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ABSTRACT

Photofission cross sections for U238, U235. Th23_2, Bi209, and Aul?‘7

been measured by use of breinsstrahhmg spectra whose maximum energies ranged
from 150 to 500 Mev. The fissions were detected in 27 geometry with a double

ionization chamber. A suggested correlation of the resulting cross sections with

have

those for proton fission and for photomeson production is made.
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I. INTRODUCTION

Several experiments have been performed to investigate photofission cross

gsections in the energy region 100 to 300 Mev. 1-5 In the experiment here presented

we have investigated the photofission cross sections of U238, U235. Th232, Bizog,
and Au197 for photons produced in bremsstrahlung spectra whose maximum energies
ranged from 150 to 500 Mev. The energy region 150 to 335 Mev was investigated
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. In a previous paper6 (hereafter referred to as A) we have reported

the high-energy proton-induced fission cross sections of the above elemen:s. The
same apparatus and essentially the same methods were used in the measurement

of the photofission cross sections.

This work was done under the auspices of the U.5. Atomic Energy
Commission.
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II. APPARATUS AND METHOQOD
A. Fiseion Chamber )

The ionization chamber used in this experiment is described in A. The beam

was péssed through the chamber in the direction CBA in order to minimize
the effect of the electron-positron pairs produced in the sample backing. The

distance from the thin entrance window to the sensitive region of the ionization
chamber was approximately 4 inches, so that any pairs produced in the entrance
window had only a 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 making them of 140 -pg/cmz aluminum foil.
Chronologically, most of the photofission experiments were performied prior
to the proton expei'iments described in A. ‘Throughout most of the photofission
runs only one scaler was used to record the number of pulses from the ionization
chamber. However, in the last photofission run at the Berkeley synchrotron we
switched to a system of using six scalers simultaneously in order to obtain an |
integral bias curve for each element at each ene fgy. Otherwise the electronic

arrangefnent was identical to that described in A.

B. Samplee

The samples used in the photofission runs were identical to those used for

the proton experiments, 6 with the exceptmn of ThZBZ and Au 197, which had

thicknesses of 0.88 mg/cm and 1.07 mg/Cm,, respectively, The Th 232 was pre?ared
by pamtmg as described in A, whereas a thin foil was used for the gold sample.

In order to correct for sample thickness effects, thin samples (0.1 to 0.4 mg/cm )
of U238, U235 Thzn, and Bi were exposed to the proton beam of the Berkeley
cycloéron. By comparing the yields of fission fragments from the thin samples
with those from thicker samples, we obtained sample-thickness correction factors.
These corrections have been applied to the samples used in these photofission

experiments, and are of the order of 10%.
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C. Method

Figure 1 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 thick.-walled ionization chamber, which was a duplicate
of a chamber calibrated by Dr. R. Wilson at Cornell. At the calibration point
the maximum energy of the bremsstrahlung spectrum of the Cornell synchrotron
was 315 Mev. At this point, every coulomb of charge collected by the beam-
monitoring ionisation chamber corresponded to an integrated photon energy of
3.73 x 1018 Mev. 7 The group at California Institute of Technology has calibrated
" a similar “Cornell” chamber at 500 Mev. They find a value of 4.13 x 1018 Mev/
coulomb. 8 A linear energy dependence of 5.3% per 100 Mev was therefore assumed,
and this correction hae been applied in order to obtain the number of equivalent
quanta at various energies. If the energy dependence should be found to differ_
from 5.3% per 100 Mev, then the fission cross sections feported here must ber
corrected accordingly. R

In order to determine the maximum energy of the synchrotron beam, a pair
gspectrometer designed by Dr. Robert W. Kenney was used at Berkeley with the
""Cornell" chamber removed. The electron-pair trajectories in vacuum, coupled
~with a nuclear resonance determination of the pair-spectrometer magnetic field,
determine the energy of the bremsstrahlung beam on an absolute scale. The
operation of this spectrometer is described in more detail by McDonald. 9 The
maximum energy of the 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 .psec 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 time on the order of 10 psec. This "spiked” beam made it
necessary to run at rather low beam intensities because of the chance of losing
figsion counts by having several arrive during the resolving time of outr apparatus
(5 psec). This circumstance aleo made the energy determination more difficult
because low beam intensities were necessary to reduce accidental counts in the
pair spectrometer to a reasonable level. In the last run at Berkeley it became
possible to extend the duration of the bearp to 1 msec at reducedd energies.

The experiment at the California Institute of Technology was performed
with the same fission chamber and eledronic apparatus as at Berkeley. The path
from the 0.016-inch copper bremsstrahlung target to the fission chamber was
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- somewhat longer, so that the solid angle subtended by the fission chamber was

less than in the experimental arrangement at Berkeley. The CalTech synchrotron
beam had a pulse duration of 1 msec at all energies, and a repetition rate of 1 pulse.
per second. The increased duty cycle at reduced energies greatly facilitated the

~ gathering of reliable data, The maximum beam energy was determined to %1% by

use of the calibrated rf pulse-timing equipment of the Cal Tech synchrotron.

II1. PROCEDURE

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

235 sample in place. By observing the

~adjacent to the fission chamber with the U
resulting fission pulses we were able to check the over-all operation of the

apparatus. By observing an integral bias curve, we were able to determine that

the electron-collection efficiency of the chamber remained constant during the

entire course of the experiment.

The alignment of the fission chamber, with respect to the beam, was
checked by taking shadowgraphe of the beam passing through the chamber with
photographic film. Pictures were taken every time the chamber was moved or
the operation of the synchrotron changed markedly. |

At the start of each ﬁhotoﬁssion run the aluminum blank target was placed
in the beam. The voltage on the cancellation electrode C was then adjusted until
a minimum signal was observed in an oscilloscope. We found that this remanent back-
. ground signal was strongly dependent on the intensity and the duration of the beam
pulse. With the highest-intensity "spiked' beam used, the background caused by
noncancellation of beam ionization, as determined with the aluminum blank target,

- was less than 2% of the fission rate for U235. U238. and ThZB?‘. For bismuth, the
background was less than 10%, and for gold it was less than 23% at all energies.
This background was quite constant for a given beam inteasity at a given energy, .
and thus could be subtracted with good reliability.

In order to avoid loging more than 1% of the fissions due to pile.up of fission -
pulseg, a counting rate of less than 36 counts/min had to be used with the "spiked"
beam. Thie counting rate was determined experimentally by measuring the
counting rate per microcoulomb collected in the ""Cornell"” chamber versus the

reciprocal of the beam intensity. This curve is shown in Fig. 2.
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&

4

A similar curve wae also made of counting rate per microcoulomb versus
the pulse height necessary to trip out scaler. This curve was used to extrapolate
the observed counts to zero bias, and is similar to the bias curve shown in
Figure 4 of Reference A. In the last run at Berkeley, six 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 energy. We believe
the data collected in this manner to be more reliable because of the increase in
information available. ‘

The counting rate per microcoulomb collected was also measured versus
the voltage on the collecting and cancellation electrodes, and a suitable plateau
was obtained. The final operating voltages were B = 1500 v, C = 3300 v for most
of the runs.

In all runs at Berkeley an electronic gate was used that allowed our scalers
to count only while the beam was on. Electrical disturbances from the synchrotron
operation were quite prominent if the gate was not used,

The fissioning effect of photoneutrons was estimated by using the U
which should be the most neutron-sensitive. There are two main sources of
neutrons, (a) neutron contamination of the beam {probably due mostly to photoneutrons
produced in the walls of the doughnut and the collimator), (b) pho'toneutrons produced
in the aluminum sample backing. The effect of the neutrons in the beam was checked
by shifting the fission chamber 6 inches to one side so that it just cleared the beam.
The resulting counting rate was less than 2% of the rate with the same intensity |
photon beam paseing through the chamber. The effect of the photoneutrons produced
in the sample backing was investigated by increasing the effective thickness of the
aluminum backing from 0.001 inch to 0.026 inch; no increase was observed in the

photofission yield of U235. ’

A check wae made of the effect of electron contamination of the beam on the

235 sample,

observed fisgion yields by inserting a sweep magnet immediately in front of the

fission chamber. No effect was observed.
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IV. EXPERIMENTAL RESULTS

The fission cross section per equivalent quantum, T for both the Berkeley
and Cal Tech experiments, is presented in Table I and plotted in Figs. 3 and 4.
The energy scale is logarithmic, since in this presentation the slope of the curve
represents the fission cross section if a rectangular bmmsstral;lung spectrum is
assumed. It will be noted that the change in accelerators shifts the crose sectxon
per equivalent quanturmn by about 1585 for 0235 U238 nd Th232 at the joining .
- energy of 335 Mev. For bismuth, shown in Fig. 4, the change of accelerators is
perhaps masked by the steepness of the O‘Q curve. Since the cross section per
equivalent quantum depends not only on the calibrated ionization chamber and its
assoclated electronic equipment, but also on the value ascribed to the maximum
beam energy, errors in any of these variables on either accelerator could lead
to the discrepancy in the absolute value for “n at 335 Mev. In all cases, however,’
~ the slopes of the 0 curves seem to be continuous.
If we use the rectangular spectrum approximation, the curves of ¢ _. versus

: Q
the maximum energy of the bremsstrahlung spectra for UZ‘?’8 \’5235 Th232 an
. most easily be fitted with a straight line having a slope corresponding to a constant
photofission cross section versus photon energy of about 25 to 50 x 19'27 c-mz in

the energy region 200 to 500 Mev. A more careful analysis is probably not
justified because of the limited accuracy of the experimental results.

| An analysis to obtam the bxsmuth fission cross gection, using the
bremsstrahlung spectra‘”?rém Sc‘hafﬁ -and taking into account the dependence of.
the spectrum shape on the maximum energy of the bremsstrahlung, was made by
the method described by Kate and Cameron. 11 We found, for a given smoothed
plot of the D'Q curve, that the cross section increased about 15 % but had about
the same ghape as given by the rectangular bremsstrahlung spectrum. It was
noted also that the arbitrariness allowed in drawing a smooth curve through the
experimental points creates the same order of uncertainty as the difference
between the two methods of spectrum analysis. We have therefore used the
regtangular spectrum because of its simplicity. The fission cross sections resulting

from these analyses are shown in Fig. 5. They are dérived from the smoothed

curves shown in Fig. 4.
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It should be noted that the use of a longer beam duration in the last run

at Berkeley yielded the same cross sections for 0235. U238, and 'il(“hm‘Z a

obtained in the earlier runs. It also allowed a more reliable measurement of the

8

bismuth cross section at reduced energies. 'On previous runs with bismuth at
reduced energies the uncancelled beam -icnization background made heasurements
untrustworthy. However, even in the last run there was still a residual background,
which was apparently electrical in nature, that rmade the measurements with the
gold target at Berkele'y 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 provigional. 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 incresse the number of counts hecomes prohibitive. In addition to
the egatistical errors indicated on the graphs the 0 curves can have syétematic
errors due to errors in sample thickness, * 7%; errors in calibration for the.
number of equivalent quanta including “ty energy dependence, % 8%; error in
extrapolation to zero biag, # 5%; errors in determination of the beam energy,

+ 2%. A total probable syetematic error of £ 13% can thus be ascribed to the

cross sections presented in the curves shown in Figs. 3 and 4.
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V. DISCUSSION

A, Bismuth and (‘Jold

From the data in Fig. 4 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 increased, especially in the energy region
above 300 Mev. Ii;dpdhe analyzing thé c Q curves we find that the photofission
cross section of bismuth, o(k), increases with increasing photon energy k uatil
it reaches a maximum value of about 10 x 10'27 o:m2 at about 400 Mev. With the
present fit of the Tq data, the o(k) curve indicatesﬂa resonance type of behavior
near 400 Mev; i.e., the cross section seems to decrease again above this energy.
The cross section for gold shows a gimilar behavior, reaching a maximum value
of about 2 x 1027 cm? at 400 Mev. It must be emphasized, however, that the
arbitrariness involved in drawing a smooth curve through the experimental points
for both Bi and Au is such that (k) may not be decreasing above 400 Mev. In
order to definitely determine whether or not this resonance 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 o(k) versus k for photofission and
for the photoproduction of mesons from nucleons, it is tempting to relate the
two processes. A possible interpretation of our results, first suggested by
Bernardini, Reitz and Segré. 2 is that internally produced mesons are re-
absorbed within the nucleus in which they' are created, thus giving an additional
‘mechaniem by which a nucleus may absorb the photon energy. Let us pursue this ‘
possibility a little further. We have seen that the photofission cross sections of
bismuth and g'o'ld reach their maximum value at about k = 400 Mev. However,
the results of photomeson production expe z-hmentslz"15 indicate that the peaks
of the cross sections for photomeson production from nucleons occur near
k = 300 Mev., Furthermore, the width of the photofission ""resonance’ (if we
assume that it is real) is somewhat broader than the corresponding width in
' photameson production. These differences can be explained if we recall that
there are several factors influencing photofission that are not present in
photomeson production from nucleons. First, in photoproduction the motion of

the nucleons inside the nucleus causes a broadening of the photomeson spectrum
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because of the Doppler effect. 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. Because the low -energy
nucleon states are already filled, the production of high-energy mesons is
favored. This effect therefore causes the resonance to ghift toward higher
energies. Possibly most important of all, the reabsorption of the mecon within
the nucleus in which it was created depends on the enegygy of'the imeson., Various

16-24 that the absorption meun free path of mesons

experimenters have found
in nuclear matter decreases with increasing meson energy. Therefore the
absorption of high-energy mesons is favored, which again would tead to shift
the photofission resonance toward higher energies. Thus, the experirnental
data on the photofiseion of bismuth and gold are consistent with the interpretation
of reabsorption of internauy»produced photomesons. _

We can use the results of charged-particle-induced fission experiments
to m&ke a rough estimate of the total photonuclear cross gections of bismuth and
gold. To do this we assurne that the ratio of the fission crdss section to the total
cross section is independent of how the nucleus is excited. From the results
reported in A, in conjunction with experiments on alpha-particle - and deuteron-
induced figsion (to be published), we find that the fission cross sections of bismuth
" and gold at about 300 Mev are about 0.15 and 0.04 respectively, of the total in-
elastic cross section for these elements., pividing the observed photofission
cross sections by 0.15 for bismuth and by 08.04 for goid' we obtain total photonuclear
cross sections of about 70 x 10"27 r.:m2 for bismuth, and about 60 x 10-27
gold at k ‘= 400 Mev. It is interesting to note that if we assume that the total

phot'Onuclear cross sections of bismuth and gold at k ¥ 400 Mev are due either

sz for

directly or indirectly only to photomeson production, then we obtain a cross section ~

of about 80 X'IO-Z? cmZ by simply adding the total photomeson cross sections of

the individual nucleons in these nuclei. ' '
‘The similarity of the 0 curve for bismuth tozgae photostar excitation

function per equivalent quantum obtained by Peterson” ~ is also interesting, and

suggests that the same mechanism might account for both phenomena.
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B. Uranium-238, Uranium-235, and Thorium-232

N

238 235 232

o Since the photofission thresholds for U ~, U ™7, and Th
5 Mev, 26 it is reasonable to expect that a large contribution to the phbtofisaio‘n

are all about

cross sections per equivalent quantum for these elements occurs at low energies, '
i.e., in the ''giant resonance' region, Any meson effects of the type observed
in bismuth and gold would presumably be masked by the effects of the low-

energy quanta. Indeed, from Fig. 3 we see that the relative increase of °q

with increasing energy is much smaller for ‘238. U235, and Th232

bismuth or gold. The relative increase of 0 with increasing energy is most

232 235, as would be expected, since the

235 232

than for

pronounced for Th and smallest for U

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

235

A second point of interest is that for U the photofisgion cross section per'

238

equivalent quantum is about 1.6 times that of U at all energies investigated in

this experiment. If we assume that the photons in the ""giant resonance' are
primarily responsible for causing the fissions, then either the total photonuclear
cross sections differ for U235 and U238
 fissjonability of U235 is greater than that of U238 at excitation energies of several

. Mev, Sﬁpport for the latter conclusion comes from the data oun the neutron-induced
fission of several isotopes of uranium at neutron ene rgies of 2 to 4 Mev, 28 The
results of these experiments indicate that the fission cross sections vary by large

- factors (2 to 3), depending upon which isotope of uranium is used.

for low-energy photong, or the relative
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A

LEGENDS

- Fig. 1. Schematic diagram of the experimental arrangement at the f}erkeley
synchrotron. (The drawing is not to scale.)

Fig. 2. 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)
nécessary to charge the beam monitor to 1 microcoulomb.

Fig. 3. Fhotofisgion cross section per equivalent quantum 0. Versus
bremsstrahlung energy for UZ35, U238, and the Thza‘z. The errors
indicated on the points are standard deviations due to counting statistics

anly.
Fig. 4. Photofission cross section per equivalent quantum, 0y Versus ’
- bremsstrahlung energy for Bizg9 and Auw?. The errors indicated on

the points are standard deviations due to counting statistics only.
Fig. 5. Photofission cross section, ¢ (k), of Bi and Au as a function of
photon energy. These curves were obtained from a smoothed plot of
the data in Fig. 4. The dotted curve was calculated by assuming 2
Schiff bremsstrahlung spectrum that varied with energy, using the method
of Katz and Cameron. H The solid curves were calculated in the rectangular

spectrum approximation.
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