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STUDIES OF FISSION IN HEAVY ELEMENTS 
UNDER HIGH -ENERGY BOMBARDMENTS 

Herbert M. Steiner 

Radiation Labpratory 
University of California 

Berkeley, California 

January lZ, 1956 

ABSTRACT 

We have measured the total fission cross sections of several 

heavy elements for high-energy protons, deuterons, alpha particles, 

and photons. The energies of the bombarding particles ranged from 

100 to 500 Mev. A cancellation -type ionization chamber was used to 

detect the fission fragments. In the charged-particle-induced fission 

experiments, the measured fission cross sections were compared to 

the total inelastic cross sections in order to determine the fission 

probability as a function of the energy and of the type of incident parti

cle. The photofission results indicate that a possible mechanism for 

the production of fission by high-energy photons is through the production 

and subsequent reabsorbtion of photomesons . 
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STUDIES OF FISSION IN HEAVY ELEMENTS 
UNDER HIGH-ENERGY BOMBARDMENTS 

Herbert M. Steiner 

Radiation Laboratory 
University of California 

Berkeley, California 

January 12, 19 56 

INTRODUCTION 

With the advent of high -energy accelerators it became pes sible to 

study:, the fission of heavy elements by high-energy (greater than a few 

Mev) particles and photons. These experiments may be diVided into 

two general classes: (1) chemical investigations of the mass yields, 

which were sometimes integrated to give total eros s sections, and 

(2) direct physical measurements of the angular distribution of the 

fission fragments, the distribution of the ionizing energies of the frag

ments, and the total fission cross sections. The experiment reported 

here falls into the second classification and was designed to measure the 

total fission cross sections of several heavy elements for high-energy 

charged particles and photons ( 100 to 500 Mev). 

These cross sections are of interest for several reasons: 

( 1) comparison of the fission cross section to the total inelastic cross 

section gives the relative fission probability or channel width for fission 

as a function of energy; (2) conversely, if the probability for fission is 

known, then a measure of the fission ~ross section will give the total 

cross section, which is of particular interest in photonuclear reactions; 

and (3) the shape of the cross·-~ection curve as a function of energ'y 

may suggest mechanisms by which the nucleus is excited to the act of 

fission. 

The experiment he,re described. is sub~~vided into two g~neral parts; 

( 1 )' charged -particle -induced fission, and (2) photofis sion. The charged

particle experiments are further subdivided into (a) the measurement 

of the tota\ fission cross sections of u 238
, u 235

, Th, Bi, and Au, and 

(b) the measurement of the fis sian cross sections of several rare 
. 233 234 236 237 
1sotopes such as U , U , U , and Np This additional 
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subdivision was made because for the rare isotopes procedures slightly 

different frord thos~ used with the more c-ommon isotopes were used, 

both in' the preparation of the samples and in the measurement of the 

cross sections. 
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CHARGED-PARTICLE EXPERIMENTS ON URANIUM,..238, 
URANIUM-235, THORIUM-232, BISMUTH-209. AND GOLD.-197 

I. INTRODUCTION 

In recent years several experiments have been carried out in the 

general .field of high -eriergy charged-particle -induced fission in heavy 
1-38 

elements. Most of these experiments were designed primarily to 

measure the mass yield distribution of fission products as a function 

of the energy of the bombarding particles. In some cases the yields 

were integrated to give total fission cross sections; however, these 

were usually subject to rather large errors because of uncertainty in 

absolute counting of beta activities and also in beam-monitor calibration. 

The experiment described here was designed to measure the total 

f . . . f U238 U235 Th232 B.209 d A 197 f 1ss1on cross sectlons o . , , . , 1 , an u or 

protons, alpha particles, and deuterons by using a cancellation -type 

fission 'Chamber to detect the ionization produced by the fission frag

ments. It was considered of interest to compare these fission cross 

sections with the total inelastic cross sections for the above elements 

in order to determine how the fission probability changed as a function 

of the energy and type of incident particle. 

The source of charged particles used in this experiment was the 

184-inch synchrocyclotron at the University of California Radiation 

Laboratory. The cross sections were measured in the' energy region 

from (a) 100 to 340 Mev for protons, (b) 200 to 400 Mev for alpha 

particles, and {c) 70 to 190 Mev for deuterons, 



-8-

II. APPARATUS 

A. Fission Detector 

A cancellation-;type ionization chamber of 2TT geometry filled 

with l atmosphere of hydrogen gas was used to detect the fission frag-

. ments ~ This type of fission chamber was first used by Baldwin and 

:ij.laiber, 39 and was independently sugges,ted by Wiegand and used by 

Jungerman
10 

for charged-particle fission studies. As shown in Fig. l, 

it consisted of three electrodes, A, B, and G, arranged so as to form 

two adjacent parallel-plate ionization chambers of approximately equal 

capacitance. The spacing between the elE1ctrodes was 4. 5 centimeters, 

and under usual operating conditions plate A was operated at zero 

potential, plate B at about '+ 1500 volts, and plate C at about + 3300 

volts. Elec trade B, which served as the high -voltage electrode of 

chamber B -C, was coupled by means of a 100 -j.lj.lf capacitor to the grid 

of the first tube of a preamplifier. When equal amounts of ionization 

were produced simultaneously in both regions A-Band B-C, the net 

signal on electrode B could be made less than l o/o of the ionization pulse 

from one region alone. A beam of charged particles passing through 

the fission chamber produced almost equal amounts of ionization in 

both these regions if care was taken to make the electrodes as thin as 

possible. The high.-voltage electrodes were therefore made out df 

140 j.lg/ em 
2 

of aluminum foil. The degree of cancellation could be 

adjusted by varying the high voltage on electrode C. This affected 

the saturation in the region B ·C, so that under optimum conditions 

almost complete cancellation of the pulses caused by the beam ioni

zation could be obtained. (See Figs. 2 and, 3.) Upon achievement of 

the best possible cancellation, a sample of fissionable material was 

placed in the beam at electrode A. The ionization produced by a 

fission fragment did not cancel for two reasons: (a) the range of a 

fission fragment in hydrogen is about 7 to 9 em, 
40 

so that most of the 

fragment spent all of their range in the region A -B; (b) a fission frag

ment ionizes most heavily at the beginning of its path, so that even if 

the fragment were to get into the cancellation region B-C, it would 

already have lost most of its energy in the region A-B. The beam 

usually entered the chamber in the direction C -B -A, so that most of 
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Fig. 1. Schematic drawing of the cancellation-type ionization chamber 
used to detect the fission fragments. 
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MU-10041 

Fig. 2. Photograph showing typical p!Uin'tles observed in an oscilloscope 
during various stages of cancellation of the pulses due to beam 
ionization. The cancellation of the beam pulses was adjusted by 
varying the voltage on electrode C with respect to electrodes 
A and B. 

(a) A = 0 volts, B = 1500 volts, c = 1750 volts; beam pulse 
largely uncancelled. 

(b) A = 0 volts, B = 1500 volts, c = 3000 volts; beam pulse 
almost cancelled. 

(c) A = 0 volts, B = 1500 volts, c = 3290 volts; minimum beam 
signal. 

(d) A = 0 volts, B = 1500 volts, c = 4500 volts; beam pulse 
reappears with opposite sign. 

A fission pulse on same scale would be approximately 2 em 
high on the oscilloscope (full scale -4 em). 
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3,700 

ELECTRODE C (VOLTS) 
MU-10806 

Fig. 3. Voltage on electrode B (collector) versus voltage on electrode 
C (cancellation) in order to achieve the best possible cancellation 
of pulses caused by beam ionization in the fission chamber. 
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the reaction products made by the beam in the 0.00 l-inch aluminum 

sample backing were knocked out of the sensitive part of the ionization 

chamber. Approximately four times as many background pulses were 

observed when the orientation of the chamber was reversed. 

The signal from the preamplifier was fed into a linear pulse 

amplifier that had a clipping time of 5 microseconds. From there it 

was distributed into six scalers whose voltage discriminators were 

set a 5, 7.5, 10, 12.5, 15 and 20 volts respectively under usual operating 

conditions. In this way a counting -rate -versus -bias curve was ob

tained at each poinL (See Figo 4.) The true counting rate was obtained 

by extrapolating this curve to zero bias 0 

The pulses recorded as fission pulses in these experiments were 

observed to have the same form and magnitude as slow-neutron-induced 

fission pulses 0 Such pulses were observed with the above -described 

chamber when a Po-Be source encased in paraffin was placed adjacent 

to the fission chamber with the u235 
sample in place. 

Bo Samples 

.The samples were prepared by either painting or evaporating the 
I 

fissionable materials onto piec¢s of OoOO l-inch aluminum foil. The 

areas of all samples were about 2 by 2 inches 0 The painting technique 

. d 'b d 1 h 41 ' 42 • 43 Th th' k f h 1 1s escr1 e e sew ere. e 1c ness o eac samp e was 

determined by both alpha counting and weighing whenever possible, 

and by weighing only for bismuth and gold. To check for uniformity 
2 

in alpha -active samples all but a Oo 7 5 -em area of each sample was 

masked, and the exposed part of the sample was then alpha .counted. 

The emission of alpha particles was measured with an ionization 

chamber from about six regio~s on the surface of each sample. The 

alpha activity in all cases was found to be uniform to within± 3%. For 

u238 
both painted and evaporated samples were prepared and used. 

No difference was observed between the cross sections for the painted 

and evaporated samples. Also, for uranium, a quantitative chemical 

analysis of two samples was made which showed agreement, within 

the experimental error of 3%, with the thicknesses as d·etermined by 

alpha counting. All the targets used ranged in thickness from 

J 
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Fig. 4. Integral bias curves for various voltages on the collector 
electrode (electrode B). Electrode C was always adjy.s ted to 
give the best possible cancellation of beam ::mlses. (See Fig. 3). 
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2 
0.6 to 1.1 mg/ em (Table I). In order to correct for sample -thickness 

effects, thinner samples of u2 38
, Th, Bi, and Au were also prepared. J 

These samples ranged from 0.1 to OA mg/cm
2 

in thickness. Cross 

sections wer~ measured by using these thin samples with protons having 

an energy of 336 Mev. These results were compared with th'e cross 

sections as measured with the thicker samples. In this way sample-

thickness correction factors were determined for the thicker samples. 

It was assumed that these sample -thickness corrections were independent 

of the energy and of the type of beam. The sample-thickness correction 

factors used in these experiments ranged between 8% and 14%. (Table I) .. 

C. Beam Monitor 

The beam was monitored by a parallel-plate ionization chamber 

filled with one atmosphere of argon. This method of monitoring the 

beam is described in detail by Chamberlain, Segr~, and Wiegand. 
44 

The accuracy of the b.eam calibration ~sing the above method is''esti

mated to be ± 3%. 

IlL EXPERIMENTAL METHOD 

A. Arrangement 

The general experimental arrangement is shown in Fig. 5. The 

high -energy charged particles were magnetic ally deflected out of their 

circular orbits in the 184-inch synchrocyclotron, and passed through a 

premagnet collimator, a steering magnet, and a collimator 1 inch in 

diameter by 48 inches long into the experimental area (cave). The full

energy beams were essentially monoenergetic, with a probable energy 

spread about the mean of less than 1%. To reduce the energy of the beam, 

internal absorbers were placed on a movable probe that could be positioned 
, 

so that all the beam from the magnetic channel had to pass through these 

absorbers. Beryllium was used as the absorbing material in order that 

the multiple Coulomb scatter.ihg effects could be kept small, thus keeping 

the beam intensity as high as possible. The current to the focusing 
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Table I 

Sample thicknesses and correction factors for fission loss due 
to self-absorption for samples used in the charged-particle 

bombardments 

Sample Thicknesf Sample Thickness 
· (mg/cm ) Correction Factor 

uZ38 0.67 1.08 ± .03 

235 ~ . U (95opure) 0.811 1.10 ± .04 

. 'Th232 1.13 1.14 ± .05 

Bi 0.83 1.10 ± .04 

Au . 1. 045 1.13 ± .04 
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MAGNETIC 
DEFLECTOR 

INTERNAL 
ABSORBER 

PREMAGNET COLLIMATOR 

SNOUT 
. COLLIMATOR 

MONITORING ION 
CHAMBERS 

MU-10808 

Fig. 5. Schematic diagram of the experimental arrangement at the 
cyclotron. (The representation of the experimental equipment 
in the cave is not to scale.) 
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magnet was then adjusted so as to guide the reduced-energy particl~~ 

down the 48-inch collimator. The steering magnet also acted as rrl;O

mentum selector, and thus reduced the energy spread introduced by 

range straggling in_ the absorbers. Upon entering the cave the beam 

first passed through the monitoring ionization chamber (No. 1) and then 

through the fission chamber. The beam next passed through a variable 

copper absorber and finally through a second ionization chamber (No. 2). 

From the ratio of the charge collected in ion chamber No. 2 to the charge 

collected in ion chamber No. 1, ·with various amounts of copper absorber 

in between the chambers, a Bragg curve was obtained, and hence the 

energy of the beam could be determined. 

B. Procedure 

L · Alignment 

The alignment of the fission chamber was checked with photo

graphic film. These 'pictures wer~ taken every time the current :ln the 

steering magnet was changed. 

2. Variation of High Voltage on Electrodes Band C 

Under usual operating conditions the high voltage on electrode B 

was + 1500 volts. If this voltage was changed to 1000 volts (~ith a 

simultaneous reduction of the voltage on· electrode C, so that can

cellation was maintained), the slope of .the integral bias curve would 

increas.e; however, the extrapolated en~ point at zero bias would re-. 

main the same within statistics. Cpnversely, wheri the voltage on B 

was increased to + 2000 volts, the ~lope. of the bias curve decreased 

but t}le end point was still unchanged~ (Fig. 4). Unfortunately, when 

the voltage on electrode C was set at values .above 4000 volts, occasional 

spark breakdowns occurred which registered as fission pulses. We 

therefore decided to ope rate electrodes B and C at + 1500 and + 3300 

volts respectively . 
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3. Background and Cancellation 

A periodic check was made of the cancellation and background by 

inserting a blank piece of 0.001-inch aluminum foil in place of the 

fissionable sample. Occasionally, pulses caused by the interaction of 

the beam with the aluminum sample backing or with the foil of the middle 
' 

capacitor plate (plate B) would be counted by our electronic equipment. 

The number of these background beam pulses remained quite constant 

for a given beam intensity at a given energy, and thus could be subtracted 

with good reliability. Most of these pulses were quite small, and there

fore they were counted mainly by the lowest biased scalers. The 

number of such background pulses detected by the lowest biased scaler 

was less than 1 o/o of the number of fission pulses for u 2 38
, u 2 35

, and 

Th
232

, less than lOo/o of the number of bismuth fission pulses, and less 

than 25o/o of the number of fission pulses from gold for all types of in

cident particles at all energies. 

4. Pile -Up of Fission Pulses 

The 184-inch synchrocyclotron has a repetition rate of 60 pulses 

per second. Each pulse of the scattered proton beam has a duration of 

about 20 microseconds, whereas for alpha particles and deuterons the 

pulse duration is about 40 fisec. These pulses have an rf fine structure; 

however, this fine structure is of no importance in this experiment, 

since the resolving time of the electronic equipment used in conjunction 

with the fission chamber was long (5tJ.sec) compared to the characteristic 

time of the rf oscillations. In order to keep the loss of fission events 

due to pile -up of fission pulses to less than lo/o, we chose the beam in

tensity so as to give less than 300 fission counts per minute for protons, 

and less than 500 fission counts per minute for alpha particles and 

deuterons. These limits on the counting rates were determined by making 

a curve of the counting rate per microcoulomb of charge collected on 

the beam monitoring ionization chamber, versus the reciprocal of the 

beam intensity. Such a curve is shown in Fig. 6. 
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OPERATING POINT: 

.300 couNTS I MIN. 

4 6 8 

Tl ME/ MICROCOULOMB 

10 

MU-10809 

Fig. 6. Counting rate plotted against the reciprocal of the beam 
intensity. The ordinate shows the number of counts observed 
while the beam monitor collected 1 microcoulomb of charge. 
The abscissa shows the time (in minutes) necessary to charge 
the beam monitor to 1 microcoulomb. 
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No change was observed in either the total number of observed 

fission pulses or the shape of the bias curves when the clipping time of 

our amplifier was changed from 5tJ.sec to 1 tJ.Sec, if the amplifier gain 

was raised so as to keep the pulse height constant. 

5. Gating of Scalers 

In order to minimize the effects of pulses due to electrical dis

turbances in the cyclotron building, an electronic gate was employed 

that allowed the scalers to count only while the beam was on. This 

was helpful because occasional! y electrical transients would cause 

spurious pulses to be detected during the 5-tJ.Sec resolving time of our 

electronics when the gate was not used. Since the beam-monitoring 

ionization chambers were not gated, it was important to make sure that 

no fission counts were being lost because of the gating procedure. To 

do this the gating circuit was switched so as to allow the scalers to 

count only during the time that the beam was not on. No counts above 

background were observed: 

6. Geometry of the Fission Chamber 

The geometry of the fission chamber was tested by placing an 

alpha standard in place of one of the fissionable samples on the ladder

shaped frame in the chamber. The diameter of the alpha standard was 

about 1.25 inches, which was approximately equal to the beam size at 

the targets when the chamber was used at the cyclotron. Upon com

parison of the counting rate of the alpha standard as measured in the 

fission chamber with the counting rate as measured in an ionization 

chamber whose geometry was strictly that of flat parallel plates, it 

was found that 1. 5 ± 0. 5% fewer counts were observed in the fission 

chamber. This is presumable because the ladder -shaped frame would 

position the sample approximately 1/32 inch behind electrode A. Hence, 

the effective solid angle was slightly less than 21T steradians. 

1 
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7. Neutrons 
··~ 

The neutron contamination of each beam was checked by pladng 

.sufficient copper absorber to completely stop the beam immediately in 

front of the fission chamber. This check probably overestimated the 

neutron contamination, because of the additional neutrons produced by 

the charged particles in the copper absorber. In any case the fissiop.ing 

effect of these neutrons was less than 1% of the charged-particle -induced 

f . · f 11 1 u2 35 F u2 35 h' ff t 1ss1on rate or a samp es except or t 1s e ec was 

approximately 2%. 

8. Momentum Transfer to Struck Nucleus 

The usual orientation of the fission chamber was chosen in such 

a way that the fis sian fragments were observed in the backward hemi

sphere with respect to the beam direction. Since a fission fragment is 

a rather slowly moving object (e. g., an 80-Mev fission fragment of 

A = 100 has 13 = 0.04, where 13 is the velocity o.f the fragment divided 

by the velocity of light), a small amount of momentum transferred to 

the target nucleus appr,eciably distorts the angular distribution of the 

fission fragments in the laboratory system. For example, if a 340 -Mev 

f 
. 1 f. 2 38 

proton were to trans er all of its momentum to a target nuc eus o U , 

then the target nucleus, which is the center -of -mass frame for the 

fission fragments, would have 13 = 0.0039. If we assume (a) that the 

fission fragments are em'itted is otropicall y in their center -of -mass 

system, and (b) that we have a thin sample, then the motion of the 

fissioning nucleus would cause about 10% fewer fragments to enter the 

sensitive region of the ionization chamber than when the fission occurs 

with the nucleus at rest. In other words the center-of-mass motion 

causes· t-he effective solid angle available to the detected fission frag

ments to be reduced by 10%, when the beam passes thr~:mgh the chamber 

in the direction CBA. On the other hand, if the orientation of the chamber 

is ABC with respect to the beam direction, 10% more fragments enter 

the sensitive region of the ionization chamber. However, in the second. 

case no increase in the counting rate is observed, since only one pulse 

is detected, whether it is caused by only one fragment or by both frag

ments emitted simultaneously. 
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If (a) we have a sample _of finite thickness in which a .fraction 

11 of the fragments is self -absorbed when the fission occurs with the 

nucleus at rest, ~nd if (b) there is a fractional change s in the effective 

solid angle due to the center -of -mass motion, then if the beam direction 

is CBA the fraction of the fissions observed in our chamber is 

.. 
1-T]-S. On the other h~nd, if the be~m direction is ABC,. this fraction 1 

2 
is approximately 1 - T] + s - j_ for. 0 < s < 2 T], and 1 for £>21] . In 

41] 
this experiment we had s < 2 11 in all cases. Hence, by taking the ratio 

of the fissions observed when the chamber is oriented in the direction 

Al?,C, we can determine s; 1. e. , 

CBA 

ABC 
= 

2 
1- 2s + L 

41] 

Sl.nce {: ~ 13 (target nucleus) CBA s ;..._ __ .;;.._ ____ ___; __ , the ratio 

13 (fission fragment) ABC 
yields a value for 

the amount of momentum transferred to the fissioning nucleus by the 

inCident particle. These data are summarized in Table II. Furthermore, 

the knowledge of the amount of momentum transferred to the target 

nucleus allows us to make a crude estimate of the excitation energy of 

the struck nucleus. To do this let us envisage the collision process as 
·· .... ~ 

follows: ( 1) The incident particle collides with·'<>n.~ or more nucleons in 

the nucleus. (2) As a result of the collision n cascade nucleons are 

emitted. These cascade nucleons will be emitted primarily in the for

ward direction. ( 3) The excited nucleus has several ways to rid itself 

of its excess energy. Fcir the purpose of this discussion we will con

sider only (a) evaporation of nucleons, and (b) fission. The following 

equations express the conservation of energy and momentum in this 

process: 

2 
E 0 +Me· = 

P"0 = ~ P'.+i?, 
. . i=1 1 

E. +E 
1 e 

.... 
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Table II 

Momentum transfer to struck nucleus 

Sample Energy CBA r , ~ ~max n=LI.P 
(Mev) 

ABC 
p 

Bombardins Particles: Protons 
u238 336 0.933 0.()67 ± .035 0.08 ± .03 0,0353' ± (018 0.097 0.36 ± .19 
u235 0.918 0.082 ± .032 0.10 ± .04 0.0432 ± .o 16 0.099 0.44±.16 

Th 0.941 0.059: .034 0.14 ± ,05 0.0303 ± .017 0.100 0.30±.17 

Bi 0.871 0.129 ± .034 0.10 ± .04 0.0700 ± .017 0.110 0.64 ± .15 

u238 190 0.976 0.024 ± .041 0.08 ± .03 0.0122 ± ,022 0.070 0.17± • .'1 
u235 0.979 0.021 ± .037 0.10 ± ,04" 0.0107 ± .019 0.071 0.15 ± .2·. 

Th 0.926 0.074 ± ,040 0.14±,05 0.0383 ± .020 0,072 0.53 ± .28 

Bi 0.863 0.137 ± .103 0.10 ± .04 0.0744 ± .052 0.080 0.93 ± .65 

Bombarding Particles: AlEha Particles 

u238 375 0.866 0.134 ± .037 0.08 ± ,03 0.0740 ± .. 019 0.193 0.38±.10 
u235 0.848 0.152 ± .034 0.10±.04 0.0833 ±. .017 0.195 0.43 ± .09 

Th 0.867 0.133 ± .035 0.14±.05 0.0705 ±. .018 0.198 0.36 ± .09 

Bi 0.868 0,132 ± .043 0.10±.04 0.0715 ±. .022 0.220 0.33±.10 
u238 240 0.839 0.161 ± .049 0.08 ± .03 0.0906 ±. .025 0.152 0.60 ± .16 
u235 0.877 0.123 ± .045 0.10±.04 0.0662 ±. .023 0.155 0.43 ± .15 

Th 0.832 0.168 ± .045 0.14±.05 0.0904 ±. .023 0.158 0.57 ± .15 

1 CBA 
r = 

ABC 

To calculate (1 it was assumed that all fission fragments have a velocity of f3 = 0.04. 

ZN -1454 

.. 

"• 
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where E
0 

= total energy of incident particle (kinetic energy+ rest 

energy), 

M =mass of target nucleus, 

M 1 =mass of excited nucleus after the cascade process, but 

before evaporation of nucleons, 

E. = total energy of ith cascade particle, 
1 

E =excitation energy of struck nucleus after cascade process, 
e 

but before evaporation, 
-+ 
Po = momentum of incident particle, 

-+ 
p. = momentum of ith cascade nucleon, 

1 . --

p = momentum of fissioning nucleus before the evaporation of 

nucleons or fission. 

If we now assume that 

( 1) the evaporated nucleons are emitted isotropic ally from the 

excited nucleus, and 

(2) only one cascade nucleon is emitted (i, e., n = 1) at an angle 

e (with respect to the incident beam direction)ll 

then E 0 + Mc
2 

= M 1c
2 

+ E 1 + Ee .. 

Further, if the incident particle was a proton, then 

and 

Po = p 1 cos e + P cos <f> ; 

where <f> = angle of fissioning nucleus with respect to the beam direction; 

• • E e = EO - E 1 

=Eo- JP12c2 + M2c4, 

P cos <f> = ~p ( = observed momentum transfer along 
the beam direction) 

• Po = p 1 cos 8 +a Po 



... 

or 

and 

Recalling that 

we have 

where 
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( 1 - a) 
P1 = Po 

cos 8 

E j (l -a)
2 

2c.,2 2 4 
=EO - Z Po + M c 

e cos 8 

E -j 2 ,2 M2 A 
0 - Po c + c , 

Ee =Eo~ 
Eo 

j 2 2 
_ _yl (1 - a ) ( y - l) ~ +J 

y = - .. 2 
Me 

cos 8 

0 .. 0 
In Table III we have calc'ulated E for 8 = 0 and 8 = 30 . 

e 
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.' 

Table III 

Excitation Energy of Struck Nucleus 

Sam:ple Proton E (0°) E ( 30°) 
Kinetic Energy 

e e 

(Mev) 
(Mev) (Mev) 

u238 336 184 ± 8 3 . 140 ± 107 

u235 336 219 ± 64 182 ± 82 

Th232 336 158 ± 79 107 ± 101 

Bi209 336 292 ± 41 276 ± 53 

u238 192 55± 94 15± 125 

u235 192 38 ± 83 4.5±110 

Th232 192 145 ±,53 131 ± 70 

Bi209 192 191 ± 19 191 ± 25 
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IV. RESULTS 

The fission cross sections of u238 , u235 , Th232 , Bi
20 9, and 

Au
197 

for protons, deuterons, and alpha particles are presented in 

TablesiV to VI and plotted in Figs. 7 through 21. Only standard deviations 

due to counting statistics are indicated on the graphs. In addition to 

the statistical errors the following systematic errors may be ascribed 

to the experiment: (a) determination of sample thickness, ± 3o/o; 

(c) self -absorption of fission fragments in the sample material, ± So/o; 

(d) extrapolation to zero bias, ± So/o; (e) momentum transfer to the 

target nucleus, ± 1. So/o; (f) determination of beam energy, ± 1 o/o; 

(g) calibration of beam monitor, ± 3o/o; (h) geometry of the chamber, 

± 0. So/o. When these errors are compounded, a total systematic error 

of 9o/o may be ascribed to the experiment. The accuracy of the absolute 

cross sections may be ·obtained by combining the above systematic 

errors with the errors due to counting statistics shown in Figs. 7 

through 21. 
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Table IV 
..... 

Proton-induGed· fission cross -sections 
-24 2 

(In Units of 10 em ) · 

Ep u238 u23S Th232. Bi209 Au197 

(Mev) 

' 
336 l.3S ±. 01 l. 30 ± . 01 0.82 ± .01 0.198±.002 O.OS1 ± .001 

302 1.38±.03 l.3S±.02 0.79 ± .02 0.188 ± .006 0.040 ± .001 

287 1.37 ± .03 1.30 ± .03 0.81 ± .02 0.203 ± .008 O.OS1 ± .004 

261 l. 34 ± .02 1.36 ± .02 0.81 ± .02 0.191 ± .OOS 0.038 ± .002 
! \ 

0.036 ± .002 2S3 1.33 ± .04 1.33 ± .04 0.80 ± .02 0.17S ± .oos 
230 1.32±.02 1.30 ± .02 0.80 ± .02 0.1S7 ± .004 0.038 ± .001 

216 1.31 ± .03 1.28 ± .03 0.82 ± .02 0.173 ± .oos 0.038 ± .002 

193 l.3S±.OS 1.33±.04 

191 1.38±.02 l. 34 ± .03 0.8S ± .02 0.148 ± .009 ...: 

182 l. 36 ± .04 1.32 ± .04 0.87 ± .03 0.147 ± .011 0.028 ± .006 

177 1.30 ± .03 l. 36 ± .03 0.86 ± .02 0.1SS ± .oos 0.032 ± .002 

1S8 1.47 ± .06 1.36± .06 0.90 ± .03 0.146 ± .008 0.016 ± .007 

1S3 1.43 ±.OS l.S2 ± .04 0.96 ± .03 0.136 ± .008 

132 l.3S ±.OS l.S2 ± .04 0.90 ± .03 0.12S ± .008 0.017 ± .003 

130 l.33±.0S 1.20 ± .04 0.88 ± .03 

114 1.37 ± .1S 1.68±.17 0.89 ± .09 
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.. 
Table V 

',. 
'< 

Deuteron-induced fission cross sections 
.· ( •. . f -24 2 
- Jn Umts o 10 em ) 

Ed 
u238 u235 Th232 Bi209 Au 

197 

(Mev) 

192 2.01 ± .03 .,. 

190 1.98 ± .05 1.94 ± .05 1.28 ± .02 0.245 ± .005 0.055 ± .002 

187 2.24'± .04 2.24 ±' .05. 1.46 ± .03 0.249 ± .009 0.054 ± .002 

159 1.98 ± .05 1.90 ± .05 1.22 ± .03 0.198 ± .006 0.037 ± .003 

143 2.10' ± .04 2.06 ± .03 1.32 ± .03 0.207 ± .004 0.040 ± .002 

ll8 2.01±.04 2.08±.04 ... 1.35 ± .03 0.192 ± .012 

118 2.00 ± .05 -
100 2.05 ± .04 "2.00 ± .04 1.32 ± .03 0.143 ± .013 

93 2:46 ± .07 2.53 ± .05 ~.55± .04 

88 1.84 ± .05 l.90 ± .05- 1.23 ± .03 0.096 ± .009 0.010 ± .005 
. ~ 
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~ 

Table VI 

Alpha-particle -induced f:lss'ion eros s sections 
. . -24 2 

(In Units of 10 em ) 

Ea· u 
238 u235 Th232 Bi209 Aul97 

380 2.18 ± .03 2.19 ± .03 1.56 ± .02 0.619 ± .010 . 0.191 ± .005 

. 379 2.33 ± .04 

376• 2.34 ± .04 2.38 ± .04 L565± .03 0.605± .016 0.187 ± .004 

372 2.24 ± .04. 0 .-2 0 5 ± . <1 0 6 
. 370 2.36 :i: .02 2.27 ± .02 1.60 ± .02 0,616 ± .007 0.189 ± .005 

330 2.38 ± :05 2.21 ± .05 l. 54 ± .03 0.666 ± .018 0.239 ± .009 

309 ·2.12 ± .os 
309 2.28 ± ,{)5 -
300 2..19 ± .05 2.08 ± .05 1.49 ± ."04 0.605 ± .016 0.197 ± .009 

I 
274 2.08 ± .05 2.00 ± .07 1.495± .04 0.588.± .023 

l 

252 2.35 ± .08 2.49 ± .08 1.74±.05 0.759 ± .033 0.;244 ± .023 

243 2.42 ± .05 

242 "2.05±.11 

240 2.65 ± .ro 2.01±:.10 1.73±.07 0.850 ± .050 

239 2.22 ± .05 2.26 ± .05 l. 515± .04 0.665 ± .025 0.214 ± .026 

238 2.62 ± .10 2.40 ± .09 1.89 ± .07 

238 2.33 ± .09 2.32±.08 1.67 5± .06 

212 2.40 ± .10 2.22 ± .09 1.89 ± .07 0.690 ± .049 0.236 ± .034 
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Fig. 11. Fission cross section of Au197 as a function of proton energy. 
The results of this experiment are indicated by the circles, • . 
The errors indicated on these points are standard deviations due 
to counting statistics only. The results of other workers are 
indicated by numbers: (30), Kruger and Sugarman, Reference 30. 
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Fig. 16. Fission cross section of Au 197 as a function of deuteron 
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deviations due to counting statistics only. 



-41-

I I I I 

3.0 r- -

- I N 

E f .{! I Ill (.) .,. I I 
N I 
I 2,0 r X (7) -
0 

u... 
0 
(/) 
1-
z u23s ::::> 

z 1.0 r- -

I - I (lo> 
b 

I 
0 1 I I I I 

0 100 200 300 400 500 
ALPHA- PARTICLE ENERGY (Mev) 

MU-10820 

Fig. 17. Fission cross section of u238 as a function of alpha-particle 
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circles, 0 . The errors indicated on these points are standard 
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Fig. 18. Fission cross section ofu
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-44-

I I I I 

1.5 
Bi209 

N 

E 
0 

..,. 
N 

1.0 I -
0 

u. II 0 
C/) I 1- I I 
z I I .. 
::> 
z 0.5- -

-b 

0 I I I I 

0 100 200 300 400 500 
ALPHA- PARTICLE ENERGY (Mev) 

MU-10823 

Fig. 20. Fission cross section of Bi
209 

as a function of alpha-
particle energy. The results of this experiment are indicated by 
the circles, o . The errors indicated on these points are standard 
deviations due to counting statistics only. 



-45-

I I I 

0.3 - -

t\1 

E ! u 
ot I II I t\1 

! I 0. 21-
0 f# 
LL.. 

·o 
U) 
I-
z 
:::> 

z 0.1 r-
AU/97 

-

b 

0 .. I I 

0 100 200 300 400 500 
ALPHA- PARTICLE ENERGY (Mev) 

MU·I0824 

F . 21 F. . . f 19 7 f . f 1 h . 1 1g. . 1ss1on cross sectlon o Au as a unct1on o a p a-part1c e 
energy. The results of this experiment are indicated by the 
circles, 6 • The errors indicated on these points are standard 
deviations due to counting statistics only. 



-46-

V. DISCUSSION 

A. Energy Dependence of Fission Cross Sections 

One striking feature of the results of this experiment is the con-

£ h f . . . £ u23s u235 d Th232-stancy o t e 1ss1on cross sect1ons o , , an as a 

function of the energy of the bombarding protons, deuterons, and alpha 

particles. The slight decrease in the proton-induced cross sections of 

u 238
, u

235
, and Th232 can be most easily explained if we recall that 

according to the optical model of the nucleus the transparency of the 

nucleus increases as the energy of the bombarding particles increases. 
45 

The cross sections of bismuth and gold, on the other hand, increase 

with increasing energy for protons and deuterons. Upon extrapolating 

the excitation functions for these samples to the point where the fission 
-· 27 2 . 

cross sections are greater than about 10.- ern , we find"energy 

thresholds" of about 50 to 60 Mev for bismuth, and about 70 to 80 Mev 

for gold, for both protons and deuterons. For alpha particles the 

fission cross sections of bismuth and gold are ___ -f_~mstant as a function 

of the alpha-particle energy. This fact would seem to indicate that 

if the'1 threshold energy" for fission with alpha particles is the same 

as for protons and deuterons, then the probability that an alpha 

particle transfers at least this threshold energy for fission is independent 

of the initial energy of the alpha particle (in the energy region 200 to 

400 Mev). 

B. Comparison to Total Inelastic Cross Sections 

The fission cross sections obtained in this experiment were corn

pared to the total inelastic cross sections as measured by attenuation 

experiments. 
46 

The results of this comparison are summarized in · 

Table VII, and plotted in Figs. 22 and 23. 

Several conclusions can be drawn from the data in Table VII ; 

(a) For u
238 

and u 235 fission is the most probable inelastic 

process for all types of incident particles at all energies investigated 

in this experiment. 
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Th 32 to the total inelastic cross section fJ i of natural uranium 
for protons. The total inelastic cross sections were obtained 

46 from the data of Millburn, Birnbaum, Crandall, and Schecter. 
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Fig. 23. Ratio of the fission cross sections, u, of BiZ09 and Aul9? 
to the total inelastic cross section of lead: u., for protons. 
The total inelastic cross sections were obtain~d fr

6
om the data 

of Millburn, Birnbaum, Crandall, and Schecter. 4 
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Table VII 

Comparison of fission and inelastic cross sections 

of U, Th, Bi, and Au. 

Energy Sample (j, (jf (j f/, Remarks 
1 

(Mev) 
X 1024 x1o 24 (J. 

1 

' 

305 u .1.60 1. 35 0.85 
290 1. 85 1. 35 0. 73 
240 1. 77 1..35 0. 76 
185 1.90 1. 35 0. 71 

305 Th 1.60 0.80 0.50 (J'. was not 
290 1.85 0.80 0.43 m1easured for 
240 1. 77 0.80 0.45 Th. We have 
185 1.90 0.86 0.42 here used· CJ. 

fo,r U, inste?id. 

305 Bi 1.48 0.19 0.13 a. was not 
1 

290 - 0.20 - measured for 
240 1.57 0.16 0.10 Bi. We here 
185 1. 55 0.15 0.10 have used (J. 

for Pb ins tea:a. 

305 Au 1.48 0.04 0.03 a. was not 
290 - 0.05 - m

1
easured for 

240 1.57 0.04 0.03 Au. We have 
185 1. 55 0.03 0.02 here used (J. 

for Pb insteaa. 

160 u 3. 81 2.0 0. 53 (J. is inelq.stic 
160 Th 3~81 1.3 0.34 

1 
sedion cross 

of u. 

160 Bi 3. 55 0.23 0.06 a. is inelastic 
160 Au 3.44 0.04 0.'01 cfos s section 

of Pb. 

240 u 4. 33 2.3 0. 53. (J'. was cal-
1 

240 Th 4.33 1.7 0.40 cu1ated from 
240 Bi 3.95 0.65 0.16 the data in 
240 Au 3. 95 ' 0.22 0.06 Reference 46. 

The inelastic cross sections were obt~ined from the data1of Millburn, 
Birnbaum, Crandall, and Schecter. 4 
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(b) The ratio a fj a. for u 238
, u 235

, and Th
2 32 

s.eems to be 
1 

roughly independent of the type of bombarding particle used" In other 

words, the fis sian probability for these elements is independent of ;how 

the target nucleus is excited" 

(c) The reason for the rather low ratio, Ci f/ Ci. , for deuterons on 
1 

bismuth and gold can best be understood if we remember that a deuteron, 

because of its loose binding, can make an inelastic collision without 

transferring much energy to the struck nucleus. Since the fission of 

bismuth and gold requires at least 50 Mev, it is not unreasonable that 

(]' f/ a. is lower for deuterons than for protons or alpha particles" 1 
238 

(d) For 340 -Mev protons on U the difference between the 

total inelastic cross section of about 1. 75 x lo-
24

cm
2 

and the fission 
0 -24 2 -24 2 

cross sectlon of 1.35 x 15 em is about OA x 10 em . This value 

is in agreement with a chemical determination of the spallation cross 
. 2 38 . 4 7 

section of U bombarded by 340 -Mev protons. 

C. Dependence of the Fission Cross Section 
on the Atomic Number of the Target Nu~leus 

The results of this experiment indicate that the relative fission 

probabilities, as well as the fission cross sections, decrease strongly 

with decreasing atomic number for all types of bombarding particles. 

Furthermore, the high-energy fission cross sections of uranium seem 

t b · d d f h h u 235 u238 · d o e 1n epen ent o w et er or 1s use . 

D. Excitation Energy of the Struck Nucleus. 

The data of Table II indicate that on the average approximately 

one -third of the bombarding par ticle 1 s initial momentum is transferred 

to the fissioning nucleus for 190- and 340-Mev protons, and for 2.40-

and 375-Mev alpha particle~" If we use the rather crude assumptions 

about the collision process that were set forth in Section III B -8, we 

find that for protons this amount of momentum transfer corresponds to 

an excitation energy in the struck nucleus of about 100 to 150 Mev 
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48 Monte Carlo calculations by McManus. and Sharp 
: •• > .• T • 

for 400 -Mev protons on uranium yield a value .c)f ;94 ± 10 Mev for the 

most probable amount of excitation energy in the struck nucleus after 

the emission of the cascade particles. It must be pointed out that our 

estimates of the excitation energy are extrem~ly crude and should 

therefore be used only to show that our results are reasonable in the 

light of the theoretical predictions. 

E . Comparison to Other Experiments 

In Figs. 7-21 we have summarized all of the heretofore published 

high -energy charged -particle -induced fission cross sections for u 2 38
, 

235 232 .209 197 . . 
U , Th , B1 and Au . It 1s read1ly apparent. that these 

cross sections seem to depend not only on the type of incident particle 

and its energy, but to some extent also on the method of measurement. 

The high -energy fission eros s sections obtained by Jungerman, 
10 ~hich 

are considerably lower in all cases than the results of the work reported 

here, are not included in the graphs because they are believed to be in 

error. A possible reason for assuming Jungerman 1 s work to be in

correct is that it was done with electrically deflected beams, which 
i 

had pulses of about 0.1-f.Lsec duration. These small-duty-cycle beams ., 
created much larger amounts _of ionization in the fission chamber during 

the resolving time of the fission detector than in this experiment. These 

large bursts of ionization may have caused the ion chamber used in 

Jungerman 1 s experiment to operate unreliabl y. 

F. Applications 

A fission detector loaded with plates of uranium or thorium could 

be used to monitor beams of high-energy charged particles and neutrons. 

Such a monitor would have the advantage of being almost 'independent 

of the energy of the bombarding particles over a wide range of energies 

(a few Mev to several hundred Mev at least). For example, in order to 

get 1 monitor count per 104 neutrons we would require aneffective· 

sample thickness of about 30 mg/ cm
2 

for uranium (assumink the neutron

induced fission cross section of uranium to be the same as the proton

induced fission cross section at high energies). 
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CHARGED PARTICLE EXPERIMENTS ON URANIUM~233, 
URANIUM-234, URANIUM-236, AND NEPTUNIUM-237 

L INTRODUCTION 

Although no significant difference was observed between the 

f . . . ·. f u238 d u235 . .d -d f. t 1ss1on cross sectlon o an , 1t was cons1 ere o 1n erest 

to determine if there is any difference between the fission cross sections 

of other uranium isotopes bombarded by high-energy charged particles. 

The experiment performed consisted of measuring the total fission cross 
. 233 234 236 237 

sect1ons of U , U , U , and Np when bombarded by (a) 195-, 

244-, 290-, and 336-Mev protons; (b) 118- and 19l.-Mev deuterons, and 

(c) 240-, 307-, and 375-Mev alpha particles. Unfortunately, severe 

time limitations were imposed on the experiment, so that the results 

could not be obtained to the same degree of accuracy as the results of 

the preceding work. The same 'cancellation-type ionization chamber as 

was used earlier was used in this experimenL 

II. APPARATUS 

A. Samples 

All the samples used in this phase of the experiment were prepared 

by electrodeposition. The technique is described in Appendix L The 

samples were depositied onto 2 -by-2 -inch pieces of nickel foil, 

0.00035 inch thick. The area of the deposits was circular and approxi

mately 1-3/4 inches in diameter. The average thickness of each 

sample was determined by alpha counting the entire sample in a cali

bra ted low-geometry alpha scintillation counter, and dividing the total 

activity of the sample by (l) the area of the deposit (~13.45 cm
2

),, and 

(2) the specific activity of the sample. From a knowledge of the 

isotopic purity of each sample (all samples were ~89% pure) the 

thickness of the deposits could be calculated, These thicknesses ranged 
2 

from 0.25 to 0.75 rng/cm . Unfortunately, the uniformity of the samples 

varied by as much 'as 30% over the area of a sample. This large 

. fluc.tuation in sample thickness was washed out to some extent by the 

fact that the beam intensity was quite uniformly spread over the area 
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of the l-inch -diameter collimator used in these bombardments. This 

was especially true at the lower beam energies, where the internal 

absorber acted as a diffusing screen so that the beam intensity was very 

uniform over the eros s -sectional area of the beam. The uniformity was 

later verified by examining photographs of the profile of the beam. 

Because of the relatively low specific activity of the u 236 
sample 

a small amount of contamination could seriously affect the thickness as 

determined by alpha counting. We the.refore decided to determine the 

thickness in this case by making a colorimetric and a gravimetric 

analysis of the amount of uranium on the plate. The results of these 

analyses agreed with each other but differed by about 40o/o from the re

sults obtained by alpha counting. This would indicate that this sample 

was at least slightly contaminated with a substance of higher activity. 

Spectroscopic tests indicated no radioactive substances except uranium 

were present in detectable amounts. Hence, the sample was probably 

slightly contaminated with another isotope of uranium. 
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III. PROCEDURE 

The procedure used in these runs closely pa~allels 'that used in 

the earlier runs with the 11 common" isotopes. However, because of the 
. 234 

relatively hlgh alpha activity of some of the samples, such as U and 

u2 33
, several slight modifications had to be made in the equipment in 

order to minimize the effect of the large pulses observed when several 

alpha particles produced ionization during the five -microsecond re

solving tirrie of the electronic equipment. There were essentially two 

ways by which this problem of alpha pile-up could be attacked: (1} By 

making the resolving time of the apparatus shorter; and (2} by counting 

only during the time that the beam actually passes through the chamber, 

or in other words matching the duty cycle of the electronic equipment 

to the duty cycle of the cyclotrono Therefore, during the actual runs 

we changed the clipping time of the linear pulse amplifier from five 

microseconds to one microsecond, and we again used an electronic 

gate which allowed the scalers to count only while the beam was actually 

passing through the fission chambero Whereas in previous runs the 

only type of background was caused by the effects of beam ionization 

in the chamber, in these runs the effeCts of alpha pile -up were also 

important, especially with the lowest-biased scalers; therefore, 

extrapolations of the integral bias curves to zero bias were usually 

made without considering those points on the bias curve where the 

background effect was equal to or greater than the true fission rate . 
.• 

In analyzing the data we subtracted (1} the pulses caused by the beam 

in passing through the chamber or the sample backing (normalized to 

the number of charged particles through the bombarded sample}, 

(2} :the number of alpha pile -up pulses observed at each bias setting 

of the scalers (normalized to the duration of time needed for observing 

the fission counts}. In order to insure that all of the equipment was 

functioning properly, the u 2 35 
sample used earlier was again exposed 

to the beam along with these new samples. In all cases the u 235 

results agreed to within the statistics (about ± 3o/o} with the earlier 

work. 
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IV. RESULTS 

The results of these experiments are summarized in Tabl~ VIII. 

Only standard deviations due to counting statistics are indicated in this 

table. In addition to the statistical errors the following systematic errors 

may be ascribed to this part of the experiment: (a) determination of 

sample thickness, ± 3%; (b) uniformity of sample thickness over the 

area of the sample, ± 15o/o; (c)' self-absorption of fission fragments 

in the sample material, ± 5%; (d) isotopic purHy of the samples, 

± 4%; (e) extrapolation to zero bias, ± 8%; (f) momentum transfer to 

the struck nucleus, ± 1. 5%, (g) determination of beam energy, ± 1 o/o; 
(h) calibration of beam monitor, ± 3%; (i) geometry of chamber, 

± 0.5%. When these errors are compounded, a total systematic error 

of 19% may be ascribed to this experiment. The accuracy of the total 

cross sections may again be obtained by combining the above systematic 

errors with errors due to counting statistics indicated in Table VIII. 

V. DISCUSSION 

The results of this part of the experiment indicate that there is 

no appreciable differenc.e between the fission cross sections ·of u 233
, 

234 235 236 237 238 .\ . 
U , U · , U , Np and U for all types of bombard1ng partl-

cles at all energies investigated. Therefore, the conclusions arrived 
' 

.at in the preceding section with r~spect to the fission cross sections of 
. ' 238 235 

uramum apply not only to U and U but also to all the isotopes 

investigated in this part of the experiment. 
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Table VIII 

Charged -particle -induced fission cross sections for u2 33
, u 234 

, 

U236 and Np237 

Bombarding 
Particle 

Protons 

Deuterons 

Alpha 
Particles 

Energy 
(Mev) 

(In Units of 10-24 em 2) 

336 . 1.27 ± .02 1.45 ± .02 1.40 ± .02 1.27 ± .02 

292 1.18 ± .03 1.27 ± .03 1.26 ± .02 1.30 ± .03 

244 1.22 ± .03 1.45 ± .03 1.33 ± .02 1.22 ± .03 

193 1.20 ± .03 1.31 ± .03 1.36 ± .02 1.20 ± ,03 

192 1.97±.04 2.14±.05 2.14±.04 1.87±.04 

119 2.01 ± .06 2.14 ± .06 2.29 ± .04 2.06 ± .05 

379 

372 

309 

309 

243 

242 

2.46 ± .04 2.62 ± .05 2.65 ± .05 2.24 ± .05 

2. 37 ± .04 2.45 ± .05 

2.22 ± .06 2.32 ± .04 

2.27 ± .06 2.24 ± .05 

2.43 ± .07 2.60 ± .06 

1.98 ± .09 2.25 ± .09 

2.43 ± .06 

2.51±106 

2.31± 106 
I 

2. 54± J07 

2.14±.14 

2.25 ± .04 

2.07 ± .08 

2.28 ± .06 

2.03 ± .08 

1.98±.14 
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PHOTOFISSION EXPERIMENTS 

I. INTRODUCTION 

Several experiments have been performed to investigate photo

fission cross sections in the energy region 100 to 300 Mev. 49 - 53 In 

the experiment reported herein we have investig~ted the photofission 
. 238 . 235 232 .209 197 

cross sect1ons of U , .U , Th , i81 , and Au. for photons 

produced in bremsstrahlung spectra whose maximum 'energies ranged 

from 100 to 500 Mev. The energy region 100 to 335 Mev was investi

gated for the most part at the University of California synchrotron, 

whereas the higher -energy data were obtained at the synchrotron of the 

California Institute of Technology. The cancellation-type ionization 

chamber used for the charged-particle experiments was also used for 

these photofission experiments. 

II. APPARATUS AND METHOD 

A. Fission Chamber 

The ionization chamber used in this experiment is described in 

the preceding section. The beam was again passed through the chamber 

in the direction CBA. This orientation was chosen in order to minimize 

the effect of the electron-positron pairs produced in t~e sample backing. 

The distance from the thin entrance window to the sensitive region of 

the ionization chamber was ..,..4 inches, so that any pairs produced in the 

entrance window had a relatively small chance of producing uncancelled 

pulses in the sensitive region of the ionization chamber. In order to 

minimize pair production in the gas, the chamber was filled with 1 

atmosphere of hydrogen. Finally, pair production in the electrodes 

was kept small by mqking them out of 140 tJ.g/ cm
2 

aluminum foil. 

Chronologically, the photofis sion runs were mostly made before 

the charged-particle experiments were carried out. In these early runs 

only one scaler was used. It was only in the last photofission run at the 

Berkeley synchrotron that we switched to the system of using six scalers 
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simultaneous! y in order to obtain an integral bias curve at each point. 

Otherwise the electronic arrangement was identical to that described 

earlier (see page ~ ) . 

B. Samples 

The samples used ~n these photofission runs were identical to 

those used for the charged-particle experiments with the exception of 

Th
232 

and Au
197

, These samples had thicknesses of 0.88 g/cm
2 

and 
2 . . ' 232 ' 

1.07 g/ em respectlvely, The Th . sample was prepared by painting 

. as described previously, whereas thin foil was used for the gol'd sample. 

The loss of fissions due to self-absorption in the samples was determined 

with charged particles (see Table I), and the same corrections were 

applied to this work, 

C. Method 

Figure 24 shows a diagram of the experimental arrangement at 

Berkeley. The bremsstrahlung beam was generated in a 0.020 -inch 

platinum target, collimated to 3/ 4-inch diameter, passed through a 

sweep magnet, then through the fission chamber, and finally into a 

replica of a thick -walled ionization chamber, the original of which was 

calibrated by Dr. R. Wilson at CornelL At the calibration point, 
18 . 

315 Mev, 3.73 X 10 Mev passes through the chamber per coulomb 
' . 54 

collected. The group at California Institute of Technology ("Cal Tech") 

calibrated a similar "Cornell" chamber at 500 Mev. They find a value 

of 4.13 x 10
18 

Mev/ c~ulomb. 55 A linear energy dependence ~f 5. 3o/o 

per 100 Mev was therefore assumed, and this correction has been 

applied to obtain the number of equivalent quanta at various energies. 

In order to determine the maximum energy of the synchrotron 

beam a pair spectrometer designed by Dr. Robert W .. Kenney was used 

at Berkeley with the Cornell chamber removed. The electron-pair 

trajectories in vacuum, coupi,ied with a nuclear resonance determination 

of the pair -spectrometer magnetic field, determine the energy of the 

bremsstrahlun.g beam on an absolute scale. The. operation of this 
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Fig. 24. Schematic diagram of the experimental arrangement at the 
Berkeley synchrotron. (The drawing is not to scale.) 
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spectrometer is described in more detail by McDonaldj 
56 

The maximum 

energy of t_he beam was determined in this way for each energy studied. 

The synchrotron at Berkeley has a repetition rate of 6 cycles/ sec 

and the beam comes out in a 2500 -tJ.sec time interval when operating 

at full energy (337 Mev). However, when the beam energy was reduced 

appreciably below its maximum value the beam spilled out in a tin:1e of 

the order of 10 fJ.Sec. This "spiked" beam made it necessary to run at 

rather low beam intensities because of the chance of losing fission 

counts by having several arrive during the resolving time of our apparatus 

(5 J.LSec). This circumstance also made the energy determination more 

difficult because low beam intensities wer,e necessary to reduce accidental 

counts in the pair spectrometer to a reasonable leveL In the last run 

at Berkeley (run No. 4) it became possible to extend the duration of the 

beam to one msec at reduced energies. 

The experiment at Cal Tech was carried out with the same fission 

chamber and electronic. apparat~s as was used at Berkeley. The path 

from the 0.016-inch copper bremsstrahlung target to the fission chamber 

was somewhat longer so that the solid angle was reduced compared to 

the Berkeley setup. The beam there was 1 msec i:~ duration at all 

energies, and had a repetition rate of 1 pulse per second. The increased 

duty cycle at reduced energies greatly facilitated gathering reliable 

data. The maximum ,beam energy was determined to 1 o/o by use of the 
57 calibrated rf pulse timing equipment of the Cal Tech synchrotron. 
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III. PROCEDURE 

A. Slow Neutrons 

Before each photofission run a Po-Be source encased in paraffin 

was placed adjacent to the fission chamber with the u2 35 
sample in 

place. By observing the resulting fission pulses we were able to check 

the over -all operation of the apparatus. ln particular, we were able 

to determine if impurities in the hydrogen gas affected the electron

collection efficiency by observing an integral bias curve . 

. B. Alignment 

The alignment of the fission chamber was checked with photo

graphic film. These pictures were taken every time the chamber 

was moved or the operation of the machine changed markedly. 

C. Cancellation 
.. --~~·------- ..... 

At the start of a photofission run we first minimtzed the counting 

rates with the blank sample in position. This was done by adjusting 

the voltage on the cancellation electrode C unitl a minimum signal 

was observed in an oscilloscope. Since this signal was strongly de

pendent on the beam intensity and i.ts distribution in time, the maxi

mum useful beam strength was limited in some cases (low -cross

section samples in a "spiked". beam. ) 

The background due to noncancellation of the beam ionization, 

-as determined with the aluminum blank target, was less than 2o/o for 
235 -238 232 . 

U , JJ , and Th at all energ1es. For bismuth this background 

was less than lOo/o and for gold it was less than 23o/o at all energies. 

This background was quite constant for a given beam intensity at a 

given energy, and thus could be subtracted with good reliability. 
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D. Pile-Up Of Fission Pulses 

In most cases the limiting beam strength was determined by the 

resolving time of the electronic equipment (5 !J.Sec). In order to keep 

the loss of Jis.sions due to pile -up of fission pulses to less than lo/o, a 

counti.ng rate of less than 36 counts/min had to be·used with.,the 

"spiked11 beam. This counting rate was determined experimentally by 

mea !;lUring the counting rate ·per microcoulomb collected in the Cornell 

chamber versus the reciprocal of the beam intensity. This· curve is 

shown in Fi.g. 25. 

E. Variation of High Voltage or:;t Electrodes _B and C 

The counting rate per mic.roco,ulomb collected was also measured 

versus the voltage on the collecting and cancellation electrodes, and a 

suitable pialeau waS: obtained.- The curves look very much like those 

of Fig. 4. 'The final- operating voltages were B = 1500 v, C = 3300 v 

for most of the runs. 

F. Integral Bias Curve 

A similar plateau was also taken of c~unting rate per micro

coulomb versus the pulse height necessary to trip our scaler. This 

curve was used to extrapolate the observed counts to zero bias, and 

is similar to the bias curve shown in Fig. 4. · In run •No. 4 at 

Berkeley SlX· scalers were used at 2. 5 -volt bias intervals' giving a 

five -channel integral pulse spectrum. In this manner a bias plateau 

was obtained for each sample at each e'nergy. We bylieve the data 

collected in th:ls manner 'to be more reliable because: of the increase 

in information availeible. 

G. Gating of Scalers 

In all runs at Berkeley an electronic gate was used that allowed 

our scalers to count only while the beam was on. Electrical dis::. 

turbances from the synchrotron operation were quite prominent if the 

gate was not used. 
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H. Neutrons 

Th ff t f t . t db of the u235 sample· e e ec o neutrons was es 1ma .e y use 

which should be the most neutron-sensitiveo There are two main sources 

of neutrons, ( 1) neutron contamination of the beam (probably due to 

photoneutrons produced in the walls of the doughnut and the collimator), 

(2) photoneutrons produced in the aluminum sample backing. The 

effect of the neutrons in the beam was checked by shifting the fission 

chamber six inches to one side so that it just cleared the beamo The 

resulting counting rate was less than 2o/o of the rate with the same 

intensity photon beam passing through the chamber. The effect of 

the photoneutrons produced in the sample backing was investigated 

by the placing a sheet of aluminum, 7/8 inch thick, immediately 

following the fis sian chamber. Although. this amount of aluminum 

was sufficient to increase the effective aluminum backing from 0.001 

inch to 0.026 inch (assuming isotropic photoneutron emission), no 

ff. b d h f" . ; . .f u 2 3 5 e ect was o serve on t e 1ss1on cross sectlon o . 

I. Electron Contamination 

A check was made of the effect of electron contamination of the 

beam on the fission cross section by inserting a sweep magnet immedi

ately in front of the fission chambero No effect was observed. 

' l t~ l ) . '. I. I '' ' 
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Fig. 25. Counting rate plotted against the reciprocal of the beam 
intensity for a "spiked" beam at the Berkeley synchrotron. The 
ordinate shows the number of counts observed while the beam 
monitor collected 1 microcoulomb of charge. The abscissa 
shows the time (in minutes) necessary to charge the beam 
monitor to 1 microcoulomb. 
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IV. EXPERIMENTAL RESULTS 

The fission cross section per equivalent quantum u Q , for both 

the Berkeley and Cal Tech experiments, is presented in Table IX and 

plotted in Figs. 26 and 2 7. The energy scale is logarithmic, since 

in this presentation the slope of the curve represents the fission cross 

section if a rectangular bremsstrahlung spectrum is assumed. (See 

Appendix II.) It will be noted that the change i~ accelerators shifts 

the cross section per equivalent quantum by about 15 o/o for u 2 35
, u238

, 

and Th.?
32 

at the joining energy of 335 Mev. For bismuth, shown in 

Fig. 2 7, the change of accelerators is perhaps masked by the steepness 
I 

of the (]' Q curve. Since the eros s section per equivalent quantum 

depends not only on the calibrated ionization chamber and its associated 

electronic equipment, but also on the value ascribed to the maximum 

beam energy, errors in any uf these varia!Jles on either accelerator 

could lead to the discrepancy in the absolute value for u Q at 335 Mev. 

In all cases, however, the slopes of the u Q curves seem to be con

tinuous. 
. . 238 235 232 
The data obtained for U , U , and'Th can most easily be 

fit with a straight line having a slope corresponding to a cross section 

f 2 5 . 50 - 2 7 2 . . 00 500 M o to x 10 em 1n the energy reg1on 2 to ev. 

An analysis of the bismuth fission cross section, using Schiff 

bremsstrahlung spectra
58 

and taking into account the dependence of 

the spectrum shape on the maximum energy of the bremsstrahlung, 
59 . 

was made by the method described by Katz and Cameron. We 

found, for a given smoothed plot of the u
0 

curve, that the cross 

section increased about 15 o/o but had about the same shape as given 

by the r.ectangular bremsstrahlung spectrum. It was also noted that 

the arbitrariness allowed in drawing a smooth curve through the ex

perimental points creates the same order of uncertainty as the 

difference between the two methods of spectrum analysis .. We have 

therefore used the rectangular spectrum because of its simplicity. 

The fission cross section·s resulting from this analysis are shown in 

Fig. 28. They are derived from the smoothed curve shown in Fig. 2 7. 
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Table IX 

Fission cross section per equivalent quantum for 100- to 500 -Mev photons 

(In Units of 10-2 7 cm2) 

Maxirrium energy u238 u235 Th232 Bi209 Au 
197 

of bremsstrahlung 
spectrum 

(Mev) 

502 7.08±.20 

501 65.8% 2.0 

500 247% 10 6.56% .20 

498 1.57% .09 

480 159% 5 62.4% 2.0 

480 67.0±2.1 

479 6.17% .20 

476 254% 6 67.0% 2.2 6.16% .20 

476 261 % 7 61.2·± 2.0 

471 63.4±1.3 ... 
466 6.25% .20 

452 6.10% .18 

450 1.42 % .14 

434 61.5±2.0 

430 157% 4 54.9 % 2.0 5.48±0.17 

430 148% 4 252% 7 57.0 % 1.8 

408 5.09% .17 

400 1.23% .11 

389 60.5% 2.0 

385 150% 3 50.5±1.5 4.71% .14 

385 153% 4 51.5% 1.5 

364 4.06±.12 

361 3.95% .12 

350 0.86% .10 

337 183% 9 274% 8 59.5% 1.3 3.19±.09 

335 168% 7 260% 6 60.8±3.1 3.27% .33 

335 144% 4 235% 6 51.3% 1.5 3.12% .13 

335 147% 3 49.8% 1.5 

334 181% 1 274% 58.5±0~5 2.82% .07 

302 163% 5 244% 6 53.0% 1.1 

301 0.72±.08 

300 163% 5 

291 168% 5 276% 5 61.2% 1.8 

285 173% 5 

55:;·~ 1.3 

2.26% .18 0.78% .06 

285 1.85% .13 

277 167 % 2 248% 2 54.5% 1.3 2.10% .18 0.19% .03 

. 257 46.8±1.1 1.76±.09 0.486± .034 

250 1.78±.22 0.33% .07 

249 151 % 3 239% 6 50.2 % 1.4 

244 170% 5 270% 7 51.3% 1.3 ... 
232 239% 4 

210 1.18%.28 

207 154% 4 244% 8 42.8 % 1.2 

zoo 1.30±.24 0.31% .09 

183 165% 5 260% 7 47.1% 1.3 

180 138% 4 219% 6 42.3% 1.3 

179 160% 3 247% 10 43.3% 1.1 0.68% .09 

150 0.61 % .12 

1&3 147% 4 226% 6 43.3% 1.4 

ZN -1455 
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26. Photofission cross section per equivalent quantum U' 

versus bremsstralung energy for U235, u238, and the Tfi2232. 
The errors indicated on the points are standard deviations 
due to counting statistics only. 
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Fig. 27. Photofission cross section per e~ivalent quantum, a Q' 
versus bremsstrahlung energy for Bi 0 9 and Aul97. The 
errors indicated on the points are standard deviations due 
to counting statistics only. 
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It should be noted that the use of a longer beam duration in the 

fourth run at Berkeley gives essentially the same cross sections for 
235 238 232 . . . . 

U , U , and Th as obta1ned 1n the earher runs. It a~so allowed 

a more reliable measurement of the bismuth eros s section at reduced 

energies. On previous runs with bismuth at reduced energies the un

cancelled beam-ionization background made measurements untrust

worthy. However, even in the fourth run there was still a residual 

background, which is apparently electrical in nature, that made the 

measurements with the gold target at Berkeley unreliable. It should 

be mentioned also that the 200 -Mev point obtained for gold at Cal Tech 

is based on 11 counts and the 300 -Mev point on 83 counts, so that the 

cross sections reported are quite provisional. This scarcity of counts 

arises from the fact that both the fission cross section and the beam 

strength decrease markedly as the energy is decreased, so that the 

time necessary to increase the number of counts becomes prohibitive. 

In addition .to the statistical errors indicated on the graphs the (]' Q curves 

can have systematic errors due to errors in sample thic~ness, 

± 7o/o; errors in calibration for the number of equivalent quanta includ

ing its energy dependence, ± 8o/o; error in extrapolation to zero bias, 

± So/o; errors in determination of the beam energy, ± 2o/o. A total 

probable systematic error of ± 13o/o can thus be ascribed to the experi

ment. . 
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• 8 i FISSION CROSS SECTION 
USING SCHIFF SPECTRUM 

• Bi FISSION CROSS SECTION 
USING RECTANGULAR 
SPECTRUM APPROXIMATION 

• AU FISSION CROSS SECTION 
USING RECTANGULAR 
SPECTRUM APPROXIMATION 

k, PHOTON ENERGY (Mev) 

• • 

MU-10831 

Fig. 28. Photofission cross sections u (k) of Bi and Au as a 
function of photon energy. These curves were obtained from. 
a smoothed plot of the data in Fig. 2 7. The dotted curve was 
calculated by assuming a Schiff bremsstrahlung spectrum · ~ 
that varied with energy, using the method of Katz and Cameron. 
The solid curves were calculated in the rectangular spectrum 
approximation. 
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V" DISCUSSION 

A. Bismuth and Gold 

From the data in Fig. 27 we note that the photofission cross 

sections per equivalent quantum for bismuth and gold both increase 

rapidly as the maximum energy of the bremsstrahlung spectra is in

creased, especially in the energy region near 300 Mev. When the 

CY Q curve is analyzed, we find that the photofission cross section of 

bismuth, CY (k), increases with increasing photon energy k until it 

reaches a maximum value of about 10 x 10-
2 7 

ern 
2 

at about 400 Mev. 

With the present fit of the CY Q data, the CY (k) curve shows a resone1.nce 

type of behavior near 450 Mev; L e., the cross section seems to de

crease again above 450 Mev. The cross sections for gold show a · 

similar behavior, reaching a maximum value of about 2 x 10-
27 

crn
2 

at 400 Mev. It must be emphasized, however, that the arbitrariness 

involved in drawing a smooth curve through the experimental points 

is such that CY (k) may not be decreasrng above 450 Mev" In order to 

definitely determine whether or not this resonace type of behavior 

of the photofission cross section is real, experiments should be carried 
' 

out at higher energies (500 to 1000 Mev). 

Because of the similarity of the curves of CY (k) versus k for 

photofission and for the photoproduction of mesons from nucleons, 

it is tempting to relate the two processes. A possible interpretation 
.., 50 

of our results, first suggested by Bernardini, Reitz and Segre, is 

that internally produced mesons are reabsorbed within the nucleus in 

which they are created, thus giving an additional mechanism by which 

a nucleus may absorb the photon energy. Let us pursue this possi

bility a little further. From the photofission data we find that the 

photofission cross sections of bismuth and gold reach their maximum 
. 60 

value at about k = 400 Mev. However, the data of Oakley and Walker, 
- 61 

;W.alker, Oakley and Tollestrup, Walker, Peterson, Teasdale, and 

Vette, 
62 

and Toilestrllp, Keck and Warlock, 
6 ~ indicate that the peak of 

the photorneson production from hydrogen occurs near 300 Mev. 

Furthermore, the width of the photofission "resonance" (if we assume 

that it is real) is somewhat broader than the corresponding width in 
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the case of photomeson production from hydrogen. These discrepan~ies 

can be resolved if we recall that there are several factors influencing 

photofission that are not present in the photoproduction from hydrogen. 

First, the motion of the nucleons inside the nucleus causes a broadening 

of the nucleon-photomeson resonance because of the Doppler effect. 

Those nucleons moving toward the impinging photon see higher -frequency 

photons than those at rest. Conversely, those nucleons moving away 

from the beam .see lower -frequency photons. Second, the effect of the 

Pauli principle is such that when a photomeson is produced from a 

nucleon in the nucleus, the struck nucleon must go into an unoccupied 

nucleon state. Since the low -energy nucleon states are already fili'ed, 

the production of high-energy mesons is favored. This effect there-

fore causes the resonance to shift toward higher energies. Third, 

the close proximity of the nucleons inside the nucleus may cause inter

ference effects in the production of mesons. It is not clear, however, 

what effects, if any, this factor may have either in br,oadening or in 

shifting the resonance curve . Last of all, the reabsorption of the 

meson within the nucleus in which it was created depends on the energy 
64-71 

of the meson. Various experimenters have found that the absorp-

tion mean free path of mesons in nuclear matter decreases with in

creasing meson energy. Therefore, the absorption of high-energy 

mesons is favored, which again tends to shift the resonance toward 

higher energies. Thus, the experimental data on the photofis sian of 

bismuth and gold are consistent with the interpretation of reabsorption 

of internally produced photomesons. 

We can use the results of the charged-particle experiments to 

make a rough estimate of the total photonuclear cross sections of 

bismuth and gold. From the data in Table VII, we see that the fission 

probabilities for bismuth and gold at high energies are about 0.15 

and 0.04 respectively. If we assume the same fission probabilities 

to hold in the case of photofission, we obtain /total photonuclear eros s 
. f b 70 -27 2 f . 6 -27 2 sections o a out x 10 em or b1smuth and about 0 x 10 em 

for gold at 400 Mev. It is interesting to note that if we assume that at 
62 63 

300 Mev the average cross section for both charged ' and 

• 
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160' 61 72 h d . f 1 . 2 10-28 2 neutra p otomeson pro uctlon rom nuc eon.s. 1s x em 

h - - } -28 8 ' -27 '2 h" h . t en crT.,. A ( cr c + cr 0 .,. 200 x 4 x 10 = 0 x lQ. em , w 1c 1s 

in good agreement with. the values obtained aboye .. ' 

The similarity of the crQ curve for bismuth to the photostar ex-
. ' 73 

citation function per equivalent quantum obtained by Peterson is also 

interesting, and suggests that the same mechanism might account for 

both phenomena. 

URANIUM-238, URANIUM-235, AND THORIUM-252 

Since the photofission thresholds for u
2 38

, u
2 35

, and Th 
232 

are 

all about 5 Mev, 
74 

it is reasonable to expect that a large contribution 

to the photofission cross section per equivalent quantum for these ele

ments occurs at low energies, i.e., in the "giant resonance" region. 
75 

Any me son effects of the type observed' in bismuth and gold would 

presumably be masked by the effects of the low-energy quanta. From 
. 238 235 232 

F1g. 26 we see that the cr Q curves for U , U , and Th 

apparently increase with increasing energy, although much more slowly 

than for bismuth or gold. The increase of cr Q with increasing energy 

is most pronounced in Th, and smallest in u235. This is to be expected, 
235 

since the effect of the low-energy quanta is greatest for U and 

smallest for Th. 

The increased photofissionability of u 235 
over ~38 

is difficult 

to explain. If we assume that the low -energy quanta account for most 

of the fission, and if neutron emission competes favorably with fission, 

then the following argurne·nt would predict a slightly higher fission yield 

for u
235 

than for u238 ~ The last neutron in u
238 

is bo\lnd more tightly 
' . 235 76 '-

than the last neutron 1n U , by about 1 Mev. If 14-Mev quanta 

(the peak of the giant resonance} were to eject neutrons from both u
238 

and u
2 35

, the residual u
234 

nucleus would be more excited than the 

residual u
237 

nucleus by about 1 Mev. If the assumption is correct 

that the photofission threshold is the same for u
234 

and u
237

:
7
1hen the 

u
234 

nucleus has more likelihood of being above the photofission thres

hold than the u
237 

nucleus. Hence, u 235 is more likely to ultimately 

d f . . h u238 un ergo 1ss1on t an However, the magnitude of this effect- -even 
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if we assume that neutron emission always precedes fission--is too 

small to account for the experimentally observed difference in cross 

. A h . . bl 1 ° • h U 2 3 5 . . h 1 sectlonso not er poss1 e exp anatlon 1s t at· 1s 1n erent y more 

fissionable than u 238 
by photons in the "giant resonance" region. 

• 
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APPENDIX I 

URANIUM PLATING 

( 1) Plating Cell: The plating cell used in these electrodep9sitions 

consisted of a 1-5/8 -inch diameter glass chimney mounted on a brass 

base plate. Watertightness was achieved with a Koroseal washer. 

(2) Assembly of Plating Cell: Place the clean nickel foil 

(onto which the sample is to be plated) on the brass base. ·Place the 

Koroseal :wash.er on the nickel foil and on top of the washer place the 

glass chimney. Attach springs or strong rubber bands between the 

base and the ch:l.mney. Finally put a few drops of Zapon (dilute) around 

the edge of the washer and allow to dry. Place the cell in a water bath 

that has been preheated to about· 80°C. 

( 3) Preparation of Uranium: Boil 1 to 10 mg of uranium solution 

down to 2 drops. Add 2 drops of ofHN0
3

. Boil to complete dryness. 

Dissolve the uranium nitrate in"0.4M (NH
4

)
2
c

2
o

4 
and transfer this to 

the plating cell. 

(4) Plating: Start the stirring motor and adjust its speed to about 

60 rpm. Attach the negative lead of the power supply to a platinum 

wire, which should be hooked to ,the brass plate (and hanging out of 

the water bath). Turn on the power supply and adjust the voltage to 

3.6 to 4.0 volts. The current should be about 100 ma/cm
2

. Plate 

for about 30 minutes. 0 
Keep the water bath at 80 C. 

(5) Cleaning of Uranium Plate: Add several milliliters of 

methyl alcohol to the plating celL Turn off the stirring motor. Then 

remove the cell from the stirring motor and switch off the current. 

Draw off the methyl alcohol - oxalate solution. Repeat the methyl 

alcohol rinsing once or 'twice more. Disassemble the plating cell 

and rinse off the uranium plate with ace tone several times. Dry the 

uranium plate on a hot plate. 
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APPENDI"X n· 

CALCULATION OF PHOTOFISSION GROSS SECTION IN THE 
RECTANGULAR SPECTRUM APPROXIMATION 

Let N (k, k 0 ) - number of photons in the energy interval betwe~n 

k and k + dk, for a spectrum of maximum ·energy 

ko; 

then 

or 

F (k, k
0

) _ ehergy distribution of photons in the energy interval 

between k and k + dk, for a spectrum of maximum 

energy k 0 ; 

(J (k) _ fission cross section for photons of energy k; 

u Q (kO) ;;. fission cross section per equivalent quantum; 

Q (k0 ) ;; number of equivalent quanta; 

~=number of atoms per cm
2 

'in the sample; 

f =. observed number of fission events; 

1 = u 0 J\t'o = '1° N (k, k 0) u (k) dk 

ko 

u 0 = ~ / N (k, k 0) u (k) dk. 

( 1) 

(2) 

The assumption of a rectangular spectrum implies that 

F (k, k 0 ) = F 
0 

= constant for 0 .$ k ~ k
0 

, ( 3) 

F (k, k
0

) = 0 fork ?k
0

; 

/0 F (k, k
0

) dk 
Foko 

Q= = '= F 
Q_' 

ko ko 
( 4) 

N (k, k 0 ) 
F (k, k

0
) Fo 

= = --, 
k k 

( 5) 
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1 t Fa 
u (k) dk; ( 6) u. -Q-

Fa k 

=t -1. 

u (k) 
dk; 

k 
~ 

du Q (ka). 
= 

u (ka) 
( 7) 

kda k-
a 

or 
du 0 (ka) I 

u (ka) = ' 
QED (8) 

d (ln ka) 

• 
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