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The photofission excitation curvo of U23G up tO

21 Mev has been measured. An atterapthas been made to de-

termine the photof.ission cross-see tion shape as a function

of energy making appropriate assumptions as to the X-ra~

spectrum of the betatron. It was not possible to obtain a

unique solution for the cross-section shape, but two possible

solutions are given, both of which have a resonance peak at

about 15 3iev.

The photofisston yield Qf several fissionable mnt-

238 has been measured in Che re~lon oferials relative to U

the resonance. The relativo yields per atom for the sub-
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RELATIVE PHC)TOFISSION CR(LSSSECTIONS Ol?

SEVERAL FISSIONABLE HATh~IALS

1. INTRODIJCTION

The work of G. C. Baldwtn and G. S. Klaiberl, on

photofission in heavy elements aroused considerable interest

In the possibility of a resonance photofi.ssion cross sectfon2.

Afte- some theoretical calculation Edward Teller suggested

that the relative photofission cross sections of various fis-

sionable materials would be of’help in the th~ore~fca~ in.

terpretation of the nhotofisslon process. This work is the

result of that suggestion.

A measurement of the fission yield of U233, ~235
s

~238
has been

A measurement

tion curve of

and Io230, relativo to the fission yield of
.

made as a function of brernsstrahlung energy.

has.also been made of the photofissi.on excita-

@38illtl,e region of8t021Mev. From this

excitation curve an attempt has been made to determine a

shape for the photof’issfon cross section as a function of

238
energy for U .

11. EXPERIMENTAL ~ETHODS

The relative photofissfon yields of the different

?
38

materials with respect to were measured by a “catcherff

me thod. The experimental setup is shown in Fig. 1. X-rays

from the betatron pass throuEh a carbon wall 4 inches thick,

1 G. C. Baldwin and G. S. Klaiber, l%ys. RQV. ‘?’l.$3 (194’7)

z M. Goldhber and E. Teller, Phys. Rev. ’74,1046 (1948)
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into a cadmium-shielded foil holder. The carbon block was

sufficiently thick to block out electrons coming directly

from the betatron. The foil holder was a small aluminum

box with slots in the walls at l/8-inch spacings to hold

l/16-inoh thick aluminum plates to which the fissionable

material was fastened. one mil aluminum catchers were held

by small frsmes against the back side of the l/16-inch alumi-

num plates. Thus, the fission fragments had to pass through

l/8-inch of air before reaching the aluminum foil. Aluminum

catcher fotls were used because of the small activity induced

in the foil during the irradiation to which it was subjected.

Eight fissionable material samples were used of which three

were U2380 Two background aluminum foils were also in the

box in order to determine the activity induced i.nthe alumi-

num itself. ‘i’hesample holder is shown in Fig. 2.

Two runs were made at each energy setting of the

betatron, one with the beam incident on Foil No. 1 and the

other with the beam incident on Foil No. 9. The results of

these two runs were averaged in order to minimize the effect

of inverse square loss and absorption loss due to the differ-

ent posftions of the foils. In every case the samples were ir-

radiated for twenty minutes,and counttng began four minutes

after the irradiation and continued for a 30-mfnute counting

interval.

‘he foils were counted on glass-walled counter tubes,

Model 10A, Mark I, made by the Radiation Counter Laboratories.

B
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Ten counter and scaler setups were used on each run so that

the foils collecting fission fragments from any particular

fissionable material were always counted on the s@no counter.

The counters were intercalibrated by means of a radioactive

arsenic sample that had about the same area as the fission

foils counted. The net activity was the total number of

counts in 30 minutes minus the counter background, minus the

aluminum activity, and corrected to one counter.

The arrangement used to observe the excitation

function of U
238

is shown in Fig. 3. The physical setup of

the experiment requfred that the beam go through 3/4-inches

of wood and approximately 1 l/2-inches of aluminum before

reaching the detection system itself. In order to establish

equilibrium between the primary gamma rays and secondary

electrons, a 4 inch thickness of carbon was inserted between

the source of X-rays and the detection apparatus. The detec-

tor was a flat plate ion chamber in which one surface was a

thick uranium sample and the other a copper collectl.ng plate.

The uranium was in the form of a 5-roilthick disc 3 inches

in diameter. The gap between the uranium and the collecting

plate was l/4-inch. The ohamber was filled with argon at

atmospheric pressure. In order to partially canceS, the pulse

due to the X-ray burst, a bucking chamber was placed behind

the f’iss~onchamber in the beam. The buckin~ chamber was con-

nected in such a manner that the output was of the opposfte
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sign to that on the fission chamber. No fissionable material

was in the bucking chamber. The output of the bucking chamber

was then mixed with the output of the fission chamber and the

result amplified and passed Into a gating cirouit which allowed

only those pulses occurring within 5 microseconds of the X-ray

burst to pass through. The output of the gatlng circuit was

then fed into a discriminator and scaler where the pulses were

counted. A block diaGram of this circuft Is given in Fig. 4.

Two l/4-R-thimbles were placed in front of the fission-chamber

but enough to one side that the chamber was not shadowed by

the R-thimbles. The betatron was then run at various energies

and the number of fission counts per R of radfation was re-

corded. Since the ion chamber and R-thimbles were approxi-

mately 15 meters from the betatron the detectors received

uniform intensity radiation, so that no correction for dif-

ferent angular spread of the beam at different energies was

necessary.

The energy calibration of the betatron was based

upon a measurement of the observed threshold of the N14(#,n)N13

reaction. The value of this threshold was calculated from

the mass data of Segrets Isotope chart of July 1946 to be

10.54 Mev.

III. RESULTS
+

A. Relative Fission Yields ,4 ,..

Table I lists’lthewefghts and sfzes of the f’iss~o~-

able materials used. The subsortpts on the 1#38 ndati ons

vi!!ti~k’kb -

..
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indicate the throe different uranium samples. All SSE@f3S

were considered to be thin compared to the fission fra~ent

ranges with the exception of the ionium sample. Thus, no

correction was made for self-absorption of the fission frag-

ments except in the ease of the ionium foil where a 4 percent

correction was applied.

,-
.

r.—...-...—...t....———— —..—-..—-.-<.—.——-.— ~
Weight

.002536 ~S

.002356 ~S

.002485 gms

.001357 gms

(.001042 gms
(.()()3276gms

.00290 ~S

= .00255 @7U3 Th

.00307
‘ms 235= .00261 f?JlM3 U

Area

23.5 cm2

24.0 cm2

24.5 cm2

13.8 cm2

11.9 Cmz

24.3 cm2

27.3 cm2

gms/cm2

I
1.08 x 10-4 j

i
.982 x 10-4

i

1.014 x 10-4
I

0.9906 X 10-4 I[
0.8756 X 10-4

I2.7530 X 104 ~

,
f

0.956 X 10-4 I:

1
~ * These weights derived from the original data of a total

$

I
alpha decay rate of 45,687,000 per minute in 100% geornetry~
and 25;~ionium by weight. i——.. . —.....— . .. .. .... . . . . ... ,. .,---- -...—— ------ . ... . . . .. .. -------- 1-e-. . . . . . , .’=

The activity per atom of the fission fragnents from

&38 is g~ven
the various fissionable materials relative to

in Table 2 as a function of the pealcbrerasstrahlung energy

for each run. In order to obtain the ratios given in Table 2,

.
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the net activity of each sample was divided by the number

of atoms

and this

obtained

of fissionable material in the corresponding foil

number was compared with the net activity per atom

from the U238 foils. Since the activity obtained

&t low energfes was in ~eneral small, the back~round and

aluminum activity corrections became rather large so that

the possible error on the low-ener~y ratios given in Table 2

is larger than at higher energies. The absence

vious trend with energy allows us to assume the

fission cross-section shape with energy for all

of any ob-

same photq-

fissionable

materials observed. Thus, we can assume that the ratio of’

the activity from a fissionable substance to the activity

obtained from U238 should be a constant independent of energy.

On this basis the average ratio in each case was calculated

and is shown at the bottom of the Table. The error shown is

the probable error of the mean assuming that the Zndfvidual

numbers are all measurements of the same quantity.
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TABLE 2 --

Relatlve Activity Per Atom

[

-—.— —---- —-.-. ——..———..... .-. ----- .- —-....- ... ---- ,_ -.. .,. --_ .. _.-. ,,”.. ............ ..... ..~.. ,

%erm U235/&38 pU239/U238 U233]U238 ~232 ~238 ~0230
i
I lcJo4M(ZJV1.45

1 14.3 1.59
~ 16.1 1.59
i 17.1 1.44

!
18.0 1.57

~ ;;:;
1.47
1.43

$ 20.8 1.31
I
! 21.7, 1054

2.70
2.74
2.54
2.24
2.70
2.60
2.39
2.06
2.65

3.26
2.87
2.68
3.01
2.22
2.06
2.13
1.90
2.29

0.218
0.247
0.276
0.352
0.254
0.260
0.209
0.227

1.645
.836
● 907
.466
.783
.672
.894
.60~

0.273 .816

1... --- -—-.. --------- ,. . ..— -------- —e. .-,.= -.- . . . . . . -or”,..+,,=.s-~.“,.-,,-,,,,,-,...-....’ . . . . -....--.”, ., .,. > . . . . . .

.

* TMs error is the probable
individual numbers are all
As seen from Table 3 there
error as great as 15$.

error of the mean assuming that the
measurements of the same quanttty.
may be an additional systematic

In order to obtain a measure of the error in the

$
30

experiment three foils were used. The ratios of activity

per atom between the different foils is shown in Table 3 as a

function of energy. Since this is the relative activity per

atom the ratio in all cases should be one. Thus, the varia-

tion from one is a measure of the systematic error in the

experiment. The error shown on the averaCe is the probable

error of’the mean as calculated from the individual values.

It is seen that while the error due to statistical variations

is rather small of the order of 2 or 3~, the avera~e values

themselves differ from one by as much as 15;%. s must
\\

~N!{5\lt!
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conclude that in any measure of the ratio of the photof.is-

238sion yfeld, one fissionable material with relation to U ,

there may be a systematic error as large as 10 or 15$.

TABLE 3

Uranium Activity Comparison

r—————’
.— ..-----. ,-- . ..s . . . . . -.. .e... ——-+., ---- _ - , , . ,, >

--- . . . . . . . . . . . . --- .—.. - .,.. ”.- .-., I

12.4
14.3
16.1
17.1
18.00
18.9
19.8
20.8
21*7

1.30
1.20
1.09
1.03
1.13
1.00
1.11
1.23
1,00 ‘

1.15
1.12
1*12
0.995
1.04
0.998
1.04
0.867
1.28

0.671
0.741
0.818
0.976
0.856
1.001
0.865
0.937
0.784

Aven3ge l.l$?~ .02 1.072.03 0.850 _fO.025

+ ~le stlbscrlpts I, II, and III indicate tlw different
uranium foils.

--.-_.—.——._ . ..——-. - .—-.— . J

B. F’hotofissionExcitation Curve

The results of the measurement of the photofi.ssion

excitation curve in U
238

as measured with a fission ion cham-

ber are given in Tables 4 and 5 and in Fig. 5. Table 4 lists

the energy settings at

number of fissions per

number of’fissions per

In particular the data

which the betatron was run and the

R observed at that energy where the

R may be the average of several runs.

was T@{en starting at 19.8 Mev and
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runnin~ down to 8.75 Mev and repeating the points again on

the way back up to 19.8 Mev. ‘l?henin order to obtain the shape

of the curve at high energies in a more precise fashion the

ratio Of 18.9 to 20.8 Mev, the ratio of 20.8 to 21.2 Mev, and

the ratio 20.8 to 21.7 Mev were obtained with greater precis-

ion by repeatin& these points many times. The errors quoted

in Table 4 represent the variation from the mean in the sev-

eral runs at each point. These data are plotted on Fig. 5

and are shown as diamonds where the vertical distance between

the points of the diamond represent the probable error on the

points. The values in Table 5 were taken from l~i~.5 for the

purposes of calculation. The errors quoted in Table 5 are

intended to represent the possible variation of tk values

at each point. The values in Table 5 were then used f’orall

further calculations.

TABLE 4

......... .........................,=.+-

l!&ZIQZ !&Q&0

8.75 42 t 42
10.59 883 $ 32
12.4 1726 – 75
14.3 3010 i 37
16.1 4372 ? 69
17.1 4756 “ 150
18.0 4918 z 55
18.9 5443 : 78
19.8 5434 Z 148
20.8 5971 315’7
21,2 5663 ~ 182
21.7 5995 t163
—...— --—.---.——. .—..-—...—.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



UIICLA5SIFIH)
-17-

TABLE 5

r —— —.... .. ... .... -. —. —. —-.. .- —-...--,. -.——q

7.5
8.5

1:::
11.5
12.5
13.5
14.5
15*5
1605
17.5
18.5
19.5
20.5
21.5

o
2 60

32: L 60
790 z 70
1280 t 100
1840 z 100
2420 X 100
3120 ~ 100
3880 tloo
4480 t 120
4900 t 150
5220 ~ 170
5480 t 200
5720 t 220
5920 f 220

———.. ,.=._._____,__ —-..—— J

In order to calculate the shape of the photo-

fission cross-section as a function of gamma-ray energy

from these data, it Is necessary to know the relative number

of quanta in each ener~y interval striking the uranium foil

for each R recorded by the R-thimble. The tnltial X-ray

spectrum emerging from the target”was corrected for all ab-

sorbing materials between the target and the uranium foil.

me response of the R-thimble was calculated assuming that

it responded only to the secondary electrons coming out of

the carbon which were in equilibrium with the primary gamma

rays. From

hitting the

and various

bhese two calculations the number of gamma rays

uranium per R was calculated. Using this number

assumed photofission cross-section shapes an at-

tempt was made to fit the observed excitation curve.

d“”
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The calculation of the gamma-ray spectrum seen

by the fission chamber and seen by the R-thimbles is pivon

in Appendix I and the calculation of the R-thimble response

is given in Appendix 11.

In princjple, if one knows the photofission ex-

citation CUWe exactly and the gamma-ray spectrum exact~y,

one can arrive at a unique solution for the photofission

cross-section as a function of ener$;y. Howevor, cornparativoly

small errors fn the excitation curve load to very large errors a-

in the deduced cross-section curve; sufficiently large errors$

in fact, that one ql.~itesoon obtains laree nesative values

for the cross-section at certain enerfiies in order to fit the

obsorved excitation curve. Thus , a more sensible p~ocedure

for arrivin~ at the cross-section curve seems to be to assumo

vario~lscross-section shapes and try to fit.these to tllo6x-

citation curve by making apnroprinte charLGes in the initially

assumed cross-section curve. An effort to arrive at a cross-

secticn curve wkich would fit the observed excitation curve

by means of various step functions whose corners w~3rerounded

off resulted in the cross-section curve given by SiGma 2 in

Table 6, which is shown plotted in Fig. 6.
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.. ,-
, ‘.

down to 9 Mev

-.-— ---—--. -.---- ...s - ..- .\!. . . . . . . . . ., . . . . ,,..

Znergy Sigmal

oto7 o
8 6.690
9 14.95
!. 19.00

;: 24.40
31.34

:: 3q 74.e.”-
14 46.42
15 49.40

46.42
:: 39.34
18 31.34
19 24.40
20 19.(Y3
21 1A*!J~

.......... .....-------_____ .-——. __ _____

. .. . , .L, -. ..” .,...-

Sigma21
6.00

17.40
19*4O

23.2
54.0
59.0
30.8
31.0
32.8
34.8 I

36.8 I
38.6
40.6 I

I

It did not appear possible to fit the observed curve without

some sort of a resonance

fact that a resonance is

Baldwln and Klalberl and

peak as shown in that curve. The

indicated agrees with the work of

the theoretical considerations of

Teller and Goldhaber?e On the assumption that a resonance

cross-section curve is necessary, an attempt was mad: to ob-

tain a cress.section curve of thf3 forrlt

Cz f&2
%+(E -J Fo
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whlch would fit the observed data. It ;78s fcund necessary

in order to make a proper fit, to effectively cut off the

curve at 9 Mev but allowlng a small value at 8 Mev and no

value to the cross-section f’romthere on clovm. Even on this

basis it was found that the fit was quite critical to the

parameters of the cross-section equation. The final equation

obta~ned which gave an excitation curve that fell within tho

errors of Table 5 is:

where E is the energy in Mev. The fact that the numbers in

the above equation are Siven to five significant figures does

not imply that we know tho cross-section shape that well.

Those are just numbers that will give a fit to the excitation

curve. It appears that with this ty]~eof resonance equation,

it would be rather difficult to get a fit using a resonanco

peak at more than 112 or 1 Mev different from the 15 Mev as-

sumed. A plot of’this curve is shown in Fig. 6 and the exact

values used are given in Table 6, listed under Si&ma 1.

IV. DISCUSSION

It is to be noted that the ratio of the ionium

activity to U238 activity Civen in Table 2 has an appreciably

larger error than that quoted on any of the other ratios.

The main reason for this large error is ‘that tho ioniu.mwas

not pure hut rather \7tHt only 25;1by welfiht of a sample

~1$1.l$\t\tD
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containing mostly thoriw. Thus, the pro-rated thorium

act5vity for each point had to be subtracted from the total

activity in ordor to obtain numbers proportional to the imfum

activlty. Thus , any errors in the thorium curve were multi-

plied in tho ionium curve.

It Is also to be noted that we obtain a ratio for

the thorium to uranium activity of approximately 1/4, whereas

Baldwin and Klaiberl observed a ratio of 1/2. It appears

that part of this discrepancy is due to the-fact that Baldwin

and Klfiiber~s fissionable material foils were all assumed to

be completely thick compared with the f’ission fragment,ranGe;

however, from the numbers that they quote it appears that

their ur~nium sample was not completely thick. ‘iTlisdifference

mlpht change their ratio to apprcwimately 1 to 3, whj.cb.wollld

still leave a discrepancy between the two observed value.

It shol~ldbe emphasized that tho experimental

excitation curve arrived at in this work does not and cannot

lead to a unique photofission cross-section curve w~tllenergy.

~iowever, the data obtained here should be sufficiently flood

to serve as a check on a theoretically derived cross-section

shape.

No correction has been applied to any O? the data

for possible effects of neutrons coming from the betatron.

Several.rough experlmonts were performed to determine whether

this effect was appreciable or not.
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~&O sample9 wore irradiated In frcnt of the beta-

tron aridthen behind the betatron along wi th copper and

rhodium foils. The l@-minute period resulting frocltho

CU63{ ;J-9n}rt3action is a measure of the r;anmaintensity wl;ilo

the 44 second and 4.2 minute R.hactivities al’ea meas~lro of

the s1ow neutron flux. ‘l’heactivity on the cntcherr;was ne~;ll-

gible (approximately 3 - 4 counts per mf.nute) when irradiated

behind the betatron compared with severt~lhundred counts per

minute on each foil when placed in the X-ray beam, ‘Bii3raticj

is closer tCJ the observed copper ratio of approximately “.OCI

than to Lhc rhodium ratio of approxh, atoly 360. 7>0one can

conclude that the great majori ty of fi:+sl ons in this oxpori -

men.t are produced by Hamma radia ~,iorl.

A cadmium shield iv~sused arcnwrdthe ffsaion foil

ccntain~r to reduce any eff’ectfrom slaw r~e~ltrons; b.cv~e’~e?’,

when this cadmium t’ol1 wns removed the ob~~[~~~>dactlv!ty did

not increase nore than the rrob~ble error orithe r“i~ asurer.ent .

The rstl o of the number of ffsaions observod In Ibrontand be-

hind a 2-fnch tl~ick wnll of lead follcwecla;’prcximatoly Lhe

corresponding{;r~tio for the number of {:aumarays, wl~ich qalr,

makes it appear that tho great proportion of the fi:jsions oh- “

served were due to ~amma rays an~lnot noutruns. A ~f~il~r

expertrnent indicated that tt~eflrcatproportion of

response was also due to !:armnarays.

the R-t.?li.mblo
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@ants
energy

Uev

1

2

3

4

5

6

?

a

9

10

u

12

13

u

15

16

17

M

17

20

21

22

Rc (cm) Rp (C,

carbcm carbo

.0$4

.2$

..U

.tjz

● 85

1.10

1.36

l.~~

1.91

2.17

2.43

2.7G

2.97

3.25

3.51

3.79

4.06

4.?3

4.60

4.86

5.13

5.I,l

o

.05

.16

.29

.46

.64

.84

1.05

1.25

1.43

1.62

1.78

1.95

2.12

2.29

2.46

2.63

2.8Q

2.9’7

3.14

3.31

3..48

Tc (l/cm) ~ (l/cm) T’(l/cm)

carbon carbon carbon

● 1009

.06916

.G5QM

.04620

.03576

.03500

.03153

.02864

.02635

.02436

.0226$

.02128

.02006

.01898

.01802

,01711

● 01638

.01567

.G~~o~

.01445

●01393

.01338

TABLM11-Jl

o

.000530

.00147

.(!0244

.00321

.00398

.00!+64

.00522

.00577

.00621

.00663

.00704

.00742

.00779

.0G809

.00838

.00870

.00896

,00923

.00949

.00974

.00998

,1009

.06969

.05635

.0.4864

.0429?

.03898

.03617

.03386

.03212

.03057

.02931

.02832

.027M

.G2677

.02611

.02549

.02508

.02463

.02424

.02394

.02367

.@2336

R

Quanta/cm2

.27 x 10-9

.54x 10+

.76X KJ-9

.94x IG-9

1.09x 10-9

1.28x 10-9

1.48x 10-9

1.?2x 10-9

1.93x lC-9

2.09 x 10-9

2.29x 10-9

2.47X 10-9

2.66 X 10-9

2.83 X 10-9

3.02 x 10-9

3.20x 10-9

3037x 10-$’

3.57 x 10-$’

3.7LX 10-9

3.95 x 10-9

4.12x 10-9

4.32x 10-9

R-thimbleresponse.

.
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