AD-777 842
GAMMA RADIATION FROM FISSION PRODUCTS

Ronald B. Drinkwater~r

Air Force Institute of Technology
Wright-Patterson Air Force Base, Ohio

March 1974

DISTRIBUTED BY:

National Technical information Service
U. S. DEPARTMENT OF COMMERGE
5285 Port Royal Road, Springfield Va. 22151

Pll Redacted

S e AW« P s o e o

—




. b Aﬂ% u?
) !
P
g %.




UNCLASS IFIEw SR N

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered) o

REPORT DOCUMENTATION PAGE BEF%%‘EDC'gﬁgfgggg":om
1. REPORT NUMBER 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
GNE/PH/Th-3 — A P70 K2 S
4. TITLE (and Subtitle) | 8- TYPE OF REPORT & PERIOD COVERZD
GAMMA RADIATION FROM FISSION PRODUCTS MS Thesis

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(®) 8. CONTRACT OR GRANT NUMBER(S) |

Ronald B. Drinkwater
Cantain, USAF
9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM EL EMENT, PROJECT TASK

o AREA & WORK UNIT NUMBERS
Air Force Institute of Technology
Wright-Patterson Air Force Base, Ohic

-

11. CONTROLLING OFFJCE NAME AND ADORESS 12. REPORT DATE
Air Force Weapons Laboratory March 1974
Kirtland Air Force Base, N. M, 87117 1R NUMBER OE BAGES Sz
14. MONITORING AGE'{CY NAME & ADDRESS(if different from Controlling Oflice) 15. SECURITY CL ASS. (of thie report)
' UNCLASSIFIED

15, DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thie Report)

Approved for Public Rrlease; Distribution Unlimited

17. DISTRIBUTION STATEMENT (of the sbatract eniered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES Ap ; ed for pub release; IAW AFR 190-17

rector of Information -
19. KEY WORDS (Continue on reverse side il necessary and identily by block aumber)
Fission-Product Garma Radiation
Gama Radiation . Keproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Department of Commerce
Springfield VA 22151

20. ABSTRACT (Continue on reverse side If nacevsary and identily by block number)

An analytical study was made to determine the gamma radiation produced by
the products of a fission device. The radiation during times from .10 sec
to 2 min after fission was of special interest. Fission yleld data were
gathered for 5 ﬁ1els (f:.ss:.on spectra U235, U238, and Pu?39; and 1y MeV
spectra U235 and U238 ). Decay data were gathered for the fission products
of these fuels. A computer program was written to process the data,
Results could be obtained for a device of specified yield and fuel comp-
osition. The program results were not valid at times shorter than 1000

DD an'ys 1473  Eoimion oF 1 NoOV €515 OBSOLET!: UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

'




—— R

UNCLASSIFIED

SECUR TY CLASSIFICATION OF THIS PAGE(Whan Date Entersd)

|
PaRIS

sec after fission because gama decay informmaticn was not availatle for nany
short lived products, However an approximation based on the long time
program results is presented for use in obtaining short time total gamnma
energy rates.

VA UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




v

GAMMA RADIATION FROM

FISSION PRODUCTS
THESIS

GNE/PH/74-3 Ronald B. Drinkwater
Captain USAF

DDC

R "_-!EJP

Approved for public release, distribution unlimited.

b




TN e e :
¥

GNE/PH/74-3

-

T

ﬂ
?

-

#

GAMMA RADIATION FROM

FISSION PRODUCTS

THESIS

Presented to the Faculty of the School of Engineering
of the Air Frrce Institute of Technology

4

~ Air University

e
in Partial Fulfillment of the
Requirements for the Degree cf

Master of Science

by

Ronald B. Drinkwater, B. S.

Captain NSAF

Graduvate Nuclear Engineering

March 1974

Approved for public release, distribution unlimited.

e

-~




|

N S - w4

GNE/PH/74-3
Preface

This study was made to determine quantitative gamma
radiation rates from the products of a specified fission
device. The .1 sec to 2 min time after fission period was
of special interest. This period is of the most interest
in weapon fireball radiation calculations.

I would like to thank Dr. Charles J. Bridgman for
his guidance and interest in this study and Mrs. Audrey
L. Crosby of the Vallecitos Nuclear Center for her assist-
ance in obtaining needed data references.

Ronald B. Drinkwater
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Abstract

An analytical study was made to determine the gamma
radiation produced by the products of a fission device.
The radiation during times from .10 sec to 2 min after
fission was of special interest. Fission yield data were

gathered for 5 fuels (fission spectra 0235, U238, and

Pu239; and 14 MeV spectra 0235 and 0238). Decay data

were gathered for the fission products of these fuels.

A computer program was written to process the data which
produced quantitative energy and number rates of interest

in fission product gamma radiation analysis. Results

could be obtained for a device of specified yield and fuel
composition. The program res.its were not valid at times
shorter than 1000 sec after fission because gamma decay
information w s not available for many short lived products.

However an approximation based on the long time results is

presented for use in obtaining short time total gamma energy

rates.
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GAMMA RADIATION FROM

FISSION PRODUCTS

I. Introduction

Purpose

This study was made to determine the gamma radiation
given off by the fission products of a specifiea device as
a function of time after the fission process occurred. The
study was primarily designed to produce results for use in
the study of delayed nuclear weapon effects. The results
could be used in reactor product radiation studies, espe-
cially for severe excursion analysis.

Aircraft flying in the vicinity of a nuclear weapon
detonation may not be harmed by prompt weapon effects,
however their flight paths may pass through the radio-
active weapon products. The gamma radiation from these
products may cause damage to the aircraft and its crew.
Elementary buoyant body calculations indicate a weapon
fireball would rise to the tropopause (above typical air-
craft altitudes) in approximately 2 min. If the aircraft
were to enter the fireball in less than 0.1 sec after
weapon detonation, prompt weapon effects would most surely
have destroyed it. Thus, “he time period of 0.1 sec to 2

min after fission was of special interest.

Terms Defined

Two terms used frequently in this report must be

clearly defined; "Fission Fragment" and "Fission Product".
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For the purposes cof this report, a fission fragment is an
atom that is formed directly by the fission process. A
fission product is an atom that is either formed by the
fission process or present as the result of fission frag-

ment decays.

Overview

Fission yield data and decay data on fission products
were gathered and compiled for computer processing. A
computer program was written to process the data. The
program output included both energy and number rates (see
Table 7;. The 17 gamma energy rates (rates 2-18) are the
same as 17 of the 18 gamma groups used in an AFIT prompt
effects code (SV Code). Group I (8.00-10.0C MeV) was not
included tecause no garwmas of this energy were encountered

in this study.
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Table I

Program Output Rates

Race Index

Definition

1 Total Activity (Decays/sec)

2 6.50-8.00 MeV Gamma Rate (MeV/sec)
3 5.00-6.50 MeV Gamma Rate (MeV/sec)
4 4.00-5.00 MeV Gamnra Rate (MeV/sec)
5 3.00-4.00 MeV Gamma Rate (MeV/sec)
6 2.50-3.00 MeV Gamma Rate (MeV/sec)
7 2.00-2.50 MeV Gamma Rate (MeV/sec)
8 1.66-2.00 MeV Gamma Rate (MeV/sec)
9 1.33-1.66 MeV Gamma Rate (MeV/sec)
19 1.00-1.33 MeV Gamma Rate (MeV/sec)
11 .80-1.00 Mev Gamma kate (MeV/sec)
12 .60- .80 MeV Gamma Rate (MeV/sec)
13 .40- .60 MeV Gamma Rate (MeV/sec)
14 .20- .40 MeV Gamma Rate (MeV/sec)
15 .20- 30 MeV Gamma Rate (MeV/sec)
16 .10- .20 MeV Gamma Rate (MeV/sec)
17 .05- .10 Mev Gamma Rate (MeV/sec)
18 .02- .05 MeV Gamma R :2 (MeV/sec)
19 Total Gamma Number Rate (Gammas/sec)
20 Total Gamma Energy Rate (MeV/sec)

3
R L N
——
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This report deals mainly with the analysis of the

235

fission of U (fission spectra fission). The other 4

fuels covered by the study were analyzed and the results

235

were generally the same as those for U (see Table II).

Table II

Fuels Covered by This Study

0235 (Fission Spectra)

U238 (Fission Spectra)

Pu239 (Fission Spectra)

u235 (14 Mev)

238

U (14 MeV)

Assumptions and Limitations

A large amount of fission yield and decay data was
needed for this study. To cover all the possible fission
products, one would have to include data on approximately
107 mass chains. This would involve roughly 400 fission
fragments and 500-600 radioactive fission products. Col-
lection and compilation of data on all possible fission
products would have taken more time than was allotted for
this study. The data used was limited to those fission

products of 0235

(fission spectra fission) which are members
of mass chains with a fission yield of 1%, or higher. This

amounted to mass chains, which involve 123 fission fragments
and 178 radioactive fission products. Specifically, data for

fission products in mass chains 84 through 105 and 129 through

. " - e ~—— PR S




—————

. MR e =

GNE/PH/74-3

149 were collected and used in the program. As a result,
the program accounted for the following percentages of

fission products from the respective fuels (see Table III).

Table I1I

Fission Products Accounted For

Fuel Program Product Yield
0235 (Fission Spectra) 98.8%
0238 (Fission Spectra) 95.5%
pu?3? (Fission Spectra) 88.7%
v23% (14 Mev) 82.9%
u?3% (14 Mev) 83.4%

The program will compute results for any specified
amount and mixture of these fuels. A fraction of fission
products accounted for from the specified device is
computed. The rate results are adjusted by multiplication
by the inverse of this fraction so they will reflect an
"adjusted" 100% fission product coverage. This assumes the
gamms radiation from the missing products is the same as
that from the included products.

The most serious limitation in this study is a result
of the fact that gamma radiation data was not available for
many of the short lived products. Of the 178 products con-
sidered, gamma radiation data was not available for 84

products. Of these 84 products, 19 had half lives over 1

minute, 6 had half lives over 10 minutes, and 2 had half
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lives over 1 hour. Using the fact that relatively all
activity dies out after 10 hai® lives as a basis, it is
considered that 1000 sec after fission is a conservative
minimum for valid program energy rate results. Thus,
prosjram energy rate results are not valid for the time
period of most interest, .l sec to 2 min after fission,
however, an approximation developed in Chapter IV allows
total gamma energy rate calculations for this time region.

Relative gamma intensities were available for 16 of
the 34 radioactive products with unknown absolute gamma
intensities.

Table IV lists gamma radiation data for 2 fission
products to illustrate what is meant by absolute and rel-

ative gamma intensities (Ref 8:224).

e i S A
7

Table IV
k82 ' Y
Gamma Relative Gamma Absolute
(MeV) Intensity (MeV) Intensity
0.23 85.0 0.53 4%
0.36 28.0 0.72 4%
0.51 42.0 0.83 56%
0.60 100.0 0.86 6%
others < 100.0 others < 56%

For the decay of Kr89

, only relative gamma intensities are
known, i.e. the 0.60 MeV gamma is the most frequent gamma,
and for every 100 0.60 MeV gammas there would be 42 0.51

MeV gammas. The number of any gamma produced per decay of
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Kr89 is unknown. For the decay of Rbgo, absolute gamma

intensities are known, for 100 Rbgo decays, 56 0.83 MeV
gammas would be produced. It was observed that the absolute
intensities of the most frequent gammas from all the products
considered generally varied from 100% to 1.0%, with a few
exceptions lower than 1.0%. Based on this range of absolute
intensity values, the absolute intensities of the most fre-
quent gammas, from the 16 products for which only relative
intensities were known, were set at 1.0%. With the absolute
intensity of the¢ most frequent gamma known, absolute inten-
sities of the remai. ' .g gammas are easily calculated. The
absolute intensity of 1.0% was considered to be generally
low, and was chosen so that the chances that estimated gamma
radiation would not dominate over known gamma radiétion in
the results would be minimized. The gamma decay data for
the remaining products with unkrown absolute gamma decay
data were set at zero. This dictates that the short time
(less than 1000 sec after fission) energy rates and gamma
number rates will be low.

The program activity results (Rate 1, see Table I) do
not have the limitation previously described. The half lives
of all products used in the program were known. However, most
mass chains have some members for which half lives are un-
known. This study used the first member of the mass chain
with a known half life as the first member of that chain.
Table V shows an example of the mass chain information used

to compile data for the program (Ref 9:24).
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Table V
Typical Mass Chain
Nuclide Half Life ??mulayivg Fission Yie%gs
or Fission Spectra U )
34 Se96 Unknown Not Listed
35 Br96 Unknown 7.56 x 10—9%
36 Kr2® Unknown 9.08 x 10™°%
37 Rb° .23 sec .0519%
38 s5r°° 4.0 sec 1.69%
39 y7® 2.3 min 5.48%
40 278 Stable 6.22%
Thus, 37 Rb96 was used as the first member of the chain
with a fission yield of .0519% for fission spectra U235.

The second member was 38 Sr96

, with an individual yield

of 1.64% (1.69% - .0519%), etc. The first members of the
mass chains with known half lives generally had half lives
of .1 sec to 1 min. It is probable that the members with
unknown half lives have very short half lives (Zess than 1
sec) since they are farther from stability than the members
with known half lives. Thus some activity before 1 sec
after fission is not accounted for and therefore program

activity results are considered low for times less than 1

sec after fission.

Data References

The references used to gather fission yield and decay

data are critical to the validity of this study. They are
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1 listed here in the text to give the reader an idea of the

scope of the pasic data used in this study.

Fission yield data was gathered exclusively from the
1972 General Electric Company report, "Compilation of
Fission Product Yields" by Meek and Rider (Ref 7). This
report presents a consolidated, current listing of this
data.

Half life and decay branching data was gathered
mainly from the same report, with occasional reference
to other sources for confirmation purposes.

g Gamma radiation data was gathered from four sources;
"Handbook of Chemistry and Physics"™ (Ref 10), "Table of
Isotopes” (Ref 8), "Gamma-Ray Energies and Intensities"

(Ref 6), and applicable editions of the periodical, Nuclear

Data.
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II. Calculation Method

The basic inputs us.? in this study are device yield,
device composition and time after fission. The outputs
are various energy and number rates as described in Table I.

First, the number of atoms of each fission fragment
produced by the device is calculated. The device yield and
device composition figures are used to compute the number
of fissions of each type fuel *tuat occurred. The number
of fissions of each fuel is then multiplied by appropriate
fission yield data to compute the number of atoms of each
fission fragment produced by that fuel. The total number
of atoms of each fission fragment produced by the device
is then calculated by adding up the amounts of that fission
fragment pr~duced by the component fuels.

Next, the initial number of atoms of particular fission
fragment and the specified time after fission are used to
calculate the components of the various rates described in
Table I caused by the decay of this particular fission frag-
ment and its daughters. A two step procedure is used to
compute the various rates for each fission fragment decay
chain. Running totals of these rates are kept and will
reflect output rates for the entire device after the pro-
cedure has been applied to all fission fragments.

The first step in the procedure computes the number
of atnms of the fission fragment and its daughters present
at the specified time after fission. Although the various

isotopes here may be the same as those present in the

-~

10
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decay chains of other fission fragments, this step only

accounts for those particular atoms present as a direct

— —— — g

result of the initial quantity of the particular fission

fragment being processed.

of all fission fragments have been processed, rates reflect-

Thus after the initial quantities

ing the effects of the entire device will have been calcu-

lated. Th2 basic

radioactive transformation equations,

"Bateman Equations” (Ref 7:243) were used in this step.

Given a simple decay chain for fission fragment Al

A, A, >
Al(t) = A
A,(t) = A

Or Generally

An(t) = C

il

Where: C1

Where: t is the
Al(O) is
fragment

An(t) is

A3 > A4 > AS + etc.
-At
1(0) e 1
Al —Alt Al -Azt
1O =3 e M v
21 1 72
=it -A,t
1 © 1 + C2 e 2 + .. .
AllZ""An—l T
(X§4X1)(x3411)....(kn-X1) 1
AIAZ""AnAI .
(lz-kl)(X3-A1)....(xn‘A2: Al(O)
AMAy ceeih g A0
5 — - =3
Ay Xn)ilz Xn)....(An_l An'
specified time after fission.

the initial number of atoms of fission

Al.

(1)

(2)

(3)

(4)

(5)

(6)

the number of atoms of the nth member of
the chain present at time t.

11
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An is the decay constant of the nth member of the
chain.
These equations are easily adapted to computer pro-
cessing with proper indexing oé the particular variables.
Decay chain branching occurs in many of the fission
For the simple pranching decay

fragment decay chains.

chains: A

the decay is split into indexed chains as indicated. The
branching fractions are readily available in the references;
i.e. the fraction of A, that decays to Al 3 (BFl) and the

’

fraction of A, that decays to A2 3 (BF2).
[

2
The following equations account for all atoms present
at time t for the simple branching decay chain shown above.

-A,t

_ 1
Al(t) = Al(O) e (7)
A -, t A =A.t
1 1 1 2
A (t) = A, (0){~——— e + 7 e (8)
2 1 Az-kl (Al Az)
-A.t
AL A 1
A 172 e

1,3(t) = A, (0)BF, A g2

-A,t
AL A -A.t AL A 3
12 2 + 172 e (9)

@
(A1=25) (A5=2,) (A1=23) (A,=A3)

+

12
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=it
Alkz 1
2 (Az-ll)(k3—kl)

A2'3(t) = Al(O)BF

Y ”A t “A t
AlAZ e 2 Allz . 3

+ +
(Al"xz)(k3-xz) (Al—k3)(x2;13)

(10)

These equations are, again, easily adapted to computer
routines with proper indexing of the particular variables,
even in quite complicated :-anching situations.

The second step in the procedure multiplies the number
of atoms of each radioactive isotope by its respective decay
constant to yield activity (decay/sec) of that isotope in
the chain. This activity is then multiplied by decay factors
for the particular isotope to give the rates contributed by
this isotope, eg activity times total gamma energy per
decay of this isotope would yield total gamma energy per
second contributed by the number of atoms of this particular
isotope present in the chain peing processed. The rates
from all isotopes in the chain are then summed to reflect
the rates produced by the entire chain.

Appendix A gives a listing of the Computer Program used

to perform the calculations.
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III. Program Results

The results produced by the program consist of
various energy and number rates as described in Table I.
| These rates are quantitative and represent the output from
the products of a device of specified yield and composition.
The results presented in this chapter are scaled to units of

235 (fission spectra fission). These

rate per fission of U
units compare more readily to other studies and eliminate
the need to specify the device yield. As previously
mentioned in Chapter I, the results for the other fuels

are generally tne same as those computed for 0235'

Total Gamma Energy Rate

At

Figure 1 shows the total gamma energy rate as a
function of time after fission as calculated by the computer
program. The energy rate values are considered low for time
’ of less than 1000 sec because of the unknown gamma decay ﬁ

factors on many short-lived products which were arbitrarily l

r set at zero in the program data.

Spectrum

The computer code produces 17 gamma-e~rgy-group
! energy rates as shown in Table I. These results are subject
to the same limitatinns as the total gamma energy rate. 1In
Figure 2, the group er :rgy rates are consolidated into 3
r energy groups and normalized so that total energy rate
equals one. Figure 2 indicates very erratic spectral be-

{ havior over the times covered, however a general "softening”

14 - %
) . ;
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NORMALIZED GROUP GAMMA RATES

X .02 70 .8OMEV GARMMARS
A .80 T0 2.0MEV GAMMAS
0 2.0 T0 8.0MEV GAMMAS

1.00
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1
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N
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0.17

0.00

TIME AFTER FISSION (SEC)

Figure 2. Normalized Gamma-Energy-Group Energy Rates
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trend.(the tendency for the total gamma energy to be composed
of mostly lower energy gammas) is noted as times progress
beyond 1000 sec.

Perhaps a better look at the gamma radiation spectrum
is given by Table VI which lists average energy per gamma
as a function of time after fission. The limitations

below 1000 sec still apply.

T T TN

~ - e

q

Table VI
Average Gamma Energies
Time After Fission Average Gamma Energy

(sec) (MeV/gamma)

1x 1073 .529

1 x 1072 .528

1 x 1071 .530

1 x 10° .553

1 x 10 .867

1 x 102 1.068

1 x 103 1.054

1 x 10* .873
8.64 x 104 (1 day) .674
6.05 x 10° (1 week) .626

Total Activity

Figure 3 shows the total product activity as a function
of time after fission. These results are considered accurate
for times greater than 1 sec after fission. The activity

results for times below 1 sec are considered low because

17
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products with unknown half lives (very short lived products)

were not included in the computer code.

19




.

GNE/PH/74-3

IV. Early Time Approximations

Although the program results presented in Chapter III
are considered good for late times, these results do not
cover the time period of most interest; .l sec to 2 min
after fission. Two methods were used in an attempt to
find a procedure that would produce good total gamma energy

rate values for the .1 sec to 2 min time period; use of the

zamiliar "T"1°2 Law" and an independent approach developed

by the author. As in Chapter III, the results presented in

235

this chapter are in units of rate per fission of U (fission

spectra fission).

-1.2

"T Law" Approximation

-1.2"

The familiar "T type approximation is cited as

a method of obtaining product radiation rate values for
times less than 1000 hours after fission (Ref 4:421) or 6
months after fission (Ref 1:323). It is stated that this
approximation is gocd only for times in excess of 10 sec
after fission (Ref 11: 1027-1029). This nethod involves
the use of the equation:

A(t) = Aot'l'2 (11)

where: Ao is the radiation rate at unit time
after fission.

t is the time after fission of interest
in units compatible with Ao.

A(t) is the approximated radiation rate
at time t.

Thus, if the radiation rate at any time after fission is

known, an approximation of the rate for any other time can

20
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be made (within the specified time iimits).

Using the program total gamma energy rate at 1000 sec
after fission as Ao' this approximation was used to compute
rate values for the other times after fission. Figure 4
shows the approximation results compared with the program
results.

Both the approximation results and the program results
were integrated by trapezoidal numerical methods to deter-
mine total product gamma energy released per fission. The
time span covered by the integration was from 10.6 secC
through 1012 sec after fission. The integration time period
starts after nuclear weapon burn times (considered less than
10-7 sec). Negligible gamma energy per fission is contrib-
uted by times greater than 105 sec in both cases. The results
were 308 MeV/fission for the approximation and 5.03 MeV/fission
for the program results. It appears the approximation allows
far too much product gamma radiation when one compares the
integration results to generally accepted values of around
6 MeV/Fission (Ref 4:13). Even if only the time span of
interest, .l sec through 2 min, is used as the integration
period, the approximation results yield a proauct gamma
energy of more than 40 MeV/fission. Clearly tle wpl-2
Law" approximation produces total gamma energy rates that
are too large over the .l sec to 2 min time after fission
region. This would be expected, since the use of the “T_l'2

Law" at times below 10 sec is not considered valid (Ref 10:

1029) and because numercus experimental and theoretical total

21
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Figure 4. "T — Law" Approximation Compared with

Program Results.
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gamma rate curves show "flattening" tendencies at times
less than 1 to 100 sec after fission (Ref 11:1328, 2:2-19,

3:B811, 5:B822).

Independent Approximation

The various program result rates were analyzed in an
attempt to find trends that could extend the long time
total gamma energy rates into the short time region. The
program total gamma energy rates and total activity rates
were used to compute average gamma energy per decay values.
A straight line approximation fits the average gamma energy
per decay calues very well at times of 1000 sec to 10,000
sec after fission as shown in Figure 5. This time regime
was selected because 1000 sec is *he minimum time at which
the program total energy rate results are considered valid.
The straight line approximation for average gamma energy
per decay is given by the following equationn:

R(t) = R t 7104 (12)

where: Ro is the average gamme energy per decay
at unit time after fission.

t is the time after fission of interest in
units compatible with Rb'

R(t) is the approximation of average
gamma energy per decay for time t.

Figure 5 shows the program average gamma energy per
decay values and approximation values basa2d on the procram
value of 1.44 MeV/decay at 1000 sec. As would be expected,
the approximated values are larger than program values as

time goes below 1000 sec since program total gamma energy

23
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Figure 5. Average Energy per Decay - Program Results
Compared with Straight Line Approximation
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rates do not include gamma energy from some short lived
product decays. As previously stated, program total activity
rates are considered good for times down to 1 sec.

The approximated average gamma energy per decay values
(MeV/decay) were then multiplied by program total activity
rate values (decays/sec) to produce approximated total gamma
energy rate values (MeV/sec) for times under 1000 sec. These
results are compared to program results in Figure 6.

It shoulé be noted that at times below 1 sec, the times
when program total activity values are considered low, the
approximated average gamma energy per decay values are in-
creasing above 2.5 MeV/decay. Although actual cases where
more than 2.5 MeV of gamma energy is released in a decay
can be cited, such decays are rare. Thus while average
gamma energy per decay values are probably high, for times
less than 1 sec, and the.total activity rate is considered
low, these errors will tend to compensate each other, to

some extent.

In Figure 7, some experimental values for total gamma
energy rates from 0235 as measured by Fisher and Engle in
1964 (Ref 2:B811) are compared with the independent approxi-
mation results. It should be noted that the 5 experimental
values fall within, and pretty much cover, the .1l sec to
2 min after fission period of interest in this study. The
experimental values fit the approximation results very well.

Integration of the approximation results over the time

12

period 10"6 through 10 sec results in a total gamma energy

25
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per fission value of 8.75 MeV/fission. This is close to the

generally accepted value of 6 + 1 MeV per fission (Ref 4:13).

Independent Approximation Compared with "Firefly"
Approximation

The Air Force Weapons Lab, Kirtland AFB, N. M., is
developing a code, "Firefly", to calculate weapon product
radiation dose to aircraft. A memo (Ref 12) was supplied
to the author describing the product gamma dose calculations
proposed for use in the code.

The AFWL approximation uses a modification of the
following equation (Ref 2:2-6) as a source of energy rate
values.

A(t) = c(l + £)~1-2

(13)
where: C = 1.9
t is the time after fission in seconds.,

A(t) is the total gamma energy rate
(MeV/sec-fission) at time t. 1

This equation yields a total gamma energy per fission vaiue
of 9.5 MeV when integrated over the period t = 0 to ». For
use in the Firefly code, equation 13 was scaled so that its
integral would equal 7.7 MeV, the arithmetic mean of 9.5
MeV and the generally accepted value of 6.0 MeV (Ref 4:13).
Thus equation 3, with C equal to 1.55, was used to comnute
total gamma energy rate values for the Firefly code. A
comparison of the results of Firefly total gamma energy
rate values with the author's independent approximation
results is shown in Figure 8.

To evaluate the effects these two approximations would
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have on dose calculations, both were integrated over in-
creasing time periods. Accumulated total gamma energy vs.
time was plotted for both methods (see Figure 9). The
independent approximation integration values differ by as
much as 29% at 20 sec from the "Firefly" integration
values.

The Firefly calculations use a fixed gamma spectrum

based on the following equation {Ref 12:1):

=1l.1le ° (14)

where: N(E) is the number of gammas with energy E.

E is the gamma energy in MeV.

Although Firefly calculations used different gamma energy
groups than this study, integration of equation 14 over
appropriate energy ranges easily :llustrates the Firefly
spectrum in terms of the 17 energy groups used in this
study (sec Table I). Figure 10 compares the Firefly fixed
spectrum with the spectrum calculated in this study at 1000
sec after fission. The gamma number values used are scaled

so that total number of gammas over all groups equals .978,

the integral of equetion 4 over the energy range .02 to 8.9
MeV (the range of energy values covered in the 17 groups ucsed
in this study). It should be noted that the average gamma
energy over this range of energies is .848 MeV for the "Fire-
fly" spectrum and 1.054 MeV for the results of this study at

1000 sec after fission.
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V. Conclusions

For a device using only U235

(fission spectra) as a
fuel, some of the results of this study can be used with
confidence. Total activity values can be used for times
after fission greater than 1 sec. Gamma group energy rates
can be used for times greater than 1000 sec after fission.
The program results can be used for total gamma energy
rates for times down to 1000 sec after fission. The
independent approximation results can be used for total
gamma energy rates at times less than 1000 sec after fission.
Although, as previously mentioned, the recsults for

devices composed of fuels other than 0235

(fission spectra)
were generally the same, it is felt the lower fraction of
products included in the program for these fuels (see Table
ITI) makes thceir results subject to more question than for
the case of 0235. The resuits for other fuels might be
slightly different if the missing fission products were
accounted for in the program data.

If complete data could be obtained for the short
lived fission products and added to the program data, the
program could produce very accurate results for short
times after fission. The calculation methods used in this
study are simple and analytical. The results produced by
this method are only limited by the accuracy and complete-

ness of the fission yield and decay data used in the

calculations.
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Appendix A

Computer Program

The computer program used in this study was written
in FORTRAN IV language for use on the AFIT CDC-6600
computer. The main program (GAMA) and the subroutine
(BATMN) listings are included in this report. The two
data files containing fission yield and decay data are
not included. They are coasidered too lengthy and to be
of little interest to the majority of those who will read
this report. A copy of the entire code is on file at the

Physics Department (AFIT-ENP), Wright-Patterson AFB, Ohio.
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»rE33x2¥BIREIRNIRY PROGPAM GAMA PAGE | **X 533333333 33385

Cl-“-‘ T X RIS TR RIS R R RS RSN R ST RS R R R R ZSI RS R R R R LR Y X 2 2 2

C*
C»
c*
C»
c*
C»
C*
C*
CI
C*
C*
C*
C-‘
o¥
c*
Cc*
Cs
c*
C*
(o
C»
Cs
c*
C#*
c*
C*
C»
C*
c»

»
PROG®AM GAMMA COMP'TES AND FPINTS MUT VARPINUS EMEGY ~
AND NUMRLR RATFS AS NESCRIBED IN TA3LE I FOR A FISSION *
DEVICZ OF SPeCIFIC? YIFLC ANC COMPOSITION, THE PRNIGRAM®
IS DIMZINSIONED St THAT CUTFUT FOR LP T S0 TIMES AFTER *
FISSION WILL Pz PRCOUCED, .

TAPE 5 MUST BE ATTACHEC. THIS FILE IS COMFOSED OF
DZCAY DATA (NC,s Ny NDy NFCy NBO, FFy GGy AND DC) FOR
FISSION FRAGMcNTS. THe FTILE USE™ FO?2 THIS STUDY
INCLUDZD CATA FOR 12* FISSICMN FRAGMINTS, ALL FISSICN
FRAGHENTS ART INUSYXED AND FISSION FRAGMEMT DECAY DATA
MJST 32 ARANGZD IN NUMEZRICAL ORDFR ACCORIING TO THE
INDEX NUMBERS,

PROGRAM CCNTROL PARAMETEFS (NTIME,TA,YIELD, AND YCOMP)
ARE ATTACHED AS A DATA DECK AND READ IN FROM THE FILE
“INFUT™,

N EEEREREEEEEEERY

SUBROUTINZ BLOCK DATA MUST PE ATTACHED, IT SETS VALUES*
FOR (YFFy NID, AND FPKT),

L B ]

*

SUPRNUTINZ BATMN 4UST BE ATTACHED, IT CALCULATES THE
RATE CONTRIPUTIONS OF £ ACr FISSION FRAGMENT AS
DESCRIAED IN CHAPTER 1II.

»
PROG2AM EXECUTION REQUTRES 37K AND 120 SEC TO COMPUTE *
OUTPUT RATES FCR 20 TIMES AFTZR FISSICN, ~
L
»

b IR RIS R R Ry R R Y Py e e I R R RS R R RS RS S L S 2

PROGRAM GAMA(INPUT,OUTFLT,TAPES,PLOT)

DOU3LE FRICISION GGTT(2C4E0),GG6T(20)

DIMINSION TA(52),YCOMF(7) yFFEKT (7)), YFF(123,7),FF0(123),
2NID(1232) o6GTF(52) yN(Z)4P2(2)yNFC(3)4yNBO(3) 4yMBP(3,43),
3BF(343) s0C(1043)966(20,243)

CCMMCN FF01, T¢NCyNyNR¢NFC,NROyNBF, 3Fy0CyGG4GGT

COMMON/FFD/ 'FF4NID,FFPKT
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I XTI R RS "R R R LY Y N FQOG?A” bAMA CAGE z BEBYPREBJRIEBIR32N

10 FORMAT (15)

11 FORMAT (3210, 3)

29 FORMAT (8Z1N0.47

70 FORMAT (*1%,*TOTAL GAMMA PATE™)

7% FORMAT (*=*,*TIME AFTEF BLAST®*,CSX,*GAMMAS PTR SEC*,
213X, ¥MEY PES SEC*,1EX,*ACTIVITY (NECAYS PEP SET) *)

72 FOMAT (* *)

74 FORMAT (1Xy1PE1GL 747Xy, 1PC23¢1595X,1P023.1545X,1P023.15)

80 FORMAT (%=%,53(*=*) ,#FISSICN FRAGMENT YIELDS*,53(*=%))

31 FORMAT (*=*,¥TOTAL MUMBEP COF FISSIONS *,1PE14,7,5X,
2*RATIO= *,1FE14.7)

82 FORMAT (%=*,%FF IN%, 10X, *YIELD OF FF (NUMRER)}*,5X,
2*YISLD OF FF (FRACTION CF TOTAL FISSIONS)®)

83 FORMAT (* *)

85 FORMAT (1XgIbg®=®yI€o*CG*yEXy1PELLTy11X,F13,48)

87 FORMAT (ix’Ib""‘ngag'P"sx,1951’%.7’11X,F1308)

30 FORMAT (*%1%,57 (*=%*) *HEAFON DATA* ,57(*=*))

91 FORMAT (*=*,¥TOTAL YIELD *,1PE10.3,* KILO TONS™)

92 FORMAT (*=%,*FUEL FRACTICNS*)

33 FORMAT (#=2 2236 (FS)*,7X4*U238(FI)*,7X,*PU22A(FS) *,
26X s U235 (1LMEV)I *,UX o, *UZIB (1LMEV)I® 44X, *PU239 (144 V) *,
34X, * OTHZR*,8X)

9y FORMAT (1X,7(1iPS10,3,5%))

150 FORIMAT (8I17)

151 FORMAT (3F .M 7)

152 FORMAT (4720413

200 FORMAT (*1GA0UP GAMMA RATES®)

291  FORMAT (*=TIME AFTEF BLAST®, X, * 412X ,*520UP 2%,
212X *GO0UP 3%, 12X *CRELF L2312 X,* SR WF *,12X,*G0UF 6*)

233 FORMAT (IXo1PT1ha7 426X 45 (12014s7y5X))

204  FORMAT (*=TIM_ AFTZF EBLAST*,3Y,%;01F 7%,12X,*5R0UP 3%,
212X9 *GROUP 3%,12X, *GRCOLF 10*,11X, *GROUP 11%,11X,
J*GROUP 12*)

206 rFORMAT (*=TIMZ AFTEF RLAST*,3X,*20UP 13*,11X,
2PGRIMNP 14*%, 11X *GRJOUP 15 ,11X, %62 WUP 16*,11X,
3*GROUP 17%,11X,*GRPOUP 18%)

208 FORMAT (LX) 1PEL1L.T7 45X4E(1FQ1L,7,5X))

CREIEBBBF 2B RB R332 3353RBB3R523353%835333332433233033208200

Ce
Cl
ce

»

RFAD IN FROGRAM CCNTROL FARAMFTERS, .

»

CI‘l‘IOQ'l‘l‘Q.‘O!.l#‘!!.“'l!.ll"llGl‘l’##“.“"liii&!iii

READ 10,NTIME
ReAD 1143 (TA(I) 4I=1,NTI¥E)
PLAD 20,YIELD, (YCOMF(1),1=1,7)

37

1

- - a_



GNE/PH/74-3

FEARBBIRBERIINIRINY DROGRAM GAMA FAGE 3 #85353335 35383888

CrIBFABRRENRIRIUNBRRFIBLSNANUSRENIRRIISLEIIBIBIRESL IR UL 52408
»

Cs
C* COMPUTE THe Y1ELO (NUMARER OF ATOMS) OF EACH FISSION *
C* FRAGMENT PPNCUCEC., .
c* .

CHIFONNR SIS R SN T EN SRS SIS I N SR IE ARSI RN NNV SREIRNI SRR S LIRSS

00 25 J=1,123
FFO(J) =0,
D0 2L 1=1,7 '

25 FFOCJ)=FFO(J)+YFF(J, 1) *YCOMP (TI) *Y IELD*FPKT (I}

c"!".’¥¥‘4§l¥.¥"‘!“l"‘.ll'#l!'!’"!""Ql#¥0¥‘l‘§*'#"‘
»

c*

C* COMPUTE THZ RATIO OF THE ACTUAL TOTAL NUMRBER OF FISSION®*
C* FRAGMcNTS (2 TIMES THE TCTAL NUMBER OF FISSIONS) TO THE®
C* COMPUTED TCTAL NUMBER CF FISSION FRAGMENTS, .
C* .

CHIFFRIE SRR IR NR SR IR IFRRRENIFSBUNRSSRERNII LSS5 30B0 088043

FFOTOT=0,
00 30 J=1,123

30 FFOTOT=FFOTCT+FFO(J)
FTOT=0,

00 35 J=1,7
35 FTOT=FTOT+YICLN*YCOMF (L) *FFKT (J)
PATTO=(2,¥FTOT)/FFOTOT

LRSI R IR R Ry e Y Y Y R L R R LR

C» L3
C* PRINT OUT PARAMETERS DESCRIPING THE NIVIC:. .
c* - .
c##.'!""‘0l%‘!‘!55'#6!!6!44‘4‘44.#.!"#4!#%4&!‘#¥‘¥¥!l§¥¥l

PPINT 90

PRINT 91,YTELD

PRINT 92

PRINT 93

PRINT 94,YCCMP (1) ,YCCMF(Z) yYCOMF(3),,YCOMP(L) ,,YTOMP(5),

2YCOMP (1) 4 YCOMP (7)
50  PRINT 81,FTOT,PATIO
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33N 2R B2RRBRNERE PINGRAM GAMA PARE 4 *43x5333xsrdunyl

Ll Ly T Ty Ty Yy Y TRy YY
c* »
C* A LIST INCLUDING TACH FISSICN FRAGMSNT INDFY ANUMBER, *
C* FISSINN FRAGMEINT IDENTIFICATIOM (ATOMIC NUMRER, MASS *
C* NUMPREQ, AN)D STATC), OFVICc YIELD CF TAHAT FRAGMINT »
C* (NUMBER OF ATOMS) AND FRACTIONAL YIFLD IS PRINTSD DUT. *
C* .

»

Cl‘..!“!!‘l"444#!#4‘.'44‘#'4'.l%l'l!l I AR RS R RS YR RIS R XX XY )

PRINT 80
PRINT 82
PRINT 83
00 84 I=1,123
PC=(FFO(I)/FTOT)*.1
IF (I .ENe 33) GO TO 8€
IF (I .EQ. 37) GO TC 8€
IF (I .c£Q. «0) GO TO 86
IF {1 «cGe. 4b) GO TO EE
IF (I .EQ. »3) GO TO 86
IF (I +EQ. 57) GO TO 8¢
IF (I «.FGs 30) GO TO 86
IF (I .EC. 95) GO TO ¢€
IF (I .ERe 109) GO TC &€
IF (I .EQ. 112) GO TN f6
IF (I .FEQ. 115) GO TO &6
FRINT 8S,I4NIO(I),FFO(I),FC
GO TO 34
26 PRINT 37,I4NIC(I) FFO(TI),FC
a4 CONTINUZ

CrescssnusB NN I sn N s NSRS SRR S NNN NN SN RN LRSS I R NR SN SR BN SEEY
C*

C* READ FISSICN FRAGVFNT DECAY FARAMETZRS FO? A FISSICN
C* FPAGMINT, COMOUTZ RATF CCMTFIRUTIONS 0OF THE FRAGAINT
C* AND ADD THEM TO RUNNING TOTALS. FZIPIAT FOR cACH

C* FISSION FRAGMINT, RCFZAT THc FFRO(LT3S FOR EACH TIME
C* AFTER FISSTONs NOTI===ALL TNITIAL FISSTIOM FPAGMINT
C* NUMBERS APE MULTIPLIEC AY RATIO SC AN ADJUSTED 1I0%
C* FISSION YIELQ COVZRAGE WILL Bz FEFLZCTED IN THE QUTPUT.*
C* x

CHEPRRRN RN S FURISU RS SRR LSRN IR AN IR RB NI N RN NEE RN NR SR AN ¥

£ & & & & £ &
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sRIsBBFPIRAIRIRERE CQOGRAM GAMA FAGS © ¥35%3x33x33 33355 s

00 65 K=1,NTIMZ
T=TA (K)
00 55 J=1,20
55 GGT(J) =0,
00 160 Kk=1,130
FFOi=FFG(KK)*RATIO
READ (5,4,1%50) NC:(N(I),I=1'3)’(NE(I)’I=1!3)
IF (EOF(5) «NZ. 0) GO TO 170
PEAD (5’150) (NCC(I)pI=1,3),(N80(I)1I=1,.3’
D0 140 J=1,NC '
140 READ (5,150) (NBP(I,J),I=1,3)
D0 f41 J=1,NC
141 READ (5,151) (BF(I,J),41=1,3)
DO 142 JU=1,NC
NN=N(J)
DO 142 JJ=1,NN
142 READ (5,151) (GG(IyJJyd)I=1,20)
00 143 JU=1,NC
NN=N(J}
143 READ (5,152) (DC(I4J)yI=14NN)
CaLL BATMN
160 CONTINUE
170 RENWIND S
00 b4 J=1,20
64 GETT (JyK)=GGT (D)
65 CONTINUE

CHIB B IR U FB RS R IR NN AT RI SR FANTINISINNFIIBFIIFISRRBABREN RS SU R

C* ¥
C* ©ORINT THE COMFUTEC RATES FOF EACH TIMI AFTER FISSION. *
c* »

L X PR R YRS R PR RS F R RS R R R R P R R R R R RS T LR R R RS RS R YR

- PRINT 70
PRINT 71
PR INT 72
00 73 I=14NTIME
73 PRINT 744TA(I)sGGTT (1941),66TT(20,1I),G6TT(1,I)
PRINT 200
PRINT 201
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[ E IR ERIREEL R EE SN FROGDAM GAMA PAGE 12 IR X R R YL REL LR ]

202

205

207

PRINT 72

DO 202 I=1,NTIME

PRINT 203,TA(I) 4 (GGTT(JUyI)sJ=2,0)
PRINT 2010

PRINT 204

PRINT 72

DO 215 TI=1,4NTIME

PRINT 208, TA(I) y(GGTT(JyI) oJd=7,12)
PRINT 200

PRINT 206

PRINT 72

D0 207 I=1,NTTHE

PRINT 208,TA(I)(GGTT(JyI)yJ=12,13)
sTopP

ENOD
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Program GAMA Variable Definitions:

NTIME

TA(I)

Yield

YCOMP (I)

YFF(I,J)

NID(I)

FPKT (J)

GGTT(I,J)

The number of times after fission for
which results are desired.

The times after fission in sec.

Total fission yield of the device in
kilo~-tons TNT.

The fraction of the total yield from
the Ith fuel. Table II lists the
fuels in order, eg fission spectra

U235 is fuel 1.

The fission yield of fragment I for
the fission of fuel J.

The .dentification (atomic number and
weight) of fission fragment I.

The number of fissions of fuel J
needed for one kilo-ton of yield.

The output, ie the rate I for time J
after fission.

42

A L eaReadn




GNE/PH/74-3

X XTI RERIES R RS L 2L SUQQOUTINE BATMN PAGE 4 *¥%3 3 %3133 3%3%s

AT T YRR L TR Y E Y R Ry Yy TRy
c*

C* SURROUTINZ RATMN CCMPUTES THE RATE CCNTPIQUTIONS OF A *
C* FISSION FRAGMENT AND ADDS THFM TO RUNNING TOTALS FOR ~
C* THE TIME AFTEP FISSION EEING FROCESSEC, *
c» »
C* THE INTIAL NUMRBER OF ATOMS OF THE FRAGMENT, THE TIME -
C* AFTER FISSICN, AND FRAGMENT [tCAY FARAYETERS ARE THE “
C* INPUTS TO SUBRCUTINE BATWMN, N
c* »

CRPBIRBAR AR IRIFBRIRBBARRRFIFNRIRP ISR SABAREIRRR N SR RE R BEN

SURROUTINE PRATMN

DOUBLE PRECISION GGT(20),CCS(20),665S(20)

DTMINSION N(3)¢N3(3)4MPC(3),0C(10y 2),66(20,10,3),
2NRO(3) gy N3P (393) 9 5F(343)45EX(10),C(10)

COMMON FFOsTeNCoyNyNByNFCHNEQyNCF, AF,0CyGGyGGT

60 1 1=1,20
1 GGS (I) =0,

CH*BURBER S I PR RBBERFRL SN R P ER N UL RN BER RN SR SR ANENRRSN IR SH BRSEY
c*

C* THE INPUTS ARE USEC YO SET UF DECAY ZQUATIONS (AS

C* ILLUSTRATZID 8Y ENUATIONS 7-10) FOR THE PARTICULAR

C*¥ FRAGMINT AND ITS DAUGHTERSe. THE CALCULATIONS ARE THEN
C* MADE AS DISCRINEN IN CHAFTER II TC COMPUTE THE RATE

C* CONTRIBUTIONS FOR THIS FRAGMENT,

c*

IR XL EX R RS AL E T IX AL E R AL S R RS X Rl RS A RIS LT R L 2

® 4 8 & &8 % &

DO 200 II=1,NC
N1=N(II)
N2=NR(1I)
N3=NRO(II)
D0 4 I=1,N1

4 EXCI)=EXP(=NC(ILID)*T)
00 3 I=1,29
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(EXI LI R R L L 24 SUBROUTIKE BATHN

17

20

25

6
7
8

121
200

GGSS(I)=0.

00 3 K=N2,N1

D0 9 I=1,K

C(I)=DC(X,II)*FFQO

D0 17 M=1,N3

Ne=NBP (M,1I)

IF (K o«GTe N&) C(I)=C(I)*EF(M,ID
IF (K +cQe N4) C(I)=C(I)*EF(M,1T)
CONTINUE

IF (K «c0e 1) GC TO 9

DO 5 J=1,K

IF (J «2Gs X)) GO TO 25

IF (J «EQ. I) GC TO 20

PAGE 2 (I ZEI R R L XL R J

C(I)=C(D)*NC(J,II)/7(DC(J,II)=DC(I,LID))

GO 70 5

C(I)=C(L1)*DC(J,I])

GO T0 5

IF (I .,c0¢ K) GU TO 5
C(I)=CLI)7(0C LU IT)=DC(I,II)
CONTINUE

CONTINUF

A=0,

D0 6 J=1,K

A=A+C(J) *EX (J)

D0 7 J=1,20
GGSS(J)=GGSS(UI+6H (JyK4IT)*A
CONTINUE

00 121 I=1,20

GGS(I) =6GS(I) +GGSS(I)
CONTINUE

R XXX TS ST S Y YR FI NS PR SR R T Ry Y Y Y Y TR Y VY e RSy

£*
C*
c*
C*

THE FRAGMENT SATE CONTRIEUTICNS AFZ
TOTALS FOR THE TIME AFTE® FISSION 3IING P0CESSE . *

»

AIDED TN RUHNNING v

»

CHERFBEBRARBFRZRAPAIBARABIXENSFBER R AR IR SBARNE SRR RN BRI B R0EY

122

D0 122 I=1,21
GOT(I) =GGT (1) +G6GS(I)
RETURN

END
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FFO

T

GGT (I)

GGS(I) ,GGSS (I)

NC

N(I)

NB(I)

NPC(I)

N30 (I)

NBP (J,I)

BF(J,I)

DC{J,I)

GG(K,J,I)

Subroutine BATMN Variable Definitions:

The initial number of atoms of the
fission f.agment created by the device.

The specified time after fission (sec).
A running total of rate I: eg

GGT(I) is the total activity rate
(decays/sec).

Internal subroutine summation~: of
rate 1I.

The number of chains in the decay of
this fission fragment (See Appendix A).

The number of radioactive members along
the Ith chain.

The first member of chain I that
branches.

The chain that chain I branches off of.

The number of branching members along
chain I.

The Jth member of chain I that branches.

The branching fraction of the Jth
member c¢f chain I that branches.

The decay constagt of the Jth member
of chain I (sec 5

The Kth decay factor of the Jth member
of chain I: eg GG (20, 3, 2) would be
the total gamma energy produced by

one decay of the 3rd member of the

2nd chain.
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