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He ions emitted in the interaction of 70-MeV pions with carbon, aluminum, nickel, silver, and gold were
measured directly at = 90°. Cross sections and energy spectra are presented. Calculations of intranuclear
cascades followed by evaporation reproduced the experimental data reasonably well. The results of the
calculations imply that: (1) pion absorption in flight plays a major role in reactions in which a particles are
emitted; and (2) one-“a”-removal lines, observed in deexcitation y-ray experiments, do not imply large
probability for real a emission. The 7~ to o+ ratio of cross sections was found to be about 1.4.

sured He energy spectra; do/dQ(90°.

Natural targets; evaporation analysis.

IE\IUCLEAR REACTIONS C, Al, Ni, Ag, Au (r*,o+anything), E, =70 MeV; mea—:I

I. INTRODUCTION

A rich variety of pion-nucleus reactions has been
revealed in recent years by many inclusive ex-
periments,’™!® in which only one of the out-going
particles is detected. The method most commonly
used is the measurement of prompt deexcitation
v rays. Residual nuclei are identified in this me-
thod when they are left in excited states. No in-
formation is provided about the nature of the par-
ticles which are emitted prior to the v deexcitation,
and the reaction mechanism cannot be directly
determined. In particular, much interest was
aroused®” by the high relative yields of residual
nuclei corresponding to the removal of three and
four nucleons from the target nucleus, called “t”-
(“*He”-) and “a”-removal reactions, respectively.
At first, this seemed to suggest®*>%%9° an inter-
action of pions with « clusters within the nucleus.
Experimental data on p, d, and ¢ emission® were
consistent with this explanation. Several authors
attempted to explain data for elastic scattering,'*
pion capture,’® and pionic atoms'® in an & model
of the nucleus, which includes absorption of pions
on ¢ clusters (and on deuteron clusters). Re-
cently, with the accumulation of more information,
the high relative yields of ¢- and @-removal lines
were explained by Zaider et al.,! as caused by
nuclear characteristics rather than by preferential
interactions. This seems to eliminate the need to
assume an interaction of pions with @ clusters to
explain these high yields. .

. Previous experiments provided direct measure-
ments of o particles emitted in the interaction of
T70-MeV 7~ on aluminum?!! and 235-MeV 7* on nickel
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and silver.!? The analysis of the 235-MeV data
seemed to suggest a pickup mechanism to explain
the emission of high energy complex particles.
A tentative analysis of the 70-MeV data indicated
that the low energy He yield could be explained
by simple evaporation following the pion-nucleus
interaction. The two approaches are complemen-
tary rather than contradictory. It is evident that
more data are needed before we can have a better
understanding of the origin of the emitted o par-
ticles.

Inclusive particle data and inclusive y-ray data
are difficult to compare. For example, let us
compare the reactions:

7" +2"Al~ a +anything, (1)
7" +27Al—~y(*Na) +anything , (2)
7" +27Al~v(**Ne) + anything , (3)

where y(4Z) means a deexcitation ¥ ray in the
nucleus 4Z. Reaction (1) may be observed in direct
particle detection. Reactions (2) and (3), which
include the process of the removal of an equivalent
a cluster from the target nucleus, without and with
7~ absorption, respectively, may be observed in
the deexcitation y-ray method. Since both methods
are inclusive, there is only little overlap between
the two measurements. The main common chan-

. nels to bpth methods are

7"+ %A1~ 7" + @ +v(®Na) + *Na, (2a)

T~ +27Al~ o +y(**Ne) + 2°Ne . (3a)

In principle, ‘only limited conclusions can be drawn
from inclusive measurements, in which not all of
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the outgoing particles are observed. However, if
an analysis can treat several inclusive reactions
within the framework of the same model, a com-
parison of results is made possible. One of the
main goals of such a program would then be to
identify the major channels in each reaction and
the relative strength of the common channels. The
consistency of that picture would lend a measure
of confidence in both model and analysis. Thus,
each direct measurement of the emitted particles,
though inclusive, complements other inclusive
measurements, supplementing scattering data in

shedding more light on the pion-nucleus interaction.

We undertook a study of @ emission from pion-
induced reactions. Targets of carbon, aluminum,
nickel, silver, and gold were bombarded with
70-MeV pions. This energy was previously used
in prompt ¥ measurements,’ and a comparison
is thus made possible. Measurements of total and
scattering cross sections for both charges have
only recently been carried out. Some pion induced
reactions have shown puzzling differences between
7~ and 7* cross sections, like the °/7* ratio in
nucleon knockout. Previous direct measurements
of pion induced @ emission were taken with only
one pion charge. We therefore decided to use both
pion charges. He ions were detected and their
energy spectra were measured.

The experimental details of the measurements
are presented in Sec. II. In Sec. III we present
the results and analyze them within the framework
of a model, which assumes intranuclear cascades
followed by evaporation. In Sec. IV we discuss
the implications of these results. The conclusions
are summarized in Sec. V.

II. EXPERIMENTAL TECHNIQUE
A. Beam

We used the pion beam from the new pion-muon
(PM2) channel of‘the electron linear accelerator
at the Centre d’Etudes Nucléaires de Saclay. The
beam at the target had a horizontal Gaussian pro-
file of 36 mm full width at half maximum. The
vertical profile was not Gaussian, and was 55 mm
wide at half maximum and 114 mm wide at % max-
imum. The beam profiles were monitored by a
hodoscope made of eight horizontal and eight ver-
tical plastic scintillators. Relative monitoring of
beam intensity was achieved with a thin plastic
scintillator, placed about 2 m beyond the target
and somewhat off the beam-line axis to avoid the
main part of the incident beam. The counting rate
of this monitor was low so that pileup and dead
time effects were negligible even at high pion
intensities. The relative monitor was calibrated,
at low pion intensities, by comparison to triple-

coincidence signals from three plastic scintilla-
tors: two scintillators at the exit port of the chan-
nel; and a third one, of target dimensions, in the
target position. (This was necessary since the
targets were usually smaller than the beam spot.)
The linearity of the monitor was checked, relative
to the primary beam intensity, up to the highest
pion intensity.

Beam contamination was determined in two sep-
arate checks. In one, the profiles and intensity
of the electrons (positrons) were measured using
a Cerenkov counter in coincidence with the hodo-
scope. The electron contamination was found to
be 17% of the total number of incident particles
(12% e* in the positive pion beam). In the other
check, the muon contamination was estimated
from muonic x-rays detection to be 5% of the total
number of particles impinging on the target. An
aluminum absorber at the exit port of the beam
stopped protons in the positive 7 beam. The duty
cycle of the beam was 2% (20- usec bursts every 1
msec). The average intensity of the net pion beam
was about 4 X 10° 7/sec. The systematic uncer-
tainty of the normalization, including monitoring
and contaminations, was about 15%.

B. Experimental setup and electronics

The experimental setup is shown in Fig. 1. Tar-
gets of natural Al, Ni, Ag, and Au (10-20 mg/cm?
thick) were used. Polyethylene was used for the
C target. All foils (10X 10 cm?) were held in
thin aluminum target holders, which provided an
opening of 15X 15 cm?, The targets were tilted
at 30° relative to the beam direction.

A three-counter telescope was used. All three

50 mm
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E3

FIG. 1. Horizontal section of the experimental setup.



detectors were of silicon-surface-barrier type.
The. detector E, was 30 um thick, with a 300-mm?
sensitive area. The detector E, was 500 um thick
and the detector E, was 2000 um thick, both of
450-mm? sensitive area. The telescope was placed
at 90° to the incident beam, and its front surface
was 8 cm from the center of the beam. The solid
angle subtended was about 0.035 sr. The telescope
was shielded from the beam by lead. The shielding
was cut in a shape which minimized counts of mu-
ons and other particles from either pion decay in
the beam, or muon and electron interactions with
the shielding,

Counting information was stored event by event
on magnetic tapes. A computer was used for data
acquisition and on-line analysis. Standard CAMAC
modules were used to interface the data to the
computer. Logic and analogic information from
the system was digitized and stored, following an
event trigger from the system. Such a trigger
signal was issued whenever a valid event occurred
during a beam burst and no inhibition signal was
present. The system was then inhibited during the
conversion time in the analog-to-digital converter
units and the reading cycle of the computer. A
valid event was defined by the logic condition
E\E,E,. He ions in the range T-36 MeV could be
detected in this configuration. Using a randomly
triggered pulser signal it was found that the dead
time of the system was negligible.

C. Data analysis

Particle identification was performed after the
run using the standard identification function (E,
+E,)~E,* with 1=1.69. °He ions could not be
distinguished from a particles mainly because of
the geometry used. Using a Monte Carlo computer
code, a particle spectrum may be simulated. This
was done and effects of geometry, straggling, re-
solution, discrimination levels, and energy loss
were taken into account. The experimental particle
spectrum was found to agree very well with the
simulation.

Background spectra of He ions, with an empty
target holder, were taken for each pion charge,
and were found to have low yields. They were
smoothed out, and then subtracted from the raw
spectra.

The solid angle subtended by the telescope was
calculated with a Monte Carlo computer code.
Beam shape and dimensions, as well as target
dimensions and inclination, were taken into account
when an interaction point in the target was ran-
domly chosen. A random direction was then chosen
for the emerging particle. The intersection points
of the directions of the particle with the planes of
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FIG. 2. Effect of correction for energy loss in target.
The net energy spectrum from m* bombardment of Al,
after background subtraction, is given by circles.

Solid triangles represent the energy spectrum after the
correction. Several statistical error bars are shown.

the detectors were then calculated. The ratio of
the number of particles emitted within the surfaces
of the detectors to the total number of emitted par-
ticles gave the effective solid angle. The overall
uncertainty in the effective solid angle is about
10%.

The net spectra, obtained after background sub-
traction, had to be corrected for energy loss with-
in the target volume. A Monte Carlo procedure
was used for that purpose. For each particle
hitting the telescope, a traversed target thickness
was randomly chosen in the range set by target
thickness, target inclination, and direction of
motion of the particle as chosen above. Every
particle in the spectrum was then assumed to have
traversed that particular thickness. The initial
energy of the particle (assumed to be an @ particle)
was calculated using the method of Zaidins,!” let-
ting the particle have the measured energy when
leaving the target. That calculation was repeated
many times. The resulting spectrum was then
normalized by division to the number of repeti-
tions. The effects of this procedure are shown
in Fig. 2, for a 7* bombardment of Al: (a) The
entire spectrum is shifted nonlinearly to higher
energies; (b) the spectrum is smoothed out due
to the statistical averaging procedure. The final
energy resolution is 1-2 MeV. This procedure
also introduced a distortion of the corrected energy
spectra at low energies, near the instrumental cut-
off. This effect is negligible for Ni, Ag, and Au,
where the peak of the distribution is far from this
cutoff. For C and Al, however, this distortion
limits the reliability of the distribution to energies
above about 10 MeV.
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III. RESULTS AND ANALYSIS

The measured cross sections are summarized
in Table I, and the energy distributions are shown
in Figs. 3-6. The quoted uncertainties include
both systematic and statistical errors. The cross
section for 7~ on aluminum agrees, within the
experimental uncertainty, with that found in a
preliminary measurement,!!

The descending part in the spectra from 7~ bom-
bardments is shown in Fig. 3. It is noticeable that
all spectra exhibit the same features: a nearly
exponential slope, roughly the same for all nuclei,
and no specific structure. These characteristics
are indicative of a statistical process of emission,
in which specific features are washed out. There-
fore, analysis of our data by comparison to evap-
oration calculations is suggested. The input for
an evaporation simulation consists of an excited
nucleus with a given excitation energy. We used
an intranuclear cascade calculation to simulate
the spectrum of nuclei and excitations.

We used the codes ISOBAR and EVA (IE),®!°
made available to us by Fraenkel, as modified
somewhat by Zaider et al.! Detailed descriptions
of the model and codes are given by the authors.
This model has recently been used %1213 jp the
analysis of pion-induced inclusive reactions. We
will now summarize briefly the features of the
calculation.

The intranuclear cascade stage is a series of
two-body interactions between pions, nucleons,
and A isobars within the nucleus. The cascade
is initiated by the interaction of the incident pion
with a nucleon. Free nucleon data are used. Each
product of the interactions is followed by the code
until its energy falls below a cutoff energy, related
to its separation energy. Pion absorption is as-
sumed to take place through two interactions which
involve nucleons and A isobars:

T+N—~A, ' (4)

TABLE I. Measured cross sections for He ions.

He do
energy range dQ|g¢°

Target  Projectile (MeV) (mb/sr)
C T 11.5-36.0 3.1+0.7

. Tt 11.5-36.0 2.310.5
Al T 9.5-36.0 5.1+1.2
w* 9.5-36.0 3.9+0.9

Ni T 7.5-36.0 13.1+2.1
* 7.56-36.0 8.3+1.6

Ag T 7.5-36.0 24.2+4.0
Au T 10.5-36.0 13.0+3.0
il 11.5-36.0 9.0+3.0
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FIG. 3. Partial energy spectra of He ions from 7~
bombardment. The low energy part of the spectra, up
to the peak, is not shown. Several statistical error baxrs
are shown.

20

A4+N,~N,+N,. (5)

Several single nucleons may be emitted during
the cascade, leaving at the end of this stage a
nucleus with a known excitation energy.

The excited nucleus is the input to the calculation
of the evaporation stage. The emission probability
per unit time of a particle j with a kinetic energy
hetween € to € +de is given in this stage by the
following?;
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FIG. 4. Energy spectra of He ions from 7~ bombard-
ment of Ag. Several statistical error bars are shown.
The lines are smooth approximations of the calculated
He ions spectrum. Dashed line—first set of calcula-
tions; solid line—second set of calculations. See text.

m w
P,(€)de = :‘-:-Tthg—oc, | Wg)fl ede, (6)

where g; and m; are the number of spin states and
mass of the emitted particle, respectively; o,; is
the capture cross section for the formation of the
emitting nucleus in the inverse reaction (i.e., the
collision of the emitted particle with the residual
nucleus); and W{f) and W(i) are the level densities
of the residual and emitting nuclei, respectively.
The capture cross section is found from the ex-
pression:

ijj ,,

05y =05(1+C,) [1- =L

7

where 0 is the geometric cross section and V;
is the height of the Coulomb barrier for particle
j. C; and k; are parameters adjusted such as to
yield the capture cross sections in the continuum
theory.?! They are introduced to approximate
roughly the effect of barrier penetration. The
level density is calculated from the expression®:

W(E) =C exp[2(aE)]/2, 8
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FIG. 5. Energy spectra of He ions from bombard-
ments of Ni. Squares—~; points—r* . Several statis-
tical error bars are shown. The solid line (for 7~) and
the dashed line (for 7*) are smooth approximations of
the calculated He-ions spectra.
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where a is a level-density parameter.

The cascade and evaporation calculations assume
the Fermi-gas model of the nucleus, which can
hardly be used for light nuclei such as carbon. For
heavy nuclei such as gold, on the other hand, the
approximations in the evaporation calculation are
not expected to be very reliable.?? Therefore, we
do not present any results of calculations for either
carbon or gold. The shape of the observed spectra
from gold is similar to those of proton- and pho-

_ton-induced @ evaporation from gold.?* 2

A first set of calculations was performed with
standard parameters and code options as indicated
by the authors'®!° for best results. The gross
shape of the spectra was reproduced by these cal-
culations, but the parameters which describe
evaporation spectra were not satisfactorily re-
produced: (a) The calculated peak appeared at
too high an energy; (b) the width of that peak did
not reproduce the measured width; and (c) the
cross sections at the peaks were lower than the
measured ones. These disagreements are illus-
trated in Fig. 4, where we present the results of
the first set of calculations for silver by a dashed
line. A second set of calculations was then per-

formed in order to get a better agreement with the

experiment. The level-density parameter a was
increased from A /20 MeV™! in the first set to A/10
MeV™!, The effect of this change is threefold: to
narrow the peak width, to lower the cross sec-
tions, and to increase slightly the peak energy.
The parameter k; was then decreased to increase
the barrier-penetration probability, and to lower
the peak energy to the experimental value. This
change caused an increase of the calculated cross
sections. The resulting spectrum for the silver
target is shown by a solid line in Fig. 4. The im-
proved agreement with experiment is noticeable.
The results of the second set of calculations for
the nickel target are shown by the lines in Fig.

5. They are in good agreement with the experi-
mental spectra. For aluminum, the results of
both sets of calculations reproduced the measured
spectra reasonably well. The major differences
between the two sets take place in the region of the
expected peak. Unfortunately, the peak was not
lobserved due to the experimental cutoff. In Table
II we present a comparison of the measured cross
sections to the calculated cross sections for the
same energy range.

It is interesting to note that both 7°- and 7*- in-
duced spectra were reproduced by the calculations.
It is thus shown that the differences between the
7" - and 7*- induced spectra can be accounted for
by the differences in the 7*N interactions and by
the Coulomb interaction in a classical treatment.

We note that a high value for a (=A/10 MeV™?) is

TABLE II. Comparison of measured and calculated
cross sections.

Energy
Pion range Measured  Calculated
Target charge (MeV) (mb/sr) (mb/sr)
Al T 9.5-30.0 4.9+1.2 5.5
T 9.5-30.0 3.7+0.9 6.0
Ni (a 7.5-30.0 12.9+£2.0 12.0
m* 7.5-30.0 8.3+1.6 9.0
Ag T 7.5-30.0 23.8+4.0 15.5

adequate for high excitation energies!®?5 (=100
MeV); whereas a lower value for a (=4 /20 MeV™!)?®
suits lower ‘excitation energies. Since the higher
value seemed to give better results, this may be
taken as a first indication of the important role
of pion absorption in flight in reactions where He
ions are emitted. We will return to this question
in the next section.

It is not surprising that we got a better fit with
a lower k;. It is well known® from proton-induced
reactions that in evaporation calculations the clas-
sical Coulomb barrier has to be reduced. Nuclear
expansion and surface vibrations of the excited
nucleus have been suggested as possible causes
for the disagreement between experimental data
and calculations, since these phenomena have the
effect of lowering the barrier height.

IV. DISCUSSION

This paper deals with those processes in which
a particles are emitted in the interaction of a
pion with a nucleus. All our spectra and calcu-
lations refer to He ions rather than to @ particles.
However, in a preliminary experiment!! we showed
that *He contributes no more than 15% to the He
spectra. The results of the IE calculation support
this conclusion for all nuclei. Therefore, in our
following discussion we will refer to a particles
rather than to He ions.

A. o measurements

As previously mentioned, the IE calculations
provide us with the possibility of singling out the
contributions of well defined channels. They show
that, for all considered nuclei and for both pion
charges, about 90% of the a particles evaporate in
processes where the pion was absorbed. This is
consistent with our earlier remark in Sec. III that
the use of the high excitation-energy approximation
to the level-density parameter @ indicates a major
contribution from pion absorption in flight.

An event in which a pion is absorbed produces

" a highly excited nucleus. Considering the & spec-
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tra, it is clear that the emission of an a particle
hardly exhausts the available excitation energy.
Therefore, it is likely that other particles are
emitted as well, spreading the inclusive @ cross
section over several residual nuclei for which AA
=4,

B. 7y-ray measurements

Deexcitation y-ray measurements yielded high
relative cross sections for one-a-removal chan-
nels. This could suggest a large probability for
real @ emission. However, consider, for exam-
ple, the interaction of 7~ with aluminum [see

" reactions (1)-(3a) in Sec. I]. We select aluminum,
since it is the only monoisotopic target used in .
both our o measurement and deexcitation y-ray
experiments. IE calculations predict here that
real o particles are emitted in less than 10% of
the reactions which lead to 2®°Na. Therefore, on
the basis of this cascade-evaporation model, it
can be stated that one-a-removal lines, observed
in deexcitation y-ray experiments, do not nec-
essarily imply large probability for real @ emis-
son,

C. Common channel

The one-a-removal reaction, reaction (1), has
one channel, reaction (2a), which is common to
both deexcitation y-ray and to direct @ methods
of measurement. We mentioned in the beginning of
this section that IE calculations predict that in
a-emission processes all channels in which the
pion was not absorbed contribute a total of about
10%. Since reaction (2a) corresponds to one such
channel, its cross section is expected to be much
smaller (less than 10%) than the total cross section
for @ emission. On the basis of Secs. A and B, we
conclude that the common channel, reaction (2a),
has a cross section which is much smaller than
the total cross section for both the inclusive a
measurement [ reaction (1)] and the inclusive y
measurement [ reaction (2)].

D. 7 /r" ratios

The cross-section ratios for bombardments with
7~ and 7* are listed in Table III. Within the experi-
mental uncertainties, all ratios are greater than
1, indicating higher probability for & emission
from 7”7 -induced reactions. The average ratio is
about 1.4, equal to the ratio found for total cross -
sections in this pion-energy range.?” This could
be expected, since the a particles emerge in a
wealth of exit channels, so that any specific fea-
tures are washed out.

TABLE III. 7~ to 7* ratios of He cross sections:

do, . /do, .
25"’/25“’"

Target Experimental 2 Calculated ®
C 1.35+0.32
Al 1.31+0.33
Ni 1.58 £0.25 1.3
Au 1.44+0.40

2In same energy range for each ratio.
"From differential cross sections. (See Table II).

V. CONCLUSIONS

The major conclusion which can be drawn from
our results and analysis is that most of the low
energy He particles from pion-induced reactions
at 70 MeV are emitted in a process which can be
successfully described by evaporation calculations.
The results of the IE calculations emphasized the
dominant role of pion absorption in flight in re-
actions in which @ particles are emitted. The
calculations have further shown that when a 70-
MeV pion interacts, for example, with an 27Al
nucleus and a v (A =23) is observed inclusively,
there is small probability that an « particle is
also emitted in the process. Conversely, if an
a particle is observed inclusively, the reaction
most likely does not yield a final product with
A =23. On the basis of our model-dependent con-
clusions we wonder whether the results of pre-
vious inclusive deexcitation y-ray experiments
should be interpreted as suggesting 4 large prob-
ability for real o emission. A more definite state-
ment can only be made as a result of systematic
measurements of well defined exit channels.
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