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NUCLEAR REACTIONS INDUCED BY PIONS AND PROTONS'
Paul L. Reeder

Lawrence Radiation Laboratory and Department of Chemistry
University of California
Berkeley, California

Novenber 27, 1962 -

ABSTRACT

Effects due to elementary particle-like collisions within
nuclear matter have been observed in several nuclear reactions caused
by pions and protons. Simple nuclear reactions of the form ZA(a,an),ZA-l
and ZA(a,ap)(Z—l)A_l have excitation functions that are sensitive to
changes in the elementary-particle cross sections.

The excitation function for the reaction Clz(ﬂ_,n—n)cll was
measured‘from 53 to 1610 MeV by bombarding targets of plastic scintil-
lator with pions. The intensity of the pion beam was monitored with
a two-counter telescope and 40 Mc scaling system. The scintillator
target was mounted on a phototube and became the detector for the Cll
positron activity. Corrections were made for muon contamination in
the beam, coincidence losses in the monitor system,cll activity pro-
duced by stray background at the accelerator, Cll activity produced
by secondaries in the target, and the efficiency of the Cll detection
system. .Jﬁw"’“’—‘\"ﬂ//_—

The Clz(ni;n—n)cll cross sections rise to a peak of about 70
mb at 190 MeV, which corresponds to the resonance in free-particle T o
scattering at 190 MeV. Calculations based on a "knock-on'" collision
mechanism and sharp-cutoff nuclear density reproduce the shape of the
eXpefimental excitation function, but the magnitudes of the calculated
values are low by a factor of six. The calculation shows that the
12( -

- 11 .
C n ,% n)C reaction occurs in the nuclear surface region at all

bombarding energies. The contributions to the (n ,x n) reaction -



~yi-

predominate on the front surface of the nucleus in order to give the pion
the maximum probsability of escaping.

The excitation functions for the reactions Zn68(p,2p)0u67 and o
Fe57(p,2p)Mn56

The slight increase in the (p,2p) cross sections measured from 400 to

were measured radiochemically from 400 MeV to 6.2 GeV. :

720 MeV is related to the occurrence .of a quasl-free-particle pp colli-
~sion within the nucleus. Due to the proton momentum distribution, the
increase is not as pronounéed as the rise in free-particle pp total
cross sections from 400 to lOdO MeV.

| From 2.2 to 6.2 GeV, the Zn68(p,2p)0u67

sections are constant at 21 * 2 mb and 50 = 8 mb, respectively.  The

and‘FeS7(p;2p)Mn56 cross
difference in magnitudes of the (p,2p) cross sections is ascribed to the
availability of only two protons in Zn = and of six protons in Fe57 for
this particular reaction.

The free-particle effects are not seen in more complex reactions
as evidenced by the constant croés sections from 0.72 to 6.2 GeV for
" the yilelds of Mn51 and Mh52

6 6
for the yields of Cu * and. Cu b from the reactions of protons with zinc.

from the reactions of protons with iron and

Cross sections are presented for a few products from pion=-induced

reactions requiring several nucleons to be emitted. The yields of Mh56,6
2 > -
Mn5 and FeS? from the bombardment of natural Cu by = , the yields of Cu 7,
6k 61 56 52

Cu , Cu , Mn and Mn from the = bombardment of natural Zn, and the

av

cross section for Na24 from © + Al are compared to the yields for
similar reactions induced by protons. At the high energies congsidered
here, interaction of a = with these targets is shown to give yields
that are of the same order of magnitude aé the yilelds from proton
reactions. These results are interpreted as experimental evidence that
‘pion processes are very important for energy transfer in high-energy

nuclear reactions.
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I. INTRODUCTION

Kndwledge of the T meson has been considerably increased siﬂce
Yukawa first proposed that a particle of about 300 electron mass units
(me) was responsible fbr nuclear for.ces.l His theory stated that the
attractive forces between nucleons were a result of the exchange of
this particle from one nucleon to another. Nucleon attraction between
nn, pp, and pn pailrs required the existence of Strongly interacting
particles with positive, negatlve, and neutral charges. The experi-
mental confirmation of this hypothesis came in 1947 with the discovery
of m mesons in cosmic rays at high altitudese2 In 1948, 7 mesons were
produced artificially for the first time at the Berkeley l8h-;nch
cyclotron.5 Since then the properties and behavior of 7 mesons have
been investigated in a great variety of experiments. The 7 meson
acquired the name pion to distinguish it from the i meson, Or muon,
which was discovered in cosmic rays in 1936. Charged pions have a mass
of 273 m, whereas the neutral pion has a mass of 264 m, . The charged
pions are unstable and in free space decay with a mean lifetime of

8

2.55 x 10~ sec. The decay products are chargedvmuons and neutrinos (v):
o #
P VR o VAN
Plons interact strongly with matter and these interactions have
been intensively studied in recent years. Much of the work has been
concerned with the interactions of pions and free nucleons as a means
of studylng the nuclear force. For pions striking free nucleons, the

possible interactions are elastic scattering, charge-exchange scattering,



inelastic scattering (particle production), and absorption. Absorption
of a pion by one mucleon takes place with the emission of one high— -
energy -7y ray to conserve energy and momentum. . Cloud chambers, counters,
bubble chambers, and recently, spark chambers'have been the most common »
expérimental techniques for studying these interactions. From this
work there 1s now information on total TN cross sections, elastic 7l
cross sections, . inedastic and charge—exchange cross sections, angular
distributions of all kinds of 7TIN scattering, and poiarizatioﬁ.effects
in 7N scattering. Properties of this type are best studied with liguid-
hydrogen targets, in order to eliminate the complicating effects of
nuclear_binding and scattering from the nucleus. ' ‘
S However, it is also of interest to study the reactions-of pions
with nuclear matter and specific nuclei. Here the pions. still undergo
the previously mentioned scatteringprocesses.. In the absorption process,
however, the T rest-mass energy is converted into nucleon and nuclear
excitation and the high-energy -y ray is .not seen. The technigues
mentioned before are not conducive to studying the residual nuclei after
a pion . interaction has taken place. Nuclear emulsions have been useful
for studying pion reactions in heavier nuclei. However the recent in-
crease in pion-beam intensity has now made it feasible to study pion-
induced nuclear reactions by radiochemical techniques. The main advantage
of radiochemistry is that ylelds of specific nuclei can be measured rather
than yields of emitted particles.
A brief mention.of some of the notations employed throughout this
report is necessary here. A nuclear reaction is often symbolized by
(a, be) where a represents the incident particie,-and b and c¢ are
the particles leaving the struck nucleus. The quantity O(pp) represents
the total cross section for scattering of free protons by incident pro- .
tons. Likewise, o(pn), o(m p), o(m n) all stand for free-particle total
cross sections. The éymbol T is used to mean pion collisions with -
nuclecns in cases where collisions with both nucleon charge states are LY

allowed.



Because of low-intensity beams, previous radicchemical experi-
ments were limited to studying only the reactions of pions after they

k,5,6,7

were stopped in large quantities of target material. This meant
that only the yields from the absorption of very low-energyvpions could
be obtained. Because relatively large intensities of high~energy'pioﬁ
beams are now available, it is possible to use thinner targets so that
the pions do not lose an appreciable amount of their energy in passing
through the target. Thus we can study nuclear reactions caused by high-
energy pions, and make direct comparisons with similar reactions caused
by high-energy protons.. The experiments reported here provide inform-
ation not only on high-energy pion absorption processes, but also on
direct TN collision events within nuclear matter. This latter inform-
ation gives unique proof of the validity of the impulse approximétion
for pion-nucleon collisions within nuclear matter.

Since much of this report is concerned with free-particle-like
collisions within nuclearbmatter, the free-particle total cross sections
are presented in Appendix A for pp, pn,ﬂﬁp, and mp scattering. From
the principle of charge symmetry, we take the nn cross sections to be

equal to the pp cross sections. Likewise, the T n cross sections

+ . + .
_equal the T p cross sections, and the mn cross sections equal the

ﬂfp cross sectlions.

Pion-nucleon scattering has a unique feature not present in
nucleon-nucleon scattering—that is, the large resonance peak at an
incident pion energy of 190 MeV. It is this resonance peak that makes
it possible to identify 7N collisions within nuclear matter.

l2, - - 11
The specific reaction studied here was the C (7 ,7 n)C

reaction. Cruss sections were measured as a function of energy through
the free-particle resonance region. The existence of a peak in the
(7,7 n) excitation function is interpreted .as a direct result of a
7N collision within the Clg nucleus.

The free-particle pp cross sections exhibit a rise over the
energy region of 400 to 1000 MeV. Additional evidence for free-particle-
like collisions in nuclear matter 1s discovered in the excitation

e8 2T, The (p,2p) cross

functions for (p,2p) reactions on Zn-~ and Fe



sections show increases which follow the increase in the free-particle
pp cross sections, in distinct contrast to (p,pn) cross sections,
where no such increase 1s expected from the free-particle pn cross
sections.

A limited amount of data is presented for nuclear reactions
following high-energy pion absorption. Pion fluxes are still con-
siderably below. fluxes of proton beams-—making it necessary to use
relatively thick targets. This in turn complicates the radiochemical
technique. However, the'combination of low-background beta counting
and "bucket" - type {large volume) chemistry permitted the study of a
few products from picn bombardments of Al, Cu, and Zn. Comparison of
these yields with similar yields for proton bombardments shows that
there are only minor differences. ' .

The greater -accuracy obtained in the experiment for the
Cle(ﬂ_,ﬂ_n)cll reaction is due to the use of a nonchemical technique
for identifjing the Cll radiation. The 012 targets were made of plastic
scintillator Which, after irradiation with pions, became the detector
for the positrons from Cll. This technique gave a high detection

efficiency and 100% chemical yield.
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II: ¢ “(m ,m n)c]Ll EXPERIMENT
s

A. Meson Beams at the 184-TInch Cyclotron

The excitation function for the reaction Cle(ﬂfﬂﬁ)cll was

measured experimertally by using the pion beams available at the. 18k4-

inch cyclotron. Targets of plastic scintillator were bombarded with a
monitored beam of pions; the amount of Cll produced was determined by

following the decay of Cll by poéitron counting.

Beams of pions. at.the 184-inch cyclotfon are obtained by bom-
barding a Be or C target with the full-energy internal proton bean.
Since pions have a different charge-to-mass ratio than protons have, -
the cyclotron magnetic field bends the pions out of the cyclotron vacuum
tank through a thin Al window. A .quadrupole magnet called "Selrex" is
 located just outside the window to focus .the pions through an 8-ft-diam
iron wheel which allows the pions to enter the experimental area called
the "meson cave." . Since different-energy pions come out at different
‘positions along the Al window, the quadrupole magnet may be rolled along
a track and thé iron wheel turned to various angles in order to obtain
different-energy pion beams. Once the pions reach the meson-cave area,
the beam path is at the discretion of 'the experimenters. The experi-
ments reported herein were performed by using the pion beams set up by
many different physics-groups at the 184-inch cyclotron. All of the
beam setups involved the use of a bending magnet for mementum selection
and another quadrupole magnet for focusing, once the bteam reached the
meson-cave area. When possible, irradiations of the plastic targets
were conducted simultaneously with the experiments of the physics-
groups. A typical physics-group experiment would involve bombardment
of a liquid-hydrogen target with pioné and the measurment of the
scattering at various angles around the target. The main pion beam
would pass through the H2 target at O deg and would be available for
. irradiating chemistry targets. The beam setup for the 380-MeV T beam

is typical of many of the experiments, and is shown in Fig: l; The
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Fig. 1. Experimental setup at 184-inch cyclotron for 380-MeV
n~ beam. '



beam-monitor counters for the chemistry targets'are shown behind the
liguid-~hydrogen térget used in the physics experiment. '

The pion energies at the quadrupole focus were determined by the
physics grdup involVed, by means of wire orbit analysis of the bending
magnef and by range curves in Cu and CBQ. The range cuyve also gave
information on_the composition of the beam. The bending magnets could
not éliminate particles'that'have the same momentum aé the pions, so
all ﬁhe;ﬂ: beams contained u~ and e as contaminants. The correction
for this contamination is discussed in Sec. II-C. Usual running con-
diﬁionslwere such that the momentum spread of the pion beam was from 1
to 5% for pion. energies greater than 200 MeV. At 127 MeV the beam mo-
mentum‘spread was about 7%. At lower energies the momentum spread may'
have been as much as 10%, due to the use of absorbers before the bending
magnet to degrade. the beam energy. ZFrom the energy of the picns at the
center of the physics target or at the magnet focus, the energy of the
pions at the midpoint of the plastic scintillator targets was calculated
by using the energy-loss tables of Rich and Madey.S The calculation
takes account of the fact that fhe pions had to pass through the back
nalf of the physics target, a finite distance of air, the béam—monitor
counters; and the first half of the target itself. Since the plastic
scintillator targets were thick enough (1 in.) for the pions to lose an
appreciable amount of energy in passing through the target itself, the
energy[drop in the férget was combined by root-mean-square addition with

the energy spread of the beam to determine the overall energy spread.



B. Beam-Monitoring System:

1. Monitor Counters : I

The pion beam was monitored, as shown in Fig. 2,'with two plastic
scintillator detectors attached by lucite light pipes td KCA 68104 photo-
multiplier tubes. A third counter was uéed as a beam monitor while
running plateau curves and delay curves. The dimensions of each counter

and light pipe are given in Table T.

Table I. Dimensions of monitor counters.

Counter Type Surface dipmensions - Thi¢kness ’
) Zin. ’ Elnsf'
A - Square 5.50 x 3.50 0.25
Circular disk 2.50 diam v 0.25
C Circular disk 2.50 diam ~ 1.00

The targets were attached to the back side of counter B and had the same
diameter so that counter B defined the beam size. The actual beam spot
at the focus of the quadrupole is usually an ellipse with a major axis
comparable to the size of counter B. However, since the monitor counter
telescope was generally several feet beyond the focus of the quadrupole,
thg beam.was diverging at the location of the counters and filled an area
larger than counter B. It is assumed that all pions passing through
counter B also passed through the target. Counter A was made larger
than counter B, to minimize the need for extremely accurate alignment.
Thus it is assumed that any pion passing through counter B must have passed
through counter A also. All three counters were mounted about & to 8 in.
apart on an Al frame in such a manner that they could be adjusted to
meet varying conditions of space and beam height. ‘ »

The plastic scintillators and light pipes were wrapped with Al

foil to act as reflectors and then wrapped with black tape to eliminate



s

o~ A B C
B Target
68I0A
[] phototubes
Disc
Amp | [Amp scaler
1
Wenzel Am Disc
coincidence P Scalae of Scaler
5 Mc
MU.-28948

Fig. 2. Electronics for 40-Mc beam-monitor system.
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all light leaks. The Al foil and tape were neglected in computing the
energy loss for the pion to reach the target. Whenever possible the
center of each counter was aligned with the O-deg pion-beam line with
the aid of a transit.

The photomultiplierltube bases for counters A and B were designed
for use with high-intensity beams.9 FEach of the last five dynodes is
supplied with a separate voltage from a voltage-divider panel. The
voltage is stabilized on each output by a cathode followef. This reduces
the possibility that an intense burst of particles will cause the pulse
output to sag because of too much current being drawn from the dynode
voltage supply. ' |

The tube base for counter C was a standard high-current tube
base without the -extra feature‘of voltage stabilization for the last

five dynodes.
2. Electronics

The‘puises from counters A and B were led through 125-0 trans-
mission lines to the meson counting area where they were each amplified
by a Hewlett-Packard (H.P.) 460A distributed amplifer} The amplifier
outputs were fed into a tube-type Wenzel coincidence unit equipped with
h-nsec clipping lines. This meant the resolving time was 8 nsec for a
coincidence event. The lowést energy T used in this experiment was
50 MeV, and the distance between counters A and B was usually about
20 cm; the time required for a 7 to travel bebween the two counters was
therefore about 1 nsec. Any fluctuation about this time would be well
within the resolving time of the coincidence unit. The chance that two
particles pass through the two counters within the resolving time is dis-
cussed under corrections to beam monitor in Sec. IT-C-1.

The output of the coincidence unit was amplified by two H.P.
distributed amplifiers, then led to a discriminator and scale-of eightolo
This unit emitted one pulse for.every elght input pulses above the dis-
criminator setting. When connected to a 5-Mc scaling circuit, the
scaling éystem.was rated at 40 Me— which was necessary in order to count

the pion beam directly.
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Pulses from counter C were inverted and used without amplification
to drive a discriminator and 5-Mc scaling circuit. The. counts from C
werecused only in,normalizing data while conditions were being adjusted

for the A-B system.

3. OQOperation

The first step in operating the beam-monitoring system consisted
of sétting the gains of the two channels.of the coincidence unit to give
the same puise output for a given pulse input. A delay curve was obtained
by inserting.various lengths of cable before one input to the coincidence
unit. The counting rate should be.cbnstant as long as the two pulses
come within the resolving time of the coincidence unit. - The shape of
the delay curve gives an indication of how well.the system is operating.
A typical delay curve is plotted in Fig. 3. Each point was obtained by
taking the coincidence counting rate of A + B for a fixed number of
counts in counter C at a given delay setting.

Another check on the system u“was,bc_made by plotting the co-
incidence counting rate A>+ B as a function of the high voitage.or gain
of one counter while holding the voltage or gain of the other counter
constant. . A typical plot of this line is shown in Fig. L.

The final check on the monitor system was performed by plotting
the counting rate as a function of the discriminator setting of the
scale-of-eight unit. This curve should be quite flat, és shown in Fig.

5. All data were taken for a fixed number of counts in counter C.
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Fig. 4. High-voltage curve. The coincidence counting rate
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A. Counter B voltage is constant. (The arrow represents
the optimum operating point.)
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C. Corrections to Beam Monitor

1. Accidentals

The total number of coincidence counté from counters A and B
divided by the counting time does not give the particle inﬁensity di-
rectly. Bven with the high-speed counting equipment‘uséd, the average
counts/min muét be corrected for coincidence losses. These losses occur
when two or more pions pass through the counter teleséope simultaneously.
The internal proton beam of the 18k-inch cyclotron has a great deal of
"~ time dependence inherent in normal operation. The beam comes at the
rate of 64 bursts/sec with each burst lasting about 400 psec. Within
each burst of 40O psec, there are fine structure pulses, "fsp", of 13
nsec duration which come 54 nsec apart. The duty cycle which defines
the percentage of the time . that particles actually are passing through

the counters, can be calculated as. follows.

Duty cycle = (No. of fsp/sec)(Time of one fsp)

400 psec/burst 64 burst 13 X 10—9 sec
= = 0.6%

54 nsec/fsp 1 sec fsp

' For aAtypical average beam of 106'n/min, the instagtaneous counting
6. ./ ! 1 min
= T /mi e = 2.7 X ™ o
rate = (10" T/min) ( 0.006) (60 v )_ 2.7 X 10 T/sec
The coincidence loss or "accidentals" can be estimated by dividing the

instantaneous counting rate by the counting capacity of the beam-

monitor systemn. 6 .
o) _ 2.7 X 10 T/sec _
Acc. (short spill) = 10 X 100 pulses/sec = 6.7%‘
for these conditions the experimentally observed accidentals rate

agreed roughly with this number.
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Although the beam is more difficult to obtain, the 400 psec
burst can be "stretched" to about 10 msec which means a dutyfcycle
of about 15%, For an average beam intensity of 10 .ﬂ/min, the
accidentals for é_stretched.beamlis about On3%e The experimental
‘ accidental-percentage is sbmeWhat higher than this figure because
even with thé'stretched beam, approximately 30% of the beam still
comes in the>MOO pséc fépike". The fractioné of the beam in the
spike and iﬁ the sfretched beamnm véry widely depending on the cyélo—
tron operating conditions and operators, so that the accldental
coﬁnting rate must be determined for eachvfarget‘bombafdment.

The fine structure pulse of 13-nsec duration is of the
same: magnitude és the resolving time of thé coincidence unit. 1In
mosf cases only one pion pér fine structure pﬁls_e:is-;expected°
.Howevéf,,an empirical method was used to determine the probability
of two pilons appeafing in the same.fine stfucture pulse. It was
assumed that this probability was equal to the probability of
counting one particle in-oné pulse and another particle in the
next pulse 54 nsec later. Experimentally this_means that the
nunber of simUltaheous pidns was determined byvadding Sh-nsec
delay to one of the counters before the pulse reached the coinci-
dence unit. gCountiné rates with the 54 hsec delay were usually
taken jusﬂ before target runs at.the same beam level as the actual
run. This.coincidénce rate was édded to the rate for .the target
bombardment determined with normal delays. With the beam levels
crdinarily obtained during these experiments, the correction for
accidentals did not exceed 10% of the beam intensity. A plot of
total counts (monitor plus accidentals) vs internal-proton-beam
intensity'was taken during short spill operation. This plot is
shbwn in Fié( 6. Assuming that the nunber of pions through  the
counter telescope is linearly related to the internal-proton-beam
intensity, the deviation of the solid curve from a straight line

shows'when saturation and voltage sag begin to affect the counters.

>
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Targets were always bombarded with beam iIntensities such that the

sum of monitors plus accidentals was still on the linear part of the

plots.

2. Muon Contamination

The largest correction to the beam-monitor intensity comes
from the contamination of the beam with u mesons. The w meson de-
cays to p_,+ V in free space with a mean 1ife ¢ = 2.55 X 10-8 sec.ll
This decay is isotropic in the c.m. system. The kinetic energy in
the center of mass of the decaying pion is 4.14 MeV. The p inter-
acts with nucleons just like a heavy electron beécauseé.it undergoes
weak interactions.

Several experiments were tried to see if u- could produce
Cll from C12 by elastic scattering of the muon and neutron. All of
these experiments gave negligible amounts of Cll activity, butl because
of low p-beam intensities, an upper limit of about 1.6 mb was placed
on the probability of Cll production by negative muons. Although the
muons (likewise any electrons in the beam) did not contribute to Cll
production, the muons weré:counted by the éounter telescope. There
were two components to the muon'contaminatioh, depending on whether
~ the n - p decay occurred before or after the bending magnet. For
decays bccurring before the magnet, the magnet separates all p's with
momentum different from that of the beam pions, but those muons with
the same ﬁomentum could not be eliminated. A differential range curve
in Cu or CH2 after the bending magnet gave the relative number of
pions, muons, and electrons having the same momentum in the beam.

Data taken by the physics groups were used in all cases. However,
a range curve taken simultaneously with the Crowe group during a =«
beam-study experiment is shown in Fig. 7. The differential range

curve computed from these data 1s also given and shows the peaks due

to pions and muons.
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For pilons that decay to muons after the bending magnet there
1s no momentum selection. Thus muons of any energy may be accepted
by the couﬁ%er telescope, providéd that the muons are within the
solid angle subtended by thé telescope. The fraction of the muons
in the beam from this source is not easily measured but can be cal-
culated to a high degree of aécuracy. (See Appendix B for the de-
tailed calculation of this correction.) <fhe total muon contamination

varied from about 40% of the total beam at 50 MeV to about 8% at 373

MeV.
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D. Beam Studies

+
1l. Beam Profiles with n Beam

One set of measurements was performed by using the 123-MeV n+
beam set up by Bingham and Kruger. The experimental setup made it
necessary to place the cQunter telescope between the quadrupole
mégnet "Circe" and Bingham's target. The current settings for the
doublet: quadrupole magnet Circe were calculated by using the method
described by Chamberlain in order to obtain a focus at the counter
telescopeolz The spatial distribution of the pion beam at the focal
point of Circe for these current settings was checked by taking beam-
profile curves. The beam profiles were measured with a two-counter
telescope consisting of l—cm2 plastic scintillators. The telescope
was mounted on a motor-driven frame and could be moved‘horizontally
or vertically across the beam by remote control from the counting
room. The coincidence counting rate as a function of distance across
the beam is shown for the vertical direction in Fig. 8a and for the
horizontal direction in Fig. 8b. By taking the full width at Half
maximum (FWHM) as the criterion for describing the beam, the area of

the beam was found to be
2
Area = mab = = (3.05)(1.35) = 12.9 cm

The beam shape at counter B was an ellipse with major axis 6.1 cm

and minor axis 2.7 cm. The total area within the FWHM was 12.9 cmz,
whereas the total area of counter B is 31.7 cmz. However, only 72%
of the beam is included under the FWHM. Because the horizontal distri-
bution was so broad, some of the remaining 28% of the beam missed
counter B. For this experiment counter A was a 2.5-in.-diam 1-in.-
£hick plastic. The area of the FWHM beam at counter A was larger
than counter A itself, so that approx 83% of the beam passing through
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B missed counter A. This number was determined by geometrical cal-
culations and checked with the ratio of A + B coincidence counts to
B singles counts. Therefore, for this experiment only, the singles
counting rate of B was used as a monitor of the beam intensity,
whefeas in all successive experiments the coincidence counting rate
of A + B was used as the beam monitor. The experiment with . ﬂ*
involved a situation in which the pion beam wasg converging in moving
from. counter A to counter B. However, in all subsequent experiments
the pion beam was diverging with respect to counter A and counter B
because of the location of the counter telescope beyond the focal
point of the gquadrupole mégnet. The use of a léfger area for counter
A in subsequent: experiments also made it impossible for a pion to

reach counter B and the'target without passing thrbugh counter A.

2. Ion Chamber

Dufing the preliminary experiments with 380- and 130-MeV m
beams, an ion chamber with an effective diameter of 4 in. was used
to monitor the beam. This ion chamber was similar to one described
by Chamberlain et al.l§ and was connected to an electrometer voltmeter
which integrated the current collected in the ion chamber. The
electrometer-voltmeter output drove a chart recorder to give a per-
manent record of the beam intensity. The multiplicétion factor for
converting total charge collected by the ion chamber into the number

of piohs rassing through the chamber is given by

. M =.§Vr\%% ;
where \
dE 2 .
x - the rate of energy loss per g/cm for a given energy
in the 96% argon, 4% €O, mixture,
t = the surface density of the gas in g/cmg, and
w = 25.5 eV/ion pair, as determined by Chamberlain at

345 MeV.

Then M gives the number of ion pairs per incident pilon.



-oh_

At 380 and 130 MeV, an 8-in.-thick Cu collimator with a 2-in.-
diam hole was placed in front of the iqn.chamber.‘ The targets were
taped to the back side of the lon chamber. The cross sections
measured in this fashion agreed to about 10% with the cross sections
measured with the counter-telescope monitor at 380 MeV. For consistency,
the ilon-chamber data at 373 MeV were not included. However, because
no counter:telescope data were available‘atv127 MegV, the ion-chamber
cross sections were included in the excitation function.

The ion-chamber data are not expected to be as accurate as
the counter data because the ion chamber did not deflne the beam
through the target, and because the Cu collimator adds a great number

of scattered"particles to the beam.
3. Film Study

At 127 MeV, Polaroid film (type 57, with a speed rating of
3000) was t?ped over the downstream opening of the.quadrupole magnet
to determine the distribution of . . through the magnet. The ex-
posure time;was about lS‘min. " The pietures indicate that the pions
(and other charged particles, p and e ) fill the entire opening,
which has a h—in,-radius, but most of the intensity is apparently
within a 3-im. -radlus circle. This informatioﬁ is useful in deter-
mining the max1mum beam angle at.the focus. Polaroid film placed
behind the lon chamber, which itself was about halfway between the
quadrupole ﬁagnet and its focal point, gave a radiograph (pionggréph?)
of the ion chamber, but no information about the distribution of the

beam.
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E. Bevatron Experiment

At the outset of this work, a few experiments were performed

at the Bevatron by using the l.75—GeV/c T beam set up by Segfé group

to study pion—pion interactions.l After sufficient magnetic analysis
and focusing, the.l.7543eV/c pion beam passed through a liquid—hydrogen
target. The 2.5-in.-diam. chemistry targets were placed behind the
physicists' beam-monitor counter and irradiated for a known humbef of
Bevatron pulses.. The Segré—group éxperimenfers supplied thevnumbér of
pions per pulse through a L-in.-diam circle[(1.1 + 0.1)x lOlL m/pulse].
An oscilloscope display of the horizontal distribution of the pion beanm
showed that most of the pion beam would strike the 2 l/2—in.—diam
plastic scintillator target. '

Two bombardments were performed with this experiﬁental setup.
In the first run, the background in the B+ detection system completely
hid the Cll decay. After lowering the background a second run was
ﬁerformed. For this bombardment the initial activity of ¢ vas about
equal to the background of abouf l55vcounts/min and could be resolved
with an accuracy of about 15%. When combined with the approx 20% error
in the measurement of the pion intensity through the 2:5-in.-diam target,

this gave an overall error of about 25% for this cross section.
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F. Detection System for ot

. After irradiation at the accelerator, the plastic-scintillator
targets were brdught back to the chemistry building where detection
equipment was arranged to follow the Cll decay. Targets were not
counted at the cyclotron because of the large and erratic background
at the accelerator. For each "run" at the cyclotron, the target was
"yun"down to the chemistry building. (Fortunately, this was all down-
hill.) The current coﬁrse fecdrd for the cyclotron-to-chemiétry-building
dash was set at 3 min 25 sec from the time the beam was turned off to
the time thé B+ counter was turned'oﬁ.l5-.This time was typically about
4 to 6 min which is ohly approx4l/4 of the C'T half-life.

The‘Qll detection system consisted . of the plastic~-scintillator
target mounted on an RCA 66554 photomultiplier tube,l6 a White cathode
follower, a DD2 linear amplifier, and scaler. (The photomultiplier
tube base was‘enclosed in & 2-in.-thick lead cave which had a door for
inserting the phototube with its scintillator and cover in place.)

Figure 9 shows a block diagram of this apparatus. The plastic scintillator
was attachéd dlrectly to the photOUube face with Dow Cornlng 200 ‘silicone
grease. . An ice cream.carton lined with Al foil to act as a light reflector
and wrapped with black masking tape to seal out all external light,

slippéd snugly over the plastic scintillator and phototube. Moﬁnting of
the plastic scintillator and sealing of the system could'be done in

abbut 1 min ' Variéus authors have noticed a short-lived "activity" of
about 1.5 min when a plastic <01ntlllator which has been exposed to

light is sealed and "counted". 17 The background of about 135 counts/min
in this Countﬁng systemfwas woo~large to notice this effect. Any
correcfion-from this effect ﬁo ﬁhé counting data woul@'be included in the

method used for determining the stray-particle background correction to

be discussed in Sec. II I-1.
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1. Blocking System for Bevatron Background

Although the counting area was located over 100 yards from
the Bevatfon,'the background was greatly affected by whether the
Bevatron was on or off.IHWhen'the Bevatron was off the’background in
the Cll detection\system was about 135 count/min, but when the
Eevatron was on the background was about 230 counts/min. The Bevatron
produces 10 pulses/min; each pulse lasts 1.75 sec. The Bévatron
' pulses coﬁld be éeenﬂby displaying the signals from eiﬁhef a Nal or
plastic scintillator détector‘on an oscilloscope in the counting
room. _Thismeant that.high—enefgy'protons or neutronsvwere coming
from the Bevatroﬁ and.interaéﬁing in the detectors or Pb shields to
produce the extra background.

- The electronics group under the leadership of Duane Mosier,
and later under George Kiliani, devised a system thaf allowed the
Cll detector to be turned off during the short burst from the
Bevatron. A'positive,ZQQV dc bias was applied to a telephone line
coming from the Bevatroh‘to the chemistry building. At the start of
the Bevatrbn accelerating cycle, this line was shorted to ground
. long enough to trigger a pulse in a scalér-gatér. The scéler—gater
unit:. puts out a»ZOAV gate signal aftef a ﬁreset delay, following
the tfigger signal from the Bevatron. The trigger signal starts
_ (t=0) when the Bevatron "rf" field is turned on. The width of the

gate and the length of the delay could be varied to cover the time
interval‘during'the Bevatfén burst. ' The time of beam spill out of
the Bevatron depends on the needs of the pafticuiar experiment in
progress, so it wa.s necessary to set the length of'delay and width
. of gate pulse just before eéch Clllexperimeht.
‘ A clock is connected to the on-off switch so that thé total
elapsed time can be meaéured with the scaler-géter also. The live
time, which is the timé during which the scaler is actually on, can

be calculated 1f the number of Bevatron block signals received and
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the length of each block pulse are known. '

When the Bevatron ié operated at low beam levels or on
stretched spill out (the time during which the full-energy beam is
striking the internal target) it is not possible to distinguish
Bevatron bursts from normal background, so the scaler-gater system
is not useful. However, when the Bevatron is operating normally at
full beam, use of the scaler-gater can cut the background in the
plastic scintillator detector by a factor of almost two, by using a
block signal of about 0.2 sec in width. ©Since there are conly 10
vlock signals per minute, the off+-time of the counters is only 2

sec/min or about 3.3%.

2. Standardization

11 ‘
Bec¢ause: C  emits positrons with a continuous spectrum of

energies, the output signals from the linear amplifier have a con-

tinuous spectrum of pulse heights.. Thus the discriminator setting

- of the scaler has a vital bearing on the detection efficiency of the

system. By raising or lowerihg the discriminator level, one can de-
crease or increase the fraction of .the positron spectrum accepted

: +
by the scaler. To ensure that the same fraction of the B spectrum

137 .-

was accepted in all runs, an external Cs B source was counted

137

before the run. The Cs source was made by evaporating 5 A of

137

standardized Cs solution onto an Al disk, and covering the source
with Videne TC plastic film. This source could be placéd inside the
ice cream carton cover, giving almost 21 geometry and little thick-
ness between source and detector. Standardization was achieved by
keeping the discriminator of the scaler constant and adjusting the
gain of the DDZ linear amplifier to give the same counting rate.
CslS7 has a half-life of about 27 years and decays by B~ emission to
the ground state and an excited state at 0.662 MeV,18 Of the B de-
cay, 92% is to the excited state and 8% to the ground state. The

Y ray from the 0.662-MeV level is internally converted in almost 10%
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: - . 1 -
of the decays. Thus the B spectrum of Cs 37 consists of two B

groups plus a sharp line due to the conversion electrons, e .

Beta spectra. The output of the linear amplifier could bé
sent to a Penco 100-channel pulse—height analyzer to display the
'spectrum of pulses from the plastic scintillator detector, ~.The con-
Version line appears as avbrbad peak'superimposed on the lower energy
B~ spectrum, aS'Sh0wn invFig; 10. :In order to cobtain the‘B_ spectrum .
vshown in the figure, it'uas'necessary'to subtract the counts due to
Compton scattering of Y rays which interact inethe plastic. The

37 source was covered with enough Al to stop all the B partlcles
(Emax'z 1.2 MeV; range = 500 mg/cm of Al)‘ and was counted in the
same manner as the uncovered sOurce'for the same length of timeo
The pulses from the covered source gave a spectrum for the Compton
electrons from the O. 662- MeV T ray° ~ When this spectrum was subtracted
from the spectrum for an uncovered source, the result was the true

13 o

B +e spectrum. The resolutlon of the convers1on line of Ba
0.624 MeV was'about 30%. FWHM) The conversion line of Ba’ 3,

used to calibrate the pulse-~ helght analyzer by'adgustlng the ampli-
fier gain to place the’ conver51on e peak 1n a given channel.

The c Ll spectrum was" also dlsplayed on the pulse-height
analyzer and is plotted in Fig. 114 The:slope of the high-energy.
side of the beta spectrum{whengextrapdlated to the base line gives
a rough indication of the"end-point;energy. The B spectraﬁof several
isotopes were taken, and the endepcint energies'were.determined by
extrapclation of the slopes. - These end-point energies, when plotted
vs channel number, gave a rough ca;ibration curve, as shown in Fig.
12. The isotopes used and theirvend—point energies arellisted in

Table II.
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Table II.' Standards for calibration curve.

Isotope End-point energy Type
(MeV) '

:Pml47 0.223 B~

ast3T 0.514 | B

B o™ v ~ 0.62h Convérsion e

7120% ©0.76k | B

ot | 0.968 8"

The straight line for the internal Cll pdsitron spectrum gives an
end point in agreement with the calibration curve.

The use of the pulse-height analyzer with the plastic-scintiil-
lator.: detector is useful mainly to give a rough indication of the
spectrum and end-point energy fo prove that Cll was the isotope res-
ponsible for the observed actiﬁityo' Further refinements in source
mounting and y-ray discrimination would permit greater accuracy in
the use of plastic scintillator as a B spectrograph, as discussed

by Bosch and Urstein.]:9

3. Decay Curve | .

Proof that the obsefved activity was actually due to Cll
comes from the decay curve. Figure 13 shows the experimental decay
curve cbtained by bombarding the plastic scintillator with an
especially intense pion beam. Once the conétant cosmic ray back-
ground is subtracted there is only one component in the decay curve.
The measured half-life of 20.4 min agreesvwith the literature value

for Cll° Because the intensities of the available pion beams varied
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with the energy of the beam and with the goals of different experi-
menters, the initial activity of Cll obtained by extrapoclating the
decay curve back to the end of the bombardment varied greatly. For
the Bevatron experiment at 1610 MeV the initial activity was only
135 counts/min above a backgrcund of l35-counts/min, whereas one
bombardment with the 304=MeV beam at the cyclotron gave an initial
activity of about 47,000 coun‘ts/minu However, most of the data
were obtained with initial activities of a few thousand counts/min.
The counting data were plotted, the activity was extrapolated to
end-of-bombardment time, and the initial activity'AO, was read from

the graph.
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G. Efficiency of Cll Detection System

1. Theory of P~y Coincidence Method

For absolute determination of the cross sections, the efficiency
of the C:Ll detection system must be Rnown. A BJy coincidence method
was used to measure the efficiency. This technique requires the simul-
taneous measurement of thé counting rate in the B detector Nﬁ’ the
counting rate in a7y detector N , and the coincidence counting rate
N, . Because Cll decays 99 + % by positron emission the coinéidence
is between the positron and the 0.511-MeV <y ray from the anhihilation
of the positron. The absolute disintegration rate NO is given by the
product of the singles counting rate divided by the coincidence
' counting rate. The use of B~y coincidence technique in determining
absolute disintegration rates is discussed by Campiongo for the general

17

case with high-efficiency B detectors, and by Cumming and Hoffman

for the specific case of Cll.

With the assumption that the efficiency is independent of the
location of the activity in the source, the equations for NB; Ny’

and N, given by Cumming and Hoffman can be modified so that:

NB = [eB +2(1 - €B)f] NO 5
N =
~ 2 e O}
N&Y =2 <y [65 + 2(1 - eB)f] Ny
where
756 is the efficiency of the B counter for detecting B,
qy is the efficiency of the 7y counter for detecting -y,
and f is the probability that an annihilation ~y is counted by

the B'defector.
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The quantity
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: ) 11
equals the absolute disintegration rate. The C counter efficiency
was found by dividing the observed counting rate by the disintegration

rate.

2. Apparatus

A fast-slow coincidence systen set w by Richard Chanda was
used for the B~y coincidence measurements. This equipment was designed
as a dual-channel coincidence unit with pulse-height analysis in each
channel. The pertinent units of the fast-slow coincidence system are
shown in Fig. 1k. The fast coincidence unit was designed by Mitch
Nakamura of the electronics development group.

Two pulses are taken off each phototube., The fast pulse is
amplified by distributed amplifiers and sént to the fast coincidence
unit. The slow pulse goes through a cathode follower, which stretches
and shapes the pulse to make it suitable for a DD2 linear amplifier.
Ea DD2 amplifier wused in this experiment has a single-channel
analyzer buillt into the same chassis. The output of the single-channel
analyzers was sent to the slow coincidence unit (Tranco). Meanwhile
the output of the fast coincidence unit was sent through a variéble
delay and gate unit which delayed the pulse, and generated a pulse to
be in triple coincidence with the two pulses from the single-channel
analyzers.

The output of the Trancc coincidence unit was sent to a scaler,
The output of the single-channel analyzer was also sent directly to a
scaler to record the number of single events in each detector. Thus
only those pulses that went to the coincidence unit were recorded as

singles. This means that the efficiency of the B singles counter was
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equal to the efficiency of the B channel of the coincidence counter,

and likewise for the -y pulses.

3. Techniques

The resolving time of the fast-slow coincidence unit is
governed by the length of clipping line attached to the fast coincidence
unit. The'clipping line used was 16.7 ft of RG/65, 125-0 cable, which
has a transit time of 20 nsec. Because the pulse must be reflected
back through the cable, the clipped pulées have a l4O-nsec length. The
width of the delay curve is expected to be about twice this time, as
is shown by the experimental delay curverin Fig. 15. The delay curve
is obtained by introducing various lengths of cable into one or the
other signal lines to the fast coincidence unit, then measuring the
coincildence counting rate. In order to test whether one 1s obtain-
ingvloo% coincidence efficiency, clip lines of various lengths are
used on the coincidence unit. As long as the counting rate on the
plateau does not decrease as the width of the plateau decreases, one
still has 100% counting efficiency. The resolving time with the 16.7-
ft clip line of the ccincidence unit was measured experimentally by
counting twé separate Na22 sources with the detectors placed far
enough apart to prevent any true coinéidences. The random coincidence

rate (chance coincidences) obtained by this method is related ‘to the

Y
LSRN

resolving time by

where
Nch is the chance coincidence counting rate,
N_ is the counting rate in the P detector,
N is the counting rate: in the -y detector,

and v ;1 is the resolving time.
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The resolving time obtained was 140 nsec, which is in fair agreement
with the width of the delay curve.

The fiming for the triple coincidence was not nearly as critical
as with the fast coincidence, since the trigger pulses were all 2-psec
long.

v The operation of the coincidence system was checked by using
a Na22 source. This source vas previously standardized in a Wy B
counter. The disintegration rate measured by U counting agreed
within the experimental error with the disintegration raté'determined
by the B~y coincidence method. ‘

The highly active Cll source needed to obtain reasonable
counting rates with the coincidencé apparatus was prepared by bombard-
ing one of the 25-i.-diam by 1l-in.-thick plastic-scintillator targets
with the 730-MeV external proton beam of the 184-inch cyclotron.gl
Even at one-sixth the full-intensity proton beam, too much Cll
activity was produced for the p-y counting equipment to handle immedi-
ately. The proton beam was uncollimated and presumably created Cll
throughout tﬁe entire volume of the target in the same fashion as
the pion beam.

The singles and coincidence counting rates were measured at
several different times. Then the plastic scintillator and photo-
tube wvere taken to the C H detector cave, mounted in the tube base,
and the counting rate measured under the same conditions as with an
ordinary pion bombardment. Several points were measured for the Cll
decay curve in the positron detection system, after which the photo-
tube and scintillator were moved back to the éoincidence apparatus
for several BJy.coincidence measurements. This cycle was repeated so
that points were obtained for the dlSlntegratlon~rate (N ) decay curve
and for the C l—detector decay curve. From the C -detector decay
curve, the counting rate was interpolated to each of the times at

which a disintegration rate data point was taken. The ratic of the
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C77- detector counting rate to the disintegration rate at a given time

was equal to the efficiency of the B counter. The average of the
efficiencies at seven different times was found to be 82.7 % 2.8%.
A1l these points were taken after the source had decayed to a level
the electronics could handle. | _

The raw data from the p-y coincidence measuremeﬁt consisted of
the singles counting rate in the B and -y detectors, and the coincidence
counting rate. Several corrections had to be made to this data before
calculating the source.strength. The chance-coincidence counting
rate, Nch,was calculated by using the ¢ determined from the two Na22
sources and was subtracted from the observed coincidence counting
rate. The natural-background counting rate in each of the singles
counters and in the coincidence counter was subtracted from their
respective counting rates. (This backgroqnd was determined 24 hours
after the end of bombardment.) Because a v ray assoclated with Cll
decay waé produced only as ‘a result of a positron being emitted, events
in which an annihilation +y gave a pulse in the plastic scintillator

counter and no pulse from a positron was observed, were treated as

true.B counts.
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H. Targets

The plastic-scintillator targets used throughout this experi-
ment were a blend of polystyrene (97%), terphenyl (5%), and tetra-
phenyl butadiene (0.03%). This plastic is 91.54% C by weight and
8.46% H. The plastic scintillator was machined and polished by the
accelerator technicians group to a diameter of 2.5 in. and a thick-
ness of 1 in. The surface density in atoms of C per cm2 was calculated

from the fblloﬁing fermula:

n =2 (50)

where v

n = atoms of C per cmg,

= weight of plastic scintillator in grams,

A = area in cm

%C = percentage of C in scintillator,

N = Avogadro's number in atoms per mole,

M = atomic weight of C in g/molea
015 is 1.11% of naturally occurring C; however, no attempt was made
to distinguish between the production of Cll from C12 or 015. The

cross sections presented in thils report were calculated for the pro—
duction of CT from both carbon isotopes.

Four different plastic scintillators were used at variocus times
during this experiment. These scintillators are listed in Table III

along with their calculated surfacebdensities.

Table IIT. Plastic scintillator targets.

Target Surface density

PL I 1.115 X 102 (atoms C/ cm®)
‘ 25

PL II 1.218 x 10

PL IIT * 1.12 X lO25

PL IV ©1.1k6 x 1025
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PL T and PL II were used during the preliminary experiments when an
ion chamber was used to monitor the pion beam rather than the counter
telescopé. These targets were also placed in the'extefnaiprctdntemﬁat
the 184-inch cyclotron to:provide the high-activity Cll source for the
B-y coincidence experiment. After these proton bombardments, PL I
and PL IT had built up‘a considerable internal background due to the
53%-day Be7 activity. Be7 decays mainly by K capture to the ground
state, but has a 0.477-MeV Y ray in 12% of»the‘decays.l8 Pulse-
height analysis of the background in PL I and PL II gave a spectrum
that corresponded to the Compfon scattered electrons from the 0.L477-
MeV -y ray. ' '

PL III and PL IV were .used in all the runs with the counter
telescope. Since these targets were bombarded only in thé relatively
low~intensity pion beams, -Be7 was never produced in observable yield.
The background in these targets remained at a constant.level despite
the many pion bombardments involved. Before each bombardment, the
. plastic scintillator was cleaned with ethyl alcohol to remove the
silicone grease used to couple the scintillator tovthe photdtube. At
the end of these experiments, the targets PL III and PL IV were
reweighed to see if any loss in weight had occurred because of the

frequent cleaning. No change in weight was observed.
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T. Corrections to C'F Tnitial Activity

1. DNeutron Background

The meson cave at the 18L-inch cyclotron has a background of
fast neutrons and other particles, which might contribute to the pro-
duction of Cll. The effect of this background radiation was measured
by placing an identical plastic scintillator at various locations
around the target position and exposing it for the same length of
time as the target: itself. The activity in the dummy scintillator was
then counted in the samé manner as the target. The dummy activity
was fairly independent of location if the dummy had been placed about
a foot or more out of.the beam. The correction due to stray background
was taken as the activity of the dummy target when placed a foot from
the beam. This correction varied, depending on the particular experi-
mental setup in use at the time. Even though the internal beam was
usually run at its maximum level, the amount of background around the
counter telescope varied because different amounts of concrete and
wood shielding were used in the various beam setups.

The activity in the dummyAtarget due to stray background in
the meson cave was seldom as much as the natural cosmic-ray background
. of the detection system, so it was extremely difficult to resolve a
decay curve due to the dummy activity. AA 20.4-min decay curve was
arbitrarily drawn through the data ahd extrapolated to zero time.

The extrapolation from the first data point to zero time was about

5 min, which should not have caused a serious error. This initial
activity was subtracted from the initial activity of the target to
obtain the net activity due to the pion beam; This correction was
less £han 5% of the initial activity, except for the data at 53, 60
and 1610 MeV. At the three energies mentioned, the absolute magnitude
of the correction was even less than in the other cases, but the

total initial activity was so low that the correction was as much

as 20%.
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The use of the dummy target activity also corrected for
another slight source of error. As mentioned previously, some authors
have noticed that plastic scintiliators‘after being exposed to light
will produce an apparent activity due to its own phosphorescence or
due to static electrical charges caused by rubbing the scintillator
before mounting. The cosmic ray background was too Jarge to see this
effect in this apparatus, but if such an effect were present, it would
be included in the subtraction for stray background. The activity in
the target scintillator never showed any component other than that
aue to ¢t |

2. Internal Secondaries

Because the scintillator targets were thick, the possibility
existed that secondary particles (neutrons and protons) produced by
nuclear interactions of the pions with target nuclei could cause the
production of Cll. The secondary particles would need at least 18.3-
MeV energy to overcome the binding energy of the neutron in Clg. Thus
evaporation nucleons, normally dvefaging a few MeV, would probably
not have enough kinetic energy to create Cll. However, particles
ejected during the initial cascade or as a partner in an absorption
event could be sufficiently.energetic. Because a wide variety of
kinetic energies is possible for these particles and because the
cross sections are changing rapidly with energy, no attempt was made
to calculate a correction due to this effect. The correction was
found experimentally by measuring the cross section as a function of
lucite thickness placed before counter B and the target. The cross
section is expected to increase with increasing lucite thickness, so
by extrapolating the observed cross sections back to zero thickness it
was hoped to correct for finite target thickness. Lucite was chosen
as the absorber because of its similarity to plastic scintillator in
physical properties and its convenience.

Because small changes in cross section were measured by this

technique, it was necessary to use a very intense pion beam to insure
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reproducibility and accurécy. The 310-MeV 5 beam set up by Booth
et al. was sufficientiy intense.22 However, their experimental setup
fequired the use of a ry-ray counter consisting of alternate layers
of Pb and plastic scintillator. One corner of this counter extended
into the pion beam, meaning that the pion energy at the plastic tar-
gets was 215 * 37 MeV. The spread in energy was caused by the fact
that some of\the pions reaching the target had to pass through more
of the ~y counter:than others. The measured correction represents an
average correction for a relatively large energy range. Because this
correction was not measured at other energies, it was assumed that
the absodute correction was independent of pion energy and dependent
only on the total number of pions through the'target. The absorption
cross section probably determines the production rate of secondaries .
At 215 MeV the absorption cross section is about 25mb.25 It aoes
not vary by more than a factor‘of two from this value over the energy
range from 50 to 300 MeV. '

The large beam intensity and relatively.large ClQCﬂ_,ﬂ_n)Cll
‘cross section at 215 MeV gave 1arée initial Cll activities of
the order of 10,000 counts/min. -The cross sections as a function of
thickness are plotted in Fig; 16. All the points were obtained with
1

a total number of pions of about 3.75 X 10 . The correction,-related

to pion intensity for convehience, amounted to 2 mb for this number
of pions, so all the cross sections were corrected by 0.267 mb/lO7
pions through the target. For many bombardments the absolute magni-

tude of the correction was negligible because of low beam intensities.
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counter B, and lucite thicknesses.
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J. Results

1. Data

The corrected cross sections are presented in Table IV and the
1

-

o2 @T-ﬂr_n)Cl excitation function is shown in Fig. 17. The table
gives the incident-pion energy precedéd . by a number referring to the
Physics group listed in Appendix E whose pion beam was used. The
final column gives the number of individual bombardments used to
determine the cross section. The uncertainty 1isted.with the pion
energy is compounded out of the énergyﬂépﬁead?othheibéém?ihlpaSSihg
through the target. The pion energies of 179 and 212 MeV were obtained
by placing 2 in. and 1 in., respectively, of Cu in the 245-MeV beam.
The energy of 342-MeV was obtained by placing 1 in. of Cu in the 373-
MeV beam. All the energies in the table refer to the energy of the
pions at the mid-point of the plastic-scintillator target.
Also included in this table are two high-energy measurements

made at Brookhaven by using a similar technique.

| At the bottom of the table are listed the two measurements made
with'n+'beams at the‘lSheinch gyclotron. These experimenté are dis-

cussed in Sec. V.
2. Errors

The error associated with the cross section was calculated
from the uncertainties in efficiency of the Cll_detector, production
by secondaries, stray background, muon contamination, and initial
activity. The efficiency of the o detection system (Sec. II-G)
was measured to be 83 * 5% and was the same for all bombardments.

The uncertainty in the correction for production of Cll.by secondaries
(Sec. II-I-2) Was'large but the magnitude of the correction was small
and often negligible. This correction was typically about L * 2%.

The correction for stray background (Sec. II-I-1) was about 20 * 5%
at 53, 60, and.l6_lO MeV and less than 5 % 1% at other energies. The
correction for muon contamination (Sec. II-C-2) was largey35 * 54, at
the very low energies but decreased to about 8 * 1% at 373-MeV.

The uncertainty in the determination of the initial activity /.
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(Sec. II-F-3) depended on the intensity of the pion beam. The 53-,
60-, and 1610-MeV beams had low intensities and consequently the ¢t
decay curves colld be extrapolated.with an accuracy of about 15% for

the initial activity. At other energies the initial activity could

be determined to less than 5%.
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Table IV. Cross. sections for the reaction Clg(ﬂ , T )G

Physics group Incident—pion energy Croésvsection » No. of
(Appendix E) - _ (MeV) ‘ : (mb): B 'bombardments

1 53 £ 5 3 %2 (1)

1 60 £ 6 11 = 2 (2)

2 80 £ 8 39 + 3 (2)

3 127 + 11 56 + L2 (3)

i 179 £ 10 68 £ 6 (3)

I 212 + 10 68 + 6 (3)

b 245 + 10 61 £ 6 (3)

5 304 £ 9 ho £ 4 (3)

6 32 £ 10 37 £ 4 (2)

6 373 £ 10 %0 3 (3)

6 4oz £ 10 26 + 8 (%)

7 1610 = 20 21 + 5b (1)
1000 20 £ 3°
1900 20 % 5d

Cross sections for the reaction Cle(ﬂ%,ﬂﬁn)cll
75 & 55 + 20 (1)
110 = °7 ho = 4 (3)

& The pion beam was monitored by means of a calibrated ion chamber.

bThe counter telescope was not used for this cross section. The
pion intensity was calculated from data supplied by Segré—group

experimenters for the pion beam at the Bevatron.
“These data are from reference 2.

dThese data are from referénce 25.
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Fig. 17. Cross section for Clz(n—,n_n)cll reaction plotted vs
incident pion energy. The smooth curve is the total cross
section for n n free-particle scattering, which is equal
to the total cross section for =n'p scattering by charge
symmetry.
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III. C mrn)C T DISCUSSION

A. General Discussion of 1+ C

Previous experiments of T scattering on C have been concerned
mainly with measuring the total cross section, elastic (or diffraction)
cross section, and the inelastic (or absorption) cross sections. Much
of this work has been summarized by Ignatenkoee . The Russian work
shows that both the total cross section and inelastic cross sections
seem to have an energy dependence similar to that of the free -pafticle
xlN scattering. _

This effect is quite pronounced in the daﬁa for the inelastic
cross section for m on C. Angular distributions for elastic and
inelastic scattering of ™ on C12 have also been measured along with
the energy distribution of the inelastically scattered pions. The
elastic scattering can be calculated by using the optical model. The
inelastic scattering shows a large backward peaking which-corresponds
to pion scattering from’individual nucleons.in Cle The inter-
pretation is that the pion interacts with the nucleus solely by .l
collisions rather than with clusters of nucleons or with the nucleus
as a whole. Because»so many of the nucleons in C12 may be considered
as surface nucleons, there is aihigh probability that the pions escape
from C12 after just one collision. However, for heavier nuclei the
data indicate that multiple collisions may occur before the pion
escapes. » o

Relatively few experiments have been performed where specific
nuclidess have been measured as products of pion-induced reactions.
The excitation function for ClQCﬂ_,W_n)Cll presented here is a
partial . explanation of why the total cross section and inelastic
cross sections for M on 012 show a maximum at the nN free-particle-

‘scattering resonance. The (ﬂ_}ﬂ-n) reaction is only one of several
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inelastic reactions that méy‘occur'fOlloWing'%he initial pion-
nucleon collison. Examples of other reactions are (m ,7'p),.
(ﬂf,ﬂoﬁj),'(nf,ﬁifxnfyp), etc.’ All these reactions will be initiated
" by a primary N collisipn; the probability of which is governed by
‘the free-particle cross section. The gum of all these processes is
then equal to the inelastic cross section.. -

- The situation is slightly different4in'heavy~nucléi'wh9re,
7followihgzﬁhe initial s ¢ollision, both the collision partners are
likely to undergo further collisions with other nuclecns and wash
out the free-particle resonance. However), even in heayier nuclei the
(7 ,m” n) reaction is-expecteéd to show the resonance béhavidr, since

this reaction probably occurs mainly on the .nuclear surface.:
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B. Discussion of (p, pn) Mechanisms

The theoretical discussion of the_C12 (ﬂ_,n?n)@%layeactionl 5

will be based entirely on analogy with the C12 (p, pn) Cll reaction.
Therefore, this discussion will begin with a brief review .of the present
status of the (p, pn) reaction in general, follow with a comparison of

the possible mechanisms as applied to both (p, pn) and (m ,rm) )
reactions, and énd with a rough calculation of the 012 (ﬂ-/n:ﬁ)c%lﬁ”‘

cross sections based on the direct-interaction model.

The (p, pn) reaction has been extensively studied in recent
years.27’28’29’5o The experimental results have been compared with
the predictions of the Monte Carlo calculations of Metropolis.31 The
calculated cross sections are consistently low by factors of two to
nine, depending on the energy region and the target nucleus considered.
The approximations in theé nuclear model are probably responsible for
this discrepancy. -The model used a square well instead of a more
realistic diffuse nuclear surface.

Three different mechanisms probably contribute to the (p, pn)
reagtion. These mechanisms have different relative importances: in
different.energy regions. In reasonaﬁly heavy nuclei the compound-
nucleusbmechanism probably dominates the yield for incident proton
energies up to about LO MeV. This mechanism assumes that the bombard-
ing particle is completely absorbed by the target nucleus. The
kinetic energy of the projectile is shared among all the nucleons,
resulting in a highly excited nucleus. After a relatively long time
the nucleus de-excites by emission of the neéessafy particles and

Y rays..

At higher bombarding energies, most spallation reactions are
interpreted in terms of the  Serber process.52 This mechanism supposes
that the nuclear reactions occur in two stages. The first stage is
a "cascade" of fast two-body collisions, with some nucleons being
knocked out directly. The end of the cascade stage results in a
highly excited nucleus which then de-excites in a manner similar to

the compound nucleus —by evaporation of nucleons and ~y-ray emission.
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The (p,pn) reactidn above 40O MeV/is ‘“thought “to proceed through
two special applications of the Serber process. ' If the incident -
particle strikes a particular nucleon and both collision' partners
escape from the nucleus directly, the process is called the "pure
knock-on" or "one-step" mechanism. This is equivalent to a one-colli-
sion cascade without evaporation. The struck nucleon must be a neutron
in order to have a (p,pn) reaction. The excitation energy caused by
the removal of this neutron must not be greater than the binding energy
of the most loosely bound particle in the residual nucleus. It if were,
other nucleons would be emitted and the (p,pn) product would not be
cbserved.. |

The other special application of the Serber process is the
"knock-on plus evaporation" or "two-step" mechanism. In this mechanism
there is again just one collision between the incident particle and a
nucleon of the target nucleus. However; this time only one of the
collision partnefs escapes directly while the second partner shares
its recoil energy with thé whole nucleus. Eventually the nucleus
de-excites by the emission of one nucleon. The struck nucleon in this
case may be elther a proton or a neutron. If the knocked-out particle
is a proton, then the evaporated particle must be a neutron in order
to have a (p,pn) event, and vice versa if the knocked out particle is
a neutron. To distinguish these last two mechanisms, we will call
the first one a (P,Pn) event and the second a (P,Np) event, following
the nomemclature of Metropolis et ala3l The one-step mechanism can
be” ted as a (P,PN) event.

77 and Caretto attempted to distinguish between the (P,PN)

nd the (P,Pn) mechanisms by studying the recoil behavior of the Cu
nuclide in the reaction Cu 5(p,pn)Cu6h over the energy region of 100
to 400 MeV. >

over this energy region with the (P,Pn) process being more important

They concluded that both mechanisms were important

at the lower energies and the (P,PN) process predominating at the

higher energies.
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A distinctly different way for a (p, pn) reaction to occur

would be by neutron pickup to form a deuteron. This process is
30
expected to decrease very rapidly with energy.
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v 3
C. Cle(p,pn)Cfl Reaction

This reaction has been studied extensively because of its
convenience as a monitor for proton intensities. The presently
accepted cross sections in the energy range from threshold to 300 MeV

3L

are those given by Crandall. Reference to -some of the higher energy

cross section measurements are given in the work of Cumming,

35

Recently these cross-section measurements

36

Friedlander and Swartz.
have been extended to 28 GeV by Cumming, F?iedlénder, and Katcoff.
‘There are two distinctive features of the Clg(p,pn)cll'excitation
function. The first is the low-energy peak at about 45 MeV, and
the second is the lack of energy dependence above 1 GeV. The energy
insensitivity at high energies is & general characteristic of all
(p,pn) reactions. As shown in Fig. 18, the shape of the Clg(p,pn)c:Ll
low-energy peak is rather different from the peaks of (p,pn) excl-

21 e ¢?

23

tation functions for other 1ight and medium mass nuclei.

19

peak is not nearly as sharp as the observed peaks in F 7~ and Na
The C12 peak occurs at an energy about 15 MeV higher than these other
peaks, which is more than the energy needed to account for the tight
binding of the neutron in clE(EB= 18.3 MeV). The fall off of the

C12 peak is much more gradual than that of the corresponding peaks

for Fl9 and Na25. Since C12 is such a small nucleus with most of

the nucleons being close to the surface, it seemé reasonable to assume
that compound-nucleus formation is relatively less important for.the

o2 peak than for the peaks in other (p,pn) reactions. Also the

compound-nucleus mechanism seems unlikely for the Clg(p,pn)cll
reaction on the basis of the excitation energy. Starting with 45-MeV
kinetic energy of the incident pfoton, and sﬁbtracting 5.9 MeV for
the recoil energy of the compound nucleus, 18.3 MeV for the binding
energy of the neutron, and about 0.4 MeV for the Coulomb barrier of
the evaporated proton, we are left with 22.4 MeV to be used as

kinetic energy of the evaporated proton and neutron or as -y-ray
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Fig. 18. Excitation functions for (p,pn) reactions in light

nuclei;
501id curve is for C+2(p,pn)cll reaction (see reference
34): 18
- daghed curve is for F1I(p,pn)F = reaction (see reference
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dotted curve is for Na23(p,pn)Na22 reaction (see re-
ferences 27 and 99).
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de-excitation. This seems to be an unusually large amount of excess
exXcitation energy for two evaporated particles to carry off.

'On the other hand, if we assume the (P,Pn) mechanism at 45
MeV and assume that the average'excitation energy for the evaporation
step is half the incident energy (to be discussed in Sec. III. D—2),
we have 22.5-MeV excitation energy at the peak of the Clg(p,pn)Cll
reaction. Then subtracting the neutron binding energy of 18.5IMeV
leaves us with 4.2 MeV if the neutron is eVaporated with zero
kinetic energy.v If the residual excitation is greater than about
8 MeV, the Cll nucleus is unstable toward & emission. This argument
favors the two-step mechanism over the compound-nucleus mechanism at
the peak of the excitation function.

The Monte Carlo calculations show that the (P,Pn) mechanism
is increasing in importance as the incident ehérgy decreases, whereas
the (P,PN) mechanism decreases in importance at lower energies,51
The (P,PN) decrease at low energies is due to the shorter mean free
paths for low-energy nucleons. However, the recoil experiments of
Singh and Alexander show that in the energy region from 0025 to 6.2
GeV, the (P,PN) mechanism is the major contributor to.the Clg(p,pn)Cll
37

reaction. Thus we conclude that the two-step mechanism (P,Pn) is
the major pfocess at the low-energy (peak) region and the one-step
mechanism (P,PN) predominates at the high-energy region (E > 0.25 GeV).
These arguments will be important ih our analysis of the mechénism
of the (T ,m n) reaction.

Figure 19 shows a plot of the excitation function for the

ll, the total pn cross section, and the pn

reaction C12 (p,pn)C
elastic cross seétion for comparison. The (p,pn) and total pn
excitation:functions coincide even without normalization in the
region from 100 to 400 MeV. Above LOO MeV the free-particle pn—.
cross section increases slightly and the (p,pn) cross section /

decreases slightly. This behavior can still be explained in terms of

N
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19. Solid curve is the Clz(p,pn)cll excitation function
plotted from data of references 34%,35,36,93,9%, and 95.
The vertical lines represent the experimental cross sections
measured in the high-energy region. Dashed curve is the pn
total cross section. Dotted curve is the pn elastic cross
section.
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the single-pn-collision model. At 40O MeV the production of ﬂ':
mesons becomes significant. This means that an additional particle
(the pion) must also escape from the nucleus without 1nteract1ng
:w1th other nucleons in order to produce the (p, pn) product Because
the probablllty that the plon escapes unscathed 1s less than l .the
yleld of C w1ll be lower than what would be expected on the bas1s
of the total cross sectlon ‘Since the newly created plon does have

a finite chance of escaping, espe01ally from a small nucleus, the
yleld of C w1ll be greater than that expected from‘Just the»elastic
pn scattering'cross section alone. .This is illustrated}in Fig;.l9.
The fact that the pn and (p, pn)'cross sections coincide from 100 to
40O MeV may be coincidental but it makes the compariSOn casier.

The same statemerits about the effect of pion productlon on the
yield of C 1 can be applied to the ot (ﬂ , T n) ¢t reaction. - The
‘data of Fig. 17 show that at 40O MeV the 7 n and (17~ , M n) excitation
bfunctlons are almost identical whlle the three hlgh energy p01nts for
the (7, m n) reaction are lower than the 7 n excitation function.
Pion production by incident pions uould'tend to lower the (ﬂ_;:ﬁfn)
cross section regardless of whether -the one—step orvtuoéstep nechanism

applies.

A

SN
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D. ¢ (x ,n n)C  Mechanism

With this background on the mechanism of the (p,pn) reaction,
we now proceed to invesfigate the mechanism(s) of the Clz(n—,n-n)cll
reactioh. The basic il interaction is a strong interaction just as
is the NN interaction. Thus‘we expect the (7 ,x n) reaction to .pro-
ceed by one of the mechanisms already'discusseda

For incident pions, the process— analogous to the cbmpound-
nucleus mechanism would be pioh absorpticn. However, absorption of
a ﬂi could not possibly lead to Cl; since the "compound system"
would have a net charge'of Z =5, _

The two-step mechahiSm for the pion-induced reaction would
consist of a single collision between the incident pion and a nucleon
in Clz. The pion must then eécape the nucleus, and the récoil energy
df_thevstruck nucleon must be converted into excitatiqh energy of the
nucleus. - Eventually the nucleus evaporates just one neutron. For
the proton-induced reaétién; itfwaSspOSSible for a neutron‘to be
ejected from the initial coliision and then be followed by proton
evaporation, ZP,Np)o Howevér, the analogous pion-induced process is
extremely doubtful—no one has yet shown the existence of.mesdn evap-
oration. |

In the one-step mechénism, only a T n dollision is allowed
and both the pion and the struck neutron emerge from the nucleus im-
mediately. The residual excitation must be less.than about 8 MeV to
avoid further nucleon evaporation. e

For pion-induced reactions, the procdess.ianalogous to deuteron-
formation would be the formationJof a plion-nucleon isobar. The isobar
is a resonant state of a pion plus nucleon and has a lifetime deter-
mined from the width of the resonance, I', and the uncertainty principle,
T = %. This lifetime is pomparablefo the time the isobar takes to
cross the nucleus, about lO-23 sec. Because little is known about

isobar cross sections in nuclear matter, we will assume in our later
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calculations that the pion and neutron leave the nucleus as separate
entities. :

Impulse approximation. Before invcking the one-step or two-

step mechanisms, we must investigate whether the impulse approximation
is still valid for pion—induced reactions. Impnlse approximatien is
the term coined by Chew to describe the assumption that elementary—
particle interactions are unchanged within nuclear matter. 38,39,40

The impulse approximation is valid when the mean free path, A, of the
incident particle is much greater thanvite particle wavelength, %,

and when the binding energy of the struck nucleon, V, is negligible
compared with the energy of the incident particle, T.. 5 -

The particle wavelength may be calculated from X ¥'h/p;iwhere
p is the momentum. The nean free path for pions in nuclear metter as
discussed in Sec. IV.-B is. shown later in Fig. 26. TFor the energy |
region of interest here, Tﬂ > 50 MeV, A is always greater fhan x.

The smallest ratic of AX is 1.5, which occurs at the 190-MeV
resonance, where A=1.0 F and ¥ = 0.66 F. ,

Nucleon binding energiles are expected to be less than SO MeV,
even for nucleons in tightly bound or "core" shells, so for the bom-
barding energies of this work, T is always greatervthan V. Thns we
will assume throughout this discussion that the impulse approximation
is wvalid, to the extent that pion—nucleon collisions do occur within
the nucleus. However, we will use "effective'cross sections for

collisions within nuclear matter, rather than free-particle cross

sections. .

1. Probability of a (% ,x n) Event

On the basis;of the one- and two—step'mechanisms,'let us set
up an expression for the probability of a (x ,n n) reaction ocecurning

at a given location in the nucleus. The general expression is:

~ P =P.P _.wP P, B (1)
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where
P is the probability of a (ﬂf,ﬂfn) reaction at a specific point,
Pi is the probability of an incident pion reaching that point,
Pcoll s the probability of a collision at that point,
P7T is the probability of the recoil pion escaping unscathed,

and Prl is the probability that one and only one neutron is emitted

from the nucleus, either by direct knock-on or by evaporation
- from an excited nucleus.

Pi and Pﬂ_ are fupctions only of the pion mean free path and
the distance the pion travels in nuclear matter. Thus Pi and Pﬂ_ are
independent of the two reaction mechanisms under consideration. How-
ever, Pn and Pcoll depend on which mechanism one assumes..

For the one-step mechanism, Pn = exp (—sn/kh),/where sn'is the
distance the recoil neutron has to travel to reach the nuclear surface

and Xn is the mean free path of the neutron. P is proportional

coll .
to the cross section for a 7T n collision because only a T n collision
is allowed.

For the two-step mechanism, Pn is given by an evaporation

|
formula of the type

‘Pn - -/’Pn(e)de.:-/‘ Koe .g%%

where Pn(e)de is the probability per unit time of evaporating a

ot

t

de . (2)

e

-t

neutron with kinetic energy between ¢ and ¢+de, K stands for a group

of constants, O 1is the cross s;ction for the inverse reaction, and
W(f) and W(i) are the density of states for the final and initial
nuclel, respectively. For a given excitation energy the integration

is performed over only those neutreon enefgies that leave the residual
nucleus with less than 8 MeV. Pcoll'is proportional.to the sum of the
Tn and T p cross sections because both Tn and 7 p collisions can

take place.

2. Determination of mechanism

. - . 12, - - 11
Our problem now is to determine whether the ¢~ (m, 7 n)C

reaction proceeds by the one-step Or two-step mechanism. Because the

l2, - - (11 . . .
experimental C (7 ,7 n)C" " excitation function peaks at the same
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incident pion energy as the free;particle'scattering resonance;, it
seems very likely that a 7N collision is taking place inside the
nucleus. HoWevef, both the one-step end two-step mechanisms contain
the term Pcoll’ which is proportional to the effective qg_crossv
section in nw lear matter. Thus both mechanisms could concelvably
give rise to a peak provided the other terms in the expression for
P do not cancel 1t out.

If we plot the cross sectlons for the C (ﬂ S n)C reaction
and the cross sections for the CT (p,pn)C reaction on the ‘same
graph as a Function of the momentum of the incident particle, we find
that the peaks cointide as shown in Fig. 20. If this plot impiies
similar mechanisms, we would expect that the momentum tranefer and
resultant excitation energy of the nucleus are the factors contfolling
the cross sectlons in the peak region, because we have 1nd1cated that
the CF (p,pn)C reaction proceeds predominartly by the two -step
mechanism in the peak region. Yet we claim that the C (ﬂ ﬂ )C
peak is associated with the free-particle T n resonance

This amblgulty can be resolved if we compare the probablllty
for neutron escape,_Pn, under the assumption of a two-step mechanism
for the case of the (p,pn) and the (7 ,m n) reactions. The probability
of neutron evaporation and the number of neutrons evaporated is de- ‘
pendent on the value of the excitation energy of the nucleus, and
does not depend on how the excitation energy was introduced. Assuming
that the product’ of the three_terms,‘PiPcoll QT,.is not too different
for the proton case qnd the pion case at the energies of the excitation
functien peaks, the ﬂuclear excitation energy should be theyeame if
the (1,7 n) and (p,pn) reactions prodeed by the same mechanism.

Therefore it is of great interest to plot the‘averége exci-
tation energy ﬁnder the assumption that a single collision occurs and
that the recoil enefgy of‘only the struck nucleon is converted into
nuclear excitation energy. In order to calculate the average recoil
energy <TR>’ it is necesSary to weight the recoil energy for a given

scattering angle by the angular . distribution:
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Fig. 20. Cross section for Clz(n_,h_n)cll reaction plotted vs

the momentum of the incident pion. The smooth curve is the
cross section for Clg(p,pn)cll reaction plotted vs incident
proton momentum. Data are taken from references 34,35, 36,

93, 9)4') and 95.
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(TR> = _[ p(6) TR(E) do . ‘ (3)
[ p(g) as

This is quite simple for the nucleon-nucleon case where the angular
disttribution P(6) is either isotropic or symmetric about 90 deg(c.m.)
in the incident-proton energy region of interest, 20 to 100 MeV. The

recoil energy, T is given by

R)

(m * m,)

where Tl 1s the incident energy and 0" is the c.m. angle of the

scattered particle. Tor equal-mass particles this expression is
1

R
T =3 Tl(l - cod 0).

Integrating T

R over an isotroplc or a symmetric angular distribution

= Tl, as shown in Fig. 21.

gives TR =3

The average nucleon recoil energy for the =N scattering, how-
ever, is considerably more domplicatedu The angular distributions
are quite different above the J =T = 3/2 resonance for =m n and ﬁ—p
scattering. Thus it is necessary to calculate the average recoil
energy for a 7 n and 1 p event separately, weight the average recoil
energies by the cross sections for 7 n and n-p events, and average
again. Thus: |

) (gl (B (o) (o
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Fig. 21. Average nucleon-recoil energy plotted vs incident

' particle energy. Heavy solilid curve is (TR> for incident
protons. Light long-dashed curve is (Tg) for = p scatter-
ing. Light short-dashed curve is (TR) for n™n scattering.
Heavy dashed curve represents weighted average of (TR) for
n"p and n"n scattering.
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(Tg n) and.(T; p> were calculated by using the relativistic L

formula
T = m202 Evé)a - :l‘(l_ - cosf; ) (6)

R -

where

i

Y 1s the ratio of the pion total energy to its rest-mass energy in
the laboratory reference.frame; ml,is the rest-mass of the pion, and
mzais the rest-mass of the nucleon. 7
The average excitation energies calculated in this manner are
shown plotted in Fig. 21 as a function of the incident-particle bom-
barding energy. Note the considerably different behavior for 7 n and
ﬂ_p scattering above 300 MeV.

_ For -our purposes it is more interesting to plot the average
excitation energy as a function of incident-particle momentum as
shown in Fig. 22. The Clg(p,pn)cll'ahd Clz(n—

function peaks coincide when plotted vs incident momentum. However,

,:rt‘_n)Cll excitation-

the average recoil energy of the struck pariicle, which we are equat-
"ing to the average excitation energy, 1s quite different as a function
of incident-particle ﬁomentum.o At the peaks that occur at about
300 MeV/c the average excitation energy of a two-step (n—,n_n)
reaction would be more than tw1ce that of a two-step (p,pn) reaction.

» Such a hlgh exc1tatlon energy for the plon-lnduced reaction

means that more-than one nucleon would be evaporated 1f this process
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Fig. 22. Average excitation énergy from a single collision -
plotted vs the incident particle momentum. Solid curve
is (TR) for a proton-nucleon collision. " Dotted curve
represents weighted average of (TR) for np and n°n
scattering.



occurs. In addition, the higher recoil -energy of the struck neutron
would make‘it easier for the neutron to escape directly. Thus if
seems highly unlikely that thefCﬂ?,ﬁﬂn)~reaction‘Cén occur by the
“two-step mechanism. The overlap of the (p,pn) and Cn-;ﬂ-n)ppéaks'
when plotted as a function of momentum is‘probably,mbré of ‘a coineci-
dence than of fundamental importance: ' - ' "
A possible method of testing this conclusion would be to
. measure the excitation functicn for the reaCtion'Flg(ﬁ;;ﬁ-n)Fl8.'.The'
Fl9(p,pn)F18 reaction peak is abbut“l5‘MéV'lowéf thankthe Clg(p,pn)cll
peak, mainly because of the differeﬁce in heutron bindiné eneréy.g7
If the F19(n-,ﬁfn)F18 péak vas measured sufficiéhtiy‘accUrateiy and
was found to remain at the N resonance energy, then we would know
that the momentum of. the incident particle is not what is responsible
for the peak, but rather the peak is caused‘by the free—particie '

resonance. ' .
12, + + (11
(r )T

reaction in the energy regions of the 600~ and 900-MeV, T = 1/2

It would also be interesting to measure the C

i ; ' Ly + _+
free-particle resonances. . If peaks occurred in the (n.,ﬂ n) cross
sections at these energies, we would.have additional evidence for

the elementary-collision mechanism.
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E. Resonance-Broadening Due to Neutron Momentum

‘ The simplest explanation of the peak in the Clg(ﬂ_,ﬂfn)c;l‘ex-
citation function is the-éne-step or pure. knock-on mechanism. The
-prominent peak in the free-particle 7l scattering is a useful £ool
for showing that elementary particle collisions occur in nucilear matter.

The resonance peak in free-particle - T n scattering has & full

width at. half maximum of about 145 MeV,.whereas the corresponding width
of the (m ,m n) excitation function is roughly 300 MeV. The greater width
in the (m ,m n) peak is probably due to the fact that the struck neutron
in the (7 ,m n) case is moving at a relatively high velocity, whereas
the neutfon may be considered to be.at rest in the free-particle scatter-
ing. The broadening of the resonance peak due to the motion of the struck
neutron can be estimated as follows.%'L5

Consider the following pion-neutron scattering diagram for the

laboratory system, where:

b total energy of neﬁtron, -y

'

]

momentum of neutron, /

total energy of pion, T(E,p,u) Yz

| o - —

= momentum of pion,

= rest mass of neutron,

T 2 Y H OB A
It

= rest mass of pion.

The solid line represents the neutron and the dashed line the pion. The

square of the invariant mass of this system is given by S, where:

N2 2, 2
-(p+p')" =M+

)2 +2 (EB' -33').

(7)

S = (E+E

., The invariant mass is the total energy of the system in the c.m. frame

of reference. We then consider the two reference frames:

1. The target neutron is at rest.

2. The target neutron is moving with a momentum p'.
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Letting the subscripts 1 and 2 denote the two reference frames, we have:

B

il

WM r T+ B(M Ey),

since pi = 0 and Ei'= M}

82 M2+u2+2(

EQEé - pgpéedse ),

where -6 . is the lab angle between the two momentum vectors.
- Because. the interaction. cross sections are equal when the c.m. total
_energy is equal, ve will equate ‘Sl:and'Sé.and find the difference in

-~ plon-energies- in the two frames:

2.2 o a2 2 . .
Sy =8, =M 4 uT 4 2ME) =M 4t 4 2(B By - popy cos).
' (8)

We then ‘approximate Eé'by ‘M since the total energy of a neutron in a

nucleus is only slightly changed from the total energy of a free neutron:

2ME; = QKEQM - pgp2 c6sh)

P B _ ' A . M
MEl“ ME2 =7 p_2p2 C,OSQ - MAEJ
Hwhefe LE  1s the desired shift in pion energy due to the neutron momen-
tum. With the assumption that the struck neutrons have an isotropic
momentum distributiqn, the average angle will be O or 180 deg, so:

' 4D P/ P Lo N

M-
o _4Thevpionbmom¢n£um; bé , at the, ﬂ~n‘ resonance is 300 MeV/c
and the‘neutron mass, M, is 939 MeV. However the average neutron momen-
ﬁum ﬁust be estimated from the available informationvonfproton-momentum
diétribdtions. Garron et al. have measured the'proton~momentuﬁ dis-
tribution in 012 and have found the data fit separate functions for the

s- and p-shell protons. In the next section we will discuss the



_G6-

reasors why the 7 n collision can only be with p-étate'ﬁeutrbng; Antic-
ipating that discussion, we will assume that only the average momentum
of the p state is significant. From the déta,of Garron et al. the
average.momentum of the p—étate'ppotons is 150 MeV/c and we assume that
this is valid for the p-sﬁate neﬁtrons also. -The resultant energy
shift, AE, is k8 £ 5 MeV. For a head-oﬁicollisionvthis would require

a decrease of 48 MeV, and for an overtaking collision this -would. require
an increase. of 48 MeV in the pion energy in order-to keeﬁ the.com..fotal
energy constant. Therefore fhe.total width of the MmN resonance for

neutrons moving -in Clg would be approximately:

FWHM = (145 £ 10) + (U8 £'5) + (48 £ 5) = 241 * 12 MeV
| (20)
. This is sllghtly less than the experimental width of 300 £ 30 MeV, even
after considering the errors on.these estimations.
. The discrepancy céuldvconceivably be accounted for by a potential
for the pion nucleus system Several authors:have rehuired an attractlve
potentlal of about 24 MeV to explaln pion scattering from complex

L5, h6 523

nuclei. Using. Eq (9), we estlmate an 1ncreased width of
about 7 MeV due to an attractive potential of 2 MeV. The experimental
data presented here are not accurate enoﬁgh £0'distinguish-effécts

- of this mdgnitude - ,

-In addltlon to broadenlng the resonance peak, an attractlve
potential ought to shift the peak of the ot (ﬂ-,ﬂfn)Cll excitation
function to lower energy, but more aceuratevexpérimental‘data would
be needed to check this prediction also. Tt is possible that the
pion4 nucleus potential is'weék*in the surface regions where the
greatest’ contributions to the (ﬂ_,wnn)»reaction*are eXpected, Thus

the potential might have little effect 'on the (", n) reaction.
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F. ‘Benioff Model
o B T
Using the impulse approximation, Benioff ‘has given a simplified
relationship for calculating (p,pn)-cross sections. at GeV Energies on
. L . . S _ bl R
- the basis of a shell-model nucleus with a diffuse surface. “ This

formula is:

O(p,pn) = 61 Z Prigs Map -

allowed
shells

where Mnﬁ ig the fractional availability of a particular shell-model

state to contribute to the (p,pn) reaction, 'nnlj is the numher of
neutrons in that particular state and %6 mb is a constant derived from
the freé-particle cross section. The allowed states are only those
states from which a neutron can be removed . w1thout exc:tlng the nucleus
to cause it to evaporate addltlonal partlcles For example, the 1/2-
protons of C have 2 binding energy of about 35 MeV whereas the binding
energy of the hs) /2, protons is about 16 MeV. as determlned by (p,2p)
c01n01dence measurements If a proton were snatched from the sl/2
shell, the nuclear excltatlon due to the 1/2 hole- would be the

difference in the s and p5/2 blndlng energlesJ or approx1mately

19 MeV, vhich is mori/ihan enough energy for further partlcle emission.
The neutron blndlng energies are not expected‘to differ very much from .
the proton binding energies for light nuclei so.the:same reasoning applies
to the neutron shells. Thus we say that the two si/glneutronsvare.not
available for the (p,pn) or (n, ﬂ n). reactlons The sum in Eq. (11) is
only over the p5/2' neutron shell which for 012 contains_four neutrons.

Benlolf presents a serles of graphs allow1ng M Ny to be. cal-
' culated for various sheil states 1n Varlous nuclel The constant in
front of the summation signs- 1svproportlonal to the freewpartlcle Cross

.. section. Thus it was'possible'to use Benioffis‘graphs_anq‘apprOpriate
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cross sections for pion scattering in order to.calculate the (1,7 n).
cross section as a function of energy. The results of this calculation

are presented in“Table‘V.

Table V.- Comparison of experlmental and calculated C (ﬂ',ﬂ n)C lcross
sectlons follow1ng method of Benloff

Pion energy o(m ,m n) calc. o(m ,mn) exp.
(MeV) - (mb) | - (mb)
190 58 68
s | 25 . .30
1000 _ 21 - ' 20

S1610 0 ¢ T e 21

o -

'The agreement is very good regardless of the approximations in_the
‘ calculatlon ' | : | '
| However some of Benloff s assumptlons in deriving his iormula
do not apply to the plon -nucleon scatterlng problem presented here
Benloff S assumptlons were expected to be valid only for 1nelast1c
scatterlng of GeV protons and it may be somewhat presumptuous to apply
1nls equatlon to’ lower energy plon scatterlng The partlcular assumptlons
.that are not valld for the plon case are '
1 The assumptlon that all the outg01ng partlcles travel at 0
' deg to the 1nc1dent beam ' , ‘
2. The assumptlon that the struck neutron was at rest
3, The assumptlon that the Pauli exclus1on pr1n01ple does not
‘restrlct the number of allowed collls1ons
L. The assumptlon that free-partlcle cross sectlons can be used
w1thout modlflcatlon in nuclear matter. ' h ' ' '
' Slnce none of these assumptlons are valid for. the (ﬁf ﬂ_ﬁ)

reactlon, it was de51rable to do a calculation to show where in the
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nucleus the (wf,ﬂ_n)-reactioﬁ is likely teo fake»place. Tdeally, one
should take account of the angular distribution of = 7N scattering and
also use "effective"cross sections rather than the free-particle.cross
sections. The calculation outlined in the;followingtsection-uses a very
simple nuclear model and effective cross sections, but performs only a
‘rough integration over the angular distributions, for convenience.
However the test of the calculatlon is .in how well it predlcts “the shape
and magnitude of the experlmental ex01tatlon functlon In. addltlon the
celculation does provide information on where in the nucleus the (n ,m n)

reactlon is most likely to take place
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v. clg(w',w"n)cll THEORETICAL CALCULATION

‘ A calculation based on the one-step meehanlsm was performed to
'show how the ﬂoncept of a s1mple two-body collision leads to a peak
in the (ﬂ ,7T ) cross sectlon at the same energy as the J 3/2
7N resonance. The mechanlsm was assumed to involve Just one colllslon
between the incident plqn and a neutron in the C12 nucleus i Both’
collision pértners escaped immediateiy'without interactlng with any
other pucleons | ' | . ~ R o
An alternatlve calculation based on the two- step mechanism did
not give a peak at the resonance energy. We will first discuss the
one-step calculation and present the results. Following this, we will
present the two-step calculation and compare its results with the one-

step calculation and with the experimental excitation function.

A. One-Step Calculation

The probability that a m .n collision at a given location in
the nucleus contributes to the Clg(

T, n\"ll reaction was calculated
for all lccations, ana these probabilities were integrated over the
entire nuclear volume. The location of a collision was determined by
specifyiﬁg the values of twe parameters, a and x, where a represents the
impact pardmeter and x represents the distance of travel in the nucleus
along the direction parallel to the incident-beam direction. 8See Fig.
23/a) for a schematic representation of a typical collision event and for
a description of the notation employed. <C{ylindrical symmetry was assumed
for all locations with a given value of a and x.

v The probability or a (7 ,m n) event occurring at a given location
was calculated from Eq. (1):

; : (1)

P(a X) 1Pcoll ﬂPn

where P(a,x) is the probability of a {m ,7 n) event at a location (a,x).
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(c)

MU-28965

Fig. 23. (a) Representation of a typical n™n collision.

a is the impact parameter of the incident pion.

X is the distance the pion travels in nuclear matter
before reaching the point of collision.

- 8p 1s the distance the neutron travels after the
collision to reach the nuclear surface.

sy 1s the distance the pion travels after the
collision. ‘ - , o .

(b) -Semicircular matrix Pijb
(c) Determination of average exit distances:

(sy) = {sp1)*(spn2) (s, = (sp12*(s:2)
2 2
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The probability of a particle traveling a distance x w}thout having
a collision is given classically by the expression e—x A , Where. A
is the mean free path for the particle under consideration. By using
the notation in which x ié ‘the distance the incoming pion travels

and Xi is its mean free path. in nuclear mattegiPi = exp (—X/Xi).

Letting s7T and s, be the distances the outgoing pion and
neutron travel through nuclear matter, and Xﬂ and An be the
respectiveémean~free~paths in nuclear matter, we-have-

P= e§p~(-sﬂ/kﬂ ), P = exp C-sn/%h). If we set. Ax equal to the
distance over which a 7°n interaction can occur, then the probability

of having a collision within Ax is given by Pcoll =1 7mexp(-Ax/kﬂ-n),v

where Kﬂ_h is the mean free path between m n collisions. The

resulting expression for P(a,x) is:

Pa,x) = exo(-x/x,) [L-exp(-¢/n - Y exp (-5 /2 ) exm(-s, /7).

(12)

If Ax is allowed to become infinitely small then

l—exp(—Ax/XW_n) = dx/kw'n ,

where dx 1is a differentisl element of distance-aleng the incident-
beam path. Since l/Aﬂ,n =p 0~ , Where Py, is the neutron density
and qn‘n is the 7™n cross section, we could write

Pla,x) = exp(—x/li) (p,ncﬂ—n dx): exp(—sﬂ/kTr ) exp(—sn/kh) .

(13)

' L
Expression (13) is equivalent to Eq. (1) as given by Benioff..7

The
cross section for the (W_,ﬂfn) reaction is then found by integrating
along the path length dx, weighting the result by 2mada’ to. account

for the cylindrical symmetry, and integrating over da.
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ﬂ,m

o =-J[ da 2m aj( ax CHCAE exp(—x/ki)lexp(—sﬁ/xmr)-eip(;sn/xn)

(1)

o l_ To_avold the use of aimachine computaticn,.many simplifying
apprOXimations had to be made' Let us cons1der a plane through the .
nucleus——lncludlng the beam path and the center of the nucleus This

plane was lelded 1nto squares with 51des equal to one-tenth the nuclear
radius. The probability of a (m ,m n) event was calculated for each
square. Rather than doing the integrations, the probability of a

(W ,M n) event was summed over all the squares parallel to the beam

path and having the same impact parameter, weighted by the area per-
pendlcular to. the beam dlrectlon correspondlng to the impact parameter,

and summed over the 1mpact parameters. It was useful to employ. the

concept of a semlclrcular matrix whose elements were the squares corres—
ponding to the locations of a .mn collision, as indicabed in Fig. 23(b).
The matrix elements were labeled as PlJ, where 1 and _j. were integers—
i correspondlng to units along the 1mpact parameter. a, and J corresponding
*to unlts along the. path length x. Fach unit represents one—tenth the

nuclear radlus. With this change in motation, and setting

| 10 | |
r , 2 2 «
J’Qﬁ a da = Z 7T (a:.L - ai-l) y (15)
o i ' N
the cross section was found from the expression'
o .10 o . _ :
Opm = 2 _ 2
- 9rym T Z [ﬂ, (a] - ay )X Pij] ) (16)

‘where Pij is identical w1th P(a x) of Eq. (12), with - Ax equal to

'_ one - tenth the nuclear radlus
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1. Nuclear Model

The 012 nucleus was assumed to consist of a degenerate Fermi

gas of nucleons contained in a spherical box of radius 3.04 F.  The
nucleon density was assumed to be constant at l.02x1058 nubleons/cm5
out to the nuclear radius and then Was assumed. to fall sharply to zero.

‘The Stanfagﬂ'electron—scattering data..of Hofstadter show tnat this

assumption is incorrect for the proton-density distribution. 8" For ct?
he gives a distribution of the form ' ’
2 a=k/3
: . CQhr 2,2 P
p(r) = py (L+=5) exp(-r/ag ), - an
S a, 8y = 1,635 F. o

' The distance to the point where the density has fallen to half its wvalue
at the center of the nucleus is 2. 50 F-and the skln thlckness parameter
(the 90% to 10% po distance) is equal to 1.90 F. '

. Thus almost all the Cl nucleons can be consldered to be in the
surface region, which is éxtremely sensitive to "simple" reactions.
However the use of the accurate den81ty dlstrlbutlon greatly compllcates
the calculation so the 51mpler square—well model was chosen. The radius
of 3.0k F gives the equ1valent square~well density corresponding to the
diffuse density. (If for the square well, r = rOAl/B”then ry = 1.33 F. )
The nuclear volume is equal te (4/3)% r5 and thus the density of nucleons
is p = BA/Mﬂr , where A is the mass number.

The outgoing distances sTr vand s, are strongly erendent on
the location of the collision and on the scattering -engle. For a- fixed
scattering angle O , the scattering distribution is independent of the
angle ¢ (the scattering angle in the plane'berpendicular to the beam
direction.) However, the distancerto the nuclear surfece is-a function ~
of ¢ for collisions not occurring on the central-axisu The average:
distance traveled by the outgoing pion (s ) to reach the nuclear surface
was approximated by averaging the two dlstances correspondlng £o the

given scattering angle 6 and to - 6 in the two-dimensional plane
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defined by the beam path_and the center of the nucleus. [See Fig. 23(c).]
-The same procedure was used to find (sh) ,- the average distance the n

travels through nuclear matter for a given scattering angle 6.

2. Angular Intégration

The angular distributions. for 7N scattering have been measured

49,50,51,52"

at many energies.. . These angular distributions vary con-
siderably with-energy. -In the -region of £heq Jd=T= 5/2?resonancéy~

the ﬂﬁb -and the ﬂfpv,angular distributions have the same -shape. - This

is true up to at least 270-MeV. In the region.of the higher sl resonances
noticéable differences appear-in thevﬂﬁp :and_ﬂrp-~angular_distributions.
In order to calculate the (m ,mn) cross section at a given energy,- it

is necessary to calculate the cross section at each scattering angle 6 ,
.weight each cross section by the. relative probability of having a scatter-
ing event at that angle, and then. integrate the cross section over all

the scattering angles. To do this in detail would have required an ex-
tremely large amount of time, which was not warranted because of the
simplicity of the model chosen for.this.reaction. . Therefore-at-a-given
incident-pion energy the (m ,m n) cross section was Qalculatedﬁfor only

three scattering angles, Qéwm' = 0,90, .and 180 deg.. Purthermore, the
contribution by the single-collision mechanism to (m ,7 n) reactions
for pions scattered at O deg was assumed to be. zero. since the. struck
neutron receives so little recoil energy. Hence the dependence.on the
scattering angle was taken into account by calculating the (7 ,T n)

cross section from the following formule:’

58 (Oopm(®) _ P(0)0(0) + P(90)0 (50) + P(180)a (180)
™, T 3P (6) L o g(o) + P(90‘) + P(180)

(18)

After the scattering angle was choSén,.the recoil energies were cal-

culated from the nonrelativistic‘expression,for elastie scattering,

‘Eg. (21). T
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B. Mean Free Path of Pions and Protons

The mean free paths in nuclear matter have a great influence on
the magnitude of the (m ,m n) cross sections. From classical physics
the mean free path of a particle moving in a gas of density o)
partic}es/cmimand having a collision probability of o cmg/particle
is given by the expression A = 1/po . , |

- The nucleon density was taken to be 1.02 x 1058 N/cmB, as
determined above.  However, the determination of ¢ for pions and
neutrons moving in nuclear matter is a rather complicated affair. . To
a first approximation, a weighted average of the free-particle cross
sections may be used. However, in nuclear matter the nucleons are not
at rest. The nucleon-momentum distribution means that the‘Struck'particle
is moving with an energy that is not negligiblée when compared to the
incident particle. The projection of the struck nucleon!s momentum
along the beam axis determines whether the collision occurs at a greater
or lower c.m. energy than the c.m. energy-expectedr if the nucleon were
at rest. Thus the effective cross section for a collision in nuclear
" matter represents an average over the nucleon-momentum distribution.

Mathematicaily the effective cross section is given by:

(o) =f dE'ay P. (E;¥)o [E(E',¥)] ; (19)
where
E .is the c.m. energy,
E' is the nucleon energy,
and

Y .is the angle of the nucleon momentum with respect to

the direction of the incident particle.

P(E', ¥ ) is the probability of having a nucleon with energy E' -and

moving at an angle ¢ . This quantity is.directly related to the
bl ,53-58

nucleon-momentum distribution. Most of the papers written on

this subject discuss oﬁly the proton-momentum distribution. If the
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‘present experimental data were sufficlently -accurate'and the calculations
more refined, analysis of the (m ,7m n) reaction in the resonance region
.mlght~be~a»way-of determlnlng neutren—momentumidistributions. The factor
O[E(E’,»W)].renresents the cross section as a function of;tne c.m. energy.
This function is known from the freefparticle'scattering data. However
in nuclear~matter, E becomes -a function of-therneutron energy E'Qand the

angle -y .

vl. Nucleon Mean Free Path

Because the C 12 nucleus was assumed to be a completely degenerate
Fermi gas, the Pauli exclus1on principle prohlblts those collls1ons in
which the nucleon re001l energy is not greater than the maximum Fermi
energy. The fractlon of colligion events satisfying thls criterion
ls dependent on the angular distribution. Clements and Winsberg have.
i'made an. extens1ve computatlon of nucleon-nucleon cross sections w1th1n
‘nuclear -matter. 59 . The ratio of the effective cross section to the free-

- particle cross'sectlon, & , was expressed as

T

o = i-_o‘j) =1-K ———TF , - (e0)
~0 o 3
‘where - T, = Fermi energy, and T. = incident energy.

F ., 0

For nonrelat1v1stlc nucleon-nucleon collisions and for -an
A_lSOtrOplC angular dlstrlbutlon, K is equal to 7/5 for To, > ETF as
orlglnally derived by Goldberger 0 Since nucleonfnucleon scattering
.is not 1sotrop1c at higher energies, Clements and sberg present K
.as a functlon of energy W1th Clements and W1nsberg s values for K
and w1th the Ferm1 energy of. C equal to 28.5 MeV. (found by extra—
polatlng the Ferm1 energles tabulated by Metropolls et al 31 ), the
effective cross sections for pn and PP scatterlng in the C 2 nucleus,
(0 ) and (o ), were calculated. ‘Because ¢ nas equal numbers of
protons and neutrons, the effectlve cross: sectlon for -a neutron mov1ng

_in nuclear. matter was taken as the average of (G ) and (0 )
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v<0 >: _;—_ ((0 . > + <0~‘ >) L e e L (2]_)

The mean free paths calculated from 1/x = p(o), where p is4the'v

nucleon density, are shown plotted in Fig. 2k.

2. DPion Mean Free Path

The problem of pions moving in nuclear matter has not-been’
analyzed in such great detail as Clements and Winsberg did for the
nucleon-nucleon case. In addition to fiﬁding the effecthe mTn and
‘ﬂ'p scatterlng cross sectlons, one must 1nclude the effects of plon
» absorptlon In 1956 Frank Gammel and Watson dlscussed this problem
in connectlon with their derlvatlon of an optlcal—model potentlal for
’plon—nucleus scatterlng ' o
| . For plons the mean free path is given by 1/x l/X + l/K 5
where 'XS is the mean free path for scatterlng, and X is the mean
free path for absorptlon l/X is calculated from l/X = p(o )
where p 1s the nucleon den51ty, and (o ) is the effective scattering
cross section for a pion moving 1n:nuclear matter. (qn) can be

approximated by the expression

(0.) =

m

N -

@ (o -y + o) (22)
N

uhere oﬂ%n andyrdﬂ_p are the'freefparticle cross eectione ehd o
"is the "fudge factor” that reduces the effective cross section because
of the Pauli ‘exclusion principle‘ahd the motion of nucleons in huclear
matter ' Sternheimer62 ahdhOkun65'rhave both discussed the problem of
meson scatterlng in nuclear matter’ and derived similar expre551ons for
the case of 1sotrop1c scatterlng For ﬂN scatterlng, they found that

= 1.747 in Eq. (20). The values of o calculated for a’ Fermi energy
'of 28.5 MeV. are plotted in Fig. 25. ' ' o

» However, throughout most of the energy reglons of 1nterest here,

the 7N scattering is not 1SOtrOpleASO that Eq. (20) is not valid.

From the equations and data givenvby Frank,'Gammel; and Wétébn, the a's
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Fig. 24. éMEan free path for plons and protons moving inside
the CT% nucleus plotted vs incident particle energy.
Solid curve is A for protons. Dashed curve 1s A for pions.
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Fig. 25. « (defined in text) plotted vs incident pion-energy.
Solid curve is used to calculate pion mean free path.
Dashed curve is hypothetical o if pion-nucleon scattering
‘were isotropic and nonrelativistic.
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that they had used were calculated for energies up to 400 MeV.61 These
a's are also plotted in Fig. 25. Above 400 MeV & was assumed to be
constant at about O.8.6LL This assumption is supported by the Monte
Carlo calculations of Grea who found that @ = 0.788 for L.5GeV W-.65

The absorption cross section used by Frank et.al., was based ..
on the capture cross section of deuterons for . ﬂ* mesons. The analytical
expre351on they used for this cross sectlon disagrees with the experi-
mental absorptlon cross sections quoted by Metropolis et al 23 There-
fore the mean free paths for pions were recalculated from the Metropolis
values for the absorption cross sections and from the & values of ‘Frank,
et al. The calculation was extended to hlgher 1n01dent—p;op energies, '
using a constant value of @ = 0.8. These meanufreeﬂpaths.ereAplotted
in Fig. 24 together with the neutron mean free path. . Notelthat.fhe
meson mean free path is.considerably smalder than the neutron mean free
path over the energy region of the J =T =A3/2 resoﬁance."However at
higher energies, the meson mean free path is actually slightly longer
, than- the neutron mean free path. Note also that the 600—‘and 89OFMeV
"resonances in the T = 1/2 system.appear as minima. in the mean free path
at the corresponding energies. The gradual decrease in mean free path
for neutrons from 400 to 1000 MeV is caused'by the increasing pp {or

‘nn) cross section due to inelastic scattering (pion creation).

The pion mean free path from O to 350 MeV can be compared with
the mean free path calculated by Ignatenko on the basis of the'0ptical
model from the total inelastic cross sections of pions.on various
nuclei,26 The A calculated here and -the A calculated by Ignatenko

generally agree quite well.
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C.. Results of One-Step Calculation

The (7,7 n) calculation was performed at three energies:
190, 370 and 1600 MeV, chbsen to illustrate the main features of
the experimental excitation function. The calculated cross sections
must show a large rise at 190 MeV if the model and single-collision

mechanism have any validity. The point at 370 MeV is where the ex-

perimental cross sections apparently begin to level out. Sixteen

hundred MeV should be a typilcal high-energy point since it is just

'beyond the known picon resonances. The cross section was not calculated

below 190 MeV because of the uncertainty in the mean free path of the

recolil neutron at very low energiles.
The following angular distributions were used for these

energies.

S~

Table VI. Angular distridbutions used in one-step calculation.

Pion.ege;gy ) §g  : ' Referehée
(Mev)™ = an -
m
sr
190 (190)  143c0s6 | 62
370 (360) l.55+4.650059+6.500082_9 ' 66

]
1600 (1550)  -0.kcosH —E.MCOSBG—M.QCOSL9+8.cos59+9.6cos69 kg

'aThe energies in pérentheses refer to the actual energies at which the

angular distributions were measured.

‘The résults of the calculation at these three energies are

presented in Table VIT along with the experimentél results for com-

parison. The discussion of where in the nucleus the (7 ,7 n) reaction

takes place is given in Sec. IV. D.
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12, - -y 11
Table VII. Results of C (m ,m.n)C ~ calculation.

a

T 40(0) do(90) do(180) - Norma=" Bxperi-
e 0 o 39 oﬂ)ng90) Sl O , 1ized  mental
(MeV) . ( b) o 0
: ' ' & (mb) ~ (ub)
190 4.0 1.00 4.0 . L6 30.5 k.1 87. 686
370 12.3 1.33 3.0 13.1 15.2 . 3.8 25 30 %
1600 -11.5 0.25 2.0 - 20.7 . 21.0 3.h 21 21 *

#Results normalized to experimental o at 1600 MeV

The calculafed values all came out lower than the experiménﬁal

values by a factor of about six. Normalization of.the calculated
cross sections to the experimental cross section at 1600 MgV, pre-
sumably the least sensitive energy, points out the similar‘énergy
dependence of the calculated and experimental values.

| The mégnitude of the calculated cross sections*is'strongly
dependent on the values of the mean free path. Since, the values of
the effective #N cross secﬁion are rather uncertain, the mean free
path might be in error, which could account for part of the discre-
pancy. The use of nonrelativistic kinematics also affeqts the mean
free path. The recoil energies calculated relativistically differ

by about 25% from the values calculated nonrelatiyistically at 190

‘MeV. This in turn affects the mean free path and the calculated

cross section by roughly 25%. Although the error inlyecoil energy
due to nonrelativistic kinematics will increaée at higher ehergies,
the mean free paths are much. less sen51t1ve to energy, sovfhe error
in cross section will still be less than 25% .

The approx1matlono in the angular 1ntegratlon probably con-
tribute, to the error also. Small contributions to the (w ,= n)
reaction from forward-scattered pions would have a'large welght due
to the preponderance of forward scattering—especially at higher

energles.
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The approximation used to find the avefage distence“%he re-
coiling particles travel in order to reach the nuclear surface may
aiso be responsible for the discrepancy. The twd—dimehsional average
' distance used here probably overestimates the distance needed to
escape and tends to decrease the calculated cross sections.

The calculation outlineg here is not a Mbﬁte'Carlo tyﬁe
calculation. ,HOWevef, the nuclear model chosen here is eqﬁiValent
to the nuclear model used by Metropolis et al. and'sﬁffers*from
the same approx1ﬁatlon——namely, the lack of a diffuse surface 3,23
‘Monte Carlo calculations of (p,pn) reactions have been low by factors
of two to nine for a variety of‘target nuclei. 30,47 However, the
Monte Carlo calculations do seem fo give better agreement for light
nuclei than for medium and heavy nculei. |  ‘

Improved Monte Carlo calculations are in progfess which use
a trapezoidal model for the nucleus. Preliminary results seem to
give (p,pn) cross sections which agree with the experimental values.67
Hence it appears reasonable that use<f a nucleon-density function
with a more eccufete surface would improve the (ﬂ—,ﬂ_n) calculation.

-' In view of the-ebove uncertainties, the low magnitude of
the calculated cross sections is not regarded as a serious indictment
of the mechanism used to explain the :fdlg(n_,ﬂ_n)Cll reaction. In
fact, the similar energy dependénce of the calculated and experi-
mental cross sections is good evidence that the single-collision

mechanism with both partners escaping directly is a valid description

of the"reaction mechanism.

1. Pions Plusc®ther Target Nuclei.

The nuclear model and calculation outlined above will pro-
bably have to be modlfled in order to- account for (ﬂ,nn)reactlons
in other light nuclel. Benloff found a strong correlation between
the'magnikude of the (p,pn) cross section and the number of "avail-

: . 29

able" neutrons in light nuclei. Preliminary data of Andersor and
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Newman68 seem to indicate that thls correlation is even more pro-
. nounced in (n 5 T n) reactions on fargets ranging from N 31
To account for the fact that some neutrons may be avallable
for a (n,7nn) reaction and others not, the factor for the probablllty
of a collision in Eg. (12) could be modified. As expressed in Eq.
(12) the probablllty of a collision occurring within a short path
length Ax is: P = l—exp(—Ax/Aﬂ«n ;where l/%nvn = p(aann) and

coll’
P is the density of neutrons (taken_to be half the nucleon density

for Clz). The quantity @ is assumed to be the same as that defined

above for the effective all cross section, because ﬁip angular dis-
tributions>ére 80 similar at enefgies near the J = T = 3/2 resonance.
—The quantlty g - is the free-particle cross eentﬁon A 51mple
change of p from‘the density of neutrons, to p, the den31ty of avail-.
able neutrons, might be sufficient to account for (n,nn) Cross
sections as a function of mass. Gusakow notes a smooth correlation
of (p,pn) erpss sections as a function of mass for medium- and heavy-
mass targete at energies of 100- and 400~ MeV. This would'seem>te
indicate that shell-structure effects are washed out above the light-
mass region in contrast to the data of Markow1tz.3o It remains to

be seen whether shell-structure effects occur in (n PR n) reactions

on medium-mass targets.

2. Cause of (n ,x n) Peak.

The term for the probability of a collision [l—expéﬁx/%ﬂ-n)]
is also responsible for the fact that the (x ,n n) reaction gives
& peak at the same energy as the free~particle scattering peak. For
small AX, the term is approximately*&;/&ﬁhi AXPAO - . Thus-there'ie
7almost a linear dependence on the free n n cross section. The mean
'free paths of the other exponential terms do not show the resonance
behav1or as sharply since they contaln averages over the T p and
T n cross seltlons Also, the exponentlal factors for the 1ncom1ng

and outg01ng plon tend to cancel each other's effect in tne resonance
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region. If the incoming pion is in the resonance region, for large
'scattering angles the scattered pion will ordinarily be out of the
resonance region. LikeWise; for incoming pions just beyond the
resonance region, large-angle scattering shifts the outgoing pion
down into the resonance region. Thus the product BiBﬂ is not as

sensitive a function of energy as Pi and Pn individually.

D. Location of (ﬁ-_ﬂTn) Reaction

The a?ove calculation points eut Wery;adeqﬁately another
interesting feature of (n,nmn) reactions-+hat is, it serves to iden-
tify which regions of the.nucleus cbntribute most strongly to the
(nt,7n) reaction. The easieét way of showing these regions is to
plot the relative contribution to the (% ,x n) reaction of each
square in the semicircular matrix. Rotation of this semicircle about
the axis parallel to'the beam path and passing through the center of
the nucleus causes_the'entire nuclear volume to be generated.

Figure 26a;ehows the probability of.(m,mn) events for the
specific case of an'incident pion of 370 MeV‘which scatters from a
neutron at an angle of 180 deg in the center of mass. This figure
gives rather sﬁrikiﬁg}evidenee that at 370-MeV the (n ,x n) reaction
is occufpﬁng'predqminahtly on’ the surface of the C12 nucleus. More-
over, the'surface facing the incident beam, the "front", contributes
most strongly under these conditions. The calculations showed that
for all energies and scattering angles, the (m,m) reaction occurred
predominantly on the surface. A quantitative estimate of the depth
of this surface region is quite uncertain due to the inadequacies of
the nuclear model used. However, one can estimate that well over
half of tHe (m,nmn)events occurred in a surface region whose depth
was less than 0. 2 of the nuclear radlus

Whether or not the (s, mn) contribution comes from the front
or back surface of the nucleus depends on the energy and scattering

- 12
. angle.of the pion. For example, for 370-MeV n incident on C and
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(@)

. _ 370 MeV,
erc.m= 180 deg

(b)

-370 MeV
T~
8e.m- 90 deg

L 0<P<50
5<P<7.5@
75<p<I10m
10<p @

MU.28968

Fig. 26. Location of (x yn"n) events from one-step model.

This picture of the Cl2 nucleus represents a plane

parallel to the beam path and through the center of the

nucleus. p is the relative probability of (n™,n"n) event

calculated from p,, = (P.P P )...
, iJ 1'n n'1] .

(a) Incident pions of 370 MeV scattering at 180 deg c.m.

(b) Incident pions of 370 MeV scattering at 90 deg c.m.
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scattering at 90 deg in the center of mass, the contribution to the
(W,ﬂn) reaction 1s spreadrmore.uriﬁprmly over the nuclear volume
but predominates at the back Sﬁrrgeefanﬁrpolar regions, as shown in
Fig. 26(b). | L
In general for lSO-deg scattering,'the,main contribution
came from the front surface and pole tlps However, for 90-deg.
scattering, the main contrlbutlons came from the front surface only
at 199 MeV while at higher energles “the reaction occurs mainly from
the back surface and polar regions. The angular distributions
weighted the 180-deg séattering Qontributions more heavily than the
90~deg contributions, and the tdtal‘§ie}d from 90-deg events was
usually less.than. the yield from'lSO—degvévente. Therefore, cone
can generali@e_on,the.basis of this calcﬁietioh'that the (m,m)
reaction takes place on the front surfaceiend pole tips. Figure 27(a)
(b)(c) shows the probable locatiqgleffﬁhe (7,7m) reaction after weighting
the probability according to the eﬂgular distribution. The results of
Fig. 27 -are in distinct contrast with Benioff's calculation, which said
that (p,pn). reactions occur on the back surface for GeV’protons.47 o8
Since the mean free path,offthe‘pien ié3generally either considerably
smaller or about equal to the mean free path of the neutron, the dis-
tance the pion-travels in nuclear matter is theiﬁeature controlling
- the location of thev(ﬂgﬂn reaction. "mhe'pion travels the shortest
distance when. the reaction occurs on: ‘the front surface due to the
domlnance of "180-deg scattering in our calculatlon Regardless of the
Vassumptlonsmabout the scatbering angle, the polar region is a dominant
region at all energies for (m,™M) reactions to occur.
The nuclear model and type of calculatlon performed here-are

'51mple and prellmlnary theoretlcal treatments of the C (ﬂ',ﬂ )Cll
; reaetlon - However, they do achleve thelr purpose 1n show1ng that

the assumed reactlon mechan&sm can explaln the prln@lpal features
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(a) .

m
190 MeV
(b)-.
O<Pij < 40_~‘D E
_ 4O<Pij<8°..
LN '
370 MeV 8o<Pjj<I20 B
120<P;; @
(c)
-
e
1600 MeV

mU.28989

Fig. 27. TLocation of (x,nn) events after integration over
scattering angle 6. P; ; represents the relative probabil-
ity of a (w,7mn) event {calculated from Pij ='(PiPcollPﬂPn)]
after weighting by the angular distribution. ‘

(a) Incident pion energy is 190 MeV.
(b) Incident pion energy is 370 MeV.

(¢) 1Incident pion energy is 1600 MeV.
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of the experimental éxci%a%ion'fuﬁctiOna—that is, the large peak

at the same energy as the free-particle resonance and the compara-
tively flat excitation function at high energies.. The calculation
further indicates in a straight forward manner the localization in

the target nucleus of the (n ,x n) events.
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E. Two Step Calculation

1. Procedure and Results

The cross sections for the 02 (r, 7 n ¢t reaction were also
calculated by assuming the two-step mechanism. . As discussed previously,
the two-step mechanism assumes that the pion interacts with just one
nﬁcleon and then escapes from the.nucleus; The recoil energy of the
struck nucleon is converted into nuclear excitation energy and the
‘nucleus eventually de-excites by evaporating just one neutron. We
will ignore the possibility of the pion undergoing two collisions-and
escaping after leaving just enough excitation energy to evaporate

one neutron.

The (ﬂ-, T n) cross sections were calculated from

(23)

c(ﬂ—, T n) - PlPngeom ’

where
.Pl is the probability that the incident particle-makes

one and only one collision in passing through the nucleus,

PT is the probability that the struck particle receives

a recoil energy between 19 and 29’MeV, sufficient to

evaporate only one particle,

and Ogeom is the geometrical cross section of the C nucleus.

An analytic expression for P, as a function of the mean free path A,

59

has been given by Markowitz:

P, = A - e-ER/X(EXERQ o - A (2k)
RONZ

where R is the nuclear radius. This expression is valid for cases
where the incident particle scatters at O deg.and continués on

‘with: the same mean free path as before the collision. These two
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assumptions are not valid for 7N scattering below the 190-MeV resonance
region, but they'bééome more accurate as the pion energy reaches the
GeV region. For the sake of simplicity, we will use this expression for
P1 for the entire excitation function.

PT is defined so that the recoil energy ofl;he struck particle
is sufficient to evaporate just one neutron from C°~ . This excitation
energy must be great enough to overcome the neutron bihding energy of
18.% MeV huat mot enoughto evaporate a second particle. As defined here,
Py is an approximation to the ‘evaporation formula of Eq. (2). This
approximation ignores all effects due to the density of states and
assumes that only a neutron is evaporated wheh the excitation energy
is within the correct limits for single particle emiéSiOD; However,
it is also possible for a proton to be evaporated from the excited
states of Clg. Thus this calculation will probably overestimate the
(n7, m n) cross section. (In adtual fact, the calculated cross
sections came out lower by a factor of two than the experimental cross
sections in the GeV region.)

The pion scattering angles corresponding to- -the nucleon recoil
energies of 19 and 29 MeV were calculated from the relativistic
equation, Eq. (6). The angular distributions for 7 n elastic scatter-
ing were then integrated between these two angles and divided by the
total elastic-scattering cross section to obtain the fraction of
events that left the correct amount of energy.

2

. . 1 . -
The geometrical cross section of C77, ¢ , was calculated

eom
from'nR2 by using the value of R discussed previously. For R = 3.0h4

com

x 107 cm, o, = 290 mb.
Table VIII presents the results of this calculatibn,

N
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Table VIII. Two-step Calculation. (Ggeom. = 290 mb for 012)
Tﬂ ’ Pl PT c(ﬂ—g mn) Normalized o | Experimental o
(Mev) (mb) (mb) (mb)
80 0.321 0.3%68 3h.2 6k4.0 39 + 3
127 0.180 0.099 5.16 9.65 56 £ L
190 0.102 0.163 k.80 9.0 68 + 6
245 0.18 0.102 5.33 10.0 61:+°6
30k 0.281  0.112 9.10 1 17.0 - kol
373 0.335 0.112 10.9 20.4 30 £ 3
1000 0.322 0.051 4.80 9.05 o0k 3
1610 0.335 0.116 11.22 21.0 21 + 5

& Calculated results normalized to experimental ¢ at 1610-MeV

2. Comparison of One-and Two-Step Calculations with Experimental Results

The calculated cross sections were normalized to the experimental
cross section at 1610 MeV and are plotted in fig, 28 along with the
values from the one-step calculation and the experimental excitation
function. The two-step calculation does not predict a peak in the
(ﬁ-, m n) cross sections at 190 MeV, whereas the one-step calculation
does indicate a peak. The calculations show that although the two-
step mechanism may be important at pion energies.well below the reson-

ance peak, the resonance peak itself is due to the one-step mechanism,

’
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Fig. 28. Comparison of experimental and calculated Clz(n‘,ﬂ‘n)cll
excitation functions. Solid curve is experimental. Dashed
curve connects the cross sections calculated on the one-step
model. The dotted curve connects the points calculated on the
two-step model. Both calculated curves have been normalized
to the experimental curve at 1610 MeV.
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v. o (", mm)c" REACTION

A. Discussion

Now that we have presented the ev1dence for the elementary-
particie- —collision nature of the G- (ﬂ ST n)Cll reaction, it is inter-

esting to predict what the consequences of the one- and two-step
12( + +

mechanisms -are for the C ﬂ-,ﬂ'n)Cll reaction. We shall show that the

+ - - -
ratio of the (ﬂv,ﬂ#n) cross section to the (m ,7m n) cross section
provides a possible means of distinguishing thelone- and two-step mech-

2( o )C cross section

20 et

anisms The ratlo of the experimental C
at- llO and 73 MeV to. the extrapolated values of the C .
cross sections at these energies will be compared to the predictions
of the one-step and tWo-step mechanisms. } v
We first assume that the probability of a (ﬂﬁ,ﬂfn) event can

be given by the general expression [Eq.(1)]

- - rew

(1)

P(ﬂ#,ﬂ*n) = PiPeo11Pn Fn

as for the (m ,m n) case. In the region of the J =T = 3/2 resonance,
the angular distributions of ﬂfn and 7 n collisions are similar so
that the recoil energy given the struck neutron is similar for both

the (ﬂ*,ﬂ+n) and (m ,m n) reactions. Therefore the probability of
the neutron escaping will be the same for both reactions regardless

of whether the one-step or two-step mechanism applies. Furthermore,

for C12 the mean free path of the 7 * SN

. _ +
1/xﬂ+ Py Oty Py T

will be the same as the mean free path of the 7

l/kﬂ; po -+ p o -
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.

because o .- = g+ and g_~ =0

T o ' Tp ﬂ+h and because pn =P

D

Thus both P, anva‘_[T will be identical for 11 -andy -induced reactions.
The only difference between the two reactions comes from the difference
in the probability of a collision, Pcoll' For the one-step mechanism
this term is proportional to the elementary pion-neutron cross sections,
whereas for the two-step mechanism this term is proportional to the

sum of the pion-neutron and pion-proton cross sections. Thus:

One step ]
+, + P c + )PP o_+ 1
mmn) i(prl 0% s = T2 _ _ at peak. (25)
O mn) Pi(pngﬂ—n)EnPn “nn >
Two step

O(ﬂ+,ﬂ+n) - Pi [pn(0ﬂ+n)el * pp(qﬁ+p)el * pn(dﬂ+ﬁ)ch,ex.] PﬂPD

Om ,mm)  Fi [bn(qﬂfn)el_+ pP(qW—P)elj “rin

i ‘ 2

+ +
= (qﬂ n)el (qﬂfp)el * (qn+h)choex. 12 % x. (26)
= (G - " (G - = Io- at peaxk.
T n‘el n plel
For the one-step mechanism thé ratio of the 012 (ﬂi,ﬂ n) C11

to C12 (W-jﬂf n) Cll cross sections should be.in the same ratio: as

the free-particle cross sections over the J =T = 5/2 resonance region,
Theoretical'arguments based on isotopic spin rules predict that the
free-particle cross sections should be in the ratio of 1/5 at the

resonance peak.

As discussed more thoroughly in reference 70, there are three

possible reactions for mN free particle scattering. R

- - . . g " 9 )
1. 7T +hy ™ + n elastic scattering :
- Z i

2. T 4p— M + p elastic scattering lI j
3. ﬂ—+p—+ ﬂo + n charge exchangée scattering
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If these reactions occur only in the T = 3/2 isotopic spin state, then
theory predicts that the cross sections for these reactions should be
in the ratio of 1:2:3 :: 9:1:2. The total'n-p cross section is the

sum of reactions 2 and % so the ratio of the total cross sections is

YGUp . L+2
9

W=

o -
™ n

The principle of charge symmetry states that qﬂ—P = qﬁ+n so that

Above the J = 5/2 resonanoe, the angular dlstrlbutlons of
yis n and . n collisions begin to differ so that the pion and neutron
recoll energies will be different. These differences are probably’
grea£ enough to affect the mean free paths, Consequently we cannot
expect the Cn+,'ﬁ n)/ ", n) ratio to follow the free-particle ratio
so closely once the 1no1dent pion energy 1s above this resonance.

For the two-step mechanism, however., the probability‘of a
oollision (P' ) is proportional to the sum of pion-neutron and
pion-proton elastlc cross sections. 1In addltlon, tha ﬂ n charge-
-exchange process contributes to the (ﬂ ,ﬂ‘ n) product_because evapor -
ation of a proton from ng glvos C = and evaporation of a neutron
gives N l, Wthh would immediately B decay to C . Charge exchange

of a T~ cannot produce C 11 from C 2 s the c m n- ) cjLl

cross section should be greater than the C12 (ﬂ' T n) C Cross

section at all energies where charge exchange is possible, provided,.

the reaction mechanism is a two-step process.. At thevl90—MeV resonance,
) + :

charge exchange is twice the elastic M an cross section and the ratio of

12 + __+ 11,12, - - 11 ‘

C™ (m',m n) c/¢(w,m n) C should be 12/10 (See reference 70).

These arguments do not apply at energies where the ﬂ+p and T p angular

distributions have different shapes.
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B. Results

Experimentally the Clg(ﬂ+,ﬂ*n)cll cross section was measured

at-liO MeV by using the ﬂf'beam described previously in Sec. II. D-1.
Except for the use of the singles counting rate in counter B as the
beam monitor rsther than the coincidence rate in counters A and B,
“the experiment was conducted exactly as for the 7 bombardments.

| Three bombardments were performed with 110-MeV ﬂﬁ giving an
average valu= of the cross section of 39.8 mb with a standard deviation
of 0.5 mb. Inclusion of the other errors gives a cross section of Lo
o+ homb. _
By interpolation of the excitation function for the ClQ(W-,ﬂ'_n)Cll
reaction, the cross section is esfimatéd to be about 52 mb at 110 MeV.

Thus the experimental ratio is

2, + 4+ . d1
(7,7 n)C _ Lo + 4 mb - 0.77 £ 0.11

T, n)Ce 52 + 5 mb

1+

For the one-ctep mechanism this is to be compared with the free-particle

ratio of

= ' 8 mb

77 mb

N

= 0.50

‘o -
mn

For the two-step mechanism the expected ratio would be

(Opy)er * (Op)oq + () ) oy, _ 17+ 77 +2l
o+ T

L= 1.17

(qn+n)el + (anp)el

(The charge-exchange cross sections are from reference T1.) The ex-
‘perimental.ratio tends to support the‘one—sfep mechanism, but does
~not éxdlude a partial contribution from the two-step mechanism.

There are several interpretations. of this result. Assuming

+ - - .
that both the experimental (ﬂ',ﬂﬁh) and (m ,m n) cross sections are
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correct as given, we could say that the reaction mechanism is a mixture
of one-and two- step processes‘ .However, there are two problems with the
ﬂ+¥1nduced reactlon that were not encountered w1th the ﬂ . case. The

»follow1ng two sectlons deal with these problems

"1l. Pion Abgorption-

Up to this point we have ignored the problem ofjﬁi absorption
in our discussion of the G'° Cﬂ+‘ﬂ ‘n) Cll‘reaction:' In contrast to
T~ absorption, where the ' compoupd system”,B12 , cannot possibly lead
to Cll, absorption of a‘ﬁ gives N , which can form C L by emission
of one fast proton. At 62 MeV,Byfield et al.72

; ) L+ - .
study of the interactions of ™ and T 'with‘Clz. Out of a total

did a cloud-chamber

absorption:cross section of 181 mb, they found that the cross section
for single fast (T 7 LO-MeV) proton emission was 77 mb. This then
represents the upper limit for the formation of Cll by this mechanism
at this energy. In all probability, the cfoSs section for C
production by-ﬂ absorption is very much lower because 4O MeV is only

a fraction of the total excitation energy arailable.

2. Muon'Absorption

Another complication in the ﬂ+ experiment comes.from the
possibility of u+ absorption. Muon absorption is avdistinctly different
process from pion absorption Pion absorptlon occurs w1th a Bread
deal of nuclear excitation due to the recoil of the two nucleons in-
volved in the absorption event. The muon is most likely absorbed by
one nucleon with most of the retmass energy being oerfied off by a
neutrino. This results in very little nuciear'eXCitation. Experi~-
mentally 1t was observed that invlightvnqclei; €.8-, Ca end Mg,
only about one neutron was emitted per slowhhegative"mﬁonwabsorged.75
This is eonsistent'withinsenblueoofs calculation_thet slow u% "

7

absorption leads to an average nuclear excitation of about 15 MeV.

Other experiments showed that charged particles were very;seldom.seen
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™

in slow p_ absorption and that no high-energy Y rays are emitted.
Thus muon absorption will cause'relatively little disruption of the
target nucleus.

Absorption of slow p+ does not take place since the positively
charged meson is repelled by the positive charge of the nucleus. How-
ever, fast u+ will easily pass through the Coulomb barrier (1,8 MeV
for Clg).= If a fast p+ is absorbed by ot? (although muons are weakly
interacting) the resultant nucleus is N12 in an excited state. The
excitation is probably encugh to evaporate one nucleon, which produces
either Cll or Nll. Nll would immediately decay by positron emission
to Cll. |

The 110-MeV 7' beam used to measure the (ﬂ+,ﬂ+ n) eross. section
was contaminated with about 12% u+ by the time it reached the plagtic-
scintillator target. With this flux it would require a cross section
of about 100 mb for the production of Cll by H+ absorption in order to

+  +
account for the increased 012 (m ,m n) Cll cross section, if we
+
assume solely the one-step process. However, the expected p cross

section for this kind of reaction should be only about 1 mb.

3. Experiment at 73 MeV -

In addition to the 110-MeV ﬂ+ beam, a low-intensity 73-MeV ﬂ+
beam was used to measure the C12 <ﬂ+;ﬂ+ n) Cll cross section. One
bombardment at this energy gave a cross section of 55 * 20 mb, which
is significanfly higher than the corresponding cross section for the
(n”,m" n) reaction. By interpolation the (1 ,m n) cross section would
be about 25 mb at this énergy. The large error on the ('n+,fn:F n)
measurement was caused by the low Cllactivity due to the low-intensity
m beam. This beam had a 35% muon contamination, which is still
insufficient to explain why the (W+,ﬂ+ n)/(n” ,m n) ratio is much
larger than the ratio of the free-particle cross gections when we

assume the one—step_mechaniém is the only process contributing to the

yield of Cll. At 75 MeV, the one-step mechani%m predicts

’
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G(W+,ﬂ n) O _ 15mb - 0.5
g(’ﬂ'-,’ﬂ- n) 1 n 50mb

At 75 MeV the two-step mechanism predicts a ratio of

O(mtmn) (oot * (optp)ey * (0 8) oy on . < 643040 _1.25
~ (o + (cﬂ-p)el 3046

S, mn) ﬂ_n)el
The experimental rétio based on one bombardment at 73 MeV-ﬂilis
.55 % 20/25 % 5 = 2,20 * 0.91 which tends to support the two-step
mechanism. The (ﬂj,7;n) data indicate that perhaps the two-step
mechanism is important at lower energies, but that the one-step
mechanism is more significant at the resonance energy. This corz:oc it
responds roughlysto the situation for the Cle(p, pn) Cll reaction
in which the’ one-step mechanism predominates above 250 MeV and the two-
step mechanism is more significant below 100 MeV.

Because of the uncertainties about ﬂ+ and u+ absorption
and the limited number of bombardments, one should be cautious about
drawing conclusions about the mechanism of the (ﬂf}ﬂin) reactions from
the 7 data reported here. If future experiments can eiiminate the
effects of ﬂ+ or p+ absorption or prove that they are negligible,
comparison of the (ﬂ+,ﬂ+n) and (ﬂ",ﬂfn) excitation functions should
provide a meansvof distinguishing the relative importance of the one-

step and two-step mechanisms.
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VI. (p,2p) AND OTHER FROTON INDUCED REACTIONS

A. Introduction

Because the Monte Carlovcalculations do not prediot the
correct magnitude or energy dependence of the cross sectlons for the
simple reactions Z‘A'(p,pn)ZA_l and ZA(p,Zp)(Z l)A Y and because of the
use of “simple' reactions to probe the nuclear surface; there has
been considerable interest over the past few years in studylng the
v'mechanlsms responsible forvthese reaetlons. The (p,pn) reaction has
been studied over a fairly large mass region whereas only‘limited
data are_aﬁailable for(p,Zp) reactions. |

142 -
The reaction Ce (p?’c‘.p)LalLPl has been studied carefully over

76,77,78

the energy range from 60 MeV to 3.0 GeV. The excitation
function rises from 250 to 400 MeV and drops off by & factor of 10 at
3 GeV. However, there have been no cross sections measured in the
interesting region of 400 to 1000 MeV.

Most (p,pn) exc1tatlon functions are almost 1ndependent of

energy, from 0.3 to 6 GeV. 29,30

In the GeV region the reactlon mech-
anism is thought to be predominantly a one-step process with some
contribution from the two-step mechanism. _ _

The original intention in studying proton-induced reactions
was.to obtain more data on the energy dependence and mass dependence
of (p,2p) reactions to see if they followed the same behavior as for
(p,pn) reactions. Then, as the possibility of using pion beams
occurred, it became of interest to compare the_pion—dndnced reactions
- with profon—indueed_reaotionso »

Targets of natural Zn and Fe metals were bombarded with L00-,
| 560-, and 720 MeV protons at the 184- inch cyclotron and at several

6
energies up to 6.2 GeV at the Bevatron to determlne the . An6_ (p,2p)Cu !

- and F857(p,2p)Mn56

for convenience and because thin foils could easily be obtained. A

Cross sectlons° Natural metal targets were used
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radiochemical separation of the Cu activities was performed on the Zn

targets, and likewise the Mn activities were séparatéd from the Fe tar-
gets. The yield of Cu67 is expected to come mainly from the reaction
8 .
Zn6 (p,2p)Cu67, Zn68
70

7n. However, Zn ~ 1is also stable and has an isotopic abundance of

70

‘has an isotopic abundance of 18.6% in natural

0.63%. It is possible that the presénce of Zn in the target could

67

via a (py2p2n) or (p,a) reaction.

70

contribute to the yield of Cu
However, the fact that Zn°" is 30 times more abundant than Zn
coupled with the fact that most (p,pn) and (p,2p) reactions have iarger
cross sections by a factor of two or three than slightly‘moréTéom-
plicated reactions such as (p52p2n)~¥meahs that the contribution of .
Zn7o.to'the yield of ®’ 1s probably less than 2%. This is less than
the precision of the experimehtal results. . The pfObability‘éf a high-
energy‘(p,a)‘reactiOn on Zn7o-that'could aléo lead»to‘Cu67 is expected
to be-quife small at the energieg under consideration here. Seéondary
neutrons could possibly give Cu67 by an (n,p) reaction onﬁZﬁ67(h;l%),
but the effect of secondary particles should be sﬁail for thin targetso
The reaction Zn67(p,pﬂ&)0u67 could also prdeée Cu67; but the maximum
‘cross section for this type of reaction as calcﬁlated'bnyricson et al.
is onTy'about 0.2 mb-89 Because Zn68 ig 4.5 times more abundant than
7,07 67
these interfering reactions. , The isotopes Zn (48.9%) and Zn66(28 8%)
are oo light to contrlgzte to tge yileld of Cu67;' For the other Cu

1

activities observed, Cu~ and Cu ~, there is no clear knowledgé of

» we expect very. little contribution to the yield of Cu from

which isotope of Zn was the target nuclide. :
‘ Among the Mn. isotopes, Mn56 is expected to be a (p,2p) product
57" Fe57

of the reaction on Fe 'is 2.2% abundant among the natural

iron isotopes, however Fe57 is also present to the extent of 0.55%.
This mesns that Fe’! is only 6.7 times more abundant. than a possible

- contaminating target nuclide. - If we assumé'a factor of<two'difference
between the (p,2p) cross section and the (p,2pn) cross section in
favor of the (p,2p), theh we expect a contribution of about 7-4% from

the target nuclide Fe5 . Because the energy dependénce of the
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Fe58(p,2pn)Mn56 reaction is unknown, no correction for the contribution
of Fe58.was made in this work. '

The (p,pn+) reaction is a more serious problem in this case
than in the Zn case. Because Fe5 is 41.6 times more abundant than
Fe57, the contributioﬁ to Mn56 from the FeS6(p,pn+)Mh56
be important despite the low cross section (€ 0.2 mb). If we use the
(s, ZP)Mn56
that the (p,pn+) reaction may contribute up to 15% of the Mn5 yield

51 52

at higher enéfgiese The Mn”™ and . Mn activities observed were

reaction may

neasured Fe cross section at 400 MeV of 50 mb, we estimate

assumed to have arisen from any of the stable isotopes of Fe. However,

56

because Fe is 91.6% abundant it is likely that it was the major tar-

get nuclide for the other activities measured, Mn52 and Mnslc

B. Experimental Methods

1. Targets

The targets for proton bombardment consisted of stacks of
foils. The first three foils were «003-in.-thick Al; the middle foil
of these three was used as a monitor of the proton intensity by
counting the N@Zh that was produced. The two folls on either side
ensure that Na24 nuclei recoiling out of the middle foil were compen-~
sated by those recoiling in. The recoil effect was about 4%, as de-
termined by comparing the yield of Nazu in the first and second foils.
A sheet of pliofilm 120N2, 3.75 mg/cm2 thick, separated the third Al
foll from the Fe foll . which was next in the stack. The Fe foil.
varied from 6 to 16 mg/cm2 in thickness. Following the Fe foil was
another sheet of pliofilm and then the Zn foil which was about 40 mg/cmz.
The pliofilm was used to prevent recoils from one foil contaminating
the next foil. (See diagram.) The recoil loss is expected to be
small for "simple reactions because of the small momentum transfer in
such reactions. Pliofilm

oW

P |1

| .
i

" { leading edge
t | . .

Al Fe Zn



Once the target wés assembled and placed in the target holder,
the sides and leading edge were trimmed very carefully with scissors
to ensure that the target foils were in perfect alignment. It was
felt that this procedure gave better resultis than could be obtained
by grinding or milling. With the target arrangemént in use at the
18k-inch cyclotron; most of the activity is produced at the leading
edge of the target, so that it is extremely important that the lead-
ing edges be exacﬁly aligned for each foil. At the Bevatron, the
beam strikes more of the target, so that the alignment of 'the leading
edge is not quite so critical. However; the same precautions were
used for both the cyclotron and the Bevatron targets. After irradi-
ation,'the targets were brought back to the chemistry lab where the
first cm—including the leading edge—was cut off carefully with
scissors. This procedufe assured that all the protons passing through
the Al monitor foll also passed through the Fe and Zn target foils.

At the 184-inch cyclotron, targets which are to be bombarded
“with the internal proton beam are placed on a rod which-can be driven
to various positions along a radial line. The protons galn energy as
they spiral out from the center of the cyclotron, reaching a maximum
energy of 730 MeV at their largest orbit. Lower-energy protons can
be obtained by driving the target closer to the center of the cyclotron.
‘The protons then spiral out from the center until they strike the ‘
target at the desired radius. The target assembly, by stopping or
scattering the beam, prevents the protons from continuing on out to
greater radii and higher energles. The energy at a given position
- is probably known to about 5% (400t20MeV, 560%25MeV, 720%36MeV).

The Bevatron is a pulsed machine producing 10 pulses per min
with about 2 x lOll protons per-pulse. The target holder is placed
on a pneumatic ram that is-shot into position at the end of each
pulse. In between pulses and during the first part of the acceleration
stage, the target is-in a shielded>position so that no low-energy pro-

tons can strike the target. Then at the end of the acceleration stage,
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the rf accelerating field is turned off while the magnetic field cén-
tinuessfo“increasée The target is then rammed into position. The
protons, which no longer are receiving any increment in energy, travel
in orbits with smaller and smaller radii as the magnetic fleld in~
creases—until they pass through the target. The.maximum energy is
6.2 GeV. Lower enérgies are obtained by turning off the rf acceler-

atiﬂg field at earlier times in the ecycle.

2. Chemical and Counting Procedures

The chemical separations used for this work rare described in
Appendix C. The precipitates obtained at the end of the separation
were mounted on a filter-paper disk by using a chimney and filter
arrangement. The chimneys had an area of 2.41 cmz, which defined the
effective size of theBsource. Four drops of a h% solution of clear
paint in ethyl acetate were placed on each precipitate to hold it in
place during the drying and mounting stages of sample preparatiéne
The filter paper and precipitate were dried. under a heat lamp for a
minute or so and then placed in the center of a 2.5- by 3.5-in.
3OO—mg/cm2-thick Al card by using double-sided pressure-sensitive
tape. - Each éample was covered with a thin sheet of Videne TC plastic
-f£ilm, which was 1.34 mg"/cm2 in thickness.

All the sémples from the proton bombardments were counted on
end-window gas-flcw B proportienal counters to determine the radio-
activities present through analysis of the decay curves. The counters
are described in Appendix D, which also describes the method used to
determine the counting efficiencies of the various isotopes. |

After the activities had decayed, the samples were given to
Dr. Huffman's analytical chemisfry group who measured the yield of Cu
and Mn in the Cu and MnO2 precipitates, respéctively, by using

spectrophotometric and EDTA titrimetric methods.

3. Decay-Curve Analysis and Cross-Section Calculation

The activities were followed over a period of time long

enough to give an aécurate determination of the longest~lived com-
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ponent present or until the activities reached backgrbund° The
various components of the decaylcurve were resolved by the usual
method of decay-curve analysis. Graphical methods gave sufficient
accuracy for resolving up to three components.

The Cu decay curve could easily be resolved into 61-h Cu67,
12.8-h Cu6u, and 3.3-h Cu6lo The Mn decay curve gave components be-
longing to 5.7-day Mnsz, 2.58-h Mn56, and 45-min Mnsle The.experi—
mental half-lives agreed with the values quoted in reference 18. Each
component was extrapolated back to the end of bonbardment ©0 obtain
the initial counting rate. The counting rates at end-of-bombardment
time, AO, were converted to disintegration rates, DO, from the measured(

counting efficiencies of Appendix D, the decay scheme factors of re-

ference 18, and the chemical yields. A saturation activity, D

sat’
in disintegrations/miny was calculated by dividing the initial dis-
integration rate by the factor {1 - e_%t) where t is the length of

bombardment and A is the decay constant.of the particular isoctope.
The saturation actiVity represents the decay rate of the isotope at
the end of an infinitely. long bonmbardment and is equal tovthe rate of
formation nIo, where n is the number of target nuclel per cmz, I is
the beam intensity in protons/min, and o is the formation cross
section in cmz/target nucleus. Becauée both the Al foil and target
foil are intercepted by the same beam |

2 2
D+ (Na lL) = gA127,Io(Na u), | (272)

D (xX) = h

sat

gt 1O (X), ' (27b)

where X stands for product nucleus and-tgtvstands for target nucleus.

Dividing Eq,(ZYa) by Eq. (27b) and rearranging gives:

i&(Nazu) (28)

o(X) = Dsat(X) Pa1 2T

D (Nazu)

n
sat tgt



Equation (28) was used to calculate the cross sections for proton-
. 7(

2 2L
induced reactions. The cross sections for the Al ' (p,3pn)Na  moni-

tor reaction decrease gradually from 10.7 mb at 400 MeV to 8.7 mb at
6 Geva&b87

C. Results of Proton Bombardments

The resulting cross sections are given in Table IX for the
reactions 6f protons with Zn, and in Table X for the reactions of
protons with Fe. _The first column lists the energy of the incident
proton. The second column lists the cross section for the particular
(p;2p) reaction. The other cross sections are listed in the third
and fourth columns. The number in parentheses is the number of ex-
periments used in determining the average value of the cross section.
The uncertainty was calculated by takiné the square of the standard
deviation of the average value and the square of the absolute error,
which was lO% of the average value. The square root of the sum of
these squares is the uncertainty shown in the tables. Th¢ absolpte
error included the uncertainty in the monitor cross section, the un-
certainty in counting efficiency, and the uncertainty in the decay
schemes.

| A distinction should be made between cross sections for
reactions where fhe specific target nuclide is known and cross
sections for reactions where several target nuclei-COntribute to the
product. For this purpose we reserve the term "cross section" for
the first case and the termyield" for the second case.

The-excitation functions are plotted in Figs. 29 and 30 to

show the energyrdependence of these reactions.
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Table IX. Cross sections for production of Cu isotopes from Zn by p-

Energy 0(Cu67)a G(Cu64)b : O(Cuél)b
(MeV) (mb) (mb) (mb)

400 17.8 £ 1.9 (7) 18.3 £ 2.0 (7) 28.4 £ 3.2 (&)
560 20.2 * 2.1 (7) 15.7 = 1.6 (7) 22,3 * 2.4 (7)
720 26.0 = 2.8 (5) 17.9 £ 2.0 (5) 22.8 £ 2.5 (5)
2200 21.0 = 2.1 (2) 12.7 = 1.4 (2) 4.8 = 2.3 (1)
1000 19.2 = 2.2 (2) 12.7 + 1.3 (2) 1.3 £ 1.9 (2)
5700 19.8 % 2.3 (2) 12.8 £ 1.6 (2) 13.8 £ 1.4 (2)
6200 23.6 * 2.4 (2) 11.1 * 1°3‘(2) 12.9 % 1.3 (2)

66

a .
Cross section

bThese results

calculated by assuming only Zn contributes.

are "yields" because all isotopes of Zn contribute.

Table X. Cross

sections for production of Mn isotopes from Fe by p.

Energy 0(Mn56)a | O(Mnsz)b G(MnSl)b
(MeV) (mb) ' (mb) (mb)
400 50 £ 6 (6) 11.6 = 1.2 (6) 6.7 0.9 (4)
560 5T 7 (1) 9.8 £ 1.0 (8) 5.9 £ 0.6 (6)
720 70 * 13 (4) 8.4 £ 1.1 (&) h.0o = 0.4 (3)
2200 W8 £ 8 (1) 5.0 £ 0.6 (1)
4000 sk £ 6 (3) 5.9 £0.6 (3)
5700 by =07 (1) 5.4 £ 0.6 (1) 3.5 £ 0.5 (1)
6200 50 £ 7 (2) 5.0 £ 0.5 (2)
o7

a .
Cross section

These results

calculated by assuming only Fe contributes.

are "yields" because all isotopes of Fe contribute.
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Fig. 29. Excitation functions for production of Cu isotopes from
bombardment of Zn with protons.
Smooth curve P is cross section  for Zn68(p,2p)Cu.67 reaction.
Dotted curve & is cross secticn for production of Cubl from
natural Zn target.
Dashed curve @ is cross section for production of Cu64 from
natural Zn target.
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Fig. 30. Excitation functions for production of Mn isotopes from
bombardment of natural Fe with protons.
Smooth curve & is cross section for Fe57(p,2p)Mn56 reaction.
curve ¥ 1s cross section for production of Mn?2 from
natural Fe target. ‘ :
Dashed curve % is cross section for production of Mh5l from
natural Fe target. '
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D. Discussion of Proton Results

1. Complex Reactions

n
The excitation functions for the production of Cu and Cu
2 1
> and Mn5
3z and the Monte Carlo cal-

from Zn, and for the production of Mn from.Fe can be nicely
explained in terms of the Serber Model
culations of Metropolisa23 ‘These four eXcitation functions exhibit
the same general énergy dependence. From MOO'to'YZO MeV there is a
decrease in yield whereas above 2.2 GeV the yields are constant. The

o2 52

is the first com-

52

data for Mn” have the highest precision since Mn

ponent to be resolved from the decay curve. Some Mﬁ will be pro-
duced from a (p,2pn) reaction on FeSA, but most of the Mn52 is
produced by a (p,2p3n) reaction on FeS6 becauée of the greater abun-
dance of‘Fe56 (91.6%) in natural Fe targets. (The symbol (p,2p3n)
stands for any reaction involving a AZ = 1 and a AA = 4.) Therefore
we will discuss the Mn52 excitation function in detail with the
understanding that the discussion applies just as well to the other
excitation functions.

As mentioned before, the Serber Model assumes that spallation
reactions occur in two stages, the cascade step and the evaporation

step. The Monte Carlo calculations of Metropolis23

have been per-
formed for the reaction of protons with Cu6u. The_calculation shows
that for the cascade step, the cross section for a mass change of one
or two units decreases fairly rapidly in the energy region from 400
to 1000 MeV but decreases more slowly from 1 to 2 GeV. The residual
nucleus at the end of this cascade has an average excitation energy
of about 40 to 50 MeV, which is enough to evaporate several more
nucleons. Moreover, the average excitation energy is relatively
constant with increasing bombarding energy so that the average number
of evaporated particles will be insensitive to the incident-proton
energy. Thus the shape of the excitation function for a product
nuclide 4 or 5 mass units from the target will be controlled by the

cross section for the one or two nucleon-ocut cascade step.

t
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An alternative mechanism for achieﬁing an overall mass change
of 4 would be a four nucleon-out cascade step, leaving the nucleus
with very little excitation energy. However, the Monte Carlo cal-
culaticre predict that the cross section for this type of cascade
peaks at about 690 MeV and leaves the nucleus with an average excita-
tion energy of over 100 MeV. In general, the greater the cascade,

the greater the residual excitation.
! an

We will assume that the calculation for protons with Cu is

56

directly applicable to the reactions of protons with Fe” . The ex-

. . . . . a -
perimental excitation function for the yield of Mn5 follows the
the

he one or two nucleon-out cascade in Cu .

same energy dependence as
- oz, . . . .

Thus we expect that Me® is produced by a mechanism involving the

emission of one or two particles in the cascade step, followed by

the emission of four or three particles in the evaporation step.
1

The yield of Mn5* includes the contribution of (p,pxn)

. , . . v 1 . Lo
reactions with all the Fe isotopes to produce F65 « The lifetime of

51 ol

1. - .
Fe5 ig probably so short that Fe nuclel decay to Mn”™ before the

chemical separation can be performed. No estimate of this contri-

bution. iz possible from the dats presented here. (This prcoblem is

52 52m

because the isomeric state Mn

51

not encountered in. the case of Mn
shields the ground state from Fe520) The shape of the Mn”~ excita-
tion function 1ls consistant with the expectations for a few-nucleon-
cascade step followed by a few-nucleon-evaporaticn step.

The reacticns of protons on Zn invoive a shorter extrapolation
"from the Monte Carlo calculation. However, since natural Zn targets
were used for these experimenﬁs, the target nuclide for Cu and Cu
is not neariy és definite as with the natural Fe targets. Since
there are several target nuclides, there are probably several
reactions countributing to the yield, with each reaction having its
own energy dependence. However, the general model of & few-nucleon
cascade followed by nucleon evaporation is guite consistent with the

observed excitation functions.
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2.. {p,2p) Reactions . ...

e e
4

The ‘above discussion has ihteéntionally avoided mentioning the
Zn68'(_'p,,2p)4Cu,6"'7 and Fe51(552p)Mh56 reactions. There are two distinctive
features of these exCitation'functions,one'being the unique energy de-
pendence and the other being the difference in magnitude between the
Cﬁ67 and. Mh5' cross ‘sections. .Examination of the (p,2p) excitation
functions shows that both increase over the energy region'from 400 to
720 MeV, followed by a constant behavior at higher energy.

There is a logical explanation for the cross-section increase
" in terms of the free-particle pp total cross sections. Above 400 MeV
the total pp cross section increases from about 23 mb to about 43 mb
at 720 MeV. If we interpret the mechanism of the (p,2p) reaction as
being a pure knock-on ¢ollision beétween the incident -proton and a pro-
ton 'of the target nucleus with little excitation left behind, we
would expect the'(p;ZP)“eXCitaﬁion function to follow the structure of
fhe free-partiélé excitation function. Usihg the same notation as
for the (n ,x n) reaction, we can express the probability of a (p,2p)

event by:

= P, PP s 2
(o,20) T 1 FeornTylpr 2 @
where Pp répresents thé probability of the incident proton escaping
“and PP, represents the probablllty of the struck proton escaping with-
*out further collisions. ' :
iS'giVen by

For a small distance of travel, P
. ' coll

Pcoll Al exp[Axp(Oto )] Axp(ozc ‘ ) P
where Gpp is the free partlcle pp cross sectlon and a is the reductlon

factor to account for the Paull exclu51on pr1n01ple and the momentum

distribution of the struck proton. Since the cross section for (p,2p)
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reactions is related to the integrated probability of a (p,2p) event

over the nuclear volume, we see that c( ) is directlj related to

the free-particle cross section. The r?égpin the free-particle cross
section above 40O MeV is less prominent in the ﬁp,Bp) reactions due to
the momentum of the struck proton in the target nucleus. A calculation
of this effect would be qulte interesting but was not attempted in

this work. _ , ‘

Previous work on (p,Zp)'exéitation functions has not .covered
the energy region of 400 to 1000 MeV. Studies at Carnegie Tech showed
that the cross section for (p,2p) reactions generally increase slightly
with energy in the region from 200 to 400 MeV.77’79 This 1is consistent
with the energy dependence of the pp cross sections in this region.

68 6
[ studied the Zn  (p,2 Cu.7 reaction from 130

Morrison and Caretto
to 425 MeV by using enriched isotopes of Zn . They measured a cross
section of 20.8 % 5.8 mb at 400 MeV compared with the value of 17.8

* 1.9 mb at 400 MeV measured here. - Figure 31 shows a plot of both
(p,2p) excitation functions measured here, including the data of
Morrison and Caretto. A smooth curve for the pp total cross section
is also shown for comparison.

Rudstam et al. méasured the yields of Mn isotopes from the
bombardment of Fe with 340-MeV protons.8O Their cross section for Mn52
fits smoothly onto the Mn52 excitation function obtained in this work,
-but the corresponding (p,2p) cross sectlon is lower than the cross
section measured here at 400 MeV by a factor of about two. (This is
after correcting theilr data for the abundance of.Fe57e?

of Mn51

Their yield
is also lower than the data measured here, by é factor of two.
Another way of seeing the dependence of the (p,2p) reaction
on the free-particle cross section is to plot the ratio of the (p,2p)
cross section to the free- partlcle pp cross sectlon as a function of

67

energy. Figure 32 gives this plot for both the Zn (p,2p)Cu and.

56 .
Fe57(p,2p)Mh reactions. Both sets of data show a decrease in this
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Fig. 31. Excitation functions for (p,2p) reactions.
' Cross sections for Zn®®(p,2p)Cul’ reaction:I measured
here, & reference 7;).
. Cross section for Fe 7(];), 2p)MnS6 reaction:# measured
here, ¥ reference 80.
Smooth curve is free-particle pp cross section.
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ratio from 400 to 720 MeV,: followed by -a constant ratio at higher energy.
The smooth curve in the figure is the ratio of the Clz(p,pn)cll cross
section to the free-particle pn cross section. The similar energy
dependence of the (p,2p)/pp and (p,pn)/pn ratios is rather remarkable

in light of the differences in pp and pn cross sections over the energy -
range of interest here, but fits well into the picture of a single
collision 6f the incident proton with a single nucleon in the nucleus.
The decrease in these ratios over the 400- to 1000-MeV region is
ascribed to thé difficulty of getting the newly produced mesons out

of the nucleus without further. interactions as mentioned previously

in Sec. III.-C. The behavior of the (p,2p) excitation functions is

thus consistent with the mechanism of a single pp cdllision occurring

- within the nucleus.

3. (p,2p) Magnitudes

The other feature of the (p,2p) reactions measured here is

the difference in magnitude.between the Cu67 and Mn56 cross sections.

At high energies the Mn56 cross section is about 2.5 times the Cu67
cross section. This effect would be entirely unexpected from a smooth
massJVariation or liquid-drop mcdel of the nucleus. The liquid-drop
model would predict a larger (p,2p) cross section from a Zn target
than from an Fe target simply because there are more protons in Zn.
The rather large fluctuations in (p,2 nucleon) cross sections among
neighboring nuclei has already been pointed out by Markowitz for
(p,pn) reactions.3o The explanation can be found in terms of the
shell model. ‘ \

From the previous discussion on the shape of the (p,2p) ex-
citation function, we know that a pp collision occurs with both
collision partners escaping without giving theinucleus enough excita-
tion energy to-evaporate additional -particles. Cu.67 lies just one
proton above the closed p;oton’shell'forvz = 28 whereas Mn56 is midway

between the magic numbers of Z =20 and Z = 28. One might expect that
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the binding enefgy of ene proton above a closed shell is quite small,
. 6 ,

making it difficult to produce a Cu 7 nucleus with insufficient ex-

citation energy to evaporate another proton. However, looking at the

6
proton binding energies in Cu67 and Mn5 as given by the Nuclear Data

Tables, we find that the proton binding energies are -almost identical,
6 6
8.52 MeV for Cu 1 and 9.13 MeV for M’n5 . Furthermore,the neutron

‘binding energy for M is 7.27 MeV, or about 1.8 MeV less than the

6
neutron binding energy in Cu 7, so that one would expect it to be

56

more difficult to form Mh” at a low enough excitation. The < particle

67 :
binding energies are guite similar for Cu 7 and Mh56 so we conclude
that binding-energy differences cannot be responsible for the differ-

ences in cross section:.

4. Proton Availability

If we consider the number of "available" (as defined in Sec.
IiIo—F) protens in thé target nuclei, we notice a distinct correlation.
 Assuming that only the two protons beyond the closed shell of Z = 28
in Zn68 are available and that all six protons beyond the closed shell
of 7 = 20 in Fe’ | are available, we would expect a ratio of 6/2 = 3/1
for the number of available protons. This predictsvthe.Fe57(p,2p)Mn56
reaction to have three times the cross section for the Zn (p,2p)0u67
reaction, in agreement with the observed ratio of 205/1o

A shell state is considered to be available only when the
difference between the(binding energy of the protons in that shell
and the.binding energy 6f the topmost shell is less than the energy-
needed to evaporate other nucleons from the residual nucleus. Unfor-
tunately, binding energies of buried shell states are known only for
the light nuclei, and not for the mass region of interest herec.l‘LLL

If we assume that the forégoing analysis 1s valid, we can
use experimental data to set.limits on thé differences between shell-
state binding energies. .For example, knowing that the f7/2 protons

in Zn ~ are not available for a (p,2p) reaction tells us that the
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'

68 7/2
protons in Zn~~ is greater than.about 8 MeV (the binding energy of
' 81

an Q particle, taken from Cameron's Mass Table ~ ). Likewise, the 2s

and 1d shells must lie more than 7.27 MeV below the f shell in
o7
Fe

difference in binding energyﬂbetwéen’thé.f protons and the 2p3/2

7/2

, since the protons in these shells are not available. for a (p,2p)
reaction.

. Much more experimental data is needed ‘before we can be certain
of the usefulness of (p,2p) reactions as a measure of buried-shell
‘binding energies. Other effects, such as the density of states in
the final nucleus, may influence the magnitudes of‘(p,Zp) Cross
“sections. The Nucléar Data sheets lists only the ground state for
Cu.67 whereas there are at least:'l5 states in,Mh56 between the ground
state and the particle-emitting states. Mn56 is an odd-odd nucleus
so 1t probably does have more excited states than the odd-even

67

‘nucleus Cu 7; but it may be that the excited states of Cu-  are not

yet known. .
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VII. PION REACTIONS IN AL, CU, AND ZN

A. ‘Introduction

A few experiments were performed to measure the ylelds of more
complicated pion-induced reactions. Specific product nuclei were deter-
mihed by radiochemically separating specific elements from the target
material and measuring the radioaqtivities with low-background B counters.
The-"non~simple"vpiqn—induced reactions are of interest for comparison
with the Monte Carlo calculations and other theoretical treatménts of V
high energy nuclear reactions.

Included in the cascade step of the Monte Carlo calculations are
the effects of pion creation and reabsorption. The use of pions as a-
means of allowing large energy transfers was first pfopOSed by Wolfgang
and. Friedlander:'to explain the mass-yield curve from interactions of
protons with Cu at 2.2 GeV.82 " The short mean free path of pions. in
nucleaf matter means. that there is a high probability that a newly pro-
duced pion will be reabsorbed in the nucleus and. give. its rest-fiass
energy to the two nucleons»pérticipating in the absorption process. :The
subsequent scattering of these two nucleons is an efficlient means of
exciting the nucleus.,83

Cumming et al. have found that for high-energy proton bombard-
ments of light nuclei the cross sections for the production of various
nucleil are constant with‘energy.8h.-This is interpreted to mean that the
energy-deposition spectrum is relatively independent of the incident-
proton energy. It is possible that pion-nucleon isobars are formed which
escape the light nuclei without giving extra excitation energy as the
bombarding energy is increased. The interaction-of pion-nucleén isobars
within nuclear matter is not completely.understood. as of this writing.

. - Another high-energy process involving pions is called the
fragmentation mechanism. This was proposed to account for the ejection
of nuclear fragments of mass 10 < A < 50.8.3’85 - The local "hot spot"

necessary for the ejection of a fragment is presumably created by the
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fast scattering and absorption of a pion. in a.time comparable to the
time for a cascade. The comparison of .plon-induced nuclear reactions
and proton-induced -reactions might provide information on the validity
of the fragmentation mechanism. .-

The major emphasis' in the following discussion should be placed
on the techniques developed. for studying compléx reactions induced by
pions. The data, results, and analysis are preliminary.and§introductory
and should be evaluated as such. These studies are actively beiﬁg

continued at Berkeley.
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B. Experimental Methods

1. Targets

Spallation products were measured from three different metal
targets: Al, Cu, Zn. Iarge éuantities«of these metals are readily
available in sheet form. The targets for meson bombardment consisted
of stacks-of 2.5-in.-diam disks. Thicknesses up to 0.25 in. were required
to‘produce sufficient amounts of radioactivity from pion-beams of In-—
tensity lO6 ﬂ/min, The disks were obtained by. turning down sheets of
the metal on a lathe. 1In this way it was possible to. obtain uniform
targets with the exact diameter of the beam-defining counter.

Aluminum was chosen mainly to study the production of Nagh«

The yield of Nag& in.a piece of 3-mil Al has been widely-u$ed as a
beam intensity monitor in proton bombardments. It was hoped that the
reaction Al27(ﬂ:,p2n)Na24 could serve as a similar monitor for pion-~
induced reactions once the excitation function was measured. But the
radiochemical method for separation of milligram amounts of Na from
gram amounts of Al described_in this work is inconvenient and lengthy.
The thickness of Al required to obtain measureable counting rates of |
Na-elL make total-p counting of the original target impossible. Low-
background -y . counting of the original target was not tried in this
work but ought to succeed-.

Copper was chosen as a target because of the possibility of
comparing the data for pion-induced reactions with the large amount of

86v Copper has

data available for proton-induced spallation reactions.
been a convenient target for many. studies of spéllation reactions
despite the fact that natural copper has two stable isotoﬁes; Cu65'and
Cu65. ' ‘ ‘ |

The third target, Zn; was chosen in order to compare the Zn68
(ﬂ_,ﬂjp)Cu67 reaction with the reaction Zn68(p,2p)Cu67. Tf free-
particle collision cross sections govern these reactions, the

(7,7 p) reaction should show some effect from the J = T = 3/2
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resonance,uand.the:(p,2p) should show the rise in cross section between
400 and 1000 MeV characteristic of pp total cross sections.

No separated isotopes were used for these experiments because
of the large quantities of target material required. The metal targets
were of high purity. The Al was 99.99% pure. The Cu showed less than
0.01% of Fe, Mn, and Ni when analyzed spectroscopically by George
Shalimoff. The Zn was reagent grade supplied by A.D. Mackay Co. The
total.Weight of target material in a given'run was as much as 70 g for
an Al target, 485 g for a Cu target, and 100 g for a Zn target. (Thus
the radiochemical separation techniques could be classified as "bucket"
rather than "micro.") _

In most of‘fhe bombardments, the pion beam was. monitored by using
the counter telescope described in Sec.II-B. The same cérrections for
muon contamination and coincidence-counting losses were made as dis-
cussed. previously. No. correction was made!for secondary particles
produced in the targets themselves in these initial ekperiments.

After irradiation for many hours (8 to 20), thé targets were
walked, not run, back to the chemistry laboratory for chemical separation
of the gpallation products. A precibitate of NaCl was .obtained from
the Al targeﬁs,va precipitaté df Fego5 was separated from the Cu targeﬁs,
and precipitates. of Cu, M’nO2 and NiO were obtained from the Zn targets.
The chemical procedures are outlined in Appendix C. The final pre-
cipitates on filter paper were mounted on l-in.-diam aluminum disks
for countingbin'the low-background. counters. Initial éounting rates
from these samples were seldom more than 100 counts/min and often less
than 10 counts/min; this made decay-curve resolution and half-life
determination difficult. After the activities had decayed to back-
ground levels, the samples were analyzed by members of Dr. Hwffman's

" analytical chemistry group to determine the yield of the element in-

volved.

2. iow-Background'Counting '

Because of the relatively low intensities of pion bedms, special

anti-coincidence equipment was designed for low-~batkground B counting.
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A successful counter, designed by Duane Mosier and Richard Leres, con-
sisted of a standard B;proportional counter surrounded by a ring\of 16
large brass Gelger tubes, each about 20 in; long and 2 in. in diameter.
This entire assembly was surrounded by a Pb-brick cave, the inside of
which was lined with l/h-in. lucite. Every pulse in the ring of Gelger
tubes generated a block pulse about 200 psec long, which turned off the
scaler that‘recorded counts from the B céuﬁter; Two clocks were avail-
ablé, one recording the total elapsed time and the other only the time
the counter was actually on (live time). The béckground with this set-
up was typically about 1.9 coﬁnts/min, compared with the usual B—counfer
background of 8 to 10 counts/min. The live time was 99% of the elapsed.
time and the efficiency was identical to the other B counters. Ah
optional feature was the use of a scaler-gater blocking pﬁlSe to turn
off the. B scaler during. the acCeleration.Cycle~of‘the'Bevatron. This
system was discussed earlier for the Cl:L counter. Use of the Bevatron
blocklng pulse cut the live time to about 97% and the background to
about 1.6 counts/mln !

To get more reliable low-background counting equipment, Ken
Russel designed a transistorized céunter based on a model used at |
Livermore. The detector consisted of a gas-flow P-proportional counter
surrounded on fop and sides by. an Ampex tube .giving pulses in’antiF
coincidence. Except for the high-voltage power supply and the scalers,
all the components were transistorized. The detector was housed with-
in an 18-in.-diam Pb. shield. Two of these counters were made and placed
in a room on the basement floor of the new chemistry anhex about 150
feet furthér from the Bevatron than the old counting room. It was felt
that the Bevatron would have . less -effect here because of the increased
distance and because a‘hill'separates the basement of the annex from
the Bevatron. These counters had backgrounds of about 0.2 to 0.3
counts/min, but the B detection efficiency was only about 77% of the
‘efficiency of shelf 1 on a regular B counter. The decreased effiéiéncy
was due to the lower solid angle..  Sources for the new counters had
to be prépafed on l-in.-diam disks rather than on the_usual 2.5-. Dby
3.5-in. Al counting card, but in all other respects mounting of the

samples was the same.
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| 3. Decay-Curve Analysisg

The NaCl samples from the bombardment of Al showed no activity
"other than the 15-h Nagu, and a straight line could be drawn through
the data. The Cu precipifatelfrOm the bombardments of Zn showed com-
ponents characteristic of Cu67, Cu64, and Cu6l,.and were resolved
graphically; The Fe205 :samples gave decay curves 'with several com-
ponents in addition to 8-h Fe52., These could be resolved. into 5.7-

day Mn52 and 2.58—h'Mn56. - The MnO2 samples from bombardment.of Zn

gave the Mn52,and Mn56 activities and also a shorter-lived activity
probably due to 45-min Mn5l. To facilitate analysis of these decay
curves, an IBM computer program (FRENIC) was used to give a least-
‘squares analysis of the decay curves. The original program arranged by
Rasmussen and Hoff for the Berkeley 7Ok has recently been revised by
John Mahony and the computer group for use with.the IBM T7090. This
program ailOWS both the half-life and initial activity of all the com-
ponents to be varied in order to find a least-squares fit to the decay
curve. Since the half-lives are well knowh for. the isotopes studied
here, they were kept constant and only the initial activities were

allowed to vary.
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C. Results of 7 -Induced Complex Reactions

The initial activity at end-of-bombardment was corrected for

the efficiency of the counter at the given shelf position and source

At

thickness, for the saturation factor 1 - e , and for the chemical.

yield. The efficierncy of a given nuclide as determined in Appendix D
was multiplied by 0.77 to obtain the corresponding efficiency of the
transitorized low-background counter. The beam intensity was monitored
with the counter telescope described in Sec. II-B. The cross sections

were calculated from

 Dsat(X) ;
olx) = 55—
tgt

1. 0w o+ AL

Table XI gives the measured cross sections for the production of

2L 27

Na from A1™ " Dby negative pions.

. Table XI. Cross sections for the treaction Al27(ﬂf,p2n)Na24.

Incident- Measured Average
pion energy cross section . cross section
(MeV) - (mb) . (mb)
127 £ 9 127" 13 + 3°
o5 £ 10 3.3, 12.4, 4.8 ‘ 7Tk
373 + 10 7.5, 7.5, 9.2, 10.4 9t 2
k2% + 10 .8 | 5% 1

-

aThe pion beam was monitored by means of a calibrated ion chamber

at 127 MeV only.
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Fig. 33. Excitation functions for production of 1\Ta2LL from Al.
§ cross sections for A127 (x-,p2n)NaZ¥ reaction.
Smooth curve is cross section for A127(p,3pn)Na24
reaction from data of reference 84 and 87.
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These:cross sections are plotted in Fig. 33 along with a smooth curve
representing the cross section for production of Na2 from A127 by
protons. The pion data have large errors and are sparse making it
premature to saj:anything definite about the excitation function for
T -induced production. One can say that the Al?7('n'—,ijn)l\TagLL Cross

sections are of similar magnitude as the p-induced cross sections.
2. T_+ Cu

Table. XII gives the cross sections for the. reactions of pions
on Cu. The cross sections are calculated with the assumption that
both Cu65 and Cu65 contribute to the yield.. The Mn and Fe activities
were detected with the low-background B counters, while the Cu6l.
activity was measured by counting the 0.511-MeV annihilation radiation
witha 34y 134n. Nal crystal. No speciélHChemical separation for Mn
was performéd iﬁ'the bombardments of Cu with pions. The Mn activities
appeared in the FeEOB'samples; ‘It was assumed that the Mn activities
had carried on the Fe(OH)3 precipitates since no Mn holdback @arrie?
had been added. . In the calculation of the Mn cross.sect;ons,.the
chemical yield was assumed to be the same as the chemical yield for Fe.

The data of Table XII are based on only one éxperiment for each
cross section.. The error of 30 to 40%. is détermined‘from,thé errors
in beam-monitoring, decay-curve resclution, and chemical-yield deter-
mination. Thebtarget for. the 302-MeV data was a thin-Al can filled with
CuO powder. The other runs were made with metal targets. The powder
target was much easier to work with chemically and it is recommended
that further experiments be perfbrmed with powder térgets rather than

‘the metal targets.

3. T + Zn
. «
The cross sectlons for the reactions of pions with Zn are

67

presented in Table XIII. The Cu~ ' cross section is based on the

assumption that only Zn68 contributes to its formation. The cross

section for'Ni65 was calculated by assuming that all the isotopes of
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.Table XII. Cross sections. for the production of various nuclides from

. the bombardment of Cu with negative pions.

Isotope | Incident~pion : | cross section
: energy (MeV) (nbi)

ot | - 215 + 4o o 21 x 7%
Mn 20 ' 215 # 4o b7 2 1.3
Mn56 ' 245 + 10 2.7 £ 0.9
Mn56 ’ 302 .+ 10 2.1 £ 0.7
M2 ‘ 2hs £ 10 1.1+ 0.4
Mn52 302 £ 10 .4 £ 5.0
Feo? 215 + Lo 1.6 £ 0.5
Fe52 245 + 10 0.73 £ 0.3
Feo? 302 £ 10 4 1.7.% 0.5

aCu6l was detected by counting the annihilation ~y ray.
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Table XIII. Cross sections for the production of various isotopes by

the bombardment of Zn with negative pions.

Incident-pion Measured Average
Isotope energy cross section cross section
(MeV) (mb) (mb)
67
Cu 302 £ 10 15.5, 17.1 16 £ 2
Cu67 37% £ 10 23.4, 38.0, 56.3 39 £ 8
64 g
Cu 302 £ 10 9.25, 12.6 11 £ 2
Cuéu 373 £ 10 i%3.9, 16.5, 26.1 19 £ 4
61 | : '
Cu 202 + 10 16.9, 17.% 17 +
Cu6l 37% + 10 18.7, 22.1, 26.4 20 £ 2
Mn56 302 + 10 5.3 5% 1
52 |
Mn 302 = 10 8.22, 13.4 11 + 2
i 245 £ 10 2.4 2.4 + 0.8

aThe N:‘L65 cross section was. calculated after assuming that all

64

isotopes of Zn contribute to its formation except Zn~ .. The

total percent abundance of the applicable Zn isoctopes was 51.1%.




-1h3-

Zn except Zn6l+ can produce Ni65. The other cross sections are cal-
culated on the basis that all Zn isotopes contribute to the yield.
Again the 302-MeV data were obtained with an. oxide target rather. than
a metal target. For the bombérdment of pions on Zn, Mn carrier was
added to the target solution and a specific chemical separation of
Mn was performed.

The absolute yields of Cu6l1L and Cu6l can be compared with the
relative yiélds presented by Turkevich and Fung for the absorption
of6slow m in Zn012.§8 -The following table gives the ratio of the

Cu 1 to Cu64'cross:sections.for the. absorption of slow 7 , pion energies

measured here, and for the bombardment of Zn with 400-MeV protons.

Table XIV. Ratio of Cu61 and Cu6u cross sections from bombardment of
Zn.
Slow © 302-MeV 7 373-MeV T 400-MeV p

~0.80 1.57 £ 0.28 1.09 + 0.2k4 1.55 £ 0.24
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D. Discussion

The primary object in the bombardment of Zn with pions was to

.- - ’\!6-

compare the Zn68(ﬂ ,T p)Cu T
Zn6 (p,2p)Cu67 reaction. The pion data obtained at 373 MeV with metal

reaction with the corresponding

targets was not very reproducible; the average value given in the
table is probably not too reliable. However the two runs at 302 MeV
that used a ZnO powder target were quite reproducible for all three
Cu activities measured. Comparing the (7 ,m p) cross section to the
(ﬂjp) total. cross section at 300 MeV, we see that the ratio is
16 £ 2

30 -
shown in Fig. %2 is 0.66 * ,07 at 400 MeV.

‘This would indicate that the ﬁerm for the probability of a

0.5% + .07. The value of the Zn68(p,2p)0up7/(pp) ratio

collision, P dominates the expression for the probability of

coll ’

a "simple" event, P( This is expected when reactions of this

type occur on the nuiizsi surface. When a collision occurs on the
surface, the particle involved will travel only short distances to -
escape the nucleus. Thus the differences in mean free path for pions
and nucleons will not be too important in determining the relative
yield for different "simple" reactions. However it is again necessary
to obtain more experimental data to establish this relationship.

The production of isotopes mcre than one mass unit less than
the target can be interpreted in terms of the Serber model.52 A
modification is necessafy——to account for pion absorption. . It 1s most
probable that the incident pion will bé absorbed after a few collisions
inside the nucleus. The absorption 1s assumed to take place between
two nucleons, énd the rest-mass ehergy of the pilon 1s divided between
the two nucleons. The two recoiling nucleons will initiate a fast
cascade. and from then on the prccess 1s indistinguishable from a proton-
induced cascade. From this model we speculaté_that the yields of pion-
induced reactions do not differ greatly from the yields of proton-induced

reactions when we consider "non-simple" reactions.
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Table XV summarizes the non-simple reactions measured in this
work and compares the yields with similar yields from proton reactions.
In general, the yields from pion reactions agree with the yields from
proton-induced reactions. The accuracy of the pion data is not suffi-
cient to enable detailed conclusions to be drawn, but there does not
seem to be a véry strong dependence on the incidenﬁ—pion enefgyo,

It should be noticed that the yields of Cu6lL and Cu6l from
BOO-MeV‘n_'+-Zn are both lower than the corre5ponding yields‘from
LOO-MeV p + 7n. The absorption of a g in a Zn target nuclide méans
that no protons can be emitted if a Cu product is to be observed. For
P + Zn, two protons along with several neutrons must be emitted, which
opens up several more reaction channels. . Thus we might predict slightly
greater yields for the proton-induced reactiog when the product nuclide
is only one charge unit below the target nuclide. For product nucleil
farther removed from the target, this effect is probably less important.

One other feature can be noticed from these data. Let us assume
that the reactions ® + Zn . and p + Cu65 form highly excited com-
pound systems of Cu6h* and Zn6h*, respectively. At the high excitation
energies considered here'the difference in charge of these two "com-
pound nuclei" is relatively unimportant in determining the numbers of
protons and neutrons emitted in the de-excitation process. Thus we
would expect the yields from these two reactions to be almost identical.
Zn6u composes 48.9% of the Zn target, and Cu65 composes 69% of the Cu
target, so the data given here may be suitable for a comparison of
this type. From the data of Table XV we see that the yields of Mn
and Mh56 are 11 and 5 mb for the case cof BOO—MeV,n_ on Zn, and 7.1 and

52

2.5 mb for 340-MeV p on Cu. The magnitudes of the proton cross
sections are slightly lower than the pilon cross sections, but the ratio
of the Mh?g/Mn56 yields (2.2 = 0.6 in the pion case and 2.8 + 0.6 in
the proton case) are similar within the experimental error.
From the limited amount of data presented here, one cay say that,

in general; pion-induced reactions do not behave differently from proton-
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Table XV. Comparison of yields for "non-simple" pion- and proton-

induced reactions. ¢ is given in mb.

Reaction e w® m®  wm® w? Fe”
215 MeV T + Cu ‘ 21 L.7 1.6
2l5 MeV T + Cu ‘ : 2.7 1.1 0.73
302 MeV T + Cu _ 2.1 1h 1.7
ol5 MeV T + Zn oL
302 MeV T + Zn 10 17 _ 5.3 11
373 MeV T + Zn 18 20
340 Mev p + Cu™ : 23 2.5 7.1 0.18
LOO MeV p + Zn 18 28 " '

40O MeV p + Fe ' C11.6
b

340 MeV p + Fe : 12.9

@pata from reference 6.

bData from reference 80.
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induced reactioné for targets and products in this mass region. The
major significance of this remark comes from consideration of the
varibus theories for energy transfer in proton—induced spallation
reactions. The production and reabsorption of pions has been often
proposéd as @he mechanism of energy transfer for high-energy nuclear
reactions.. The experimental evidence given here indicates that the
energy deposition from pion- and proton-induced reactions is quite
gimilar. This supports the hypothegis that pion processes plaj a
major role in high-energy nuclear reactions.

The influence of'pions in the fragmgntation process is still
unknown. To clarify this point it would be necessary to obtain cross

sections for production of much lighter fragments than measured here.
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VIII. SUMMARY AND CONCULSIONS

The most significant feature of the experimental results des-
cribed ih this thesis is the appearancé of free-particle-like collisions
within nuclear matter. Quasi-free-particle scattering has been investi-
gated in many laboratories around the world by using proton beams and
measuring two outgoing protons in coincidence. Major accomplishments
of the (p; 2p) coincidence experiments have been the determination
of "the binding energy of shell-model states in light nuclei, and the
determination of the momentum distributions of protons in nuclei.
However similar and complimentary effects can be discovered by using
techniques“to measure the residuadl nucleus after a simple reaction has
occurred. The (ﬂ—,ﬂ_ n) reaction studied here is an example of such
a technique.

First we will summarize the free-particle effects discovered

in this work and then list the applications of (m; mn) reactions.
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A. Summary of Free-Particle Effects

The measurement of the C12 (r ,m n) Cll excitation function
showed a peak at the same ihcident—pion energy as the resonance in
free-particle T n scattering. This peak is in distinct contrast to
the CI2 (p, pn) Cll excitation function, which shows no peak in this
energy region and where no resonance exists in the free-particle pn
cross sections. Arguments based on the recoilkenergy given the struck
neutron show that the pion peak is not due to the indident pion having
‘the same momentum as the proton at the (p, pn) peak. A simple cal-
culation, based on the assumption of a single 7 n collision after
which both collision partners escape directly, reproduced the shape
of the experimental excitation function. The fact that the calculated
values were lower than the experimental values by a constant factor
is attributed to the approximations employed and the defects in the
nuclear model. The calculation showed, in addition, that the greatest
contributions to the (7 ,m n) reaction came from the nuclear surface.

The experimental excitation function for the Zn68 (p, 2p) Cu67
and Fe57 (p, 2p) Mn56 reactions showed structure simiiar to the free-
particle pp total cross sections. The free-particle pp cross sections
have a rise from 400 to 1000 MeV and then decrease to a constant value
in the GeV region. The (p, 2p) reactions show similar behavior. In:
contrast the (p; pn) excitation functions do not show this behavior
because the free-particle pn cross éections are relativély constant
in the 400- to lOOO—MeV\region. _ '

At 300-MeV incident-pion energy the ratio of the Zn68 (r 7 P)
Cu67 cross section to the free-particle q p cross section is almost
the same as the ratio of the Zn68 (p, 2p) Cu.67 cross section to the
free-particle ﬁp cross section. This is fo'be ekpécted if free-particle
scattering is the controlling feature of both the (f ,7 p) and (p, 29
reactions. Hdwever, more information is needed about the energy

dependence of the (5 ,m p) reaction before this can be firmly established.



-148-

Data on the C12 (ﬂ+,ﬂ+ n) Cll reaction ought to give evidence

concerning whether the (ﬂ+,ﬂ+ n) reactions proceed by the one-step
or two-step mechanism provided experimental complications can be
overcome. The tentative results obtained here are inconclusive on
this point. . However both mechanisms assume an initial mN collision,
so that the basic premise of the impulse approximatioﬁ is still-

preserved regardless of which mechanism applies.
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B. Uses of @1 ,m n) Reaction

Once the mechanism of the G2 Qn—,ﬂ- n) ot reaction is
firmly established, the reaction may be applied to several other
problems in nuclear physics.

The resonance peak in q1 n scattering is considerably broadened
when the neutron is moving within the potential well of the nucleus.
This broadening can be calculated provided the momentum distribution
-of the neutrons is known. Starting with the experimental peak, one
could infer a momentum distribution for.the neutrons in the "avail-
able" shell-model states. -

By using the concept of available states and studying the
Qn_,ﬂ- n) reaction as a function of target mass, it may be possible
to put limits on the binding energy of &arious shell-model states.

Any theoretical treatment of the (ﬂ_,ﬂ- n) reaction is
sensitive to the value of the mean free path for pions in nuclear
matter. If a suitably accurate model and detailed computer calculation
were attempted, the experimental (7 ,m n) cross sections could be
used in determining the mean free path and effective cross sections
in nuclear matter.

The 012 (ﬂ-,ﬂ— n) Cll reaction can be‘used as a monitor of
pion intensitieé for pion-induéed reactions in other target nuclei.

The plastic-scintillator technigue is quite straightforward and r eliable
and the Cll'half-life is convenient for short bombardments. This will
enable determination of other monitor reactions for longer bombardments
without the necessity of coﬁnting the beam directly.

Ericson et al. have diséussed the use of low-momentum transfer
reactions as a means of obtaining T cross sections by radiochemical
techniques,89 The method assumes that peripheral collisions occur
within nuclear matter between the incident particle and one nucleon.

The C° (n”,m" n) ¢! reaction studied here gives evidence that
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elementary-particle collisions do occur in nuclear matter. This
provides the experimental evidence they require to support their
mechanism for low-momentum transfer reactions. Pion-plon cross
sections can be obtained from data on pion exchange reactions

(7€ 1, DA = 0) by comparison of the pion-induced cross section to

the proton-induced cross section at the same c.m. energy.
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C. Comparison of Pion-and Proton-Induced Reactions

The data presented here fqr;spallatiOn reactions caused by
pions are quite limited, but the yiélds are similar -in magnitude to
yields fromvproton-induced reactions with the same element. The
assumption that pions are absorbed and the ensuing cascade is equivalent
to a proton-induced. cascade is consistent with the data. The Monte
Carlo calculations cuirently being‘carried out at Brookhaven use the
assumption that the pion quickly forms an,isobar and travels through
nuclear matter coupled to a nucleonbv Tt would be necessary to obtain
much more extensive data to check this assumption. More data are
also needed to investigate the fragmentation mechanism.

To summarize: a 1little is known, much is unknown.
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APPENDICES

A. Tree-Particle Total Cross Sections

The following four figures are free-particle total cross

sections taken from the literature.
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B. Correction for m Decay to p_

The p 'and v from the decay of a M are emitted at 180 deg
to each other in the c.m. frame of reference. . Assuming that the u_
is isotropic in the c.m. coordinate system, we want to calculate the
solid angle subtended by a counter at some distance r from the point
of decay. The solid angle in the c.m. system when divided by by
gives the fraction of the decays at a given distance that reach the
counter. This fraction must be multipiied by the fraction of decays
occurring at the given point to obtain the relative p contribution
ffom that point. The total p contamination is obtained by summing
the contributions from each segment of path length. The steps in
the calculation are és follows.

1. Divide the path length into segments.

2. From the midpoint of each segment, calculate the laboratory

angle9: tan 0 = r./r, ’fc = radius of counter
L .
c
b 16, | .
A B S A A A e O

3. Convert 6 to c.m. system by using the equation at end of

this appendix. There will be two values- of 9{, correspond--

ing to p's that come off backward in the c.m., and p's that

come off in the forward direction. Even some of the p's

in the backward hemisphere reach the counter because of
the large forward velocity of the c.m.

k. Convert the c.m. angle 8' to a cum. solid angle Q':

Q' =2 (l-cosf')
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5. Add the forward and backward solid angles for each segment
and divide Dby lar to obtain the fraction of decays reaching
the counter. '

6. Calculate the mean distance of travel before decay A:

K:B'YCT‘O.
where
B =v/c
v = velocity of pion,
¢ = speed of light,
2y-1/2
y= (-
and
-8
TO =2.55 X 10 sec.

7. ?Calculate,e_d/Kfor each segment to determine the fraction
of initial beam that decays in each segment. (The dis= -
tance 'd is. measured from. the!start of the s flight to
the point of decay)

8. Multiply the fraction of decays in each segment by the
fraction of muons reaching the counter, to determine
fraction of initial beam that gives p's in counter for
each segment.

9. Sum up W contributions from all the segments.

10. At the counter, the fraction of the beam that is pions
is given by ﬁhe number of pions still remaining in the
beam divided by the total number .of particles.

The total number of particles at the counter is the sum of
the pions still remaining plus the muon contamination of the beam.
The initial contamination can be determined by a range curve. Then
we assume that all the muons and electrons initially present reach
the counter telescope. These statements apply to the case where the

tontamination of the beam is known at some point (e.g., liquid-hydrogen
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target),andlthe contemination is desired.at some point downstream
(e.g., chemistry target).

The equation for the conversion of the lab angle . of the muon
into the c.m. angle is dduble valued for:the cm.angle. Therefore it is
simpler-to calculate -the 1ab angle for a given c.m. angle and make a
plot of '1lab angle vs c.m..angle. The c.m. angles may then be inter-

polated from the.known lab angles. The equation is:

tan 6 = Ségig'eéoé 6') | ;
where ’

B' = v/c for g~ .in c.m.,

B =v/c for m in lab,

) ='lab angle,

' = c.m., anglé, _
~and y = (1_-62)71/2 for 7 in lab.

B' is a constant for -l deca& equal to 0.268

B and <y depend on the particular m-beam energy. involved.



1.

-161-

C.. Chemical Procedures

Separation of Cu from Zn foils after proton bombardments:

a. Dissolve Zn foil in<3M~HCl. _
b. Add 10 mg cutt carrier and holdback carriers for Ni++, Co++,
T ++
Fe'tt‘ard Mn
c. Dilute solution to 3M HCI.
d. Bubble in HZS gas and precipitate CuS.
e. Centrifuge, dissolve CuS in GM HC1 plus 1 drop 30% Héoz.

++
f. Make Cu  solution just barely acidic, add NaZSO , and heat

until solution is decolorized to reduce Cu++ to gu+.

g. Add 1M KSCN to precipitate CuSCN.

h. Centrifuge, dissolve CuSCN in HC1 and H202r

i. Make strongly ammoniacal, add NaZSZOu, and heat to precipitate
Cu.

J. Filter; wash with water, alcohol, and acetone; mount.

Separation of Mn from Fe foils after proton bombardments:

' ' ++
a. Dissolve Fe foil in 6M HNO., solution containing 10 mg Mn
. ,3 4+t Tt
carrier and holdback carriers for Cr s vV and Sc .
b. Add concentrated HNO3, heat and add KClO3 to precipitate MnOz-
c. Centrifuge, dissolve MnO, in 6M HNO3 and 1 drop 30% HzOzn
d. Pour sclution carefully into hot solution of excess NaOH and
Hzo2 to precipitate MhOz.

é. Centrifuge, dissolve MnO,, in 6M HNo3,
f. Repeat precipitation of M'nO2 with KClOB-
g. Filter, wash with HZO’ alcohol and acetone; mount.

Separation of Na from Al after pion bombardment:

a. Dissolve Al in big bucket (3 liter) of 6M HCl containing 30
+ .
mg Na carrier.

b. Make solution basic with NHAOH to precipitate Al(OH)3.
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. Centrifuge :in floor-model centrifuge (4-liter capacity).
. Wash precipitate thoroughly with HéO then recentrifuge.

v, Collect supernatant solutions (2 or 3 liters), acidify with

4/1 mixture of concentrated HNO3 and HCI.

. Evaporate to small volume by using all possible technlques

for safe rapld evaporation. Add more acid as necessary to
destroy NH)CL. '

When solution is less than 30 mliter, an Fe(OH), scavenging

3

.precipitetion may be performed if desired. (No noticeable

effectvon the decay curve was observed due to this step).

..Evaporéte the solution to dryness in a small beaker.

: A+
Heat in a muffle furnace for 10 min at 600° C”-NHA salts

+
should be completely destroyed and Na. will be converted to
Na O, cool

. Add 1 mllter of concentrated HClOu and fume carefully to

dryness.

k. Dissolve NaClOu in lO-mliter n-butanol.

Add 2 mllter n-butanol saturated with dry hCl

Fll ter the NaCl formed, wash with butanol- HCl mlxture, mount.

Separation of Fe from Cu after pion bombardments:

=

o’

o o

5/ o+ 0

. Make strongly ammonlacal, filter out Fe(OH)

Dissolve Cu target in concentrated HNO, and a iittle concen-

3
trated HCl.

. Add. 30 mg Fe carrier and dilute.

3"
Dissolve Fe in HCl, dilute to ZN

Add Cupferron reagent to pre01p1tate Fe
Centrifuge, dissolve Fe-cupferron prec1p1tate in HC1.
Precipitate Fe(o_H)3 with NHy OH.

Filter, igniteSto Fe203.

. Transfer to filter chimney.

. Wash with HZO’ alcohol, and acetone; mount.
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Separation of Cu, Mn and Ni from Zn after pion bombardments:

a
b.

(@]

Dissolve Zn in 6M HC1.
++ ++ ++
Add 30 mg each of Cu , Mn and Ni carriers.

. Dilute to 3M HC1l, pass in HZS gas.

Filfer CuS and continue as in Procedure 1 to obtain Cu sample.

. Take filtrate from step d, make strongly basic with NaOH to’

precipitate MnO and Nl(OH)

Dissolve prec1p1tate in HCl, make pH about 6

Add dimethylglyoxime reagent to precipitate NiDMG.

Filter NiDMG, dissolve, and reprecipitate NiDMG.

;gnite NiDMG to NiO, filter; wash with HZO’ alcohol and acetone;
mount.

Ewaporatelflltrate*contalning Mn::from step h"to remové HECL.

Ada concentrated HNO3, then add KClO3

Contlnue as in Procedure ‘2 to obtain precipitate of MnOz.

to prec1p1tate MnO
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D. Beta Counter and Efficiency Determination

1. Counters

The samples from thé proton bombardments were counted on end-win-
‘dow gas-flow beta proportional counters. These counters have'been

described bnylann°9o

The community counters mentioned by him were
brought up to date_and’standafdizedo New amplifiers and scalers of_
an improved design were obtained for seven 8 counters. A potentio-
meter gave increased. sensitivity to the high-voltage control on the '
amplifier. The scaler has a built—in power supplvahich feeds the
amplifier‘also? A regulated 5000-V power supply feplaced the old
nonregulated supply.

" The detectors were modified in several ways to achieve greater
reperucibility° The electrode that formerly consisted of a loop.:
of tungsten wire on a single hypodermic needle was replaced with a
new designo This consists of two hypodermic needles suspénded like
an inverted V.from the top of the chamber. Across the open end of
the V is an 180-deg arc of 0.00l-in. tungsten wire with an arc dia-
meter of 1 cm. This design allows the wire to come.closer to the
window with a resultant decrease in background. The aluminized
. Mylar windows_were replaced with goldized Mylar, the-evaporated
gold being on the inside layer of the Mylar. This made the counters
less sensitive to light. "A thin aluminum ring was designed for each
detector to hold the Mylar window securely in’place° With this ring
it 1s possible to put considerable gas pressure on the window with;
out having the window bow: This eliminates changes in efficiency
due to changes in gas pressureQ' Brooks-mite gasvflowmeters réplaced
the "bubblers" previously used to regulate gas pressure. A lucite
ring was designed for each detector to hold it securely in the
counter stand.

After these changes, (and with constant care and feeding) each

6
counter gave a constant counting rate to within 1% with a Cl3 source.
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A1l counters agreed to within 2% for this standard on shelf 3. The
backgrounds normally were about 9 counts/min with a fiuctuation of
about 0.5 counts/min, depending directly on whether thé Bevatron was
operating or not. (One of these counters was placed on a portable
rack and then the background was measured in several locations through-
vout the building. The first floor gave approximately 1 count/min

lower background than the second-floor counting room. )

2. Efficiencies

The efficiency of these B counters was determined following a pro-
cedure outlined by Bayhurst and Prestwoodagl Theirvmethod eliminates
the need for making separate corrections for backscattering, shelf
geometry; air absorption, etc. They found that the efficiency for P
counting on a given shelf was a smooth function of the average energy
‘'of the B spectrum for allowed B spectra. The average energy for
positive or negative B spectra for a given nuclear charge and f end-
point energy is read from a family of curves. For a given-type B
counter and sample-mounting technique, an empirical curve must be
drawn giving the efficiency of the counter vs the average energy of
the B spectrum. This curve is shown in Fig. D-1 for the B counters
and mounting techniques used in this experiment. (For mounting tech-
nigues see Sec. VI. B2) The efficiencies were obtained by comparing
the counting rate of a weightless sample on a 4x counter with the

counting rate of the same source mounted in the standard fashion and

counted on shelf 1 of the P counters. ,?
6 6 » i v!'
For Mh5 and Cu 7, plots were made of the efficiency on a given ' ,4
shelf vs the thickness of the precipitate in which the activity is

56

located. These data are shown in Fig. D-2. Mn” is representative of y
most of the high-P-energy activities. Cu67 shows the strong effect.
the source thickness has on the efficiency of low-energy B*sc The
data of Blann9o and Crespo92 were used when source-thickness corrections
were desired for other activitiesn Data were also obtained for the
relative counting efficiency oi various shelves for Nazz, Nazu, Mn56,

LN




-166-

60 T T T T T T T T T 1 l r
50| _ _ Zn63 .
| : Fmo\ Mn56
€@ | b C136 ‘ -
R csi37
B a0l 67 : : _
30 | ] | | ] | | | i | | [
0 0.2 0.4 0.6 08 1.0 (.2

Average [3 energy,<E> (MéV_)j,

e // MU.28979

Fig. D-1l. Beta-counting efficiency vs average B energy for
shelf 1 of end-window groportional counters. Pl point
determined by Mahony.9 Zn63 point determined by Smith.98
Other data are from this work. All efficiencies were de-
termined with weightless sources.
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Fig. D-2. Counting-efficilency correction vs weight of sample.
% - 100 B-counting efficiency for thickness x.
-counting efficiency for O thickness
Smooth curve I is for CuP' prepared as free Cu.
’ Dashed curve I is for Mn? prepared as MnOo.
Weight refers to the weight of the element rather
than the weight of the compound. All sources
. P were prepared on 2.41-cm? circular disks.
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36 137

6 2
T 2 s and Cs . These data showed that the efficiency

Cu ', Mn Cl
could vary by a few percent for the same activity on the same shelf

of different ceunters,even though the standards agreed to within l%°
Thie variation is presumably due to small differences in shelf dis-
tances.

Once the empirical curves have been determined for efficiency vs
average B energy, and for efficiency vs sample thickness, then it is
'possible to calculate efficiencies for any other activity. The average
energy is determined from the graph, the efficiency of a weightless
source 1is determined from the empirical curve, and the source-thick-
ness correction is determined by comparing the new activity with the

absorption effect of some other activity with a similar average energy.

The error on the efficiencies determined in this manner is about 5%°
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E. Physids Groups That Provided Meson Beams

Moyer Group - W.C. Bowman, J.B. Caroll, J.A. Poier; M. Pripstein
Oct. 1961 '

1

Crowe Group - Rn Beck, N. Dairiki, T. Maung,.

May 1962
Crowe Group - B. Czirr

June 1961 | :
Moyer Group - H. Goldberg, R,W/ Kenney
. Feb. 1962

Segré Group - N. Booth, R. Hill, H. Rugge, 0. Vik
April 1962

Moyer Group - B.C. Barish, R.J. Kurz, J. Solomon, V. Perez-

Mendez July 1961, Dec. 1961, Jan. 1962, April 1962

Segre Group - T Eiiof, W Johnson,‘C.E. Wiegand; T. Ypsilantis
March 1961 | -

Crowe Group - G. Bingham, H. Kruger

. “Sept. 1961
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