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The interaction of 70-MeV positive and negative pions with s-d shell nuclei was studied via measurements
of the deexcitation y rays from residual nuclei produced in the reactions. Cross sections for producing
specific levels in the residual nuclei were measured. The results are compared with Monte Carlo calculations
of intranuclear cascades, followed by evaporation processes. In order to take into account the special features
of the prompt 7y-ray technique, the probability for leaving the residual nuclei at different regions of
excitation, together with measured <y-ray branching ratios, are incorporated into the calculated cross
sections. Good agreement is found between measured and calculated cross sections for reactions involving the
removal of four or more nucleons. For such reactions, the calculations are dominated by pion absorption
processes. The cross sections for the removal of an a-equivalent cluster from T = 0 nuclei have about the
same strength as those corresponding to the removal of a triton cluster from the neighboring T = 1/2 nuclei.
This suggests that the final nucleus, rather than the removed particle, is mainly responsible for the observed
strength. The cross sections for single-nucleon-removal reactions do not agree with the calculations.

NUCLEAR REACTIONS %Na, Mg, ¥Al, Bsi, %P, 3%, 3K, °ca @*, xy), E,
=70 MeV, Ge(Li) detector, measured cross sections for producing specific
levels in residual nuclei, calculated o.

I. INTRODUCTION

The prompt y-ray technique has been used ex-
tensively in the last few years for the investi-
gation of the interactions of pions with nuclei. In
this technique, the deexcitation y rays from the
final nuclei which are produced in the interaction
are measured. Various reaction channels and their
relative strengths are identified in this way, and
cross sections are determined for specific final
levels. In most cases it is difficult to know whether
these levels are populated directly or via electro-
magnetic cascades from higher states. Also, no
direct information about the outgoing particles is
obtained.

Prompt y-ray experiments have been performed
over a wide range of targets and pion energies.!~®
The main features found in these experiments can
be summarized as follows:

(a) For reactions involving the removal of ore
nucleon from the target, the cross-section ratios
of the type

o[A(r~, 7"n)B]
oflA(n*, 7t n+7°)B]

R,(A)=

were found to be considerably smaller than the
values expected from impulse-approximation esti-
mates. Similar results have been found previously
in activation® experiments.

(b) For even-even target nuclei, large cross
sections were found for reactions leading to final
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nuclei which differ from the target nucleus by an
integral number of (2p2n) equivalent clusters.
These were referred to as “a” removal reactions.
It was suggested® that these enhanced cross sec-
tions may be understood if @ clusters are assumed
to exist on the nuclear surface and a direct 7-«
interaction takes place.

(c) The distribution of final nuclei follows, as a
general rule, the line of B stability.

An attempt? to interpret the results of these ex-
periments in terms of intranuclear cascade-evapo-
ration processes was made. In this study the fea-
tures of the prompt y-ray technique (see Sec. IV)
were not taken into account in the calculations and
the agreement with the experimental results was
not satisfactory. Recently, Lieb et al.® modified
the results of the cascade -evaporation calcula-
lations and obtained improved agreement.

In the present paper we report the results of
prompt y-ray experiments in which the interac-
tions of 70-MeV positive and negative pions with
25Na, Mg, 2"Al, 28si, 3P, 2§, ¥K, and *°Ca nuclei
were studied. The aim of the present work was to
study, in a systematic way, the interactions of
pions with s-d shell nuclei and to gain some in-
sight into the reaction mechanisms. This was done
by comparing the data with intranuclear-cascade-
evaporation calculations, appropriately modified for
prompt y-ray experiments. The comparison be-
tween the results obtained for neighboring T =%
and T =0 target nuclei yielded information on ad-
ditional features of these reactions.
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II. EXPERIMENTAL PROCEDURE

The experiments reported in this paper were
performed using the secondary pion beam at the
Saclay electron linear accelerator. Because of
the low duty cycle of this beam (2%), we limited
the average beam intensity to about 10° pions/sec.
The pion beam intensity was monitored and found
to be steady within each run to 5%. The 70-MeV
pion beam had an energy spread of +5%. Whenever
the beam polarity was changed, the beam profile
was checked using a plastic-scintillator hodoscope.
The beam profile had a Gaussian shape with hori-
zontal and vertical full width at half maximum
(FWHM) of 5 and 2 ¢m, respectively.

The electron and muon contamination in the beam
had previously been measured at Saclay.® The pro-
ton contaminant was eliminated using aluminum
absorbers placed at the exit of the pion channel.
The experimental layout is shown in Fig. 1. The
y-ray spectrometer was a 65-cm?® Ge(Li) detector.
The plastic scintillators P1 and P2 formed a beam
telescope. They were placed 50 cm in front of the
target, and they determined the beam intensity on
target. A third plastic scintillator, P3, was
placed on the front face of the Ge(Li) detector and
was used in anticoincidence mode to eliminate
background from charged particles which pene-
trated the y detector. The target was inclined by
about 40° to the beam axis. The Ge(Li) detector
was placed at 110° to the beam axis thereby mini-
mizing the flux of scattered pions hitting the detec-
tor. Lead shielding protected the Ge(Li) detector
from the muons coming from decaying pions. The
optimum distance between the center of the target
and the Ge(Li) detector was found to be about 11
cm. A sheet of 2-mm thick lead was placed on
the Ge(Li) detector in order to reduce the flux of
low energy y rays. The targets (about 11X 11 cm?)
consisted of natural material in solid or powder
form. Except for Mg where the ?*Mg abundance is
79%, the abundance of the main isotope in all
other targets was greater than 92%. The targets
were typically 2-3 g/cm? thick.

A simplified diagram of the electronic system is
shown in Fig. 2. The y-ray spectra were recorded
in coincidence with the incident pions. This coin-
cidence requirement of about 8-nsec FWHM reso-
lution improved significantly the peak-to-back-
ground ratio in the y-ray spectrum. The elec-
tronic system was designed to handle dead-time
losses due to the high instantaneous counting rate
in the pion telescope and in the y-ray detector.
The pion beam intensity was limited in order to
keep the overall dead-time losses smaller than
156%. Dead-time losses were presumably a major
factor for the large differences in published val-
ues!® of absolute cross sections obtained in several
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FIG. 1. General layout of the experimental setup.

prompt y-ray experiments. We therefore describe
here in some detail our system for dead-time
measurement. The pion losses were measured as
follows: Light emitting diodes (LED) were attached
to the P1 and P2 plastic scintillators. The LED’s
were triggered by a pulse which was coincident
with the pion beam, once every 4096 bursts. A
known number of “pions” was simulated in this
way. In order to distinguish between LED coinci-
dences and P1-P2 coincidences produced by pions
passing through the scintillators, two identical
delays (of about 10 nsec each) were placed, one
(d1) before P1 and the other (d2) after P2 (see
Fig. 2). The outputs of the P1 and P2 detectors
were simultaneously fed into two coincidence units
(COIN1 and COIN2) each with a resolving time 27
=4 nsec. In this way COIN1 recorded only real
pions, whereas COIN2 recorded only LED coinci-
dences. In order to eliminate random coincidences
generated by the incoming pions and recorded by
COIN2, an additional coincidence from the pulse
which triggered the LED’s was required on the
COIN2 unit. Whenever one of the LED pulses found
the system blocked (due to a preceding pion), no
LED coincidence was recorded. By comparing the
number of LED coincidences with the number of
LED triggers, the percentage loss of real pions
in the beam was determined.

The same pulse which triggered the LED’s also
triggered an analog pulser, the output of which was

d2 Hcozm l

FIG. 2. Simplified block diagram of the electronic sys-
tem.
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then fed into the Ge(Li) preamplifier. In this way,
a simulated “y ray” was associated with the LED
“pion.” This “y-ray” pulse passed through the
same electronic system as any real y-ray pulse
and was recorded in the y spectrum as a separate
peak. The integrated counts in this “pulser peak”
divided by the number of LED coincidences (COIN2)
determined the live time in the y detection system.
The dead-time system was checked by performing
three measurements in which the same target was
bombarded at three different beam intensities.
Calculated cross sections from the three measure-
ments were consistent with one another. More de-
tails about the electronic system can be found else-
where.!!

The energy calibration of the Ge(Li) detector
was done with radioactive sources of known y-ray
energies. The final calibration was made for each
target separately using strong known y lines in the
spectra. The y-ray detection efficiency included
the intrinsic detector efficiency, y-ray absorption
in the target and geometric solid angle. This
efficiency was measured using calibrated radio-
active sources, and corrected for the effects of
the nonuniform beam profile.

A typical measurement for each target lasted 3h.
A no-target measurement was performed in order
to determine background lines. Room background
was negligible due to the requirement of coincidence
with incident pions. Most of the observed back-
ground was produced by the interaction of the beam
or associated neutrons with the shielding and the
Ge(Li) detector. A check for contribution to the
measured spectra from electrons present in the
beam was made by reducing the accepted beam
momentum to the minimum. The beam consisted
then practically of electrons only, and as expected,
no contribution to the spectra was observed.

III. RESULTS

Examples of spectra following the interaction
of ¥ and 7~ with a sulphur target are shown in
Fig. 3. The measured cross sections and y-ray
energies are presented in Table I. Most of the
listed y-ray energies correspond to ground state
transitions. The “removed equivalent particle” in-
dicates the cluster, or the corresponding group of
individual nucleons, removed in the reaction, as-
suming inelastic pion scattering. This convention
will be used in the rest of this section. This defi-
nition is less appropriate for Mg due to the low
abundance of 2¢Mg in the target.

Our criterion for y-ray assignments was that the
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observed and known'? energies agree to within the
2 keV uncertainty in the energy calibration and the
uncertainty in the published values. y lines, com-
mon to all targets (including measurement in C and
O targets), were considered background. Also, if
a level had two detectable branches, both transi-
tions had to be observed, within the limits of the
measured statistical accuracy. No levels with life-
times longer than about 10 nsec were assigned. In
some cases, more than one residual nucleus was
assigned to the same y-ray energy, as indicated

in the table. Some assignments were checked
against other types of measurements on the same
target'® (short and long lifetime activity measure-
ments). We quote every assignment compatible
with these criteria.

The cross sections for the observed transitions
were calculated using the measured target thick-
nesses, detection efficiency, pion flux, dead-time
losses, and beam contaminants. Each y peak was
integrated, and an average smooth background was
subtracted. Overlapping peaks were unfolded us-
ing a standard shape taken from a strong, isolated
peak. Peaks broadened significantly by the
Doppler effect were not analyzed in this work.

In calculating the cross sections we assumed that
vy rays are emitted isotropically. This assumption
is justified since the incoming pion carries a rela-
tively small amount of angular momentum. If,
furthermore, many nucleons are emitted, any
nuclear orientation is expected to be washed out.
For an E1 transition following inelastic pion scat-
tering (probably the most unisotropic case) only a
30% correction is required.!*

The errors shown in Table I for the cross sec-
tions are due to statistics and to the uncertainties
in the energy dependence of the detector efficiency.
Thus, they determine the uncertainty in the rela-
tive intensities of different y lines for n* or for
7~ induced reactions. The absolute cross sections
have an uncertainty of 15% due to systematic er-
rors in the beam contamination, the dead-time
corrections, and the absolute efficiency measure-
ments.

An additional uncertainty present in some re-
actions is due to secondary reactions such as
(n,n"), (n,2n), or (n.a) induced by neutrons pro-
duced in the target by the incoming pions. The
contribution of these processes is difficult to esti-
mate. An estimate based on measured neutron
induced cross sections and calculated neutron
yields in the target shows that (n, n’) reactions
could contribute up to 50% to the observed (7,7’)
cross sections, while (n, @) will have at most a
20% contribution to the “3He” removal cross sec-
tions. The effect of the (n,2n) reaction was found
to be small.
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FIG. 3. y-ray spectra following the interaction of 70-MeV positive pions (top) and negative pions (bottom) with 328,

Measured y-ray energies are indicated in keV.

IV. DISCUSSION

A. Cascade-evaporation calculations and the prompt y-ray
technique

It is difficult to put in a unified theoretical
frame a variety of experimental results such as
those obtained in this work. Measured cross sec-
tions range from relatively simple reactions, such
as charge exchange or knockout, to deep spallation
reactions and evaporation processes. The present
level of theoretical understanding can hardly ex-
plain even simple reactions, let alone a multitude
of reactions. On the other hand, the prompt y-ray

technique does not provide enough details to fully
test specific theoretical models. We felt that our
data could be best interpreted by using Monte
Carlo calculations of intranuclear cascades fol-
lowed by evaporation processes. Such calculations
have been successful in correlating a wide range
of experimental data obtained for other projec-
tiles. In addition, various intermediate reaction
channels and their relative strength can be fol-
lowed throughout the calculations. There are a
few Monte Carlo codes which describe the inter-
actions of pions with nucleil®~?” We used the pro-
gram ISOBAR written by Harp et al.'” because
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TABLE I. Measured and calculated cross sections for the observed y-ray transitions.

Removed
Target equiv. Residual E, MeV) Og+ (mb) 0, - (mb)

nucleus particles® nucleus Transition Observed Published® Experiment® IEY Experiment¢ IE9
2Na - %Na I—-0 0.439 0.440 20.7+ 1.0 11.2 32.6+1.6 9.7
- %Na I—0 1.636 1.634 16.4+ 1.0 3.4 19.4+1.6 2.3
¢ 20Ne 1—-0} 1.634} 13.2 14.9
P 22Ne I-0 1.275 1.275 16.6+ 1.0 35.5  23.2+1.4 27.5
d 2Ne I—0 0.352 0.350 16.4+ 0.8 27.0 14.7+ 0.8 21.6
3He 20 I—0 0.654 0.656. 0.7+ 0.6 <3.7 5.2+ 0.7 <9.2
Mg*® - UMg I—0 1.369 1.368 42.7+2.2 15.7 21.8+ 1.1 17.7
d 2Na VI—0 1.370 3.9 9.7
(17, 2p) 2y -0 1.360 -
5p2n N I—-0 1.371 - 0.5
(r, 1) %Na mI—1 } 0.872 0.871 } <2.5 - 3.3+0.7 0.3
"Be life} I—-0 0.871 0.5 1.0
(1°,2p) 2y I-0 } 0.658 0.660 } <2.5 - 2.2+ 0.3
i Wp I—-0 0.656 1.0 3.9
n Bpg I—-0 0.451 0.451 9.8+ 0.9 5.6 2.7+0.3 10.2
P Na 1I—-0 0.439 0.440 15.1+ 1.1 29.8 10.2+ 0.5 22.0
¢ 2Na I—-0 0.330 0.332 3.1+ 0.8 1.7 0.310.1 2.3
2p 2Ne I—-0 1.274 1.275 8.6+ 1.4 12.6 8.1+0.5 5.1
He Ne I—-0 0.350 0.350 11.8+ 0.9 12.3 7.8+0.4 9.7
a 20Ne I—0 1.634 1.634 17.8+ 2.4 15.4 12.4+ 0.7 10.2
1og uN I } 1.632} 3.1 4.0
L 18p 1—-0 0.937 0.937 6.5+ 1.1 1.6 2.7+£0.4 1.9
LUN - LN I—0 0.842 0.844 3.6+ 1.0 3.7 8.3+2.7 0.8
n 26a1 m—0 0.418 0.417 5.7+ 0.6 12.7 3.2+ 2.0 15.2
p Mg I—0 1.807 1.809 8.9+ 1.7 54.4 14.1+3.6 26.1
d BMg I—-0 0.585 0.585 3.8+0.8 18.6 8.8+ 1.8 16.9
¢ UMg 1—0 1.367 1.369} 16.8+ 1.8 39.1 15.9+ 3.0 27.2
*He 22Na VI—1 } 1.369 3.5 5.2
2n %A1 I—-0 0.451 0.451} 1.4+ 0.6 0.7 <4.3
p3n BMg I—0 0.451 2.5
a BNa I—-0 0.441 0.440 13.4+ 1.0 15.4 19.0+ 2.1 16.1
SLi 22Ne I—-0 1.273 1.275 5.0+ 1.3 6.7 11.1+2.9 17.8
bLi Ne I—0 0.352 0.351 8.8+1.1 11.9 12.2+ 3.0 11.5
285 - 28gi I—0 1.777 1.779 12.3+ 2.8 25.0 22.3+ 3.0 17.5
n Asj I—-0 - 0.780 <4.4 2.6 <4.2 6.1
b LUN| I—0 0.843 0.844 4.3+1.7 8.3 13.1+2.4 7.2
d LN m—o0 0.417 0.417 7.3+1.5 12.0 8.2+ 1.6 10.2
d LI m—1 0.829 0.830 4.2£1.7 15.3 <4.5 9.6
¢ RN 1—-0} 0.452 0.451 6.0+ 1.6 0.5 <3.3 0.7
SHe Bmg I—0 0.451} 3.0 ces
2p Mg I—0 1.808 1.809 <4.4 13.2 15.0+ 2.7 6.0
He BMg I—-0 0.585 0.585 8.8+ 1.5 9.8 12.2+2.0 12.1
SLi Na I—0 0.440 0.440 9.9+ 1.7 8.0 17.7+ 1.9 10.0
a Mg I—0 1.367 1.369 24.443.1 36.3 29.3+ 3.0 32.9
L1 2Na Vi—I } 1.369 } 6.9 4.6
éBe 2Ne I—-0 1.273 1.275 <4.6 2.5 10.9+ 2.2 9.1
"Be ¥Ne I—-0 0.351 0.351 12.4+ 1.6 7.2 15.9+ 1.9 10.0
3p - dp 1I—0 1.266 1.266 53.8+ 6.5 0.6 32.4+4.7 10.6
- ip n—-o} 2.234 2.234} 34.8+2.5 1.1 46.1+3.6 2.0
p 30gi I—-0 2.235 40.6 23.1
d gi I—0 2.027 2.028 12.4+ 1.7 17.4 22.0+ 2.8 28.4
¢ 28gi I—0 1.777 1.779 16.9+ 1.9 41.0  22.0£3.0 32.7
*He LN n—0 0.418 0.416 7.2+ 0.8 7.0 6.5+ 1.1 4.8
He 2541 I—-0 0.451 0.451 3.0+ 0.7 0.2 6.3+1.1 0.8

8Li BMmg I— 0} 0.451} 1.5
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TABLE 1. (Continued)
Removed
Target equiv. Residual E, (MeV) O+ (mb) 0y~ (mb)
nucleus particles® nucleus  Transition Observed Published® Experiment® IEY Experiment® IEY
SLi Mg 1—0 1.807 1.809 4.3+1.5 7.1 27.2+3.1 14.3
L 25Mg 1—0 0.584 0.585 8.1+0.9 7.3 21.0+1.5 5.3
fLi Mg n—o0 0.392 0.390 3.3+ 0.7 2.7 4.3+1.0 2.2
Li Mg I—0 1.366 1.368 22.0+ 1.7 25.4 16.0+2.3 17.8
20 Na I—-0 0.441 0.440 12.9+ 0.9 6.9 15.5+1.2 8.7
10ge ANa I—-0 0.332 0.332 4.4+0.8 0.8 3.8+0.9 0.3
10 ANe I—0 0.352 0.350 6.6+ 0.7 7.9 8.1+1.0 6.5
g 20Ne I—-0 1.632 1.634 104+ 1.7 5.0 <6.3 2.5
o Uy n—I } 1.632 } 0.6 -
g - 328 I—0 2.230 2.230 52.5+ 2.7 - 75.2 £ 3.8 -
w—1I 2.229 - -
n g nI—o0 2.232 - -
3p LN m— 0 2.228 - -
*, 2¢1 m—0 1.265 1.260 21.3+4.4 1.1 - -
P Sip I—-0 } 1.266} 23.0 29.5+4.1 12.7
d 30p V—1I 1.264 5.1 4.5
n g I—-0 1.248 1.249 } 9.6+5.1 5.1  <2.3 15.2
10ge 2Mg I—0 } 1.249 0.5 -
d 30p nm—o0 0.709 0.709 7.3+0.7 7.2 12.5+ 0.8 6.7
He 2gi I—0 1.271 1.273 12.6 + 4.2 12.1 13.7+ 4.2 15.6
3He 295§ -0 2.028 2.028 9.5+ 3.1 12.0 12.6+ 1.9 15.5
a 28gj I—-0 1.778 1.779 17.1+ 4.0 19.4 27.2+ 2.4 28.9
i 26A1 I—0 0.416 0.417 6.4+ 0.6 4.3 3.9+ 0.6 5.9
Li LN I—0 0.451 0.451 5.1+ 0.7 0.3 <2.3 0.9
°Be BMg I—0 } 0.451 } 3.4 1.9
"Be Mg I—0 0.586 0.585 6.8+ 0.7 7.8 - 7.4
"Be Mg m—0 0.390 0.390 <0.9 3.1 1.7+ 0.5 2.8
20 UMg I—0 1.368 1.368 29.3+ 1.5 25.4 21.0+ 1.2 24.0
10 2Na VI—1 } 1.369} 4.7 2.4
15p 1N I—-0 1.371 - -
B 2Na 1—0 0.440 0.440 9.9+ 0.7 7.8 9.2+ 0.6 11.5
Rl ANe I—0 0.352 0.350 5.6+ 0.7 5.1 4.840.5 8.7
3K - Pk n—0 2.813 2.814 11.3+ 1.5 6.9 20.9+4.3 5.9
- ¥g IV—1II 0.786 0.785 8.5+ 0.9 0.5 13.1+£1.7 0.6
- I VI—II 1.129 1.130 2.5+ 1.0 0.1 10.8+ 3.6 0.2
2n STk I—-0 1.368 1.369 3.0+ 1.4 0.2 <9.3 -
15N Mg I—0 } 1 368} 7.4 4.4
1TNe 2p n—o0 1.360 -
p By I—-0 2.166 2.167 23.3+ 1.5 39.5  37.7+3.7 25.6
b LN ni—o 1.643 1.643 9.1+1.3 17.5 16.9+ 3.3 10.0
p LN V—1III 0.670 0.669 7.4%0.9 10.3 10.7+ 1.4 3.3
d SAr o—0 1.610 1.611} 7.9+1.3 10.1 14.8 £ 4.0 10.0
N Mg 111»0} 1.611 0.1 0.3
t ar I—0 1.968 1.970} Large? 17.5 13.2+ 4.8 12.4
3g g m—0 } 1.963 - -
"He ey n—o 0.461 0.461 2.8+0.8 3.0 2.4+ 1.7 1.5
SLi g I—0 2.127 2.127 12.1+ 3.0 15.1 23.0+ 4.6 20.3
Be 30p o—o 0.711 0.709 7.8+3.4 5.8 44.9+5.1 1.3
3¢ 2641 n—0 0.417 0.417 <1.5 2.3 3.1+£1.2 1.0
150 %Na m—1 0.872 0.869 <0.8 0.1 5.3+2.8 0.2
vV—1I } 0.374} - -
2Na 1o 1I—0 0.871 - -
40 %3Na 1—-0 0.440 0.440 0.6+ 0.3 0.3 6.5+ 1.3 1.3
18p UNe I—-0 0.348 0.350 <1.2 0.6 3.6+1.2 0.6
19Ne 20p n—-o} 0.821 0.823} 3.3+ 0.8 1.2 <9.1 1.2
l4g g m—0 0.815 - -
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TABLE 1. (Continued)
Removed
Target equiv. Residual E, (MeV) ay+ (mb) oy - (mb)

nucleus particles® nucleus Transition Observed Published® Experiment® IEY Experiment® IE¢
40ca - 40ca n—0 3.737 3.737 8.5+ 1.0 15.4 19.1+2.5 11.3
- 40ca IV—II 0.753 0.754 4.4+0.5 11.2 6.0+1.1 8.3

™, 2p 31 m—0 } 0.755} - - -
c si 1I—0 0.753 - 0.6

T, 40 Iv—I 1.612 1.613 - - 21.9+2.2 -
SHe STAr n—o0 1.611 6.0+ 0.8 7.7 12.1
N RIN m—0 1.612 0.6 0.6
50 Mg m—0 1.612 0.6 0.8
d BK o—I } 0.332 0.330 } 6.6+ 0.5 16.9 9.3+ 0.9 16.7
By Na I—0 0.332 - 0.6
2p Ay I—-0 2.168 2.168 9.6+ 1.5 20.7 16.3+ 2.6 22.2
a Spr I—0 1.972 1.970 22.6+ 2.1 16.2 16.4 + 3.4 12.0
i ¢ 1I—-0 0.789 0.789 4.4+ 0.6 1.4 46.2+2.3 8.4
bLi el n—o 0.463 0.461 2.0+ 0.4 6.4 <2.1 3.3

2This indicates the cluster or corresponding group of individual nucleons removed in the reaction, assuming inelastic

pion scattering.

®The criteria for assigning transitions to the observed y-ray energy are that the observed and known energies agree to
within 2 keV uncertainty in the energy calibration and the uncertainty in the published values.

¢Errors given are due to statistics, the uncertainty in the energy dependence of the detector efficiency, background
subtraction, and ambiguity in doublets decomposition. In addition, the uncertainty in the absolute cross sections is
15%. For some of the lines, the cross sections include contributions from secondary reactions (see Sec. III of text).

dCross sections for the observed y transition calculated with the modified ISOBAR-EVA code (IE).

®The “removed equivalent particles” for Mg, assumes an interaction with Mg, whose abundance in the target was

79%.

! This peak had an unusual shape and was assumed to be unresolved from surrounding background. Hence, the cross

section is not given.

it includes assumptions made by the other authors,

together with a more detailed treatment of the
various aspects of the pion-nucleus cascade in-
teraction. In this code, the pion-nucleus inter-
action is described by sequential two-body scat-
terings of pions and nucleons in the nucleus. A
7m-N interaction can result in the production of a
A isobar. Such an isobar can then interact with
nucleons and can also subsequently decay. The
program uses measured pion-nucleon and
nucleon-nucleon cross sections to describe the
different two-body scatterings. *The nuclear den-
sity is taken from electron scattering. As a re-
sult of these interactions called “intranuclear
cascades,” a few particles are emitted and a
residual nucleus is usually left in an excited
state. The ISOBAR code calculates for each cas-
cade the identity, the mass, the momentum, the
energy, and the direction cosines of the emitted
particles and of the corresponding residual nu-
cleus. We used recommended '’ ISOBAR options
in which: (1) pions and nucleons are not reflected
or refracted at the nuclear surface, (2) the pion-
nucleus potential was taken to be -25 MeV, (3)
A-nucleon charge-exchange scatterings are not
allowed, and (4) no restriction is made on the
distance between successive collision sites.

The output of ISOBAR is fed as an input into
the computer code EVA!® which simulates nuclear
evaporation processes from the excited residual
nuclei produced in the intranuclear-cascade
stage. Each ISOBAR-EVA calculation consisted
of 1000 ISOBAR events, followed by two EVA
evaporations for each ISOBAR event. The sta-
tistical uncertainties in these calculations are
about 20% for a 20-mb cross section.

Whenever such calculations are used for the in-
terpretation of experimental results obtained by
the prompt y-ray technique, they should not be
used directly for reasons explained below. As
was previously mentioned, the cross section ob-
tained in a prompt y-ray experiment is a measure
of the production of a specific excited state in the
residual nucleus. This includes therefore con-
tributions from higher excited states (populated in
the same reaction) which decay with appropiate
branching ratios to the observed state. One should
extract from the calculated total cross section for
reaching a specific residual nucleus the fraction
corresponding to the measured level. This was
done in the following way: The ISOBAR-EVA (IE)
calculations yield, for each residual nucleus, the
probability for leaving it at a certain excitation
energy. The known energy level scheme of each
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FIG. 4. Comparison between experiment and ISOBAR-EVA
calculations: (a) unmodified, (b) modified to take into
account the known energy levels and branching ratios,
(c) same as (b) with the inclusion of the 6 modification
(see Sec. IV A). The lines between calculated points are
drawn only to guide the eye.

residual nucleus'? was divided into regions of
0.5-MeV width. A weight was assigned to each
region according to the calculated probability for
leaving the nucleus at that region of excitation
energy. This weight was equally distributed among
the excited states located in that region, and their
contribution to the observed transition was then
calculated, using the known branching ratios.!2
The effect of this correction is large, as shown

in Fig. 4. Whenever transitions in two or more
nuclei correspond to the same measured energy,
the strongest cross section (according to calcu-
lations) is mentioned first and the others are
given in parentheses (see Fig. 4).

One difficulty in the above procedure is that the
EVA calculations introduce distortions in the
probability for leaving the residual nucleus at a
certain excitation energy. As a first consequence,
nuclei which were energetically allowed to decay
further by particle emission are artificially kept
as “stable” due to the specific way in which the
integrated emission widths are calculated. Pair-
ing and closed shell effects are taken into account'®
by displacing upward the ground state of certain
nuclei by the pairing energy 6, typically about
1 MeV. In this way, the emission widths, which
are proportional to the density of states in the
final nuclei, are adjusted to fit a more realistic
picture of the nuclear structure. Kinematically,
a nucleus A with a separation energy @ for the
emission of a certain particle leading to nucleus
B will need an excitation energy larger than @ +6
in order to decay by particle emission. Here, §
is the displacement of the ground state in the
nucleus B. Thus, nucleus A with excitation ener-
gy between @ and @ +§ is closed to particle de-

cay. This does not affect considerably the total
cross section for production of the nucleus A

(as measured for example in activation analysis)
due to a compensating effect. The nucleus A which
is not allowed to decay further, whenever its ex-
citation energy is between @ and @ + 4§, is not it-
self populated strongly from the decay of neigh-
boring nuclei. A second consequence of the dis-
tortions introduced by the EVA code is that the
relative population of the low excited states in

the nucleus B will be reduced. The cross sections
calculated in the EVA code will therefore not be
appropriate for comparison withresults of prompt
y-ray experiments. We modified the EVA code

so that nuclei left in the region between @ and

@ + 6 can nonetheless decay by particle emission
(this was done by setting 6§ =0). For excitation
energies above @ +0, the 6 values were not
changed. The effect of this modification may be
seen in Fig. 4. There are some changes in the
absolute cross sections, especially for reactions
in which few nucleons are removed. For instance,
the ratio of “*He” to “a” removal cross sections
agrees better with experiment.

B. Results of modified calculations

Figures 5 and 6 present some of the measured
results compared with calculated cross sections.
For each figure, the abscissa refers to the re-
moved equivalent particles which will bring the
target to the observed final nucleus. The agree-
ment between calculated and measured cross sec-
tions is good. It should be emphasized that no
normalization parameter has been used in the
calculation. A closer examination of the results
for each target allows us to distinguish between
two groups. Apart from a few cases there is
generally good agreement for residual nuclei
reached through the removal of many nucleons and
poor agreement for residual nuclei reached
through the removal of few nucleons (up to about
three). A possible explanation for this difference
is the following: Whereas products far from the
target nucleus are reached essentially by evap-
oration (calculated by the EVA code), most of the
nuclei reached through the removal of a few
nucleons are produced in the pre-equilibrium
stage of the reaction (calculated by the ISOBAR
code). The EVA code has a well understood
theoretical basis and its results have been checked
against a large amount of experimental data. This
is not the case for the ISOBAR code, which is
affected by the present scarcity of data for pion
induced reactions and by the relatively poor under-
standing of the pion-nucleus interaction.
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FIG. 5. Comparison of the modified i1SoBAR-EVA cal-
culations with prompt y-ray results obtained in the
present work for 3P, The lines between calculated
points are drawn only to guide the eye.

C. Single-nucleon-removal reactions

These reactions have been previously studied
over the pion energy of 50 to 1900 MeV >® Most
published data on these reactians consist of cross
sections measured through the radioactivity of the
residual nuclei. Particular attention has been de-
voted to cross-section ratios of the type

of[A(r~, n"n)B]
o[A(r*, m*n+7°p)B]

R,A)=
and

ofA(n*, 7t p)C]

Ry(4)= ofA(m=,m"p +71°n)C]

which have been found in most cases to deviate

32 i experiment
— I SOBAR-EVA ]

201 § ¥ B

6o 32g 4 - ]

n p d SHe a °Li 'Be2a %Be B 'C
FIG. 6. Comparison of the modified i1soBAREVA calcu-
lations with prompt y-ray results obtained in the present

work for 32S. The lines between calculated points are
drawn only to guide the eye.

significantly from predictions of simple impulse
approximations. Many attempts have been made
tounderstand these ratios including modified plane
wave impulse approximation (PWIA) calcula-
tions,!® cascade calculations,®:2° effects of final-
state interation,?! and effects of the giant dipole
resonance as an intermediate state in the reac-
tion.?? Sternheim and Silbar??® suggested recently
that the inclusion in the calculation of enhanced
nucleon charge exchange may improve the agree-
ment with the experimental results.

About 20 cross sections for transitions which
correspond to one nucleon removal were measured
in the present work. The observed ratios R,(4)
are presented in Table II together with simple
impulse-approximation (IA) predictions, calcu-
lated from pion-nucleon cross sections at
70 MeV,?* and the results of the IE cascade-evap-
oration calculations. All measured ratios dis-
agree with the impulse-approximation predictions,
indicating that a more sophisticated approach is
needed for the analysis of the reactions. Although
the cascade-evaporation calculations come closer
to the measured values, they still overestimate
the ratios by a factor of 2 or more. By using the
phenomenological model proposed by Sternheim
and Silbar?® we were able to reproduce the mea-
sured ratios with values of P (measures the prob-
ability for nucleon charge exchange) of about 0.4.
This is below the maximum allowed value of
P =0.5 and larger than P =0.25 calculated for 2C
at £,=180 MeV. Still, this model is unable to
explain the measured ratios:

olA(n=, 71 7p+7°r)C]
o[A(m*,m*n+1°)B] °

R,(A)=

Experimental results for this ratio, together
with the corresponding IE results, are listed in
Table II. When A is a T =0 nucleus, then B and
C are mirror nuclei and there is complete iso-
spin symmetry between numerator and denom-
inator. We therefore expect this ratio to be of
the order of unity (a small difference from unity
is expected because of Coulomb effects in the in-
coming channel). The observed ratio for 28Si
and %28 are larger than 3. We considered two
possible reaction mechanisms through which a
large asymmetry may be introduced in this re-
action. The first mechanism may be observed
through a detailed analysis of the IE calculations
(which reproduce these ratios reasonaly well).
In these T =0 nuclei, the threshold for neutron
emission is higher by about 5 MeV than for pro-
ton emission. A large fraction of the cross sec-
tion comes from inelastic pion scattering followed
by nucleon evaporation. If these inelastic scat-
tering process strongly populated unbound levels
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TABLE II. Experimental and theoretical cross section ratios of single-nucleon-removal

reactions.
R;(4)

Target Ry(A) aly,p)®

nucleus Experimental IE? JA® Experimental 1IE2 aly,n)
2Na 0.71 £ 0.07 1.3 2.1

LN 0.6 +0.2 2.1 2.1

2854 0.3 +0.1 1.1 2.1 23.0+ 0.6 2.8 3.9
ip 0.75+ 0.1 1.8 2.1

32 0.72 + 0.06 1.4 2.1 3.1+ 0.5 2.2 4.6
3K 0.62+ 0.08 1.5 2.1

2 Cross-section ratios calculated with the modified ISOBAR-EVA code.
PImpulse-approximation predictions. See Sec. IV C.

¢From S.A.E. Johansson (Ref. 26).

at excitation energies below the neutron emission
threshold, an asymmetry is introduced in the
nucleon evaporation rate, favoring proton emiss-
ion. The second mechanism is based on the sug-
gestion®? that the giant dipole resonance (GDR)
may play an important role in these reactions. If
the first step of the reactions populates strongly
the GDR, an asymmetry in the nucleon emission
rate is then introduced through isospin mixing,®
again favoring proton emission. It is interesting
to note that measured ratios of (y,p) to (y,n) cross
sections in the region of the GDR?® (listed in
Table II) are very similar to the R,(A) ratios
measured in the present work.

An interesting situation arises by the recent
measurement® of cross sections on '°0 at
E =180 MeV, where the measured R, ratio is
unity. This value can be understood in the frame-
work of the cascade evaporation model, since the
IE calculations show that at high energies the prob-
ability of exciting the region between proton and
neutron emission thresholds is small, so that no
appreciable deviation from unity is expected. On
the other hand, the ratio of (y,p) to (y,n) cross
sections for '®0 is also unity. It thus appears that
even this case cannot be used to determine the
relative merits of the two explanations given above
for the asymmetry of cross sections (R, #1) for
several T =0 targets.

D. o removal reactions

Most of the reported y-ray experiments with
pions? (and also kaons®”) emphasize the large
cross sections observed for the removal of one or
more « clusters from even-even nuclei. Several
mechanisms, some of them involving the existence
of @ clusters on the nuclear surface, were pro-
posed®® to explain these large cross sections. In
the present work large cross sections for reactions
involving the removal of one or several « clusters

from even-even nuclei were also observed. The
cascade-evaporation calculations which we per-
formed, including the modifications described
above, reproduced well the measured cross sec-
tions. These calculations do not include any
clustering effects in the intranuclear-cascade
stage (ISOBAR code) but allow for the evaporation
of a particles after the pre-equilibrium stage has
been reached. This agreement suggests that the
large cross sections may be understood within
the framework of an evaporation model, and are
due mainly to @ value effects and to the decay
schemes of even nuclei which favor decay to the
0*ground state through the 2* - 0*observed tran-
sition. This last effect is explicitly taken into
account in our calculations. As may be seen from
Table I, the cross section for { removal from a
T =4 target nucleus is about as large as for o
removal from the adjacent T =0 target nucleus.
This suggests that the final nucleus, rather than
the removed particle, is mainly responsible for
the observed strength.

E. Evaporation and absorption processes

In Fig. 7 the cross sections for the production
of some final nuclei are plotted for four different
targets. As can be seen, the residual nuclei are
produced with similar cross sections irrespective
of the target nucleus. This feature is character-
istic of an evaporation process. A similar feature
is observed in Fig. 8, where we present cross
sections for the same y-ray transitions for the
interaction with 2’A1 of 70-MeV positive pions
(present work), 80-MeV °He,*® and 190-MeV pro-
tons®® all done with the prompt y-ray technique.
The residual nuclei are produced with a similar
pattern. Again, this is characteristic of an
evaporation process with takes place after a
pre-equilibrium stage has been reached.

It is interesting to note that the IE calculations
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FIG. 7. Measured cross sections for the production
of the same final nuclei following the interaction of
70-MeV 7~ with 2’Al, 3Si, P, and %8. Lines through
the measured cross sections are drawn only to guide
the eye.

show that a large fraction (50% or more) of the
cross sections for reactions resulting in the re-
moval of four or more nucleons comes from pro-
cesses in which a pion was absorbed in flight.
Some asymmetries in the production of the same
residual nucleus from the same target by positive
or negative pions could possibly be explained if
one assumes an absorption process. For example,
the production of *®Cl from a °Ca target could be
interpreted as “Li removal for a nonabsorptive
process. If absorption took place, an « cluster
would be removed for 7~ absorption and four pro-
tons for n* absorption. We observe a large asym-

30+ ZAl target —— 70 MeV 7+
===~ 80 MeV 3He

\ — ——190MeV p

20

T T

(rr?;J)

PYRTURE U TR S U Y

R S
2701 25\ 2 25Mg2%Mg 2Mg 2Na 22Ne ZNe
FINAL NUCLEUS

FIG. 8. Measured prompt y-ray cross sections fol-
lowing the interaction of 70-MeV 7* (present work),
80-MeV He (Ref. 29), and 190-MeV protons (Ref. 30)
with ¥Al. The results of the two last works are given
with arbitrary normalization. Lines through experi-
mental points are drawn only to guide the eye.

metry for **C1 production [o(r~)/(a(n*) = 11].

This asymmetry may indicate the importance of
absorption, since the probability of « evaporation
is larger than the probability for the successive
evaporation of four protons. The IE calculation
for the %¢C1 yield predicts a large asymmetry
related to the fact that the 7~ IE calculated cross
section comes mainly from pion absorption. Prev-
iously, Ullrich efal.! concluded that the absorption
of pions in flight is an important component in the
interaction of 60-MeV pions with nuclei.

CONCLUSIONS

The experimental results obtained in the pres-
ent work and their interpretation through the
ISOBAR-EVA calculation support the following
conclusions:

(a) Pion induced spallation reactions could be
well understood in terms of evaporation processes.
Evaporation calculations account for the measured
cross sections in both absolute and relative values.
The fact that different targets or projectiles gener-
ate similar distributions of residual nuclei is
a further indication that evaporation processes
dominate the multinucleon removal reactions in-
duced by 70-MeV pions.

(b) Single-nucleon-removal reactions cannot be
understood using only a quasifree interaction mech-
anism or the present cascade-evaporation calcu-
lations. Comparison of various 7* and 7~ induced
reaction cross sections with calculations suggests
that other processes such as pion inelastic scat-
tering followed by nucleon emission, intermediate
states such as the giant dipole resonance, or nu-
cleon charge exchange within the nucleus should be
considered in order to reproduce correctly the
experimental results.

(c) a-removal cross sections, previously noted
for their large relative magnitude in the pion-nu-
cleus interactions, were well understood in the
framework of an evaporation model. These pro-
cesses, generally strong for T =0 targets, were
found to be very similar in magnitude to ¢ removal
reactions in neighboring 7 =3 targets, and this
similarity indicates that the residual nucleus
rather than the removed particle is mainly re-
sponsible for the observed strength. In addition,
the present cascade-evaporation calculations in-
dicate that about 50% of the @ removal processes
are a result of in-flight pion absorption.

(d) Absorption mechanisms dominate the cal-
culated cross section for the removal of many
nucleons (4 or more). Some asymmetries in the
cross section of reactions induced by 7* and 7~
projectiles leading to the same residual nucleus
may be understood if an absorptive process is
assumed.
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