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Fusion and transfer reactions in the °F+ 1®*Ho system at energies near the Coulomb barrier
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Results of the measurements of fusion cross sections and average angular moment®fn-+th&Ho
system, for center-of-mass energies ranging from 7 MeV below to 13 MeV above the Coulomb barrier are
presented. The average angular momenta of the compound system were obtained using three independent
methods, namely, the-ray multiplicity, the ratios of the evaporation residues, and the fusion excitation
function. The transfer probabilities for various one- and two-particle channels have also been measured at a
beam energy of 110 MeV, an energy much higher than the Coulomb barrier. The me@simtedrated one-
and two-proton transfer probabilities have been analyzed in terms of an earlier suggested semiclassical calcu-
lation taking into account the nuclear branch in addition to the usual Coulomb branch of the classical deflection
function. It is seen that the “slope anomaly” in the measured one- and two-proton transfer probabilities as a
function of the distance of closest approach can be explained within this framework. The strengths of the form
factors, required in a coupled channel calculation of fusion, for the important transfer channels were obtained
from the data within such a semiclassical analysis. The observed enhancement of the fusion cross sections and
average angular momenta is discussed in terms of the coupled channel model using static deformation for the
target, inelastic excitations in the projectile, and couplings to the transfer channels. The data are also compared
with the neutron flow model suggested by Steld@0556-28136)00607-3

PACS numbgs): 25.70.Jj, 25.70.Hi

[. INTRODUCTION that a particular process should not be treated in isolation; for
example, the threshold anomaly in elastic scattering was
While heavy-ion fusion is reasonably well understood forshown to be connected to near-barrier fusion enhancement
energies above the Coulomb barrier, the measured fusidil]. The interconnectivity of various channels is a compel-
cross sections at below-barrier energies are much larger thdimg reason for the use of a coupled channel approach. As the
those expected on the basis of a one-dimensional barrier penumber of channels to be coupled to the elastic channel is
etration model1D-BPM) [1,2]. The corresponding angular increased, calculations tend to become intractable in a quan-
momentum distributions are also found to be broader thatum mechanical approach. A semiclassical approach by the
those expected from these models. The angular momentuwirtue of the equations being first order would be better
distributions of the compound systefor its momentshave  suited for coupled channel computations.
been derived from various methods likeray multiplicities, For understanding the fusion phenomenon, the coupled
the relative yields of the evaporation residues formed in thehannel formalism with simplifying approximations has been
decay of the compound nucleus, fission fragment angulawvidely used[12]. The WKB approximation is employed in
distributions, isomer ratios, et3]. It is generally believed most fusion calculations for obtaining the transmission coef-
that the angular momentum distributions and the fusion crosfcients. Usually an “experimental” approach is adopted in
sections act as independent constraints for fusion models. determining the types and number of channels to be coupled.
model-independent relationship suggedi4d] between the The measurement of the transfer channels is necessary to
fusion excitation function and the angular momentum distri-obtain the coupling strengths, which in turn require a mea-
bution is of great importance as the validity of this relation-surement of quasielastic scattering. One should try to under-
ship leads to constraints on fusion models. A comparativestand these processes consistently. The couplings to the in-
study of the average angular momentum extracted by variouslastic channels are well understood but the strengths of the
methods in the same system would be interesting as consiseuplings to the transfer channels are obtained empirically.
tency among them indicates validity of the assumptions inMicroscopic calculations for the single-particle form factors
volved. have been made for some ca$&8] and macroscopic form
Heavy-ion transfer reactions around the barrier are of infactors for pair transfers have also been suggegtéd In
terest both for understanding the transfer prodésg| as the present work we have obtained the strengths from the
well as for its connection with subbarrier fusion enhance-measured transfer angular distributions from above-barrier
ment[8]. Semiclassical concepts have been extensively usedata. The extraction of the strengths is easier from subbarrier
in the study of heavy-ion reactiorf9]. The WKB [10] ap- data, although measurements of these low cross sections are
proximation provides a way to relate particle propertiesmore difficult. The strengths are obtained after explaining the
(classical trajectoriego wave propertiessemiclassical wave slope anomaly as shown in a recent wtk] and hence can
functiong. Apart from leading to greater physical insight and be considered to be an improved estimate.
localizations of the contributions, calculations are simpler in  The system!®F + %*Ho was chosen for the present in-
a semiclassical approach. The study of the various channels&stigation as it offers several advantages. Among others the
like elastic, inelastic, few-nucleon transfer, and fusion showsole of static deformation in the fusion mechanism is an im-
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portant one and®Ho has a very large deformation. The 250
y-ray decay schemes of the evaporation residues from the
compound system are well studied, the evaporation residues
from the compound syster$%Os are good rotors and do not
have any high-spin isomers, making the conversion from
multiplicity to angular momentum relatively simple. In the o
energy range of interest the evaporation residues exhaust al- <
most all the fusion cross section because of a large fission o ;sq
barrier and the monoisotopic nature of Ho makes the mea- ©
surements cleaner. Recently Christady al. [16] made a
coupled channel calculation for fusion &0 on aligned Ho
where they showed that the effect of alignment on the fusion 100 -
cross section is considerable. R
We report here measurements at energies around the Cou- e 72=6
lomb barrier of the fusion cross sections and the average
angular momenta which were obtained from theay mul- )
tiplicity, evaporation residue ratios, and the fusion excitation ! » I | '
function under some simple assumptions. Angular distribu- 150 200 250 300 350 400
tions for various transfer channels were made in an angular E (Ch. No.)
range corresponding to large distances of closest approach total
fOF COU|Omb tl’a]eCtOFIeS at energ'es Of 110 and 70 l\/leV The FIG.1. A typ|cal two_dimensiona| spectrum AfE VS Etotal at a
transfer data have been analyzed within a semiclassic@ombarding energy of 110 MeV. The varioasgroups are indi-
framework incorporating the nuclear branch in addition tocated.
the Coulomb branch of the classical deflection function. The
results of the fusion measurements have been compared wi
the coupled channel model incorporating static deformatio
transfer and inelastic channels, and also the Stelson mo
[17].

200

50—_. : 5

Hﬁergy of 110 MeV is shown in Fig. 1. The energy resolution
Mfor the elastic peak was 800 keV. The varioug and mass
dﬁioups can be identified in the figure. The vertical band seen
near the elastic energy is due to the nonuniformity of the
AE detector and represents less than 0.5% of the total
IIl. EXPERIMENTAL DETAILS AND RESULTS counts. Shown in Fig. 2 is the PI spectrum for the data in
A. Transfer measurements Fig. 1. The various channels can be clearly identified. For the
data taken at much lower energies, mass separation was not

The experiments were performed usiﬁff_beams from  yossible. We have earlier reported the transfer probabilities
the BARC-TIFR Pelletron accelerator facility at Bombay. 5; energies of 75, 80, 85, and 90 MeV where only charge

16 2
The %*Ho target 250 wg/cm?) was made by vacuum separation was possil21]. A typical Q-value spectrum for

evaporation on a carbon backing- 40 ng/cm?). Measure- the 1p channel is shown in Fig. 3. The optimur®§,) and
ments were made at laboratory energies of 110 MeV and 70 P

MeV corresponding to energies 1\38and 0.88/,,, where

V), is the Coulomb barrier. Three Si surface barrier tele- f

scopeg17 um and 2 mm, 11lum and 2 mm, 12«m and 2 220 , , , , , |
mm) were usedn a 1 mdiameter stainless steel scattering
chamber[18] to measure the angular distributions of the
beamlike transfer products. For the 110 MeV dAta was 180
reduced to 0.6° from 1.4° used for the 70 MeV data. A 300
um Si surface barrier detector placed at 25° with respect to
the beam direction was used for normalization purposes. The 140 o -

200 -

Elastic

160 1

angular range covered mainly corresponded to large dis- 3 120 L |
tances of closest approach for Coulomb trajectories. At 110 g g

MeV the angular range was 32.5°-54.5° and at 70 MeVwas o 100} s L) 7
125.5°~165.5°. The data were collected in two-dimensional © g, | = i

(2D) AE vs E arrays of size 512512 using a transputer-

based multiparameter data acquisition syst&éj. After off- 60 - }
line gain matching of th& E andE data, 2D plots oAE vs 40+ o -
Eiotas @nd particle identifie(Pl) vs E,, were generated. The 5 &

algorithm for particle identification had the forml2=1z? 20+ /J\ ]
«(AE+E)?—E?, where a value o = 1.65 was used to 0 L . ' L '

linearize the plots in the energy range of interest. The nu- 20 40 80 8O0 100 120

merical value ofa was obtained using the range-energy
tables of Northcliff and Schillind20]. The PI calibration
was additionally verified using an elastically scattered 70 FIG. 2. A particle identifier spectrum of the data shown in Fig.
MeV 2C beam. A typicalAE-E,y, plot at a bombarding 1. The peaks are labeled by the transfer channels they arise from.

Particle Identifier



FUSION AND TRANSFER REACTIONS IN THESF+Ho ...

769

30 T T T T T 10 T
~1p E_ =110 MeV ]
25 | i ]
20 |- -
n
-
g 15 |- .
O
O
10 _ !
L Qopt Qgg i
I | ll i 1 10—4 ) ) | ) ) ) ) | ) )
-50 -40 -30 -20 -10 0 10 20 14.0 16.0 18.0
Q (MeV) D (fm)

FIG. 3. A typicalQ-value spectrum for the one-proton stripping
channel. The ground sta® value Qg4) and Q, (see texk are
shown.

FIG. 4. Transfer probabilitiegefined in text for one- and two-
proton transfer at 110 MeV, as a function of the distance of closest
approachD, for a Coulomb trajectory. The solid lines are the re-
sults of semiclassical calculations usify3) for one-proton and
ground state Q4,) Q values are indicated. The shape of thetwo-proton transfer. The dashed lines are calculated fib#n
Q-value spectrum is seen to be Gaussian. The peaking at
Qopt = Ecml[(2'2'17Z")~ 1] arises in semiclassical models case, as below the Coulomb barrf@2] only the Coulomb
from trajectory matching conditions (and f refer to the  pranch is expected to contribute.
incoming and outgoing channels, respectiyelyhe transfer
probability P,, is defined as the ratio of th@-integrated
transfer cross sections, to the quasielasti¢csum of elastic,
inelastic, and transfgrcross sectiong . (This usage of the
term “quasielastic” differs from that ifi6] where quasielas-
tic reactions include only inelastic and few-nucleon transfe
and not elastic scatteringShown in Fig. 4 are the transfer
probabilities for one- and two-proton stripping channels at
110 MeV as a function of the distance of closest approach,
D, for a Coulomb trajectory,

7,7.62 (7]

p&t c.m.
D= + .

2Ec.m.(1 csc > )

B. Fusion measurements
1. Cross section

r The measurements were made in the energy range 72—-95
MeV. Targets &250 ug/cm?) were made by vacuum

D

This is done so as to be consistent with the usual conven-
tion, although we show later that there are at least two 5
branchegdistancey contributing to a given scattering angle n.,
for energies much above the Coulomb barrier. The transfer
probabilities for thez,—1 andz,—2 transfer channels at 70
MeV are shown in Fig. 5. The error bars shown correspond
only to statistical errors. As can be seen from Fig. 4 for the
above barrier data at 110 MeV the one- and two-proton
transfer probabilities have nearly the same slope contrary to

simple expectations based on binding energy considerations.
This is the “slope anomaly.” We shall show in Sec. Il how
this can be understood by taking into account the various
branches of the classical deflection function as shown in a
recent work{15]. As the data at 70 MeV are not mass sepa-

14.4

14.8

D (fm)

15.2

rated it would be difficult to comment on the differences in  FIG. 5. Transfer probabilities far—1 andz—2 transfer chan-

the slopes of Fig. 5. The slopes for the one- and two-particl@els at 70 MeV, as a function of the distance of closest approach,
transfer channels are expected to be different in the 70 Me\, for a Coulomb trajectory. The lines are to guide the eye.
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FIG. 7. The partial evaporation residue cross section as a func-
tion of the excitation energy. The open circles, solid circles, open
triangles, and solid triangles represent time 38n, 5n, and 6 cross
sections, respectively. The lines are resultsg&gcADE calculations
for the various channels.

FIG. 6. An off-beamy-ray spectrum following irradiation at 90
MeV. Shown in(a) and (b) are two different regions of the spec-
trum. The labels on thes peaks indicate the evaporation residue
channels they arise from.

evaporation of Ho on rolled A{1 mg/cn?), natural Pb(4  typical y-ray spectrum is shown in Fig. 6. Shown in Fig. 7
mg/cm?), and C 40 wg/cm?) backings for the cross sec- are the individualxn channels as function of the excitation
tion, y-ray multiplicity, and fission measurements, respec-energy. The solid lines are calculations made with the statis-
tively. The total fusion cross sections at various energiesical model codecASCADE [24] for the various evaporation
(fusion excitation functiopwere determined from the sum of residues, using the parameter set described below. The fu-
the cross sections of the various evaporation residues. Thson cross sections plotted as a function of the center-of-mass
fission fragment angular distribution was measurell,afof  energy are shown in Fig. 8.

95 MeV. The fission cross section was determined to be
about 3 mb, confirming that it is indeed small. The measure-
ments were made in an angular range 80°—-170° in the labo-
ratory. The fission fragments were measured in a gridded gas The average angular momenta have been obtained by
ionization detector AE) followed by three surface barrier three different methods.

(E) detectors and three independent surface barrier tele- a, From y-ray multiplicity measurement3he y-ray fold
scopes. The evaporation residue cross sections were obtaing@tributions (the number of detectors firing in coincidence
from the off-line measurement of thejr decay with an ef-  with an identified fusion produrtvere measured at labora-
ficiency calibrated 125 cthHpGe detector. The HpGe de- tory energies of 75 MeV and 90 MeV, using an array of 14
tector was placed in a stainless steel insert with a thin Winhexagonal BGO detectofg5] (each 63 mm by 57 mimin

dow at a distance of 13 cm from the target in the scatteringoincidence with a HpGe detector. Two sets of seven BGO's

chamber. Two particle detectors placed symmetrically on eiz, 5 close-packed geometry were placed symmetrically

2. Average angular momentum

mated by x-ray fluorescence in comparison with a standargetector was set to be 100 keV. The individual efficiencies

sample and also by measuring the elastic scattering croé)g all the detectors were made equal by configuring them

sections at forward angles. The beam current was measur&dit@Ply. The data were collected in Eg-fold matrix of size
in a multiscaling mode at 30 s intervals to monitor the varia-#K< 128. The data were hardware gated by the prompt of the

tion of beam intensity. The evaporation residue cross seclAC between the HpGe and ther's of the BGO's. The
tions for the 31-6n channels were obtained from their radio- fandom coincidences were found to be a negligible fraction
active decay[23]. The charged particle channels are Of the true events. The multiplicity was obtained from the
predicted to be a small fraction of the total and have not beefpld distribution for each channel by convoluting in the de-
considered. In the low-energy measurements the countinigctor response following the formalism discussed in the lit-
was done at several intervals to follow the half-lives of theerature[26]. The average multiplicity for each channel was
evaporation residues to ensure against any contamination obnverted to angular momentum by using a general expres-
the y-ray peaks of interest arising from other sources. Asion as given irf27],
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FIG. 8. The experimental fusion cross section as function of the FIG. 9. The ratio of the average angular momentum to the 1D
center-of-mass energy in tHéF + %*Ho system. The short dashed BPM prediction, obtained from the different methods as a function
line shows the prediction of a 1D BPM calculation using the pa-0f E¢m/Vy. The solid squares are fromray multiplicity measure-
rameters given in the text. The long dashed line is a coupled charinents, the open circles are derived from the ratios of the evapora-
nel calculation taking into account only the static deformation of thetion residue yields, and the open diamonds are obtained from the
target. The medium dashed line is a coupled channel calculatiofision excitation function. Also shown are the coupled channel cal-
including the coupling to the projectile inelastic excitations in ad- culations corresponding to the solid line in Fig. 8.
dition to the static deformation of the target. The solid line shows

}L‘esgecsullltls of the complete coupled channel calculations describedy, o nd nucleus, the relative fractionation into different
T evaporation residues depends on the angular momentum dis-
tribution with which it is formed apart from factors such as
(N=A1 (M) +1+BB—(Mgga) + Al (Mgt density of the final state and barrier penetratj@s]. The
+AJ(M )+ Jp, (2)  effectof the shape of the distribution was also studied and as
shown earlier the results are not very sensitive to it. Analysis
where Al and Al are the average angular momenta ofOf several systems using this method has been rf2@lein
nonstatistical and statistical rays,(M ) and(M .y are the the present work the average angular momenta were derived
measured and statisticgtray multiplicities,BB is a correc-  from the measuredr¥5n and 3/4n evaporation residue ra-
tion for unobservedy rays, andJ, is the bandhead spin. tios using the statistical model codmscabe. A Gaussian
BB and J, are obtained from knowledge of the level distribution for o of the forme™(~10%27% with ¢ = 0.5,
schemes. was taken. This was done for ease of calculation; in prin-
The average angular momentum for each channel was olgiple, one can obtain the ratios for eattweighted by a
tained using2). The residual Os nuclei are good rotors anddistribution. The distribution was obtained from an analysis
the y-ray transitions are assumed to be of the stretched typ@f nearby systems where the angular momentum distribution
Values forAl ¢ of 24 and 1.% were used for the even and has been measured. Simultaneous explanation of more than
odd evaporation residues, respectively. The angular momerne evaporation ratio at a given excitation energy serves as a
tum of the compound nucleus was obtained by weighing theheck on the assumdddistribution. Thel was obtained by
average angular momentum of each chamgeby its partial  matching the calculated ratios with the experimental ones.

cross sectionry,,, The optical potentials for obtaining the transmission coeffi-
_ cients have been taken from Pef&@] for protons, Wilmore
— Soyplyn and Hodgsori31] for neutrons, and Huizenga and 1§82]
I = Sog 3 for alpha particles. The back-shifted Fermi gas model of Dilg

et al. [33] was used for the level densities with=A/8.5

The results of these measurements are represented by thteV ~*. As a test of the above parameter set it was con-
solid squares in Fig. 9 where the ratio of the measured ~ firmed that thd obtained from the ratios of evaporation resi-
that obtained from a 1D BPM is plotted as a function ofdue yields[34] in three systems leading to the compound
Eem/Vs. Since there are large number of detectors, the exnucleus*®Os were in agreement with those obtained from
perimental error in the derivell , is small. The errors arise y-fay multiplicity measurementf27]. The open circles in
mainly due to uncertainty in the conversion frdvhto |. Fig. 9 represent theobtained from the evaporation residues.

b. From the ratios of the measured evaporation residues he errors in the derived average angular momentum reflect
using a statistical modelAt a given excitation energy of the the errors in the measured ratios only. At the lower energies
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the sensitivity of the ratios tb is smaller. The extracted  sideration of correlation of the errors among the various
depends upon the statistical model parameters like the levé@rms in the numerical integration would result in smaller
density parametea used in the analysis. However, the sen-€rror assignments.

sitivity to a is reduced at higher excitation energies and an-

gular momenta. o , , ll. COMPARISON WITH THEORETICAL MODELS AND
c. From the fusion excitation functioli.was pointed 4,5] DISCUSSION

out that under some simple conditio®—(7), the two ob-

servables, angular momentum and fusion cross sections, are A. Transfer

not independent and one can derive a relationship between

| or I2 and the fusion excitation function which is model o _ _ _
independent. The fusion cross section is given by the sum of The transfer probability is defined as the ratio of differen-

1. Semiclassical formalism and analysis

the partial wave cross sections given by tial cross sections for transfer and quasielastic scattering. For
large distances of closest approach, in a semiclassical model,

wh? the transfer probability is expected to depend only on the

a(E)= Z,IL_E(ZI +1)T(E), (4)  tails of the wave functions of the transferred particle and the

other nucleus, and have a near exponential falloff with the
angle-dependent distand® of closest approach. It can be

o(E)=> o((E), (5)  expressed as

_ —2a(D-Dg)
where u is the reduced masg, the center-of-mass energy, Py(D)=Pu(Do)e * ©)

andT,(E) are the transmission coefficients for fusion, for the )

Ith partial wave. Dasset al.[4] and Balantekin and Reimer Where 120 s a scale paraml?zter, taken a®,

[5] pointed out that if these transmission coefficients follow = 1-4(Ap +AT) fm, a=(1/) (2uB)~*whereu andB are

the relationship the reduced mass and the binding energy, corrected for Cou-

lomb effects, of the transferred partitdein the target and
TAE)=To(E), (6)  projectile. Based on the above arguments the two-nucleon
transfer probability is expected to fall twice as fast as the
with one-nucleon probability as a function of the distance of clos-
est approachd). Experiment$36] show for energies above
/(/+1)h2 the Coulomb barrier that the two slopes are nearly similar.
E'=E— WZE—/B(E)/(/+ 1), (7)  The observed deviation from the expected behavior is re-
M ferred to as the slope anomaly. This has been interpreted as
) ) L — the failure of the applicability of a semiclassical treatment
whereR, is the barrier radiug, can then be expressed as  for energies above the Coulomb barrier and has been attrib-
e , uted to the importance of diffractive effects at these energies
- 1 E o(E")E'B(E’) dE’ [36,37. Semiclassical methods have been used to explain
2E0(E)B%(E) ) _»((E—E")IB(E)+ 142"~ - diffractive effects quite successfull$8,39. The real trajec-
(8) tories provide a good approximation to the quantal wave
when the potential has no sizable variation within the wave-
Using the above relation involving an integral @{E) the length\. If diffractive effects and complex potentials irre-
T and/orl 2 can be derived. Equatiori) and(7) have been SPective of their strength are to be treated, then inclusion of
separately tested earlig29]. The conclusion that was drawn the complex solutions of the Hamilton-Jacobi equations is
from these analyses is that the agreement betweeh\iale neces;ar).[38]. An approximate methpd to freat a complex
ues obtained from the direct measurements and those deriv@gtential is to use the trajectory defined by the real part of
from the fusion excitation function is quite good. The majorthe potentlal and treat the effe(;t of the Imaginary part as an
discrepancies occur for the cases whiralues were ob- attenuation factor along the trajectd@0]. This holds if the

tained from fission fragment angular distributions. In a recenfmaginary part Iof(V(r)/[rI]E—V(rh)]) IS ﬁmalrl] ak?ng the tra-l
work it was shown that th& for the %0+ 2%%Pb system are Jectory. Recently15] we have shown that the slope anomaly

. X . . . can be understood within the semiclassical framework by
indeed consistent with those obtained from the fusion €rosg,inq into account the nuclear branch of the classical deflec-
sections[35]. The average angular momeritavere calcu- tjon function in addition to the usual Coulomb branch. In the
lated from (8) by numerical integration using interpolated present work we have followed this perturbative approach.
and extrapolated values of the fusion cross sections. For this The classical deflection functidrelation between the im-
purpose the cross sections at the required energies were Oﬁ’act parameteb or orbital angular momenturh and the
tainec! by_quarithmic interpolation of the measured Va|uesscattering angl®) is required for the analysis of tHguas)-

For simplicity, no energy dependence B{E) was used. g|astic scattering. The deflection function, obtained from a

Since in the case of a deformed target there iRgmssoci-  solution of classical equations of motion, is calculated from
ated with each orientation, a weighed averagRiphas been

taken. The results obtained are shown in Fig. 9 by open
diamonds. We have indicated representative error bars in g(L,E)zw_sz -,
Fig. 9, based only on the errors in the cross sections. Con- ro®)F “P(r)

o

(10
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1ol P — S— S S — MeV) the deflection function is a monotonically increasing
f N ] function for decreasing values of the impact parameigiaé

i N DEFLECTION ] shown in Fig. 10. The transfer probability can be expressed

! FUNCTION ] as[15] an incoherent sum of the contributions arising from

80 | AN 1 the Coulomb and nuclear branches, ignoring the negative

— 110 MeV N . . .
. — % M:V ] angle contributions which are strongly absorbed:

AN

5 T QE(nug U QE (Coul)
: ~ : Py(D)=Py(D ) o2 + Pyy( D gou) — 2,
60 [ ~ - 0 QE OQE
; ] (13

f(deg)

WhereUQE(Coul)Ptr(D cou) @nd 0'QE(nuc)Ptr(D nuc) are the in-
] dividual transfer cross sections abg,, andD,, are the
r \ ] distances of closest approach for the Coulomb and nuclear
F | Nuclear Coulomb branches, respectively. Here the transfer probability has the
branch branch form given in(9) and is assumed to be constant for values of
20 belitoniin s, Liiens e, e distances of closest approach smaller tbgn Equation(13)
6 8 10 12 14 gives us a physical picture and is valid when the contribution
from one of the branches is much larger than the other and
Impact parameter (fm) would tend to become inaccurate near the Coulomb rainbow
angle. The use of the classical deflection function is re-
stricted to angles below the rainbow angle, although larger
angles can arise from the negative angle branch, but are ne-
glected due to strong absorption in heavy-ion reactions.
As opposed to an incoherent sum as mentioned above, if a
where p(r) is the radial momentuml. is (I+1/2)%, and Coherent addition is to be made, then a partial wave sum can

ro(E) is the outermost turning point which is a solution of P& used for the transfer cross sections,

the equatiorE—V(r,L)=0 for a given energ¥ and angu- dor i 2

lar momentumL. Deflection functions obtained usin@o) Y| S (21+1)f,e 2828 P (cosd)| , (14)

are shown at 70 and 110 MeV in Fig. 10. Denoted in the dQ |2k

figure for a typical angle are the two contributions arising R ) )

from two different impact parameters labeled as Coulompvheregy”, g;, andf, are the real and imaginary parts of the
and nuclear branches. The real part of the optical potentigfomplex phase shift and the form factigrfor the Ith partial

for the calculation wasV,=45 MeV, R,=9.6 fm, and Wave, respectively. The real parts of the phase shifts are
ao=0.8 fm. This potential is shallower and more diffuse thanobtained using only the real potential and the imaginary parts
the one used in the fusion calculatio(®ec. Ill B) but has ©Of the phase shifts are obtained as in Broglia and Winther
nearly the same value near the strong absorption radius. THé0] and using the imaginary part of the potential with =
justification for a larger value of diffuseness has been dis20 MeV,Ry = 8.15 fm, andayi = 0.54 fm. The form factor
cussed earlief15]. The (quasjelastic scattering cross sec- f; was assumed to be of the forfye " ~"ol for large

FIG. 10. The classical deflection function obtained fr¢hd)
calculated with a real optical potential at 70 Mé¥ashed lingand
110 MeV (solid ling). The Coulomb and nuclear branches are indi-
cated for a typical angle.

tions are obtained from distances. The results of the calculations are seen in Fig. 4
for the 110 MeV data. The curves obtained us{ag and

do b db (14) are in good agreement with the data. These calculations

dQ ~ sing de- (11) are similar to the quantum mechanical calculations of Wuso-

maaet al. [41] but they used Coulomb phase shifts for the

The transfer process is treated as a perturbatiofytas)-  real part of the phase shifts arfe™2% was parametrized.
elastic scattering and the transfer cross section can be writterhe calculations presented above have an uncertainty for
as large angles a§; is not well known for small distances. The
effect of the imaginary part of the potential on the trajectory
can be large for small distancdsmpact parametg¢rand
hence the calculations for small distances are not made.

To reiterate the reliability of the semiclassical calculations
where o is the (quas)elastic cross section anfd, is the a comparative study of the elastic scattering obtained from
transfer probability. semiclassical and quantum mechanical methods was made.

The classical deflection function for energies much abovd-or this purpose the relationship between the phase shifts
the barrier(110 MeV), such as the one shown in Fig. 10, and the deflection angle as given by
shows that the contributions to a given deflection angle arise ”

|

dUtr

dQ

=0ePy, (12

from more than one impact parameter or distance of closest

approach. While computing the cross section for a given Q(I)ZZRE{W
scattering angle, contributions arising from the various dif-

ferent impact parameters should be taken into account. Cowas used. The quantal deflection function was obtained from
respondingly for energies much lower than the bart@®  (15). The quantum mechanical phase shifts for elastic scat-

(15
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tering were obtained from the codelis[42]. For the regions 1000 ¢
of interest it was seen that the quantal and semiclassical de- ;
flection functions agreed quite wg#3]. The elastic scatter-

ing cross sections were also obtained using complex turning
points in the WKB expressiof¥4] for the phase shifts. The
differential cross sections for elastic scattering, obtained 100 L
from the above-mentioned methods, agree well with each o ;
other, except for very large angles where the perturbative é
method is not a good approximati¢d4] and is known to
fail.

In the calculations of quasielastic scattering a phenom- 10 b 4
enological optical potential was employed, ignoring defor- . ]
mation dependence, as the purpose was to understand the Stelson Model |
transfer process in a simple way. The effect of deformation
in the increase in the transfer cross section has been studied
[45] and was not the subject of the present investigation. In P Lvuriiin Leviriinn, Loiaiin, Liviinnn, L
the present analysis quasielastic scattering is treated as an 60 65 70 75 80 85
incoherent sum of the various proces§&S|. The value of E (M V)

a (the slope of theP,, vs D graph is related to the binding €

energy of the transferred partiqlerovided only one distance

contributes at a given angleCorrections for the Coulomb FIG. 11. The experimental fusion cross section as function of
effects(for charge particle transfeand also for the excita- the center-of-mass energy in th# + %*Ho system. The solid line
tion in the target and projectile are required. An idea of howshows the calculations using the Stelson model with a threshold
the excitation energy is shared between the target and prdarrierT=63.5 MeV.

jectile which is required for corrections to be madedn

cannot be made from the measurement @-walue spec- 1. Stelson model

trum alone. For asymmetric systems the Coulomb correction The Stelson model, which is a macroscopic model, at-

is substantially different for the initial and final states and atripytes the enhancement to the onset of neutron flow due to

simple averaging would be an oversimplification. Some ofexchange of neutrons between the interacting nueteen-

the questions raised by Liareg al.[37] related to the differ-  tya|ly leading to fusionat a distance larger than the barrier

ence in neutron and proton transfer could be connected to th@dii. From an analysis of data for a large number of systems,

above. Stelson empirically found that a flat distribution of barriers,
In the present approach where the transfer probability wag)(B), with a cutoff at a threshold barrieT} were required

obtained as a sum of the contribution of the two branchesy fit the data for energies below the barrier. The fusion cross
the treatment is perturbative in terms 8, the imaginary  section is assumed to be given by

part of the optical potential. More rigorous calculations using

the complex WKB method where the effect f is treated o

exactly and the transfer probability can still be expressed as a o E)= jo os(E,B)D(B)dB, (16)
coherent sum of the various contributions would give im-

proved results. Such calculations using the saddle point intg§ynere

gration method can be made, bringing out the contributions

T=63.5 MeV

from the various branches in a very elegant way. Calcula- 5 B

tions using complex impact parameters a38| as opposed ousd(E,B)=7Ry[ 1— . 17

to the compleX integration[39] have been made for elastic

scattering 46] and those for transfer are in progress. In our calculations we have used a quantum mechanical form

After understanding the distance dependence of the megq . (E B) instead of the classical one. The threshold bar-
sured transfer probabilities, in the next section we shall utiyier T has been determined by fitting the data at near-barrier
lize it to obtain the strength of the form factors for the trans'energies as suggested by Stelson. The distance at which the
fer channels required in a coupled channel calculation fofnreshold barrier occurs in the internucleon potential is sup-
fusion. posed to be the distance at which the least-bound neutrons
may flow from one nucleus to the other. This can be calcu-
lated to be the distance where the maximum value of the
merged neutron potenti@btained assuming a neutron shell-

The measured fusion cross section and average angularodel potential centered on each of the interacting nuclei
momentum are compared with the neutron flow model off17]) is deeper than the binding energy of the valence neu-
Stelson[17] and the simplified coupled channel model of tron of the two interacting nuclei. The validity of this model
Dassoet al. [12]. The connection between these seeminglyand the justification that transfer of one or two nucleons is
different models was pointed out by Rowlest al. [47]  the doorway to fusion have been more critically explored in
where the macroscopic description for neutron flow and necla recent papgr8]. Shown in Fig. 11 is a comparison of the
formation was shown to be related to the microscopicfusion data with the Stelson model. The barrier parameters
coupled channel calculations for neutron transfer channels.are the same as those for the coupled channel calculations.

B. Fusion
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TABLE I. Ground stateQ values in MeV of the various transfer channels. Fheefers to pickup and
— refers to stripping channels, respectively.

Channel Qgg Channel Qgg Channel Qgg Channel Qgqg
(MeV) (MeV) (MeV) (MeV)
-1p -0.68 -In -4.19 +1p 6.63 +1n -1.39
-2p -11.72 - -6.054 +2p 0.46 +2n 0.04
- -5.22 +a 10.61 +1pln 5.73 +1p2n 9.82

The value ofT obtained was 63.5 MeV. Using the distance at3,= 0.3 was used for the targgt6]. The extraction of the
which the neutron transfer was possible from the mergedtrength of the form factors for the transfer reaction channels

shell-model potentialsT was found to be 63.8 MeV. was done as follows: The form factor was assumed to have
the formF(r)=F,e*(" "™ for r>R,,, whereF, is the value
2. Coupled channel model at the barrier radius. From a first-order approximation to a

It was pointed out by Dasset al. [12] that the coupling gemiclassical coupled channe_zll description of heavy.-ion reac-
tions [40] the transfer probability to given stafg having a

of the incident channel to other channels such as inelasti
and transfer modifies the barriers. By calculating the trans® Value Qg can be related to the form factét, [52,53 as

mission through the new barriersvith their appropriate

weight9 the fusion cross section can be obtained. The - (Qp— Qopy)?
change in height and the weights of these new barriers de- Py(Dg,Qg)= plFﬁ(DO,QB)lzexp[ - sz]
pend on the strength of the couplinggr) of theith state to (18)

the ground state and th@ value for that state. To simplify
calculations they had suggested the use of the constant cou-
pling approximation(with improvementy that is, ther de-  The value ofP(D,) was obtained on explaining the data
pendence of,(r) is neglected and is replaced by its repre-using (13). The effective coupling strengths, were then
sentative valu&, = F(R,), whereR,, is the barrier radius obtained from(18). The experimentally observed values of
for a given system. o, the width of theQ distribution, were used. The, values

As seen from Fig. 8 the measured fusion cross sectionthus obtained were then used in the coupled channel calcu-
are found to be enhanced as compared to a one-dimensiorlation for the fusion cross section and average angular mo-
barrier penetration modélD BPM) using a WKB approxi- mentum in the!®F + ®®Ho system. Listed in Table | are the
mation for a parabolic barrier and an incoming boundaryimportant transfer channels and their ground s@tealues.
wave condition for fusion. In this work the Woods-Saxon Given in Table Il are the values df,, Q, and « for the
parametrization for the nuclear potential of Broglia and Win-various transfer channels in the calculation. The values of
ther [40] was modified to fit the high-energy fusion data « have been calculated by averaging over the initial and final
(Vp=77.51 MeV, Ry=9.6 fm, a;=0.66 fm). The corre- channels after correcting for Coulomb effe@ts the case of
sponding barrier parameters avg, = 71.4 MeV, R, = charged particle transfeand for the excitation enerdp3].
11.41 fm, andh w= 4.35 MeV. Calculations were made us- The pickup channels have large positi@evalues. From the
ing a modified version of the coupled channel cad®mEF measured transfer probabilities at 110 MeV for the 1
[49,50. pickup channels, consisting of th@p,11pln, and Ip2n, an

These calculations, in the case of static deformation, daipper limit on the strength of the coupling was obtained and
not take into account the finite excitation energy of the vari-used in the coupled channel calculation. The calculation did
ous excited levels in the rotational band. This leads to a poanot include coupling to the-2n channel as this channel was
approximation and results in an overprediction of the fusiomot observed experimentally. Figure 8 shows the results of
cross section. This is especially true for the lighter projectileccper calculations with static deformation and inelastic and
where the energy levels are quite high. Because of this rearansfer couplings. From Figs. 8 and 9 it can be seen that the
son, instead of treating®F as statically deformed, five in- coupled channel calculation with the inclusion of the impor-
elastic states were coupld81]. A deformation parameter tant channels agrees well with the data.

TABLE Il. Coupling strengthd=;,, Q values, and values of the slope parameiaused in the coupled
channel calculations.

Channel a (fm™1) Q (MeV) Fo (MeV)
-1p 0.73 -9.61 0.87
-2p 1.71 -19.56 0.57
-a 1.56 -19.56 1.25
+1p 0.81 1.5 1.42
+1n 0.43 -2.7 0.43

-In 0.43 -4.5 0.76
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IV. SUMMARY from the measured transfer data. This was done after under-
standing the distance dependence of the transfer process in

9 16 Toti
A complete study of theé®F + **Ho system consisting of improved semiclassical method considering contributions

. . a
the fusion cross section, average angular momentum, ar}xr‘p .
9 9 om both the Coulomb and nuclear branches of the classical

transfer probability measurements has been made at energ'&éﬂection function. These calculations for the fusion cross-

around the Coulomb barrier. . : .
The average angular momentum obtained by three differ§ect|on enhancement reiterate the major role played by the

ent methods agrees within the experimental uncertainties es;atic deformation of the target. The role of projectile exci-
L grees perim . ' ©Bations and transfer channels seems to be comparable. Both
tablishing the validity of the assumptions involved. In the

the fusion cross section and the average angular momentum

estimation ofl from the fusion excitation function, using a 4re simultaneously explained within the above coupled chan-
discrete data set, it is implicitly assumed that the fusion crosgq| calculations.

section is a smooth funption of energy. Measurements_made More exact coupled channel calculations may be required
at closer spaced energies would result in greater confidenggy the simultaneous and consistent understanding of the
in the extracted. As| is derivable in a model-independent yarious processes involved. As such calculations are very
way from the fusion excitation function, separate measuregijfficult in a quantum mechanical approach, a semiclassical
ments forl may not be required. approach may be a more appropriate choice.
The fusion data could be fitted with the Stelson model and
as suggested by the model, a good correlation between the ACKNOWLEDGMENTS
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