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ABOTRACT

Effects due to elementary particle-like collisions within
nuclear matter have been observed in several nuclear reacdtions caused
by pions aﬂd protons. Simple nuclear reactions of the form Z‘L\(a,an)ZA_l
and ZA(au,ea,p)(Z—l)‘Arl have excitation functions that are sensitive to
changes in the elementary-particle cross sections. '

The excitation function for the reaction Clz(n_,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 Cl}
positron activity. Corrections'were made for muon contamination in
the beam, cpincidence losses in the monitor system,Cll activity pro-
duced by stray bvackground at the accelerator, Cll activity produced
by secondaries in the target, and the efficiency of the Cll detection
system. v

The Clz(ﬁ_,n_n)cll cross sections rise to a peak of about TO
mb at 190 MeV, which corresponds to the resonance in free—particle'n-n
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
Clz(

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

- - 11 . .
n ,% n)C reaction occurs in the nuclear surface region at all
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predominate on the front surface of the nucleus in order to give the pion
the maximum probability of escaplng | .
. The excitation functions for the reactions Zn68(p,2p)Cu67 and )
Fe57(p,2p) 56 were measured radiochemically from 400 MeV to 6.2 GeV.
The slight increase in the (p,2p) cross sections measured from 400 to
720 MeV is related to the occurrence.of a quasi-free-particle pp colli-
sion within the nucleus. Due to the proton momentum distribution, the
increase is not as pronounced as the rise in free-particle pp total
cross sections from 400 to 1000 MeV

from 2.2 to 6.2 GeV, the Zn (p,dp)cu 56

61 and're57(p,2p)Mn cross
sections are constant at 21 * 2 mb and 50 % 8 nb, respectivelyn The
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
© this particular reaction. '

The free-particle effects are not seen in more complex reactions
as evidenced by the constant cross sections from 0.72 to 6.2 GeV for
" the yields of Mhsl and Mn52

61 6
for the yields of Cu and Cu 4'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
56

reactions requiring scveral nucleons to be emitted. The yields of Mn” 6
Mn52 an.d..Fe52 from the bombardment of natural Cu by T , the yields of Cu 7,

n 61 56 52

Cu ', Cu , M~ and Mn from the x bombardment of natural 7n, and the

a’v

cross section for Nazh from . + A1°' are compared to the yields for
similar reactions induced by protons. At the higﬁ energies considered
here, interaction of a n with these targets is shown to give yields
that are of the same order of magnitude as the yields from proton
reactions. ‘hese results are interpreted as experimental evidence that
pion processes are very important'for energy transfer in high-energy

nuclear reactions.

G ¢
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I. INTRODUCTION

Knowledge of the 7 meson has been considerably increased since
Yukawa first proposed that a particle of about 300 electron mass units
(me) was responsible for nuclear forces.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 pairs required the existence of étrongly interacting
particles with positive, negative, and neutral charges. The experi-
mental confirmation of this hypothesis came in 1947 with the discovery
of M mesons in cosmic rays at high altitude$,2 In 1948, ™ mesons were
produced artificially for the first time at the Berkeley 18L4-inch
cycl_otron.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 muoh,
which was discovered in cosmic rays in 1936. Charged pions have a mass
of 273 m, wheregs 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 charged muons and neutrinos (v):
+ +
T =y + Vv,

Pions 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 studying the nuclear force. For'pions striking free nucleons, the

possible interactions are elastic scattering, charge-exchange scattering,



inelastic scattering (particle production), and absorption. Absorption
ofva pion by one nucleon takes place with the emission of one high— .
energy -y ray éo conserve energy and momentum. . Cloud chambers, counters,
bubble chambers, and. recently, sperk chambers'have been the most common o
expefimentalftechniques for studying these interactions. From this
work there is now information on total TN cross sections, elastic TN
cross sections, inelastdic and charge—exchange. cross sections, angular
distributions of all kinds of 7N scattering, and polarization effects
in . N scattering. Properties of this type are best studied with llquld—
“hydrogen targets, in order to eliminate the. complicating effects of
nuclear binding and scattering from thc nucleus. '

However,.it is also of interest to study.the reactions of pions
w1th nuclear matter and spcecific nuclei. Here the pions still undergo
the previously mentioned scatteringprocesses.. In the-absorption process,
howeyver, the T rest-mass energy is converted into nucleon. and nuclear
excitation and the high-energy -y ray is not seen. The techniques
. mentioned before are not conducive to studying the residual nuclei after
.2 pion interaction has baken place. Nuclear emulsions have been useful
for. studylng plon reactions in heavier nuclei. . However the recent in-
. crease in pion-beam 1ntcn51ty has now made it feasible to study pion-
induced nuclear reactions by radiochemical technigques. The main advantage
of . radiochemistry is that yields of specific nucleil can be measured rather
than yields of emitted particiesu

A brief mention of some of the notations employed throughout this
report is necessafy here. A nuclear reaction is often symbolized.by
(a, bc) where a represeﬁts the incident particle, and b‘ and. ¢ are
the particles leaving thé struck nucleus. 'The quantity 0(pp) represents
the total cross section for scattering of free protons by incident pro-
tons. Likewise, o(pn), o(mp), o(ﬂ n) all stand for free-particle total
cross sectlons The symbol ™ is used to mean pion collls1ons with
nucleons in cases where COlllblUns w1th both nucleon charge states are

allowedu



Because of low-intensity beams, previous radiochemical experi-
ments were limited to studying only the reactions of pions after they
were stopped in large quantities of target material.4’5’6’7 This meant
that only the yields from the absorption of very low-energy pions could
be obtained. Because relatively large intensities of high-energy pion
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 élso on
direct 7N collision events within nuclear matter. This latter inform-
ation gives unique proof of the validity of the impulse approximafion
for pion-nucleon collisions within nuclear matter.

Since much of this report is concerned with free-particle-like
collisions within nuclear matter, the free-particle total cross sections
are presented in Appendix A for pp, pn,ﬂfp, 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 ﬂ*p cross sections, and the ﬂfn cross sections equal the
ﬂrp cross sections.

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.

4 12, - -
. The specific reaction studied here was the C (7 ,7 n)c

reaction. Cruss sections were measured as a function of energy through

11

the free-particle resonance region. The existence of a peak in the
(m ,m n) excitation function is interpreted as a direct result of a
TN collision within the 012 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 is discovered in the excitation

functions for (p,2p) reactions on Zn68 and Fe’!. fThe (p,2p) cross
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sections show increases which follow the incfease in the free-particle
pp. cross sections, in distinct centrast to” (p,pn) cross sections,
where no such increase is expected from the free-particle pn crqes
sections. ' A - . I.

A limlted amount of data.is presentedffor.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 redioehemical
technique. However, the combination of low-baekground beta,eouﬁting

~and "bucket" - type (large volume) chemistry permitted the study of a

. few. products from.plbﬂ bOmbardments of Al Cu, and Zn Comparlson of

these yiélds with similar yields for proton hombardments shows that
there are only minor differences. o o
The greater -accuracy obtained in the experiment for the .

(ﬂ',ﬂ n)C 11 reaction is due to the use of a nonchemical technique
for identifying the Cll radiation. The 012 targets were made . of. plabtic
" scintillator which, after irradiation with pions, became the detector
for the pos1trons from Cll Thls technique gave 'a high detection
efficiency and 100% chemical yield.

v
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II. C 2(w ST n)cfLl EXPERIMENT

A. Meson Beams at the 18L4-Inch Cyclotron

The excitation function for the reaction C;E(ﬂ;ﬂﬁ)cll was
measured experimentally by using the pion beams available at the. 184-
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 ot Cll by positron counting.

Beams of pions. at. the 18k-inch cyclotron are obtained by bom-
barding a Be or C. target with the full-energy. internal proton beam.:
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 quddrupole magnet may be rolled along
~a track and the 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 phyesics-groups at the 184-inch cyclotron. All of the
beam setups involved the use of a bending magnet for momentum selection
and another quadrupole magnet for focusing, once the beam 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 pions and the measurment of the
scattering at various angles around the targef; The main pion beam
would pass through the H2 target at 0 deg and would be available for
irradiating chemistry targets. The beam setup for the 380-MeV 7 beam

is typical of many of the experiments, and is shown in Fig-. 1. The
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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 group involved, by means of wire orbit analysis of the bending
magnef’and-by'range curves in Cu and CHZ' The range curve also gave
information on the composition of the beam. .-The bending magnets could
not‘éiiminate pafticles that'have the same momentumiaé theApiohs,'so
all fhegﬂr beams contained p” and e as contaminants. The correction
for this.contamination is discussed in Sec. 11-C. Usual runnlng cou-
ditibné'were such that the momentum spread of the pion beam was from 1
to 3% forvpionlenergiés greater than 200 MeV. At 127 MeV the beam mo-.
mentumtspread 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 degradejthe beam energy. From the energy of'the pions 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.8 The calculation
takes account of the fact that the pions had to pass through the back
nalf of the physics target, a finite distance of air, the beam-monitor
counters, and fhe.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 ﬁarget 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

The pion beam was monitored, as shown in Fig. 2, ﬁith two plastic
seintillator detectors attached by lucite light pipes to RCA 6810A photo-
multlpller tubes. A third counter was used as a beam monitor whlle
irunning plateeu curves and delay curves. The d;men81ons of each counter

and light pipe are given in Table T.

Table I. Dimensions of monitor counters.

Counter “I'ype Snrfacf dlyen81ons ' Thlf 1e§s
B N - ‘. ‘ LL l
‘ Square " 3.50 x 3.50 ‘ 0.25
B Circular disk 2.50 diam 0.25
Circular disk 2.50 diam ' 1.00

The-targets were attached to the batck eide of counter B and had the same
2dlde|er so that countcr B defined 1he beam size. The.actual beam spot
at the focus oi the quadrupole is usually an ellipsc with a major axis
comparable to the151ze of counter B. However, since the monitor counter
telescoﬁe_wae generally several feet heyond the . focus of the quadrupole,
the.bea@ wasidivefging.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 6 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
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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 photomultxpller—tube bases for counters A and B were des1gned
for use with high-intensity beams. 9 Each of the last five dynodes is
supplied with a separate voltage from a voltage-d;v1der panel. The
voltage is stabilized on each output by a cathode follower. This reduces
the possibility that an intense burst of parficles 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.oﬁ volﬁage stabilization for the last

five dynodes.
2. Electronics

.The pulses from counters A and B were ledvthrough 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 coincidcncé unit eQuipped with
L-nsec clipping lines. This mcant the resolving time was 8 nsec. for a
coincidence event. The lowest energy m 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 1 to travel between 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. II-C-~1.

The output of the coincidence unit was amplified by two H.P.
distributed amplifiers, then led to a discriminator and scale-of eight,lo
This unit emitted one puise forvevery eight input pulses above the dis-
criminator setting. When connhected to a 5-Mc scaling circuit, the
séaling éystem was rated at L0 Mc— which Was necessary in arder tn eonnt

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
werevused only in<normalizing data while conditions were being édjusted

for the A-B system.
. 3. Operation

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 pulsg input.. A delay cﬁrve was obtained
by inserting.various lengths of cable before one input to-the coincidence
unit. The counting rate should be constant 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 sjstem 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 c¢-was. .. made by plotting the co-
incidence counting rate A + B as a function of. the high voltage.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. k4.

The final check on the monitor system was pérformed by plotting
tﬁe 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 wére taken for a fixed number of counts.in counter C.
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C. Corrections to Beam Monitor

1. Accidentals ,

The total number of coincidence counts from counters A and B
divided by the counting time does not give the particle intensity di-
rectly. Even with the high-speed counting equipment used, the average
céunts/min muét be corfected for coincidence losses. These losses occur
when two or more pions pass through the counter teleséope simultaneously.
The internal proton beam of the 184-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 400 psec, there are fine structure pulses, "fsp", of 13
nsec duration which come 5k nsec apart. The duty bycle Which defines
the percentage of the timé 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 | [6L burst 13 X ]_O_9 sec ”
= 0.

54 nsec/fsp 1 sec fsp

e -
S . o -

For a'typical average beam of 106-n/min, the instantaneous counting

rate = (100 7 /min) (”o.cl>o6) (Gé ‘;1;2 ) = 2.7 % 106’7T/secq

The coincidence loss or "accidentals" can be estimated by dividing the

instantaneoﬁs counting rate by the counting capacity of the beam-

ménitor systemn. 6
: _ 2.7 X 10_ m/sec _

Acc. (short spill) = 50 x 105 puises/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 dutyjcycle
of about 15%. Tor an averngc beam intcnsity of lO- ﬂ/min, the
accidentals for a stretched beam-is about 0.3%° The experimental
accidental-percentage is séme%hat higher than this figure because
even‘With'the:gfretchéd beam, approximately 30% éf the beam still
comes in the 40O psec "spike". The fractions of the beam in the
spike and in the sfretched beam véry widely depending on the cyclo-
tron operating conditions and operators, so that the accidental
coﬁnting rate must be determined for each target bombardment.

' TheAfine structuré pulsce Qf 13-nsec duration is of the
same magnitude as thé resolving time of the coincidence unit. In
most caséé.only one piod pér fine structure pulse: i$ expected.
Howeyer,,ah empirical method was used to detérmine the probability
of two pions appeafing in the same fine stfucture pulse. It was
- assumed fhat.this probability was equal to the probability of‘
counting oﬁe particle in oné pulse and another particle in the
next pulse'Sh nsec later. Experimentally thils means that the
number of simultaneous piéns was determined by'adding S54-nsec
delay to one of the counters before the pulse reached the coinci-
dence unit. Counting rates with the 5S4 nsec delay were usually
taken just before target runs at the same beam level as the actual
run. This coincidénce rate was added to the rate for the target
bombardment determined with normal delays. With the beam levels
ordinarily 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
shown in Figf 6. Assuming that the number of pions through the
counter telescope 1s linearly related to the internal;proton-beam
intenéity; the deviation of the solid curve from a straight line

shows when saturation and voltége sag begin to affect the counters.

€



e

-17-

1.4 ] I T T I I l/l
[ =
= o
€ 12| / -
[72]
= o
3 1ol -
(8] -
D/
”~
c o08f o- -
= ~
7~

ad 7
(=}
[} —
L
-]
2
= -
3
(=]
o ! | | | ]

4 6 8

Scattered internal proton beam (107%uA)

MU .28952
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Targets were always bombarded with beam intensities 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. ot the beam with p mesons. ''he n meson de-
cays to p_ + V in free space with a mean life ¢ = 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 k4.1 MeV. The pd inter-
acts with nucleons just like a heavy electron bécausé.it undergoes
weak interactions. '

Seyeral experimenté were tried to see if pu could produce

C}l from C12 by elastic scattering of the muon and neutron. All of
these experiments gave negligible amounts of Cll activity, but 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 ¢t
production, thc muons weré counted by the counter tclescopc. There
were two components to the muon contamination, depending on whether
the =n - p decay occurred before or after the bending magnet. For |
decays occurring before the magnet, the magnet separates all p's with
momentum different from that of the beam pions, but those muons with
the'same momentum could not be eliminated. A differential range curve

in Cu or CH, 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 is also given and shows the peaks due

to pions and muons.
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For pions that decay to muons after the bending mégnet there
is no momentum selection. Thus muons of any energy mey be accepted -
by the couﬁ%er telescope, providéd that the muons are within the
solid angle subtended by the telescope. The fraction of the muons o
in the beam from this source is not easily measured but can be cal-
culatéd to a high degree of aécuracy. (See Appendix B for the de-
tailed calculation of this correction.) The total muon contamination
varied from about %0% of the total beam at 50 MeV' to about & at 373
MeV.



-21-

D. Beam Studies

+
1. 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 counter telescope between the quadrupole
magnet "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
telescope.12 The spatial distribution of the pion beam at the focal
proint of Cdrce for these current settings was checked by taking beam-
profile curves. The beam profiles were measured with a two-counter
telescope consisting of l-cmz-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
Area = mab = xn (3.05)(1.35) = 12.9 cmz.

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.-
thick 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 siﬁgles

counting rate of B was used as a monitor of the beam intensity,

whereas 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 was 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 quadrupole mégnet. The use of a lérger 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

During the preliminary experiments with 380- and 130-MeV
beams, an ion chamber with an effective diameter of 4 in. was used
to monitor the beam. This ion chamber was similar to one deseribed.
by Chamberlain et 51.13 and waé 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 multiplication factor for
converting total charge collected by the ion chamber into the number

of pions passing through the chamber is given by

where ‘
%% = the rate of energy loss per g/cm2 for a given energy m
in the 96% argon, 4% €O, mixture,
t = +the surface density of the gas in g/cm?, and
w = 25.5 eV/ion prair, as determined by Chamberlain at

345 MeV.

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



At 380 and 130 MeV, an 8-in.-thick Cu collimator with a 2-in.-
diam hole was placed in front of the ion chamﬁer. The targets were
taped to the back side of the ion chamber. The crossAsections
measured in this fashion agreed to about 10% withvthe cross sections
measured with the counter-telescope monitor at 380 MeV. For consistency,
.the ion-chamber data at 373 MeV were not included. HoweyerL because
no counter-telescope data were available at -127 MeV, the lon-chanber
cross sections were included in the excitation funcfion°

The ion-chamber data are not expected to be as accurate as
the counter data because the lon chamber did not define the Beam =
through the target, and becdﬁse the Cu collimator adds a great number

of scattered particles to the beam.
3. Film Study

At 127 MeV, Polaroid film (type 57, with é speed rating of
3000) was taped over the downstream opening of the quadrupole magnet
to determiné the distribution of , 5~ . through the magnet. The ex-
posure time was about 15 min. " The pictures 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-in.-radius circle. This information is useful in deter-
mining the méximum beam angle at the focus. Polaroid film placed
behind the ibn chamber, which itself was abdut halfway between the
quadrupole ﬁagnet and its focal point, gave a radiograph (pionograph?)
of the ion chamber, but no information aboul 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 1.75-GeV/c 7 beam set up By Segre group

to study pion-pion’interactions.l " After sufficient magnetic analysis
and focusing, the[l.75-GeV/c pion beam'passed throuéh a liquid-ﬁydrogen
target. The 2.5-in.-diam. chemistry targets were placed behihd‘the
physicists' beam-monitor ccdunter and irradiated for a known number of
Bevatron pulses. The Segré—group éxperimenfers supplied the number of
pions per pulse through a 4-in.-diam circle[(1.1 % 0.1)x lOu_ﬂ/pulse].
An oscilloscope display of the horizontal distribution of the pion beam
showed that most of the pion beam would strike the 2 1/2—in.—diam
plastic scintillator target. '

Two bombardments were performed with this experimental 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
performed. For this bombardment the initial activity ot CW] was about
equal to the background of about 155‘counts/min and couid be reSoived
with an accuracy of about 15%. When combined with thg approx'Eb% error
in the measurement of the pion inﬁensity 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 C

A After irradiation'at the accelerator,.the plastic-scintillator
targets were brougnt back to the chemietry.building where. detection
equipment was arranged to follow'the Cll decay. Targets were not
counfed at the cyclotron;becauSe Of'the large and erratic background
at the accelerator. - For each "rin"-at the oyclotron, the targel was

down to the chemlstry bulldlng (Fortunately, this was all down-
hlll ) The current course record for the cyclot ron—to-chemlstry-bulldlng
dash was set at 3 min 25 sec from the time hhe heam was turned off to
the time the B+ counter was turned on.15 Thls tlme was bypically about
L to 6 min which is only: approx 1/4 of the C 1 palf-1ife.

The'Cll detection sistem comﬁsﬁedﬂbf the plastic-scintillator
target mounted on an RCA 66554 phofomultiplier tube,16 a White cathode
follower, a DD2 linear amplifier, and scaler. (The photomultiplier '
tube.base was enclosed in'a'2-in.rthick lead cave which had a door for
inserting the phototube with its-ecintillator and cover in. place.)

Figure 9 shows a'block diagram of this apparatus. The plastic seintillator
was attachéd(directly to the-phofOtube face with Dow Corning 200 ‘silicone
‘grease. . An lce cream carton-lineu'with Ai foil to act as a light reflector
and wrappedywith biack masking tape to seal out all external light,

slipped snugly over the Plaétic scintillator and phototube. Mounting of
the plastic scintillator ana sealing of the system could Be,done in

about 1 min. ' Various aufhore have noticed a short-lived “activity" of
abuut 1. 5 min wnen a plastlc bclntillator which has been exposed to

llght is sealed and "counted". 17 The background of about 135 counts/min :.
‘in this countlng systemﬁwas too large ‘to notice thls effect. Any
correctlon from this effect to ‘the counting data. would 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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Fig. 9. Electronics for CD' detection system.
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1. Blocking System for Bevatron Background

Although the counting area was located over 100 yards from
the_Bevatfon,'the background waé grecatly affected by whether the
Bevatron was on or off. When the Bevatron was off the background in
the C‘ll detection system was about 135 count/min, but when the
Bevatron was on the background was ahant 230 countc/min. The Devaliuwu
produces 10 pulses/min;'each pulse’lasts 1.75 sec. The Bevatron
pulses coﬁld be éeen by displaying the signals from either a Nal or
plastic scintillator detector on an oscilloscope in the ecounting
room. Thismeant that.high—éhergy'protons or neutrons were coming
from the Bevatron andAinteraéfing in the detectors or fb'shields to
produce the extra background, A |

.~ The electronics group under the leadership of Duane Mosier,
and later under- George Kiliann, devised a system ﬁhaf allowed the
Cll deteétor to be turned off during the short burst from the
Bevatron. A positive 20-V dc bias was applied to a telephone line
cbming from‘the Bevatron to thevchemistry building. At the start of
the Bevatron accelerating cycle, this line was shorted to ground
long enougli to trigger a pulse in a scaler—gatér. The scaler-gater
unit pﬁts out.a.ZQ—V gate signal after a preset delay, following
“the trigger signal from the Bevatron. The trigger signal starls.
(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
intérval‘during {the Bevatrén burst. The time of beam spill out of
the Bevafron-depends on the needs of the p&fticular experiment'in
progress, so it was necessary to set the length of delay and widph
of gate pulse just before each Cl;‘experiment.

. A clock is connected Lo the on-off switch so that thé total
elapsed time can be measured with the scaler—gater also. The live
time, which is the time during which the scaler is actually on, can

be calculated if the number of Bevatron block signals received and
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the length of eaéh block pulse are known.

When the Bevatron is 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 only'lO
bloek: signals per minute, the off-time of the counters ié 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 lhe detection cfficicney of thse
system. By raising or lowering 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

before the run. The Cs137
137

: source was made by evaporating 5 A of
standardized Cs solution onto an Al disk, and covering the source
with Videne TC plastic film. This source could be placed inside the
ice cream carton cover, giving almost 2 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.
Cs137 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.,l8 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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. o , 1 _
of the decays. Thus the B gpectrum of Cs 3 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 scintiilator detector. The con-
version line appears as a bread peek:superimposed on the lower energy
B~ spectrum, as Shbwn in ¥ig. 10." In oruer to obtain the B~ spectrum.
shown in tue figure, it was necessary to subtract the counts due to
Compton scettering of Y rays which interact in the plastic. The

AL 137 EOUroo wapo covered witl euuugh Al o stop all the B particles
(Emax'_ 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 time,

The pulses from the coﬁered source gave a spectrum for the Compton

electrons from the’ O. 662-MeV‘Y rey When this spectrum was subtracted -

from Lhe spectrum for an uncovered source, the result was the true

3?“

B+ e spectrum The resolutlon of the conver51on line of Ba
0.624% MeV was about 30%. - FWHM) The conversion line of Ba 3m .,
used to callbrate the pulse helght -analyzer by adgustlng ‘the ampll-
fier gain to pJace the’ conver51on e peah 1n a given channel:

“The. C spectrum was also dlsplayed on the pulse-height
aﬁalyzer and,ls plotted in Fig. 11. ,The 'slope of the high-energy
side ol the beta spectrum'whengexfrapolated to the base line gives
a roUgh'iudication of the end-point energy. - The B spectra of several
isqtcﬁes were taken, and the end~§oint energies were determined -hy
extrapolation of. the slopes. JThese<end-poiﬁt eneréies, when plotted

'vs channel uumber, gave a rough.celibration curve, as-'shown in Fig.
12.. -The isotopes used and their.end-boint energies arellisted in

Table II.

i
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Table_IIu"'Standards for calibration curve.

Isotope End-point Pnergy- Type
(MEV)

Emlw ‘00223 | . B~

o3 0.514 B

pal 3T ~ 0.624 , .Conversion e

7 20 0.76h | 3

ot 0.968 o B+

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

The use of the pulse-height analyzer with the plastic-scintil-
lator.: detector is useful mainly to give a rough indication of the
spectrum.and end~-point energy Lo prove that Cl; was the isotope res-
ponsible for the observed actiﬁityn' 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.%g‘
3. Decay Curve

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

for Cll. Because the intensities of the available pion beams varled
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with the energy ot the beam and with the goals of different experi-
menters, the initial activity of Cll obtained by extrapclating the
decay curve back to the end of the bombardment varied greatly. Fer
the Bevalron experiment at 1610 MeV the initial activity was only
135 counts/min above a background of 135 counts/ﬁin, whereas one
bombardment with the 304—M€V,peam at the cyclotron gave an initial
activity of about 7,000 counto/minu IHowewver, mdst of the date
were obtained with initial activities of a few thousand counts/min.
The counting data wera plotted, the activity was cxtrapolated to
end-of-bonbardment time, and the. initial activity Ao, was read from

the graph.
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G. Efficiency of Cll Detection System

1. Theory of B-y Coincidence Method

For absolute determination of the cross sections, the efficiency
of the Cll detection system must be known. A f~y coincidence method
was used to measure the efficiency. This technique requires the simul-
taneous measurement of the counting rate in the B detectgr Nﬁ’ the
counting rate in a <y 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 annihilation
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 disinfegration rates is discussed by Ca,mpion20 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 eft'iciency is independent of' the

location of the activity in the source, the equations for NB’ N,

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

gy
N, = +2(1 - e,)f] N
B [GB ( 66)] O J
Ny =2 qy NO 5
N =2 + 2(1 - f] N
By & [eg ( eB)] o0’
where
:gB is the efficiency of the B counter for detecting B,
€ 1s the efficieéncy of thé.yﬁcounter for detecting -y,
and f is the probability that an annihildtion v is counted by

the B‘detector.



-%8-

The quantity

Ny Ny [EB +2 (1 - eB)i‘]N'O 2%_1\_10 .=N .
N 2@7 [eB + 2 (1 - cﬁ)f]No 0

: . A1 ‘ :
equals the absolute disintegration rate. The C  counter efficiency
was found by div{dihg the .observed counting rate by the disintegration

ratc.’

Apparatus

A fast-slow coincidence system set wp by Richard Chanda was

2. .
used for -the P~y coincidencé 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. 14. 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 sent 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 DDZ2 lineaf amplifier.
Feih DD2 amplifier used in this experiment has a single-channel
analyzer built into the same chassis. The output of the single-channel
analyzers was senbt to the slow coincidence unit (TTancq). Meanwhile
the output of the fast coincidence unit was sent through a variable
delay and gate unit which delayed the pulse,.and generated a pulse to
be in triple coincidence with the two pulses from the singlefehannel
analyzers. o '

- The output of theizranco coincidence unit was sent to a scaler.
The output of. the siﬁgie—channel analyzer was also sent directly to a
scaler to fecord 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 B8 singles counter was
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equal to the efficiency of the £ 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/63, 125-q cable, which
‘has a tranéit time of 20 nsec. Because the pulse must be reflected
back through the cable, the clipped pulses have a U4O-nsec 1¢ngth. The
width of the delay curve is expected to be about twice this time, as
is shown by the experimental delay curve in Fig. 15. The delay curve
is oblained by introducing various lengths of cable into one or the
other signai lines to the fast coincidenée unit, then measuring the
coincidence counting rate. In order to test whether one is obtain-
ing 100% 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 lOO% counting efficiency. The resolving time with:the 16.7-
£t clip line of the coincidence unit was measured experimentally by
counting two ceparate N322 gourccs with thc detectors pleced far
cnough apart to. prevent any true coincidences. The random coincidernce
rate (chance coincidences) obtained by this method is related *to the

resolving time by

where A

NCh is the chance coincidence counting rate,
N, is the counting rate in the B detector,
N is the counting rate:’ in the -~y detector,

and . T is the resolving time.
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The resolving time.obtained was 110 nsec, which is in fair dgrccmcnt
with the width of the delay curve.

The timing for the triple coincidence was not nearly as critical
as with the fast coincidence, since the trigger pulses were all 2-usec
long. '
A> The operation of the coincidence system was checked by using
a Na22 source. This source ﬁas previously standardized in a b B
counter. The disintegration rate measured by by 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 coincidence apparatus was preparedﬂby bombard-
ing one of the 2. -im.-diam by 1-in.-thick plastic-scintillator targets
with the T730-MeV external proton beam of the 184-inch cycibtron.2l
Even at one-sixth the full-intensity proton beam, tdo.mucﬁ,cll
activity was produced for the f-y counting equipment?to héﬁdle immedi-
ately. The proton beam was uncollimated and presumably created C11
throughout the entire volume of the target in the Eéme fashion as
the pion beam. '

The singles and colneidence counting rates were measured at
several different times. Then the plastic scintillator-and photo-
tube were taken to the Cll: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 thc positron defection system, after which the photo-
tube and scintillator were moved bhack to the coincidence apparatus
for several P~y coincidence measurements. This cycle was repeated so
that points were obtained for the disintegration-rate (NO) decay curve
and for the‘Cll-detector decay curve. From the Cll-detector dccay

curve, the counting rate was interpolated to each of the times at

which a disintegration rate data point was taken. The ratio of the
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Cll- detector counting rate to ‘the disintegration rate at a given time
was equal to thie efficiency of the B counter. The average of the
efficiencies at seven different times was found to be 82.7 % 2.8%.

All these points were taken after the source had decayéd to-a level
the electronics could handle.

The raw data from the B-y coincidence measurement consisted of
the singles counting rate in the P and -y detectors, and the coincidence
‘counting rate. Several corrections had to be made to this data before
calculating the source strength. The chance-coinéidence counting

rate, N _,was calculated by using the 1 determined from the two Na2

sourcesC:nd was subtracted from the observed coincidence counting

rate. The natural-background counting rate in each of the singleé
counters and in the coincidence counter was subtracted from their
respective counting rates. (This background was determined 24 hours
after the end of bombardment.) Because a v ray associated with Cll
decay waé produced only as a result of a positron being emitted, events
in which an annihilation 4 gave a pulse Iln Lhe plastlic scintillator
counter and no pulse from a positron was observed, were treated as

true B counts.
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K. Targets

The plastic- sc1nt111ator targets used throughout this experi-
ment vere a blend of polystyrene (97%), terphenyl (3%), and tetra-
phenyl butadiene (0.03%). This plastic is 91.54% C by weight and
8.46% H. The plastic scintillator was machihed 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 foliowing formula:

W
—K (%C)_ b

.where

n = atoms of C per cm2,

. W = welght of plastic scintillator in grams,

A = area in cm

%C = percentage of C in scintilliator,

N = Avogadro's number in atoms per mole,

M = atomic weight of C in g/mole.
C13 18 1.11% of naturally occurring C; however, no attempt was made

to distinguish between the production of Cll from 012 or 013.

The
cross sections presented in this report were calculated for the pro-
duction of Cll from both carbon isotopes.

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

along with their calculated surface densities.

Table III. Plastic scintillator targets.

Target Surface density

PL T 1.115 x 100 (atoms C/ cm®)
o3

PL IT 1.218 x 10~

PL III 1.12 X lOd3

PL IV 1.146 x 1025
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PL I and PL II were used during the preliminary experiments when an
ion chamber was used to monitor the pion beam rather than the counter
telescope. These targets were also placed in the externalprotdntemmat
the ;8h-inqh'cyclotrqn to provide the high-activity C;l source for thé
B~y coincidence experiment. After these proton bombardments, PL I

and PL II 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 07h77—MeV y.ray in 12% of the;decays.IB' Pulse-
height analysis of the background in PL I and PL II gave a spectrum
that cqrresponded to the Compton scattered electrons from the 0.477-

| MeV ~y ray. | , o ,
‘ PL III and PL IV were.used in all the runs with the counter
felescope. Since these targets were bombarded only .in. the 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 atcohol to remove the
silicone gfease used:fo couple the scintillator to the phototube. At
.the end of these experiments, the targets PL IIT 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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I. Corrections to Cll Initial Activity

1. Neutron Background

The meson cave at the 18L-inch cyclotron has a hackground 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 éxposing it for the same length of
time as the targetiitself. The activity in the dummy scintillator was
then counted in the same 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 tafgét when placed a foot from
the beam. This correction varied, depending on the particular experi-
méntal selup in use at the time. Even though the internal beam was
usually run at its maximum level, the amount of background around the
- counter telescépe varied because different amounts of concrete and
wood shielding were used in the various béam setups.

The activity in the dummy target due to stray background in
the meson cave was seldom as much a&s the natural cosmic-ray- background
of the detection system, so it was extremely difficult to resolve a
decay curve due to the dummy activity. .A 20.4-min decay curve was
arbitrarily -drawn through the data and 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 than 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 previousiy, some authors
have noticed that plastic scintiliators after being exposéd to light
will produce an apparent activity due to its own phosphoreécence or
due to static electrical charges caused by rubbing the scintillator
before mounting. The cosmic ray background was too lafge to see this
effect in this apparafus, 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
due to Cll}

2. Internal Eccondalries

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 Cl . Thus
evaporation nucleons, normally avefaging 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 pdssible for these particies and because the
cross sections are changing rapidly with energy, no attempt was made
to Caiculate 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 increasihg 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



reproducibility and accuracy. The 310-MeV ﬂ- beam set up by Booth
et al. was sufficiently-intense.22 "However, their experimental setup
required the use of a ~y-ray counter consisting of alternate layers
of Pb and plastic scintillator. One corner of thies 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 o relatively ldrge energy rangs. Decause this
correction was not measured at other energies, it was assumed that
the absolute 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 ratc of sccondaries.
At 215 MeV the absorption cross section is about 25mb.25 It does
not vary by more than a factor of tvo from this value over the energy
range from 50 to 300 MeV.

The large beam intensity and relatively large Cle(n_,ﬂ-n)cll
cross section at 215 MeV gave large initial C11 activities of
the order of 10,000 counts/min. -The cross sections as a function of

thickness are plotted in Fig. 16. All thc points were obtained with
7

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

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

tude of the correction was negligible because of low beam intensities.
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J. Results

1. Data

The corrected crose sections are presented in Table IV and the
012 @T_gr-n)Cll excitation function is shown in Fig. 17. The table
gives the incident-pion energy pﬁacedédl by a number referring to the
Physics group listed in Appendix E whose pion beam was useéd. The
Tinal column glves Lle uumber of individual bombardments used to
determine the cross section. The uncertainty listed with the pion
energy is compounded out ¢f the énergynépféadﬁof“theﬁbéémfihﬂpaSSihg
through the target. . 'lhe pion energies of 179 and 212 MeV were obtaincd
by placing 2 in. and 1 in., respectively, of Cu in the 2h5-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—scintiliator farget.

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'nf beams atnthe5184-inch cyclotron. These experiments are dis-

cussed in Sec. V.
2. Errors

The error asscciated with the cross section was calculated
from the uncertainties in eft'iciency of the Cl¥

detector, production
by secondaries, stray background, muon contaminétion, and initial |
activity. The efficiency of the ¢!t getection system (Sec. II-G)

was measured to be 83 * 3% and was the same for all bombardments.

The uncertainty in the correction for production of Cll by secondaries
(sec. II-1-2) wasAlarge but the magnitude of the correction was small
and of'ten negligible. This correction was typically about L4 * 2%,
The correction for stray background (Sec. II-I-1) was about 20 * 5%
at 53, 60, andll6lO‘MeV and less thén 5 % 1% at other energies. The
correction for muon contamination (8e¢. II-C-2) was large,’s L 5%, at
the very low energies but decreased to about 8 * 1% at 373-MeV.

The uncertainty in the determinatiou of the initial activity /.
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(sec. II -F- 3) depended on the intensity. of the pion beam.  The 53-,

60-, and l6lO—MeV beams had low intensities and consequently the ¢t
decay curves coiild be extrapolated with an accur@cy 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 thelgeactiogcglgﬁpgjpfn)c}}u
Pﬁysiéé gfoﬁpi 5Ihéidén£ipi¢h'¢ﬂeréy " Cross éeqfion ' ?ﬁG.Aéf
(Appéhdix E) . (MeV) , - (mbj ;: S ﬁom@érdﬁents

1 55 £ 5 3 %2 (1)
1 60 £ 6 11 £ 2 (2)
2 80 % 8 39 £ 3 (2)
3 127 + 11 56 + 4° (3)
L 179 £ 10 68 £ 6 (3)
L 212 + 10 68 + 6 (3)
I 2b5 £ 10 61+ 6 (3)
5 30k £ 9 ho £ L (%)
6 2o = 10 37+ L (2)
6 373 £ 10 30 £ 3 (3)
6 k23 + 10 26 = 8 ¢ (%)
7 1610 1 20 21 & 5P (1)

1000 20 + 3°

1900 20 + 3%

Cross sections for the reaction

>
110

+

012( + 4 )Cll

1+
N

=
(@]

T ,Tn

(1)
(3)

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

bThe counter telescope was not used for this croes section. The

pion intensity was calculated from data supplied by Segré—group

experimenters for the pion beam at the Bevatron.

CThese data are from reference 2.

dThese data are from reference 25.
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111, ¢ B(n"wm)ctt pIscussIon

A. General Discussion of i+ C

Previous experiments of 71 scattering uvu C have been concerned
mainiy 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 Ignatenko.zn 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 -particle
nN scattering. '

This'effect is quite proncunced in the data for the inelastic
cross section for ™ on C. Angular distributions for eléstic and
inelastic scattering of 7 on 012 have also been measured along with
the energy distribution of the inelastically scattered pions. The
elastic scatteriné can be cadlculated by using the optical model. The
inelastic scattering shows a large backward‘peaking which corresponds
to pion scattering from’individual nucleons.in Clev The inter-
pretation is that the pion interacte with the nucleus solely by nN
collisions ralher than with clusters of nucleons or with the nucleus
as a whole. Because so'many of the nucleons in 012 may be considered
as surface nucleons, there is a high probability that the pions escape
from 012 after just one collision. However, for heavier nuclei the
data indicate that multiple collisions may occur before the pion
escaﬁes.

Relatively few experiments have been performed where sﬁecific
nuclideés have been measured as prodncts of pion-induced reaétions.
The excitation function for Cle(ﬂ_,ﬁnn)cll presented here is a
partial . explanation of why the total cross section and inelastic
cross sections for M on 012 show a maximum af the nN free-particle-

scattering resonance. The (51 ;7 n) reaction is only one of several
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inelastic reactions that méy occur following the initial pion-
nucleon collison. Examples of other reactions are (ﬂfiﬂﬁp),’;
(Trf,woﬁz.j;' (m ,m. xn yp), etc. All thesé reactions will be initiated
by a primary 7N collision, the probability of which is governéd by
the frée-particle cross section. The sum Of all these processes is
then equal to the inelastic cross section:’ '

The situation is slightly different in heavy mnuclei where,
following the initial 7N collision, both the collision partners are
likely to undergo further collisions with other nucleons and wash
out the free-particle resonance. However, even in heavier nuclel the
(m ,m” n), reaction is expected to show the resonance behavior, since

this reaction probably occurs mainly oﬁ'thesnuclear.surface.
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B. Discussion of (p, pn) Mechanisms

~The theoretical discussion of the C12 (ﬂ_;n?ﬁ)c%laééactiohg a2
will be based entirely on analogy with the ct? (p, pn) ¢t reaction.
Therefore, this discussion will begin with a bLrief revicw 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 (7 ,mon) -
reactions, and &nd with a rough calculation of the‘Cle (ﬂ-’ﬂ;njc%lh?ﬂ
cross sections based on the direct-interaction model.

~ The (p, pn) reaction has been extensively sludied in reuenl
years.27’28’29’30 The experimental results have been compared with
the predictions of the Monte Carlo calculations of Metropolis.51 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 the nuclear model are probably responsible for
this discrepancy. -The model used a square well instead of a more
realistic diffuse nuclear surface.

Three different mechaniems probably contribute to the (p, pn)
reaction. These mechanisms have diffcrent relative importances in
different cnergy regiuns. In reasonably heavy nuclei the compound-
nucleus mechanism probably dominates the yield for incident proton
cnergies up to about 4O 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 necessary 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 nuclecons and -y-ray emission.
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The (p,ph)‘reaction'aboveﬁhO'MéVfis thoughtt’ t6 proceed through
two special aﬁpiicatiéns of thé Serber process.  If the incident '
particle strikes a particular nucleon-and both collisioén 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 rcmovel of Lhls neutron must not be greater than the binding energy
of the most loosely bound particle in the residual nucleus. IL 1if were,
other nucleons would be emitted and the (p,pn) product would not be
observed. ‘

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 partners escapes directly while the second partner shares
its recoil energy with the wholc nucleus. Eventually the nucleus
de-excites by the emission of one nucleon. The struck nucleon in this
case may be either 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 gicohd a (P,Np) event, following

the nomemclature of Metropolis et al. The one-step mechanism can

be denoted as a (P,PN) event.

Merz and Caretto attempted to distinguish between the (P,PN)
and the (P,Pn) mechanisms by studying the recoil behavior of the Cu
nuclide in the reaction Cu 5(p,pn)Cu over the energy region of 100
to 400 MeV-33 They concluded that both mechanisms were important
over this energy reglon with the (P,Pn) process being more important
at the lower energies and the (P,PN) process predominating at the

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

would be by‘neutron pickup.to form a deuteron. This process is
A - 0 , s
expected to decrease very rapidly with energy.3
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i
cC. ¢ Ap,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

3

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 tn 28 GeV by Cumming, Friedlander, and Katcoff.
There are two distinctive features of the Cle(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 a general characteristic of all
(p,pn) reactions. As shown in Fig. 18, the shape of the Clz(p,pn)Cll
low-energy peak is rather different from the peaks of (p,pn) exci-

27 The 012

25

tation functions for other light and medium mass nuclei.

9

peAak is not ncarly as sharp as the observed peaks in Fl and Na
The 012 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 012(382 18.3 MeV). The fall off of the

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

for F19 and Na25. Since C12 is such a small nucleus with most of

the nucléons being close to the surface, it seems reasonable to assume
that compound-nucleus formation is relatively less important for the

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

compound-nucleus mechanism seems unlikely for the Clz(p,pn)cll
reaction on the basis of the excitation energy. Starting with L5-MeV
kinetic energy of the incident proton, and subtracting 3.9 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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de-excitation. This seems to be an unusually large amount of excess
excitation 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 18.3 MeV
leaves us with 4.2 MeV if the neutron is evaporated with zero
kinetic energy. If the residual excitation 1s greater than about
8 MeV, the Cll nucleus is unstable toward O 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,Phn) mechanism
is increasing in importance as the ircident ehérgy decreaseé, whereas
the (P,PN) mechanism decreases in importance at lower energies.51
The (P,PN) decrease at low energies ié 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 0.25 to 6.2
GeV, the (P,PN) mechanism is the major contributor to the Cle(p,pn)cll
AT

reaction.’’ ‘'hus we conclude that the two-step mechanism (P,Pn) is
the major process at the low-energy (peak) region and the one-step
mechanism (P,PN) predominates at the high—energy région (E > 0.25 Gev).
These arguments will be important iﬁ our anélysis of the mechanism
of the (T ,m n) reaction.

Figure 19 shows a plot of the excitation function for the
reaction CL° (p,pn)Cll, the total pn cross section, and the.pn
elastic cross section for comparison. The (p,pn) and total pn
‘excitation.functions coincide even without normalization in the
region from 100 to 400 MeV. Above 4OO MeV the free-particle pn——’

cross section increases slightly and the (p,pn) cross section

decreases slightly. This behavior can still be explained in ferms of
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the single-pn-collision model. At 40O MeV the production of r
mesons becomeé significant. This means that an additional particle
(the pion) must also escape from the nucleus without interacting
with other nucleons in order to produce the (p, pn) product. Because
the probability that the pion escapes unscathed is less than -1, the
yield of Cll will be lower than what would be expected on the basis
of the total cross section. Since the newly created pién does have
a finite chance of escaping, especially from a small nucléué, the

" yield of Cll will be greater than that expected from just the elastic
pn scéttering cross section alone. This is illustrated in Fig. 19.
The fact that the pn and (p, pn) cross sections coincide'frpm 100 to
40O MeV may be coincidental but it makes the comparison easier.

The same statements about the effect of pion production on the
yield of ¢t can ve applied to the ce (m7, m mn) ¢! reaction. - The
data of Fig. 17 show that at 40O MeV the 1r n and (7 , m n) exeitation
functions are almost identical while the three high-energy points for
the (M, W n) reaction are lower than the 71 n excitation function.
Pion production by incident pions would tend to lower the (m , m n)
cross section regardless of whether -the one-step or  two-step mechanism

applies.
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D. C (% ,x n)C Mechanism

With this background on the mechanism of the (p;pn) reaction,
we now proceed to investigate the mechanism(s) of the Clz(n=;nﬂn)Cll
reaction. The basic sl interaction is a strong interaction jﬁst as
is the NN interaction. Thus we expect the (n_,n_n) reaction to pro-
ceed by one of the mechanisms already discussed. .

For incident pions, the process @nalogous to the compound-
nucleus mochqnism would be pion absﬁrptiono' However, absorption of

"compound system"

a ﬂi could not possibly lead to Cl; since the
would have & net charge of 2 = 5.

A The tWo-step mechanism for the'pion-induced reactibn would
consist of a single collision between the incident pion and a nucleon
in Clz. The pion must then escape the nucleus, ahd fthe recoil energy
of the struck nucleon must be converted into excitation energy of the
nucleus. Eventually the nﬁcleus evaporates just one neutron. For
the proton-induced reaction,. itﬂwas:poséible for a neutron to be
ejected from the initial collision and then be followed by proton
evaporation, (P,Np). However, the analogous pion-induced process is
extremely doubtful-—no one has yet shown the existence of meson evap-
oration. | _

In the one-step mechanism, only a T n éollision is allowed
and both the pion and the struck ncutron emerge from the nucleus im-
mediately. The residual excitation must be less'Lhan about § MeV to
avoid further nueleon evaporation.

For pion-induced reactions, the procdess.analogous to deuteron
formation would be the formation of a pion-nucleon isobar. The isobar
is a résonant 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 comparableﬁo the time the isobar takes to
cross the nucleus, about 10_23 sec. Bécause little is known abhout

isobar cross sections in nuclear matler, 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 invoking the one—steb or two-

step mechanisms, we must investigate whether the impulse approximation
is still valid for pion-induced reactions. Impulse approximation is
the term coined by Chew to describe the assumption thet elementary-
particle interactions are unchanged within nuclear matter.38’39’uo

The impulse approximation is valid when the.mean'free path, A, of the
incident particle is much greater than its particle wevelength, s

and when the binding energy of the struck nucleon, V, is qegligible
compared with the energy of the incident particle, T. , )

The particle wavelength may be calculated from X = ﬁ/p; where
p is the momentum. The mean free path for pions in nuclear ﬁagter as
discussed in Sec. IV.-B is shown later in Fig. 26. For the energy
region of interest here, T > 50 MeV, A is always greater than X.

The smallest ratio of K/K is 1.5, which occurs at the l9O MeV“j
resonance, vhere A = 1.0 F and ¥ = 0.66 F.

Nucleon binding energies are expected to be less than 50 MeV,
even for  nucleons in tightly bound or "core" shells, so for the bom-
barding energies of this work, T is always greater than V. Thus we
will assume throughout this discussion that the impulse approximation
is valid, 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 (n ,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 ,x n) reaction occurring

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

P = Pi Pcoll Pn Pn ’ : (1)
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where
P is the probability of a (m ,7m n) reaction at a specific point,
Pi is the probability of an‘incident pion reaching that point,
is the prohahility nf a collisiaon at that point,

P
coll
P is the probability of the recoil pion escaping unscathed,

and P: is the probability that one and only one neutron is emitted
from the nucleus, either by direct knéck-on or by evaporation
from an excited nucleus.

Pi and P,]T are functions only of the pion mean free path and
the distance the pion travels in nuclear matier. Thus Pi and P7T are
independent of the two reaction mechanisms under consideration. How-
depend on which mechanism: one assumes..

-evér, P and P
o n coll

For the one-step mechanism, Pn = exp (—sn/Xn), where s, is the
distance the recoil neutron has to travel to reach the nuclear surface
and Xn is the mean free path of the neutron. PColl is proportional
4o the cross section for a T n collision because only a 7 n collision
is allowed. .

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

4
formula of the type *

P = f‘Pn(e)de =j Koe %Ej—%— de (2)

where Pn(e)de is the probability per unit time of evaporating a
neutron with'kinetic energy between ¢ and e¢+de, K stands for a group
of constants, o 1is the cross section for the inverse reaclion, and
W(f) and W(i) are the density of states for the final and initial
nuclei, respectively. For a given excitation energy the integration
is performed over only those neutron energies that leave the residual
nucleus with less than 8 MeV. PCOll'iS proportional to the sum of the

Trn and T p cross sections because both T n and Wp collisions can

take place.

2. Determination of mechanisn

Our problem now is to determine whether the Clg(ﬂ:ﬂfn)Gl;

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

1 - - 3 .
experimental C 2(W 5T n)(.“,*l 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. However, both the one-step and two-step mechanisms contain
the term Pcoll’ which is proportional to the effective my cross
section in nuclear matter. Thus both mechanisms could conceivably
give rise to a peak provided the other terms in the expression for
P do not cancel it out. . L
If we plot.the cross sections for the Cle(ﬂ_;ﬂ—n)cll reaction

and the cross sections for the Clz(p,pn)Cll reaction on thé'ééme
graph as a function of the momentum of the incident particle, wé;find
that the peaks «coinéide as shown in Fig. 20. If this plot imﬁliéé
gimilar mechanisms, we would expect that the momentum tranéfgr and
resultant excitation ehergy of the nucleus are the factorsﬂmgntfplling
the cross sections in the peak region, because we have‘indiqqteé;that
the'Cle(p,pn)Cll reaction proceeds predominatly by the two;stepA
mechanism in the peak region. Yet we claim that the Clg(ﬂ_}ﬂ—n)cll
_pgam is associated with the free-particle T n resonance.

| This ambiguity can be resolved if we compare the,pfbgability
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 valuve of the excitation energy of the nucleus, and
does not dépend on how the excitation energy was introduced. Assuming
that the product of the three terms, PiPcoll E;, is not too different
for the proton case and the pion case at the energies of the excitation
function peaks, the ﬁuclear excitation energy should be the same if
the (M ,m n) and (p,pn) reactions proceed by the same mechanism.

- Therefore it is of great interest to plot the average exci-
tation energy under the assumption that a single collision occurs and
that the recoil energy of only the struck nucleon is converted into
nuclear excitation. energy. In order to calculate the average recoil

energy (TR), it is neceséary to weight the recoil energy for a given

scattering angle by the dnguldar distribution:
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Fig. 20. Cross section for Clz(n_,n_n)cll reaction plotted vs
the momentum of the incident pion. The smooth curve is the
cross section for Clz(p,pn)Cll reaction plotted vs incident
proton momentwns. Data are taken from references 34, 35,36,

93, 9)4'; and 95.
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(r) = _[ P(6) Tr(6) do - (3)
[ p(o) ae

This is quite simple for the nucleon-nucleon case where the angular
distribution 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)

T = ZmImz (L - cos 91) Ty (&)
(m, + m,)

)
where Tl is the incident energy and 8 is the c.m. angle of the

scattered particle. Tor equal-mass particles this expression is

TR =

oy

.-
Tl(l - cos A7)

Integrating TR over an isotropic or a symmetric angular distribution

glves TR = % Tl, as shuwn lu Fig. 21.

The average nucleon recoil energy for the =N scattering, how-
ever, is considerably more complicated. The angular distributions
are quite different above the J =T = 3/2 resonance for = n and n_p
scattering. Thus it is necessary to calculate the average recoil
energy for a % n and n_p event separately, weight the average recoil
energies by the cross sections for % n and n-p events, and average

again. Thus:

(T} = <T;-n> (U;_n) " <T;_p> (ou—p) (5)

R
(o) + (070)
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Fig. 21. Average nucleon-recoil energy plotted vs incident
particle energy. Heavy solid curve is (TR) tor ineident
protons. Light long-dashed curve is (TR) for n"p scatter-
ing. Light short-dashed curve is <TR> for n™n scattering.
Heavy dashed curve represents weighted average of (TR) for
1 p and fiTn scattering.
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(T; n> and <T; p> were calculated by using the relativistic

formula

=

TR = m2c2 [Eré)z - ] Kl.— cosei) ‘ (6)

AR E LMy JZ
2 m
(ry) = "1

where

Y is the-ratio of the pion total energy to its rest-mass energy in

the laboratory reference frame, m.  is the rest-mass of the pion, and

mziis the. rest-mass of the nucleoi,

The average excitation energies cailculated 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 n n and
n_p scattering above 300 MeV. -

For owr purposes it is more interesting to plot the average
excitation energy as a function of incident-particle momentum as
shown in Fig. -22. The Clz(p,pn)Cll

function peaks coincide when plotted vs incident momentum. However,

and Clz(n_,n—n)cll excitation-

the average recoil energy of the struck particle, which we are equat-

ing to the average excitation energy, is quite different as a function

of incident-particle momentum.. At the peaks that occur at about

300 MeV/c the average excitation energy of a two-step (nn,n_n)

reaction would be more than twice that of a two-step (p,pn) reaction.
SucH a high excitation energy for the pion-induced reaction

means that more than one nucleon would be evaporated if 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 nm™p and ©"n
scattering. .



occurs. In.addition, the higher'rbcoil_energy of the struck neutron
would make it easier for fhe neutron to escape directly. Thus it
‘seems highly unlikely that the Cn_,ﬁ-n) reaction can occur by the
.two-step mechanism. The‘overlép of the (p,pn) and (m” ,mn) peaks
when plotted as-a function of momeéntum is probably more of a coinci-
dence than of  fundamental importance. ‘

A pos31ble method of testing this conclusion would be to

18

measure the ex01tat10n function for the reaction F 9(ﬂ ,ﬂ n)F .The

lg(p,pn)F reaction peak is about 15 MeV lower than the C° “(p,pn)Cll

peak, mainly because of the difference in neutron binding energy. 21
If the Flg(ﬂ_,ﬂfn)FlB peak was measured sufficiently accurately and
was found to remain at the N résonance energy, then we would~kn6w
that the momentum of the incident particle is not What is responsible
for the peak, but rather the peak is caused by the free-particle
resonance. ' ’ .

It would also be interesting to measure the Clg(ﬂ+,ﬂ n)c
reaction in the energy regions of the 600- and 900-MeV, T = 1/2
free-particle resonances. . If beaks occurred in the (ﬂ+;ﬂ+n) cross
sections at these energies, we would have additional evidence for

the elementary-collision mechaﬁ;sm.
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E. Resonante-Broadening Due. to Neutron Momentum : ..

The simplest explanation of the peak in the Cla(ﬂ-,ﬂfn)cll'ex—
citation function is. ﬁhe-one—step or pufe»knock-on mechanism. The
prominent peak in the free-particle 7N scattering is a useful tool
for showing that elementary particle collisions occur in nuclear.matter.

The resocnance peak in free-particle f n scattering has & rull
width at. half maximum of about 145 MeV, .whereas the corresponding width
of the (m ,7 n) excitation function is roughly 300 MeV. The greater width
in the (7,7 n) peak is probably duc to the fact that the struck neutron
in the (7 ,m n) case is moving at a relatively high velocity, whereas
the neutron may be considered to be.at rest in the free-particle scatter-
ing. The broadeninngf the resonance peak due to the motion of the struck
neutron can be estimated as follows.Ah5 )

Consider the following pion—ngutron scattering diagram for the

laboratory system, where:

A

total energy of neutron, ‘ /

1]

momentum of neutron, ‘ /

total energy of pion, "ﬁ(E,p,p) /

= momentum of pion, BN T

= rest mags of neutron,

—

n(E',p ' )M)

T R QW oHE 'Y H
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 gystem is given by S, where:

il v (= -3

(7)

S = (B+E) - (p+p )2 =N

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:
: 2
51

2. : , . A
M '+ u” o+ 2(M El)’ since p] = O and E; - M,

2 2 . e .
M o+ uS o+ 2(E2E2 - pypAcosd ),

0,
I

~-where & 1is the lab angle between the two momentum vectors.
‘Beeauce the interaction cross sections are egqual when the c.m. total
_energy is equal, we will equate Sl and S, and find the difference in

2
pion energies in the two frames:

2 2 2 2 o
=M +u + 2MEl =M +pu + 2(E2E2 - nge cosh).

(8)

We then approximate E, by M since the total energy of a neutron in a

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

Sy = S2

2ME, = 2(E2M - PP, cosb)

MEl - ME2 = - PPy cos8 = -MAE, _ T
_where, £E is the desired shift in pion energy due to the neutron momen-
tum. With the assumption that the struck neutrons have an isotropic
momentum distribution, the average angle will be O.or 180 deg, so:

¥poPo
M

LB = (9)

The pion momentum, p, , at the M n resonance is 300 MeV/c
gnd.the neutron mass, M, is 939 MeV. However the average neutron momen-
tumlmust be estimated from the available infprmation on protonjmomentum
distributions. Garron et al. have measured the<proton—momehtuﬁ dis-~
tribution in 012 and have found the data fit separate functions for the

Ly 4
s~ and p-shell protons. In the next section we will discuss the
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reasons why'ﬁﬁe TR collisioﬁ'can only be with p-staté ﬁéutféhé}' Antic-
ipating that discussion, we will assume that only the average momentum
of the p state is significant. From the data .of Garron et al. the
average.momentum of the p-state protons is 150 MeV/c'and we assume that
this is valid for the p-state neutrons also. The résultant energy
shift, AE, is 48 £ 5 MeV. For a head-on’collision this would require |,
a decrease of 48 MeV, and for an overtaking collision this. would require
on increase of L8 MeV in the pion energy in order to keep tha c.m. total
energy constant. Therefore the total width of the TN resonance for

neutrons moving -in Clg would be approximately:

FWHM = (145 £ 10) + (W8 £ 5) + (48 + 5) = 241 + 12 MeV
A ' (10)
This is slightly less than the experimental width of 300 # 30 MeV,:éven
after considering the efrors on these estimations. _

- The discrepancy could conceivably be accounted for by a potential
for the pion nucleus system. Several authors have required an attractive
po%eﬁtial o{ about 24 MeV to explaiﬁ‘pion scattering from complex
nuclei.L.L5JhbJ23 UsingiEq. (9), we estimate an increased width of
about 7 MeV due to an attractive potential of 24 MeV. The experimcntal
data presented here are not accurate enough tin distingnishi effectc
of this magnitude. | '

.In addition to broadening the resonance peak, an attractivc
potential ought to shift the peak of the CX° (ﬂ—,ﬂ-n)Cll excitation
function to lower energy, but more accurate'experimental data would
be needed to check this prediction also. It is possible that the
pion- nucleus potential is Weék in the surface regions where the
greatest contributions to the (7 ,m n) reaction are expected. Thus

the potential might have little effect on the (ﬂ_,ﬂ—n) reaction.
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F. Benioff Model e

Using the impulse approximation, Benioff has given a simplified
relationship for calculating (p,pn) cross sections. at GeV energies on
- 4]
the basis of a shell-model nucleus with a diffuse surface.LL This

formula is:

O(p.pn) = 36 mbz nys Mo, | (12)
allowed
shells
where an is the fractional availability of a particular shell-model
state to contribute to the (p,pn) reaction, D3 is the number. of

neutrons in that particular state and 36 mb is a constant derived from
the free-particle cross section. The allowed states are only those
states from which a neutron can be removed without exciting the nucleus
to cause it to evaporate additional particles. Fo? example, the. 51/2 ..
protons of 012 have;a binding energy .of about 35 MeV, whereas the binding
energy of the p3/2‘ protons ié about 16 MeV as determined by (p,2p)
coincidenqe measurements. -If a proton were snatched from the 51/2
shell, the nuclear excitation due to the 51/24 hole would be the
difference in the Sl/é and p5/2 binding energies, or approximately
19 MeV, which is more than enough energy for further particle emission.
The neutron binding 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. AThus we say that the two 51/2 neutrons -are not
available for the (p,pn) or (m ,m n).reactions. The sum in Eq. (11) is
on}y over the p5/2 neutron shell, which for Clg contains four neutrons.
Benioff presents a series of graphs allowing Mnf to be cal-
culated for various shell states in various nuclei. - The constant in
front of the summation signs is prdportional to the free-particle Cross

.section. Thus it was possible to use Benioff's graphs and appropriate
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cross sections for pion scattering in order to. calculate the.(m ,7 n)..
cross section as a function of energy. The results of this calculation

are presented in Table V.-

Table V. Comparison of experimental and calculated Cl (m” ,ﬂ'n)Cllcross

sections following method of Benioff.

Pion energy o(m ,m n) calc. o(m ,mn) exp.
(MeV) (mb) - (mb)
190 58 68
.. 210 2> 30
1000 21 - 20

1610 @ / 21 -

The aéreement is very good regardless of the aptroximations in the '
calculatlon ' . - : k-'
i‘ However some of Benloff s assumptlons in der1v1ng hlS formula
do not apply to the plon-nn0190n bvattering problem presented hcrc
Benioff's assumptlons were expected_to be valid only for 1nelastlc
scattering of GeV protons and‘it'may be somewhat presumptuoﬁs to. apply
hie equation to-lower—energy pion scatterihg;. The particular assumptions
that ‘are not valid for the plon cage are: . .

1. The as sumptlon that all the outg01ng pdlLlLles travel at O
deg to the incident 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 ' '

4l The assumptlon that free-partlcle cross sectlons can be used
without modlflcatlon in nucléar matter -

' Since none of these assumptlons are valld for the (ﬂ T n)

reactlon, it was de51rable to do a caleulation to show where in the
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nucleus the:(wf,ﬂ_h)-reéetion is likely to take-place. Ideally, one
should. take account of the angular distribution of = 7N scattering and
also use ' effectlve cross sections rather than the free-partlcle cross.
eectiOns The calculatlon outlined in the. follow1ng 'section uses a very
51mple nuclear model and effectlve cross sections, but performs only a

' rough integration over the angular dlstrlbutlons, for convenlence
However. the test of the calculatlon is .in how well it predlcts the shape
and magnltude of the experlmental excitation function. 1In addltlon the
calciilation does provide 1nformat10n on where in the nucleus the (ﬂ ,T )

reaction ib mobL 1lkely Lu Lake place.

Y
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Iv. clg(w',wfn)cll I'HORETICAL CALCULATION . .

A calculation based Qn»ﬁhe‘one-step‘mechanism was performed to
show how the éoncept of a simple two-body collisién leads tp a peak
in the (m ,m n) cross section at the same energy as the J =T - 3/2
TN resonance. The mechanism was assumed to involve just Qne_cbllision
between the incident pion and a neutron in the cte nucléus, :Boﬁh
collision partners escaﬁed immediately without interacting with any
other nucleons. 4 : | _
An alternative calculationibased on the two-step mechan{;mvdid
not give a peak at the resonanée ehergy. We will first diséuss 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 Cla(w”,w-n)cll reaction was calculated
for all locations, ana these probabilities were integrated over the
entire nuclear volume. The location of a collision was determined by
specifying the values of two parameters, a and x, where a represents the
impact parameter and x represents the distancc of travel in the nucleus
along the direction parallel to the incident-beam direction. See Fig.
23(&) for a schematic representation of a typical collision event and for
a description of che notation employed. <Cylindrical symmetry was assumed
for all locations with a given value of & and x.

The probability o1 a (W-,ﬂ—n> event occurring at a given location

was calculated from Eq. (1):

Pla,x) = PP 115 (1)

where P(a,x) is the probability of a {m ,m n) event at a location (a,x).
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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
hefore reaching the point of collision.
. 8n 1s the distance the neutron travels after the -
colllslon o reach the nuclear surface.

én ‘is the distance' the pion travels after the -
.. collision. S : ’

(b) "Senicircular matrix Pyj
(¢) Determination of average exit distances

(sy) = {sp1)+{sp2) (s) = (s +(sy2)
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 ., Where. X
is the mean free path for the particle. under consideration. By.using
the notation in which - x is the distance the incoming pion travels

and A; 1is its mean free path, in nuclear mafteg P, = exp (-x/Ai).

Letting S and S, ‘be the distances the outgoing pion and
neutron travel through nuclear matter, and X and X be the
respective-mean- free- paths in nuclear- mﬁtter, age- have—~‘v.<
P = exp»(-sw/kﬂ ), P, =»exp-(—sﬁ%%n). If.we set. Ax egual to the
distance over which a w™ interaction can occur, then the probabilitv

=1 -~exp(-Ax/k

of having a collision w1th1n Nx-is given by P - “

coll ~
where Xw‘n' is the mean free path between m n collisions. The

resulting expression for P(a,x) is:

P(a,x) = exp(-ﬁ/xi) [}-exp(-éx/KWTnE]exp(-sﬂ/Kﬂ) exp(-s /X ).

(12)

If A% is allowed to become infinitely small then
l—eXp(—AX/Xﬂ_n) = dx/}"n_n ’

where dx 1is a differential;eiement of distance-aloeng the incident--
beam path. S}gce l/kﬂ_n = pnqn—n , Where p, 1is the neutron de951ty
and oﬂ;n is the 7™n cross section, we could write

(a x) = exp( —x/l ) (DHOﬁ_n dx): exp(—sﬂ/kw,) exp(-sh/xh)

1
H

(13)

W . The

cross section for the. (m ,m n) reaction is then»foupd'by integrating

Expression (1%) is equivalent to Eq. (1).-as given by Benioff.

along the path length dx, weighting the result by 2mada . t06. account
- fur Lhe eylindrical symmetry, and integrating over da-.
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o %'J[ da 2ﬂ'a#[-dx pn?n_n exp(—x/Xi) eXP(;sﬂ/XW } exp(—sn/kn).
(1%)

Tb avoid the use of a machine. computation, many simplifying
approxihations had to be made. Let us consider a plane through.the..
nucleus——includihg the beam path and the center of the nucleus. This
plane was divided into squares with sides 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 prebability of a
(ﬂ_,ﬂ—n) event was. summed over all the squares parallel to the beam
path and having the same impact parameter, weighted by the area per-
pendicular to the heam direction corresponding to the impact parameter,
aﬁd sﬁmmed over the impact parameters. It was. useful to employ. the
concept of a semicircular matrix whose elements were the squares corres—
ponding to the locations of a .m n collision, as indicated in Fig. 23(b).
Thg matrix elements were labeled as Pij’ where. 1 aud J were integers—
i corresponding to units along the impact. parameter. a, and j corresponding
to units along the path length x. Each unit represents one-tenth the

nuclear radius. With this change in notation, and setting

10
T 2 2 : .
J[.Qﬂ'a da = E: m(ay -a; ;) (15)
0 i=1
the cross section was found from the expression
, . 1o .

Op,m .~ E: | (a2 - a° )}: P : (16)

i ' i i-1 ij 7

< - i=1- : J ‘ .

where Pij is identical with P(a,x) of Eq. (12), with &x equal to

one-tenth the nuclear radius.



1l. 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 1.02xl058 micleons/cm5
out to the nuclear fadius and then was assumed to fall sharply to zero.
The Stanfad electron-scattering data. of Hofstadter show that this
assumption is incorrect for the proton-density distribution. 8 For Clz

he gives a distribution of the form

- 2 PP a = )l-/5
o (r) = py (1+%) em(2/al ), o an
. a, o 8y = 1.635 F.

The distance to the point where the density has. fallen to half its valﬁe
at the center of the nucleus is 2.30 F -and the skin thickness parameter
(the 90% to 10% Po distance) ig equal to 1.90 F.

' Thus almost all the C nucleons can be considered to be in the
surface region, which is extremely sensitive to "simple" reactions.
However the use of the accurate density distribution greétly éomplicatés
the calculation so the simpler square-well model was chosen. The radius
of 3.0k f gives the equivalent square-well density Porrespondlng to the
diffuse density. (If for the square we}l, r = rOA / ‘then rO = 1.3% F.)
The nuclear volume is equal to (4/5)% rD and thus the density of nucleons
is p = 3A/4ﬂr5 , where A is the mass number.

The outgoing distances s7T and s, are strongly dependent on
the location of the collision and on the scattering -angle. For a fixed
scattering angle 6 , the scattering distribution is dindependent. of the
angle ¢ (the scattering angle in the plane perpendicular to the beam
direction.) However, the distance to the nuclear surface is -a function |
of ¢ for collisions not occurring on the central axis. The average
distance traveled by the outgoing pion (s ) to reach the nuclear surface
was approximated by averaging the two dlstances correspondlng to the

given scattering angle © 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 (sn) ,- the average distance the n

travels throughinuclear matter for a given scattering angle 6.

2. Angular Integration

The angular distributions. for 7N scattering have been measured

at many energies.hg’so’sl’52 These angular distributions vary con-
siderebly with--energy. In the region of fhe» Jd=T-= 5/2-resonancé,
the ﬂﬁ? .and the ﬂ-p angular distributions have the seme- shape. . This
is true up to at legst 270-MeV. In the region.of the higher #lN resonances
noticeable differences appear-in the ﬂ#p -and wp angular distributions.
In order to calculate the (7 ,m n) cross section at a given energy, it

. 1s 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 gll
the scattering angles. To do this in detail would have required an ex-
tremely large emount of time, which was not warranted bhecause of the
simplicity of the model chosen for this reaction. Thereforematué—given
incident-pion energy. the (ﬂf,ﬁ—n) cross section was calculated for only
three scattering angles, Gé.m' = 0,90, and 180 deg. Furthermore, the
contribution by the single-collision mechanism to (@ ,m 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 (w ,m7 n)

cross section from the following formula:

_ =P (8)og,m(8) _ P(0)o(0) + P(90)c (90) + P(18ojc (180)
M, T > P (0) P(0) + P(90) + P(180) ’

(18)

After the scattering angle was chosen, .the recoil energies were cal-
culated from the nonrelativistic expression for elastic scattering,

"Eq. (21).
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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 p
particles/cmBWand having a collision probability.of ¢ cmg/particle
is given by the expression X\ = l/po . . :

The nucleon density was taken to be 1.02 x lO58 N/cmj, as
determined .above. However, the determination of .¢g for pions and
neutrons moving in nuclear matter is a rather complicated affair; - To
8 first approximation, a weighted average of the tree-particle cross
sections may be used. However, in nuclear matter the nucleons are not
at rest. The nucléon—momentum distribution means that the struck particle
is moving with an energy that is not negligible 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 expected 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.

Mathematically the effective cross section is given by:

w)=f}mﬂ¢P(mwh[MEyw1, (19)
where
is the c.m. energy,’
E' is the nucleon energy,
and

¥ 1is the angle of the nucleon momentum with respect to

the direction of the incident particle.

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

moving at an angle 9 . This quantity is.directly related to the

Ll 53-58

nucleon-momentum distribution. Most of the pépgrs written on

this subject discuss oﬁly the proton-momentum distribution. If the
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present experimental data were sufficiently accurate and the calculations
more refined, analysis'of the (m ,7 n) reaction in the resonance region
might be-a way of determining neutron-momentum distributions. The factor
" o[E(E', ¥)] represents the cross section as a function of the c.m. energy.
This function is known from the free-particle scattering‘data. However
in nuclear matter, E becomes a function of the neutron energy E' and the

angle ¢ .

1. Nucleon<Mean Ffee Path

Because the 012 nucleus was assumed to be'a completely. degenerate
Fermi gas, the Pauli exclusionnprinciple prohibits those collisions in
which the nucleon recoil energy is not greater than the makimum‘Fermi
energy . The fraction of collision events satisfying this. criterion
is dependent on the angular distribution. Clements and W1nsberg have.
made an extensive computation of nucleon-nucleon cross sections within
‘nuclear~matter.59 The ratio of the effective cross section to the free-

particle cross section, & , was expresscd ac

. T ‘ '
oc=$9>—=1-KT—}’1—, (20).
GO 0 .
where*TF = Fermi energy, and TO = 1incident energy.

For nonrelativistic nucleon-nucleon collisions and for an
isotropic angular distribution, K is equai to 7/5 for TO > QTF .as
originally derived by Goldberger. 0 Since nucleon-nucleon scattering
.is not isotropic at higher energies, Clements end Winsberg preeent K
as a function of energy. With Clements and Winsberg's values. for K
and with the Ferml ‘energy of C 12 equal to 28.5 MeV. (found by extra-
‘polating the Fermi energleb tabulated by Metropolis et al. 51 ), the
effective cross sections for pn and pp scattering in the C 12 nucleus,
(o ) and (o ), were calculated ‘Because C-° has equal numbers‘of
protons and neutrons, the effectlve cross sectlon for a neutron moving

in nuclear. matter was taken as the average of (o? ) and (0 )
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(0) = 5= (op) + (o)) - a “(21)

'

The mean free paths calculated from l/k = p{0), where p is the

nucleon density, are shown plotted in Fig. ol

2. Pion Mean Free Path -

The problem of pions moving in nuclear matter has not been
analyzed in such grcat detail as Clements and Winsberg did for. the
nucleon-nucleon case. In addition to finding the effective mn ‘and
T p scattering cross sections, one must include the effects of pion
absorption. In 1956 Frank, Gammel, and Watson discussed this problem
in connection with their derivation of an optical-model potential for

"pion-nucleus scéttering:

For pions the mean free path is given by l/K =l/>\S + l/)x.a 5
where Xs is the mean free path for scattering, and ka is the mean
free path for absorption. l/%s is calculated from l/Xs = p(oﬂ) ,
where p 1s the nucleon density, and (qﬂ) is the effective scattering
cross section for a pion moving ih nuclear matter. (qﬁ) can be

approximated by the expression

(o) = 5 @ (o * o) (22)
where O “n and Oﬂ_p are the free-particle cross sections and «

is the "fudge factor" that reduces the effective cross section because
of the Pauli exclusion principlé'and the motion of nucleons in nuclear
matter. éternheimer63 and Okun65 have both discussed the ﬁroblem of
meson scattering in nuclear matter and derived similar expressions for
the case of isotropic scattering. For miN scattering,.théy found that
K =1.747 in Eq. (20). The values of « calculated for a Fermi energy
of 28.5 MeV are plotted in Fig. 25. | o

However, throughout most of the energy regions of interest here,

the 7N scattering is not isotropicy so that Eq. (20) is not valid.

From the equations and data given by Frank, Cammel, and Watson, the O's
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Fig. 24. Mean free path for pions and protons moving inside

the C~" nucleus plotted vs incident particle energy.
Solid curve is A for protons. Dashed curve is A for pions.
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Fig. 25. «a (defined in text) plotted vs incident pion energy.
Solid curve is used to calculate pion mean free path.
Dashed curve is hypothetical ¢ 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
O's. are also plotted in Fig. 25. Above 400 MeV @ was assumed to.be
constant at about 0.8.64 This assumption is supported by the Monte
Carlo calculations ot Grea who found that & = O.788.fbi'¢;ﬁGeV n7.65

The. absorption cross section used by Frank et.al., was based
on the capture cross section. of deuterons for .ﬂ* mesons. The analytical
expression they used for this cross section disagrees with the experi-
mental absorption cross. sections quoted by Metropolis et él.23 There-
fore the mean free paths for pions were. recalcilated from the. Metropolis
values for the absorption cross sections and f}oﬁ the & values of Frank,
et al. The calculation was extended to higher incident-pion energies, '
using a constant value of @ = 0.8. These mean free paths are plotted
in Fig. 24 together.with thé neutron mean. free path. Note that the
meson mean free path is considerably smalder than. the neutron mean free
path over the energy region of the J =T = 5/2 resonance. 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 890-MeV
resonances in the T = 1/2 system appear as minima in the mean free path
af the corresponding energies. The gradual decrease in mean free path
for neutrons from 400 to 1000 MeV is céused: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 basls of the optical .
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 (ﬂ?;ﬂin)zcalcnlation was performediat three energies:
190, 370 -and 1600 MeV, chosen to illustrate the main features of
the experimental excitation function. The calculated cross sections
must show a' large rise at l90.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 typical high-energy point since. 1t is Just
beyond the'knbwn'bion resbnances. 'Tne cross. seetion'was not calculated
below 190 MeV because of the uncertalnty in the mean free path of the
re001l neutron at. very low energles

The follow1ng angular dlstrlbutlons were qud for fheqe

energies.

‘Table VIv Angular dlstrlbutlons used in one- step calculation.

Pion energy dOA ‘ "‘,A , Reference‘
(Mev)? ' aa ‘ IR
_ o N
s
19@ (190) " 143c0s°6 N B 62
'376 (360) 1.35+4.63cos9+6.30cos29 ' 66

69 Lo

1600 (1556)' :-O.hcose'lethcesaé—h.zcosu9+8.cos59+9.6cos

The energles in parentheses refer to the actual energles at which the

angular dlstrlbutlons were measured

The results of .the calculation at these. three energies are
- presented in Table VII along with the experimental results. for com-
.parison. The.discussion of where-in the nucleus the (ﬂ;,ﬂ—n) reaction

takes place is given in Sec. IV. D.
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‘Table VII. Results of c ( LT n)cll calculation.

a .
T do(0) do(90) do(180) Norma=" Experi-
(ﬁev) ) ) T cn}ﬁg90) oﬂ}ﬂSLSO) o wh lized mintal
| () (mb) - (ub)
190 4.0 1.00 4.0 IS 30.5 .1kl 87 68 *6
370 12.3 1.8% 3.0 13.1 5.2 . 3.8 .25 30 %3
1600 11.5 0.25 2.0 - 20.7 . - 21.0 3.4 21 21 %

'aResultsAnormaliZed to experimental ¢ at 1600 MeV ‘

'The calculated values all came out lower than the experimental
values by a factor of about six. Nofmalization of the calculated
'cross sectlons to the experimental cross section at 1600 MeV, pre-
sumably the least sensitive energy, points out the similar energy
dependence of the calculated and experimental values.

| The magnitude of the cdlculated cross sections~ié'strongly
dependent on the values of the mean free path. Since the ‘values of
the cffective nN cross section are rather uncertaln, the mean free
path might be in error, which could account for part of the discre-
pancy. The use of nonrelativistic kinematics also aflecls the mean
free path. The reéoil energies calculated relativistically differ
by about 25% from the values calculated nonrelativistiéally at 190
'MeV. This in turn affects the mean free path and fhp oalnulatpd
cross sectlon by roughly 25%. Although.the error in recoil energy
due to nonrelativistic kinematics wili incréase at nighefAenergies,
fhe mean free paths are much“less.sensitive to enefgy,_sb the error
in cross section will stlll be less than 25%

The approx1matlons in the angular 1ntegratlon prohah1y con-

- tribute. to the-error also... Small contributions to. the (n s T n)
reaction from forward-scattered pions would have a large weight due
to the preponderance of fofward'scattering;—eSPecially'at higher

energies.
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' The approximation used to find the average disfanee“fﬁe re-
coiling particles travel in order to reach the nuclear surface may
also be responsible fqr'the discrepancy. The two—dimensional average
distance used here proaably overestimates the distance needed to
escape and tends to decrease the calculated cross sectiensf

The calculation outlineg here is not a Monte Carlo type
calculation. HoweQer, the nuclear model chosen here is equivalent
to the nuclear model used by Metropolis et al. and sufferss sfrom )
the same approx1mat10n——namely, the lack of a diffuse surface. 31,23
Monte Carlo calculations of (p,pn) reactions havé been low by factors

30,47

of two to nine for a variety of target nuclei. However, the
Monte Carlo calculations do seem to give better agreement for light
nucle1 than ful medium and heavy nculei. ‘

Improved Monte Carlo calculations are in progress which use
a traﬁezoidal 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 usexfra nucleon-density function
with a more accurate surface would improve the (v ,% n) calculation.

Ih view of the-above uncertainties, the low magnitude of
theiealculated cross sections is not regarded as a serious indictment
of the mechanism used to explain the tﬁlz(n_,n_n)cll'reactien. In
fact, the similar energy dependénce of the calculated and experi-
mental cross seclions is good evidence that the single-collision
mechanism with both partners escaping directly is a valid description

of the reaction mechanism.

1. Pions PluscOther Target Nuclei.

The nuclear model and calculation outlined above will pro-
:bably have to be modified in order to account for (n,nn)reaetlons
in other light nuclei. Benioff found a strong correlatlon-between
the maénitude of the (p,pn) cross section and the number of "avail-

29

able" neuﬁrone in light nuclei. Preliminary data of Anderson and
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Newman68 seem to indicate that this correlatlon is even more pro-
nounced in (n ,x n) reactions on targets ranging from N to P3l
_ To account for the fact that some neutrons may be avallable
for a (n,nn) reaction and others not; the factor.for the probablllty
of a collision in Eq.(12) could be modified. VAs expressed.in Eq.
(12) the probability of a collision occurring withih a short psth
Tength Oy is: Poll - 1- exp(-ux,” ),whcrc l,,\ﬂ . p(GQngn)‘and
P is the density of neutrons (taken to be half the nucleon density
fqr Cl?). The quantity & is assumed to be the same as thaf defined
abqve‘for the effective u«N cross Sectiupy because nip'angular dis-
tributions are so similar at energies near the J =T = 3/2 ressnance&
‘The quantity g i is the free-particle cross sictlon A simpie
change of p from the density of neutrons, to p, the denslty of avail-.
able neutrons, might be sufficient to account for (n,mm) cross
sections as‘a function of.mass. Gusakow notés a smooth correlation
of (p,pn) crqss secfions as a function of mass for medium- and heavy-
- mass targets'at energies of 100- and LOO-MeV. This wQuld'seem to
indicate that shell-structure effects are washed out sbove thé light-
mass region in contrast to the data of Markowitzfsq It remains to
be sccen whether shell-structure effests oceur in (n ,n n) reactions

on medium-mass targets.

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

The term for the probability of a collision [1—exp%Ax/kﬂ—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’éx/X = AXpCOlo o n Thus there is
almost a linear dependence on the free n n cross sectlon The mean
free paths of the other exponentlal terms do not show the resonance
behavior as sharply since they.contain averages over the nt p and
T n cross.sections. Also, the sxponéntial factors for thé.incbming

and outgoing pion tend to cancel each other's effect in the 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 B. B is not as

sensitive a function of energy-as P and P 1nd1v1dually.

D. Location of (% = n) Reaction

The above calculation points..out &ery'e&equately another
interesting feature of (x,nn) reactions—that is, it serves to iden-
tify which regions of theinucleus contfibute most strongly to the
(n,mn) reaction. The easiest way of showing these regiocns is to
plot the relative contribution to the (ﬂ_,ﬂ-n) reaction of each
square in the semicircular matrix. Rotation off this semicircle about
the axis parallel to the’beam path-and passing through the center of
the nucleus causes the'entife nuclear volume to be generated.

Figure 26e&shows the probability . of (ﬁ,nn) events for the
specific case of ah-incident pion of 370 MeV- which seatters from a
neutron at an angle'of 180 deg in the cehter of mass. This figure
gives rather strlklng evidence that at 370-MeV the (n_,n_n) reaction
is occurrlng predomlnantly on the surface of the C 12 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 (x,nn) 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 (=,mn)events occurred in a surface region whose depth
was. less than 0. 2 of the nuclear radius. ‘

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

4 .- . 2
. angle of the pion. For: example, for 370-MeV n incident on Cl and
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- 370 MeV
—_—
. 84 180deg

'_370 MeV
8.m* 90 deg

~0<p<5(Q.
5<P<7.5@
7.5<p<iom
IO<p &

;.

MU.28968

Fig. 26.: Location of (ﬂ ,n “n) events from one-step model.
This picturc of the ¢1-2 nucleus represents a plane..
parallel to the beam path and through the center of the

- nucleus. p.is the relative:probability of (n™,x “n) event
calculated from P;y = (P PP)...
i"n /iy’

(a) 1nc1dent'pions.ofv3YO'MeV'scattering at 180 deg c.m.

(b) 1Incident 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
(m,Tm) reaction is spread more wniformly over the nuclear volume
but predominates at the back surface and polar reglons, as shown in
Fig. 26(b).

In general, for 180-deg scatteriug, 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 190 MeV while at higher energles the reaction occurs mainly from
the back surface and polar regions. ''he angular distributions
weighted the 180-deg soattering,contributions more heavily than the
90-deg contributions, .and the total &ieldrfrom 90-deg events was -
usually less than.the yield from 180-deg events. Therefore, one
can generaligze-on. the basis of this calpuiationvthat the (m,™m)
reaction takes place.on the front surfacegand pole tips. Figure 27(a)
(b)(c)-showé fhe probable location”of.ﬁhe'(ﬂyﬂn) reaction after weighting
the probability according to the.ahgular distribution. The results of
Fig. 27 -are-in distinct contrast with Benioff's calculation, .which said
that (p,pn) reactions occur on.theabaok surface for GeV»protons.l!"?’58
-8ince the mean free path of théﬂpiou iéﬂgenerally either considerably
smaller or about equal t6 the mean free path of the neutron, the dis-
tance the pion-travels in nuclear -matter is the -feature controlling
the location of the (ﬂgﬂn) reaction The pion travels the shortest
distance when the reaction occurs o the front surface due to the
dominance of ‘180-deg scattering in our calculatlon Regardless of the
:assumptlons about the: -secattering: angle, the polar region is a dominant
reglon at all energies for (m,”m) reactions to occur.

The nuclear model and type of calculation performed here are
'51mple and prellmlnary theoretlcal treatments of the, o 2( »,ﬂ n)C
reactlon However, they do achleve their purpose in show1ng that

the assumed reactlon mechan¢sm dan explaln the prln61pal features
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——
190 MeV
(b)
0<Pjj < 40 O
- 40<P{j< 80
™ o )
370 MeV - 80<Pjj<120 @
120 < Pi..j a
e)
o |
—_—
1600 MeV

MY RBTST

Fig. 27. Location of (m,mn) events after integration over
scattering angle 9. Pi’ represents the relative probabil-
ity of a (n,nmn) event ~Ycalculated from P;i = (PiPcolanPﬁ)]
after weighting by the angular distribution. )

(a) 1Incident pion energy is 190 MeV.
(b) Incident pion energy is 370 MeV.

(¢) 1Incident pion energy is 1600 MeV.
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of the experiméhtéliEXCifabidh4fuhctién——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-cdlculation
furiher iﬁdicateé'inva étraight.forward,manner the: localization in

“the target nucleus.of the (nf,nfn) events. . RS
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E. Two Step Calculation o

- 1. Procedure and Resuits

The -cross sections for the 12 (7, ™ ng Cl; reaction were also
calculated by assuming the two-step mechanism. As discussed previously,
fﬁhe two-step mechanism assumes that the pion interacts.with Just one
nucleon and then escapes from the nucleus; The recoil energy of ﬁhe
struck.nﬁcléon ig eonverted into nucleur excilatlon energy aud 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'évaporate
one neutron. '

The (7", m n) cross sections were calculated from

PP , (23)

0(77-, mn) T 1 Togeom
where .
:-?l 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 parficle~receives
. a recoil energy between 19 and 29 MeV, sufficient to
evaporate only one particlg, -

vahd ogeom'is the geometrical cross section of the Cl2 nucleus.

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

)

p. =t . e'eR/k(e

has- been given by Markowitz:

282 2raD - ah (24)

| RA\Z
where-R is the nuclear radius. This expreséion is valid Tor 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.mN scattering below:the 190-MeV resonance
" ‘region, but they become more accurate as thé pion energy réaches the
GeV region. For the sake of simplicity, we will use this expression for
Pi for the-entire excitation funcﬁion.~' o S ?15

PT is def;ned so that the:recoil energy oflgﬁe struck!particle
is sufficient to evaporate just one neutron from C . This excitation
energy must be great enough to overcome the neutron binding energy of
18.3 MeV hut mot.enoughto evaporate a second @article. As.definéd‘here,
P, 15 an approximation to the evaporation formula of Eq. (2)." his
approximation ignores all effects due to the density of states and
‘aséumes that only a neutron is évéporated wheﬁ the‘éxditatioﬁ¥énérgy
is within the correct limits for single particle emission. H§Véver,
it is also possible for a'proton to be evaporated from the excited
States of CT2. Thus this calculation will probably ‘overestimate the
(n”, m n) cross section. (In actual fact, the calculated cross
secfidﬁs came out lower Dby a factor -of ‘two than the'experimeﬁtal Cross
sections in the GeV region.)

The pion scattering angles corresponding -to the hucleon!recoil
energies of 19 and 29 MeV ‘were calculated from the relativistic'
equation, Eg. (8). ‘whe angular distributions for- mrn elastic: scatter-
’ ing‘were then integrated bétween these two angles and~dividedfby the
“'total elastic-scattering cross section-to obtain the fraction of

events that left the correct amount of energy.

The geometrical cross -section of 012, Géeom’ was calculated
from7TR2 by using the value of R discussed previously. For 'R = 3.04
x 10717 cm, o = 290 mb.

geom
Table VIII presents the results of this calculation.
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Téble VIII. Two-step Calculation. (Ugeom. =290 mbtfor'C;z)
Tn .Pi | PT c(ﬂ—g 7 n) Normalized_ca | Experiméntalhc

(Mev) _(mb) (mb) (mb)
80  0.721 0.368  3h.2 6.0 | 39 + 3
127 0.180 0.099  5.16  9.65 56 + L
190 0.102  0.163 4.80 9.0 . 68 + 6
2L5 0.18  0.102 5,53 10.0 | 61276
0L 0.281  0.112 9.10  17.0 R
373 0.335 0 0.112 10.9 20.h4 30 %3
1000 0.322 . 0.051 .80  9.05 203
1610 0.335  0.116 11.22 21.0 21t

& Calculated results normalized to experimental ¢ at 1610-MeV

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

A The calculated cross sections were normalized to the experimental
. cross section at 1610 MeV and are plotted in Fig. 28 along with the -
valﬁes~from the one-step calculation and the experimental excitation
function. The two-step calculation does not predict a peak in the
(r7, T 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',n'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. C

1
2(x*,7'n)ct mEACTION

m,Tn

A. Discussion

Now that we have presented the evidence for the elementary-
particle-collision nature of the Cle(ﬂ-,ﬂ'_n)Cll reaction, it is inter-
eoting to predict what the conscqucnces of the one- and two-step

mechanisms--are for the Cle(ﬂf,ﬂ*n)cll reaction. We shall show that the
ratio of the (ﬂ+9ﬂ*n) cross section to the (m ,7 n) cross section

provides a possibie means of distinguishing the one- and two-step mech-
anisms.. The ratio of the experimental Clg(ﬂ*;ﬂ*n)cll

at.110 and 73 MeV to the extrapolated values of the Clg(ﬂ—,ﬂ_n)Cll

cross section

cross sections at these energies will be compared to‘the predictions
of the one-step and two-step mechanisms. ‘

We first assumc that the probability of -a (ﬂ*,ﬂ*n) event -can
be given By the general expression [Eq.(l)]:

P(ﬂ*,ﬂ*n) = PiPeo11Pr Py o : (1)

as for the (7 ,m n) case. In the region of the J =T = 3/2 resonance,,
the angular distributions of ﬂ*n and T n collisions are similar so
that the recoil energy given the struck neulron is similar feor both
the (ﬂ*,ﬂ*n) and (m ,mn) reactions. Therefore the probability of
- the neutron escaping will be the same for both reactionsvregafdless
of whether the one-step or two-step mechanism applies.‘ Furthermore,

. for 012 the mean free path of the = *

/At = py Opdy + Po O

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

l/XﬂF pno'Tr'n * gpqnfp
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because 0.- = g + and 0.- =g
Tn

m'p Tp W+n and because Dh = P

. p ;

Thus both P, and P_-will be identical for gt -andm -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 mechaniém this term is proportional to the

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

One step

o, + +y Ploo+)BP o+ 1
(mm n) _ A mmnwn TR _ gy peak. (25)
o, -~ -~ P.(po - )PP o_- 3
(m ym n) i‘*n"Tn’ mn Tn

Two step

G(ﬂfgn+n) _ Pi [pn(cﬂ+n)el * epﬂqﬂ+p)el * pn(cﬂ+n)ch.ex.] PﬂPn

O(m”,mn) Py [bn(gﬂ_n)el * pp(cﬂ—P)el]" Frtn
(0t )y + (o tler (

o+ ) . .
' 7 n’ch.ex. 12

L F B = == at peak. (26)
(qﬂ’njél * (cw—p)el 10

For the one-step mechénism the. ratio of the-C12 (ﬂi,ﬂ+n) Cll
to C8 (", n) o'l 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-particlé 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.

1. T +4h-y ™ + n elastic scattering

2. T 4p» M +p elastic scattering

3T 4p-s 7m° + n charge exchange scattering
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If these reactions occur-only in the T = B/E.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 3% so the ratio of the'total crqss,sections is

1% 2

g -
TP L
; g 73

g -
o n

1

!

The princlple of charge symmelry slabes thatl qn-p e q"+n'so that

Above the J =T = 5/2’resonance, the angular distributions of
ﬂ+h and 7. n .collisions begin to differ so that the pion‘and néufron
.recoil energies will be different. These differences are probably
great enough to affect the medn free péths.A”ConséqueﬁtlyFWéAQannot
expect the (n+,lﬁ n)/(m”,m n) ratio to follow the free-particle ratio
=Yo) closely'ohce the incident pion energy is above thiis resonance.

For lhe two-stéﬁ'méchan;sm, however, the probability of a
coll) is proportional to the sum of pldh-neutﬁOn and
pion-proton elastic cross sections. In addition, the ﬂqh charge-

collision (P

exchange process contributes to the (ﬂ+,ﬂ+ n) product because evapor -

ation of a proton from ng gives_Cll and evaporation of a neutron

- .gives Nll, which would immeaiately B+-decay to Cll., Charge, -exchange

.of a T cannot produce Cll;from_Clg. Thus the Cl? (ﬂ+,ﬂ+,n)-Cl}

cross section should be greater -than the ct? (" ,m n) C;l cross
section at all energies where charge exchange is possible, provided

the reaction mechanism is .a two;gtep proééss. At the.190—MeV resonance,
charge exchange-is twice .the elastic ﬁfh cross section and the ratio of
ol2 (W+,ﬂ+ n) Cll/clg(ﬂ';n_.n) clt should be'lQ/;Q (See reference 70).
These arguments .do not apply.at energies where the wﬁp,and TP angular

distributions have different shapes.
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B. Results .

Experimentally the Cle(ﬂ*,ﬂ*n)cll

cross section was measured
at'liO MeV by using the ﬂ*'beam described previously in Séé. II. D-1.
Except for the use of the singles counting rate in counter B as the
beam monitor rather than the coincidence rate- in counters-4 -and B,
the experiment was conducted exactly as for the 7 bombardments.

‘ Three bombardments were performed with 110-MeV ﬂ* giving.an
average value of the cross section of 39.8 mb with a standard deviétion
of 0.5 mb. Inclusion of the other errors gives.a cross sectiqn of 4o
£ L4 omb. A

By interpolation of the excitation function for -the Clg(ﬂ-,ﬂfn)cll
reactiop, the cross section is esfimated to be about 52 mb at 110 MeV.

Thus the experimental ratio is

Bt ma)ett ho £ b omb
BT = = 0.77 *+ 0.11
¢ (m ,m n)C 52 + 5 mb ‘

For the one-step mechanism this is to be compéred with the free-particle

ratioc - of

T'n 38 mb

o - 77 mb 0.0

For the two-step mechanism the expected ratio would be

loprder * (Orpler * (Ot)cnen. 174 77421
7 +'17‘

= 1.17-

(qnén)el + (Gﬂfp)el‘

(The charge-exchange cross sections are from reference. 7T1.) The ex-
'perimenfal.ratio tends to support the'one-step mechanism, but does A
not exclude a partial contribution from the two-step mechanism.

. There are. several interpretations. of this result. Assuming

: + -+ .
that both the experimental (ﬂ',ﬂ*n) and (m ,m'n) cross sections are
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correct as ¥iven, we could say that the reaction mechanism is a mixture
of one-and two- step processes° However, there are two problems with the
7T+—1nduced reactlon that were not encountered w1th the T case. The

follow1ng two sectlons deal w1th these problems

-1. Pion Absorption

Up to this point we have -ignored the problem:ofJﬂ+ absorption
in our discussion of the'C12 Cﬂ+‘n+"n)'Cll reaction. In contrast to
" T~ absorption, where the compound s¥stem”,B12 , cannot possibly lead
" to Cll, absorptlon of amt gives N 2, which can form C l’by‘emission

of onc fast proton. At 62 MeV,Byfield et alu7? did a cloud4cnamber
study of the interactions of TW and M~ with ¢, “Out of a total
nabsorption‘croSs'seetion of 181 mb, they found that the cross section
for single fast (T 7 40-MeV) proton emission was 77 mb. This then
represcnts the upper -limit for the formation of Cll by this mechanism
at this energy. In all probability, the éross.section for Cll
production by‘Tr+ absorption is Qefy much lower beoause 4O MeV is only

" a fraction of the total excitation energy available.

2. Muon Absorptlon

Another compllcatlon in the 7" experiment comes from the
possibility of p absorption. Muon absorption is a distinctly different
process from pion absorptlon Plon absorptlon occurs w1th a great
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

6né nucleon @itﬁ most of the retmass energy being carried off by a

neutrino. This results in very little nuclear enoitation. Experi-

mentally it was observed that in light nnclei;_e,g72 Ca and Mg,

only about one'neutron nas emitted per slow negetive muon-absor;bed,73

This is cons1stent w1chBQsenblueth s calculatlon that slow p X
7

,absorptlon 1eads to an average, nuclear exc1tatlon 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 felatively little disruption of the
target nucleus.
. + .

Absorption of slow u does not take place since the positively

charged meson is repelled by the positive charge of the nucleus. How-
+
ever, fast p will easily pass through the Coulomb barrier (1,8 MeV
cle iz

for C™°) (

interacting) the resultant nucleus is N12 in an excited state. The

.+ .
.. If a fast p 1is absorbed by C although muons are weakly

-excitation is probably enough to evaporate one nucleon, which produces

either Cll or Nll. N11 would immediately decay by positron emission

to Cll.

+ + + ,
The 110-MeV 7/’ beam used to measure the (7 ,m n) c¢ross 'section
+ .
was contaminated with about 12% u by the time it reached the plastic-
'scintillator target. With this flux it would require a cross section

: +
of about 100 mb for the production of Cll by 4 absorption in order to

+ + 11 . s
,T n) C~ cross section; if we

: 12
account for the increased C (m
- +
assume solely the one-step process. However, the expected @ 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 Clgv(ﬂ+,ﬂ+ n) C11 cross section. One
bombardment at this energy gave a cross section of 55 * 20 mb, which
is significantly higher than the corresponding cross section for the
._(ﬂ_,ﬂ— n) reaction. By interpolation the (m ,m n) cross section would
be. about 25 mb at this energy. The large error on the (ﬂ+,ﬂf n)
‘measurement was caused by the low Cllactivity due to the low-intensity
A ﬂ+ beam. This beam had a 55% muon contamination, which is still
insufficient to explain why the (M ,m n)/(n” ,m" n) ratio is much
larger than the ratio of the free-particle cross sections when we
assume the one-step mechanism is the only process contributing to the

‘yield of Cll; At 73 MeV, the one-step mechanism predicts
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. . -+ - . '., O S T
- ~ 30mb: ":“.'_. %! coa

%(n” " n) nn

At 73 MeV the two-step mechanism predicts a rétio of

”G(ﬂ+;ﬂ+n) ( I n)el (qﬂ#p)el * (0ﬂ+n)ch.ex. = 6+30%9 _
GQH_;H—M) (7“ u)el (bn-p)cl ‘ - f‘:f5q+§

The . experimental ratio baced on. ono bombardment at 73 MEV!T?A1$

55 + 20/25 ¥ 5 = 2.20 *.0,9L which tends to support.the two-step

mechanism. The (nj,7fn) duta 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. .

o A1
responds roughljys-to the situation for the Cl?(p, pn) €7 reaction

.This cor=.:

1.25

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 T«

+
and W - .absorption

and the limited number of bombardments; one -should be cautious about

. 1
drawing .conclusions about the mechanism of the (ﬂ,,ﬂ n) reactions from

the T
effects of ﬂ+ or u+

comparison of the (1,7 n)

data reported here. If future PpoerHuts can eliminate the

absorption or prove that they are negligible,

“and (77,7 n) cxcitation functions thould

provide a means of dlstlngulshlng the relative importance of the one-

step and two- step mechanlsms
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VI. (p,2p) AND OTHER PROTON INDUCED REACTIONS'

A. Introduction

Because the Monte Carlo calculations do ﬁot predict the
correct magnitude or energy dependence of the cross sections for the
simple reactions ZA(p,pn)ZA—l and Z'A(p,ZI))(Z—l)A_l and becausejéf the
‘use of "simple" reactions to probe the nuclear surface, fhere has
| been considerable interest over the past few years in studying the
mechanisms responsible for these reactions. The (p,pn) reaction has
been studied over a fairly large mass region whereas only limited

data are available for(p,2p) reactions.

14

1 has been studied carefully over

The reaction Celhz(pyZP)La
76,77,78

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

Most (p,pn) excitation functions are almost independent of

energy, from 0.3 to 6 GeV‘,29’30

In the GeV region the reaction mech-
anism is thought to be predominanfly 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-induced reactions
with proton-induced reactions. ‘

Targets of natural Zn and Fe metals were boﬁbarded with 400-,
560-, and 720- MeV protons at the 184-inch cyclotron and at several
energies up to 6.2 GeV at the Bevatron to dctcrminc the Zn68 (p,Ep)Cu67
andvFe57(p,2p)Mn56 cro;s sections. Natural metal targets were used

for convenience and because thin foils could easily be obtained. A
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radiochemical separation of the Cu activities was performed on the Zn

targets, and likewise the Mn activities were separated from the Fe tar-

gets. The yield of Cu6'7 is expected to come mainly from the reaction

Zn68(p,2p)Cu67° Zn68 has an isotopic abundance of 18.6% in natural
T0

is also stable and has an isotopic abundance of

70

Zn. However, Zn
0.63%. It is possible that the presence of Zn in the targeﬁ could
contribute to the yield of Cu67 via a (p,2p2n) or (p,®) reaction..
However,. the fact that Zn6 is 30 times more abundant than Zn7o—=
coupled with the fact that most (p,pn) and (p,2p) reactions have larger
cross sections by a factor of two or three than slightly mdrebcom-
plicated reactions such as (p,2p2n)-—means that the contribution. of
Zn7o.to the yield of Cu67 is probably :less than 2%. This is-less than
the precision of the experimental results. - The probability of a high-

0 that could also lead to Cu67 is expected

energy (p,2) reaction on Zn
to be quite small at the energies under consideration here. Secondary
neutrons could possibly give Cu.67 by an (n,p) reaction on Zﬁ67(4;l%),
but the effect of secondary particles should be small for thin targets.
The reaction Zn67(p,pﬂ'~k)0u67 could also produce Cu67, but the maximum
cross section for this type of reaction as calculated by Ericson et al.
is only about 0.2 mb.89 Because Zn68 is 4.5 times more abundant than
Zn67, we expect very little contribution to the yield of Cu67 from
these interfering reactions. The isotopcs Zn6lL (48.9%) and Zn66(28.8%)
are too light to contribute to the yield of Cu67. For. the other Cu
activities observed, Cu6LL and Cu6l, there is no clear knowledge of
which isotope of Zn was the target nuclide. .

56

Among the Mn isotopes, Mn”~ is expected to be a.(p,ép) preduct

I

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

iron isotopes, however Fe57 is also present to the extent of 0455%.

o7

This means that Fe is only 6.7 times more abundant than a possible

contaminating target nuclide. If -we assume a factor of. two difference
between the (p,2p) cross section and the (p,2pn) cross section in

favor of the (p,2p), then we expect a contribution of ahout T7.4% from
58

the target nuclide Fe Because -the energy dependence of the
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8 6
Fe5 (p,an)MnS reaction is unknown, no correction for the contribution

58

of Fe wés 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

pe” | 56 from the Fe56(p,pKT)Mn56 reaction may

, the contribution to Mn
be important despite the low cross section (€ 0.2 mb). If we use the

6
measured Fe57(p,2p)Mn5 cross section at 40O MeV of S0 mb, we6estimate
5 .

+
that the (p,px ) reaction may contribute up to lS% of the Mn yield
. . 1 2
at higher energies. The Mn5 and Mn5 activities obaserved were
assumed to have arisen from any of the stable isotopes of Fe. However,
56

is 91.6% abundant it is likely that it was the major tar-
2
2 and MnSl°

because Fe

get nuclide for the other activities measured, Mn

B. Experimental Methods

1. Targets .

The targets for proton bonmbardment consisted of stacks of
foils. The first three foils were .CO03-in.-thick Al; the middle foil
of these three was used as a monitor of the proton intensity by
counting the NaZM that was produced. The two foils on either side
ensure that Nazu 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 toils.
A sheet of pliofilm 120N2, 3.75 mg/cm2 thick, separated the third Al
£0il from the Fe foil . 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 4o 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

¥ ¥
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Once the target was assembled and piaced 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 beller results than could be obtained
by grinding or milling. With the target arrangement in use at the
184-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 bé exactly aligned for each foil. At the Bevatron, the
beam strikes more of the target, so that the alignment of the leading
edge 1s not quite so critical. However, lhe 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—1including the leading edge——was cut off carefully with
scissors. This procedufe assured that all the protons passing through
the Al monitor foil 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 gain energy as
they spiral out from the center of the cyclolron, reaching a meximum
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 energies. The energy at a given position
is probably known to about 5% (400£20MeV, 560%25MeV, T20136MeV). ,

The Bevatron is a pulsed machine producing 10 pulses per min
with about 2 x 10°T protons per pulse. The target holder 1s placed
on a pneumatic ram that is shot into position at the end of each
pulse. In betvween pulses and during the first part of the acceleration
stage, the target is in a shielded position so that no low-energy pro-

tone can strike the target. Then at the end of the acceleration stage,



the rf accelerating field is turned off while the magnetic field cén-
tinues to increase. The target is then rammed into position. The
protons, which no longer are receiving any increment in éne;gy, travel
in orbits with smaller and smaller radii as the magnetic field in-
creases—until they pass through the target. The maximum energy is
6.2 GeV. Lower energies are obtained by turning off the rf acceler-

ating field at earlier times in the cycle.

2. Chemical and Counting Procedures

The chemical separations used for this work :are described in-
Appendix C. The precipitates obtalned 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 émz, which defined the
effective size of the'Bsource. Four drops of a 4% 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 prepa.ra-tibn°
The filter paper and prccipitatc werc dried. undcr o heat lamp for a
minute or so and then placed iq the center of a 2.5- by 3.5-in:
300-mg/cm2-thick Al card by using double-sided pressure-sensitive
tape. .Each sample was covered with a thin sheet of Videge TC plastic
film, which was 1.34 mg"/cm2 in thickness.

All thé sémples from the proton bombardments were counted on
end-window gas-flow B proportional 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 chemistry group who measured the yield of Cu
and Mn in the Cu and MnO2 precipitates, respectively, 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 accurate determination of the longest-lived com-
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ponent present or until the activities reached background. The
varioUs components of the decay'curve were resolved by the usual
method of decay-curve analysis. Graphical methods gave sufficient
accuracy fof resolving up to three components.

67 ..

The Cu decay curve could easily be resolved into 61-h Cu ',

6 6 :

12.8-h Cu h} and 3.3-h Cu le The Mn decay curve gave components be-
. 2 6
longing to 5.7-day Mn5 , 2.58-h Mn5

mental half-lives agreed with the values quoted in reference.18. Each

. oL o .
, and 45-min Mn” . The experi-

component. was extrapolated back to the end bf bonbardment ©6 obtain
the initial counting rate. The counting rates at end-of'-bombardment
~time, A o vere converted to disintegratioﬁ rates, D o’ from the measured
countlng efficiencies of Appendix D, the decay scheme factors of re-
ference 18, and the chemical yields. A saturation activity, Dsat

- in d1s1ntegratlons/m1n, was calculated by dividing the initial dis-

-Xt) where t is the length of

integration rate by the factor (1 - e
bombardment and A is the‘decay constant.of the particular isotope.
The saturation activity represents the decay rate of the isotope at
the end of an infinitely. long bombardment and is egqual to'the rate of
formation nlv, where n is the number of target nuclei per cm2; I is
the beém intensity in protons/min, and ¢ is the formation cross
section in cmz/target nucleus. Because both the Al foll and target
foil are intercepted by the same beam |

(Nd ) T*Iu(Na24), | (27a)

sat Al2

(X) = n, . Io (X), (27b)

sat

where X stands for product nucleus and tgt stands for target nucleus.

Dividing Eq.(27a) by Eq. (27v) and rearranging gives:

, _D__i(X) n,.27 .. '
o(X) = sat ) 1,27 c(NaZ”) (28)
N2y Miat |
sat(
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Equation (28) was used to calculate the cross sections for proton-

2 2k
induced reactions. The cross sections for the Al 7(p,3pn)Na moni-

tor reaction decrease gradually from 10.7 mb at 400 MeV to 8.7 mb at
6 GeV.Bh’87

C. Results of Proton Bombardments

The resulting cross sections are given in Table IX for the
reactions of 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.secdnd column lists the cross section for the particular
(p,2p) reaction. The other cross sections are listed in the third
and fourth columms. 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 taking the square of the standard
deviation of the average value and the square of the absolute error,
which was 10% ol Lhe average‘value. lhe square root of the sum of
these squares is the uncertainty shown in the tables. The absolute
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 the-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 term'yield" 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 : : o(Cuéh)b U(Cuél)b
(MeV) (nb) (mb) ~ (mb)

400 17.8 £ 1.9 (7) 18.3 = 2.0 (7) 28.h + 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 L 2.5 (5)
2200 21,0 £ 2.1 (2) 12.7 £ 1.4 (2) 1h.8 £ 2.3 (1)
4000 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) 13.0 % 1.4 (2)
6200 23.6 * 2.4 (2) 1.1 % 1.3 (2) 12.9 * 1.3 (2)

QCross section calculated by assuming only Zn68 contributes.

bThese reéults”

are "yields" because all isotopes of Zn contribute.

Table X. Cross

sections for production of Mn isotopes from Fe by p-

Energy c(?C)a o(n2)b o (2’ )P
(MeV) (mb) (mb) (mb)
400 50+ 6 (6) 11.6 £ 1.2 (6) 6.7 £ 0.9 (&)
560 ST 7 (7) 9.8 £ 1.0 (8) 5.9 + 0.6 (6)
720 70 + 13 (k) S8k £ 1.1 (M) 4.0 t 0.4 (3)
2200 48 = 8 (1) 5.0 * 0.6 (1) '
4000 5k £ 6 (3) © 5.9 0.6 (3)
5700 We o7 (1) 5.4 0.6 (1) 3.5 * 0.5 (1)
6200 50+ 7 (2) 5.0 * 0.5 (2) |
a'CrossA section calculated by assuming only Fe57 contributes.

These results

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 ® is cross section for Zn68(p,2p)Cu67 reaction.
Dotted curve & is cross secticn for production of CuPl from
natural Zn target. A
Dashed curve @ is cross section for production of Cu6u 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 tor Fe5T(p,2p)Mn5® reaction.
curve ¥ is c¢ross section for production 6t Ma2Z from
natural Fe target. :
Dashed curve # is cross section for production of Mn51 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

from Zn, and for the production of Mn52 and Mnsl from. Fe can be nicely
explained in terms of the Serber M.odel32 and the Monte Carlo cal-
culations of M.etropolis,23 ‘These four excitation functions exhibit
the same general energy dependence. From 400 to 720 MeV there is a
decrease in yield whereas above 2.2 GeV the yields are constant. The

data for'Mn52 o2 is the first com-

52

have the highest precision since Mn
ponent to be resolved from the decay curve. Some Mn will be pro-
duced from a (p,2pn) reaction on Fesu, but most of the Mn52 is
produced by a (p,2p3n) reaction on Fe56 becauSe 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 a&s 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

73

step. The Monte Carlo d¢alewulations of Metropolis have been per-
formed for the reaction of protons with Cu§u. The calculation shows
that for the cascade step, the cross section for a mass change of one
or two units decreases faifly 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-out cascade step.



An alternative mechanism for achieving an overéll.mass change
of.h would be é four nucleon-out cascade step, leaving the nucleus
with very little excitation energy. However, the Monte Carlo cal-
culatice predict that thc 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 residuval excitation.

.We will assume that the calcuvlation for protons with Cu  is

56

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

perimental excitation function for the yield of MMS“ Toulluws Lhe
same energy dependencé aé the one or two nucleon-out cascade in Cuéu.
Thus we expect that Mn52 ig produced by a mechanism involving the
Hgmissioq|of on§>6rrtwo particles in the cascade stepy, followed by. -

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

1
The yield of Mn5 includes the contribution of (p,pxn)

51

reaclions with all the Fe isctopcs to produce Fe” . The lifetime of

Fesl 51 51

is probably so short that Fe nuclel decay to Mn”~ before the

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

bution is possible from the data presented here. KThis problem is

. ) &
o4 because the isomeric state Mnb a

51

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

The reactions of protons on Zn invoive a shorter extrapolation
from the Monte Carlo calculation. However; since natural Zn targets
were used ‘for these experimenté, the target nuclide for Cu64 and Cu6l
is not nearly as definite as with the natural Fe targets. Since
there are several target nuclides, there are probably several
reactioné coutributing to the yield, with each reaction having its
own energy dependence. However, the general model of & few-nucleon
cascade followed by nuclecnevaporation is quite consistent with the

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

The above discussion has intentiohally avoided mentioning the
Zn68(p,2p)Cu67 and Fesz(p,’Zp)Mn56 reactions. There are two distinctive
features of these excitation functions,one being the unigue energy de-
pendence and the other being the difference in magnitude between the
Cu67 and, M'n5 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 40O MeV’
the total pp cross section increases from about 23 mb to about 43 mb
at 720 MeV. 1If we interpret the mechanism of the (p;2p) reaction as
being a pure knock-on collision between the incident proton and a pro-
ton of the target nucleus with little excitation left behind, we
would expect the (p,2p) excitation function to follow the structure of
the free-particle excitation function. Using thc samc notation as
for the (n ,x n) reaction, we can express the probability of a (p,2p)

event by:

= 2
Pprzp) T i FeoraTppr (29)
where PP represents thé probability of the incident proton escaping
and PPK represents the probability of the struck proton escaping with-
out further collisions.

. For a small distance of travel, P ie given by

coll

Pcoll = l—exp[—Axp(OtGPp)] & AXD(O‘UPP) )

where o D is the free-particle pp cross section and @ is the reduction
factor to account for the Pauli exclusion principle 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 O(p,2p) is directly related to
the free-particle cross section. The rise in the free-particle cross
section above 400 MeV is less prominent in the (p,2p) reactions due Lu
the momentum of the strueck proton in the target nucleus. A calculation
of this effect would be quite interesting but was not attempted in
this work.

Previous work on (p,2p) excitation functions has not covered
the energy rcgion of 400 to 1000 MeV. Studies at Carnegie Tech showed
that the cross section for (p,dp) reactions generally increase sllghtly

with energy in the region from 200 to 400 Me This is consistent

with the energy dependence of the pp cross sections in this region.

6
& studied the Zn (p,Z Cu T

Morrison and garetto reaction from 130
to 425 MeV by using enriched isotopes of Zn. . . They measured a cross
section of 20.8 * 508 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 aﬁd Caretto. A smooth curve for the pp total cross section
isaléo shown for comparison.

Rudstam et al. measured the yields of Mn isotopes from the
bombardment of Fe with 340-MeV protons. 0 Their cross section for Mn5
fits smoothly onto the Mn52 excitation function obtained in this work,
but the correspondiqg (p,2p) cross section is lower than the cross
section measured here at 400 MeV by a factor of about two. (This is
57°>

after correcting their data for the abundance of Fe Their yield

of Mn51

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,Zp)
cross section to the free-particle pp cross sectlon as a function of
encregy. Figure 32 gives this plot for both the Zn (0,dp Cu.b7 and

6 . .
Fe57(_p,2p)Mn5 reactions. Both sets of data show a decrease in this
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Fig. 31. BExcitation functions for (p,2p) reactions.
; Cross ‘sections for Zn®®(p,2p)CulT reaction:3 measured
here, & reference 72.
Cross section for Fe?l(p, 2p)Mn56 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 of 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 the 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 c6llision occurring

within the nucleus.

3. (p,2p) Magnitudes

The other feature of the (p,Zp) reactions measured here is
6 .
the difference in magnitude between the Cu67 and Mn5 oroee gections.
6
At high energies the Mh56 7

cross section is about 2.5 times the Cu
cross section. This effect would be entirely unexpected from a smooth

mass variation 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 partneré eécéping without giving theinucleus enough excita-
tion energy to evaporafe additional particles. Cu67 lies just one

56

proton above the closed protéon shell for Z = 28 whereas Mn’ is midway

between the magk;hmﬂxms of Z = 20 and Z = 28. One might expect that
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the binding energy of ene proton above a closed shcll 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

67 56

proton binding energies in Cu ' and Mn” as given by the Nuclear Data

Tables, we find that the proton binding energies are almost identical,

67 56

8;52 MeV for Cu and 9.13 MeV for Mn” . Furthermore,the neutron
hinding energy for .'Mn56 is 7.27 MeV., or about 1.8 MeV less than the
o7

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

56

more difficult to form Mn” at a low enough excitation. The @ particle

67

6
binding energies are quite similar for Cu ' and M'n5 so we conclude
that binding—enefgy differences cannot be responsible for the differ-

ences in cross section:.

L. Proton Availability

If we consider the number of "available" (as defined in Sec.’
III.-F) protens in thé target nuclel, we notice a distinct correlation.
Assuming that only the two prolons beyond the closed shell of Z = 28
in Zn68 are available and that all six protons beyond the closed shell

of Z = 20 in-Fe57 are available, we would expect a ratio of 6/2 = 3/1

10,7
67

for the number of availasble protons. This predicts the Fe57(p,2p)
' reaction te haveathree times the cross section for the Zn 8(p,2p)Cu
reaction, in agreement with the observed ratio of 205/1,

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 of the topmost shell is less than the energy
needed to evaporate other nucleons from the residual nucleus. Unfor-
tunatély, binding energies of buried shell states. are known only for
the light nuclei, and not for the mass region of interest hereouu

If we assume thatAthe foregoing analysis is valid, we can
“use experimental data to set limits on fhe aifferences between shell-

state binding energies. For example, knowing that the f protons

7/2

8
in Zn ~ are not available for a (p,2p) reaction tells us that the
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difference in binding energy'bétweeﬁ'the f7/2 protons and the 2p3/2

: 8 - ,

protons in Zn6 is greater than about 8 MeV (the binding energy of

81
)

an O pafticle, taken from Cameron's Mass Table . Likewise, the 2s

7/2 shell in

Fe57, since the protons in these shells are mot available for a (p,2p)

and 1d shells must lie more than 7.27 MeV below the f

reaction.

Much more experimental data is needed’béfore 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 tinal nucleus, may influence the magnitudes of (p,2p) cross
sections. The Nucléar Data sheets lists only the ground state for
Cu67 whereas there are at least 15 states in'Mn56 between the ground
state and the particle-emitting states. Mn56 is an’odd-odd nucleus
so it probably does have more excited states than the odd-even
nucleus Cu 7, but it may bé that the excited stateslof Cu67 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 yields of more
complicated pion-induced reactions. Specific product nuclei were deter-
mihed by radiochemically separating specific'elements from the terget‘
material and measuring the radiocactivities with low-background B couuters.
The "non—simple“ pion-induced reactions are of interest for comparison
with the Monte Carlo calculations and other theoretical treatments of
high energy nuclear reactions..

Included in the cascade step of the Monte Carlo calculations are
the effects of pion creation and reabsorptien. The use of pions as a
means of allowing large energy transfers was first pfqposed by Wolfgang
and Friedlander:-to explain the mass-yield curve from interactions of
protons with Cu at 2.2 GeV.ge-’The short mean free path of pions in
nucleaf matter means.tﬁat there is a high probability that a newly pro-
duced pion will‘be'reabsorbed,in_the nucleus and give its rest-mass
energy to the. two nucleone participating in the'absorptiOn process. The
subsequent scattering of these two nucleons is an efficient means of
exciting the nucleus._83

Cumming. et al. have found that for high-energy proton bombard-
ments of light nuclei the crdss sections for the production of various
nuclei are constant with energy.8¥' This is interpreted to mean that the
energy-deposition spectrum is relatively independent of the incident- .
proton energy. It is.ppseible that pion-nucleon isobars are formed which
_escape the light nuclei without giving extra excitation energy as the
bombarding energy is increased. fhe~infefaction of pion-nucleén isobars
within nuclear matter is not completely understood as of this wfiting.

.. 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 < 50.83’85 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 compafison of .pion-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 complex regcﬁions induced by
‘pions. The data, resultsq and analysis are preliminary.and introductory
and sﬁould.be evaluated as such. These studies.ére actively being

continued al Berkeley.
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B. 'Experimental Methods

1. Targcts

Spallation products were measured from three different metal
taigets: ‘Al,-Cu, Zn. Lafge éuantities-of these metals are'readiiy
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
tolproduce-sufficientmamounts of radieactivity from pion-beams of dim—
tensity 106 ﬂ/min. .The disks were obtained by turning down sheets of
the metal on a lathe. In this way it was possible to.obtain uniform
targets with thenexact diameter of the beam-defining counter.

Aluminum was chosen mainly to study the. productlon of Ndeuu
The yield of Na24 in.a piece of 3-mil Al has been widely. used as a
beam intensity monitor in proton bombardments. It was hoped that the
reaction A_'I_2v7(7‘r»_,pZn)l\IaQLL 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. woerk is. inconvenient and lengthy.
‘The thickness 6f Al rcquired to obtain measureable counting rates of '
1\]&1-21L make total-p counting of thc original target impossibie. Tow-
backgrnund ¥ counting of the orlglnal 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
data available for proton-induced spallation reactionsu86- Copper has
been. a. convenient target for many studies of spallation reactions ...
despite the fact that natural copper has two stable 1sotopes, Cu63 nd
65 '

The third target, Zn; -was chesen in order to compare the-Zn68

67 veaction with the reaction Zn68(p,2p)Cu6(.v-if free-

(m,mPp)Cun
particle collision. cross sections govern these reactions, the

(n",mp) reaction should show some effect from the J = T = 3/2
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resonance, and. 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.Geofge
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 tor a “n térget. (Thus
the radiochemical separation techniques could be classified as "bucket™
rather than "micro.") .

In most of the bombardments, the pion beam was monitored by using
the counter telescope described in Sec.II-B. The scame corrections 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 experiments.

After irradiation tor many hours (8 to 20), thé targets were
walked, not run, back . to.the chemistry laboratory for chemical separation

'of,thE:spallation»products. A precibitate Qf NaCl was obtained from
the Al targets, a precipitate 6f Feéoﬁ was separated from the Cu targets,

and precipitates  of Cu, MnO, and NiO were obtained from the Zn targets.

The chemical procedures.aregoutlined in Appendix C. The final pre-
cipitates on filter paper were mounted on l1-in.-diam aluminum disks
for counting'in the .low-background counters. Initial Counting rates
from these samples were seldom more than 100 counts/min and often less
than 10 counts/min; this mude decay-curve resolution and half-life
determination difficult. After the -activities had decayed to back-
ground levels, the. samplés were analyzed by members of Dr. Hwffman's

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

volved.

2. Low-Background Counting

Because of. the relatively low intensities of pion beams, 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 Geiger 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 1/4-in. lucite. Every pulse in the ring of Geiger
tubes generated a block pulse about 200 pusec long,. which turned. off the
scaler that recorded counts trom the B-ceunter. Twu Cluchs were avail.
able, one recording the total elapsed time and the other only the time
the counter was actually on (live time). The background with this set-
up was typicadlly about 1.9 uuuuLs/miu, conpared with the ucual R-counter
background of 8 to 10 counts/min. The live time was 99%. of . the elapsed‘
time and the efficiency was identicel to the other B counters. An
" optional feature was the use of a scaler—gater‘blocking;pﬁlse to turn
of f the B scaler during the acceleration cycle of the Bevatron. This
system was discussed earlier for the CJ"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 morc reliable low-background. counting equipment, Ken -
Russel dcoigned a transistoriied counter based on a model used at .
Livermore. .The deleclor consisted of a gas-flow B-proportlonal counter
surrounded on.top and sides by an Ampex tube..giving pulses in anti-
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 annex about 150
feet further from the Bevatron than the old counting room. Tl was felt
that the Bevatron would have.less effect here because of the increased
distance end 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-effieieney
was due to the lower solid angle.. Sourccs for the new counters had
to be prepared on l-in.-diam disks rather than on. the usual 2.5- Ly
5 5-in. Al counting card, but in all other: respects mounting of the

samples was the same.
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' 3. Decay-Curve Analysis

The NaCl samples from the bombardment of Al showed. no activity
other than the 15-h Naeu, and a straight line could be drawn through
the data. The Cu precipitate from the bombardments of Zn showed com-

67 64 61 ‘

ponents characteristic of Cu”', Cu” , and Cu ,. and were resolved

graphically; The Fegoa'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 M’n.52.and’Mn56 activities ;nd also a shorter-lived activity
probably due to h5ﬁmin MnDl. 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 704 has recently been fevised‘by
John Mahony and the computer group for use with the IBM T7090. .This
program allows 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 known 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 m -Induced Complex Reactions

The initial activity.at end-of-bombardment was corrected for
the efficiency of theAcounter at the given sheli position and source
thickness; for the saturation factor 1 - e_>\t , and for the chemical.
vield. The efficiency 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. IT-B. The crogs sectlons
were calculated from

sat(x)
o(x) = mn, I
tgt
1. 7+ Al
Table XI gives the measured cross sections for the productlon of

2k 27
Na from.Al o by negative pions.

. Table XI. . Cross sections lor the reaction A127(ﬂ7,p2n)N324

Incident- Measured Average
pion energy cross section . . cross section
(MeV) ‘ (mb ) : : (mb )
127 + 9 127" : ' 13 + 32
ohs £ 10 3.3, 12.4, 4.8 7 x4
373 £ 10 7.5, 7.5, 9.2, 10.4 9 %2
hoz + 10 , 4.8 5+ 1

a . . . . . '
“The 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 Nazu from Al.
% cross sections for A127 (x-,p2n)Nall reaction.
" Smooth curve is cross section for .1\127(1),3pn)Na2)+
reaction from data of reference 84 and 87.
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These cross sections are piotted in Fig. 33 along with a smooth curve
representing the cross section for production of Na2 from A127 by
protons. The pioh data have large errors and are sparse making it
premature to say;anything definite about the excitation function for
ﬁf—induced production. One can say that the A127(ﬂf,p2n)N324.cross

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

Table XII gives the cross sections forwthe-reactions of pions
on Cu. The cross sections are calculated wilh 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 Cu61
activity was'measured by counting . the Ou5ll-MéV-annihilation radiation
witha3-ty 3<in. Nal crystal. No special..chemical separation for Mn
wa.s performed in the bombardments of. Cu with pions. The Mn activities
appeared in the FeEOB‘samplesJ It was assumed that the Mn activities
had carried on the Fe(OH)3 precipitates since no Mn hpldback carrier
had been added. - In the calculation of the Mn..cross. sections,. the
chemicalvyield was assumed to be the. same as the chemical yield for Fe.

. The data of Table XITI are baséd on only one experiment for each
cross section. . The error of 30 to 40%‘is'détermined from the errors
‘in. beam-monitoring, decay-curve resolutioh, and.chemical-yieldldeter-
mination. Theltarget for. the 302-MeV data was a thin-Al can filled with
Cu0 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 performed with powder térgets.rather than

‘the metal targets.

3. m_+7Zn

"The cross sections for the reactions of pions with Zn are

presented .in Table XIII. The Cu67'cross section is based on the

assumption that only Zn68 contributes to its formation. The cross

65

section for Ni”~ 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 ' Iﬁcident-pion . cross section
: energy (MeV) (mb:)
cut? 215 + 4o o1 £ 7%
Mn56 215 = 4o L7213
Mn56 245 + 10 - 2.7 £ 0.9
Mn56 302 .+ 10 2.1 £ 0.7
Mn 2 245 £+ 10 1.1 £ 0.4
Mn~2 302 + 10 . A .4 £ 5.0
Fe ? ' 215 + Lo 1.6 + 0.5
Fe° 2hs + 10 0.7% £ 0.3
Fe ° 302 + 10 - 1.7 = 0.5
a., 61

Cu”" 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
01167 373 + 10 23.4k, 38.0, 56.3 39 + 8
64 . ’ 7 .
Cu 302 £ 10 9.25, 12.6 11 + 2
Cu64 373 £ 10 13.9, 16.5, 26.1 ' 19 + L4
61 ’ - |
. Cu 302 + 10 16.9, 17.3 17
-Cu6l 373 £ 10 . 18.7, 22.1, 26.4 20 £
Mn56 302 £ 10 5.3 ' 5+ 1
52. ,
 Mn”" 302 £ 10 8.22, 13.4 11 £ 2
i 245 £ 10 2.8 2.4 0.8
2 The Ni65 cross section was. calculated after assuming that all
isotopes of Zn contribute to its formation except Zn64.-.The

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




-1k1-

Zn except Zn64 can produce Ni65. The other cross sections are cal-
culated on the basis that all Zn isotopes contribute to the yield.
Again the 5027MeV data were obtained with an. oxide target rather than
a metal target. For the bombardment 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 Cu6lL and Cu6l can be compared with the
relative yi€lds presented by Turkevich and Fung for the absorption

of slow T in ch12.88- The following table gives. the ratio of the

61 6l

Cu” to Cu  cross sections for the absorption of slow 7T , pion energies

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

Table XIV. Ratio.of Cu6l and Cu6lL cross sections from bombardment of
7n.

Slow 7 © T 302-MeV T - 273 MeV 7  LOO-MeV p

0.80 '1.57 £ 0.28 1.09 £ 0.24 1.55 £ 0.24
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D. Discussion

The priﬁary object in the bombardment of Zn with pions was to
compare the Zn681n;,wip50u67 reaction with the corresponding A
Zn6 (p,2p)Cu67 reaction. The pion data obtained at 373 MeV with metal
- targets was not. very reproduciblé; the averaée value givéh 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 .(m ,7m p) cross section to the

(ﬁ?p) total cross section at 300 MeV, we see that the ratio is

iéigia 0.53 £ .07. The value of the Zn°C(p,2p)cu®

shown in Fig. 2%2. is 0.66 % .07.at 400.MeV. .
. This would indicate that the term for the probability of a

7/(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 nuiiizz surface. When a collision occurs on the
surface, the particle involved will travelbonly short distances to -
escape the nucleus. Thus the differences in mean free pafh for pions
and nucleons will not be too important in determining Lhe relative
yield for different "simple" reactions. However it is again necessary
to obtain more experimental data to establish this relationship.

The production of isotopes more than one mass unit less than
the target can be interpreted in terms of the Serber model.52 A
modification is necessary—to account for pion absorﬁtion. - It is most
probable that.the incident pion will be absorbed after a few collisions
inside the nucleus. The absorption is assumed to take place between
two nucleons, and the rest-mass energy of the pion is divided between
the. two nucleons.. The  two recoiling nucleons will initiate a fast
cascade.and from then on the process is indistinguishable from a proton-
induced cascade.. From this model we speculate 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 yiélds from pion reactions agree with the yields from
proton-induced reactiops. 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 incident-pion energy..

It should be noticed that the yields of Cu6u and Cu61 from
300-MeV 7t~ + Zm are both lower than the corre3ponaing yields-from
4OO-MeV p + Zn. The absorptién of aq in a Zn target nuclide means
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 reaction when the product nuclide
is only one charge unit below the target nuclide, For product nuclei
farther removed from the target, this effect is probably less important.

One other feature can be noficeg from these data. Let us assume
that the reactions T + Zn6 and p + cu™® form highly excited com-
pouhd 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 bé almost identical.
Zn6h 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 Mn56 are 11 and 5 mb for the case of BOO-MeV,n_ on Zn, and 7.1l and

52

2.5 mb for 340-MeV p on Cu. The mégnitudes of the proton cross
sections are slightly lower than the pion cross sections, but the ratio
of the Mn?z/Mn5b 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: Cu6lL CﬁGl Nib5 Mn56 Mn52‘ Fe52
215 MeV T + Cu - 21 | b 1.6
ol5 MeV T + Cu ‘ ‘ 2.7 - 1.1 0.73
300 Mey T+ Cu _ 2.1 1 1.7
ol5 MeV 7 4 Zn . o
302 MeV 7 + Zn 10 17 A 5.% 11
373 MeV T + Zn 18 20
240 Mev p + Cu° : 0% 2.5 7.1 :0.18
400 MeV p + Zn 18 28 IR
40O MeV p + Fe _ ' T 116
340 MeV p + Feb ' 12.9

8pata from reference 86.

bData from reference 80.
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induced reactions 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
feactions. The production and reabsorption of pions has:been'often
proposéd as the 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 gquite
similar. This supports the hypothesis that pion processes plaj a
wa jor role in high-energy nuclear reactions.

The lufluence of pions in the fragmentation 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 in this thesis is the appedrance of free-particle-like ecollisions
" within nuclear matter: Quasi-free-particle scattering has been investi-
géted 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
fechnigues to measure the residual nucleus aftcr a simple reaction. has
occurred. The (ﬂ-,ﬂ— n) reaction studied here is an example of such
a techniqué.

First we will summarize the free-particlé effects discovered

in this work and then list the applications of (m s n) reactions.
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A. Sumary of Free-Particle, Effects

The measurement of the Clg (ﬂ7,ﬂ-vn):Cll‘expitation function
showed a peak at the same ihcident-pion energy as the resonance in
free-particle 7. n scattering. This peak is in distinct contrast to
the C12 (p, ) 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 recoil.energy given the struck
neutron show that the pion peak is not due to the incident pion having
the same momentum as the proton at the (p, pn) peak. A simple cal-
culation, based on the assumption of a single m n collision after
‘which both collision partners escape directly, reproduced the shape
of the experimental excitation function. The fact that the calculéted
values were lower than the experimental values by & constant factor
is attributed to the approximations empldyed and the defects in the
nuclear model. The calculation showed, in addition,.that the greatest
contrlbutlons to the (T~ ST n) reactlon came from the nuclear surface

The experimental excitation function for the Zn (p, 2p) Cu 67
and Fe57 (p, 2p) Mn56 reactions showed structure similar to the free-
particle pp total cross sections. The free—partigle pp cross sections
have a rise from 400 to 1000 MeV and then deprease to a cbnétant value
in the GeV region. The (p, 2p) reactions show.similar behavior. In
contrast the:. (p, pn) exc1tat10n functlons do not show this behavior
because the free—partlcle pn cross sectlons are relatlvely constant
in the 400- to 1000-MeV region. ’

At 300-MeV incident-pion energy the ratlo of the Zn6 (G )
Cu67 cross section to the free-partlcle T “p cross section is almost
the same as the ratio of the Zn68'(p, 2p)-Cu67

free-particle_ﬁp crioss section. This is %o be.ékpécﬁed if free-particle

cross section to the

. scattering is the controlling feature of both the (rr ,7 -p) and (p, 29
reactions. Héwever, more” information is needed about the energy

dependence of the '(y ,m p) reaction before this can be firmly established.
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2 + + ) Cll

. " 1
Data on the C7° (m ,m n
+ .
concerning whether -the (ﬂ+,ﬂ n) reactions proceed by the one-step

.reaction ought to give evidence

or two-step mechanism provided experimental complicationé can be
‘overcome. The tentative. results obtéined here are inconclugive on

. this point,.~Howe§er:both mechanisms assume anginitial TN collision,
'so-that the basic premise of -the impulse .approxﬁnatipr{ is still -

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

Once the mechanism of the C o Qn_,ﬂ- n) ¢! reaction is
firmly established, the reaction may be applied to several other
problems in nuclear physics. .

The resonance peak in 1 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
(m ,m n) reaction as a function of target mass, it may be possible
to pﬁt limits on the binding energy of §arious shell-model states.

Any theoretical treatment of the ( ,m 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 (W ,m n) cross sections could be
used in determining the mean free path and effective cross sections
in nuclear matter.

The -2 (" ,m n) ¢!l reaction can be used as a monitor of
pion intensities for pion-induced reactions in other target nuclei.

The plastic-scintillator technique is quite straighttorward-and reliable
and the Cll half-life is convénient for short bombardments. This will
enable determination of other monitor reactions for longer bombardments
without the necessity of counting the beam directly.

Ericson et al. have diséussed the use of low-momentum transfer
reactions as a means of obtaining 7T cross éections by radiochemical
technique5;89 The method assumes that peripheral collisions occur
within nuclear matter between the incident particle and one nucleon.

The 012 (m”,m n) Cll reaction studied here gives evidence that
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elementary-partiqle collisions do occur in nuclear matter. This
provides the experimental evidence they require to support their

" mechanism for low-momentum transfer reactions. . Pion-pion cross
seéctions can be obtained from data on pion exchange reactions
(Azsvl, M = O) by comparison of the pion-induced cross section td

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

The datg,presented hgre for spallation reactions- causeéd by
pions are quite limitea,.but the‘yiéidé éfé similar'in'magnitude to
yields from proton—inducéd'reéctiéné %ith the(saﬁe.elemeﬁt. _The
assumption that piog§ are.absorbed and the ensuing cascade is equivalent
to a protoﬁ-induéed cascade is §onsistent with the data. The Monte
Carld qalculations currently being'carried out athrobkhaven use the
asswnption that the pion quickly forms an isoﬂar énd.travels through
nuclear matter coupled to a nucleon. It would be neceésary to obtain
much more extensi&eldaﬁaitq check this aésumbtion. More data are
also needed to investigate the fragmentation mechanism.

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

A, TFree-Particle Total Cross Sections

The following four figures are free-particle total cross

sections taken from the literature.
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Fig. A-1. Free-particle pp cross sections (from graph by Glassgold96)~.
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Fig. A-2. Free-particle pn cross sections(from data collected in re-
ference 97).
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B. Correction for m Decay to ji_

The i :and v from the decay of a T .are emitted at 180 deg
to each other -in the c¢.m..lrawe ol referencc: Accuning that the ji°
is isotropié in the c.m. cdordinate-system,Awe want -to calculate the
solid angle subtended by a counter -at some distance r from the ﬁoint
of decay. The solid angle.in the c.m. system when divided by lq
gives the fraction of the decays at a given distaﬁce~that reach the-
counter. -This fraction must be multipiied'by<the-ffaction of decays
occurring at the giveﬁ point to obtain the:relative B conbribullon
- from 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 1engfh into segments.

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

angle(@: tan 6 = rg/?, ¥ = radius of counter

EA

| 4 b
LS "

b

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

this appendix. There will be two values-of 8', correspond-

ing to p's that come off backward in the c.m..and p's that
.‘nnme off in the forward direction. Even some .of the p's

in the backward hemisphere reach the counter -because of

the - large forward veloeity .of the c.m.

L. Convert the c.m..angle 6' to a cim. solid angle Q':

Q' =27 (1l-cosf')
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5. Add the forward and backward solid angles for each segment
and divide by lm to obtain the fraction of decays reaching
the counter.

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

A=BYyc ™
where
B =v/c
v = velocecity of pion,
¢ = speed of light,
2\-1/2
y=@-3
and
-8
To = 2.55 X 10 sec.

7. Calculate'e_d/xfor each segment to determine the fraction
of initial beam that decays in each segment. (The dis-= .
tanéc d is measured frum Lhe start of the g 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 p contributions from all the segments.

10, At the counter, the fraction of the beam that is pions
is given by the number of pions still remaining in the
becam 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 presént reach
the .counter telescope. These statemgnts apply to the case where the

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

A The equation for the conversion of the lab angle of the muon
into the c¢.m. angle is double valued for Lle ca.angle. Thereforc it ic
simpler to calculate the lab angle for a given c.m. angle and make a
plot of 'lab angle vs c.m, angle; The c.m. angles may then be inter-

(a)
polated from the -known lab angles. The equation is: “

W - T T
where
B' = v/c for w in c.m.,
B = v/c for m in lab,
9 = lab angle,
. 6' = c.m. anglé,
and v = (1 -62)-1/2 for m in lab.

B' is a constant for ﬁ-u decay equal to 0.268

f and -y depend on the particular m-beam energy involved.
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C. Chemical Procedures

1. Separation of Cu from Zn foils after proton bombardments:

a. Dissolve Zn foil in 6M HCI.
b. Add 10 mg cutt carrier and holdback carriers for Ni
" ++
Fe'tt*’ang Mn .

c. Dilute solution to 3M HCL.

ot

d. BublLle in HZS gas and precipitate CuS.

e. Centrifuge, dissolve CuS in 6M HC1l plus 1 drop 30% H,0,

f. Make Cu++ solution just barely acidic, add;fa2803,+and heat
until solution is decolorized to reduce Cu  to Cu .

g. Add 1M KSCN to precipitate CuSCN.

h. Centrifuge, dissolve CuSCN in HC1l and HZOZ'

i. Make strongly ammoniacal, add Nazszoh, and heat to precipitatg
Cu. :

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

2. Separation of Mn from Fe foils after proton bombardments:

++
a. Dissolve Fe foil in 6M HNO, solution containing 10 mg Mn
i - .3 +++ A+t +++
carrier and holdback carriers for Cr 5 V and Sc .
b. Add concentratbed HNOB, heat and add KClO3 to precipitate MnOz.
c. Centrifuge, dissolve MnO, in 6M HNO3 and 1 drop 30% HZOZ°
d. Pour solution carefully into hot solution of excess NaOH and
HZOZ to precipitate Mnoz.
Centrifuge, dissolve MnO, in 6M HNO

é. .

’ 3

f. Repeat precipitation of MnO2 with KClO3-

g. Filter, wash with HEO’ alcohol and acetone; mount.

3. Separation of Na from Al after pion bombardment:

a. Dissolve Al in big bucket (3 liter) of 6M HC1l containing 30
+
mg Na carrier.

b. Make solution basic with NHAOH to precipitate Al(OH)3.
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c. Centrifuge in floor-model centrifuge (4-liter capacity).
d. Wash precipitate thoroughly with HéO then recentrifuge.
e. Collect supefnatant solutions (2 or 3 liters), acidify with

4/1 mixture of concentrated HNO3 and HC1.

f. Evaporate to small volume by using all'possible techniques

' for cafe rapid evaporation. Add more acid as neeessary to
destroy NH, C1.

g. When solution is less than 30 mliter; an Fe(OH) scavenging

precipitation may be performed if desired. (No3noticeable
effect on the decay curve was observed due to this step).

ho:Evaporate the solution to dryness in a small beaker

i. Heat in a muffle furnace for 10 m1n af 6OO C l\IHLL salts
should be completely destroyed and Na will be converted to
Na 03 gool.

o Add mliter of concentrated HCth and fume carefully to
dryness.

k. :Dissolve NaClOu in 10-mliter n-butanol.

1. Add 2 mliter n-butanol saturated with dry H¢l.

m. Filter the NaCl formed, wash with butanol-HC1l mixture; mount.

Ceparation of Fe from Cu after pion bombardments:

a. Dissolve Cu target in concentreted HNO3 and a little concen-
- trated HCl. '

b. Add 30 mg Fe carrier and dilute.

co_Make strongly ammoniacal, filter out Fe(OH)3f

d. Dissolve Fe in HCl, dilute to 2N.

e. Add Cupferron reegent to precipitate Fe.

f. Centrifuge; dissolve Fe—cupferron frecipitate in HC1.

g. Pre01p1tate Fe(OH)3 with NH, OH.

h. Fllter, 1gn1te to Fe

23°

i. Transfer to filter chimney.

J. Wash with H?O, alcohol, and acetone; mount.



-163-

5. Separation of Cu, Mn and Ni from Zn after pion bombardments:

++
. Add 30 mg each of Cu , Mn
. Dilute to 3M HCl, pass in HZS gas.

Dissolve Zn in 6M HCI.

++ +

+
and Ni carriers.

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

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

precipitate Mhozland Ni(OH)z.

Dissolve precipitate in HCl, make pH about 6.

Add dimethylglyoxime reagent to precipitate NiDMG.

Filter NiDMG, dissolve, and reprecipitate NiDMG.

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

Evaporate :filtrate containing Mn. from stéPJhitogremoyeﬂHCl.
Ad&uconcentrated HNOQ, then add KClO3 o

Continue as in Procedure 2 to obtain precipitate of MQOZ.

to pfecipitate MnO
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D,. Beta Counter and Efficiency Determination- -

A

1. Counters

The samples from the proton bombardments were counted on end-win-
dow gas—fléw,beta proportioﬁél counters. These counters have been

90

descrlbed by Blann. .The community counters mentioned by him were
brought up to date and‘standafdizedu New amplifiers and scalers ofl
an improved design were obtained for seven B counters. A potentio-
meter gave'increased sensitivity to the high-voltage control on the
amplifier. The scaler has a built-in power supply which feeds the
amplifier also. A regulated 5000-V power supply replaced the old
nonregulated supply.

The detecﬁors were modified in several ways to achieve greater
reproduéibility° The electrode that formerly consisted of a lpop_A
of tungsten wire on a singlé hypodermic needle was replaced with a.
new design. This consists of two hypodermic needles suspended like
an inverted V from the top of the chamber. Acruss thc open end of
the V is an 180-deg arc of 0.00l-in. tungsten wire with an arc dia-
meter of 1 em. This design allows the wire to come closer to the
window with a resultant decreaée.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 wa.s designed for each
detector to hold the Mylar window securely in'placea With Lthiis ring
it 1s possible to put cuusiderable gaec pressure nn the window with;
ou$ having the window bow. This eliminates chuuges in cfficlency
due to changes in gas pressure; Brooks-mite gas'flowmeters replaced
the "bubblers" previously used Lo regulatc 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

36

counter gave a constant countlug rale to within 1% with a M1 source.
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All counters agreed to within 2% for this standard on shelf 3. The
backgrounds normally were about 9 counts/min with a fiuctuation of
about 005icounts/min, depending directly on whether the 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-
out the building. The first floor gave approximately 1 count/min

lower background than the second-floor counting room. )

2. Bfficicncies

The efficiency of these P counters was determined following a pro-
cedure outlined by Bayhurst and Prestwood.9l Their method eliminates
the need for making separate corrections for backscattering, shelf
geometry, air absorption, etc. They found that‘the efficiency for B
counting on a given shelf was a smooth function of the average energy
‘'of the B spectrum for allowed P spectra. The average energy for '
positive or negative P spectra for a given nuclear charge and P 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-
niques see Sec. VI. B2) The efficiencies were obtained by compafing
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 B counters.

<6 6 .
For Mnb and Cu 7, plots were made of the efficiency on a given
" shelf vs the thickness of the precipitate in which the activity is

located. These data are shown in Fig. D-=z. Mn56 is representative of

. 6
most of the high-f-energy activities. Cu [ shows the strong effect

the source thickness has on the efficiency of low-energy B's. The

90

2 .
data of Blann” and Cresp09 were used when source-thickness corrections

were desired for other acfivities° Data were also obtained for the

2k

6
relative counting efficiency on various shelves for Na , Na , M’n5 3
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Fleox Mn5(5
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MY.28979

Fig. D-1. DBeta-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-efficiency correction vs weight of sample.
% = loo'(E—counting efficiency for thickness x.
-counting efficiency for O thickness
Smooth curve I is for CuPT prepared as free Cu.
Dashed curve I is for Mn? prepared as MnOs.
Weight refers to the weight of the element rather
than the weight of the compound. All sources
were prepared on 2.41-cm? circular disks.
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Cu67, Mo”2, c13°

could vary by a few percent for the same activity on the same shelf

1
37. These data showed that the efficiency

and Cs
of different cbunters,even though the standards agreed to within 1%.
This 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 is determined from the empirical curve, and the source-thick-
ness correction is determined by comparing the new acLivity 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

Crowe Group -~ R. Beck, N. Dairiki, T. Maung,..
May 1962

Crowe Group - B. Czirr

June 19A1

Moyer Group - H. Goldberg, R.W Kenney

Feb., 1962

Segfé 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
Segfé Group - T. Eliof, W. Johnson, C.E. Wiegahd, T. Ypsilantis’
March 1961
Crowe Group - G. Bingham, H. Kruger
Sept. 1961
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