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ABSTRACT

This report contains some results of an experiment

designed to measure the energy and time dependence of the

gammas emitted after effectively instantaneous neutron-

induced fission of Th
232

, U233, U235, U238, and PU239.

Seventeen-bin distributions of the absolute number of

photons/fission-sec-Mev and intercomparisons and inte-

grations over energy and time of these distributions are

given. Gammas having energies between 0.12 and 6.5 Mev

were detected during five short time intervals between

0.2 sec and 45 sec after fission occurred.
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INTRODUCTION

The purpose of this report is to make available

information derived from delayed gamma measurements.

Results are presented as the energy dependence of gammas

in several time intervals following the fission of various

isotopes. The comments and explanations pertaining to

experimental procedures and to analysis of data, from

which these results were obtained, will appear later in

several detailed articles. Integrated results will be

extended to about 250 seconds after fission, representing

200 sec of data which do not appear in this report.

In the experiment, a sample of material was placed

near the center of the Godiva II critical assembly.

Following irradiation by a less than 0.05-sec-long burst

of fission spectrum neutrons, the sample was pneumatically

transferred to a counting geometry containing a 4 in. x

4 in. NaI crystal. The pulses from the crystal were

recorded in a 100-channel analyzer for time intervals of

0.2 to 0.5, 1 to 2, 4 to 5.5, 10 to 13, and 35 to 45 sec

after fission. Overlapping sets of pulse-height-analyzer

data were used to suitably cover the large range of

9



counting rates present in a given photon spectrum. In

addition to these energy spectra, the time decay of gammas

above several fixed pulse-height biases was followed from

0.3 sec to 300 sec after fission. However, no time decay

data are given in this report.

Normalization of the 100-channel data was accomplished

by radiochemical determination of the absolute number of

fissions responsible for a measured number of counts in a

given pulse-height interval during a given time interval

after fission. A seventeen-bin NaI crystal response

function was constructed from the results of gamma measure-

ments made from radioactive sources of known strength and

from several (p,q) reactions. Photon spectra were derived

by applying this crystal-response function to the pulse-

height data.

The figures and tables grouped together at the end of

this report consist of data related to the various photon

spectra measured. Table 1 lists the parameters for the

seventeen-bin photon intervals. The original pulse height

232 233 235
distributions for the isotopes Th , U , U , U

238
, and

~239
are given in Figures 1, 4, 7, 10, and 13, respective-

ly . Tabular and graphical results for the distribution of

photons/fission-sec-Mev with time are given in Tables 2

through 6 and Figures 2, 5, 8, 11, and 14. The relative

10



hardness of a given isotope’s spectra at different times

is shown in Figures 3, 6, 9, 12, and 150 These ratios were

obtained by dividing the spectrum for a given time interval

by the spectrum for the 0.2 to 0.5 sec interval.

Comparison of the spectra for different isotopes at a

given time interval after fission appear in Figures 16, 17,

18, 19, and 20. The results for spectra integrated over

energy appear in Table 7. Table 8 lists both the total

delayed-gamma energy per fission and the total number of

delayed gammas per fission emitted by the different

isotopes. As mentioned earlier, only photons having

energies greater than 0.12 Mev were measured. Sufficient

time decay data exist to allow calculation of the total

number of photons emitted between 0.2 sec and about 250 sec

after fission. However, the results in Table 8 apply only

to those photons emitted between 0.2 sec and 45 sec after

fission.

Only qualitative estimates for the experimental error

have been computed. These estimates indicate a maximum

standard deviation of *15% for all but the Pu 239 numbers,

to which a value of *25% applies.

A few further details concerning this experiment can

be obtained by consulting the references.

11
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Table 1

Bin Widths and Midpoints in Mev for Photon Spectra

Bin

1

2

3

4

5

6

7
,

8

9

10

11

12

13

14

15

16

17

AE (Mev)

0.137 - 0.213

0.213 - 0.309

0.309 - 0.428

0.428 - 0.575

0.575 - 0.749

0.749 - 0.954

0.954 - 1.195

1.195 - 1.478

1.478 - 1.808

1.808 - 2.189

2.189 - 2.620

2.620 - 3.110

3.110 - 3.655

3.655 - 4.257

4.257 - 4.918

4.918 - 5.636

5.636 - 6.419

Midpoint (Mev)

0.175

0.261

0.369

0.502

0.662

0.852

1.075

1.337

1.643

1.998

2.405

2.865

3.383

3.956

4.587

5.277

6.028

13



(i
o.—
(n
(n

i-z
\
u-l

10+’ r , , ,
I I 1 1 1 1 1 1 I

1
I I I I I

.
10-4 Y..

. .. ●

,.-6

‘–”””-----~ I I I 1 I
I.

h.... .

..
. .

10-7

I ,.- -01’%0.WCI b I I I

“
—- 0 —

c. 1 ,-. u
. . L 00 ..-. -— “4

I I I -!
*.

~-i

I I I 0- . 0?

—. 1 ..-
—.

‘------H
.—

—--&w
—

00
0

I0-9 Q
o I 2 3 4 5 6

Pulse Height -Mev Equivalent

Figure 1. Pulse height distribution of
5
aromas for different

time intervals following Th23 fission

14



o.
Inw1{
o

●

tnmo
.

C
O

I-418m
o

●

o1+

y
ol-l

mIo1+xco00.
f-l

l-l

x
xIn0).

In

K
x

x
x

xmN.

x
o00.
N

$.l-(

wU
.

m

mo
.

m

mo
.

1+

C
/0dx:

.d

y
0f-l

$-iI0dx:
.N

x
x

x
x

xww
.

x
1+In

.
l-i

In1+.
m

mm.m

wm
.

m
N

In.
In

q
+q

q
+yc?

eam
~~~m

m
co

m
m

I
I

1111111
Ill

o
o

~o
~o

o
O

C
JO

O
O

C
JO

00:
I-

II-I
l-l

1+1+1+
I-If-id

l-lt-ld
1:u

l
o.

N

o
.N1:C

n
o.l-l

xx
m

m
t-w.

.
m

m

X
x)c

F
+

w
In

I+W
f+

.
.

.
N

1-11-l

xxx

alEs
.

.
.

m
l-l

r-(

+Galk$!wW
I

n

In.
01:U

l
N

.
0

0000l-lxNm
.

N

+
+)4X

In0
:

.
.

co
w

m
m

W
C

J
m.0

o“

dx~
●

InNww
.

0

l-l!+

K
K

O
w

m
o.*

A
d

m
m

m
Z

m.
.

d
l+

I-I
f-l

xx
W

m
m

+.0

m
m

m
m

W
m
c
o
m

.
.

m
m

!-lx1+m
.

f+%a
.

m

X
K

t-t-
C

ob
IO

N.
.

W
ln

1
5



I 0°

I o-’

0 -2

0
-3

10-4

r ——

1

q;,

1-

L 1
%-

, m
P 11 1 1

L I 1
I

m I 1 1 L .

7 1~ I I
~ —

1> ~ 1
1 1 — -——.

I —
I 1

1 I [
I -0.20-0.50 sec-

k

I_
I 1

1.0-2.0 see_

1 I
m *4.0:5.5 sec

,
I I I 1 I1 n P

n 1

10.0-IJ3=0 see___
I

I
d

II
1 1 1 1 ! 1

I , 1 I

I ( I

I I I I ~ 35. O-45,0sec
I I I I I I

I
—..

I I I
o I 2 3 4 5 6 7

Photon Energy - Mev

Figure 2. Photon spectra of gammas for different time
intervals following Th232 fission

16



1.0

.—

.-
LL
\
u)
c
2
0
-c
a

0.0,

I

1

L) I 2 3 4:

Photon Energy- Mev

%= 1.0-2,0
I sec

4.0-5.5
sec

110.0-13.0
I sec

35.0-45.(
sec

6 7

Figure 3. Ratios of Th232 photon spectra at all time
intervals

17



>

2
A
a)
y-l

5.—
(J7
(n.—

L
\
(n

E
z

(-)
m
m

‘3

I0-4 ,
I 1 1 I 1 [ 1
, !

.

●

x+. ... .+...
-+.v+. ..\..,.. tit ,“=-10-5 .....

-—--.fk- -.. ... .. %1 -.
%. .-. I------.. -k I

10-6

10-7

.--a

. .
c100 Oo?m I I II

%.=- 1
——

,- c,-Ff3 -- A 1 1

I I I I I 10 I
0

--

0 c

IO-s 0

I

I I “

o

I I

1(7°
o I 2 3 4 5 6

Pulse Height -Mev Equivalent

Figure 4. Pulse height distribution of gammas for different
time intervals following U233 fission



MGW
I

~1+

‘m

1+xml-l.
m1+I2uInm.dms.1+

+
+

%
+

xxx
o.c&

xx
x

X
)4X

xxx
m

Z
%

tm
.

.
.

I-l
C

au
)

O
co

b
C

O
O

N
.

.
.

m
m

t-
a)Ev+H

A
d

w

I-IdII00?-I
I-I

U
I

+n
xm0.N%m0“

xx
x

xx
m1+

z
.In

w
“

t-
%

02
m
u
a

.
.

m
~

xx
N

o
@

aN

N
“

w
“

co
&m

s
.

.
A

d

xcoo.dmcom.m

xmA
.

dc--N
.

In

1+:c
o.

01
9



m

(n
(n

IL

\
in
c
o
+
o
c
n

I0°

10-’

10-2

10-3

10-4

10-5

, 1 I r I
I 1 1

I I I I
I 1

II

IIli4 1 1 I 1 I I I I

.. ----
1,0-2.0 sec —----

1 1.— -——

1 I

t35.0-45. Osec

Photon Energy -Mev

Figure 5. Photon spectra of gammas for different time
intervals following U233 fission

20



1.(

0,

z=
I
I

+
I

I

I ,

I

J

L --
I I

3 4

=E

--
1

I
I
I
L.

I

Photon Energy - Mev

~0.2-0.5sec -

1

*

I

I

II

I

1----135.O-45.Osec

Figure 6. Ratios of U233 photon spectra at all time
intervals

21



\
(n

,.-4
1 1 1 1 1 1 1 1 1 1 1 !. t. .-

1 I I I I
● ..W. 1

10-7

. a I I I I

4. %% .1 I

. .
“.: .

“. “...

10-’
.

.
.. %

. -.*.

“$.. -..

““o%,.,.
I0-6~*.- —*

\ m
-.””* - A

w “%
●_ -0%- I -cm I -%@ 0°

- yo . .
. %.O “%3

m “0%4 ,

+ Q .-l

. ~%%

co .

‘“a
.~-

‘–—00

0 ‘o”@o

0

*C%.

%% %0 0

w

=’.9.0 9ch
co

.-l
+.

Oq. I *I o
I o_

%
1 Cm 0 q“ —. . —%—

93,.
u-c-o 0 I . 1..4

I I I I I “0
‘%%0..

I no -
.-.

. “ m 1+

10-a 0

! ?
.“ !

00a t t“
0~~”

b
0- -. .O-— -r

~ 0°

c %
0

Io-g
00

1 n
.- L. ._O_+

, 1 1 I I I

] —

I 5 6

F$lse Heig;t-Mev Equivalent

Figure 7. Pulse height distribution of gammas for different
time intervals following U235 fission

22



l-l

u

Im
o

ll-ll+t+l-lb
cf)

w
@

a!-4r-4cQ
w

m
c

o
w

I-I
S

IN
N

N
N

N
IN

a
lm

m
(q

C
o

m
w

w
w

1
1

1
1

II
II

1111!11
II

m
0000000

0000000
000

I-4
1+1-I

F
IF

II+
I-I

F
ll+d

d
l+l-1

I+t-ld
l+el

c>

I-1
1

-1
1

-1
1

+
1
-IS

3
N

m
o
a
m

N
m

C
9

m
o

a
w

w
in

1
1

1
1

1
1

1
I

!11
11!

111
.

o
o

~o
~o

o
C

Jo
o

o
o

o
~

00C
J

m
I-4A

1+
1+

1-1
I+d

d
?

+l+
..

l++

q
xxxxxxxxxx

xxx
X

)4X
)4

+
+
A

A
A

+
+
sa

N
N

N
N

N
m
m
m
w

o
111

1111111
1111111

.
00000000

00000000
C

J
N

I-4+1
-4F

41-11-I
F

41+?
+l-

11+1+
A

l+d
d

C
l

23



10
,1

10-2

Io-

I-p-p-1
I 1

I 1
1 ~ 1

‘1 I 1
n 11

l— L
l___

1 I

t 9 nI
I

1

I 1 1

1 I

I
lwmmmGv

.3
1 1 1

I
I I I

1
I 1

?_l.O-2.O sec

~4.0-5.5 sec

f 10.0 -13.0 sec —

, 1 11 1 1

I 1 I I 1 1

I I I I I I 1 I
I I Al.. n Ak n ---

Photon Energy - Mev

Figure 8. Photon spectra of gammas for different time
intervals following U235 fission

24



n

I

8
c
o.-
(II
(n

1.0

0.1

l--

!

0
al
(n

I

c
0.-
ln
u)

.-
IL
\
(n
c
0
+
0

L
n

0.01

, 1

m

1’

I 2

4 5 6
I 0.2-0 .5sec -

— - — — — —

, 1 # 1 I

1.0-2.0 sec

I 4,0-5,5 sec

t 10.0 -13.0 sec
I

I II II II
I I —

I I

1 35-45 sec -

3 4 5 6 7

Photon Energy- Mev

Figure 9. Ratios of U235 photon spectra at all time
intervals

25



tia)
(n

L
o.—
0-)
(n

,O-’d
1 I I I 1 , 1 , I I , ,

1
! t I I I I I 1 I I -= 1

— —. . .
—

0
-.. —

“..
.“.-/..

10-4 “-—,: — ..
-. .%-.*. .

‘%.
..- %* . . .. . .

..8,

.+t
.

t . .. “.6.. ..%

lo-

1“co
● . I I I,

l..=.
I 1

w -JCL- “. . .. 0 I I

. %/ I .“#. IWo W* ..
.- ●. .- “O@’3 I — .

10%.

I . -.. -.

10-7

—. -- .—...–-.___,.. 1 ) -., 1
-—

. -0,. “U2 -00 ]0 .d~
-Y

I -cm- I c1 I J=
1 JVJ.. I 0 I 0

I -17

—.-. . .
00 ~0- -0 :0 -m~ Oo--

,.-8

—

,.-9 I
%0 QJ

o I

o I 2 3 4 5 6

Pulse Height -Mev Equivalent

Figure 10. Pulse height distribution of gammas for different

time intervals following U238 fission

26



o
q

.In
o

*
1

+

1:
R

I
n

o
c
o

.
N

In
.

m
u
)

H
X
x
x

C
O

N
I
N
+

o
q

.m
o

l-l
1

+

1%
x

I
n

o
~

.0
.

1
+

N

rlN
1
-lsl

1111
O

C
JO

O
l-l

A
d

X
x
x
x

m
m

w
+

m
m
o
a

.
.

.
.

X
x
x
x
x

xxx
M

X
xx

A
N

N
N

N
N

N
m
m
m
m
w

1111111
11111

o
o

o
o

~o
o

C
))o

:o
I+d

d
d

I-Id
l-l

l-l

)4
X

x
xxx

O
C

D
I-(N

C
D

Z
F

(IN
*U

3.X
I

.
.

.
.

.
.

f-iw
cD

*N
14

X
x
x

xxx
w
m
N
l
a
w
t
3
J

e
a
m
m
m
o

.
.

.
.

.
.

l
+
c
o
w

N
1
-
l
&

In

X
xxxr

e
t
-
g

:o
t-.

.
*“-#

w
”co

qy
00O

C
JO

O
t-l

l-l+

A
I-I

t-l
I

II
000
A

d
d

x
xmm
.

t-N%
.
0

xNm
.
mPmm.r+

xx
0
6
)

c
o
o

.
.

A
d

m
m

:
:

.
.

l-i
t-i

xc
o
0.+m0-.N

K
X

xmt
-●

Qc
o
N0.co

1
+
t
o.

l-l

NI
n

c
o.
02
7



I

I0°

I o-’

I 0-2

I 0-3

I 0-4

I I I I

ml A

II 1 L

1- &l I I
I 1 I I 1 1

I u I I
I ) ~ [ I I I I

1 1 - I 1 I I I I I I
fl 1 i

-
1

L .

~0.20-0.50sec–I I I I
[ 1

I I I —-.

10. O-13.Osec

I
I I

I
, I I I I I
I t3 5.0- 45.0 sec–

I I I I I a
0 I 2 3 4 5 6 7

Photon Energy- Mev

Figure 11. Photon spectra of gammas for different time
intervals following U238 fission



-

I.(

o.

0

I ml I I I IL

I I I I 1-
-
II

I Id J
I I ——

I

/
J

-

—0.2-O.5sec T

I

7:1.O-2. O sec

I

I

T+==
7

I
b

6 7

I 2 3 4 50006+ 35. O-45.Osec

Photon Energy - Mev

12. Ratios of U238 photon
intervals



,..4

1 1 1 r 1 t 1 ——

4.~ —
—.

—\-=2
—

—.—_. _.—- ~—. .,.-... .
. .*% — -A

“...- % %.
!—.. —: .——

“y--- ““w. I““”*.”:. t

1-

10-9
00

0

f’
—.- ——

.— —___
—

-u ~-
— ———

x
-. A

. ..-

.— —— -. --- U@

000
— —-.—. ———

.___L “‘“ ‘“ .-

Id”

o 2 3 4 5 6

Pulse Height-Mev Equivalent

Figure 13. Pulse height distribution of
5
aromas for different

time intervals following Pu23 fission

30

—.

—
.-

——.-

——- .

—

-.

_—

)—-.
0

0

)

>i—

0



In.
In1:m
o.*

xxx
m

o
m

v
d
m

.
.

.
m

~+

X
xxxx

xxx
xx

lo
t

-t-+
co

m
co

m
o

t-o
l-1

1
+

%
O

m
m

cnd
.

.
.

.
.

.
.

.
.

.
+

+
c

o
m

m
e

a
+m

m
w

xxx

a
l

l-i

nIs
xxx
F

IO
ln

O
)rlv
.

.
.

m
eaf+

xxx
xxx
01-b
A

corn
.

.
.

m
d

d

xxx
t-

0
m

:U
)

.
.

.
A

L
-w

A
I0

1
+I0

I-IF
-IA

Illo
~o

f+

I-II-IN
Ill000
I-I

I-l
l-lxmd

.
c

o

m$.1+

xx
t
w
m

A
N.

.
N

+

m
l-
t
-
m

o
m.

.
A

l-l

xt-C
o.

wmInm
.

m

3
1



I0°

10-’

0-2

0-3

,0-4

I0-5

a I 1 I I I I 8
I—

,

“Il l-m I I I I I I 1

!-t 1 P

I
9 I

--! I 1
I I

I I
L I

~, 0.20-0.50 sec-
4

I F 4 I
— 1

I
!

1.0-2,0 sec _

1

4.0-5.5 sec —
f

I I I I ~1 II I
I I ! I 11

I I I I II ‘ 10.0-13.0sec =
4

I I I I ~1 I

I
~35.o-45.osmr

) I 2 3 4 5 6 7

Photon Energy-Mev

Figure 14. Photon spectra of gammas for different time
intervals following PU239 fission

32



1.0

0.1

I I I I I I
–0.2-O.5~

I I1 ,

v
al

;

o
C(J
o
;
>
;
&
a)
(n

I

c
o.-
Cn
(n

.-

LL
\
(n
c
0z
-c

t

~

>

;
1

u
a)
(n

I
c
0.-
03
In

.—

IL
x
(n
c
0
z
-c
m

I

%---&u.-.
I I 1

EL
s-%

I

M
+=

I

i!%
I

I

I

l-j-35. O-45,0sec

J_L-
I 2 3 4 5 6 7

Photon Energy - Mev

Figure 15. Ratios of PU239 photon spectra at all time
intervals

33



-

Ic

I .0

238

232

-m
o

233

I I I

1 1

0.1 0 I

Figure 16. Ratios
0.2 to

2

I I

I

=L
‘vi+

t I

3 4 5

Photon Energy - Mev

of photon spectra
0.5 sec interval

for all

I I

--t----

T
238

‘-~ 232
--

1 235

+

b.
239

I 233

r
6

isotopes

34



Ic

1.0

I I I I
I I I I

-1--
1- ‘1232

I I
II

1- ——.

I
1

-—- 1
I

%
P
I‘L,

I
I r

CL
I Tr —-I-—.J L; -.

238

z32

239
235 3 238

235J

-1

I 3= =s=239

--233-——.
J

-

--- l--
——

T
3“’

0,1
0 I 5 6

Photon Energy - Mev

Figure 17. Ratios of photon spectra for all isotopes at
l.O to 2.0 sec interval

35



10

0.1

I
I

I

- r- -1232-.- ---

‘-’rr238
1 I

5 6

Photon Energy - Mev

Figure 18. Ratios of photon spectra for all isotopes at
4.0 to 5.5 sec interval

36



I.0

0.

I
I I

&
23; ~

$
r

238 ~L ““-

I
Iu

235
-239

,

+

I

I I I I I \

-1-

3

I I

-rr238
1 r “ ---

●

~J -- !233
. I I m

II

5 6

Photon Energy - Mev

Figure 19. Ratios of photon spectra for all isotopes at
10.O to 13.0 sec interval

37



[c

I .0

LL
\
u)

:

0
-c
n

I

=m
>33&

1

b

I

-u-

—

I

L-

$

.

L-

[ I

t

+

--l

I L.

.J

L
o I 2 3 4 5 6

Photon Energy - Mev

Figure 20. Ratios of photon spectra for all isotopes at
35.0 to 45.0 sec interval



Table 7

Results of Delayed Gamma Spectra Integrated

over Energy for Different Time Intervals

after Fission

Isotope

232

233

235

238

239

Time Interval

0.2-0.5 sec

1.0-2.0 sec

4.0-5.5 sec

10.0-13.0 sec

35.0-45.0 sec

0.2-0.5 sec

1.0-2.0 sec

4.0-5.5 sec

10.0-13.0 sec

35.0-45.0 sec

0.2-0.5 sec

1.0-2.0 sec

4.0-5.5 sec

10.0-13.0 sec

35.0-45.0 sec

0.2-0.5 sec

1.0-2.0 sec

4.0-5.5 sec

10.0-13.0 sec

35.0-45.0 sec

0.2-0.5 sec

1.0-2.0 sec

4.0-5.5 sec

10.0-13.0 sec

35.0-45.0 sec

Photons/
Fission-See

0.966

0.487

0.267

0.118

0.0343

0.312

0.189

0.0958

0.0490

0.0161

0,613

0.324

0.169

0.0775

0.0225

1.42

0.636

0.289

0.110

0.0303

0.608

0.344

0.166

0.0746

0.0209

Mev/
Fission-See

0.916

0.501

0.246

0.112

0.0343

0.303

0.177

0.0885

0.0465

0.0161

0.564

0.311

0.153

0.0706

0.0221

1.32

0.618

0.255

0.0988

0.0281

0.529

0.296

0.138

0.0624

0.0197

39

Mev/
Photon

0.948

1.029

0.921

0.949

1.000

0.971

0.937

0.924

0.949

1.000

0.920

0.960

0.905

0.911

0.982

0.930

0.972

0.882

0.898

0.927

0.870

0.860

0.831

0.836

0.943
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I Table 8

Results of Delayed Gamma Spectra Integrated over

Energy and Time from 0.20 to 45.0 sec after Fission

Isotope Photons/Fission Mev/Fission Mev/Photon

232 5.07 5.04 0.994

233 2.02 1.97 0.975

235 3.31 3.18 0.961

238 5.50 5.08 0.924

239 3.26 2.86 0.877
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