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Relative yields of 36 products extending from Be to Zn have been measured for the interaction of 500-
and 1570-MeV negative pions with Cu. These results are compared with calculations from the ISOBAR
model, with earlier studies of Cu spallation with lower (resonance) energy pions, energetic protons, and
heavy ions. Relative yield patterns at both n. energies show only slight differences when compared to
spallation by protons of comparable energy. Calculations from the ISOBAR model adequately reproduce the
shapes of the mass yield and charge yield of the experimental data for 500-MeV m . The calculation,
however, overestimates the yield of neutron-rich isotopes from deep spallation. At the 1570-MeV m energy
the yield patterns, charge-dispersion, and mass-yield curves are nearly identical to those for 2-GeV proton
spallation. These results suggest that pion-nucleon resonance effects probably decrease at higher energies and
that limiting fragmentation and factorization concepts may be applied to understanding high-energy pion
spallation.

NUCLEAR REACTIONS Cu(x, spallation), E~-= 500 and 1570 MeV, measured
relative 0(A, Z), products Be- 5Zn. Deduced charge-dispersion and mass-yield
curves. Comparison with intranuclear cascade and evaporation calculations.

Natural targets, Ge(Li) detectors, radiochemistry.

I. INTRODUCTION

The interaction of pions with complex nuclei has
been the focus recently of an increasing number
of studies, both experimental and theoretical. '
Investigation of the modes of absorption, scatter-
ing, and charge exchange of pions with nucleons
and the interaction of pions with correlated nu-
cleon pairs or larger clusters of nucleons pro-
vides insight into the details of the intranuclear
cascade in spallation reactions of complex nuclei.
In particular, the formation and propagation of
the isobar (6) from the pion-nucleon (—,', —,') reso-
nance at 1232 MeV' has been investigated' in some
detail with the aim of determining the fate of the
4 during its finite lifetime in nuclear matter
within the intranuclear cascade, both in pion in-
duced reactions and those where pions are pro-
duced in nuclei by other projectiles, e.g. , high-
energy protons.

Early experimental work with pions required
radiochemical techniques because of low beam
intensities. Those studies' concentrated on reac-
tions with light nuclei (A &20) at or near the reso-
nance energy (E,=190 MeV) for simple (i.e.,
single nucleon removal) reactions. Emphasis was
placed on measurement of (m', w'N) reactions to
determine cross section ratios for the two differ-
ent pion charge states and to correlate these
results with predictions from the quasifree, n-
nucleon cross sections and the impulse approxima-
tion. This model predicts a,-/0, , ratios of 2,
whereas experimental ratios varied from =1 to

=2. These discrepancies have been largely re-
solved with recent improved experimental work
at LAMPF and elsewhere' and a revised theo-
retical model"' which includes charge exchange
in the outgoing channel.

Garrett and Turkevich' reported early spalla-
tion studies of Cu with 65-MeV pions and pointed
out that yields of near-target products were sen-
sitive to the pion charge. They observed com-
parable yields for proton spallation of Cu at 205
MeV, an energy which simulated the total (rest
mass plus kinetic energy) excitation energy which
65-MeV pions couM deliver to the Cu target.
More recently the apparent relative enhancement,
deduced from in-beam y-ray spectra, of multi-
nucleon removal (2p2n or equivalent o.'particles)
by pions from medium mass nuclei aroused con-
siderable interest following the suggestion' that
this behavior was evidence for strong m correla-
tions with nucleon clusters. However, additional
studies —including direct measurement of charged
particle spectra, the determination of absolute
reaction cross sections, and comparisons with
detailed evaporation calculations' —tended to
counter this suggestion. The apparent enhance-
ment of a removal was traced, in part, to mis-
interpretation of in-beam y-ray intensities for
even-even versus odd-A. residual nuclei.

The most comprehensive study of m spallation
of copper across the (~, —', ) resonance has been
undertaken at LAMPF. " Over twenty spallation
products from t u have been identified without
chemical separation by assay of residual radio-

18 2241 1978 The American Physical Society



P. E. HAUSTKIN AND T. J. RUTH

activity with Ge(Li) detectors. Reactions with m'

and m beams with kinetic energies of 0 (stopped
pions), 50, 100, 190, and 350 MeV have been
studied and comparison experimepts have been
done with protons of comparable energy. These
data show a number of interesting features.
Cross section ratios (o,-/o, ,) for particular iso-
topes are ) 1 for neutron-rich products and o,+/

o,- ratios similarly are &1 for neutron-deficient
ones. These results have been interpreted as
indicating strong m absorption by the target.
Cross sections in general rise toward 190 MeV
and '.'hen decrease reflecting the importance of
the (-'„-,') resonance. These data have been used
to check the reliability of calculations based on
the ISOBAR model" and to point toward improve-
ments which are necessary in this code which
has been developed to treat pion-nucleus inter-
actions. Semiquantitative agreement is obtained
for most products except at the lowest energies,
where the model seriously underestimates pion
absor'ption.

The present study was undertaken for several
reasons. Firstly, to ascertain the suitability of
the Brookhaven Alternating Gradient Synchrotron
(AGS) as a source of pions with energies at and
beyond the highest available at LAMPF. Secondly,
if the AGS pion beams are suitable, to extend the
studies of pion spallation of Cu to higher energy
and follow any systematic effects in the spalla-
tion yield distribution well beyond the (-'„-,') reso-
nance into the energy regions of higher lying
pion-nucleon resonances. These studies would
also provide data to compare with results for
spallation by comparable energy protons, and
wouM permit test of the ISOBAR model up to
highest energies that the code (VEGAS+ DFF) js
applicable, i.e., =500 MeV, energies below the
onset of the T= —,

' resonances at 600 and 900 MeV.
And finally the present studies would also allow
one to determine whether at higher pion energies
(=1.5 Geg) the spallation patterns for pion reac-
tions become essentially independent of the inci-
dent particle type, as recent studies with protons
and relativistic heavy ions indicate.

TABLE I. Configuration of the targets.

Foil Material Thickness (mg/cm )

focusing magnets and two electrostatic separators
directed these beams to a heavy metal mass slit.
The desired beam passed through the slit to
counter experiments downstream. The unused g
beam could then be intercepted by placing target
stacks slightly above or slightly below the mass
slit (depending on the beam line used). Target
stacks consisted of Al, Cu, and Mylar foils, 25
cm x 5 cm and their thicknesses and arrangement
were as indicated in Table I. Typically, the a-
beam was separated from the K and P beams by
3-4 mm and 12 mm, respectively. Beam purity
was estimated to be ) 99/0 based on the larger
production cross sections for m over K and P
and greater inf light losses of the heaver particles.
On-line identification of g- and E events in the
downstream counter experiments during setup
gave similar beam purities. Beam purity with
respect to noninteracting muons and electrons
was not measured. At the mass slit, the m beam
was deduced to be =10 cm wide by 0.5 cm high
from the measurement of a series of Al strips
cut from a target stack and assayed for residual
radioactivity. In a typical run, a strip (13 &&0.5

cm) of the target was cut =5 mm from the leading
edge. This strip was further cut into four sec-
tions to form a square and mounted on an Al
counting card for assay of the residual radio-
activity by Ge(Li) detectors. Beam intensities
were approximately 10' m /min. Pion exposure
durations were from a few hours to several days
in length to emphasize the production of residual
radioactivities of varying half life. During the
longer irradiations, temporal variations in the
beam intensity were recorded and these were
used to make corrections for the saturation val-
ues of the various activities. Several shorter
term exposures ((1 hr) were also made in order
to assess the importance of secondary reactions
in the target stacks that could result from a soft

II. EXPERIMENTAL PROCEDURES AND RESULTS

lrradiations were performed in the slow ex- .

tracted beam area of the AGS. Exposures to
1570-MeV negative pions were made in the 5A
beam line; the 500-MeV m irradiations were per-
formed in the C2 line. Most irradiations were
performed in a parasitic manner during high-
energy physics experiments. Pions, kaons, and
antiprotons were produced from 28-QeV protons
impinging on a boron carbide target. Bending and

1
2
3

5
6

8
9
10
11

Al
Al
A.l
Al
Cu
Cu
Cu
CU

Mylar
Mylar
Mylar

Total

4.7
20.9
21.3
4 7

12.7
234.1
233.6
12.7
17.9
11.1
17.7

591.4
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spectrum of particles being emitted from the
heavy metal slit in which the pions were even-
tually stopped. During these short term expo-
sures, identically prepared target stacks were
positioned in the m beam =10 cm ahead of the
mass slit. Yields of several short-lived activities
known to be sensitive indicators of secondary
reactions were compared in the off-slit exposures
to their yields in the on-slit exposures.

y-ray spectra from the off-slit target exposures
and from the out-of-beam portions of the on-slit
target exposures indicated a slight distortion of
the yield pattern for near target products (dA s 5)
over that which would be observed for an unback-
ed, infinitely thin target. The extent of this dis-
tortion was inferred using the yield correlation
method previously applied" in thick target studies
of energetic proton and heavy-ion spallation.
Although the effect is slight (=5-10%), the near-
target products were excluded from the detailed
charge-dispersion, charge-yield, and mass-yield
analyses described below. The deeper spallation
products ~&5 which were insensitive to sec-
ondary reactions were used to compare quantita-
tively the present pion experiments directly with
thin target studies of Cu spallation by protons.

The Ge(Li) detectors and data reduction pro-
cedures used in the present study were identical
to those in previous investigati. ons" of copper
spallation by protons and relativ'istic heavy ions.
The shortest-lived nuclide which was observed by
y-ray counting of the Cu foils was 4'Cr (41.9 min);
the longest was ~Co (5.26 yr). After approxi-
mately three months the Cu foils were melted
for the extraction and measurement of the ' Ar
yields.

The yields obtained in this work are relative
since estimates of the m flux were insufficiently
accurate and detailed excitation functions up to
2 GeV for assay of the ~ flux via the "Al(m, X)'4Na
reaction are not available. The results (normal-
ized to the yield of ~'V) are listed in Table II
along with calculations (VEGAN + OFF) from the
ISOBAR model for 500-MeV m . (Details of the
ISOBAR calculation appear in Appendix A. ) Table
III lists the 1570-MeV m- results and comparison
data for 2.2-0eV protons. "

The half-lives and y-ray abundances used in
calculating these yields were those listed in the
compilations by Bowman and MacMurdo" except
where more recent data are available. Standard
errors associated with the values are based on
our estimates of errors from counting statistics,
y-ray spectra resolution, etc. , or on the agree-
ment of multiple determinations, whichever is
larger. They do not, in general, include system-
atic effects such as uncertainties in y-ray abun-

TABLE II. Relative cross sections for Cu spallation
by 500-MeV 7t .

Isotope This experiment IsoBAR +b

Be
'4Na

Mg
7Ar
"cl
4'Ar
42K

4'K.
43 Sc
44s m

44s g

46s

47Ca
4's

Sc
48V

48Cr
49Cr
"cr

Mn
Mng

52F

~Mn
"co

Mn
56(

"co
Ni

"co
"Fe
"co
"cu
"cu

Zn

0.180 + 5.7%
0.051 + 4.4%
0.012 + 18%
0.216 + 3.7%
0.062 + 24%
0.072 + 6.0%
0,330+4.2%
0.141 y 2.3%
0.332 + 5.0%
0.472 + 2.2%
0.379 + 3.0%
0.800 j- 4.6%
0.025 + 47%
0.369+ 2.8%
0.104+ 3.1%

=—1.0 + 2.0%
0.026+ 9.6%
0.295 + 12%
2.17 + 2.8%
O49 ~45%
0.689 + 2.0%
0.012 + 5.2%
1.9I + 2.9%
0.100 + 4.0%
0.421+ 2.6%
0.570 + 3.6%
0.006 + 70 jp

1.71 + 3.3%
0.052 + 11%
2.36 + 2.6% i

0.245+ 3.4%
1.43. + 6.9%
0.240 + 31%
1.04 + 5.8 %
0.033 + 15%

0.59 + 29%
0.36+ 35%

0.79+ 20%

0.77+ 27%
O. 14 ~ 5O%
0.62 + 29%
0.42+ 33%

—:1.0 6 18%

1.4 + 24%

0.81+ 20%

1.4 + 24%

0.49 + 31%
0.80 + 27%

1.6 + 23%

1.9 + 22%
0.34 + 35%
0.81 + 27%

1.4 + 23%
Not computed

~Normalized to V.yield.
ISOBAR results shown only for products resulting

from at least 100 VEGAs+DI:1' cascades, errors reflect
statistical uncertainties based on the number of cas-
cades to each isotope, see text.' Produced from secondary reactions.

III. DISCUSSION

It is convenient to discuss the results of the
present experiments in several different but re-

dances or detector efficiencies. However, where
several y rays were assigned for one nuclide,
the internal agreement is a measure of the un-
certainty in both the efficiency and abundances.
Reported yields are cumulative except for the
cases where P decay feeding of a product is
blocked by a long-lived or stable precursor. As
observed previously, "such feeding is a small
effect.
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TABI K III. Relative yields and cross sections for Cu

spallation by 1.57-GeV z and 2.2 GeV H.

Isotope
1.57 GeV 7t

~

(relative) 2.2 GeV H"

Be
22Na

'4Na

Mg
3 7A'

39( l
41A

4'K.
43K

43S

44Sc&

44S m

"S
4'Ca
47S

Sc
48V

48Cr
4'Cr
51(

Mn~
52F

54Mn

55(

Mn
56(

56N-

57(

Ni
58Co
59F
60(

61(

61(

62Z

64Cu

N
65Z

66Ga d

Ga

4.88 +
2.1 +
1.97
0.34
3o2 1
1.1
0.72
2.96 +
1.24
2.67
2.72
4.17
5.62
0.189+
2.36
0.626 +
7.30
0.185+
1.59

12.7
4.24
0.086 +

11.4
0.645 +
1.92 +
3.75
0.053 +

12.0
0.326 +

17.0 +
1.51
9.83 +
3.30
7.68
0.25

26.0
1.1 +
1.22 +
0.14 +
0.04

3.6 /p

14 /p

5.9%
2.1 /p

45%
9.7 /p

3.2 /p

2.6%
10.6%
5.2 /p

3.9 /p

1 ~ 6/p

13%
2.3%
2.4%

9.4 /p

62%
2.4%
2.2 /p

8.2%
2.3 /p

3.9%
3.6 /p

2 ~ 1%
52%
2.0%
10 /p

2.8%
6.0 /p

5.1%
4.4
7.2 /p

63 /p

13 /p

69%
28%
42 /p

70%

10
1.8
3.2
0.41

0.40

3.7
1.3

9.7

5.0

0.10
3.5
2.4
9.6
0.5
2.2

0.19
12
1.5
2.3

0.6

1.3 c

0.16-0.6

~Values are saturation disintegration rates X10 3

min
"From Ref. 14.

- 'From Ref. 13; 5 Fe cross section of 0.6 mb reported
in Ref. 14 appears to be too low in light of more recent
Ineasurements.

Produced from secondary reactions.

lated ways: (1) to compare the 500-MeV w

spallation results with calculations from the
ISOBAR model at that energy in an attempt to
assess the reliability of the calculation in the
region where the pion-nucleon cross section is
rising toward the T= —,

' resonances; (2) to' compare
the 1570-MeV m- results with spallation studies

with 2-GeV protons to see if any significant dif-
ferences occur between the two different pro-
jectile types at these energies; and (3) to compare
the 500- and 1570-MeV m spallation results to
each other and to similar st~dies with lower-
energy 71' and 7t beams, with protons over a wide

energy range, and with relativistic heavy-ion
spallation of Cu, with emphasis on delineating
the similarities or differences whigh may occur
as projectile type and energy is varied systemat-
ically.

A. Comparison of the 500-MeV m results with ISOBAR
predictions

The cross section for pion-nucleon interactions
below =2 GeV is characterized by several dis-
tinct resonances. These can conveniently be
classified according to angular momentum and
isospin. At low energy (=190 MeV), formation of
the first T=-', resonance, the b, (1232) isobar, is
dominant. The production, propagation, and de-
cay of this isobar is explicitly included in the
ISOBAR version of the VEGAS intranuclear cas-
cade code. The model recently has been discussed
in considerable detail by Qinocchio. " The model
assumes b, dominance (only T= 2, with m absorp-
tion occurring on two nucleons); other isospin
states, i.e. , 'T= —,', are not presently included in
the model. At higher energies, E,&190 MeV, the
pion-nucleon cross section falls rapidly with
energy after the 6(1232) resonance is crossed,
then begins to rise again around 500 MeV as the
T=-,' resonances at 600 and 900 MeV are approach-
ed. It is of interest therefore to see if 500-MeV
m spallation can be successfully predicted by the
present version of ISOBAR (no T =-,' isobar con-
tributions) or whether the experimental results
suggest that inclusion of the higher lying reso-
nance is necessary.

The near-target products such as Co isotopes
shown in Fig. 1 that result from only modest
excitation of the Cu target, are quite well pre-
dicted by the ISOBAR calculation. (The curves,
which contain both absolute and relative cross
sections are displaced vertically to emphasize
the shape of the distributions. ) It is also inter-
esting to note that the shape of this isotopic dis-
tribution is the same for 590-MeV protons as it
is for the 7t cases. Figure 2 shows ratios of ob-
served-to-predicted isotopic yields for 16
medium-to-deep spallation products from %he

500-MeV m spallation. Both the ISOBAR predic-
tions and the relative yields from the experiment
have been normalized to the yield of 4'V. The
error bars reflect both the experimental errors
and the statistical uncertainties of the ISOBAR
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FIG. 2. Ratios of observed to predicted isotopic yields
for spallation products of 500-MeV x with Cu. The
cross-hatched band, centered on a ratio of 1.0, reflects
the combined uncertainty in the predicted and measured
yields of V on which the data are normalized.
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FIG. 1. Relative yields or cross sections for Co iso-
topes from spallation of Cu by 500-MeV x or 590-MeV
'H. Curves are displaced vertically to emphasize the
shape of the distributions.

predictions. While more well-determined ex-
perimental yields are available for comparison to
the ISOBAR predictions, only those products fed
by 100 or more cascades in the calculations are
included in Fig. 2. One notes that most yields
are correctly predicted to within a factor of 2.
The low points for the neutron-rich yields around
A = 42-48 result from overestimation of these
yields by the ISOBAR calculation. Similar dis-
crepancies occur for both w' and m spallation at
350 MeV, and it has been suggested" that this
may result from the fact that the evaporative
phase of the calculation (OFF) may be overly af-
fected by the closed neutron shell at X=28. A

different manifestation of this effect is sum-
marized in Table IV, in which yield ratios of
selected isotopic pairs are presented. The first
two columns contain experimental and predicted
ratios for n spallation. The third column con-
tains results from 590-MeV proton spallation and
is included as the best available data in the liter-
ature for the energy which most closely simulates
the total excitation (rest mass+kinetic) energy
that a 500-MeV negative pion can deliver to Cu
following w absorption. Ratios at A. = 57, 56, and

52 are predicted rather well by the ISOBAR mod-
el. At A. =48, however, the ratio of neutron-de-
ficient ~'V to neutron-rich 4'Sc is poorly repro-
duced, while the «'Cr to «'V ratio (both neutron-
deficient products further removed from N= 28)
is rather well reproduced.

Yields for products in tbe A =37 to 57 mass
range also have been used to construct both
mass-yield and charge-yield plots shown in Figs.
3 and 4, respectively. In both cases the ISOBAR
model predictions are plotted above the fitted
curves passing through the data points. The
curves are again displaced vertically to empha-
size the shapes of the distributions. Missing
yields from stable and very short-lived or long-
lived isotopes are estimated in the manner pre- .

viously reported" for high-energy proton and
heavy-ion spallation of Cu. Terms up to cubic
order were employed in the fitting procedure. In
both the mass-yield and charge-yield data, the
ISOBAR model predicts the shapes of the distri-
butions rather well. In summary, then, it ap-
pears that tbe presently available version of the
ISOBAR model will quite adequately treat the
gross features 500-MeV m" spallation of Cu with-
out explicit inclusion of the T = —,

' resonances. The
effect of inclusion of the T= —,

' resonances is dis-
cussed in general terms in Appendix B.

' B. Comparison of the 1570-MeV x results to energetic proton
spallation

At 1570 MeV the pion-nucleon cross section is
quite flat and the resonances which have been ob-
served in this energy range are of considerably
smaller amplitude than the ones lying at lower
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TABLE IV. Selected isobaric yield ratios.

Isotope pair
500-MeV ~

Experimental
500-MeV 7t

~

VEGAS +DFF
590 MeV H"
Experimental

5?N-

57co

"Co

0.030+ 0.003

1.35 + 0.05

0.073+ 0.038

1.62 + 0.52

0.035 + 0.003

52F e
52Mn++ 52Mn~

48U

4"S

4'Cr
48V

0.010+ 0.005

9.6 + 0.3

0.025+ 0.002

0.016 + 0.025

2.4 + 0.8

0.032+ 0.032

19.8 + 1.9

0.031 + 0.003

~Reference 12.
"Reference 11.

energy. It is instructive to compare w spallation
at this energy to that induced by GeV protons.
The ratios of production cross sections for a
selected number of high yield Cu spallation pro-
ducts from 1570-MeV m" and 2200-MeV proton'
irradiations (Table III) are plotted in Fig. 5.
While there is some scatter in the ratios, re-
flecting the errors in the relative cross sections
of the g spallation results and the estimated
errors (=+20%) in the absolute cross sections for
2200-MeV proton spallation, the general trend is

apparent. T'he isotopic yield pattern is not sig-
nificantly different for the two different particle
types. A more detailed analysis of the z- data at
1570 MeV is shown in Figs. 6 and 7. Using more
complete data for 3900-MeV proton spallation of
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FIG. 3. Mass-yield curves for 500-MeV m spallation
of Cu. The upper set of points are the vEGAs+ DFFpredic-
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yields. The experimental points are the sums of mea-
sured yields with estimates of missing yields from the
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when less than 25 is observed. The curves are dis-
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FIG. 4. Charge-yield curves for 500-MeV ~ spallation
of Cu. The upper set of points are the QEQAs+ DFFpredic-
tions. The lower curve is based on the experimental
yields, using the procedure described in the text and the
previous figure. Points. are plotted in the same manner
as Fig. 3.
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Cu which has been obtained with the same counting
systems as the 1570-Me7 m results, the charge
dispersion points for m- are plotted along with the
smooth curve for 3900-MeV proton spallation.
The m points fit very well. Similarly, the mass-
yield results, Fig. V, indicate essentially the
same overall pattern for the deexcitation pro-
cesses.
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FIG. 7. Mass-yield curves for 3.9-GeV proton spall-
ation of Cu 185-mg/cm thick target (top portion) and
1.57-GeV r spallation of Cn (bottom portion) 591-mg/cm2
thick target. Points are plotted as in Fig. 3.

C. Comparison of the 500- and 1570-MeV m spallation of Cu

To explore the energy dependence of Cu spalla-
tion by energetic negative pions, it is instructive
to compare cross sections for individual products
at both of the energies that were used in the pre-
sent study. Figure 8 shows ratios of the relative

O

O. l

X

x

O

O
I-
~ O.ol
IK
U

Sc
Cop

I I 59CI

i %-59F

O.OOI I

-I.o
I

0
Zp Z

I

I.O
I

2.0

FIG. 6. Charge-dispersion curve for 3.9-aeV proton
spallation of Cu, from Ref. 13 (solid curve), with points
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cross sections o'(1570 MeV)/o (500 MeV) for those
products which were observed at the two energies.
One notes that the lighter products A &40 are pro-
duced in higher yield by 1570-MeV m- relative to
500-MeV m, a clear indication of greater excita-
tion energy being delivered to the target by the
higher-energy projectile. Heavier products A ~ 41
exhibit little energy dependence, an effect pre-
viously observed in studies with protons. "
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D. Comparison of pion, proton, and heavy-ion spallation of Cu.

A fairly large body of experimental data is now

available in the literature for the spallation of
Cu by a wide variety of projectiles (pions, pro-
tons, and relativistic heavy ions) over abroad ener-
gy range (50 MeV-80 GeV). Early comparisons"
of Cu spallation by GeV protons and heavy ions
have shown that very little difference in the yield
patterns of products occurs for the two projectile
types. Relativistic heavy ions exhibit a larger
reaction cross section over that for protons, but
the distribution of products (except for very light
ones, i.e., 'H and 'Be) scales in proportion to
this larger geometrical cross section. These
observations support the hypotheses of limiting
fragmentation and factorization, "which in their
simplest applications to nuclear reactions suggest
that at sufficiently high energy, all strongly inter-
acting projectiles will yield similar product dis-
tribution. With these results in mind, it is of
interest to include in these comparisons the pre-
sent spallation studies of Cu by high-energy
negative pions, to explore more fully the appli-
cability of these hypotheses for meson induced
reactions as well as those induced by nucleons or
groups of nucleons. This can be done both by
looking for variations with particle type and to
explore systematic changes with projectile
energy.

Comparisons can be made in a number of ways.
In Fig. 9 several ratios of isotopic yields are
plotted for different projectile types at different
energies. One notes that at low energy, isotopic
ratios for m spallation are significantly different
from those of m' or protons. In all cases the lower
Z product is enhanced by m bombardment. This
is clearly a result of the initiation of the intra-
nuclear cascade in a target-projectile system of
lower overall Z from either the w' or proton ir-
radiations. At low bombarding energy (&0.5 GeV),
the subsequent deexcitation processes preserve
some "memory" of the initial interaction. As
the bombarding energy is raised this "memory
effect" is diminished. This is reflected in the
convergence of the ratios as the projectile is in-
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creased to 1 QeV and beyond. Presumably,
higher bombarding energies permit increasing
numbers of different cascade and/or evaporation
pathways to open and give specific final products
by a variety of different steps. The net effect is
a scrambling of the initial "memory" that the de-
exciting system had at the time of its formation.
At high energy () 1 GeV), the convergence of the
isotopic ratios is consistent with the approach to
asymptotic behavior that is predicted by the
limiting hypotheses described above.

An alternative way to compare Cu spallation by
different projectile types at different ~ cgies is
to examine variations in the slope of i.ie mass-
yield curves. As noted previously, "one can infer
a correspondence between nuclear excitation
energy and the slope of the mass-yield curve.
Low excitation energy (rapidly decreasing cross
section for increasing multinucleon removal, dA)
is correlated with large slope of the mass-yield
curve, while high excitation energy (less rapid
decrease in cross section as rhA increases) is
correlated with smaller slope. Figure 10 shows
this variation for m spallation plotted along with

FIG. 9. Isobaric yield ratios forA =57, 56, and 48
products from spallation of Cu by x, m. and proton irra-
diation. Data from the present study are plotted along
with results from Refs. 11 and 13.
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similar analyses for proton and relativistic
heavy-ion spallation. To provide a common basis
for comparison, the present 7I results at 500 and
1570 MeV, and those at lower m energy from
LAMPF studies" have been analyzed in the same
manner as the earlier spallation data, "i.e., the
mass-yield curves are assumed to be exponential
(linear when plotted as in Fig. 7) and the least-
squares fitting procedure was performed accord-
ingly. Below about 1 GeV this is not strictly cor-
rect (see Fig. 2) and the error bars for the v-

points in Fig. 10 have been d awn to reflect the
poorer fit that results from this fitting con-
straint. In addition, the m points have been
plotted at the energy corresponding to the sum of
their kinetic energy plus the pion rest. mass
energy. In this way the effects of pion absorption
can be more quantitatively compared. One notes
the similarity in trend of decreasing slope
(higher excitation energy) as the w energy is
raised. At = 1-2 GeV, , however, the ability of
the Cu target to absorb more excitation energy
is saturated. Even higher-energy projectiles,
whether they be protons or heavy ions (or pre-
sumably even pions), are not significantly more
effective in depositing their energy as excitation
in the Cu target. It is significant, however, that
at the lower energies that the m points fall
slightly below the proton and heavy-ion curve,
suggesting that even by including the pion rest
mass, pions are still slightly more efficient at
exciting the Cu target.

IV. CONCLUSIONS

A number of conclusions can be drawn from the
results of the present set of experiments: (1)
spallation of Cu by high-energy negative pions
exhibits some slight differences when compared
to proton-induced spallation; (2) these differences
are more apparent at 500 MeV than at 1570 MeV;
(2) the presently available version of the ISOBAR
code can satisfactorily reproduce the gross fea-
tures of 500-MeV 7I spallation without explicit
inclusion of T = —,

' pion-nucleon resonance effects;
(4) the present results, when compared with
lower-energy pion studies and those with protons
and heavy ions, show smooth and gradual changes
in the yield pattern toward asymptotic behavior
starting at approximately 1-2 GeV; (5) pions at
low energy are apparently slightly more effective
at transferring excitation energy to a Cu target
than protons of the same energy. .

APPENDIX A

The calculation of 500-MeV m spallation of Cu
was performed using the ISOBAR version of the

vEGAs intranuclear cascade code (Model 71).
Five thousand ISOBAR cascades were performed
and the nuclear residues from each of these fast
cascades were then used as input to the DFF
evaporation program. Ten evaporation cascades
were performed for each ISOBAR residue. Re-
sults for m- on "Cu and "Cu were averaged ac-
cording to the naturally occurring isotopic abun-
dances of the target isotopes. The target pre-
sented a Coulomb well of 6.17 MeV to the incident
g and a geometrical cross section of 1.46 b was
used. Cross sections for individual final products
were computed from this geometrical cross sec-
tion and the number of combined (ISOBAR + DFF)
cascades feeding each final nucleus. (Errors for
these predicted yields were computed on the
basis of the 5000 ISOBAR cascades, not the
50 000 combined cascades. )
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FIG. 10. Slope of the mass-yield curve for Cu spalla-
tion as a function of energy for protons and heavy ions
(solid curve) and negative pions (dashed curve). The
pion points are plotted at an energy corresponding to the
sum of their kinetic energy and the pion rest mass energy
(see text). The two lower-energy pion points are deter-
mined from data of Ref. 11. The proton and heavy-ion
curve is from Ref. 13.

APPENDIX B

Figure 2 shows that the yields of neutron-rich
isotopes of K and Sc are too large as predicted by
the present ISOBAR model. While this most likely
results from the evaporative part of the calcula-
tion (OFF) being unduly affected by the N= 28
closed neutron shell, there are some indications,
again seen in Fig. 2, that yields of some neutron-
deficient isotopes nearer the target (e.g. , "Cr,
"Mn) are also predicted to be too small. One

possible, but not unique, cause for this could be
significant m absorption through T = —, partial
waves. These would be expected to occur at E,
= 500 MeV in addition to m absorption from the
T = —, partial wave that is explicitly treated by the
ISOBAR model.
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The prescription for inclusion of T = —, partial
waves in the intranuclear cascade has been dis-
cussed in general terms by Ginocchio. " For mix-
tures of T= 2 and T=-,' partial waves the ampli-
tudes for pion absorption are given by

0 gl/2 ~ 0 &

1
fox=~3 (v2&s/2, i+%/2, i)

and

1
f11 ~3 ( R3/2, 1 gl/2 1) '

The pion absorption amplitudes fr/ for pion ab-
sorption on two nucleons with I labeling the nu-
cleon-nucleon isospin and T the isospin of the
pion plus nucleon pair, are related via Racah
coupling coefficients to absorption amplitudes

g,r for isobars resulting from either w =-,' or —,
'

partial waves. The effect of partial wave mix-
tures on the yields of neutron-rich vs neutron-
deficient isotopes can be inferred from calcula-
tion of the following quantity':

where increasing values of y are correlated with
higher yields of neutron-rich isotopes from z-
absorption, or higher yields of neutron-deficient
isotopes from m' absorption. For pure T= 2 ab-
sorption Ginocchio notes that y = 10, based solely
on the isospin properties of the ~ as built into
the calculation. Here it is interesting to note,
however, that y = 10.13 may be calculated directly
from the analysis of Ericson and Ericson" for
low-energy pion production by N+ N =N+ N+ v

using s- and p-wave interaction amplitudes of the
pion relative to the nucleon pair. At the opposite
extreme, it is straightforward to show that for
pure T = —,

' absorption, y is either 0 (g», , —-0) or
4 (g», ,=0). Either of these cases points toward

a trend-of fewer neutron-rich isotopes and more
neutron-deficient ones. For 500-MeV m spalla-
tion, one expects contributions from both T =-,'
and T = 2 partial waves. These arise from larger
amounts of T+ —,

' partial waves contributing to the
average pion-nucleon cross section. (This frac-
tion increases from =10% for 100-MeV pions to
=35% for 350-MeV pions, "'"'"and increases
still further in the vicinity of the 600- and 900-
MeV T =-,' resonances. ) The production balance
between neutron-rich and neutron-deficient iso-
topes, as correlated with y, is therefore energy
dependent and will, in addition, be affected by re-
scattering and charge exchange which, the pion
may suffer. We are attempting to estimate the
magnitude of these effects for the mixed T = —,',
T= —,

' case. Further spallation studies (E;
= 600-900 MeV) which will emphasize the role of
the T=—,' resonance seem desirable and are plan-
ned in the near future.
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