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Two- and three-nucleon stripping reactions induced by 480 MeV '2C have been studied on '*C,
190, 288i, “Ca, and >*Fe target nuclei. Discrete levels are fed with cross sections up to 1 mb/sr for
d-transfer reactions and 1 order and 2 orders of magnitude less for 2p- and *He-transfer reactions,
respectively. These reactions preferentially populate high spin states with stretched configurations.
Several spin assignments were known from transfer reactions induced by lighter projectiles at in-
cident energies well above the Coulomb barrier. In the case of two-nucleon transfer reactions, the
energy of these states is well reproduced by crude shell model calculations. Such estimates are of
use in proposing spins of newly observed states especially as the shapes of the measured angular dis-
tributions are independent of the final spin of the residual nucleus.

I. INTRODUCTION

It is well known that multinucleon stripping reactions
induced by heavy ions of high incident energies will pref-
erentially populate high spin states. This selectivity,
which allows spectroscopic studies, was already estab-
lished in the work of Anyas-Weiss ef al.! and of
Homeyer et al.? for 1p shell projectiles bombarding tar-
get nuclei of the 1p, 2s-1d, and 1f-2p shells well above
the Coulomb barrier. It is also encountered in the (a,d)
and (a,?He) reactions (see Refs. 3 and 4, 5, respectively).
For few-nucleon transfer reactions the relevant selectivity
is due, on the one hand, to the large orbital angular
momentum mismatch between the grazing waves in the
entrance and exit channels which favors a large transfer
of angular momentum, and on the other hand, to large Os
cluster spectroscopic factors expected theoretically for
final high spin states with stretched configurations. The
energies of these high spin states can be successfully pre-
dicted by a crude shell model estimate in the case of two-
nucleon-transfer reactions as has been shown by Tsan
Ung Chan.®

In this paper we shall present the results concerning
the two-proton-, deuteron-, and 3He-stripping reactions
induced by 480 MeV '2C. The position of the high spin
states will be compared with the crude shell model pre-
dictions and the angular distributions of the most strong-
ly populated states will be analyzed in the framework of
the exact finite range distorted waves Born approxima-
tion (EFR-DWBA) using the Os cluster approximation.
The target nuclei were '*C, %0, 28Si, “Ca, and **Fe. We
were able to confirm, and in some cases to propose, spins
and configurations for highly excited levels.

II. EXPERIMENTAL ARRANGEMENT

The multinucleon transfer reactions on light and medi-
um weight target nuclei were performed at the Grand
Accélérateur National a Ions Lourds (GANIL) facility
using the 480 MeV '’C beam. The 'Be, °B, and °Be
ejectiles were momentum analyzed and identified using
the energy loss magnetic spectrometer’ SPEG and its as-
sociated equipment. The detection system consisted of (i)
two (x,y) position sensitive drift chambers having a spa-
tial resolution of 0.6 mm in each direction, located on ei-
ther side of the focal surface for determining the scatter-
ing angle and the magnetic rigidity of the detected parti-
cles; (ii) an ionization chamber for measuring the energy
loss of the outgoing particles, necessary for their
identification; and (iii) two plastic scintillators, one pro-
viding the start signal for the time of flight and the other
serving as a veto counter for the rejection of light parti-
cles. The rf of the second GANIL cyclotron provided
the stop signal of the time of flight. All the gas counters
were filled with isobutane. With this arrangement, the
measured energy resolution was about 200 keV, corre-
sponding to a momentum resolution Ap /p =2.10"% The
total angular aperture in the reaction plane of the spec-
trometer was 4° in the laboratory frame and the angular
distributions were measured in this angular range. The
beam emittance for all runs was never larger than 27
mm mrad, which permitted an angular binning of 0.5° in
the angular distributions. The absolute values for all re-
action cross sections were obtained from the target thick-
ness measured with the alpha gage technique and from
the beam current monitor. These absolute values are un-
certain by a factor of 2 mainly because of uncertainties in
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the beam measurement. The target thicknesses were
0.33, 1.6, 1.9, and 1.24 mg/cm? for the '*C, nat.SiO,,
40Ca, and *Fe, respectively, with errors of about 10%.
III. ANALYSIS
A. Shell model calculations
The selectivity of multinucleon-transfer reactions is
due to the preferential excitation of high spin states of
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rather simple configurations.! Thus simple shell model

calculations have been performed to try to explain these
levels, particularly for J=0%, T, =0 target nuclei.

When n particles are transferred to the j, shell and m
particles to the j, shell, outside the core 4, the excita-
tion energy in the final nuclear state (J,T) is given by the
expression®

E*(Ag+n+m,jijoJT)=Eg(Ay,g.s.)—Eg(Ag+n +m,g.s.)+ne(j,)+me(j,)

n+m

+Ec+(jm"
1=k <l

where Ep are experimental binding energies,’ taken to be
negative, E is the Coulomb interaction energy, and &(j)
are the single particle energies

e(j)=Eg(Ay+1,j)—Eg(Ay,g.s.),
with
Eg(Ay+1,j)=Eg(Ay+1,g8.8.)+E*(A,+1,j) .

The occurrence of a single particle state corresponding
to a given &(j) is indicated, for bound states, by a large
experimental one-nucleon stripping spectroscopic factor
and, for unbound states, by a large single particle reso-
nance amplitude in the final 4,+1 nucleus. The single
particle state energies E*( Ay+1,j) used in the present
work to calculate the energies of the final states are given
in Table I. The last term in Eq. (1), describing the in-

> VD ‘jTjE">JT ’ (1)

teraction between active particles outside the core, can be
expressed in terms of two-body matrix elements (TBME)
as

. . "+m . .
<Jm' 3 VKD 1715"),7
I=k<l

=3 Cprliia | V(L,2) [ 1) g s
T

where the coefficients C,.;+ are of pure geometrical na-
ture.

1. Two-particle states

In the case of two nucleons N and N' moving in two
active orbits j; and j, outside the core, the excitation en-
ergy of the final state (J, T), obtained from Eq. (1), is

E*(A0+N+Nl,j1j2JT)=EB(Ao,g.s.)—EE(A0+N+N1,g.s.)+€(j1)+£(j2)+Ec+(j]j2 | Vl_]]_]z >JT . (2)

It has been found experimentally® that the sum of the two last terms is negligible for identical nucleons coupled with
maximum alignment and, in the n-p case, about equal to the following sum:

Ep(A;+N+N',g.s.)—Eg(Ay+N,g.s.)—Eg( Ag+N',g.s. )+Eg(Ay,g.s.) .

TABLE I. The single particle state energies (MeV) used to calculate the high spin state excitations with Egs. (3) and (4).

13N 170 ]7F 29Si 29P “SC SSCO
(Ref. 17) (Ref. 28) (Ref. 28) (Ref. 20) (Refs. 20 and 41) (Ref. 20) (Ref. 26)

lpl/z_ 0.0
d, . 3.55 0.0 0.0
2s1/2+ 2.36 0.87 0.49 0.0 0.0
ld3/2+ 8.00 5.08 5.00 1.27 1.38
lf7/2— 10.17 10.50 3.62 3.45 0.0 0.0
1f5/2— 8.27 7.46 5.71 3.30
2p, .- 1.72 2.17
lgy .+ 6.07
2, ,- 4.17
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Inserting these approximations into Eq. (2) gives the shell model formula proposed by Tsan Ung Chan,®
E*(Ag+2N,jj,JT)=2Ez(Ay+N,g.8.)—Ep(Ag,8.5.)—Ep(Ay+2N,g.s.)+E*(A;+N,j)+E*(A4,+N,j,),
in the p-p and n-n cases and

E*( A0+N+N’,]112JT):E*( A0+N,j1 )+E*( A0+N',j2) (3)

in the n-p case.

The validity of this model has been checked® and
confirmed in the present work for known states, thus
lending confidence in its use for proposing spins for
several unassigned states. Also, comparison for a given
two-nucleon configuration of a given experimental excita-
tion energy with this shell model estimation permits ex-
traction of experimental TBME and Coulomb energies
which can be compared to calculated ones.

2. Three-particle states

Using Eq. (1) for the particular case of the transfer of
two protons and one neutron moving with the maximum
alignment in the same orbit, d5,, for instance, we calcu-
late the excitation energy of the final state to be

E*(Ag+2p+1n,(wds ;) vds,5,13/271/2)
=Eg(Ay,g.s.)—Ep(Ay+2p+1n,g.s.)+2elwds )

+8('Vd5/2)+Ec+1.5<d§/2 ' V|d§/2 )4+,1

+1.5(d%, |V |d%,) 4)

5t,0°
where the TBME are deduced from experimental two-
particle data. Similar relations can be derived for other
configurations.

B. EFR-DWBA calculations

In multinucleon stripping reactions, high spins are
favored for the following reasons:!® (i) The large orbital
angular momentum mismatch between entrance and exit
channel grazing waves, due to the large mass of the
transferred cluster, favors large L;; furthermore, this
transferred angular momentum L, increases with the in-
cident energy; and (ii) in the residual nucleus, for high
spin states the two-nucleon relative motion wave function
has a strong overlap with the Os cluster wave function
which is the one most favored in direct surface transfer
reactions. In other words, large Os spectroscopic factors
are expected for these high spin states.

The EFR-DWBA calculations of the angular distribu-
tions of multinucleon transfer reactions were performed
with the code PTOLEMY (Ref. 11) using the Os cluster ap-
proximation. In this approximation, the 2N 4L total
number of quanta, where N is the number of nodes of the
radial wave function for the center of momentum (c.m.)
motion of the transferred cluster and L the transferred
angular momentum, is equal to the sum of the 2n+/
number of quanta for each nucleon in the cluster, accord-

ing to the shell model picture. For unbound cluster
states, the EFR-DWBA calculations were performed us-
ing the experimental Q values of the reactions, which is
the usual procedure for the computation of the projectile
and ejectile distorted waves. The cluster wave functions
of the EFR-DWBA kernel integral have been arbitrarily
bound by 100 keV.

IV. RESULTS AND DISCUSSION
A. Two-proton stripping reactions

In the hypothesis of a Os diproton transfer on 0% target
nuclei, only natural parity states can be populated. Cross
sections are in the range 0.01 to 0.1 mb/sr for the most
strongly excited states and decrease as the mass of the
target increases.

1. 2Cc(2C,!°Be )40

Figure 1 presents the !2C('’C,'°Be)'*O two-proton
stripping spectrum at 480 MeV incident energy. The
strong population of the 6.27 MeV 3~ and 9.90 MeV 4%
states was already observed in the same reaction at 114
MeV.! Furthermore, these two levels, or their analog
states, are also strongly populated in the '*C(!'B,°Li)'*O
and '2C(12C,'°C)!“C reactions' for the same incident en-
ergy. These two high spin states are the only ones en-
countered in the '*C(!°B,%Li)'*O two-proton stripping
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FIG. 1. The 2C("2C,'°Be)'*O stripping reaction. The energy
resolution (full width at half maximum) is 200 keV. Limits of
the Doppler broadening AE are indicated at the base of two of
the peaks.
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spectrum with 100 MeV '°B (Ref. 12). In this work, the
analogous '2C(1°B,®B)!*C two-neutron stripping reaction
populates only and strongly the 6.72 MeV 3~ and the
10.74 MeV 4% states in '*C, as is the case for the
12C(a,2He)'*C stripping at 65 MeV a energy.*’ The
two-proton configurations assigned to the 6.27 MeV 3~
and 9.90 MeV 4%+ states in the %O nucleus,
(1py21ds,y),- and (1ds ), )i+, respectively, are predicted
by the shell model Eq. (3) to lie at 6.23 and 9.78 MeV.

In Fig. 1, a 2 state located at 6.59 MeV in *O is ex-
cited almost as strongly as the 3~ level. This is surpris-
ing since, as mentioned above, this level has not been ob-
served at lower heavy ion incident energies in experi-
ments of approximately the same resolution as the
present one.""!* No simple two-particle configuration for
this level will fit the angular distribution of the
12C(*He,n)'*O reaction at 25.4 MeV incident energy.
Furthermore, the analyzing power angular distribution of
this level in the 'O(p,t)!*O reaction cannot be fitted by
DWBA calculations (see Ref. 14 and references therein).
A weak coupling calculation performed by Lie'* for
A =14 nuclei predicts a main two-hole configuration
with respect to a closed 1p shell for the first 2%, T=1
state. This (1p)2’+2 configuration, implying at least one
hole in the target core, cannot be reached by a direct
transfer reaction. So the strong excitation of this state in
the present experiment results from a mechanism more
complex than a direct transfer, bringing into play the
high incident energy and possibly smaller components of
the 2% state wave function such as the 2p-1f shell com-
ponent suggested by an angular correlation measure-
ment.'®

In the spectrum of Fig. 1, large bumps due to the y-ray
decay in flight of the !°Be ejectile core excited in its first
2% state at 3.37 MeV can be seen. The full width AE at
the base of such bumps is equal to 2E, V, /c, where E, is
the excitation energy of the first 2* state in 'Be, V, is
the speed of the ejectile in the laboratory frame, and c the
velocity of light. This simple relationship is just the usual
Doppler broadening formula. In Fig. 1, the bump situat-
ed beneath the 9.90 MeV 4" state is built on the 6.27
MeV 3~ state, while the other bump located around 13.3
MeV is built on the 9.90 MeV 47 state.

At higher excitation energy, two peaks show up at 14.1
and 15.7 MeV in Fig. 1. Spin-parity assignments to these
levels are not straightforward. The only natural parity
stretched configuration energetically possible appears to
be (1ds,,1d;,,),, predicted at 14.23 MeV. Other high
spin configurations need a contribution of the f,,, shell.
Since the first 7/2~ state in *N, located at 10.36 MeV,
has a very weak proton spectroscopic factor,!” the
configurations  (1p,,,1f7,2),+, (2s1,,1f7,,);-, and
(1d5/31f7,2)5-, predicted with this energy at 13.04, 15.4,
and 16.6 MeV, respectively, are unlikely. The same
g‘ilemma is encountered®>!? for the 14.9 MeV state of

C.

Figure 2 presents the '2C('?C,!°Be)!*O angular distri-
butions measured at 480 MeV '2C fitted by the EFR-
DWBA calculations. The agreement in shape is very
good. However, the shapes have no spin dependence.
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FIG. 2. Angular distributions of the '2C(!C,!°Be)"O strip-
ping reaction. The curves are the results of EFR-DWBA calcu-
lations using the optical model parameters given in the figure.
The normalization factors (experiment/theory) are 0.175, 0.065,
0.016, and 0.005 for the 6.27 MeV 37, 9.90 MeV 4%, 14.1 MeV
(4%), and 15.7 MeV (57) states, respectively.

The optical model parameters used in the present calcula-
tions are given in Fig. 2 and fit best the 420 MeV elastic
scattering data of Sahm et al.'® The normalization fac-
tOTS, 0 ¢y, /0 pwpa- are reported in the figure caption.

2. 1%0("2C,"°Be)"*Ne

Figure 3 presents the two-proton stripping spectrum
obtained with 480 MeV '2C on a SiO, target. The
different angular kinematic shifts of the reaction prod-
ucts, arising either from a reaction on '°O or on 2*Si, al-
low one to partly disentangle the two reactions. The
broad peaks of Fig. 3 are due to the fact that in the data
reduction procedure, the position of the focal surface is
reconstructed for the 2%Si target and not for '®0. This
effect is particularly visible for the 18Ne, 3.4 MeV, 47 lev-
el which exhibits a large width. We shall discuss first the
160(12C, 1°Be)'®Ne two-proton stripping reaction.

The 3.38 MeV 47 state of the '®Ne nucleus is already
strongly excited in the '*O('°B,3Li)!®Ne reaction;'? so is
the 3.55 state of the analog '30 nucleus in the
150(1°B,®B)'®0 (Ref. 12) and '*O(a,’He)"®0O (Ref. 4) reac-
tions. A (1ds,,)’, configuration is predicted by Eq. (3) at
3.32 MeV excitation. At higher energy, the level ob-
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FIG. 3. The spectrum of the ('*C,'°Be) stripping reaction on
a SiO, target. The indicated limits of the Doppler broadening
AE are for the exit channel 3°8*(6.7)+ '°Be*(3.37).

served at 7.9 MeV could possibly have the stretched
(1ds,,1d3 ;) ,+ configuration, calculated at 8.32 MeV. A

4% level with dominant configuration (1ds,,1d;,,) has
recently been identified in '30 at an excitation energy of
9.0 MeV." This is to be compared with the 8.99 MeV
value of the shell model.

3. 28Si( ”C, IOBe )30S

We shall consider now the *°S spectrum populated by
the ('2C,!°Be) two-proton stripping reaction. The 2.21
MeV 2% level is already well known:?® its dominant
configuration is (2s,,,1d;,,),,. The 5.14 MeV state,
which would correspond (see Fig. 4) to the analog 5.49
MeV 3~ level® of °Si populated by the *Si(a,?He)*°Si
reaction at 65 MeV,*> is not strongly excited in the
present reaction. This is consistent with the proposed’
(2s,/,1f7,2);- natural parity configuration which, how-
ever, does not correspond to the state predicted by Eq. (3)
at 5.10 MeV for the maximum alignment of the valence
nucleons. The strongly populated states at 6.7, 8.3, and
9.9 MeV in *°S would correspond to the 7.04, 8.95, and
10.67 MeV states of 3°Si observed in the (a,?He) reac-
tion.*> The positions of the first two states are indeed in
good agreement with the values 6.48 and 8.55 MeV pre-
dicted from Eq. (3) for the proposed*® respective
configurations (1d3,,1f,,),- and (1f;,, )§+. The J7 as-
signment of the 9.9 MeV state could be 61 since the
10.67 MeV Si state is well established to be 61 by a
DWBA angular distribution fit.> However, one has to
disregard the proposed* (1f;,1fs, )g+ configuration
which was based on a 5/27 assignment in place of the
now established 2~ for the 6.19 state of 2°Si.?® One no-
tices that the energy difference between the second and
first 67 states is of the order of the 2{" state excitation en-
ergy of the target nucleus, so the 9.9 MeV state would be
produced by a two-proton transfer to the f,, subshell on
a polarized target core. This hypothesis is strengthened
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FIG. 4. Levels of 4 =30 nuclei excited by two-particle
transfer reactions in °Si (Refs. 4, S, and 20), in *°S (Ref. 20 and
present work), and in *°P (Refs. 20, 27, and present work).

by the fact that similar energy differences are observed
between the two 6% states in *°Si as well as in 3*S (Ref. 4)
for target nuclei with strong B(E2,27 ——07) values.

Figure 5 presents the angular distributions obtained for
two excited levels of *°S. The EFR-DWBA curves agree
well in shape with the experimental data. The optical
model parameters used are given in the figure and come
from a best elastic scattering fit of 420 MeV '2C on a “Ca
target.18

4. °Ca('2C,"%Be )*’Ti

Figure 6 presents the spectrum of the
“0Ca(12C,!°Be)*Ti two-proton stripping reaction mea-
sured at 480 MeV. The known 3.04 MeV 67 state, hav-
ing a (15, )§+ configuration predicted by Eq. (3) at 2.68
MeV, is strongly populated. This state was already ob-
served in the same reaction' at the lower incident energy
of 114 MeV. Two additional **Ti states are present in the
spectrum. For the weakly populated 4.4 MeV level, con-
tradictory spin assignments have been proposed: 2%, 41,
and 37 (see Refs. 21, 22, and 23, respectively). The value
47 and the weak feeding of this level could be explained
by the (1f5,,2p;3,,),+ configuration, since the stretched
configuration (1f;,,2p3,,),+ is predicted from Eq. (3) at
4.39 MeV excitation. The strong 7.5 MeV peak yield
could correspond to a 61 state with a (1f,,,1f5,, )g+
two-proton configuration calculated at 8.39 MeV. The
large yield for this state would be expected for a high nat-
ural parity spin.
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FIG. 5. Angular distributions of the %Si('2C,'%Be)*’S strip-
ping reaction. The curves are the results of EFR-DWBA calcu-
lations, with normalization factors (experiment/theory) 0.67 for
the 2.21 MeV 2% level and 0.07 for the 9.9 MeV (67 ) level.

5. 3Fe('2C,™Be )**Ni

Figure 7 presents the >*Fe('2C,!°Be)**Ni two-proton
stripping results for 480 MeV. The transitions to the g.s.
0%, the 2.70 MeV 27, the 3.92 MeV 4%, and the 5.32
MeV 67 levels were already known, since these states are
populated by the same reaction at 78 MeV.22* They were

“Ca("C, "Be)*“Ti
E,; = 480 MeV
20°5 6, < 6.0°

0 (47,9.9)
i

"0(3763)

61,75

6%3.04

AE =21 MeV '\(

3135 3270 3405 3540 3675 3810
CHANNEL

FIG. 6. The **Ca('2C,'°Be)**Ti stripping reaction. The tar-
get contained carbon as a contaminant. The Doppler broaden-
ing corresponds to the exit channel “*Ti*(3.04)+ °Be*(3.37).
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FIG. 7. The >*Fe('’C,'°Be)*Ni two-proton stripping reac-
tion. The Doppler broadening AE corresponds to the
S6Ni*(5.32) + '°Be*(3.37) channel.

also observed in the 3*Fe(!°0,*C)*Ni two-proton strip-
ping reaction performed at 104 MeV '°0.%?* From the
shell model estimate, the stretched spin configuration
(1f7,21f5,2)¢+ predicted at 5.41 MeV, should be attri-
buted to the 5.32 MeV state. A (4%) spin has been pro-
posed? for the 6.57 MeV level of *Ni. This assignment is
supported by the 6.26 MeV excitation calculated for a
state having a (1f,,,2p,,,),+ two-proton configuration.
For the 8.1 and 8.9 MeV *Ni peaks which are embedded
in the bump of the mutual excitation of the ejectile and
residual nucleus, only tentative level spins can be as-
signed on the basis of the crude shell model formula
alone. Because of the strong population of these states,
we consider only the high spin configurations predicted
in this excitation region: (2p;,;1fs,),+ at 7.57 MeV,
(15,22, at 8.70 MeV, (1f7,,189,,),- at 8.17 MeV, and
(2p3,,189,2)5- at 10.33 MeV. Note the large width of
the 8.9 MeV peak which probably corresponds to a dou-
blet. On the other hand, a DWBA analysis of the
(12C,19Be) and (10, *C) data for lower bombarding ener-
gies? yields 47, 67, and 4* assignments for the observed®
8.0, 8.7, and 9.1 MeV states. A (1gg,, )§+ configuration
has been proposed for two-neutron states populated un-
der 10 MeV excitation energy by (a,*He) reactions on
11-2p shell target nuclei.?> For the present doubly magic
5Ni, a state with such a configuration is expected at 14.2
MeV, due to the position of the 1g, ,. state in **Co.?¢

Figure 8 presents the experimental angular distribu-
tions along with the EFR-DWBA calculations. The opti-
cal model parameters used in the computations are given
in the figure; they fit best the 'C elastic scattering on
40Ca at 420 MeV.!8

B. Deuteron stripping reactions

Figure 9 presents the ('2C,!°B) deuteron stripping re-
sults obtained from a SiO, target with 480 MeV '2C. The
108 reaction products, coming either from a reaction on
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FIG. 8. Angular distributions of the **Fe('2C,'°Be)*Ni strip-
ping reaction. The fits are the results of EFR-DWBA calcula-
tions. The normalization factors (experiment/theory) are 0.007,
0.008, 0.010, 0.041, and 0.074 for the 3.92 MeV 4%, 5.32 MeV
6%, 6.57 MeV (47%), 8.1 MeV (4%), and 8.9 MeV (41), respec-
tively. Other possible assignments for the last state are dis-
cussed in the text.

285 or %0, have been identified by their different kine-
matic shifts using a bidimensional energy versus angle
display. For the spectrum of Fig. 9, the energy resolution
was optimized on the 28Si reaction. Since the spin of the
0B g.s. is 3* unnatural parity states can be populated.
The n-p pair can be transferred as an S =1, T=0 or an
S =0, T=1 cluster. In fact, it has been observed! that
the cross sections are 10 to 100 times larger for the first
case. If the two nucleons are transferred in two different
orbits, we give, as the excitation energy of the considered
configuration, the mean value obtained by interchanging
the proton and neutron in Eq. (3).

1. 160( ”C, IOB )IBF

The strongest peak in the spectrum (Fig. 9) corre-
sponds to the 1.12 MeV 57 level already identified in the
same reaction performed' at 114 MeV. This level is also
strongly populated in '®O(a,d)'®F on an 'O gas target at
64.4 MeV.?" In this (a,d) experiment, the deuteron spec-
trum looks very similar to our !°B spectrum above 9 MeV
excitation in '8F: the three peaks observed at 9.49, 10.54,
and 11.38 MeV in (a,d) are located in the present work
at 9.35, 10.23, and 11.16 MeV. DWBA fits to deuteron
angular distributions led to (6~) and (77) spin parity as-
signments for the 9.49 and 10.54 MeV states. Thus a
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FIG. 9. The energy spectrum of the ('C,'°B) deuteron strip-
ping reactions obtained with a SiO, target. Respective contri-
butions of the *F (1.12 MeV) and *°P (7.20 MeV) states have
been disentangled by the kinematic shifts.

(M5, 1f7,2)- configuration®> and a (1f7/2)3+

configuration?’” have been proposed for these states, re-
spectively. These suggestions rely on an f,, single parti-
cle energy deduced from the excitation energy of the first
17 level in 170 and "'F [roughly 5.7 MeV (Ref. 28)]. But
in this mass region, the (f;,,) values are usually taken
to be of the order of 10 MeV.?® Such values are in favor
of the configuration proposed for the (6 ) state and push
the (f5,, )3+ two-particle centroid above 20 MeV excita-
tion. According to Eq. (3) and Table I, two stretched p-n
configurations are expected in the considered energy re-
gion, namely, (1d;,,)2, at 10.1 MeV and (25,,,1f7,,),-
around 10.7 MeV. A possible (47) state is reported®® at
10.23 MeV. The stretched p-n configuration
(1d3,,1f7,,)5- should exist around 14 MeV, but was not
observed in the present experiment.

Figure 10 presents the angular distributions of the
10(12C,1°B)'8F deuteron stripping reaction. The EFR-
DWBA fits are excellent but, unfortunately, independent
of the spin of the '3F final states. The optical model pa-
rameters used in these calculations are from Ref. 18, and
fit best the '2C elastic scattering data on '*C at 420 MeV.

2. Bsi(2c,9B)%p

Concerning the 28Gi(12C, 1°B)3°P  reaction (Fig. 9),
several states were already populated in (a,d) reaction®’
at 64.4 MeV: 1.97 MeV 31, 4.23 MeV 4, and 7.23 MeV
7*. The spin assignments of these states were made on
the basis on DWBA fits of the 2%Si(a,d)*°P angular distri-
butions.?” Fully aligned spin configurations (1d;, )§+
(2s1,1f7,2),-, and (1f5,, )3+ are predicted by Eq. (3) at
2.65, 3.54, and 7.07 MeV, respectively. The 4.87 and 6.40
MeV peaks of the present *°P data are located in the en-
ergy range where the (1d;,,1f5,,);- stretched

configuration state is expected, as can be seen in Fig. 4.
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FIG. 10. Angular distributions of the '®O('2C,'°B)"F strip-
ping reaction. The curves are EFR-DWBA fits. The normaliza-
tion factors (experiment/theory) are 1.39, 0.27, 2.67, and 0.12
for the 1.12 MeV 5%, 9.35 MeV (67), 10.23 MeV (47), and
11.16 MeV (77) states, respectively. The latter assignment cor-
responds to a tabulated level (Ref. 28).

Since a 4.92 MeV 3~ level is tabulated®® and an L;=5
transfer to a 6.50 MeV state is observed in the (a,d) reac-
tion,?” a (57) assignment is proposed for the 6.40 MeV
state. The 9.40 MeV level seems to be linked to the
second 67 states observed in *°S and °Si (see Fig. 4), but
no configuration may be proposed only on the basis of the
present experiment.

Figure 11 presents the 2Si('?C,!°B)*°P angular distri-
butions for several excited levels of the *°P residual nu-
cleus. The optical model parameters used'® are those
given in Fig. 5. The EFR-DWBA fits are quite good, but
again the angular distributions have a shape rather in-
dependent of the final spin.

C. >He stripping reactions
1. 2c(**c,’Be)"0

Figure 12 presents the '2C('2C,°Be)!°O spectrum mea-
sured at 480 MeV. This spectrum has to be compared
with those obtained for the same reaction at much lower
incident energies: 72, 114, and 174 MeV,! and at 240
MeV.*® The 12.83 and 15.05 MeV levels were already
strongly excited in the 114, 174, and 240 MeV !’C in-
duced spectra, and were related to the following
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FIG. 11. Angular distributions of the 2Si('2C,'°B)*P deute-
ron stripping reaction. The solid curves are EFR-DWBA fits
obtained with the optical model parameters given in Fig. 4. The
normalization factors (experiment/theory) are 1.46, 2.88, 0.13,
0.19, and 1.27 for the 4.20 MeV 47, 4.87 MeV (37), 6.40 MeV
(57),7.20 MeV 7%, and 9.40 MeV (6%) states, respectively.

stretched  configurations  ((1ds,,)*1p, 2)1,,- and
(1ds,, )3

13,2+ The location of this £+ configuration can

be calculated from Eq. (4) using the experimental TBME
deduced from two-nucleon-transfer reaction data of the
present study and of others.>*?> The resulting value 15.8
MeV is in good agreement with the observed experimen-
tal 15.05 MeV.
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FIG. 12. The '2C('?C,°Be)"°O *He-stripping reaction.
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The 10.46 MeV level, was also observed in the 114 and
240 MeV measurements, but was weakly excited. A ten-
tative 37 spin parity assignment was made to this lev-
el."3! One can use the following argument to explain that
this state, having a lower spin than the 12.83 and the
15.05 MeV states, is excited as strongly, as those only at
very high incident energy. Two 3* states have been cal-
culated by Lie et al.* in a weak coupling approach.
They consider particles (p) outside an 'O core and holes
(h) in the p shell. Their first 37 state is predicted at 9.94
MeV with a main configuration (p; ,, (k). which can be
compared with the (sd )3 ,,+ configuration of the cluster

model.! The second 2+, predicted at 11.45 MeV, contains

an important (p); /2+(h)§+ component, which implies at

least one hole in a '>C core. Supposing that the 10.46
MeV level corresponds to this second 2% state would
then explain why it is strongly populated at high bom-
barding energy only, likewise the 2+ 6.59 MeV state of
the 'O nucleus produced in the two-proton stripping re-
action (see Sec. IV A). At the energy of the present ex-
periment, the two-step process necessary to populate
such a configuration may occur and be of importance.

The experimental angular distributions of the most
strongly populated states are presented in Fig. 13, along
with EFR-DWBA curves, calculated on the assumption
of a one-step *He transfer. The optical model parameters
used and given in the figure fit best the 420 MeV elastic
scattering of '>C on 12C. 18

2. 150('2C,’°Be)!’Ne

Figure 14 presents the ('C,°Be) 3He stripping ob-
tained with a SiO, target at 480 MeV. The g.s., 0.2 MeV
doublet and 1.5 MeV multiplet are weakly populated. On
the other hand, the 2.8 MeV 2% and 4.64 MeV L™ high
spin states®’ are strongly populated. These two levels,
and their analogs in '°F, were also strongly excited in the
180(6Li,t)""Ne and '%0(°Li,*He)'°F reactions studied by
Martz et al.** at 46 MeV, and in the '*O(!°B,’Li)""Ne
and '°0('°B,"Be)!°F reactions studied by Hamm et al.®
at 100 MeV, but not in a-particle transfer** on °N. So
these two states belong to the (sd)®, 2N+ L, g.s. band and
could have the following stretched configurations:
((1ds )25, 5 )+ and (1ds )?3/2“ which are predicted

at 3.8 and 4.9 MeV, respectively, from Eq. (4) using the
experimental TBME deduced in the present work.

The 8.9 MeV level in '*Ne most probably corresponds
to the 8.95 MeV '°F state, while the large peak observed
at 9.8 MeV could be related to the 9.88 and 10.41 MeV
I9F states, as it can be deduced from the comparison of
spectra obtained with heavy ion**3° or a-particle’®3 in-
duced analog reactions. From DWBA fits in an (a,p)
*H-transfer experiment,* spin parities of 4=, 1+, and
B+ have been inferred for these levels, assignments
which were confirmed by (a,y) measurements,>® except
that the parity of the 9.88 MeV state was found to be neg-
ative.

The 12.3 MeV level in °Ne is strongly populated as is
its analog state in '°F at 12.7 MeV in the reactions men-
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FIG. 13. Angular distributions of the '>C('2C,°Be)'*O *He-
stripping reaction with the corresponding EFR-DWBA fits.
The values of the normalization factor (experiment/theory) are
0.027, 0.064, and 0.022 for the 10.46 MeV %*, 12.83 MeV 11—,
and 15.05 MeV 27 states, respectively.

tioned above.**~3¢ A 1~ spin parity is proposed for the
12.7 MeV state, on the basis of an a-particle stripping
study done by Pilt et al.* in the "N('3C,°Be)'°F reac-
tion. A ((1ds,, )§+1f7/2 )., - stretched configuration for
the 12.3 MeV level would explain its strong population in
the present transfer reaction.

Figure 15 presents the angular distributions of the
180(12C,°Be)!"Ne stripping reaction for several states.
The EFR-DWBA fits are rather good but spin indepen-
dent. The optical model parameters'® are those of a '2C
target and are given in Fig. 13. The overall normaliza-
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FIG. 14. The energy spectrum of the (2C,’Be) *He-stripping
reactions obtained with a SiO, target.
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tion factors reported in the figure caption can be com-
pared with the relative spectroscopic factors for three-
nucleon clusters in '°F and '°Ne, taken from experimen-
tal *He transfer reaction data and from shell model calcu-
lations.*> The relative spectroscopic factor obtained for
the 2+ 4.6 MeV Ne state is in agreement with the
value reported for its analog, contrary to the result ob-
tained at lower incident energy.’®*°

3. %8i(2C,°Be )’'S

In the spectrum of Fig. 14, one peak has been attribut-
ed on focalization considerations to an unknown state in
318, Its excitation energy of 13.2 MeV is consistent with
the value 12.3 MeV calculated from Eq. (4) for a
(1f5, )?9 ,,- configuration with single particle energies of
Refs. 20 and 41 (Table I).
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4. °Ca('2C,°Be)®Ti

The only strongly populated state in the
40Ca(12C,Be)*Ti reaction is the 2~ 3.066 MeV state,*
already observed at lower incident energy.' Its cross sec-
tion is 1 ub/sr at 5.0° (c.m.). The configuration of this

state is (1f,, )?9 /.- and its calculated excitation energy is

3.13 MeV from Eq. (4) and the present experimental
TBME.

V. CONCLUSION

Multinucleon transfer reactions induced by '2C at 40
MeV/u still populate strongly and selectively high spin
states. In the case of reactions transferring a pair of nu-
cleons, the near correspondence of the crude shell model
estimates of excitation energies for stretched spin
configurations and observed states allows possible spin as-
signments in a very simple way. Experimental two-body
matrix elements can be obtained from states known to
have rather pure two-nucleon configurations and they
can then be used to characterize states of three-nucleon
configurations. Unfortunately, the angular distributions
of these heavy ion reactions are rather independent of the
final state spin. Contrary to the case of one-nucleon
stripping reactions, the usual treatment of multinucleon
transfer reactions requires tedious shell model spectro-
scopic factor computations and the Os cluster approxima-
tion can be too drastic because of neglect of higher-order
terms. On the other hand, the high bombarding energy
in the present work favors processes less simple than
one-step direct stripping, and gives some unexpectedly in-
teresting results concerning the strong excitation of hole
states (e.g., the 2T state at 6.59 MeV in 140) and two-
particle transfer on a polarized target (the second 6%
state at 9.9 MeV in ¥S).
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