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Mass, energy, and angular distributions have been measured for A = 6-30 fragments formed in
the *He + 28Si reaction at bombarding energies of 117.4 and 198.5 MeV. The data are compared
with calculations which account for the reaction dynamics in terms of an intranuclear cascade,

followed by statistical decay of the excited residues.

General agreement between the data and

calculations is found for the spectral shapes and mass distributions; however, the experimental
angular distributions are significantly more forward peaked than predicted. This suggests a failure
of the model to account satisfactorily for momentum transfer in the collision stage. These results
extend linear momentum systematics for *He projectiles near the Fermi velocity to significantly
lower target mass than previously measured. Implications of the data to questions of cosmic ray
astrophysics and radiation damage in microelectronic circuits are also discussed.

PACS number(s): 25.55.—e, 98.80.Ft

I. INTRODUCTION

As the relative energy of nucleus-nucleus collisions
increases well beyond the interaction barrier, the nu-
clear reaction mechanisms which contribute to the to-
tal reaction cross section become increasingly complex
[1]. Above projectile energies of about 10 MeV /nucleon,
mean-field processes such as complete fusion and simple
two-body transfer reactions gradually diminish in impor-
tance while the probability for projectile fragmentation
(2, 3], and precompound emission of nucleons [4, 5] and
heavier fragments, grows rapidly [6]. This transition is
generally understood in terms of the enhanced contribu-
tion of nucleon-nucleon scattering to the energy dissipa-
tion mechanism as the projectile velocity approaches the
Fermi velocity of nucleons in nuclear matter. Because of
the continuum/multibody nature of such processes, a full
understanding of the reaction dynamics associated with
intermediate-energy collisions poses a significant experi-
mental and theoretical challenge.

A parallel goal in the study of nuclear reactions at in-
termediate energies is to describe the properties and de-
cay characteristics of highly excited nuclear matter. In
particular, there is great current interest in the multifrag-
mentation and total disassembly of nuclei at high tem-
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peratures [7—11]. Characterization of such events is, how-
ever, complicated by the broad spectrum of final states
formed in the collision stage. While in principle the full
description of such events demands measurements with
4 geometry, valuable insight can be gained from inclu-
sive mass, energy, and angular distributions for the total
reaction cross section and comparison of these data with
nuclear models.

Previously, doubly differential cross section measure-
ments for all A > 6 isobars formed in the He + !2C
reaction [12] have been performed at projectile ener-
gies between 50-160 MeV. These data were found to be
consistent with an intranuclear cascade/Fermi breakup
production mechanism which at the highest energies re-
quired significant contributions from three- and four-
body breakup events in the decay channel [13]. Total
mass yields from the 180-MeV p + 27Al system have
also been studied [14]. While the mass yields for this
reaction could be accounted for relatively well with a
precompound decay reaction mechanism [4] followed by
statistical decay of the excited residues, similar compar-
isons with an intranuclear cascade/statistical decay cal-
culation demonstrated much poorer agreement for both
the mass yields and angular distributions. In particular,
the standard version of the intranuclear cascade model
failed to account for the strong forward-angle peaking of
the angular distributions and overpredicted the yields of
near-target residues formed in quasifree scattering pro-
cesses [14]. "At the same time the cascade model under-
predicted the yields of lighter products formed in higher
deposition-energy events. With calculations available at
that time, angular distributions could not be calculated
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for the precompound decay model and the Fermi breakup
code was restricted to nuclei with A < 20.

In the present work we report inclusive data for mass,
kinetic energy and angular distributions from the “He
+ 28Si reaction at 117.4 and 198.5 MeV, or E/A = 29
and 50 MeV/nucleon. Maximum excitation energies of
~110 and ~180 MeV are possible in these reactions, cor-
responding to temperatures of 5.2 and 6.7 MeV (assum-
ing @ = A/8 MeV™!), respectively. The total binding
energy for the composite system is 272 MeV. These data
provide complete doubly differential cross sections for all
isobars with A = 6-30 which can then be compared with
model predictions. In addition, total reaction cross sec-
tion estimates and average linear momentum transfer val-
ues are obtained (7, 15]. The results are compared with
predictions of an intranuclear cascade code, followed by
statistical decay of the residual products. The data are
also relevant to both astrophysical and radiation damage
problems associated with galactic-cosmic ray interactions
[16-18].

II. EXPERIMENTAL PROCEDURES

The measurements were performed in the 162-cm-
diameter scattering chamber at the Indiana University
Cyclotron Facility. Beams of 117.4- and 198.5-MeV
4He ions with intensities 20-100 nA were focused to a
2-mm-diameter spot on a self-supporting, monoisotopic
288i target of thickness 100 ug/cm?. Doubly differential
cross sections for all isobars with A = 6-30 were measured
with a five-element time-of-flight detector telescope.

The timing start detector in the telescope consisted
of a channel-plate fast-timing detector system which em-
ployed 18-mm diameter active-area channel plates [19,
20]. This device was placed 18.4 cm from the 28Si target.
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Time-of-flight stop signals were derived from a 47-um
thick, 100 mm? active area surface-barrier transmission
detector placed 48.8 cm from the channel plate device.
This system provided a timing resolution of less than
150 psec, yielding a mass resolution of 0.7 u FWHM at 5
MeV for A = 24. Relative linearity was verified with tim-
ing calibrations performed with a time calibrator. Chan-
nel plate efficiencies were checked using particle-identified
fragments detected in the silicon AE — E elements of the
telescope and were found to range from a minimum of
75% for energetic Li ions to nearly 100% for boron ions
[12]. Several antiscattering slits were placed between the
start and stop detectors. The collimator on the 47-pym
detector defined the solid angle of the telescope, which
was 0.173 msr, or A = 0.86°.

The 47-pm detector served to define the energy E
of all fragments which stopped in this element and the
energy-loss AF of all energetic fragments which punched
through it. The third and fourth elements consisted of
500-pym and 2-mm thick surface-barrier detectors which
permitted Z and A identification of energetic ions with
Z < 4 produced in these reactions. The final element
was a 5-mm lithium-drifted silicon detector which served
to veto light ions passing through the stack. Detector
energy calibration was performed with 48Gd and 24'Am
alpha-particle sources and a precision pulse generator.
Absolute energy calibrations of the fragment spectra in-
cluded Z-dependent corrections for energy loss in the tar-
get and the channel-plate carbon foil (20 pg/cm?), as well
as detector dead layers. Total system performance per-
mitted identification of all fragments from A = 6-30 with
energies £/A > 0.1 MeV. This is an important consid-
eration in the measurement of these reaction products,
due to the resultant low-energy components of the en-
ergy spectra (see Fig. 1).
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Linear and logic signals were processed with standard
NIM and CAMAC electronics, monitored on-line and
stored on magnetic tape for later analysis. Replay was
performed on the IUCF VAX system, using the data anal-
ysis code LISA [21]. All cross sections were corrected for
events which were eliminated by the low-energy thresh-
old of the detection system and for those angles outside
the measured range. The low-energy extrapolations were
based on the systematic behavior of the data; one-half
of the extrapolated counts were added in quadrature to
the statistical errors in determining the quoted errors
for these measurements. Energy spectra, angular dis-
tributions, isobaric cross sections, and linear momentum
transfer were determined and catalogued for individual
isobars from A = 6 to 30. Representative data and iso-
baric cross section data are presented here; more detailed
information is available on request.

III. EXPERIMENTAL RESULTS

The systematic properties of the data obtained in these
studies are examined in this section. Energy spectra for A
= 24 fragments (the dominant isobaric reaction product,
see Table I) are shown in Fig. 1 as a function of laboratory
angle for both bombarding energies. The Maxwellian
shapes for A = 24 are representative of all isobaric yields,
except for products near the target mass (A4 ~ 28) at an-
gles in the vicinity of the quasielastic recoil angle near
60°. The spectral slopes become increasingly steep as a
function of increasing angle, as has been observed previ-
ously for the 4He + !2C system [12]. Comparison of the
results at the two energies indicates little difference be-
tween the spectra, except that at 117.4 MeV the spectral
shapes at high fragment energies exhibit a steeper expo-
nential cross section decrease with increasing energy than
at 198.5 MeV. Figure 2 shows spectra taken at 30 deg for
a range of isobars. This figure demonstrates the relative
insensitivity of the spectra to fragment mass. Except for
the differences in shape noted above, little dependence
on bombarding energy is apparent. Examination of the
low-energy maxima in the A &~ 12-20 spectra reveals that

these peaks are significantly lower than expected for sim-
ple Coulomb repulsion associated with a binary breakup
processes. The calculated Coulomb peaks for the binary
decay channels 60-160 and '2C-?°Ne are indicated by
arrows in Fig. 2. This result supports an interpretation
in which the light fragments produced in these collisions
originate from multibody (n > 3) final states in the de-
cay channel rather than binary breakup. This implies a
broad spectrum of excited states contribute to the final
yields, consistent with the expected importance of pre-
compound emission in the collision stage. The results
are also in agreement with the observed trends in linear
momentum transfer as a function of bombarding energy
in this regime of projectile E/A [1, 22].

Angular distributions for a range of isobars are plot-
ted in Fig. 3. All angular distributions are observed to be
strongly forward peaked, from which it can be inferred
that a significant fraction of the cross section for A > 6
products is associated with large linear momentum de-
position rather than peripheral inelastic processes. Only
for A = 28 is there a significant deviation from the ex-
ponential decrease of the differential cross sections with
angle; this occurs in the region near 60°, where quasi-
elastic yields are focused. At both energies the angu-
lar distributions become increasingly isotropic as the ob-
served fragment mass decreases. For a given fragment
mass the angular distributions exhibit greater isotropy at
the higher energy. For example, the forward-to-backward
ratios [F/B = 0(15°)/5(165)°] for A = 24 fragments are
F/B ~ 20 at 117.4 MeV and F/B ~ 12 at 198.4 MeV;
for A = 7 these values are ~ 4 at 117.4 MeV and 3 at
198.5 MeV.

The increasing isotropy of the angular distributions
with decreasing fragment mass suggests that large
deposition-energy events are accompanied by substantial
tranverse momentum components in the entrance and/or
exit channels. This may be accounted for in several ways:
(1) precompound emission of relatively low energy light
particles serves to spread out the angular distribution
of primary heavy residues; (2) sequential statistical nu-
cleon and alpha-particle decay may lead to further angu-
lar spreading, and (3) instantaneous fragmentation pro-
cesses — binary or higher order — may produce significant

TABLE I. Total isobaric cross sections (mb).
A 117.4 MeV 198.5 MeV A 117.4 MeV 198.5 MeV
6 12 13 19 11 17
7 11 15 20 27 30
8 1.2 1.7 21 30 34
9 2.3 : 3.3 22 37 42
10 4.8 8.0 23 53 57
11 7.5 14 24 80 66
12 18 25 25 71 62
13 10 14 26 69 56
14 13 18 27 70 44
15 16 26 28 51 21
16 28 33. 29 20 5.6
17 12 15 30 4.8 1.2

18 10 14




270 L. W. WOO et al. 47
28 o
o + Si - HI ( Qlab=30°)
T T I LI I T TTT I T TT ]' T T 1T TTrTT | L ) I T T 1T | T 11T I T 17T
103 - — —1103
e, 4 En = 117.4 MeV E e, E, = 198.5 MeV 3
E* * +++“+ EE - T~ E
- - \‘+++,* £ 1000 17 +*¢'§"+y‘.\ \x 1000 -
10° = ., N e = SN — 10%
X . S, E
/{>\ Fo 7~ <., o :7 200, :: 100 . . AN ) 3
) *ﬁ(xxxxxX Qoo Y RN 0% EXIN + +4 A=16 1
= T ™, x 100 i -
. 10l - i — 10l FIG. 2. Energy spectra ob-
NG E 3 served at 30° for representative
"g [ "0, A—20 fragment mass values, as indi-
~ 10 ° s 1100 cated on figure. Left figure is
- - E for bombardment at 117.4 MeV
= C ] and right is for 198.5 MeV.
% I 1 1 Dashed lines are predictions of
> 107! = 10 intranuclear cascade/statistical
o E 3 decay calculations [30]. Cross
L . sections have been multiplied
1072 A\ — — 1072 by factors shown on figure.
E o o A=27 x - E
C T oo A=27 ]
10—3 | | I 11 1.1 | 1111 | 111 ] I . 1111 | | ] 11 11 I 11 1.1 I § I . 10_3
0 10 20 30 40 0 10 20 30 40 50

Ejp (MeV)

transverse recoil components. In regard to the question
of multifragmentation, it is of interest to examine the
backward-angle angular dependence of the data. For © >
90° the differential cross sections are nearly constant for
A =T fragments. There is also an inversion of the depen-
dence of the differential cross section on fragment mass;

i.e., at forward angles the yields of the heavy fragments
are enhanced, whereas at backward angles the reverse
is true. In addition, the backward-angle cross sections
are significantly larger at 198.5 MeV than at 117.4 MeV.
This behavior is suggestive of a mechanism in which frag-
mentation of the highly-excited system into two or more
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FIG. 3. Angular distributions for several representative mass values (as indicated on figures). Left figure is for bombardment
at 117.4 MeV and right is for 198.5 MeV. The experimental data points are joined by solid lines to guide the eyes. Cross sections

have been multiplied by factors shown on figure.
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complex fragments may produce a large angular spread-
ing of the products toward backward angles.

In Fig. 4 the angle- and energy-integrated mass distri-
butions for the two energies are shown; these values are
also given in Table I. Combined statistical plus system-
atic errors range from about 10% for light fragments to
20% for the heaviest fragments. Extrapolations of the
energy spectra to zero energy and angular distributions
to the beam axis are accounted for in the tabulated values
and included in the error estimates. At both energies the
yield patterns are quite similar. There is a clear shift to-
ward enhanced population of lower masses for the higher
excitation energy. The average mass loss relative to the
composite nucleus (CN), (AA) = Acn — A(fragment),
from these data is —9.8 nucleons at 117.4 MeV and —11.5
nucleons at 198.5 MeV. Intranuclear cascade calculations
indicate that mass loss, AA, is correlated with excita-
tion energy of the system; this result suggests that only
a small fraction of the additional 80 MeV of projectile en-
ergy is translated into internal excitation energy in these
collisions. Another significant feature of the mass distri-
butions is the favored feeding of A = 4n nuclei in the
de-excitation of the primary fragments. The large mass
losses AA, discussed above and relatively low momen-
tum transfers (see below) found for this system can be
reconciled by a picture in which emission of alpha par-
ticles — either sequential or simultaneous — provides the
central pathway for de-excitation of the primary residues.
This is also consistent with the previous discussion of the
angular distributions.

The observed dependence of the fragment cross sec-
tions on ejectile mass in the *He + 28Si system differs
from that for intermediate-energy He-induced reactions
on heavier targets [23,24]. For heavy targets one observes
a significant contribution of intermediate-mass fragments

283i > HI + x

(6 < A < 30), for which the cross sections follow a power-
law decrease with increasing ejectile mass [25]. The op-
posite trend is observed in the present data (Fig. 4). This
contrasting behavior implies that for the relatively diffuse
28Sj target, formation of complex fragments is less prob-
able, either due to dynamical constraints associated with
increased transparency (and therefore lower average ex-
citation energy) or insufficient matter density in the hot
intermediate system to permit coalescence of these frag-
ments.

Total reaction cross sections for the two energies are
listed in Table II. These values represent the direct sum
of the A > 6 cross sections and do not account for either
missing cross section due to possible total disintegration
of the system into H and He, or double counting due to
multifragment-emission processes. The results are in rel-
atively good agreement with other data [13,14,26] and in-
dicate the expected decrease in the reaction cross section
with increasing energy due to target transparency. The
results are compared with calculations of oz by Webber
[27], Kox (28] and Karol [29] in Table II. The reported
cross sections are significantly lower than the model cal-
culations.

In Fig. 5, the average longitudinal linear momen-
tum transfer for each isobar, (p;(A)) is plotted versus
the observed fragment mass. Values of p; were cal-
culated from (1) the measured fragment velocity dis-
tributions, assuming the average fragment velocity is
unchanged by statistical particle evaporation, and (2)
the average mass of the fragment prior to decay was
(A) = 29 at 117.4 MeV and (A) = 28 at 198.5 MeV.
The choice of (A4) was based upon the results of in-
tranuclear cascade (CLUST) predictions [30] for these
two systems. However, within the experimental errors
the results are not strongly dependent on this assump-
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TABLE II. Total Reaction Cross Sections (mb).
E. or (exp) or (predicted)?® or (predicted)® or (predicted)®
117.4 MeV 670 950 1212 1230
198.5 MeV 640 950 1133 1104

® Reference [27].
® Reference [28)].
¢ Reference [29].

tion. For targetlike residues, the ratios of (p;(A))/Pbeam
fall well below unity, supporting the previous assump-
tion that these fragments can only be produced in re-
actions which impart small linear momenta and excita-
tion energy to the struck nucleus. As the fragment mass
decreases, the increased violence of the collision is in-
dicated by increasing linear momentum transfer, which
approaches the fusion limit for the lightest complex frag-
ments. Comparison of the 117.4 MeV results with those
at 198.5 MeV demonstrates the expected decrease in
(P (A)/Pbeam) for the higher velocity projectile due to the
linear momentum carried off by precompound emission
processes. The cross-section-weighted value of the longi-
tudinal linear momentum transfer, (p|) averaged over all
masses, is 460 MeV /c at 117.4 MeV incident energy and
450 MeV/c at 198.5 MeV. This corresponds to fractions
of the beam momentum, (p)) /Pbeam, of 0.49 £ 0.04 at the
lower energy and 0.37 + 0.04 at the upper energy. These
data make it possible to extend the target systematics of
the linear momentum transfer to lighter nuclei, as shown
in Fig. 6. Here previous results [15] for (p))/Pbeam are
compared with the present results as a function of target
mass for E/A = 35 MeV “He ions. The value of 0.45
4 0.04 interpolated from the present data is observed

to follow the decrease indicated by Ref. [15]. From the
systematics shown in Fig. 6, it is apparent that linear
momentum transfer (and correspondingly, imparted ex-
citation energy) decreases with decreasing target mass.
This behavior is most simply understood in terms of the
increasing ratio of the cross-sectional areas for the diffuse
surface relative to the central matter density for decreas-
ing target mass.

IV. DISCUSSION

A. Model calculations

Interpretation of these data requires a model that can
account for both the collision dynamics and the statistical
decay of the primary reaction products. In this section
we compare the data with predictions of the intranuclear
cascade code CLUST [30] to develop the reaction dynam-
ics, and the DFF code [31] to account for statistical decay
of the primary fragments. The CLUST code has been
developed specifically for 1H-, 2H-, and 4He-induced re-
actions below about 1 GeV incident energy. Compari-
son of CLUST with ISABEL [32], a generalized INC code
for complex projectiles, shows that for the present sys-
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FIG. 6. Ratio of total average linear momentum trans-
fer to the beam momentum as a function of target mass for
E/A = 35 MeV *He-induced reactions. The solid point is
derived from this work; open points are from Ref. [15].

tems the energy dissipation predicted by ISABEL is too
low to account for these results. This underprediction is
largely due to the dominance of quasifree scattering pro-
cesses in the ISABEL dynamics. Similar calculations with
the standard INC code have recently been performed for
proton-induced reactions by Tang et al. [33].

As indicated in Fig. 1, the spectral shapes predicted by
the CLUST code are in relatively good agreement with the
data. The calculations predict somewhat flatter slopes
for the spectra at forward angles and steeper slopes at
backward angles for both energies. However, for angles
in the range of 30° to 60°, which comprise a significant
fraction of the cross section, the agreement with both
absolute cross sections and spectral shapes is quite good.
These same conclusions apply to all isobaric products
(Fig. 2), except for deviations in the absolute cross sec-
tions for near-target and very light (A < 16) products.
In general the agreement is better at 198.5 MeV than at
117.4 MeV.

Despite the relatively satisfactory fits to the fragment
spectra, a significant disagreement appears when the an-
gular distributions are compared with the model (Fig. 7).
At forward angles the calculations fall well below the data
whereas they seriously overpredict the yields of near-
target products in the vicinity of the quasielastic recoil
angle. This has been noted previously in the 180 MeV p
+ 27Al reaction [14] and demonstrates a major failure of
the standard intranuclear cascade model for light target
nuclei in this energy regime; i.e., it overpredicts quasifree
scattering mechanisms at the expense of more complex
scatterings which lead to higher linear momentum trans-
fers and deposition energies.

In Fig. 5 the isobaric yields at each energy are com-
pared with the model. The downward shift in the ex-
perimental mass distributions relative to the calculation
is apparent at both energies; this discrepancy is most
noticeable in the region of the quasielastic products. In
addition, the failure of the calculation to reproduce the
yields of the lightest products (A < 20) is also apparent,
although at 198.5 MeV there is significant improvement
in this respect relative to the 117.4 MeV results. All of
these comparisons indicate that the reaction dynamics
incorporated in the intranuclear cascade calculation do

not result in sufficiently large deposition energies in He-
induced reactions on light target nuclei. The calculation
does succeed in qualitatively reproducing the enhanced
yields for A = 4n products.

B. Applications of data

As indicated in the introduction, an understanding of
intermediate-energy light-ion interactions is important to
studies of cosmic-ray related phenomena associated with
space-radiation effects and nuclear astrophysics.

Cosmic-ray nuclei represent an important source of bit
upset generation in microelectronic devices [18]. An es-
sential ingredient for any attempt to account for these
radiation-induced errors is the availability of reliable dou-
bly differential cross-section information, d?c/dQ2 dE, for
cosmic-ray-induced reactions in the material of interest:
i.e., primarily silicon and oxygen. Of particular concern
in evaluating radiation effects is the possibility that ener-
getic heavy recoil fragments may enhance the magnitude
of radiation effects due to their high ionization density,
proportional to AZ? of the fragment. The large excess
of energetic heavy fragments at forward angles (relative
to theoretical predictions) observed in these studies (see
Fig. 7), as well as for the p + 27Al system [14], indi-
cate that heavy recoils may be a significant contributor
to error generation in silicon chips exposed to cosmic-ray
fluxes.

Three problems of astrophysical interest are also ad-
dressed by these data. The first relates to the origin of
galactic cosmic rays (GCR). Measurements [17] of the
isotopic composition of galactic cosmic rays reveal a sig-
nificant enrichment of neutron-excess Ne and Mg isotopes
relative to their interstellar medium (ISM) ratios. This
observation suggests that GCR progation may be asso-
ciated with an r-process-like environment. However, in
order to test such theories, it is essential to understand
the modifications to the primary source flux due to nu-
clear reactions which occur during transport through the
interstellar medium. Corrections for these processes de-
pend on an accurate knowledge of cross sections for reac-
tions between heavy cosmic-ray primaries (such as 288i)
with hydrogen and helium (the dominant components of
the interstellar medium).

In Table III isotopic ratios for the stable Ne and Mg
isotopes are compared with the cross-section ratios for
these data (Table I) and for the 180-MeV p + 27Al re-
action [14]. The data demonstraie that these spallation
processes, mass numbers A = 24-26 (Mg isotopes on a
cosmic-ray time scale, except for 26Al) and A = 20-22
(Ne isotopes) are populated with roughly equal probabil-
ity. Thus one would expect enrichment of neutron-excess
species relative to solar system abundances in the spec-
trum of neon and magnesium isotopes formed in spal-
lation of Si primaries in the cosmic-ray flux. Similarly,
for mass numbers A = 16-18 (oxygen) enhanced produc-
tion is observed for the neutron-excess isotopes; however,
at this level contributions from spallation of 2°Ne and
24Mg primaries also become important. Thus, the obser-
vation of enriched ratios for neutron excess isotopes in
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FIG. 7. Angular distributions for several representative mass values (as indicated on figures). Left figure is for bombardment
at 117.4 MeV and right is for 198.5 MeV. Dashed lines are predictions of intranuclear cascade/statistical decay calculations
[30]. Calculations do not predict any yield for A = 7. Cross sections have been multiplied by factors shown on figure.

the cosmic-ray flux relative to solar-system material is at
least in part a consequence of spallation reactions expe-
rienced by any primary flux in passing through the inter-
stellar medium [16, 34]. Quantative evidence for anoma-
lies in the cosmic-ray isotopic composition can only be
understood after correction for these spallative processes.

A second, similar application of these data relates to
the abundances of secondary nuclei produced in mete-
orites by GCR-induced spallation reactions during the
meteorite lifetime. These measured cross sections, in
conjunction with isotope ratios observed for a given me-
teorite, can be used to infer information on its exposure
geometry and the history of GCR fluxes [35].

A third astrophysical problem of related interest is
the nucleosynthesis of the elements lithium, berylium,
and boron(LiBeB). The abundances of the nuclides Li,
9Be, 9B, and !B can be understood as primarily due
to reactions of galactic-cosmic-ray H and He with He

TABLE III.

and CNO nuclei in the interstellar medium (CNO =
carbon, nitrogen, and oxygen) [16]. One open ques-
tion concerning this model is the possible contribution
of heavier target species in the interstellar medium (e.g.,
Ne, Mg, and Si spallation) to the production of LiBeB.
Since the relative abundances of these target-source ele-
ments are smaller than for CNO (C/N/O/Ne/Mg/Si =
0.61/0.13/1.00/0.14/0.06/0.06), the heavier species can
only be important if the formation cross sections for
LiBeB are significantly higher than for CNO. The cross-
section results for LiBeB listed in Table I are slightly
lower for Si than for CNO targets [36] at these ener-
gies. This suggests that the high energy cross sections
for 2°Ne and 2Mg, the other two major contributors to
GCR synthesis of LiBeB, are comparable. Inclusion of
these “He + 28Si results and those of Ref. [14] into the
GCR calculations of Walker et al. [16] serves to increase
the absolute production rates of 67Li, "Be, and %11B by

Isotope number ratios of neon and magnesium isotopes in ISM and GCR [17]

compared with cross section ratios for corresponding mass numbers in p + 27Al reaction [14] and

these data (Table I).

20Ne : ?'Ne : %2Ne

24Mg . 251\/-[g . 26Mg

ISM 1.0 : 0.024 : 0.073 1.0: 0.13: 0.14
GCR 1.0 : 0.25 : 0.67 1.0: 0.28 : 0.30
180 MeV p + 27Al 1.0:1.12 : 1.03 1.0:1.13: 1.40
198.5 MeV “He + 28Si 1.0: 0.55 : 1.50 1.0: 0.94: 0.85
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about 2-4 % and to have little effect on the isotope ratios.
Thus, the contribution of species heavier than CNO to
the LiBeB formation in galactic cosmic-ray interactions
with the interstellar medium appears to be small and
does not significantly perturb the existing scenario for
LiBeB nucleosynthesis.

V. SUMMARY

The principal conclusion to be drawn from these stud-
ies of intermediate energy “He ions on light target nu-
clei is that excitation energy deposition and momen-
tum transfer in the collision stage are significantly larger
than predicted by intranuclear cascade/statistical decay
predictions. Experimentally, this is supported by the
strongly forward-peaked angular distributions and mass
distributions which are skewed to lighter masses than pre-
dicted by the code. This discrepancy is best understood
in terms of the relative importance of quasifree scattering
events compared to multiple scatterings [14], as has been
noted previously for intermediate-energy proton-induced
reactions [14, 37].

These data suggest that the decay of the highly ex-
cited residues formed in these reactions is dominated by
multibody (n > 3) processes, either sequential or instan-
taneous. In support of the multibody character of the de-
excitation process, one observes that the yields of light
fragments (A < 16) in the backward hemisphere are sig-
nificantly enhanced at the higher energy and that the
Coulomb peaks of these spectra are significantly lower
than expected for a two-body breakup mechanism. In
this respect (i.e., spectral shapes and backward-angle
yields) the intranuclear cascade/statistical decay code de-
scribes the data satisfactorily, as might be expected since
it incorporates sequential multibody emission in the de-
excitation process.

These data also have relevance to radiation-damage
studies in microelectronic devices exposed to intermedi-
ate energy light-charged particle fluxes. Most significant
in this regard is the much larger probability of producing
energetic complex fragments (Z > 3) relative to predic-
tions of cascade models which are generally employed in
radiation damage simulations. Due to the much larger
specific ionization of such fragments, they may consti-
tute a larger component of the total radiation damage
than previously believed.

The data also impact on three problems of astrophysi-
cal interest. First, with regard to the question of lithium,
beryllium and boron nucleosynthesis in galactic-cosmic-
ray interactions with the interstellar medium, the mea-
sured cross sections are consistent with arguments [34]
that nuclei heavier than oxygen contribute negligibly to
the abundances of these elements. Of greater signifi-
cance, these results emphasize the importance of trans-
port corrections in attempts to infer the primary com-
position of galactic cosmic rays from observed isotope
ratios. These cross-section data, along with those of
Ref. [14], demonstrate that proton- and alpha-particle-
induced spallation reactions during transport signifi-
cantly enhance the yields of neutron-rich nuclides. Thus,
the observation of neutron-rich species in the observed
cosmic-ray yields [17] may be at least in part due to this
effect.
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