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THE SPECTRA OF PARTICLES EMITTED FROM HEAVY ELEMENTS
BOMBARDED BY 31-MEV PROTONS '

George J. Igo

Radiation Laboratory, Department of Physics,
University of California, Berkeley, California

June, 1953

ABSTRACT

The energy distributions of inelastically scattered particles
emitted by thin foils of Sn, Ta, Au, and Pb when bombarded by 30.7
Mev protons have been measured at five scattering angles. The spec-
tra of inelastically scattered charged particles from the four elements
at each deflection angle are quite similar in shape and in magnitude,
and the peaks of the distributions fall at higher energies at small scat-
tering angles. The angular distributions are strongly peaked forward.
These results are in qualitative agreement with a nucleon-nucleon type
process occuring on the rim of the nucleus. "The inelastically scattered
particles are mainly protons.

The differential cross section for elastic scattering is in agree-
ment with an opaque-sphere model for the nucleus.

The distributidn of energy losses of 30. 7 Mev protons passing
through a thin absorber has a full width at half-maximum of 50 percent
and a high-energy tail, bin agreement with the theory of Landau 5 and
Symon. 46 A method has been developed to narrow the full width of the

distribution to 35 percent and to eliminate the high-energy tail.



I. INTRODUCTION

A great amount of work has been done in recent years to investi-
gate the forces of the nucleus. The evidence gathered from nucleon-
nucleon scattering, meson production by nucleons and photons, and
meson-nucleon 'scattering experiments has given a concept of the forces
between elementary particles. This concept must be compatible with
the results of nucleon-nuclei scattéring experiments. Also the scat-
tering of nucleons by complex nué¢lei leads to models for the nucleus.

- Evidence for nuclear models comes from measurements of the
total neutron cross sections of nuclei. They have been investigated at
14 Mev', 25 Mev?, 40 Mev>, 84 Mev?, 95 Mev®, and at 270 Mev®' .
Measurements at 90 Mev showed effects interpretable in terms of nu-
clear transparencyS, while measurements at 25 and 14 Mev can be
interpreted in terms of an opaque nucleus. In order to account for the
neutron cross sections over the full energy range from 14 Mev to 270
Mev, Jastrow9 and Roberts assume that the density of nucleons in the
nucleus is uniform within a region whose radius increases roughly as

A1/3. Outside this core, however, a diffuse region exists in which the

~nucleon density falls off in a distance approximately equal to the range

of nuclear forces. At m.od'era.tely low energies the diffuse tail is opa-
que. For light elements the increase in cross section due to the tail
is larger, relatively, than for heavy elements. At higher energies
the diffuse tail does not contribute appreciably to the cross section,
and the cross section remains flat. Another effect of the diffuse re-
gion is destruction of the diffraction pattern in the elastic cross sec-
tions of the light elements, though only blurring slightly the diffrac- '
tion patterns of the heavy elements.

Evidence for the shape of the nuclear well comes from measure-
ments of the momentum distributions ‘of the nucleons. The momentum
distributions of nucleons in carbon, deuterium, and oxygen nuclei have
been inferred from the energy distributions of the protons obtained at

various angles when 340 Mev protons are incident on these nuclei.



Protons obtained from carbon and oxygen have energy spectra that are
consistent with the use of a Gaussian nucleon momentum density distri-
bution having a 1/e value corresponding to a nucleon energy of 16 % 3
Mev. ' :
‘ The energy levels of llght nuc1e1 have been 1nvest1gated through
the inelastic scattermg of protons on these nuclei. 13-32 " The experl-
'ments have been done at moderate energles (5 to 32 Mev) and are
limited to 11ght nuclei where the coulomb barrler is not too h1gh for
de - excitation of the nucleus by charged='@art1c1e em1ssmn to compete
. favorably with neutron emls sion, ,

In order to study the heavy elements, the 1ne1ast1c scatterlng of

34-39 Graves and Rosen33 have studled

_neutrons has been observed ,
the neutron inelastic energy spectra from Al Ag, and Bi bombarded
‘with 14 Mev neutrons They f1nd the number of emitted neutrons per
unit energy 1nterva1 appears to be Maxwelhan 1n the reg1on 0. 5 to 4.0
Mev, which is in agreement w1th the statlstlcal theory of the compound
nucleus. ‘_m In developmg the stat1st1ca1 theory of nuclear reactions the
assumption is made that the mode of dlslntegratlon of the compound
nucleus depends only upon the exc1tat1on energy and angular momentum
and is 1ndependent of the method of formation. This 1mp11es that the
neutron spectra from (p,n) reactlons should not dlffer apprec1ab1y _
from the energy d1str1but10ns of neutrons from (n n) processes, pro-
vided the compound nuclei and their exc1tat10n energ1es are the same
Gugelot4l, using 16 Mev protons, has measured the temperatures of
residual nuclei as a function of the atomic number.. The temperature
of the nucleus resulting from a (p, n) event is compared with the te'mp-
erature of the same residual nucleus formed by an inelas_tic neutron
event at 14 Mev measured by Graves and Rosen. It is found that the
temperatures are in agreement

~ According to the statistical theory, the 1ne1ast1c scattermg of
protons from heavy e]lements at 32 Mev would be small because the -
high_coulomb barrier makes de-excitation by neut_ron"emi'ssion most

probable, At 90 degrees the .differentia]. cross section for Pb would

’
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be about 1 millibarn. 'Britten3z measured the differential cross sec-
tion of Pb and found it to be considerably larger than this. Further-
more the 'ihelastic scattering spectra were fairly flat and did not
show a Max\wellian distribution with a peak at the energy correspond-
ing to the nuclear temperature. The work described here is a further
investigation of the charged particles emitted by heavy elements when

bombarded by 30.6 Mev protons.
II. DESCRIPTION OF THE EXPERIMENT

The linear accelerator accelerates a beam of protons to 30.7
+

e _ 2 : _
cluded in an area of less than 1/4 inch by 1/4 inch as it leaves the

Mev and a small number of H, ions to 15. 4 Mev. The beam is all in-

linear accelerator, Alva.r’ez42 has shown that under certain operating

conditions it has a RMS energy width of less than 100 Kev. In order to
ot
2

placed at the exit end of the linear accelerator and the 30.6 Mev pro-

elimAin.a._t.ev the H, ions from the beam, a thin stripping foil ;(Fig.. 1) is
ton beam is deflected through 20 degrees by a steering magnet. The
stvll'ipping foil is necessary becausé the HZ ions and the 30.7 Mev pro-
tons have the same Hp value. The beam is clipped to 1/4 inch by 1/4
in‘cvh..b'y the second collimating aperture. It passes through a three
carbon disc collimator designed to remove protons that have suffered
energy degradations in slit perllé't‘rat'ions., The pr.otcons pas s through a
thin Vtarget foil on the central axis of the scattering chamber and then
into a,vFaraday' cup whiéh monitors the beam. (Figurela),

The counters are mounted on a table inside the scattering cham-

- ber. (Fig. 2b). The table can be rotated by means of a selsyn drive

mechanism which can be controlled in the counting area. The target
mechanism is also remofely controlled. The scattering chamber is

e_vacuated during the experiment. Target-in and target-out runs may

be made interchange?'ably,ﬂ and the tafget may be selected from a group

of five targets without breaking the vacuum. During a 144-hour run,



in which one-half the data were obtained, it was not necessary to open
the scattering chamber. Therefore an optimum use:.of the prbton beam
could be made. _

It was necessary to measure the energy and determine the types
of particles emitted by thin foils made of hevavy elements. Counters
were preferred to plates or cloud chambers because of the necessity
of meas'urihg a large number of spectra. The final data involved
twenty spectra, each of about three thousand measured particlés.
Several detection methods measure momentum with a magnetic field
and one other quantity such as the time of flight, energy, range, or-
specific ionization. Because of the bulk of the magnet it seemed de-
sirable to use other methods. The combination of specific ionizatlion
and range necessitate the examination of a group of particles with small
range differences. The measurement of energy and. specific ionization
seemed the best because partlcles of all energies from the lowest ob-
servable to 30. 7 Mev may be examined s1mu1taneous1y Thus the in-
formation can be taken at an optimum rate. In some of the work, small
energy intervals were examined because it wag necessary to pulse
height analyze the specific ionization pulses of the particles in this ener-

gy interval, but in later work a pulse—heighf a,nalyzér was used to ob-
tain the energy spectra. o

To increase the counting rates, thick tar.‘gets are desirable. The
thickness is limited by the multiple scattering suffered by the photons
passing through the target. The root mean square Iangle of multiple
scattering was kept small enough to insure that the proton beam would
all be collected in the Faraday cup. A second limitation on the thick-
ness of the target is the.requirement that the lowest energy heavy par-
ticles emitted by the target should not lose a large fraction of their |
energy in the target. Preliminary experiments indicated that there
were no heavy charged particles emitted by the targets with energies
of less than the order of the Coulomb barrier heights, or about ten Mev

on the average for the elements examined. ‘The ta'rgets were thin enough



so that 10 Mev protons would lose less than two Mev in the target. This
introduces an uncertainty of this amount in the Coulomb barrier cutoff
energy in the obse.rved spectra.

The counter -telescqpé cohsisted of three proportional counters,
which would. give an accurate measurement of the éverage specific ion-
ization, followed by a scintillation counter. In the following discussion,
the three proportional counters are referred to as a '"triproportional '
counter". (Fig. 2b). - _

A particle, in order to be counted, must pass through the thin

triproportional counter, which thereupon registers a pulse whose height
is linearly proportional to the specific ionization of the particle. The
particle stops in the scintillation counter where it registers a pulse
height linearly proportional to the energy and independent of the type

of the particle. 43 The observation of these quantities yields the ener-
8y and the mass of the particle which.has passed through the counter
telescope. The counter data were analyzed by electronic and photo- -
graphic methods. Final results are expressed in the form of energy
spectra. Data were collected at six scattering angles in the investi-

gatibn of each of four heavy elements.
III. THE PROTON BEAM: METHOD OF USE

Collimation
The method of collimating the beam is described in Section II.

The collimator mentioned there consists of a 1/8-inch drilled carbon
disc followed by two 3/16 -inch drilled carbon discs spaced a foot apart
on a common axis. The collimation of the beam is done by the 1/8-inch
disc. The other carbon discs remove scattered particles from the beam.
_ The collimating system is identical to that used by Benveniste and
,Cork’44 in their investigation of scattering in helium. Figure 3 shows

the helium range spectrum at a scattering angle of 30 degrees. The
particles lying b etween the elastically scattered alpha peak and the

elastically scattered protons could be due to beam contamination. If



this were so, then an appreciable part of the 15 and 30 degree inelastic
‘scattering spectra observed in the present work (Fig. 6) could be due A
to beam contamination. The contribution to the differential cross sec-
tion at angles larger than thirty degrees would be small, because the
ratio of inelastically to elastically scattered particles increases with

the azimuthal angle.

Alignment of Equipment '

' To align the equipment, the collimator (D, Fig., 1) is first-re-
moved by lifting it into another section of the collimator houéing, The
position of the uncollimated beam is determined at the rear of the scat-
fering chamber by burning a spot on a piécé of glass which is placed bé-
tween the scattering chamber beam exit and the integrator H. The beam
line is defined by the aperture C and the beam spot. The integrator is
removed from the equipment after first letting the collimator and scat-
tering chamber 'up to atmospheric pressure. Next a transit is aligned
a']lonlg the beam line. The collimator D is dropped back into position
and aligned along the beam line. The scattéring chamber beam entrance
and exit ports are similarly aligned. The scattering tablc; is run around
to 180 degrees, the triproportional counter is removed and the scintil-
lation counter is checked for alignment. The triproportional counter is
replaced and the system is pumped dov‘vn.., .As 'a>check on the alignment,
a piece of glass is placed in one of the target positions and lowered in-
to beam position. After a short exposure, if the system is properly

aligned, a well defined brown spot is made on the glass.

Integration

The beam was collected in a Faraday Cup* with a'1-1/2 inch open-.
ing to minimize losses from ml_ﬂtiple scattering. A permanént magnet lo- —
cated at the opening preventéd entry of ionization electrons from the tar-

get, and another permanent magnet located back of the opening prevented

* The Faraday cup was designed and made by Gerhard Fischer. -
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secondaries formed in the Faraday cup from escaping. The cup is con-
nected by a coaxial cable to a capacitor calibrated to within 0.1 percent.
The capacitor volta‘ge was read by a feedback electrometer circuit

W.h'iC})). makes the effective cable capacity negligibly small.: The electro-

meter output was recorded on a Leeds and Northrup recording milli-

voltmeter.:

‘Beam Intensity

The beam inténsity was limited by several factors. The first of
these was the ac_éidental counting rate, which should not be larger than
the real counting rate. Since a.~_fourfold. coincidence was demanded in
pr'dexl"for 'a‘_'particle to be counted as coming from the target, this did
not limit the counting rate. Pile-up in the individual counters was held
to two percer_lt', The limiting factor wéé the fluctuation of the base line
in thé linear amplifiers. The linear émplifiers tend to undershoot when
lafge pulseé are fed‘,ih; when the 'countingvra.te is rapid the base line
can be depressed for a considerable perce_ntagve of the time. The count-
ing rafe had to be kept down to minimize the undershoot. The criterion
for the beam intensity was that the elastic peak counting rates before
and after coincidence with the triproportional counter should not differ
by more than four percent. Only a negligibly small number of pulses
"due to particles not originating in the target had pulse heights compar-
able to the elaétically scattered particle pulse height.

In a typical run it was necessary to adjust the beam flux with the
pre-steering magnet collimator (A, Fig. 1) so that the total counting
rate due to all heavy, charged particles in each counter vs}as two counts
per beam pulse (approximately 300 microseconds). The magnitude of
the beé.m flux depended on the scattering angle under observation. At
large 's‘ca,ttering angles the average current was about 10—9 amperes;

‘at an angle of thirty degrees, about 5 x _10-,'11°

On days when the linear
.accelerator beam flux was large, the backward angles were obtained;
and, conversely, the forward angles. In this manner, practically all

the obtainable beam _could be used.
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3
- Beam Energy -

. The range of the protons. from the 11near accelerator in alurnmum
was measured. - An aluminum absorber 1025 m1111grams per cm2 th1ck
(over 90 percent of the range of a 30 Me.v_pr,ot_on) was -placed inside the
Faraday cup manifold at a distance.of two.inches vf,rcr_n the_ Faraday cup
opening to minimize multiple scattering corrections. A pcsitiue ,volt-
age of two hundred volts was placed on the absorber to prevent ioniia-
tion electrons from entermg the cup. OutS1de the manifold a- varlable
absorber ranglng from. 0 to 1000 m1111grams per cmZ of aluminum could
be placed in the beam. The energy of the beam was found to be 30.7 %
0.6 Mev. o The steerlng magnet current meter readmg was noted In .
exper1menta1 runs, small correct1ons to this value could be made if the
vsteermg magnet current Was shghtly different from its value when the
measurement was made The magnetlc f1e1d wa.s assumed to be 11near1y |

dependent on the magnet current for small changes in the current readmg.

3

IV." THE COUNTERS -

The Scintillation Counter

The sc1nt111at1on counter consists. of a. 3/8 1nch by 3/8 1nch by 1

_ inch piece of-thallium activated s,_od__1um iodide crystal rnopnt,ed on Lthe

top of a 3/ 8 inch quartz light pipe in the shape of a truncated cone ivt;ith
the base ground to fit the light-sensitive surface. of a 5819 .photomulitplier.
The crystal, light pipe, and photomultiplier l_ig.ht-s'ensit__ibve s_urface were
cemented together with a coldasetting compound which has good light
transmission properties in the visible region of the spectrum, does not
attack sodium iodide, and hardens to give, good tensile strength The
compound-is called Bonder R- 313***. The crystal and light pipe were.
covered with a 1/4 mil aluminum foil to increase the liight'-.cpl‘vllecting ef-

- ficiency. The crystal wass cleaved and mounted in a dry box. It was

* The measurement of the beam energy was made by Byron Wright.

*% The range energy curves of Aron, Hoffman, and. Williams, AECU
663 were used. The Al range curve may be incorrect by 1 percent ac-
cording to Byron Wright, of the University of California Radiation Lab.

*%% Made by Carl H. Biggs Co. Los Angeles, California.
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enclosed in'the photomultiplier h;)using with a dfying agent, phosphorus
pentoxide, and the housing was pumped down to a good vacuum. Under

these conditions a crystal lasts indefinitely. The resolving power, de-
termined from the pulse height distribution of elastically scattered par-

ticles from Pb,; had a full width at half maximum of five percent.

The Triprdijc;rtibnél Counter.

’I"heﬂtr'iproporti‘onal' counteér consists of three cylindrical counter
* units, 3/4 inch in diameter and five inches long, in tandem, preceded
by an identical unit. The dimension perpendicular to the course of par-
ticles scattered from the targetris ‘kept as narrow as possible to allow
‘the counter telescope to look at small and large angles of scattering
Wit;hdht'getting.in the path of-the proton beam. The center wires were
clédned with a lint-free ‘cloth and examined under a microscope for
dust particles. ‘The counter was constructed of low vapor pressure
materials, thoroughly outgassed, and filled with-a water-free mixture
of 96 percent argortand 4 percent carbon dioxide. The voltage on the
center wire was 1800 volts during a run. At any time the voltage could
be lowered to 1400 volts, where the pulses from passing particles are
‘barely discernible. Then the pulses from internal alpha sources could
be detected.” The sources are mounted in.collimators which insure that
all the alpha pafticles ‘that enter the active region of the counter are
stopped and so deliver their full energy in-the counter gas. The Landau
effect' discussed in-Section X does not apply because a definite total
energy is imparted to the counter gas electrons by the alpha particle.
The only statistical variations in the pulse height are due to the division
of energy into ionization and excitation. The observed alpha particle
“-pulse distributions had a full width ‘atz half maximum of five percent.
- The number of alpha part‘icILes entering the active region was nec-
, ess‘a’"rilly small, because at normal voltages for counting passing par-
“ticles, they saturate the amplifiers. When this happens the amplifiers
have a dead time of several hundred microseconds, which contribute’s

‘an error to the total cross sections. The first unit is not used for data
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" collection since it ""sees' ionization electrons given off by the entrance
foil. In addition it sees a flood of ionization electrons. originating.in the
target. An investigation of these'electrons was made. They could be
deflected out of the counters with-a small electromagnet, -and the.cross
section for them was found to be of atomic. dimensions. Neither these
electrons nor the ones formed in the entrance window enter the three
units which measure the spec1f1c 1on1zat10n, since the electrons mu1=

tiple-scatter through large a.ngles 1n the f1rst unit.
V. ELECTRONIC ARRANGEMENT

- A-diagram of the electronic equipment is.shown in Fig. 4. Pul-
ses from the triproportional and scintillation counters were clipped
and shaped so that fhey were two microseconds long and reasonably
flat on top. They were suitably amplified by preamplifiers located
close to the counters and by amplifiers located in the eounting area.’
The outputs of the triprdportionai counter amplifiers feed a Rossi-
type coincidence circuit which selects the smallest pulse. The coin-
cidence output was fed into a multichannel integral pulse-height ana-
lyzer. The output of the scintillation counter amplifier was fed into
a single-channel differential pulse-height. analyzer.. The outputs of
both pulse-height analyzers were fed into coincidence circuits.- In.
another channel one output is delayed before coincidence to measure
the accidental counting rate. As a monitor on the single-channel,
pulse-height analyzer output, an integral counting rate was measured
on the pulses in the scintillation counter due to inelastic particles.

An eight-channel differential pulse-height analyzer was instal-
led after the first'run. ‘It was decided to run a check on the data-ob- — .
tained in the previous run.  Figure 5 is a diagram .of the electronic
equipment. The first run had indicated that the spectra were mainly
protons. Therefore the necessity of running discriminator plateaus
on the triproportional counter pulses was eliminated. The tripropor-
tional counter served to determine that a heavy, charged particle had

passed through. The requirement was met by demanding that the
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specific ionization pulse from the triproportional counter be as large as
or larger than that of a 32-Mev proton, and that it be in fourfold coin-
‘cidence as in the previous run.. -The output of the scintillation countef
amplifier fed the eight-channel differential pulse-height analyzer, and
the outputs of the triproportional counfer amplifiers, after passing
through a Rossi-type coincidence circuit, was used to gate the pulse-
height analyzer "on'". The elastic peak counts were monitored before
and after coincidence to insure that the counting rate was not too high.
Accidenté,ls were measured in another channel. As a qualitative check
on the identification of the particles, a photographic method was em-
--ployed to determine the mass of the particles: the specific ionization
is proportional to the mass/energy, so the product of the scintillation
counter and the triproportional counter pulse-heights is proportional
to the mass of the particle. The pulses from the counters were dis-
played on the vertical and horizontal plates of an oscilloscope. The
oscilloscope beam was gated on by the proportional counter output

' since the counting rate was smallest in that counter, The resulting
distributions were photographed (Figure 25). Particles of different

. masses should fall on separate hyperbolae which should be discern-

ible if the particles occur in appreciable numbers.
'VI. ANALYSIS OF THE GEOMETRY

The collimated beam strikes the target in an area of about 1/4
inch by 3/16 inch. The scattered'paf.rticles enter the counter telescope
through a 3/32 inch diameter collimator placed 5-1/2 inches away from
the target. The apertures in the tfiprvoportional counter are 1/4 inch
vinl diameter; in the exit window, 3/8 inch; and in the entrance window
of the s_cintillation counter, 1/2 inch, so as t.o minimize losses due to
multiple scattering. " An orde-r-of-ma.gnitudve calculation shows that
the multiple-scattering loss of protons of thé lowest energy observed,
about 8 Mev, is a few percent. Protons of higher energies multiple-
scatter less, so the correction is small. .

d207/dEd.Q_ was calculated using the following values for the mea-

sured quantities:
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Np number of protons in beam

Nn number of nuclei/cm2 in the target

NAE number of counts/energy channel

n number of protons/coulomb

n grams/cmz intarget

E channel width in Mev .

AL  solid angle observed by counter

Q | charge collected in Faraday cup

Q Avagadro's number. :

A atomic weight of target element 4

0 target angle between the beam line and the normal to the target: 45°
N_ = m%@x—‘& = 9.62x10°%3 /A
N = Qn=CVn=6.35x10°v

2 NAE 1 6 millibarns
d“o/dEd Q= N N? ~ FOo A E = 6.5x10 NAEA/ NV 1oy

VII. .LINEARITY OF EQUIPMENT

As a check on the linearity of the equipment, the spectrum of par-
ticles emitted by "av;ca.rbo‘n 't'a'rget ha'.'slbeen measured. The spectrum is
shown in Fig. 7. The abscissa has been corrected for window absorp-
tion, which ambuntéd tok3_1 mil_ligra,ms/cmz of aliminum. The incident
energy has been measured 30.7 Mev. In plotting the data, 30.7 Mev
was assumed to correspond to the maximum of the pulse-height distri-
bution of the elaétically scattered particles.from,l?b'. The' spectrum is
in good agreement with the spectrum of Levinthal et al. 31 Their mea-

surements were made by exposing emulsions to the scattered pé,r'tiC~1es.
VIII. REPRODUCIBILITY OF DATA

As a check on the reproducibility of -the spectra, spectra of Pb
" at 90 degrees are presented in Figs. 8 and 9. The data shown in Fig.



8 were obtained in October, 1952 with counting equipment which was not
used in subsequent runs. At that time the scattering chamber had not
been placed in the bombardment area, and an older chamber was used.
Because of the small size of the older scattering chamber, the counters
were placed outside, and therefore a larger window correction had to
be made to the energy of the particles. The spectra differ in that the
cutoff energy is higher in the later data (Fig. 9). This is attributable
to the energy spread contributed to low-energy protons by the larger

window absorber in the earlier work.
IX. PROCEDURE

The procedure for an experimevnta.l run usually foliowed the same
pattern. First the position of the beam was determined, and all the
eqﬁipment was aligned with respect to the ;eam line. The procedure
has been described in Section II. ‘

To insure that the counters were functioning properly, the pulse-

‘height distribution of elastically scattered particles from a heavy ele-

ment was examined. If the scintillation counter was functioning pro-
perly, the peak would have a full width at half maximum of about five
Iz;ercent. The triproportional counter unit counter amplifiers were ad-
justed in gain so that the pulses from internal alpha sources were of
equal height in unit counters two and three and 20 percent higher in unit
counter one. These settings had been previously determined by photo-
graphing the Landau distribution from each unit counter and adjusting
the gains so that the peak of the ionization distribution in each counter
had the same height. Another way to check the settings of the linear
arnplifieré was by running pulse-height distributions with the eight-
channel pulse-height analyzer. Both methods gave the same settings
for the linear amplifiers. The electronic arrangement was tested
With.artificvial pulses during the vexp.eriment several times. When data
were to be taken the beam intensity was adjusted so that the counting
rates of elastic particlés before and after coincidence with the tripro-

portional counter output were within four percent of each other, since
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thls was the criterion for the beam intensity (Section II). Individual runs .
varied in length because the cross section decreased in the backward '
directions. The spectra were run several times at any g1ven angle to
minimize errors due to changes in the gains of the equipment or due to
human mistakes. Target-out runs were made at frequent intervals but
no counts in any channels were ohtained. The runs were made for a
predetermined amount of beam flux as rneasured by the charge ,collected -

in the Faraday cup.

X. USE OF PROPORTIONAL COUNTERS IN THE
MEASUREMENT OF IONIZATION

Useful methods of identifying particles of different mass often in- )
volve a rneasurement" of_specific ‘i‘onization and some other p'arameter
such as momentum, v.energy, or range These schemes ‘require a counter
of small stopping power and good proportlonahty to rneaSure the ioniza-
tion. It has often been assumed that a . gas proport10na1 counter admirably
satisfies these requ1rements, ~on the assumption that the stat1stlca1 fluc-
tuations in the energy loss of the particles traversmg the counter are
governed by the statistical fluctuations in the number of ion pairs, as
calculated on the basis of about 25 electron volts per ion pair. Experli
ment and theory of Landau45 and of Symon4:6 in_di_cate‘, hoyvever,that the
fluctuations are Con51derab1y larger. | |

In order to check the Landau and Symon theory, protons of 30.7-
Mev energy from the linear accelerator were scattered elast1ca11y from
2 0.00025-inch Pb target through a tr1proport10nal counter and stopped ‘
in a scintillation counter. Both counters have been described in detail
in Section IV. --The elastic protons were separated by means of a single
channel pulse- helght analyzer fed from the scintillation counter, and
the output of the analyzer was used to tr1gger the sweep of an osc1110-
scope; the tr1proport1ona1 counter pulses after amp11f1cat1on and su1t-
able delay were apphed to the vertical plates. The osc1lloscope screen
was photographed on moving f11m read on a m1crof11m viewer. The
stability and linearity of the system had been shOWn to be rehably good

in previous work.



-18 -

The three amplifiers fed by the triproportional counter were ad-
justed in gain so that the collimated internal alpha-particle sources gave
pulses of the same height. It was assumed that the gains of the three

proportional counters were identical. Since the alpha pulses are well

~ collimated and extremely monochromatic, they lose a definite amount
of energy in the counter and show a well-defined pulse height. Since

‘the geometry of the counters and the alpha sources are identical, any

differences in the gain settings of the linear amplifiers are due to dif-
ferences in the gains of the delay line clippers and the preamplifiers.

However, a check was made on the gains of the triproportional counter,

 and they proved to be very close. Minor é.djustments have been made

in the gains to improve the 'equality in later experimental use of the
counters. v ,

Figures 10, 1l and 12 show graphs of pulses from the three units
of the triproportional counter. The pulse-height distributions have
been observed to be independent of beam intensity, thus indicating

that no significant part of it is due to pile-up. A theoretical curve

- has been computed from the formulas and curves of Symon. Since the

counters are identical, the same theoretical curve applies to all three
units. For comparison with experiment, béth the theoretical curve and
the experimental poiats were plotted on logarithmic graph paper; the
best fit by eye gave scaling factors for both coordinates. - The solid
curves are the resulting theoretical distribution; no additional factors
introducing spread have been folded in. The theoretical values of
average total energy loss and of maximum energy loss by a 30. 7-Mev
proton in a single colli's.ion with an electron are shown. For compari-
son there is also shown a Gaussian distributioﬁ about the average of
the width determined by statistics on the number of ion pairs formed
at 25 electron volts per ion pair. The Gaussian curve is normalized to
the same height as the Landau distribution.

The surprisingly broad distributions with high-energy tails are
due to the non-negligible probability of collisions in which the charged

particle imparts large kinetic energy to the electron. This reduces
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radically the number: of primary collisions, thus increasing the width
of the statistical distribution, and in addition gives rise to the high ener-
gy tail, Note in Figs. 10, 11 and 12 the méximum allowable energy loss
in a single collision is, in this particular case, approximately twice the
average total energy loss of the proton in the counter. This is in sharp
contrast to the very narrow pulse-height distributions that have been ob-
served when the charged particle expends its entire track in the counter.
The statistical fluctuations.are due.only to the variations in the ratio of
energy loss in ionization to energy loss in excitation. i | _
The outputs of the triproportional counter amplifiers feed a Rossi-
type coincidence circuit.  The output of a Rossi circuit is equal to the
smallest of the input pulses if the three pulses are in coincidence. The
smallest pulse was displayed on an oscilloscope triggered, as before, by
the single-channel pulée-height analyzer fed by the scintillation counter.
A graph of 400 pulses is shown in Fig. 13.. The distribution approximates
a Gaussian distribution with a full width at half maximum of thirty five
- percent. The high-energy tail observed in the individual proportional
counter distribution has disappeared and the distribution is narrower.
Such a distribution of pulse can be used in experiments in which the
mass of the particle is to be identified by a measurement of the spec/ific
ionization and one other parameter such as the energy, momentum, or
range. It will be noticed that the average pulse height in the three unit
counters did not fall at the same height. There was about a fifteen per-
cent difference in the ov‘erall-xgains of the three unit counters, which in-
dicates that the gain setting is not critical. . The solid curve is a theo-
retical d.istribution for the smallest pulse. The theoretical curve and
the experirﬁental .data.were plotted on logarithmic graph paper and the
best fit by eye gave scalinig factors for both coordinates. The theoretical
expression for the curve is p' = np (1 - 0‘_(EpdE)nml*, where p is the Lan-
dau distribution for 30. 7-Mev protons-that have passed through a unit

counter, n is the number of times the Landau distribution is measured,

* The expression was derived by Bayard Rankin, of the University of
California Radiation Laboratory.
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and p' is the distribution of the smallest of the n pulses. n in this case
was three. r ‘

It is interesting to note that the narrow distribution could not be
obtained by using a counter with three times the stopping power 'of each
unit proportional counter. A calculation shows the distribution of ener-
gy losses suffered by a charged particle passing through the counter
would be very similar to the distribution from the unit proportional
counters. The narrow distribution is obtained as a consequence of
taking the smallest pulse from the three unit proportional counters.
Effectively the energy loss distribution is sampled three times. Ad-
vantage is taken of the relatively ‘steep rise of the energy loss distri-
bution on the low energy loss side and the gradual fall off on the high
energy loss side, so that the smallest energy loss is quite close to the

most probable energy loss.
XI. RESULTS

Figure 14 shows the energy spectra of particles ‘emitted at 90 de-
grees by thin targets of Pb (A = 208), Au (A =197), Ta (A = 181), and
Sn (A = 120). The distributi.ons centered at 30. 7-Mev are those of the
elastically écattered' protons, and the lower energy components of the
.spectra are the inelastic contribution. Figures 16, 16 and 17 show the
spectra at different angles to the proton beam. The inelastic-scatter-
ing parts of the spéctra of the four elements are quite similar in shape
and in magnitude at each of the five angles. Figufe 19 shows the in-
elastic spectra of Sn at five representative angles. The maxima of
the spéctra shift toward higher energies at smaller angles, and the -
'magnitude of the cross section increases in the forward direction.
'Figures 20, 21 and 22 bear this out for the other element.

All the protons that strike the center of the nucleus, where the
" mean free path is of the order of 1/12 of the Pb nuclear diameter,
should form a compound nucleus. This has been born out experimen-
'tally_ by Ghoshal, 47 who has shown the theory of compound nucleus ap-
plied to reactions at a bombarding energy of 30 Mev. He studied the
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ratio: o{p,n): o{p,2n): o{p,pn) on Cu'63 and -the ratio: o(a, n): o
(a,2n): o{a,pn) on Niéo. The ratios of the cross sections were found
to be equal, giving a direct verification of the theory of compound nuc-

b -

leus. The work of other experimenters has been based on'the as-
sumption that the theory applies at these energies. —Also theor‘e’tical
distributions of particles as predicted by the compound-nucleus theory
differ considerably from the observed spectra.'40 The spectra indicate
that the process is probably a nucleon-nucleon one. The incident pro-
tons which have a De Broglie wave length (A) of 5 x 10’13 -cm; chip nuc-
leons off the periphery of the nucleus. The proton is localized"’we'll

" enough so that:it rn‘a'y interact with single nucleons on the periphe{y;
Jastrow9 has suggested that the work of Richardson et .allo'on:esl'a'stic
scattering and the work of DeJuren and Moyer.48 on the cross. section
for neutrons (described in SectionI) could be interpreted if one as-
sumed the nucleus is surrounded by a diffuse region, of thickness
equal to the range of nucll'e'ar' foi’ces; in which the density of nuclear
matter falls to zero. Such a diffuse layer would bring the results of
this experiment into agreement with the nuclear model. In fact if the
nuclear- density cutoff were very sharp the total cross section for a
nucleon-nucleon event would be of the order of one m1lhbarn»wher_eas
the observed total cross section is about 0.‘3 barns. . _Thé shap.e;.s‘ 'iof

the spectra are in agreement with a nucleon-nucleon type colllis.jqn in
that the maxima of the distributions are located at higher'energiés at
the forward angles. The work of Cladis et al:ﬂ']l on the interaction of
340 Mev protons with ca.rbon has been interpreted by Wolff1 as a nuc-
leon-nucleon type process. The peaks of the spectra are abserved to
shift toward 'l'ov?er"energies atlarger angles. - Also the-neutron spectra
of Hoffman and Strauch‘%?, observed y_vhen 95-Mev‘ pfotohsl interaét
with Pb, Cu, and Al, rise to a maximum at lower energiés for larger
angles. The fact that the inelastic differential cfosé sections (Figs.
14, 15, 16 and 17) are almost the same for the four elements is in agree-
ment with a nucleon-nucleon process, _si'nce the boundary of the nucleus

increases slowly with the atomic weight (A.l/‘3 dependence)_.v 7
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Sources of Error

The expe‘rimental‘ 'points in Figs. 14-18 show the standard errors
“due to statistical fluctuations, The errors were calculated on the num-
" ber of counts in the 'pulse-helght anal;tzer channels, except- for the
‘three lowest of the sixteen channele, for each energy spectrum. In the
three lowest channels there were appreclable accidental counts. Fig-
ure 26 shows a typical spectrum. Curves have been drawn to show
" the counting rate in the‘scintillation‘ counter, the accidental counting
rate, the total count1ng rate, and the counting rate minus acmdentals
No counts were observed in any of the channels in target -out runs. In
the bottom three channels the stat1st1cal error of the subtracted data
was calculated in the normal fash1on

A certain number of the lowest- -energy protons would not be de-
tected because they could mult1ple -scatter into the walls of the counter.
It is estlmated that only a few percent of the lowest -energy protons are
lost.

Another nonstatistical source of error lies in the elastic scat-
tering of protons whose energy has been degraded by encounters with
the collimating apertures. The differential cross section for coulomb
scattering is proportional to l/EZ; therefore these particles scatter
efficiently and would contribute to the inelastic-event spectrum. Slit
scattering of the elastically scattered particles could occur at the en-
trance aperture of the counter telescope, and at forward angles. could
contribute appreciably to the inelastic-event spectra. . It was found
that the slit scattermg from a carbon collimator was large, and this
was attributed to the large area in cross section along the path of the
" scattered beam. A steel collimator was found to slit-scatter appreciably
less. The spectrum of particles emitted from Pb at 15 degrees is
shown in Fig., 6. If it is assumed that all inelastically scattered par-
ticles in the spectrum at 15 degrees are energy-degraded protons elas-
tically scattered from the target, or protons suffering energy losses
from slit scattering in the entrance aperture of the counter telescope,

then approximately two-thirds the inelastic-scattering observed at 30
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-degrees could be unreal. (This amount was determined by tavking the
ratio of inelastic to elastic scattering at the two anglesav) The effect
is smaller at larger angles because the élastic—scattering Cross sec-
tion decreases. At 45 degrees, it amounts to 20 pércent; and .in the
60-degree spectra, five percent. At 90 and 13.5=degrees; the eff_éct

is negligible. Since part or all of the 'inelastic%scattering spectrﬁm
observed at 15 ;degrees could be due to real ineiastic events, no at-
tempt was made to subtract off parts of the spectra.

Another source of error is i:n the measurement of the distance
of the collimating aperture of the counter telescope from the target.
The distance is 5-1/2 inches * 1/8 inch. .No=a._ttempt'was made to
measure the distance ahy closer than 1/8 inch because the target'
holder could shift in position by‘this amoﬁnt,' This pbssible shift
contributes a 4 percent error to the cross section meésﬁrementso

The energy of thé beam is quite sensitive to the adjustment of
the end drift tubes. | The energy can shift slightly when the beam
flux is maximized by the crew. But since the cross section is energy-

insensitive, the shift introduced no applrecié,ble error.

Elastic Scattering

The differential cross section for elastic scattering for the four
elements examined is plotted as a function of angle in Fig. 23. Pb,
Ta, and Au data can be fitted te a smooth curve. The differential
cross section for Sn takes a dip at 45 degrees. In Fig. 23 the dif-
fraction pattern formed by plar31e waves of the De Broglie wave length
of 31-Mev protons incident on the Sn nucleus have been plotted.

The assumption that the Sn nucleus acts like a completely opaque
disc is a good.one, since fthe__rgean free path in the nucleus is small
for 31-Mev protons. The fact that no minima were observed for Au,
Pb, and Ta was to be expected since the first minima should occur
at 30 degrees where the cross section for Coulomb scattering is still
large - about two barns for Pb. The radii of the nuclei were taken

from the paper of Fernbach, Serber, and Taylor. 8
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The errors indicated in Fig. 23 are larger than statistical and
are due to other causes. The statistical errors range from 0.1 per-
cént for thé 15-degree data to 10 percent for the 135-degree data. The
errors in the forward directions are upper limits on the loss caused
, _by‘slit scattering. The source of error in the 90-degree and the 135-
degree data arises from the difficulty in determining what part of the
vdist‘ribﬁtion is elastically -scattered particles (Figs. 14 and 17). This
coultd.~a1rn.ount' to a 25 percent ei'ror. The error af the forward angles
amounts to 10 percent.

Some elastic scattering was studied by Britten. 32 He deduced
a cross section for Pb at 90 degrees of 6.8 + 1 millibarns - in good
agreement with the 90-degree point in this work. Elastic scattering
at higher energies has been investigated by Bratenahl et a,l51 who ex-
amined the diffraction of 190-Mev neutrons by Be, C, Al, Cu, and Pb.
Their results at larger angles fit the predictions of the transparent-
nucleus theory. Richardson et a’llo found that the diffraction patterns
of elastically-scattered particles resulting when nuclei were bombard-
ed by 340-Mev protons indicate that the nuclei appear partially trans-
parent. Amaldi et aJl]]'_, working with 14-Mev neutrons bombarding Pb,
observed a strong forward peak with a minimum in the angular dis-
tribution at about 25 degrees and a small secondary maximum near
40 degrees. As suming that the Pb nucleus behaved as an opaque
sphére, they deduced from the position of the minimum that the ra-

32 cm. This value is larger than

dius of the Pb nucleus was about 10
that deduced by Fernbach, Serber, and Taylor. 8 The disagreement
‘may be due to the opaqueness to 14-Mev neutrons of the diffuse re-

gion surrounding the nucleus.

‘Identification of Particles

Figuré 24 shows discrim‘ir.Lator curves for particles of 31-Mev,
20-Mev, and 14-Mev energies from a Pb targét at 60 degrees. The
plateau moves out in a linear fashion, éroportiona]!. to the inverse of
the energy. Since at 31 Mev all the particles must be protons, then

the other plateaus must be due to protons and not to deuterons in any



-25.

large number. Five pointAdis"cri‘minator plat'eaus were run on each 2-
Mev energy channel. No deuterons were observed from any of the
elements in large numbers Any peaked dlstrlbutmn of deuterons
would have been observed, and if the deuterons were d1str1buted uni-
formly at all energies, they must not represent more than 20 percent |
of all partlcles counted. Flgure 25 shows some ‘of the film data The
hyperbolas can be discerned. No la.rge number of counts lie’ off the
proton hyperbola The elastic-scattering peak is 1dent1f1ed by the
large amount of blackening, and the Coulomb cutoff for the protons

can be seen.

Summary of Conclusions -

1. The energy distribution of inelastically scattered pa_rtic_les
emitted by thin foils of Sn, Ta, Au, and Pb when bomba,rded by 30 7=
Mev protons have been measured at five scattering angles. .'_I‘:he_z_-spec.-
- tra of inelastically scattered charged particles from the four elements
at each deflection angle are quite similar in shape and in magmtude,
and the peaks of the distributions fall at higher energies at small scat-
tering angl_es., ‘The angular distributions are strongly peaked forward.
These results are not in agreement with a compound-nucleus theory.
They are in qualitative agreement with the.theory of a nucleon-nucleon
type process occuring on the rim of the nucleus.

2. The inelastically scattered particles are mainly protons.

3. - The differential cross section for elastic scattering is in -
agreement with an opaque-sphere model for the nucleus.. v ,

4. The distribution of energy losses of 30.7-Mev protons pas-
sing through a thin absorber has a full width at half-maximum of 50
percent, and a—highae—nerg_;:—a-i_l, in agreement with the theory of Lan“—
dau45 and Symon. 46 A method has been developed to nafrov»/-'the full-
width of the di_strihution to 20 percent and to e'liminate the high-energy
tail.
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Fig. 1." 3chematic of the bombardment area
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The bombardment area

Fig. 2a.
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