MESON PRODUCTION

The angle 6 is the polar angle of the nucleon relative
momentum with respect to the incident-proton direction
in the total center-of-mass system. The angles 6; and
s are the polar angles of the two mesons with respect
to this direction, also in the total center-of-mass
system, if one neglects the transformation from the
rest system of each isobar. By integration over the
meson angles in Eqgs. (3) and (4), we can get an idea
of the angular distribution of the final-state nucleons
that could arise from inclusion of the P-wave motion
of the intermediate-state isobars. For the transition
from the ®P, state, we have
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2wdo(0)/dQ2 = (cos?0+sin%) ; (C-5)

from the %P, state, we have the familiar
2wde (0) /dQe (3 cos?0+1). (C-6)

Because the transition amplitudes from 3Py » states
give rise to interference terms that depend on their
relative phases, a more detailed account of the exci-
tation of the isobaric states will be necessary in order
to obtain quantitative angular distributions. However,
the observed forward-backward preference for the
nucleons is not beyond the reach of the model.
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Photofission cross sections for U%S, U5, Th®2, Bi®, and Au!® have been measured by use of brems-
strahlung 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
those for proton fission and for photomeson production is made.

I. INTRODUCTION

EVERAL experiments have been performed to in-

vestigate photofission cross sections in the energy
region 100 to 300 Mev.!® In the experiment here
presented we have investigated the photofission cross
sections of U8 U5 Th?2 Bi*® and Au'® 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, where-
as the higher energy data were obtained at the syn-
chrotron of the California Institute of Technology. In a
previous paper® (hereafter referred to as A) we have
reported the high-energy proton-induced fission cross
sections of the above elements. 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. S. Atomic
Energy Commission.
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II. APPARATUS AND METHOD
A. Fission Chamber

The ionization chamber used in this experiment is
described in A. The beam was passed 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 uncanceled 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/cm? aluminum foil.

Chronologically, most of the photofission experiments
were performed prior to the proton experiments de-
scribed 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
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element at each energy. Otherwise the electronic
arrangement was identical to that described in A.

B. Samples

The samples used in the photofission runs were
identical to those used for the proton experiments,$
with the exception of Th?? and Au'¥’, which had thick-
nesses of 0.88 mg/cm? and 1.07 mg/cm? respectively.
The Th»? was prepared by painting 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 U8, U%5 Th*? and Bi
were exposed to the proton beam of the Berkeley
cyclotron. 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 109,.

C. Method

Figure 1 shows a diagram of the experimental arrange-
ment at Berkeley. The bremsstrahlung beam was
generated in a 0.020-inch platinum target, collimated
to 2-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 ionization chamber
corresponded to an integrated photon energy of 3.73
X10'® Mev.” The group at California Institute of
Technology has calibrated a similar “Cornell” chamber
at 500 Mev. They find a value of 4.13X10'® Mev/
coulomb.8 A linear energy dependence of 5.3%, per 100
Mev was therefore assumed, and this correction has
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
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F16. 1. Schematic diagram of the experimental arrangement at
the Berkeley synchrotron. (The drawing is not to scale.)

7 Robert Wilson, Cornell University (private communication).
8 Vincent Z. Peterson, California Institute of Technology
(private communication).
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the fission cross sections reported here must be cor-
rected accordingly.

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 trajec-
tories 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.? 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-usec
time interval when operating at full energy (337 Mev).
However, when the beam energy was reduced appreci-
ably below its maximum value the beam spilled out in
a time of the order of 10 usec. 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 psec). This circumstance also made the energy
determination more difficult because low beam in-
tensities 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 beam to 1 msec at reduced energies.

The experiment at the California Institute of Tech-
nology was performed with the same fission chamber
and electronic apparatus as at Berkeley. The path from
the 0.016-inch copper bremsstrahlung target to the
fission chamber was somewhat longer, so that the solid
angle subtended by the fission chamber was less than
in the experimental arrangement at Berkeley. The
Cal Tech 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 %19, by
use of the calibrated rf pulse-timing equipment of the
Cal Tech synchrotron.®

III. PROCEDURE

Before each photofission run a Po-Be source encased
in paraffin was placed adjacent to the fission chamber
with the U5 sample in place. By observing the resulting
fission pulses we were able to check the over-all opera-
tion 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 shadowgraphs of
the beam passing through the chamber with photo-

9 C. A. McDonald, University of California Radiation Labora-
tory Report UCRL-2595, June, 1954 (unpublished).
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Fi16. 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) necessary to charge the beam monitor to
1 microcoulomb.

graphic film. Pictures were taken every time the cham-
ber was moved or the operation of the synchrotron
changed markedly.

At the start of each photofission 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 background 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 29, of the fission rate for
U5 U8 and Th?®2. For bismuth, the background was
less than 109, and for gold it was less than 239 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.

In order to avoid losing more than 19 of the fissions
because of pile-up of fission pulses, a counting rate of
less than 36 counts/min had to be used with the
“spiked” beam. This 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.

A similar curve was also made of counting rate per
microcoulomb versus the pulse height necessary to trip
the scaler. This curve was used to extrapolate the
observed counts to zero bias, and is similar to the bias
curve shown in Fig. 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
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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 U5 sample, which should be the most
neutron-sensitive. There are two main sources of neu-
trons, (a) neutron contamination of the beam (probably
due mostly to photoneutrons produced in the walls of
the doughnut and the collimator), (b) photoneutrons
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 29 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 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 U5,

A check was made of the effect of electron con-
tamination of the beam on the observed fission yields
by inserting a sweep magnet immediately in front of
the fission chamber. No effect was observed.

IV. EXPERIMENTAL RESULTS

The fission cross section per equivalent quantum, o ¢,
for both the Berkeley and Cal Tech experiments, is
presented in Table I and plotted in Figs. 3 and 4. The

TaBLE I. Fission cross section per equivalent quantum for 100- to
500-Mev photons (in units of 10727 cm?).

Maximum

energy E

of brems-

strahlung

spectrum

in Mev U2ss Us2ss Thzs2 Bj209 Aue?

5002 cee 247 10 65.8:42.0 6.8240.14 1.574-0.09
4802 15945 coe 64.7+1.5 6.17 +0.20 e
4762 cee 257 +15 63.941.5 6.16 +0.20
471= 63.4+1.3
4662 ce 6.254-0.20 fee
451s 6.10+0.18 1.4240.14
431a 152+3 25247 57.84+1.2 5.48+0.17 cee
4082 5.094+0.17
4002 1.2340.11
389 cee 60.54-2.0 v cee
385 15142 51.0+1.1 4.7140.14
3628 cee .. 4.00-0.09 fee
3508 0.86 -0.10
335 18141 27441 58.540.5 3.06 4-0.06 .
3352 146 42 23546 50.541.1 3.1240.13 ..
300 163 2 244 16 53.041.1 o 0.724-0.08"
291 168 4-5 276 +5 61.2+1.8 nee
285 173 +5 oo 55.74+1.3 1.854-0.13 0.78 4-0.06
2852 cae e 2.26 +-0.18 “ee
250 15143 23946 50.24-1.4 “ee oo
2502 R . K 1.78 4+0.22 0.33+:0.07
244 170 +5 2707 51.341.3
208 15444 244 +8 42.841.2 1.1840.28 “ee
200> s cee voe 1.30+0.24 0.31 4-0.09
180 15443 2385 44.240.8 0.68 4-0.09 LR
1508 0.61 +£0.12
143 147 +4 226 +6 43.3+1.4 ..

a Data obtained at the California Institute of Technology.
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F1c. 3. Photofission cross section per equivalent quantum,
aq, versus bremsstrahlung energy for U5 U8 and Th*»?2. The
errors indicated on the points are standard deviations due to count-
ing statistics only.

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.
It will be noted that the change in accelerators shifts
the cross section per equivalent quantum by about 159,
for U%5 U8 and Th»? 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 g curve. Since the cross 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 of these variables on either accelerator could
lead to the discrepancy in the absolute value for o¢ at
335 Mev. In all cases, however, the slopes of the o
curves seem to be continuous.

If we use the rectangular spectrum approximation,
the curves of oq versus the maximum energy of the
bremsstrahlung spectra for U8 U5 and Th?? can
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)X107%" cm? 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 obtain the bismuth fission cross sec-
tion, using the bremsstrahlung spectra from Schiff'
and taking into account the dependence of the spectrum
shape on the maximum energy of the bremsstrahlung,
was made by the method described by Katz and
Cameron.!! We found, for a given smoothed plot of the
oq curve, that the cross section increased about 159,
but had about the same shape as given by the rec-
tangular bremsstrahlung spectrum. It was noted also

01, T. Schiff, Phys. Rev. 70, 87 (1946); 83, 252 (1951).
111, Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951).
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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 rectangular spectrum because of its simplicity. The
fission cross sections resulting from these analyses are
shown in Fig. 5. They are derived from the smoothed
curves shown in Fig. 4.

It should be noted that the use of a longer beam
duration in the last run at Berkeley yielded the same
cross sections for U5 U8 and Th®? as obtained in
the earlier runs. It also allowed a more reliable measure-
ment of the bismuth cross section at reduced energies.
On previous runs with bismuth at reduced energies the
uncanceled beam-ionization background made meas-
urements untrustworthy. However, even in the last
run there was still a residual background, which was
apparently electrical in nature, that made the measure-
ments 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 o4 curves can have systematic errors due to
errors in sample thickness, 479 ; errors in calibration
for the number of equivalent quanta including energy
dependence, £89; error in extrapolation to zero bias,
+5%; errors in determination of the beam energy,
+29,. A total probable systematic error of £139%, can
thus be ascribed to the cross sections presented in the
curves shown in Figs. 3 and 4.
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F1c. 4. Photofission cross section per equivalent quantum,
aq, versus bremsstrahlung energy for Bi2® and Au®’. The errors
indicated on the points are standard deviations due to counting
statistics only.
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V. DISCUSSION
A. Bismuth and Gold

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. Upon analyzing the
oq curves we find that the photofission cross section of
bismuth, o (%), increases with increasing photon energy %
until it reaches a maximum value of about 10X10=%*
cm? at about 400 Mev. With the present fit of the aq
data, the o(k) curve indicates a 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 similar behavior, reaching a maximum
value of about 2X107?7 ¢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 de-
termine 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 a(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 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 possibility a little further.
We have seen that the photofission cross sections of
bismuth and gold reach their maximum value at about
k=400 Mev. However, the results of photomeson
production experiments®>® indicate that the peaks of
the cross sections for photomeson production from
nucleons occur near £=300 Mev. Furthermore, the
width of the photofission “resonance” (if we assume
that it is real) is somewhat broader than the corre-
sponding width in photomeson production. These differ-
ences can be explained if we recall that there are several
factors influencing photofission that are not present in
photomeson production from nucleons. First, in photo-
production the motion of the nucleons inside the nucleus
causes a broadening of the photomeson spectrum be-
cause 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,

2D, C. Oakley and R. L. Walker, Phys. Rev. 97, 1283 (1955).

13 Walker, Oakley, and Tollestrup, Phys. Rev. 97, 1279 (1955).
( 14 Walker, Teasdale, Peterson, and Vette, Phys. Rev. 99, 210
1955).

16 Tollestrup, Keck, and Worlock, Phys. Rev. 99, 220 (1955).
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Fi1G. 5. Photofission cross section, o (%), of Bi and Au as a func-
tion of photon energy. These curves were obtained from a
smoothed plot of the data in Fig. 4. The dotted curve was calcu-
lated 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.

the production of high-energy mesons is favored. This
effect therefore causes the resonance to shift toward
higher energies. Possibly most important of all, the
reabsorption of the meson within the nucleus in which
it was created depends on the energy of the meson.
Various experimenters have found!®=? that the absorp-
tion mean free path of mesons in nuclear matter
decreases with increasing meson energy. Therefore, the
absorption of high-energy mesons is favored, which
again would tend to shift the photofission resonance
toward higher energies. Thus, the experimental data on
the photofission of bismuth and gold are consistent
with the interpretation of reabsorption of internally
produced photomesons.

We can use the results of charged-particle-induced
fission experiments to make a rough estimate of the
total photonuclear cross sections of bismuth and gold.
To do this we assume that the ratio of the fission cross
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 fission (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 inelastic cross section for these elements.
Dividing the observed photofission cross sections by
0.15 for bismuth and by 0.04 for gold we obtain total

16 D. H. Stork, Phys. Rev. 93, 868 (1954).

17 Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82,
958 (1951).

18 R. M. Littauer and D. Walker, Phys. Rev. 86, 838 (1952).

19 Panofsky, Steinberger, and Stellar Phys. Rev. 86 180 (1952).

20 A. Shapiro, Phys. Rev. 84, 1063 (1951)

21 K. Button, Phys. Rev. 88, 956 (1952).

22 Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075 and
1277 (1951).

23 R. Martin, Phys. Rev. 87, 1052 (1952).

24 Goldschmidt-Clermont, Osborn, and Scott, Phys. Rev. 97,
188 (1955).
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photonuclear cross sections of about 70X10~%" ¢m? for
bismuth, and about 60X10727 cm? for gold at k=400
Mev. It is interesting to note that if we assume that
the total photonuclear cross sections of bismuth and
gold at £22400 Mev are due either directly or indirectly
only to photomeson production, then we obtain a cross
section of about 80X1072" cm? by simply adding the
total photomeson cross sections of the individual
nucleons in these nuclei.

The similarity of the oq curve for bismuth to the
photostar excitation function per equivalent quantum
obtained by Peterson? is also interesting, and suggests
that the same mechanism might account for both
phenomena.

B. Uranium-238, Uranium-235, and Thorium-232

Since the photofission thresholds for U%8 U5 and
Th?? are all about 5 Mev,?8 it is reasonable to expect
that a large contribution to the photofission 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 o with increasing
energy is much smaller for U%8 U5 and Th?? than
for bismuth or gold. The relative increase of oq with
increasing energy is most pronounced for Th®? and
smallest for U%5 as would be expected, since the effect
of the low-energy quanta is greatest for U5 and
smallest for Th?2.

A second point of interest is that for U?5 the photo-
fission cross section per equivalent quantum is about
1.6 times that of U8 at all energies investigated in this

25V, Z. Peterson, Phys. Rev. 96, 850 (1954).

26 Koch, McElhinney, and Gasteiger, Phys. Rev. 77, 329 (1950).

27 J. M. Blatt and V. F. Weisskopf, Tkeoretical Nuclear Physics
(John Wiley and Sons, Inc., New York, 1952), Chap. XII, p. 583.
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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 U%5 and U%® for low-energy photons,
or the relative fissionability of U5 is greater than that
of U8 at excitation energies of several Mev. Support
for the latter conclusion comes from the data on the
neutron-induced fission of several isotopes of uranium
at neutron energies of 2 to 4 Mev.?® 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.
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