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A recent neutrón wave experiment in a thermal-neutron multiplying assembly with and 
without control rods has been analyzed numerically in terms o f  transport' tlieory. The code 
TASK was used fo r  this purpose. The present study dealing with a highly 235U-enriched, com- 
pact, neutron-multiplicative uranium system indicates that the dispersión law o f  the assembly 
is very sensitive to transport effects and to the estimation o f  the leakage o f  the fast neutrón 
population. The present calculations o f  neutrón wave propagation in multiplicative systems 
show that this technique can be used as a highly sophisticated experiment fo r  integral checks 
o f  neutrón cross-section sets.

INTRODUCTION

A recent work1 on neutrón wave propagation in 
a compact light-water-m oderated subcritical a s ­
sembly, fueled with 90%-23f’U-enriched uranium 
contained in m aterials testing reactor-type fuel 
elements, showed large discrepancies between the 
experimental resu lts and a four-group diffusion 
calculation.

The purpose of the present investigation is  
twofold: One d esire s f ir st  to reinterpret the 
experimental resu lts in term s oí transport theory 
calculations to evalúate the importance of tran s­
port effects in light-water compact system s. Sec- 
ond, and a s  an afterm ath of the calculation, one 
can investigate the neutrón wavje propagation tech­
nique a s  an integral experiment to check neutrón 
cro ss-section  se ts and the calculation of the effect 
of control rods on the neutrón flux in the a sse m ­
bly. A detailed account of the experimental tech­
nique, a s well a s the description of the subcritical 
system , is  given in Ref. 1.

in its present form TASK perform s .only one- 
dimensional calculations, it • was necessary  to 
estím ate the transverse neutrón leákage to prop^ 
erly mock up the actual assem bly (transverse 
dimensions 30.97 x 32.71 cm2). The main steps in 
the calculational procedure were the generation of 
group c ro ss  sections, calculation of the tran s­
verse  leakage, and the calculation of the d isp er­
sión law of the neutrón waves with and without 
control rods in the assem bly sketched in Fig. 1. 
Table I gives the pertinent composition of the 
system . The positions and dimensions of the two 
cadmium control rods used in Ref. 1 were accord- 
ing to the nomenclature of Fig. 1: a¡ = 0; di - 
±0.60 cm; h = 4 cm; and e = 0.8 mm. The control 
rods extend in the z direction throughout the 
multiplicative región (región III of Fig. 1).

t

Generation of Group C ross Sections

The group cross-section  set utilized a s input 
for the TASK calculation was a five-group set

D ESCRIPTIO N  OF T H E C A LC U LA TIO N A L 
SCH EM E

The transport code TASK (Refs. 2 and 3) was 
utilized in the present calculations. Because
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LONGITUDINAL VIEW

a = 30.97 cm 
b = 32.71 cm

CROSS-SECTIONAL VIEW

Fig. 1. Schematic description o f the calculated subcritical system. The regions are: I, water; II and IV, water and structural alumi- 
num; and III, multiplicative zonc.

obtainecT for each región by collapsing a 123- 
group se t5 for hydrogen, aluminum, 235U, and 23BU. 
The J80  c ro ss  sections were obtained from the 
ENDF/B-IV evaluation. The flux-weighting fac- 
tors were obtained via a Pz, S fí transport calcu la- 
tion with the XSDRNPM program 8 for a source of 
14-MeV neutrons. Table II shows the group 
structure utilized in the present calculation. In 
this calculation, the geometry and compositions 
specified in Fig. 1 and Table I, respectively, were 
used.

Calculation of the T ran sverse  Leakage

The tran sverse  neutrón leakage for the one- 
dimensional TASK calculation was introduced by 
an additional term  to the absorption c ro ss  section,
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S j . , defined as

= £ * + py , (l)

wheré is an effective absorption c ro ss section 
that accounts for the leakage in the x  direction, 
given (in a one-dimensional calculation) by

= Jn = tfdx » (2)

with a sim ilar expression for Zy. In Eq. (2), 
f(x,n) is the angular flux per unit (i, /i is  the 
cosine of the angle formed by the neutrón d irec­
tion and the positive x ax is, 0 is  the sca la r  flux, 
and a /2  is  the half-thickness in the x  direction. 
The vector and sca ler  fluxes were also  computed 
with the code TASK in the P 3, S B approximation. 
Table III com pares the valúes obtained for S i  
with the absorption and total m acroscopic c ro ss 
sections for each energy group in región III of the 
assem bly. These resu lts show that for highly 
compact system s such a s  the one studied here, the 
transverse effects are  by no means negligible. 
Nevertheless, these effects were approximated as 
a spatially independent correction to the c ro ss



sections to make possib le the use of the one- 
dimensional code TASK for lack of a better treat- 
ment.

Calculation of the D ispersión Law 
in the Rodless Assem bly

The dispersión law, which gives the valúes of 
a and £, the real and im aginary parts, respective-
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C om position  o f E ach  Zone
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E n ergy  L im its  o f the F iv e  E n ergy  G roups 
U sed  in T a sk  C alcu la tio n s

ly, of the complex inverse relaxation length,1 was 
computed by fitting the amplitude of the 1/v reac- 
tion rate to an exponential in the z direction of the 
assem bly and its phase shift to a linear function of 
the position along the sam e direction. Appropri- 
ate end-effect corrections were made in both 
ca se s  in the manner described on p. 489 of Ref. 1.

The reaction rates along the direction of wave 
propagation were computed by TASK, in the P3, Se 
approximation, with a neutrón source in group 1; 
to sim úlate the externáis injection of 14-MeV 
neutrón pulses.

The dispersión law was also  computed in the 
diffusion theory approximation on the b a sis  of the 
sam e group cro ss-section  set and structure and 
the inclusión of the effective absorption 2 r  as 
before. This calculation proceeds in the manner 
indicated in Ref. 1 except that presently the inclu­
sión of S i  in the removal cro ss-section  term 
makes unnecessary the consideration of a trans- 
verse  buckling, which is  set equal to zero in the 
present calculation.

Calculation of the D ispersión Law fo r  
the Subcritical Assem bly with 
Control Rods

In this instance, the calculation of the d isp er­
sión law proceeded in the sam e way a s  in the 
previous case . The effect of the control rods was 
mocked up by the introduction of an effective 
thermal-neutron absorption c ro ss section, Sátií, 
which is  given in term s of the thermal-neutron 
absorption cro ss section, E¿th, for the case with 
no control rods, by the expression

Sflth = S ath + 2 k  C0q , (3)
00

where k is a coefficient defined by Maynard1»7 and
C00 is  a geometric factor calculated in our pre-

00

vious work.1

’ C. W. MAYNARD, “ Blackness Theory for Slabs,”  Naval 
Reactor Physics Handbook, Vol. 1, p. 409, U.S. Atomic Energy 
Commission (1964).

Group 17'"max & míni

1 14.918 MeV 10 MeV
2 10 MeV 1.0026 MeV
3 1.0026 MeV 961.12 eV
4 961.12 eV 0.65 eV
5 0.65 eV 0.005 eV

Zone N ucleus
C on cen tration 

(units o f 1024 cm  3)

I
H2 O |  16q

0.06692
0.03346

II H2O |  16q
0.05412
0.02706

27a i 0.01152

III
H2O |  16q

0.03972
0.01986

27a i 0.02389

235 u 0.00009833

238u 0.00001067

IV
H2O | j e 0

0.03968
0.01984

27A1 0.02451

T A B L E  III

C om p ariso n  of S jw i t l i  2 ^  and 2 j  fo r  Zone III

Group z « i(cm  ) (cm  ) S l -i (cm  )
S /L /(Sa + S i )  

(%)
2 x 7 (2 ,-+  2_l)> 

(%)

1 0.009257 0..10335 0.023662 71.8 18.6
2 0.001070 0.20631 0.018932 94.7 8.41
3 0.000384 0.64236 0.Ó13272 97.2 2.02
4 0.006454 0.93131 0.011679 64.4 1.24!
5 0.061913 1.8062 0.004480 6.75 0.247'



R E S U L T S  .

Subcritical Assem bly Without Control Rods

F ir s t , we d iscuss the resu lts concerning the 
assem bly without control rods. Figure 2 shows 
the experimental and calculated resu lts for the 
phase shift a s a function of distance from the 
source for two frequencies, 200 and 600 Hz, re- 
spectively. The slopes of the curves correspond 
to the valúes of the im aginary part of the 
inverse complex relaxation length.. In general, 
there is good «agreement between the shapes of the 
theoretical and experimental valúes. Figure 3 
shows the experimental valúes of the real and 
imaginary parts of the inverse complex relaxation 
length, a  and £, respectively, a s a function of 
frequency. Also ' shown in the figure are the 
corresponding theoretical valúes calculated both 
by transport theory and the diffusion approxima- 
tion. As éxpected in such a compact system  as
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¡ DETECTOR POSITION, z (cm)

Fig. 2. System without control rods. Phase as a function o f
detector position; z, measured from the source plañe; ------  =
TASK calculation; and •  = experimental valúes. The calculated 
valúes are normalized to the experimental one at z = 52 cm.

©

FREQUENCY, f (Hz)

Fig. 3. System without control rods, calculated and experi­
mental dispersión law. »̂4> = a  and £ experimental valúes; - — -  = 
transport calculation; a n d ------- = diffusion theory calculation.

the present one, the transport calculation affords 
a much improved description of the dispersión 
law than the one provided by diffusion theory in 
the sense that the complex number p = a(o>) + 
j£,(co) agrees better with the experiment. E spe- 
cially rem arkable is  the difference in the predic- 
tions of the shape of the frequency dependence for 
the function £(co) at high frequencies. In this 
región, diffusion theory predicts an alm ost linear 
behavior, while the transport calculation tends to 
reproduce the curvature exhibited by the experi­
mental resu lts.

In general, the agreement of the transport ca l­
culation, as far  as it concerns the valúes of a , is  
within experimental erro r, while the erro r in the 
prediction of £ is ~14%. This behavior does not 
n ecessarily  imply that the calculation of £ is  not 
done correctly. The integral param eters a and £ 
are  very sensitive to both cross-section  valúes 
and spectral effects. For instance, a change of 
the valúes of v and S/- by -1% coupled to an 
increase of 2^ by 1% in creases a  by 6% and 
decreases £ by 9%. After these hypothetical 
changes, the agreement between calculation and 
experiment would be opposite to the one found 
previously.

The above example indicates the usefulness of 
the neutrón wave propagation technique for inte­
gral experiment. Not only does it provide two 
param eters for each frequency, but the sensitivity 
of the two m easured param eters a and £ to c ro ss-  
section changes is  of opposite sign. This fact 
decreases the possibility  of fortuitous cancella- 
tions in theoretical calculations.

F igures 4 and 5 show the sensitivity of a and £ 
to system atic changes in c ro ss  sections for the 
present system . The calculations were done in



VARIATION OF CROSS SECTION (% )

Fig. 4. Sensitivity o f a  to cross-section changes in a two- 
group dift'usiorl approximation. The figure gives the percent 
variation o f a  for a giv^n percenl variation o f cross sections. 
Subscripts 1 and 2 indícate tlie fast- and thermal-neutron groups, 
respectively; S r is the removal cross section in group 1; standard 
nomenclature describes tlie other cross sections.

the two-group diffusion approximation. Accord- 
ing to these calculations, the sensitiv ities of 
para meter s a and £ have opposite signs. Although 
it is believed that the sam e situation will be en- 
countered in multigroup fransport calculations, 
this has not yet been rigorously proven.

Subcritical Assem bly with Control Rods

In this instance, the param eter k  was utilized 
a s  a free param eter in the calculation of the 
dispersión law until agreem ent with experimental 
dispersión law was achieved within the 14% accu- 
racy obtained in the analysis of the rod less case . 
Convergence within this accuracy was reached 
for k = 0.135.

The resu lts of these calculations are  shown in 
F ig. 6. To check the reliability of the valué for 
the k param eter obtained in the preseot calcu la­
tion, the valué of k versus energy was computed 
for the control rods used in this experiment (0.8- 
mm-thick cadmium rods). The resu lts of this 
calculation, shown in Fig. 7, dem ónstrate that the

VARIATION OF CROSS SECTION (%)

Fig. 5. Sensitivity o f  £ to cross-section changes in a two-group 
diffusion approximation. The figure gives the percent variation o f 
J for a given percent variation o f cross sections. Subscripts 1. 
and 2 indícate the fast- and thermal-neutron groups, respectively; 
i r i s  the removal cross section in group 1; standard nomenclature 
describes the other cross sections.

valué of k used to reproduce the dispersión law is  
compatible with considerable self-shielding of the 
thermal flux in the edge of the rod. If we consider 
that the rod is  completely black for neutrons of 
energy <0.3 eV (/< = 0.5), this resu lt is  rea- 
sonable.

A further confirmation of the k valué is af- 
forded by com parison with actual m easurem ents 
of the calculated shape of the amplitude of the 
neutrón flux in the tran sverse  direction to the 
control rods. The calculation utilizes an expres- 
sion previously derived in Ref. 1. The resu lts in 
Fig. 8 show a rem arkable consistency between the 
experimental and calculated shapes.

The frequency behavior of the neutrón wave 
acroás the control rod was computed by the sam e 
expression, except that in this case the experi­
mental valúes of the dispersión law were intro- 
duced in the calculation. The resu lts of this 
procedure are  shown in F ig s . 9 and 10. There is  
a góod agreement for the frequency dependence of 
the amplitudes. The phase is  well reproduced in 
shape but not in absolute magnitude. Figure 11



FREQUENCY, f (Hz)

Fig. 6. System witli control rods, calculated and experimental
dispersión law. <!>♦ = a  and £ experimental valúes;------ = trans-
port calculation; an d ------- = diffusion theory calculation.

Fig. 8. Amplitude o f  the wave across the control rods; •<!> = 
experimental valúes; — — . = calculated valúes with k = 0.135.

NEUTRON ENERGY, E (eV)

Fig. 7. Valúes o f  <7/ and os /oi for natural cadmium and the 
Maynard coefficient (k) o f the control rods used in the analyzed 
experiment.
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Fig. 9. Frequency behavior o f  the amplitude o f  the wave 
across the control rods; experimental (Ao<>3) and calculated 
( — —) valúes. The calculated valúes include the experimental 
dispersión law and k = 0.135.
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Fig. 10. Frequency behavior o f  the pilase o f  the wave across
the control rods; experimental (»A oA ) and calculated (------ )
valúes. The calculated valúes include the experimental dispersión 
law and k = 0.135.



Fig. I ]. Djfftyence, as a function o f frequency, o f the experi­
mental and calculated valúes o f the phases shown in Fig. 10. Tlie 
continuous linc is the pilase shift for a delay in the neutrón pulse 
o f 34.8 lis.

shows a plot of the difference between the magni- 
tude of the computed phase and the experimental 
resu lts as a function of the frequency. The ob- 
served deviations are compatible with a 34.8-/J.S 
delay in the trigger of the neutrón pulse; this 
valué is consistent with the delay of the neutrón 
source utilized in the experimental work.8

CONCLUSIONS

The present resu lts have shown the usefulness 
of the code TASK for the calculation of neutrón 
wave experiments provided that careful attention 
is  given to a good estimation of tran sverse  leak- 
age effeets. The present transport calculation 
greatly improved the theoretical description of the

experimental resu lts, which had been given previ- 
ously1 on the b asis of diffusion theory. Due to the 
high transverse leakage, the present treatment is  
still affected by the complications involved in the 
treatment of a three-dimensional systém  by a 
one-dimensional transport calculation.

Especially  interesting is the fact that a  good 
representation of the amplitude and phase of the 
neutrón flux transverse to the control rods could 
be implemented by the use of the dispersión law 
and the theory given in Ref. 1. The present work 
confirm s the consistency of the 123-group c ro ss-  
section set. The sensitivity of the neutrón wave 
experiment to transport effeets, spectral changes, 
and cross-section  se ts  indicates that this tech- 
nique affords a new type of integral experiment 
that has the inherent advantage over the usual 
static integral methods of yielding both amplitude 
and phase information.
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