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ABSTRACT 

The calculational models, nuclear data ,  and radiation t ransport  

codes t h a t  a re  used i n  the analysis of integral  measurements o f  the 

t ransport  of %14 MeV neutrons through laminated s labs  of materials 

typical of those found i n  fusion reactor shields  are  described. The 

two-dimensional d i scre te  ordinates calculat ions t o  optimize the experi- 

mental configuration f a r  reducing the neutron and gamma ray background 

levels  and for  obtaining an equivalent,  reduced geometry of the calcu- 

la t ional  model t o  reduce computer core storage and r u n n i n g  times are  

a l so  presented. 

re la t ions  o f  neutrons produced in the reactions o f  250 keV deuterons 

i n  a t i t an ium-t r i t ide  ta rge t  are  g iven .  

the 171n-36y VITAMIN C cross section data l i b ra ry  t o  a 53n-21y broad 

group l i b ra ry  a re  described. Finally,  a description of the computer 

code network used t o  obtain neutron and gamma ray energy spectra fo r  

comparison w i t h  measured data i s  included. The network incorporates 

several two-dimensional d i scre te  ordinates codes t o  t r e a t  f i r s t  c o l l i -  

sions (GRTUNCL) ,  multiple co l l i s ions  (DOT), and l a s t  co l l i s ions  (FALSTF) 

o f  the neutrons and gamma rays i n  the t ransport  sequence from the neutron 

source t o  the detector.  

The equations and data t o  determine the energy-angle 

The procedures used t o  collapse 

V 
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I .  INTRODUCTION 

A ser ies  of integral  experiments are being carried o u t  a t  the Oak 

Ridge National Laboratory t o  obtain experimental data to verify the 

nuclear data and radiation transport  methods t h a t  are being used i n  

nuclear shield design calculations fo r  fusion reactors.  

ments are supported by an analyt ic  program t h a t  provides t h i s  ver i f ica-  

t ion by making extensive comparisons between the measured resu l t s  and 

those obtained from calculation. 

These experi- 

The experiments consist  o f  a sequence o f  careful ly  designed integral  

measurements t ha t  proceed from the transport  o f  %14 MeV DT neutrons 

th rough  laminated slabs o f  materials typical o f  those found in fusion 

reactor blankets and shields t o  the measurements o f  neutrons streaming 

t h r o u g h  penetrations in these assemblies. The analysis program supports 

the experiments with both pre- and postexperimental analyses. Preexperi- 

ment analysis provides the experimentalists with guidance in material 

select ion,  geometric configurations, systems dimensions, and  other related 

quant i t ies  t o  design the experiment. In addition, s ens i t i v i ty  analyses 

are used t o  es tabl ish the s imilar i ty  between what i s  to  be measured and 

the design performance t o  be verified.’  y 2  

become avai lable ,  postexperiment analyses are performed to  determine the 

capabi l i ty  and adequacy o f  the nuclear data and radiation transport  

When the experimental data 

3 methods for  reproducing the measured resu l t s .  

T h i s  paper describes the calculational models, nuclear da ta ,  and 

radiation transport  codes t h a t  were used i n  a two-dimensional analysis 

of the transport  of %14 MeV neutrons through laminated slabs of materials 

for  fusion reactor shields.  The purpose of the analysis was t o  calculate  
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neut ron  and gamma r a y  energy spec t ra  as a f u n c t i o n  o f  d e t e c t o r  l o c a t i o n  

behind s labs  o f  v a r y i n g  th ickness  and composi t ion.  The s labs  c o n s i s t e d  

of s t a i n l e s s  s t e e l  t y p e  304 (SS-304), bora ted  p o l y e t h y l e n e  ( B P ) ,  and 

Hevimet ( a  tungsten a l l o y ) .  

d imensional  c a l c u l a t i o n a l  model used t o  represent  t h e  exper iment,  and t h e  

r e s u l t s  o f  analyses t o  e s t a b l i s h  t h e  adequacy o f  exper imenta l  c a n f i g u r a -  

t i o n  f o r  c a r r y i n g  o u t  t h e  measurement a r e  summarized i n  Sec t ion  11. The 

d e r i v a t i o n  o f  t h e  angle-energy dependence o f  the D-T neutron source f o r  

i n c l u s i o n  i n  t h e  r a d i a t i o n  t r a n s p o r t  codes i s  g iven  i n  Sec t ion  111. The 

n u c l e a r  da ta  and methods t o  process them a r e  descr ibed i n  Sec t ion  I V  and 

t h e  two-dimensional r a d i a t i o n  t r a n s p o r t  code network t h a t  was developed 

f o r  a n a l y s i s  o f  t h e  a t t e n u a t i o n  exper iments i s  summarized i n  Sec t ion  V .  

The exper imenta l  c o n f i g u r a t i o n ,  t h e  two- 

11. DETAILS OF THE EXPERIMENTAL CONFIGURATION AND ANALYSIS 

The exper imenta l  f a c i l i t y  used i n  c a r r y i n g  o u t  t h e  i n t e g r a l  measure- 

ments o f  t h e  t r a n s p o r t  o f  ~ 1 4  MeV neutrons i n  s labs  o f  m a t e r i a l s  t y p i c a l  

o f  those found i n  f u s i o n  r e a c t o r  b lankets  and s h i e l d s  i s  shown i n  an 

a r t i s t ' s  r e n d i t i o n  i n  F ig .  1. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  exper imenta l  

components, neut ron  and gamma ray d e t e c t i o n  methods, and t h e  da ta  c o l l e c -  

t i o n ,  s torage,  and process ing i s  g iven  i n  Ref. 4,  si) o n l y  a b r i e f  des- 

c procedures and c a l c u l a -  c r i p t i o n  i s  g 

t i  onal  models 

The main 

ven here f a r  c l a r i f y i n g  t h e  a n a l y t  

t h a t  were adopted i n  t h e  a n a l y s i s .  

components o f  t h e  f a c i l i t y  i n c l u d e  an e l e c t r o s t a t i c  gene- 

r a t o r  f o r  a c c e l e r a t i n g  deuterons, a t r i t i u m  t a r g e t  source can assembly, 

a concrete s l a b  suppor t  s h i e l d ,  and t h e  r a d i a t i o n  d e t e c t o r  system. 

Deuterons a r e  acce le ra ted  t o  an energy o f  250 keV, m i g r a t e  through a 

d r i f t  tube, and i n t e r a c t  i n  t h e  t r i t i u m  t a r g e t  t o  produce ~ 1 4  MeV neutrons 
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via the 

f u s i o n  reaction. 

deposited on a 0.254-cm-thick copper d s k .  

enclosed in a cyl indrical ,  re-entrant 

concrete which serves as both a shield and a support s t ructure  fo r  the 

shield material s labs .  

The target consists o f  4 rng/cm2 o f  t i tanium-tr i t ide 

The t a rge t  assembly i s  

ron can t h a t  i s  surrounded by 

The i r o n  can t h a t  encloses the neutron source has the functions of 

ref lect ing the neutrons that are emitted i n  the backward directions 

toward the t e s t  materials and o f  softening the neutron spectrami. 

neutron spectrum a t  the m o u t h  o f  the can, shown i n  F i g .  2 ,  and, therefore,  

The 

incident on the t e s t  materials,  i s  similar t o  the f i r s t  wall neutron 

spectrum i n  a fusion reactor.  The source can was chosen to  be cylindr 

symmetric t o  allow the analysis of the experiment to be carried out i n  

cylindrical  geometry. 

provide some collimation o f  the source neutrons to minimize the spread 

The dimensions o f  the can were also chosen t o  

cal l y  

r-z 

” 9 

of these neutrons in the shields and reduce edge e f f ec t s  t ha t  the shields 

introduce i n  a cy1 indrical geometry analysis.  

Neutrons and gamma rays transmitted through the shield materials 

were detected i n  66.1 g o f  NE-213 liquid s c i n t i l l a t o r  contained in a 

cylindrical  aluminum can having a wall thickness of 4 . 3 2 ~ 1 0 - ~  cm a n d  

coated on the inside w i t h  titanium oxide paint. 

the detector i s  79 cm (4.658 cm dia .  x 4.658 cm high). The s c i n t i l l a t o r  

i s  mounted on an RCA 8850 photomultiplier tube. 

events i n  the detector were separated u s i n g  pulse-shape discriminator 

The active volume o f  
3 

Neutron and gamma ray 
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methods and stored i n  separate memory locations i n  an ND-812 pulse- 

height analyzer/computer. 

absolute neutron yield from the t a rge t  which was determined u s i n g  asso- 

ciated pa r t i c l e  counting methods. 

The measured spectra a re  normalized to  the 

For 250 keV incident deuterons, the neutroris from the D-T reaction 

a re  emitted isotropical ly  i n  the center-of-mass system. 

c les  produced i n  t h e  reaction a re  emitted a t  180" w i t h  respect t o  the 

neutron so tha t  i f  the alpha pa r t i c l e s  are counted w i t h i n  a well-defined 

sol id  angle, the number of: conjuga,te neutrons i s  known and the to ta l  

neutron source strength can be detertuined from the kinematics o f  the 

reaction. 

The alpha p a r t i -  

The NE-21 3 can effect ively detect  neutrons w i t h  energies above 

850 keV and gamma rays w i t h  energies above 750 keV. The dynamic range 

of the neutron pulse-height dis t r ibut ion and the nonlinearity of l i g h t  

output from the s c i n t i l l a t o r  l imits  the detection of neutrons t o  those 

w i t h  energies above 850 keV. Although a somewhat broader energy range 

i s  possible fo r  gamma rays, (because o f  the l i nea r  response t o  gamma rays) 

the energy threshold was fixed a t  750 kebl. 

height spectra were unfolded using lhe program FEIID 

spectra.  

Neutron and gamma ray pulse- 
5 t o  produce energy 

The energy resolution o f  t h e  detector i s  given by 

f o r  neutrons o f  energy E N  and as 

R Y = [170 f 288/Ey]lj2 ( 3 )  
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for  gamma rays of energy E 

maximum ( i n  percent) o f  the detector response t o  neutrons and gamma rays. 

RN and R are  the fu l l  w i d t h  a t  half- 
Y' Y 

A. Experimental Fac i l i ty  Shield Design Calculations 

The design o f  the experimental f a c i l i t y ,  and, in par t icu lar ,  the 

concrete test s lab support/shield was supported by two-dimensional analyses 

t o  estimate the background radiation levels as a function of the shield 

design and t o  minimize t h e i r  radiation levels by optimizing the experi- 

ment configuration. The experimental room was modelled for  the calcula- 

t ions using the geometry shown in Fig. 3 .  

were represented in r-z geometry with cylindrical  symmetry about the deu- 

teron beam axis a 

The experimental components 

To determine acceptable radiation levels for  the planned attenuation 

experiments, a maximum attenuation experiment was conceived for  the 

purpose of analysis.  In this experiment, the transmission o f  f a s t  

neutrons and gamma rays through 1 m of SS-304 would be measured. 

porating a l-rn-thick SS-304 shield attenuates the f a s t  neutron flux by 

e i g h t  orders of magnitude. A large portion of the epithermal portion of 

the neutron f lux ,  however, escapes from the shield and contributes t o  the 

Incor- 

room background. 

then be adequately designed t o  allow %lo% background levels for  b o t h  the 

f a s t  neutron (>850 keV) and gama ray (>750 keV) measurements. I f  these 

The concrete shield surrounding the l-m-thick SS-304 must 
< 

conditions are  assured fo r  t h i s  setup, then the foreground-to-background 

ra t ios  will be acceptable in the planned experiments wherein the t e s t  
4 shield thicknesses are  l e s s  than 1 m thick.  

The shield design calculations were carried o u t  using the two- 
6 dimensional radiation transport  code DOT incorporating a 45-neutron, 
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16-gamma-ray energy group transport  cross section l ib rary  w i t h  the scat-  

c 

ter ing cross sections represented i n  a P3 Legendre e ~ p a n s i o n . ~  An i n i t i a l  

se r ies  of calculations performed for  the concrete support/shield configura- 

t ion and thickness indicated by the crass-hatched area i n  F i g .  3. 

and 5 show the resu l t s  of the DOT calculations i n  the form of isoflux con- 

tours of the anticipated to ta l  and f a s t  neutron and gama ray fluxes in 

the experimental room. These data ,  as well as the remainder of the iso-  

flux contours given in t h i s  section, are  fo r  a 14-MeV D-T neutron source 

strength o f  1 n/s. 

Figures 4 

I t  i s  c lear  from these i n i t i a l  resu l t s  t h a t  a s ign i f icant  background 

problems ex i s t s  behind the s ta in less  s tee l  shield where the measurements 

would be made. 

neutrons streaming out the back o f  the iron source can and around the 

back and sides of the f a c i l i t y  shield.  Most of the gamma rays on the 

other hand a r i s e  from f a s t  neutron thermalization and capture in the 

concrete walls of the room and f a c i l i t y  sh ie ld ,  as well as from background 

thermal neutrons b e i n g  captured a t  the back face of the s ta in less  s tee l  

experimental shield.  

The neutron flux background i s  primarily due t o  source 

To counteract these e f f ec t s ,  several modifications were made t o  the 

f a c i l i t y  sh ie ld ,  

of  the shield t o  reduce the amount o f  radiation streaming around the shield.  

The resu l t s  of t r anspor t  calculations fo r  the to ta l  and f a s t  neutron 

fluxes in t h i s  configuration showed t h a t  streaming around the shield was 

reduced, b u t  no t  enough t o  reduce the background contribution a t  the 

detector position t o  acceptable levels.  

streaming was due t o  neutrons streaming d i rec t ly  out of the hold in the 

F i r s t ,  additional concrete was placed a t  the back end 

The major remaining portion of the 
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shield where the deuteron beam d r i f t  tube enters  the iron cavity. 

To eliminate th i s  problem, a l i thiated-parraf in  shielding plug was 

designed t o  f i t  t h e  beam entrance hole. 

t u  allow access t o  the iron can for- periodic replacement of the t r i t ium 

ta rge t .  Figures 6 and 7 show the s ignif icant  reductions i n  the to ta l  

and f a s t  neutron streaining achieved w i t h  these design modifications. 

f lux contours now indicate an order o f  magnitude l e s s  background a t  the 

detector position and i t  appears t h a t  the desired f a s t  neutron background 

level i s  now below 10%. The additional concrete and the l i thiated-parraf in  

plug are a l s o  shown i n  F i g .  3. 

Inspection of F i g s .  8 and 9 which show the thermal neutron and f a s t  

This shield i s  l i g h t  and movable 

The 

gamma ray components of the radiation f i e l d  indicated, however, t ha t  

fur ther  problems would a r i s e  from the h i g h  thermal neutron background, 

This component i t s e l f  would n o t  be a problem i f  only f a s t  neutron measure- 

ments were t o  be made, b u t  since gamina ray fluxes are a lso of i n t e r e s t ,  

the thermal neutrons might produce si gni f i  cant background gamma ray f l  ux 

levels through capture i n  the f a c i l i t y  shield,  rooiii walls,  and a t  the face 

o f  the l a s t  experimental shield s lab.  

mask the source of gamma rays from capture and i n e l a s t i c  scatt,ering in the 

experimental shield which needs t o  be measured. In the hypotheitcal 

maximum attenuation experiment the thermal background i s  clear ly  not a 

problerii ( i  . e .  , T h e  gamma-ray curves 

(Fig. 9 )  bear t h i s  ou t ,  w i t h  the source o f  the gamma rays b e i n g  epithermal 

neutrons i n  the experiinental shield ( i  . e . ,  compare F i g s .  4 and 9 ) .  

These background gamma rays could 

n/cm**s for  the to%al f l u x ) .  

The contours i n  F i g .  8 ,  however, do  indicate a potential problem i n  

t h a t  the n/crn’-s thermal flux a t  the end o f  the shield i s  due t o  
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room return. I t  i s  c lear  from the contours of thermal neutron f 

a way t o  a l l ev ia t e  t h i s  potential background problem would be t o  

in situ measurements of the f a s t  neutron and gama ray fluxes a t  

t ion inside the shield.  Several centimeters inside the shield,  

ux t h a t  

make 

a posi- 

he back- 

ground gamma ray fluxes ar is ing from outside the experimental shield would 

be attenuated suf f ic ien t ly  t o  insure the dominance of the gamma ray com- 

ponent penetrating through the shield from the source. 

greater  freedom o f  movement and  ease of measurement a thermal neutron 

shield was added behind the experimental shield.  

To maintain 

Calculational resu l t s  fo r  two thicknesses of the proposed thermal 

shield (7 .5  cm and 15 cm) led t o  the design o f  a m i n i m u m  10 cm s ta in less  

s tee  configuration which would provide more t h a n  an order of magnitude 

attenuation of any thermal neutron source in the walls d i rec t ly  behind 

the shield.  Results of thermal neutron f l u x  calculations for  the hypo- 

the t ica l  experiment indicate t h a t  no s igni f icant  reductions are achieved 

in the thermal neutron background levels ar is ing from sidewall contr i -  

butions ( the  major source of thermals i n  th i s  case) b u t  then again these 

levels  were well below w h a t  would const i tute  a problem to  begin with. In 

any event, the thermal shield ac ts  in two ways: 1 )  i t  fur ther  attenuates 

f a s t  neutrons transmitted t h r o u g h  the experimental shield before they 

each the concrete walls of the room di rec t ly  behind the shield and 

thermalize, and 2 )  i t  s ign i f icant ly  attenuates thermal neutrons produced 

i n  the wall behind the sh ie ld ,  effect ively preventing them from reaching 

the face of the experimental configuration where they would create gamma 

rays when captured. This modification insures t h a t  both neutrons and 

gamma rays produced in the shield can be measured w i t h o u t  s ign i f icant  
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background sources. 

The r e su l t s  of the transport  analysis obtained using the revised 

geometry a re  shown i n  the isoflux contour plots  i n  F i g s .  10-13. 

show tha t  the background radiation levels will be ~ 1 0 %  in the proposed 

attenuation experiments. 

These data 

B. Optimization -l.-.._.-_.._.__.l o f  the Calculational Model 

In order t o  minimize the computing time i n  the analysis of the 

radiation transport  i n  the various experimental shield configurations, the 

to t a l  room geometry shown i n  Fig. 3 was reduced to  the smaller, b u t  equi- 

valent,  geometry. The geometry shown in F i g .  3 including the 10-cm-thick 

thermal shield ( see ,  f o r  example, Fig.10) requires 76 radial and 92 axial 

mesh intervals  t o  describe the various components. I f  the geometry can 

be reduced and s t i l l  reproduce the f l u x  contours i n  the vicini ty  of the 

detector location, considerable savings i n  computation time and core 

storage can be real i zed 

The calculational geometry was reduced by replacing the room walls 

by albedo surfaces having a reflection factor  of 0.20 f o r  a l l  energy 

groups and relocating these surfaces along the radial boundary o f  the 

concrete support/shield. Also, the rear wall of the room was relocated 

i n  the model by placing i t  immediately behind the thermal neutron shield.  

Results o f  transport  calculations obtained u s i n g  t h i s  geometry (which i s  

now described u s i n g  42 radial and 82 axial mesh intervals)  are shown i n  

the form o f  isoflux con-tours in F i g s .  14 and 1 5 .  

The isoflux contours of  the neutron flux above 600 keV and the gamma 

ray flux above 550 keV shown i n  Figs. 14 and 15,  respectively,  agree very 

favorably w i t h  the  corresponding data shown i n  Figs. 11 and 13,  
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respectively,  obtained fo r  the fu l l  roan geometry. These comparisons 

clear ly  show t h a t  the remainder of the room can be neglected and more 

calculational detai l  can be placed on the more important pa r t s  of the 

geometry w i t h  a reduction i n  the transport  calculation storage require- 

ments and r u n n i n g  time. 

111. ENERGY ANGLE RELATIONS FOR D-T NEUTRONS 
2 The reactions of 250 keV deuterons i n  the 4 mg/cm thick titanium 

t r i t i d e  target  produce neutrons which range i n  energy from 13.2 t o  15.1 

MeV depending on the energy a t  which the deuteron reacts in the target 

and the angle of emission of the neutron from the target .  

angle-energy correlation also depends on the angular d i f fe ren t ia l  cross 

section fo r  the D-T reaction and the kinematics of the reaction. The 

angle-energy dependence of the neutron dis t r ibut ion must be taken in to  

account in the radiation transport  calculations t o  assure tha t  the measured 

The neutron 

and calculated data are  compared t o  the same neutron d is t r ibu t ion .  

T h e  probabili ty,  P, t ha t  a deuteron o f  energy Ed will undergo a 

D-T reaction while traveling a distance,  dx,  i n  target  containing N t  

t r i t ium atoms i s  

0 

where a(Ed) i s  the to ta l  cross section f o r  the 0-7 reaction. 

teron slows down continuously in the ta rge t  and a(Ed) i s  a strong function 

of the deuteron energy, so E q .  ( 4 )  can be se-written 

The deu- 

0 
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where (dE/dx)  i s  the r a t e  of  deuteron energy loss i n  the t a rge t .  

deuterons incident on a 4 mg/cm2 thick t a rge t ,  the r a t e  of energy loss 

i s  g i v e n  by 

For 

(dE/dx)TiT = 0.9014 (dE/dx)Ti  f 0 . 0 9 8 6 ( d E / d ~ ) ~  ( 6 )  

where (dE/dX)Ti and (dE/dx)T a re  the stopping powers f o r  deuterons i n  

titanium a n d  t r i t i um,  respectively.8 These stopping powers a re  plotted 

as a function of deuteron energy i n  F i g .  16. 

the angular d i f f e ren t i a l  cross section, o(Ed,Q) , f o r  the D-T reaction 

i s  plotted i n  F i g .  1 7 .  These data correspond to  

The energy dependence o f  

Therefore, Eq. ( 5 )  can now be written 

which i s  the probabili ty tha t  a neutron of energy E n  i s  emitted in to  

sol id  angle R from the reaction o f  a deuteron of energy Ed i n  titanium- 

t r i t i d e .  

When Eq. (8) i s  used i n  conjunction w i t h  the kinematic equations 

f o r  a two-body reaction, the angle-energy dependence of the D-T neutrons 

i s  obtained. 

t ions and t o  process the data i n  a form sui table  fo r  i n p u t  t o  the 

transport  codes. 

A computer program was written t o  perform these calcula- 

The probabili ty dis t r ibut ion function f o r  the emission o f  neutrons 

of energy En from the interaction o f  250 keV deuterons i n  the target is  
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shown f o r  two energy group structures i n  Table I .  The  probabi l i t ies  are 
given i n  the energy group s t ruc tu re  of the BUGLE data s e t  7 and an energy 

group s t ruc tu re  having a f i n e r  mesh structure i n  the energy interval i n  

w h i c h  neutrons a re  emitted. These data indicate t h a t  the energy group 

Table I .  Probability f o r  the Emission of Neutrons 
of Energy En Versus Neutron Energy Interval 

Bugle Energy Modified Energ$ 
Group Structure Group Structure 

Energy Interval 
(MeV) 

17.333-14.918 0.0130 17 333-1 5.683 0.0 

14.91 8-14.191 0.4227 15.683-14.918 0.0130 

14.191 -1 3.499 0.5001 14.918-1 4.550 0.1599 

13.499-12.840 0.0642 14.550-14.191 0.2678 

14.1 91 -1 3.840 0.2913 

Total 

13.840-1 3.499 0.2088 

13.499-1 2.840 0.0642 

1 .oooo 1 .oooo 

_..-__.____.____._______lll__l_ 
* 

Details o f  the procedure used t o  obtain th i s  energy group s t ructure  and 
the concomitant transport  cross section l i b ra ry  a re  given i n  Sec. IV. 

s t ructure  used i n  the BUGLE l i b ra ry  is  too coarse t o  represent the energy 

dis t r ibut ion o f  the D-T neutrons. 

t h a t  neutrons can be emitted w i t h  energies as  h i g h  as  17.33 MeV which is  

beyond the energy t h a t  i s  kinetrnatically possible. Also, neutrons can be 

For example, t h i s  group s t ructure  shows 



30 

emitted w i t h  nearly equal probability i n  the energy interval between 

13.499 and 14.918 MeV. To obtain a more accurate description of the 

neutron source term, the group structure was revised as shown i n  the r i g h t -  

hand side of the tab le .  

neutron energy i s  15,683 MeV which more nearly duplicates the maximum 

allowed neutron energy of 15.1 MeV. 

13.499 and 14.918 MeV yields a more accurate description of the neutron 

dis t r ibut ion.  

are subsets of the VITAMIN C energy group structure' from which the radia- 

t i o n  transport cross sections were derived. Detailed discussions o f  the 

procedures used t o  generate the cross section l i b r a r i e s  i n  the appropriate 

energy group s t ructure  a re  g i v e n  i n  Section IV. 

In the revised group s t ruc tu re ,  the maximum 

The f i n e r  group s t ructure  between 

Both the BUGLE and the revised energy group s t ructures  

The angle-energy dis t r ibut ion was obtained fo r  neutrons emitted in to  

the polar angular intervals  of 0-40, 40-90, and 90-180 degrees. Uniform 

neutron emission in to  azimuthal angles was assumed. T h e  angular interval 

of 0-40 degrees was chosen since this  interval corresponds t o  t ha t  defined 

by neutrons emitted out o f  the mouth o f  the source can. (See F i g .  3 )  The 

angular intervals  o f  40-90 and 90-180 degrees account f o r  nei!tron emission 

through the "side" of the concrete support/shield and neutron emission 

in to  the "backward" direct ions,  respectively. The probability f o r  neutron 

emission in to  the specified angular intervals  as a function of energy 
2 from the reactions of 250 keV deuterons in a 4 tng/cm thick titaniurn- 

t r i t i d e  t a rge t  are summarized i n  Table 11. 
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Table 11. Angle-Energy De endence o f  Neutron Emitted 
from the T(0;n) i He Reaction 

............... . .. ................. _____p . ,_(.____I _______._._I.-. 

Ed = 250 keV 

Energy Interval Angular In t e rva l  
4O0-9Oo 90°-1800 Oo-4O0 

-I 

(MeV) 

15.68-14.92 0.0130 
14.92-14.55 0,0920 0.0697 
14.55-14.19 0.0168 0.2460 

0.0750 14.19-1 3.80 
13.80-1 3.50 
13.50-12.84 

0.2163 
0 1 2088 
0.0642 

_.I_. ............ ... .... - ___ ..- . .- ................ - .- 

Z V .  NUCLEAR DATA 

T h e  analysis 

radiation levels 

carried out u s i n g  

i s  adequate fo r  a 

discussed i n  Sect 

PROCESSING 

of the experimental configuration and the background 

n the experimental room discussed i n  Section I 1  were 

the BUGLE cross section l i b r a r ~ . ~  Mhile this data s e t  

variety of radiation transport  problems, including those 

on 11, the requirement f o r  describing the source neutron 

energy d i s t r i b u t i o n  w i t h  a f i n e r  energy group s t ructure  necessitated the 

construction of a more appropriate radiation transport  cross section 

1 i brary. 

A new cross section l i b ra ry  having 53 neutron and 21 gamma ray energy 

groups was created. 

the VITAMIN C data se t ,  a re  g i v e n  in Table 111. The energy group s t ructure  

d i f f e r s  from t h a t  of BUGLE by the addition o f  seven neutron groups between 

10- and 15-68 MeV and by the addition of one group between 0.742 and 

0.862 MeV. 

i n  the DLC-37 (100n-21y) cross section l ibrary” b u t  w i t h  the lower energy 

boundary o f  the 19th energy group a t  0.60 MeV rather  than 0.40 MeV. 

The energy boundaries, which a re  subsets of those i n  

T h e  gamma say energy group s t ructure  is  s imilar  t o  t h a t  used 

The 53-neutron-21-gamma-ray l i b ra ry  was collapsed from the 171-neutron- 

36-gamma-ray VITAMIN C: l ib rary .  

the working l i b ra ry  data. 

shielded assuming a homogeneous mixture of concrete. 

The AMPX system” was used t o  generate 

The nuclides comprising the l i b ra ry  were s e l f -  

The self-shielded 
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Table 111. 53-Neutror1, 21-Gamma-Ray Energy Radiation 
Transport Cross Sect ion Group Structure  

....... __ ........ ........... _ _ _ -  __ ................... ___ ...... 

Neut ron  Neut ron  G a m a  Ray Upper 

(eV) ( e v )  (MeV) 
Group Upper Energy Group Upper Energy Group Energy 

1 

2 
3 
4 
5 
6 

7 
8 
9 

10 

11 
12 
13 
14 
15 
16 

17 
18 

19 

20 
21 

22  
2 3  
24 
25 

26 
2 7  

0.17333E + 08 

0.15683E + 08 
0.14918E + 08 
0.14550E + 08 
0.14191E 9- 08 
0.13840E + 08 
0.13499E + 08 
0.1284OE + 08 
0.12214E + 08 
0.11052E f 08 

0.10000E + 08 
0.90484E + 07 
0.81873E + 07 
0.74082E + 07 
0.60653E + 07 
0.49659E + 07 
0.40657E + 07 
0.36788E + 07 
0.27253E + 07 
0 . 2 3 6 5 3 ~  + e7 
0.23069E f 07 
0.22313E + 07 
0 . 1 6 5 3 0 ~  + 07  
0.13534E + 07 
0.86294E + 06 
0.82085E + 06 
0 . 7 4 2 7 4 E  + 06 

28 

29 
30 
31 

32 
33 
34 

35 
36 
37 
38 

39 
40 
41 

42 
43 
44 

45 

46 
47 

48 
49 
50 
5 1  
52 
53 

0.60810E + 06 54 1 
0.49787E f 06 55 2 
0.36883E 4 06 56 3 
0.29850E + 06 57 4 
0.29720E + 06 58 5 
0.18316E + 06 59 6 
0.11109E + 06 60 7 
0.67379E 4 05 61 8 
0.40868E + 05 62  9 
0.24788E + 05 63 10 
0.23579E + 05 64 11 
0.15034E + 05 65 12 
0.91188E f 04 66 13 
0.55308E f 04 67 14 
0.33546E d- 04 68 15 

0.20347E + 04 69 16 
0.12341E + 04 70 17 
0 . 7 4 8 5 2 ~  + 03 71 \ B  
0.45400E f 03 72  19 

0.27536E + 03 7 3  20 
0.16702E + 03 74 21 
0.10130E + 03 
0.61442E + 02 
0.37267E + 02 
0.10677E + 02 
0.41339E + 00 
0.10000E - 04 

14.0 

12.0 
1 0 . 0  
8.0 

7.5 
7 .O 

6 . 5  
6.0 
5.5 
5.0 
4 .5  

4.0 
3.5 
3.0 
2.5 
2 .o 
1.50 

1 .O 

0.60 

0.20 
0 . 1 0  
0.010 

- _____ ................. ......... ................. -. - .______ - - . - - - - .~ ....... ............. 
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neutron interaction AMPX interface generated using the BONAMI module 

was processed i n  the CHOX module along w i t h  photon production and in te r -  

action interfaces  t o  form a combined neutron gamma ray interface.  These 

data were processed by NITAWL t o  convert the data t o  a coupled, Pq l ib rary  

(17ln-36y) which i s  sui table  fo r  input t o  the ANISN code" which collapses 

the cross sections t o  the 51-neutron-21-gara-ray energy group s t ructure .  

The two- The cross sections were collapsed i n  the following manner, 

dimensional model used t o  describe the experimental configuration was 

divided into three regions defined by the polar angular intervals  of 

0°-400, 40"-go", a n d  9Oo-18O0 as shown in Fig. 18. 

were measured re la t ive  t o  the axis of cylindrical  symmetry with the D-T 

neutron source as the vertex. Azimuthal symmetry was assumed. Each 

angular region defined in the two-dimensional geometry was then modeled 

The angular intervals  

i n  spherical geometry preserving, insofar as possible,  the order and 

dimensions o f  the materials in the angular in te rva l .  Three separate 

ANISN calculations were then performed to collapse the f ine  group 

(171n-36y) cross sections fo r  the materials defined in each sphere. 

procedure i s  shown in the block diagram i n  Fig. 19. 

The 

The 171-neutron-36-gamma-ray energy group master cross section data 
13 from the AMPX system served as input t o  the processing code AXMIX. 

This code mixes the nuclides according t o  the compositions of the materials 

i n  the experiment. 

The compositions are given i n  Table IV. ANISN calculations were 

carried out for  each sphere using the neutron energy dis t r ibut ion fo r  

the angular interval represented by the sphere (see Table 11) as the 

neutron source term. Three collapsed (53n-21y) group independent 
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F i g .  1 8 .  Two-dimensional model o f  the experimental geometry with 
corresponding one-dimensional tiiodels f o r  c o l l a p s i n g  the cross section d a t a .  
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F i g .  1 9 .  Block diagram o f  the cross section co l l aps ing  procedure. 
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Table I V .  Composition of Materials Used i n  t h e  Calculation 
......... ......... .......... ......... .. .... .. .. .- ............ ____ ___ _- 

- C- -.______ o s i t i on 
(atom/cm-Barn) 

H 
B-10 
6-1 1 
c 
N 
0 
Na 

Mg 
AI 
S i  
K 
Ca 
Cr 
Mn 
Fe 
N i  
c u  
Gd-182 
W- 183 
W- 184 
W-186 

BP* Hevi me t Elemen-t Concrete A i  r I r o n  Can SS-304 
...... ~..- 

7.86~1 0-3 7.13~1 0-2 

2.39~1 O m 3  

1 .58xl O-' 

6.90~1 0-4 

4.87~1 
1 .97xl 0-3 
3.41~10~~ 

3.64~1 0-3 

1 .77x1 O-' 

8.48~10~~ 6.02~1 Os' 
7.83~1 0-3 

I. uX1 o - ~  

1 .05x1 o-2 

I .  21 x 1 ~ - 3  

6.45~10~~ 
1 .32x1 Om3 

1 .54x10m2 
1.43~1 0-2 

...... . ....... ........ .... ........ .-.___ ..... .___ ...... -- 
.-__--.I___ 

--~___...~ - -___ - --. .- 

* 
BP = Borated Polyethylene 
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macroscopic cross section 

cessed by AXMIX t o  form a 

data se t s  were obtained and these were pro- 

combined macroscopic cross section tape fo r  the 

analysis o f  the experiment. 

Collapsing the data i n  t h i s  manner assures tha t  the cross sections 

i n  each angular interval i n  the two-dimensional geometry of the experi- 

ment used i n  the analysis contain cross sections t h a t  have been weighted 

according t o  the source neutron energy dis t r ibut ion.  

V .  RADIATION TRANSPORT CALCULATIONS 

The sequence o f  radiation transport calculations used t o  obtain the 

neutron and gama ray energy spectra i s  shown i n  F i g .  20. 

i s  i n i t i a t ed  by performing three separate calculations u s i n g  the GRTUNCL 

code14 t o  obtain the uncollided neutron and f i r s t  co l l i s ion  source d i s t r i -  

butions a t  a l l  spat ia l  mesh intervals  i n  the calculational geometry. The 

purpose for  performing these calculations separately i s  t o  account for  the 

angle-energy dependence of  the D-T neutron source. 

t r ibut ions t o  the uncallided neutron f l u x  and f i r s t  col l is ion sources were 

due t o  neutrons emitted into the angular in te rva ls  specified i n  Table 11, 

black absorbers were .interposed i n  the calculational geometry t o  confine 

the source neutrons t o  those angles. 

isotropic  neutron emission from a point source. 

anisotropy o f  the D-T neutrons the neutron angle-energy probabi l i t i es ,  

P ( A E , A O ) ,  from Table  11 were weighted u s i n g  a sol id  angle factor  given by 

The sequence 

To insure t h a t  the con- 

Also, the GRTUNCL code assumes 

To account for  the 

Z P ( A E , A @ )  
TO, 

P ~ ( A E , A O )  = - (9) 
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F i g .  20. Block diagram o f  t he  two-dimensional r a d i a t i o n  transport 
code network. 
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where PN(AE,AO) i s  the sol id  angle weighted probability fo r  neutrons i n  

the energy interval AE emitted i n t o  the angular interval A0 and 0 i s  

measured re la t ive  t o  the deuteron-target axis.  

The f i r s t  col l is ion source data from each GRTUNCL calculation i s  

combined t o  form a single source which i s  the input data t o  the two- 

dimensional discrete  ordinates code This code calculates the col- 

lided flux d is t r ibu t ions  using the f i r s t  col l is ion data as a spa t i a l ly  

dis t r ibuted source. 

angular quadrature. 

and i s  employed t o  carry o u t  a l a s t - f l i gh t  t r a n s p o r t  calculation using 

the FALSTF code14 t o  obtain the neutron and gamma ray energy dependent 

f lux a t  each detector location. 

the uncollided f lux data from GRTUNCL t o  yield the to ta l  f lux a t  each 

detector location. 

and gamma ray energy spectra by smoothing the flux per unit energy i n  

each multigroup energy interval with an energy-dependent Gaussian response 

function having a width determined by E q .  ( 2 )  f o r  neutrons, and Eq.  ( 3 )  

These calculations were completed using an S , *  

A f inal  scat ter ing source tape i s  generated in DOT 

The o u t p u t  from FALSTF i s  combined with 

These to ta l  fluxes are processed t o  o b t a i n  the neutron 

for  gamma rays. Performing the calculations in the sequence shown in 

Fig. 20 assures t h a t  ray e f fec ts  from the D-T neutron source, a s  well a s  

those from intense l a s t  col l is ion sources from neutron reactions with 

experimental components are e l  iminated. 

The necessity for  incorporating such an extensive code network i n  

the analysis of the attenuation experiments i s  best i l l u s t r a t ed  in F i g .  21. 

I n  t h i s  f igure,  measured and calculated neutron energy spectra are compared 

fo r  the case of ~ 7 4  MeV neutron transport  t h r o u g h  a laminated shield com- 

posed of 30.48 cm of SS-304, 5.08 cm of borated polyethylene, and  5.08 cm 
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F i g .  21. Coniparison o f  measured and calculated neutron spectra  u s i n g  
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of SS-304. 

detector locations on ( z  = 0.0)  and off{z = 46.5) the axis  of cylindrical  

symmetry. For each detector location, there are two sol id  l ines  which 

indicate the uncertainty i n  the energy spectra result ing from unfolding 

the pulse height d a t a .  

measured resu l t s :  

The sol id  curves show the measured energy spectra a t  two 

Two se ts  o f  calculations are  compared with the 

those obtained u s i n g  the computer code network in 

Fig. 20 and those obtained using only the DOT code. 

using only the DOT code overestimate the neutron spectra a t  a l l  energies 

above 2 MeV fo r  the detector both on and off the axis .  On the other hand, 

The resu l t s  obtained 

the neutron spectra obtained using the network are in excellent agreement 

w i t h  the measured data. 

I t  should be noted tha t  the various codes comprising the network in 

Fig. 28 have in no way been modified o r  a l tered i n  any manner. The codes 

are "as  delivered" from the Radiation Shielding Information Center. The  

codes have, however, been sequenced t o  take in to  account and t r e a t  many 

e f f ec t s  which improve the agreement among the measured and calculated 

resu l t s .  GRTUNCL calculates the uncollided flux and f i r s t  col l is ion 

source dis t r ibut ion throughout the geometry mesh with the result ing e l i -  

mination of ray e f fec ts  t h a t  would occur with the p o i n t  source - p o i n t  

detector t reated in the model. The DOT code uses the GRTUNCL data as a 

source term and calculates the collided flux dis t r ibut ions.  FALSTF t r e a t s  

the l a s t  f l i g h t  of radiation from the geometry mesh t o  the detector. 

The point t o  note i s  tha t  the accurate analysis of radiation trans- 

p o r t  in fusion reactor blanket-shield assemblies and the determination of 

the e f f ec t s  of radiation on v i ta l  components o f  the reactor may require a 

more extensive analysis than m i g h t  i n i t i a l l y  be considered, and tha t  

optimum use must be made of available computational tools .  
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