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ABSTRACT

"1 22—

The photofisaion excitation curve of 1258 up to
21 Mev has been measured, An attempt has been mads to de-
termine the photofigssion crosg-section shape as a function
of energy maliing appropriate assumptions as to the X-ray
sapectrum of the betatron. It was not possible to obtain s
unique solution for the cross-section shape, but two possible
so2lutions are given, both of whilich have & resonance psak at
about 15 Mev,

The photofission yield of several fissionable mote
erials relative to U”9® has bmen measured in the region of
the resonance., The relative yields per atom for the sub-
stances under invegstligation are 3255’ 1.49; Pu239, 2.5

233 252 30 238

(2]
=92, 2,493 Th™’7, 0.257; I0~°", 0.847; U~°°, 1.00.

UNCLASSIFIED
I

————————_CEROVED ECR DIRI 1 C BF| EASE




APPROVED FOR PUBLI C RELEASE

UNULRI 2 =v
RELATIVE PHOTOFISSION CRCSS SECTIONS OF
SEVERAL FISSIONABLE MATERIALS

I. INTRODUCTION

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

photofission iIn heavy elements arcused considerable interest

in the possibility of a resonance photofission c¢ross sectionz.

After some theoretical calculation Edward Teller suggested
that the relative photofission cross sections of various fis-
sionable materigls would be of help in the theoretical in-
terpretation of the rhotofission proceas. This work is the

result of that suggestion.

ge33 U235’

A measurement of the fission yleld of

Pu249, Th232, and 10230, relative to the fission yield of

U238 has been made as a function of bremsstrahlung energy.

]

A measurement has also been made of the photofission excita-
tion curve of U238 in the region of 8 to 21 Mev. From this
excltation curve an attempt has been made to determine a
shape for the photofission cross section as a function of

7
energy for UQQB.

TI. EXPERIMENTAL METHODS3

The relative photofission yields of the different
materials with respect to y=o8 were measured by a "catcher"
method. The experimental setup 1s shown in Fig. 1. X-rays

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

L%

1 G. C. Baldwin and G. S, Klaiber, Fhys. Rev. 71, 3 (1947)
2 M. Goldhaber and E. Teller, Phys. Rev. 74, 1046 (1948)

prct Aot ) .
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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 foll holder was a small aluminum

box with slcts in the walls at 1/8-inch spacings to hold
1/16-in¢h thick aluminum plates to which the fissionable
material was fastened. One mil aluminum catchers were held
by small frames against the back side of the 1/16-inch alumi-
num plates. Thus, the fission fragments had to pass through
1/8-inch of air before resching the aluminum foil. Aluminum
catcher foils were used bécause of the small activity induced
in the foil during the irradiation to which it was subjected.
Eight fissionsble material samples were used of which three

U238. Two background aluminum foils were also in the

were
box in order to determine the activity induced in the alumi-
num itself. *The sample 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 wiﬁh the beam incident on Foll No. 9. The results of
these two runs were averaged in order to minimize the effect
of inverée square loss and absorption loss due to the differ-
ent positions of the folls, In every case the samples were ir-
radiated_for twenty minutes,and counting began four minutes
after the irradiation and continued for a 30-minute counting

interval,

The foils were counted on glass-walled counter tubes,

Model 10A, Mark I, made by the Radlation Counter Laboratories.
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Ten counter and scaler setups were used on each run so that
the folls collecting fission fragments from sny particular
fissionable material were always counted on the same 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 U238 is shown in Fig. 3. The physical setup of
the experiment required that the beam go through 3/4-inches
of wood and apprpximately 1 1/2-inches of aluminum before
reaching the detection system itself. In order to establish
equilibrium bstween 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 iIn which one surface was a
thick uranium seample and the other a copper collecting plate.
The uranium was in the form of a 5-mil thick disec 3 inches
in diameter. The gap between the uranium and the collecting
plate was 1/4-inch. The chamber was filled with érgon at
atmospheric pressure. In order to partially céncel the pﬁlse
due to the X-ray burst, a bucking chamber was'placed behind

the fission chamber in the beam. The bucking chamber was con-

nected in such a manner that the output was of the opposite

JCLSIEED
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sign to that on the flssion 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 circulit which allowed
only those pulses occurring within 5 microseconds of the X«ray
burst to pass through. The output of the gating circult was
then fed into a discriminator and scaler where the pulses were
counted, A block diagram of this circuit is given in Fig. 4.
Two 1/4-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 radlation 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 energles was
necessary.

The energy calibration of the betatron was based

a upon a measuremsnt of the observed threshold of the N14(U}n)N13

< reaction., The value of this threshold was calculated from

~ the mass data of Segre's isotope chart of July 1946 to bs
10.54 Mev. | -

\ III. RESULTS ) _

3 A, Relative Fission Ylelds o ,~;

Table I lists”the weights and sizes of the fisslon-
able materials used. The subsceripts on the U258 notations

\ps&&\& -
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indicate the three different uranium samples., All samples
were considered to be thin compared to the fission fragment
ranges with the axception of the ionium sample. T hus, no
correction was made for self-absorption of the figsion frag-
ments except in the case of the ionium foil where a 4 percent

correction was applied.

IABLE 1
Sample Welght Aroa 3/cm?
58 .002536 gma 23.5 cm? 1.08 x 1074
y238 .002356 pms 24,0 cm? .982 x 1074
838 .002485 gns 24,5 cm® 1,014 x 1074
Pu239 .001357 gms 13.8 em®  0.9906 x 1074
I°gggi* (001042 gms 11.9 em®  0.8756 x 10:2
Th (.003276 gms 2.7530 x 10
Th2320,, .00290 gms 24.3 em® 1,049 x 107%
= 00255 gms Th
(U235)308 00307 gms .. 27.3 em® 0,956 x 1074
= 00261 gms U~
#* These weights derived from the original data of a total H
alpha decay rate of 45,687,000 per minute in 100% geometryi
and 25% ionium by weight.

The activity per atom of the rission fragments from
the various fissionable materials relative to U238 is given
in Table 2 as a function of the peak bremsstrahlung energy

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

n‘f'f"
Q%Y

S —
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the net activity of each sample was divided by the number
of atoms of flssionable material in the corresponding foil
and this number was compared with the net activity per atom

obtained from the U238

foils., Since the activity obtained
at low energles was in general small, the background and
aluminum activity corrections became rather large so that
the possible error on the low-energy ratios given in Tahle 2
Is larger than at higher energies. The absence of any ob-
vious trend with energy allows us to assume the same photo-
fission cross-section shape with energy for all fissionable
materials observed. Thus, we can assume that the ratio of
the activity from a fissionable substance to the activity

obtalned 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 1is
the probable error of the mean assuming that the individual

numbers are all measurements of the same quantity.

UNCLASSIFIED
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TABLE 2 -

Relative Activity Per Atom

NN e Ml b A 8 MR A a1 < A 0T 8 e s 8 S AL ® e A Ao beant e AW ee 1 v oA * seenn @ -

T e oy
238 230 , 238 |
Energy UQSS/UESB Pu23?/U238 U2331U238 Th23?/U Io 1 E

12.4 Mev 1.45 2,70 3.26 0.218 1.645

14.3 1.59 2.74 2,87 0.247 «836 !
18.1 1.59 2.54 2.68 0.276 « 907 |
17.1 1l.44 2.24 3.01 0,352 .486

18.0 1,57 2,70 2,22 0.254 .783

18.9 1.47 2.60 2,08 0.260 672 I
19.8 1.43 2,39 2,13 0,209 .894 E
20,8 1.31 2,06 1,90 0,227 .602

21.7 1,54 2,65 2,29 0,273 .816

Average 1.49%.,02% 2,51%t,05% 2,49+,11# 0,257+0. 01o*o.e4v+'ovs*

- et st e PRI, A e s Vet £ MG 8 i@ STk L MRS ST AMEer i Aee Vit A e st A T e d e et e Aty 4 P e

-

# This error is the probable error of the mean assuming that the
individual numbers are all measurements of the same quantity.
As seen from Table 3 there may be an additional systematic
error as great as 15%.

In order to obtain a measure of the error in the
experiment three U238 foils were.used. The ratios of activity
per atom between the different foils is shown in Table 3 as a
function of ensrgy. Since this is the relstive activity per
atom the ratio in all cases should be one, Thus, the varia-
tion from one 1s a measure ol' the systematic error in the
experiment. The error shown on the average 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 average values

themselves differ from one by as much as 15%. Thus, ii\must
\

L
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conclude that in any messure of the ratio of the photofis-

sion yield, one fissionable material with relation to U238,

there may be a systematic error as large as 10 or 15%.
TABLE 3

Uranium Activity Comparison

Energy
238 384 38 , 238 238

(Mev? /U2 1 /UIII UIII/

12.4 1.30 1.15 0.671

14.3 1.20 1,12 0.741

16.1 1,09 l.12 0.818

17.1 1.03 0.995 0,976

18.00 1.13 1l.04 0.856

18,9 1.00 0,998 1.001

19.8 1l.11 1,04 0.868

20.8 1.23 0,867 0.937

Average l.12+ .02 1,07 +£,03 0.850 t 0.025
; % The subscripts I, II, and III indicate the different
; uranium folls,
| I

Be Fhotofission Excitation Curve

The results of the measurement of the photofission
excitation curve in U238 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 which the betatron was run and the
number of fissions per R observed at that energy where the

number of flssions per R may be the average of several runs,

In particular the data was g@ken starting at 19.8 Mev and

——————EEROVED EQRPUBI| C RE| EASE



APPROVED FOR PUBLI C RELEASE

RYSATD

155

- 15 =

FIGURE 5 S
“ _vs"ﬂ,
EXCITATION FUNCTION FOR UZ8(y,f) =
60007
5000¢
P4
$ 40001
2
S
@
x 30001
¢
e
$ 2000¢
8
10007
o

s~ o = Iz T 16— 18 =~ =20 = 22
MAXIMUM ENERGY OF X-RAY SPECTRUM (MEV)




8§ =~ WY

£
»)

APPROVED FOR PUBLI C RELEASE
UNLLAJIH WD

- 16 - L]

running down to 8,75 Mev and repeating the points again on
the way back up to 19.8 Mev., Then in 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 ohbtained with greater preci-
sion by repeating 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 batween
the points of the diamond represent the probable error on the
points. The values in Table 5 were taken from Fig., 5 for the
purposes of calculation. The errors quoted in Table 5 are
internded to represent the possible varlation of the values

at each pointi. The values in Table 5 were then used for all

further calculationsa.

TARLE 4

Energy Counts/R

8.75 42 * 492

10.59 883 * 32

12,4 1726 * 75

14,3 3010 t a7

16,1 4372 * @9

17.1 4756 Y 150

18,0 491e * 85

18,9 5443 * 78

16.8 5434 * 148

20,8 5971 * 157

21,2 5663 * 182

21.7 5995 * 163 ES\“}_\}

;!IIIIIIIIIIIF
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TABLE 5

Enorgz Counts/R
7.5 0

8.5 0 * 60
9.5 320 L 60
10.5 790 £ 70
11.5 1280 * 100
12,5 1840 * 100
13.5 2420 * 100
14,8 3120 * 100
15.5 3880 * 100
16,5 4480 * 120
17.5 4900 * 1850
18.5 5220 * 170
19.5 5420 * 200
20.5 5720 * 220
21,5 5920 * 220

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 energy interval striking the uranium foil
for each R recorded by the R-thimble. The initilal X-ray
spectrum emerging from the target was corrected for gll ab-
gorbing materlials between the target and the uranium foil,
The 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 these two calculations the number of gamma rays
hitting the uranium per R was calculated, Using this number

and various assumed photofission cross-section shapes an at-

tompt was made to fit the observed excitation curve. “C\_ASS\“ED

et e R L A S
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The calculation of the garma-ray spectrum seen
by ths fission chamher and seen by the R-thimbles is given
in Aprendix I and the calculation of the R-thimble response
is given in Appendix II.

In principle, if one knows the photofission ex-
citation curve exactly and the gamms-ray spectrum exactly,
one can arrive at a unique solution for the photofission
cross~-section s a function of energy. However, comparatively
small errors in the excitation curve lead to very large errors
in the deduced cross-section curve; sufficiently large errors,
in fact, that ocne quite soon obtains large negative values
for the cross-section at certain energles iIn order to fit the
observed excitation curve, Thus, a more senslble procedure
for arriving at the cross-section curve seems to be to assume
various cross-section shapes and try to fit these to the ex-
citation curve by making aprnropriate changes iIn the initially
assumed cross-section curve, An effort to arrive at a cross-
secticn curve which would fit the obsgerved excitation curve
by means of various step functions whose corners were rounded
off resulted in the croas-secticn curve given by Sigma 2 in

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

——
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TABLE 6

Pogsible Cress-Section Curves

Where o‘l = 771,88
150 6‘45 + (E:IO Fa
down to 9 Mev
[ Energy Sigmal SigmaE
0 to 7 0 0
8 6,690 6.00
9 14,95 17.40
IC ' 19.00 19040
11 24,40 21l.2
g 12 31.34 23,2
; 13 39,734 54,0
14 46,42 59.0
15 49,40 30.8
. 16 46.42 31l.0
: 17 39,34 32.8
18 31.34 34.8
19 24,40 36.8
i 20 19.C0 38.6
' 21 14,95 40,6

It d1d not appear possible to fit the observed curve without
some sort of & resonance peak as shown in that curve, The
fact that a resonance is indicated agrees with the work of
Baldwin and Klaiberl and the theoretical considerations of
Teller and Goldhaber?. On the assumption that a resonance
o crosa-section curve is necessary, an attempt was madé to ob-

taln a cress-section curve of ths form:

O = A o
B+ (B-Lg)

UNCLASSIFIED
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which would fit the observed data. It was found necessary

in order to make a proper fit, to effectively cut off the
curve at 9 Mev but allowing 2 smsll value at 8 Mev and no
value to the cross-section from there on down. Even on this
basis it was found that the flt was qulite eritical to the
paramaters of the cross-gsection equation. The final eguation
obteined which gave an excitation curve that fell within the

errors of Table 5 §s?
OA = 771. 88

15,625 + (E-15)7
where E is the energy in Mev., The fact that the numbers in
the above equation are given to five significant figures does
not imply that we know tho cross-section shape that well,
These are just numbers that will give a fit to the excitation
curve, It appears that with this type of resonance equation,
it would be rather difficult to get a fit using a resonance
peak at more than 1/2 or 1 Mev different from the 15 Mev as-
sumed. A plot of this curve is shown in PFig. 6 and the exact

values used are given in Table 6, listed under Sigma 1,

IV, DISCUSSION

It is to be noted that the ratio of the ifonifum
activity to y258 activity given in Table 2 has an appreciably
larger error than that quoted on any of the other ratios.

The malin reason for this large error is ‘that the fonium was

not pure but rather was only 253 by weight of a sample

| " NCLASSIED
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containing mostly thorium. Thus, the pro-rated thorium
activity for each point had to be subtracted from the totsl
activity in order to obtain numbers proportional to the ioniwum
activity. Thus, any errors in the thorium curve were nulti-
plied in the lonium 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 & ratio of 1/2. It appears
that part of thls discrepancy is due to the fact that Baldwin
and Klalber's fissionable material foils were all assumed to
bs completely thick compared with the fission fragment range;
however, from the numbers that they quote 1t appears that
their ursnium sample was not completely thick. This difference
might change thelr ratio to approrimately 1 to 3, which would
still leave a discrepancy between the two observed value,

It should be emphasized that the experimental
excitation curve arrived at in this work does not and cannot
lead to a unique photofission cross-section curve with energy.
However, the data obtained here should be sufficiently good
to serve as a check on a theoretically derived cross-section
shape.

No correction has been applied to any of the data
for possible effects of neutrons coming from the betatron.

Several rough experiments were performed to determine whether

BOLASSHED
-—

this effect was appreciable or not.
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™e samples were irradlated in front of the beta-

3

tron and then behind the betatron along with copper and
rhodium foils. The 1lO0=-minute period resulting from the
Gusz(z}n) reaction is a measure or the ganma intenslty wiiils
the 44 second and 4.2 minute Rh activities are a measure of
the slow neutron flux. 'The activity on the catchers was nejgli-
gible (approximately 3 - 4 counts per minute) when irradiated
behind the betatron compared with seversl hundred counts per
minate on each foll when placed in the X-ray beam. ‘This ratio
is cloger to the observed cowper ratio of approximately <00
than to the rhodium ratio of approximately $.0. S0 one can
conclude that the great majority of fissions in this oxpori-
ment are produced by gamma radiation,

A cadmium shield was used around the fisgion foil
centainer to reduce any effect from slow reutrons; however,
whon this cadmium foil was removed the observed activity 4did
not inersease riore than the proehable error on the meagsurement,
The ratio of the number of fissions observed in rrent and be-
hind a 2-inch thick wall of lead followed ajypreximstely the
corresponding rstio for the number of pramms rays, which agzaln
makes it appear that the great progortion oi the fiszions ob-
served were due to gamma rays and not neutrons. A zirilsar

experiment indicated that the greast proportion of the R-thimblo
““C\_AS‘)\T\LU
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response was also due to pjoamms rays.,
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O.'P._‘
Bremsstrebluns Spectrum Imvingent on s

in the Fingion Cramber

L. I. 3chiff and 7. Ste‘nle5 have derlived tna
rfollawing Tformula for the differsantial crosz-sectlion or
producticn of a photon in the energy interval dk and In tie
selid anple dw = sin e d & d # »y the bremsstrahlung process
from an electron (totsl energy LEO) Impineing o a thin tar-

get of atomlc number 4.

o 2
2 4 4 5.7
d g = 8 2 e’ dw 42 (—=2 . ) ak
27z 177 ut [1«» (e ® "
n
whero | = 2 (1 -€) (L - 1)+¢%(L, 3~ 1/2)

Eo Z  total electron enerry = rest enorzy plus
kinctlic onergy
i = hi:
2]
1 = m,c”
€ = k/mo
o - r 2 o1/ 7o
LYZC I n € -“+ (g / o
ERS 11 -€) | I

Valuna of (quiﬁ)/k ealculated from the above
fermula, using 2 = 78 for the platiiwum targot In tho boletron
and using integer values of E, and ¥, are riven in wai-le I-4,
The valnues within 1 liev of elther ennd of Lue uspechimun sre
orly apvroximations sinne Lhie Dorm avproximetion used in the

derivation of the ghove formula is not valid In thiese resliong,

5 L 1. sen ” o UNCLASS‘HED
S
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kxo 6 7 8 9 1 11 12 13 W 15 16 17 18 19 20 20 22 M
0] e [ [ 4 co oe oo oo o oe oo oo oo oo oo oo oo
1167 236 315 405 505 619 743 77 1023 1177 1M7 1520 1717 1917 2132 2355 2589
21655 %013 179 228 282 U0 406 4Th 551 635 722 813 910 1016 1125 1239
3] 32,0 52,4 76.8106 135 169 207 250 2% M4 397 LS, S12 S78 6Lk T 789
4116.3 30,0 46.9 66.9 89.2 115 13 172 206 2l 279 321 366 412 460 512 566
5] 6.5217.0 29.5 4.6 62,0 81,8103 127 153 180 210 242 276 312 350 392 43
6] o 7.3 18.0 30.0 4A.0 59.7 77.3 9.8 117 10 16k 191 218 247 278 32 %S
71 0 0 8,13 19.1 30,7 &4.6 58.9 7.9 93.9112 132 153 177 201 228 256 284
8] o 0 0 8.91 20,4 31.9 44.6 58,5 73.9 90,2108 127 L7 168 190 223 239
9] o 0 0 0 9,72 21.8 33.3 46.1 59.2 73.6 89.3106 12 1l 161 181 203
0] 0 0 0 0 0 10.6 23.0 3.6 46.8 60.8 74,0 82,7104 121 138 15 175
nl|o 0 0 0 0 0 1.4 2.5 36.3 48.4 61.2 74.6 89,1 104 119 136 153
2] o 0 0 0 0 0 0 12,4 26,1 38.0 49.9 624 75.5 £9.5 104 119 1%
13| o0 0 0 0 0 0 0 0 13.2 27.2 39.7 S51.4 63.8 76.9 90.4 104 119
w| o 0 0 0 0 0 0 0 0 1.1 28.7 41,3 53.8 66.1 78.4 91.3 105
15| o 0 0 0 0 0 0 0 0 0 1.7 0.6 43.7 55.2 67.6 79.8 92.9
6] o 0 0 0 0 0 0 0 0 0 0 15.8 31.8 4k.8 57.2 69.2 80,3
17| o 0 0 0 0 0 0 0 0 0 0 0 16.6 33.4 46.2 59.1 70.7
B 0 0 0 0 0 0 0 0 0 0 0 0 0 17.5 3.7 485 61.0
19| o 0 0 0 0 0 0 0 0 0 0 0 0 0 18,2 3.2 50.3
20| o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.1 39.9
2af o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.9
Nev
TABLE 1I-A

Photons/unit solid angle/Mev

for thin target (straight forward),

2 I”
: Proportional to
5o k por electron
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3ines the Sarpred in fthe betatran 1s not Infinitely
thin Lo the paszsase of elestrong, an approximats correction
to the zpectrmim i desiranle, Froa messursments <f the ane
galar arreat of the Xevnar haam fron the betahron4 and caleu-
Iatliena of the theorticnl spread due Lo riltiple scattering
af the elecitronzs in tne tnrxebﬁ’s the oiffeetiva thicinmesa
af the tapget 1s ecimatedl to be about 1,5 Mev, An anprozi.
mabhe Lndel barpet specirum could be abtained by intepgrating
tiie agnecirs Corsiad as bhe srlnary eleclrons logt enerpy rom

to (2. ~ 1,5) liev over the targei thickness. To d» this

nanerically, 1t was asauned that no greab error gould be
introduced 1f, inastead of integrating, we added the appro-
nriate welghtad values of the spectra at B, and (E; - 1) Meve.

To nhtals these welghbted values we assume tha
anvy electron rassine through the betatron target In the
snergy ranse of E to B - 1,% has an egual probablllty of
producin~ o photon, and that there are equal ropmbera of
aloctrona of a2ll ener:iss in thisg interval, ‘then the roa-

sultant spectran $s the sum of the spectra resulting fron

avery enerygy in this »range, thus

b

Z 3 ¥ eyl (1.5)
3 33—-.—‘1 .'f""““ IEE .5‘ ""“‘"1 Sr‘? - 2{1.'.“,‘}';.00 = n‘l.))’
21 n = n n = n . <l n g

where S is the resultant spectrunm, S, 3s the spectrum dus to

&

elsctrong of enersy B, and n is the number of intervals Into

- -

3 Ju MceBlhlmney, Thenis, U. of I, (1947), ““CWS\?\ED
5 L. I. Seniff, Phys. Bev. 70, 99 (1048).
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whiinh we divide the 1,5 Nev intevrvnl, the flrat and 1lant

N

termg are divided by two In order to welcht the end points
only nalf as mucth asg the res*, If we now sat n equal to

threa we gef

9 = 1 - I 4+ 0 o on ) " )
S S AL TG NN, ) B o B BT 00 -

if w2 now assume that

Sut S(may) . o
2 - U(E-os)
and
S{awet) + 3(E-1.5) = 2 S(z-1)
we zeb
. 1

Tnus we add thrse times the thin tarcet spectrun at E-1 to
the thin tarset spectrum abt E to obtaln the new thilck tarcvet
gpactrmum at E., The result of this is given in Yahle I-R,

In order to ¢btaln the srectrunr lneident nn the
draniam in the Ioan ehiamber the absorption coefficlients for
the Compton effect and palr production of inteper enerslea
un to 21 Mev for the variosiz absorbing materials between the
tarret and the uranium were calculatede. Abhgorption dun to
the rhotoelectric effect was neclipgible at thess enerciss,
Tne absorotion coerficients (2) times trne mabterial thicknesses
(x) are listed In Table I-C and ihe final transuisalon as s

function of enersy 1s listed in the last coliun. The spectra

6 We Heltlar, "The Quantum Lheory »f Radiation", pn., 157, 200,

Gxford University I'rosas, 1944, _
Q“g\p&s\?\‘.“ ———
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TR RO RS A I O R E A O s A —————

LA TR

7 8 9 10 11 12 13 14 15 16 17 18 19 20 2 22  Mev

l‘1 737 1023 1350 1720 213, 2600 3106 3654  h246 4878 5561 6277 7068 7883 8751 9654

2 |29 430 587 765 9%6 1186 26 1692 1973 2288 2627 2919 3U9 376 4173 Lblh

3 | ue 2 335 W7 57, 7L 871 1046 1232 1429 1645 1874 24l 2378 2646 2931

L 78.9 137 208 290 382 488 601 722 859 1002 158 1329 1510 1696 1892 2102

5 36.5 80.5 134 196 268 W9 4% 5% 639 750 872 1002 1140 1286 12 1610

6 7.30 39.9 840 13 192 257 329 407 491 58k 683 791 901 1019 146 1281

7 0 8.13 43.5 88 137 193 252 319 39 468 549 636 732 831 940 1052

8 [¢] 0 €.91 47.1 93.1 10 192 2;9 312 379 451 528 609 694 783 878

9 0 0 0 9.72 5..0 9.7 b 198 251 310 E1L8 W2 513 584 664, b
10 0 0 0 0 10.6 54.8 104 151 201 256 1 370 433 501 570 643
n 0 0 0 0 0 .4 58.7 110 157 206 258 313 n 431 493 561
12 0 0 0 0 0 0 12.4, 63.3 116 164 212 263 316 373 431 491 :0
13 0 0 0 0 0 0 0 13.2 66.8 121 171 21¢ 268 321 75 431 "O
u 0 0 0 0 0 0 0 0 11. 1 T1.0 127 178 228 n 37 379
15 0 0 0 0 [¢] 0 0 0 0 U7 ThT 136 186 233 233 332
1% 0 0 0 0 0 0 0 0 0 0 15.6  79.2 U0 192 241 288
17 0 0 0 0 0 0 0 0 0 0 0 1.6 83.2 W7 200 2.8
18 0 0 0 0 0 0 0 0 0 0 0 0 17.5 B87.2 153 207
19 0 0 0 0 0 0 0 0 0 0 0 0 0 18,2 90.8 159
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.1  97.2
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19.9 -
Mev

TABLE T-B

Values of —;];- [B(Eb—l)zr‘ (I-:".,-IH-E,;,2 r (Eoi. Approximate thick target spectrum proportional to

Photops/unit solid_sngle/Vev (straight forward).

electrons

ASv313d O 1'1aNd d04 d3/Nodddv
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T4

A B c D E Tx), Transaission (Tx) g0t Transaission
JoEr g s wipe e TESRRS 0P PRV R,

.1862 0767 SR 1.025 162 1.820° .1526 2.042 .1298
2 | 2309 053 416 708 117 1.308 2104 1.425 2005
3 1065 0629 « 30 572 .100 1.061 #3461 1.161 3132
L | 0923 0367 299 A% .0927 922 397 1.015 3624
s | e 0325 2N 477 .0e83 .82 4387 912 4017
6 0775 .0298 .2‘.55 1396 0873 .758 4686 <84S 429
7 0732 0276 W23 1368 0867 .2 4907 799 LL98
8 | .o6%e L0259 .233 .3k 0857 .673 .5102 .760 L6TT
9 0674 0246 «227 .326 .0873 645 5247 732 4209
0 | L0653 .02% .221 .31 L0876 .621 537 2709 4921
11 0637 0226 217 .298 0883 601 5483 689 «5021
12 20623 .0218 2L .288 0892 <586 #5565 675 .5092
13 | .0613 .0212 .21 219 0899 572 - 5644 .662 .5158
W | .0605 .0206 ,210 272 0511 .563 .5695 654 .5200
15 | 0597 L0202 .208 .265 .0921 .553 .5752 645 5247
16 | 0591 .o198 .206 .259 0930 .50 5804 537 .5289
17 .0587 O1% «206 «255 09%0 539 5833 633 «5310
18 0582 0191 «205 «250 0953 2532 587, 627 #5342
19 .J580 .0188 1205 o246 0962 .528 . 5898 624 .5358
20 | 0578 .0186 .205 243 0972 .52 .5921 621 53
21 | 0576  .0184 .205 240 .29 .521 .5939 619 .5385
2| o5m .08 .205 237 099% .518 .5957 .617 539%
Nev

TABLE T - C

Transaission coefficients.

-OQ-
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Impinging on the uranium are obtained by multiplying the
thick targoet spectra by the transmission coefticients,

Table I-D tabulatss thoze spectra after baing normalized

a8 dsacribed in Appendix II, Oince the ilon chammber iz far
enoupgh fram the betatron that it receives a practically uni-
form radiation, the conversion from photons per unit solid
angle to photons per cmg can be male by a consbant factor

which does not change the share of ths spectre,

g

mu T EAGE



aSvd134

R x Mev interval )

Normalized spectra - photons per ex? per Vev interval incident on uranium per Roentgen recorded in R-thimbles.

(-9
™ 7 e 9 13 1 12 13 1 15 16 17 18 19 20 21 2 Nev
1 | 571.7 455.9 37e.3 315.9 271.1 237.1 210.3 187.6 169.6 154.4 141.7 130.5 121.6 W%.4 106.4 100.0
2 | 422.3 355.0 301.6 260.3 227.4 200.4 178.9 161.0 146.0 134.2 124.0 114.8 106.7 99.9 u.0 88.6
3| 2m.2 2516 22401 198.0 176.0 157.1 142.3 129.6 118.7 109.2 101.1 $4.0 87.7 #2.6 T77.6 73.3
L | 170.8 170.3 161.1 8.7 135.5 12L.3 113.6 103.5 95.8 8.5 B82.4 77.1 2.5 68,1 64,2 60.8
5 87.8 110.9 14.9 111.3 105.4 98.5 91.3 849 79.0 73.5 6P.8 64,5 60.7 57.3 S54.3 516
6 8.8 58,7 77.1 £l.5 80.8 77.6 3.7 69.2 64,9 61.2 57.6 Sk 51.3 485 46 42.9
7 0 12,6 41.9 56.0 0.3 61.0 59.1 56.8 S5L.5 51.3  48.5 45.8 43.6 4l.h  39.6 37.8
8 0 0 8.91 31.1  42.6 46,0 46.8 46.1 LL.9 43.2 Ll 39.5 37.7 36.0 3.3 32,8
9 0 ] 0 6.61 24,0 33.4 36,6 37.7 37.1 3.4 35.3 W1 32,7 3Ll 29.9 28.6
10 0 0 0 0 5.11 19.0 26.7 29.4 30..4 30.7 30.0 29.2 2£,2 27.3 26.3 25.3
n 0 0 0 0 0 4,02 15.4 21,8 24.2 25,1 25.4 25.2 24,7 2.0 23,2 22,5
12 0 0 0 0 0 ] 3.29 12,7 18.2 20.4 2.2 2.4 21,3 21,1 20.6 20.0
13 0 0 0 0 0 0 0 2,69 10.6 15.2 17.3 12.0 18.3 1. 18.1 17.7
U 0 0 0 0 0 0 0 0 2,26 9.00 13.0 .8 15.7 16.0 15.9 15.7
15 0 0 0 0 0 0 0 0 0 1.88 7,70 1l 12.9 13.6 13.9 13.9
16 0 0 0 0 0 0 0 0 0 0 1.66 6.71 9.81 11.3 1.9 12,2
17 0 0 0 0 0 0 0 0 0 0 ] 1.41 5.86 B8.66 9.95 10.5
18 0 0 0 0 0 0 0 0 0 0 0 ] 1.24  5.17 7.65 8.83
19 0 0 0 0 0 0 0 0 0 0 0 ] 0 1.08  4.56 6,80
20 0 0 0 0 ] 0 0 0 0 0 0 0 ] ] $965 4.17
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ] 854
Vev
TABLE I-D
Numbers above = __g_u;aﬂicmz__

-zg-
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ReThimbla HReupaosn

1o betatron ¥-rays were nonitored with two
quarter-id-thintles In the beam, In order to cet a messura
«I the nwiber of quanta atriking the uraniun per it racordsd
in the Rethimble, it ls necessary to lnow the R-thimble re-
sponss to different energy gusnsa,

Consider a thick %xall of carbon {(1.e. thick come-
carad with fhe range 9 the saecondary electrons) placed in
front of the R-thimble, Aazorlated with each emering quanian
will he a certalin number of elactrons and nesitrons formed
ty tha Compton nrocezs end nair praduction, P (k) represeonts
the averac¢e forward comnonant of the range of Jomphton elea-
trens from o quantam of energy k, und Rpfk} rourasants Lhe
gvarage orward component of tha pos?hironsg and electirons
Trom palr producstion by o quantwr of ener:y k,

for slmpliclty wa gsasuaed thot all electrons and
positrons emerying from the carbon form aﬁ averara Ionization
of €0 lon palrs per centimeter in alr repardlagz of thelr
aneryy. And we also acswuaed thal the Rethimble hias no re-
gponse Lo ganma rays thenselves but only to ths seaondapry
electrona and positrons.

The average rmmber o Compton electrons ameryting

R

1, e pee
from the carton per emercing photon of enerpy ik is (e ¢ - 1) 7, /"

and the average nuamber of particles from »alr production emerging

““C\_ASS\\"\ED
U
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f'ror the capbon per emerging photon of energy K 1s

TR, . - -
2 (e "F - 1)p/" , where ., = absorption ccefficlent of

rammas in carbon due to the Coanpton process 2 aghsorpticon
w h ]

T
P
coeficient of garmss in carbon dae to palr production, and
T = ?c-r??. (T~ s (p’ Ry, and Ry are a1l functions of k,)
Tre rmbar of R Wshind the carbon per emerging

quantam of energy K per squars centimeter 1a thsrefore

<1 i, TR , TR -
7= 4.6 x 1070 a1 x 60 icns (e ©-1)2z _+2(e P-1)'p slec/oms
on cm ! Fg e quanta,cem”
- TR v 23 v |
roe oo x 1070 (e - 1) Yo 4o(e P - 1) FE R,
7 ” quanta.’cm:”

The walues ol R, ware sstimated from the reanlts
57 the enleulated average at 1, 10, and 20 heov, {This ecalcu~-
laticn was bssed on formula 52, p, 136 in HeitlerG in combl-
natton with enerpr and momentum conservation aquations, The
rmmher and energy of Comphon electrons at sach angle were

~

esleulated and the averape forward component of the range was
sbtained.,) fThe range 1n gm/cm2 wa3 assumed to be the samo In
carten a2 aluaminum, Values of Rc are showm in Table II-A,

The valuss of Rp were nbtained by taking the range
of an slectron {(or posttron) of energy k-1 and multiplying

2

1 by an estinatad factor to obtaln the average forward ¢ari=
ponent. Thls estiniated factor varied from 7.5 st low cneryies

to 1.6 ahove 10 kev, A-ain the range of the secondary elec-

Do}
tron: (ol vositrons) were zgammed to he the same In sm/em”

nﬂCLASS\HED
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Cuanta Re (em} R_ (em) T, (/em) T (l/c.x'n ;&"’C' (1/cm) R
eg:zsy carbon cgrbon carbon chbon carbon Quanta/ em?
1 054 0 .1009 0 1009 27 x 1079
2 o2 .05 06916 .000530 06969 .54 x 1077
3 WAL .16 05488 00147 05635 .76 x 1679
A 52 .29 .OL620 00244 04864 94 x 1077
5 .85 46 03976 .00321  .04297 | 1.09 x 1077
6 1.10 6l .03500 .00398 .03898 | 1.28 x 1077
7 1.36 .84 .03153 COL6L 03617 1.48 x 1077
8 1.63 1.05 .02864 .00522 03386 | 1.72 x 1077
9 1.91 1.25 02635 00577 .03212 1.93 x 1677
10 2.17 1.43 024,36 00621 .03057 2,09 x 1077
11 2.43 1.62 .02268 00663 02931 | 2,29 x 1077
12 2.70 1.78 02128 .00704  ,02832 | 2,47 x 1077
12 2.97 1.95 .020C6 00742 02748 2,66 x 1077
14 3.25 2.12 .01858 .00779 02677 | 2.83 x 1077
15 3.51 2.29 .01802 .06809 02611 3,02 x 10™7
16 3,79 2,46 .01711 .00838 02549 | 3.20 x 1077
17 b 06 2,63 .01638  .00870 .02508 | 3.37 x 1077
18 433 2,80 01567 .00896 02463 3.57 x 1077
19 b .60 2.97 01501 .00923 202424 | 3.7k x 1077
20 486 3.14 JOLLL5 00949 .02394 | 3.95 x 1077
21 5.13 3.31 .01393 00974, 02367 4o12 x 1077
22 5.41 3.48 .01338 .00998 .02336 4,32 x 1077
TABLE II-A

R-thimble response,

s
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nf carbon as in alminum, Vsaluas gre shown in Table 1I-A,
The absorption coafficients, 75 and Tﬁ, for
carbon were calzulated from fornulse given by Heitlera and
ara listed in Table TI~A, Substituting these values in the
shove formula for T, the reaponse shown in the last column
13 obtgined, A plot of the R-thiwmble rezponss 1s shown in
Pig. 1I-A., 1t is approximately proportional to the energy.
in order to determine the magnitude of the spectra
striking the uranium when the R-thimble totals 1 R, 1t is
neceasary to calculate the srectra which strike the R-thimble.
These are readily obtained usine the thick tasrpget spectra
tabulated in Table 1-B snd Lthe transmission coefficients up
tc the R-thilmble tabulated in Table I-C. These apectra ars
multiplied by the R-thimbleo resnonse and inteprated over all
k for a glven E . The final sum is the necessary normallza-
tion factor and ls divided into the spectra ineident on the
uranium to obtain the normalized spectra per R listed in
Table I-D.

2

A point st E5 - m,e™ on the ezcitation function

1z the sum over gll k c¢f the nroducts of tho cross-section

and the normalized spectrum for Eo'

Qs

w—
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ROENTGENS PER QUANTU
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FIGURE 1IA
R-THIMBLE RESPONSE

(BEHIND THICK CARBON WALL)
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