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High-lying resonances observed in heavy-ion transfer reactions
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High-lying single-particle and single-hole states were studied using ( Li, Li), ( Li, He), (' C, C),
and ( C, ' N) reactions at 30 MeV/nucleon on the targets Pb, Pb, Bi, Y, Zr, and

Zr. Broad resonancelike features were observed in both proton and neutron transfer reactions at
excitation energies close to the excitation energies of the giant quadrupole resonances. The measured
excitation energies and reaction Q values suggest that these features are predominantly single-particle
states rather than collective giant resonance excitations. The existence of an extra particle or hole
outside closed-shell nuclei does not change the strengths of the broad peaks significantly, but does
change the excitation energies in some cases. Shell model calculations in the Pb region support this
conclusion.
PACS number(s): 25.70.Hi

I. INTRODUCTION

Broad resonancelike structures have been observed in
a number of single-particle transfer reactions [1], par-
ticularly with heavy-ion projectiles [2—5]. They have
been interpreted as arising from the transfer of a nucleon
into a high (or a deep-lying) orbit, in agreement with
the deduced characteristics (energy, width, strength) of
the given structures [1, 6, 7]. However, the fact that
in some cases these broad peaks have excitation ener-
gies and widths consistent with known giant resonance
states has led some authors [8] to propose that these fea-
tures could be associated with collective excitations of
some kind, in spite of the fact that they are observed in
single-particle transfer reactions. The situation is cornpli-
cated, particularly in stripping reactions, by the under-
lying background which makes it dificult to extract the
position and strength of the resonances accurately. This
background has not yet been quantitatively explained.
The present paper will discuss measurements intended
to help explain the origin of these resonancelike features.

As will be shown in more detail in Sec. II, the two
different explanations for the resonancelike bumps lead
to different predictions for the positions and strengths of
peaks observed on the same single-nucleon transfer re-
actions on adjacent even-even and odd-even nuclei. To
check these predictions, single-neutron and single-proton
transfer reactions were carried out on targets of Y, Zr,

Zr, 2O7Pb 08pb and 2O9Bi using beams of 7Li and C
from the K500 cyclotron at Michigan State University.
These projectiles were chosen mainly because the reso-
nancelike structures appear particularly pronounced for

heavy projectiles [3, 5] and to reduce the ejectile excita-
tion problem discussed below. In order to exclude dif-
ferences in the spectra arising from difFerent kinematic
conditions, all reactions on neighboring targets were car-
ried out under identical experimental conditions with
the same beam, the same bombarding energy, and the
same scattering angle. These constraints allow mean-
ingful comparisons between the experimental spectra on
difFerent targets.

Two problems often encountered in heavy-ion transfer
reactions need to be addressed. The first is ejectile exci-
tation. The nuclear species emitted following the transfer
reaction may be excited as well as the residual nucleus
consisting of target plus particle or hole. Excitation of
states in the ejectile may give rise to peaks in the spec-
trum of emitted particles which could be misidentified
as states in the final nucleus. This problem can be min-
imized by choosing cases where the ejectile has a low
threshold for particle emission. Once the ejectile is ex-
cited above the particle threshold, it breaks up before it
can be detected. In the present experiment, He, Li,
and 3N have no particle stable states. Thus these ejec-
tiles cannot give rise to spurious peaks in the residual
nucleus spectrum. The other cases of C, ~3C, and B
ejectiles following single-particle transfer reactions with
a C beam do not fit this criterion well and so were not
studied extensively.

The other problem, particularly for stripping reac-
tions, is the large background underlying the resonance-
like structure. This background is believed to arise, at
least partly, from the breakup of the projectile leading
to continuum states. The nature of this background is
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a long standing problem which will not be addressed ex-
tensively in this paper, since elucidation of the origin of
the background probably requires coincidence measure-
ments.

II. MODELS FOR THE EXCITATION PROCESS

The two alternative descriptions of these states lead to
somewhat different predictions for their excitation energy
and strength when the same reaction is carried out on
neighboring even-even and odd-even targets.

A. Single-particle excitations

The single-particle explanation of these broad high-
lying structures assumes that these states are formed, as
are the low-lying states, by transfer of a single particle
(stripping) or the production of a single hole (pickup)
in a one-step process. The states formed are broad be-
cause the single-particle states are unbound and mix with
the more complex underlying states. The peaks stand
out in some reactions above the background because the
kinematic conditions favor states of high spin, which are
then preferentially excited compared to the underlying
low-spin states.

If the broad resonancelike peaks are single-particle ex-
citations, they should appear in the spectra of neighbor-
ing targets with one particle added or subtracted from
the even-even core. There may be some shift in the ex-
citation energy and a slight broadening of the peak be-
cause of the extra particle or hole, but the total strength
should be very similar for the same reaction on targets in
the same mass region. For example, consider a neutron
stripping reaction on the even-even nucleus osPb lead-
ing to the residual nucleus Pb. The low-lying states
formed by such a reaction in osPb are the well-known
single-neutron states (2ggy2, liqqyq, and 1jqsy2) above the
closed N = 126 core. If the same reaction is carried out
on the neighboring odd-even nucleus Bi, which has
an 1h9g2 proton outside the closed Z = 82 core, multi-
plets of states are formed from the coupling of the lhgy2
proton with the neutron states. These multiplets occur
at very similar excitation energies in Bi as the single-
neutron states in Pb. However, a slightly different
situation arises if a 2c7Pb target is used. In this case,
the target has a single, predominantly piy2 neutron hole
in the closed N = 126 shell. Therefore the ground state
of Pb would be formed by filling this hole. This is
highly improbable in transfer reactions using heavy ions,
and therefore the ground state will be only weakly pop-
ulated. Conversely, the cross section for transferring a
neutron to a single-particle orbital will be independent
of the presence of a hole in the Pb core, and therefore
one expects to observe the same peaks as in the reaction
on the even-even target. The only differences will be
that the coupling with the preexisting hole will generate
a multiplet of different spins and will shift the peaks by
the energy of the hole state. This shift is approximately
the energy difference between the 0+ ground state and
the energy of the hole state. In the case of the Pb

target, this energy difference is about 3.4 MeV.
Shell model calculations will be described in the next

section which supports this observation. These obser-
vations are general properties of single-particle transfer
reactions on neighboring nuclei. Since the small shifts
in excitation energy are caused by particle-particle and
particle-hole interactions and do not depend very criti-
cally on spin, similar behavior is to be expected also at
high excitation energy. An analogous situation arises for
pickup reactions. Measurements which illustrate these
points have been made with good resolution where the
individual members of the multiplets can be resolved in
the low-lying regions of 2MPb and csBi [9, 10].

In conclusion, a clear signature of single-particle states
is the observation of a shift in excitation energy of corre-
sponding states in neighboring nuclei both when the final
nucleus is a closed-shell nucleus and when two identical
particles are placed in the same orbit in the final nucleus.

B. Collective excitations

The excitation of collective states by transfer reactions
has already been used in the past to study the structure
of low-lying states [11]. The idea is simple to under-
stand when one starts with a target which consists of a
single-hole (-particle) state and then transfers a particle

(hole). In this case, the result is a particle-hole exci-
tation of the closed-shell nucleus which will have some
overlap with the collective states. Indeed, in a micro-
scopic description, these collective states correspond to
a coherent sum of particle-hole configurations. In prin-
ciple, the cross section expected for excitation of these
collective states will be small because the coherence is
lost when exciting only one configuration. However, it
has been proposed recently that this coherence can be
partly recovered if the reaction excites several configura-
tions at the same time [8]. In this case, the cross section
for exciting giant resonances may become comparable to
or even greater than the cross section for exciting single-
particle (-hole) states. This would be of great importance
because the particle transfer process can be thought of
as the inverse of the direct particle decay to the ground
state. Therefore, within the detailed balance hypothe-
sis, it would be possible to compare the two observations
and to obtain information on the microscopic structure
of giant resonances in nuclei,

The discussion above considered the case where the
final nucleus is a closed-shell nucleus. In other cases, with
non-closed-shell final nuclei, the same concepts apply, but
the quantitative discussion is more complicated because
of the need to have a good microscopic description of the
particle-hole correlations in the ground state of even-even
nuclei.

To summarize, giant resonances may be excited in
transfer reactions. Their cross section, however, should
vary dramatically depending on the structure of the tar-
get ground state, on the matching conditions, and on the
number of accessible configurations which can be cou-
pled. Moreover, a rather smooth dependence of the ex-
citation energies of such structures is expected. Indeed,
giant resonances are a general property of all nuclei and
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their excitation energies depend weakly on the nuclear
structure. Therefore, only small variations in excitation
energies are expected in neighboring nuclei even though
different resonances can be excited with different targets,
projectiles, and incident energies. These expectations
contrast strongly with the behavior expected for the case
of single-particle excitations.

III. EXPERIMENTAL METHOD

The transfer reactions (7Li,sLi), (7Li,sHe), (i2C, isC),
and (i2C, isN) were carried out at a bombarding energy
of 30 MeV/nucleon using beams from the K500 super-
conducting cyclotron at Michigan State University. The
reaction products were momentum analyzed with the
S320 broad range magnetic spectrograph [12] and de-
tected by the focal plane detector system. In each re-
action, the ejectiles were measured at the grazing angles
to maximize the cross sections. The energy resolution
was about 500 keV full width at half maximum (FWHM)
for the Li and He spectra, and about 1 MeV FTHM
for the C, 3C, and N spectra. Six self-supporting
metal foil targets, s9Y (5.30 mg/cm2, 100%), 9OZr (5.06
mg/cm, 97.62%%uo), giZr (5.01 rng/cm2, 88.5'%%uo), Pb
(4.95 rng/cm, 92.40%%u), 2osPb (5.84 mg/cm2, 99.14'%%uo),

and 209Bi (6.50 mg/crn, 100%), were used in this exper-
iment.

The focal plane detector consisted of three modular
units: position sensitive counters, ion chambers, and
scintillators. Depending on the charges and the ener-
gies of the reaction products, different types of gases and
pressures were used. For the C beam, 100% isobutane
gas was used at 70 torr, and for the Li beam, a mix-
ture of 20'%%uo of isobutane gas and 80% of freon gas was
used at 140 torr. The particle identification was done
with two contours on the energy loss versus total energy
and time of flight versus position spectra. Because the
counting rate of elastically scattered C particles was
much larger than that of C particles, the C particles
in the (i~C, sC) reactions studied were blocked by using
a narrow metal post or "finger. "

The energy calibration of the focal plane for the
(7Li,sLi) and (7Li, sHe) reactions was obtained using a

C target and observing known states in C and 3N.
To minimize the uncertainty due to the energy loss in the
target, a very thin C target (0.48 mg/cm ) was used.
For the calibration of the neutron and proton pickup
reactions ( C, isC) and ( 2C, isN), the elastic scattered
particles from C and Zr were moved across the focal
plane by varying the magnetic field of the dipole. The
uncertainty of the calibration was about 0.15 MeV for s Li
and He, and about 0.3 MeV for C and N. The main
uncertainties arose from the measurement of the thick-
ness of the target and the determination of the position
of the peaks on the focal plane.

IV. SHELL MODEL CALCULATIONS

In single-nucleon transfer reactions on targets which
have an extra hole or particle outside a closed shell, the

interaction between the transferred nucleon and the tar-
get's hole or particle splits the single-particle states and
produces a multiplet of states. Shell model calculations
have successfully predicted properties of these states in
the vicinity of closed-shell nuclei, especially in the lead
region [13—16].

In the present work, shell model calculations were per-
formed for two target nuclei: Pb and Bi. The pur-
pose of the shell model calculations was to observe how
the characteristics of single-particle states in the multi-
plet, such as excitation energies, widths, and spectro-
scopic factors, are changed by the presence of a single
particle or hole outside a closed-shell nucleus.

The shell model calculations were performed with the
National Superconducting Cyclotron Laboratory version
of the program OXBASH [17]. This code can handle up to
three particle orbits and four hole orbits in both proton
and neutron shells. The targets were assumed to be a
composite of the Pb core nucleus and a single-proton
particle for the 0 Bi nucleus or a single-neutron hole for
the 0 Pb nucleus. Energetically the highest four hole
orbits (proton hole, 1hiig2, 3si~2, 2dsg2, 2d5yq, neutron
hole, liisg2, 3@i~2, 3psy2, 2fsg2) and the lowest three par-
ticle orbits (proton particle, 1hgy2, 2f7y2, liisy2I neutron
particle, 2gs~2, liiiy2, 1ji5~q) were considered to be the
available particle and hole states [13].

In the 207Pb(+n) reaction, when the transferred neu-
tron occupies one of the three neutron particle states,
the neutron hole which is initially in the 3@~/~ level can
occupy any one of the four neutron hole states in the
final state, while the proton shell remains closed. [The
notation (+n) stands for adding a neutron to the target
by a neutron stripping reaction. ] As a result, 12 cornbi-
nations of one-particle —one-hole states were used in the
calculations. If the neutron occupies the target's initial
hole state ap]/z the neutron shell becomes closed. In
this case, the proton shell is either closed or a proton can
be excited to one of the three proton particle states from
one of the proton hole states, making 13 (1+12) com-
binations. Thus, a total of 25 combinations of particle
and hole states were considered. The same procedures
were also used for the other reactions. In the o Bi(+n)
reaction, since the target nucleus has a proton in the
lhg(2 orbit, the main interaction is between the trans-
ferred neutron and an outermost shell's proton.

The results of the shell model calculations for the en-
ergy levels are expressed as an excitation energy, spec-
troscopic factor S, j of the residual nucleus, and the
transferred nucleon's final orbit quantum numbers n, l,
and j. The cross section oy is defined as

2jy+ 1
Sf~2j, +1

where o.
&h is the calculated cross section which takes ac-

count of the kinematics and distortion effects and may
be assumed to be constant for the same orbit, jy and j,
are the total angular momentum of the final and initial
states, respectively, and Sy is the spectroscopic factor of
the final state. The single-particle states in the Pb and

Bi nuclei were independently normalized to the experi-
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TABLE I ~ Average excitation energies obtained using shell model calculations for three peaks
from proton stripping reactions on targets of Pb and Bi are shown with the experimental
data. The values in parentheses are the reaction Q values for the corresponding excitation energies.
Energies of the single-particle states from the Pb(+p) reaction are also given to measure the
energy shift due to the particle-particle or particle-hole interactions. Experimental errors are about
0.15 MeV.

Peak
1

Single state

08 pb(+p)
0.

(—6.716)
7r(hg/2)

207pb(+ )
0.098

(—6.366)
2 (pl/2)

' g vr(hg/2)

'"Br(+p)
1 .479

(—6.270)
vr(hg/2) 3 ~(hg/2)

Shell model calculations This experiment

( Li, He)
207pb(+ ) 209131(+ )

0.03 1 .39
(—6.27) (—6.38)

0.897
(—7.073)
~(f7/2)

1.134
(—7.402)

5'(pl/2) '
Im ~(fr/2)

2.354
(—7.324)

lr(hg/2) 2r( f'r/2)

0,90
(—7.17)

2.12

(—7.11)

1.609
(—7.715)
~(213/2)

1 .718
(—7.987)

1 (Pl/2) ~(213/2)

3.002
(—7.980)

2r(hg/2) 3 vr(2, 3/2)

1 .52

(—7.79)
2 ~ 73

(—7.72)

mental data. The average energies of each mult iplet were
obtained by averaging the energies weighted by the cross
section. They are compared with the present experimen-
tal data, and the centroid energies are compared with
the single-particle states of the 20sPb and 209Bi nuclei in
Tables I and II, and Fig. 1.

In the 20 Pb(+n) reaction, the energy levels ex-
cept the ground state are shifted to higher excitation,
which agrees wel 1 with the experimental result . In the
209Bi(+n) reaction, the widths of the multiplets (about
500 keV) are somewhat larger than those (100—300 keV)
of the multiplets in the "Pb(+n) reaction. The rea-
son is that the ground state of Bi has a large angular
momentum (1hs/2) and the coupling with the neutron
particle states allows many jf ranging from

~j —
z ~

to

j + 2 . In the Pb(+p) reaction, two dominant levels
appear in each multiplet. Because of the very weak odd-
odd coupling st rength between the 3p

& &2 state of "Pb

and the proton's single-particle states, the widths of the
multiplets are about 70 keV and there is about a 0.1 MeV
shift of the whole spectrum to higher excitation.

In the 209Bi(+p) reaction, the widths of the multiplets
(about 300 keV) are not as large as the widths of the mul-

tiplets (about 500 keV) in the 209Bi(+n) reactions. The
ground state of the even-even residual nucleus 2r Po is
shifted from the centroid of the 2r (1hg/2)

2 multiplet to
lower energy by 1 .38 MeV, because of the pairing inter-
action in the 2r(1hs/2) j = 0+ state. This shift is much
larger than that of the ground state for the ev en-odd
residual nucleus of the Bi(+n) reaction, namely, 0.36

TABLE II . Average excitation energies obtained using shell model calculations for three peaks
from neutron stripping reactions on targets of Pb and Bi are shown with the experimental
data. The values in parentheses are the reaction Q values for the corresponding excitation. Energies
of the single-particle states from the Pb(+n) reaction are also given to measure the energy shift
due to the particle-particle or particle-hole interactions. Experimental errors are about 0.15 Mev.

Peak

Single state

Pb(+n)
0.

(—3.313)
V(gg/2)

"'Pb(+n)
3.557

(—3.400)
~(» 1/2)

'
~(gg/2)

'"B (+n)
0.414

(—3.060)
7r(hg/2) 3 v(gg/2)

Shell model calculations

3.30
(—3.11)

0.65
(—3.30)

This experiment

( Li, Li)
Pb(+n) ' Bi(+n)

0.779
(—4.092)
V(211/2)

4.28 1

(—4.164)
+(Pl/2) ~(211/2)

1.201
(—3.832)

vr(hg/2) v(211/2)

4.14
(—4.02)

1.51
(—4.16)

1 .423
(—4.736)
~(j15/2)

4.939
(—4.712)

+(Pl/2)
'

~(j15/2)

1 .760
(—4.406)

vr(hg/2) (3 v(F15/2)

4.70
(—4.58)

2.01

(—4.66)
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Pb, Hi, Pb( Li Li) 208pb 209ii ~ 207pb(7i H ) A. Final nucleus is a closed cere
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FIG. 1. Comparison of shell model calculations with ex-

perimental spectra. The height of each vertical bar represents
the strength of a specific configuration, the solid lines are ex-

perimental data, and the dashed lines are calculated spec-
tra obtained using a Gaussian distribution with the 0.3 MeV
FTHM. Calculated values are normalized to the experimental
data. The average excitation energies of the shell model cal-

culations for each multiplet are marked with short arrows on

the horizontal axis, while the centroid of experimental peaks
are marked with long arrows on the spectra.

In four of the reactions considered in this study,
the projectile stripping reactions ss Y(7Li,sHe) 9o Zr
and 2o7Pb(7Li, sLi) osPb and the pickup reactions
siZr(i2C isC)9oZr and 2osBi(i2C isN)~osPb the ground
state of the final nucleus has both the proton shell and
the neutron shell closed.

Energy spectra of the stripping reactions ssY(+p) and
o7Pb(+n) are shown in Fig. 2. The ejectiles were mea-

sured at the grazing angle and E;„,= 30 MeV/nucleon.
In the figure, the dotted lines represent the background
and the arrows at the bottom indicate the location of
the centroid of the peaks analyzed. The same Gaussian
peak shape with the same FWHM was used through-
out the analysis. The analyzed peaks are identified by a
number, and this same number is used to identify peaks
formed by transferring a particle or hole to the same or-
bit by the same reaction on a neighboring target [e.g. ,
the set of reactions Y, Zr, Zr(7Li, sHe)]. A substan-
tial continuum is evident, especially at high excitation.
This probably arises from projectile breakup. This back-
ground has to be subtracted before the strength of the
peaks of interest can be obtained.

The ground states of these two closed-shell final nu-
clei (labeled as peak number 0) are extremely weak Th.e
ground state of the residual nucleus soZr is formed when
a transferred proton fills the 2pqg2 hole state. This tran-
sition is very similar to that of the zo7Pb(+n) reaction
where the 2 Pb ground state is formed when a neutron
fills the 3piy2 hole state. The ground states are weak
because these transitions involve a spin-Hip process and

MeV.
As is shown in Tables I and II, even though the en-

ergy levels in the multiplets are spread up to 4 MeV, the
relative excitation energies for the centroid of each mul-
tiplet do not differ significantly from those of the single-
particle states in the o Pb or sBi nucleus (at most by
a few hundred keV). When the reaction Q values of the
multiplets are compared with those of the single-particle
states, no significant differences are observed. However,
when the excitation energies are compared, significant
differences are observed in some cases. From these corn-
parisons, it is evident that the existence of an extra hole
or particle in the target does not change the reaction Q
values significantly, but in certain specific cases the exci-
tation energies may change significantly.

8

10.0—

7.5—

5 0—

5 th 5 Lh 5 th 5 lh

207pb (71 BZ )

V. RESULTS AND DISCUSSION

For both the stripping and pickup cases, the spectra
of the same reactions on neighboring targets were com-
pared. In all cases, the spectra on neighboring targets
were very similar and the same broad features were ob-
served with similar strength. However, the excitation en-
ergies observed for similar peaks were different for neigh-
boring targets in some cases. The reactions may be di-
vided into two groups which are discussed separately in
the following two sections.

0.0
10

E„Energy (MeV)

20

FIG. 2. Energy spectra of the Y'( Li, He) and
Pb( Li, Li) reactions (R;„,= 30 MeV/nucleon) which lead

to nuclei with closed shells in the ground state (peak 0).
The dotted lines indicate the background, and the underlying
spectra are obtained after the background is subtracted. Ar-
rows at the bottom in each spectrum represent the centroid
of the peaks.
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the angular momentum transfer, 1h, is much smaller than
the favored angular momentum transfer 85, [18, 19].

In the ssY(+p) reaction, single-proton particle states
couple with the j =

2 ground state of Y and produce
multiplets. Eight excited states were analyzed including
a broad state at 11.9 MeV. In the 0 Pb(+n) reaction
nine excited states were analyzed including a broad state
at 13.3 MeV. The first excited state, a composite of 5
and 4 states resulting from the couplings between 3pq~2
and 2ggy2 states, is 3.30 MeV above the ground state.

This energy difference is very similar to the outmost neu-
tron's binding energy difference (3.43 MeV) between the

Pb and»9Pb nuclei.
The spectra for the ( Li, He) reaction on the set of

neighboring targets OZr, Zr, and Y are shown in
Fig. 3. The data are plotted both as a function of the
Q value and excitation energy. The excitation energies,
widths, and reaction Q values extracted are given in Ta-
ble III. This table includes three other sets of reactions,
with each set containing one of the reactions that results

TABLE III. Excitation energies for the strong, resolved peaks for pickup and stripping reactions
on target sets of Zr, Zr, and Y, and Pb, Bi, and Pb. In each set one reaction leads

to a nucleus with filled shells in the ground state and these reactions are marked by a *. I is a full

width at half maximum, Q is the reaction Q value for a corresponding excitation energy, and the
units are MeV. The uncertainty is about 0.15 MeV for Li and He, and about 0.3 MeV for C
and ' N. Peak 0 is the ground state of the closed-shell nucleus, and it is shifted to lower energy
compared to the ground state energy of the non-closed-shell nucleus.

Zr("Li He) 'Nb 'Zr( Li He) Nb Y( Li He) Zr

Peak

0.0
3.1
4.9
6.0
9.1

11.9

0.8
0.6
1.2
0.8
3.0
0.6

4.8
7.9
9.7

10.8
13.9
16.7

0.4
3.5
5.1
6.4
9.4

12.5

1.0
0.9
1.2
1.3
3.0
0.8

4.5
7.6
9.2

10.4
13.5
16.6

0.0
2,4
5.8
7.8
9.0

11.9
15.0

0.8
0.9
1.0
1.3
1.7
3.0
1.2

1.6
4,0
7.4
9.4

10.6
13.5
16.6

208pb(7L 6L )209pb 2 09B1(7Ll 6L1)210B1 207pb(7L1 6Li)208pb

Peak

0
1
2
3
4
9

0.0
0.8
1.3
2.4

10.0

1.1
0.6
0.7
0.7
5.0

3.1
3.9
4.4
5.5

13.13

0.7
1..5
2.0
3.1

11,0

1.0
0.7
0.8
0.8
5.0

3.3
4.1

4.6
5.7

13.6

0.0
3.3
4.2
4.7
5.8

13.3

1.2
1.0
0.8
0.8
0.7
5.0

—0.1
3.2
4.1
4.6
5.7

13.2

90Z (12C 13C)89zr "z ("c"c)"z. 89Y(12C 13C)88Y

Peak

0.0
4.1

13.5

2.0
3.5

7.0
11.1
20.5

0,0
4.2
8.8

18.0

1.0
2.0
3.5

2.3
6,5

11.1
20.3

0,0
4, 1

13.7

2.0
3.5

6.5
10.6
20.2

208pb(12C 13N)207Tl 209B (12C 13N) 208pb 207pb(12C 13N) 206Tl

Peak

1.1
5.4

17.5

3.0
4.0
8.0

7.2
11.5
23.6

0.0
5.0
8.3

18.5

1.0
3.0
4.0
4.0

1.9
6.9

10.2
20.4

1.4
5.7

18.0

3.0
4,0
8.0

7.0
11.3
23.6
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in a final nucleus with a closed shell as discussed above.
The spectra in Fig. 3 have very similar structure over-

all. There is a strong peak (peak 1 in Table III) at low
excitation energy and a smaller broad peak (peak 7) at
higher excitation energy visible in all three cases. The
overall strength of the peaks in all three spectra is quite
similar. This indicates that the coupling of the single-
proton particle states with the ground state of the target
does not significantly change the strength of the high-
lying broad states, or the positions of the identified peaks
plotted versus reaction Q value. The differences in reac-
tion Q value ranged from 0.0 to 0.8 MeV for the peaks
in the soZr, s Zr, and s9Y(+p) reactions. However, there
is a significant shift in the excitation energy. As can be
seen in Table III and Fig. 3, the low-lying and broad high
excitation states of the final nucleus Zr, which has both
shells closed in the ground state, are shifted to higher ex-
citation than corresponding states in 9iNb and Nb by
2.0—3.1 MeV, respectively. This result is similar to the
predictions of the shell model calculations made in the
lead region and described in Sec. III above.

A similar situation arises in the neutron stripping re-
actions in the Pb region, viz. , Pb, Pb, and Bi
(+n). However, in this case the strong peak previously
observed near 10 MeV in the Pb( Ne, Ne) reaction

"y,90Zr, "Zr ('r.i, 'He), O...=6'
15

I

F

[2] is less strongly excited (see peak 9 in Fig. 2). As seen

in Table III, the Q values for corresponding peaks are all

within a few hundred keV of each other. But the excita-
tion energy of peak 9 changes from 10.0 MeV in Pb to
13.3 MeV in sPb. Similar results are observed in the
(2oNe, isNe) reaction on these same targets [4, 5].

Energy spectra of the pickup reactions siZr( —n) and
2ogBi( —p) are shown in Fig. 4. In both reactions, the
background at high excitation energy is low compared
to that in the stripping reactions, leading to the same
final two nuclei. In the siZr( —n) reaction, the ground
state (peak 0) is formed by the pickup of the outmost
neutron in the 2d5g2 level with no ejectile excitation, and
is shifted by 4.2 MeV from the centroid of peak 1. The
2o Pb ground state, seen in the Bi(—p) reaction, is
obtained by the pickup of the outmost proton in the 169~2
level, and is shifted by 5.0 MeV from the centroid of the
strongly excited peak 1.

The spectra from the same reaction on neighboring
targets are again very similar. Deviations in reaction

Q values of corresponding states for the reactions s Zr,

Zr, and Y(—n) were at most about 0.5 MeV. How-

ever, as seen in Table III, the excitation energies for states
in the final nucleus 90Zr are shifted by from 4.2 to 5.3
MeV compared to the corresponding states in the two

neighboring nuclei.
The results, displayed in Table III, for peaks 1 and 2

in the reactions ~osPb, ~o Bi, and ~o7Pb( —p), are consis-

tent with the previous three cases. Q-value differences
are less than 0.3 MeV, and the two excited states (peaks
1 and 2) of the final nucleus Pb are shifted to higher

QiZ (lee 13C)

e~b —6

0 10
I

2—

10

ROQB (iac isg)

0.4—

10 15
—Q Value (MeV)

FIG. 3. Proton transfer spectra in the Zr region from
stripping reactions. The dashed lines are the fitted curves to
the experimental results for the broad peaks (peak 7), and the
dotted lines indicate the background assumed. Spectra are
compared as a function of reaction q value. The excitation
energy scale is also given on each graph.

I0 A

10 PO

E Energy (Me&)

FIG. 4. Energy spectra of Zr( C, C) aud
Bi( C, N) reactions (E;„, = 30 MeV/nucleon) which

lead to nuclei with closed shells in the ground state (peak
0).
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excitation than the excited states of 06Tl and 207T1 by
2.1 and 3.6 MeV, respectively. However, the comparison
for peak 3 suggests a difFerent result. The reaction Q
values of the centroids of peak 3 in the (12C,13N) reac-
tions are 23.6, 20.4, and 23.5 MeV for final nuclei 207T1,
20sPb, and 206T1. The corresponding excitation energies
are 17.5, 18.5, and 18.0 MeV. In addition, the cross sec-
tion of these states differ by a factor of 2 and the width
of this peak is very large. This implies that perhaps this
peak has a collective component which is excited to some
significant degree.

B. Final nucleus has two particles or holes
in the same orbit

EI
O

Cl
ct

b

2.5—

8.0—

1.5—

1.0

0.5

0.0 .
60—

40—

89'(12C 13N)

elab

20vPb(12C 18C)

In four of the reactions studied the ground state of
the final nucleus has either two particles or holes in the
same orbit: two neutrons from the neutron stripping
reaction 01Zr(7Li, sLi)02Zr, two protons from the pro-
ton stripping reaction 200Bi(7Li,sHe)210po, two proton
holes from the proton pickup reaction Y( C, 3N) Sr,
and two neutron holes from the neutron pickup reaction
207pb(12C 13C)206pb

Energy spectra of the stripping reactions 01Zr(+n) and
200Bi(+p) are shown in Fig. 5. As was seen in the previ-
ous projectile stripping spectra, the background at high
excitation is substantial and the ground states (labeled as
peak number 0) are very weak. The (2jf +1) dependence
of stripping reactions is a probable explanation for the
weak ground state population of 02Zr and 210po, which

0

0 10 80

15—
10 15

10—

E Energy (MeV)

FIG. 6. Energy spectra of the Y( C, ' N) and
o~pb( C, C) reactions (E;„, = 30 MeV/nucleon) which

lead to nuclei with two holes in the same shells in the ground
state (peak 0).
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FIG. 5. Energy spectra of the Y( Li, Li) and
Bi( Li, He) reactions (E;„,= 30 MeV/nucleon) which lead

to nuclei with two particles in the same shells in the ground
state (peak 0). The dotted lines indicate the background, and
the underlying spectra are obtained after the background is
subtracted. Arrows at the bottom in each spectrum represent
the centroid of the peaks.

200 5 10 15
—Q Value (MeV)

FIG. 7. Neutron transfer spectra in the Zr region from
stripping reactions (E;„, = 30 MeV/nucleon). The dashed
lines are the fitted curves to the experimental results for the
broad peaks (peak 9), and the dotted lines indicate the back-
ground assumed. Spectra are compared as a function of re-
action Q value. The excitation energy scale is also given on
each graph.



1208 G. H. YOO et al. 47

both have j = 0+ ground states.
In the Zr(+n) reaction, nine excited states were ana-

lyzed including a broad peak (peak 9) at 15.8 MeV. The
91zr(+n) spectrum is similar to the spectrum of 90Zr(+n)
except that the relative strengths of peaks are changed
slightly due to the coupling of single-particle states with
the target's 1dqyz state [20]. In the Bi(+p) reaction,
seven excited states were analyzed including a broad
state (peak 7) at 9.7 MeV. There is no significant diff'er-
ence at high excitation or at low excitation between the
209Bi(+p) spectrum shown in Fig. 5 and the Pb(+p)
spectrum. The extra proton in the 169g2 level makes lit-
tle difFerence to the relative strength of the peaks in the

two spectra.
Energy spectra of the projectile pickup reactions

ssY( —p) and 07Pb( —n) are shown in Fig. 6. As was
seen in the previous projectile pickup spectra, the back-
ground at high excitation energy is low, but the energy
resolution is poor. The ground state of Y is formed by
pickup of a 2@~~2 proton in the Y target. The ground
state of 206Pb is not seen in the Pb( —n) reaction due
to the small value of (2j + 1) and large angular momen-
tum mismatch.

For both the stripping and pickup cases the spectra
of the same reactions on neighboring targets were com-

TABLE IV. Excitation energies for the strong, resolved peaks for pickup and stripping reactions

on target sets of Zr, Zr, and Y, and Pb, Bi, and Pb. In each set one reaction leads to
a nucleus with two particles or two holes in the same shell in the ground state and these reactions
are marked by a *. 1 is a full width at half maximum, Q is the reaction Q value for a corresponding

excitation energy, and the units are MeV. The uncertainty is about 0.15 MeV for Li and He, and

about 0,3 MeV for C and N. Peak 0 is the ground state which is shifted to lower energy due to
the particle-particle or particle-hole interaction.

Zr( Ll Li) Zr "Zr('Li, 'Li)"Zr 89~(7L 6L )90~

Peak

0
1
2
3
4
5

0.0
2.1
3.6
5.1
6.3

14.4

0.7
1.0
1.0
1.0
1.2
6,0

0,1
2,2
3.7
5,2
6.4

14.5

0.0
1,3
3,6
4.7
5.5
6.8

15.8

0.6
0.9
1.2
0.9
1.0
1.6
6.0

—1.4
—0.1

2.2
3,3
4.1
5.4

14.4

O. l
2.2
2.8
3 ' 7
4.9

14.0

0.7
1.1
0.8
1.1
1.6
6.0

0.5
2.6
3.2
4.1
5.3

14.4

208pb(7L1 6He)209B1 209B1(
7L1

6He)
2 10 Po 207pb(7Lj 6He)208+1

Peak

0.0
0.7
1.4
2.6
8.4

0.8
0.6
0.7
0.8
4.0

6.2
6.9
7.6
8.8

14.6

0.0
1.4
2.1
2.7
4.1
9.7

0.3
0,8
0,7
0.7
1.0
4.0

5.0
6.4
7.1
7.7
9.1

14.7

0.0
0.9
1.5
2.7
8.4

0.9
0.9
0.6
1.0
4.0

6.3
7.2
7.8
9.0

14.7

90Z (12' 13N)89Y 91Z (12' 13N)90Y 89~(12/ 13N)888r

Peak

0.0
1.6
6.6

1.5
3.0
6.0

6.4
8.0

13.0

0.0
1,9
6.1

1.5
3.0
6.0

6.7
8.6

12.8

0.0
3,0
7.9

2.0
3.0
5.0

5.1
8.4

13.0

208pb(12C 13g)207pb 209 fl (12' 13C)208 B. 207pb(12C 13C)206pb

Peak

1.1
5.8

10.1

1.7
3.5
2.0

3.6
8.3

12,5

1.1
5.7

10.1

1.7
3.5
2.0

3.6
8.2

12.6

2.2
6.8

11.0

1.7
3.5
2.0

4.0
8.6

12.8
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FIG. 8. Proton transfer spectra on Pb region by strip-
ping reactions (E;, = 30 MeV/nucleon). The dashed lines
are the fitted curves to the experimental results for the broad
peaks (peak 7), and the dotted lines indicate the background
assumed. Spectra are compared as a function of reaction Q
value. The excitation energy scale is also given on each graph.

FIG. 9. Proton transfer spectra in the Zr region from
pickup reactions (E~„, = 30 MeV/nucleon). The dashed lines
in each spectrum represent the fits to the experimental data
using a Gaussian peak shape.

pared. Measured excitation energies, widths, and reac-
tion Q values of the analyzed peaks and the broad peak
in high excitation, identified in each spectrum are given
in Table IV. The table includes four sets of three reac-
tions, with each set containing one of the reactions that
results in a final nucleus with two holes or particles in
the same shell in the ground state.

For the set of reactions seZr, s Zr, and ssY (+n),
shown in Fig. 7, Q-value differences for corresponding
states are less than 0.5 MeV, except for peaks 4 and 5,
which were poorly resolved in the experiment. The ex-
citation energy of states in the final nucleus Zr with
two neutrons in the outermost orbit is shifted to higher
energy by 1.2—2.0 MeV. Reaction Q values for the peaks
analyzed in the zesPb, 0 Bi, and Pb (+p) reactions,
shown in Fig. 8, are all within 0.3 MeV, while the excita-
tion energy of states in the final nucleus Po with two
protons in the same orbit is shifted to higher energy by
1.1—1.5 MeV. Two neutrons in the same shell give very
similar results to two protons in the same shell, as seen in
the Zr( Li Lj) Zr and zosBi(7Li He)210po reactjons
Shell model calculations for two neutrons in the 2d5(2
state predict a shift of the ground state to lower energy
by 1.26 MeV [21], and a similar shift to lower energy by
1.48 MeV for two protons in the 1hs/2 state [20]. The

results of this experiment agree very well with these pre-
dictions.

The spectra for the ( C, sN) reaction on the set of
neighboring targets soZr, s Zr, and ssY are shown in
Fig. 9. The data are plotted as a function of both the Q
value and excitation energy. Figure 9 and Table IV show
that the Q values of the two excited states identified are
all within 0.5 MeV, while the excitation energy of these
two states in the final nucleus Sr with two proton holes
is shifted to higher energy by 1.4—1.8 MeV. Peak 2 of
the Y( C, N) Sr spectrum, which has an excitation
energy of 7.9 MeV, appears to be slightly narrower than
those from the other two targets, while the total cross
sections for peak 2 are nearly the same in all three re-
actions. A state corresponding to peak 2 was seen in a
previous study, in which the authors designated it as a
"giant resonancelike peak" [22]. However, the compar-
isons of the reaction Q values and excitation energies in
the present work shows that the broad peaks labeled 2
have the characteristics of single-hole states rather than
giant resonance states.

The results, displayed in Table IV, of the final reac-
tion set 2csPb, 2esBi, and c7Pb( —n) are consistent with
all previous cases. Q-value differences are less than 0.4
MeV, and for the reaction leading to the final nucleus

Pb with two neutron holes the spectrum is shifted to
higher energy by about 1 MeV.
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VI. CONCLUSIONS

Eight sets of neutron and proton, stripping and pickup
reactions on lead and zirconium region targets were used
to examine broad states at excitation energies close to
those of giant quadrupole resonances, as well as low-

lying states. The shell model predicts that single-particle
states are shifted to higher excitation energies when the
ground state of the final nucleus has a closed shell or
two identical particles in the same orbit, and that the
strength of corresponding states should be very similar
for the same reaction on targets in the same mass region.
If, however, the broad states are giant resonances formed
by collective excitations, then the excitation energies of
corresponding states in neighboring nuclei should vary
smoothly and only to a small degree, while the cross sec-
tion should be sensitive to the structure of the target.

Shell model calculations carried out on lead region nu-
clei predicted that the single-particle states, split into
multiplets by an extra particle or hole in the target, are
spread over 4 MeV. In this study the comparison of the
shell model with experimental results agreed within a few
hundred keV, and showed that the existence of an extra
particle or hole outside a closed shell does not change the
excitation energies significantly depending on the nuclear

structure of the target ground state.
Only one set of broad peaks in the reactions exarn-

ined in this experiment exhibited giant resonance fea-
tures. They were observed at about 18 MeV in the proton
pickup reaction ( C, N) on lead region targets. These
peaks have similar excitation energies but different Q val-
ues, different strengths, and were the widest peaks seen
in the present study. In all other cases, high-lying broad
peaks, like the low-lying states, are shifted to higher ex-
citation energy when the ground state of the final nu-
cleus has a closed shell or two identical particles in the
same orbit. The observed shifts ranged from about 1.0
MeV for neutron pickup in the lead region to over 5 MeV
for neutron pickup in the zirconium region. In addition,
little variation in the strength of corresponding states
was observed. These results lead to the conclusion that,
with the exception of one set of states, the broad peaks
formed in these reactions are due to the excitation of
single-particle states rather than resulting from collec-
tive excitations.
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