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We have measured the total fission cross sections of U%8, U%5 Th*? Bi2®, and Au’ for high-energy
protons. A cancellation-type ionization chamber was used to detect the fission fragments. The observed
fission cross sections are compared to the total inelastic cross sections in order to obtain the relative fission

probability as a function of proton energy.

I. INTRODUCTION

N recent years, several experiments have been carried
out in the general field of high-energy proton-
induced fission in heavy 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 ylelds 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 fission cross sections of U8 U5,
Th22 Bi?® and Au'®, using a cancellation-type fission
chamber to detect the ionization produced by the fission
fragments. It was considered of interest to compare
these fission cross sections with the total inelastic proton
cross sections for the above elements in order to deter-
mine how the fission probability changed as a function
of the energy of the incident protons.

The source of protons used in this experiment was the
184-inch synchrocyclotron at the University of Cali-
fornia Radiation Laboratory. The cross sections were
measured in the energy region from 100 to 340 Mev.

II. APPARATUS
A. Fission Detector

A cancellation-type ionization chamber of 2z geom-
etry filled with 1 atmosphere of hydrogen gas was used
to detect the fission fragments. This type of fission
chamber was first used by Baldwin and Klaiber,? and
was independently suggested by Clyde Wiegand and
used by John Jungerman! for charged-particle fission
studies. As shown in Fig. 1, it consisted of three elec-
trodes, 4, B, and C, arranged so as to form two adjacent

* This work was performed under the auspices of the U. S.
Atomic Energy Commission.

1], Jungerman, Phys. Rev. 79, 632 (1950).

2G. N. Harding, Atomic Energy Research Establishment
Report AERE/NR-1438 (unpublished).

3 Folger, Stevenson, and Seaborg, Phys. Rev. 98, 107 (1955).

4+W. F. Biller, thesis, University of California Radiation Labora-
tory Report No. UCRL-2067, January 1953 (unpublished).

®G. G. Baldwin and G. S. Klaiber, Phys. Rev. 71, 3 (1947).

parallel-plate ionization chambers of approximately
equal capacitance. The spacing between the electrodes
was 4.5 centimeters, and under usual operating condi-
tions plate A4 was operated at zero potential, plate B
at about 41500 volts, and plate C at about 43300
volts. Electrode B, which served as the high-voltage
electrode of chamber B-C, was coupled by means of a
100-uuf capacitor to the grid of the first tube of a pre-
amplifier. When equal amounts of ionization were
produced simultaneously in both regions A-B and B-C,
the net signal on electrode B could be made less than
one percent 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 of 140
ug/cm? of aluminum foil. The degree of cancellation
could be adjusted by varying the high voltage on elec-
trode 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 ionization
could be obtained. (See Figs. 2 and 3.) Upon achieve-
ment 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 cm,® so that most
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Fic. 1. Schematic drawing of the cancellation-type ionization
chamber used to detect the fission fragments.

¢ N. O. Lassen, Phys. Rev. 75, 1762 (1949).
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Fi1G. 2. Photograph showing typical pulses observed in an oscil-
loscope 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 volt, B=1500 volts, C=1750 volts; beam
pulse largely uncancelled; (b) 4 =0 volt, B=1500 volts, C=3000
volts; beam pulse almost canceled; (c) 4 =0 volt, B=1500 volts,
C=3290 volts; minimum beam signal; (d) 4 =0 volt, B=1500
volts, C=4500 volts; beam pulse reappears with opposite sign. A
fission pulse on same scale would be approximately 2 cm high on
the oscilloscope (full scale ~4 cm).

of the fragments spent all of their range in the region
A-B; (b) a fission fragment 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-4, so that most of the reaction products made by
the beam in the 0.001-inch aluminum sample backing
were knocked out of the sensitive part of the ionization
chamber. Approximately four times as many back-
ground pulses were observed when the orientation of
the chamber was reversed. 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 fission-
able sample. The number of background beam pulses
remained quite constant for a given beam intensity at
a given energy, and thus could be subtracted with good
reliability. The number of such background pulses was
less than 19, of the number of fission pulses for U8,
U258 and Th?®, less than 109, of the number of bismuth
fission pulses, and less than 259, of the number of fission
pulses from gold for all proton energies.

The signal from the preamplifier was fed into a linear
pulse amplifier that had a clipping time of 5 micro-
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seconds. From there it was distributed into six scalers
whose voltage discriminators were set at 5, 7.5, 10, 12.5,
15, and 20 volts respectively under usual operating con-
ditions. In this way a counting-rate-versus-bias curve
was obtained at each point. (See Fig. 4.) The true count-
ing rate was obtained by extrapolating this curve to
zero bias.

The pulses recorded as fission pulses in this experi-
ment were observed to have the same form and magni-
tude as slow-neutron-induced fission pulses. 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 U%® sample in place.

B. Samples

The samples were prepared by either painting or
evaporating the fissionable materials onto pieces of
0.001-inch aluminum foil. The areas of all samples were
about 2 by 2 inches. The painting technique is described
elsewhere.”® The thickness of each sample was deter-
mined by both alpha counting and weighing when-
ever possible, and by weighing only for bismuth and
gold. To check for uniformity in alpha-active samples
all but a 0.75-cm? 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 regions on the sur-
face of each sample. The alpha activity in all cases was
found to be uniform to within 439%,. For U%# 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 39, with the thicknesses as
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Fi1c. 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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Fic. 4. Integral bias curves for various voltages on the collector
electrode (electrode B). Electrode C was always adjusted to give
the best possible cancellation of beam pulses. (See Fig. 3.)

determined by alpha counting. All the targets used
ranged in thickness from 0.6 to 1.1 mg/cm?. In order to
correct for sample thickness effects, thinner samples
of U%8 Th, Bi,and Au were also prepared. These samples
ranged from 0.1 to 0.4 mg/cm? in thickness. Cross sec-
tions were measured by using these thin samples at a
proton energy of 336 Mev. These results were compared
with the cross sections as measured with the thicker
samples. In this way, sample-thickness correction fac-
tors were determined for the thicker samples. It was
assumed that these sample-thickness corrections were
independent of the energy of the proton beam. The
sample-thickness correction factors used in these experi-
ments ranged between 8 and 149,

C. Beam Monitor

The beam was monitored by a parallel-plate ioniza-
tion chamber filled with one atmosphere of argon. This
method of monitoring the beam is described in detail by
Chamberlain, Segre, and Wiegand.!® The accuracy of the
beam calibration using the above method is estimated to
be 439,

III. EXPERIMENTAL METHOD
A. Arrangement

The general experimental arrangement is shown in
Fig. 5. The high-energy protons were magnetically
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 proton beam was essentially
monoenergetic, with a probable energy spread about the
mean of less than 19,. 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

1o Chamberlain, Segre, and Wiegand, Phys. Rev. 83, 923 (1951).
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that the multiple Coulomb scattering effects could be
kept small, thus keeping the beam intensity as high as
possible. The current to the focusing magnet was then
adjusted so as to guide the reduced-energy particles
down the 48-inch collimator. The steering magnet also
acted as a momentum 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
a Bragg curve was obtained, and hence the energy of the
beam could be determined.

B. Procedure
1. Alignment

The alignment of the fission chamber was checked
with photographic film. These pictures were taken
every time the current in the steering magnet was
changed.

2. Variation of High Voltage on Electrodes B and C

Under usual operating conditions the high voltage
on electrode B was 41500 volts. If this voltage was
changed to 1000 volts (with a simultaneous reduction of
the voltage on electrode C, so that cancellation was
maintained), the slope of the integral bias curve would
increase; however, the extrapolated end point at zero
bias would remain the same within statics. Con-
versely, when the voltage on B was increased to + 2000
volts, the slope of the bias curve decreased but the end
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F16. 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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point was still unchanged. (See Fig. 4.) Unfortunately,
when the voltage on electrode C was set at values above
400 volts, occasional spark breakdowns occurred which
registered as fission pulses. We therefore decided to
operate electrodes B and C at 41500 and + 3300 volts
respectively.

3. Pile-up of Fission Pulses

The 184-inch synchrocyclotron has a repetition rate
of 60 pulses per second, and each pulse of the scattered
beam has a duration of 20 microseconds. These 20-
microsecond pulses have a radio-frequency fine struc-
ture; however, this fine structure is of no importance to
us, since the resolving time of the electronic equipment
used in conjunction with the fission chamber was 5
microseconds. In order to keep the loss of fission events
due to pile-up of fission pulses to less than 19, we chose
the beam intensity so as to give less than 300 fission
counts per minute. This number was 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. No change was observed
in either the total number of observed fission pulses or
the shape of the integral bias curves when the clipping
time of our amplifier was changed from 5 microseconds
to 1 microsecond.

4. Gating of Scalers

In order to minimize the effects of pulses due to
electrical disturbances 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 occasionally electrical transients would cause
spurious pulses to be detected during the S-microsecond
resolving time of our electronics when the gate was not
used. In order to insure that no fission counts were
being lost because of the gating procedure, the gating
circuit could be switched so as to allow the scalers to
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count only during the time that the beam was #of on.
No counts above background were ever observed.

5. Geometry of the Fission Chamber

The geometry of the fission chamber was tested by
placing an alpha standard in place of one of the fission-
able 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 comparison 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 1.54:0.59%, fewer counts were observed
in the fission chamber. This is presumably because the
ladder-shaped frame would position the sample ap-
proximately g% inch behind electrode 4. Hence, the
effective solid angle was slightly less than 2 steradians.

0. Neutrons

The neutron contamination of the beam was checked
by placing sufficient copper absorber to completely
stop the proton beam immediately in front of the
fission chamber. This check probably overestimated the
neutron contamination, because of the additional neu-
trons produced by the protons in the copper absorber.
In any case, the fissioning effect of these neutrons was
less than 19, of the proton-induced fission rate for all
samples except U%®, For U5, this effect was approxi-
mately 29,

7. Momentum Transfer to Struck Nucleus

The usual orientation of the fission chamber was
chosen in such a way that the fission fragments were
observed in the backward hemisphere with respect to
the beam direction. Since a fission fragment is a rather
slowly moving object (e.g., an 80-Mev fission fragment
of 4=100 has 8=0.04, where 8 is the velocity of the
fragment divided by the velocity of light), a small

T T T T
15+ I 1
. 1
3 I i #Y g« 32 T b
k]
% Lo b
»
e
P-4
=
Z o5} 4
b ul!!
o] L L L L
100 150 200 250 300 350

PROTON ENERGY (Mev)

F16. 7. Fission cross section of U%8 as a function of proton
energy. The errors indicated on the points are standard deviations
due to counting statistics only.
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amount of momentum transferred to the target nucleus
appreciably distorts the angular distribution of the
fission fragments in the laboratory system. For example,
if a 340-Mev proton were to transfer all of its momen-
tum to a target nucleus of U%8 then the target nucleus,
which is the center-of-mass frame for the fission frag-
ments, would have 3=0.0039. If we assume (a) that the
fission fragments are emitted isotropically in their
center-of-mass system, and (b) that we have a thin
sample, then the motion of the fissioning nucleus would
cause about 109, 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 the effective solid angle
available to the detected fission fragments to be reduced
by 109, when the beam passes through the chamber in
the direction CBA. On the other hand, if the orienta-
tion of the chamber is 4 BC with respect to the beam
direction, 109, more fragments enter the sensitive
region of the ionization chamber. Here, though, no
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Fic. 8. Fission cross section of U5 as a function of proton
energy. The errors indicated on the points are standard deviations
due to counting statistics only.

increase in the counting rate is observed, since only one
pulse will be detected, whether it is caused by only one
fragment or by both fragments emitted simultaneously.

If (a) we have a sample of finite thickness in which a
fraction 7 of the fragments is self-absorbed when the
fission occurs with the nucleus at rest, and if (b) thereis
a fractional change £ 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—yp—£. On the other hand, if the beam direction is
ABC, this fraction is approximately 1—n-£&— (8/4n)
for 0< £< 29, and 1 for £> 2. In this experiment, we had
£<27 in all cases. Hence, by taking the ratio of the
fissions observed when the chamber is oriented in the
direction CBA to the fissions observed when the
chamber is oriented in the direction ABC, we can
determine £; i.e.,

CBA/ABC=21—2¢+(8/4n).
It was noted that at E,=336 Mev approximately
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Frc. 9. Fission cross section of Th?? as a function of proton
energy. The errors indicated on the points are standard deviations
due to counting statistics only.

T+39, fewer fissions were observed in the backward
hemisphere (with respect to the beam) than in the for-
ward direction. This corresponds to £20.037=40.011.
Since

£=[(target nucleus)/B(fission fragment),

B(target nucleus)=20.037X0.04=0.0015, which implies
that on the average approximately one-third of the
proton’s initial momentum is transferred to the ura-
nium nucleus. At a proton energy of 192 Mev,
£=0.02024-0.012, which again corresponds to a momen-
tum transfer of approximately one-third of the proton’s
initial momentum.

Besides the difference in the number of fission events
observed when the orientation of the chamber was
changed by 180° we also found that the slope of the
integral bias curves was steeper when the fissions were
observed in the backward direction with respect to the
beam than in the forward direction. An effect of this
kind is again consistent with the interpretation that an
appreciable amount of momentum is transferred to the
fissioning nucleus.
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Frc. 10. Fission cross section of Bi*® as a function of proton
energy. The errors indicated on the points are standard deviations
due to counting statics only.
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IV. RESULTS

The fission cross sections of U8, U5 Th*2 Bi?® and
Au' as a function of proton energy are presented in
Figs. 7 through 11. Only standard deviations due to
counting statistics are indicated on the graphs. In addi-
to the statistical errors the following systematic errors
may be ascribed to the experiment: (a) determination
of sample thickness, £=3%,; (b) uniformity of sample
thickness over the area of the sample, £3%; (c)
self-absorption of fission fragments in the sample
material, +5%; (d) extrapolation to zero bias, #-5%;
(e) momentum transfer to the target nucleus, 41.5%;
(f) determination of beam energy, 419%,; (g) calibration
of beam monitor, +3%,; (h) geometry of the chamber,
#+0.5%. When these errors are compounded, a total
systematic error of 9%, may be ascribed to the experi-
ment. The accuracy of the absolute cross sections may
be obtained by combining the above systematic errors
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F16. 12. Ratio of the fission cross sections oy of U8 U5, and
Th?2 to the total inelastic cross section of natural uranium o;.
The total inelastic cross sections were obtained from the data of
Millburn ef al.! The shaded regions indicate the limits of error.
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with the errors due to counting statistics shown in
Figs. 7 through 11.

V. DISCUSSION

Upon comparing the fission cross sections to the
total inelastic cross sections as measured by attenuation
experiments,** we find that for U8 and U fission is
the most probable inelastic process at all energies
investigated. A graph of the ratio of the fission cross
section to the total inelastic cross section as a function
of proton energy is shown in Figs. 12 and 13. For
uranium bombarded by 340-Mev protons  the dif-
ference between the total inelastic cross section of
about 1.75X10* cm? and the fission cross section of
1.35X 107 cm? is approximately 0.4X 102 cm?. This
value is not in disagreement with a chemical deter-
mination of the spallation cross section of U%® bom-
barded with 340-Mev protons.!?
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F1c. 13. Ratio of the fission cross sections oy of Bi2® and Au®?
to the total inelastic cross section of lead, o;. The total inelastic
cross sections were obtained from the data of Millburn ef al." The
shaded regions indicate the limits of error.

The results of this experiment are significantly higher
than those obtained by one of us (J.A.J.) in an earlier
experiment.! The reason for this discrepancy is not
entirely clear. However, we believe that the results
given here are correct and the old ones in error; a
possible reason for assuming the earlier work to be in
error is that is was done with an electrically deflected
proton beam which had pulses of about 0.1 microsecond
duration. This small-duty-cycle beam created a much
larger amount of ionization in the fission chamber
during the resolving time of the fission detector than in
the newer experiment. These large bursts of ionization
may have caused the ion chamber used in the previous
experiment to operate unreliably.

The present cross section for U®8 at 147 Mev is about
129, below that obtained by Harding.? Chemical in-

1 Millburn, Birnbaum, Crandall, and Schecter, Phys. Rev. 95,

1268 (1954).
2 M. Lindner (private communication).
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vestigations of the fission yields of U%8 when bombarded
by 340-Mev protons have been carried out by Folger
et al® Upon integrating these yields they find a fission
cross section of 2.0X1072* cm?, which is somewhat
higher than the result reported here.

The bismuth fission cross section at 340 Mev as
measured in this experiment is in fair agreement with
the value of 0.2394-0.03X10% cm? obtained by Biller*
by integration of the fission yields.

The following conclusions may be drawn from this
experiment :

(a) The high-energy fission cross sections of uranium
seem to be independent of whether U%% or U%8 js used.

(b) The relative fission probabilities as well as the
fission cross sections seem to decrease strongly with de-
creasing atomic number.

(c) The fission cross sections of uranium and thorium
seem to be fairly constant as a function of proton energy
in the energy region of 100 to 340 Mev.
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(d) On the average approximately one-third of the
proton’s initial momentum is transferred to the fission-
ing nucleus at proton energies of 190 and 340 Mev.

VI. ACKNOWLEDGMENTS

We wish to thank Professor Emilio Segre for suggest-
ing this experiment, and for his continuous interest
during the course of the experiment. Thanks are also
due to Professor Owen Chamberlain and Dr. Clyde
Wiegand for their helpful suggestions and for interesting
discussions. The samples were prepared and analyzed
with the cooperation and help of Daniel J. O’Connell,
Larry Williams, and Richard Sinnott. The help of
Donald Keller, John Baldwin, David Fischer, and
James Simmons during the runs is also greatly appreci-
ated. Finally, the entire cyclotron crew under the direc-
tion of Mr. James Vale is to be thanked for their smooth
operation of the cyclotron.

PHYSICAL REVIEW VOLUME

101,

NUMBER 2 JANUARY 15, 1956

Calculations on the Cascade Theory of Showers*
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The solution of the cascade equations, obtained previously by
Bhabha and Chakrabarty, is rearranged in a form suitable for
numerical calculations. Although the solution is still in the form of
an infinite series, the first term alone gives practically the entire
contribution to the number of particles in a shower for all values of
the energy of the shower particles. The results are compared with
the values given previously by Bhabha and Chakrabarty and also
by Snyder. The defects in the analysis of Snyder are discussed.

Values of N(E,f), the total number of particles in a shower
having energies greater than E, are obtained for different values

I. INTRODUCTION

HE development of the theory of cascade showers

has been made by various authors at different
times after the original works of Bhabha and Heitler!
and Carlson and Oppenheimer.? An accurate estimate
of the number of shower particles or photons and of
their energy spectrum is very important for the inter-
pretation of the different results of observations. In
previous papers the solution of the cascade equations
has been obtained by Bhabha and Chakrabarty® in the
form of an infinite series, and it was shown that the

* This work forms a part of a research project financed by the
Department of Atomic Energy, Government of India, and we are
indebted to the Government for the financial support.

1H. J. Bhabha and W. Heitler, Proc. Roy. Soc. (London) A159,
432 (1937).

2 J’} F. Carlson and J. R. Oppenheimer, Phys. Rev. 51, 220
(1937).

3H. J. Bhabha and S. K. Chakrabarty, Proc. Roy. Soc.
(London) 181, 267 (1943), hereafter denoted as (A); Phys. Rev.
74, 1352 (1948), hereafter denoted as (B).

of E, t, and Eo. By the evaluation of a single integral it is now
possible to obtain the values of N(E,#) for any value of E in the
entire range (0,E), and also the nature of the energy spectrum
of the shower electrons at different depths. Asymptotic values to
which P(E) and N(E,f) merge, when E tends to zero and
infinity, are derived from the general expression. It is shown that
the values of No(#)+N2(¢), derived previously by Bhabha and
Chakrabarty, is a fair approximation to the value of N(E,) if
we take E=2mc?.

first term in the series solution alone gives the major
contribution. The subsequent terms are of importance
only at large thicknesses and at the tail end of the
shower where their contribution is mainly to the number
of electrons whose energy is much smaller than the
critical energy, a region where the cross sections for the
radiation loss and pair creation are not well represented
by their asymptotic forms assumed in the analysis.
Thus the subsequent terms in the series are negligible,
except in the region where the basic physical assump-

- tions are not precise. The rate of ionization loss assumed

in the analysis should also be modified in that region,
which will again considerably reduce the number of
particles in the actual shower. It was thus suggested
that the figures given in (B) were sufficiently accurate
unless improvements could be introduced in the basic
physical assumptions made in deriving the cascade
equations. Snyder* has modified the previous calcu-
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