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Abstract. Experimental results on the onset of incomplete fusion at slightly above barrier energies are dis-
cussed in this paper. Spin-distributions of evaporation residues populated via completerarmnplete fusion

of 12C .50 (B4 ~ 4-7 MeV) with *5°Tm have been measured to probe associéteslues. Particle (Z1,2) -y

- coincidence technigue has been used for channel selection. Entiifelyedt entry state spin populations have

been observed during the de-excitation of complete and incomplete composites. The complete fusion residues
are found to be strongly fed over a broad spin range. While, a narrow range feeding for only high spin states
has been observed in case of incomplete fusion residues. In the present work, incomplete fusion is shown to be a
promising tool to populate high spin states in final reaction products. For better insight into the onset and strength
of incomplete fusion, the relative contributions of complete and incomplete fusion have been deduced from the
analysis of excitation functions and forward recoil ranges. A significant fraction of ICF has been observed even at
energy as low as 7% above the barrier. The relative strengths of complete and incomplete fusion deduced from
the analysis of forward-recoil-ranges and excitation functions complement each other. All the available results
are discussed in light of the Morgenstern’s mass-asymmetry systematics. Incomplete fusion fraction is found to
be large for more mass-asymmetric systems for individual projectiles, which points towards the projectile struc-
ture dfect on incomplete fusion fraction. Experimentally measured forward ranges of recoils complement the
existence of incomplete fusion at slightly above barrier energies, where more than one linear-momentum-transfer
components associated with full- godpartial-fusion of projectile(s) have been observed. Present results con-
clusively demonstrate the possibility to selectively populate high spin states via incomplete fusion.

1 Introduction tial influences the sum of repulsive Coulomb and centrifu-
gal potentials. Eventually, the projectile’s total kinetic en-
In heavy-ion induced nuclear reactions, an outstandingergy and angular momenta are equally distributed among
guestion is— how does incomplete fusion (ICF) show up all the accessible internal degrees of freedom of compos-
at slightly above barrier energies ? The study of ICF at low ite system to form an equilibrated compound nucleus (eg-
incident energies (i.ex 4-7 MeV/nucleon) has got resur- CN). However, at relatively highef-values & £i), the
gent interest in recent years and intensively investigatedcentrifugal potential overwhelms attractive nuclear poten-
using light heavy ion (A< 20) beams [1-11]. At these tial, therefore, the pocket in the entrance channel poten-
energies, complete fusion (CF) is supposed to be the soldial disappears that hinders the fusion of entire projectile
contributor to the reaction cross-section. However, a sig- (CF) with target nucleus and gives way to partial fusion
nificant fraction of ICF has been observed at near barrier (ICF). In this case, projectile releases excess driving angu-
energies [12-18]. In general, the interaction trajectories ly- lar momenta by emitting aa-cluster(s) or a group of nu-
ing within the dimensions of target nucleus prominently cleons as spectator {2 After such an emission, the rem-
lead to the reaction modes nameli) CF — defined as nant (termed as participant?Psupposed to have an ef-
the capture of entire projectile by target nucleus, dijd ( fective driving angular momentdg ;) less than or equals
ICF — where only a part of projectile fuses with target to its own critical limit ¢ers < £5./T) for fusion to occur.
nucleus. Qualitatively, both reaction modes can be disen-Fusion of projectile remnant PPwith target nucleus (f)
tangled on the basis of driving angular momenta imparted leads to an incompletely fused composite (IRCCN' =
into the system by the means of available interaction trajec-PP + At), and direct projectile-like-fragments (PLFs
tories ¢-bins) andor incident energy [19-22]. In general, P°) mainly concentrated in the forward cone. As a mat-
central angbr near-central trajectories Q¢ < fcrit) lead ter fact, the eq-CN formed via CF process is expected to
to CF, where an excited composite system forms after inti- be of pre-determined masharge, excitation energy and
mate contact and transient amalgamation of projectile andangular-momenta. However, the incompletely fused com-
target nucleus. In this case, the attractive nuclear poten-posite system (CN‘) forms with relatively less masmrge
and excitation energy (due to partial fusion of projectile),
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due to non-central interactions) as compared to the eq-CN
formed via CF process.

Since the very first experimental observations of direct- Elab = 5.6 AMey ﬁm“f“ Elab = 5.6 AMeV im"w'

PLFs by Britt and Quinton [23] and Galin et al.[24], there *° e 17°F bl
has been great interest in the dynamics of PLFs produc- 300F oo Jeoof s
tion termed as ICF. Several dynamical models have been

proposed to explain the dynamics of PLFs production. In

SUMRULE model, Wilczynskiet al.[20-22], suggested

that the process of ICF is mainly confined to thepace
above(; for CF, and originates from peripheral interac- 100
tions or non-central collisions. The non-central nature of

ICF has also been emphasized by Trautmai@h[25], and %
Inamuraet al.[26—28]. The break-up fusion (BUF)-model 0
[29] of Udagawa and Tamura is based on the Distorted

Wave Born ApproximationWBA), in which the projec-

tile is assumed to break-up into constituertlusters (e.g.,

160 may break-up intd*C + « andor 8Be + 2Be) within Fig. 1. (a) Fusion-evaporation (CFy-energy profile for for-
the nuclear field of target nucleus. One of the fragments ward(F) angular zone (10- 60°) obtained at energy 5 = 5.6
may get fuse with target nucleus and remnant behavesaMeV for *2C%0+%°Tm systems using statistical model code
like a spectator ejected in the forward cone. According to PACE4. Distribution of CN_c¢ in different angular slices from
promptly emitted particles (PEP)-model [30], the nucleons 10° to 60, and the expected energy of fusion-evaporation
transferred from projectile to the target nucleus may get particles (E_cr = 18.5 MeV) and direct-particles (E-icr =
accelerated in the nuclear field of target nucleus and con-22.5 MeV) emitted in ICF processes are also shown.
sequently acquire enough extra velocity to escape before

equilibration of the composite system. Further, Morgen-

Si_emet T‘]- [3153:;’]’ ‘;]O”e'%?:d_thfe 0”5? %f ICF ‘;Vi_g] tre(lj 2 Experimental details and off-line data

ative velocity ¢rg) Where is found to be contribute .

significantly aboveyg ~0.06 (6 % of c). In an outstand- analysis procedure
ing review, Gerschel [34] inferred that the localization of
£-window also depends on the target deformation. Despite
a variety of existing studies (see refs. [4,5,9] for more de-

;%Lsgéitrr;egggggt'giéﬁ tlrij Fs itolﬁmwgéd;négn:ggfcmz zt:gato be the sole contributor. The spin-distributions (SDs)
y ’ f xn/pxryaxn/2axn-channels have been measured in

e e e o om0 51 systems at energes .7 Mev/nucieon
(i) the onset of ICF at slidhtly above barrier energies ’and [1-3]. The parti(_:les(;'=1,.2)Aycoinciden.ces hgave bee_n
(iif) the projectile antr mass-asymmetryfiect on ICI’: recorded for the identification of reaction re5|due_s using
fraction Gamma Detector Array (GDA) and Charged Particle De-
' tectors (CPDs) Array setups. The GDA is an assembly of

For an insight into the aforementioned issues related to12 Compton suppressed, high resolution HPGe-detectors
ICF dynamics, high quality data have been obtained in ainstalled in three rings at angles 4®9, 153 with re-
variety of experiments performed at the Inter-University spect to the beam axis and there are 4 detectors in each of
Accelerator Center (IUAC), New Delhi using’C,%0 these rings. The CPDs-array is a set of 14-phoswich detec-
beams delivered from 15UD - Tandem accelerator [1-6, tors housed in a 14-cm diameter scattering chamber, cover-
10,11]. Some of the interesting results along with a short ing ~ 90% of the total solid angle. In order to get angular-
account of experimental conditions are summarized in this distributions of charged patrticles, all 14 detectors of CPDs-
paper. In first set of experiments, the spin (J)-distributions array have been divided into the three angular zorigs; (
of evaporation residues have been measured using well esForward-(F) 10 — 60°, (ii) Sideways-(S) 60— 12C¢° and
tablished particle~coincidence technique to take advan- (iii) Backward-(B) 120—170. The coincidences were de-
tage of its high degrees of reaction channel selectivity [1- manded between particles £1,2) and prompt-rays by
3,10,11]. The experimental conditions and some of the employing three gating conditions corresponding to given
important findings of spin-distribution measurement are angular zones for each value of Z. Depending on the fast
briefly discussed in section-2. It may be pointed out that and slow components of the CPDs, particles (a sum of pro-
the absolute production production cross-sections of reac-tons ande’s) anda’s in each angular zone have been de-
tion residues could not be measured in the spin-distributiontected in coincidence with promptrays. As a matter of
measurement. Therefore, two complementary experimentdact, the CPDs at forward (F) angles (1.0 60°) are ex-
have been performed to measure ICF strength function [4,pected to detect both slow and fastomponents, i.e.jX
6,10,11], and mean forward-recoil-ranges (FRRS) [5,10, slow a-component: fusion-evaporation (Ck}particles,
11] using novel activation technique. A new approach to and (i) fast a-component: directr-particles associated
deduce ICF strength function from the analysis of exper- with ICF. In order to record only fast-component (as-
imental excitation functions in terms of eq-CN decay is sociated with ICF) in forward cone, its essential to stop
given in section-3. While, the validation of this approach slow a-component in forward(F) cone by putting an ab-
is discussed in section-4, and the summary of the presensorber onto the forward CPDs. In order to know the ab-
work is given in the last section of this paper. sorber’s thickness, the energy profile of slawparticles
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First set of experiments has been performed to probe
the role of high ¢-values in the onset of ICF at
slightly above barrier energies, where CF is supposed
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(emitted from fully eg-CN) has been generated by theoret-
ical model code PACE4 [35] (see Fig.1). This code is based * Elab=56AMeV @ Elab=65AMeV e Elab=56AMeV
on statistical approach of CN de-excitation by Monte Carlo o T P
procedure, and has extensively been used for CN related
calculations in past years. Similar input parameters, as in
ref.[3], has been used for this calculation. As can be seenin
Fig.1(a), the theoretically estimated most probable energy

1

Q
=

Normalized Yield

CF-u3n-B % \.\

of fusion-evaporatiom-particles (kr-,) is found to bex r e o e Y ey e N
18.5 MeV at~ 5.6 AMeV. However, as per definition of oy 120e, 165 oy 12, 160 .

o Re, “C+ " Tm \‘\ L} Ta, C+°Tm %
ICF, the energy of fast-component (kr_,) can be cal- 011 o ) 04T NS o "Re, ®0+*Tm

0.1

culated as projectile energy times ejectile-projectile mass 24 6 81012141618 "2 4 6 8 10 12 14 16 18
ratio, and comes out to be 22.5 MeV at 67.5 MeV for e

12C-beam. As such, to stop 18.5 MeV slowa-particles, .

©] 1

-

an Al-absorber of appropriate thickness was kept onto the 3 AN

forward (F) CPDs so that only fast-component in for- >; N

ward cone can be detected. In-beam prompay spec- 8 \\ \e

tra have been recorded in event-by-event multi parameter g \\ \\
mode, which includes éferent coincidences like; and 2 S |* Mmaes®Im * Tl oreTm
detected in backward (B), forward (F) and°9®) - angu- LAY . T o\ *
lar zones. Singles data hgive also been collected to identify 01— oo L 0
xn-channels (produced via CF). Jobs Jobs

Off-line data analysis has been performed in two
steps. In first step, the xn-channels have been identi-
fied by looking into singles data. For the identifica- Fig. 2. Experimentally measured spin-distributions of (a) 5n
tion of pxn-channels, backward(B)gatedy-spectra has  (P) @3n-B () a3n-F, and (d) @2n-F channels populated in
been subtracted from backward(B)-particles(z2)-gated ~ °C,/°O+!*°Tm systems. Dierent reaction products have been
y-spectra to achieve proton(p) gateespectra. However, labeled by self-explanatory_ notations and emission ca_scadgs.
axr/2axn(CN-a)-channels produced via CF have been B and ‘F’ symbols respectl\{ely_ represent the residues identi-
identified from the backward(B)«-gategrspectra. As per  1€d frombackward (B)-a-y-coincidences andorward(F)-a-y-
the justified definition of ICF, the direct- a-particles (PLFs) coincidences. The lines and curves drawn through the data points
are expected to be concentrated in the forward-(F) angu-are the result of best fit procedure explained in the text.
lar zone. As suchgxn/2axn(directw)-channels produced
via ICF have been identified from the forward(R}-gated

y-spectra. The intensity and area under the peals (e  with their own highest measured values™) at lowest
ciency corrected) of the characteristic promptransitions observed spin.

assigned to a particular reaction product was used to deter-  Further, as an analytical representation of data, the ex-

mine the relative production yield. perimentally measured spin-distributions obtained as men-
tioned above have been fitted by a function of following
type;

2.1 Spin (J)-distributions: hints of reaction

dependent entry state spin population Y =Y, /[1 +exp(d - J.)/4] (1)

The fact that the relative number of statistical and ‘yrast'- Here; 4 is related to the width of mean input-angular

like transitions depend on entry state angular-momenta andnomenta {,) andY, is the normalization constand, is
available excitation energy (E*). The CF reaction products a sensitive parameter, which provides the qualitative infor-
are supposed to be formed at high E* and léwalues mation about the driving input angular-momenta associ-
leading to more statistical transitions, where ‘yrast’ states ated with various reaction channels.

are expected to fed by statisticgltransitions. However, The spin-distributions ofxn / pxn / axn / 2axn-

the ICF reaction products achieve relatively low E* (due channels expected to be populated via CF/@ntCF in

to the involvement of partial degrees of excitations) and 12C%0+69Tm systems are plotted in Fig.2(a-d) as a rep-
high angular-momenta (relatively higher values of impact resentative case. The errors are not plotted in the figures
parameters contribute to the high spin states) at a givenas they have been estimated to Hel0 %, and the in-
projectile energy. In this case, the number of ‘yrast’-like clusion of these errors do not modify the present analysis.
transitions are much higher than that of statistical ones, The nomenclature used in this figure indicate the involved
where less or no feeding is expected. Therefore, the spin-reaction dynamics, i.e., ‘B’ and ‘F’ respectively indicate
distributions of CF and ICF products are expected to be CF-channel: identified from backward(B)-gated spectra,
entirely diferent in nature and can be used as a sensitiveand ICF-channel: identified from forward(F)x-gated spec-
tool to probe reaction dynamics by looking into entry state tra. As can be seen from this figure, there is a striking dif-
spin-population(s). In order to generate experimental spin-ference in the spin-distributions of &xn/2axn-channels.
distributions of CF and ICF residues, relative production This indicates the involvement offéérent reaction dynam-
yields have been plotted as a function of experimentally ics in the production of these residues. For an example, as
observed spin (%) corresponding to prompttransitions.  shown in Fig.2(a)-(b), the intensity of CF-5n(singjeSn-

For better comparison of xmaxn and 2xxn - channels in  B(identified from backward-a-gateg-spectra) falls &

a panel, relative production yields have been normalizedrather quickly with observed spingd), indicating strong
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CF channel in the same panel. Fig.3(b) shows the compar-
ison of FIPs for directz-emitting (ICF«3n-F) and fusion-

301 160,169 @ 5. . s .
ope "1r,5.6 AMeV zz: O e evaporationr-emitting (CFe3n-B) channels. The feeding
2% 5 intensity of CFe3n channel identified from backward(B)-
2020 202 a-gated spectra shows almost similar trend as that has been
S0t EotoF S observed for CF-5n channel, where the band is fed over
c & . . . . .
Zor 3" a broad spin range. While, the feeding intensity for ICF-
o Y- - o
= e &£ 008 21001 a3n-F channel (identified from forwarde-gated spectra)
R g 000) =105 rer @5 Atiev is found to be increasing up to a certain valuesqgf dnd
— e,0.: e —_— a-| a-| le! .
T B i A e Y then decreases gradually towards the band head. This trend
- Jobs © Jobs of ICF-a3n-F channel indicates that the high spin states are
%0+ 1m@s 6aMey W C+PTim, @ 56 AMeV  (d) strongly fed even in case of ICF. However, as the residual
175 18 C+"Tm, @ 6.5 AMeV . . . .
0.20 B 0+ Tm, @ 5.6 AMeV nucleus de-excites, the feeding intensity decreases gradu-

ally with available excitation energy afmt angular mo-
menta. This clearly shows the absence of feeding to the
lowest members of the ‘yrast’ band in case of ICF, or the
low spin states are less populated in ICF-channels. Such
feeding intensity pattern is expected to arise from nar-
row ¢-window (or narrow range spin-populations) local-
ized near antr above the critical angular momentum for
CF. Similar trend has also been observed in |GR2F
channel (see Fig.3c). Detailed discussion on FIPs of dif-
Fig. 3. Feeding intensity profiles ofy-cascades of dif- ferent CFICF- channels can be found in our recent papers
ferent reaction products populated viag) (CF-xn (identi- [1-3].
fied from singles-spectra), b) CF/ICF-axn (identified from
backward(B)forward(F)«-gated spectra), andc)( ICF-2axn
(identified from forward(F)-a-gated spectra) channels deducedp 3 Associated ¢-values and the possibility to
from experimentally measured spin-distributions. Lines and populate high spin states via ICF
curves are obtained from the best fit of experimental data points,
(d) The value of mean driving angular momenta (i.e., the value of |, 5rder to figure out the multitude dfvalues involved
J, deduced from the best fitting procedure of spin-distributions as in different reaction channels, and to examine the possibil-
explain_ed in ref.?])_ involved in various CF and ICF channels as ity to populate high spin Statés via ICF, the me&avalues
afunction of reaction modes. (< ¢ >) involved in CF and ICF channels have been de-
duced from the analysis of spin-distributions. As discussed
in the previous section, the value &f in the Fermi func-
feeding towards band head #@oadbroad spin-population  tion provides the mea#i-values associated with various
during the de-excitation of CN. However, distinctlyfei- reaction channels. The medrvalues obtained from the
ent decay patterns are found in case of k3r-F (identi- best fitting procedure of experimental spin-distributions
fied from forward- a-gategrspectra) and Cke3n-B (iden- are plotted in Fig.3(d). For an example, refer to Fig.3d, the
tified from backward--gateg-spectra). In case of ICF-  value of< ¢ > involved in the production of CF-ypxn-
a3n-F and ICF-22n-F, refer to Fig.2(c)-(d), the inten- B/axn-B, ICFwuxn-F, and ICF-2xn-F channels are found
sity appears to be almost constant up to a certain valueto be~ 7.5%, ~ 10# and~ 13.5%, respectively, at projec-
of Jos, and then decreases towards entry side. This in-tile energy~ 5.6 AMeV for 12C+6°Tm system. However,
dicates the absence of feeding to the lowest members ofat projectile energy 6.5 AMeV for the same projectile-
the ‘yrast’ band anbr the population of low spin states target combination, the value &f ¢ > for CF-xrypxn-
are strongly hindered in ICF channels. In order to get B/axn-B, ICFuxn-F, and ICF-2xn-F channels are found
better insights into the meafivalues and feeding prob- to be =104, ~14% and =174, respectively. The enhance-
ability involved in case of CF and ICF products, chan- ment in the value ok ¢ > in case of direct-emitting
nel dependent-correlations and feeding intensity profiles channels (ICF products) indicates their origin from high
(FIPs) have been generated from the analysis of experi-¢-values as compared to CF-channels. A very useful cor-
mental spin-distributions. The FIPs and channel dependentelation between the value &f ¢ > and the successively
¢-correlations are given in the following sections. opened ICF channels can be obtained from the data pre-
sented in Fig.3(d). Following the approach presented in our
recent letter [1], the value af ¢ > associated with ICF in
2.2 Feeding intensity profiles: indication of narrow contrast with CF can be represented as;
range spin-populations in ICF

o
o

Feeding Intensity
o
>

169.

4
=]
a

12641691
—— "1Ly-F,5.6 AMeV
—— ""L4-F,6.5 AMeV
6 8 10 12 14 16 CF ICF-a. ICF-2a.

Jobs Reaction mode

e

o

=]
IS

(i) for 12C+89Tm system at f, ~ 5.6 AMeV,
The FIPs of diferent CF and ICF products are plotted in EacF-axn 1.3 (CE-xn/ pxn/axn)s
Fig.3(a-c). As can be seen from Fig.3a, the feeding in- LcF-20xn)~ 1.3 (1CF-axn) 1. 80(CF-xn/axn), @Nd
tensity for CF-5n-channel shows sharp exponential rise
towards the low spin states, which indicates continuous  (ii) at Bap~ 6.5 AMeV,
wide range spin-population with strong feeding contribu- CicF-axn) =L AECF-xn/ pxnjaxn)»
tion for eachy-transition up to 1. This feature can be Cucr—20x)* L. 2001 CF—axn) = L. 76 (CF—xnjaxn)
better understood if an ICF channel is compared with the
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Itis interesting to note that the values<of > involved force field overtakes the sum of nuclear and Coulomb po-
in the production of various ICexn/2axn-channels are tentials.
found to be~ 30 to 70 % higher as compared to the
CF-xn/pxrn/axn-channels at both the energies. This indi-
cates the involvement of highvalues in the production of 3 ICF strength function
ICF products at a constant incident energy. This also con-
firms the origin of ICF events from the non-central inter- In order to achieve information on how does the frac-
actions, where a significant amount of orbital angular mo- tion of ICF depend on various entrance channel param-
mentum between projectile and target nucleus transformedeters, the value of incomplete fusion fractiondf has
into high spin states of final reaction products. been deduced as a function of projectile energy and mass-
Further, concerning the usefulness of ICF as a tool @Symmetry of interacting pariners . In a separate set of
to populate high-spin states, it can be noted down from experiments, absoll_Jte production cross-sections of indi-
Fig.2(b)-(c) that the same resid&i&Ta(3n) can be pop- Y'd‘ljz?‘l lréeacilﬁon residues populated via CF /amdICF
ulated at high spin states via ICF as compared to CF. As!n ~“C. 70O+ °Tm systems have been measured at en-

a more precise example, as can be seen from Fig.2(b)-(c)€r9ies ~ 4-7 MeV/nucleon [4,6,9]. Experiments have
the value of< £ > at ~ 5.6 AMeV is found to bex 7.5% been performed using General Purpose Scattering Cham-

involved in the production df“Ta (¢3n-B) identified from ~ P€r (GPSC)- setup at IUAC. The experimental setup and

backward(B)e-gated spectra (associated with CF). How- Methodology have been detailed in refs.[4,6,9]. However,
ever, if the same residue (at same projectile energy) iden-& brief account of experimental conditions is given here
tified from forward(F)- o-gated spectra, which supposed tofOr ready reference. NaturafTm (abugldance 100%)

be populated via ICF, the value¢ > is found to bex 10.5  1argets of thicknessyt~ 1-1.3 mg-cm* were prepared
7 (refer to Fig.2c). Apart from that, the value off > asso- by uniform pressure rolling (UniPRo)- technique. The uni-

ciated with the production df“Ta via CF at~ 6.5 AMeV formity of each target foil was verified by multi-point
(i.e.,~ 9.57) is achieved via ICF even at lower projectile  (hickness measurement usiagransmission method. For
energy~ 5.6 AMeV (i.e.,~ 10.5%). Similar characteristics - O+ "Tm system, energy degradation technique has been
have been observed in case of other reaction channels popeMPloyed to cover a wide energy range in one run, and
ulated via both CF and ICF. For better representation, theth€ corrections were made for energy spread and beam in-
above information orc ¢ >-values involved in dferent  tensity variations. While, in case 8fC+'%Tm system,
reaction channels can be correlated as: the energy spread and beam intensity variations have been
avoided by adopting single target irradiation methodol-
ogy for each projectile energy. Irradiations were carried

H 174 .

(i) for Ta(3n); out using?C%0-beams for an energy range of4-7

L1cF-a3n)~1.33{(CF-a3n), at Bap~5.6 AMeV, and MeV/nucleon with a beam currer20-30 nA. All targets

LicF-aan)=1.40(CF-aan), at Bap = 6.5 AMeV were backed by Al-catchers of appropriate thicknesses, so
that the recoiling reaction products can be trapped in the

(ii) for 17*Ta(3n); catcher foil thickness. Proper care was taken to maintain

the constant beam current during the irradiations. Mea-
surements of-activities produced during the irradiations
] were performedb-line using two pre-calibrated HPGe de-
- As discussed above, at5.6 AMeV, ICF can populate  tectors. The uncertainty in geometry dependéfitiency
Ta(a3n) with~ 33 % more angular momentum as com- of detectors is estimated to ke2%. Prompty-rays have
pared to that populated via CF, ard40 % more atv 6.5 3|50 been recorded in singles mode for an additional de-
AMeV. Further, it is also clear from the second correlation gree of freedom in residue identification. Reaction prod-
that the CF is not able to populate the same amount of an-cts have been identified by their characteristic prompt-
gular momenta even at6.5 AMeV which is populated via  and decayy-lines. In order to gain high confidence in the
ICF in *"*Ta(@3n) at relatively low projectile energy, i.e., jdentification of reaction products, decay-curve analysis
~ 5.6 AMeV. The above striking feature strongly support for each residue has been performed using deekiyes.
the possibility to populate high spin states via ICF in final The most intense decaylines have been used for decay-

€(| CF,an)(%S.G AMeV)zl.]f(CF,agn)(zG.S AMeV)

reaction products even at low bombarding energies. curve analysis and for the production cross-sectiogk)
Further, refere to Fig.3(d), the involvéevalues in dif- measurement [3]. The projectile energy dependent reac-

ferent reaction channels are found to increase linearly with tion cross-sectionss((E)) for different reaction products

the projectile energy, and almost same (witkif.5%) for have been determined using standard formulation as given

each set of reaction channels at a given projectile energy.ref.[9]. The overall error in the production cross-sections
The smallness al, indicates the involvement of less input  ogg is estimated to be& 13 %, excluding the uncertainty
angular momenta in CF reactions. It may also be seen fromin branching ratio, decay constant etc. Detailed discussions
the deduced values df that the multiplicity ofa-particles on error estimation and causing factors are given elsewhere
associated with ICF increases with the driving input angu- [9].

lar momenta, indicating the variation offtirent{-values The value of g has been deduced from the analy-
(clear signature of impact parameter dependent) at a giversis of experimental EFs in the framework statistical model
projectile energy. This indicates that the partial waves of code PACEA4. Details of this code can be found in our re-
lower ¢£-values do not contribute to the ICF reaction signif- cent papers [4,9]. This code is based on the hypothesis of
icantly. Therefore, it may not be out of order to state that equilibrated compound nucleus decay, and has been used
ICF reactions occur in the peripheral interactions, probably extensively to characterize the fusion-evaporation compo-
at finite values of impact parameters, where the centrifugal nent in the given mass region. In this code, the level den-
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173174Ta(@4n 3n), and €) 1"*172Lu(2a2n,2on) residues expected
to be populated via CF aymt ICF of *2C with 6°Tm, and ()

black line through the data points represents the sum of
all ICF channelsXocg). As indicated in this figure, the
value of Xor|cr increases linearly with incident energies
which confirms the ICF energy dependence, as expected.

3.1 Projectile energy dependence of ICF

In order to show how does ICF contribute to the total fu-
sion cross-section (i.exrg = Xocg + 2o ce) ? The value

of 2ok is plotted with the sum of all CF channeBdcr)
andorr on linear scale in Fig.5(a) for an easy visualiza-
tion of increasing ICF contribution with energy. The in-
creasing separation betweelrcg and ot with energy
shows that the ICF fraction strongly depends on incident
projectile energy. For better insight into the projectile en-
ergy dfect on ICF fraction, the percentage fraction of ICF
(Fice) has been deduced from the re-analysis of data pre-
sented in Fig.5a as;

2oicF

Fice = x 100

Xocg +20icF

The value of g is plotted as a function of projec-
tile energy in Fig.5(b), i.e., termed as ICF strength func-

Experimentally measured and systematically deduced (see texkjon. The ICE strength function defines empirical proba-

for the deduction procedure) EFs of ICF products along with the
sum of all ICF-channels¥ocg). Lines and symbols are used for
self explanatory notations.

sity parameter (& A/K) is an important input parameter,
which may be adjusted to fit the experimental data. In or-
der to derive the suitable value of ‘a’ ftirent values of ‘a’
from A/10 to A/8 MeV~! have been tested in the present
work. As a representative case, the EF&’6t"’"Re(5n,4n)

bility of ICF at different incident energies. As can be seen
from this figure, the value of &g is found to bex7 % at

~ 59 MeV, i.e., 1.075Vb (7.5 % above the barrier), and in-
creases smoothly up tal8 % at highest measured energy
(i.e., 1.64 Vb). The existence of ICF at such a low energy
has been justified as a consequence of high ifiatues
imparted into the system in non-central interactions [1-3,
20-22].

3.2 Mass-asymmetry or Z p or projectile structure

residues are compared with that estimated by PACE4 fordependence of ICE

different level density parameters in Fig.4(a). As can be

seen from this figure, the EFs bf17"Re residues are very
well reproduced for the value of-aA/8 MeV~1. This con-
firms the production of these residuégs{’’Re) through
the eq-CN-decay via emission gfheutrons from the ex-
cited *®9r* formed in a CF process. Therefore, the value
of a= A/8 MeV~! can be used as default input parame-
ter for the analysis ak-emitting channels within the given
energy range.

Fig.4(b) shows the EFs 6f317“Ta (@4n3n) residues
expected to be populated via CF aodICF. The EFs of

Following the Morgenstern’s mass-asymmetry systematics
[31-33], the values of g obtained fort?C,60+1%°Tm
systems are plotted as a function of relative velocity (

— ) in Fig.5¢c. The energy axis is normalized to incorpo-
rate the Coulomb barriers of two systems, and to keep the
same observable as has been used in most of the previous
studies. According to Morgenstern’s systematics [31-33],
ICF contributes significantly aboy#~0.06 (6 % speed of
light). As shown in Fig.5c¢, the values gfare in the range
from ~0.027 (2.7 % of c) to~0.084 (8.4 % of c) forC,

these residues are significantly enhanced than that preand from~0.014 (1.4 % of c¢) to~0.053 (5.3 % of c) for
dicted by statistical model code PACEA4. This enhancement!®O. Therefore, no significant ICF contribution is expected
over the PACE4 predictions may be the indication of some at the given values af.y4. However, the results presented

physical éfect which is not included in code PACEA4. It

in Fig.5c clearly demonstrate the onset of ICF at relatively

may be pointed out that the code PACE4 do not take ICF lower value ofu,q i.e, ~0.027 (Fcr ~7 %) in 1°C+1%°Tm

into account. Therefore, the enhancement in case3of
and a4n channels may be attributed to the onset of ICF.

Assuming this enhancement as the contribution of ICF,

the fraction of ICF has been accounted @gr = oexp -
O paces [14,3]. In case of 22n anda2n-channels (as shown
in Fig.4c), the code PACE4 predicts negligible produc-

system, and at0.014 (Fcr ~10 %) in1%0+1%9Tm system.
In both cases, the observed value @fd=is significant at
well below the proposed onset valuepfi.e., 6 % of c).
As such, it can be inferred that the ICF starts competing
with CF even at slightly above barrier energies.

Further, as shown in Fig.5c, the value ofcfF for

tion cross-section. This indicates the population of these 2C-projectile is lower thart®0-projectile for the entire

residues only via ICF. Further, Fig.4d displays the exper-
imentally measured and systematically deduced ICF frac-

tion (o cg) in the production ofr-emitting channels. Solid

measured energy range. Thefeience in ke for two
systems {°C1%0+1%9Tm) can be seen clearly, which in-
dicates the dependence ofcF on projectile angbr on
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Fig. 5. (a) Total fusion cross-sectiorvfr = Xocg + 2o |cF)
along with the sum of all CF-channel5«cr) and ICF-channels
(Zoicr) as a function of projectile energyh)(the ICF strength
function for2C+%°Tm system (see text for descriptiony) (he
value of Fce as a function of relative velocity {y — ) for

12C 150+1%°Tm systems, andoj the values of ¢ obtained for
12C+128Te 165H0,69Tm and®0+1%Rh 159Tb,8°Tm systems as a
function of entrance channel mass asymmetny) @t a constant
value ofg = 0.053. The dotted lines drawn through the data points
guide the eyes for individuat{C and*®0) projectiles.

mass-asymmetryuf) of interacting partners. In order to
refine this e ffect, the values ofcF for nearby systems
(*2C+128Te 165H0,189Tm and%0+1%Rh °Tb,1°Tm) are
deduced at a constagtvalue (i.e.,8 = 0.053), and plot-
ted as a function ofia in Fig.5d. As shown in this figure,
the Morgenstern’s systematics do not explain the varia-
tion of Fcg with ua for given projectile-target combina-
tions. However, the value of & increases withua for
individual projectiles O and'2C). It is interesting to
note that thé?C+%°Tm system is a more mass asymmet-
ric (ua = 0.9337) system thatPO+%°Tm system ga =
0.9135), but the value of Er is 18.3 % higher than that
observed fort?C+%°Tm system. The experimental data
presented in Fig.5d for six projectile-target combinations

have been measured for the same projectile-target combi-
nations {2C,60+1%°Tm) [5,8]. The fact that the FRs of
heavy recoils depend upon degree of linear momentum
transfer p_ut) from projectile to target nucleus. For ICF
composites, where only a part of projectile fuses with tar-
get nucleus, thg, yt may be given as;

Pfrac

)

PLMT Poroj

Here; Ptrac andPpy; are the fractional and entire lin-
ear momentum of projectile, respectively. According to
the range-energy formulation, entire LMT (i.eymt = 1)
from projectile to target nucleus in a CF reaction supposed
to give maximum recoil velocity to the composite sys-
tem (CF— Acn = Atarger + Aproj), and relatively less re-
coil velocity to the incompletely fused composite (IGF
Acn = AT+Aproj-fract). Consequently, the radio-nuclides
populated via smajb, vt are expected to show relatively
smaller penetration depth in the stopping medium as com-
pared to the entire LMT populations. The CF and ICF
products can be disentangled from the analysis of FRRs of
heavy recoils in in the framework of breakup fusion (BUF)
model [7]. In this model, the projectile is assumed to break-
up into constituent-clusters (e.g.°0 may break-up into
2C+a, andor ®Be+8Be clusters) within the nuclear field
of the target nucleus. Either fragments may get fuses with
the target nucleus, and the remnant goes on moving in the
the forward cone as a spectator

For the measurement of FRs of heavy recoils, the
same experimental setup and technique as that of ICF
strength function have been used. Detailed discussion on
the methodology can be found in our recent papers [5, 8].
However, some of the important steps to deduce the distri-
butions of FRs of heavy recoils are given here. The irradi-
ations were carried out in GPSC using energy-degradation
activation technique followed byfitine-y-spectroscopy. A
stack of thin Al-recoil-velocity filters of thicknesses vary-
ing from ~ 10 - 45ug/cn? (sufficient to stop entire LMT
events) has been placed downstream of the target foil, so
that the recoiling CF aridr ICF products can be stopped
in the stopping medium at fierent penetration depths.
Keeping in mind the half-lives of interest, the irradiations
were carried out fors 10 hrs duration for each incident
energy. After the irradiation, the Al-recoil-velocity filters
were taken out from the scattering chamber and counted
separately using two pre-calibrated, high resolution HPGe-
detectors of 100 c.c. active volume. The HPGe-detectors

clearly demonstrate strong projectile structure dependenceavere pre-calibrated for energy anffieiency using stan-

of ICF fraction.

4 Evidence of partial linear momentum
transfer events in forward recoil ranges

dardy-sources (e.g5°Co, 133Ba and'2Eu). The resolu-
tion of y-detector was found to be 2.4 keV, for 1.33 MeV
y-ray of ©°Co. The residues were identified by their char-
acteristicy-lines, and confirmed by the decay-curve analy-
sis. The induced activities can be used to measure the pro-
duction probability of the reaction products. The measured
intensities of the characteristiclines have been used to

In previous sections, reaction dependent entry state spin-determine the production cross-sections of the residues in

populations and fraction of ICF in the production @f

each catcher foil using standard formulation [5]. The over-

emitting channels are briefly discussed. These measureall errors from all possible factors (for detail see ref. [8])

ments conclusively demonstrate the onset of ICF at slightly
above barrier energies in non-central interactions. How-
ever, for an additional evidence of fusion incompleteness

including the statistical error are estimated to<h&3 %.
The normalized yield of reaction products have been plot-
ted as a function of cumulative catcher foil thicknesses

at these energies and to validate data reduction proceduréo generate the distribution of FRs of heavy recoils. The

to deduce kf, the forward ranges (FRs) of heavy recoils

distribution of FRs of heavy recoils have been fitted with
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The value of I%‘p for different residues have also been
compared with F,?e of ERs estimated by adopting break-
up-fusion description of massive transfer reactions given
residues produced ifO+'%“Tm system at- 87 MeV. () The by Udagawa and Tamura [29]. The values §frare found
value of ICF fraction obtained from fierent approaches is com-  to be in good agreement with theoretical ones.
pared to check the self consistency of three methods. Red circle  |n order to validate the data reduction procedure used
around the data points shows the high degree of mutual agreetg deduce ICF fraction in an-emitting channel, the rel-
ment_be_tween dierent approaches with in the experimental un- ative contributions of CF and ICF have been accounted
certainties. and translated into,E. The value of ker deduced from

three diferent techniques, namely) from the analysis of

FRRs, {i) angular distributions, andii) from the analy-
the Gaussian function for better analytical representationsis of EFs, have been plotted as a function gf,FCB
of data, and to deduce the value of most probable recoilin Fig.5d, where Bam is the beam energy and CB is

Fig. 6. The experimentally measured distributions of forward re-
coil ranges for ) 820s(p2n), b) 1""Re(@4n), and €) 15Ta(2an)

ranges (Rexp) in the stopping medium [5, 8].
Fig.6(a) shows the distribution of FRs f&?0Os(p2n)
populated in®0+%°Tm system at 87 MeV. As shown in

the Coulomb barrier for thé®0+°Tm system. Solid
line through the data points is drawn to guide the eyes.
As shown this figure, the value ofid¢ deduced from

this figures, the data can be fitted by a Gaussian pgak) ( three approaches at a constant normalized incident energy
~ 421 ug/cn?) indicating single LMT-componentinvolved  (Epean/CB = 1.2) is found to be in good mutual agreement
in the production of this residue. Fig.6(b-c) show the dis- Within the experimental uncertainties. This puts faith in our
tribution of FRs for'’’Re4n) and'’%Ta(2vn) residues. ~ measurements and data reduction procedure.

As shown in these figures, the distributions of FRs can be

resolved into two Gaussian peaks, revealing the presence

of more than one LMT-components associated with the fu- 5 Summary

sion of 10, 12C andor Be with the target nucleus. Re-
fer to Fig.6b, the FRR distribution of residd&Re@2n) In this paper, recent experimental results on low en-
shows two LMT components atsRyp) ~ 426ug/cn¥ (due ergy ICF are presented. In order to probe associéted
to 18O-fusion) and at Rexp ~ 239 ug/cn? (*2C-fusion,  values in the production of fierent reaction channels,
where any behaves as spectator). On the basis of observedhe spin-distributions and feeding intensity profiles of ERs
LMT components at dierent penetration depth in the stop- have been measured AC,'°0+%°Tm systems at near
ping medium Ry, it can be inferred that the residues and above barrier energies. The spin-distributions of ICF-
17"Re(4n) is populated via both CF and ICF processes. axn/2axn-channels are found be distinctlyfidirent than
The population of’’Re(4n) via both CF anfr ICF can that observed for CF-¥pxryaxn-channels. This indicates
be represented as; reaction dependent entry state spin-populations. The CF
products are found to strongly fed over a broad spin range

(i) CF-°0: towards the band head. However, the spin-distribution(s)
160 + 169Tm = 185)r* = 177Re + o4n (from eg-CN) associgted with ICF are fo.und to be arrised from the nar-

- ) row spin population, localized near god above to the

(i) ICF-2C: critical angular momentum for CF. The trend of spin-

distributions indicates the competition from successively
opened ICF channels for each valuefofbove i for
; normal fusion (CF). The population of low spin states are
(one direct as spectator) found to be hindered, ayat less fed in case of ICF chan-
Similarly, the FRR distribution oft’%Ta(2xn) shows nels. At slightly above barrier energies, the ICF is found to
two LMT components at the mean penetration depth be originated from non-central interactiosX £;) due

180(12C + ) = 1°C + %9Tm = ¥IRe* = ""Re+ 4n
(from eg-CN)+ «
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to the influence of centrifugal potential, where the limit a-cluster beams (e.gt3C, N and®0) with 16°Tm target

of driving angular momenta do not allow CF. The direct nucleus.

a-multiplicity increases in forward cone with inputé >-

values at a particular projectile energy. For an example, at

~ 5.6 AMeV the value ok ¢ > for CF-xrypxn-B/axn-B, Acknowledgments

and ICFaxn-F, and ICF-2xn-F channels are found to be

~ 7.5%, ~ 10h and~ 13.5%, respectively. This shows that The authors wish to acknowledge that the work presented
the high¢-values associated with non-central interactions in this paper is the outcome of many experiments per-
essentially contribute to open up ICF (direcemitting)- formed at the Inter-University Accelerator Center (IUAC),
channels. Further, the comparisonfefalues involved in ~ New Delhi by AMU-IUAC collaboration. We thank all
CF and ICF residues populated via/pxryaxn-B/axn-F our collaborators for their help during the experiments and
channels give direct evidence to populate high spin statesvery useful discussions, and Prof. Amit Roy for motivat-

in final reaction products via ICF, which is not possible to ing us to carry out these measurements. One of the authors
achieve via CF at a given projectile energy. P.P.S. thanks to GSI-Helmholtz Centre for Heavy lon Re-

search GmbH and Technical University Darmstadt, Ger-

The findings of spin-distribution measurement are many for financial support. R. P. & B. P. S. acknowledge
confirmed in a complementary experiment, where ICF the research grants received from Department of Science
strength function is deduced from the analysis of exper- and Technology (DST) and University Grant Commission
imental EFs in the framework of statistical model code (UGC), Government of India.
PACEA4. In order to get insights into the onset and strength
of ICF, the value of kg has been deduced as a function
of projectile energy (i.e., from 1.02yvto 1.64 \f) and References
entrance channel mass-asymmetry. The valug &f -
creases from: 7 % to~ 18 % with in the studied energy 1. Pushpendra P. Singhal., Phys. LettB671, 20 (2009),
range. The results presented in section-3 clearly demon- and the references therein.
strate the onset of ICF at the value @f~ 0.027 (Fcr 2. Pushpendra P. Sing#t al., Phys. Rev. @0, 064603

~7 %) in C+%9Tm system, and at the value @f ~ (2009)

0.014 (Fcr ~10 %) in10+%°Tm system. In both cases, 3. Pushpendra P. Singt al., Phys. Rev. @8, 017602
the observed value of & is significant at well below (2008), and the references therein.

the proposed onsgt-value (i.e., 6 % of c) proposed by 4. Pushpendra P. Singé al., Phys. Rev. €7, 014607
Morgensternet al., [31-33]. A comparison of lcg for (2008).

12C+169Tm and%0+1%°Tm systems displays higher ICF 5. Pushpendra P. Singt al., Eur. Phys. J. A34, 29
probability for160+16°Tm system for the entire measured  (2007), and the refences there in.
energy range. This shows strong projectile structdiiece 6. Pushpendra P. Singhal., Phys. Lett. B (to be submit-
on ICF fraction. The existence of ICF at well below the ted)
proposed onsgt-value supplements Morgenstern's mass- 7. Devendra P. Singlet al., Phys. Rev. 81, 054607
asymmetry systematics. (2010).
8. Unnati Guptat al., Phys. Rev. 80, 024613 (2009).

Further, the data reduction procedure used to account9. Unnati Gupteet al., Nucl. Phys. 811, 77 (2008).
the ICF fraction in am-emitting channel is validated from  10. Pushpendra P. Singh al., Jour. of Phys: Conf. Sr.
the measurement and analysis of forward recoil ranges. 282, 012019 (2011).
It has been found that the-emitting channels are pop- 11. Pushpendra P. Singhal., Eur. Phys. J. Web. of Conf.
ulated via both CF and ICF processes. The forward re- 2, 10004 (2010).
coil ranges are analyzed on the basis of breakup fusion12. D. J. Hinde and M. Dasgupta, Phys. Re®1C064611
model description of massive transfer reaction given by (2010), and the references therein.
Udagawa and Tamura [29]. More than one linear momen-13. A. Diaz-Torres, Phys. Rev. Le®8, 152701 (2007),
tum transfer (LMT) components attributed to the full (fu-  and the references therein.
sion of 160) andor partial fusion ¥°C andor ®Be fusion ~ 14. P. R. S. Gomest al., Phys. LettB601, 20 (2004).
from 1€0) of projectile have been observed. The values of 15. P. R. S. Gomest al., Phys. Rev. @3, 064606 (2006).
Rrexp) are found to be consistent with the theoretical pre- 16. E. Z. Buthelezet al., Nucl. Phys A734, 553 (2004).
dictions within the experimental uncertainties. The value 17. L. R. Gasquest al., Phys. Rev. @9, 034605 (2009).
of Ficr obtained from the analysis of forward recoil ranges 18. L. R. Gasquest al., Phys. Rev. @4, 064615 (2006).
is found to be in good agreement with that deduced from 19. P. E. Hodgson, E. Gadioli and E. Gadioli Erba, Intro-
the measurement and analysis of EFs. The findings of these ductory Nuclear Physics, Chapte8, Clarendon Press,
experiments clearly demonstrat&) the reaction depen- Oxford (1997).
dent decay patterndy)the origin of low energy ICF events  20. J. Wilczynskit al., Phys. Rev. Lett. 45, 606 (1980).
from non-central interactionsc) the possibility to selec-  21. J. Wilczynskiet al., Nucl. Phys. A373, 109 (1982).
tively populate high spin states via ICH) (the existence  22. K. Siwek-Wilczynskat al., Phys. Rev. Lett42, 1599
of ICF at slightly above barrier energies, arg) §trong (1979).
projectile structure féect on ICF fraction. As such, it can 23. H. C. Britt and A. R. Quinton, Phys. Rel24, 877
be inferred that the ICF is a process of greater importance (1961).
even at low projectile energies, where CF supposed to be24. J. Galinet al., Phys. Rev. ®, 1126 (1974).
the sole contributor. However, it would be interesting to 25. W. Trautmannet al., Phys. Rev. Lett. B53, 1630
explore ICF dynamics at low incident energies using non- (1984).

10009-p.9



EPJ Web of Conferences

26. T.Inamurat al., Phys. Lett68B, 51 (1977).

27. T.Inamureet al., Phys. Lett84B, 71 (1982).

28. T.Inamureet al., Phys. Rev. (32, 1539 (1985).

29. T. Udagawa and T. Tamura, Phys. Rev. L4%.1311
(1980).

30. J. P. Bondroét al., Nucl. Phys. A333, 285 (1980).

31. H. Morgenstermt al., Z. Phys.A313, 39 (1983).

32. H. Morgensternet al., Phys. Rev. Lett.52, 1104
(1984).

33. H. Morgenstermt al., Z. Phys.A324, 443 (1986).

34. C. Gerschel, Nucl. Phys. 287, 297 (1982), and the
references there in.

35. A. Garvon, Phys. Rev.21, 230 (1980).

10009-p.10





