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ABSTRACT 

The c a l c u l a t i o n s  o f  spent - fue l  photon and neutron s p e c t r a  have been 
s i g n i f i c a n t l y  improved over  t h e  past s e v e r a l  years .  Methods f o r  
performing these  computations a t  ORNL have been implemented i n  t h e  
ORIGEN2 and ORIGEN-S codes and t h e  SAS2 c o n t r o l  module of  t h e  SCALE 
system. The codes use photon data f o r  delayed gamma rays ,  x-rays,  
spontaneous f i s s i o n  gamma rays ,  ( a lpha ,n )  r e a c t i o n  gamma rays ,  
bremsstrahlung and decay cons t an t s ,  t aken  mainly from t h e  Evaluated 
Nuclear Data S t r u c t u r e  F i l e .  The data f o r  neutron source s t r e n g t h s  and 
s p e c t r a l  d i s t r i b u t i o n s  of spontaneous f i s s i o n  and ( a lpha ,  n) reactions 
were compiled from s e v e r a l  d i f f e r e n t  r e sea rch  p ro jec t s .  

Brief d i scuss ions  of t h e  codes, t h e  spectral  data and t h e  range o f  
a p p l i c a b i l i t y  are presented.  Also, s e v e r a l  examples of  spent - fue l  
photon and neutron s p e c t r a  are included. 

ix 
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1. INTRODUCTION 

Proper r a d i a t i o n  p r o t e c t i o n  is  a primary o b j e c t i v e  i n  the  
t r a n s p o r t a t i o n ,  processing o r  s to rage  of  i r r a d i a t e d  r e a c t o r  f u e l .  The 
des igning  of  adequate s h i e l d i n g  t o  provide t h i s  p r o t e c t i o n  r e q u i r e s  
appropr i a t e  knowledge of  t h e  r a d i a t i o n  source  i n  spen t  f u e l .  S ince  t h e  
gamma r a y  and neutron i n t e r a c t i o n  p r o b a b i l i t i e s  a s soc ia t ed  wi th  
s h i e l d i n g  materials depend s u b s t a n t i a l l y  upon t h e  e n e r g i e s  of t h e  
photons and neutrons,  i t  is  important  t o  describe these sources  i n  terms 
of energy d i s t r i b u t i o n s ,  i.e. t h e i r  source  spectra. The computations 
of spen t  f u e l  photon and neutron source spectra have been apprec iab ly  
improved a t  ORNL over  t h e  las t  s e v e r a l  years. 

The methods reviewed here inc lude  t h e  c a l c u l a t i o n  of spent-fuel  
i s o t o p i c  compositions and t h e  subsequent de te rmina t ion  of t h e  a s soc ia t ed  
photon and neutron source  spec t r a .  Examples of  va r ious  source s p e c t r a ,  
computed by these  methods, a l s o ,  are presented.  

2. NUCLIDE DEPLETION AND DECAY CODES 

The nuc l ide  composition o f  spen t  f u e l  may be computed by e i t h e r  
ORIGEN2 o r  ORIGEN-S (two ve r s ions  o f  t h e  O R I G E N  code 3> o r  t h e  SAS2 
c o n t r o l  module of  the SCALE system,4 which uses  ORIGEN-S. These codes 
b a s i c a l l y  use t h e  same matrix-exponential-expansion model, but  apply 
d i f f e r e n t  approaches i n  t h e  product ion of  c ross -sec t ion  cons t an t s  f o r  
t h e i r  l ib rar ies .  

2.1. DEPLETION AND DECAY MODEL 

The main model used by these codes is  b r i e f l y  descr ibed  below. The 
ra te  of  change of  any nuc l ide ,  N ,  a t  time, t ,  is: 

d N ( t ) / d t  = Formation Rate - Removal Rate. (1) 

Formation rates are der ived  from ei ther  decay rates o f  pa ren t s  t o  N o r  
neutron r e a c t i o n  rates of  target i so topes  producing N from the  exposure 
t o  r e a c t o r  f lux.  Removal ra tes  are ei ther  decay o r  neutron r e a c t i o n  
rates of  nuc l ide  N. Then, the  d e r i v a t i v e  d N i ( t ) / d t  of  Equation ( 1 1 ,  f o r  
any Ni, simply equa l s  the  sum of  terms, a i j  N j ( t ) ,  where a i j  is  the  
t r a n s i t i o n  ra te  cons t an t  f o r  producing N i  from N j .  Also, i f  i = 1 t o  I, 
t h e  set of  d i f f e r e n t i a l  equat ions  f o r  I nuc l ides  i n  the  r e a c t o r  
f u e l  may be cast i n  mat r ix  n o t a t i o n  as, 

(2)  
2 %  

d $ ( t ) / d t  = A N ( t ) .  
'L %! 

where N is  the  vec to r  o r  elements Ni, i n  u n i t s  of  atoms, and A is  t h e  
matrix of  elements ai j .  The s o l u t i o n  t o  Equation ( 2 )  i s  
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which is computed by t h e  codes through a unique r e c u r s - m  relat  
f o r  c a l c u l a t i n g  success ive  terms of t h e  series expansion f o r  exp( 

2.2. DECAY AND CROSS-SECTION LIBRARIES 

There are approximately 1300 d i f f e r e n t  nuc l ides  i n  t h e  ORIGEN2 and 
ORIGEN-S l i b r a r i e s .  The decay d a t a  i n  t h e s e  l i b r a r i e s  have been 
s i g n i f i c a n t l y  improved from t h e  d a t a  of t h e  o r i g i n a l  O R I G E N  code. The 
sources of t h e  decay d a t a  have been documented f o r  both ORIGEN25 and 
ORIGEN-S.6 While t h e  d a t a  f o r  some of t h e  nuc l ides  o f  less importance 
may d i f f e r ,  t h e  two l ibrar ies  con ta in  i d e n t i c a l  decay data f o r  the  
nuc l ides  producing e s s e n t i a l l y  a l l  o f  t h e  spent-fuel  source  i n t e n s i t y .  

There i s  a cons iderable  d i f f e r e n c e  i n  t h e  methods used by t h e  codes 
i n  t h e  product ion of t h e i r  c ross -sec t ion  l i b a r i e s .  ORIGEN2 uses  
l i b r a r i e s  of  burnup-dependent c ross -sec t ion  cons t an t s  der ived  from 
separate reactor ana lyses  f o r  specific types  of  r e a c t o r s  and f u e l  
compositions. 7 9 8 3 9  9 l o  ORIGEN-S uses  burnup- and reactor-dependent 
l ib rar ies  produced by SAS2 o r  t h e  code may be used d i r e c t l y  wi th  b a s i c  
l i b r a r i e s .  3 Y Y l 2  The primary func t ion  of  SAS2 is t o  compute photon 
and neutron dose rates from sh ipping  casks conta in ing  spent - fue l  
assemblies .  The spent - fue l  composition of  t h e s e  assemblies ,  s p e c i f i e d  
by t h e  u n i t - c e l l  d e s c r i p t i o n  and ope ra t ing  h i s t o r y  input  to  t h e  case, 
is  computed i n  a d e p l e t i o n  a n a l y s i s  performed by f u n c t i o n a l  modules 
o f  SCALE. 

3. PHOTON SOURCE SPECTRA 

One of  t h e  f u n c t i o n s  of ORIGEN2, ORIGEN-S and SAS2 is  t h e  
de te rmina t ion  of photon source  s p e c t r a  from spen t  f u e l .  These sources  
may be computed a t  va r ious  cool ing  times f o r  f u e l  from d i f f e r e n t  types  
of r e a c t o r s ,  i n  a d d i t i o n  t o  d i f f e r e n t  f u e l  loadings  and power h i s t o r i e s .  
The d a t a  used by these  codes,  i n  conver t ing  t h e  nuc l ide  i n v e n t o r i e s  of 
t h e  spen t  f u e l  t o  a photon spectrum, is  taken  from t h e  ORNL Master 
Photon Data Base. Photon s p e c t r a  produced by ORIGEN2 have an energy- 
group-s t ruc ture  t h a t  is  f r equen t ly  used i n  s h i e l d i n g  ana lyses .  The 
energy-group-structure used  by ORIGEN-S may be i n p u t  by t h e  use r ,  
whereas, SAS2 a p p l i e s  t h a t  of t h e  photon cross -sec t ion  l i b r a r y  reques ted  
f o r  the  s h i e l d i n g  ana lys i s .  

3.1. THE MASTER PHOTON DATA BASE 

The Master Photon Data Base con ta ins  d a t a  from f i v e  d i f f e r e n t  types  
of photon-production processes:  
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. gamma r a y s  and x-rays from delayed r a d i o a c t i v e  decay, 

. gamma rays  from (a lpha ,n )  r e a c t i o n s ,  

. prompt f i s s i o n  gamma r a y s  from spontaneous f i s s i o n ,  

. delayed gamma r a y s  from spontaneous f i s s i o n ,  

. bremsstrahlung from p o s i t r o n  and e l e c t r o n  dece le ra t ion .  

3.1.1. Gamma Rays and X-rays from Delayed Decay 

The predominant p a r t  of  t h e  photon source  spectrum from spen t  f u e l  
is from the  gamma r a y s  produced by t h e  decay o f  f i s s i o n  and a c t i v a t i o n  
products .  The energy-dependent pho ton- in t ens i t i e s  f o r  both t h e  gamma- 
r a y s  and x-rays, i nc lud ing  t h a t  produced by i n t e r n a l  conversion 
taken  from t h e  Evaluated Nuclear S t r u c t u r e  Data F i l e  (ENSDF), 
which con ta ins  photon data on more than 400 nucl ides .  

'1 yf4e 

Photon i n t e n s i t i e s ,  I, i n  t h e  data base and the i r  a s soc ia t ed  
energy, EI ,  are converted t o  energy group i n t e n s i t i e s ,  G ,  by conserving 
energy. The fol lowing equat ion  is  app l i ed  f o r  t h i s  adjustment:  

G = I ( E I / E G ) ,  ( 4 )  

where E G  is  t h e  arithmetic average of the  energy group boundaries.  

3.1.2. Gamma Rays from (Alpha, n> Reactions and Spontaneous Fiss ion 

Many of the  i so topes  i n  the  s p e n t  f u e l  e m i t  a lpha -pa r t i c l e s  t h a t  
may i n t e r a c t  wi th  t h e  170 and '*O atoms i n  oxide f u e l ,  producing 
neut rons  and prompt gamma rays  during t h e  process.  The measured gamma 
r a y  spectrum produced by t h e  r e a c t i o n  of a lpha -pa r t i c l e s  from 238Pu wi th  
"0 atoms was used f o r  developing 9 9 approximate s p e c t r a  f o r  alpha- 
emitters i n  t h e  data base. 

The spectral d i s t r i b u t i o n  o f  t h e  prompt and delayed spontaneous 
f i s s i o n  photons are computed from equat ions  f i t  t o  t h e  photon spectrum 
from neutron-induced f i s s i o n  of  5U. The i n t e n s i t i e s  of  t h e  spon- 
taneous f i s s i o n  product gamma r a y s  are assumed t o  be 0.75 times t h a t  
from prompt f i s s i o n  photons.18 

The photons from (a lpha ,n )  r e a c t i o n s  and spontaneous f i s s i o n s ,  
normally,  are a very  i n s i g n i f i c a n t  p a r t  of  the  source  i n  spen t  f u e l .  
After f i s s i o n  products  are extracted from t h e  heavy metals i n  a 
process ing  p l a n t ,  however, t h e  gamma r a y  product ion i n  the  a c t i n i d e s  
from these r e a c t i o n s  can become important.  Also, e s s e n t i a l l y  a l l  o f  the  
low i n t e n s i t i e s  above 4 MeV i n  t h e  spen t  f u e l  spectrum is  due t o  
spontaneous f i s s i o n .  
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3.1.3. Bremsstrahlung Production 

A s i g n i f i c a n t  source  of  photons i n  spen t  f u e l  is the  
bremsstrahlung r a d i a t i o n ,  which is genera ted  as a cont inuous spectrum 
when e l e c t r o n s  o r  p o s i t r o n s  are dece le ra t ed  i n  t h e  Coulomb f i e l d  of  
nuc le i .  Thus, bremsstrahlung d a t a  f o r  e l e c t r o n  o r  p o s i t r o n  emitters 
were included i n  t h e  Master Photon Data Base. S ince  t h e  theory 
i n d i c a t e s  t h a t  only a r e l a t i v e l y  small bremsstrahlung i n t e n s i t y  is 
der ived  from a lpha -pa r t i c l e s ,  i t  was not  included. 

F i r s t ,  i n  t he  de te rmina t ion  of bremsstrahlung d a t a ,  t h e  continuous 
energy-dependent e l e c t r o n  and p o s i t r o n  spectra of  t h e  nuc l ide  is  
computed from t h e  Log-f Tables  d e r i v e d l g  from theory of  b e t a  decay. 
This  model, a l s o ,  is  used i n  producing average b e t a  ene rg ie s  f o r  ENSDF. 
Then, a model f o r  computing t h e  bremsstrahlung spectrum from the  b e t a  
emission spectrum is appl ied.  The d e t a i l s  of  t h i s  bremsstrahlung model 
are descr ibed  i n  t h e  documentation on t h e  EDISTR code. 2 o  While t h e  
c a l c u l a t i o n  is pa t te rned  after t h a t  i n  a code developed by Van Tuyl, 2 1  
i t  a p p l i e s  a more exac t  beta spectrum, improved c r o s s  s e c t i o n s ,  and the  
i o n i z a t i o n  energy l o s s  accounts  f o r  d i f f e r e n c e s  between e l e c t r o n s  and 
pos i t rons .  

The bremsstrahlung r a d i a t i o n  is an important  pa r t  o f  t h e  t o t a l  
photon source  spectrum from spen t  f u e l .  It has  s i g n i f i c a n t  i n t e n s i t i e s  
f o r  t he  energy range between 0 t o  4 MeV. A s  t h e  photon energy 
i n c r e a s e s ,  t h e  i n t e n s i t y  from bremsstrahlung u s u a l l y  dec reases  more 
r a p i d l y  than  t h a t  from delayed decay. Ca lcu la t ions ,  comparing t h e  
bremsstralung source  wi th  t h e  t o t a l  photon source ,  i n d i c a t e d  about  l / 3  
of t h e  photons and from 7 t o  10% of  t h e  t o t a l  energy are from 
bremsstrahlung. By observing these  s p e c t r a  and t h e  energy-group dose 
rates of  a somewhat t y p i c a l  s h i e l d i n g  problem, i t  was ind ica t ed  t h a t  
10-20% of  t h e  t o t a l  photon dose rate was due t o  bremsstrahlung 
r a d i a t i o n .  

3.2. EXAMPLES OF PHOTON SPECTRA 

Examples of  photon source s p e c t r a  and a s soc ia t ed  d a t a  a r e  
shown i n  Figs .  1-5. Fig.  1 was produced by ORIGEN2 f o r  several 
cool ing  times f o r  PWR f u e l  having a burnup of 33,000 MWd/MTU and an 
i n i t i a l  Energy midpoints  o f  t h e  group 
s t r u c t u r e  are l i s t e d  i n  t h e  first column and s p e c t r a  are shown i n  
columns under each cool ing  time. The p r i n c i p a l  nuc l ides  c o n t r i b u t i n g  t o  
groups a t  1.25, 1.75 and 2.25 MeV are shown i n  Fig. 2 ,  based upon a 
p r i n t  c u t o f f  o f  1% of t h e  group i n t e n s i t y  of  any of  t h e  spec t r a .  Fig.  3 
shows t h e  photon spectrum of  a PWR assembly cooled t o  90 days,  as 
produced by SAS2. It inc ludes  sources  from a l l  nuc l ides  i n  t h e  
composition of spen t  f u e l ,  i .e. t h e  f i s s i o n  products ,  t h e  heavy metals, 
t h e  c l a d  and t h e  s t r u c t u r a l  materials. F ig .  4 is  a p l o t  comparing t h r e e  
broad groups of  a PWR spent - fue l  spectrum with t h a t  f o r  t h e  same source 

i l l u s t r a t e s  t h e  pronounced v a r i a t i o n s  of  t h e  i n t e n s i t i e s  i n  t h e  d e t a i l e d  

enrichment o f  3.2 weight % 2 3 5 U  . 

i n  0.01 MeV group i n t e r v a l s ,  as computed by ORIGEN-S. It 
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PHOTON SPECTRUM FOR F I S S I O N  PRODUCTS 

DECAY OF S P E N T  PWR-U F U E L  

1 8 GROUP PHOTON RELEASE RATES, PHOTONS/ SECOND 
BASIS= ONE METRIC TON OF PWR-U F U E L : 3 3 , 0 0 0  MWD/MTIHM 

EMEAN 
D I S C H A R G E  0 . 5 Y R  1 .OYR 2 .OYR 5 .OYR 

1.000E-02 
2.500E-02 
3.750E-02 
5.7503-02 
8.500E-02 
1.2503-01 
2.2503-01 
3.750E-01 
5 J50E-01 
8.500E-01 
1.250E+00 
1.750E+00 
2.250E+00 
2.750E+00 
3.5003+00 
5.000E+00 
7.000E+00 
9.500E+00 

2.1 853+18 4.2813+16 2.714E+16 1.328E+16 3.2303+15 
5.7233+17 9.5963+15 6.0793+15 3.037E+15 7.7093+14 
4.6593+17 9.8813+15 6.3353+15 3.1173+15 8.2243+14 
4.70 1 E+17 8.83 1 E+15 5.674E+15 2.76 2E+15 6 .399E+14 
3.4563+17 6.2153+15 4.024E+15 1.937E+15 4.240E+14 
3.710E+17 8.0123+15 4.7833+15 2.2173+15 4.3223+14 
7.9753+17 5.3823+15 3.4983+15 1.690E+15 3.594E+14 
5.9303+17 2.8383+15 1.8893+15 9.4433+14 2.115E+l4 
9.733E+17 1.909E+16 1.389E+16 9.7843+15 5.1 12E+15 
1.011E+18 2.7703+16 7.634E+15 3.0613+15 1.106E+15 
5.6503+17 1.188E+15 8.949E+14 5.6403+14 2.2723+14 
2.1203+17 1.269E+14 8.407E+13 4.190E+13 8.411E+12 
1.0623+17 2.5043+14 1.615E+14 6.7743+13 5.1463+12 
4.5473+16 3.6103+12 2.4583+12 1.2243+12 1.524E+11 
2.2883+16 4.300E+11 3.0423+11 1.5293+11 1.943E+10 
1.001E+16 5.5583-05 5.629E-05 5.746E-05 5.957E-05 
8.96 8E+13 3.6 06 E-06 3.6 523-06 3.7283-06 3.86 5E-06 
1.911E+10 2.2803-07 2.3103-07 2.3583-07 2.4443-07 

TOTAL 8.7463+18 1.419E+17 8.2083+16 4.2503+16 1.335$+16 

MEV/SEC 3.5493+18 4.2153+16 1.9533+16 1.0823+16 4.5603+15 

Figure 1. Fiss ion Product Photon Spectra at Four Different 
Cooling Times. 
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PRINCIPAL PHOTON SOURCES I N  GROUP 11 , PHOTONS/SEC 

MEAN ENERGY= 1.25OMEV 

NUCLIDE 

KR 89 
RB 89 
KR 90 

Y 90 
SR 91 

Y 91 
SR 92 
Y 94 

M0101 
TC102 
TClO4 
RH1 06 
AG110M 
SB130M 
SB131 

TE133 
11 34 

CS134 
I135 
I1  36 
I136M 

CS138 
XE139 
CS139 
BA141 
BA142 
LA1 42 
PR144 
EU154 

11 32 

F igure  2 .  

DISCHARGE 0.5YR 1 .OYR 2 .OYR 5.0yr 

7.0073+15 0.0 0 .o 0 .o 0 .o 
2.8063+16 0.0 0 .o 0 .o 0 .o 
1.138E+16 0.0 0.0 0 .o 0 .o 
4.936E+12 4.6263+12 4.57 1 E+12 4.464E+12 4.156E+12 
1.209E+16 0.0 0 .o 0 .o 0.0 
1.271E+14 1.471E+13 1.690E+12 2.2313+10 5.1373+04 
4.511E+16 0.0 0 .o 0.0 0.0 
8.0033+15 0.0 0 .o 0 .o 0 .o 
2.316E+16 0.0 0 .o 0 .o 0.0 
7.051 E+15 0 .O 0 .o 0 .o 0 .o 
1.050E+16 0.0 0 .o 0 .o 0.0 
6.2303+14 3.9083+14 2.7713+14 1.3933+14 1.771E+13 
5.2113+13 3.1403+13 1.892E+13 6.869'E+12 3.2883+11 
8.7173+15 0.0 0 .o 0 .o 0 .o 
8.1853+15 0.0 0.0 0 .o 0.0 
1.268E+16 1.719E-01 2.300E-18 0.0 0 .o 
l.O11E+i6 0.0 0.0 0 .o 0.0 
2.6203+16 0.0 O.@ 0 .o 0 .o 
3.3623+14 2.8423+14 2.402E+14 1.717E+l4 6.2623+13 
5.2033+16 0.0 0 .o 0.0 0 .o 
3.3523+16 0.0 0 .o 0 .o 0 .o 
2.1053+16 0.0 0 .o 0 .o 0 .o 
7.9113+16 0.0 0 .o 0 .o 0 .o 
5.743E+15 0 .O 0 .o 0 .o 0 .o 
7.234E+15 0 .O 0 ,o 0 .o 0 .o 
8.4033+15 0.0 0.0 0 .o 0 .o 
2.6703+16 0.0 0.0 0 .o 0.0 
1.050E+16 0.0 0 .o 0 .o 0 .o 
3.9603+14 2.5143+14 1.611E+14 6.6103+13 4.5693+12 
2.061E+14 1.980E+l4 1.902E+14 1.7553+14 1.3783+14 

Examples of Chief Con t r ibu to r s  t o  Groups i n  t h e  
Spectra of F igure  1. 
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Figure 2 (cont'd) 

PRINCIPAL PHOTON SOURCES IN GROUP 12, PHOTONWSEC 

MEAN ENERGY= 1.75OMEV 

NUCLIDE 
DISCHARGE 0.5YR 1 .OYR 2.OYR 5 .OYR 

KR 88 
RB 88 
KR 89 
KR 90 
Y 90 
Y 94 
M0101 
TC104 
RHlO6 
AG11 OM 
SB124 
SB131 
SB132 
"3133 
TE133M 
I1 34 
I1 35 

XE13 8 
XEl39 
CS139 
LA1 40 
BA14 1 
LA1 42 
PR144 
EU154 

3.0513+15 0.0 0 .o 0 .o 0 .o 
5.733E+15 0 .O 0 .o 0 .o 0 .o 
5.7923+15 0.0 0.0 0 .o 0.0 
5.4103+15 0.0 0 .o 0 .o 0 .o 
3.851E+11 3.610E+11 3.567E+11 3.483E+11 3.243E+11 
3.6603+15 0.0 0 .o 0 .o 0.0 
8.3353+15 0.0 0 .o 0.0 0.0 
1.460E+16 0.0 0 .o 0 .o 0.0 
1.161E+l4 7.282E+13 5.1643+13 2.5963+13 3.2993+12 
2.0133+13 1.2133+13 7.3083+12 2.6533+12 1.270E+11 
2.5113+13 3.0663+12 3.7433+11 5.5813+09 1.8503+04 
5.4153+15 0.0 0 .o 0.0 0.0 
2.2553+15 0.0 0 .o 0 .o 0 .o 
2.7163+15 0.0 0 .o 0 .o 0 .o 
2.953E+15 0 .O 0.0 0.0 0.0 
1.183E+16 0.0 0 .o 0.0 0 .o 
1.6973+16 0.0 0.0 0 .o 0.0 
1.214E+16 0.0 0 .o 0.0 0 .o 
3.7333+15 0.0 0.0 0 .o 0.0 
2.1253+15 0.0 0.0 0 .o 0.0 
5.808E+16 3.2433+12 1.631E+08 4.124E-01 0.0 
2.9293+15 0.0 0 .o 0 .o 0 .o 
1.276E+16 0.0 0 .o 0.0 0.0 
4.5953+13 2.9173+13 1.869E+13 7.6703+12 5.301E+11 
6.1803+12 5.9363+12 5.7023+12 5.2603+12 4.130E+12 



NUCLIDE 

KR 88 
KR 89 
RB 89 

Y 94 
M0101 
TC104 
R H l O 6  
SB131 
"E1 33M 

11 35 
11 36 

XEl38 
CS138 
XE139 
CS139 
LA1 42 
PR144 
EU156 
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Figure 2 (cont'd) 

PRINCIPAL PHOTON SOURCES I N  GROUP 13, PHOTONWSEC 

MEAN ENERGY= 2.250MEV 

DISCHARGE 0.5YR 1 .OYR 2 .OYR 5 .OYR 

1.4483+16 0.0 0 .o 0 .o 0 .o 
1.664E+15 0.0 0 .o 0 .o 0 .o 
4.7843+15 0.0 0 .o 0.0 0.0 
1.329E+15 0.0 0 .o 0.0 0 .o 
5.625E+15 0 .O 0.0 0.0 0.0 
3.8773+15 0.0 0 .o 0 .o 0 .o 
3.578E+13 2.2443+13 1.591E+13 8.000E+12 1.017E+12 
2.6083+15 0.0 0 .o 0 .o 0 .o 
1.764E+15 0.0 0 .o 0 .o 0 .o 
1.837E+15 0.0 0 .o 0.0 0 .@ 
6.306E+15 0.0 0 .o 0 .o 0.0 
1.2563+16 0.0 0 .o 0 .o 0 .o 
1.062E+16 0.0 0 .o 0 .o 0 .o 
2.4623+15 0.0 0 .o 0 .o 0 .o 
1.588E+15 0.0 0 .o 0.0 0.0 
2.058E+16 0 .O 0 .o 0 .o 0.0 
3.5793+14 2.2723+14 1.456E+l4 5.9743+13 4.1293+12 
1.2333+15 2.9663+11 7.1093+07 4.084E+00 0.0 
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GAMMA SOURCE SPECTRUM FOR GAMMA LINES (SAS2) 

90.00 DAY TIME OF THE REQUESTED NUCLIDES 

ENERGY INTERVAL I N  MEV PHOTONS / SECOND MEV / SECOND 

1.0000E-02 TO 
5.0000E-02 TO 
1.0000E-01 TO 
2.0000E-01 TO 
3.OOOOE-01 TO 
4.0000E-01 TO 
6.0000E-01 TO 
8.0000E-01 TO 
l.OOOOE+OO TO 
1.3300E+00 TO 
1.6600E+00 TO 
2.0000E+00 TO 
2.5000E+00 TO 
3.0000~+00 TO 
4.0000E+00 TO 
5.0000E+00 TO 
6.5000E+00 TO 
8.0000E+00 TO 

5.0000E-02 
1.0000E-01 
2.0000E-01 
3.OOOOE-01 
4.0000E-01 
6.00003-01 
8.0000E-01 
l.OOOOE+OO 
1.3300E+00 
1.6600E+00 
2.0000E+00 
2.5000E+00 
3.0000E+00 
4.0000E+00 
5.0000E+00 
6.5000E+00 
8.0000E+00 
l.OOOOE+Ol 

2.19703+16 
6.85193+15 
8.33703+15 
1.6638E+15 
1.29493+15 
l.O888E+16 
3.81193+16 
1.70853+15 
8.06 89E+14 
5.45873+14 
3.78053+13 
1.62813+14 
1.05353+13 
2.993 1 E+11 
8.29023+06 
3.3245E+06 
6.51713+05 
1.38303+05 

6.591 1 E+14 
5.13893+14 
1.25053+15 
4.1594E+14 
4.5323E+14 
5.44393+15 
2.66 84E+16 
1.53763+15 
9.4002E+14 
8.1607E+14 
6.91843+13 
3.6633E+14 
2.89723+13 
1.04763+12 
3.7306E+07 
1.91163+07 
4.72493+06 
1.24473+06 

TOTALS 9.2398D+16 3.9179D+16 

TOTAL ENERGY FROM NUCLIDES W I T H  SPECTRUM DATA = 3.91753+16 

TOTAL ENERGY FROM NUCLIDES W I T H  NO SPECTRUM DATA = 4.30403+12 

Fig. 3. Photon Spectrum from a l l  Nuclides i n  a PWR Spent-Fuel Assembly 
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Figure 4 .  Part of Spectrum, Comparing Intensities for Different 
Energy-Group Widths. 
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551 340 
4~4700E-038~8868E-04~.18l~E-022.1~21E-0~~.21~4E-O2~.~~~~E-O~ 
3.6400E-021.4315E-032.428gE-012~1000E-043.2645E-011.4400E-04 
4.~~~~E-011.4600E-025.6~2~E-018.~800E-025.6~~23-011.54~0E~01 
6.0470E-01~.7600E-017.~584E-Ol8.54OOE-Ol8.Ol~~E~Ol8.~~OOE-O2 
1.0386E 001 .OOOOE-O21.1679E 001.8000E-021.36523 003.0400E-02 

57 1 400 
4.84OOE-O~~.28~4E-O~2.46OOE-O24.586~E-O6~.42~~E-O24.4~5lE-O~ 
~.4~~0E-028.1~~8E-0~3.~9~00E-023~0~01E-0~6.41~5E-02~.~560E-05 
6.8~16E-026.11~8E-041.0~42E-012~0068E-0~1.~112E-014.~~80E-0~ 
1.~~~~E-011.242~E-0~2.41~7E-013.9180E-0~2.6655E-014.6824E-0~ 
~ . O 6 ~ 0 E - 0 1 ~ . ~ 4 4 6 E - 0 5 ~ . 2 8 ~ ~ E - O l l ~ 8 5 ~ ~ E ~ O l ~ ~ ~ ~ ~ ~ E - O l l ~ O 5 l 2 E - O ~  
4.~~~~E-012.~2~5E-024.~850E-012~0068E-044~4600E-012.~8~0E-04 
4.87033-01 4.3002E-016.1820E-014.2046 E-047.51 83E-014.20463-02 
8.1585E-012.24~7E-018~6782E-Ol5~3514E-029.1~6~E-Ol2.5228E-02 
~.2524E-016.78483-029.3690E-015.7336E-049.51403-015.2558E-03 
1.59653 009.5560E-012.3481E 008.60043-032.46533 001 J201E-04 
2.52173 003.44023-022.53343 003.8224E-052.5475E 001.05123-03 
2.89973 006.2114E-043.1190E 002.5801E-043.3196E 004.49133-05 
0 .o 0 .o 0 .o 0 .o 0 .o 0 .o 

591440 
5.23003-030 -0 3.6 8473-020.0 
4.23003-020 .O 6 24663-01 1 25803-056 .7502E-013.0636E-05 
6. gb 4gE-O 1 1 .48OOE-O28.14 15E-013.6 26 OE-058.6453~-0 12.856 4E-05 
1.38803 006.586OE-051.4892E 003.0044E-031.5620E 002.51603-06 
2.18573 007.74043-032.65463 002.0720E-060.0 0 .o 

3 .7 36 1 E-020 . 0 

Figure 5. Examples of Data f o r  134Cs, 14'La and 1 4 4 P r  i n  the  Master 
Photon Data Base. 
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spectrum. A sample of t h e  gamma-ray and x-ray data i n  t h e  ORNL Master 
Photon Data Base is  shown i n  Fig.  5. 

4. NEUTRON SOURCE SPECTRA 

While a l l  of  t h e  codes considered i n  t h i s  r e p o r t  compute neutron 
source  strengths, only  ORIGEN-S and SAS2 c u r r e n t l y  are capable of 
c a l c u l a t i n g  t h e  neutron source  spec t r a .  Methods of  us ing  neutron 
sources  from ORIGEN2, which are less automatic ,  are not  reviewed here. 

4.1. DESCRIPTION OF SAS2 AND ORIGEN-S NEUTRON SOURCE SPECTRUM MODEL 

The neut ron  source used by SAS2 and ORIGEN-S i nc ludes  t h a t  produced 
from both spontaneous f i s s i o n  and ( a lpha ,n )  r e a c t i o n s  due t o  heavy 
nucl ides .  The neutrons from pho to f i s s ion  and photoneutron r e a c t i o n s  are 
excluded, s i n c e  i t  was determined t h a t  t h e i r  i n t e n s i t y  is  an  
i n s i g n i f i c a n t  p a r t  of t h e  spent - fue l  sou rces  of interest .  

Spontaneous F i s s i o n  Neutron Source S t r eng th  4.1.1. 

The major p a r t  of t h e  neutron source  is produced from spontaneous 
f i s s i o n  of  the  heavy nucl ides .  The types  of data r equ i r ed  t o  compute 
t h e  neutron product ion rate from t h i s  process  inc lude  t h e  spontaneous 
f i s s i o n  half- l i fe ,  t h e  average neutron y i e l d  per  spontaneous f i s s i o n ,  
vsf, and t h e  q u a n t i t y  of each c o n t r i b u t i n g  nucl ide.  Spontaneous 
f i s s i o n  h a l f - l i v e s  f o r  the  more s i g n i f i c a n t  nuc l ides  were taken 

For s e v e r a l  less from Kocher's compilat ion of ENSDF decay data. 
important  i s o t o p e s ,  unmeasured h a l f - l i v e s  were estimated wi th  a 
c o r r e l a t i o n  between measurements and so-cal led f i s s i l i t y  parameters.  
The vsf data are taken from Ref. 23. Measured vsf va lues  are ava i l -  
able f o r  21 nuc l ides ,  i nc lud ing  t h e  most s i g n i f i c a n t .  An equat ion,  
de r ived23  t o  which are w i t h i n  two experi-  
mental  s tandard  d e v i a t i o n s  f o r  a l l  except  t h r e e  nucl ides .  This  equat ion  
is  used by SAS2 and ORIGEN-S f o r  those  nuc l ides  t h a t  do not  have 
measured data. 

14 

compute v s f ,  produces va lues  

4.1.2. (Alpha,n) Reaction Neutron Source S t r eng th  

A s i g n i f i c a n t  part  of t h e  neutron source  is produced from 
"O(alpha,n) and "O(alpha,n) r e a c t i o n s  i n  t h e  U02 i n  t h e  spen t  fue l .  
Thin target c r o s s  s e c t i o n s  and a lpha  s topping  powers are requ i r ed  t o  
proper ly  compute t h i s  type of  neutron y i e ld .  Improved measurements of 
t h i n  target ( a lpha ,n )  c r o s s  s e c t i o n s  f o r  170 and "0 were performed by 
Bair and d e l  Campo.24 Also, t h e i r  research included t h e  computation of  
t h i c k  target energy-dependent (a lpha ,n)  y i e l d s  f o r  2 3 8 U 0 2 ,  wi th  an  
accuracy estimated t o  be wi th in  10%. SAS2 a p p l i e s  these data t o  
weighted energy averages of a lpha  energy- in tens i ty  data.14 Decay 
cons t an t s  and a lpha  branching f r a c t i o n s  are taken from t h e  ORIGEN-S 
1 i brar y . 
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4.1.2. Computing t h e  Neutron Spec t r a l  D i s t r i b u t i o n  

Neutrons produced from 2 4 2 C m  and 2 4 4 C m  are an extremely large p a r t  
o f  the  spen t  f u e l  neutron source.  Ca lcu la t ions  of  i s o t o p i c  
c o n t r i b u t i o n s  t o  t h e  neutron source i n  spen t  PWR f u e l ,  dur ing  decay 
times i n  t h e  range from discharge  t o  10 years ,  i n d i c a t e d  only  a few 
percent  is  produced from o t h e r  nuc l ides .  The next  largest c o n t r i b u t i o n  
was (a lpha ,n )  product ion from 238Pu. The neutron energy s p e c t r a  of  both 
the  spontaneous f i s s i o n  and (a lpha ,n)  r e a c t i o n s  due t o  t h e  two curium 
i s o t o p e s  2 5  9 2 6  and 38Pu2 were determined f o r  t h e  i s o t o p i c  power gen- 
e r a t o r  p ro jec t .  The measured spontaneous f i s s i o n  neutron spectrum 
o f  2 4 4 C m  was found t o  be q u i t e  similar t o  t h a t  from 2 3 5 U  and 2 5 2 C f .  
Thus, the  spectrum f o r  Cm was computed25 from t h e s e  measurements. 
The (a lpha ,  n) neutron s p e c t r a  were determined by e x t r a p o l a t i n g  t h e  
neutron spectrum from Po-a-0 source  measurements2' t o  t h e  a lpha  e n e r g i e s  

242 

of  L 4 2 C m ,  2 4 4 C m  and 38Pu. 

The energy d i s t r i b u t i o n  of  t h e  spontaneous f i s s i o n  neutron spectrum 
is computed by SAS2 from t h e  s p e c t r a  f o r  2 4 2 C m  and 2 4 4 C m ,  described 
above, us ing  the  c a l c u l a t e d  concen t r a t ions  of  the  two i so topes .  T h i s  
spectrum is then renormalized t o  inc lude  t h e  t o t a l  neutron source  from 
a l l  spontaneously f i s s i o n i n g  i so topes .  A similar c a l c u l a t i o n ,  us ing  the  
data f o r  a l l  three of  t h e  above i so topes ,  is  performed f o r  t h e  ( a lpha ,n )  
neutron spectrum. The s p e c t r a  are co l lapsed  from t h e  energy-group- 
s t r u c t u r e  of t h e  data t o  t h a t  of  t h e  SCALE l i b r a r y  reques ted  f o r  t he  
sh ipping  cask ana lys i s .  The procedure uses  uniform d i s t r i b u t i o n s  
wi th in  each group and sums the  f r a c t i o n a l  f ine-group source  va lues  based 
upon energy f r a c t i o n s  common t o  both groups i n  t h e  two group-structures .  
The t o t a l  neutron source  spectrum is then computed as t h e  sum of t h e  
spontaneous f i s s i o n  and (a lpha ,n)  spec t r a .  

Measurements of  i s o t o p i c  s p e c t r a ,  o t h e r  than those  used by SAS2, 
have been reported2 '  f o r  t h e  d ioxides  of 2 5 2 C f  and 2 4 2 C m .  A comparison 
w i t h  t h e  data a p p l i e d  by SAS2 i n d i c a t e s  t h a t  t h e  differences i n  the  

Cm spectrum i n  t h e  lower neutron energy range are approximately 
10% and those  i n  t h e  higher energy range, which i n c l u d e s  t h e  (a lpha ,n)  
produced neutrons,  are i n  t h e  v i c i n i t y  of  20%. 

2 42 

4.2. EXAMPLES OF NEUTRON SPECTRA 

Fig.  6 shows t h e  neutron source  spectrum of  a PWR assembly cooled 
t o  90 days,  as computed by SAS2. Even though the  lower cu to f f  o f  the  
spectrum is 0.3 MeV, the  remaining lower energy groups are requ i r ed  i n  
the case f o r  t h e  slowing down of  neutrons i n  t h e  s h i e l d i n g  ana lys i s .  

Fig.  7 is a p l o t  of  a f ine-group-structure  spectrum of  1 kilogram 
of Cm. It i l l u s t r a t e s  t he  larger spontaneous f i s s i o n  peak and t h e  
h igh  energy hump a long  the  s i d e  of  the  peak, due t o  ( a lpha ,n )  source  
product ion.  

2 4 2  
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NEUTRON SOURCE BY GROUPS 

GROUP SPON. FISSION (ALPHA,N) TOTAL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

4.3983+06 
4.86 4E+07 
5.2763+07 
3.0223+07 
4.143E+07 
4.575E+07 
8.991E+06 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0.0 
0 .o 
0 .o 
0 .o 
0.0 
0 .o 
0 .o 
0.0 
0.0 
0 .o 
0.0 
0 .o 

0 .o 
9.1383+06 
1.014E+07 
1.4173+06 
5.181 E+05 
9.5923+04 
1.7503+04 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0 .o 
0.0 
0 .o 
0 .o 
0 .o 

4.3983+06 
5.77 8E+07 
6,29OE+O7 
3.164E+07 
4.1953+07 
4.5853+07 
9.008E+06 
0 .o 
0.0 
0 .o 
0.0 
0 .o 
0.0 
0 .o 
0.0 
0 .o 
0 .o 
0 .o 
0.0 
0 .o 
0.0 
0.0 
0 .o 
0 .o 
0.0 
0.0 
0 .o 

2.3223+08 2.1323+07 2.5353+08 

Fig. 6. Neutron Source Spectrum in the 27-Group Structure 
of a SCALE Library. 
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5. RANGE OF APPLICABILITY 

The methods of computing photon and neutron s p e c t r a  d iscussed  i n  
t h i s  r e p o r t  apply only  t o  discharged f u e l  o r  o t h e r  sources  o u t s i d e  of  
t h e  r e a c t o r  environment. The photon s p e c t r a  o f  f u e l  i n  an ope ra t ing  
r e a c t o r  inc lude ,  also, t h e  prompt photon s p e c t r a  due t o  (n,gamma), 
f i s s i o n  and o t h e r  r eac t ions .  

During the  first hour,  o r  poss ib ly  s e v e r a l  hours,  after r e a c t o r  
shutdown t h e r e  i s  a s i g n i f i c a n t  neutron source  from photoneutron 
r eac t ions .  A t  longer  cool ing  times only  i n s i g n i f i c a n t  f r a c t i o n s  of  t he  
neutron source  are caused by t h e  usua l  photoneutron target materials, 
t h e  uranium f u e l  and the  tritium i n  a water coolant .  However, t h e  
neutron source  spectrum model does not  account $or a large i n c r e a s e  i n  
t h e  tritium o r  extremely large q u a n t i t i e s  of L i ,  Be, C o r  F. 1 3  

The photon source  is  usua l ly  dominated by t h e  c o n t r i b u t i o n s  from 
f i s s i o n  products ,  and poss ib ly  one o r  two a c t i v a t i o n  products  (e,g., 
6oCo) of the  clad and assembly s t r u c t u r a l  materials. The low i n t e n s i t y  

from high energy photons from t h e  heavy metal i so topes  may c o n t r i b u t e  a 
comparable f r a c t i o n  t o  t h e  computed dose rates, only,  f o r  long cool ing 
times and extremely t h i c k  s h i e l d s .  The c a l c u l a t i o n  o f  i s o t o p i c  
i n v e n t o r i e s  is  more s e n s i t i v e  t o  c r o s s  s e c t i o n s  f o r  heavy metals than  i t  
is  f o r  f i s s i o n  products.  Cross-sect ion processing i n  the  dep le t ion  
ana lyses  are performed w i t h  a po in t  d e p l e t i o n  model i n s t e a d  o f  a more 
complete multidimensional model. Unce r t a in t i e s  i n  t h e  c r o s s  s e c t i o n s ,  
the  neutron s p e c t r a  data and the  c a l c u l a t e d  neutron source  s t r e n g t h s  
cause t h e  computed spectra of  t h e  neutrons t o  have apprec iab ly  more 
u n c e r t a i n t y  than  t h a t  of t h e  photons. 

Spent f u e l  source  s p e c t r a  can be s e n s i t i v e  t o  the  r e a c t o r  power 
h i s t o r y .  T h i s  s e n s i t i v i t y  i s  most pronounced f o r  neutron s p e c t r a  a t  
e i ther  s h o r t  o r  long cool ing  times where t h e  r e a c t o r  was shu t  down f o r  
a long time dur ing  t h e  midd le  of t h e  f u e l ' s  res idence  time. Also, power 
h i s t o r i e s  can be somewhat important  f o r  photon s p e c t r a  computed a t  
s h o r t  cool ing  times. Thus, spen t  f u e l  source  s p e c t r a  are more c o r r e c t l y  
descr ibed  as dependent on: ( 1 )  a r e a c t o r  type,  (2) assembly power 
h i s t o r y ,  ( 3 )  i n i t i a l  2 3 5 U  enrichment,  ( 4 )  assembly burnup, and (5)  a 
cool ing  time. 

The dose rates computed f o r  two monoenergetic photon sources  
sh ie lded  w i t h  a t y p i c a l  s h i e l d  th i ckness  are h ighly  dependent on t h e  two 
photon energ ies .  Adjoint f l u x  c a l c u l a t i o n s  have ind ica t ed  t h a t  t h e  
r a t i o  of  the importance of  photons i n  two ad jacen t  energy groups may be 
as great as a f a c t o r  of two o r  three, f o r  s i g n i f i c a n t  groups i n  a 
t y p i c a l  18-group s t r u c t u r e .  Thus, t h e  b e n e f i t  o f  f i n e r  group i n t e r v a l s  
should be proper ly  balanced a g a i n s t  computer c o s t  i n  s e l e c t i n g  an 
appropr i a t e  energy-group-structure.  Also, the  conversion of  one photon 
spectrum having a broad-group-structure t o  a spectrum of another  group 
s t r u c t u r e  may s i g n i f i c a n t l y  reduce i ts  q u a l i t y .  



1 7  

6. CONCLUSIONS 

The methods and, i n  p a r t i c u l a r ,  t h e  data appl ied  i n  computing 
photon source  spectra described i n  t h i s  r e p o r t ,  due t o  the  c o n t r i b u t i o n s  
of  numerous researchers, r ep resen t  a notab le  achievement i n  the  f i e l d  o f  
r a d i a t i o n  science.  Also, there has been a s i g n i f i c a n t  improvement over  
prev ious  methods of computing neutron source  spectra. All t h r e e  of t h e  
codes descr ibed here, inc luding  t h e  data bases, are a v a i l a b l e  from the  
Radia t ion  Sh ie ld ing  Information Center ( O R N L ) .  
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