
0 2 . > 5

Outgoing neutrón spectrum from 
H2O ¡n a H20-uranium interface
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JAbstract

The outgo ing fherm al neutrón spectrum from  H2 O  in a I-I2 O - 
m etal uranium  (0.4 % U  235 depleted) slab in terface has been 

m easured using standard  tim e-o f-fligh t techniques. The experi­
m ental flux  was com pared with ca lculations p e rfo rm e d  with a 

m od ifie d  versión o f  the DTF-IV code in Sg, Pq a n d P j approxim a- 
tions. The ENDF/GASKET scatterlng kerne l fo r H2 O  was used in 
conjunction with the G G C -3  cross-section da ta  fo r  uranium. The 
P q  approxim afion  p roved  to be satisfactory fo r  the spectra 

studied.

Zusamm enfassung

Ausgang-Neutronenspektrum  von leichtem W asser in einer H20-U ran-Zw i- 
schenphase

fes w u rde  das therm ale  Neutronenspektrum  von H jO  in de r G ren zflach e 

zwischen H 2 O  und einer U ran-M eta ll-S ch ich t (0 .4 %  abgere ichertes U-235) mit 

d e r S tandard-F lugze itm ettjode gemessen. D ie Messung w urde m it Berechnun- 

gen verg iichen, d ie  m it dem Streum odell EN DF/G ASKET fü r H jO  und mit G G C -3  

fü r U ran zusammen m it e ine r m odifiz íe rten  Versión des DTF-IV in de r Sq‘ , P q und 

F i-N a h e ru n g  durchge führt wurden. Dabe! ze igte sich, d o 6  d ie  / ’o -N aherung fü r 

d ie  untersuchten Spektren zufriedenste llend w a r.
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Introduction

Spectrum investigation o f m aterials used in a reactor, gives 
va luable  In form ation obout the neutrón energy distribution in the 
core. W ithout this In form ation it is im possible to  understand the 
reactor behaviour and design it succesfully. Certainly our kn o w rí 

edge o f therm alization in H 2 O  is odequate fo r the design o f 
pow er reoctors. However, a careful review  o f the literoture up to 
the present doy reveal that the agreem ent between theory and 
observotion is poor in interface regions over which lorge 
changes o f spectral shape occur.

In previous papers [1; 2] results fo r the neutrón therm alization in 
puré and boroted H2 O  in a quasi-in fin ite-m edium , and the 
leokage spectrum from  the H2 O  in o H2 0 /vacuum  interface w ere 
reported. AIso the procedures fo r meosuring and anolyzing 
neutrón spectra w ere presented. The com parison with theoretical 
tronsport predictions were given with excellent agreement. In this 

poper, we present meosurement and colculation o f the outgoing 
neutrón spectrum from  H 2 O  in a H 20/m eta l-uran ium  interface, It 
is en extensión o f the previous w o rk  in H2 O  to include studies 
with large flux gradients, such as those existing at control o r fuel- 
rod surfaces.

This research is p a rt o f a program  o f the Argentine «Comisión 
N acional de Energía Atóm ica» (CNEA), to evalúate the various 
modeis, codes, and data sets used to  calcúlate the spectra in 
w ater-m oderated lottices and to  anolyze the sensitivity o f cell 
parameters to the scattering low.

Description of the experiment

The experim ent consisted bosically  o f measuring the angulo r- 
neutron-spectrum outgoing from  H 2 O  in an interface between 
H 2 O  and m etal-uranium , using the tim e-o f-fligh t technique. The 
Linac fa c ility  o f the Centro A tóm ico Bariloche was used fo r this 
experiment. The fa c ility  is described in Ref. [3],

The experim ental geom etry, illustrated in Fig. 1, consisted o f a 
3 0 x 3 0 x 3 .1 4  cm thick slab o f depleted metal-uranium  (0.4%  U- 
235) adjacent to a cubica! tank, o f side 30 cm contoining H 2 O . 

The geometry was lined with cadmium sheet and shielded w ith a 
boron mixture. The assembly was excited by a pulsed photo- 
neutron-source locoted externally to the assembly. The position- 

dependent angula r neutrón spectrum was extrocted from  the 
alum inium  tank w o ll (0.5 n^m thick), via a 12.7 mm diam eter hole 
located at 7 cm from  the edge through the uranium slab and the 
neutrón shielding. A  preco llim ator, 12 mm in diam eter and a 17 

metre fligh t path w ere used. The neutrón background was 
obtained by p lacing a B-10 plug at the base o f the reentrant hole. 
Neutrons were detected by means o f a Li-6 glass scin tilla to r and 
the neutrón beam was m onitored w ith tw o small U-235 fission 
detectors p laced in d ifferent positions inside the vessel. Running 
time fo r the experim ent was chosen to  ensure good statisticol 

accuracy. The mean tem perature o f H2 O  fo r a ll the experim ent 
was 23 °C.
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Fig. 1: Experim enta! set-up used to m eosure the outgo in g  spectrum from  H jO

The m ean-emission-time at low  energies was evaluated from  the 
d ie -ow oy experiments carried out w ith a smoll U-235 fission 
chom ber detector located in the spectrum measurement position. 
For the interm edióte neutrón energies, it was calculated with the 
CAGE [4] code and fo r  the upper range o f energies it was 
obtained from  the s low ing-dow n time.
Careful static measurement o f the therm al and epitherm al flux 
d istribution were done. From them, the spotial form  o f the neutrón 
source and the inverse relaxation constant (y^ =  0.0284 cm “ ^), 
were obtained. A  detoiled description o f the procedure is given in 
Refs. [1] and [2].
The reduction and treatm ent o f dato opp lied  to the experim ental 
results in o rder to obtoin  the angulor-neutron-flux w ere as 
described in Ref. [1 ]. The alum inium  H 20-tank w o ll was included 
in the reduction o f the experim ental data together w ith the flig h t 
tube alum inium  windows. Counts per channel were grouped in 
o rde r to obtoin  an energy resolution o f 5 % in all the energy 
range, together with a statisticol froctiona l e rro r o f 3 % from  O to 
0.002 eV, 1 % from  0.002 to  0.1 eV, and 2 %  from  0.1 to  10 eV. 
N inety-one energy points were obtained experim ento lly from  
0.0065 to 10 eV.
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Calculational method

The scattering kernel fo r H2 O , was generated by means o f the 
GASKET code [5], accord ing  to the description given in Ref. [1]. 

For metal uranium (0.4 % U-235 depleted), a d iagona l scattering 

kernel was generated from  the G G C -3  [6] therm al dota fo r U-238 
and U-235. Using this scattering kernel and the codes NYR190 
and NYR081, the therm al cross-section groups Pq, were obtoined 

fo r 30 energy groups. In v iew  o f the relative ly small U-235 
concentration in the uranium slab and in o rde r to  accelerate 
convergence in the transport calculations fission was treoted as a 

puré rem oval reaction.
Using the measured transverse d istribution o f epitherm al neu- 

trons as d a ta , a one-dim ensionol iso tropic-distributed-source 
was calculated in both m aterial regions by means o f the NYR232 

code [7], using the "fre e -g a s -m o d e l" fo r H2 O  and the "m odera- 
tio n -m o d e l" fo r metal uranium , fo r  computing the energy dis­

tribu tion  o f the slow ing-dow n neutrons.
The transport theory ca lculation to obta in  the angular neutrón 
spectra was done w ith the NYR230 code [8] (o m odified versión 
o f the one-dim ensional DTF-IV code). This code solves the 
neutrón transport equation by the method o f discrete ordinates 
(5jv approxim ation). In the code, an external source is treated as 
on iso trop ic  volum e source. A n isotrop ic  scattering is taken into 
account by the usual transport approxim ation. Calculations were 

carried  out in 16 spatia l intervals, using 30 energy groups, 5g 
approxim ation  and the computed isotropic volum e external 
source. The fligh t-pa th  axis was the d irection accounted fo r the 
one-dim ensional ca lcu lation . Both Pq and P, scattering kernel 
approxim ation  fo r H2 O  w ere considered. As our transport code 

cccepts oniy an iso trop ic  d istributed external source, it was not 
possible to  use o P  ̂ external source in conjunction with the Pi 
approxim atipn . The axia l mesh interval sizes w ere obtained from
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Fig. 2: O u tg o in g  spectrum  from  H 2O  com puted in Pq and Pi ap p ro x im a tio n
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Fig. 3: Spatia l d is tribu tion  o f indium  resononce flux  and used spatia l source 
d is tribu tion

Fig. 4: O u tg o in g  m easured neutrón spectrum  fro m  H 2 O  com pared  to  ca lcu la tio n  

using ?o ap p ro x im a tio n

Table 1: Angular neutrón spectrum outgoing from H 2O  (23 ^C)

E(eV)
0 (B) 
Approx.

0 (E)
Pg Approx.

0  (E) 
^kasured ^ectrun

0.0035 0 .0 08 73 0 .0 09 62
0 .0045 0 .0 14 3 0 .0 15 7 -

0 .0055 0 .0210 0 .0 22 9 -

0 .0065 0 .0288 0 .0 3 1 3 0 .0 26 4
0 .0085 0 .0472 0 .0509 0 .0 44 6
0 .0125 0 .0 92 2 0 .0 98 6 0 .0 8 9 5
0 .0175 0 .1 57 7 0 .1 67 6 0 .1 5 8 3  1
0 .0225 0 .2272 0 .2 38 9 0 .2 24 5

0 .0275 0 .2938 0 .3 05 4 0 .2 9 5 3
0 .0325 0 .3536 0 .3 64 5 0 .3 5 5 3
0 .0385 0 .4 12 0 0 .4 2 0 7 0 .4 2 0 3
0 .0460 0 .4650 0 .4 68 6 0 .4 7 2 8
0 .0550 0 .4959 0 .4 95 6 0 .5 12 7
0 .0650 0 .4965 0 .4 91 8 0 .5 08 8
0 .0750 0 .4711 0 .  4628 0 .4 8 5 8
0 .0900 0 .4079 0 .3 9 5 3 0 .4135
0 .1100 0 .3157 0 .3 06 1 0 .3085
0 .1300 0 .2 31 3 0 .2 24 9 0 .2 18 8

0 .1600 0 .1459 0 .1 41 0 0 .1312
0 .2000 0 .0 85 3 0 .0 82 6 0 .0 78 0
0 .2300 0 .0657 0 .0 63 9 0 .0 63 9
0 .2700 0 .0 56 7 0 .0 55 5 0 .0 55 4
0 .3500 0 .0 51 8 0 .0 51 3 0 .0 54 5

0 .4500 0 .0506 0 .0 50 3 0 .0 53 7
0 .5900 0 .0496 0 .0 50 7 0 .0 51 6
0 .7800 0 .0475 0 .0 49 7 0 .0509
1 .0400 0 .0455 0 .0 49 1 0 .0 472
1 .3600 0 .0 43 7 0 .0 48 8 0 .0 48 8
1 .5800 0 .0418 0 .0 48 0 0 .0 45 7

the related crite rio  given in the ANISN code [10]. To account fo r 

the transverse leakage, a correction energy-dependent term 
(D(E)B^) was added to the absorption  cross section in both 
m aterials. In the d irection o f the neutrón source the local buckiing 
was obtained from  the measured inverse re laxation  constant. For 
the transverse d irection a cosine d istribu tion  was assumed.
A com porison o f the transport theory ca lcu lation  in Pg and P, 
approxim ations is shown in Fig. 2. From it, a deviation o f the P, 

approxim ation  at epitherm al energies is observed. S im ilar devio- 
tions were aiso observed in a previous study carried  out in our 

labo ra to ry  [9], in an interface between H2 O  and D2 O . It is 
a ttributed to  the lock o f a Pi external source in the calculation. 

In Fig. 3, the spatial mesh interval used and the spatial source 
d istribution used in calculations are shown aiso the experim ental 
spatial therm al and epitherm al neutrón d istribu tion  in the d irec­
tion o f measurement are plotted.

Discussion of results

As shown in Fig. 4, the agreem ent between theory and experi- 
ment is sotisfactory. The transport ca lcu lation  (Pq approxim ation) 
agraes with the measured spectrum w ith in  13%  to — 7 % . Both, 
the experim ental and computed spectrum were norm olized to 
equal orea between 0.0065 eV and 1.38 eV.
N eglecting P, scattering makes a d ifference in the low  energy 
range. N orm aliz ing  to equal area between 0.0065 to  0.13 eV 
(thermal región), the Pg approxim ation  agrees w ith the measured 
spectrum within 11 % to - 7  %, while the P, approxim ation  agrees 
w ithin 3 % to - 6  %.
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In view  o f the illog ica l shape o f the computed neutrón spedrunn in 

Pi approxim ation  in the epitherm al energy región and the 

consequent la rge disagreem ent w ith the measured spectrum 

(10 % to - 1 2  %), it can be seen that the NYR230 code should be 
im proved in o rde r to accept P, external neutrón source.

In Table 1, the results obtained fo r  the angular neutrón flux 
outgoing from  H2 O  to uranium are listed, a ll were nornnalized to 

equal area between 0.0065 eV to  1.38 eV. The listed data fo r the 
measured spectrum was in terpoloted from  the 91 experim ental 
energy points. A  systematic deviation between theory and experi- 
ment is observed in the energy range around 0.2 eV which cannot 

be attributed to  statisticcl uncertainties o r to resolution errors. 
The same effect was observed in our previous studies in H 2 O  [1; 
2], It could be attributed only to the model used to generóte the 
scattering kernel fo r  H2 O  (ENDF/GASKET m odel [3]).

Conclusions

A  quantity o f greot im portance in the design and operation  o f 
light w ate r m oderated therm al reoctors, is the therm al neutrón 

scattering kernel employed fo r H 2 O . The results obtained in this 
paper, together w ith the studies reported in previous papers, 
support that the scattering by H2 O  is odequate ly described by the 
ENDF/GASKET m odel, and that a transport theory calculation in 

Pq approxim ation  is suitable fo r smoll H2 O  ossembly in which 
la rge  discontinuities ore present such as at vacuum-surfaces, 
contro l-rod-surface  o r at fuel-cell-edges.

W ith the paper reported here, a to ta l o f three assemblies 

contain ing H2 O  w ere investigated. The firs t study involved 
meosuring and calculation o f the therm al neutrón spectró in puré 

and borated H2 O  in a quasi-in fin ite  médium. The second study 

consisted basica lly  o f measuring the leakoge neutrón spectra in 
puré H2 O . The th ird , which is reported in the present paper, 
consisted o f measuring the angulor-spectrum -outgoing from  

H2 O  to Uranium , in a h Í20 /M e ta l Uranium  slob interface. The 
studies have shown that tim e-of-fligh t-techn ique is suitable fo r 
m aking detoiled observation o f the neutrón flux in heterogeneous 

systems in which large discontinuities are present. In add ition  
littie  ind ication o f reentrant hole perturbation has been found. 

Measurements agree closely w ith the theoretical predictions not 

only due to the im provement in the experim ental methods, but 
aiso because the calculation system, scattering modeis and cross 
sections were im proved.

From the computed results, it is c lear that h igher-order in the 

slow ing-dow n scattering moments o f the external source should 
be investigated la ter in o rder to im prove the agreement.

Future studies in assemblies containing fuel and m oderator w ill 
be carried  out and reported. (R eceivedon Jan. 11,1979)
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