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Cross sections for the production of 35 radioactive nuclides extending from ’Be to ®’Ga by the interaction of
80-GeV “°Ar ions with Cu have been measured. These are compared with existing results for other relativistic
heavy ions and for 28-GeV protons incident on Cu targets of various thicknesses. Differences in shapes of the
yield distributions for products with 37 < A < 64 are inferred to arise primarily from increased secondary
effects in the semithick targets used for the heavy-ion studies. The larger absolute cross sections (corrected
to zero target thickness) for ‘°Ar ions appear to be due solely to the increased total reaction cross section,
ok, over that for protons. The production of target fragments with 22 < 4 < 64 is estimated to account for
=~ 70% of oy. Calculations using realistic nuclear density distributions suggest that such products are formed
in peripheral collisions (impact parameters R 5 fm) in which there is no strong overlap of the cores of the
“Ar and Cu nuclei. Lighter products are presumed to result from more central collisions, and these are
enhanced by factors larger than expected from oy (a factor of 2 greater in the case of "Be). The application
of the concepts of limiting fragmentation and factorization as a framework for the interpretation of high-
energy heavy-ion induced reactions with complex nuclei is discussed.

NUCLEAR REACTIONS Cu(*°Ar, spallation), E=80 GeV; measured ¢ (4,2),
35 products "Be—°7Ga; deduced mass yield and charge dispersion curves, target
ragmentation cross sections. Natural targets, Ge(Li) counting, radiochemistry.
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I. INTRODUCTION

Studies of the interaction of complex nuclei at
energies of hundreds to thousands of MeV per nu-
cleon have been made possible by the acceleration
of heavy ions to relativistic energies. Consider-
able interest in high-energy heavy ion collisions
stems from suggestions'™” that these projectiles
may be capable of inducing new phenomena such
as nuclear shock waves, states of abnormal nu-
clear density, etc. To date, such exotic pro-
cesses appear to have escaped detection, yet re-
actions of many diverse types have been observed.
These range from the relatively gentle removal
of a single nucleon from an energetic projectile
by Coulomb excitation® to violent interactions lead-
ing to the explosion of a target nucleus into multi-
ple small fragments.® It is convenient to group the
observed products into three classes: projectile
fragments, target fragments, and products arising
from composite systems containing highly excited
matter from both projectile and target.

In the first of these classes, projectile fragments
are observed to be collimated strongly near zero
degrees in the laboratory system with velocities
close to that of the incident ion.'® Relative yields
and spectra of individual fragments are independent
of target, while absolute yields are independent of
projectile energy in the range 1-2 GeV/nucleon and
vary only slowly with target mass'* (about as
A%, These observations suggest the applic-
ability of the ideas of limiting fragmentation and
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factorization which had been developed initially to
account for similar phenomena in peripheral re-
actions between elementary particles at high en-
ergies.!'?

The same general behavior is expected for the
second class of products, target fragments, but
with the roles of target and projectile reversed.
Early studies of Cu irradiated with 3.9-GeV N
ions'? showed a relative yield pattern similar to
that for high-energy protons, with the exception
that yields of light fragments, °*H and "Be, were
enhanced. Similar results have been obtained in
radiochemical studies of 25-GeV '2C ions incident
on Cu,' Ag,!® Au,' and Pb.'®* However, data for
U targets!” have been interpreted as showing a
prominent peak for products with 160 <A <190
which is not found in proton irradiations. On the
other hand, mica track detector experiments'®
have shown that the fission of Au, Bi, and U by
28-GeV N ions is very similar to that induced
by protons, with the exception that cross sections
are larger by the ratio of total reaction cross
sections. With the exception of the anomalous peak
for U,' these results are again consistent with the
factorization hypothesis.

Significant differences between proton and heavy-
ion interactions are observed for the third class of
products, those species which appear to be as-
sociated with partial amalgamation of projectile
and target. Poskanzer and co-workers'®?? have
extensively studied the emission of energetic pro-
tons and light fragments as probes of the creation
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of regions of highly excited nuclear matter. Not
only are light fragments emitted more copiously
in heavy-ion reactions, but their spectra are
harder as well. For example, the yield of "Li
from U at 90° is =12 times larger for an incident
20Ne than for a proton, and the temperature in-
ferred for the emitting system is 15 MeV for *°Ne
compared with 10 MeV for protons.?* Such dif-
ferences, while pronounced, are more of degree
rather than kind. Westfall et al.?° have shown that
the spectra and numbers of energetic protons
produced in heavy-ion reactions can be predicted
by the fireball model (at bombarding energies up
to 400 MeV/nucleon but not at 2.1 GeV/nucleon).
Furthermore, the spectra and numbers of ener-
getic heavier fragments could be accounted for in
terms of a coalescence of nucleons having the en-
ergy spectrum observed for protons.*

The present experiment represents an exten-
sion of previous studies of Cu fragmentation by
heavy ions'®** to a system in which the projectile
and target are of comparable mass. Because cross
sections have been measured rather than the
relative yields reported previously for 2C and
14N ions, absolute enhancement of individual yields
over the values for high-energy protons can be
calculated as a test of factorization. A total cross
section for the target fragmentation process can
also be obtained from the mass yield curve de-
duced in this work.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A target containing Al, Cu, and Mylar foils was
irradiated with 80-GeV “°Ar ions in the external
beam of the LBL Bevalac. The target foils were
5 cm square and their thicknesses and orders were
as indicated in Table I. During the 497-min ir-
radiation a nearly constant flux of approximately
6 x 107 particles per min passed through the target.

TABLE L Properties of the target stack. The YAr
beam passed through the stack from foil 1 to foil 11.

Foil Material Thickness (mg/cm?)

1 Al 4.8

2 Al 42.7

3 Al 4.7

4 Mylar 17.5

5 Mylar 17.7

6 Cu 9.3

7 Cu 233.9

8 Cu 234.4

9 Cu 9.3
10 Mylar 17.6
11 Mylar 17.6
Total 609.5

After irradiation the target was flown to Brook-
haven and circles 2.7 cm in diameter centered on
the beam spot were punched out.

v-ray assays were begun 14 hours after the end
of bombardment. The detectors and analysis pro-
cedures were identical to those used previous-
ly.'3!* Initially, Cu foil 7 was counted on one
Ge(Li) detector system and foil 8 on another.
After 8 hours, foil 7 was dissolved for radio-
chemical analyses of °*Cu and *®Ni, while the
counting of foil 8 continued. About 24 hours later a
series of periodic exchanges of foil 8 between the
two detector systems was initiated and continued
for =3 months. After completion of ¥ counting,
foil 8 was melted for the extraction and analysis of
argon isotopes. The shortest-lived nuclide which
was observed in this work was *Mn (2.56-h half-
life), the longest, 3°Ar (269-yr half-life).

The energy loss of !°Ar ions in traversing the
target was =0.3 GeV and fragments from the
breakup of the projectile should not have been re-
tained by the foil stack. Mylar foils numbered
5 and 10 in Table I were intended to catch recoils
from the Cu. While some net activity was observed
compared with Mylar 11 which served as a blank,
the low levels precluded accurate measurements.
The mean ranges of products, as given approxi-
mately by the quantity®® 2w(F + B), were found to be
the order of a few mg/cm?® of Cu, indicating that
we are observing relatively low energy recoils
and that the guard foils (Cu 6 and 9) are thick
enough to compensate for recoil losses of pro-
ducts as light as ?*Na. That activities were not
depleted in Cu 7 compared to Cu 8 is evidence for
the absence of more energetic forward peaked re-
coils which might not have been stopped by Mylar
foils 10 to 11. Previous studies'®'* with protons
and N and '*C ions suggest that recoil losses of
"Be (which was determined in Cu 8) can also be
ignored.

The cross sections obtained in this work are
listed in Table II in the column headed 609 mg/
cm? The half-lives and y-ray abundances used in
calculating disintegration rates were those listed
in the compilation by Bowman and MacMurdo®
with a few exceptions. 2*Na production in Al foil
2 served as the beam monitor. On the basis of the
27+4-mb cross section for the ?Al(*°Ar, X)**Na
reaction reported by Katcoff,?® the total fluence
was determined to be 2.9 X 10'° **Ar ions. Standard
errors assigned to the cross sections are based
on our estimates of errors from counting statis-
tics, resolution of y-ray spectra, etc., or on the
agreement of multiple determinations whichever
was larger. They do not, in general, include
systematic effects such as the uncertainties in the
monitor cross section or y-ray abundances. How-



1634 CUMMING, HAUSTEIN, RUTH, AND VIRTES 17

TABLE II. Cross sections in mb for the production of
various isotopes by the interactions of 80-GeV¥Ar jons
with Cu in target thicknesses as indicated. Cross sec-
tions were calculated for the natural isotopic abundance
of copper. Errors do not include the 15 % uncertainty in
the monitor cross section.

Target thickness

Isotope 609 mg/cm? 0 mg/cm??
"Be 76. £ 2 94, =+ 6
22Na 12. £ 5 4. = 6
%Na 12.3 = 0.2 15.0 + 1.0
BMg 1.50+ 0.08 1.84% 0.15
SAr 10.7 + 0.3 13.2 + 0.9
Ay 19.5 + 3.9 23.9 + 5.0
42K 10.3 + 0.7 12.6 + 1.2
48K 3.20+ 0.10 3.85+ 0.25
B3¢ 9.4 + 3.8 8.5 + 3.5
44gcm 12.6 + 0.2 15.1 + 0.8
44gce 9.0 + 1.9 10.7 £ 2.3
%6Sc 18.0 + 0.8 21.0 + 1.4
43¢ 6.58+ 0.16 7.56+ 0.37
B3¢ 1.53+ 0.14 1.73+ 0.17
By 23.7 + 0.4 26.8 + 1.1
¥cr 0.81+ 0.03 0.92: 0.05
Sler 49.8 = 1.5 51.9 = 1.7
52Mn# 17.2 + 0.2 17.3 + 0.2
S2pe 0.35+ 0.07 0.35+ 0.07
$4Mn 51.0 = 1.4 47.2 = 1.8
%Co 3.57+ 0.20 3.15+ 0.22
6 Mmn 10.8 + 1.7 9.1 = 1.6
%Co 21.0 = 1.1 176 + 1.4
56Ni 0.1 + 0.8 0.1 + 0.7
Co 64.6 + 1.9 51. % 5
STNi 2.36+ 0.28 1.87+ 0.28
8co 84.8 + 1.4 37 & 7
S9Fe 8.3 + 0.4 5.9 £ 0.9
80Co 46 =18 31 =13
ficu 48.7 + 3.5 32 6
827n 3.5 + 0.4
4cu 84 £18 64 £15
657Zn 7.2 + 3.3
%Ga 0.8 £ 0.8
¥Ga 2.8 = 0.6

2 Details of the procedure used to correct for second-
ary effects are given in the text.

ever, where several y rays were assayed for one
nuclide, the errors include contributions from un-
certainties in both the efficiency and abundance.
Reported cross sections are cumulative except
for the cases where beta decay feeding of a pro-
duct is blocked by a long-lived or stable pre-
cursor. As observed previously'®!* such feeding
is a small effect.

III. ANALYSIS

A. Comparison of heavy-ion and proton induced spallation:
secondary effects

Cross sections measured in the present work
(Table II) are substantially larger than those re-
ported for 28-GeV protons incident on thin tar-
gets.!* For example, the ®*Cu cross section is
5.4 times the proton value, that of **Mnf is larger
by a factor of 3.7, and that of "Be is 8.1 times as
large. Presumably a major portion of these en-
hancements is due tothe larger total reaction cross
section, o4, for *°Ar ions (a factor of 3.5)2 %
Those remaining differences which appear to favor
products near the target are due, at least in part,
to secondary reactions in the thick targets used
for the heavy-ion work. Studies with protons in
thick targets'* reveal shifts of the yield distribu-
tion in that direction (as expected from reaction
thresholds). On the other hand, it is unlikely that
“Be would be affected by secondary reactions and
this represents a real enhancement over that ex-
pected on the basis of o, alone. Similar patterns
of enhancement (although only on relative scales)
have been reported for Cu irradiated with 3.9-
GeV N ions'® and with 25-GeV *°C ions.

A novel and informative way to study secondary
effects quantitatively is to examine correlations
between yields of selected nuclides and that of
a product which is known to have high sensitivity
to secondary reactions. If data for protons in-
cident on targets of various thicknesses and from
heavy-ion experiments are included in the same
graph, and if a single correlation line is found,
then it strongly suggests that the shifts in yields
observed for the heavy ions are due to secondary
effects.®® For this analysis we will use cross sec-
tions relative to those of **Mnf to remove, by
normalization, large differences due to o, and
because only relative yields have been measured in
some cases. Secondary effects for **Mnf are
nearly identical to those for the commonly used
%Na-from-Al monitor reaction.**

It has been proposed'* that the yield of a trans-
copper product such as °?Zn would be an appro-
priate internal monitor of secondary reactions.
As can be seen from the entries for 19- (Ref. 31)
and 28-GeV protons in Table III, the relative pri-
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TABLE II. Cross sections for forming %2Zn relative to those of 2Mn? by the irradiation of Cu
targets of thicknesses indicated with various bombarding particles.

i i o (5%Zn Graph
gl mpy firovvne a Froy symbol
1H,3.9° 183 0.021+0.001 B
'H,19°¢ 1.8 0.015+0.003 cee
H,19¢ 157 0.037+0.003 oo
1,284 154 0.041+0.004 A
1,284 1158 0.120 +£0.007 E
lH,28¢ 2269 0.141+0.004 G
14N,3.9b 1056 0.118+0.006 D
12¢,254 1158 0.214+0.012 F
0ar,80f 609 0.204+0.026 c

2 Used for identification in Fig. 1.
b Reference 13.
¢ Reference 31.
d Reference 14.

¢ Measurements of relative yields of ¢2Zn, ¥!Cu, *2Mnf, #Sc™, #Na, and "Be in targets thicker
than those reported in Ref. 14 were made in conjunction with the present work.

f Present work.

mary yield of °2Zn is low, 0.015, and nearly 90%
of the °2Zn observed in thick targets results

from secondary reactions. Most of the ®7Zn
produced in thick Cu targets irradiated with heavy
ions is probably due to secondary reactions as
well. Evidence for this is the observation that the
transfer of charge or mass from a target to a rel-
ativistic heavy ion is an improbable process in
projectile fragmentation.!* Production of ¢2Zn
represents a corresponding reaction in target
fragmentation.

Correlations between four representative yields
and ®2Zn are shown in Fig. 1. Nuclides chosen are
®!Cu, typical of near-target products with high pri-
mary yields but also sensitive to secondaries;
“Sc™, a deep spallation product with low or no
sensitivity to secondaries; and **Na and "Be,
low mass products representative of interactions
involving deposition of large amounts of energy in
the target nucleus. In each case the rectangles
(filled for protons and open for heavy ions) in-
dicate regions consistent with the measured values
and their errors. The straight lines are least-
squares fits to the points for 28- GeV protons labeled
A, E, and G. These lines indicate the general
trends expected for secondary effects. The strong
positive slope for ®*Cu indicates that it is more
influenced by secondary reactions than is **Mnf,
the normalizing reaction product. Negative slopes
for *Sc™, *'Na, and “Be imply that these species
are less sensitive. This is consistent with the
previous conclusion'? that the contribution of sec-

ondary reactions decreases as the distance between
target and production increases, and becomes in-
significant for products with A < 40.

If all points for heavy ions were to fall on or
near these proton lines it would suggest similar
primary to secondary yield ratios for the heavy-
ion reactions. This is indeed the case for °'Cu
and **Sc™ where the heavy-ion points are consis-
tent with the proten correlation lines, or with shifts
of these lines within experimental uncertainties. It
is also true for the other products with 37 <A < 64
not shown in Fig. 1. However, there is a sig-
nificant difference between heavy ions and pro-
tons for “Be. Relative yields for the heavy pro-
jectiles are up to a factor of 2 greater than those
for protons, with the difference apparently in-
creasing both with energy per nucleon (compare
25-GeV '2C with 3.9 GeV '“N) and with projectile
mass (compare 80-GeV “°Ar with 25-GeV 20).

A similar enhancement has been reported for
°H formed by the irradiation of Cu with 3.9-
GeV !N ions.!® This characteristic finger-
print of energetic heavy-ion interactions has
largely disappeared at #*Na.

Points for 3.9-GeV protons (labeled B) and
3.9-GeV N ions (labeled D) have been included
in Fig. 1 to explore the energy dependence of
spallation reactions. For protons it is known®
that cross sections of products near the target
are approximately energy independent in the 3-30-
GeV region, but that lighter product yields such
as **Na and "Be are still rising. Positions of the
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FIG. 1. Correlations between yields of four represen-
tative products, $1Cu, #sc™, /Na, and "Be, and $2Zn as
an indicator of secondary effects in the spallation of Cu
by various bombarding particles. Rectangles (filled for
incident protons, open for heavy ions) show areas con-
sistent with the experimental values. The lines are
least squares fits to the points for 28-GeV protons
labeled A, E, and G. For further details see Table IIT
and text.

B-labeled points with respect to the 28-GeV cor-
relation lines in Fig. 1 confirm this. There is
some evidence for the same effect with the heavy
ions. Note that the point for **Na for 3.9-GeV
14N ions falls below the line and the enhancement

IS

of "Be, as noted above, is somewhat less than
for 25-GeV '*C ions.

The nearly linear correlation lines in Fig. 1 for
products such as ®*Cu and **Sc™ suggest that sec-
ondary corrections are proportional to the relative
527n yield in excess of the thin target value (0.015).
We have corrected the cross section measured
for *°Ar incident on Cu to thin target values by
combining this conclusion with secondary cor-
rections reported previously for protons.'* For
example, the ®'Cu cross section measured for
protons in an 1158-mg/cm? target is 28.7% higher
than the thin target value due to contributions from
secondary reactions (see Fig. 1 of Ref. 14). From
the data in Table III, the secondary reactions in
a 609-mg/cm? Cu target irradiated with 80-GeV
4Ar jons are (0.204-0.015)/(0.120-0.015) or 1.8
+0.28 times those for protons in the 1158-mg/
cm?® target. The correction to the “°Ar data is then
51.7% and we divide the observed cross section
(48.7+£3.5) mb by 1.517 to get (32.1+6.0) mb for the
thin target value. Although the error in the fac-
tor 1.8 is only 16% due to the °*Zn measurements,
we have increased the error to one-third of the
correction to include possible systematic effects
in this procedure. Corrected cross sections for
80-GeV *°Ar ions incident on a zero thickness
target of Cu are given in column 3 of Table II.

We have not applied this approach to the zinc

and gallium cross sections as the corrections

in these cases are very large. Some justification
for the assumption implicit in this procedure that
the distribution of secondary reaction products is
the same for protons and heavy ions comes from
studies of activities induced in Cu outside the cen-
tral beam spots by 25-GeV '*C ions and 28-GeV
protons.!* Very similar mass distributions of
products were observed, but the number per pri-
mary interaction was larger for the heavy ions.

B. Tests of factorization

The ideas of factorization and limiting fragmen-
tation were developed initially for the interpreta-
tion of reactions between elementary particles.

It was suggested by Feynman® and by Benecke

et al.® that, if one focused on those products which
could be identified as fragments of the target or
projectile on the basis of low momentum transfer
in either the target or projectile rest frames,
simple behavior might be observed at sufficiently
high energies. In particular, cross sections were
expected to become nearly independent of energy
and, more significantly, single particle inclusive
spectra of target (or projectile) fragments were
predicted to depend on the nature of the projectile
(or target) only via a total cross section term.
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FIG. 2. Cross section ratios vs product mass for the
reactions of 80-GeV °Ar and 28-GeV 'H with Cu. The
cross hatched band shows the region consistent with the
ratio of total reaction cross sections and its associated
error. Data points are calculated from the present work
for °Ar and from Ref. 14 for 'H.

Previous studies of target fragmentation by high-
energy heavy ions could not give information on the
dependence of yields on the mass or size of the
projectile because only relative yields were mea-
sured. They did show generally similar yield pat-
terns for heavy-ion and proton irradiations, for
example, as could be concluded from Fig. 1. The
present work allows more detailed tests. Plotted
in Fig. 2 are thin target cross section ratios com-
paring the production of a given nuclide by 80-GeV
“Ar ions to that by 28-GeV protons. The ratio
of total reaction cross sections,? ¢,, for these
two projectiles is 3.5, and the cross-hatched band
in the figure shows the region consistent with
that value and the error in the cross section of
the #’A1(*°Ar, X) *Na monitor reaction. Of the 26
points shown for products with 37 <A <64, 16 fall
in the shaded band and the remaining 10 are within
one standard deviation of it. Even the points for
*2Na, ?*Na, and ?®Mg do not deviate much from
scaling as 0. It is only for the lightest observed
product, "Be, that a deviation by a factor of 2 is
observed. This, of course, is a different re-
flection of the patterns seen in Fig. 1.

The present experiment then gives additional
evidence for the validity of factorization as applied
to the target fragmentation process. As far as
yields of products from copper with 37 <A <64
are concerned, and 80-GeV “*°Ar ion looks like an
incident proton but with a larger total cross sec-
tion. What was initially surprising was that the in-
dividual nuclide cross sections were found to scale
as op. The weaker o, dependence observed for the
projectile fragmentation process (= o;'/?), would
have predicted a ratio of 1.9 for the individual
cross sections, much lower than that observed.
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FIG. 3. Relative production rates vs product mass for
the reactions of 80-GeV *Ar (present work) and 25-GeV
120 (Ref. 14) with Cu. The ordinate scale is arbitrary
because only relative yields were reported for incident
12C jons. The horizontal, dashed line is the mean of
points with 37 <A < 64.

We will return to this difference below.

A further test of factorization is a comparison of
the present results with those for 25-GeV **C
ions.'* The data in Table III indicate that secon-
dary effects inthe 609-mg/cm? target exposed to
80-GeV *°Ar ions in the present work and those in
the 1158-mg/cm? target used for the *2C study are
the same within errors; hence a direct comparison
of the experimental data is meaningful. Cross
section ratios, 0,./0., are plotted in Fig. 3 as
a function of product mass. The ordinate scale is
arbitrary because only relative yields were mea-
sured for the '2C ions. Although the points scat-
ter somewhat, there is no evidence of a trend with
mass. Twenty-one of the 29 points fall within 10%
of the mean value, 3.42, shown by the dashed line
in the figure.®® It can be inferred from Figs. 2 and
3 that the characteristic fingerprint of heavy-ion
interactions with Cu, the enhanced production of
light fragments such as “Be, is well developed for
incident *C ions, and that further increases in
projectile size to *°Ar result in at most small
changes in relative yield distributions.

It follows from the constancy of the ratios in
Figs. 2 and 3 that the same charge dispersion curve
will fit the yields for 'H, '*C, and *°Ar ions in the
target fragmentation region (A= 37). This is il-
lustrated in Fig. 4 where points for “°’Ar incident
on the 609-mg/cm? target are superimposed on the
CD curve derived previously for 28-GeV protons.*
The computer fitting procedures used for this
analysis have been described elsewhere.!®'* These
procedures were also used to obtain the mass
yield curves shown in Fig. 5. These are for thin
targets; in the case of '*C ions, published thick
target results'* were corrected by the procedures
developed in Sec IIIA. As expected the curves for
the three projectiles have very nearly the same
shape except for a vertical displacement which in
the case of 'H and “°Ar scales as 0.
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FIG. 4. Comparison of charge dispersion curves for
the spallation of Cu by 80-GeV 4’Ar and 28-GeV 'H.
Points were obtained by the procedure described in
Ref. 14 for Ar incident on a 609-mg/cm? target. The
curve is that reported (Ref. 14) for protons on a zero
thickness target.

The slope of a mass yield curve in the exponen-
tial region between A= 37 and =57 is an approxi-
mate measure of the excitation energy transferred
from the bombarding particle: a smaller slope
corresponding to greater average mass loss,
hence, higher average deposition energy and vice
versa. Plotted in Fig. 6 are slopes derived by
analyses such as that above for the spallation of
Cu by 350-MeV,* 590-MeV,*" 2.2-GeV,*® 3.9-GeV,!3
5.7-GeV,* 24-GeV,* and 28-GeV protons** (filled
circles) and for 410- and 720-MeV *He,* 3.9-GeV
14N,® 25-GeV *°C,' and 80-GeV *°Ar (open circles).
The onset of energy independence (limiting frag-
menation) in the GeV region is apparent, as is the
general similarity of heavy-ion and proton values.

The total cross section for the target fragmen-
tation process can be estimated from the mass
yield curve. Some 1620 mb of cross section
(based on the smooth curve in Fig. 5) is associated
with products in the 37 <A <61 region. An
additional =540 mb is estimated to lead to species
closer to the target or in the region extending down
to A=22. Cross sections in the latter region were
obtained by extrapolating the exponential mass
yield curve below A=37.* The sum, =~2160 mb,
represents =70% of o,; hence processes leading
to at least one massive residue are very probable
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FIG. 5. Mass yield curves for the spallation of Cu by
80-GeV “Ar (this work), 25-GeV 2C (Ref. 14), and
28-GeV 'H (Ref. 14). The vertical scale for 2C is ar-
bitrary. Points were obtained using the procedure of
Ref. 14 by adding computer generated values for non-
observed products to the measured cross sections.
These are filled when >50% of the total was observed,
open when >20% observed. Errors include 20% uncer-
tainties assumed in the calculated values.

in the interaction of relativistic heavy ions with
Cu. Interestingly enough, a similar analysis
gives a nearly identical fraction of o, for incident
protons.

IV. DISCUSSION

A variety of detailed theoretical approaches are
currently being explored to describe high-energy
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FIG. 6. Slope of the Cu spallation mass yield curve
as a function of the kinetic energy of the incident projec-
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heavy-ioncollisions. Results from some of these
have been discussed by Amsden et al.** For dis-
cussion of the present results it is convenient

to fall back to simpler, physically more pictorial
models. In the abrasion-ablation model of Bow-
man, Swiatecki, and Tsang,* the initial interaction
of the target and projectile results is a shearing off
(abrasion) of the overlapping regions of the nuclei
leaving distorted, excited prefragments which sub-
sequently deexcite (ablate) to the observed pro-
ducts. This model anc other simple ones for
heavy-ion interactions suggest a monotonic re-
lationship (on the average) between impact param-
eter b and reaction product, with the simplest
(smallest mass loss) being associated with the
largest b, and vice versa. Based on the procedure
of Barshay et al.?"**® in which

dog=2mb{1 — exp[-T(b)o §,]}db ,

we have calculated the contributions of different
ranges of impact parameters to 0 ;. In this equa-
tion, 7(b) is the thickness function [as defined by
Eq. (2.3) of Ref. 28] which includes all the geo-
metrical properties of the colliding nuclei,* and
oy is the spin and isospin averaged nucleon-nu-
celon cross section at 2 GeV/nucleon. This cal-
culation predicts that impact parameters of 8.2
fm make the largest contributions to o,. For
closer approaches, the nuclei are black to each
other and the b term in the above equation is dom-
inant. For larger b, transparencies become sig-
nificant, rapidly reducing the contributions, yet
some reactions at impact parameters in the 10-12-
fm range are expected. We note that the most
effective impact parameters are larger than the
sum of the half-density radii of *°’Ar and ¢**°Cu,
3.39 and 4.23 fm, respectively, so that peripheral
collisions are expected to play important roles.
Impact parameters 2 8.3 fm contribute a cross
section equal to the estimated yields of products
with A =58, the upturning region of the mass yield
curve in Fig. 5. Furthermore, the =2160 mb
deduced for target fragmentation residues having
A =22 are accounted for by collisions with b
25.25 fm. Shown in Fig. 7 are realistic nuclear
density distributions*® for Cu and *°Ar at this
impact parameter. There is little overlap of the
central cores of the projectile and target even at
this separation and in this sense target fragmenta-
tion is peripheral. Major parts of the Ar and Cu
remain relatively undisturbed to ultimately yield
the fragmentation products. Presumably events
with smaller b and greater overlap will result in
increasingly violent interactions. This is con-
sistent with the classical equation-of-motion cal-
culations of Bodmer and Panos*’ for the A=50 on
A =50 system. They characterize collisions with
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FIG. 7. Nuclear density distributions for Cu and 4 Ar
showing the extent of overlap when the separation of
centers is 5.25 fm.

b<4.2 fm as “explosive” and note the absence of
any large prefragments for b <2.1 fm. It is in the
collisions at small impact parameters that the
greatest difference between heavy ions and protons
might be expected, and the production of light
fragments such as "Be may be one of the signa-
tures of such near-central collisions.

That the total cross section for target fragmen-
tation is proportional to o, for 'H and “°Ar in-
cident on Cu is not surprising. For a target as
light as Cu the skin is comparable in linear di-
mensions to the core and we measure a major
fraction of o, for all projectiles up to *°Ar. We
would expect that, if Cu were irradiated with
heavier projettiles such as Kr or Xe, scaling of
the target fragmentation cross section would drop
below o, and approach the o;'/? dependence ob-
served for the fragmentation of **C and %O pro-
jectiles.'®! Implicit in the above is our assign-
ment of most of the observed yields to the target
fragmentation process. The limited recoil data
obtained in the present work suggest there is little
momentum transfer from projectile to target for
products even as light as ?*Na, but clearly more
detailed studies are desirable.

1t is more difficult to gain a physical picture*®
of the reasons for factorization of the individual
fragmentation cross sections, i.e., the single
particle inclusive reactions. For example, the
fireball version®® of abrasion-ablation predicts
very different mass distributions for the pre-
fragments of Cu irradiated with “°Ar and protons.
To obtain the observed factorizability, some
mechanism would have to be found for giving the
prefragments much higher excitation energies for
incident protons than for “°Ar. Feshbach and
Huang*® have noted the equivalence between fac-
torization and the statistical (compound nucleus)
theory of nuclear reactions. Such a model, which
emphasizes the roles of binding energies and
level densities, can account for many of the pro-
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perties of projectile fragments.’°*? The present
observation that CD and Z, curves are independent
of bombarding particle suggests the same factors
play important roles, at least in the final de-
excitation stages of target fragmentation reactions.
There is again a problem, however, of why very
different projectiles give the same distributions

of excited systems.

Some of the difficulties with models at their
present state of development have been noted re-
cently by Rasmussen, Donangelo, and Oliveira,>?
who calculated target fragmentation cross sections
for '*C incident on *°Ca. Even with the refined
fire-steak version® of abrasion-ablation, and in-
cluding contributions of excess surface area® and
final state interactions®® to prefragment excitation
energies, and contributions from a single frag-
mentation process (abrasion-ablation is a double
fragmentation process in the sense that, for a
wide range of impact parameters, projectile frag-
mentation is correlated with target fragmenta-
tion), fits to the experimental data were not fully
satisfactory.

The present experimental data, which show that
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target fragmentation accounts for a major part of
the reaction cross section, place significant con-
straints on possible models. In pointing out the
similarities between heavy-ion and proton inter-
actions we stress the need for future theoretical
developments in which the transition from elemen-
tary particle probes such as pions and protons, to
deuterons and « particles, and to more complex
nuclei is made in a consistent and continuous

way.
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