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The (zoNe i9Ne) (zoNe ziNe), and (zoNe ziNa) reactions on ~Zr and zosPb have been investigated
at 500 and 600 MeV incident energies. Experimental spectra have been compared with predictions
of distorted-wave Born approximation calculations. The different shapes observed for proton and
neutron pickup spectra are explained quite well by the calculations. In particular, the broad peak
observed at about 6.5 MeV in the ( Ne, z'Ne) spectra is shown to originate from ejectile excitation
in the 1d,~„1f,~„and 2p, ~z orbitals. An important component of the ('ONe, "Ne) cross section is

due to three-body processes, such as the elastic breakup of Ne into ' Ne and one neutron. In addi-

tion, bumps are observed at about 1.5 and 10 MeV excitation energy in Pb and 2.5 and 14 MeV in
'Zr. The low energy peaks are shown to originate mainly from neutron transfer to high spin orbit-

als, i.e., li»/z and 1j»/z in Pb and 1g7/z and 1h»/z in 'Zr. Because of the selectivity of the

( Ne, ' Ne) reaction for large angular momentum transfer, it is proposed that the structures ob-
served at 14 MeV in 'Zr and 10 MeV Pb are due to a neutron transfer to high spin orbitals, such
as lii3/z and 1ki7/z in 'Zr and ' Pb, respectively.

I. INTRODUCTION

During the past few years, information about deep hole
states and high-lying single-particle states in several
medium and heavy nuclei have been obtained by studying
light-ion reactions such as (p, d), ( He, a) and (a,He). '

Due to the selectivity of these reactions for transferring
large values of angular momentum, the transfer of nu-
cleons into or the pickup of nucleons from high spin or-
bitals was observed as large resonancelike bumps at high
excitation energy. Unfortunately these reactions have
been plagued by the presence of substantial backgrounds
which lie under the peaks of interest, and further pro-
gress with light projectiles will necessitate disentangling
the spectra by coincidence experiments. However, it also
appears useful to investigate the capabilities of high ener-
gy heavy-ion reactions for studying these states. In some
cases heavy-ion reactions are even more selective in excit-
ing high spin states, the peak-to-background ratios may
be more favorable and the excitation cross section can be
larger than in the corresponding light-ion one-nucleon-
transfer reactions.

In this paper we report an investigation of one-
nucleon-transfer reactions induced by Ne ions on Zr
and Pb. The experiment was performed at two in-
cident energies, 500 and 600 MeV, in order to use the ki-
nematic shifts to disentangle transfer reactions from
three-body processes. Calculations with the exact finite
range distorted-wave Born approximation (EFR-DWBA)
method were also performed, and these results are com-
pared with the data. The main features of the spectra ob-
served in the pickup reactions and the low excitation en-
ergy part of the stripping spectra are qualitatively well

reproduced by DWBA calculations which include the
mutual excitation of the quasitarget and ejectile nuclei, as
described in Sec. III. At an excitation energy close to
that of the giant quadrupole resonance in the corre-
sponding target nucleus, the Zr(2oNe, ' Ne) and

Pb( Ne, ' Ne) spectra are dominated by a few MeV
wide structure superimposed on a large bump due to
fragmentation processes. From the arguments presented
in Sec. IV it is proposed that this structure probably orig-
inates from neutron transfer to high spin orbitals.

II. KXPKRIMKNTAL CONDITIONS AND RESULTS

One-nucleon-transfer spectra were obtained during an
experiment primarily devoted to a search for high ener-

gy structures in Ne inelastic scattering on Pb and
Zr. Only some characteristics relevant to the present

data will be given here, as the details of this experiment
have been reported previously.

The measurements were carried out with 500 and 600
MeV Ne beams from the K500 superconducting cyclo-
tron at Michigan State University. The isotopic enrich-
ments of the 1.0 mg/cm thick Zr and 3.0 mg/cm
thick Pb targets were 98.5 and 99.9%%u, respectively.
The reaction products were analyzed with the S320 broad
range magnetic spectrograph and detected by the stan-
dard focal plane detector system (two resistive wire posi-
tion counters, two ionization chambers, and a plastic
scintillator), which ensured unambiguous particle
discrimination. A thin film start detector placed near the
exit to the scattering chamber was used together with the
plastic scintillator to obtain the time of flight of ions
through the spectrograph. The calibration of the focal
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plane was determined independently for each incident en-

ergy and each target nucleus by measuring the position of
the elastic peak along the counter for different magnetic
fields. In order to check the differential linearity of the
detection system, two different settings of the magnetic
field were used at each energy, giving a shift of about 1%
in the energy spectra. The overall energy resolution
AE/E measured for the elastic peak varied from about
2X10 to 4X10 depending on its position along the
focal plane.

During the experiment the elastic scattering counts
were suppressed by masking a small part of the detection
system with a 5 mm wide metal finger, which was located
about one-third of the way down the focal plane. Under
these conditions ' Ne, 'Ne, and 'Na spectra could be
accumulated together with inelastic data at the same
magnetic field exposure although the mask did interfere
slightly with some of the spectra.

The angular opening of the spectrometer was 1.5'. The
Ne+ Zr system was studied at 5.3', 7', and 8' at 600

MeV and 6.4' at 500 MeV. With the Pb target, spectra
were accumulated at 7', 9.5', 11', 13', and 15' at 600 MeV
incident energy, and at 11.5' at 500 MeV. Spectra ob-
tained near the grazing angle for both target nuclei at
both incident energies are displayed in Figs. 1 and 2.
They have been linearized with respect to the center-of-
mass kinetic energy loss (labeled E* in the spectra) which
is directly related to the sum of excitation energies of the
final nuclei in the case of a two-body reaction. The accu-
racy of the value of this summed excitation energy is es-
timated to be better than 1 MeV.

The qualitative features of these spectra can be summa-

rized as follows.
(i) The 'Na spectra display a peak at low excitation

energy (near 1 and 1.75 MeV for the Pb and Zr target
nuclei, respectively) and a slowly decreasing tail extend-
ing from 4 to about 20 MeV. The Zr spectra also show a
small maximum near 7 MeV. The full width at half max-
imum (FWHM) of the low energy peak at 500 MeV (600
MeV) is about 2.7 MeV (3.2 MeV) in Tl and 2.2 MeV
(2.5 MeV) in Y.

(ii) Two peaks are observed in the 'Ne spectra. They
are located at about 2.5 and 6.5 MeV in Pb and 0.5 and
6.25 MeV in Zr. The FWHM of the higher energy
bumps is about 3.5 MeV. However, there appears to be
some internal structure in the low excitation energy
peaks, especially at 500 MeV incident energy where
slightly better resolution was obtained. Above 10 MeV,
the cross section decreases slowly with summed excita-
tion energy. (There is no information about the 2'Ne

spectra above 15 MeV, because of the presence of the
mask which intercepted the elastic peak. )

(iii) The Pb( Ne, ' Ne) spectra at 500 and 600 MeV
exhibit the following structures: a peak located at 1.5
MeV, a dip at 4 MeV, a second maximum at about 10
MeV and a falloff toward high excitation energies, with a
weak shoulder at about 20 MeV. The Zr( Ne, ' Ne)
spectra have rather similar structures: a peak centered at
about 2.5 MeV with a shoulder on its low energy side, a
plateau from 7 to 10 MeV, and a second maximum at
about 14 MeV. The high excitation energy part of the
' Ne spectra may be explained by the existence of at least
one strong resonancelike structure with a width of a few
MeV (at about 10 MeV in Pb and 14 MeV in 'Zr, re-
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FIG. 1. Experimental spectra from the Ne+' 'Pb reactions at 500 and 600 MeV. The arrow indicates the position of ' Ne ions
moving with the beam velocity. The shape of the low excitation energy side of the breakup bump in the ' Ne spectra is suggested by
dashed lines. The dotted line in the 600 MeV spectrum indicates the linear background assumed in the estimation of the cross section
of the 10 MeV bump (see text).
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FIG. 2. Experimental spectra from the ' Ne+ Zr reactions at 500 and 600 MeV. The arrow indicates the position of the ' Ne
ions moving with the beam velocity. The shape of the low excitation energy side of the breakup bump in the ' Ne spectra is suggested
by dashed lines.

TABLE I. Spectroscopic data' used in the calculation of "theoretical" transfer spectra.

9N b

21Nee

21Nae

0.00
0.24
0.27
1.53

0.35
2.80
4.73'
5.33
6.i6'

0.33
2.42

nlj

2$1/2
1d5/2

ip 1/2

1d3/2

(Sp =6.41)
1d5/2

2$1/2

2P3/2

()f7+
1d3/2

(S„=6.71)
1ds/2

2$1/2

(Sp =2.43)

C2$

0.12
1.04
1.96
0.73

0.62
0.80
0.57
0.35)
0.46

0.33
0.22

91ZrC

89Zrf

89Yh

0.00
1.20
2.03
2.16
2.19
3.47'
4.05'

0.00
0.59
1.10

(7.0)

0.00
0.91
1.51
1.75

(7.0)

nlj

2d 5/2

3$1/2
2d 3/2

1h»/2
if 7/2

if 7/2

ih»/2
(S„=7. 19)

if9/2

2P1/2

2P3/2

lfsn
lf7n

(Sp =7.86)
2P1/2
if9/2

2P3/2
lfsn
lfzn

(Sp =7.07)

CS
0.98
0.93
0.45
0.41
0.68
0.42
0.20

8.00
1.70
2.48
3.50

(8.0)

1.80
1.25
3.90
6.00

(8.0)

09pbd

207Pbb

207Tlg

0.00
0.78
1.42
2.49

0.00
0.57
0.90
1.63
2.33
3.41

0.00
0.35
1.35
1.67
3.48

(9.0)

nlj

2f9/2

ii»/2
1j1s/2
2f 7/2

(S„=3.94)
3P1/2

2fsn
3P3/2

ii13/2
2f, iz
1h9/2

(S„=6.74)
3$1/2
2d 3/2

1h»/2
2d 5/2

if 7/2

if9/2

(S„=6.84)

CS
0.69
0.98
0.59
0.93

2.00
6.20
4.00

12.0
7.30
6.90

1.90
3.40

12.1
4.20
1.60

(10.)

Only the strongest one-particle (or one-hole) bound states have been considered. Their excitation energies are given in MeV. Cen-
troid energies of several levels are labeled with an asterisk. When exceeding the corresponding shell-model sum-rule limit, the C S
va)ues have been assumed equal to this limit, . Here the 1fzn deep hole strengths in 'sZr and ssY have been assumed to be concentrat-
ed around 7 MeV. S„and S~ are the separation thresholds for neutron and proton, respectively.
Reference 8.

'Reference 9.
Reference 10.

'Reference 11. The C S value assumed for the 5.33 MeV level in 'Ne is that used to calculate the spectra shown in Fig. 4 (see text).
Reference 12.
~Reference 13.
"Reference 14.
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spectively) superimposed on a much wider asymmetric
structure some tens of MeV wide. The origin of these
structures is discussed in Sec. IV.

III. COMPARISON WITH DWBA PREDICTIONS

Spectroscopic data about the main single-particle
bound states in 'Ne and 'Na and single-hole states in
' Ne are presented in Table I together with those in the
corresponding final heavy nuclei. Apart from the contri-
bution of three-body reactions, the spectra of Figs. 1 and
2 are expected to result from the addition of the various
experimentally unresolved mutual excitations of the final
nuclei. The shapes observed for these spectra suggest
that some combinations of configurations are especially
favored in the present transfer reactions. In order to test
this interpretation, DWBA calculations were performed
to study the selectivity of the Ne induced transfer reac-
tions at 500 and 600 MeV. Recent high-resolution stud-
ies of one-nucleon-transfer reactions induced by ' C and
' 0 of a few hundred MeV (Refs. 3 —5) have shown that
the relative cross sections for the excitation of different
configurations could be well reproduced by DWBA cal-
culations.

The DWBA calculations were performed with the full
recoil finite range program PToLEMY . In the absence of
elastic scattering data for all the systems under study, the
same optical-model potential was adopted for the in-
teraction of Ne with Zr and Pb at both incident en-
ergies. The parameters of the real and imaginary
Woods-Saxon wells were V =50 MeV, W =80 MeV,
r, = 1.16 fm, r, = 1.13 fm, a„=0.67 fm, a; =0.5 fm,
reproducing data from elastic scattering of Ne on Pb
at 600 MeV. The same parameters were also used for
the exit channels. The Woods-Saxon potential used to
generate the bound states for the light ( A -20) systems
had a diffuseness of 0.65 fm, a reduced radius of 1.20 fm,
and a spin-orbit potential strength Vs&=7 MeV. The
corresponding parameters for the heavy systems ( A -90
and -208) were taken equal to the values generally
adopted in the analysis of transfer induced by light ions,
i.e., r =1.25 fm, a =0.65 fm and Vso=6MeV.

The following procedure was adopted in order to com-
pare the results of DWBA calculations to the data since
individual levels in the light and heavy final nuclei could
not be resolved experimentally. Theoretical spectra for
each reaction at a particular angle and incident energy
were first deduced from the DWBA cross sections
weighted by the spectroscopic factors of the main single-
particle and single-hole states in the final nuclei ' as
given in Table I. These theoretical spectra were then
convoluted with a Gaussian shape (simulating the experi-
mental energy resolution) and multiplied by a normaliza-
tion factor in order to compare with experimental results.
The full width at half-height of the Gaussian and the nor-
malization factor were both adjusted in order to fit the
low excitation energy part of the experimental spectra,
where uncertainties about the distribution of spectroscop-
ic strengths are smaller. The widths of the Gaussian
peaks deduced from this analysis are given in the figure
captions and were found to be consistent with the mea-

sured energy resolution of between 1 and 2 MeV reported
above.

Both the experimental and the convoluted theoretical
'Na, 'Ne, and ' Ne spectra at 500 MeV incident energy

are displayed in Figs. 3—5. The positions and predicted
strengths of the states are marked as vertical lines in the
figures. The results of this analysis are discussed below.

A. Absolute cross sections

The results of the present DWBA calculations have
been normalized to the data as described earlier. Any
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FIG. 3. Comparison between experimental 'Na spectra
(points with error bars) and calculated ones (full line) using a
resolution parameter of 1.6 MeV. (The normalization factors
were 1.80 and 1.18 for ' Y and 'Tl, respectively. ) The DWBA
predicted contributions of various combinations of
configurations in ejectile and residual nuclei are represented by
the length of vertical bars. Each vertical bar corresponds to a
specific combination of configurations whose quantum numbers
and excitation energies are given in Table I. The dotted lines at
high excitation energy represent the calculated contribution of
pickup from the internal lf7/2 and lg9/p subshells in ' Y and

Tl, respectively (see text).
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large deviation of the normalization factor from unity
would bring into question the validity of the DWBA
method or at least cast doubts on the ingredients of the
calculations such as optical potentials, form factors, and
spectroscopic factors. The normalization factors extract-
ed for the various reactions and reported in the figure
captions were found to vary from 0.6 to 1.2 and 1.1 to 1.8
for the lead and zirconium targets, respectively. The cor-
responding normalization factors extracted at 600 MeV
incident energy vary from 0.7 to 1.3 for lead and 1.0 to
1.9 for zirconium. Such a dispersion of the normalization
factors seem quite reasonable considering the very crude

assumptions made in the present DWBA calculations viz.
using the same set of optical parameters for all the
different channels. In the following, only the relative
values of the theoretical cross sections wi11 be discussed.

B. Angular distributions

Theoretical angular distributions calculated for one-
nucleon transfer on Pb for various J;~Jf transitions
display similar patterns with maxima near the grazing
angle. The situation is slightly different for the Zr tar-
get, as the angular distributions at small angles are pre-
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FIG. 4. Comparison between experimental 'Ne spectra
(points with error bars) and calculated ones (full line) using a
resolution parameter of 1.3 MeV. (The normalization factors
were 1.10 and 0.61 for ' Zr and 'Pb, respectively. ) The
DWBA predicted contributions of various combinations of
configurations in ejectile and residual nuclei are represented by
the length of vertical bars. Each vertical bar corresponds to a
specific combination of configurations whose quantum numbers
and excitation energies are given in Table I. The dashed lines
represent the theoretical spectra calculated with an additional
1f7/2 excitation at 5.33 MeV in 'Ne

FIG. 5. Comparison between experimental ' Ne spectra
(points with error bars) and calculated ones (full line) using a
resolution parameter of 1.5 and 1.8 MeV for Zr and Pb, re-
spectively. The corresponding normalization factors were 1.60
and 1.02. The DWBA predicted contributions of various corn-
binations of configurations in ejectile and residual nuclei are
represented by the length of vertical bars. Each vertical bar
corresponds to a specific combination of configurations whose
quantum numbers and excitation energies are given in Table I.
(Here the contributions of p &z& and d&&2 ejectile excitations have
been summed. )
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dieted to be more dependent on the type of transition in-
volved.

Experimental angular distributions measured for the
bump at low excitation energy in the ( Ne, ' Ne),
( Ne, 'Ne) and ( Ne, 'Na) reactions at 600 MeV are
displayed in Fig. 6 with the predictions. These theoreti-
cal differential cross sections were obtained from the
weighted sum of the contributions of the states reported
in Table I, with a final normalization to the data. There
is good agreement between the experimental angular dis-
tributions and the DWBA predictions over the observed
angular range.

C. Energy distributions

The ( Ne, Na ) reaction

According to the DWBA calculations, there is only
one bound single-particle state in 'Na which contributes
to the transfer cross sections, viz. the Ids&2 level at 0.33
MeV. The contribution of the 2s, /2 state at 2.42 MeV is,
in fact, predicted to be very small. The 3l2+ ground
state and the 7/2+ state at 1.72 MeV are known not to be
excited in one-nucleon-transfer reactions due to their col-
lective nature. " Excitation of the 'Na nucleus above the
2.43 MeV threshold energy for proton emission would
contribute to the transfer-evaporation bump which dom-
inates the Ne inelastic spectra at high excitation ener-
gies. The experimental shapes of the bumps in the
'Na+ Y ad 'Na+ Tl spectra are qualitatively well

reproduced by DWBA calculations and assuming an ex-
perimental resolution of 1.6 MeV, as shown in Fig. 3.
The Y spectrum is consistent with a strong excitation of

the 2p3/2 state at 1.51 MeV in Y, as predicted by the
DWBA, whereas the 3s)/2, 2d3/2 1A/]/2 and 2d5/2
single-proton-hole states below 1.7 MeV in Tl are pre-
dicted to contribute almost equally to the cross section,
giving rise to a broader low-lying peak is observed experi-
mentally.

The excitation of deep hole states could be responsible
for the high energy tail observed in the pickup spectra of
Fig. 3. In particular, the 1f7/2 proton-hole strength in

Y has been located at about 7 MeV in both (e,e',p) and
(d, He} reactions' as a few MeV wide structure. The
DWBA prediction for the excitation of the lf7&2 hole
state is shown in Fig. 3 (a Gaussian shape with a 4 MeV
width at half maximum has been assumed here). It ac-
counts for a large part of the cross section measured be-
tween 4 and 12 MeV in the Zr( Ne, 'Na) Y spectrum.
In a similar way, proton pickup in the internal subshells
could be resIponsible for the high energy tail observed in
the Pb( Ne, 'Na) Tl spectrum. From previous
(d, He} results' the centroid of the 1g9&2 proton-hole
strength in Tl is located at about 9 MeV. The calculat-
ed contribution of this state in the ( Ne, 'Na) reaction is
shown as a dotted line in Fig. 3.

2. The ( Ne, 'Ne ) reaction

The doubled-peaked shape of the ( Ne, 'Ne) spectra
(cf. Fig. 4) is qualitatively well accounted for by DWBA
calculations which include ejectile excitations. In fact,
the calculations predict a much weaker cross section for
the excitation of the 2s, /2 state at 2.80 MeV in 'Ne than
for the 0.35 MeV 1d5/2 state and the higher-lying known

1d3/p and 2p3/2 states. This gives rise to a minimum at a

'"Pt + 'Ne Zr + Ne
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FIG. 6. Experimental angular distributions measured in the study of the Pb+ Ne and Zr+ Ne system at 600 MeV for the
low energy bump (leb) observed in the ' Ne, 'Ne, and 'Na spectra. The data points for Pb+ 'Ne and Y+ 'Na are presented
multiplied by 3 and 0.5, respectively. The full lines are theoretical angular distributions (see text} normalized to the data.
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summed excitation energy of about 3.5 and 4.5 MeV in
the spectra of Zr and Pb, respectively. The strong
excitation of the lg9/2 Zr ground state and of the 2f7/2
state at 2.33 MeV in Pb, which is predicted by DWBA
calculations, appears to be responsible for the difference
between the shapes of the low energy bumps observed in
Fig. 4 for the two residual nuclei.

From (d,p} studies at low incident energy it is known
that about half of the 1d3/p and 2p3/2 shell-model neu-
tron strength in 'Ne is located below the neutron thresh-
old (cf. Table I). Under the assumption that only these
ejectile excitations contribute, the present calculations
can account for about one-third of the total cross section
observed in the high energy bumps in both the

Zr( Ne, 'Ne) and Pb( Ne, 'Ne) spectra (cf. Fig. 4).
However, a large cross section for transfer to the 1f7/2
orbital is predicted by the DWBA calculations. There is
no information about the location of the 1f7/2 neutron
strength in 'Ne, due to the small cross section expected
for I =3 transfers in the low energy (d,p) reaction. " Ex-
citation of if~/z states above the neutron threshold
would contribute to the transfer-evaporation bump ob-
served in the Ne inelastic spectra. The contribution of
so far unknown lf7/2 bound levels on the ( Ne, 'Ne)
cross section was evaluated by assuming a 1f7/p
configuration for the 5.33 MeV level (previously pro-
posed" to have a possible J value of 5/2+ or 7/2 ). A
significant part of the cross section around 6.5 MeV
could be due to the mutual excitation of the 5.33 MeV
level and single-hole states at low excitation energy in the
residual nuclei, as is shown in Fig. 4, where the dashed
lines correspond to an assumed 1f7/p spectroscopic fac-
tor of 0.25. It is clear therefore, that the predominance
of ejectile excitation in the ( Ne, 'Ne) reaction makes
the investigation of high-lying hole states in the residual
nuclei in the 4-10 MeV excitation energy region difficult.
Examples of such strength are the 1h»/z bole strength at
about 8 MeV in o Pb and the 1f7/2 hole strength at
about 7 MeV in Zr observed in light-ion pickup reac-
tions.

3. The( Ne, ' Ne) reaction

The most striking feature of this reaction suggested by
the present DWBA calculations is the preferential excita-
tion of high spin single-particle states in the residual
heavy nucleus. The low energy part of the ' Ne spectra is
predicted to be dominated by transfers to the available
high spin valence orbitals, namely the li»/2 and 1j&5/2
subshells in Pb and the lg7/2 and lh»/2 states in 'Zr.
It is also predicted that the ' Ne ejectile is predominantly
excited in the 115/2 and lp, /2 neutron-hole states at 0.24
and 0.27 MeV, due ta the small spectroscopic factor of
the 2s, /2 ground state. The low energy parts of the ex-
perimental ' Ne spectra are in fair agreement with the
DWBA predictions, as shown in Fig. 5. According to the
calculations, the bump experimentally observed at about
2.5 MeV in the 'Zr spectra results mainly from the exci-
tation of the 11/2 and 7/2+ states at 2.16 and 2.19
MeV, whereas the main components of the 1.5 MeV
bump in Pb are the 11/2+ state at 0.78 MeV, the

15/2 state at 1.42 MeV, and to a lesser extent, the 9/2+
ground state.

Such a selectivity for transfer to high spin single-
particle states, which is generally encountered in strip-
ping reactions at high incident energy, is due to the large
mismatch between the initial and final grazing angular
momentum values which favors the transfer of high an-
gular momenta. Recent studies ' of the (a, He),
(' C,"C},and (' 0, ' 0) reactions at incident energies per
nucleon of 45.7, 40, and 49.5 MeV, respectively, have
shown selective excitation of high spin neutron states in

Pb, which has been well reproduced by DWBA calcu-
lations.

The neutron emission thresholds in Pb and 'Zr are
located at 3.9 and 7.2 MeV, respectively. It is not possi-
ble to calculate transfer to higher-lying unbound states
with the available EFR-DWBA codes. Therefore, the
structures observed at 10 MeV in Pb and 14 MeV in
'Zr can only be interpreted using general arguments

about the selectivity of this reaction and also by compar-
ing with the results of other stripping reactions such as
(a, He) and (' C,"C), as described in the next section.

IV. STRUC1 lJRES AT HIGH EXCITATION
ENERGY IN THE ( Ne, ' Ne) REACTIONS

Various three-body reactions can be expected to con-
tribute to the high-lying part of the ' Ne spectra. Struc-
tures originating from a three-body contribution should
be observed at apparent excitation energies which move
with incident energy according to the kinematics of the
reaction. The position of the bumps observed at 10
and 14 MeV summed excitation energy in the
zosPb(2oNe i9Ne) ~pb and Zr( oNe, ' Ne) 'Zr reactions,
respectively, is independent of incident energy. This sug-
gests that these structures result from a neutron transfer
to an unbound state in the residual heavy nucleus.

The determination of the excitation cross sections for
high-lying states strongly depends upon the three-body
background which is subtracted. An estimation of the
cross section for exciting the 10 MeV state in Pb has
been made by arbitrarily subtracting a linear background
between 6 and 16 MeV. The resulting angular distribu-
tion at 600 MeV incident energy is displayed in Fig. 7.
Its shape is very similar to the angular distribution mea-
sured for the low energy bump in Pb which is well
reproduced by DWBA calculations. Angular distribu-
tions measured with the lead target for different energy
slices of the ' Ne spectrum are also shown in Fig. 7.
They are observed to monotonically decrease with angle
above 10'. Similar results have been obtained with the
zirconium target.

We cannot exclude the possibility that some weak
structures observed in the spectra (such as the shoulder at
about 20 MeV in Pb} correspond to the excitation of
higher-lying states in the residual heavy nucleus. Howev-
er, no clear evidence can be obtained from the present
data as long as the exact shape of the underlying three-
body background is not known. Any further detailed in-
vestigation of the high-lying structures observed in strip-
ping spectra should correctly take into account the con-
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FIG. 7. Experimental angular distributions measured for the
bump at 10 MeV and for various energy bins of the continuum
in the Pb( Ne, ' Ne) reaction at 600 MeV. The lines are to
guide the eye.

tribution to the cross section of various three-body pro-
cesses which are expected to occur above the particle
emission thresholds. However, it can be noticed that
elastic breakup of the incident Ne projectile in the
Coulomb field of the target nucleus into ' Ne plus one
neutron could be responsible for at least part of the large
bump observed at high excitation energies in the
( Ne, ' Ne) spectra of Figs. 1 and 2. In such a case, the
average energy of the outcoming ' Ne is expected to cor-
respond to a velocity equal to that of the incident beam.
The central position expected for this breakup bump is
indicated with an arrow in Figs. 1 and 2. The qualitative
agreement of these theoretical positions with the general
behavior of the spectra for both target nuclei and both in-
cident energies supports this simple interpretation.

High-lying structures in stripping spectra were first ob-
served in a study' of the (a, He) reaction at 183 MeV. In
particular, a bump located at about 10.5 MeV in Pb
similar to that observed in Fig. 1 has been reported in
Ref. 10. Using arguments based on theoretical predic-
tions about the location of outer subshells and results of a
DWBA analysis, it has been proposed' that the 10.5
MeV bump in Pb arises from the excitation of one neu-
tron in external high spin subshells, particularly the
1k,7&2 orbital. In a similar way the bump observed in the
(a, He} reaction at 14 MeV in 'Zr has been proposed' to
arise from the excitation of the li3/2 orbital. It seems

probable that the high-lying bumps in 2pb and 9'Zr ob-
served in the ( Ne, ' Ne) reaction at 25 and 30
MeV/nucleon have the same origin.

In addition to the (a, He) results, there have been re-
cent investigations of the high excitation energy region of

Pb by several heavy-ion-induced stripping reac-
tions ' ' with different selectivity. The assumption that
the 10 MeV structure in Pb mostly originates from a
neutron transfer in the external 1k,7&2 orbital is support-
ed by the observation of a similar peak in the (' C,"C}re-
action at 40 MeV/nucleon (Ref. 4} where transfer to high
spin orbitals with J=I + —,

' is favored.
One may note that the excitation energy of the high-

lying structures observed in Pb (about 10 MeV) and in
'Zr (about 14 MeV) is approximately equal to that of the

giant quadrupole resonance (GQR) in the corresponding
target nucleus, which has been shown to dominate the in-
elastic spectra. However, the excitation of the GQR is
expected to proceed mainly via two-step mechanisms due
to its particle-hole structure. Therefore, the selectivity of
the present reaction for transfer to high spin orbitals
makes the probability for exciting the GQR rather un-

likely, as compared to the possible direct excitation of
high-lying high spin single-particle states.

V. CONCLUSION

The low excitation energy parts of the present one-
nucleon-transfer spectra are qualitatively wel1 reproduced
by DWBA calculations. Ejectile excitations are clearly
responsible for the major differences between the spectra
observed in the proton and neutron pickup reactions: the
high excitation energy bump in the ( Ne, 'Ne) reaction
is related to the mutual excitation of ld3/2, lp3/2,
1f7/2 shell-model states in 'Ne and neutron-hole states
in the heavy nucleus, whereas the excitation of mirror
states in the ( Ne, ' Ne) transfer reaction is dominated by
transfer to high spin, single-particle states in the heavy
residual nucleus. Structures observed at high excitation
energy in the ' Ne spectra are interpreted as unbound
single-particle states resulting from a neutron transfer in
a high spin externa1 orbital. Any further investigation to
confirm the present conclusions and eventually to investi-
gate other higher-lying single-particle states requires a
more precise determination of the underlying three-body
continuum or a strong reduction of this background
through coincidence experiments.
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