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One-nucleon transfer reactions to continuum states induced by heavy ion projectiles
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High-lying excitations were studied by means of the207Pb→208Pb, 209Bi→210Bi, and 59Co→60Ni stripping
reactions and209Bi→208Pb and63Cu→62Ni pickup reactions induced by20Ne and36Ar projectiles at 48 and 42
MeV/nucleon, respectively. In the stripping spectra, structures a few MeV wide are observed at excitation
energies of 10–15 MeV, embedded in a large continuum. The correspondingQ values suggest that these
structures are predominantly due to single-particle excitations rather than to the excitation of collective states
such as giant resonances. This interpretation is in agreement with a microscopic calculation showing that in the
one-nucleon transfer reactions only a small part of the cross section is due to the collective excitations. The
overall shape of the neutron stripping spectra is well reproduced by the semiclassical reaction model of
Bonaccorso and Brink, which treats on the same footing both the breakup of the projectile and the transfer to
single-particle resonances.@S0556-2813~96!05308-3#

PACS number~s!: 25.70.Hi, 24.30.Cz, 25.70.Ef
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I. INTRODUCTION

In one-nucleon stripping reactions on90Zr and 208Pb tar-
gets, structures a few MeV wide have been observed at e
citation energies of about 15 and 11 MeV, respectivel
@1–3#. These giant-resonance-like structures are superim
posed on a much broader continuum which is commonl
interpreted as originating from fast processes, namely, th
breakup of the projectile. References@2,3# suggest that these
structures are due to the excitation of high-spin single
particle states. The width of these structures~a few MeV! is
explained by the coupling of these states to one- and tw
phonon collective states. Moreover, in a recent experimen
one-nucleon stripping reactions were studied by comparin
spectra taken with neighboring target nuclei such as89Y,
90Zr, and 91Zr, and 207Pb, 208Pb, and209Bi @4#. In all these
spectra, resonancelike structures were also observed. Th
structures were located at the sameQ value for different
neighboring targets, while they were shifted in excitation en
ergy which suggested that they were due to the excitation
single-particle states.

However, the bumps observed in several transfer rea
tions studied with target nuclei in the region of Zr and Pb
have excitation energies and widths comparable to those
giant resonances in these nuclei. Therefore, it is a distin
possibility that at least part of the strength observed in the
structures could be due to the excitation of such collectiv
states.

It would be interesting to study collective excitations in
transfer reactions since nucleon transfer on a target nucle
can be considered as the inverse of the nucleon decay
collective states such as giant resonances to the ground st
theA21 nucleus. Therefore, one could study the micro
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scopic structure of giant resonances and control the differ
branching ratios extracted from decay studies. Furtherm
one may also hope that transfer reactions would be a g
tool to selectively excite different multipole resonances
matching a certain angular momentum through the choice
an appropriate target and projectile combination and bo
barding energy. The excitation of collective low-lying 21

and 32 states has already been reported in several o
nucleon stripping reactions with light projectiles@5,6#. To
excite the giant resonance region in the spectrum, one ne
to bring more energy into the system and thus heavy pro
tiles are well suited for these studies.

In order to get more insight into collective effects i
one-nucleon transfer processes the following reactions w
studied, 207Pb→ 208Pb, 209Bi→ 210Bi, 59Co→ 60Ni,
209Bi → 208Pb, and63Cu→ 62Ni, by using 20Ne projectiles at
48 MeV/nucleon and36Ar projectiles at 42 MeV/nucleon
provided by the accelerator complex at the GANIL nation
facility, Caen, France. Targets with either one nucleon or o
hole outside a closed shell nucleus were chosen in orde
produce a closed shell nucleus by adding or removing o
nucleon. In these cases, the transfer reactions lead to part
hole excitations in the closed shell final nucleus. The exp
mental method and experimental results will be discussed
Secs. II and III, respectively.

To examine theoretically the possibility of exciting co
lective modes in transfer reactions, we have performed
croscopic calculations for one-nucleon stripping reactions
one-hole target nuclei. These are considered as one-step
cesses where a particle is added to the core and then
coupled via the residual interaction to the normal modes
the target. In these calculations collective states are descr
within the random phase approximation~RPA! and the col-
593 © 1996 The American Physical Society
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lectivity is defined according to the number of configura
tions, allowed by the transfer reaction, which contribute to
given state. The particle transfer is treated within th
distorted-wave Born approximation~DWBA!. The results of
these microscopic calculations are discussed in Sec. IV.

In the case of stripping reactions, the energy spectrum
dominated by a large bell-shaped continuum. The gene
assumption about this background has been that it ari
from the breakup of the projectile leading to continuu
states but no direct confirmation of this assumption in t
case of heavy ion reactions is yet available.

To explain the overall shape of the inclusive strippin
spectra, Bonaccorso and Brink~BB! have proposed a mode
@7,8# which gives a description of the neutron transfer rea
tion to the quasibound and unbound resonant target state
well as an estimation of the contribution of the projecti
breakup. Experimental stripping spectra are compared
those calculated by using the Bonaccorso-Brink model a
the relative importance of the two components in the incl
sive spectra~transfer to resonant states and breakup! will be
discussed in Sec. V.

II. EXPERIMENTAL METHOD

Transfer reactions induced by20Ne and36Ar beams at 48
and 42 MeV/nucleon, respectively, delivered by the GANI
facility, were performed on the following self-supporting ta
gets: 207Pb ~1 mg/cm2),209Bi ~0.8 mg/cm2), 59Co ~1.05
mg/cm2), and 63Cu ~1.07 mg/cm2). The scattered fragments
were analyzed by the energy loss magnetic spectrome
SPEG@9#. For the present experiment two position-sensiti
drift chambers were used for the trajectory reconstructi
which yielded the focal-plane position and scattering ang
of each event.

The identification of fragments was achieved by the s
multaneous measurement of their energy loss in an ioni
tion chamber and their time-of-flight between the target a
a plastic scintillator located behind the ionization chamb
The start signal for the time-of-flight measurement was pr
vided by the rf of the cyclotron. This detection system a
lowed an unambiguous mass and charge identification of
scattered fragments.

In order to limit the counting rate, elastically scattere
projectiles were stopped by a sliding shield placed in front
the first drift chamber. To measure elastic scattering wh
was used to obtain absolute normalizations as well as
check energy and angular calibrations, several runs were
formed without the shield with a reduced beam intensity.

The spectrometer was set close to the grazing angles
each reaction, i.e., 3° for the Co target and 6° for the Pb a
Bi targets. In the last case, an additional run was perform
by setting the spectrometer at 3°. The horizontal open
angle of the spectrometer was 4°. The vertical accepta
was limited to about 0.2°. The momentum acceptance of
spectrometer is about 7%, which allowed us to measure s
eral transfer channels as well as the inelastic channel sim
taneously.

The overall energy resolution was about 500 keV in th
case of neon projectiles and about 800 keV in the case
argon projectiles. The angular resolution was better th
0.2°.
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III. EXPERIMENTAL RESULTS

A. One-neutron stripping reactions in the Pb mass region

Figure 1~a! shows the (20Ne,19Ne! reaction spectra mea-
sured for the207Pb, 208Pb, and209Bi targets. The three spec-
tra are dominated by a large continuum. The contribution o
the breakup of20Ne to this continuum will be discussed in
Sec. V.

In the 209Pb final nucleus, the first low-lying states corre-
spond to neutron transfer to the 2g9/2 ~ground state!, 1i 11/2
(E*50.78 MeV!, 1j 15/2 (E*51.43 MeV!, and 2g7/2
(E*52.49 MeV! orbitals above the closedN5126 core. Ex-
citation energies are from Refs.@2,10,11#. In the present ex-
periment the 1i 11/2 state could not be resolved from the
1 j 15/2 state.

As expected from previous studies@2,10,12–14#, in high
energy transfer reactions, the population of states is mainl
governed by the angular momentum selectivity and the ini
tial configuration of the transferred nucleon. In the case o
the 20Ne projectiles, the outmost neutron orbitals are 2s1/2,
1p1/2, and 1d5/2 and the neutron transfer is supposed to take
place preferentially from these orbitals. Thus the transfer to
the first three excited states of19Ne gives a contribution to
the strength measured. The energy difference of these stat
~less than 0.2 MeV@15#! is much smaller than the experi-
mental energy resolution; therefore, no splitting due to the
final state of projectile can be experimentally observed. In
order to compare our experimental data with theory, it is
necessary to consider the contribution of the three mentione
final states 2s1/2, 1p1/2, and 1d5/2 of

19Ne with respective
weights C2S given by the spectroscopic factors 0.56, 1.97
and 1.03, respectively@15#. The selection rules are included
in the calculation of the transfer cross sections with an exac
finite-range distorted-wave Born approximation~EFR
DWBA! and were found to give generally a good account o
the population of low-lying levels observed in the experi-
mental spectra@2,10,11#, namely, the dominance of the
1 j 15/2 state over the 2g9/2, 1i 11/2, and 2g7/2 levels.

In the case of the208Pb final nucleus, the ground state is
formed when a neutron is transferred to the 3p1/2 hole state
in 207Pb. This transition is very weak due to the angular
momentum mismatch and is not observed in the spectrum
Because of the coupling of single-neutron states to the ho
state of 207Pb, the first excited states 2g9/2, 1i 11/2, 1j 15/2,
and 2g7/2 in the

208Pb final nucleus are about 3 MeV higher
than in 209Pb. The relative population of these low-lying
states is very similar to that observed for209Pb.

The 209Bi target nucleus has a 1h9/2 proton outside the
closedZ582 core. In the210Bi final nucleus, this proton is
coupled to the neutron states in210Bi. However, this does not
significantly modify their excitation energies and the states
corresponding to the transfer to 2g9/2, 1i 11/2, 1j 15/2, and
2g7/2 neutron orbitals are observed at very similar excitation
energies as the corresponding single neutron states in209Pb
and with the same relative yield.

At higher excitation energies, a pronounced bump can b
seen in all spectra. In the case of208Pb, it is located at about
13.5 MeV while in the case of209Pb and210Bi it is at about
10 MeV excitation energy. These structures are superim
posed on a large continuum partly due to transfer to unboun
target states and also probably to projectile breakup pro
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FIG. 1. ~a! Energy spectra measured for207Pb, 208Pb, and209Bi target nuclei in (20Ne,19Ne! stripping reactions. The spectrum for
208Pb target is from Ref.@1#. ~b! Same spectra plotted as a function of theQ value.
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cesses. Figure 1~b! displays the same spectra in aQ-value
scale calculated byQ5Qg.s.2E* . The previously discussed
low-lying states are located at the sameQ value for all three
reactions. Moreover, theQ value of the structure at high
excitation energy is about223 MeV for all three reactions.
These observations suggest that the structure is due to
neutron transfer to the same orbital in different target nucle
Furthermore, the excitation energy of giant resonances is
smooth function of nuclear mass and depends only weak
on the nuclear structure. Thus only very small variations a
expected for the neighboring nuclei, in contradiction with th
observations of Fig. 1~a!. Similar results were reported for
the same target nuclei in the (7Li, 6Li ! reaction at 30 MeV/
nucleon@4#.

In the case of the207Pb(20Ne,19Ne! 208Pb reaction, an at-
tempt was made to extract a spin and parity assignment
the structure at 13.5 MeV. An arbitrary, smooth backgroun
was subtracted from the bidimensional (E* ,uc.m.) spectrum.
This background, integrated overuc.m., is shown as a solid
line in Fig. 1. The peak at 13.5 MeV was then fitted by
Gaussian function at different angles. The angular distrib
the
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tion obtained is shown in Fig. 2. The experimental angular
distribution was fitted by a set of theoretical angular distri-
butions calculated by the DWBA codePTOLEMY @16#. The
transfers to the three final states of the19Ne ejectile cited
above were considered with their respective spectroscop
factors. The optical model parameters for the Woods-Saxo
potential were obtained from the elastic scattering angula
distribution of 20Ne on 207Pb at 48 MeV/nucleon measured
during the experiment:V563.3 MeV, r r51.1 fm, and
ar50.637 fm and W562.4 MeV, r i51.1 fm, and
ai50.637 fm for the real and imaginary parts, respectively.
The code was adapted to calculate transfer to quasiboun
states by using wave functions obtained from the RPA cal
culation for 208Pb @17#. The result of the fit is indicated by a
solid line in Fig. 2. The experimental angular distribution is
well reproduced by a linear combination of angular distribu-
tions calculated for neutron transfers to 1k17/2, 2i 13/2, and
1 j 13/2 orbitals with relative weights of 1.8, 0.9, and 0.6, re-
spectively. However, in the present analysis, an importan
uncertainty arises from the arbitrary background subtraction
Therefore, any firm conclusions about the spin and parity
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assignment of the observed structure would require a mo
precise determination of the background. This can be do
by coincident experiments where measuring decay partic
at backward angles in coincidence with ejectiles allows th
elimination of the projectile breakup contribution from the
spectra as shown by Beaumelet al. in their recent study of
the 208Pb (a, 3Hen) reaction@18#.

Figure 3 shows the one-neutron stripping spectrum me
sured for the207Pb target with an36Ar beam at 42 MeV/
nucleon. The widths of the first excited states measured w
36Ar projectiles are larger than with the20Ne beam@Fig.
1~a!#, even if the poorer energy resolution is taken into a
count. At high excitation energies, only a small shoulder ca
be seen at about 13 MeV while in the case of the20Ne beam
a pronounced bump was observed. This can be partly e

FIG. 2. Angular distribution extracted for the structure observe
at 13.5 MeV in the spectrum of207Pb(20Ne,19Ne!208Pb reaction.
Solid line is the result of a fit with theoretical angular distribution
for transfer to various neutron orbitals calculated by the DWB
codePTOLEMY.

FIG. 3. Energy spectrum measured for the207Pb target nucleus
in the (36Ar, 35Ar! neutron stripping reaction.
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plained by the fact that the207Pb(36Ar, 35Ar! 208Pb reaction at
42 MeV/nucleon has a smaller matched angular momen
than the same reaction induced by a20Ne beam at 40 MeV/
nucleon and 48 MeV/nucleon. The weak excitation of t
@3p1/2

21 1 j 15/2# state of
208Pb~at 4.6 MeV! with the 36Ar beam

shows very well the matching difference between the t
projectiles. The final states of projectiles need also to
taken into account. In the case of the20Ne projectile, the
energy difference of the first excited states of ejectile w
smaller than the experimental resolution; thus, neither a sp
ting of the low energy states nor a deterioration of resolut
could be observed. In the case of the36Ar projectile, the
neutron transfer occurs preferentially from 1d3/2 and 2s1/2
orbitals, 1d3/2 corresponding to the ground state in

35Ar and
2s1/2 to the first excited state~1.184 MeV!. The respective
spectroscopic factors for these states are 2.92 and 2.5@19#.
The energy difference of the two possible final states
35Ar is large and can contribute to the increased width of t
peaks in the spectrum. Moreover, the background due to
projectile breakup processes is expected to be very diffe
for 36Ar and 20Ne projectiles, as will be discussed in Sec. V
and the breakup contribution may smear out the high ene
structure in the case of36Ar projectiles.

B. One-proton stripping reaction on 59Co

Figure 4 presents a spectrum measured for the pro
stripping reaction59Co(20Ne,19F! 60Ni at 48 MeV/nucleon.
As for the 19Ne case, the contribution of the first excite
states of the19F ejectile cannot be resolved in this exper
ment. The transfer to the 1p1/2 state of 19F at 0.110 MeV
gives the dominant contribution to the spectrum, imposin
strong j, selectivity.

The target nucleus59Co has a 1f 7/2 hole in theN528
proton core while neutron shells are filled up to the 2p3/2
shell. The ground state of60Ni, which is formed by filling
the proton hole, is weakly excited in the studied reactio
The first proton orbitals above theN528 core are 2p3/2,
2p1/2, and 1f 5/2. At about 1.3 MeV a small peak corre
sponding to the@p3/2, f 7/2

21# excitation is observed. Because o
the dominantj, selectivity of the projectile and the prefer
ential to high angular momenta, the@ f 5/2, f 7/2

21# state is

d

s
A

FIG. 4. Energy spectrum measured for the59Co target nucleus
in the (20Ne,19F! proton stripping reaction.
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strongly excited and the twoT, and T. components ac-
cessed in the present reaction can be clearly seen in the
perimental spectrum at 4.7 and 6.2 MeV, respectively. T
@g9/2, f 7/2

21# state does not benefit from the dominantj, se-
lectivity of the projectile; thus, it is less excited than th
g9/2 state in the similar reaction58Ni ( 13C,12B! 59Cu at 50
MeV/nucleon@20#. The T, component is located around 6
MeV excitation energy and is mixed with theT. component
of the @ f 5/2, f 7/2

21# state. TheT. component is split in a few
states centered at around 10 MeV excitation energy. T
splitting of the strength of theg9/2 state was already observed
in Ref. @20# and it is probably increased in our case by th
coupling to thef 7/2 hole state.

At higher excitation energies several small structures c
be seen in the spectrum but no pronounced bump is o
served. As in the case of the neutron stripping reactions,
proton stripping spectrum is dominated by a large co
tinuum.

C. Pickup reactions

Figure 5 shows energy spectra measured for209Bi( 20Ne,
21Na! 208Pb at 48 MeV/nucleon,209Bi( 36Ar, 37K! 208Pb, and
63Cu(36Ar, 37K! 62Ni at 42 MeV/nucleon. In the case of
pickup reactions, the background at high excitation energy
low compared to the stripping reactions due to the absence
the projectile breakup contribution. A characteristic featu
of all pickup spectra is also a rapid decrease of the cro
section as a function of excitation energy. This can be u
derstood since, as soon as the projectilelike nucleus is
cited above its particle emission threshold, it will decay b
particle emission and consequently will populate the inelas
channel. Only reactions in which the projectilelike nucleus
excited below its particle emission threshold will be ob
served in the spectra.

In the case of the proton pickup reactions on209Bi, the
ground state, which is clearly visible in the spectra@Figs.
5~a! and 5~b!#, corresponds to the pickup of the outmos
proton from the 1h9/2 orbital outside the closedZ582 proton
shell. The collective 32 state at 2.614 MeV, which has been
reported in the209Bi(d,3He! 208Pb reaction@21#, is not ob-
served in the present experiment. The spectra are domina
by a large peak centered at 5.5 MeV. In the energy ran
between 4 and 6 MeV, particle-hole states corresponding
@1h9/2,3s1/2

21#, @1h9/2,2d3/2
21#, @1h9/2,2d5/2

21#, and @1h9/2,
1h11/2

21 # excitations have been reported@21,22#, the two latter
giving the largest contribution to the cross section. Th
present experimental resolution did not allow us to separa
the high density of peaks identified in the cited (d,3He! ex-
periments. In the (20Ne,21Na! reaction, the contribution of
the ejectile ground state (2d3/2) is expected to be negligible
compared to the first excited state, i.e., the 0.338 Me
2d5/2 state@23#. For the (36Ar, 37Kr! experiment, mutual ex-
citations with the first doublet state of37Kr ( f 7/2) have to be
added to the ground-state contribution. The energy diffe
ence between this state and the ground state~1.37 MeV! is
comparable with the energy resolution. However, the hig
density of 208Pb states does not allow one to distinguis
between the different contributions of projectile states. Th
slight broadening of the 5.5 MeV peak in the36Ar reaction is
probably an effect of the mutual excitation. At around
ex-
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MeV, a third peak is observed. A similar peak was also evi
denced in the209Bi( 12C,13N! 208Pb reaction@4#. This peak
could be due to proton pickup from the 2d5/2 orbital. The
peak is much more pronounced with the36Ar than with the
20Ne and12C projectiles which can be well explained by the
j, selectivity of 37Kr. According to the energy and the se-
lectivity, the 8 MeV state is likely to be dominated by
@1h9/2,2g7/2# excitation.

The measured proton pickup spectra leading to the208Pb
final nucleus have no similarity with the neutron stripping
spectrum measured for the reaction207Pb(20Ne,19Ne! 208Pb
leading to the same final nucleus. This suggests that no ove
lap exists between@(n jl ),(3p1/2

21)# particle-hole states ex-
cited in the stripping reaction and@1h9/2,(n jl )

21)# states
excited in the pickup reaction. In particular, no structure is
observed at around 13 MeV in the pickup spectrum in con
trast to the corresponding stripping reaction.

In the case of the proton pickup spectrum measured fo
the 63Cu target@Fig. 5~c!#, the ground state corresponds to
the pickup of the proton from the 2p1/2 orbital. Above the

FIG. 5. Energy spectra measured for the209Bi target nucleus in
the (20Ne,21Na! ~a! and (36Ar, 37K! ~b! proton pickup reactions and
for the 63Cu target nucleus in the (36Ar, 37K! reaction~c!.
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ground state, a peak having a width of about 4 MeV a
centered at about 6 MeV excitation energy is observed in
spectrum. The width of this structure does not allow us
identify the eventual excitation of the projectile. In this ex
citation energy region, states corresponding to pickup fro
2s1/2 and 1f 7/2 proton orbitals have been reported@24#, the
latter being more favored by the projectile matching cond
tions. As in the case of the209Bi target nucleus, no giant-
resonance-like structures are observed in the spectrum.

IV. RPA-DWBA CALCULATION

In order to estimate the cross section due to collecti
particle-hole excitations in stripping reactions, microscop
calculations were performed for the207Pb(20Ne,19Ne! 208Pb
and 59Co(20Ne,19F! 60Ni reactions. Collective excitations
such as giant resonances are described in the random p
approximation~RPA! as a coherent sum of particle-hole ex
citations. When a particle is transferred to a target nucle
having a hole such as207Pb or 59Co, a part of the particle-
hole configurations contributing to the giant resonan
strength can be excited. The strength of the collective ex
tations depends on the number of particle-hole configuratio
that can be excited in the transfer reaction and on the pr
ability to transfer a nucleon to the corresponding partic
states. In the case of the207Pb target, only two different
particle states can be coupled to the 3p1/2 hole state for a
given total angular momentum which makes it an unfavo
able candidate for collective excitations. The relatively hig
spin of the 1f 7/2 hole state in59Co allows a wider range of
multipolarities and thus enhances the possibility of excitin
collective strength. The transfer cross section including c
lective excitations can be estimated by

ds

dVdE
5(

n
U(

p
Ap~E,u!Xph0

n U2d~E2En!,

where Ap is the amplitude corresponding to the nucleo
transfer to a given particle state during a scattering to
angleu with an energy lossE. Xph0

n is the RPA amplitude of

a given particle-hole configurationph0 in an excited state
n. All bound and quasibound particle states were included
the calculation and different transitions to electric multipole
from L50 to L59 were considered. The transfer amplitud
Ap(E,u) was calculated by the codePTOLEMY by using the
RPA wave functions to describe final states in the quasitar
nucleus. The cross section corresponding to three final st
2s1/2, 1p1/2, and 1d5/2 of

19Ne and 19F was summed with
respective weights C2S given by the spectroscopic factors o
Ref. @15#. The collectivity of a given excited state is define
according to the number of particle-hole configurations
this state. In the case of208Pb, a state is defined to be col
lective if at least five particle-hole configurations contribu
to the state, each with a relative weight less than 0.85. F
60Ni, the equivalent definition used is at least three config
rations with relative weight less than 0.9. These criteria we
defined by requiring that the well-known giant resonanc
excited in inelastic scattering be collective states. A mo
detailed description of the calculation can be found in Re
@17,25#.
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In Fig. 6, the spectrum calculated for the neutron stripping
reaction on207Pb is compared to the measured spectrum. It is
important to note that neither damping nor continuum are
included in the calculation. Therefore we cannot hope to re
produce the details of the experimental spectrum by the ca
culation. The low-lying states are rather well described al
though a shift of 1–2 MeV towards higher excitation
energies is observed, which is a well-known property of
RPA calculations. Moreover, the absolute cross section i
comparable to the experimental one. At higher excitation en
ergies, the calculation gives a strong concentration of th
cross section between 12 and 17 MeV corresponding to th
bump in the experimental spectrum. This is due to the exci
tation of high multipolarities (L.6) corresponding to the
following particle-hole configurations:@k17/2,p1/2

21#, @ i 13/2,
p1/2

21#, @ j 13/2,p1/2
21#, and @h11/2,p1/2

21#. This is in qualitative
agreement with the spin and parity assignment obtained b
the angular distribution analysis. An important amount of
collective strength, represented by the black shaded area,
observed at about 14 MeV but the single-particle strengt
clearly dominates the spectrum.

Figure 7 shows the calculated and measured proton strip
ping spectrum for the59Co target. The calculation predicts a
very strong excitation of the@ f 5/2, f 7/2

21# and@g9/2, f 7/2
21# states

while the ground state and the@p3/2, f 7/2
21# state are not ex-

FIG. 6. Differential transfer cross section for the207Pb(20Ne,
19Ne!208Pb reaction. The upper part~a! presents the experimental
and the lower part~b! the calculated transfer cross section. The
collective strength is represented by the black area. The cross se
tions are integrated over the experimental angular domain.
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cited. This is in agreement with the experimental obser
tions discussed in Sec. III, except that the splitting of t
@g9/2, f 7/2

21# peak observed experimentally is not reproduc
by the calculation which does not include the coupling
states to the continuum.

Between 17 and 22 MeV two rather fragmented peaks
observed in the calculated spectrum. In this excitation ene
region the largest cross section is due to multipolarit
L.5 corresponding to@h11/2, f 7/2

21#, @ f 7/2, f 7/2
21#, and @g7/2,

f 7/2
21# configurations, but no concentration of cross section
observed experimentally in this region. As in the case of
207Pb target, a small amount of collective strength is p
dicted by the calculation. In the case of60Ni, the agreement
with the experimental spectrum is poorer than in the case
208Pb. This can be explained partly by the fact that the dam
ing of states is not taken into account in the calculation. T
could also indicate that the60Ni spectrum cannot be com
pletely described without taking into account the coupli
with the neutrons above theN528 core.

As discussed in Ref.@17#, collective excitations are pre
dicted for low multipole modes while particle-hole correl
tions disappear for high multipolarities. The matching con
tions in the studied reactions favor the transfer to hi
angular momentum orbitals. In the case of208Pb this leads to
favorable excitation of high multipole modes. In the case
60Ni, also low multipole modes can be reached but with
low cross section due to the spin factor 2JB11. For these
reasons, the cross section for collective states is weak
both reactions.

FIG. 7. Same as Fig. 6 for the59Co(20Ne,19F!60Ni reaction.
va-
he
ed
of

are
rgy
ies

is
the
re-

of
p-
his
-
ng

-
a-
di-
gh

of
a

for

V. SEMICLASSICAL CALCULATIONS

In stripping reactions between heavy ions at incident en-
ergies per nucleon higher than the average binding energy,
large part of the cross section is due to the nucleon transfer t
unbound target states giving rise to a continuous spectrum
The Bonaccorso-Brink model@7,8# gives a description of the
neutron transfer reactions to the quasibound and unboun
target states. It also allows the estimation of the contribution
of the projectile breakup processes to the inclusive stripping
spectra. In this section we will compare the spectra measure
for the 207Pb(20Ne,19Ne! 208Pb and 207Pb(36Ar, 35Ar! 208Pb
reactions to the spectra calculated by using the Bonaccorso
Brink model. Only the basic formalism and results are given,
since a more detailed description of the calculation can be
found in Refs.@25,26#.

According to Bonaccorso and Brink, the transfer probabil-
ity from an initial bound state of energy« i and angular mo-
mentumj i to a final continuum state of« f and j f is given by
@7#

dP

d« f
~ j f , j i !5S j f

@ u12^Sj f&u
21~12u^Sj f&u

2!#B~ j f , j i !,

where ^Sj f& is the optical modelS matrix which describes

the rescattering of the neutron on the target andB( j f , j i) is
an elementary transfer probability. The term proportional to
u12^Sj f&u

2 gives the elastic breakup contribution while the

second term proportional to 12u^Sj f&u
2 gives the absorption

spectrum. In the elastic breakup processes the transferre
nucleon is rescattered elastically from the target. The absorp
tion cross section corresponds to transfer to the quasiboun
and unbound states in the target nucleus and to inelasti
breakup reactions where the transferred nucleon rescatte
inelastically leaving the target nucleus in an excited state

FIG. 8. Energy spectrum measured for the
207Pb(20Ne,19Ne!208Pb reaction at 48 MeV/nucleon. The total trans-
fer cross section calculated by the Bonaccorso-Brink model is indi-
cated by the solid line. Different contributions in the calculated
spectrum are indicated as follows:~1! transfer to quasibound and
unbound target states,~2! sum of the elastic and inelastic breakup
processes,~3! elastic breakup processes, and~4! inelastic breakup
processes.
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The inelastic breakup contribution can be estimated by c
culating the absorption in the Born approximation@8#.

The contributions of the first three ejectile hole state
were considered in the calculation weighted by the corr
sponding spectroscopic factors. In the case of the19Ne ejec-
tile the first hole states are 2s1/2, 1p1/2, and 1d5/2 and in the
case of35Ar 1d3/2, 2s1/2, and 2p3/2. The spectroscopic fac-
tors were taken from Refs.@15# and @19#, respectively. The
optical potential used in theS-matrix calculation was that
proposed by Mahaux and Sartor@27# for nucleon-208Pb. The
influence of the different optical model parameters is studi
in Ref. @25#.

Figures 8 and 9 show the angle-integrate
spectra measured for the207Pb(20Ne,19Ne! 208Pb and
207Pb(36Ar, 35Ar! 208Pb reactions, respectively. The dashe
line represents the calculated total transfer cross section. T
Bonaccorso-Brink model for the transfer to the continuu
treats only quasibound and unbound states of the tar
nucleus and therefore the calculated spectra start only at
excitation energy corresponding to the binding energy of t
neutron in the residual nucleus. In order to fit the experime
tal spectrum, the calculation has been normalized by a fac
of 0.6 in the case of the the Ne projectile and by a factor
0.1 in the case of the Ar projectile. In the limits of the ex
perimental error bars and the theoretical uncertainties, t
agreement between experimental and calculated trans
cross sections is relatively good in the case of Ne project
but for the Ar projectile the calculation largely overestimate
the total cross section.

The bumps that can be seen in the calculated spectra c
respond to the transfer to the target resonance states. In
case of the207Pb(20Ne,19Ne! 208Pb reaction, the first structure
at about 10 MeV is mainly due to the excitation of th
1k17/2 single-particle resonance state in208Pb. Even though
this bump is located 3 MeV below the experimental one, i
spin assignment corresponds to the bump seen in the exp
mental spectrum at 13.5 MeV and in the spectrum resulti
from the microscopic calculation discussed in Sec. IV. Th
is in agreement with the interpretation of Refs.@2,10#. At
higher excitation energies the calculation shows seve
weak structures which, however, remain inside the statistic

FIG. 9. Same as Fig. 8 for the207Pb(36Ar, 35Ar!208Pb reaction at
42 MeV/nucleon.
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fluctuations of the experimental spectrum. The discrepancy
between the position of the bump in the experimental and the
theoritical spectra can be explained by the fact that in the BB
model it is the overall description of the neutron1 target
optical model which determines the energy of the single-
particle resonances.

The main purpose of this comparison was to ascertain if
this model can reproduce the overall shape of spectra and
give a reliable estimation of the breakup contribution. If the
very high energy part (.50 MeV! of the spectrum is not
considered, because it is outside the SPEG acceptance, the
overall shape of the spectrum is well reproduced by the cal-
culation. In the case of the207Pb(36Ar, 35Ar! 208Pb reaction,
the calculation as well as the experimental spectrum shows
fewer structures than with the20Ne projectile. The overall
shape of the spectrum is again well reproduced.

The different contributions due to the transfer to the target
resonances states and the elastic and inelastic breakup pro-
cesses are also indicated in Figs. 8 and 9 The elastic breakup
spectrum is approximately centered at the incident energy
per nucleon while the major contribution from the inelastic
breakup processes is at lower apparent excitation energies.
When the incident energy increases, the maximum of the
total breakup spectrum moves towards higher apparent exci-
tation energies, slightly changing the shape of the spectrum
measured for neon projectiles at 48 MeV/nucleon compared
to that measured with argon projectiles at 42 MeV/nucleon.
It is interesting to notice that for these two reactions, the
transfer to single-particle resonance states is still dominant,
the cross section due to breakup processes being only about
one-third of the total cross section. Experimentally the mea-
surement of coincident neutrons would allow us to distin-
guish between breakup and transfer to resonant states. Such
an experiment has been performed recently@28#.

VI. CONCLUSION

Several one-nucleon transfer reactions were studied in the
region of Pb and Ni by using Ne and Ar beams at 48 and 42
MeV/nucleon, respectively. Pronounced bumps superim-
posed on a large continuum are observed in several stripping
spectra. In the Pb region, a bump is located at aQ value of
223 MeV while its excitation energy varies from 10 to 13
MeV depending on the target. This suggests that the struc-
tures are due to single-particle excitations. No structures
were observed at excitation energies above 10 MeV in the
measured pickup spectra.

The single-particle nature of the structures in the stripping
spectra of207Pb and59Co is in agreement with a microscopic
calculation where collective excitations are treated in the
framework of the random phase approximation. In the stud-
ied reactions, the angular momentum matching condition fa-
vors the excitation of high multipole modes while collective
effects are only seen in the case of low multipole modes.

The overall shape of the measured stripping spectra are
fairly well reproduced by the Bonaccorso-Brink calculation.
This model also allows us to estimate the projectile breakup
contribution to the inclusive transfer spectra which is pre-
dicted to be about one-third of the total cross section.
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