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Multinucleon transfer reactions in the 40Ca1124Sn system studied viag-particle coincidences
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Multinucleon transfer reactions have been investigated in the system40Ca1124Sn atELAB5170 MeV. The
setup was the GASP multidetector array and two bidimensional position sensitive parallel plate detectors, from
which g-particle andg-g-particle coincidences were taken for a large variety of transfer channels. Differential
and total cross sections to the lowest excited levels of the heavy and light nuclei produced in the transfer
process have been measured down to the24p channel. A comparison with a first-order complex WKB Born
approximation for the11n and 21p transfer channels has been done, showing an overall good agreement
with the data.

PACS number~s!: 25.70.Hi, 24.10.2i, 21.10.2k
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I. INTRODUCTION

Precision measurements of heavy-ion transfer reaction
the excited levels of the final products provide invalua
information for both nuclear structure and reaction dyna
cal studies. From the spectroscopic point of view, such re
tions are particularly useful in that they allow one to pop
late regions of isospin, spin, and excitation energy
accessible by other means@1,2#. From the point of view of
the reaction mechanisms, especially at energies close to
Coulomb barrier, transfer reactions are important to inve
gate which degrees of freedom are relevant in the graz
regime, i.e., single nucleon, pair or more complicated tra
fer modes@3–12#. The relation of these channels to oth
competing mechanisms, like sub-barrier fusion, is one of
most interesting and still not well understood problems
low-energy nuclear physics. It is in fact well known@13,14#
that transfer channels may represent an important door
state for the enhancement of sub-barrier fusion cross
tions. To have a quantitative explanation of those effects
needs the form factors for the relevant channels and th
can only be determined from the measurement of the c
sections to individual final states of the reaction products

For resolving theg-ray transitions between individua
levels of the produced nuclei it is necessary to use Ge de
tors. Experiments in this field received a significant bo
after the largeg-detector arrays became available@15,16#.
Efficient population of neutron-rich nuclei has been dem
strated for instance in the determination of the level sche
0556-2813/2000/61~2!/024609~9!/$15.00 61 0246
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of 68Ni @17# and in Ref.@18#. The impact parameter depen
dence of the transfer strength can be studied using suit
particle detectors to tag theg radiation and to perform the
Doppler correction. Parallel-plate detectors~PPAC! have
been used in several works to study high spin states po
lated in heavy-ion transfer reactions@19,20#, transfer prob-
abilities at large radial separation@21,22# and particle corre-
lation in nuclear media@23–27#.

In most of the experiments done so far withg detectors
triggered by particle detectors, singleg-particle coincidences
have been taken, and studies have been restricted to one
two-nucleon transfer reactions. In the present work we u
the GASPg-ray detector array@15# and two PPAC@28# to
study multinucleon transfer in the reaction40Ca1124Sn at
ELAB5170 MeV. This system was recently investigated
extract the inclusive transfer cross sections@10# and the sub-
barrier fusion cross sections@29#. In Ref. @10#, by using a
time-of-flight magnetic spectrometer, reaction channels h
been identified up to the pickup of six neutrons and the st
ping of six protons and theQ-value integrated cross section
for the final transfer products have been measured.

The aim of the present measurements was to extract
differential and total cross sections for the lowest exci
levels of the transfer products. The comparison with theo
ical calculations, at least for the simple one-particle trans
processes, allows the extraction of the single-particle fo
factors that constitute the fundamental ingredient for m
elaborate coupled-channels calculations@6,7#.

The paper is organized as follows: in Sec. II we pres
©2000 The American Physical Society09-1
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the setup, in Sec. III we present the experimental results
Sec. IV we compare the experimental and theoretical dif
ential and total cross sections for the one-particle tran
channels. Conclusions will be given in Sec. V.

II. THE SETUP

The experiment has been performed at the XTU Tand
accelerator of the Laboratori Nazionali di Legnaro. A40Ca
beam has been extracted as a CaH3

2 molecule from an ion
sputter source and delivered at 170 MeV, with an intensity
1–2 pn A, onto a 124Sn target with a thickness of 18
mg/cm2 and an isotopic enrichment of 99.8%. The target w
placed at 45° with respect to the beam direction and in
center of a 1 mmthick aluminum spherical chamber installe
inside the GASP array. Two rectangular parallel-plate de
tors of the multiwire-type~MWPPAC’s! ~see Ref.@28# for
details!, with an active area of 1038 cm2 each, have been
placed inside the chamber symmetrically around the ta
~with the anode planes parallel to the beam direction! at a
distance of.7 cm. The MWPPAC’s, which were operate
independently, have been used to get the angular distr
tions of the transfer products and to allow Doppler correct
of the g radiation.

With the present geometry the total solid angle was.3
sr. The in-plane (uLAB) and out-of-plane (fLAB) angular
ranges were 56°<uLAB<120° and 240°<fLAB<140°.
The transfer products are peaked at the grazing angleuLAB

.75° with an angular distribution width.25°, and it was
possible to integrate.36% of the total transfer flux. To
allow only the light ejectiles to reach the detectors, a th
(.300 mg/cm2) Ni foil was placed in front of the MWP-
PAC covering the angular range 56°<uLAB<90°. This was
done to prevent a too high count rate due to the elastic
scattered heavy recoils atuLAB smaller than 90°, and to hel
stopping bursts ofd electrons from the target. The fact th
only the light ejectiles triggered the detectors helped
cleanup theg spectra obtained after Doppler correction. T
intrinsic efficiency of the MWPPAC was 100% for the d
tected ions over the whole surface, and has been tested
calibration runs before and after the experiment.

The GASP array was used in its full configuration, i.
with 40 Ge detectors placed at.27 cm from the target, and
with the BGO inner ball which provides the fold~which is
related to the multiplicity through the detector response fu
tion! and the sum energy of theg cascade. The photopea
efficiency of the Ge array was.5% for the g transitions
with energies of.650 keV, while the efficiency of the BGO
ball was.80%. The counting rate in the Ge detectors w
.1 kHz. For the acquisition we required a coincidence
tween an event in a MWPPAC and at least oneg ray in the
Ge or BGO detectors. Besides the X and Y positions of
MWPPAC, the energy of each Ge, the fold and the s
energy of the inner ball, also the time-of-flight betwe
MWPPAC-Ge, MWPPAC-BGO, and Ge-BGO were acc
mulated and stored on tape.
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III. EXPERIMENTAL RESULTS

Transfer products have been identified through their ch
acteristicg transitions, almost all of which were known from
literature@30#. Knowing in each event theu andf angles in
the MWPPAC and the angular position of the Ge detec
Doppler correction can be applied to the detectedg rays.
Since the coincidentg radiation could come from the light o
from the heavy partner, the Doppler correction for each
detector has been done twice~once for the light and once fo
the heavy partner!. The events corresponding to the wron
Doppler correction create broad peaks in theg spectra,
which, being distributed over several channels~see, e.g., Fig.
3 below!, do not reduce significantly our sensitivity. Th
routine for the Doppler correction takes into account t
first-order Doppler effect and does not correct for theQ
value of the reaction. These simplifications are suitable
the heavy partner, since its averagev/c is as low as.0.03,
hence the energy resolution of the final spectra (.3.5 keV at
Eg.600 keV! is good enough. For the light partner the a
eragev/c is .0.07 and the width of theg lines is larger, but
still good enough for our purposes.

The g transitions of the transfer products have differe
multipolarities and, in general, angular correlation effe
should be considered. However, since the sum of all
spectra in the 40 Ge detectors has been taken for extrac
the total yields, angular correlation effects are washed
due to the spherically symmetric geometry of the Ge arr
To obtain the final Ge spectra gates have been set on the
distributions of the Ge-MWPPAC and BGO-MWPPA
events, in order to minimize the background and spurio
events.

For each of the two reaction partners, two kinds of G
spectra have been produced: the singleg spectra~GS!, i.e.,
those simply in coincidence with an event in the MWPPA
and the projectedg spectra~GP! coming from the projection
of the g-g matrix, i.e., requiring a coincidence between
least twog rays. To get the absolute intensities of the o
served channels, the peaks in the GS spectra have been
grated. The GP spectra have been used to better sep

FIG. 1. uLAB-event distribution in the MWPPAC in coincidenc
with a g transition.
9-2
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overlapping peaks and to check the correct assignment o
g cascade to a specific nucleus.

A typical MWPPACuLAB spectrum taken in coincidenc
with g events is shown in Fig. 1. The distribution peaks
uLAB.75°, which is the grazing angle for the present re
tion. In Fig. 2 we show the GS~top! and GP~bottom! spectra
for the heavy partner, and in Fig. 3 the GS spectra for
light partner. These spectra have been produced by inte
ing all the events in the MWPPAC. One immediately o
serves the prominent peaks of the channels11n, 12n,
21p, 22p, 22p12n, with the presence of many otherg

FIG. 2. Total Ge singles~top! and total projectedg-g matrix
~bottom! after Doppler correction for the heavy partner.

FIG. 3. Total Ge singles after Doppler correction for the lig
partner. Notice the presence of broad peaks corresponding to
wrongly Doppler correctedg lines of the heavy partner.
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lines corresponding to the population of different excit
levels. The effect of the wrong Doppler correction is clea
seen in Fig. 3 by the appearance of broad peaks. We no
the peak of the 32-01 (Eg53740 keV! inelastic excitation
in 40Ca and the prominent peak of the 21-01 (Eg
51131.6 keV! inelastic excitation in124Sn. This last transi-
tion is strongly suppressed in the GP spectrum~Fig. 2 bot-
tom!, thus allowing us to appreciate the presence of the lo
est 21-01 transition of the12n channel.

The GP spectrum has been produced by requiring a c
cidence between at least twog rays. Therefore, the intensi
ties of the various peaks (I c), relative to the GS ones (I s),
depend on the Ge efficiency and on the multiplicity (Mg) for
each specific channel. In its simplest form, for a giveng
transition,I c and I s are related by

I c.I sMge, ~1!

where e is the efficiency of theg array averaged over al
transitions connected to the one of interest. Our data sh
that the I c /I s ratios get higher when considering channe
involving more and more nucleons, in qualitative agreem
with the increase ofMg extracted from the BGO ball and
with the increase of the average excitation energy obser
in the previous experiment@10#. As an example, we show in
Fig. 4 the event fold distribution for the two channels21p
and22p.

In Fig. 5 we show the coincidenceg-ray spectra obtained
by gating on the lowest transitions of some representa
transfer channels. One can appreciate the quality of the d
i.e., the possibility to detect even very weak channels, wit

the

FIG. 4. Fold event distribution for the21p and22p channels
after gating on the corresponding lowest transitions. Fold is rela
to multiplicity Mg by the detector response function@15#.
9-3
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very small background. In particular one notices the lowesg
cascade of128Xe (24p channel! up to the 81-61 transi-
tion.

In Table I we list the cross sections for all the trans
channels for which statistics allowed reliable integration
the peaks either of the lowest transition to the ground stat
of the strongest one present in the GS spectra. The num
have been corrected for the efficiencies of the Ge detec
after a calibration run with152Eu and 56Co sources. To ge
the absolute value of the cross sections, we have chose
normalize the intensity of the lowest 21-01 transition of
124Sn to a DWBA calculation~see next section!, and this was
kept as a reference for all the other channels. In the s
table a list is also given of the theoretical cross sections
the one-particle transfer channels and of the experime
total cross sections obtained with the time-of-flight sp
trometer, where one did not separate the different exc
states, but one could integrate the whole transfer flux~in-
cluding the ground-ground-state transitions!.

Most of the transfer products observed before@10# could
also be observed in the present experiment. For some n

FIG. 5. Background subtracted projection of theg-g matrix for
the heavy partner after gating on the lowest transition of the in
cated transfer channels.
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it was not possible to integrate the peaks for several reas
~1! the nucleus has a complicated level scheme and the tr
fer flux is fragmented over many transitions~as, e.g., in the
case of various odd-odd nuclei!, ~2! theg lines overlap with
others coming from stronger populated channels,~3! the low-

TABLE I. Integral cross sections for the transfer channels o
served in theg spectra.sg

H andsg
L are the values for the heavy an

light partner, respectively.sp are from Ref.@10#.

Expt. Theory
Channel sg

H sg
L sH sL sp

11n 21.71 53.67 55.31 54.85 71.6
12n 20.82 31.33 24.2
21p 39.98 26.53 43.22 32.09 50.8
21p12n 4.60 1.22 7.3
22p 17.8 22.19 28.5
22p11n 3.68 10.3
22p12n 16.72 8.6 6.4
22p13n 1.62 1.7
23p 2.66 7.9
23p21n 1.9 2.6
23p12n 2.77 1.9
24p 3.7 3.2

i-

FIG. 6. Angular distribution of the elastic1 inelastic channel
~top! in comparison with the theoretical pure elastic angular dis
bution obtained with the optical potential parameters quoted in
text ~the data are from Ref.@10#!. At the bottom we show the
angular distribution for the 21 inelastic excitation in124Sn in com-
parison with a DWBA calculation~see text!.
9-4
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FIG. 7. Single-particle levels of projectile and target used in the calculations. The shaded areas represent the occupied levels. N
for the 124Sn this region is not sharp~see text!.
or
ic
ar

ha
e
t

d-

rt
w
in
ow
s
th

ci-
fe

nc
th

ee
t

e,
ee

f Ref.
r of

le-
n-

t is

the
hat
cts

g
an-
e

ast
For

rn-

so
est transitions have energies<60 keV, where the
g-detection efficiency decreases strongly due to the abs
tion in dead layers and to the thresholds in the electron
and ~4! isomeric states or electron-converted transitions
present.

In discussing the cross sections listed in Table I, one
to keep in mind that in general the lowest or the strong
transition of each observed nucleus might not represent
total transfer flux~this is especially true for odd-even or od
odd nuclei!. Moreover, it is difficult to know experimentally
the mutual excitation probability of the light and heavy pa
ners, since the Doppler corrections are different in the t
cases. Concerning this last point the GP spectra obta
after gating on a specific transition in a nucleus should sh
besides theg lines belonging to the same nucleus, also tho
corresponding to the associated partner. We could check
heavy-light cross correlation for the11n and21p channels
and we estimated a lower limit of 20% for the mutual ex
tation probability. For channels corresponding to the trans
of two or more nucleons peaks could not be integrated, si
besides the problem of the different Doppler correction,
statistics was a limiting factor.

From Table I, one first notices the very remarkable agr
ment between the experimental and theoretical values for
21p and11n channels~see next section!, with the excep-
tion of the sg

H of the 11n channel, easily understandabl
123Sn being a nucleus with a very fragmented flux. We f
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that the agreement between the present data and those o
@10# is quite reasonable, considering also an average erro
10–20 % in the cross sections for both sets of data.

For channels involving the transfer of at least two nuc
ons we looked at the GS/GP yield ratio for the various tra
sitions belonging to the same nuclei, and we found that i
rather constant~within an average uncertainty of620%).
The constancy of this ratio means, according to Eq.~1!, that
the average entry point of the transfer flux lies well above
observed transitions. This is in agreement with the fact t
the average excitation energy of the reaction produ
increases with the number of transferred nucleons@10#. Cal-
culating the contribution of the feeding from higher-lyin
excited states to the level corresponding to the lowest tr
sitions, one finds the following feeding contributions in th
heavy partner: 6% (11n), 11% (12n), 51% (21p),
82% (22p), and 100% (24p). For the24p channel this
means a completely negligible direct population to the l
level, also in agreement with the previous experiment.
the light partner the trend is quite similar.

IV. COMPARISON WITH CALCULATIONS

We start this section by describing the distorted-Bo
wave approximation~DWBA! calculation done with the
codeFRESCO@31# for the excitation to the lowest 21 state in
124Sn, which was used to normalize all the data. In doing
9-5



n-

L. CORRADI et al. PHYSICAL REVIEW C 61 024609
FIG. 8. Transitions and level schemes considered for the analysis of the (11n) and (21p) transfer channels. The numbers in pare
theses give the experimental total counts for eachg line.
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we introduce also the optical potential used in our comp
WKB ~CWKB! calculations@32# for the transfer channels
This potential is of a standard Woods-Saxon shape wh
parameters for the real part have been taken to beV05
277.27 MeV,r 051.179 fm anda050.678 fm, in agreemen
with the empirical potential of Ref.@33#. The imaginary part
has been kept with the same geometry and with a stre
W05240 MeV. The corresponding elastic scattering
shown in Fig. 6~top! in comparison with the quasielast
data of Ref.@10#. At forward angles, our predicted true ela
tic scattering is in good agreement with the data. The d
crepancies at backward angles can be ascribed to the co
bution from the excitation of inelastic channels. By using t
quoted deformation parameter for the 21 state@30# we ob-
tain the cross section of Fig. 6~bottom! in comparison with
the data from the present experiment.

The calculations concerning the transfer processes
sented in this section are performed in the CWKB form
ism, which is adequate both below and above the Coulo
barrier and which has been successfully applied in the wo
of Refs.@34,35# to analyze similar reactions. This formalis
involves the same approximations which were exploited
calculate the absorptive@36,37# and polarization@38# com-
ponent of the optical potential and the off-diagonal inelas
couplings@39#. With such a theory one can confidently com
pute the differential cross sections for the population to s
cific excited states of the final nuclei produced after
transfer of one particle~in the present case neutron picku
and proton stripping!. The above formalism may be genera
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ized @10# to calculate the more complicated multinucleo
transfer channels, but only theQ-value-integrated cross sec
tion can be calculated. Since we do not feel that suc
‘‘global’’ analysis is appropriate for these data, we discuss
the following only the one-particle transfer channels.

In the CWKB approximation the cross section for th
transfer from the single-particle stateai[(ni ,l i , j i) to the
single-particle stateaf[(nf ,l f , j f), belonging to different
nuclei, may be written as

F ds

dVG
afai

5V2~ai !U
2~af !(

l
S ds

dV D
l

, ~2!

where the sum has to be extended over all the allowed
gular momentum transferl. The quantityV2(ai) represents
the probability that the single-particle orbital is occupie
while the quantityU2(af)512V2(af) is the corresponding
probability that the orbital is empty.V2 andU2 are directly
related to the spectroscopic factors of the single-particle le
we are considering.

The transfer cross section for eachl transfer may be writ-
ten as

S ds

dV D
l

5
k f

k i
(
m

U(
l

clm
afai~ l ! f l~u!U2

, ~3!

where k i and k f are the asymptotic wave numbers in th
entrance and exit channel, respectively,clm

afai( l ) is the semi-
9-6
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FIG. 9. Experimental~full bars! and theoretical~open bars! total cross sections for the indicated channels. For the123Sn the line at zero
excitation energy includes the population of the metastable state at 24.6 keV. The cross section to this state accounts for more th
the total flux.
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classical amplitude for the transition from the initial stateai
to the final stateaf for the partial wavel, and f l(u) is the
elastic-scattering amplitude for the same partial wavel.

The transfer amplitudeclm
afai( l ), in the first-order Born ap-

proximation and in the low-recoil limit@36,37#, is given by

clm
afai~ l !5A 1

4p\2Dm0
l S 0,

p

2
,0D

3E
2`

1`

dt fl
afai

„r ~ t !…e( i /\)[(DE2Qopt1D)t2\mf(t)] .

~4!

In the above expressionf l
afai

„r (t)… is the single-particle form
factor for the transition from the single-particle stateai to the
single-particle stateaf , Qopt is the optimumQ value, and the
quantityD takes into account the mismatch between the
trance and exit channel trajectories. The time integral ha
be performed along the classical trajectory associated to
partial wavel.

The semiclassical amplitudesclm
afai( l ) are evaluated in the

CWKB approximation by utilizing the single-particle form
factors of Refs.@36,37# to which we refer for details. In Fig
7 we plot the single-particle levels of projectile and targ
used in the calculations. While for calcium the single-parti
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levels are well defined, in the case of tin they are only w
defined for protons. For neutrons it is in fact more approp
ate to talk about quasiparticle and quasihole states, and th
the reason why the 1h11/2 level appears twice with differen
energies. The lower level indicates the quasihole energy
extracted from the binding energy of123Sn, while the top
level indicates the energy of the quasiparticle state as
tracted from the binding energy of125Sn. The probability for
these quasihole/particle levels to be occupied/unoccupie
indicated by the length representing them being one the
length.

In Fig. 8 we show the levels corresponding to the o
servedg lines together with the experimental total coun
To obtain the final cross sections the contribution of t
feeding from higher-lying states has been subtracted. T
for instance, the cross section for the population of the 2p3/2
state in41Ca has been obtained by subtracting theg intensity
of the 3/22-2p3/2 transition from that of the 2p3/2 g.s. tran-
sition. The extracted cross sections to the individual lev
are shown as a function of the excitation energy in Fig
~full bars! compared with the results of our calculation~open
bars!. The values are also given in Table II. The agreem
turns out to be very good, for the transfer channels of b
the light and the heavy partners. One can also notice tha
calculated ground-ground-state cross sections for both41Ca
and 123Sn represent a substantial fraction of the total flu
9-7
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For 123Sn the bar at the zero excitation energy includes a
the metastable state at 24.6 keV, and the transfer to this l
accounts for more than 80% of the cross section.

In Fig. 10 we show the theoretical and experimental
gular distributions for the direct population of the lowe
excited states of the one-particle transfer channels. The
perimental cross sections have been obtained by conside
u bins of.4° in the MWPPAC, and have been derived af
subtraction of the feeding from higher-lying excited stat
Also shown are the angular distributions for the inclus
cross sections of Ref.@10#. Even in this comparison the
agreement between theory and experiment is generally q
good, improvements are possible with a better knowledg
the optical potential~which would require the measureme
of pure elastic scattering!. The discrepancies present in th
inclusive cross sections, especially those of the11n chan-
nel, may indicate an overestimation of the computed grou
ground-state transition yield.

V. CONCLUSIONS

Multinucleon transfer reactions in40Ca1124Sn at ELAB
5170 MeV have been studied with the GASPg array
coupled to a MWPPAC system. Single and doubleg coinci-
dences have been taken for a wealth of transfer chann
The population yield to specific excited states of the trans
reaction products for both the light and heavy partners,
differential and total cross sections have been extracted
detailed analysis of the one neutron pickup and one-pro
stripping has been done by applying the CWKB theory. T
comparison of the experimental and theoretical total cr
sections shows a remarkably good agreement, demonstr
the correct choice of the form factors and the reliability
the theoretical framework. Finally,g-g-particle coincidences
have been measured for channels corresponding to the t
fer of at least four nucleons. This is useful to plan futu

TABLE II. Experimentalsexp and theoreticals th total transfer
cross sections for the indicated one particle transfer channels.

Channel Nucleus Level@E ~keV!# sexp ~mb! s th ~mb!

21p 39K 2s1/2 @2522.5# 26.5 19.65
125Sb 2d5/2 @332.1# 21.17 17.99

2d3/2 @643.2# 5.1 9.86
3s1/2 @921.7# 8.75 9.56

11n 41Ca 2p3/2 @1942.6# 42.76 45.44
123Sn 3s1/2 @150.4# 20.15 20.40
.

ed

A.
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experiments to detect the lowest excited states of neut
rich nuclei, which cannot be produced by other means l
via fusion-evaporation reactions.
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