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Inclusive mass, energy, and angular distributions of all fragments with A )6 have been measured
for alpha-particle-induced reactions on ' C at five energies between 49 and 159 MeV. From these
data the evolution of the dominant reaction mechanisms with energy is characterized. Based on
analysis of the mean value of the mass distribution, it appears that linear momentum transfer from
projectile to target initially increases with beam energy and reaches a maximum at about 30—40
MeV/nucleon. The low-energy data are consistent with compound nucleus formation and simple
transfer processes. At higher energies the growth of forward-peaked angular distributions, continu-
um energy spectra, and the disappearance of two-body states demonstrate the increasing importance
of nucleon-nucleon collisions and multibody breakup mechanisms as the velocity of the projectile
exceeds the Fermi velocity. The observed total reaction cross section decreases with increasing bom-
barding energy. Inclusion of these new data into the excitation functions for 6& A & 11, which are
required for nucleosynthesis calculations relevant to the origin of the elements Li, Be, and B, does
not significantly alter conclusions based on previously available data.

I. INTRODUCTION

In the last two decades nuclear reaction mechanism
studies have focused on two extreme ranges of projectile
energies: (1) the low-energy regime from the Coulomb
barrier to -20 MeV/nucleon and (2) the high-energy re-
gion above about 100 MeV/nucleon. In the intermediate-
energy region it has been suggested that new reaction
mechanisms may appear when the projectile velocity
exceeds both the velocity of sound in nuclear matter and
the Fermi velocity. ' Certainly one expects to observe the
transition from mean-field effects at low energies to
nucleon-nucleon collision effects at high energies.

Until very recently the alpha particle has been the
heaviest complex projectile available in this energy range.
Although macroscopic coherent effects are expected to be
accentuated for heavier ions, it is essential that the basic
interaction features for a relatively simple projectile such
as the alpha particle be understood in order to recognize
and identify more exotic phenomena.

The primary purpose of this research has been to inves-
tigate the salient mechanisms which describe the total re-
action cross section, oq, for alpha-particle-induced reac-
tions on light-target nuclei (' C, ' N, and ' 0) in the

transition-energy range from 10 to 40 MeV/nucleon. In
previous studies of similar systems, most of the effort has
been directed toward the measurement of light-ion spec-
tra. 2 s In addition, gamma rays from low-lying states of
heavy fragments ' have been used to gain information on
a few bound states; however, these constitute only a small
part of the reaction cross section. Some data also exist on
the mass and charge distributions of heavy fragments
from the He+ Al reaction.

The experimental focus of the present study has been to
measure the complete mass, energy, and angular distribu-
tions for all reaction products with A)6, identifying
product masses unambiguously. Because the targetlike
residual nuclei represent the net consequences of both the
collision and decay stages of the total interaction, such
studies provide a different perspective on the deposition of
energy and transfer of linear momentum in a given reac-
tion than do inclusive light-charged particle measure-
ments. Moreover, one can estimate the relative impor-
tance of the various reaction channels that comprise the
total cross section. For example, from the energy and an-
gular spectra of fragments with 3 )6, both low-lying
two-body and multibody ()3) final states can be identi-
fied and for the former, it is possible to determine wheth-
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er these fragments originate from compound nucleus for-
mation or direct interactions. Interpretation of the data
presented in this paper will focus on the qualitative under-
standing of the predominant underlying reaction mecha-
nisms. In an accompanying paper a comparison of the
data with theoretical predictions of an intranuclear
cascade-statistical decay calculation will provide a more
quantitative evaluation of the data. '

A related problem of current interest is the measure-
ment of total reaction cross sections for complex projec-
tiles in the intermediate energy region. ' The experimen-
tal total reaction cross sections for low-energy collisions at
energies above the resonance region can be described semi-
classically. " ' As the beam energy increases above about
20 MeV/nucleon, O.R decreases from its maximum value
to a minimum in the energy region (150&E/3 &300
MeV/nucleon). The decrease in O.z with beam energy has
been ascribed to a transparency of the target nucleus or a
decrease in the geometric cross section of the interacting
system. ' The data obtained in this work provide an in-
dependent check of the dependence of oz on beam energy,
which can be used for comparison with results derived
from elastic scattering and beam attenuation techniques.

Finally, alpha-particle-induced reactions on ' C, ' N,
and ' 0 target nuclei have astrophysical importance for
Li, Be, and 8 nucleosynthesis. Among various models,
the interaction of galactic cosmic rays (GCR) with the in-
terstellar medium has met with the greatest success for
explaining Li, Be, ' B, and "B production. ' The exci-
tation functions for fragments with 6& 2 & 11 from the
He+' C reaction at beam energies from 49 to 159 MeV,

combined with recent data from the He+ ' N and
He+' 0 reactions' at beam energies from 50 to 80

MeV, provide a more complete set of data with which the
validity of the proposed models of LiBeB synthesis can be
assessed.

II. EXPERIMENTAL PROCEDURES
AND DATA ANALYSIS

A. Experimental apparatus

The primary experimental objective of this study was to
determine the mass, energy, and angular distributions of
all reaction products with A )6 as a function of beam en-

ergy for alpha-particle-induced reactions on a ' C target.
The experiments were carried out at the University of
Maryland Cyclotron using 49.0-, 61.0-, 80.1-, 121.0-, and
159.3-MeV alpha-particle beams to bombard ' C targets
with thicknesses of 50—100 pg/cm . The beam current
ranged from about 20 nA for forward angle measure-
ments to 300 nA for backward angles. Absolute cross sec-
tions were calculated from the known target thickness,
count rate, detector geometry, and integrated beam
current.

The principal experimental technique in our measure-
ments was time-of-flight (TOF) mass identification. The
TOF detector telescope consisted of four detectors. A
channel-plate fast-timing device' ' (CPFTD) served as
the first (start) element in the telescope, followed by a 45-
pm surface-barrier transmission detector 23 cm from the

CPFTD foil. This detector was used simultaneously as
the second (stop) timing detector, as an energy E detector
for stopping fragments, and as a b,E detector for
transmitted ions. A second surface barrier detector of
thickness 400 pm served as an energy detector for all

stopping particles which penetrated the first hE element.
A third surface barrier detector (4 mm Li-drifted Si) was
used in the telescope to veto energetic light ions (H,He).
In these experiments the timing uncertainty, ht, was not
measured directly; however, an upper limit of 130 psec
was estimated from the mass resolution of the reaction
products.

B. Data reduction

Detector energy calibrations were performed with ' Gd
and 'Am alpha-particle sources. The energies of well-
defined two-body states observed in the data usually
agreed to within 0.3 MeV of the kinematically expected
value. A small observed energy shift was attributed main-

ly to energy loss of the products in the target material and
the channel-plate carbon foil. In the He+' C reactions
only a small fraction of the product ions were stopped in
the carbon foil (e.g., for ' N only ions with an energy
&0.1 MeV are stopped in a 50-pg/cm thick carbon foil).
Therefore, no corrections have been made for these ef-
fects.

Transformation of the fragment time-of-flight T and
energy E data into masses M followed two approaches.
The first (applied to the 80-MeV data) considered a mass
transformation function of the form
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FIG. 1. Mass spectrum for the 80-MeV He+' C reaction
observed at a laboratory angle of 30 deg. A11 events with an en-

ergy & 2 MeV are included in the plot.

M =&+b(c+dE)(T+to+ eE+ fE2+gM+hM~)2, (1)

where a to h and to are parameters which were optimized
to yield straight mass lines over the entire mass-versus-
energy spectrum. The parameters c and d are correc-16

tions for the nonlinearities in energy, to is a time offset,
and e, f, g, and h are parameters to make corrections for
the nonlinearities in the timing system. The disadvantage
of this method is that it is still not completely successful
in straightening the mass lines at the lowest energies (e.g. ,
0.5 &E &2 MeV) for the heaviest products. The result of
transforming the 80-MeV data is shown in Fig. 1 for frag-
ments with energies & 2 MeV. This spectrum is typical of
the energy-gated mass spectra obtained at all bombarding
energies. For fragments with E &2 MeV a mass resolu-
tion of -0.4—0.5 u was generally obtained; this de-
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teriorated to a value of —1 u at the lowest fragment ener-
gies (-0.5 MeV).

For the low-energy 80-MeV data and the data at other
energies a second approach has been used. This method
defined two-dimensional nonlinear gates around the mass
lines as defined by a two-dimensional E vs Et contour. '

The energy spectra could then be projected out for each
mass and integrated to yield cross section information.
Charge identification was determined by standard b,E-E
techniques for all fragments which penetrated the first sil-
icon detector. Due to the fact that most of the yield in
these reactions is concentrated at comparatively low ener-
gies, only a small fraction of the total cross section of ions
with Z & 3 could be identified according to charge.
Hence, the charge information has only been used for
channel-plate efficiency corrections (Sec. II C).

The electronic low-energy threshold was 0.5 MeV for
all but the 121-MeV He+' C experiment, for which it
was about 2 MeV. To correct each isobaric yield for the
unmeasured, low-energy portion of the fragment energy
spectrum, the average number of counts per bin just above
the low energy cutoff was extrapolated to zero MeV, as-
suming a constant value of counts per bin for the missing
energies. This was then integrated to estimate the total
yield in that unmeasured region. A 50% error in the ex-
trapolated low-energy yield was assumed to account for
uncertainties in the undefined region of the spectrum and
for heavy ions stopped in the target material. This was
then added in quadrature with the other errors (i.e., uncer-
tainty in target thickness, flight path, angle measurement,
beam-current integrator, errors from CPFTD inefficiency
corrections, and statistical errors) to determine the final
error.

To estimate the portion of the angular distribution not
covered in these experiments, the differential cross sec-
tion, do/d8, has been extrapolated linearly from 10 to 0
deg and from the most backward measured angle to the
kinematic limit (or 180') at backward angles.

C. CPFTD efficiency

In order to determine fragment cross sections in these
experiments, it is necessary to determine the efficiency of
the CPFTD. The CPFTD detects secondary electrons
emitted from a 30-pg/cm carbon foil when a given frag-
ment passes through it. Thus, the efficiency of the device
depends upon (i) the probability for electron production
when the ion to be detected interacts with the carbon foil
and (ii) the probability for electron detection by the
channel-plate devices. The former probability is assumed
to be directly proportional to the stopping power of heavy
ions in matter. The latter is mainly determined by the ac-
tive area of the channel plates and the constant fraction
timing discriminator threshold. Assuming this latter
probability is constant during a run, one can predict that
the efficiency of the CPFTD will be a function of the
stopping powers of the heavy ions, as given by the rela-
tion

dE MZ
pgc oc ac

dx E

where n, is the number of electrons produced in the car-
bon foil of the CPFTD, dE/dx is the stopping power of
the heavy ion in carbon, and M, Z, and E are the mass,
charge, and energy of the heavy ion.

Assuming a Poisson distribution function for electron
production in the foil, one can express the particle detec-
tion efficiency as

P(M, Z, E)= 1 —exp —C (M, Z,E)dE
(3)
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FIG. 2. CPFTD efficiencies as a function of fragment energy
for the 80-MeV He+ ' C experiment. Lines are calculated with
Eq. {3).
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where C is a constant determined experimentally for the
efficiency P, of detecting an ion with mass M and charge
Z at a particular energy E.

The CPFTD efficiencies can be determined experimen-
tally for ions which penetrate the b,E detector and stop in
the E detector. Comparison of the count rate for events
producing a valid TOF start-stop signal with those pro-
ducing a AE-E signal (100 percent efficient) yields the ef-
ficiency directly. The CPFTD efficiency for detecting
various heavy ions in the 80-MeV He+ ' C experiment at
18 deg is shown in Fig. 2. The points and binomial distri-
bution error bars correspond to experimental values; the
solid lines are the CPFTD efficiencies calculated using
Eq. (3) with a single value of the constant C which best
fits the data.

Since the calculated CPFTD efficiencies are successful
in reproducing the experimental values for ions 6 & A & 10
over a broad range of energies, the efficiencies for each
ion have been calculated using Eq. (3) and the correspond-
ing bE Edata at all b-eam energies and for each angle
measured in these experiments. The energy spectra of
ions A & 11 were then corrected using the calculated effi-
ciencies. The correction to the energy-integrated differen-
tial cross sections for A =6 and 7 from 121 and 159 MeV
experiments are as much as 50 percent for very energetic
fragments. The efficiencies approach 100 percent at
lower beam energies. The calculated CPFTD efficiencies
for ions 3 & 11 are greater than 90% in the energy region
of highest cross section, and no corrections have been
made for these ions.
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III. EXPERIMENTAL RESULTS

In this section the systematic properties of the energy
spectra, angular distributions, mass distributions, and re-
action cross sections of heavy fragments are examined.
The emphasis of this analysis is directed toward deriving
a qualitative overview of the salient reaction mechanisms.
In an accompanying paper a more detailed comparison
with an intranuclear cascade-statistical decay model is
presented.

A. Energy spectra

Among thc many cncI'gy spcctIR of IcRctloIl ploducts
with A & 6 obtained in these studies only a few representa-
tive examples which summarize the most pronounced
features of the reactions over the entire mass and energy
range will be present here. The energy spectra of frag-
ments with masses A =7, 9, 11, 13, and 15 from the 49-
MeV reaction at 18 and 40 deg and from the 159-MeV re-
action at 20 and 50 deg are compared in Figs. 3(a) and (b),
respectively. In Fig. 4 spectra of A =12 fragments at
various laboratory angles are shown for the 80-MeV bom-
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FIG. 3. (a) Energy spectra of fragments with 2 =7, 9, 11, 13,
and 15 from the 49-MeV He+' C experiment at 1aboratory an-

gles of 18 and 40 deg; (b} energy spectra of fragments with
A =7, 9, 11, and 13 from the 159-MeV He+' C experiment at
1aboratoly angles of 20 and 56 deg.

FIG. 4. Energy spectra of A =12 fragments as a function of
angle for the 80-MeV He+ ' C reaction.

bardment. An important feature of the 49- and 159-MeV
energy spectra is the predominance of a broad distribution
of fragment energies. The fragment energy spectra from
the 49-MeV reaction also exhibit well-defined two-body
states which result either from transfer reactions or from
binary breakup of the composite system into discrete frag-
ment states. The continuum of events below the discrete
states presumably reflect morc complex target-projectile
111tcl'actloIIS lllvolvlllg a wldc laIlgc of cllcI'gy dcposltloll.
%ith the many possible combinations of exit channels and
associated energy states, a structureless and broad energy
distribution results.

The energy spectra for A =15 fragments in Fig. 3(a)
represent the combined results for two-body states from
the ' C(a,n) and ' C(a, p) reactions. The two prominent
peaks observed in Fig. 3(a) find their origin in kinematic
constraints which focus both the forward- and backward-
emltted particles I the center-of-mass system mslde =25
in the laboratory system, Due to the relatively poor ener-

gy resolution for these heavy, low-energy fragments, as
well as kinematic broadening, lt was not posslblc to distin-
guish between the (a,n) and (a,p) products or to identify
discrete excited A = 15 states in these studies.

Thc cvolutlon of thc fragment cncrgy spcctI'a with
beam energy is shown in Fig. S for 3 =11. At the lowest
beam energy the distribution is very flat with a rapid fall-
off in the region of discrete states whereas at the highest
beam energy the distributions decrease exponentially, with
a smooth transition from one extreme to the other. The
exponential fa11off at 159 MCV is reminiscent of the spec-
tral shapes observed in high energy proton-induced reac-
tions on ' C. ' At relativistic projectile energies the frag-
IHent energy spcctI'a have bccIl Interpreted Rs orlglnatlQg
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FIG. 5. Energy spectra of fragments with A =11 at all beam
energies at a laboratory angle of 40 deg.

from a moving hot source. The exponential decrease of
the fragment energy spectra may be fitted with a
Maxwell-Boltzmann distribution ' from which the tem-
perature and velocity of the hot source can be deduced. It
should be remarked, however, that due to the broad distri-
bution of energy deposition in these reactions (see Sec.
III C), the data at 159 MeV represent a high-energy spec-
tral component built upon a composite of all the lower en-

ergy spectra. This fact suggests that attempts to extract a
common reaction temperature, independent of energy-
deposition information, may yield misleading results.

A recent 180-MeV p+ Al experiment shows a simi-
lar exponential decrease in all heavy fragment energy
spectra. However, attempts at fitting these energy spectra
with a single Maxwell-Boltzmann distribution similar to
that applied by Westfall et al. ' have been unsatisfactory.

The qualitative features of the energy spectra of frag-
ments obtained in this experiment can be described by a
prompt cascade step followed by a statistical Fermi break-
up mechanism, as proposed in the accompanying paper.
In this model two-body breakup processes dominate the
spectra at low beam energies, with the contribution of
multibody breakup processes (e.g., )3) increasing with in-
creasing beam energy. The combined effects of alpha-
nucleon and nucleon-nucleon scattering in the cascade
step and isotropic multibody fragmentation of highly ex-
cited residual fragments in the moving reference frame at
the later stages of the interaction are possible mechanisms
for fragment production at these intermediate energies.
In this model surface effects and the number of particle-
stable states of participating fragments play a major role
in reproducing the experimental distributions.

B. Angular distributions

Representative laboratory angular distributions for
fragments with A =6—14 (except A =8) are shown in
Figs. 6 and 7 for bombardments at 49 and 159 MeV,
respectively. The data betweeen these two extremes evolve
systematically as a function of bombarding energy, con-
sistent with the behavior of the energy distribution for a
given fragment as a function of angle (Fig. 4) and bom-
barding energy (Fig. 5).

For the lowest energy case at 49 MeV the angular dis-
tributions for the heaviest fragments ( A ) 13) are strongly
forward peaked, indicative of compound nucleus forma-
tion followed by particle evaporation. As the fragment
mass decreases, the angular spreading of the yield
broadens due to the kinematic effects of multiple particle
emission and/or decays involving complex nuclei. For the
A =12 fragments a strong component is also observed
near the recoil angle of -60 deg, as expected for (a,a')
reactions. This effect persists in all the data up to 159
MeV. (Note that elastic ' C recoil nuclei are not included
in the cross-section analysis. ) Increasing the bombarding
energy has the effect of spreading the yield to more back-
ward laboratory angles, leading to rather flat angular dis-
tributions at forward angles which then fall off exponen-
tially at larger angles. It is a general feature of the data
that the slope of the more backward angle data becomes
increasingly flat at the higher energies. This is presum-
ably associated with the increase in forward-focused light
ions from projectile fragmentation and absorptive breakup
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FIG. 6. Laboratory angular distributions for fragments with
A =6, 7, and 9—14 from the a+' C reaction measured at 49
MeV. Lines are to guide the eye.
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FIG. 7. Laboratory angular distributions for fragments with
A =6, 7, and 9—14 from the a+'~C reaction measured at 159
MeV. Lines are to guide the eye.

C(a, Be) Be

processes at the higher energies.
As is apparent from the energy spectra in Figs. 3—5,

the angular distributions are dominated by multiparticle
final states. Analysis of the two-body discrete-state angu-
lar distributions also supports the transition in reaction
mechanisms discussed above. In Fig. 8 the center-of-mass
angular distributions of complimentary fragments from

the ' C(a, Be) Be and ' C(a, Li) B ground-state reac-
tions at 49 and 80 MeV are shown. At 49 MeV the angu-
lar distribution of the complementary fragments with
A =7 and 9 is approximately symmetric about 90 deg,
and follows a I/sin8 dependence, features characteristic
of decay from a compound nucleus. Comparing total and
differential cross sections of fragment pairs lighter than
the target (e.g., A =6, 10 and 7,9) with a standard statisti-
cal model, Rudy et a/. have previously shown that corn-
pound nucleus decay is the main contributor to the forma-
tion of these two-body states. The angular distribution of
two-body states from A =7 and 9 fragments in our mea-
surements at 49 MeV and those of Rudy et al. at 42 MeV
(Ref. 23) are in good agreement, both in magnitude and
shape. However, as the beam energy increases to 80 MeV
(Fig. 8), the angular distributions for these two-body
states become increasingly forward peaked, a result indi-
cative of enhanced probability for direct processes. Above
this energy the relative importance of two-body states be-
comes small, as demonstrated in Fig. 9.

The angular distributions of two-body states in which
one of the fragments is heavier than the target can result
from either stripping reactions or complete fusion fol-
lowed by statistical decay. The combined angular distri-
bution of the ground states of '50 and ' N from the 80-
MeV reaction is shown in Fig. 10. The points beyond 100
deg center-of-mass angle come from the less energetic of
the two ground-state peaks (see Fig. 3). The solid line in
Fig. 10 was obtained from a zero-range DWBA calcula-
tion using optical model parameters from 42-MeV
alpha-particle-induced reactions. The real part of the
optical potential has been adjusted for 80-MeV particles.

The agreement between experimental and theoretical
angular distributions implies that at higher energies the
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FIG. 8. Center-of-mass angular distribution for the two-body

ground-state reactions '~C(a, ~Li)9B and '2C(a, 7Be)9Be at 49 and
80 MeV. Dashed curve is a 1/sin8 fit to the data.
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FIG. 9. Ratios of the two-body ground-state cross section to

the total isobaric cross section as a function of laboratory angle
for A =6 fragments from the He+' C reaction at 49 and 80
MeV.
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FIG. 10. Angular distributions for combined ' C(o.,n)' 0 and
' C(o,', p)' N reactions at 80 MeV. The solid curve is a D%'BA
calculation, as described in text.

residual nuclei heavier than the target nuclei and their
complementary light fragments (e.g., A ~4) are mainly
formed from direct reactions. The mechanisms of
' C(a, n)' 0 and ' C(a, p)' N reactions have also been
studied at 40 MeV. ' The analysis of the angular distri-
butions of neutron and proton spectra by zero-range
DWBA calculation suggests that these fragments also ori-
ginate from direct reactions.

C. Fragment isobaric yields

The isobaric cross sections, obtained from integrating
the differential cross sections, are listed in Table I for all
incident alpha-particle energies and plotted in Fig. 11.
The cross sections for A =6, 8, and 9 may not be com-
plete due to decay of the particle-unstable nuclei Be, Be,
and 98 into protons and alpha particles. The major cross
section lost is that of Be which is a product of the (a, 2a)
reactIon.

At all energies the largest cross sections observed be-

49 MeV
A =

I I5

I a I a l a t a l I

6 8 IQ I2 14

Moss

FIG. 11. Mass distributions of all fragments with A & 6 for
the He+' C reaction at 49-, 61-, 80-, 121-, and 159-MeV labo-
ratory energy. The average mass, A, is also indicated for each
mass distribution.

long to fragments with A =11 and 12. The angular dis-
tributions in Figs. 6 and 7 suggest that inelastic scattering
of alp11a particles in the collision stage, leading to excited
residuals from (a,u') and (a,u'n) reactions, is a signifi-
cant contributor to these cross sections. In general, the
yields of 2 =10, 11, and 12 vary little over the entire
beam energy range. The major changes in the mass distri-
bution as a function of beam energy occur for fragments
heavier and considerably lighter than the target nucleus.
As the beam energy increases, the cross sections of frag-
ments A =6, 7, and 9 increase, whereas those of A =13,
14, and 15 systematically decrease.

The mean mass, A, for each yield curve is also shown

TABLE I. Isobaric and total reaction cross sections (mb).

4He+ "C
Beam energy (MeV)

80.1

6
7
8
9

10
11
12
13
14
15

26.7+ 4.0
60.1+ 9.1
7.2+ 1.2

10.1+ 1.8
97.7+ 11.2

247 +28
154 +20
104 +12
101 +11
30.6+ 3.6

31.5+ 4.8
51.7+ 7.8
7.0+ 1.2

13.9+ 2.4
74.2+ 8.7
130 +15
119 +13
69+8
55+6
14+2

76.2 k 12.5
86.6+ 13.0
10.0+ 2.0
31.3+ 3.3
97.2+ 14.5
137 +47
147 +19
68 k 8
35 k 4
6.2+ 0.8

68.7+ 13.5
88.0+ 15.0
9.8+ 2

26.9+ 5.6
72.0+ 12.5
128 +22
122 +18
37 k 5
11 + 2
3.5k 0.6

74.8+11.8
95.5+ 14.3
7.2+ 1.1

36.0+ 5.8
75.1 + 12.3
132 +19
117 +19
33+5
7, 1+ 1.3
4.6+ 0.8

694 +57
803 +85

'Data corrected for particle-unstable events due to B, Be, and Be decay.
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in Fig. 11. The decrease in 3 with increasing beam ener-

gy is consistent with increased energy deposition in the
collision stage. However, the rate at which 3 decreases is
significantly less than expected for complete fusion of tar-
get and projectile. A recent study of linear momentum
transfer from light projectiles (e.g., protons, deuterons,
and a particles) on heavy target nuclei (e.g., Th and U)
has shown that the average linear momentum transfer for
He projectiles increases with beam energy, reaches a max-

imum value in the 30—50 MeV/nucleon range, and then
decreases at higher energies. The mean value of the mass
distributions shown in Fig. 11 appears to saturate as the
beam energy approaches —120 MeV (30 MeV/nucleon).
This transition may be associated with the fact that in this
energy regime the Fermi velocity of nucleons in the nu-
cleus is comparable to that of projectile velocity, thus per-
mitting nucleon-nucleon interactions to assume greater
importance relative to mean field processes.

The excitation functions for each fragment with
6 & A & 11 are shown in Fig. 12. The energy range of the
available data on excitation functions of fragments with
6&3 (11 from a+' C reactions extends from the reac-
tion threshold to projectile energies in the order of a few
GeV. ' The low-energy region of the excitation

functions is defined by the measurements of Rudy et al.
who employed a TOF technique for mass identification.
Other reaction cross section measurements near the
threshold energies by Vidal-Quadras and Ortega used
the nuclear emulsion technique.

The excitation functions rise sharply following the
thresholds, peak in the energy range of 40—80 MeV (e.g. ,
about 5—10 MeV/nucleon above the reaction threshold),
then decrease to a constant limiting value at higher pro-
jectile energies. The shape and the location of the peak in
the excitation functions for fragments from the 4He+'2C
reaction are similar to those from the p+ ' C and p+' 0
reactions. ' ' The high-energy tails of the excitation
functions of the fragments from this reaction have been
estimated from the systematic behavior of these proton-
induced reactions. The excitation functions of heavy frag-
ments with 2 &11 fall off more sharply with projectile
energy than those for the lighter fragments in our experi-

mental energy range (Table I). The maxima of the A & 11
excitation functions are at lower energies than the lowest
beam energy in these measurements so that the threshold
region is not well defined. Hence, no excitation functions
are plotted for those fragments which are heavier than
3 =11.
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FIG. 12, Excitation functions for fragments with 6(A &11
from the He+' C reaction. Data are from this work (o ); Ref.
23 (V); Refs. 29, 31, 34, and 35 ( ); and Ref. 33 (Q). Lines are
drawn to guide the eye; open and closed symbols serve to dif-
ferentiate masses.

D. Total reaction cross sections

From the sum of fragment cross sections for A )6, to-
tal reaction cross sections (Oz) have been obtained for
each beam energy studied here. These are tabulated in
Table I. The accuracy of these cross sections obviously
depends on the assumption that only one fragment with
2=6—15 is produced for each nonelastic event. Two-
body states coming from fragments with A =6, 10 and 7,9
pairs will contribute twice to the total cross section.
However, the well-defined two-body states of these frag-
ments constitute only a small fraction of total cross sec-
tion (e.g., less than l%%uo). On the other hand, total disin-
tegration of the target-projectile system into fragments
lighter than 3 =6 results in an underestimate of the cross
section. This effect becomes more important as the beam
energy increases. In order to determine the degree of
complete fragmentation into H and He, the multiplicity of
these light particles (e.g. , A & 4) must be measured, which
was not done in these studies.

The missing cross sections of isobars A =6, 8, and 9
due to particle-unstable fragments Be, Be, and B have
been estimated from the neighboring fragment cross sec-
tions assuming a smooth mass distribution and are includ-
ed as additional entries to o.z in Table I. Only Be consti-
tutes a significant modification to oz. These reaction
cross sections are compared with the results of two other
techniques in Fig. 13. One determination is from the elas-
tic scattering cross section data using optical model fits,
and the other is from measurements of flux lost from the
beam due to nuclear reactions in passing through a tar-
get. ' The total reaction cross sections obtained are com-
pared with calculations of nucleus-nucleus total reaction
cross sections by DeVries and co-workers ' in Fig. 13.
Our data points at 49, 80, 121, and 159 MeV are in gen-
eral agreement with the calculations and the other data.
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FIG. 13. Total reaction cross sections for the He+' C reac-
tion as a function of bombarding energy. Solid circles are from
this work; open circles are from Refs. 9 and 10. Solid line is a
calculated result from Refs. 9 and 10.

However, the 61-MeV point is significantly lower than
the others, which suggests a possible error in the measured
target thickness at this energy. The decrease in the total
reaction cross section with increasing beam energy can be
interpreted as evidence for the increasing influence of
nucleon-nucleon collision processes on the interaction
mechanism of nucleus-nucleus collisions as a function of
energy. This is consistent with the well-known decrease
in nucleon-nucleon scattering cross sections as a function
of energy.

E. Astrophysical implications

The measured excitation functions for fragments with
6 & A & 11 from alpha-particle-induced reactions with ' C,
' N, and ' 0 (CNO) have astrophysical importance for the
nucleosynthesis of Li, Be, and 8 (LiBeB). The interaction
of galactic cosmic rays (GCR) with the interstellar medi-
um ' has been suggested as a primary mechanism to ex-
plain LiBeB production. These reactions involve energetic
collisions of the primary constituents of the universe with
one another; i.e., reactions of protons and alpha particles
with He, ' C, ' N, and ' 0, and the inverse of these reac-
tions.

In order to test spallation mechanisms for LiBeB pro-
duction it is necessary to know the target-projectile abun-

dances and the excitation functions for all possible reac-
tions of H, He, C, N, and 0 that can produce LiBeB. The
excitation functions for LiBeB spallation fragments from
p+CNO and He+ He systems are rather complete over
almost the full range of projectile energies. ' However,
little systematic data for the "He+CNO systems exist.
The energy range of the present experiments (e.g., 50—160
MeV for a+' C and 50—80 MeV for He+' N and
He+' 0) is important because the excitation functions

for these reactions peak in the lower energy region of this
range and then become essentially independent of energy
at higher energies.

Previous tests of the GCR mechanism' have success-
fully reproduced the observed absolute abundances of the
light nuclei Li, Be, ' B, and "Bbut underproduce Li by
about a factor of 10. The calculated GCR "8/' 8 and
Li/ Li isotopic ratios are a factor of 2 and 10 lower than

measured cosmic abundance ratios, respectively. Hence, a
secondary goal of the present experiments was to deter-
mine whether or not more complete He+ CNO cross sec-
tions could improve the situation with respect to the Li
abundance and Li/ Li and "8/' 8 ratios predicted by
the GCR mechanism. ' The abundances and abundance
ratios predicted by the GCR model have recently been re-
calculated" adding these new measurements to the exist-
ing measured cross sections in the literature. These are
compared with the experimental abundance values in
Table II. The calculated absolute abundance values for
Li, Be, ' 8, and "8 and the Li/ Be and 8/ Li abun-

dance ratios agree well with the experimental values.
However, the calculations still predict the Li abundance
to be an order of magnitude smaller than the experimental
value. The GCR calculated "8/' 8 remains about half of
the experimental ratio, and the Li/ Li ratio is still an or-
der of magnitude lower than the experimental ratio.
Hence, it appears that the data base for calculations of
LiBeB abundances via the GCR mechanism is complete
and it is highly unlikely that further measurements will
significantly influence the present results.

IV. CONCLUSIONS

This work represents one of the first detailed studies of
heavy fragment production in the 10—40 MeV/nucleon
range with complex projectiles in which mass, energy, and
angular distributions have been measured simultaneously
for all heavy products. The characteristic feature of the
energy spectra is the predominance of a broad continuum

TABLE II. Total abundance (relative to Si=10 ) and abundance ratios for the light elements pro-
duced in interactions between GCR and the interstellar medium (numbers in parentheses are error fac-
tors).

Experiment {Ref. 44)
Calculation {Ref. 43)

Li

2.0(1.4)
2.6

Li

25 (1.4)
3.4

'Be

0.38(2)
0.43

10B

1.1(3)
2.2

11B

4.3(3)
5.5

Experiment (Ref. 44)
Calculation (Ref. 43)

Li/ Li

12.6+0.2
1.3

11B/108

4.05+0. 1

2.6

Li/ Be

5.3(2.3)
6.1

B/ Li

2.6(2.7)
2.9
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which signifies a high probability for multibody final
states in the colliison stage and/or decay products of
highly excited residual nuclei. The fragment energy dis-
tributions are broad and flat at the lowest beam energy
and gradually transform into an exponentially decreasing
distribution at the highest beam energy, resembling reac-
tions induced by relativistic projectiles. At low beam en-
ergies, peaks corresponding to two-body breakup process-
es appear in the energy spectra. However, at higher beam
energies the contribution of two-body states originating
from complementary fragments lighter than the target
(e.g., 2 =6, 10 and 7,9) disappear.

Similarly, the angular distributions of the heavy
(A ) 13) fragments demonstrate the evolution from com-
pound nucleus processes, characterized by strongly
forward-peaked yields, to a more complex superposition
of mechanisms which distribute the yield over a much
broader range of angles. Among these possible mecha-
nisms are nonequilibrium, (a,a ), and absorptive breakup
processes in the entrance channel, as well as statistical
evaporation and multiparticle breakup in the decay stage.
Assuming that mass loss is directly related to energy
deposition, the mass yield data imply that energy deposi-
tion and linear momentum transfer saturate near 30—40
MeV/nucleon, consistent with the results observed with
He ions incident on much heavier targets. Presumably,

this saturation is accompanied by the emission of energet-
ic light ions in the collision stage which carry off the
missing momentum. Associated with these effects, a de-
crease in the total reaction cross section with increasing
beam energy is also observed, indicating that the target
nucleus becomes more transparent to the incident parti-
cles.

Thus, the global picture of these reactions that emerges
is one of a relatively smooth transition from mean-field,

compound-nucleus-type processes at low energies to com-
plex events at higher energies which emphasize both the
nucleon-nucleon aspects of the target-projectile interaction
as well as multifragment breakup of highly excited residu-
al nuclei. Reference 8 examines the success of an intranu-
clear cascade/multifragment breakup model in attempting
to account for these data.

Finally, the He+ CNO reactions are also astrophysical-
ly important in explaining LiBeB nucleosynthesis. The
addition of these new cross sections to the data base for
calculations does not affect the previous conclusions.
Hence, now that all the salient reaction cross sections
have been measured (p+ CNO, He+ CNO, and
He+ He), one is left with the conclusion that the GCR

mechanism still accounts for Li, Be, ' B, and "B rela-
tively well, but underproduces "Li by approximately an
order of magnitude. Thus, the conclusion remains that an
additional astrophysical source is required for Li syn-
thesis, ' ' ' presumably the Big Bang.
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