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Intermediate mass fragments emission in the reaction 47 Mev 7Li + Mg
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The energy distributions of the intermediate mass fragments (IMF s, 4 & ZzMF & 9) emitted in
the reaction 47 MeV Li + " 'Mg have been measured in the angular range 15 & Hi b & 120 . In-
variant cross sections plotted in the velocity plane have indicated the existence of a fusionlike source
as well as some intermediate velocity source for lighter fragments. Source parameters for the fusion-
like source and the intermediate velocity source have been extracted using the phenomenological
moving source model. The results of the present measurement have been extensively compared with
the predictions of the binary fragmentation model. The shapes of the fragment energy distribution
have been reproduced fairly well by the binary fragmentation model except for the forward angle
data for Be and B. The higher energy tails in the forward angle data for Be and B are indicative of
the presence of other reaction processes. Average kinetic energies of the fragments and total elemen-
tal cross sections extracted from the data have been compared with those obtained from asymmetric
binary fragmentation calculations. In both cases, it has been found that the theoretical predictions
are in good agreement with the respective experimental estimates with the exception of Be and B,
where the theory underpredicts the experimental results indicating additional contributions from
other reaction mechanisms.

PACS number(s): 25.70.Jj, 25.70.Gh
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The study of reaction mechanisms for intermediate
mass f'ragment (IMF) emission in low and intermediate
energy nucleus-nucleus collisions is a subject of recent in-
terest. A large number of inclusive as well as exclusive
experiments have been done in recent years for difFerent
target-projectile combinations at various incident ener-
gies [1—30], to unfold the reaction mechanisms for IMF
emission. Prom these efForts, the picture which emerges
about the general features of IMF emission is as follows.
(i) The IMF emission is a very general phenomenon and
the mechanism of emission is difFerent in difFerent energy
domains. (ii) At lower incident energies (i.e. , typically
below the Fermi energy domain), the nuclear mean field
plays the most significant role in deciding the appropriate
dynamics of IMF emission (binary decay [31—33]). (iii) At
higher boznbarding energies (+ 50 MeV/nucleon), IMF's
are emitted through multistep (sequential binary decay
[34,35]) and/or single step (instantaneous multifragmen-
tation [36]) processes and the main challenge, at present,
is to resolve the ambiguities in the signatures of the two
[23,24].

At lower boznbarding energies, [20 & Ez b /A
(MeV/nucleon)+ 50], where incomplete fusion is dom-
inant, the mass, charge, excitation energy, etc. of the
fused composite, which undergoes binary &agmentation,
are not uniquely determined. Rather, each of these vari-
ables has been found to have a fairly broad distribu-
tion [37], which complicates the analysis of the data.
On the other hand, when the incident energy is & 10

MeV/nucleon, incoznplete fusion is negligible, and the
fully equilibrated compound nucleus formed by complete
fusion of projectile and target can be characterized by its
mass and excitation energy. The IMF's emitted at these
energies are expected to be predominantly of compound
nuclear origin. However, there may be contributions from
sources other than compound nuclear type, identification
of which is essential for a better understanding of the
mechanism of IMF emission in this energy domain.

Phenomenological analyses of the experimental heavy
ion collision data indicate the presence of a number of
sources contributing to IMF emission [38,39]. These
sources can be broadly categorized as (i) fully equili-
brated fusionlike sources moving with velocity close to
compound nuclear velocity (vcN), (ii) intermediate veloc-
ity sources (IVS's) having velocity lying between the pro-
jectile velocity vz and vcN, and (iii) projectilelike sources.
It is, therefore, quite cumbersome to extract unambigu-
ously the individual contributions for each of them. This
information is, however, crucial to critically evaluate the
roles played by various competing mechanisms proposed
in the literature [40,41]. From this standpoint, lighter ion
induced reactions have some advantages. IMF's emitted
in lighter ion induced reactions are little contaminated
by emission &om projectilelike sources. Moreover, in this
case, the products of deep inelastic scattering are easily
distinguishable &om those originating from fusion-fi. ssion
reactions.

The aim of the present work is to study the mech-
anism of IMF emission &om moderately "hot" nuclei
where ambiguities due to competing reaction mechanisms
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may be difFerentiated reasonably well. For this purpose,
we have used 47 MeV Li as projectile. At this energy,
E/A = 6.7 MeV/nucleon, the incomplete fusion process
is expected to be negligible [42]. Moreover, the IMF emis-
sion from projectilelike sources (quasielastic scattering,
for example) is not significant except at forward angles
(8s, ll') and massive transfer of nucleons from the
target to the projectile (deep inelastic scattering) should
not contribute significantly to IMF emission for Z ) 4
[43]. In the present paper, we report the measurement
of energy spectra and angular distributions for various
IMF's (4 ( ZrNiF & 9) emitted in the reaction Li (47
MeV) + Mg.

The paper has been arranged as follows. In Sec. II,
the experimental setup is described in brief. The exper-
imental results are presented in Sec. III. In Sec. IV, the
theoretical analysis of the data is discussed in detail. Fi-
nally, the summary and conclusion are given in Sec. V.

The charge resolution obtained in this experiment is
illustrated by the LE vs E plot displayed in Fig. 1. Well
separated ridges are clearly seen corresponding to ele-
ments having atomic numbers up to Z =9. The telescope
has been calibrated using elastically scatterd Li ion from
C, Mg, and Au targets. Absolute energy calibrations
of the E and LE detectors were done separately using
standard kinematics and energy-loss calculations. Typ-
ical energy resolutions obtained in the calibration were
3.1%%up and 16%%uo for E and EE, respectively. The measured
energies have been corrected for the energy losses at the
target and at the entrance window by incorporating a sin-
gle average thickness correction for each &agment energy
[17]. Experimental cutoffs thus obtained are typically 4
MeV for Be and 10 MeV for oxygen.

III. EXPERIMENTAL RESULTS

II. EXPERIMENTAL DETAILS A. Inclusive energy distributions

The experiment has been performed using a 47 MeV
Li beam &om the Bhabha Atomic Research Centre—

Tata Institute of Fundamental Research 14UD Pelletron
accelerator laboratory, Bombay. The target was made of
natural Mg having thickness 320 pg/cm2. The beam size
on the target was typically 1—1.5 mm wide and the beam
current was 2—90 nA. The &agments were identified us-
ing a telescope consisting of a gas AE and a Si(Li) E (2
mm) detector. The gas AE detector was an ionization
counter of axial configuration [44], and was filled with
a continuous flow of P10 gas (90Fp Ar + 10'%%uo CH4) at
90 Torr nominal pressure. Gas pressure was maintained
constant to within + 2 Torr. A thin polypropylene film
of thickness 1.5 pm was used for the window of the gas
detector. The gas telescope subtended a solid angle of 1.3
msr and had an angular opening of 1 . Analog signals
&om the detectors were processed using standard elec-
tronics before being fed to the computer for on-line data
acquisition.

Carbon buildup on the target was monitored at regu-
lar intervals in the following manner. At forward angles
(typically 40'), where Li elastic scattering from carbon
and magnesium is kinematically well separated, the peak
areas of the elastically scattered Li ions &om the carbon
deposited on Mg were extracted. These areas were then
normalized with the same obtained &om a pure carbon
target of known thickness to estimate the thickness of
carbon deposited on the Mg target. In addition, carbon
buildup was also estimated &om the elastic recoil peak of
the carbon ejectile spectra. The two estimates were found
to be in good agreement with one another. The thick-
ness of the deposited carbon layer was estimated to be
typically 3.5 pg/cm, which increased to 10 pg/cm2
at the end of 96 h of the experimental run. The con-
tamination of the continuum ejectile spectra due to this
deposited carbon layer was also estimated and was found
to be insignificant (for example, the carbon yield f'rom a
carbon target of thickness ~ 10 pg/cmz was measured to
be &

1%%uo of the same obtained from a Mg target).

Inclusive energy distribution for various fragments
(4 & Z ( 9) have been measured in the angular range of
15 —120' and are shown in Fig. 2. The error bars repre-
sent only statistical errors. The systematic errors in the
data, arising out of the uncertainties in the measurements
of solid angle, target thickness, and the calibration of the
current digitizer have been estimated to be 10%. It
is seen &om Fig. 2 that, for all ejectiles except 0 and F,
the slopes of the energy distributions change significantly
as one goes &om forward to backward angles. For these
ejectiles, the energy spectra exhibit higher energy "tails, "
which are more pronounced at smaller angles. Further-
more, the contributions of the higher energy "tail" to
the &agment energy distribution is most significant for
the lightest &agments like Be and B, and it decreases for
the heavier &agments. On the other hand, slopes of the
energy distributions at backward angles are similar for
all emitted &agments, consistent with the conjecture of
emission &om a fully equilibrated source.

71i ( 47 MeV ) + " 'Mg

E (0-511 channels)

FIG. 1. E vs. AE' plot for the reaction 47 MeV Li + Mg
at the laboratory angle 40 .
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B. Invariant cross sections

To have a better insight into the nature of emitting
sources, the laboratory energy spectra have been trans-
formed into invariant cross-section plots in velocity space.
Figure 3 shows the plot of invariant cross-section contours
as a function of velocities, parallel (v~~) and perpendicular
(v~) to the beam direction for the fragments Be, B, C,
N, 0, and F, respectively. It is clear &om this plot that
the invariant cross sections (filled circles in Fig. 3, where
larger sizes of circles correspond to higher cross-section
bins) for heavier fragments (C, N, 0, F) fall almost en-
tirely on constant contour loci (semicircles) expected for
isotropic emission from a source moving with an average
velocity nearly equal to the compound nuclear velocity
(veN = 0.027c, shown by the arrow in Fig. 3). In con-
trast, contours for the lighter fragments like Be and B are
skewed to much larger velocities, indicating the presence
of faster moving sources in addition to the compound
nuclear source.
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FIG. 3. Invariant cross sections for various fragments plot-
ted as a function of velocities parallel (v~~) and perpendicular
(v~) to the beam direction. Sizes of the filled circles are pro-
portional to the cross sections. Arrow indicates the velocity
of the compound nucleus.
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The average velocities of the fragments have been com-
puted from the measured energies and &om the Z values
using the empirical mass formula proposed by Charity
et al. [8]:

A = Z x (2.08+ 0.0029 x Z).
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The average velocities have been plotted in the (v~~) vs

(v~) plane in Fig. 4. It is seen that the average velocities
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FIG. 2. d&&& for di8'erent fragments emitted in the reac-

tion Li (47 MeV) + Mg plotted as a function of the lab-
oratory kinetic energy of the fragments. The open circle,
6lled circle, open inverted triangle, filled inverted triangle,
open square, filled square, open triangle and filled triangle
symbols correspond to the experimental data for the labora-
tory angles (multiplication factor) of 15'(x10 ), 20'(x10 ),
30'(xl), 40'(x10 ), 50'(xl0 ), 60'(xl0 ), 70'(x10 ),
and 120'(x10 ), respectively.
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FIG. 4. Average velocities of various fragments plotted as
a function of velocities parallel (v~~) and perpendicular (vi )
to the beam direction. Arrow indicates the velocity of the
compound nucleus.
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fall on a circle centered around vcN, which means that
the average velocities (as well as kinetic energies) of the
&agments are independent of the c.m. emission angles. It
may be inferred from this analysis that for these reaction
products energy relaxation is complete and the &agments
are emitted &om a fully equilibrated source moving with
the CN velocity. The magnitude of the average &agment
velocities (i.e. , the radii of the circles in Fig. 4) increases
with the decrease of &agment mass, which is indicative
of the binary nature of the emission.

D. Total elemental cross sections

The total elemental cross sections o.(Z), plotted as a
function of atomic number Z of the detected &agments,
has been displayed in Fig. 5. Filled circles represent the
experimental estimates of o(Z), which have been ob-
tained by integrating the energy spectra (Fig. 2) over
the whole energy and angular range. The details of the
integration procedure are given in Ref. [17]. The total un-
certainties in the estimation of o (Z) due to experimental
threshold and the limited angular range of the data have
been estimated to be typically 14% for Be, 16'%%uo for B,
22% for C, 20%%uo for N, 30% for 0, and 27% for F. The
cross section is found to vary between about 20 mb for
Z =6 and about 5 mb for heavier (as well as lighter)
&agments.

IV. ANALY'SIS AND DISCUSSIONS

A. Phenomenological moving source model

N 1

d cr/dEdO = ) C, (E —E~)E; exp( —E;. /T, ) (2a)

with

40
Li (47 NeV)+ Mg

20

10
I

3 4 5
I I I I

6 7 8 9 10

FIG. 5. Total elemental cross sections for different frag-
ments plotted as a function of the fragment charge. Filled
circles are the experimental data and the solid histogram is
the theoretical calculation of the same (see text).

To have a quantitative understanding of the nature of
the sources, the present data have been Gtted using a phe-
nomenological moving source model where it is assumed
that fragments are emitted isotropically in the rest frame
of moving sources. In the laboratory &arne, the double
differential &agment emission cross sections can be writ-
ten as

E; =. (E —E~) + E, —2 E; (E —E~) cos 0 (2b)

and

1 2E, = —mfv,
2

(2c)

where E is the observed laboratory energy of the frag-
ment of mass mf at angle 0 and E~ is the exit channel
Coulomb barrier. The summation extends over the to-
tal number of sources N; |;,v, , and T, correspond to
the normalization constant, velocity, and temperature,
respectively, for the ith source. In the present analysis,
the number of sources has been restricted to only two;
one intermediate velocity source (IVS) in addition to the
equilibrated fusionlike source.

The source parameters for each fragment have been ex-
tracted in two steps in the following manner. In the first
step, the energy spectra for each &agment at the back-
wardmost angles have been fitted using Eqs. (2) with
a single equilibrated source with the assumption that at
the backwardmost angles the emission is entirely from a
fusionlike source. In the next step, the source parame-
ters of the equilibrated. , fusionlike source were kept Axed
and the source parameters of the other faster moving
source were extracted by two-source fitting of the for-
ward angle (( 60') data using Eqs. (2). The extracted
source velocities and temperatures for diferent fragments
are tabulated in Table I and the the fits thus obtained
are shown in Fig. 6, where dashed and dotted curves
correspond to the contributions of equilibrium (fusion-
like) and intermediate velocity sources, respectively, and
the solid. curves are the sum total of the two. It is seen
&om Table I that the velocities of the fusionlike sources
are slightly smaller and the velocities of the IVS's are
considerably larger than the compound nuclear velocity
(vgN = 0.027c). The IVS source velocities for difFer-
ent fragments are nearly the same ( 0.037c) with the
exception of Be and B at 15, where the source veloci-
ties are slightly larger. Since the present measurement
is inclusive in nature, this may be due to some contribu-
tions &om direct few-body transfer reactions, at forward
angles. The temperature parameters corresponding to
fusionlike as well as IV sources are found to vary with
fragment mass. In both cases, the temperature is found
to be minimum for the heaviest &agment and increases
with decrease of the fragment mass. Similar variation of
the temperature parameter has been reported earlier for
the n + Al reaction [17,38]. For the fusionlike source,
this may be intuitively understood as follows. Since the
barrier height increases for the emission of heavier frag-
ments, the corresponding available excitation energy in
the exit channel (and vis-a-vis temperature) is smaller.
The variation of the IVS temperature parameter with
ejectile mass may be attributed to nonequilibrium reac-
tion mechanisms [39]. The angle dependence of the IVS
temperature parameter obtained in the present work is
similar to the one obtained in the study of o. particle
induced reactions [38]. This may be due to the con-
tributions to the &agment energy spectra from several
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TABLE I. Source parameters for the fusionlike and intermediate velocity sources obtained from
the phenomenological two-source analysis of the data.

Element

Be

lab
(deg)

15
30
60
120

Fusionlike source
v/c T (MeV)

0.026 + 0.003 2.4 + 0.1
0.026 + 0.003 2.4 + 0.1
0.026 + 0.003 2.4 + 0.1
0.026 + 0.003 2.4 + O.l

Intermediate velocity source
v/c T (MeV)

0.042 + 0.004 7.9 + 1.2
0.038 + 0.002 6.1 + 0.2
0.038 6 0.003 3.3 + 0.2

B 15
30

60,120

0.026 + 0.002
0.026 + 0.002
0.026 + 0.002

2.3 + 0.2
2.3 + 0.2
2.3 + 0.2

0.042 + 0.003
0.038 + 0.004

3.8 + 0.4
3.2 + 0.3

15,30
60

0.026 + 0.002
0.026 + 0.002

1.6 + 0.1
1.6 + 0.1

0.037 + 0.003 2.2 + 0.3

15
30,60

0.026 + 0.004
0.026 + 0.004

1.4 + 0.2
1.4 + 0.2

0.037 + 0.003 2.2 + 0.3

All

0.026 + 0.001

0.026 + 0.001

1.1 + 0.1

0.9 + 0.1

nonequilibrium reaction mechanisms, as the data are in-
clusive in nature.

B. Binary fragmentation model

In recent years, asymmetric binary fragmentation of
the compound nucleus [31,32] is considered as one of the
dominant reaction mechanisms for the IMF emission in
the low energy domain. According to this model, the
emission of complex fragments may be thought of as a
kind of fusion-fission process. In this scenario, the ex-
cited compound nucleus formed by the fusion of the two
reactants undergoes dynamical deformation in the course
of its time evolution. Subsequently it may enter into an
exit channel configuration where the shape is deformed
to look like a binary system connected by a small neck.
With further deformation the neck ruptures, resulting in
emission of two &agments. In this model there is no dis-
tinction between evaporation and fission. Therefore the
formalism may be used for emission of all intermediate
mass fragments from a compound nucleus.

Eragm, ent energy spectra

The center of mass (c.m. ) kinetic energy distribution
of the binary fragments, according to a simplified version
of Ref. [31], may be written as [7]

P(x)dx exp
)

where x = E, '" —E~, and E~ is the Coulomb barrier

in the exit channel. Since there are several experimental
indications that the exit channel is significantly deformed
in the case of IMF emission (see Ref. [17] and references
therein), exit channel deformation has to be properly in-
corporated in the calculation of E~. The deformed bar-
riers are calculated with the expression [17]

10
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10

10
10

10
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10
10

10

7
(47 M V)+Ma

N

I I I I: I I I I I

0 20 40 0 20 40 0 20 40

E (~ev)
FIG. 6. &&&& for difFerent fragments emitted in the reac-

tion Li (47 MeV) + Mg plotted as a function of the labora-
tory kinetic energy of the fragments. The filled circle, square,
triangle, and diamond symbols correspond to the experimen-
tal data for the laboratory angles 15', 30', 60, and 120'
with multiplication factors of 1, 10,10, and 10, respec-
tively. The dashed and dotted curves correspond to the con-
tributions from fusionlike and intermediate velocity sources,
respectively. The solid curve is the total contribution of the
two sources.
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E Z1Z2e'
Z, Nr-, +-, +d' (4)

7
Li (47 MeV)+Mg

where Z1,Z2 and a1,a2 are the charges and semimajor
axes of the two separating &agments where the &agments
are taken to be prolate ellipsoids with their symmetry
axes passing through the line joining the centers and d
is the surface-to-surface separation distance at the con-
ditional saddle point. The term LTV is the higher order
correction [17] to the barrier E~.

Assuming an isotropic c.m. angular distribution, the
c.m. energy spectrum [Eq. (3)] of the fragments can be
transformed in the laboratory system using the following
expressions [7]:

101

10

10

10
10 1

10

Be
x10

d P(EI„OI.)
dEL, d01.

k'/El, ( ACN

47rT2 i Ay EcN)
G(EI„HL, )X

G(EL„OL,) + E~/k

k
x exp — G(EL„O—L, ) (5a)

10

10 I I I I I I I I I I I I

0 80 40 0 80 40 0 20 40

E (MeV)

with

( ACNE', 5 . , E~
G(EL„OL,) =

]
—cosHL,

~
+ sin 01, —

&zEcN )
(5b)

FIG. 7. &&&z for diferent fragments emitted in the reac-
tion Li (47 MeV) + Mg plotted as a function of the labora-
tory kinetic energy of the fragments. The filled circle, square,
triangle, and diamond symbols correspond to the experimen-
tal data for the laboratory angles of 20', 40, 60, and 70,
respectively. The solid curves are the results of the binary
fragmentation model.

and

EcxA~
ACN —Ay

(5c)

where A~, El. , and OL, are the mass number, energy,
and emission angle of the detected &agment in the lab-
oratory, and E~N is the laboratory kinetic energy of the
compound nucleus.

The predictions of the binary fragmentation model
have been displayed in Fig. 7 along with respective ex-
perimental data for comparison. Assuming that the exit
channel deformation is independent of the entrance chan-
nel so long as the mass and excitation energy of the com-
pound nucleus are the same, the Coulomb barriers [Eq.
(4)] have been calculated using the same deformation pa-
rameters as obtained earlier for (n+ Al) [17]. It is clear
&om Fig. 7 that, except for the forward angle emission
of lighter &agments like Be and B, the binary &agmenta-
tion model with the deformed barriers taken from [17] is
found to reproduce the shape of the IMF energy distri-
butions quite satisfactorily. This is indicative of the fact
that the IMF emission is predominantly of compound
nuclear origin and can be fairly well explained in terms
of asymmetric binary splitting of a deformed compound
system. However, the binary &agmentation picture alone
cannot reproduce the shapes of the energy distribution
for lighter &agments at forward angles. Therefore some
other nonequilibrium reaction processes may also be con-
tributing to the forward angle data. A similar observa-
tion has been made earlier in the analysis of IMF emission

data from the a + Al reaction [17]. This is in agree-
ment with the phenomenological moving source analysis
(Sec. IV A) where it is shown that the shapes of the for-
ward angle data for lighter &agments can only be repro-
duced with the incorporation of a second, faster moving
source.

2. Eragnaent aeerege kinetic energy

The process of fission may be thought of as a dynam-
ical process consisting of a gradual change of shape, the
formation of a neck, and finally separation into two &ag-
ments at the scission point. The IMF emission through
binary &agmentation, which is essentially fission of nuclei
below the Businaro-Gallone point [45], should therefore
also have a similar evolution scenario. In the framework
of a schematic dynamical model of IMF emission [46],
we have calculated the mean kinetic energies of di8'erent
fragments and compared them with the corresponding
experimental estimates of the same.

Assuming that only a random fraction of the initial
excitation energy of the compound nucleus goes to the
collective degree of &eedom to generate dynamics, the
fission probability P(f, cr~l) for any configuration n at
angular momentum l is calculated &om a Monte Carlo
simulation of a large number of dynamical trajectories.
Then the average kinetic energy (EI,) of the fragments
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for the exit channel configuration o. is calculated using
the expression [46]

The decay width I z(l), calculated in the transition state
formalism [4], is given by

E,

E (2I + I)&(f ~II)
I,=o

(6)

8. Total clem, ental era88 8eetian

In the &amework of the binary fragmentation model,
the total elemental IMF emission cross section can be
calculated from simple phase-space considerations. As-
suming that the reactants fuse completely to form an ex-
cited compound nucleus which subsequently decays sta-
tistically into various channels, the total emission cross
section for a fragment of charge Z can be calculated using
the expression [48]

E,
o.(Z) = ~A') (2l+ S) I tot

where A is the de Broglie wavelength, I'z(l) is the decay
width for the &agment of charge Z, and I'q t is the to-
tal decay width [48]. The ratio I'z(l)/I'«t represents the
probability of decay of the compound nucleus of angu-
lar momentum l in a particular channel with charge Z.

where I„is the critical angular momentum for fusion [47].
The mean kinetic energies of the &agments calculated us-
ing Eq. (6) have been displayed in Fig. 8 along with the
experimental estimates of the same for comparison. It
is clearly evident from Fig. 8 that the theoretical predic-
tions of (E~) (solid curve) are in good agreement with
the corresponding experimental results. For Be and B,
the theoretical results slightly underpredict the experi-
mental data. This further confirms the presence of some
other mechanism in addition to fission in the case of Be
and 8, which has already been indicated in the analysis
of Sec. IV A and Sec. IV B 1.

E
I'z(l) tx Tz exp (2[@(s—BzH ' —2 (as) ' ),E —Bz

(8)

where E is the compound nucleus excitation energy and
Bz is the barrier height at the conditional saddle point.
The conditional saddle points have been derived by ex-
tremizing the potential energy of the deformed nuclear
system [48]. The temperature Tz is calculated from the
relation E —Bz = aT&, where a (= AcN/8) is the level
density parameter. The prediction of the present calcula-
tions has been displayed in Fig. 5 by the solid histogram.
It is seen that the total emission cross sections predicted
by the present model are in good agreement with the
corresponding experimental values except for lighter frag-
ments where the theoretical predictions are seen to un-
derestimate the experimental values. This may be in-
dicative of the fact that heavier &agments are emitted
from a nearly equilibrated compound nucleus, whereas
processes other than purely statistical ones may play a
signficant role in the emission of lighter fragments.

It may be noted here that, in the case of the o; +
Al reaction [17], the fragment yields have been satis-
factorily explained within the &amework of the binary
fragmentation model. Recent studies by Anjos et al.
[30] have shown that strongly energy damped fragment
yields in the mass region Ag~ 26—29 may be satis-
factorily explained in the framework of the fusion-fission
model of Sanders [32], which is quite similar to the binary
&agmentation model described in the present text; the
two differ only in the parametrization of nuclear shapes
and saddle point energies. It may, therefore, be inferred
that the statistical fissionlike decay of the compound nu-
cleus can consistently explain the observed yields of en-
ergy damped &agments in the low mass region around

CN -26

V. SUMMARY AND CONCLUSION

40

30

20
A

g0V

7Li(47 MeV) + Mg

9 10

FIG. 8. Average kinetic energies for diR'erent fragments
plotted as a function of the fragment charge. Filled. circles
are the experimental data and the solid curve is the theoreti-
cal calculation of the same (see text).

The inclusive double differential cross sections for frag-
ments ranging from Be to F emitted in the reaction Li
+ Mg at 47 MeV have been measured. Total emis-
sion cross sections for various &agments emitted in the
above reaction have been computed &om the double dif-
ferential cross-section data. Prom the rapidity analyses
it has been found that the heavier &agments are emit-
ted &om a compound-nucleus-like source. On the other
hand, the forward angle data for the lighter &agments
are skewed to much larger velocities, indicating emission
&om faster moving sources. This is further supported
by the phenomenological moving source analysis which
indicates that different fragments are emitted from dif-
ferent sources. It has been found that the heavier &ag-
ments (C,N, O,F) as well as lighter fragments (Be,B) at
backward angles are emitted from sources whose veloc-
ities are quite close to the compound nuclear velocity.
The energy spectra for the lighter &agments, viz. Be
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and B, at forward angles have been analyzed in terms
of a two-source model which showed. that in addition
to a compound-nucleus-like source there are substantial
contributions &om an intermediate velocity source. The
shapes of the energy distributions computed from the bi-
nary fragmentation model are also found to be in good
agreement with the experimental data except for Be and
B at forward angles. This is further indicative of the fact
that forward angle d.ata for lighter &agments have ad-
ditional contributions &om other reaction mechanisms.
The average kinetic energies of the &agments calculated
in the &amework of the dynamical asymmetric Gssion
model are also in good agreement with the respective ex-
perimental estimates of the same, again with the excep-
tion of Be and B, where the theory slightly underpredicts
the experimental results. Total elemental cross sections
for IMF emission also show a similar trend, where the
data for the heavier &agments are fairly well explained,
but the lighter fragment emission is underpredicted in the
binary &agmentation model. It is clear &om these obser-
vations that, though equilibrium processes dominate in
this energy domain, the contributions of nonequilibrium

processes are also quite significant.
To conclude, it is clear from the present study that the

reaction process for IMF emission is predominantly bi-
nary in nature. Asymmetric binary splitting of the com-
pound nucleus is able to explain satisfactorily most of
the data. Energy distributions and mean kinetic energy
of the &agments as well as total elemental cross sections
can be fairly well explained with this model. For lighter
fragments at forward angles, however, there may be some
additional contributions &om other sources, the origin of
which may only be obtained from more exclusive exper-
iments.
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