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ABSTRACT
L < . _ . 238 235
We have medsured the total fission cross sections of U s U ¢
Tha32, Bi209, and Aul 97 for high-energy protons. A cancellation-type

ionization chamber was used to detect the fission fragmenta. The cbservad
fission cross sections are compared to the total inelastic cross sections in

order to obtain the relative fission pxcba‘bility as a function of preton energy.
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I, INTRODUGCTION

In recent years several experiments have been carried out in the
general field of high-energy proton-induced fission in heavy elements, 1.2,3.4
Moset of these experiments were designed primarily to rmeasure 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 moniter
calibration. The experiment described here was designed to measure the
2380 02359 Th2329 Biw} 197

cancellation-type fission chamber to detect the ionization produced by the

total fission ¢cross sections of U ,» and Au o uging a
fission fragments, I was considered of interest to compare these figsion
cross sectione with the total inelastic proton cross sections for the above
elements in order to determine 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 California Radiation Laboratory. The

cross sections were measured in the energy region from 100 to 340 Mev,



-4~ UCRL-3106

II. APPARATUS

A, Fiession Detector

A canceliation-type jonization chamber of 2w gecmetry 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 Klaibevr, 3 and was
indeéendently suggested by Clyde Wiegand and used by John Jungerma.nl for
charged~particle fission studies. Aas shown in Fig. 1, it consisted of three
electrodes, A, B, and C, arranged so as to. form two adjacent parallel-plate
fonization chambers of approximately equal capacitance, The spacing between
the clectrodes was 4.5 centimeters, and under usual operating conditions
plate A wae operated at zero potential, plate B at about +1500 volts, and
plate C at about + 3300 volts, Electrode B, which served as the high-voltage
electrode of chamber B-C, was coupled by means of a 100uuf capacitor to
the grid of the first tube of a preamplifier. 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 equat amounts of ionization in both theae regions
if care was taken to make the electrodes as thin as possible., The high-
voltage electrodes were therefore made out of 140 u.g/cmz 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, ag that under
optimum conditions almost complete cancellation of the pulses caused by the
beam ionization 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 o 9 cm,6 8o that most 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 background pulses
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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 fissionable sample. The number of
background beam pulaeé remained quite constant for a given beam intensity at
a given energy, apd thus could be subtracted with good reliability. The number
of ‘auch-background pulses was less than 1 percent of the number of fission
pulses for U238, U?3%, and Th?32, less than 10 percent of the number of
bismuth figsion pulses, and less than 25 percent of the number of fission pulses
from gold for all proton energies.

’I'he signal from the preamplifier wae 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 at 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 obtained at each point. {(See Fig. 4.} The truve
‘counting rate was obtained by extrapolating this curve to zero bias.

. The pulses recorded as fission pulsee in this experiment were observed
to have the same form and magmtuue as slow-neutron-induced fission pulses.
Such pulses weze observed with the above-descrzbed chamber when a Po-Be
source encased in paraffin was placed a.djacent to the fission chamber with

the 02'35 aa.mple m 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. 78,9

The thickness of each sample was determined by both

alpha counting and weighing whenever possible, and by weighing cm'ly‘for
bismuth and gold. To check for uniformity in alpha-active samples all but

a 0.75-cm2 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 regione on the surface of each
sample, The alpha aciivity in all cases was -found to be uniform to within

4+ 3 percent. For 0238

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 ghowed agreement, within the
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'experimental error of 3 percent, with the thicknesses as determined by alpha
counting, All the targets used ranged in thickness from 0.6 to 1,1 mg/cmz, :
In order to correct for sample thicknesé effects, thinner samples of U2389
Th, Bi, and Au were also prepared. These samples ranged from 0.} to
0.4 mg/’cmz in thickness, Cross sections were measured by uéing these thin
samples at a proton enexgy of 336 Mev., These results were cormpared with
the cross sections as measured with the thicker samples. In thiz way sample-
thickness correcticn factors 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 experiments ranged between 8 and 14 percent,
C. Beam Monitor _

The beam was ronitored by a .parél.lel—plate ionization chamber filled

with one atmosphere of argon. This method of monitoring the beam is described
in detail by Chamberlain, Segré, and Wiegand. 10 The accuracy of the beam
calibration using the above method is estimated to be = 3 percent.

I, EXPERIMENTAL METHOD

A, Arrangement

The general experimental arrangement is shown in Fig, 5. The
high-energy protons were magnetically defiected 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 pz'obable energy spread about the mean of less than
1 percent. 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 scattering effects
could be kept smali, thus keeping the beam intensity as high 25 possible. The
current to the focusing magnet was then adjusted so as to guide the reduced-
energy particlés down the 48-inch collimator, The steering magnet also acted
as a momentum selector, and thus reduced the energy spread in'troduced by
range straggling in the zbsorbers. Upon entering the cave the beam first
passed through the monitoring ionization chamber (No. 1) and then through the
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‘fission chambér, The beam next passed through a variable coppe¥ absorber
and finally through a second ionization chamber (No, 2), From the ratio of
the charge collected in ion chamber No, Z to the charge collected in ion
chamber No, )}, with various amounts of copper absorber in between the
chambers, & Bragg curve was obtained, and hence the energy of the beam
could be determined.

B. Procedure

i, Aligpment

The alignment of the fiesion 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

+1500 volts, If this voltage was changed to 1000 volts {with a simultanecus
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 statistics, Conversely,
when the voltage on B was increased to + 2000 volts, the slope of the bias curve
decreased but the end point was still unchanged, (See Fig. 4.) Unfortunately,
when the voltage on electrode € was set at values above 4000 voits, occasional
spark breakdowns cccurred whic:h"reegistered as fission pulses., We therefore
decided to operafze elactrodes B and C at + 1500 and +3300'volt:s respectively,
3. Pile~up of Fiasion Pulses

The 184-inch synchrocyclotron has a repetition rate of 60 pulses per
second, and cach pulse of the scattered beam has a'durét_ion of 20 microseconds.
These 20-microsecond pulses have a radiofrequemcy.fine structure; however,
this fine ggructure is of no impoftance to us, since the resolving time of the
electrenic equipment used in conjunction with the fission chamber was 5 micro-
seconds. In order to keep the loss of fission events due to pile-up of fission
pulses to less than 1 percent, we chose the beam intensity so as to give less
than 300 fiscion 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 2 curve is shown in Fig. 6. No change was observed in
either the total number of ocbserved fission pulses or the shape of the integral
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bias curves when the clipping time of our amplifier was changed from 5 micro-
seconds to } microsacond.
4. Gating of Scalexrs

In order to mininize the effects of pulses dues to elecirical disturbances
in the cyclotron building, an electromic 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 elecironics when the gate was
not used, In order to insure that no fizeion counts were being lost because of
tae gating procedure, the gating circuit could be switched 20 as tc allow the
sczlers to count only during the time that the beam was not  on. . No counts
above background were ever observed. '

5, Geometry of the Fission Chamber

The geometry of ithe 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 alphe standard was about 1.25% inches,
which was approxzimately equal to the beamn size at the targets when the chamber
was used at the cycioérono 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 otrictly that of flat parallel |
plates, it wasg found that 1.5 2 0.5 percent fewer counts were cbsexved in the
fission chamber. This ie presumably because the ladder-shaped frame would
position the sample approximately 1/32 inch behind electrede A, Hences, the
effective solid angle was slightly less than 2 v steradians,

6. Neutrons

The neutron contamination of the beam was checked by placing
eufficient copper absorber to completely stop the proton beam imme&iately
in front of the fissien chamber. This check probably overestirnated the neutron
contamination, because of the additional neutrons produced by the protons in
the copper absorber. In any case the fissioning effect of these neutrons was
less than 1 percent of the proten-induced fission rate for all 5&mplea axcept
UZ%O For QE’.E}S '

7, Momentum Transfer to Struck Nucleus

this effect was approximately 2 percent,

The useal orientation of the fission chamber was chosen in such a way.
that the figsion fragments were cbserved in the backward hemisphere with
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respect to the beam direction. Since a fission fragmeat is a rather slowly
moving object {e.g., 2n 30-Mev fission fragment of A = 100 has 8 = 0.04,
where B is the veﬁ@city'dﬁ the fragment divided by the velocity of light), a
small amount of womentumn transferred to the target nucleuws appreciably
distorts the anguiar distribution of the fission fragments in the laboratory
system. For example, if a 340-Mev proton were to transfer all of its
momentum ¢ 2 target nucleus of Uzgg, then the target nucleus, ‘which is the
center-of-mass frame for the {fission Efagm@nw; would have B = 0.0039. ¥
we assume {a} that the {ission fragments are emitted lsotropically in their
center ~of-mass system, and {b) that we have a thin sample, then the motion
of the fissioning nucleus would cause abeout 10 pevcent fewer fragments to
enter the sensitive region of the ionization chamber than when the fission
occurs with the nucleus at rest. In other worde the center-of-mase metion
cauges the effective golid angle available to the detected fission {ragments to
be reduced by 10 percent, when the beam passes threugh the chamber in
the direction C-B-A., On the cther hand, if the orientation of the chamber \
is ABC with respect to the beam divection, 10% more fragments enter the
sensitive vegion of the ionization chamber. However, no increase in the
counting rate is observed, since only one puﬁ@e will be detected, whether it
is caused by only one fragment or by both fragments emitted simultaneousaly.
¥ {a) we have & sample of finite thickness in which a fraction % of
the fragments is seif-absorbed when the fission occurs with the nucleus at
rest, and if (b} there is 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-n-£. On the other hand, if the
beam dirvection iz AB’Cs this fraction ig approximately 1 - 4+ £ - é% for
D<€ <2y, and 1 for &€ »2%, In this oxperiment we had € < 2q in all cases.
Hemnce, by taking the ratio of the fissions observed when the chamber is
oriented in the direction GBA to the fissions observed when the chamber

ig oriented in the direction ABQC, we can determine §; i.e.,

CBA g2
mo g -

i was noted that at B " = 336 Mev approximately 7 £ 3 percent fewer {issions
were chserved in the backward hemisphere (with respect 1o the beam) than

in the forwavd dirvection. This corresponds to £ = 0.037 = ,011. Since



(%]

=10~ UCRL- 108

_ B {target nucleus)
B (figsion fragment)

2

B {target nucleus) = 0.037 = 0.04 = 0.0615, which implies that on the average
approzimately one-third of the prcton's initial momentum is transferred to
the uranium nucleus. At a pfﬁmn energy of 192 Mev, € = 0.620 = ,012,
which again corresponds to & monentum 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 s‘;&opé 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,

IV.RESULTS

8 35 232 209

. 0%, ™, By
ag a function of proton energy are presented in Figs. 7 through 11. Only

. . 23
The fisaion cross sectiong of U

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 sxperiment: (a) determnination of sample thickness, + 3 percent;
{b) uniformity of sampie thickness over the area of the sample, * 3 percent;
{c} self-zbsorption of fission fragments in the sample material, + 5 percent;
{d} extrapolation to zero bias, + 5 percent; {e¢) momentum transfer to the
tazget nucleus, # 1.5 percent; {f) determination of beam energy, * I percent:
{g} calibration of beam monitor, * 3 percent; (b} geometry of the chamber,

% 0.5 percent. When these errors are compounded, a total systevpatic error
of ¥ percent may ke ascribed to the experiment. The accuracy of the absolute
cross sections may be cbiained by combining the above systematic errors
with the errors due to counting statistics shown in Figs. 7 through 11. '
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V. DISCUIZSION

Upon comparing the ficeion cross sections to the toial inclastic

. . . il .
cross gections a8 measured by attenuation experiments, we find that fox

investigated. A graph of the ratio of the {ission cross section to the total

X 1 : . R . .
and U7 fission is the most probable inelastic process at ail energices

inelastic crpas section as 2 function of proion energy is shown in Fige, 12
and 13, Feor uranivm bombarded by 340-Mev protons the difference between

24

. . . R 2 . en g
the total ineclastic crose section of about 1.75 % 10 em and the fission

. 24 2, . wdd 2 .
ceocs section of 1,35 » 10 cmn  is approximately 0.4 x 10 cwy . This
value is not in disagreement with 2 chemical determination of the spallztion

238 bombarded with 340-Mev protons, 12

cross section of U
The results of this experiment are significantly bigher than those
cbi2ined by one of us (J.A.J.) in an earlier experiment. The reagon 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 reascn for
assuming the sarlier work to be in error iz that it was done with an

lectrically deflected proton beawn which had pulses of about 0.1 micresecond

®

duration, This small-duty-cycle beam created a much larger amount of
ionization iu the fission chamber during the resclving time of the fission
detector than in the newer experiment, These large buvrsts of ionization may
have caused the ion chamber used in the previous experiment to operate
unveliably, ‘

238

The present ¢ross section for U at 147 Mev iz about 12 percent

beilow that obtained by Harding. 2 Chemical investigations of the fissicn
yvields of U£38 when bombarded by 340-Mev protons have been carvied out

by Folger, et al. 3 Upon integrating these yields they find a fissicn cross

24

section of 2.0 x 10° @;m?‘g which is somewhat higher then the result

reported here.

The biamuth fisgsion cross section at 340 Mev 2z measured in this
&4 o 2

&

ezperiment is in fair agreement with the valve of 0.239 % .03 x 10
chitained by Biliaré by integration of the fission yields.
The following conclusions may be drawn from this experiment:
{a} The high-eunergy fission cross sections of uranium seewm to be

235 238

independent of whether U or U ie used,
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(b} The relative fiseion probabilities as well as the fission cross
sections seemn o decrease strongly with decreasing atomic number.

(e} The figsion cr0oss sections of uranium and thorium seew $0 be
- fairly constant a5 a function of proton energy in the energy region of 100 to
340 Mev,

{d) Om the average approximately Onﬁe_-third._' of the proton’s inftial
momentum is transferred to the fissioning nucleus at proion enervgics of
190 and 340 Mev,
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Figure Captions

¥Fig. 1, Schematic drawing of ‘the cancellation-type icnization chamber used
to detect the fission fragments, | ’

Fig. 2, Phoi:og?zi’aph ghowing ty'pi'cal pulses observed in &n oscilioscope 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 volte, B = 1500 voltg, C = 1750 volts; beam pulse largely
uncancelled
{b) A = 0 volte, B = 1500 volts, € = 3000 voits; beam pulse almost
cancelled
fe) A = 0 volts, B
{(d) A =0volts, B

1500 volts, C = 3290 volts; minimmum beam signal

H

{l

1500 volts, C = 4500 volts; beam pulse reappears
with opposite sign, v |
A ficsion pulse on same scale would be approximately 2 em high on
the oscilloscope {full scale ~4 cm),

Fig. 3. Voltage on electrode B (collector} versus veoltage on electrode C
{cancellation) in order to achieve the best possible cancellation of
pulses caused by beam ionization in the fission chamber.

Fig. 4. Integral bias curves for various voltages on the collector electrode
{electrede B), Electrode C was always adjusted to give the best
possible cancellation of beam pulses. {See Fig. 3}).

Fig. 5, Schematic diagram of the experimental axrangement at the cycloizon, °
{The repreaentaéion of the experimental equipment in the cave is not

~ to acale.)

Fig. 6. Counting rate plotted against the reciprocal of the beam intensity.
The oxdinate shows the number of counte observed while the beam
monitor collected ! microcoulomb of charge, The abscissa shows the
time necessary to charge the beam monitor to ! microcoulomb,

238

Fig, 7. Fission cross section of U as a function of proton energy. The

ervors indicated on the points are standard deviations due to counting
statistice only, .

2358 as a function of proton enéx'gva The

Fig. 8, Fission cross section of U
errors indicated on the points are standard deviations due to counting

statistics only.
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9, Ficsion cross section of Th as 2 function of proten energy. The

errors indicated on the points are standazd deviations due to counting
statistics only.,

10. Fission cross sec'cicm of Bi209

as a function of proton energy. The
errors indicated on the points are standard deviations due to counting
statistics only. |

11, Fission croas section of Aum-,

as a function of proton energy, The
errors indicated on the points are standard deviations due to counting
statistice only.

12. Ratic of the fission cross sections o of Uzmﬂ HZSs; and Th

232
to the total inelastic eross section of natural uzanium G, The total
inelastic cross sections were obtained from the data of Malmurn et al.
The shaded regions indicate the limits of error,

197 to the
total inclastic cross section of lead, 0;. The total inelastic cross

1 phe shaded

£3. Ratio of the fission cross sections ¢ £ of Bimg and Au

sections were obtained from the data of Millburn et al,
regions indicate the limits of erzor.

11
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