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FOREWORD 

Pursuing verification of the nuclear data for actinides, 
we have made a run of experiments to determine re- 
action rates in facilities with different neutron spect,ra. 
The researches of the kind are particularly argent when 
going over from the transmutation physics studies to de- 
signing the transmutation reactors and developing their 
fuel cycle equipment. In this case, the nuclear data on 
the minor actinides (Np, Am, Cm) are notably inter- 
esting with the view to correct prediction of transmu- 
tation rates and t,o validation of hazardous nuclear and 
radiation environment for the external (off-reactor) fuel 
cycle. It is in the case of just those nuclides when t,he 
well-known ENDF/B6 and JENDL3.2 libraries give the 
most discrepant nuclear cross sections, thus necessitat- 
ing the high- priority experimental tests. 

The MAKET zero-power heavy water reactor has 
been used at ITEP to  measure the fission character- 
istics of the Np, Pu, Am, and Cm isotopes in the 
0.52NaFS0.48ZrF4 melt-filled salt blanket micromodel. 
The 237Np(n,f), 238Pu(n,f), "gPu(n,f), 240P~(n . f ) ,  
241Pu(n,f), 242mAm(n,f), 243Cm(n,f), 245Cm(n,f), 
247 Cm (n,f) , 23R U (n,f) , 238 U (n,?) , 235 U(n ,f)  fission reac- 
tion rates have been measured. The neutron spectrum 

in the isotope irradiation locations was monitored by 
measuring the rates of the reactions whose cross sec- 
tions are well known. The experimental data are corn- 
pared with the MCNP code simulation results obtained 
using the ENDF/B6 and JENDL3.2 neutron databases 
separately. 

INTRODUCTION 

The accuracy requirements for the knowledge of the 
neutron cross sections of the minor actinides (MA) are 
determined by the scope of the tasks to be tackled, 
namely, 

0 knowledge of the spectrum-averaged cross sections 
of Np to lo%, Am to 15-20%, and Cm to 30-50% 
is quite sufficient when studying the radiation bal- 
ance of nuclear power production and in predicting 
the radiation property variations in the fuel irradi- 
ated in the PWRs; 

0 a 5-10% accurate MA cross sections seem to be 
proper when designing nuclear reactors with side 
MA transmutation, Le., small MA addends (1-3% 
of the basic fuel mass) to the reactor core; 
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rn the MA cross scctions must be known to at, 
least the same accuracy as the U and P isotope 
cross sections when stutling and clesighnirig spe- 
cialized eractors-transrnuters (malten salt reactors, 
accelerator-driven systems) with large ML4 contri- 
bution in thc fuel. 

The true accuracy can be estimated in the integral 
experiments by comparing between tho experimental 
and calculated fission functionals in tcrms of different 
databases. It is tho experiments with the salt system- 
emulating micromodels that are discussed in the present 
work. 

DESCRIPTION OF THE MAKET CRITICAL 
FACILITY 

The ITEP salt blanket micromodel (SBM) is cylinder- 
shaped of 230-mm diameter and 522-mm height. The 
SBM was fastened on the central fuel channel (FC) at 
a 400-mm height above the lower fuel lattice in tAe 
MAKET core. The entire SBM channel structure (see 
Fig. 1) has been made of zirconium at Chepetsky Me- 
chanical Plant (Glazov, Russia). The SBM is filled with 
t8he 0.52NaF f 0.48ZrF4 melt. An additional salt insert, 
which raises the salt melt content, or bushing-type fuel 
elements can be placed in the central FC of a 58-mm 
external diameter. The experimental samples were irra- 
diated on being placed in the 0.52NaF + 0.48ZrF4 mclt- 
filled containers, which were downed into the channels 
located at 46.5-mm, 72.0-mm, and 96.5-mm radial dis- 
tances from the SBM axis (0 mm is the center of the 
additional salt insert). 

The experiments were supported by forming two 100- 
mm step hexagonal fuel lattices assembled of FCs with 
the bushing-type fuel elements that contained uranium 
of 90% 235U enrichment. One of the fuel lattices was 
assembled of 34 FCs and 67,272 g of the melt, (the salt 
insert in the central FC). Another lattice was assembled 
33 FCs and 65,592 g of the melt (the fuel elements in 
the central FC). 

REACTION RATE MEASUREMENT TECII- 
NIQUES 

243~111, 265cm, and 247)~m fision rekction iates weri 
measured by the solid-state nuclear track detector (SS- 
NTD) techniques. 

The high-enriched U, Pu, Am, and Cm samples were 
prepared in the SM-2 electromagnetic mass separator 
with the sectored magnetic field, H = HoRo/R, of 
mean radius Ro=lOOO mm and a 2-radian (1 14') bend- 
ing angle. The mass dispersion is 20 mm per 1% of 

The 235U 2 3 7 ~ ~ ,  238~1,  239pu 240pu 2 4 1 ~ ~  242mAm 

relative difference in masses at a 60-100-mm total tra- 
jectory length. 

The enriched samples were mass-spectrometered to 
not worse than 0.1% (at a relative content of the 
impurity isotope) and to 1-3% (at a impurity 
content). In most of the samples, the basic isotope 
enrichment was not worse than 98% (as of the sample 
manufacture date). 

After chemical purification, the fissile substance was 
applied to a stainless steel substrate by electrolysis of 
nitrates from aqueous or alcohol solutions. The spot 
diameter was 6 mm in all the target layers. The distri- 
bution uniformity of the active substance over a spot 
was tested by self-radiography. 

The samples were "weighed" (i.e., the numbers of fis- 
sile nuclides were determined in the layers by a- and y- 
spectrometry methods and on the basis of spontaneous 
and thermal- neutron-induced fission of nuclei. The 
semiconductor detectors with the standard electronics 
outfit, were used in the Q- and y-spectrometers. As 
regards the spontaneous and thermal neutron-induced 
fission, the "weighing" was realized by the same tech- 
niques as in the main measurements, Le., SSNTDs were 
used. The -3.3% weighing error arises mainly from the 
uncertainty in the number of nuclei in the benchmark 
sources, as well as from the errors in the periods of the 
spontaneous and thermal neutron-induced fission. 

The SSNTDs used in the measurements were made 
of silicate glass and polycarbonate film of molecular 
mass 90,000. The detectors are insensitive to the 
Q-, ,f?-, y-, and n-emissions and, given appropriate 
conditions, provide for 100% efficiency in recording the 
fission fragments. 

The glass or polymer plates were placed in parallel 
to, or coaxially with, a fissile isotope layer at 6 mm 
from the layer in the containers used as measurement 
chambers. A purposed diaphragm confined a circle to a 
6-nim diameter on the detector surface. The accuracy 
of all the dimensions in the measurement chambers was 
monitored using an instrumental microscope. 

The polymer film was used in so called shutter cham- 
bers, wherein a device like camera shutter was mounted. 
The shutter chambers permit a high-accuracy time in- 
terval in recording the fission fragments with SSNTD, 
which is necessary when operating with the samples of 
a high spontaneous fission activity, as well as in the case 
of neutron spectrum variations when the irradiator op- 
eration mode is reached. 

The geometric efficiency, R,  of the chamber (Le., a 
probability for a fragment to appear in the detection 
domain) was calculated on assumption of a uniform dis- 
tribution of a fissile substance over the layer. It should 
be noted that the < nR > value was measured directly 
when "weighing" the layers by spontaneous or ther- 
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Figure 1: Salt blanket micromodel. 
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mal neutron-induced fission, with the non-uniformity 
of substance distribution over the layer being allowed 
for automatically. 

In each of the measurement runs, two measurement 
chambers were placed into the SBM central channel, 
one with the experimental isotope layer and another 
with a 235U or a39Pu benchmark layer. Each of the ex- 
perimental isotopes was irradiated in at least four runs, 
of which two irradiations were with the U benchmark, 
and two with the Pu benchmark 

The SSNTD residence time in a measurement cham- 
ber was strictly monitored with a view to making al- 
lowance for the background induced by spontaneous fis- 
sion of nuclei. The residence time was found mostly to 
be 10-11 min. 

The irradiations were made at atmospheric pressure 
(i.e., in disvacuumed chambers). The tentative study 
has shown that, given the selected geometric dimen- 
sions, the impact of atmospheric air on the fragment 
detection efficiency and, far less on the eventual mea- 
surement results, is negligible. 

After irradiations, the glass detectors were take out of 
the chambers and, after that, etched chemically. An op- 
tic microscope was used to  inspect the detectors and to 
count the tracks in each detector. Each of the detectors 
was inspected separately by two independent observes. 
As a rule, the differences between the readings did not 
exceed ~ 0 . 5 % .  

The algorithm for processing the relative measure- 
ment data is obvious enough. In processing, the contri- 
bution from the impurity isotopes to the total number 
of detected fission fragments was allowed for. The re- 
action rate were determined as 

rnr 1 

where T x  is the number of the detected fission frag- 
ment tracks of the experimental nuclides; N" is the 
number of nuclei in the experimental "layers" E" is the 
SSNTD sensitivity in recording the fission events in the 
"layers". 

The 236U(n,f), 238U(n,y), 55Mn(n,y), 6 3 C ~ ( n , ~ ) ,  
'76Lu(n,y), lg7Au(n,g), '151n(n,n'), 27Al(n,a), and 
s4Zn(n,p) reaction rates were measured by y- 
spectrometry using a GC2518 Ge detector and the 
CANBERRA Cos-made outfit. The electronics resolu- 
tion was 1.8 keV in the 1332 keV y-line. The reaction 
rates were determined as 

where SPA(t3) is the recorded y-intensity induced by 
nuclide decay and reduced to the irradiation run end; X 
is the decay constant of product nuclide; 7 is the abso- 
lute quantum yield for the respective energy of product 
nuclide; &ab5 is the relative or absolute spectrometer ef- 
ficiency for the measured y-line energy; M is molecular 
weight; m is weight of an experimental sample; z is 
the content of a given element in the sample; y is the 
content of a given isotope in the element. 

The formula to calculate the 235U(n,f) reaction rate 
is the same as (2). The numbers of 235U nuclei in 
the experimental samples were determined by record- 
ing the 185.7 keV y-line of 236U. The number of fission 
events was determined by recording 143Ce and g7Zr. 
The errors in the measured reaction rates were cal- 
culated by the standard error transfer formula. Figs. 
2 and 3 show the overall results of determining the 
measured reaction rates relative to the 235U(n,f) re- 
action rate in the above mentioned two lattices. The 
found 55Mn(n,y), 63C~(n ,y ) ,  176Lu(n,y), Ig7Au(n,y), 
ll51n(n,n'), and 27Al(n,a) reaction rates were used to 
restore the neutron spectra in the SBM channels. Fig. 
4 shows the results of restoring the spectra by the 
KASKAD code on the basis of the measured reaction 
rates. 

. 

CODE SIMULATION OF REACTION RATES 

The MCNP-4B code [l] was used to calculate the 
MAKET facility critical states and the reaction rates 
for the experimental samples placed in the SBM chan- 
nels. The calculations were made in terms of two com- 
putational models of the facility (the input data files for 
the MCNP code), namely B21-1-5(M2) for salt insert 
in the central fuel channel and B21-2 for fuel elements 
therein. 

The models contain a detailed three-dimensional de- 
scriptions of the MAKET facility and SBM, including 
the description of two cylindrical tanks of the lower and 
upper spacer lattices. The fuel channels are of a com- 
plicated structure, which is a set of stacked ring-shaped 
fuel elements with the fissile material of a 1268-mm to- 
tal length. In the computational models, the fuel ele- 
ments were taken to be a set of height-uniform cylinders 
(zones). 

The SBM description is absolutely in conformity with 
the respective drawings; all the actual dimensions, gaps, 
etc. have been included. The physical approximation 
to the description (i.e., a simplified presentation of the 
computational model element geometry that does not 
involve any strong distortion of the MAKET neutron- 
physics characteristics) was used solely for the SBM up- 
per section above the heavy water level and for the small 
pieces (bolts, screws, etc.). In the actual experiments, 
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Figure 2: Experimental and computed data on reaction rates inside MAKET lattice with salt insert in central channel 
relative to the 239U(n,f) reaction rates. 0 - ITEP data; o -VNIIEF data; dashed line - computed data with the use 
of JENDL-3.2 library; solid lines - computed data with the use of ENDF/B-VI library. 

the central axis of the assembled critical facility (with 
fixed SBM axis) did not coincide with the central axis 
of the tank. The relevant analysis and calculations have 
shown that the shift of the reactor core to the center of 

the tank does not affect the calculation results. In the 
computational models, therefore, the SBM is placed at 
the heavy water tank center. 

To facilitate the calculations we have compiled a li- 
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Figure 3: Experimental and computed data on reaction rates inside MAKET lattice with fuel elements in central 
channel relative to the 235U(n,f) reaction rates. 0 - ITEP data; o -VNIIEF data; dashed line - computed data with 
the use of JENDL-3.2 library; solid lines - computed data with the use of ENDF/B-VI library. 

brary of neutron cross sections basing on the ENDFJB- 
VI [2] and JENDL-3.2 [3] estimated nuclear data files. 
All the neutron cross sections are in a continuous for- 
mat with a 0.1% accuracy of restoring the cross sections 

in the range of unresolved resonances. The library was 
compiled using the ML45 code [4] generated on the ba- 
sis of the NJOY-94(99) code [5,6]. The thermal neu- 
tron scattering matrix S(a,P) was constructed to suit 
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Figure 4: Neutron spectra in the SBM channels restored by the KASKAD code. 
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Figure 5 :  Neutron spectra in the SBM channels computed by the MCNP code. 

the temperature of heavy and light water in the exper- 
iment for deuterium and hydrogen, respectively. The 
techniques for preparing the neutron cross sections have 
been validated by calculating the critical tests [7]. 

Thus, the computational models reproduced the true 
three-dimensional geometry of the MAKET facility and 
SBM geometries and described the isotopic composition 

of the structure element materials as plausibly as pos- 
sible. The correctness of preparing the working models 
and neutron cross section libraries has been tested by 
calculating the critical states of the MAKET facility 
with the SBM (dk,ff= 0.037% for the first lattice and 
dk,ff= 0.431% for the second). Each of the critical 
states was calculated using 10-15 million neutron his- 
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Table 1: The calculations-experiment differences for fission reactions 

The found calculation- The accuracy 
Actinide experiment difference (%), required in 

R.B* 10 
237Np 23.514.7 NR** 10 

TR*** 5 
RB 10 

29.1123.4 NP 10 238pu 

TR 5 
RB 10 

24OPu 730/760 NP 10 
TR 5 
RB 10 

24l  Pu 13.1112.7 NP 10 
TR 5 
RB 20 

6.616.5 NP 10 
TR 5 
R.B 50 

243Cm 8.218.6 NP 10 
TR, 5 
RB 50 

245Cm 18.915.1 NP 10 
TR, 5 
R.B 50 

247Cm 44.9132.2 NP 10 
, TR. - 5 

ENDF/ JENDL applications (%) 

2 4 2 r n ~ ~  

ENDF/ JENDL 
suitability to 
applications 

-I+ 
-I+ 
-I+ 
-1- 
-1- 
-1- 
-1- 
-1- 
-1- 
-1- 
-1- 
-1- 
+I+ 
+I+ 
-1- 
+I+ 
+I+ 
-1- 
+I+ 
-I+ 
-I+ 
-1- 
-1- 
-1- 

* studying the radiation balance of nuclear power production and in predicting the radiation property variations in 
the irradiated fuel; 
** designing nuclear reactors with side MA transmutation; 
*** designing specialized reactors-transmuters. 

tories. 
The reaction rates were also calculated for the sam- 

ples placed in the respective containers. Basing on the 
tentative analysis and calculations, the true detector 
geometry and mass was assumed as described solely for 
natIn and 238U to include the self-blocking effects. In all 
the rest samples, the reaction rates were simulated in 
terms of the homogeneous cells that describe the detec- 
tor locations. Each version was calculated using 50-60 
million neutron histories. 

COMPARISON BETWEEN CALCULATIONS 
AND EXFERIMENT 

For the sake of the comparison all the experimental and 
calculated data were normalized to the respective 235U 
fission rates. Tables 1 and 2 show the correspondence 
between the calculations and experiment. The notable 
discrepancy (above 700%) for Pu may be accounted for 

by 239Pu occurrences in the samples. The samples in- 
volved are being tested and validated anew. To com- 
pare with the spectra restored by the KASKAD code, 
Fig. 5 displays the MCNP-4B code-calculated spectra. 

CONCLUSION 

The tentative analysis of the resultant calculation- 
experiment differences has shown that the JENDL li- 
brary is preferable because it yields the results of a 
better convergence with experiment, compared with the 
results inferred fro the EDFE library. Any conclusive 
inference will only result from comparing between cal- 
culations and experiments for fast neutron spectrum 
PI * 

8 



Reaction 

T38U(n,4 
2 7 q n , 4  
115 1n (n ,y) 
l151n(n,n') 
"'Au(n,y) 
55 Mn(n7-f) 
64Zn(n,y) 

176Lu(n,y) 
64Zn(n,P) 
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The found calculation t o  
experiment difference (%), 
ENDF/ JENDL 
6.4/8.1 
22.3/24.7 
22.41 11.8 
26.311.31 
3.2 1 3.4 
5.415.6 
-13.8 

12.0/- 
-114.2 
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