
Neutrón thermalizatíon in heavy 
water-Measurement and calculation 
of spectra^
By M . A bba fe  and  J. Lolich

C om is ión N o c io n a l de Energía A tóm ica  Centro A tóm ico  B ariloche 8400 San 
C a rlos de  B ariloche , (R.N.), A r g e n t i n c É ' j  i  iC.N .t .A .  l í ibl ioteca

ARCHIVO PCJüUCAClONES

N °

Jí
A Ñ O

jmA bstracf

S pa tia lly  dependen! neutrón spectra have been measured in non- 
po isoned  heavy w ater (99.53 m ol %), using the tim e-o f-fligb t 
technique. From a critica ! review  o f  the ava ilab le  scattering  
kerneis, the ENDF/CASKET m odel was selected; this m odel in 
conjunction with a m od ifíed  versión o fth e  DTF-IV transport code 
in Sg and  P¡ approxim ations, p ro ve d  to be satisfactory fo r the 
cases studied. A iso calcu lations were pe rfo rm ed  by the THER- 
M O S  and  NYRESE codes. For the spectra studied the largest 
discrepancies betv/een theory and  measurement were 15%, a 
substantia l im provem ent over p r io r  studies.

Zusommenfassung

Neutronenthermalisierung in Schwerwasser -  Messungen und Rechnungen von 
Spektren

Es w urden Messungen von o rtsobhong igen Neutronenspektren in reinem 
Schwerwasser (99.53 m ol. %) m it der S tandard-F lugze itm ethode durchgeführt. 
Es ze ig t sich, d a 6  d ie  m od ifiz ie rte  Versión des DTF-IV-Codes zuverlassige 
Ergebnisse lie fe rt, wenn d ie  an iso trope  Streuung in de r P i-N oherung  und d ie  
W in ke la b h a n g ig ke it des Neutronenflusses in de r Sg-Náherung benutzt werden. 
Es w u rde n  auch Rechnungen m it dem  THERM OS- und NYRESE-Code gemacht. 
D ie  G ruppenkonstontensatze w urden m it dem S treuungsm odell EN DF/G ASKET 
e rho lten , w e lches au f G rund  e iner kritischen U ntersuchung d e r bekannten 
M o d e lle  ausgew ohlt w urde . In den behandelten Fallen w a r de r g ró fite  Unter- 
schied zw ischen gemessenen und gerechneten Ergebnissen 15% , w as einen 
wesentlichen Fortschritt im V erg ie ich  zu vo rhergehenden Untersuchungen 
bedeutet.

INIS DESCRIPTORS

NEUTRON S L O W IN G -D O W N  THERORY COM PUTER CALCU LATIO NS 
HEAVY WATER D CODES
N E U TR O N  SPECTRA T CODES
TIM E-O F-FLIG H T M E TH O D  N  CODES
N E UTR O N TRANSPORT THEORY

Introduction

An extensiva study o f the d iffe ren t m olecular modeis form ulated 
by many authors to  obtain the scattering kernel fo r the descrip- 
tlon o f the neutrón therm alization in D jO  has not been made. 
Experimentally, there are no measurements o f the angular 
therm al neutrón spectrum in non-poisoned o r ligh tiy poisoned 
D jO .
W ydler [1], has measured spectra in d iffe ren t D jO  solutions 
poisoned w ith cadmium (equivalen! concentrations o f 0.35, 0.81 
and 1 .20b /a t. D). The calculations were made w ith the free gas, 
GAKER (or Nelkin-H oneck) [2], and H ayw ood  [3] models. 
D iscrepancies between theory and experim ent were higher than 
25%  in the T/E  energy región.
Beyster [4], has studied solutions o f D 2 O  poisoned w ith boron 
(2.1 b /o t. D), and cadmium (2 .4b /o t. D). The calcu lations were 
made w ith the GAKER m olecular model fo r D 2 O  and the 
program  GAPLSN [5], G ood agreem ent was achieved in the 
central región o fth e  studied geometry; cióse to the boundary the 
discrepancies were o f the o rde r o f + 2 0 %  to - 5 %  fo r the firs t 
solution and + 1 5%  to —10%  fo r the second one. He has olso

* The present w o rk  was ca rried  out w ith  the a id  o f the O rg a n iza tio n  o f the 
Am erican States.
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studied the neutrón spectrum cióse to a fuel rod; the d iscrepan­
cies obtoined lie between + 1 5%  and -3 0 % , fo r the K oppel [6] 
bound deuterium m odel and the 1-DF program  (a versión o fth e  
DTF-IV code [7]).
The m otivation fo r  the present w o rk  was to measure care fu lly the 
angular spectra os a function o f position in non-poisoned heavy 
w ater (99.53 mol %). Understanding a simple clean geometry 
experiment could assist us in the study o f planned heterogeneous 
measurements including heavy water.
This research is part o f the program  o f the Argentina Comisión 
N ociona l de Energía A tóm ica (CNEA), to evalúate the vorious 
models, codes, and data sets used to calculóte the spectra in D jO  
m oderated lattices and to onolyze the sensitivity o f cell parcm e- 
ters to  the scattering low.

Molecular model of D jO

From a review o f the b ib liog raphy  o f the d iffe rent models fo r 
D 2 O , 12 d iffe rent ones were identified. A  coreful study o f the 
experiments and results previously obtained was aiso made.
It is impossible to  discuss in this paper a ll the doto studied. 
Therefore oniy the chosen model, the ENDF/GASKET [5] model, 
occord ing to  the description o f K oppel and Houston, is treoted in 
detall.
The ENDF/GASKET m olecular m odel fo r  D 2 O  includes the 
incoherent opproxim ation and free tronslotion fo r the molecule, 
the scattering by the oxygen otoms is token into account by 
odd ing to the dota fo r  D ÍD jO ) at 296 K, the S [a ,P ]  fo r  a free gas 
o f mass 16. Thus two im portont processes are not treated, since 
the oxygen contribution to p(yS) is not neg lig ib le  and the 
deuterium is lo rge ly  coherent. The scattering functions were 
colculoted by means o f the Computer code GASKET [8] and were 
summed occord ing to Jarvis  [9], to  obtain the S {a, p) fo r D jO . 
The contribution o f oxygen was found to be sign ificant oniy fo r 
P < ^  and 0 .4 > a > 5 .
The 5 (a,/S) obtained was com pared w ith the experim ental results 
o f Egelstaff [10], H ayw ood  [11], H a rlin d  [12] and Whittemore  
[13] and the computed results using the model o f SAcMurry [12; 
13]. In general our S {a, p) glves low er valúes.
From the experim ental results obtained by other authors, the 
occuracy o f the discrete frequency d istribution used, could be 
verified . However, it seems necessory to  include onother oscil- 
la to r at ;8 =  0.7 which Implies Improvement In the description o f 
the hindered tronslotion o f the molecule.
To Improve the continuous frequency d istribu tion o f the model, 
new measurements s im ilar to the one o f Whittemore  fo r  low er 
valúes o f a  ore necessory.
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Fig. 1: A ve rage  cosine o f th e  scottering ong le  and to ta l cross section fo r  D2O
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In Fig. 1 the ca lcu lated valúes o t the to ta l cross section ore 
com pared w ith those measured by K ro p ff []5 ],  The agreem ent ¡s 
fa ir ly  good. The discrepancies fo r  energies low er than 0 .006eV 
could be a ttribu ted  to coherent effects. The average cosine o f the 
scattering ang le  ¡ i  (Eg), calcu lated from  a jlE o) °n d  ao(£o) 
showed the same effect.
The agreem ent obta ined fo r the decay constant com pared with 
previous results [ 1 6] is reasonable good. O u r valúes fo r C q ,  Dg, C  
and F  have been calcu lated from  the a v s B ^  functlon computed 
vi/ith the a id  o f the code CAGE [17].

For D jO  (100% ) we obtained:

«o =  9.66 sec^'
Dg =*2.02xl05cm2sec-‘
C =  3.62x10^ cm ^sec"'
F  =  1.95x105 cm ^sec-’

Description of the experiments

The experiments consisted basica lly o f meosuring the angular 
neutrón spectra as a function o f the position in D2 O  at 23 °C using 
the tim e-o f-fligh t technique. The fac ility  used is deta iled  fu lly  in 
Refs. [18] and [19], The experim ental orrangem ent fo r these 
measurements is illustrated in Fig. 2.

ÜNAC beam-

Fig. 2: Experim enta l set up to  m easure neutrón spectrum  in D 2O

The experim ental geometry comprised o cylindrica l stoinless 
Steel vessel 50 cm long and 36 cm in diameter, lined w ith a 
cadm ium  sheet and shielded w ith a boron mixture. The neutrón 
beam wos extracted rod io lly  via o 25 m m -diam eter reentrant hole 
perpend icu la r to  the source assembly axis. The dimensions o f the 
vessel used were based on previous studies, carried out in order 
to  ob ta in  a mean emission time not h igherthan  5%  w ith respect 
to  the flig h t time.
The neutrón beam from  the reentrant tube was w ell defined by a 
co llim a to r and shield ing p rio r to  its entrance to the 17. meter 
flig h t path. The neutrón bockground was determ ined by inserting
o B-10 f ilte r in the reentrant hole. Neutrons were detected by 
means o f a Li-6 glass scintilla tor.
The D jO  used (99.53 mol % determ ined by spectrophotom etric 
onoiysis), was p rovided by the Atucha N uclear Power Plant. It 
had an im purity equivalen! to  a boron concentrotion o f 0.064 b / 
at. D., w hich was obtained from  the pulsed-decay time measure- 
ment o f the therm al neutrón fie id  as a function o f time in d iffe rent 
geometries. To preven! the contam inotion w ith H jO , the D 2 O  was 
m ainta ined and tronsferred under a nitrogen atmosphere.

Static measurements o f the therm al and ep itherm al flux d istribu- 
tions were made using indium  fo ils  in conjunction with the 
cadmium difference method. From the rad ia l d istribu tion  a check 
o f the goodness o f the shield ing (Bessel Jo distribution) was 
obtained except in the last centimeter cióse to the boundary 
where there is perturbation o rig ina ting  from  the structural mate­
ria l neccesory to  connect the reentrant tube w ith the vessel. This 
measurement was aiso used to determ ine the spatia l fo rm  o f the 
m oderation source to be used fo r  input to  the calculations.
From the d istribution a long the axis o f the cylinder, the inverse 
relaxation constant, y, was derived to get the loca l buckiing. The 
result was:

y2 =  0.00153 ±0 .00 0 1 0 cm-2

Neutrón spectra were measured at six positions a long  the radius 
o f the tank. For r  =  0.0 cm, 10.5 cm and 14.0 cm the measurements 
w ere carried  out at 0 °  and 180°. For r  =  16cm, 17.0cm and 
17.8cm, at 0 ° , but these last two results w ere not closely 
com parab le  to the ca lcu lation because o f the perturbation cited 
before; therefore they are not included in this report. The neutrón 
beam intensity was m onitored with two U-235 m iniature fission 
counters located inside the vessel. These m onitors agreed w ithin
1 % during a ll measurements; thus it can be considered that the 
d iffe ren t experim ental neutrón spectra ore norm alized w ith in this 
error.
Running time fo r each experim ent were chosen to ensure good 
statistical accuracy. For a ll the reported spectra, the standard 
deviation due to statistics was less than 5 %  over a ll the energy 
range. The mean temperoture o f D jO  fo r a ll the measurements 
was 23.3 °C; it wos m onitored w ith an iron-constantan ther- 
m ocouple. The measured decay constant was 220 ±  11 usec. The 
mean emission time was obtained in the usual w ay [19]; it 
amounted to less than 5.3 % o f the flig h t tim e fo r the energy range 
studied.
The Computer code NYRTOF [20], was used fo r  the data 
reduction. The poorest energy resolution was 11 %, but oniy in the 
energy range from  0.02 to 0.27 eV did the resolution exceed 5% . 
The spectra obtained were corrected by the time resolution 
function accord ing to the prescription o f Beckurts [21].
For the worst case encountered, the máximum correction to the 
experim ental flux was 1.5% . The measured spectra ore shown in 
Fig. 3 and 4, from  them the adequacy o f the spatia l resolution is 
evident.

Colcuiational methods

The neutrón spectra were calcu lated u tiliz ing a variety o f Com­
puter codes described in Ref. [17].
The scattering kernel based on the ENDF/GASKET model [6], fo r 
bound deuterium in D 2 O  and ossuming free  translation fo r the 
oxygen wos generated by means o f the GASKET code [8]. G roup 
cross sections, Po, and fo r  30 energy groups were calculated 
using these scattering kerneis w ith the NYR190 [22] and NYR081 
[23] codes. A  distributed source, and P¡, in one dimensión was 
calculated by the NYR238 [24] code, using the measured trons- 
verse spatia l d istribu tion o f ep itherm al neutrons.
The tronsport theory colcuoltions to ob ta in  the angu la r neutrón 
spectra were calculated by the NYR230 [7] code (a m odified  
versión o f the one-dim ensionol DTF-IV code), in 34 spatia l 
intervals, using the 30 group cross sections and the distributed 
source. NYR230 code was used in the 5g, Pg and P j approxim a- 
tions.
AIso, calculations were perform ed by the NYR342 [25] (a 
m odified versión o f the THERMOS code [26]), and NYRESE [27]. 
The NYR342 code occepted the g roup  constants computed with 
the ENDF/GASKET model. Calculations w ith NYRESE were ca r­
ried out w ith the C adilhac G  and H functions [28], and aiso with 
the functions computed from  the ENDF/GASKET model.
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Fig. 3: M easured neutrón spectrum ¡n D 2O  com pared to co lcu la tion  usíng 
a pp rox im a tion  fo r  r  =  Ocm (0  =  0°) and r  =  14.0cm  { ©  =  0 ° and 0  =  180°)

The results o f the calculated spectra are shown in FIgs. 3 ,4  and 5, 
together w ith the experim ental dato. It is im portant to point out 
that oniy the calculated central spectrum (r =  O.Ocm) wos nor- 
molized ot 1.35 eV to the experim ental data fo r that position and 
energy. The calculated spectra at the other positions ogrees 
reasonably w ell w ith experiment.
As an add itiona l check, the effective neutrón temperature was 
obtained from  the central experiment spectrum. W e obtained

7-/70  =  1.10  ± 0.01

which is in reasonable agreement (4 %) with the valué computed 
w ith the expression o f De Sobrino  and C lark  [29], which tokes 
into account the effects o f obsorption and leokage.

Discussion of results

From the cases studied, the m odified versión o f the DTF-IV 
transport code in approxim ation, proved to give best agree­
ment than the P q approxim ations.
The results fo r the central spectra, together w ith the 0 °  and 180 ° 
spectra fo r r= 1 4 ,0  cm are shown in Fig. 3, For the lotter the 
angular dependence can clearly be observed. A  máximum 
deviotion o f 15%  is observed fo r the most unfavorab le  case 
(r =  14.0cm, 180%), due to the low  intensity o f the source. For 
r  =  10.5cm (Fig. 4), the deviotion has the same sign with o 
m agnitude o f oniy 5% . In the same figure , the spectrum cióse to 
the surface is shown. A good spatial resolution can be observed. 
The agreem ent between theory and experiment is satisfactory.

For a ll the studied spectra, the lack o f agreement in the energy 
interval from  0.1 to  0 .4 eV moy indícate that a more negative 
buckiing must be used in the calculations. These discrepancies 
could aiso be pa rtia lly  attributed to perturbations o f the reentront 
tube.
In Fig. 5, the results obtained with the NYR342 code ore shown, 
the agreem ent with the data fo r the central spectrum is good 
(+4 .4%  to -7 .7 % ). AIso the spectra computed with NYRESE is 
shown in this figure, the ir valúes are much less therm olized than 
the measured ones, the deviotion grow  up to 57%  ot low er 
energies.

Conclusions

A systematic study o f the neutrón therm alization in heavy water 
was done. Spectrum measurements as functions o f energy, angle 
and position were carried  out fo r a va luable check o f selected 
scattering law  data. From the literature review done, it is clear 
that further studies o f the coherent scattering and hindered 
translotion o f the D 2 O  molecule ore desiroble. W ith respect to the 
model selected (ENDF/GASKET), it could be pointed out that it is 
necessary to refine it including another osc illa to r ot ¡3 =  0.7, 
extending it to higher by 2 o r 3eV  and treoting the oxygen in a 
more realistic way.

FIg. 4; M easured neutrón spectrum in D 2O  com pared to co lcu la tion  using P y  

opp rox im a tion  fo r  r  =  lO .Scm  ( 0 = 0 °  and 0  =  180°), and r  =  16-Ocm ( 0  =  0°)

Fig. 5: M easured centra l neutrón spectrum in D2O  com pared to ca lcu la tions with 
d iffe ren t codes

The necessity o f considering the contam inating hydrogen in detail 
wos verified ; its scattering kernel was calculated with the ENDF/ 
GASKET model fo r H (H20) in view o f the lack o f one fo r HDO . 
As o check o f the group constants, the decay constant and 
diffusion parom eters were calculated. The agreem ent with 
experim ental valúes was excellent.
From the preceding "discussion o f results" it is c lear that fo r the 
studied cases, the best agreement with calculations were 
obtained using the transport theory code in 5g and P, app rox im a ­
tions. The discrepancies between theory and measurement were 
o f the o rde r o f 10% , but fo r the most unfovourable position 
(r =  14.0cm, 0  =  180°) o disogreem ent o f 15%  was found. 
W ithin errors, this w ork  appears to represent an improvement 
over p rio r measurement. It must be noted that there are no 
previous studies in non-poisoned heovy water.
It seems that the spectra computed by NYRESE trends to be 
insensitive to the m olecular model used.
Finally, it must be pointed out, that the disogreement between 
THERMOS and DTF-IV (two w ell-know n codes), were o f the 
o rde r o f the discrepancies between theory and measurements. 
The utility o f the nuclear determ ination o f the boron equivalen! 
concentration from  pulsed-life tim e experiments has been demon- 
strated.
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From the ob ta ined  results, it is c lear the necessity o f refin ing the 
present modeis fo r  the neutrón scattering law  o t D2 O , developing 
a m odel fo r H D O . This w ork  has aiso indicated the necessity o f 
using P , app rox im a tion , to  compute spa tia lly  dependent neutrón 
spectro in small D jO  geometries.

(Received on March 15,1978)
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Safe Handlíng of Radiation Sources
TH IEM IG- , 

PO C K ET  B O O K S  

Volum e 46
by Dr. M a rtin  O b e rh o fe r, Ispro

(1974) X II, 296 pages, 116 Figures, 9 Tables, fo rm a t l l x l7 , 5 c m ;  ce ilopha ne -co a te d  c a rd b o a rd  cover, D M 2 8 ,-  

(in English).

In the lite ra tu re  on ra d ia tio n  p ro te c tio n  there  is no p a u c ity  o f suggestions on how  to  co m p ly  w ith  the basic spec- 

iflca tio n s , gu ide lines and o rd inances o f  the ra d ia tio n  p ro te c tio n  au tho ritie s  and w ith  the p a rt ic u la r  ra d ia tio n  

p ro te c tio n  reg u lo tio n s  a p p lic a b le  in industry , research institu tes and  la b o ra to rie s . Dr. O b e rh o fe r  has g iven  us in 

his book , based on m any yeors o f  experience, a ve ry  useful rev iew  o f  p ro te c tio n  techniques and  w o rk in g  m ethods 

selected fo r  th e ir  p roven success in p ractice . In th is com prehensive and a m p ly  illu s tra te d  pocket book , the  au tho r 

a iso  re la tes  a ll to o  freq u e n t occurrences connected w ith  the h a n d lin g  o f  ra d ia tio n  sources in p ra c tice  w hich, 

o w in g  to  neg iect o f  se lf-ev iden t and ve ry  s im ple  sa fe ty  p recau tion , resuited in ra d ia tio n  exposure leveis which 

cou ld  eas ily  have been a vo id e d . He a iso  describes ty p ic a l m aifunctions and occidents, and devotes a separóte 

sectioh o f  the  boo k  to  w o rk  p la n n in g  and  ra d ia tio n  risk assessment.

This pocke t b o o k  w as pub lished  in 1968 in G erm án and  soon becam e a best-se ller in its f ie id , because here at 

last w as no t m ere ly  odv ice  but the unm is takab ie  vo ice  o f  a u th o rity . This English e d itio n  is pub lished  a t the  request 

o f m any in terested reoders.

Interes! readers: Chemists, physicists, physic ians, b io lo g is ts ; teachers and  students in a ll branches o f  n a tu ra l 

Science  and  te ch no lo g y ; technic ians w o rk in g  in chem istry, m ed ic ine , physics and e le ctrica l en g in e e rin g  and in  la ­

b o ra to r ie s ; lib ra rie s  o f un ivers ities, techn ica l un iversities and techn ica l co lleges; n o tio n a l and  in te rn a tio n a l research 

centres; research d iv is ió n  o f  in d u s tria l com pon ies; sc ien tific  and  techn ica l lib ra rie s , w orks lib ra rie s .
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