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Abstract. Kinetic-energy spectra and angular distribution of projectile-like fragments have been measured
in the reaction of 84 MeV '2C on '%°Tm, using the surface barrier silicon-based AE-FE telescopes. The
fragments close to the projectile show typical spectra of quasi-elastic transfer reactions, which were found
to be in agreement with the calculations based on the direct surface transfer reaction model. A significant
cross-section of fast alpha-particles was found at forward angles, reminiscent of incomplete fusion reactions,
which could be explained in terms of the direct surface transfer reaction model after taking into account
the level density of continuum states in the heavy reaction product. The results have been explained in
terms of the continuous evolution of the reaction mechanism as a function of the mass transfer.

PACS. 25.70.Gh Compound nucleus — 25.70.Jj Fusion and fusion-fission reactions

1 Introduction

The mechanism of the formation of projectile-like frag-
ments (PLFs) in heavy-ion reactions has been of consid-
erable interest for the past three decades. While the PLFs
having Z and A close to the projectile are formed in quasi-
elastic transfer (QET) reactions, those far removed from
projectile were explained in terms of incomplete fusion
(ICF) or massive transfer reactions. On the other hand,
deep-inelastic collisions (DIC) are manifested in all types
of PLFs as the low-energy tails extending down to the
exit channel Coulomb barrier. The quasi-elastic transfer
reactions are characterised by bell-shaped angular distri-
butions having a maximum near the grazing angle while,
the ICF reactions are characterised by forward-peaked an-
gular distributions. The energy spectra of ejectiles formed
in QET and ICF are found to be peaked at Qops [1].
Among the various ICF channels, emission of fast
alpha-particles is known to constitute a major fraction
of the ICF cross-section [2]. While extensive studies on
measurement of these fast alpha-particles have been car-
ried out to understand the mechanism of ICF reactions,
a complete theoretical understanding of the underlying
mechanism is yet to emerge. Britt and Quinton [3] were
the first to observe the fast alpha-particles in the bom-
bardment of 17 Au and 2°°Bi by '2C, “N and 60 projec-
tiles at 10.5 MeV /nucleon. Subsequently Galin et al. [4]
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termed these reactions, leading to fast alpha-particles, as
incomplete fusion reactions. However, major advances in
the study of these ICF reactions took place after the
work of Inamura et al. [5] wherein exclusive measure-
ments of forward-peaked alpha-particles in coincidence
with the discrete gamma-rays of the evaporation residues
were made.

Several models were proposed to explain the mech-
anism of these ICF reactions. Wilczynski et al. [1] pro-
posed the sum rule model according to which the vari-
ous ICF channels are localised in the angular-momentum
space above the critical angular momentum for complete
fusion (CF) of the projectile and target. The model was
successful in explaining the cross-section of all the PLF's
at beam energies above 10 MeV /nucleon. The break-up
fusion model proposed by Udagawa and Tamura [6] ex-
plained the shape of energy spectra and angular distri-
butions of fast alpha-particles formed in ICF reactions,
though the absolute cross-sections could not be deduced.

During the past few years there has been a renewed
interest in the mechanism of these reactions after the ob-
servation of ICF reactions at beam energies as low as
5 MeV /nucleon [7-10]. This became evident from the mea-
surement of excitation functions and recoil range distribu-
tion (RRD) of evaporation residues (ERs) [11-13] and by
the measurement of the kinetic-energy spectra and angu-
lar distribution of projectile-like fragments (PLFs) [14—
16]. These observations could not be explained in terms
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of the sum rule model as the critical angular momentum
at such low beam energies is very close to the maximum
angular momentum, thus precluding the existence of a siz-
able angular-momentum window for ICF. In fact, it has
been suggested that ICF may be competing with CF at
beam energies just above the Coulomb barrier [9].

Most of the ICF studies have been confined to low-Z
(< 10) projectile-induced reactions on targets of medium
mass (A ~ 100). There have been very few studies with
heavier targets. One advantage of using heavier targets
is that the evaporation of alpha-particles from the com-
pound nucleus (CN) becomes less probable because of the
high emission barrier, thereby making it easier to distin-
guish the ICF alpha-particles from the CF alpha-particles.
With this in view, we undertook studies on incomplete fu-
sion reactions at beam energies around 5-8 MeV /nucleon
in the reactions of low-Z heavy ions on rare-earth tar-
gets [17,18]. In these studies, cross-sections for different
ICF products were obtained from the RRDs of the evapo-
ration residues. In the present paper, we report the results
of our measurements on projectile-like fragments (PLFs)
in 84 MeV '2C + 1%9Tm. The measured kinetic-energy
spectra and angular distributions of PLF's have been com-
pared with those calculated using the diffractional surface
transfer reaction model. Elastic scattering measurements
were also carried out to obtain the optical model param-
eters for the system, grazing angular momentum and the
total reaction cross-section.

2 Experimental

The experiments were carried out at the BARC-TIFR
Pelletron accelerator facility at Mumbai. Self-supporting
thulium metal targets, having thickness around 1 mg/cm?,
were bombarded with 2C beam of energy 84 MeV. The
PLFs were detected using two surface barrier silicon-based
AE-FE telescopes. In both the telescopes, the AE detec-
tors were 30 um thick and the F detectors were 2 mm
thick. The solid angle subtended by both telescopes was
1.62 msr. Angular distributions of PLFs were measured
in the range of 20°-168° in steps of 5° at forward angles
and 10° at backward angles with respect to the beam di-
rection. The angular resolution of the detectors was 2.6°.
The energy calibration of the telescopes was carried out
using elastically scattered "Li beam. A 250 pm silicon sur-
face barrier detector kept at 20° with respect to the beam
direction was used to monitor Rutherford cross-section,
which was used for the absolute normalisation of PLF
cross-sections. The scattered energy of "Li was varied in
the range of 24.8-49.8 MeV. The elastic peaks in the case
of the 2C + '%9Tm reaction measured at different forward
angles were also used for energy calibration of the tele-
scopes. The signals from E and AFE detectors of each tele-
scope were fed to two analog-to-digital converters (ADCs),
whose inputs were gated so as to receive only events hav-
ing a valid pair of AE and F signals. The data were stored
as two-dimensional spectra using a CAMAC-based multi-
parameter data acquisition system. Subsequently, the data
were transformed into two parameter maps of total energy,
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Fig. 1. Elastic-scattering angular distribution for **C 4 *®*Tm
at 84 MeV. The solid line represents the optical-model fit to
the data using SNOOPY.

E + AF, versus a parameter characteristic of the particle
defined as
PI =[(E + AE)® — E*]°, (1)

where the coefficients ¢ and b were taken as 1 and 1.67,
respectively. The backward-angle alpha spectra showed a
low-energy component due to oxygen impurity in the tar-
get. In order to confirm this, an alpha spectrum for the
63 MeV 160 + 2C reaction was recorded at an angle of
45°, with respect to the beam direction, in a separate ex-
periment. The thickness of carbon target was 80 ug/cm?.
The beam energy of 63 MeV was chosen to get the same
recoil velocity of 28Si as in 84 MeV 12C on 0. The low-
energy component obtained in 84 MeV 2C + 9Tm was
found to be in good agreement with the alpha spectrum for
63 MeV 160 + 12C, showing the origin of this component.

3 Results and discussion
3.1 Elastic scattering

Figure 1 shows the elastic-scattering data plotted as a
function of ),1,. In order to get the optical-model param-
eters for the reaction, the measured elastic-scattering an-
gular distribution was fitted using the SNOOPY code [19].
The smooth curve represents the fitted curve. The optical-
model parameters were obtained as Vy = 35.06 MeV, Ry =
1.138 fm, ap = 0.819, Wy = 28.02 MeV, R, = 1.224 fm
and ay, = 0.591. The quarter point angle 6,4, (CM) was
found to be 55°. The grazing angular momentum (l;) and
reaction cross-section calculated from the quarter point
angle were found to be 477 and 1598 mb, respectively.
The fusion cross-section ((ocr) for 84 MeV 2C + 169Tm,
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Fig. 2. Kinetic-energy spectrum at 6., = 45° (top) and
angular distribution (bottom) of boron in the reaction of
120 4 1897m at 84 MeV. Dotted lines represent the calcula-
tions using the FAST code.

calculated using the Bass formula [20], was found to be
1171 mb. The critical angular momentum (I, ) correspond-
ing to the fusion cross-section was found to be 39 7. Con-
sidering the peripheral nature of collisions leading to ICF,
angular-momentum values between 397 and 471 are ex-
pected to be associated with ICF, inelastic scattering as
well as transfer reactions.

3.2 Boron and beryllium data

Figure 2 shows the kinetic-energy spectrum at 61,5, = 45°,
and the angular distribution of boron. The corresponding
data for beryllium are shown in fig. 3. The angular dis-
tribution of boron shows a maximum at 6, = 40° and
that of beryllium shows a maximum at 6, = 35°. In both
these cases the mass resolution of the PLF data was not
adequate to resolve the spectra of individual isotopes.

3.3 Alpha spectra

The measured kinetic-energy spectra of alpha-particles
were transformed into the center-of-mass (CM) system us-
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Fig. 3. Kinetic-energy spectrum at 6., = 40° (top) and an-
gular distribution (bottom) of beryllium in the reaction of *2C
+ 1%9Tm at 84 MeV. Dotted lines represent the calculations
using the FAST code.

ing the standard kinematic relationships. The CM spectra
of alpha-particles emitted in the backward angle show two
components. The low-energy component was found simi-
lar to that observed in the reaction of 63 MeV'60 + 12C
indicating that this tail is due to the oxygen impurity in
the target. This low energy tail was fitted to a Maxwellian
function, which was subtracted from the observed data to
obtain the CF alpha spectra. A typical backward-angle
spectrum showing different components is shown in fig. 4.
The dotted curve represents the CF alpha spectrum ob-
tained from the CASCADE code [21] and normalised with
the measured CF spectrum. As seen from the figure, the
calculated spectrum agrees with the measured CF spec-
trum quite well. From these backward-angle data, angular
distribution of alpha-particles emitted in CF was gener-
ated, assuming the forward-backward symmetry.

The measured forward-angle alpha-particle spectra
were found to be complex, with contribution from alpha-
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Fig. 4. Alpha-particle spectrum at 01,5, = 130° in the reaction
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Fig. 5. Kinetic-energy spectrum of alpha-particles at fian =
40° in the reaction of 84 MeV '2C on %°Tm.

particles emitted in CF, ICF as well as those coming from
84 MeV 2C + 160 reaction. Figure 5 shows a typical
alpha-particle spectrum for forward angles.

The CF alpha spectrum at forward angles was ob-
tained from the backward-angle alpha spectra after cor-
recting for the angular distribution. This component is
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Fig. 6. Angular distribution of fast alpha-particles in the
120 4 159Tm reaction at 84 MeV. The dotted line is calculated
using the FAST code.

shown as a dashed curve in fig. 5. The low-energy tail in
the alpha spectrum is indicative of the presence of oxy-
gen impurity in the target, as was observed clearly in the
backward-angle spectra. This spectrum was simulated us-
ing the CASCADE code and is shown as a dotted line
in fig. 5. As seen from fig. 5, the CF alpha-particles and
alpha-particles from oxygen impurity in the target con-
stitute a small fraction of the total alpha-particles ob-
served in the forward angles, showing the abundance of
ICF alpha contribution in these spectra. Subtraction of
these two components from the measured spectrum leaves
a high-energy ICF component with a peak energy close
to the beam velocity, which is shown as a dash-dotted
curve in fig. 5. Figure 6 shows the angular distribution
of alpha-particles from ICF reactions obtained by inte-
grating the kinetic-energy spectra. The angular distribu-
tion (do/d{2) was integrated over the angular range of the
measurement, that is, 20°-80°, to obtain the cross-section
of alpha-particles formed in ICF. The ICF alpha-particle
cross-section was found to be 90 + 9 mb, which is in agree-
ment with that obtained from RRD data [18].

3.4 Direct surface transfer reaction model calculations
for PLFs

In order to investigate the mechanism of reaction leading
to different projectile-like fragments, the kinetic-energy
spectra and angular distribution of PLFs were calculated
in the framework of the diffractional model for surface
transfer reactions based on the DWBA formalism of Mer-
maz [22] using the code FAST.

The double differential cross-section to the continuum
states, according to the formalism of Mermaz et al. [22],
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is given by the formula

*

Ji+J2 Eo

=5 3 [ e - B

Ji,J2 J1—J2
p?(E;7 J2)U(Ef7 97 l’T)dlZg< :

d%o
df2dE;

(2)

The indices 1 and 2 represent the PLF and the resid-
ual nucleus, respectively, o(F¥¢, 0, L) is the reduced trans-
fer cross-section given by the diffractional model of Blair,
Austern and Hahne. Ef is the final CM kinetic energy of
the ejectile at angle 6 and Lt is the transferred angular
momentum. p(E*,J) is the spin-dependent level density
of the excited nuclei defined as

(27 +1)

p(E",J) = [P(E*)]m " €Xp

[—J(J+1)/20%], (3)

where, p(E*) is the level density of particles and holes in
the PLF and residual nucleus with respect to the projectile
and the target nuclei. o is the spin cut-off parameter. For
the level density of particle and hole states, the formula
of Williams [23] is used. Ej is the total excitation energy
for the residual nucleus and the PLF. In the present cal-
culations the excitation energy of the PLF was restricted
to 10 MeV, so as to preclude particle emission from the
excited PLFs.

The model was used to calculate the kinetic-energy
spectra and angular distributions of PLFs (boron and
beryllium) which are expected to be formed in quasi-
elastic transfer reactions. The input parameters in the cal-
culations are the radius constant (Rp), the diffusivity (d)
and the phase angle Af, which is the difference between
the Coulomb and the nuclear rainbows. The set of parame-
ters as recommended by Mermaz et al. [22] for lower beam
energies, namely 1.5, 0.25 and —0.4 for Ry, dy and A6, re-
spectively, was used in the present calculations. As the
spectroscopic form factors of the continuum states could
not be supplied in the code, the calculation did not give
the absolute cross-sections. The calculated kinetic-energy
spectra and angular distributions were normalised to the
experimental data and are shown as dotted lines in the re-
spective figures. The good agreement between calculated
and experimental kinetic-energy spectra and angular dis-
tribution of boron and beryllium fragments indicates the
formation of these PLF's in quasi-elastic transfer reactions.

The above set of input parameters were used to cal-
culate the energy spectra and angular distribution of fast
alpha-particles. The calculations reproduced the angular
distribution of the alpha-particles as shown in fig. 6, but
the mean kinetic energy was found to be higher than the
experimental mean value. This indicates that the forma-
tion of these fast alpha-particles involves large overlap be-
tween the projectile and the target leading to a higher
excitation energy in target-like fragments. Therefore, the
level density formalism of Gilbert and Cameron [24] was
used in the FAST code to calculate the alpha-particle spec-
tra. Similar approach was used by Mermaz et al. [25] while
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Fig. 7. Kinetic-energy spectrum of incomplete-fusion alpha-
particles at 0,5 = 40° in the reaction of 84 MeV 2C on 9 Tm.
The dotted line is calculated using the FAST code (see text for
details).

calculating the spectra of PLFs far removed from projec-
tile. The level density parameter (a) was varied in the
range of A/10 to A/6 MeV~!. The agreement was found
to be the best with a = A/7MeV~1. This is understand-
able in view of the deformed structure of the nuclei around
the mass number 170. The calculated spectrum is shown in
fig. 7 for B, = 40°. A reasonable agreement between the
experimental and calculated ICF alpha spectra suggests
the use of Gilbert and Cameron level density formalism
to be more appropriate at higher mass transfer. Thus, by
taking into account the level density of the continuum
states in the residual nuclei it is possible to explain the
energy spectra of the PLFs formed in ICF reactions.

4 Conclusion

In the present study, the kinetic-energy spectra and an-
gular distribution of PLF's, including alpha-particles were
measured at 84 MeV 12C + 1%9Tm reaction. The alpha-
particle spectra at forward angles, when corrected for the
contribution from CF alpha-particles and that from oxy-
gen impurity was found to have a sizable beam velocity
component having a forward-peaked angular distribution.
The total cross-section of ICF a-particles agrees with that
obtained in our earlier study based on recoil range dis-
tribution of ERs. Boron and beryllium fragments show
left-skewed kinetic-energy spectra and side-peaked angu-
lar distribution, reminiscent of quasi-elastic transfer re-
actions. This is further corroborated by the calculation
of kinetic-energy spectra and angular distribution using
the direct surface transfer reaction model. In the case of
alpha-particles, a better agreement between the experi-
mental spectra and calculated spectra is obtained with the
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level density of continuum states given by the formalism
of Gilbert and Cameron.
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