian per secocd). The results 
of the transient experiments are of some interest in their own right, however, since they 
can give a value for the prompt temperature coefficient, and since they show that oscil- 
lations are not induced by the types of power-level transients which are used in the 
experiments. 

27.4 HAZARDS CONSIDERATIONS 

The- safeguards calculations for the reactor were based on experimental information 
on the reactivity effects occurring during an assumed reactor incident (Chap. 38). The 
most important of these reactivity effects result from: sodium ejection (the effect of 
which w a s  derivable from the same reactivity coefficient measurements required for the 
isothermal temperature coefficient), fuel Dopper effect (the measured value was used), 
and the transport of fuel into the end reflector and out of the reactor vessel after fuel 
element rupture. Fairly accurate experimental information on this effect of fuel trans- 
port w a s  available at the time the safeguards calculations were made. 

Critical assembly measurements of hydrogen reactivity coefficients were also 
available and allowed study of incidents resulting from the introduction of hydrogen into 
the coolant stream. The safeguards problem also necessitated a prediction of the re- 
activity change resulting from fuel element heating in very f a s t  assumed power excur- 
sions. The thermal time constant for the heating of the fuel element cladding, and hence 
for the reactivity change due to expansion and displacement of the element due to thermal 
strains, is considerably longer than the e-folding period assumed during some hypotheti- 
cal accidents. This was  the motivation for the work of Chap. 33 on the Doppler effect for 
the fuel, since this component of the temperature coefficient plays a role in even the 
fastest assumed accident. An example of feedback from physics to reactor design was a 
relaxation in the performance specifications for the reactor scram mechanisms after 
the demonstration of the negative yalue of the prompt Doppler coefficient. The experi- 
mental value of the ratio of prompt generation time to delayed-neutron fraction (which 
was  larger than anticipated) was, unfortunately, not avaiIable at the time the hazard 
studies were made. 

Although a complete quantitative understanding of all of the contributions to the 
temperature-induced reactivity effects was  not achieved, a great deal of assurance re- 
garding nuclear plant safety was  obtained. Important results were obtained about the 
kinetic response of the plant without resorting to period measurements, which can be 
dangerous to make in the absence of detailed knowledge of the plant characteristics. The 
experimental verification by oscillator technique of calculations on the transient tempera- 
ture effects was found to be rewarding despite the limited r e sd t s  obtained in its applica- 
tion. 

Referred to 
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28.1 INTRODUCTION 

Chapter 28 

ISOTHERMAL TEMPERATURE-COEFFICIENT 

MEASUREMENTS IN THE PTR 

D. 1. ANTHONY and A. 1. MacKlNNEY 

Prior to the construcLm c the Proo Test Reactor (PTR), it was impossible to 
obtain experimental information on the reactivity effects associated with temperature 
changes in a power reactor, other than the fuel Doppler effects. This was primarily 
because the Preliminary Pile Assembly (PPA) was not designed to simulate power 
reactor structural geometry in detail. (Descriptions of the PPA aqd the PTR appear 
in Chap. 3; detailed discussions of these reactivity effects appear in Chaps. 20 and 30.) 

This chapter covers the results of measuring reactivity changes associated with 
isothermal temperature changes in the PTR. The general approach to the interpretation 
of these experiments is to subtract from the results obtained those contributions that 
can either be measured independently or calculated, in order to estimate the contribu- 
tions that cannot otherwise be determined. Since differences exist between the PTR 
critical mock-up and the power reactor (a notable one is the absence of sodium in the 
PTR), care must be taken to predict the temperature coefficient for the power reactor 
prototype. 

28.2 OBSERVATIONS 

The isothermal temperature coefficient was measured for two reactor conditions. 
The reactor composition for each condition is summarized in Table 28.1. Cadmium was 
used to simulate both xenon and long-lived fission-product poisons in the depleted re- 
actor mock-up. 

TABLE 28.1--APPROXIMATE REACTOR CONDITIONS FOR ISOTHERMAL 
TEMPERATURE-COEFFICIENT MEASUREMENTS 

Clean Depleted 
Fuel load (UZs5 ), kg - 50 -45 
Moderator-to-fuel ratio, 

moles Be/moles uZs5 
135 150 

Control-cylinder position, deg 70 138 
Cadmium load(distributed), $ 0 . 9.5 

The observations consisted of measurements of the positions of the control rods at 
criticality as a function of equilibrium temperature ranging from 56OF to 86OF. These 
measurements were made by the use of calibrated control rods. On the basis of previous 
PTR experiments the critical position was known to within 0.2$. 

cated at representative positions throughout the reactor core and reflector. The reactor 
Temperatures were measured by calibrated resistance-type temperature bulbs lo- 
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28.3 RESULTS 

temperature w a s  controlled by appropriate adjustment of the air temperature in the cell. 
The over-all accuracy of the measurement of &/AT is estimated at k 10 per cent. 
Table 28.2 lists the measured reactivity changes and associated temperature changes for 
each of the two reactor conditions. 

TABLE 28,2--MEASURED COMBINED STRUCTURAL EXPANSION, 
THERMAL BASE, AND DOPPLER EFFECTS 

Reactor Temperature Reactivity Ak 
condition change, O F  change,$ st 4 / O F  

Clean 
~ 

+(16 5 1) -1.7 5 0.2 -0.106 
(70 to 86) 

Depleted +(27 + 1) -2.8 2 0.2 -0.103 
(56 to 83) 

In addition to the isothermal temperature-coefficient observations, measurements 
were made of the distributed reactivity coefficients (RC's) of sodium in the core and in 
the reflector of the PTR to allow an estimate of the temperature coefficient of the coolant 
in the power reactor. Similar RC measurements were made on the structural materials 
to allow an estimate of structural expansion effects. Measurements of Doppler effect 
were also carried out by the method described in Chap. 33. 

28.3 RESULTS 

In these PTR experiments the resultant of structural expansion, thermal base effect, 
and Doppler effect was measured directly by the techniques described above. The tem- 
perature coefficient due to sodium expansion was calculated as the sum of two quantities, 
one for the core, the other for the reflector, each quantity being the following product: 

Here the RC's are the distributed RC's of sodium for the two regions, and dp/dT is the 
rate of change of the density of sodium with temperature, -9.8 x lo-' mole/cu in. /OF,  
which is equivalent to a volume expansion coefficient of -1.61 x 

The net effect of adding the sodium temperature coefficient to the over-all iso- 
thermal temperature coefficient is summarized in Table 28.3. 

Volume of region x volume fraction of Na x RC of Na x dp/dT. 

/OF. 

TABLE 28.3--PREDICTED OVER-ALL ISOTHERMAL 
TEMPERATURE COEFFICIENTS 

Clean Depleted 
Structural, thermal base, and Doppler effects -0.106 -0.103 

(measured), # / O F  

-0.09 -0.05 Sodium contribution (calculated), # / O F  - -  
Net coefficient predicted by PTR measurements, # / O F  -0.196 -0.153 

28.4 DEDUCTIONS 

Using the Doppler effect evaluated experimentally and the structural expansion 
effect calculated as indicated below, one may estimate the thermal base effect from 
the measured isothermal temperature coefficient. 

Structural and coolant expansion can be considered as the displacement of a fraction 
of the material in a region to the outer boundary of that region. The effect of this on the 
temperature coefficient is, then, for a given reactor material, 

dk/dT = (1/V) (AV/AT)M(RC&tr - R G )  

where (~/V)(AV/AT) = 3 q  where ais the linear coefficient of expansion of the 
combination of materials in the reactor 
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DISCUSSION 28.5 

M = moles'of t ie  material 
RCx = reactivity coefficient (#/mole) of the material at surfaces of 

discontinuity (for the core, at the core-reflector interface, and 
for the reflector, the outside edge of the reflector) 

RCdistr = distributed reactivity coefficient (#/mole) of the reactor material 

A small difference in thermal expansion effects between the critical assembly and 
the power reactor arises because of the differences in details of mechanical construction 
of the core. In the power reactor, the core dimensions are determined primarily by 
steel structural components, so the thermal coefficient of expansion for the core can be 
taken to be equal to that of steel. The mechanical details of the PTR, however, are  such 
that the radial expansion coefficient is that of steel, but the vertical expansion is a 
weighted mean of the expansion coeffkients of the various core materials. This is true 
because the core was mocked by stacking disks of the various materials into vertical 
steel tubes, and the stack of disks w a s  free to expandin the vertical direction. However, 
since there is little difference between the expansion coefficient in the radial and 
vertical direction, the volume expansion coefficient for the PTR is only slightly different 
from that for the power reactor. 

including the thermal base effect determined by difference from the net predicted co- 
efficient. 

Table 28.4 gives the various contributions to the isothermal temperature coefficients, 

TABLE 28.4--CONTRIBUTIONS TO ISOTHERMAL TEMPERATURE 
COEFF'ICIENT (dk/dT) 

Clean Dede ted 
Structural expansion (calculated), # / O F  

Coolant expansion (calculated), # / O F  

Thermal base 'effects (deduced), # /OF 
Doppler effect (calculated from Chap. 33), # /OF 
Predicted net coefficient (from Table 28.3), # /OF  

-0.13 
-0.09 
+0.09 
-0.07 

-0.11 
-0.05 
+0.08 
-0.07 

-0.20 -0.15 

The contribution of -0.13$/oF for structural expansion for the clean reactor is to be 
compared with the value -0.17# / O F  obtained in Chap. 29 by the multigroup calculation 
of the same quantity. The Doppler coefficient was calculated from the value 0.15 x 
given for T dk/dT in Table 33.1, on the assumption that this coefficient is inversely 
proportional to the absolute temperature. This is a kind-of average value over the core. 

28.5 DISCUSSION 

There is reasonable agreement between the predicted clean isothermal temperature 
coefficient of -0.20$/O F based on PTR experiments and the value measured in the SlG, 
even thcugh the following significant structural differences exist between the PTR and 
the power reactor: (1) Magnesium is used to mock up sodium in the PTR. (An estimate 
of the magnesium contribution in the expansion of the structure,. however. shows it to be 
negligible.) (2) The PTR fuel rods consist of disk-type elements rather than SlG-type ele- 
ments. (However, the calculation carried out above for the expansion effect of the 
structure, a calculation based on measured reactivity coefficients in the PTR, gives 
results agreeing reasonably well with the calculation of Chap. 29 on a reactor whose 
core expands like steel.) 

ments in the cadmium-poisoned PTR, indicates a value which is 22 per cent less negative 
than the coefficient in the clean condition. An uncertainty arises in interpreting this 

The estimate for the depleted isothermal temperature coefficient, based on experi- 
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28.5 DISCUSSION 

prediction, however, for only 60 per cent of the fission-product absorptions occur in the 
cadmium resonance region and are thus properly simulated by cadmium absorptions. 
Similarly, interpretation of the predicted decrease in thermal base effect in going from 
the clean to the depleted condition (Table 28.4) is difficult. 

Since the temperature coefficient for the depleted poisoned power reactor has not 
been measured, it has not been possible to make a comparison with the critical-assembly 
measurements for this reactor condition as a check on the uncertainties just mentioned. 



Chapter 29 

CALCULATION OF TEMPERATURE COEFFICIENTS 
RESULTING FROM STRUCTURAL EXPANSIONS 

P. I. HOFMANN and R. SIEGEL 

29.1 CALCULATlONAL MODEL 
The calculation of temperature coefficients resulting from dimensional changes in 

the reactor would, at first glance, appear to be a difficult task, since most practical re- 
actor geometries are  quite complex. However, experience has shown that reasonably 
accurate estimates can be obtained analytically by using rather simple calculational 
models to represent the actual reactor. 

In the following paragraphs a brief description of some temperature coefficient 
calculations for an intermediate reactor is presented, and the results are compared 
with values based on experimental measurements. 

To determine the structural expansion coefficients for the reactor, a series of 
nine 15-group multigroup calculations were performed which represented the reactor 
in various operational conditions and in various stages of expansion. The reactor was 
represented in all calculations by means of a three-region spherical model consisting 
of a core, reflector, and blanket. The dimensions and compositions used in these calcu- 
lations a re  tabulated in Table 29.1. 

Calculation No. 1 represents the reactor in the clean condition at operating temper- 
ature. A uniform amount of boron has been introduced into the reflector region to 
simulate the poisoning effect of the control cylinders. (A discussion of the method of 
choosing poison concentrations is given in Sec. 16.5.) 

Calculation No. 2 represents the reactor in the depleted.condition at high tempera- 
ture. Since the poison faces of the control cylinders are turned away from the core in 
this condition, no boron concentration has been introduced into the reflector region. 
However, the core has been poisoned with xenon and boron, and the core fuel load has 
been reduced to account for fuel burnup. The core boron concentration is used to 
simulate the accumulation of fission products other than xenon. 

Calculations No. 3 to 6 represent reactors with expanded cores; constant reflector 
and blanket thicknesses have been retained. In particular, calculation No. 3 and 4 re- 
spectively represent clean and depleted cores, 1 per cent expanded. calculations No. 5 
and 6 respectively represent clean and depleted cores, 2 per cent expanded. 

In calculations No. 7 to 9 all regions (core, reflector, and blanket) have been ex- 
panded 1 or 2 per cent. Calculation No. 7 represents a 1 per cent expanded, clean re- 
actor. calculation No. 8 represents a 1 per cent expanded, depleted reactor and calcu- 
lation No. 9 represents a 2 per cent expanded, depleted reactor. 

possible to deduce the temperature coefficient due to structural expansion. 
A, comparison of the calculated multiplication factors for these reactors makes it 

29.2 RESULTS OF CALCULATIONS 

The effect of expanding the core region alone and of expanding all regions including 
the core is shown graphically on Fig. 29.1. It is evident that the contribution from core 
expansion is generally about 80 per cent of the total. The results may be expressed in 
the form Ak/k = Y AV/Y values of Y for a 1 per cent expansion are listed in Table 29.2. 
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TABLE 29.1--REACTOR SIZES AND COMPOSITIONS 

5 d Calculation No. 

2 Reactor size 
Core radius, cm 40.0 40.0 40.133 40.133 40.267 40.267 40.133 40.133 40.267 
Reflector radius, cm 58.28 58.28 58.413 58.413 58.547 58.547 58.474 58.474 58.669 

83.835 Blanket radius, cm 83.28 83.28 83.413 83.413 83.547 83.547 zi 83.558 83.558 

Reactor composition 
(nuclei/cc) 

Core 
~ 2 3 5  ( ~ 1 0 ~ 4 )  

*SS ( ~ 1 0 ~ ~ )  

Be (XlOZ4) 
Na (XlOZ4) 

B N  (Xlo") 
xe (XIO") 

Reflector 
Be (X1OZ4) 
Na (XlOZ4) 
ss ( ~ 1 0 ~ ~ )  
B N  (xi0 24) 

0.0004600 0.0003983 0.0004554 0.0003944 0.0004509 0,0003905 0.0004554 0.0003944 0.0003905 
0.0632 0.0632 0.06257 0.06257 0.06196 0.06196 0.06257 0.06257 
0.00743 0.00743 0.007356 0.007356 0.007284 0.007284 0.007356 0.007356 0.007284 
0.00702 0.00702 0.006950 0.006950 0.006882 0.006882 0.006950 0.006950 0.006882 - 3.5512 - 3.5160 - 3.4811 - 3.5160 3.4811 - 1.0000 - 0.99009 - 0.98027 - 0.99009 

0.06196 

0.98027 

0.0931 0.0931 
0.00398 0.00398 
0.00380 0.00380 
0.000207 - 

0.0931 
0.00398 
0.00380 
0.000207 

0.0931 
0.00398 
0.00380 - 

0.0931 
0.00398 
0.00380 
0.000207 

0.0931 
0.00398 
0.00380 - 

0.09218 
0.00394 
0.903762 
?.000207 

0.09218 
0.00394 
0.003762 - 

0.09127 
0.003902 
0.003726 
0.000207 

Blanket 
Na (XlOZ4) 0.00450 0.00450 0.00450 0.00450 0.00450 0.00450 0.004455 0.004455 0.004412 
ss (X10Z4) 0.0679 0.0679 0.0679 0.0679 0.0679 0.0679 0.06723 0.06657 0.06723 

*SS = Stainless Steel 



RESULTS OF CALCULATIONS 29.2 

TABLE 29.2--STRUCTURAL EXPANSION TEMPERATURE 
COEFFICIENTS FOR A 1 PER CENT ‘EXPANSION IN VOLUME 

Ak/k Ak/k per O C  $ / O F  =,m 
Clean reactor 

Core expanded -0.41 -2.2x -0.14 
Al l  regions -0.50 - 2 . 6 ~  10-~ -0.17 

expanded 
Depleted reactor 

Core expanded -0.56 -3.OX io-‘ * -0.20 
Al l  regions -0.66 - 3 . 5 ~  io-’ -0.23 

expanded 

To obtain temperature coefficients it is necessary to relate expansion and tempera- 
ture. This is not a simple relationship, since the structure is not homogeneous and vari- 
ous components have different thermal expansion coefficients. In order to make a simple 
estimate, it is assumed, as discussed in Sec. 28.4, that the expansion is governed bl the 
steel structure with a coefficient of volume expansion equal to dV/VdT = 52.9 x 10’ /OC. 

I 
-0.010 - 

t I I .o 1.5 2.0 0.5 
PERCENT EXPANSION 

Fig. zg.x-ReactiVity effecfeco of expansions. 
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A 1 per cent volume expansion then requires a very large tempera re increase. Since - during most maneuvers the structural temperature change wi l l  not xceed this value, 
Table 29.2 includes only a 1 per cent expansion. Results for a 2 per F cent expansion can 
be obtained from Fig. 29,l. 

Durinp testing of the reactor, an isothermal-temperature;coefficient determination 
w a s  made. Since the isothermal temperature coefficient consists of various components, 
it is not easily possible to deduce what contribution was 'made by structural expansion 
alone. However, by estimating the contribution of each component it is possible to 
calculate a value comparable with the measured result. The results are reproduced in 
Table 29.3. 

TABLE 29.3--REACTOR TEMPERATURE COEFFTCIENTS 
(CLEAN CONDITION) 

Expansion effects $/OF 
Structure 
Coolant 

-0.17 
-0.09 

Thermal base effects 
Core +o. 01 
Reflector M.09 

Doppler effect 
Net effect 

-0.04 
-0.20 
- 

Since the value of 0.20$/oF agrees reasonably well  with the measured value, and 
since the expansion effect is one of the major contributors to the over-all isothermal 
coefficient, the methods used to estimate structural expansion temperature coefficients 
appear to have been reasonably sound. 

REFERENCE 
Referred to 
in section 

1. R. C. Dahlberg and J. A. Bistline, Isothermal-Temperature-Coefficient 29.2 
Determination, KAPL Report KPTR-156, November 1955, (Classified). 
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Chapter 30 

TEMPERATURE AND POWER COEFFICIENTS 
IN THE POWER REACTOR 

F. G. LaVlOLETTE 

30.1 INTRODUCTION 

Temperature changes in a reactor can alter its reactivity both through thermal ex- 
pansion of the components and by alteration of conditions for interaction of neutrons with 
the material of each component. The temperature coefficient of a reactor is an expres- 
sion of the reactivity change produced by a uniform incremental temperature change. 

The temperature changes in a power reactor operating at high-power levels are not 
necessarily uniform; they depend upon the power level, the coolant properties and flow 
rates, and the thermal properties of the various reactor materials. Here an incremental 
change in power level may produce more significant temperature changes in some com- 
ponents than in others; therefore the reactivity coefficient of power level is not related 
to the temperature changes in any simple fashion. 

by an incremental change in power level occurring under specified conditions of operation. 
The power coefficient of a reactor is an expression of the reactivity change produced 

30.2 TEMPERATURE-COEFFICIENT MECHANISMS 

There are several basic mechanisms through which temperature changes in a 
sodium-cooled reactor can alter the reactivity. Chief among these are (1) thermal ex- 
pansion of the core structure, (2) thermal expansion of the sodium, (3) thermal base 
effect in the reflector and in xenon mechanisms, and (4) Doppler broadening of fuel 
resonances. 

These effects have been already discussed to some extent in Chap. 27. The effects 
of thermal expansion of reactor structure and coolant are analyzed in Chaps. 28 and 29. 
Doppler broadening is treated in Chaps. 32 and 33. The thermal base effect is analyzed 
in Chap. 31. However, since the work of the present chapter throws particular light on 
the variation of the thermal base effect with xenon concentration, some further discus- 
sion is appropriate at this point. 

The contribution to the thermal base effect which arises from temperature changes 
in the reflector results from changes in competition between scattering and absorption 
in the reflector. If the reflector temperature increases and thereby increases the 
average energy of the thermal neutrons, the cross-sections for absorption ih the stain- 
less steel and in the beryllium tend to decrease while the cross-section for scattering 
remains practically constant. The net effect is an increase in reactivity with an in- 
crease in temperature. 

The other important thermal base effect results from competition between UZs5 and 
xenon neutron absorption. Since Xe’35 has a strong resonance in the thermal energy 
repon, its absorption cross-section variation with energy is quite different from that of 
U2 . In intermediate reactors a significant fraction of the neutrons have energies above 
the xenon resonance. In this region the xenon cross-section decreases with increasing 
neutron energy more rapidly than does the fuel cross-section. Therefore an increase in 
temperature tends to increase absorption (and hence fissions) in U2s5 relative to absorp- 
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30.3 TEMPEHATUHE-COEFFICIEST MECHANISMS 

tion in xenon. Thus an increase in temperature increases the reactivity, which means 
that this part of the thermal base effect also contributes positively toward the tempera- 
ture coefficient. 

Predicted values of the components of the temperature coefficient of the power re- 
actor are given in Table 30.1. These values are  based on calculation or on critical- 
assembly measurements, as indicated in each case. 

TABLE 30.1--COMPONENTS OF TEMPERATURE COEFF’ICTENT 

Magnitude of component, $ /o F 

Temperature - Fresh Fresh Depleted 
coefficient reactor, reactor, reactor, 
component no xenon peak xenon peak xenon Source 

Structural -0.17 -0.17 -0.23 Calcdation 
expansion (Chap. 29) 

Sodium expansion 

Reflector thermal 
base effect 

Xenon thermal 
base effect 

Doppler effect 

-0.09 

+0.10 

-0.09 

4.10 

-0.05 

+0.16 

Measurement and 
Calculation (Chap. 28) 

Calculation* 

0 

-0.04 

-0.20 

4 . 0 4  

-0.04 

-0.16 

+0.04 

-0.04 

-0.12 

Calculation* 

Measurement 
(Chap. 33) 

Resultant predicted 
temp. coefficient, 

. $/OF 
*The calculation of the thermal base effects was carried out in 1951 by H. Hurwitz, Jr., 

using methods discussed briefly in a series of Progress Reports. 

30.3 TEMPERATURF-COEFFICIENT MEASUREMENTS 

Measurements of the reactivity effects of temperature which have been made in the 
power reactor under steady-state conditions include (1) isothermal temperature coef - 
ficient, (2) steady-state temperature coefficient at power, and (3) steady-state power 
coefficient (Sec. 30.4). 

The measurement of transient power coefficients in the reactor is discussed in 
The methods employed and some of the measured results are discussed below. 

Chaps. 35 and 36. 
A. Isothermal Temperature Coefficient 

An isothermal temperature coefficient refers to the reactivity change associated 
with a uniform increase in core temperature under conditions of zero temperature 
gradient. This temperature change can be accomplished in the reactor by electrical 
heating of the sodium coolant in a manner sufficiently gradual that the temperatures of 
all reactor components remain in equilibrium. A low-power level (below 500 kw) is 
maintained so  that no significant temperature gradients are produced in the fuel 
elements or other components. Reactivity changes are determined from the change 
in position of previously calibrated control elements as the control-element position 
is adjusted to maintain a constant reactor-power level. I 

B. Over-all Temperature Coefficient at  Operating Power Levels 

the normal operating range, the temperature coefficient that is measured is a non- 
isothermal one. In this case, the power level and sodium flow rate are  held constant 
while the temperature of the inlet’sodium is altered. Although the reactor is not at  the 
Same temperature throughout, the spatial temperature distribution will remain approA- 

When the temperature coefficient is measured with the reactor at power levels in 
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TEMPERATURE-COEFFICIENT hlEASUREMENTS 30.3 

mately the same at different inlet temperatures, so the changes in temperature are 
nearly the same at all parts of the reactor core. 

This measurement of the over-all temperature coefficient as a fanctian of x e m  
poison concentration yields information on the thermal base effect. The results have 
verified reasonably well the prediction for the xenon portion of the thermal base effect 
given in Table 30.1. 

C. Steady-state Power Coefficients 
Steady-state power coefficients are obtained by observing the reactivity difference 

between two equilibrium conditions obtained with the reactor operating in the megawatt 
power range. Here again the reactivity change is measured by the change in position of 
a calibrated control element as that control element is adjusted to change the power 
level from one equilibrium value to another. 

In the normal procedure for changing the power level the coolant flow rate is ad- 
justed to maintain a constant temperature rise across the reactor (AT). The average 
reactor sodium temperature changes in this maneuver, for the temperature of the 
sodium leaving the steam generator rises somewhat with increases in the rate of heat 
transfer. 

Reactivity changes accompany increases in power level as a result of (1) an over- 
all increase in reactor temperature and (2) an increase in the temperature difference 
between fuel and sodium. The reactivity change arising from the over-all temperature 
increase is 

where 6 T k  = the change in the average sodium temperature 
CT = the isothermal temperature coefficient 
C, = the xenon thermal base effect per dollar of xenon 
$ xe = the reactivity value of the xenon present in the reactor 

The reactivity change connected with the excess of fuel temperature over coolant tem- 
perature is then, by difference 

The fuel power coefficient can be expressed as the fuel reactivity change per unit ciange 
in power level, 6 +/6P, in cent per megawatt. 

are shown in Table 30.2. 

following factors: 

The data and results of steady-state power coefficient measurements on the plant 

The accuracy of the steady-state power coefficient measurements is limited by the 

1. The reactivity changes are  usually small (from 5 to 20$), and short-term changes 
in the xenon concentration can cause serious errors. 

2. Measurements of sodium temperature changes which may range between 20 and 
400F a r e  subject to considerable error, partly because of reading and instrument 
errors  and partly because of long-period transient fluctuations inherent in a 
large high-heat-capacity system. 

3. Significant errors  are  introduced owing to the difficulty of obtaining steady steam 
conditions. 

The temperature coefficients based on observed values of reactivity and temperature 
change may be uncertain by 10 to 20 per cent. The probable error  to be associated with 
the power coefficients given in Table 30.2 ranges from 25 to 50 per cent. The relatively 
larger uncertainty in the power coefficients results from the fact that only 25 to 45 per 
cent of the observed reactivity change is attributable to the fuel temperature change (see 
last equation above). 
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TABLE 30.2-STEADYSTATE POWER COEFFICIENTS 

Parameter held constant Flow A T  A T  A T  A T  A T  A T  A T  
$%: xenon defect, $ 0.4 0.8 0.5 0.2 0.8 0.5 1.0 0.6 

Fuel power coefficient, -0.33 -0.40 -0.38 -0.34 -0.41 -0.43 -0.28 -0.23 
Power level range, % 14-25 13-28 21-3'7 20-40 28-54 3'7-51 54-10 53-82 

C/Mw (6ke/6P) 

Referred to 
REFERENCES in section 
1. Reactor Physics Progress Report, November, December 1950, and January 

2. Reactor Physics Progress Report, February, March, and April 1951, Report 

3. Reactor Physics Progress Report, May, June, and July 1951, Report KAPL-583, 

4. Reactor Physics Progress Report, August, September, and October 1951, 

30.2 

30.2 

30.2 

30.2 

1951, Report KAPL-464, p. 16. (Classified) 

KAPL-565, pp. 15-16. (Classified) 

p. 11. (Classified) 

Report KAPL-646, pp. 13-14. (Classified) 
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Chapter 31 

REACTOR THERMAL SPECTRUM 

M. S. NELKIN and R. S. STONE 

31.1 INTRODUCTION 

The spectrum of an intermediate reactor is adequately described by the multigroug 
calculations (see Chap. 18) except for neutron energies near thermal. Since for these 
energies the spectrum is known to be position-dependent, a complete multigroup de- 
scription should include several energy groups in the thermal energy region which are 
coupled together in a complicated manner due to the possibility of neutrons speeding up 
as well as slowing down in collisions with the moderator. 

The situation is quite different in the case of a thermal reactor, where the neutrons 
in the energy range from zero to about 4 kT have approximately the same energy dis- 
tribution independent of position in the rea$tor. This allows the use of a single thermal 
group with an almost Maxwellian distribution of neutron velocities arising from the near 
approach to thermal equilibrium permitted by the large number of scattering collisions 
before absorption. 

Preliminary attemps were made to include a multigroup formulation of the thermal 
energy region for intermediate reactors, but the difficulty of the problem, combined with 
its lack of decisive importance, precluded the development of these techniques for use in 
actual reactor design calculations. It is appropriate to review here the procedure actu- 
ally employed and to point out its inadequacies. In criticality calculations the procedure 
is probably adequate; for the key phenomenon, the competition between fuel absorptions 
and parasitic captures. is not very sensitive to the shape of the thermal portion of the 
spectrum. There is some uncertainty as to the effective xenon cross-section, but the 
most important inadequacy is in the calculation for the thermal-diffusion length in the 
reflector, which is important in determining the control-cylinder effectiveness. 

In the multigroup calculations, within the framework of a single thermal-group 
formulation, two approximations h v e  been made which are inadequate. The first has 
been the assumption of a Maxwellian distribution of neutron energies for the thermal 
group, and the second has been the use of an imprecise definition of the "thermal- 
group" energy. In this definition a particular energy Eth has been used both as the 
lower boundary of the group just above thermal and as the energy at which cross- 
sections should be evaluated to give an approximation to the appropriate average cross- 
sections for the thermal group. The energy Eth was chosen so that the value of a (l/v) 
cross-section at E* would be the same as its average value over a Maxwellian distribu- 
tion characteristic of the moderator temperature. A more serious question is the defini- 
tion of the thermal-group boundary. To be consistent with neutron conservation, this 
should be chosen so that the thermal group contains the entire Nlaxwellian spectrum and 
not ju s t  the portion from zero to E&. It should also be chosen so that scattering'up into 
the lowest epithermal group from the thermal group can be neglected. This means that 
the thermal-group boundary, which represents the source energy for the thermal group, 
should properly be at some energy considerably greater than E&, and that thermal 
cross-section averages should be taken over an energy region with this upper boundary. 
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31 2 SPECTRUM MEASUREMENTS 

Since a correct treatment of the thermal-energy region is so difficult, recent work 
at KAPL has been directed at a more fundamental understanding of the problem. Ex- 
perimental and theoretical work has been carried out on the detailed thermal spectrum 
in the central region of various reactors. The results of this work are treated in this 
c$apter as they relate to the PPA-20 reactor. The experimental results will be covered 
first, and then their interpretation. Finally the applications to intermediate reactors 
will be discussed qualitatively. 

31.2 SPECTRUM MEASUREMENTS 

The experimental approach used by Stone and Slovacek' was to measure the spectrum 
at the center of a subcritical assembly of the desired coyposition which had been placed 
in a thermal column of the KAPL Thermal Test Reactor. 
is given in Fig. 31.1. 

A diagram of the equipment 

DE1 
FLIGHT PATH 

TIME 
4ANNEL: 

IZER 



INTERPRETATION OF EXPERIMENTS 31.3 

minimize the magnitude of its perturbation on the central flux, yet sufficiently large that 
the beam source was characteristic of the average core composition rather than that of 
individual core constituents. 

The neutron beam was brought through the thermal column shield by a 1-meter steel 
collimator. The effect of inscattered neutrons from the sides of the collimator was less 
than 1 per cent. This was demonstrated experimentally by measuring the velocity 
spectra with and without a black boron absorber covering the neutron source area at the 
bottom of the re-entrant hole. 

A flat plate neutron chopper was placed directly in front of the collimator exit. The 
function of this chopper was  to divide the emergent beam into a series of short time 
bursts. To do this, not only did the chopper have to provide a large ratio or opened-to- 
closed transmission over the energy range to be investigated, but the transmission of 
higher energy neutrons had to be small in order to r n i m i z e  background effects with 
hardened spectra. After a flight of 3 meters from the center line of the rotor, the time- 
chopped beam impinged on a BF, -filled proportional counter which served as a detector. 
The higher energy neutrons in a given time burst require a shorter time to traverse tike 
distance from the shutter to the counter than the lower energy neutrons. It was therefore 
possible to deliver the output pulses from the detector to a time channel which would 
separate the pulses according to the corresponding neutron energies. 

Background corrections to the observed counting rate data were determined. The 
resultant signal counting rate data were corrected for the energy dependence of shutter 
transmission and efficiency. A third energy-dependent correction relating the energy 
distribution of neutrons in the beam to the flux at the source region was also applied to 
these data. The corrected data could then be plotted in terms of relative flux per unit 
energy at the source region. 

A series of activation experiments with bare and cadmium-covered fuel and reso- 
nance absorber strips w a s  performed in this assembly. These experiments indicated 
that the spectrum was well stabilized over the central region of the assembly; they also 
provided a measure of the assembly buckling and the flux gradients in the beam source 
region. In addition, activation experiments were performed with a full central slug. The 
results of this series of experiments were compared to those with the half slug to show 
that the perturbation caused by the re-entrant hole was small. 

of 25OC is shown in Fig. 31.2. This spectrum is hardened sufficiently that there is no 
longer any semblance of a Maxwellian distribution of neutron energies. The dash-dot curve 
in this figure is’the theoretically predicted spectnim calculated by N e w 3  on the basis 
of the cross-sections of the assembly materials. The spectrum determination at 260% 
is not shown since the observed spectrum was not significantly different from that 
obtained at 25OC. 

The experimental result of the spectrum determination for an apsembly temperature 

31.3 INTERPRETATION OF EXPERIMENTS 

No attempt wi l l  be made here to go into the details of the spectrum calculation, but a 
discussion will be given of the physical basis of the calculations. In the central portion 
of the assembly, the observed spectrum should be approximately independent of position 
since the removal of slow neutrons is primarily due to absorption rather than to leakage. 
The problem can therefore be reduced to a spectrum calculation for an equivalent infinite 
medium. The greatest uncertainty arises from the self-shielding factors needed to 
determine the effective absorption crbss-section of the fuel elements. Once this cross- 
section has been estimated, the problem is reduced to the calculation of the spectrum in 
an infinite homogeneous mixture of absorber and heavy crystalline moderator. This 
calculation has been performed,* and it yields the dash-dot curve of Fig. 31.2. 

Consider now the comparison between theory and experiment. Two important quali- 
tative features are correctly predicted. First, the flux per unit energy, $(E), has no 
Maxwellian peak at 0.025 ev, but a broad maximum between 0.2 and 0.5 ev. Second, the 
spectrum is found to be approximately independent of temperature, both theoretically (see 
Fig. 31.3) and experimentally. There appears to be a discrepancy between the predicted 
and observed low-energy tail of the spectrum. The cause of this discrepancy has not 
been isolated; however, there a re  two possible explanations. The first is that experi- 
mentally there a r e  very few neutrons in the low-energy region relative to those in the 
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Fig. 31.2-The intermediate reactor central spectrum a t  tunpenture T-zs’C. 

higher neutron-energy regions. Therefore the resultant value assigned to the flux at 
these low energies is much more dependent on the background counting rates than are 
those values which are assigned to higher neutron energies. A small error  in the back- 
ground determination would then be highly emphasized in the low-energy region. The 
second possible explanation is that the theoretical calculation is based on neutron con- 
servation in each successively lower energy region. Therefore a small fractional error 
in the computation of neutron conservation at high energies would result in a large per- 
turbation to the spectrum at low energies where the number of low-energy neutrons 
is small. 

The importance of neutron conservation is not shown by the plot of $(E) against log 
E in Fig. 31.2, wherein the area under the curve does not represent total integrated flux. 
This importance is shown, however, by the area in Fig. 31.3, wherein the theoretical 
curves for the flux per unit lethargy, E@(E), are plotted against log E for T = 25OC and 
for T = 26OOC. This plot illustrates two important points. First, it is seen more 
directly that the Maxwellian peak has completely disappeared; for EgE) has become a 
monotonically increasing function of E. Second, it is seen that the total integrated flux 
below 0.03 ev is quite small, so that the disagreement between theory and experiment is 
of little significance in the determination of integral quantities such as average 
cross-sections. 

31.4 APPLICATIONS TO SIR-TYPE REACTORS 

E the thermal spectrum in the central part of the core were characteristic of the 
entire reactor, the problem of the thermal spectrum would be essentially solved, and the 
observed temperature independence of the spectrum would lead to the conclusion that 
“thermal base effects” on the temperature coefficient are negligible. However, as was 
pointed out in Chap. 30, this is not the case; for an important fraction of the thermal 
neutrons are thermalized in the reflector. The slow neutron spectrum w i l l  therefore be 
dependent on position, and will  have an increasing temperature dependence as one goes 
away from the center of the core. Since’experiments on the spectrum have been done 
Only for the central region, and since space-dependent thermal spectra are not quanu- 
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Fig. gr.3-Theoretieal calculations of PPA-20 central spectra. 

tatively understood even in simple geometries, the remaining discussion of the thermal 
epectrum will be necessarily qualitative. 

One important point is the dependence of the spectrum on the degree of fuel deple- 
tion. The clean reactor has its excess reactivity compensated by the turning in of the 
boron faces of the control cylinders. This reduces the number of thermal neutrons re- 
turned to the core. The fraction of sub-cadmium fissions in the PPA-20 is 10 per cent 
at the core center, increasing to 40 percent at the core-reflector interface, with a core 
average of 20 per cent. The central spectrum is temperature independent, and the 
thermal spectrum is everywhere considerably hardened. As the reactor becomes de- 
pleted, the effective boron content of the reflector is decreased, so that the thermaliza- 
tion of neutrons in the reflector and their return to the core is increased. The fraction 
of sub-cadmium fissions at the outside of the core w i l l  therefore increase. (Insofar as 
the variation of criticality with burnup is concerned, these effects can be calculated 
fairly reliably by the multigroup c&lcula€ions.) 

To understand the thermal base effects on the temperature coefficient discussed in 
Chap. 30, it is necessary to know the temperature dependence of the average spectrum 
in the reflector and in the core. It is clear that the reflector effect will increase as the 
reactor depletes; for more neutrons are thermalized in the reflector, and their spectrum 
becomes more sensitive to temperature, as the thermalization becomes more effective. 
Similarly, the xenon coefficient must increase since it is due primarily to the neutrons 
thermalized in the reflector; those in the central part of the core have a temperature- 
independent spectrum. Since both of these contributions to the thermal base temperature 
coefficient a r e  positive, it can be concluded that this positive component of the tem- 
perature coefficient will increase during the course of the reactor lifetime. This, along 
with the rough estimates of Chap. 30, is all that can be said at present about the applica- 
tion of our knowledge concerning the spectrum of intermediate reactors. 
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Chapter 32 

THE CALCULATION OF DOPPLER 
TEMPERATURE COEFFICIENTS 

I.. 6. BARRETT 

32.1 GENERAL PRINCIPLES 

The method that was used to attempt to calculate the Doppler coefficient for the in- 
termediate reactor is described in this chapter. Since there was a fear that the Doppler 
coefficient for the fuel elements might be positive, considerable effort was exerted to 
predict this effect. 

Because of the sensitivity of the results to the capture-to-fission ratio, a, in the 
resonances, there is an uncertainty, even as to sign, in the theoretical predictions for 
the Doppler effect in U2" 
tively small difference between positive and negative effects due to unshielding of fission 
and capture cross-sections, respectively, as the resonance is broadened. Thus there 
exists for each resonance a critical value of a fo r  which the net contribution of that reso- 
nance to the Doppler coefficient vanishes. For many of the important U2" resonances, 
there is uncertainty as to whether the measured ais greater or less than this critical 
value, and this leads to the ambiguity of the net contributions of that particular resonance 
to the over-all Doppler coefficient. Recent improvements in the resonance parameter 
data have tended to reduce the discrepancy between the calculated Doppler coefficient, 
summed over all resonances, and experiment. 

The calculation of that portion of the temperature coefficient of reactivity that is due 
to Doppler broadening of resonances for an intermediate reactor can be performed by two 
methods. The first requires the application .of perturbation theory and methods developed 
by Hurwitz' for  the calculation of reactivity coefficients. This will be referred to as the 
adjoint method. For the second method, which is in principle a direct (i.e., not a pertur- 
bation) method: one obtains the partial temperature derivatives of the parameters ap- 
pearing in an integral equation for the multiplication factor of the reactor. 

The direct method is exact only for a homogeneous bare reactor; to apply it to reactors 
of interest information obtained from a multigroup calculation is used. It is intrinsically in- 
capable of indicating how the contribution of an individual fuel element depends upon the posi- 
tion of the fuel element in the reactor--a dependence that is quite important in order to obtain 
comparisons with experiments performed in local regions of the core. Therefore this 
chapter is for the most part devoted to the adjoint method. 

The investigation of temperature coefficient is based on the premise that a reactivity 
change is produced by the change in resonance self-shielding when the resonance under- 
goes Doppler broadgning. For any isolated resonance, the temperature coefficient will be 
proportional toz*a f/aT, where; * is the unshielded cross section a n d i i s  the self-shield- 
ing factor, both averaged over the Breit-Wigner expression for the resonance. A semi- 
analytic method for obtaining the self-shielding factor temperature derivative for slab 
geometry was developed by Roe.'" He also outlines a recipe to follow in obtaining the 
derivative for other geometries in terms of the derivative for the slab. 

which will nowbe derived. This will then be applied to a spherical reactor model in 
order to obtain numerical results. 

The sensitivity to a arises because the net effect is a rela- 

This reaipe can be used in the perturbation expression for the reactivity coefficient, 

429 
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' 32.2 EXPRESSION FOR REACTIVITY COEFFICIENT 

The reactivity change due to the insertion of a neutron absorber into a reactor' is 
given by 

(32.1) 

Here the integration is over the neutron energy F and the position variable r; - 
dV = the element of volume 

az~= the change in macroscopic absorption cross-section, which is a function of 
position and is, of course, zero outside the volume of the inserted absorber 

V = the volume of the reactor core 

F(5,E) = the iterated fission probability for neutrons of energy E, at position 5 
FH (;) = the iterated fission probability for fission neutrons 

v = the number of neutrons per fission 
nv = the neutron flux, a function of both r and E 

Also GF, = the macroscopic fission cross-sectTon, is a function of position 
m(f,E) = thg adjoint function 
m d r )  g / O  m(f,E) x (9 dE is the average of m(x,E) over the fission spectrum 

X(E), whereJ x(E) dE = 1 

The iterated fission probability is related to the adjoint function by 
a 

(32.2) 

The proportionality factor in the bracket is just a normalization constant henceforth de- 
noted as (NC). The mdtigoup calculations which give the adjoint function and neutron 
flux are normalized to a single source neutron per cubic centimeter. 

The normalized number of fissions per cubic centimeter (l/v or 0.40 at critical) is 
given by 

(32.3) 

BY taking the range of integration from E = % (thermal energy) to E = IO' ev, 
converting to the lethargy variable u = &(lo /E), and substitutingEqs. 32.2and 32.3 into 
Eq. 32.1, one finds the approximate relation 

(32.4) 

When the reactivity change is expressed in dollars per mole of an absorber which is dis- 
tributed uniformly throughout the core, and Avogadro's constant as 0.6023 X 10" atoms 
per mol is used, Eq. 32.4becomes 

Here 4 is the delayed neutron fraction, and uA is the effective microscopic absorption 
cross-section of the inserted absorber. 

with index i, the reactiviv becomes' 
In spherical geometry, with the range of lethargy integration broken up into groups 
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EXPRESSION FOR DOPPLER TEMPERATURE COEFFICIENT 32.3 

(NC) 0.6023 - 
Ak ($)=-BFv (-y-) lorCore nvi(r)=(r) r2 d r h i  (32.6) 

i - 
Here A% is the group width, andZM, nvi(r), andmi(r) are average values for the ith - 
group. - _  

It simplifies the analysis to suppose that the product nvi mfi here denoted by $5, 
depends linearly on l/r between the two values of $i(Qfi and $& at two given values of 
r (r, and r2, the inner and outer radii of a spherical shell of thickness A r  = r2 -r, ) and 
that &. is a constant within the smallest shell, For sufficiently thin shells, no appreciable 
error  *ll be introduced Then one has the following interpolation formula for points in 
the shell: 

-- r*rl 1 r z &  -r1$ fl (32.7) 
4i - r, -rl (#= - $12) r + rz - r1 

Using N concentric shells to f i l l  the core (the typical shell having outer radius rn): 

For a set of shells all of the same thickness Ar,  rn = nAr and 

The term in the brackets is denoted as DiA . 
Substituting Eq. 32.9 and V = (4n/3) (Ar)'NS one has, finally, 

(32.10) 

The reactivity change due to a change in the macroscopic fission cross-section' is 
analogous to Eq. 32.1: 

Ak v nv 6Z, FH(r) dEdV 
- =  

v JvJ nv F&-)  dEdV 
k 

Applying a treatment similar to that which led to Eq. 32.9, one obtains 

(32.11) 

where D iFis defined as 
N 

D 'E nz Ki(n)z  &) Aui- N K J N )  ?;rH(N) Aui 
n=o 

(32.12) 

(32.13) 

32.3 EXPRESSION FOR DOPPLER TEMPERATURE COEFFICIENT 

To calculate the reactittyshange per degree centrigrade produced by Doppler 
broadwing of a resonance, u *a f/aT with the proper subscripts to-denote absorption or 

(32.8) 

I !  

I 
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fission is substituted for OM or iT,$n Eq. 32.10 or 32.14. Combining these equations, 
and summing both over the groups 1 and over the resonances (j) to obtain the total 
temperature coefficient, one finds 

. The following relations now come into play: 
- 

(32.15) 

(32.16) 

In the above expressions, a 
ratio, peak total cross-sec&m, total width, and energy, of the jth resonance. 

uoj , r j ,  and Eo j  are, respectively, the capture-to-fission 
- Equation 32.14 becomes 

From Eq. 32.17 it is seen that a resonance will contribute zero to the temperature 

coefficient if aj = - - 1). This value of a we denote bye 

value of a for a resonance. For aj > acrit,the resonance contributes in the direction 
of a negative coefficient; for a <acrit, the resonance contributes,toward a positive co- 

j efficient. 

It is the critical 
j c r i t  * 

Equation 32.17 may be rewritten in the form 

i j 
(32.18) 

In practice, smooth functions of lethdrgy a re  formed from the group values of 

- DiA and a and the group index is dropped to give Au crit’ 
i 

(32.19) 
To determine the temperature coefficient due to a resonance absorber at some posi- 

tion in the reactor, one replaces D and D with space-dependent functions. (Reference 6 

uses RiF and R 

calculated for a one-dimensional model only, and when used they give the temperature 
coefficient per mole of absorber spread out uniformly over a spherical shell. For a pure 
absorber (the limiting case as a - -1, the term 

-1). These functions have been 
V R l F  

9 iF iA 
for these, in which case acrit= 

iA 
I d  

1 +a 
c r i t  is zero. 

j 1 + a j  
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SINGLE RESONANCE CONTRIBUTION TO DOPPLER TEMPERATURE COEFFICIENT 32.4 

32.4 SINGLE RESONANCE CONTRIBUTION TO DOPPLER TEMPERATURE COEFFICIENT 

In order to determine the contribution of a single resonance to the over-all tempera: 
ture coefficient, one substitutes for u r the expression 

OJ J 

Here g is the statistical weight factor, and 
(2g r  E) is a measure of the strength of a resonance. Then, for an isolated resonance at 

is the reduced neutron width; the term 

lethargy uo, 

1 d k  1 3 0 6023 (NC) D ~ ( ' ~ )  4 lxlo'  ( 2 g g )  E (uo)=s - -- - 
(N3) 'V F ( h U  ) * 2 ~ ~ 3 ' '  

(32.20) 

Through (df/dt) (uo), this expression depends implicitly on (2gr:)andr. Figure 32.1 
shows how changes in (2graandraffect the contributions of a single resonance at vari- 

[! rj was taken to be -1 for each type of ous values of uo. Here the factor 

resonance, corresponding to the case of a pure absorption resonance ( a = 0 0 ) ;  and the 
values DA / ~ u  and aCritwere obtained from a multigroup calculation. Strong and 
weak resonances are represented by (2g!3 values of ev and 10" ev, respec- 
tively. Broad and narrow resonances are represented by rvalues of 0.15 and 0.05 ev, 
respectively. Besides varying with ( 2 g r a a n d r ,  the value of (df/dT) (u,,) depends upon 
the absorber mass number, concentration, geometry, and temperature. A power reactor 
fuel element was selected as an example with the temperature taken to be 1000°K The U'35 resolved resonances are shown in Fig. 32.1, so that one may see at a glance the ap- 
pr-ximate curves that would apply to the actual resonances. Figure 32.2 shows a plot of 
(df&T) (ug) for each of the resonance types selected. In Roe's curves for the calculation 
of df/dT, a parameter p r appears which describes the absorber geometry and the scatter- 
ing properties of moderator and fuel. In the present calculations, the appropriate value of 
this parameter was taken as 3.77 x 00 barns. 

In Fig. 32.1 a dashed vertical line indicates the upper energy limit of resolved 
resonances in U'35 . In order to calculate the temperature coefficient contribution from 
unresolved resonances one may predict the resonance parameters from average cross- 
sections and low lying resonance data.' 

The sign of the contribution of a resonance to the over-all Doppler temperature co- 
efficient is determined by the value of a in the resonance. Figure 32.3 shows curves of 
acrit as a function of lethargy for different positions in the core. Superimposed on these 
curves are the available values of the resonance CY'S and their experimental uncertain- 
ties? A resonance whose value of a lies below a given curve contributes toward a posi- 
tive coefficient, whereas one whose a value is above the curve contributes toward a nega- 
tive coefficient, The resonance spectrum is included to show the number of resolved 
resonances for which a has not yet been determined. Figure 32.4 shows the dependence 
on aand the lethargy of the temperature coefficient due to a "strong narrow" rpsonance. 
A more detailed treatment' has shown that the temperature dependence of the dfj/dT is 
such as to give a reactivity effect nearly proportional to the logarithm of the absolute 
temperature of the resonance material. 

-1 1 

32.5 COMPARISON WITH EXPERIMENT 

6 

I 

! j  
I '  
I !  
1. 
i ,  

Calculations have been performed using both the adjoint and direct methods to de- 

The agreement with experimenthas beengood for pureab- 
termine the Doppler temperature coefficient of reactivity in an intermediate reactor for 
a few resonance absorbers. 
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Fig. p.~--Effect of energy, strength, and width of resonance on temperature coefficient. 

sorbers. A t  present it is felt thatthe experimental uncertainty of the available resonance 
values and the lack of a values on other resolved resonances does not permit a good determina- 
tion of the Doppler temperature coefficient for U235 . In fact, a positive Doppler co- 
efficient has been calculated from the resonance parameters given in Report BNL-325'; 
yet Doppler temperature coefficient measurements in the PTR (Chap. 33) and pile 
oscillator tests on the power reactor (Chap. 35) indicate a negative Doppler coefficient. 

Recently, cross-section measurements have been refinedm"' which enable the re- 
evaluation of the contribution of three resonances to the Doppler temperature coefficient. 
The calculation is so sensitive to the knowledge of 4 that the new data cause the previous 
positive Doppler coefficient to be roughly halved. Refinements in the data are  therefore 
tending to change the calculated value in the proper direction to obtain agreement with 
experiment. 
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Chapter 33 

MEASUREMENT OF DOPPLER COEFFICIENT BY 
OSCILLATORY HEATING 

R. T. FROST and  A. 1. MacKlNNEY 

33.1 DOPPLER EFFECT MEASUREMENT BY OSCILLATORY HEATING 

i Because accurate calculations of the fuel Doppler effect are difficult and because 
this effect contributes significantly to the prompt temperature coefficient of the reactor, 
it was necessary to make experimental measurement of the Doppler effect. The small- 
ness of the reactivity change obtainable under the practical constraints on the experiment 
led to some difficulties which will  be mentioned under the subject of signal detection. 
In view of the ambiguity of the theoreticalgftimates of fuel Doppler effect, experiments 
were also done with the pure absorbers U and hafnium in order to obtain a compari- 
son with the estimates based on the differential cross-section data. The agreement of 
these estimates with experiment for the pure absorbers was as good as could be ex- 
pected, considering the uncertainties in the cross-section data and the estimated prob- 
able e r ro r  (15 per cent) of the experiments. 

effect when a small sample is heated in a critical assembly, these changes must be 
taken into careful account in an experiment designed to measure the effect due only to 
temperature broadening of resonances. These other temperature-induced reactivity 
changes, to be discussed in the following three sections, are: 

1. Self-shielding changes in the sample due to the variation of density with tem- 
perature 

2. Sample motion accompanying thermal strains, since the sample is ordinarily 
located in regions of the reactor where the reactivity coefficient varies with 
position 

3. Temperature effects induced in reactor components other than the sample by 
heat transfer from the sample. 

Since there are other reactivity changes in addition to that produced by the Doppler 

I 
I 

j 33.2 SELF-SHIELDING EFFECTS DUE TO DENSITY CHANGES 

Self-shielding effects accompanying temperature-induced changes in density are not 
particularly serious in an intermediate energy neutron sEectrum for most materials of 
the thicknesses required in the reactors. For a material having a relatively small 
Doppler coefficient, under conditions where self-shielding is a more sensitive function of 
thickness, however, this effect would be expected to compete seriously with the Doppler 
contribution to reactivity change. Experimentally determined self-shielding curves are 
available for the materials used in  the Doppler measurements, and the effect due to 
density change can be evaluated by reference to them. 

self-shielding factor f as a function of the product 4 of atomic density and slab thickness. 

shielding factor. As  the material is heated, both its atomic density and its radius wi l l  

! 
The self-shielding curves presented in Chap. 8 show the experimentally determined 

For a cylindrical sample, the radius plays the role of slab half-thickness. The contribu- 
tion of the sample to the reactor multiplication constant is proportional to the self- 

1 
! 
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33.3 THERMAL STRAINS OF SAMPLE 

change. The derivative of f with respect to the temperature thus determines the temper- 
ature coefficient resulting from this effect. 

Although practical interest lies in the changes in self-shielding as they result from 
the combination of Doppler effect, fuel density changes, and thermal strains, the latter 
two effects should be calculable from other experimental information on: self-shielding 
as a function of thickness, variation of reactivity coefficient with position, and thermal 
strains. It is desirable to separate the reactor temperature coefficients, in so f a r  as 
possible, into a sum of simple components. 

Since the atomic density varies as (1 + aT)-’ and the radius as (1 + aT), their 
product 4 will vary approximately as (1 - 2aT), where a is the coefficient of linear ther- 
mal expansion, and the temperature rise T is low enough that a“ << 1. Hence the 
fractional change in the reactivity Ak of the sample pdr degree of heating due to expan- 
sion is 

dPnAk d P n f  dPnS den f - = - 2 a m  nx dT - =  dT (33.1) 

Inspection of the fuel self-shielding curves shows that values of - - dkn range from 0.01 dPng 
at the center to 0.1 at the core-reflector interface in the reactor. 
for the stainless steel cladding, the values of dT d P n A k  range from 2 x  10-7 to 2 x 10”. 

The observed values of dPn dT a re  approximately -2.5 X 

obtained by combining data for enriched fuel from Table 33.1 with reactivity coefficient 
data for an average position similar to those given in Chap. 8. The average density ef- 
fect can therefore be neglected. It is to be noted, however, that the size of the effect 
precludes an accurate Doppler measurement averaged over the core-reflector boundary 
region, where the density effect would become approximately 10 per cent of the meas- 
ured effect. 

since. 2 a =  2 x IO” 

for the fuel. This value is 
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If the sample is located in a position where there is a gradient in the statistical 
weight function for the particular material, then the small changes in sample position 
with heating must be taken into account. To obtain an estimate of the order of magnitude 
of this effect, we consider a highly idealized situation that gives an upper bound for the 
resulting reactivity change. 

Consider a long thin element that extends radially through the reactor and is con- 
strained at the center of the core but is free to expand lengthwise into the reflector 
at one end. Its reactivity contribution is proportional to the average value of the reac- 
tivity coefficient function W(x) over its length. At the initial temperature T, the length is 
L and the average value of W(x) wi l l  be denoted by w. At the temperature T + AT, the 
length is increased to L + AL and the average value of the function W changes to 

(33.2) 

where We is the value of the reactivity coefficient at the unconstrained end of the sample 
If we expand this out to first order in small quantities, we find that the fractional change 
in W averaged over the sample volume is given by 

(33.3) 

Hence we have 

(33.4) 
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TEMPERATURE CHANGES INDUCED IN SAMPLE ENVIRONMEhT 33.4 

If this is not to compete with the Doppler effect in the measurement, the quantity in par- 
entheses must be made very much smaller than unity. One might consider minimizing 
this effect by adjusting the length of the sample so that the quantity in parentheses van- 
ishes, Since, however, one ordinarily wishes to measure a Doppler effect averaged over 
the reactor volume, such a constraint on sample position would be quite unwelcome. 
Furthermore, at points in the reactor where the statistical weight function equals its 
core average for fuel, the function W can have steep gradients and small positioning 
errors  would be important. 

To guhrantee that the expansion effect be down by more than an order of magnitude 
from 2 cuin this case, it is apparent that the sample motion must be constrained at many 
points along its length. This consideration led to the helical constructions shown in 
Fig. 33.1 where the helix is wound from wire or fuel-containing steel tubing. These 
helices were wound onto quartz forms to which were affixed rows of glass beads that 
constrained the sample at each turn. The only important motions due to thermal 
cycling, as observed with a traveling microscope, were radial expansions and contrac- 
tions perpendicular to the axis of the helix. The variation in statistical weight for fuel 
in the reactor perpendicular to the axis of the helix was small enough so as not to give 
significant effects on this account except in the r = R position (R = cylindric radius of re- 
actor), where the entire helix would lie in the strong radial flux gradient of the core- 
reflector interface. Measurements were therefore not made in this position. 

Fig. 3~.1-Special clement for Doppler rneasurcments. 

33.4 TEMPERATURE CHANGES INDUCED IN SAMPLE ENVIRONMENT 

The desire to eliminate temperature effects induced in' reactor components other 
than the sample by radiation and conduction from the sample is the principal reason for 
resorting to a pile-modulation technique for the measurements, in which the modulation 
is accomplished by cyclic heating of the sample. By choosing a modulation cycle that 
is short compared to the time constant for thermal response of the adjacent slugs and 
matrix tubes, these other effects can be effectively eliminated. To check that the ampli- 
tude of the temperature oscillation of these other reactor parts, including the heating of 
the assembly itself, was sufficiently small with the modulation period chosen (15 sec), 
separate runs were made with a heater which was an exact duplicate of the fuel helix 
except that the steel tubing did not contain fuel. In the case of measurements with Vs8 
and hafnium, the Doppler effects of the samples were large enough that separate runs 
of this sort did not have to be made. 

33.5 APPARATUS AND PROCEDURE 

A. Sample Heating and Temperature Monitoring 
The helices were wound with a pitch large enough that mutual self-shielding due to 

adjacent turns was small compared with the self-shielding in a single turn, and the ex- 
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perimental results can therefore be conveniently compared with calculations for an in- 
finite cylinder self-shielding geometry with the cross-section of the element from which 
the helix is wound. The total length of the helices when wound was such as to extend 
from the equatorial plane to the end of the reactor core. 

The samples were heated by passing an electrical current through the helix wind- 
ing. In the case of the uranium-oxide-filled helix, the current was carried by the steel 
tube, and heat transfer to the uranium oxide region was rapid enough that the fuel tem- 
perature lag between it and the tubing was unimportant. By automatic cycling of the 
heating current and the cooling air, it was possible to achieve a temperature-versus- 
time wave shape that was closely triangular with equal positive and negative slopes and 
an amplitude of several hundred degrees centigrade. 

Peak temperatures could be measured with an optical pyrometer and corrected for 
‘nQnrblack-body conditions while the temperature variation with ti r c *-:s recorded by 
. means of thermocouples welded to the sample at several positionr: &o&g its length. 
Typical thermocouple records areshown in Fig. 33.2. Small corrections .were made to 
take account of the variation of the temperature wave shape from the ideal triangular 
pattern. For the hafnium measurements, it was necessary to use a blast of helium gas 
instead of air for cooling to prevent progressive oxidation of the sample. 

0 Seconds 100 80 

60 
Fig. 33.z-Typical thermocouple records. 



APPARATUS AND PROCEDURE 33.5 

B. SignalDetection 

The detection c the oscillating component of the reactor flux in pile-modulation 
experiments was best accomplished by large ion chambers located inside the reactor. 
It was possible in this manner to obtain alternating currents of sufficient magnitude that 
electronic amplification was not necessary. An even more important consideration dic- 
tating the use of large ion chambers was that statistical fluctuations in the ion chamber 
current had to be minimized when performing experiments in which both the amplitude 
of oscillation and average reactor power were low. 

An additional source of noise remains as a fundamental limitation to the sensitivity 
of experiments of this kind, even when amplifier and ion chamber noise are minimized 
in the manner mentioned above: the statistical fluctuations in the reactor power level. 
These fluctuations have been analyzed by 0. R. Frisch.’ Consideration of these fluc- 
tuations led to the result that, when a reactivity oscillation of amplitude 6 is measured,the 
signal-to-noise ratio is approximately 

(33.5) 

where Nf is the total number of fissions taking place during the experiment. (Noise is 
here defined as the standard deviation of the answers obtained in a series of similar 
experiments.) This expression is correct under the assumption that the ion chamber has 
.a relatively high probability Y of detecting a fission in the reactor, the condition for its 
validity being v A* (w) >> 1, where A(w) is the reactor transfer function. In typical ex- 
periments at KAPL, this product was of the order of 10. 

C. Signal Measurement 
Although Eq. 33.5 is independent of the band width over which alternating sig- 

nals from the ion chamber are  accepted in the signal measuring device, in practice the 
following considerations make it necessary to utilize some band-pass device selectively 
tuned to the pile-modulation frequency. 

With a given noise level in which the measurement is made, the accuracy of meas- 
urement in principle w i l l  be independent of the “Q” or band width of the measuring de- 
vice. As  the Q of the device is increased, the detector becomes responsive to a narrower 
range of frequencies in the Fourier spectrum f the noise, and its root .mean square dis- 
placements due to noise will decrease as e-’/. The signal spectrum, on the Other 
hand, consists of a single sharp line exactly at the center of the passband; hence the 
amplitude of the measured signal will not decrease as the a s s b a d  is narrowed. The 
noise-to-signal ratio per cycle will therefore vary as Q -$‘. However, as Q is in- 
creased, the correlation between successive cycles of response of the measuring de- 
vice will be increased so that fewer independent data a re  obtained in a given time. In 
calculating the probable error to associate with a measurement of a number of cycles, 
the standard deviation in the series of readings cannot be used alone; the correlation 
which exists between successive cycles of response must also be considered. 

A s  can be seen by considering that the envelope of the response to a pulse decays 
according to the law e*tkQ, where o is the angular frequency of oscillation, the 
“memory” of the device is proportional to Q. Hence in a given running time the num- 
ber of essentially independent readings varies as Q-’. Dividing the noise-to-signal 
ratio per cycle by the square root of the number of independent measurements, one finds 
that the noise-to-signal ratio for the data obtainable in a fixed running time is inde- 
pendent of Q. 

which either the reactor power or amplitude of the oscillating component of reactor 
flux are small is dictated by the practical requirement of reasonable signal-to-noise 
ratio per cycle. Although in principle the signal and the noise could be recorded di- 
rectly and-resultant function Fourier-analyzed to obtain the signal, this becomes 
impossible in practice when the ’signal is small compared to the total noise amplitude. 
If the Fourier analysis is done graphically, the limitation arises from the limited ac- 
curacy of the plot where the small signal would become lost unless the data were re- 
corded with considerable precision. If an electromechanical type of Fourier analysis 
is contemplated, the limitation arises in circuit nonlinearities and drifts under condi- 

The necessity for some sort of tuned circuitry when experiments are performed in 
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tions where a small signal superimposed on a large total noise amplitude tends to get 
lost in the nonlinearities and/or dr i f t s .  

galvanometer which serves as a resonant detector when the pile-modulation frequency 
is properly adjusted. Mounting of the galvanometer under an evacuated bell j a r  at a 
pressure such that the mean free path of molecules is much greater than the linear 
dimensions of the galvanometer eliminates air damping and enables one to obtain a Q 
in excess of 100. With this arrangement, galvanometer deflections of 1 cm are ob- 
tained for reactivity oscillations of lo-' at 10 watts of reactor powqr. From Eq. 33.5 
it can be seen that the signal required to give a signal-$o-noise ratio of unity under the 
practical conditions of a 10-watt run which lasts for 10 sec (Nf= 3 x id") gives the 
result 6 = lo-'. This, then, is the limitation to the sensitivity of pile-modulation ex- 
Deriments carried out in low-power critical assemblies, and not the lack of detector 

The simple tuned circuit which was used consists of a high-sensitivity moving-coil 

response to small signals. 

cycle. Timing signals were furnished by the time-base generator. 
The galvanometer deflection was read at discrete times during each modulation 

D. Calibration 
A pile oscillator for calibration purposes was designef to give a saw-tooth oscilla- 

tion, as shown in Fig. 33.2, with an amplitude of 1/2 x 10- , which is large enough to be 
measured on the control rods, but st i l l  small enough to ensure the validity of small os- 
cillation theory. The detector is calibrated in terms of the pile oscillator by driving 
the latter in continuous rotation through selsyns from a time-base generator. The peak 
amplitude of response of the galvanometer is recorded after equilibrium had been 
reached. A calibrated attenuator ahead of the detector is used to decrease sensitivity 
when large reactivity oscillations are observed, as, for example, in the calibrating runs 
with the pile oscillator. The over-all arrangement of this experimental apparatus is 
depicted in Fig. 33.3. 

RECORDER iJ 
*TI 

THERMOCOUPLES 

SOLENOID-OPERATED 

JVALVE 
COOLING AIR 

----c VACUUM 
J 

I 1 ' REACTOR 

I 

I n I  L n -  
SELSYN c=T ';LE OSCILLATOR 

HIGH PASS 
FILTER 

I 

GENERAmR 

FOR HELIX 
100 v AT 25 AMP 

TIMING 
SIGNAL I 

AT T EN U ATOR 

I 

GALVANOMETER 
DETECTOR u- 

I:ig. 33.3-Doppler experiment instrumentation. 
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In order to eliminate the influence of pile drifts, a high-pass filter was interposed 
between the ion chamber and the galvanometer detector. At very low frequencies, the 
absolute value of its transfer function varies as the third power of the frequency. In 
practice, it was found that moderate reactor drifts had no appreciable effect on the 
galvanometer zero position. Since peak-to-peak oscillation amplitudes were recorded, 
such a zero drift would not have any influence on the measurements in any event. How- 
ever, since the amplitude of the oscillation is proportional to the reactor flux level, it 
was convenient to eliminate reactor drift as much as possible before commencing meas- 
urements so as to eliminate large corrections for vari@on of reactor flux during the 
measurement. Control rods were never moved during the course of the oscillation 
measurements, to avoid induced transients in the detector. 

33.6 RESULTS 

Doppler effects were measured for enriched fuel, Ifs8, and hafnium in assemblies 
having different beryllium ratios. The Doppler effect measurement was repeated for 
enriched fuel in a cadmium-poisoned assembly which simulated a spent power reactor. 
The measurements in all cases were made on samples extending from the equatorial 
plane to the end of the reactor. Results are  shown in Table 33.1. Each value of T dk/dT 
is to be interpreted as the reactivity change per mol of material whose absolute tempera- 
ture is increased by a factor e. The estimated probable error  in all of the measurements 
is 15 per cent, except in the case of the oxide fuel measurements at r/R = 0.92, and the 
fuel-steel mixture, where thermal strains increased the probable error to approximately 
30 per cent. The thicknesses of fuel, U238, and hafnium were 1.1 x lo-', 1.0 x lo", and 
1.8 X mol/cm2, respectively. The hafnium sample was a 0.034-in. diameter wire. 
The fuel-steel mixture had a fuel thickness of 0.61 x lo-' mol/cms. 

TABLE' 33.l--DOPPLER EFFECT MEASUREMENTS IN THFUZE ASSEMBLIIES 

Radial Position Temperature T dk/dT per mol 
Material in Reactor, r/R Excursion, OC T inOK 

PPJ-21A was an unpoisoned assembly having approximately 60 kg fuel load, 
a radius of 35 cm, a Be:U235 atom ratio of 931, and a median fission energy 
of approximately 125 ev. 

Fuel 
~ 2 3 8  

Hf 

0 (central axis) 400 - 750 
0.5 400 - 750 
0 400 - 750 
0 400 - 750 

-0.26 x io4 
-0.17 x 1 0 4  
-2.07 x 1 0 4  
-1.46 X 10-4 

PTR-2 was an unpoisoned assembly having fuel load of approximately 50 kg, 
a Be:U235 atomic ratio o€ 137:1, and a mean fission energy of approximately 
50 ev. 

Fuel 0 325 - 725 -0.23 x 1 0 - ~  
-0.15 x 10-4 u238 0 320 - 700 -2.2 x 10-4 

0.5 320 - 700 -1.1 x 10-4 
Hf 0 340 - 760 -2.1 x 1 0 - ~  

325 - 725 0.5 

PTR-4 was a poisoned assembly, with a fuel inventory of 45 kg, a Be:U235 
atom ratio of 150:l and $9.5 of cadmium poisoning to simulate fission 
products. 

0 450 - 650 -0.31 x 10-4 
0.5 415 - 642 -0.20 x 10-4 
0.92 453 - 653 -0.10 x 10-4 

Fuel-steel mixture 0 504 - 591 -0.31 x 10-4 
0.5 520 - 606 - 0 . 1 6 ~  10-4 

Fuel 
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RESULTS 

It is of some interest to compare the reactivity change measured for a resonance 
absorber with the change predicted on the basis of the individual resonance level param- 
eters for the two extremes of the temperature excursion studied. The self-shielding of 
U138as a function of thickness has been evaluated and is shown in Fig. 33.4. The curves 
were derived on the basis of the self-shielding values for separate resonancesztaken 
from Roe's self-shielding graphs [ Fig. 1.6.17-1.6.20 of the Reactor Handbook] . The 
level parameters were taken from BNL-297: which included data up to 195 ev. 

arrow on the abscissa scale which corresponds to a change in reactivity coefficient of 
0.76 x 104/mol for a temperature change equal to twice the amplitude of the fundamental 
Fourier component of the temperature oscillation. This is to be compared with the meas- 
ured change of 0.86 x IO-'/mol. This agreement can be taken as satisfactory, con- 
sidering the experimental uncertainties. 

The sample thickness used in the experimental UZ8 measurement is depicted by the 
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Fig. 33.4-Sclf-shielding of reactivity coefficient for Urn near center of PPA-20. 

The curves show that the temperature change in reactivity coefficient remains rela- 
tively constant for thicknesses equal to 7 per cent of the thickness used in the experi- 
ment. But this is just the thickness of the UZ3' impurity in the enriched fuel samples used 
to measure the.fue1 Doppler coefficient. Hence, to very good approximation, it can be as- 
sumed that the U238 contribution to the fuel Doppler measurement should be of the order 
of 1/14 of its value measured for the thicker geometry, or -0.15 X 
axis of the reactor. Thus the contribution of UZs5is  approximately one-half of the total 
effect measured for the fuel. 

over the reactor volume would amount to -0.074$/OF at 700F. This component of the 
reactor temperature coefficient is expected to be approximately inversely proportional 
to the absolute temperature, and hence would be only -0.022$/'F at a fuel element tem- 
perature of lOOOOK which might conceivably be encountered in a sodium-cooled reactor 
at full power. 

near the central 

From the fuel measurements it was deduced that the fuel Doppler effect averaged 
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Chapter 34 

CRITICAL ASSEMBLY KINETICS STUDIES 
BY OSCILLATOR TECHNIQUE 

R. T. FROST and R. 1. SCHEME1 

34.1 EXPERIMENTAL DETERMINATION OF ZERO-POWER RESPONSE TO 
SINUSOIDAL CHANGES IN MULTIPLICATION FACTOR 

Chapters 28 and 33 have shown the manner in which two special types of tempera- 
ture coefficients for a power plant can be measured experimentally. However, in order 
to be sure that a nuclear power plant has no undesirable kinetic characteristics, it is 
necessary to study the auto-induced reactivity changes resulting from power transients 
in which temperature changes in reactor components having different time constants 
enter with varying degrees. The auto-induced reactivity change 6kf is assumed to be 
proportional to the oscillating component of reactor power 6n. The factor of propor- 
tionality, I?, which may be called the power coefficient, must in general be a com- 
plex number to account for the fact that the reactivity change 6k' will  have a different 
phase from the power oscillation. It will of course depend upon the frequency of os- 
cillation, w. W e  thus write 

6k' = r ( w )  x 6n 

where the real reactivity and power level changes are' both assumed to vary with time as 
the real part of the corresponding complex numbers 6k' and 6n. 

Experimental assurance must be obtained that at no power level can there exist un- 
stable conditions which would lead to self-sustained power-level oscillations. In such a 
situation, finite oscillations would be possible with no oscillation in reactivity other than 
that furnished by the auto-induced reactivity. Let no be the time average of the power 
level of the reactor. If the,amplitude and phase of the relative power level oscillation 
6n/no and of the total reactivity oscillation 6k are combined in polar form into com- 
plex numbers, then the ratio of these complex numbers is defined as the zero-power 
reactor transfer function Ao: 

6n/n, = A, 6k (34.1) 

In general 6 k includes a contribution from the direct effects of a pile oscillator as 
well as the contribution 6 k ' resulting from the oscillation in power level through the 
power coefficient. The phenomenon of self-sustained power level oscillations can occur 
if a finite power oscillation 6n is possible in the absence of an externally applied oscilla- 
tion of the multiplication constant. In this case the total reactivity oscillation 6k is com- 
posed solely of the auto-induced reactivity oscillation6 k'. The fact that 6 k = 6k' im- 
plies that (l/A,) (6n/n,) = r6n, and the condition for instability with non-vanishing 6n 
is \ 

l/n,=A, I? (34.2) 

Information regarding A, and I? is of interest in connection with the possibility that rela- 
tion (Eq. 34.2) might be satisfied at some particular power level and frequency. 
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34.2 FOVRZER TRANSFORM OF DELAYED-NEUTRON KERNEL 

In this chapter, we shall be concerned with the measurement of l /Aw This is ac- 
complished by studying the reactor kinetic response to sinusoidal changes of multipli- 
cation factor 6k superimposed on an average multiplication of unitv. done at such low 
reactor powers that the auto-induced reactivity oscillation from fuel element tempera- 
ture changes is negligible. 

34.2 FOURER TRANSFORM OF DELAYED-NEUTRON KERNEL 

In addition to its importance as a reference for the measurement of A at high-power 
levels where the auto-induced reactivity effects manifest themselves as an apparent 
change from A,, the “zero-power” reactor transfer function is important in its own 
right because of its close connection with the fundahentals of the reactor’s kinetics. 
This connection can be seen in the following way. 

Consider a typical fission at time t = 0. The probability of emission of delayed 
neutrons from the resultant fission fragments is edled, following Hurwitz: the “de- 
layed-neutron kernel” K(t). This kernel is normalized so that its time integral is equal 
to the total effective yield of delayed neutrons B from a single fission. Since the delayed 
neutron activity at any time t in a nuclear reactor can be considered to be the sum of 
separate contributions from fissions occurring at past times 7 integrated over the power 
history of the assembly, the delayed neutron source can be written as 

Here n(7) is the neutron density at the time 7, and To is the prompt fission life-time, so 
that n(T)/To is the fission rate at  the time 7. The one-group, space-independent pile 
kinetic equations then become 

t . k,-l 
n(t) = - n(t)+\ d T  K(t-7) 

7 0 -4) 70 
(34.3) 

where k, is the prompt multiplication. (More precise definitions of the symbols n and T~ 
appearing in the one-group space-independent kinetic model are to be found in Chap. 1.6 

as the real part of 6keJWtand seek a solution which is the real part of 6neJWt. Substitu- 
tion into Eq. 34.3 and a simple transformation of variable yields 

. of the Reactor Handbook.’) 
Let us consider an experiment in which the prompt multiplication varies with time 

(34.4) 

The first integral is simply the total yield of delayed neutrons of all types, which we shall 
denote by P .  In the beryllium-moderated power reactor, this fraction includes the delayed 
yield of photoneutrons from fission-product gamma rays. The second integral is simply 
the Fourier transform of the delayed-neutron kernel, which we shall denote by K*(W). 
Equating the constant terms and the time-dependent terms separately in Eq. 34.3 yields: 

and 
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I 

34.3 EXPERIMENTAL METHOD AND APPARATUS 

produces a null when superimposed upon the sinusoidal component of the ion chamber 
current. 

Reactor (PTR). Details of its parts and operation follow. 
The apparatus embodying this null-balance system was installed in the Proof Test 

Motor Drive 

B. 

C. 

The apparatus consists of a synchronous motod with mechanical coupling through 
a gear-shift mechanism to the continuously rotating pile oscillator located in the reac- 
tor core. The operator can select by remote control any one of 13 gear ratios, differing 
0:: from the next by a factor of two. The frequency range available is therefore 
2 -4096. 

Pile Oscillator 

is rotated inside the other by direct mechanical coupling to the gear-shift mechanism. 
Around half of one shell is bent a thin rectangular sheet of hafnium to form a half- 
cylinder; around half of the other shell is bent a sheet of hafnium cut in the shape of a 
sinusoid. Relative rotation of the two shells alternately covers and exposes the sinu- 
soidally shaped sheet, and the resulting changes in self-shielding produce sine-wave 
oscillations of the reactor multiplication constant with an amplitude of the order of one 
cent. The wave form of the oscillations must be fairly accurately sinusoidal in order 
to allow determination of the phase of l/Ao. 

The reactivity oscillator consists of a pair of coaxial cylindric shells, one of which 

Sine Potentiometer 
In addition to driving the pile oscillator, the output of the gear-shift mechanism 

drives a continuously rotating potentiometer through a differential gear. This precision 
potentiometer is simply a voltage divider whose tap furnishes a voltage proportional to 

\the sine function of the angular position of its rotating shaft. The third shaft of the dif-  
ferential gear is driven by a reversible slow-speed motor which can be started when it 
is desired to change the relative phase q~ between the angular positions of the pile os- 
cillator and the arm of the potentiometer. This phase difference is recorded on a 
mechanical register which can be observed directly through a window in the reactor 
cell. 

D. Null-balance Circuit 
The over-all arrangement of the equipment is shown in Fig. 34.1. The ion chamber 

current io + 6i cos (ut-$) is passed to ground through the sine potentiometer (whose re- 
sistance amplitude is r) and a precision decade resistor box (of resistance R). The 
maximum resistance to ground that was used in these experiments w a s  0.3 megohms. 
This, together with an estimated upper limit for the capacitance of the ion chamber 
cable, leads to an extraneous phase lag of 0.2 deg at a frequency of 2 cps. At lower 
frequencies, the phase lag is-negligible; at the highest frequency used (15 cps) the 
phase lag from this source was estimated to be 3 deg f 1 deg. 

tentiometer arm is 
A simple calculation shows that the alternating voltage appearing on the rotating p0- 

(34.11) 

This voltage is observed by means of an electronic amplifier, the output of which passes 
through a variable-frequency band-pass filter to a recorder. The expression (Eq. 34.11) 
is based upon the assumption that the current drawn by the amplifier is small (which re- 
quires in practice that the impedance looking into the amplifier be over lo* ohms). The 
band-pass filter is adjusted to a narrow range of frequencies in the neighborhood of the 
modulating frequency. This is necessary to improve the signal-to-noise ratio in the 
low-power critical experiments, where pile fluctuations are important and would othkr- 
wise completely obscure the alternating voltage on the potentiometer arm as the condi- 
tions for balance (Eqs. 34.12 and 34.13) are being approached. Even at the highest re- 
actor power which was used in these experiments (10 watts), the Fourier components of 
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the piie fluctuations in the band-pass range of the filter were large enough to obscure the 
small second-harmonic term (the last term in Eq. 34.11) remaining when the fundamen- 
tal term i n  the alternating voltage on the potentiometer a rm was reduced to zero at 
balance. 

E. Null-balance Conditions 
The fundamental frequency component of alternating voltage appearing on the rotat- 

1. there is zero phase difference between the pile oscillator and potentiometer arm 
ing potentiometer a rm is reduced to zero only when 

angular position: 

(34.12) 

and 

2. the decade resistor R is adjusted to satisfy the conditions, evident from Eqs. 
34.1 and 34.11, that 

(34.13) 

It is to be noted that conditions in Eqs. 34.12 and 34.13 are independent of reactor power 
level because the oscillating component of the reactor flux is proportional to the average 
value of flux. 

P. Experimental Procedure 
The transfer function of the PTR critical assembly was measured, by use of the 

equipment described, over a frequency range from 0.03 cps to 15 cps. The results of a 
measurement at  a typical frequency are shown in Figs. 34.2 and 34.3, which are plots at 
a fixed frequency of the alternating voltage seen by the null-signal amplifier, plotted 
against I) and R separately. The dashed curve of Fig. 34.2 was obtained with R set at a 
roughly estimated value, wnereas the solid curve on this figure was obtained after 
Fig. 34.3 was obtained and utilized to set R to a more appropriate value. The sharpness 
of the null which can be obtained in either phase or amplitude depends, of course, upon 
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E:XPERIMENTAL METHOD AND APPARATUS 

how close the other variable is set to its null value, but in practice it was found that an 
iteration consisting of just three plots, taken in the order of the ones shown, was  suffi- 
cient. This was true when the measurements proceeded from one frequency to the next 
in a monotonic manner, so that rough preliminary values for R could be estimated. 
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RESULTS 34.4 

34.4 RESULTS 

The experimental data at the various frequencies are plotted (0) in Fig. 34.4 along 
with the theoretical curve (x) which is the inverse transfer function evaluated from 
Eq. 34.8 with the known delayed groups and effectiveness factors calculated for the 
reactor. 
been neglected. 

generation time of approximately 37 p sec. It is to be borne in mind that at the highest 
frequencies used in these experiments the one-group, space-independent kinetic equa- 
tions have only approximate validity because wave-propagation effects begin to set in. 
From the work of Wigner5 we can estimate that phase shifts of the order of several de- 
grees could occur at the highest frequency, depending upon the relative location of 
oscillator and ion chamber in the reactor core. Because wave-propagation effects are 
so poorly understood, and because the transfer-function phase angle is known wit3 0.2.y 
fair accuracy, Fourier inversion of the experimental data via Eq. 34.10 was not per- 
formed to obtain direct information about the delayed-neutron kernel. 

The contribution of the photoneutrons to the total delayed-neutron yield has 

The experimental data in the high-frequency region are best fitted by a prompt 
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Chapter 35 

MEASUREMENT OF POWER COEFFICIENTS 
BY PILE OSCILLATOR 

L. G. BARRETT 

35.1 INTRODUCTION 

Because it is important to know as accurately as possible the temperature andpower 
coefficients of a reactor, particularly the fast response components, various techniques 
have been used on the power reactors to determine these coefficients. The technique to 
be described here is the pile oscillator method. In this method the reactor response to 
sinusoidal reactivity oscillations is measured at low power and then compared with the 
closed loop response measured at higher power. The difference between these responses 
is due to the combined effects of the temperature coefficients and their time responses. 
The result of the measurements then is the determination of the over-all power co- 
efficient as a function of frequency. In principle, if the tests are  performed under vari- 
ous reactor operating conditions, the analysis of the results can provide information both 
on the thermal model for the reactor as well as on the individual temperature coefficient 
components. The present chapter covers the basic theory of the pile oscillator technique, 
describes the equipment and procedures employed, and gives results obtained. 

35.2 THEORY OF POWER COEFFICIENT MEASUREMENTS 
BY PILE OSCILLATOR TECHNfQLES 

A s  outlined in Chapter 34, if  the reactor is subjected to small sinusoidal oscillations 
in reactivity, 6k e J*, there are  power oscillations, 6n ejd, about the average power 
level n of the reactor. On the basis of the expected proportionality between 6k andbnh, 
the reactor transfer function A is defined by 

6 n/n A 6k, or l /A=  6 k/(6n/n) (35.1) 

Here bk includes only the oscillating reactivity produced directly by the pile oscil- 
lator and does not include a contribution from the auto-induced reactivity oscillations 
resulting from the oscillation in reactor power. In the case of low power levels, where 
the total, reactivity oscillation is due solely to this direct contribution from the pile 
oscillator, and the contributions from the power coefficients are negligible, A becomes 
the A,, introduced in Chapter 34. The expression for ~ / A Q  can also be derived by a 
Fourier transform of the delayed neutron kernel 

K(t) = Cfi+ 
i 

as mentioned in Chap. 34. Here f lis the fraction of neutrons in the i" delayed group, 
and Ai is the decay constant for the ith group. 

Like 6n, A is a complex amplituz; it is a function both of frequency w and power 
level n. The inverse transfer function 1/A lends itself to more ready interpretation and 
will be used henceforth in this chapter. 

The functional form of 1/A can be found in the case of a reactor operating at low 
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power and undergoing reactiviQ oscillations of a period which is long compared to the 
prompt neutron generation time. The one-group space-independent model of reactor 
kinetics has been used [by Siege1 and Hurwitz, in KAPL-11381' to develop the form 

(35.2) 

Here 1/A, is the reference (i.e., low power) transfer function inverse, in dollars of 
reactivity, 

W is the osckation frequency, in radians per second, 
7 is the prompt neutron generation time in seconds, 
B is the delayed neutron fraction, 
Q is the fraction of delayed neutrons in the it& delayed neutron group, 

X i  is the decay constant of the precursor of the igdelayed neutron group. 

This special case is one of low power level, so that there is no dependence of 1/A 
upon n. This special case is the basis for Fig. 35.2, which will be discussed subse- 
quently in this section. (cf. Fig. 34.4.) 

At  higher power levels the power oscillations cause appreciable temperature oscil- 
lations, differing in different parts of the reactor, which produce reactivity oscillations 
by virtue of the temperature coefficients of reactivity. These changes modify the initial 
oscillating reactivity change in the same manner as feedback modifies the input signal 
of an amplifying system. 

Such a system can be represented as shown in block diagram form in Fig. 35.1. 
An 

Ak n - 
w OUTPUT INPUT 

A n - r  

35.1 

The response of this system is given by 
Ak 

(35.3) 
An A o A k  
n - 1 -& n r = -  

In this system, I' is a power coefficient of reactivity; it is in general a complex quantity 
depending upon w (and perhaps n as well). Using Eq. 35.1, one has the relation 

- -  

1/A = l/Ao - n r  (35.4) 

This relation can be used to compute the power coefficient r in dollars per mega- 
watt as the measured difference between a low-power transfer function inverse and a 
high-power transfer function inverse, divided by the difference in megawatts between the 
two power levels. On a polar plot of the imaginary part of 1/A vs its real part, n I'for 
any given frequency is the vector difference between two measured 1/A values. The sign 
of r has been chosen to make a positive power coefficient correspond to an increase in 
reactivity as the power is raised. 

The various components of the temperature and power coef€icients have been re- 
viewed in previous chapters. For the power coefficients the thermal time constants of 
these various contributors are of basic importance. These are as follows: 

1. 

2. 

3. 

The time of response for various structural expansion effects to occur after a 
power level change should range from 10 seconds in the core up to 30 seconds in 
the reflector. 
The response time for the major portion of the sodium in the core should be 
between 0.2 and 0.6 seconds. 
Since, as was pointed out in previous chapters, the thermal base effect is 
appreciable only in the outer portions of the core and in the reflector, this 
effect should depend to a considerable extent upon reflector temperature, 
which will lag substantially behind the core temperature. 
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THEORY OF POWER COEFFICIENT MEASUREhlESTS BY PILE OSCILLATOR TECHNIQUE 35.2 

4. The Doppler effect is for all practical purposes nearly instantaneous with 

The oscillating heat generation in the fuel causes temperature fluctuations in various 

power. The response tjme found by an electric circuit analogue calculation 
described by Siegel' was approximately 0.2 seconds. 

components of the reactor. The magnitude and phase relations of the component tem- 
perature responses are  dependent on the oscillation frequency. At high frequencies ( 0 
greater than 10 radians/second) only components with very fast time responses, such as 
the fuel and sodium coolant, can respond thermally, while at low frequencies (W about 
0.1 radian/sec) components with slow responses, such as core structure, can also 
undergo appreciable temperature oscillation. 

the temperature coefficients having short time responses, because these will  appear 
during rapid power transients. The nature of these coefficients is determined by ex- 
amining the high frequency portion of the experimental curve. In this range the fuel, 
and to a smaller extent the sodium, responds thermally to the fluctuatiiig heat generation 
in the fuel. Thus any change in the transfer function at high frequencies in going from 
low to high power can be attributed to the fuel Doppler temperature coefficient and to 
the sodium temperature coefficient. 

the special low-power case described above) and in (El) the directions of the changes that 
( A )  

The most important information to be gained from the experiments is the nature of 

Figure 35.2 illustrates in (A) the shape of a typical reference transfer function (for 
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35.3 DESCRIPTION OF TEST APPARATUS 

p T e r  coefficients of various signs and phase can produce. A prompt negative coefficient 
with negligible phase willcause the -nI' vector topoint to the right. The thermal capacity 
of the fuel and sodium will cause their response to lag somewhat behind the power 
changes, and the -nI' vector will'point down toward the right if the temperature coefficients 
are predominantly negative. If the prompt temperature coefficient is positive, the -nr 
vector is rotated 180 degrees from the vector produced by aprompt negative temperature 
coefficient. Thus, the nature of the very prompt coefficients can be directly observed at 
the high frequency end of the curve. 

A t  low frequencies, it is more difficult to interpret the combined temperature 
effects. Hgre we can extrapolate back the information obtained at high frequencies md 
possibly, with some knowledge of the thermal responses of other reactor components, 
isolate the different contributions to the over-all temperature coefficient. 

35.3 DESCRIPTION OF TEST APPARATUS 

In the following description of the pile oscillator test equipment, reference is made 
to the functional block diagram of Figure 35.3. A variable speed motor drive was used 
to rotate the rotor of a sine potentiometer. An alternating voltage (V sin ut) was then 
available at the rotating contact. This signal, when amplified in a magnetic amplifier, 
was used to actuate the solenoids in the fine control hydraulic drive on the control 
cylinder. 

It was necessary to keep the 6k variation small to provide the best comparison of 
experimental results with calculations. A maximum reactivitp oscillation of 2 4  cents 
was employed, limiting power excursions to 2 5 per cent. In actual practice, the ampli- 
tude of control cylinder oscillation was kept at 0.85 deg or  less. For safety reasons 
mechanical stops were used in the control drive mechanism which set a rotation of 
2 deg as the maximum possible full stroke obtainable. 

drive mechanism. This transmitter was electrically connected to the stators of two 
The control cylinder position was monitored by a selsyn transmitter in the control 

INTEGRATORS 

Fig. 35-3-PiIe oscillator functional block diagram. 
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TEST PROCEDURE 35.4 

selsyn control transformers. The rotors of both control transformers were locked with 
a null at the center of the range of osciilation after criticality was established at the 
desired power level. One control transformer was used to provide an error  voltage to a 
discriminatar which was coupled to the magnetic amplifier so as to maintain a closed 
feedback loop. In operation, this feedback loop prevented the center of the cylinder oscil- 
lation from drifting. The other control transformer signal, when fed through a phase 
detector, produced an output voltage proportional to cylinder position. This voltage was 
monitored to provide a meter indication anda recording of control cylinder position dur- 
ing oscillation. When properly calibrated this recording gave the amplitude of the os- 
cillating reactivity 6k in dollar unite. 

An ionization chamber was used to monitor the neutron level. This chamber fed into 
a Zero Stabilized DC Amplifier (ZSA) which had sufficient feedback to degenerate the in- 
put resistance of the amplifier to such a low level that phase shift was negligible in the 
combined circuit of chamber and amplifier. The steady-state neutron level n obtained 
from the output of the ZSA was recorded on a strip chart rskmhr. In order to obtain the 
neutron level oscillation, n w a s  bucked out by a dc voltage in the input circuit of afunctional 
amplifier (ASl 1). Aninverter stage (A% 2) withagainof unity was usedsothatbothplus 
and minus Dsin (ut + 9d, the oscillatingneutronlevel, couldbe obtained. Whenboththese 
voltages were applied to another sine potentiometer, which was gangedwiththeinput signal 
sine potentiometer, the output af the rotating contacts providedvoltages proportional tothe 
products D sin w t  sin ( wt + XPK ) and D cos w t  sin ( w t  + 'kK ). These Iwo voItages were 
integrated separately in functional electronic integrators. The integrators provided 
voltage outputs E l  and E2 proportional respectively to: 

D sin ut sin ( w t  + qKldt = DT/2 cos qK + oscillating terms, 1: 
and 

D COS w t  sin (u t  + 9gldt = DT/2 sin % + oscillating terms. 

By recording El and E simultaneously on an X-Y recorder, a vector w a s  plotted whose 
amplitude was proportional to DT/2. In addition, the angle included between the vector 
and a reference axis was  equal to the phase angle 9. The phase angle f was composed 
of the phase shifts in the magnetic amplifier, fine control, control drive to cylinder, 
selsyn system, and the phase detector, in addition to the phase shift 9 g  in the reactor 
itself. In order that the phase shift in the reactor might be determined separately, an 
additional phase measurement was made in which the output of the phase detector was 
compared with sin w t. This phase angle w a s  called 9 MA. The reactor transfer function 
phase angle was  found from 9= 9~ - 9~ + 9 c .  9 c  was a small phase-angle cor- 
rection which was  based upon previously determined phase differences between indicated 
cylinder position and actual cylinder position. 

The only remaining parameter needed to describe the reactor transfer function w a s  
the amplitude of the neutron level oscillation, 6 n. This could be obtained in two ways; 
either by examining the magnitude of the vector plotted on the X-Y recorder over a given 
time interval, o r  by the simpler method of recording the neutron level oscillation directly 
on a separate channel of the same recorder used for recording the 6k signal. (The 
latter method assumes no distortion in the oscillation.) Finally, the reciprocal transfer 
function at a given power level and frequency was given by: 

1/A = l/Ao - n r = I6k/( 6n/n) I e \E 

I I  
' I  

' I  

35.4 TEST PROCEDURE 
Pile oscillator tests were performed at various power levels as shown in Table 35.1. 

These tests were,started only after the power level, reactor AT, and sodium flow rate 
had reached equilibrium. 

The control cylinder was set at the middle of its 2-deg range and the rotors of both 
selsyn control transformers were nulled and locked at this position. Before actual pile 
oscillation measurements were performed, .the equipment was calibrated and linearity 
measurements were made on the various recorders and associated circuitry. The 6 k 
channel was  calibrated by moving the cylinder through its 2-deg range, and the 6 n 
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35.5 SUMMARY OF DATA 

channel was  calibrated so that a change of 5 10 percent in steady-state neutron level cor- 
responded to the maximum linear range of the recorder. 

Linearity of the recording channels w a s  measured by using a ramp generator, whose 
voltage changed linearly with lime. In the case of the 6 k recording channel, the ramp 
generator was used to move the control cylinder at a constant rate through its 2-deg 
range. The ijn recording channel linearity was  measured by applying the output of the 
ramp generator to the AS I No. 1 amplifier input and making the normal recording on 
the ijn channel. 

made by the rod-drop method. This method and the results obtained are discussed in 
Section 20.5. 

To relate cylinder motion to reactivity units, control sensitivity measurements were 

35.5 SUMMARY OF DATA 

After all corrections were applied to the phase and magnitude measurements of the 
inverse transfer functions, the data were plotted as a function of frequency, and smooth 
curves were obtained. 

Figure 35.4 is a polar plot of the inverse tr-fer functions found for the four tests 
listed in Table 35.1. (This figure can be compared with Fig. 34.4, which shows the 
theoretical curve and the PTR measurements.) The points on each curve are serially 
numbered to indicate the frequency corresponding to each point. 

POINT FREQUENCY (CPS) 
1-.0146 8-.625 
2-.0293 9-.750 
310586 IO-.9375 
4-.078 I 11-1.50 
5: I I 72 12-1.875 
612344 13-21 44 
7-4688 

50 I 

- 

- 

0 100 150 I 
0 50 

R e  (I/A) (CENTS) 

Fig. 35.4-Observed inverse transfer functions for sinusoidal reactivity oscillations. 

The theoretical high frequency asymptote for the zero power reference transfer 
function is shown as the vertical line intersecting the real axis at 100 cents. The fact 
that the measured locus of 1/A for the 10-kw test crosses this asymptote is probably 
the fault of the experimental technique rather than being the result of temperature 
effects at this low power. A possible cause of systematic error  in the measurements 
of the transfer function at various power levels, particularly at the higher frequencies, 
is the attenuation and phase shift of the neutron density waves as they are  propagated 
from the core through the reflector to the ion chamber position. The ion chamber was  
located in the reactor at an appreciable distance from the core. Since any such system- 
atic error in the transfer function measurements should be the same for tests at both 
high and low power, the differences between such tests, and hence the derived powef 
coefficients, should still have significance. 

In each case a strong negative prompt power coefficient is indicated at high fre- 
quencies. The vector (-nr) generally points down and to the right for the 30 and 90 Per 
cent power tests, to indicate an over-all negative coefficient lagging behind the neutron 
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TABLE 35.1--PILE OSCILLATOR TESTS 

Average 
Power control Range of 
level, cylinder xenon 

of full power deg defects 
per cent position reactivity 

Remarks 
(10 kw) 57.2 - 0  Reference test 

30 

90 

60.7 

67.8 

$0.31 -$0.50 

$0.56 -$1.40 

7 to 15 hours after 
start of 30% power run 
6 to 17 hours after 
start of a fu l l  power run 

90 74.6 $2.05 -$2.07 a2 to 95 hours after 
start of a fu l l  power run 

level oscillation. The combination of thermal time constant due to heat conduction and 
another due to the coolant transport lag effect has been shown capable of producing such 
a loop in the reactor response a s  w a s  observed in the 90 per cent power test. The xenon 
test at  90 percent power, that was made after about 90 hours at full power with nearly 
equilibrium xenon concentration, shows a large increase in the negative fast power co- 
efficient as compared with the 90 per cent test that was made after about 10 hours at full . 
power. 

35.4, are shown in Fig. 35.5. The magnitude of the average power coefficient I' is 
plotted in Fig, 35,6 as a function of frequency. 

Polar plots of ( -nr ) ,  obtained from the inverse transfer functions plotted in Fig. 
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Fig. .i~.b-Powrr coefficient, I rl, versus oscillation frquency. 

35.6 ANALYSIS OF DATA 
In order that the results of the experiments may be compardd with theory, a de- 

scription should be made of the method employed by Siege1 ‘ for estimating the power 
coefficient for small sinusoidal oscillations in power. In this method the oscillation in 
temperatures of the fuel, coolant, beryllium, and the upper matrix plate were calculated 
for small sinusoidal oscillations in power. These temperatures were obtained both from 
a UNIVAC calculation and from a simple thermal model using an equivalent electric 
circuit. The latter model enabled hand calculations to be performed and could be used in 
making quick estimates of cyclic temperature responses for conditions differing from 
those covered by the UNIVAC calculations. The best available values for the individual 
temperature coefficients were then multiplied by the appropriate temperature changes 
to determine the various component reactivity changes. The individual effects were 
then added vectorially to account for the phase relations of the temperature responses. 
The combined effects gave the power coefficient as a function of frequency. 

dictions, Figs. 35.7 and 35.8 are  polar plots of the (-nr)  vectors at frequencies of 
0.0146 and 0.750 cps. (One vector was  calculated for approximately $1 xenon reactivity 
defect, and another was calculated for approximately $2.5 xenon reactivity defect.) 

To compare the results of the pile oscillator tests with Siegel’s theoretical pre- 

L 

‘-$LOO Xe CALC. 
CENTS I 

Fig. 3~.;-Po\ver contriburton (-nr) at frequency 0.015 cps. 
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ANALYSIS OF DATA 35.6 

1 AXIS REAL AXIS CENTS 
25 30 35 40 

I 1 I 

90% XO EXPT. 

Fia. .~~.S-Power contribution (-nr) at frqucncy 0.75 cps. 

A t  the lower (0.0146 cps) frequency (Fig. 35.7), the calculated effect of the added 
xenon w a s  to decrease the magnitude of the (-nr) vector from that of the clean condi- 
tion and rotate it counter-clockwise about 11 deg. The measured effect was an increase 
in the magnitude of the ( -n r )  vector and a counter-clockwise rotation of about 19 deg. 
The increase in ( - n r )  is probably a result of the increase in the prompt coefficient 
(see the second following paragraph). The measured counter-clockwise rotation of the 
(-nr) vector at this low frequency suggests the existence of a slow positive xenon 
temperature coefficient with a phase lag greater than 90 deg in addition to the increase 
in fast negative coefficient observed in the presence of xenon. A slow xenon coefficient 
with a large phase lag is plausible if one assumes that a xenon thermal base effect 
occurs in the core regions adjacent to the reflector and that thermal transfer to the 
reflector occurs largely through convection. 

A t  the higher (0.750 cps) frequency (Fig. 35.8), the (-nr)  vector for the 90 per 
cent power test compares favorably with the.calculated vector for the clean reactor. 
The calculated effect of the xenon temperature coefficient was  to rotate the (-nr)  
vector counter-clockwise slightly with very little increase in magnitude. In actuality, 
however, the ( -nr)  vector was rotated counter-clockwise considerably and its magni- 
tude w a s  nearly doubled in the presence of the additional xenon. Such a large effect, 
apparently a result of fission product build up, is surprising. Assuming the measure- 
ments to be valid, the following possible reasons can be advanced to explain the results 
obtained. 

As fission-product gases build up, the thermal conductivity of the fuel element 
may be expected to decrease; and therefore at high frequencies the temperature oscil- 
lation may have increased by as much as 20 per cent during the full-power con- 
tinuous operation run. This could have caused the increased apparent prompt fuel tem- 
perature coefficient in the 90 per cent power xenon test. In addition, neutron spectrum 
changes during the long run may have had some effect on all temperature coefficients. 
Another possible explanation may be an increase in the prompt negative temperature 
coefficient resulting from Doppler broadening of fission-product resonances. The 
fission products, being intimately in contact with the fuel, would have the same rapid 
thermal time response as the fuel. There appears to be no way at present to choose 
from among these various speculations. 

Other experimental evidence has been obtained which indicates the existence of an 
increase in f a s t  temperature coefficient with buildup of fission products. The f a s t  2 4 e g  
rod-drop measurements obtained during the same full-power run were analyzed for 
temperature effects by Slovacek. (See Sec. 36.4.) He found that the prompt coefficient 
had increased by about the same factor (namely, 1.8) as was here observed in the two 
90 per cent power pile oscillator tests. 

Operational problems and other tests prevented a repetition of the full-power 
oscillator tests, and the question always remains as to the possibility of measurement 
errors  indicating a false fission product sensitivity in the prompt temperature co- 
efficient. Recent preliminary rod-drop and pile oscillator tests conducted at 40 per 
cent full power during prolonged operation indicate that the prompt coefficient did 
change quite strongly with reactor operation, and that it reached an equilibrium value 
when xenon reached equilibrium. 
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Lter experiments, the experimental setup and procedure was  partially 
converted to the null balance arrangement outlined in Chapter 34. Due, however, to a 
non-availability of a separate rotating pile oscillator, "e was  again made of one of 
the control cylinders, which was  driven as described in this chapter through a servo 
system. This kept the measurements from being obtained in as simple a manner as 
described in Chap. 34. 
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Chapter 36 

TEMPERATURE EFFECTS F R O M  
ROD-DROP EXPERIMENTS 

R. E. SLOVACEK 

36.1 INTRODUCTION 

A series of pile-oscillator and rod-drop experiments were performed on the power 

The equipment used in the rod-drop experiments was the same as part of that used 

reactor during initial runs approaching the full-power run. In this chapter the tempera- 
ture effects obtained from the rod-drop experiments are discussed. 

in the pile-oscillator experiments (Chap. 35). The sinusoidal signal to the magnetic 
amplifier was replaced by an auxiliary battery supply to obtain a step-function driving 
potential for the rod “drops” and rod ccjumps.yy The control cylinder was rotated the 
fu l l  2 deg between stops in about 0.18 sec. A “rod drop,’ consisted of this 2-deg rotation 
made in the direction to reduce reactivity. A “rod jumpyy consisted of a 2-deg rotation 
in the opposite direction. As in the pile-oscillator experiments, recordings were ob- 
tained of cylinder position and change in neutron level for each run. In addition, time 
markers on each recording calibrated the chart speed. 

u 

36.2 ANALYSIS 

The transient temperature effects on pile reactivity were obtained by analyzing the 

If we neglect the effect of the source, the pile kinetic equations for reactivity 

neutron level as a function of time during a fast power transient such as occurs in a 
rod-drop experiment. 

changes encountered in the present rod-drop experiments may be written ai1 

6 - -  dn - B o n  + 
dt X,C, 

70 I =1 
(36.1) 

(36.2) 

6 - -  dn - B o n  + 
dt X,C, 

70 I =1 

and 
dC Bin 
dt 70 
i =- -X1C, 

where n = instantaneous fission rate in the pile 
B = delayed neutron fraction 

B I= delayed neutron fraction of group i 
X i =  decay constant of group i 

Ak = dollars of reactivity above or below critical 
r0= prompt generation time (seconds) 

C i i s  proportional to the number of fission product delayed neutron and 
precursors of group i 
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Equation 36.1 can be rewritten as 
c 1 

(36.3) 

In a typical rod-drop experiment, a 10 per cent drop in n e p o n  flux level ac- 
companies a reactivityzchange of the order of -10 cents (-10 - in absolute units) in 
0.18 see. Since 8-10- , then one obtains 

n dt 

For this intermediate reactor, the value of T~ is equal to 37 K 10 (Sec. 34.4); therefore 

1 d n  - -  
7 dt 37 x l o  -6/2x - 2 x l o  -3 

0 -)- 

This can be neglected when added to unity in Eq. 36.3, so that 

(36.4) 

or 

The delayed-neutron production rate depends upon the past history of fissioning in 
the reactor: 

(36.6) 

Hence a knowledge of n(t) for all past times (obtainable from the neutron levels recorded 
during the experirhent) leads to a knowledge of the change in pile reactivity. 

The net change in reactivity Ak(t) is the resultant of the change due to the motion of 
the control element Aka  (t) and the change due to the effect Ak r(t) of the temperature 
changes in various reactor components during a power transient. A negative tempera- 
ture coefficient makes these two changes oppose each other in sign for either a rod-drop 
or rod-jump experiment. That is, the net change in reactivity is less than the impressed 
change in reactivity from a control element if a net negative temperature coefficient 
exists in the reactor. 

CALCULATIONS 

The flux-level data were plotted to determine zero time by extrapolating the linear 
change in the power level or the control-element position back to the initial power level 
or control position. This was required since no zero time marker had been recorded 
and because the recorder trace usually started in a position on the chart where the 
deflection was nonlinear. 

the change in neutron level An(t) in v6lts was obtained. The initial power level was 
indicated as a voltage (no) on a sensitive research voltmeter. The normalized neutron 
level n(t) was then given by 

After the proper calibration has been applied to the corrected recorder deflections, 
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CALCUL4TIONS 36.3 

n(t) = 1 - An(t)/n, for a rod drop, or 
n(t) = 1 + An(t)/no for a rod jump. 

Numerical evaluation of the expression 36.7 is readily carried out if the power n(t) 
is approximated as a linear function of the time during each of a number of equal time 
intervals of length h. (The typical interval ends at time t m = mh after the rod drop; the 
final one ends at time t M  = Mh = t.) Under this approximation, Eq. 36.7 becomes 

I I111 
1111 The delayed neutron level was calculated by numerical integration in a manner now to be 

indicated. 

large time compared to the longest delayed-neutron period, so that n(t) = 1 for t< 0. 
this case, the normalized delayed-neutron level is expressed by modifying Eq. 36.6 to read: 

Previous to a rod drop or a rod jump at t = 0, the pile level was held constant for a 
For I 

where the coefficients Dm axe given by 

DO = - K(t) - L(t) + L(t - h) 

(36.9) 
DM = K(0) - L(0) + L(h) 

and the functions K and L are defined as 

The first numerical evaluation approach to Eq. 36.7 was inReport KAPL-7062 which IM I 

of the coefficients: 
f l  = 0.033 XI = 0.0125 sec" 
f 2  = 0.220 XZ = 0.0315 sec-' 
f s  = 0.282 AS = 0.153 sec-' 
f 4  = 0.319 h = 0.455 sec-l 
fs = 0.113 XS = 1.61sec-l 
f s  = 0.033 Xa = 13.9 sec-' 

Time intervals used were h = 0.02, 0.04, and 0.2 sec, respectively, for post-drop times 
up to 0.2, 0.28, and 2 sec. The numerical values found for expression 36.8 were then 
substituted, together with the normalized neutron level n(t), into Eq. 36.5 for the change 
in reactivity. Figure 36.1 is a typical curve showing the net change in pile reactivity 
Ak(t) for a rod drop a t  full power. 

motion of the control element. The cylinder position was recorded as a function of time 
and the magnitude of the reactivity change was computed from control-cylinder calibra- 
tion curves obtained in the PTR and in the power reactor at low burnup (Fig. 15.4). The 
value of a k a  /a0 used was the value at the mean cylinder position during the rod drop. 

Also plotted in Fig. 36.1 is the variation of the reactivity Ak a (t) produced by the 
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Fig. 36.1-Reactivity transients following rod drop at full power. Ak(t) is the total re- 
activity change deduced for the flux level; AkQ(t) is the reactivity change produced 
directly by convol element motidn; and Ab(t). the difference between the two, is the 

reactivity chaage resulting from the temperature variation. 

The difference between the Ak(t) and Akm (t) curves is the change in reactivity due 
to changes in the temperature of various reactor components during the power transient. 
In other words, the temperature effect is given by 

(36.11) 

where Ak(t) and Ak a (t) are  both negative for rod drops (power decreases) and are both 
positive for rod jumps (power increases). If the temperature coefficient is negadve as 
in this reactor, AkT(t) is positive for rod drops and negative for rod jumps. 

36.4 RESULTS 

The results obtained from the rod drops and jumps from 5 to 100 per cent power 
are presented in Figs. 36.2-36.7. The normalized neutron level n(t) and the temperature 
effect on reactivity AkT(t) as given by Eq. 36.11 are shown for the rod drops and jumps 
at each power level. 

Figure 36.2 is a plot of the normalized neutron levels and of the computed a k ~  
values found at various times up to 2 sec after a rod drop at 5 per cent power. The 
probable errors  are indicated on a few typical points. Figure 36.3 is a similar pair 
of plots for a rod jump. It is evident that the temperature effects are quite small, 
effectively zero, at this low power level. 

for An, in reading no, and in calibrating the chart. The e r ror  in An/n, is about 5 per 
cent near 0.04 sec but decreases to about 2 per cent after 0.15 sec. The estimated e r ror  

The estimate of the e r ror  assigned to n is based on the e r rors  in reading the chart 
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rod drop at 5 per cent power. 
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Fig. 36.5-Power and temperature-induced reactivity changes following rod jump after 5 hr at full power. 
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CONCLUSIONS 36.5 1 -  
assigned to AkT(t) is based on the errors assigned to n, the coefficients & and to the 
3 per cent e r ro r  assigned to Ak m(t). The AkT(t) estimated e r ro r  does not include the 
effect of the zero-time error (20.02 aec); this can affect the results significantly in the 
first 0.2 sec, as is evidenced in all the results by the large scatter of points in the first 
0.2 sec when compared to the scatter in the next 1.8 sec. Since the estimated error of 
A k ~ ( t )  is an absolute error, it is expected that the results for two successive rod drops 
should be internally consistent within a smaller error  than the estimated error. When 
the mean cylinder position and the equipment calibration are the same for two succes- 
sive rod drops or rod jumps, the results are indeed internally consistent (see, for ex- 
ample, Figs, 36.6 and 36.7). When the mean cylinder position and equipment calibration 
are different for various rod drops at a given power level, the results are consistent 
within the estimated error. 

Figures 36.4-36.7 show the results of tests made at various times during a long 
high-power run. A s  noted in each of the n curves, the change in power l e v 4  (h/n,) 
variesapprbximately linearly from 0 to about 7.5 per cent in 0.18 sec a,.; ~2e.b varies 
approximately linearly from 7.5 to about 8.5 percent at 2 sec. At a given power level, 
of course, the detailed variation differs from this general variation because the magni- 
tude of the temperature effect w ( t )  differs for various power levels while the im- 
pressed reactivity Ak m(t) is approximately the same at each power level. A detailed 
calculation on the transient reactor component temperatures would have to be done to 
see if a consistent set of temperature coefficients for the various reactor components 
would fit the present experimental results at the various power levels. Only once have 
rod drops at full power been so analyzed and compared with the experimental result? 
In that comparison it appeared that the fuel transient is actually faster than was  expected 
from the analysis. 

To obtain some comparison of the results at various power levels, the Aklp'(t) values 
from rod drops and. rod jumps at 20, 30, and 100 per cent power were normalized to a 
negative 1 per cent change in neutron level at 0.2 sec and plotted in Fig. 36.8. The 
eatimated error is indicated on three points of each curve. Within the estimated error, 
the rod-drop and rod-jump results at a given power level are in good agreement. 

Since the power transient occurs in about 0.2 sec, only the fuel and (to some extent) 
the sodium temperature coefficient can contribute an effect in this time. The other re- 
actor components have small temperature coefficients or long time constants associated 
with them. There is an apparent change in the time constants of the prompt temperature 
effect when the results obtained at the beginning are compared with those found later on 
in the high-power run. The final 0.2-sec value of &T is 1.8 times the earlier value, 
whereas tbe final 2-sec value of AST is only 1.3 times the value at the beginning of 
the m.' 

The inherent stability of the reactor has been demonstratedin these rod-drop and 
rod-jump tests by the fact that a suddenly impressed reactivity change has. invariably 
resulted in the development of opposing and smaller reactivity changes arising from 
temperature effects in the reactor. The calculation of the integrated temperature effect 
from the various reactor-component temperature coefficients and temperature transients 
during a power transient is admittedly somewhat uncertah, therefore, the method de- 
scribed in this chapter is a valuable tool for obtaining the integrated effect directly from 
the measurements obtained during the power transient. In addition, the results found by 
this method furnish an independent check on the pile-oscillator results (see Chap. 37). 
The uncertainty in the measurement of the temperature effect on reactivity during a 
power transient is estimated at about 50.354 with the experimental techniques described 
in this chapter. 

For a power transient developing within 0.2 sec at high power, the integrated nega- 
tive temperature effect at 0.2 sec is 0.20$ for each 1 per cent power change in the clean 
reactor and 0.35$ for each 1 per cent power change after xenon and other effects have 
built up during about 90 h r  of continuous reactor operation. Two seconds after initiation 
of the power transient at full  power, the temperature effects have reached an approxi- 
mate steady-state value of 0.38c for each 1 per cent power change in the clean reactor 
and 0.51$ for each 1 per cent power change after about 90 h r  of reactor operation. 

Within the experimental error  in the rod-drop experiments, all the results at the 
various power levels indicated that a net negative temperature effect exists with a 
response time of less than 2 sec. 
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Chapter 37 

METHOD FOR COMPARISON OF TEMPERATURE 
COEFFICIENT FOR ROD-DROP AND 
PILE-OSCILLATOR EXPERIMENTS 

R. SIEGEL 

37.1 INTRODUCTION 

The previous two chapters have shorn how the power coefficient of a power reactor 
may be measured by two different methods. One method measures the reactor response 
to sinusoidal variations in multiplication, while the other method measures the time 
dependence of neutron level after a step-function change in multiplication constant. 
These two methods, the sinusoidal analysis and the transient analysis, are intimately 
connected through the formalism of the Laplace transform. It is the purpose of the 
pres'ent chapter to make comparison between these two types of data which were ob- 
tained from the power reactor. 

In the rod-drop experiment (Chap. 36), the power variation with time, An(t), is 
caused by the combined reactivity introduced by control-element motion, AkC( t ) ,  and 
the reactivity change, AkT (t), produced by temperature coefficients. The combined 
reactivity change, Akc+ UT, can be calculated from the experimental power curve by 
use of the pile kinetics equations, and the temperature effect Akir(t) is then found by 
subtracting the known control-element reactivity vaflation from this result. 

In the pile-oscillation experiment (Chap. 35), the control element is given a small 
sinusoidal oscillation, and the magnitude and phase relation of the resulting sinusoidal 
power oscillation 6g is recorded. In the small signal limit, the sinusoidal oscillation 
in power level 6n/n about its average value n is proportional to the sinusoidal reactivity 
oscillation 6k induced as a result of the control-element motion. We regard both oscil- 
lations as the real part of a corresponding complex exponential function, and write the 
constant of proportionality as A 

6n/n = A 6k (37.1) 

The sinusoidal power oscillation gives rise to temperature oscillations which in turn 
produce oscillations in reactivity 6 k ~  through the various temperature coefficient 
mechanisms discussed inSecs. 27.2, 30.2 and 35.2. On the assumption of linearity, 
these oscillations will also be sinusoidal and proportional to the power-level oscillation. 
We may, therefore, define a complex constant of proportionality between the power 
oscillations and the resultant temperature-induced reactivity oscillations: 

(37.2) 

The reactivity oscillation, therefore, contains a direct contribution 6k, from the control- 
element motion, and an indirect contribution 6kT due to the power-level oscillation: 

6k = 6kc + 6kT (37.3) 

Combining Eqs. 37.1, 37.2 and 37.3 and indicating explicitly the dependence of the com- 
plex quantities upon the oscillation frequencyw, we have: 



37.2 ANALYSIS 

(37.4) 

d 
1 

In order to see if the two types of experimental results are consistent, a basis for 

We can think of the reactor heat-flow system as having a complex impedance r(p)  
comparison of rir(jcj) and AkT(t) is needed. 

which gives the temperature coefficient response resulting from a power transient, 

AkT(P) = r(P)An(P) 

For sinusoidal oscillations the complex number p becomes the pure imaginary jw, and 
- thea3ove expression becomes identical with Eq. 37.2. From the re$:;aases measured in 

thc rod-drop experiments, the sinusoidal impedance r(jq is obtained and compared with 
the results of the pile oscillator experiment. 

The comparison is here made for two different reactor conditions. For the “clean” 
condition the reactor had operated for about 5 h r  at high power and had approximately 
$1 xenon reactivity defect. For the “partially depleted” condition the reactor had op- 
erated for about 95 hr  at high power and had a $2.5 xenon reactivity defect. 

37.2 ANALYSIS 

Since the temperature effects are practically linear over the small power changes 
taking place during the experiments, the reactivity change caused by temperature co- 
efficients during a power transient can be expressed as a displacement-type integral 
equation 

Akdt) = r(t-T)h(T)dT (37.5) lot 
The kernel r(t-7) gives the reactivity change at time t due to a unit impulse in power at 
time T and is equal to zero for t<T. Since the Laplace transform of a convolution of 
and An is equal to the product of the individual transforms of r(t) and An(t), the trans- 
form of Eq. 37.5 gives 

The desired value of Ilr(jq is then given by 

(37.6) 

The procedure for comparing the rod-drop results with those of the pile oscillator 

1. Approximate the rod-drop curves of &(t) and An(t) by algebraic functions of 
can then be summarized as follows: 

time. 
2. Take Laplace transforms of these expressions to obtain 

3. Replace p by jwand form the ratio 
aT(j4 
h ( j  w) /n 

This expression is then evaluated for several values of wand compared with the oscillator 
results for a j w )  obtained from Eq. 37.4. 

No precise rule exists for determining the range in frequency for which Eq. 37.6 w i l l  
be valid for a given rod-drop transient. The experimental values as shown in Figs. 37.1- 
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Fig. 37.Z-POWer changes for two rod drops and a rod jump in dean reactor at full power. 

This relation has been plotted on Fig. 37.2 along with the experimental data for three 
runs. 

Eqs. 37.7 and 37.8, and noting that AkT and An are of opposite sign, we have 
Substituting into Eq. 37.6 the ratio of the Laplace transforms of the expressions in 

2.87 2.7 2.27 0.604 - -  
(37.9) 

j w  ( j W +  20)" ( j W +  25.6) (jo+ 0.5) 

Strictly speaking, Eq. 37.9, and similar expressions which follow, are valid only as a 
limit as the real part of %e transform variable p is made infinitesimally s d .  This is 
because of the nonconvergence of the Laplace transform of the constant terms for purely 
imaginary values of p. Physically, the limiting procedure can be visualized by consider- 
ing that the function transformed contains a slowly decaying exponential factor with a 
relaxation time of several years, for example. In the limit, for very long decay times, 
the transform will  approach the value in Eq. 37.9 as a limit. 

Equation 37.9 has been evaluated numerically with the results: 
W, - r ( j  3 n  

rad/sec cents 
1 30.3 - 3.995 
5 20.1 - 9.45j 

10 14.8 - 6.393 
15 13.4 - 4.00j 

These values of -a are plotted as solid circles on Fig. 37.5, where they have been 
vectorially added to the reference transfer function inverse l/Ao computed by use of 
the pile kinetics equations' as indicated in Chap. 34 and shown in Fig. 34.4. The re- 
sultant locus represents values of 6k,(jw)/(6n(j(r3/n), deduced from rod-drop data, which, 
according to Eq. 37.4, can be compared directly to the results of the pile oscillator 
experiments. 

B. Simplified Approximation 

To gain some insight into how sensitive the values of rir(jo) are to the accuracy of 
the curve-fitting, a simple exponential approximation was tried for both the w a n d  An 
curves for the clean reactor: 
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37.4 COMPARISON WITH PILE OSCILLATOR DATA 

C. Rod Drops for Partially Depleted Reactor 

The &(t)  curve for the reactor after 95 hr  of high-power operation was fitted by 
the expression 

-0 . r s t  
A ~ T  (t) = 3.42 - 33.8te 'I2 t- 2.80e-"'- 0.62e (37.10) 

This is plotted on Fig. 37.3 where it is compared with the experimental curve. 
As suggested by Fig. 37.4 the bn(t)/n data could be approximated quite well by two 

straight lines. This convenient approxi-bation, however, produces an oscillation in the 
expression fornr( j3 ,  as is shown in Sec. 37.5. To avoid this oscillatory behavior, the 
curve was approximated as shown on Fig. 37.4 by a function with a continuous derivative: 

& S t  

An(t)/n = 0.081 - 1.23te-'& - 0.0637e-'5t - 0.0173e 
(37.11) 

An/n = 0 . 0 8 1 - 1 . 2 3 ~ ' 2 0 ~ - 0 , 0 6 3 7 a ~ 2 5 ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

TIME AFTER DROP, t (SECI- 

Fig. j74-Power change for two rcd drops in partially depleted reactor at full power. 

The ratio of the transforms in Eqs. 37.10 and 37.11 gives 

- -  3.42 33.8 2.80 0.62 w 
1.23 0.0637 0.0173 

jo  -- - l o + z 5 - j w + 0 . 5  

(io+ 12)~ - jGFE - j Z X Z Z  -ajd = f0.081 (37.12) 

Numerical values of this expression are tabulated below. These points were plotted a s  
solid circles on Fig. 37.5 and a smooth dashed curve drawn through them. 

W, -W4 cents rad/sec - 
1 42.9 - 1.38j 
5 38.6 - 9.363 

10 30.5 - 1 l . l j  
15 25.7 - 8.881 

37.4 COMPARISON WITH PILE OSCILLATOR DATA 

The dashed curves of Fig. 37.5 are plots in the complex plane of the values of 
6kc/(6n/n) from Eq. 37.4. It is to be remembered that both real and imaginary parts 
of the quantities plotted depend upon the frequency W , and that the plots are loci with 
the frequency varying as one moves along a given locus. The solid curve gives the 
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complex values, for various frequencies w,  of n6k./6n for small values of n. This is 
. 

simply the zero-power inverse transfer function discussed in Chap. 34; it was evaluated 
by means of Eq. 35.2. The values n6k/6n, evaluated experimentally from the rod-drop 
data by means of Eqs. 37.9 and 37.12, are plotted as the dashed curves for the reactor 
at power, both clean and partially depleted. 

These data can be compared directly with the experimentally determined transfer 
functions from Chap. 35. The pile-oscillator data from the appropriate runs appear 
on Fig. 35.4, and it can be seen that both the rod-drop and the oscillator data show 
about a factor-of-two increase in the power coefficient -nI‘ in going from the clean 
reactor to the partially depleted reactor. (It is to be noted that the power contribution 
for a given oscillation frequency is the vector difference between the dashed and solid 
curve in Fig. 37.5.) Both sets of data also show a clockwise “looping” in the complex 
plane of the -IS values. However, the magnitude of the power contribution -nT an 
evaluated from the pile-oscillator data is approximately 50 per cent higher than the 
corresponding values derived from the rod-drop data. This probably reflects a 
normalization error  in one or both of the experiments. 

The counterclockwiserotktion of the power contribution -nI’ observed in the pile- 
oscillator tests as the reactor changed from the clean to the partially depleted condition, 
which was explainable as a xenon thermal base effect in the outer core regions (Sec. 35.6), 
was  not observed in the rod-drop experiments. This qualitative discrepancy is not 
understood. 

37.5 APPENDIX: Approximation of An(t)/n Curve by Straight Lines 

The An(t)/n curve in Fig. 37.4 could be approximated by two straight lines: the first 
passes through the origin with slope A and runs from t=O to t=tl, the second has a slope B 
and runs from t=t, to t = w  . If we let 6 (t) be a unit step function with these values: 

6(t) = 0 t C O  

6(t) = 1 t > o ,  
the curve of An/n can be represented by An/n = At -6 (t - tl ) [A-B] [t - tl 3 . 
The Laplace transform of this function is: 

A -tip (A - B) L(An(t)/n) = - - e  - 
P2 P2 

-t1 P When j w i s  substituted for p, the term of the form e becomes 

e Jut’= cos utl - j sin wt, 
Thus, the straight line approximation leads to an oscillation in the transform which is 
proportional to the discontinuity in slope of &e curve. To avoid this oscillation, the (&/n) 
curve in Sec. 37.3 C was approximated by a sum of exponentials rather than by two 
straight lines. 

Referred to 
REFERENCE in Section 
1. R. Siege1 and H. Hurwitz, Jr., The Effect of Temperature Coefficients on 37.3 

Reactor Stability and Reactor Transfer Function, KAPL-1138. 
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Chapter 38 

ANALOG CALCULATION OF A RUNAWAY 

1. E. BARNES 

38.1 INTRODUCTION 

In order to translate into control design parameters the measurements and calcula- 
tions of the various factors relative to the reactor kinetics, it is necessary to solve the 
time- and temperature-dependent reactor kinetic equations under various assumed op- 
erating conditions. The most stringent requirements upon the control system (rapidity 
of scram, control effectiveness, etc.) are imposed primarily by the behavior of the 
reactor under assumed accident conditions. Thus the emphasis of the kinetics studies 
is on the simulation of the time-dependent effects which can arise in a runaway. The 
control system must be so designed that it is capable of protecting the reactor from 
serious damage under accident conditions that might reasonably arise. 

changes possible are those introduced by the reactor control system. However, if an 
abnormal power surge is taking place, there are  other sources of reactivity (see Fig. 
38.1). For example, the temperature of the sodium may increase, leading to an ap- 
preciable negative reactivity change. Large temperature excursions in the fuel may 
cause a reactivity change due to the fuel Doppler coefficient. A fuel element rupture 
may lead to a momentary increase and a subsequent decrease in reactivity (the “auto- 
catalytic effect”). Finally, and probably most important, there is the possibility of 
reactivity increase caused by the rapid entry of hydrogenous material into the reactor 
core; this might occur if there were a leak into the primary coolant system. 

In order to determine the effect of incidents of the type described above, it is 
necessary to solve a time-dependent equation (the reactor kinetics equation) for the 
power level of the reactor. The solution then serves as a source term in the equation 
describing the thermal dependence of the reactivity effects in the reactor. The re- 
activity effects are then fed back into the reactor kinetics equations to find the (new) 
resultant reactivity and power level. This procedure is continued until the incident 
terminates, and the final desired result is the amount of energy stored in the reactor 
core during the incident. 

by electrical simulation in which the coupling between the heat transfer and reactor 
kinetics mechanisms was represented by electrical interconnections between various 
components of the simulator. 

One assumption which was made for simplification is that the spatial dependence of 
the flux within the reactor core does not vary with power level, time, o r  core tempera- 
ture. 

The several parts of the nuclear incident computer are indicated in Fig. 38.2. These 
various circuits simulate the reactor kinetics, the thermal behavior of the fuel elements 
and of the reactor coolant, and the coefficients of reactivity (which include the coolant 
temperature coefficient, the Doppler coefficient of the fuel, and the reactivity effects 
which might arise if the fuel elements should burst), the normal reactivity changes due 
to the reactor control system, the safety controls of reactivity, and, finally, the re- 
act ia ty  which may accidentally be introduced by plant casualties. Each of these simu- 
lations are  discussed in turn in the following section. 

Under normal reactor operating conditions, the only large and rapid reactivity 

The way in which the kinetics equations were solved in the work described here was 

483 



38.2 REACTOR KINETICS EQUATIONS 
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Fig. 38.1-Block diagram of the elements of nudear incident dculations. 

38.2 REACTOR K[N"E!TICS EQUATIONS 

The reactor kinetics equations are: 
6 

dC n 
i = p f  dt i ?IC i 

- 

where *o is the mean effective neutron lifetime, 

Ak is the reactivity excess over delayed critical, in dollars, 
Ci is the density of the ig group of delayed neutron precursors, 
xi is the decay constant of the ith group of delayed neutron precursors, 
p is the effective delayed yieldTtaken as 0.0085. (The photoneutron contribution 

has been neglected and is believed to be less than 0.001.) 
fi is the yield of the ith - group of delayed neutron precursors. 

n is the reactor neutron density, 
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REACTOR KINETICS EQUATIONS 38.2 

r------ 1 

------------ 

Fig. 38.~-Incidcnt computer dingnm. 

A precise definition of the quantities in this equation has been given by Goertzel in 

Since most reactor incident calculations need to be accurate only in the vicinity of 
the Reactor Handbook? 

prompt critical (that is, Ak = +$I), a one-group model of delayed neutron precursors was 
used in this computer setup. To derive an equivalent one-delayed-group model, one may 
take the Laplace transform of the reactor kinetics equations .and force the one-group 
model to produce the same reactor period as the six-group model with the same assumed 
initial values of Ak and flux an3 the same initial contribution of delayed neutrons. It is 
to be noted that the equivalent decay constant of the one-group model is a function of the 
reactor period. The defect of this model is that the steady-state of the precursor is 
reached too quickly, but this is not a serious defect in nuclear incident calculations. 

The computer setup for the reactor kinetics equations, shown in the upper part of 
Fig. 38.2, consists of the Ak servo-multiplier, amplifiers 13 and 15, integrators 1 and 2, 
and scale factor potentiometers 2, 3, 4, 5, and 14. The time is scaled 50 to 1 (Le., 1 sec - 
of machine time represents 20 milliseconds of real time) and 1 volt at integrator 1 is 
100 per cent rated reactor power level. 

ANALOG CALCULATION OF A RUNAWAY 
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38.2 REACTOR KINETICS EQUATIONS 

Thermal Model of the Fuel Element 
The analog of the fuel element is derived by direct consideration of the heat transfer 

characteristics in a unit length of one of the fuel elements (henceforth called the average 
fuel element). The analog must dllow for the variations in the fuel temperatures during 
transients. tt does this by setting up the equations of heat transfer involving the tem- 
peratures of the fuel and other materials which affect the heat flow. A typical computer 
setup for the thermal model of the fuel element is shown at the right in Fig. 38.2. This 
setup, which is rather general, may for example apply to the case of a double layer of fuel 
at temperature T sandwiching a backing layer at temperature T 

The temperatures are scaled and normalized so that 1 volt on the computer repre- 
sents 100°F. The thermal model of the fuel elemer-t: appears in Fig. 38.2 in amplifiers 
3, 4; 16, 5, 17, and 6. 

Coolant Temperature Coefficient 
A sodium temperature coefficient of -0.1 cent/oF is included in the model. It is 

introduced in the analog at the input of amplifier 1 2  as indicated by the symbol Ak, on 
Fig. 38.2. 
Doppler Coefficient of Reactivity 

The experimentally determined value of the fuel Doppler coefficient (from Chap. 33) 
was used in the analog calculations. Barrett has shown that the Doppler effect varies ap- 
proximately logarithmically with the temperature of the fuel.' Consequently, the loga- 
rithmic function is set up on the function generator, FG#2-D in Fig. 38.2. The function 
generator is driven by the fuel temperature, and its output,AkD, feeds into the reactivity 
summator, -amplifier 12. 

Autocatalytic Effect 
The autocataIytic effect may be as large as +$3 if  the entire fuel load bursts out of 

containment and redistributes itself in the worst possible way, and it may reversedgn 
in about 30 milliseconds. 

The probability that a fuel element will burst open is assumed to depend pkmarily 
upon the fuel temperature TF. Also, since the vapor pressure of the fuel is a sharply 
rising function of temperature, fuel element bursting should be very nearly a threshold 
phenomenon. On this account it is assumed that elements burst in a narrow range of 
fuel temperatures and, further, that the probability of bursting an element depends 
mainly on the power distribution throughout the active section of the reactor core. The 
instantaneous - rate of bursting fuel elements P, (t) is, therefore, 

nd sandwiched in turn by 
a wall at tempera&re T that conducts heat to a coolant layer whic f is at temperature T,; 

PB (t) = P(TF)dTF /dt 

the product of the probability as a function of temperature and the time rate of change of 
fuel temperature. 

To include the autocatalytic reactivity in the solution of the reactor kinetics equa- 
tions, it is necessary to assume that each element bursting contributes its proportionate 
fraction of the effect produced by all the fuel, and furthermore, that the total reactivity 
effect 0; the bursting fuel elements follows the equation 

T 

A ~ A C  =[, pB(t) k A c  (T-t) dt 

where P B ( ~ )  is the instantaneous rate of bursting. 

function (impulsiv8response of the following nature: 
The function k 

At t = 0, kx (0) = 0 
At t = 0.015 sec, kAc (0.015) = + $3/W (its maximum value), 
At t = 0.030 sec, kAc (0.030) = 0 

(t) is called the autocatalytic kernel and must have the delta- 
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RESULTS OF CAKULAXONS 38.3 

After a long time, kaC (t>O.1) = $2O/W, corresponding to total r€!xllod of the he1 
in the element from the end reflector. Here W is the total number of fuel elements 
in the reactor. 

The equipments which compute the convoiution integral are shown in Fig. 38.2 as 
FW1-nB, nB SERVO, the Function Switch FN q d  amplifiers 10, 14, 11, 19S, 20S, and 7. 
Amplifier 18s computes the total percentage of fuel elements which fail, NB . The pur- 
pose of the function switch is to prevent the computer setup from "repairing" the fuel 
elements. The time scale is slow enough that this function can be performed manually. 
On the first incidence of fuel element failure the function switch is closed when ampli- 
fier 14 first goes positive and reopened when amplifier 11 goes to zero. It is again 
closed when amplifier 4 exceeds its previous peak and reopened when amplifier 11 goes 
to zero. 

Reactivity Introduced by the Control System 
It was assumed that the maximum rate at which the controls can insert reactivity 

is 2O$/sec. In the computer setup, this rate of reactivity is set  by adjusting scale factor 
potentiometer 19. 

Reactivity Introduced by Hydrogenous Material 

hydrogenous materials into the reactor core is to reduce the casualty to an equivalent 
high rate of reactivity introduction, depending on the amount of hydrogen the S o d i m  
and the rate of sodium flow. The reactivity rate is produced in the computer setup of 
Fig. 38.2 by adjusting the integrating rate of integrator 7 with scale factor potentiometer 
23 in the same way as for the control system runaway problem. Since 4 2  of reactivity 
is available in the model, high rates of reactivity increase can be studied. 

The method of studying reactivity cas.ualties caused by the rapid introduction of 

38.3 RESULTS OF CALCULATION 

The results of a typical incident calculation may be seen in Fig. 38.3 which shows 
the flux, the total reactivity, the fuel temperature, and the percentage of fuel elements 
burst. The initial conditions assumed for the problem are: flux, fu l l  rated value; 
coolant flow, full  rated value; initial exponential rise period, 30 milliseconds. 

In a rough way, the course of this particular runaway may be described as follows. 
Soon after the reactivity rise above prompt critical (at t = 0 on Fig. 38.3), the flux rises 
up to a level about 30 times the flux at fu l l  power, and the fuel temperature increases 
rapidly, but not up to the bursting threshold, all in about 50 milliseconds. The Doppler 
coefficient reduces the reactivity faster than the control element increases it during 
this time, so that the reactivity falls below prompt critical and the flux drops down to 
about 5 times the full power level at t = 0.1 second. Fuel temperature rises more 
gradually thereafter, and the sodium temperature coefficient begins to reinforce the 
Doppler and other negative coefficients in keeping the reactivity below prompt critical, 
even though the flux level and temperature steadily mount. 

When the central fuel temperature passes the fuel element bursthg threshold, at 
about 0.9 sec, the elements begin to burst and continue to do so more andmorerapidly, 
each adding momentarily to the reactivityand the ensuingflmfor 30 milliseconds after it 
bursts, but subtracting from the reactivity thereafter. At about 1.0 sec the reactivity 
begins to drop precipftously, and the flux follows. Soon thereafter the last of the bursts 
occurs, fie reactivitv Ooes below delayed critical, arid the 90 Per cent Of the fuel 
remaining in the reactor begins to cool down. Sustained by the delayed neutrons, the 
flux holds at a level several times full-power level, but the fuel continues to cool down 
for several seconds. There being no scram to stop the controls, the reactivity gradually 
builds up again, after a number of seconds it may again exceed prompt critical and begin 
another runaway. 

to prevent damage to the-reactor assembly. In the calculation leading to Fig. 38.3, how- 
ever, it was assumed that no scram was available. The incident was terminated only by 
the destruction of the fuel elements and their subsequent removal from the core. 

From studies of this nature, control actuation and safety systems may be designed 
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