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NIGHTMARE - M IBM 7090 CODE FOR THE CALCULATION 
OF GAMMA HEATING IN CYLIKDRICAL GEOMETRY 

M. L. Tobias D. R. Vondy Marjorie P. Lietzke 

The NIGHTMARE program calculates the gamma-dose rate at any point 
in or near a reactor by means of the NDA buildup-factor method. 
source distribution is obtained from a two-group, two-dimensional diffu- 
sion code (EQUIPOISE-2). Seven gamma-energy groups are used. As many 
as nine different concentric cylindrical regions may be considered, but 
only radial variation of attenuation and buildup properties is permitted. 
Two schemes of estimating buildup factors through a succession of ma- 
terials are built into the code, and results may be obtained by using 
either or both methods. 
required. Computations are performed at the approximate rate of lO,OOO/n 
mesh points per minute, where n is the number of concentric regions, and 
the number of mesh points is the product of the number of axial, radial, 
and angular increments. The program is run under the control of the IBM 
7090 MONITOR system. 

The 

An IBM 7090 computer with seven tape units is 

IT\ITRODUCTION 

By use of the FORTRAN-I1 programming system, the NIGHTMARE code for 
the IBM 7090 was devised; it will estimate the gamma dose at an arbi- 
trary point in or near a reactor in cylindrical coordinates. 
procedure, which combines the NDA buildup-factor method with numerical 

integration, was applied some years ago by Claiborne' to problems in x, 
y, z geometry. In the Oracle program used at that time, the photon source 
distribution was provided as input from a hand-punched paper tape. 

the present program the source information is obtained by a prior calcu- 
lation using a special version of the EQUIPOISE code,2t3 which computes 
the photons produced per volume element of the two-dimensional EQUIPOISE 

The basic 

In 

'H. C. Claiborne and T. B. Fowler, The Calculation of Gamma Heating 
in Reactors of Rectanguloid Geometry, ORNL CF-56-7-97 (July 20, 1956). 

2MM. L. Tobias and T. B. Fowler, EQUIPOISE - An IBM-704 Code for the 
Solution of Two-Group, Two-Dimensional, Neutron Diffusion Equations in 
Cylindrical Geometry, ORNL-2967 (Oct . 17, 1960). 

3T. B. Fowler and M. Tobias, EQUIPOISE-2 - A Two-Dimensional, Two- 
Group, Neutron Diffusion Code for the IBM-7090 Computer, ORNL CF-60-11-67 
(Mov. 21, 1960). 
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mesh. 

by the  machine on a magnetic tape which i s  used as NIGHTMARE input.  

normalization i s  to t h e  a r b i t r a r y  power l e v e l  computed i n  the  EQUIPOISE 

pa r t  of t h e  program. 

to e i the r  t he  neutron-capture r a t e  or t h e  f i s s i o n  densi ty  d is t r ibu t ion ,  

such as prompt f i s s i o n  gammas and capture gammas. Delayed gammas from 
f i s s i o n  products may be included i f  it can be reasonably assumed t h a t  t h e  

f i s s i o n  products w i l l  not move about a f t e r  they a re  produced. 

These resu l t s ,  d i s t r ibu ted  among seven energy groups, a r e  wr i t t en  

The 

The photon sources a re  those which a re  proportional 

I n  succeeding sections,  t he  mathematical and physical bas i s  of t he  

program i s  described, followed by a descr ipt ion of input forms and oper- 

a t ing  ins t ruc t ions .  

buildup-factor data which have been used i n  various calculat ions a re  a l s o  
supplied. 

y i e ld  addi t ional  information i s  presented i n  Appendix C .  

Capture-gamma data, a t tenuat ion coeff ic ients ,  and 

An i l l u s t r a t i o n  of how a NIGHTMA.RE r e s u l t  may be extended t o  

The r e su l t s  obtained from t h i s  code have been compared with experi- 

mental data obtained i n  the  Bulk Shielding Reactor (BSRl4 and a re  i n  rea- 

sonable agreement. 

pendix A. 

A discussion of t h i s  comparison may be found i n  Ap- 

MATHEMATICAL BASIS OF THE PROGRAM 

The problem t r ea t ed  by t h e  NIGHTJNARE code i s  (with ce r t a in  r e s t r i c -  
t i o n s )  t h e  estimation of t he  gamma-dose r a t e  a t  an a r b i t r a r y  point pro- 

duced by a source of arbitrary d i s t r ibu t ion  i n  space and energy. 

pr inc ipa l  assumption i s  t h a t  t h i s  estimate can be made by t h e  buildup- 

f ac to r  method. 

un i t  volume per  second, t he  dose a t  a point  whose pos i t ion  vector i s  r' 
i s  

The 

-+ Given a source of s ( E , r )  gammas per  un i t  e n e r a  range per  

T 

i n  units of power per  cubic centimeter. 

'%'. T. Binford, E. S. Bet t i s ,  and J. T. Howe, Gamma Heating Measure- 
ments i n  t h e  Bulk Shielding Reactor, ORNL CF-56-3-72 (Mar. ?, 1956). 



3 
" 

For calculat ion purposes the  energy range i s  broken i n t o  seven energy 

groups, i n  each of which t h e  buildup fac tors  and at tenuat ion coef f ic ien ts  

a r e  taken a t  an average energy. I n  space the  in t eg ra l  i s  evaluated nu- 

merically by breaking up the  reactor  i n t o  elements of volume bounded by 

surfaces of a cy l indr ica l  coordinate system. I n  the  R-Z direct ions the  

mesh spacing i s  the  same as t h a t  used i n  the  EQUIPOISE calculation; i n  

the  8 di rec t ion  t h e  spacing i s  uniform a t  any given radius, but  i s  usually 

changed with increasing radius t o  prevent excessive calculat ion (see "Pro- 

cedure f o r  Use of Codes"). The appearance of t he  mesh i s  as shown i n  Fig.  

1. 

far  as calculat ion of t he  sources i s  concerned and i s  uniform i n  the  8 

direct ion.  I n  calculat ing t h e  attenuation, however, t he  mater ia l  prop- 

e r t i e s  a r e  considered t o  be uniform i n  the  Z direction; t h a t  is, as far 

as gamma-ray at tenuat ion and buildup fac tors  a re  concerned, t he  mater ia l  

d i s t r ibu t ion  appears as i n  Fig. 2a and not as i n  Fig. 2b. 

The d i s t r ibu t ion  of mater ia ls  i s  a r b i t r a r y  i n  the  R-Z coordinates as 

The form of expression (11, which i s  used i n  the  nwnerical integra-  

t ion ,  i s  as follows f o r  each energy group: 

The ranges of in tegra t ion  ( tha t  i s ,  sumnation) a re  specif ied from 

one row of mesh points  t o  another row of mesh points,  but t he  ac tua l  sum- 
mation occurs from halfway i n  between rows and columns. Target points  

never coincide with source points .  

where on t h e  R-Z mesh, but  i n  the  @ coordinate t h e  t a rge t  i s  always ha l f  

of an angle increment away from the  nearest  mesh point.  

The t a rge t  point may be placed any- 

If no correct ion i s  made t o  formula (2), t h e  amount of t he  dose from 

the  volume elements c loses t  t o  t he  t a r g e t  point i s  underestimated. Pro- 
vision i s  made i n  t h e  input t o  reduce t h e  source-target distance f o r  t he  

closest  mesh points  by subtract ing an amount % Ae/2 from t h i s  distance, 

where R 

source point t o  t h e  ta rge t ,  and E i s  a number between 0 and 1. 

i s  t h e  t a r g e t  radius, Ae/2 i s  the  angular increment from t h e  T 
It has 
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U N C L A S S I F I E D  
ORNL- LR-DWG 64197 

TARGET ( R A D I A L  POSITION I I /  

7 MESH POINTS 

TYPICAL 
VOLUME E L E M E N T  

~ 

TARGET 
( A X I A L  POSITION1 

Fig. 1. Typical Mesh Spacing Which Might Be Used in NIGHTMARE; Ma- 
terial Distribution Uniform in 0 Direction and Arbitrary in R Direction. 
In Z direction, distribution is arbitrary with respect to the sources but 
uniform with respect to attenuation properties. 
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been found t h a t  E = 0.25 i s  usually adequate, but  t h e  user  m y  employ any 

desired value i n  t h e  range 0 6 E <1. 

pr in ted  out f o r  comparison with the  r e s u l t s  f o r  E # 0. 
The r e su l t s  f o r  E = 0 a re  a l s o  

The buildup f ac to r  f o r  rad ia t ion  passing through layers  of d i f fe ren t  

mater ia ls  i s  handled by an empirical device which has the  merit of f u l -  

f i l l i n g  ce r t a in  physical requirements. 

of four  layers ,  t h e  buildup f ac to r  i s  estimated by e i t h e r  of t h e  following 

formulas : 

Referring t o  Fig. 3,  f o r  t he  case 

or 

where 

, a = e  -P2P2 

b = e  -P3P3 

c = e  -P4P4 

, 

Figure 3 shows a plane passing through a source point S and the  t a r g e t  

point T which i s  p a r a l l e l  t o  t h e  comon axis  of t h e  concentric cy l indr ica l  

regions I, 11, 111, and I V .  

t e r sec t ion  of t he  plane with t h e  concentric regions,  

cylinders need not l i e  i n  the  plane of t he  p ic ture . )  

t h e  following charac te r i s t ics .  

f rom t h e  boundary of t he  region i n  which it is,  the  c loser  t he  over-al l  

buildup f ac to r  corresponds t o  the  buildup f ac to r  f o r  t h a t  region. 

Lines m, n, p, q, and r a re  t h e  l i n e s  of in -  

(The ax is  of t he  

Both formulas have 

F i r s t ,  t h e  fu r the r  t h e  t a r g e t  point i s  

Second, 
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UNCLASS IFlED 
O R N L - L R - D W G  64198 

Fig. 2. Material  Dis t r ibu t ion  Considered i n  NIGHTMARE. The ac tua l  
mater ia l  d i s t r ibu t ions  may be as i n  ( b ) ,  and the  rad ia t ion  sources a r e  ca l -  
culated on t h a t  bas i s .  
d i s t r i b u t i o n  such as t h a t  shorn i n  ( a ) .  

Attenuations must be caLculated on the  bas i s  of a 

UNCLASSIF IED 
ORNL- LR-  DWG 64199 

I r I  

\ 

I1 I IV 

n P Q r 

Fig. 3 .  
a Layered System. 

Diagram I l l u s t r a t i n g  Method of Estimating Buildup Factor for 
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i f  a l l  t h e  regions are of t he  same material, t he  over-al l  buildup f ac to r  

w i l l  be the  buildup f ac to r  f o r  that mater ia l .  Formula ( 3 )  i s  preferred 

because t h e  buildup fac tors  tend t o  become unreasonably la rge  a t  long dis-  

tances i n  formula ( 4 ) .  More r e a l i s t i c  answers a re  a l s o  obtained with ( 3 )  

i f  a t h i n  region of heavy material l i e s  between t h e  t a rge t  and t h e  source. 

The user has the  option of obtaining answers by e i t h e r  or both methods 

of buildup f ac to r  computation. 

be extended t o  as many as nine regions. 

I n  t h e  program, formulas ( 3 )  and ( 4 )  may 

PROCEDURF FOR USE OF CODES 

Figures 4-7 show the  input forms used i n  NIGHTMARE. The f irst  s tep  

i n  a NIGHTMARE calculat ion i s  the  running of an EQUIPOISE-22*3 case. The 

manner of wri t ing input f o r  EQUIPOISE-2 i s  described i n  f u l l  elsewhere2j3 

and w i l l  not be repeated here.  A spec ia l  program deck f o r  EQUIPOISE-2 i s  

used which requires,  i n  addi t ion t o  the  information given i n  Fig.  4, t he  

data shown i n  Fig.  5. These numbers a re  t h e  number of gammas i n  each of 

t he  seven energy groups produced per  capture (P ) and per  neutron produced 

(P,) i n  each region, 

numbers s t a r t i n g  from the  inmost region and proceeding outward. 

card follows the  regular EQUIPOISE input and one a f t e r  each s e t  of Pc and 

P values. 

c 
The information i s  given as decimal floating-point 

One blank 

f 
A t  t he  conclusion of t he  EQUIPOISE run the  source d i s t r ibu t ion  i s  

placed on tape ready for t he  NIGHTMARE calculat ion.  The source tape (ac- 

tual tape 6 )  may be used repeatedly f o r  gamma-heating calculat ions i n  the  

sane reactor .  

memorandum. ) 

(The descr ipt ion of other tapes i s  given i n  the  EQUIPOISE-2 

It i s  important t o  remember t h a t  t h e  EQUIPOISE and NIGHTMARE meshes 

coincide. Further, the  t a r g e t  point must, as a rule ,  l i e  on or within 

t h e  next t o  the  l as t  row and column of t he  EQUIPOISE mesh. If the  t a rge t  

point l i e s  above or below the  reactor  but  within the  next t o  las t  column, 
t h e  a t tenuat ion coeff ic ient  and buildup f ac to r  w i l l  be based upon t h a t  

region above or below which the  t a r g e t  point i s  located.  

point i s  outside t h e  next t o  l as t  column, the  at tenuat ion coeff ic ient  and 

If the  t a rge t  

buildup f ac to r  w i l l  be based on the  outermost region of t h e  reactor.  



K E Y  PUNCHING INSTRUCTIONS: 
Punch only thore cords which here 
doto in c o l ~ r n n ~  73 - 80. 

REQUEST NO. 1 8 0 4 A 0 EQUIPOISE INPUT FORM 

1 173 80 l l l L L  

I S A M P L E  PROBLEM F O R  N I G H T M A R E  - -  B S R  G A M M A - H E A T I N G  

1 I I I I I i I I i I I I I i i  I I i I i 1 1  I i 1 1  i i  I I I I i 1 I i I i I I I i I I i 1 1  I I I i I I i I I I I I j 1 I 1 1 1 1 I I j 1 I /  I 1 I I I I I ]  

Fig. 4. EQUIPOISE Input Form. 

Lt . 
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NIGHTMARE INPUT ONE 
WRITTEN 0 Y  DATE 

BLOCK 2 

BLOCK 3 

I I I 

0 3  
I 

NOTE: IF  CARD 01 OF ANY BLOCK I S  F I L L E D  I N  CARDS02 AND 03 MUST BE PUNCHED. 

*: IF COL. 72 OF ANY CARD 01 I S  BLANK OR 0, NIGHTMARE INPUT TWO MUST FOLLOW C A R 0  03 OF T H A T  BLOCK. 

UCN-1851 
( 2  7-60)  

Fig. 6. T \ I I m w  IlwuT OPJE Form. 

a C 
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NIGHTMARE INPUT TWO 

D A T E  R I T T E N  8 Y  

Fig. 7. NIGHTMARE Il!PUT! TWO Form. 
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If a plane of syrmetry i s  used i n  t h e  EQUIPOISE mesh, it must be 

placed a t  the  bottom of t he  mesh. 

t he  top half  of the  reactor .  

The gamma-heating r e s u l t  w i l l  be f o r  

The input system used permits t he  running of an a r b i t r a r y  number of 

gamma-heating calculat ions i n  succession. The NIGHTMARE input cards which 

describe t h e  number of angular increments, t he  t a r g e t  posit ion,  attenua- 

t i o n  coeff ic ients ,  etc.,  a r e  divided i n t o  two pa r t s .  NIGEITMARE INPUT ONE 
(Fig. 6) consis ts  of th ree  cards f i l l e d  out as follows: 

Card 01: 

Columns 1 4 2  a r e  t h e  t i t l e  posi t ions and may contain any information. 

Columns 4348 must be blank. 

Columns 44-50 represent the  number of A8's; i f  t he  t a r g e t  i s  on the  

Columns 51-60 represent the  radius of ta rge t ,  i n  centimeters, meas- 

Columns 61-70 represent the  height of ta rge t ,  i n  centimeters, meas- 

Column 71 i s  blank. 

Column 72, i f  blank or  zero, NIGIEIXARE INPUT TWO m u s t  follow card 03 
of NIGHTMA.RE INPUT ONE. 
follow the  running of t h i s  case. 

axis of t h e  reactor,  t h i s  number should be 1. 

ured from axis of cylinder.  

ured from top row of EQUIPOISE mesh. 

- 
If 1, t h e  next block of th ree  cards m y  

Card 02: 

Columns 1-9, 10-18, 19-27, 28-36, 37-45, 46-54, and 55-63 a r e  the  
values of the energy absorption coef f ic ien t  times the  group average 
energy divided by the  density f o r  t he  t a r g e t  mater ia l  f o r  each of 
t he  seven energy groups. 

distance from source to t a r g e t  f o r  t he  (at most four)  source points  
nearest  to t h e  t a rge t .  

Columns 64-72 describe t h e  f r ac t ion  E which i s  used to reduce the  

Card 03: 

Columns 1-3, 6-8, and 11-13 a re  blank. 

Columns 4 4 ,  9-10, 14-15, and 19-20 a re  the  upper and lower rows and 
r igh t  and l e f t  columns i n  the  EQUIPOISE mesh bounding t h e  source 
region. 

Columns 21-30 and 31-40 a r e  the  angular posi t ions i n  radians of t h e  
bounding surfaces i n  the  8 coordinate of t he  source region. 
these numbers a r e  omitted, 81 i s  s e t  to zero and 82 i s  s e t  to n. 
I n  any case, t h e  answer reported i s  f o r  twice t h e  angular increment 
8, - 81, so t h a t  t he  f u l l  reactor  i s  calculated f o r  82 - 8 1  = 7c. 
Note t h a t  t he  angular coordinate of the  t a r g e t  i t s e l f  i s  always 
zero. 

If 

t 



w 

I .  

Columns 41-42 ind ica te  the  method used f o r  calculat ing buildup fac-  
t o r s .  
based on t h e  mean f r e e  path f o r  a t tenuat ion between source point 
and t a rge t .  If -1 i s  used, t h e  buildup f a c t o r  f o r  each mater ia l  
i s  computed by using the  distance i n  mean f r e e  paths of t h a t  ma- 
t e r i a l  as the  argument i n  t h e  buildup-factor formula.  
used, t h e  r e su l t s  a r e  pr in ted  out f o r  both methods. 
t i o n  time i s  near ly  doubled.) 

If zero i s  used, the  buildup f ac to r  f o r  each mater ia l  i s  

If il i s  
(The calcula- 

Note t h a t  t he  boundaries of t he  source regions a re  halfway between 

rows, columns, and c i r c l e s  of mesh points .  Care must therefore  be taken 

when the  dose from a pa r t i cu la r  EQUIPOISE region i s  desired, f o r  i f  t he  

P and P values i n  adjacent regions a r e  not zero, sources outside the  

region of i n t e r e s t  w i l l  be included. 
C f 

N I G I - T T m  INPUT TWO must follow card 03 of a block of NIGHTMABE INPUT 

ONE cards i f  column 72 of card 01 of t h a t  block i s  blank o r  zero. INPUT 

TWO loca tes  t h e  column numbers i n  the  EQUIPOISE mesh where the  at tenuat ion 

and buildup propert ies  change, as wel l  as locates  the  changes i n  angular 

increments. 

pendix B ) .  

follows : 

Buildup and at tenuat ion data  a re  a l s o  supplied here (see Ap- 

Figure 7 shows t h i s  input form, which i s  t o  be f i l l e d  out as 

Card 04: 

Columns 4-5, 4-10, 14-15, 19-20, 24-25, 29-30, 34-35, 39-40, and 44- 
45 are,  respectively,  t he  column numbers of the  outside radii of 
as many as 9 regions, each having d i f fe ren t  a t tenuat ion and buildup 
character is t ics ,  as described on succeeding cards. 

which the  radial increment i s  decreased by a f ac to r  of 3 from i t s  
value i n  the previous c o l m .  T h a t  is ,  i f  t he  number of A@% noted 
on card 01 of INPUT ONE were 8, it would be changed t o  24 a f t e r  
J C 1 ,  t o  72 a f t e r  JC2, and so on. The succeeding cards give infor-  
mation i n  as many blocks as there  a r e  regions. The f i r s t  block 
concerns energy group 1, the  next group 2, and s o  on. Each block 
must be separated by a blank card. 

Columns 1-9 give the  at tenuat ion coeff ic ient  of t he  region i n  units 
of reciprocal  centimeters. 

Columns 1C-18 give t h e  ener absorption coef f ic ien t  divided by the  
density f o r  t he  region, Y This information i s  usually omitted, as 
it re fe r s  only t o  the  t a rge t . )  

respectively,  i n  t he  empirical buildup-factor formula 

BUi(X) = 1 + AX + BX2 + CX3 , 

Columns 54-55, 54-60, 64-65, and 69-70 are  the  column numbers a t  

Columns l S 2 7 ,  2&36, and 37-45 a re  t h e  coef f ic ien ts  A, 13, and C, 

' 1  
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where BUi(X) i s  the  buildup f ac to r  

paths i n  mater ia l  i. A blank card 
MARE InrpuT Two. 

1. 

2. 

3. 

4. 

5. 

6 .  

7.  

after a distance of X mean f r e e  

must be used a t  the  end of NIGHT- 

The program output consis ts  of t h e  following items: 

T i t l e  given on card 01 of INPUT ONE. 

Target radius, t a r g e t  height, and t o t a l  number of source points .  

Total  number of rows and columns i n  EQUIPOISE-2 mesh. 

C o l m  number and r a d i a l  posi t ions of inner  and outer  surfaces en- 
closing source region over which in tegra t ion  occurs. 

Row numbers and heights measured from top of EQUIPOISE-2 mesh of upper 
and lower surfaces enclosing source region. 

Angular posi t ions of remaining two surfaces of t h e  region of integra-  
t ions;  t h e  t a r g e t  i s  always a t  the  zero-angle posi t ion.  

Tabulation of gamma dose a t  t a rge t  point  i n  whatever energy un i t s  per  
un i t  mass were employed on card 02 of INPUT ONE. Tabulation i s  from 
groups 1 t o  7, and t h e  t o t a l  i s  given a t  t h e  end. The r e su l t s  f o r  
E = 0 a r e  compared with the  r e su l t s  f o r  whatever value of E w a s  used 
on card 02. Also, i f  columns 41-42 of card 03 were f i l l e d w i t h  +1, 
the  r e s u l t s  obtained with both buildup fac tors  a re  displayed. 
or blank were used, t he  "preferred" method r e su l t s  alone a re  displayed, 
and if -1 were used, t h e  a l t e rna te  method r e s u l t s  alone a re  given. 

If zero 

The above describes only the  NIGHTMARE gamma-heating output. The 

usual EQUIPOISE output i s  obtained of f - l ine  a t  the  time of t he  running 

of t he  EQUIPOISE-2 p a r t  of t h e  program (see Figs.  %lo). 

NOTATION 

Coef f ic ien tx  i n  empirical equation f o r  buildup fac tors  

Buildup f ac to r  a t  energy leve l ,  E, between the  source 

(energy dependent ) 

-* + 
T location, r, and the  t a r g e t  location, r 

Distance i n  i t h  material ,  em 

Energy of groups 1 to 7 respect ively 

Distance i n  i t h  material ,  em, projected on a horizontal  

Number of photons produced per  capture and per  f i s s i o n  

Source and t a rge t  locat ions respect ively 

Radial distance, em 

plane 

respect ively 

t 
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1 

w 

s (E, r'> 

Z 

E 

'i 
P 

e,  m 

Source strength, photons per mit energy range per em3 

Source strength over an energy range, photons emm3 see" 
Volume and volume increment, em3 

Axial distance measured from the top of the EQUIPOISE 

A number 0 S E <1 used to correct source-to-target dis- 

Energy absorption coefficient at energy level, E, for 

Attenuation coefficient, em-' 

Density, g/cm3 
Angular measurement and angular increment, radians 

per see 

mesh 

tances 

target material, em-' 
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Fig. 8 .  Sample Problem; EQUIPOISE Output. 

SAMPLE PROBLEM FOR NIGHTPARE -- BSR GAMMA HEATING 

~ 

MESH SPECIFILATIONS 

I DEL2 
I 15.ZSU 4 1.62U 5 4.66'9 I 2  

J U t L K  
I 4.978 6 3.460 8 7.400 9 14.800 I O  20.100 12 

R t b l U N  5 l ' t L l v  

K k b  1 1  I 2  J I  JZ U I  UL b l b l  5 l b L  NUbkL K t 5 . t b L A P t  P H I 1  ph12 NUbt  I 
I I 4 1 12 2.000E 00 I.619E-01 4.000E-02 1-838E-02 -fl. -0. 9.898F-0110.OOOE-02 I.OlIOE 00 
L 4 5 I Y I .5UUt UU 1.61Yt-UI 5 . 2 m - U 2  l . 8 5 6 t  - -  U 2  U. - t.898E-UI 8.UUUt UU 2.5Ullt [IT 
3 5 8 1 6 I .435E 00 2 - 5 3 3 € - 0 1  2.745E-02 7.066E-02 3.125E-03 1.039E-01 9.142E-OI 2 .400t  02 8.003t 01 
4 8 12 I 4 l . 4 5 9 t  UU 2.555E-UI Z . /7Mt -U2 7 .066E-UL 
5 8 I2 4 6 1.455E DO 2.533E-01 2.745E-02 7.066E-02 3.125E-03 l .039E-01 9.l42C-01 2.4OOt 02 8.DGOE 01 
b 5 I2 6 Y I.>UIl't UU I . o l Y t - U I  3 .25Ut-UL I r U 5 8 t  - -  U L  U. - Y . H Y E - U l  M . m  UU L . 5 U l J t  UI 
7 4 12 9 12 2.00OE 00 I.619E-01 4.OilOE-02 1.83BE-02 -0. -0. 9.89HE-0110.OOOE-02 I - O O D E  DO 

3 . 1 o m - u 3  1 . m 9 . 1 3 8  F 0 I  5.mt uz I.on01- u7 

SAMPLE PROBLEM FOR NIGHTPARE -- BSH G A M M A  HEATING 

~ ~ 

FLUX CALCULATION BEGINS - BETAF# 1.600 BETAS# 1.600 

IT I O  SUMRESF#5-OI5€-03 SUMRESS#7.364E-O4 MAXRESFI 5, 3 1 # I - 5 0 3 E - 0 3  MAXRESSIIO. 6 ) # 1 . 7 2 0 € - 0 4  PHI  Rf f  9.984E-01 

I r  NO CCNVR(NUCRIT) M A X  PT. MIN PT. C O N V R ( F L U X )  M A X  PT. MIN PT. NU CHITICAL 
1u I.864t-UI I 5 ,  2 )  I I U ,  6 1  /.U/IE-UZ f 6 9 1 1 1  ( 29 Zl I.IIU~I r t  uu 
20 1.499E-02 (I1 t 6 )  I 5 *  2 )  6.105E-01 I 2 r l l  1 ( 3 1 1 1 )  1.00770E 00 
5u / .Uti5t-U4 I 5 ,  3 )  I 5. 6 )  4.67X€=m ( 3  -UU r l l )  l 2 , l l  

SAMPLE PROBLEM FOR NIGHTFARE -- R S R  G A M M A  HEATIN6 

3 0  ITERATIONS CONVR(NUCRIT)# 7 .083t -04  CONVR(FLUX)# 4.467E-02 NU C R I T I C A L #  1.00396E 00 P H I  R #  9.99947k-01 

FAST F C U X I I . J I  

I 2 3 4 5 6 7 8 9 I D  

I c. 0. 0. 0. 0. 0.  0. 0.  0. 0 .  

2 2.628E-01 2.628E-01 2.450E-01 2.121E-01 1-695E-01 I . 2 4 5 t - 0 1  9 - 6 1 5 E - 0 2  7.163E-02 3.38OE-02 6 . 9 7 0 t - 0 3  

3 2.085E 00 2.085E 00 l - 9 3 0 E  00 1-642E 00 1.267E 00 0.717E-01 6-327E-01 4.582E-01 1.764E-01 3.103E-02 

4 1.652E 01 1-652E 01 1.521E 01 1.2751- 01 9.472E 00 5-8821- 00 3.802E 00 2.30IE 00 7.392E-01 1.109E-01 

5 7.973E O f  7.973E 01 7.335E 01 6.129E 01 4.472E 01 2.445E 01 1.263E 01 6.20OE 00 I.4B5E 00 I .959E-01 

6 1.418E 02 I - 4 1 8 E  0 2  I - 3 0 5 E  0 2  1.092E 02 B.OO5E 01 4.339E 01 2.074E 01 9.537E 00 2.0881- 00 2.582E-01 

7 l.BP7t 02 1-897E 0 2  I.746E 02 1.462E 02 1-073E 02 5 - 8 3 6 E  01 2 - 7 8 6 E  01 1.269E 01 2.693E 00 3.215E-01 

8 2 - 2 9 4 E  02 2 - 2 9 4 E  02 2 - 1 I 2 E  0 2  1.769E 02 1.299E 02 7.075E 01 3 - 3 8 O t  01 I.538E 01 3.231E 00 3.791E-01 

9 2.605E 02 2.605E 02 2 - 3 9 8 E  02 2.009E 02 1 - 4 7 6 E  0 2  8.041E 01 3 - 8 4 3 E  01 1.749E 01 3.661E 00 4.261E-01 

I O  2.818E 02 Z - 8 I 8 E  0 2  2.595E 02 2.174€ 02 1-597E 02 8 - 7 0 4 E  01 4 - l b O t  01 1.893E 01 3.959E 00 4.59LE-01 

I I  2.926E 02 2 - 9 2 6 E  0 2  2 - 6 9 5 E  02 2.25BE 02 I - 6 5 9 E  02 9 . 0 4 l t  01 4 - 5 2 1 E  01 1.967E 01 4 - 1 1 2 E  00 4.762E-01 

12 2 - 9 2 6 E  02 2 - 9 2 6 E  02 2 - 6 9 5 E  02 2.258E 02 1.659E 02 9.041E 01 4.321E 01 1.967E 01 4 . 1 1 2 t  00 4.762E-01 
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Fig. 6' (continued) 

SAMPLE PROBLEM FUR NIGHTMARE -- MSR G A M M A  HEATING 

FAST F L U X I 1 , J I  

II 12 

I 0. 0. 

3 3.4eBE-03 0. 

4 1.083t-02 0. 

5 1.744E-02 0- 

6 2-205E-02 0- 

8 3.095E-02 0. 

9 3.447E-02 0. 

SAMPLE PROBLEM FCR NIGHTPARE -- B S K  G A M M A  HEATING 

SLOW FLUXI1 .J )  

I 2 3 4 5 6 7 n 9 I O  

I n. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

2 0.826E-01 6.826E-01 6.365E-01 5.517E-01 4.412E-01 3.253E-01 2.517E-01 I.880E-01 8.870E-02 1.812E-02 

3 5.316E 00 5 .3 l6E 00 4 . 9 2 2 t  00 4.194E 00 3.255E 00 2.272t 00 1.671E 00 I.ITOE 00 4.693E-01 8.184E-02 

4 3.90RE 01 3.908E 01 3.601E 01 3.030E 01 2.287E 01 1.527E 01 1.071E 01 6.903E 00 2.137E 00 2.956€-01 

5 7.590E 01 7.590E 01 6.986E 01 5.862E 01 4.449E 01 3.58;)E 01 3.046E 01 I.918E 01 4.667E 00 5 .327f -01  

6 5 . 4 5 0 t  01 5.450E 01 5.019E 01 4 . 2 2 6 t  01 3.311E 01 3.606t 01 4.269t D I  2.799E 01 6.531t  110 7.04OE-01 

7 6.606E 01 6.606E 01 6.086E 01 5 . 1 3 1 E  01 4.046E 01 4 . 5 8 l t  01 5.590E 01 3 .672t  01 R.396E UO 8.767€-01 

8 7.885E 01 ?.885€ 01 7.267E 01 6.143E 01 4.858E D l  5 .525t  01 6.75% 01 4 - 4 3 8 E  01 I.OD7E U I  I .034E 00 

9 @.905E 01 8.9OSC 01 8.210E D I  6.956E 01 5.513E 01 6,273E 01 7.676E 01 5.042E D I  1 . l 4 l E  01 1.163E 00 

I O  9.629t 01 9.629E 01 8.879E 01 7.525E 01 5.966E 01 6.790E 01 8.310E 01 5.458E 01 1.234E 01 1.253E 00 

I I  IO.@OOt 01 lO.DOOE 01 9 .221F 01 7.816E 01 6.197E 01 7.053E 01 8.632E 01 5.670E 01 1.281E 01 I . 300E 00 

12 IO.OOOE 01 10.OOOE 01 9.221E 01 7.816E 01 6.197t 01 7.053E 01 8.632E 01 5.670E 01 1.281E 01 I.3OOE 00 

SAMPLE PROBLEM FOR NIGHTPARE -- BSR GABMA HtATING 

sLnw FLUX(I,J) 

2 2.256E-03 0- 

3 9.24OE-05 0. 

4 2 . 8 2 6 ~ - 0 2  a. 

5 4 . 5 8 8 ~ - 0 2  a. 

6 5.@09E-02 0. 

7 7.038E-02 0. 

8 @.169E-02 0. 

9 9-100E-02 0. 

~~ 

II I.01OE-Ol 0- 

12 I.@IOE-OI 0. 
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Fig. 8 (continued) 

SAMPLt PROBLEM FOR NIGHTMARE -- BSR GAMMA HEATING 

~ ~ ~ ~ 

TOTAL FAST GROUP PRODUCTION # 2.lOR17E 0 4  

TOTAL SLOk GROUP PKODUC7ION # 2.94462E 0 5  

TOTAL FAST GROUP ABSORPTION # 1.72317E 0 4  

TOTAL SLOk GROUP ABSORPTION # 2.99394E 05 

TOTAL FAST GROUP TOP LEAKAGE C 7.77789E 01 

TOTAL SLOW GROUP TO? LEAKAGE C 1.64304E 01 

TOTAL FAST GROUP R I T  LEAKAGE # 6.05367E 01 

TOTAL SLOk GROUP R I T  LEPKAGE X 1.29097E 01 

TOTAL FAST GKOUP HOT LEAKAGE # 0. 

TOTAL SLOW GROUP ~ O T  LEAKAGE +! n. 

REGICN ABSORPTIONS 

REGION FAST A8SORP SLOW ABSORP 
I I.U(Y4')t u2 I . Z 4 M Z t  m 
2 2.52168t 02 1.33371E 04 
3 5.5UG5Ut u5 f . 4 0 f 4 L t  uu 
4 4.46532E 03 4.62711E 0 4  
> 6 . t425Ut  U 5  I.Y5f>5t ulr 
6 8.69935E 02 5.79279E 0 4  
/ I . I J 5 4 f t  U Z  l . > 5 2 f l t  u 4  

SAMPLE PROBLEM FUR NIGHTPARE -- BSR GAMMA HEATING 

SOURCE1I.Jl 

I 2 3 4 5 

I a .  0. 0. 0. 0.  0. 0. 0. 0. 0 .  
U. - - - - - _ .  - U. - 

2 u. - - 0. - - - - - - 
0.  -0. -0. -0. -0. -0. -0. -0. -U. -0. 

3 0. -0. -0. -0. -0. -0. -0. -0. -0. -0. 
U *  

4 U. 

- - - - U. - - U. - 
- U. - - - - .  - - - 

0. -U. -0. -0 * -0. -0. -0. -0. -0. -0. 

5 0. -0. -0 .  -0 * -0. -0.  -0. -0. -0. -0. 
U. M - 1 5 5 t  UU n. l55t  UU U.133t  (.&Ubi= UU l . 4 8 O t  UU O - L H I t  UU 0.Z-m 

I U  u. J-UMHt UI I.LlE8t U I  I.UUMt U1 I.UU5t U I  I .UU5t U I  M-4-8.4Y6t IJO 6.6Ybt IJO 6.6Y6t Ix1 
0. I.D88E 01 I.088E 01 1-088E 01 I.OO3E 01 1-003E 01 H.492E 00 H.496E UO 6.696E 00 6.696t OD 



SAMPLE PROBLEM FOR NIGHTPARE -- BSR GAMMA HEATING 

b 7 8 9 I O  

1 c. 0. 0.  0. 0. 0. 0. 0. 0. 0. 
- ,  - - - - - - - - U. 

z -I!. - - - - - - - - - 
-C. -0. -0. -0. -0. -0. -0. -0. -0. -0. 

3 -c. -0. -0. -0. -0. -0. -0. -0. -0. -0. - - - - - - - - U. - 

4 - w .  - - - - U. 0. - - U. 
-0. -0. -0. -0. -0. -0. -0. -0. -0. -0. 

5 -0. -0. -0 * -0. -0. -0. -0. -0. -0. -0. 
5 .  r v u t  uu-u. - - - - - - 11. - 

b 5 . m  UU-U. - - U. - - - - U. 
3 . 8 e l E  00-0. -0. -0. -0. -0. -0. -0. -0. -0. 

7 4 .941E  DO-0. -0. -0. -0. -0. -0. -0. -0. -0. 
4. YL) I t uu-u* - - - - - - - - 

U 3.Y56t ULI-U- - - - - - - - - 
5 . 9 5 R t  00-0. -0. -0. -0. -0. -0. -0. -0. -0. 

9 6 . 7 6 7 E  00-0- -0. -0. -0. -0. -0. -0. -0. -0. 
4. lbrt UU-U-  - U. - - - U. - - 

i u  f . 5 2 5 t  LIU-u. - U. - 
7.325E 00-0. -0. -0. -0. -0. -0. -0. -0. -0. 

I 1  1.6C9E 00-0. -0. -n . -0. -0. -0. -0. -0. -0. 

- - - 0. - 

l . OL Y t UIJ-U - U. - U. - ti. - - - 

I2 f.bU%% 
C. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

SAMPLE PROBLEM FOR NIGHTWARE -- BSR GAMMA HEATING 

SOURCELItJl 

2 -0. - U. U. 
-0 .  -0. -0. U. 

3 -0. -0. -0. 0.  
U .  U. 

- c. 
-0. -0. -0. 0. 

5 -0. -0. -0. 0. 

- - 

4 -u. - 

- - - U. 

6 -U. -U. -u . U. 
-0. -0. -0. 0. 

7 -0. -0. -0. 0. - - - U. 

- U. u -u. - 
-0. -0. -0. 0.  

9 -0. -0. -0. 0. - - - U. 

- - D. 
-0. -0. -0. 0. 

I I  -0. -0. -0. 0. 

I U  -0. 

- - - U. 

U. U. 
0. U. 0. 0. 

12 -u. - 
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Fig. 9. Sample Problem; NIGHTMARE Output. 

SAMPLE PROBLEM FOR NIGHTMARE - BSR GAMMA HEATING 

BSR GAMMA HEATING AL-1 CORE ONLY 

TARGET RADIUS 2.4130E 0 1  TARGET HEIGHT 803818E 01  TOTAL POINTS 240  

11 COLUMNSP RADIUS 7 1 0 6 2  CM. 11 ROWS* HEIGHT 81.47 CM. 

CALCULATED BETWEEN 

COLUMN 2 RADIUb 2.49 CM. AND COLUMN 6 RADIUS 22.40 CM. 

ROW 6 HEIGHT 58.03 CM. AND ROW 11 HEIGHT 81.47 

-0. DEGREES AND 180.000 DEGREES 

x = SUMMATION OF MU(IJ*D(I) x - MU(I)*D(AC) 

EPSILON P 0 EPSILON -0.25 EPSILON 0 EPSILON ~ 0 . 2 5  

GAMMA DOSE FROM ENERGY GROUP 1 0. 0. 3035519E-01 3035519E-01  

1.60011E 00 1079302E 00 GAMMA DOSE FROM ENERGY GROUP 2 0. 0. 

GAMMA DOSE FROM ENERGY GROUP 3 0. 0. 

GAMMA DOSE FROM ENERGY GROUP 4 0. 0. 7070667E-01 8a47608E-01 

2.10043~ oa 2 . a 6 2 9 2 ~  oa 

GAMMA DOSE FROM tNERGY GROUP 5 0. 0. 2034558E-01 2 ~ 5 7 3 5 3 E - 0 1  

GAMMA DOSE FROM ENERGY GROUP 6 0. 0. l e  89903E-OL 2008210E-01  

GAMMA DOSE FROM ENERGY GROUP 7 0. 0. 1030865E-01 1045160E-01  

TOTAL GAMMA DOSE FROM ALL GROUP5 0 .  0. 5036205E 00 5a94979E 00 

SAMPLE PROBLEM FOR NIGHTMARE -- BSR GAMMA I'IEATING 

BSR GAMMA HEATING AL-1 FRONT HALF OF REAC 

TARGtT RADIUS 2 e4130E 0 1  TARGET HEIGHT 8*3818E 0 1  TOTAL POINTS 4 00 

11 COLUMNS9 RAUIUS 7 1.62 CM. 11 ROWS* HEIG HT 81.47 CM. 

CALCULATED B t T W t t  N 

COLUMN 2 RADIUb 2.48 CM. AND COLUMN 11 RADIUS 7 1.62 CM. 

ROW 2 HEIGHT 15.24 CM. AND ROW 11 HEIGHT 81.47 

-0. DEGREES AN0 89.997 DEGREES 

X 3 SUMMATION OF M U ( I J * D ( I l  X = MUI I ) *D(ACJ  

EPSILON = 0 EPSILON =0.25 EPSILON = 0 EPSILSN =0.25 

GAMMA DOSE FROM ENERGY GROUP 1 3 0 8 8 9  4E -0 1 3008894E-01 2097168E-01 2097168E-01  

%AMMA DOSE FROM LNERGY GROUP 2 1050262E 00 1069553E 00 1e50655E 00 1 0 6 9 9 4 7 E  00 

GAMMA DOSE FROM ENERGY GROUP 3 2.79686E 00 3.17747E 00 2.812876 00 3019349E 00 

GAMMA DOSE FROM ENERGY GROUP 4 6.84962E-01 7.61903E-01 Q e  909126-01 7 067852E-01 

GAMMA DOSE FROM ENERGY GROUP 5 2.06819~-01 2029615E-01 2 0 8426E-01 2a31222E-01 

1.8537PE-01 1068171E-0 1 1086478E-01  GAMMA DOSE FROM ENERGY GROUP 6 1 6 707 OE-0 1 

1 33718 E-01 1020390E-01 1-34685E-01 GAMMA DOSE FROM ENERGY GROUP 7 1.19422E-01 

TOTAL GAMMA DOSt FROM ALL GROUPS 5.78665E 00 6.49251E 00 5080449E 00 6051036E 00 
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Fig. 9 (continued) 

i 
I *  

SAMPLE PROBLEM FOR NIGHTMARE -- BSR GAMMA HEATING 

BSR GAMMA HEATING AL-1 TARGET AUG-60 

TARGET RkDIUS 2.4130E 01 TARGET HEZGHT 8.3828E 01 TOTAL POINTS 8 00 

11 COLUMNSr RADIUS 7 1 0 6 2  CM. 11 ROWS* HElGHT 81.47 CM. 

CALCULATED BETWEEN 

COLUMN 2 RADIUS 2.49 CM. AND COLUMN I1 RADIUS 71.62 CM. 

ROW 2 HEIGHT 15.24 CM. AND ROW 11 HEIGHT 81.47 

-0. DEGREES AND i80.000 DEGREES 

X P SUMMATION OF M U ( I ) * D ( I )  X = MU( I )+D(AC)  

EPSILON 0 EPSILON Z0.25 EPSILON = 0 EPSILON 4 . 2 5  

GAMMA DOSE FROM ENERGY GROUP 1 3 5 7 4 3 2 E -0 1 3.57432E-01 0. 0. 

GAMMA OOSE FROM ENERGY GROUP 2 1061049E 00 1.80340E 00 0. 0. 

GAMMA DOSE FROM ENERGY GROUP 3 3001059E 00 3.39121E 00 0. 0. 

GAMMA DOSE FROM ENERGY GROUP 4 7r74288E-01 8 5122Y € 4 1  0. 0. 

GAMMA DOSR FROM kNERGY GROUP 5 2.36044E-01 2.58840E-01 0. 0. 

GAMMA OOSL FROM ENERGY GROUP 6 1 9 1363E-01 2.0967OE-01 0. 0. 

GAMMA DOSE FROM ENERGY GROUP 7 1031262E-01 1 -45558E-01 0. 0. 

TOTAL GAMMA DOSE FROM ALL GROUPS 6.31147E 00 7.01734E 00 0. 0. 

a 
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UNCLASSIF IED 
0 R N L- L R  - D W G 6446 5 

3 4 5 1  7 8  9 to 
J 

t t  

Fig. 10. Geometric Mesh for EQUIPOISE and lllGHTMA_RE Calculations of  
Sample Heating i n  t h e  BSR. 
propert ies  ( t h e  core cons is t s  of  regions marked 3 ,  4, and 5 ) .  
mesh i s  I from 2 to 11, J from 2 to 11. 

Regions shown were used t o  specify nuclear 
I!TIGHTMARE 
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Appendix A 

COW~ISON OF RESULTS WITH EXPERIMENT (BSR) 

In the course of checking out the NIGHTMAR3 code, heat-generation 
rates were calculated in targets in the BSR for which experimental de- 

terminations5 are available. 

cylindrical core as follows: 

24 in. high; nuclear equivalent cylinder: 

The rectangular core was simulated with a 
actual core: 18 in. deep X 15 in. wide X 

8.82-in. radius X 24-in. height. 
A critical, homogeneous core was established for a fuel concentration 

of 9.4 X lo1’ atoms of U235 per em3, using the GNU‘ one-dimensional, mul- 

tigroup code. 

clean value of 1.0734. A perpendicular buckling of 0.00171was applied 
to the fuel region only, equivalent to adding an extrapolation distance 
of 7.5 cm on this region; axial leakage in the reflector was neglected. 

Homogeneous poison was added to reduce k to 1.0 from a eff 

An EQUIPOISE two-dimensional, two-group calculation was made, em- 
ploying the two-group nuclear constants generated by GNU. 

region and reflector had each been subdivided into two regions for the 

GNU calculation, variation with radial position of the fast-group prop- 

erties was in part taken into account; this same variation was assumed 

to apply axially. 
of the nuclear properties. 

Since the fuel 

It was found that keff was 0.99606 without modification 

The following assumptions were made for the heat-generation calcula- 

tions : 
1. A fission product delayed-gamma source of 6.75 Mev/fission was 

distributed (geometrically) in the same way as the prompt-plus-capture 
gamma source in the fuel region. 

and delayed betas having an average energy of 1.249 MeV (Emax = 2.856) 
were assumed. 

2. Delayed gammas from aluminum of 1.782 Mev (core and A_1_ target) 

5T. B. Fowler and M. Tobias, EQUIPOISE-2 - A Two-Dimensional, Two- 
Group, Neutron Diffusion Code f o r  the IBM-7090 Computer, ORNL CF-60-11-67 
(Mov. 21, 1960). 

k. L. Davis, J. M. Bookston, and B. E. Smith, GNU-I1 - A Multigroup 
One-Dimension Diffusion Program, GMR-101 (Mov. 12, 1957). 



3. The target was assumed to be sufficiently small for flux depres- 

sion at the target to be neglected. 

4. Heating from radiation generated in the target itself is calcu- 

lated by using an escape probability for a cylinder having a uniform iso- 

tropic source, and neglecting buildup. 

5. It was assumed that there were 1.25 photons per capture in H2O 

of 2.0 Mev as opposed to the more accurate 1.0 photon per capture of 2.2 

Mev . 
The fluxes of photons having discrete energies were established at 

three radial locations from prompt-plus-capture gamma-ray sources by the 
NIGHTMARE code. This calculation was made for the whole reactor and also 

for the core only, using 800 and 280 mesh points respectively. 

Heat-generation rates in targets of aluminum, iron, and lead were 

calculated from these photon flux values and EQUIPOISE neutron flux levels 
at the target locations. Results of calculations are compared with ex- 

perimental results5 in Table A . l  and in Fig. A . l .  

given in Table A.2. 

Certain data used are 

The actual radial positions of targets have been used in these cal- 

culations. 
side; therefore the distances used in the calculation from the reactor 
edge to the targets are greater than in the actual experimental situation. 

This difference would be expectedto cause the calculated heating rates 
to be somewhat low. 

In the reactor the targets were located opposite the narrow 

It is worth noting that a relatively large mesh spacing is associated 
with only 800 mesh points; with each point is associated an appreciable 
volume. 
side due to this large mesh spacing, even though a value of E was used to 
account for the effect of a finite mesh. 

The calculated result may be expected to be slightly on the low 

In this calculation it was found that only 7.3% of the captures in 

the fuel region occurred in fission products and control rods. 

the high-energy gamna-ray source associated with capture in the rod  is 

not very significant. 

the reactor at the time in question, then this additional contribution 
would increase the heat-generation rates by an amount which would increase 

in significance with distance from the core. 

Therefore 

If there were an appreciable amount of cadmium in 

t 
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The calculated r e s u l t s  a r e  considered t o  be su f f i c i en t ly  i n  agreement 

w i t h  observations t o  warrant general  appl icat ion of t h i s  code t o  problems 

of l o c a l  heat  generation i n  reactors .  

Table A . l .  Heat Generation i n  Targets i n  the  BSR 

Heat Generation (w g-l Mw'l) 
Radius 

(em) 
Source Aluminum Iron Lead 

Target Target Target 

24.13 

33.02 

45.72 

24.13 
26.95 
30.48 

33.02 

38.10 
45.72 

Calculated 

Prompt + capture + ac t iva t ion  0.1219 

Delayed f i s s i o n  product gamma 0.0657 
Target gamma + beta  0.0108 

Total  0 ~ 9 8 4  

g-a 

Prompt + capture + ac t iva t ion  0.05001 

Delayed f i s s i o n  product gamma 0.02155 
Target gamma + be ta  0.00370 

gamma 

Total  0.07526 

Prompt + capture + ac t iva t ion  0.01663 

Delayed f i s s i o n  product gamma 0,00670 
Target gamma + be ta  0.00037 

gamma 

Total  

Ekp e rimental  

0.02370 

0.219 
0.132 

0.0745 

0.1256 0.2202 

0.0656 0.1214 
0,0393 0.0015 

0.2305 0 3431 

0.05155 0.08427 

0.02152 0.03893 
0.0131 0.00045 

0.08617 0.12365 

0.01850 0.02734 

0.00671 0.011?5 
0.00131 0.00005 

0.02652 0.03914 

0.271 

0.173 

0.105 

0.332 

0.175 

0.090 

0.043 
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Fig. A . l .  Comparison of Code Calculation Results with Experimentally 
Measured S t m c t u r a l  Heating i n  the  BSR. Calculated r e s u l t  includes prompt 
and capture gammas, f i s s i o n  product delayed gammas, and t a r g e t  capture and 
decay gammas and betas .  
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Table A.2. Data for Target Heating Calculation i n  the  BSR 

Photons 
Photons Produced Fiss ion 

Neutron Delayed 
Energy Produced per Product peE(a) (Mev/cm) N ~ ( ~ )  (cm-l at 60°C) 

(MeV) per  Capture G a m a  Al Fe F% Al Al/HzO = A l / H 2 0  = 
i n  ( hotons (p=2.7) ( p 7 . 8 5 )  ( p d 1 . 3 5 3 )  H20 1.0 0.7 

Production Fuel sec-i) 

Region 

0.5 1.56 0.3924 10 x 10l6 0.03675 0.1155 0.564 0.0323 0.228 0.130 0.1129 

1 0.62 0.4287 10 x 10l6 0.0733 0.207 0.454 0.0305 0.165 0.0978 0.0859 

2 0.464 0.2726 3.18 x 10l6 0.1244 0.366 0.66 0.0257 0.116 0.0708 0.0629 

4 0.102 0.0596 0.12 x 10l6 0.2168 0.704 1.524 0.020 0.0838 0.0524 0.04fj9 

6 0.0193 0.0156 0.3072 1.092 2.604 0.0185 0.0716 0.0450 0.0404 

8 0.00131 0.0252 0.399 1.52 3.848 0.0171 0.0656 0.0414 0.0371 

10 0 0 0.494 1.96 5.27 0.0163 0.0620 0.0392 0.0351 

( a h e a r  energy absorption coeff ic ient  times energy. 

(b)Linear t o t a l  absorption coeff ic ient .  

c 
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Appendix B 

PROPERTIES OF MATERIALS FOR USE I N  RFACTOR 
HEAT-GENEBATION CALCULATIONS 

Definitions 

Z = atomic numbers; for mixtures, the equivalent Z used must correspond 

p = total linear attenuation coefficient, em-', proportional to density 

to the actual attenuation properties of the mixture 

for a material 
= linear energy absorption coefficient, em-', proportional to density 
for a material 'e 

p/p E pe/p = mass energy absorption coefficient, cm2/g, independent of 

Mote: 

lowing: 

e 

density 

for p/p E pe/p input, it may be desirable to use one of the fol- 

p /p, in which case heat-generation rate calculated is in photons/g, 
but the NIGHTJ!U.RE total is meaningless because the results for 
each energy group must be multiplied by the energy before they 
can be summed; 

but the NIGHT= total is meaningless; 

and the total is correct; 

and the total is correct (here E is the group photon energy, Mev). 

in which case heat-generation rate calculated is in photons/cm3, 'e, 

Ep /p, in which case heat-generation rate calculated is in Mev/g, 

Epe, in which case heat-generation rate calculated is in Mev/cm3, 

e 

Conversion Factors 

1.603 X w-sec/Mev = 1.0 

3.38 x fissions/h-sec = 1.0 

3.6 X lo8  (rads/hr)/(w/g) = 1.0 
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Table B.1. Linear Total Attenuation Coefficients, 1-1 

Target Material 

I -  
I H 

Be 
B 
C 
0 

Mg 
Al 
Ti 
Fe 
M 
cu 
Z r  

Cd 

I 
Xe 
Pm 
sm 
Eu 
Ta 
Pb 
Til 

U 
PU 

H ~ O ,  p = 1.00 at 20"~ 
p = 0.974 at 80°C 
p = 0.917 at 150°C 

Concrete, p = 2.3 
p = 2.6 
p = 3.0 

Barytes, p = 3.5 
DzO, p = 0.826 at 280°C 

Density Atoms per p (em?) at Energies of 

- 
(n /cm3)  barn-cm 0.5 MeV 1 MeV 2 MeV 4 MeV 6 MeV 8 MeV 10 MeV 

1.846 
2.0 
1.671 

1.74 
2.70 
4.50 
7.854 
8.90 
8.89 
6.44 
8.65 
4.94 

7.7 
5.24 
16.6 
11.347 
11.5 
18.7 
16.1 

(0.06682) 
0.1233 
0.111% 
0.0838 

( 0.03341) 
0.0431 
0.0602 
0.0566 
0.0847 
0.0913 
0.0842 
0.0425 
0.0463 
0.0234 

( 0.0024) 
( 0.030) 
0.0308 
0.0208 
0.0553 
0.0330 
0.0298 
0.0473 
0.0406 

0.0193 
0.143 
0.161 
0.146 
0.0772 
0.150 
0.228 
0.0368 
0.660 
0.772 
0.741 
0.557 
0.792 
0.470 
0.050 
0.783 
0.832 
0.580 
2.15 
1.73 
2.04 
3.47 
3.17 
0.0965 
0.0939 
0,0887 
0.201 
0.226 
0.259 
0.326 
0.0719 

0.0141 
0.104 
0.118 
0.106 
0.0565 
0.109 
0.165 
0.265 
0.470 
0.547 
0.523 
0.373 
0.500 
0.285 
0.030 
0.444 
0.465 
0.322 
1.08 
0.795 
0.873 
1.46 
1.32 
0.0706 
0.0687 
0.0648 
0.147 
0.165 
0.188 
O.Zl7 
0.0526 

0.00982 
0.0726 
0.082 
0.0742 
0.0394 
0.0767 
0.116 
0.187 
0.334 
0.389 
0.372 
0.266 
0.357 
0.202 
0.021 
0.309 
0.323 
0.225 
0.730 
0.521 
0.554 
0.9U 
0.816 
0.0492 
0.0480 
0.0453 
0.102 
0.114 
0.131 
0.152 
0.0367 

0.00648 
0.0491 
0.0559 
0.0509 
0.0275 
0.0547 
0.0838 
0.142 
0.259 
0.305 
0.294 
0.222 
0.308 
0.178 
0.019 
0.278 
0.292 
0.202 
0.669 
0.485 
0.513 
0.842 
0.747 
0.0340 
0.0331 
0.0312 
0.073 
0.083 
0.096 
0.120 
0.0253 

0.00502 
0.0391 
0.0448 
0.0411 
0.0226 
0.0465 
0.0716 
0.129 
0.240 
0.285 
0.275 
0.217 
0.308 
0.181 
0.019 
0.289 
0.304 
0.210 
0.708 
0.505 
0.533 
0.880 
0.775 
0.0276 
0.0269 
0.0254 
0.062 
0.072 
0.084 
0.112 
0.0206 

0.00418 
0.0334 
0.0387 
0.0359 
0.0200 
0.0423 
0.0656 
0.123 
0.234 
0.279 
0.271 
0.211 
0.318 
0.188 
0.020 
0.300 
0.317 
0.220 
0.741 
0.535 
0.563 
0.927 
0.824 
0.0242 
0.0235 
0.0222 
0.056 
0.066 
0.078 
0.109 
0.0180 

0.00363 
0.0300 
0.0349 
0.0326 
0.0184 
0.0399 
0.0620 
0.121 
0.232 
0.279 
0.272 
0.226 
0.330 
0.196 
0.021 
0.318 
0.333 
0.231 
0.785 
0.571 
0.599 
0.998 
0.877 
0.0220 
0.0215 
0.0202 
0.053 
0.063 
0.075 
0.109 
0.0164 

, 



Table B.2. Linear Energy Absorption Coefficients, pe, for Target Material 
- 

Target Material Density Atoms per 
( g/cm3 ) barn-cm 

I.1 (ern?) at Energies of 
0.5 MeV 1 MeV 2 MeV 4 MeV 6 MeV 8 MeV 10 MeV 

H 
Be 
B 
C 
0 

Mg 
Al 
Ti 
Fe 
Ri 
cu 
Zr 
Cd 
I 
Xe 
pm 
s n  

Eu 
Ta 
Pb 
Th 
u 
Pu 
HzO, p = 1.00 at 20°C 

p = 0.974 at 80°C 
p = 0.917 at 150°C 

Concrete, p = 2.3 

p = 2.6 

p = 3.0 

Barytes, p = 3.5 

Tho2 (5000 g of Th per liter) 

1.846 

2.0 
1.671 

1.74 

2.70 

4.50 

7.854 
8.90 

8.89 

6.44 

8.65 

4.94 

7.7 

5.24 
16.6 

11.347 
11.5 
18.7 

16.1 

(0.06682) 

0.1233 

0.1113 

0.0838 

( 0.03341) 

0.0431 

0.0602 

0.0566 
0.0847 

0.0913 

0.00842 

0.0425 

0.0463 

0.0234 

( 0.0024) 

( 0.030) 

0.0308 

0.0208 

0.0553 
0.0330 

0.0298 

0.0473 

0.0406 

0.00660 

0.0491 

0.0550 

0.0505 

0.0263 
0.0509 

0.0777 

0.127 
0.231 

0.272 

0.681 

0.216 

0.338 

0.235 

0.0231 

0.398 

0.428 

0.302 

1.273 

1.128 

1.428 

2.47 

2.29 

0.0329 
0.0319 

0.0302 

0.069 
0.065 

0.060 

0.119 

0.642 

0.00622 

0.0457 

0.0520 

0.0465 

0.0249 

0.0478 

0.0730 

O.U.7 

0.207 

0.242 

0.492 

0.168 

0.230 

0.146 

0.0142 

0.219 

0.230 

0.161 

0.577 
0.454 

0.532 
0.903 

0.831 

0.0311 

0.0302 
0.0286 

0.065 

0.062 

0.058 

0.087 

0.251 

0.00523 

0.0387 

0.0440 

0.0397 
0.0210 

0.0412 

0.0626 

0.102 
0.183 

0.213 

0.355 

0.148 

0.203 

0.116 

0.0120 

0.181 

0.190 

0.133 

0.450 

0.330 

0.363 

0.602 

0.543 

0.0262 

0.0254 

0.0241 

0.056 

0.052 

0.048 

0.074 

0.174 

0.00395 

0.0305 

0.0349 
0.0319 

0.0174 

0.0351 

0.0543 

0.0949 

0.176 

0.208 

0.201 

0.158 
0.224 

0.135 

0.0141 

0.209 

0.220 

0.152 

0.516 

0.381 

0.410 
0.684 

0.600 

0.0214 

0.0208 
0.0197 

0.047 

0.044 

0.041 

0.073 

0.192 

0.00328 

0.0263 

0.0300 

0.0279 

0.0156 

0.0330 

0.0512 

0.0965 

0.182 

0.218 

0.213 

0.173 

0.250 

0.151 
0.0156 

0.241 

0.254 

0.176 

0.602 

0.434 
0.463 

0.766 

0.676 

0.0189 

0.0183 

0.0174 

0.044 

0.042 

0.039 

0.077 
0.214 

0.00284 

0.0235 

0.0276 

0.0258 

0.01&7 

0.0320 
0.0499 

0.0981 

0.190 
0.228 

0.222 

0.187 

0.274 

0.165 

0.0174 

0.252 

0.279 

0.194 

0.660 

0.481 

0.509 

0.840 

0.748 

0.0175 

0.0169 

0.0161 

0.042 

0.040 

0.037 

0.080 

0.233 

0.00255 

0.0220 

0.0259 

0.0245 

0.0141 
0.0315 

0.0494 

0.101 
0.196 

0.238 

0.233 

0.198 

0.294 

0.178 

0.0189 

0.288 

0.302 

0.210 

0.720 

0.527 
0.556 

0.928 
0.815 

0.0166 

0.0161 

0.0153 

0.040 

0.038 

0.036 

0.084 

0.253 

Table B.3. Total Linear Attenuation Coefficients, p, for Some Mixtures at 8OoC 

p (em-1) at Energies of Target 
Material 0.5 Mev 1 Mev 2 Mev 4 Mev 6 Mev 8 Mev 10 MeV 

Be (5% H~O) 
Al/H,O = 0.75 

= 1.0 

= 1.25 
= 4.0 

Fe f ~ ~ 0  = 1.0 

= 4.0 
wi/H20 = 1.0 

= 4.0 

0.141 
0.151 
0.161 
0.168 
0.201 
0.377 
0.547 
0.433 
0.636 

0.102 
0.110 

0.117 
0.122 
0.146 
0.269 
0.390 
0.308 
0.451 

0.0714 
0.0771 

0.0820 
0.0858 
0.102 
0.191 

0.277 
0.218 
0.321 

0.0483 
0.0548 
0.0584 
0.0613 
0.0737 
0.146 
0.214 
0.169 
0.251 

0.0385 
0.0461 
0.0493 
0.0517 
0.0627 
0.133 
0.197 
0.156 
0.233 

0.0329 
0.0416 
0.0446 
0.0469 
0.0572 
0.129 
0.192 
0.151 
0.228 

0.0296 
0.0388 
0.0417 
0.0440 
0.0539 
0.127 
0.190 
0.150 

0.227 
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Table B.4. Parameters A, B, and C for Energy Absorption Buildup 
Factor in the Equation 

BU i,n (Pa) = 1.0 + Ai,n(Pd) + Bi+(Pd12 + C i ,n (Pd13 

for a Point Isotropic Source 

Parameters A, B, and C for Energies of 
Material 

0.5 Mev 1 MeV 2 MeV 4 Mev 

H20 (Pa < 15) 
Z 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
78 

0.840 

0.22 
0.44 
0.64 
0.83 
1.01 
1.19 
1.32 
1.42 
1.50 
1.55 
1.59 
1.62 
1.64 
1.64 
1.64 
1.63 
1.61 
1.59 
1.56 
1.53 
1.49 
1.44 
1.39 
1.34 
1.29 
0.24 
1.19 
1.15 
1.10 
1.05 
1.01 
0.96 
0.91 
0.87 
0.82 
0.78 
0.73 
0.69 
0.65 

0.970 

0.97 
0.98 
0.99 
1.00 
1.01 
1.02 
1.03 
1.04 
1.05 
1.06 
1.07 
1.08 
1.09 
1.10 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.13 
1.12 
1.11 
1.10 
1.09 
1.08 
1.06 
1.04 
1.02 
1.00 
0.98 
0.96 
0.94 
0.92 
0.90 
0.87 
0.85 

i,n 
0.830 

0.76 
0.76 
0.76 
0.76 
0.76 
0.76 
0.76 
0.76 
0.76 
0.75 
0.75 
0.75 
0.75 
0.74 
0.74 
0.74 
0.73 
0.73 
0.72 
0.72 
0.71 
0 .71 
0.70 
0.70 
0.69 
0.68 
0.67 
0.67 
0.66 
0.65 
0.65 
0.64 
0.64 
0.63 
0.62 
0.62 
0.61 
0.61 
0.60 

A 

0.589 

0.65 
0.63 
0.60 
0.58 
0.56 
0.54 
0.52 
0.51 
0.49 
0.47 
0.46 
0.44 
0.43 
0.42 
0.41 
0.39 
0.38 
0.37 
0.36 
0.36 
0.35 
0.34 
0.33 
0.32 
0.32 
0.31 
0.30 
0.30 
0.29 
0.29 
0.28 
0.27 
0.27 
0.26 
0.26 
0.25 
0.25 
0.24 
0.24 

6 Mev 

0.460 

0.54 
0.51 
0.48 
0.46 
0.43 
0.41 
0.38 
0.36 
0.34 
0.33 
0.31 
0.30 
0.28 
0.27 
0.26 
0.25 
0.24 
0.23 
0.22 
0.22 
0.21 
0.21 
0.20 
0.20 
0.19 
0.19 
0.18 
0.18 
0.17 
0.17 
0.16 
0.16 
0.16 
0.15 
0.15 
0.15 
0.14 
0.14 
0.14 

8 Mev 10 Mev 

0.381 

0.45 
0.42 
0.40 
0.37 
0.34 
0.32 
0.30 
0.28 
0.26 
0.24 
0.22 
0.21 
0.20 
0.19 
0.18 
0 -17 
0.17 
0.16 
0.16 
0.15 
0.15 
0.15 
0.14 
0.14 
0.14 
0.13 
0.13 
0.13 
0.12 
0.12 
0.12 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.10 
0.10 

0.312 

0.39 
0.36 
0.34 
0.31 
0.29 
0.26 
0.24 
0.22 
0.20 
0.1% 
0.17 
0.16 
0.15 
0.14 
0.14 
0.13 
0.13 
0.13 
0.12 
0.12 
0.12 
0.12 
0.11 
0.11 
0.11 
0.11 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
0.09 
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Table B.4 (continued) 

Parameters A, B, and C for Energies of 

0.5 Mev 1 Mev 2 Mev 4 Mev 6 Mev 8 Mev 10 MeV 
Material  

H2O (Pd < 15) 0.600 
Z 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
4% 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
78 

0.53 
0.50 
0.464 
0.436 
0.402 
0.367 
0.336 
0.305 
0.275 
0.244 
0.215 
0.188 
0.160 
0.142 
0.103 
0.091 
0.070 
0.050 
0.031 
0.014 
0.0 

-0.013 
-0.025 
-0 035 
-0.043 
-0.048 
-0.053 
-0.056 
-0.058 
-0.060 
-0.062 
-0.063 
-0.064 
-0.065 
-0.066 
-0.067 
-0.067 
-0.06% 
-0.068 

0.175 

0.126 
0.125 
0.125 
0.124 
0.123 
0.121 
0.120 
0.118 
0.116 
0.113 
0.109 
0.105 
0.100 
0.094 
0.088 
0.082 
0.079 
0.067 
0.058 
0.050 
0.041 
0.032 
0.022 
0.013 
0.004 

-0.005 
-0.013 
-0 a 020 
-0.027 
-0.033 
-0 e 037 
-0 040 
-0 a 043 
-0.045 
-0.047 
-0.048 
-0 e 050 
-0.051 
-0 e 052 

i, n 

0.037 

0.055 
0.053 
0.051 
0.049 
0.047 
0.045 
0 043 
0.041 
0.039 
0.038 
0.037 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
0.035 
0.032 
0.028 
0.025 
0 022 
0.018 
0.015 
0.012 
0.008 
0.005 
0.002 

-0.002 
-0.004 
-0.006 

B 

0.0015 

0.05 
0.04 
0.03 
0.015 
0.010 
0,005 
0.007 
0.008 
0.011 
0.013 
0.015 
0.017 
0.019 
0.021 
0.022 
0.023 
0.023 
0.023 
0.022 
0.022 
0.021 
0.021 
0.020 
0.020 
0.019 
0 e 018 
0.018 
0.017 
0.017 
0.016 
0.015 
0.015 
0.014 
0.014 
0.013 
0.013 
0.012 
0.011 
0 * 010 

-0.0035 

0.05 
0.04 
0.03 
0.015 
0.010 
0.003 
0.005 
0,006 
0.008 
0.010 
0.012 
0.014 
0.015 
0.017 
0.018 
0.019 
0.019 
0 019 
0.018 
0,018 
0.017 
0,017 
0.016 
0.016 
0.015 
0.015 
0.014 
0 013 
0 * 012 
0 , 011 
0 a 010 
0.009 
0.008 
0.007 
0.006 
0,005 
0.004 
0.003 
0.002 

-0 005 

0.05 
0,04 
0.03 
0.015 
0.010 
0.002 
0 003 
0,004 
0 006 
0.008 
0 0 010 
0.010 
0.011 
0.011 
0.011 
0.010 
0,010 
0.009 
0.009 
0.008 
0.007 
0.006 
0,005 
0.004 
0.004 
0.003 
0.003 
0.002 
0.002 
0.001 
0.001 
0.001 
0.0 
-0.001 
-0.001 
-0.002 
-0.002 
-0.003 
-0.004 

-0.0055 

0.05 
0.04 
0.03 
0.015 
0.010 
0.001 
0.002 
0.003 
0.005 
0.007 
0.009 
0.009 
0.009 
0.009 
0.009 
0.008 
0.008 
0.007 
0.007 
0.006 
0.005 
0.004 
0.003 
0.002 
0.002 
0.001 
0.001 
0.001 
0.0 
-0.001 
-0.001 
-0.002 
-0.003 
-0.003 
-0.004 
-0.005 
-0,005 
-0.006 
-0.006 

* 
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Table B .4 (continued) 

Parameters A, B, and C f o r  Energies of 

0.5 Mev 1 MeV 2 Mev 4 Mev 6 Mev 8 Mev 10 Mev 
Material 

HzO (pd < 15) 
Z 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
74 
76 
78 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.0001 
0.0002 
0.0003 
0.0005 
0.0008 
0.0010 
0.0012 
0.0014 
0.0015 
0.0016 
0.0017 
0.0018 
0.0019 
0.0020 
0.0021 
0.0022 
0.0023 
0.0023 
0.0024 
0.0025 
0.0025 
0.0026 
0.0026 
0.0026 
0.0027 
0.0027 

i,n C 

0 0 0 0 0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 -0.0001 
0 -0.0002 
0 -0.0002 
0.0001 -0.0003 
0.0001 -0.0004 
0.0002 -0.0005 
0.0002 -0.0005 
0.0003 -0.0006 
0.0004 -0.0006 
0.0005 -0.0006 
0.0006 -0.0007 
0.0007 -0.0007 
0.0008 -0.0006 
0.0009 -0.0006 
0.0010 -0.0006 
0.0010 -0.0005 
0.0011 -0.0004 
0.0012 -0.0004 
0.0013 -0.0003 
0.0014 -0.0002 
0.0015 -0.0001 
0.0016 0.0 
0.0017 0.0001 
0.0018 0.0002 
0.0018 0.0003 
0.0019 0.0004 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.0001 
0.0002 
0.0004 
0.0005 
0.0006 
0 . 0007 
0.0008 
0.0008 
0.0009 
0 0009 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0009 
0.0009 
0.0009 
0.0009 
0.0008 
0.0008 
0.0008 
0 . 0007 
0.0007 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.0001 
0.0002 
0.0003 
0.0004 
0.0005 
0.0006 
0.0006 
0.0007 
0.0008 
0.0009 
0.0010 
0.0010 
0.0011 
0.0012 
0.0013 
0.0013 
0.0014 
0.0014 
0.0015 
0.0015 
0.0015 
0.0016 
0.0016 
0.0017 
0.0017 
0,0018 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.0001 
0.0002 
0.0003 
0,0005 
0.0008 
0.0010 
0.0012 
0.0013 
0.0014 
0.0015 
0.0016 
0.0017 
0.0017 
0.0018 
0.0018 
0.0019 
0.0019 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0,0021 
0.0021 
0.0021 
0.0021 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.0001 
0.0002 
0,0003 
0.0005 
0,0008 
0.0010 
0.0012 
0.0014 
0.0015 
0.0016 
0.0017 
0.0018 
0.0019 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0019 
0.0019 
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Table B.5. Capture and Fission Gama Source 

(v = 2.44, cr 

cr 

= 513 barns, vcr = 1070 barns, 
a f 

= 74.5 barns, thermal at 80°C.) 
C 

Prompt Fission + Prompt Fission 
Energy a Prompt Capture Delayed Fvsion 

Photons Photons per ( photons/nonfission Prodgct 

Fission Production production) 
Neutron neutron capture) (photons /neutron (MeV) per 

0.5 3.80 1.56 3.50 

1 2.00 0.82 2.837 

2 1.18 0.48A 0.383 

4 0.25 0.102 0.0374 

6 0.047 0.0193 0.0048 

8 0.0032 0.00131 0 

3.02 

2.23 

0.90 

0.12 

0.021 

0.00131 

10 0 0 

7.2802 2.98661 

0 0 

6.7622 6.29231 

a 

bSee Table B.6. 

Pf input. 

Table B.6. Typical Fission Product Delayed Gamma Source 

a Energy (Mev) Photons per Fission Photons per Mw-see 

0.5 

1 

2 

4 

Sb 

x 1016 

3.0 10 

3.0 10 

1.0 3.4 

0.04 0.14 

0.003 0.01 

7.043 23.55 

%quivalent t o  6.68 Mevlfission, o r  94% of infinite time level of 

b6 Mev is above the usual energy limit of delayed fission product 
7.1 Mevlfission. 

gammas, and this source therefore can be used as an upper bound. 

. 
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Table B.7. Capture Photons" 

Average Binding 
Capture Gamma-Ray Photons per Neutron Capture a t  Energies of  Element Energy i n  Product 

Nucleus (Mev) 0.5 MeV 1 Mev 2 MeV 4 MeV 6 Mev 8 MeV 10 MeV 

H 
D 
Be 

B 10 

C 

M g  

Al 
T i  

Fe 

Ni 
cu 
Zr 

Ag 
Cd 

xel3 5 

m149 

EU 

Dy 
Ta 

Au 
m 
Th 

2.22 

6.26 

6.81 

11.45 

4.94 

9.24 

7.72 

8.25 

7.72 

8.41 

7.76 

7.94 

6.78 

9.05 

8.00 

6.45 

(6 .5 )  
6.05 

6.45 

7.29 

5.2 

0.70 

0.50 

0.68 

0.20 

1.73 

0.79 

0.5 

3.59 

0.81 

0.86 

(1 .25 )  

0.30 

0.40 0.59 

0.23 

1.00 0.29 

0.40 0.35 

0.04 0.05 

0.40 0.20 

1.20 0.60 

0.62 1.37 

0.10 0.40 

0.60 1.50 

0.70 1.76 

0.50 1.90 

0.50 1.80 
0.50 1.20 

0.93 1.66 

0.50 

1.20 

0.41 

1.10 

0.77 

0.20 

0.30 

0.14 

0.23 

0.40 

0.58 

1.45 

0.45 

0.38 

0.50 

0.40 

0.35 

0.13 

1.1 

0.80 

0.30 

0.50 

0.25 

0.21 

0.90 

0.25 

0.30 

0.22 

0.40 

0.16 

0.30 

0.05 

0.05 

0.20 

0.10 
0.35 

0.15 

0.06 0.01 

0.11 0.01 
0.35 

0.03 

0.41 0.03 

0.60 0.10 
0.48 

0.05 

0.02 

0.01 

0.80 

aComplete experimental data  a r e  not avai lable  i n  t h e  l i t e r a t u r e  for m a n y  of these elements; 
therefore  a reasonable d is t r ibu t ion  of the  binding energy has been made herein. 
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Table B.8.  Beta-Part ic le  Energy Associated withaDecay of Product(s)  
Formed upon neutron Capture 

Energy (Mev) 

Pr inc ipa l  Pr inc ipa l  Average 
Beta 
Per 

Capture 

(Isotope Of Beta of AnJr B e t a  of Main Product 

Product, Main 
Maximum Product 

D i  s i n t  e g ra t  ion 
( t o t a l )  

Pr inc ipa l  Capture) 

Boron (BIO) 

Sodium ( Na23 ) 

Aluminum ( u 2 7  ) 

Titanium ( Ti48 ) 

I ron (Fe56)  

Nickel ( N i 5  ) 

Zirconium ( ~ r 9  O ) 

Si lver  ( Ag107 + Ag109 ) 

Cadmium ( Cd1I3 ) 

Europium ( Eu15 

Dysprosium ( ~ 1 " )  

Cold ( Aulg7) 

Thorium ( ~ h ~ 3 ~ )  

Uranium ($38) 

13.4 

1.39 

2.87 

2.1 

0.462 

2.1 

1.91 

2.24 

1.61 

1.88 

0.8 + 0.42 

0.96 

1.23 

1.21 

0 

1.39 

2.87 

0 

0 

0 

0 

1.77, 2.24 

0 

0, 1.88 

0.8 + 0.42 

0.96 

1.23 

1.21 

0 

5.51 

4.65 

0 

0 

0 

0 

1.77, 2.88 

0 

0, 1.88 

2.1 

1.37 

1.23 

1.28 

N O  

b 0.555 

1.25' 

0.01 

- 0  

- 0  

0.01 

0.88 

N O  

0.1 

0.41 

0.32 

0.42 

0.41 
~ 

?Excludes t r a n s i t i o n s  of long h a l f - l i f e .  I n  a mater ia l  such as  Eu, t h e  
be ta  energy increases with exposure (on a bas i s  of one capture i n  t h e  mater ia l ) .  
Also the  gamma rays produced i n  decay may make ava i lab le  s ign i f i can t  energy f o r  
l o c a l  heat  generation. Deactivation energy i s  not  included i n  the  main product 
d i s in tegra t ion  energy (causing capture gamma rays) .  

bAlso one 2.75- and one 1.37-Mev decay gamma per  capture. 
C Also one 1.78-Mev decay gamma per  capture. 
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Appendix C 

EXAMFLF: OF EXTENSION OF A N I G H T W  RESULT 
TO OBTAIN ADDITIONAL IIVFO?3MATION 

Pr ob 1 em 

The heat-generation r a t e  a t  t h e  ins ide  edge of a pressure vesse l  

(which i s  located outside a th i ck  water blanket) i s  known as a function 

of energy from a NIGHT= calculat ion.  

generation r a t e  a t  t he  outside edge of t h i s  s t e e l  pressure vessel ,  which 

i s  7 in .  thick.  The e f fec t ive  distance f r o m t h e  core source t o  the  blanket 

edge i s  estimated a t  66 i n .  

distances, except when appreciable neutron absorption occurs i n  another 

region such as a s t e e l  sh i e ld  or control  rod, resu l t ing  i n  high-energy 

It i s  desired t o  obtain the  heat-  

(The core source i s  all- important a t  remote 

capture, act ivat ion,  or decay gammas. ) 

Solution 

The r a t i o  of t h e  gamma flux a t  the  outside surface t o  t h a t  a t  t h e  

ins ide  surface w i l l  be determined and applied t o  the  heat generation r a t e  

a t  t he  inside surface f o r  each energy group. 

using the  energy buildup-factor equation indicates  t h a t  t h i s  f ac to r  i s  

dependent only on t h e  mater ia l  adjacent t o  the  point of i n t e r e s t  i n  t h i s  

s it uat i on. 

A preliminary calculat ion 

a 
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Table C.la. Summary of Calculations To Extend NIGHTMARF: Result 

P (cm-') Energy 
(MeV) (w/g 1 H2O Fe H2O Fe Total 

pd (mean free paths) Heat-Generation 
(a 1 Rate at a 

0.5 8.743 x 10-6 0.0939 0.660 15.74 12.58 28.32 

1 1.104 X lom4 0.0687 0.470 11.52 8.96 20.48 

2 1.014 X 0.0480 0.334 8.05 6.36 14.41 

4 1.557 X 0.0331 0.259 5.55 4.93 10.49 

6 2.174 X lom3 0.0269 0.240 4.51 4.57 9.08 

8 6.439 X lom4 0.0235 0.234 3.94 4.46 8.40 

Total 5.51 x 

= inside edge of pressure vessel. 

Table C.lb. Summary of Calculations To Extend NIGHTMARE Result 

Heat-Generation 
Energy BU e-l"%zO -l""' Rate at b ( a )  

(MeV H2 0 Fe BuFe/Bu€120 b / g )  

0.5 180 180 1.0 290,000 3 . u  x 106 -0 

1 35 60 1.74 7,770 2.24 x 10'~ -0 

1.87 578 3.24 x 3.28 X 2 10 18.7 

139 1.26 X lo-' 1.95 x 10'~ 4 4.3 7.5 1.74 

6 3.0 4.9 1.63 96.4 1.69 X 10"' 3.68 x 10'~ 

8 2.43 3.55 1.46 86.4 1.69 X lo-' 1.09 x 10'~ 

Total 7.05 x 

= outside edge of pressure vessel. 

. 

a 
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