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We have studied the '®O(°Li,t)!°Ne, '*O(°Li,’He)'°F, and '"N(’Li,t)!°F reactions at a laboratory angle of
15° and at incident energies of E(°Li) = 46 MeV and E('Li) = 40 MeV. A selective population of final
states leads to the identification of probable 3p-Oh and 4p-1h configurations. Through the application of a
folded-potential model to the ground-state band of '°F, we provide evidence for triton clustering outside a
closed-shell core. In a comparison between ("Li,¢) reactions leading to '°F and 2°Ne, the relationship between
4p-1h and 4p-Oh configurations suggests that weak-coupling structure is involved.

NUCLEAR REACTIONS *N("Li,¢), E('Li)=40 MeV, **0(°Li, ¢) and %0(°Li,

SHe) , E(Li)= 46 MeV, 0,

=15°, measured 1?Ne and 1F energy levels, calcula-

ted triton-cluster states.

I. INTRODUCTION

The selectivity of multinucleon transfer reactions
provides information on the particle-hole con-
figurations and cluster structure of the residual
nuclear states. In measurements using the ("Li,?)
and (°Li, d) reactions, four-particle multihole
(4p-nh) excitations and a-particle clustering have
appeared as relatively simple nuclear phenomena
at the beginning of the sd shell. The (°Li,¢),
(°Li,*He), and ("Li, @) reactions,”® though less ex-
tensively studied, have revealed a sensitivity to
3p-nh configurations in this same mass region. In
parallel work on nuclear models,”*? calculations
of cluster structure have shown a significant cor-
respondence to such transfer data.

The results presented in this paper are part of
a systematic investigation' * of the (°Li,¢) and
(°Li, *He) reactions on targets of '*C, *C, N,
15N, %0, O, and '®0. These reactions facilitate
the measurement of three-nucleon stripping with
good energy resolution and high angular -momentum
transfer. The ("Li, @) reaction is less selective
because its better angular-momentum matching
allows a stronger population of low-spin states. *°
Since the closed shell of an !°O target is expected
to enhance clustering among the transferred nu-
cleons and since spin values are known for many
of the relevant final states, we focus initially on
the A =19 residual nuclei. .

Measurements using the (°Li,#) and (°Li, *He)
reactions reflect the dominance of a direct mech-
anism.*"™'® For the first 3* and £* states of
9Ne/'F, the observation of featureless excitation
functions’ and strongly forward-peaked angular
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distributions®® is largely reproduced by standard
DWBA calculations. The presence of a cluster-
transfer process is suggested by the substantial
%He + ¢ parentage of °Li, as recently reviewed in
Ref. 19. Inthe ("Li,#) reaction, the behavior of
cross sections as a function of energy and
angle*®?® again indicates a primarily direct mech-
anism, and the dominance of “Li= &+ parentage®!
probably increases the role of cluster transfer.
(°Li, d) data are in general characterized by less
selectivity and by smaller cross sections, +3 22
As in the ®O(°Li, *He)*°F reaction,'® the structure-
less character of angular distributions in the
BN("Li, #)'°F reaction® implies that forward-angle
spectra contain useful information on relative
spectroscopic factors. Since the angular-momen-
tum mismatch between the incoming and outgoing
channels is typically 6% in both reactions, kine-
matic effects are expected to have little part in any
differences between these triton and @-particle
transfer spectra.

A comparison of the O(°Li, *He)'*F and
N("Li, ¢)'°F data, therefore, is a sensitive probe
of 3p-Oh and 4p-1h structure. In previous work,
the '*0(°Li, £)Ne and. *°O(°Li, *He)®F reactions
were measured at E;; =24 MeV for excitation en-
ergies of E, <6 MeV® and at E;; =30 MeV for
E, <9 MeV**®; BN("Li, #)'°F data were obtained
at E,, =20 MeV for E, <9 MeV.? The present ex-
periments at higher bombarding energies enhance
the direct nature of these reactions and extend the
observable region of excitation energy to E, 215
MeV. In addition to (sd)® and p~*(sd)* configura-
tions, fp-shell excitations are expected to become
important at these energies in the A =19 nuclei.
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II. EXPERIMENT

The Yale MP tandem accelerator was used to
generate lithium beams with energies in the range
from 40 to 46 MeV and with currents of ~200 nA
at the target. '°N or '°0 gas targets at a pressure
of % or % atmosphere were contained in a 2.5-
cm diameter gas cell with a 0.51-um nickel en-
trance window and a 2.54-um Havar exit window.
Reaction products were observed using standard
Si(SB), AE/E telescopes. At a laboratory angle
of 15°, the total energy resolution was typically
150 keV. i

The energy calibrations for the experimental
spectra were based on known levels of *Ne or
F (see the footnotes to Table I). After correc-
tions were made for outgoing-energy losses in the
gas and in the exit window, a linear fitting pro-
cedure led to estimated uncertainties of 15-50
keV in excitation energy (Table I). Following the
subtraction of a Gaussian continuum attributable
to Coulomb dissociation, the extraction of differ-
ential cross sections for the peaks of interest
proceeded by means of a Gaussian fitting routine.
Statistical uncertainty in the yield and systematic
uncertainties in the target density and in the de-
tector slit width had a total effect of <20% on the
absolute cross sections listed in Table I.

III. THEORY

Several features of three- and four-nucleon
transfer reactions can be interpreted in a simple
and intuitive way through the application of a clus-.
ter model. The excitation energies of cluster
states in light nuclei can be calculated to first
order with the folded-potential method. In view
of the encouraging results® for a-particle cluster-
ing in '°0 and **Ne and for triton clustering in *N,
we have been motivated to extend such calculations
to the A=19 system. A cluster model is based on
the assumption that wave functions for the states
of interest are dominated by leading SU(3) repre-
sentations in the shell model. Eventually, this
simple approach must be supplemented by a full
shell-model calculation.

We will compare (Sec. IV) the final states strong-
ly populated by three-nucleon transfer reactions
with the bound states and resonances of a potential
which exists between the transferred cluster and
the target or “core.” In the folding method,?®*’
this potential V(r) is approximated by the convolu-
tion of the cluster and core densities p, and pp
with an effective nucleon-nucleon interaction g:

V= [ ou(F) ol FglF+F, ~F)aFdF,. (1)
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‘The function g is chosen to be

-2n7?

6= Gk ), @

where M is the nucleon mass and the range 7, is
taken to be 1 fm. In high-energy scattering, f
would be the nucleon-nucleon forward scattering
amplitude. At low energies, however, 7 is diffi-
cult to determine accurately from first principles.
We therefore treat f as a real parameter, which
is adjusted phenomenologically to reproduce one
of the experimental energy levels. In Eq. (1),

the density of a triton cluster is obtained from the

experimental charge density*
Pen() = po exp(-37°/2a%) . 3)

where a=1.64 fm. In order to use this result as
a point mass density p,, we unfold the proton
form factor in pf,(») and assume that neutron and
proton densities have the same radial shape. A
theoretical mass density pj for the *°O core is
provided by Hartree-Fock calculations. *

In analogy to V(#), the Coulomb potential V (»)
has the folded form )

- - 1 - -
Vc(r)=ezfpfn(r1) Pen(T>) TFrr, o5 1Fd
(4)

Since the triton cluster has spin s = , a Thomas
spin-orbit potential Vg ,(7) is also included:

2

Vso(r)= -Vso(,%> %

1 dVv(r)

v dr

L5, (6)

where T equals 25 and Vg, is adjusted to reproduce
the experimental level splitting. We solve® the
Schrédinger equation using the total potential V(»)
+Ver) + V5o (7) and a fixed value of

ne
2N+L= @n, +1,). (6)

- Here, n; and /; are the principal and orbital quan-

tum numbers of the shell-model levels which con-
tribute to the cluster, and », is the number of
nucleons in the cluster. The principal quantum
number N and the orbital angular momentum L
thus refer to the motion of the cluster as a whole.
By restricting #; and /; to shell-model orbitals
beyond those occupied by an unexcited core, we
satisfy the basic requirements of the Pauli prin-
ciple.
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TABLE I. Excitation energies and differential cross sections from the present experiments are listed with particular
known levels of the A=19 nuclei.

160(6Li, t)mNe 160(6Li,3He)“’F 15N(7Li, t)lsF
19 ' Ey =46 MeV Ep;=40 MeV
(Ref. 31) 6,5=15° 0y4,=15° By
E, E.° do/dQ g, @ E.® do/dQ . ¢ E* do/dQg . & E,
J7 (MeV) (MeV) (ub/sr) (MeV) (ub/sr) (MeV) (ub/sr) (MeV) J" Ref.
+ N N +
i g.s. g.s. : 31
+ +
.g. 0.238 0.23 63 0.20 69 0,19 0.197 ; 31
%- 0.275 ‘ 0.110 { 31
.‘;‘.‘ 1.508 ) 1.32 1.34 1.346 ; 31
_g_* 1.536 1.54 1.54 1554 ¥ a1
%‘ 1.616 1.46 1.459 g. 31
§* 2.795 2.80 148 2.78 128 278 77 2.780 .;.* 31
() 4,140 4032 ¥ 31
&) 4.197 4.21 4,01 50 4,02 317 3.999 % 31
; 4.379 4.38 4.37 4.377 %* 31
4,550 %’ 31
4,56 4,556 g.‘ 31
Lzé* 4.635 4,64 182 4,64 180 4,647 ‘.zi 31
5.425 21 31
({) 5.424 5.42 143 5.45 147 5.46 263 5.465 .;. 31
5.500 -g- 31
6.094 6.08 6.10 6.10 122 6.090 g. 31
6.289 6.28 6.32 162 6.330 .;." 31
6.52 6.500 4% 31
6.862 6.85 95 6.92 115 6.94 6.925 .;- 31
7.21 7.25 , 7.265 . 31
7.54 7.56 .;. 31
8.06 8.08 31
8.44 8.45 8.29 8.29 495 8.288 ‘g.' 31
ete. 8.94 321 8.96 314 8.95 795 8.953 %‘ 43
9.35 9.365 46
9.7 9.710 46
9.819 % 31
9.834 46
9.81 364 9.88 521 9.872 ‘?‘ 31
_ 9.92 ~1800 9.90 34.
10.01 246 10.41 379 10.40 10.411 133.* 31
11.08 ' 11.24 1211 W a1
11.24} 200 11.46 221 11.5 ete.
11.40 11.67 11.7
' 12,01
12.30
12 .57} 1411
12.56 273 12,712 383
13.1
13.22
13.76 13.78
14.18 72 14.10 156 14.12
14.44 .- 14.50 758

14.78 181 15.00 280 14.92 3366
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TABLE 1. (Continued)
160(6Li’ t)wNe 160(6Li’3He)19F 15N(7Li, t)tsF
Ne Ep =46 MeV Ep =40 MeV
(Ref. 31) 6, =15° 0,4,=15° o
E, E.° do/dQ . ¢ E.® do/dQ . ¢ E* do/dQ, . & E,
JT . (MeV) (MeV) (ub/sr) (MeV) (ub/sr) (MeV) (ub/sr) (MeV) J™  Ref.
15.56 87
.16.09
16.45
174
18.2
18.7
18.92 49
19.93

aQ0r 12.63/12.77.
bOr 12.32/12.46/12.62.

¢Calibrated from 1*Ne*(0.238, 2.795, 5.43), consistent with ‘50*(5 241, 7.276; 10.45, 12.835, 15.05), AE= 20 keV,

E,<13 MeV, AE~+30 keV, E ,>13 MeV.
91+(1%-4%), statistical, ~¢_10%, absolute.

¢ Calibrated from ‘9F*(0.197, 2.780, 4.648, 6.925, 8.953, 10.411), AE=~ +15 keV, E, <11 MeV, AE=~ +30 keV, E,>11

MeV.

f calibrated from 1°F*(2.780, 4.016, 8.953), AE=x 15 keV, E,<9 MeV, AE=~ + 30 keV, 9 MeV<E,<15 MeV, AE = + 50

keV, E.>15 MeV.
&+ (1%-5%), statistical, ~ +15%, absolute.

IV. THREE-NUCLEON TRANSFER

The **O(°Li, )**Ne and *°O(°Li, *He)**F reactions
exhibit a combination of kinematic and structural
selectivity in the forward-angle spectra for the
A=19 nuclei [Figs. 1(a), 1(b)]. Preferential popu-
lation of the ground-state (g.s.) band, which in-
cludes “F*(g.s., +50.197, 2% 1,554, :*, 2.780,
2 4.6417, 12—3‘; 5.465, 7 10. 411 ‘3 )31-38 g
characterized by enhanced y1e1ds for the high-spin
members. In contrast, although the °O(°Li, *He)
°F reaction has an angular -momentum mismatch
of ~6%, additional 3** states at 6.500, 7.937, and
9.266 MeV are populated only weakly if at all.

The selection of final states in these spectra,
therefore, is not merely a statistical effect, as
would be observed in a compound-nucleus process,
but is correlated with particular (sd)® configura -
tions, as expected from a direct mechanism.

The role of a cluster-transfer mechanism in the
(°Li, *He) reaction is reflected in a theoretical
study of the final-state structure, specifically an
application of the folded-potential model to the
ground-state band of °F (Fig. 2). Given the
hypothesis of an (sd)® triton cluster in motion about
an unexcited '°O core, the folded potential gene-
rates a 2 N+ L=6 band [Eq. (6)] with an approxi-
mately L(L +1) spacing. Each eigenstate of the
orbital angular momentum is then split by the
triton spin-orbit interaction. The two free pa- -
rameters f and Vo [Eqs. (2) and (5)] are adjusted
to fit known Z‘and §* states (at E,=5.465 and

2

2.780 MeV, respectively) which are strongly
populated by the *O(°Li, *He)'F reaction. The
labeled experimental levels in Fig. 2 exclude the
peaks corresponding to known negative -parity
states, which are discussed in the next paragraph.
Allowing for the simplicity of this model and the
high-spin selectivity of this reaction,  we find an
underlying correspondence between predicted
triton-cluster states and the observed triton-trans-
fer spectrum. The calculated 3*-3* doublet is in
good agreement with the experimental excitation
energies (Fig. 2), and a reasonable result is ob-
tained even for the ground state of *F. Although
the observed cross section for J" = £ is split
between levels at 4.647 MeV and 10, 411 MeV,

the calculated position of the == ‘3* cluster state does
approximate their unweighted centroid. The rela-
tively weak population of the l;-" state at 11,217
MeV suggests that important triton spectroscopic
strength lies in other 3** states which have not yet
been identified. As one relevant candidate, a
state of unknown spin at 9.90 MeV is resolved
from a multiplet (Table I) by the °O(a, p)*°F
reaction.® The overall agreement between the
predictions of a folded-potential model and the
ground-state band of °F is evidence that triton
clustering can be highly developed among (sd)®
nucleons outside the closed-shell core of *°0.
Shell-model calculations using SU(3) wave functions
support this conclusion by yielding substantial
triton spectroscopic factors for the members of
this band. 3¢ A cluster model based on a symme-
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FIG. 1. Comparison of three-nucleon and four-nucleon
transfer data for the A = 19 nuclei. The excitation ener-
gies shown here are from the present experiments (see
Table I).

trized Woods-Saxon potential®’ also predicts a
level scheme similar to that in Fig. 2,

In view of the kinematic and structural selectivity
exhibited by the (°Li,°He) reaction in the case of the
ground-state band of '°F, the large peaks in Fig.
1(b) at excitation energies of 12.71, 14.10, and
15.00 MeV in '°F are expected to correspond to
additional high-spin states with substantial triton-
cluster structure. [Analog states in *Ne at 12.56,
14,18, and 14.78 MeV can be identified from the
160(°Li, ¢)'®Ne spectrum in Fig. 1(a), although a
more negative @ value reduces their cross sec-
tions in Table I.] The strong population of these
same states of '°F by the (a,p) and (**B,"Be)
reactions®° ig a further indication of their high-
spin values. [The (@,p) reaction has an angular-
momentum mismatch of ~9%Zat E(a)=40 MeV, and
an angular-momentum transfer of 5% is predicted

I9F=160 +1
12 -
12+ .
| // 172 —1217
/
/ — 10.411
[¢] o / J1e2r ..
—_ L=6 /
> = < /I .
(] N !
3 \ /
~— 8 - \\ ,I 1
>. +
% N3/2Y
x I \ 1
> \
6 \ ~
w + +
> J2t |\ T2t 5.465
- ’ \ 4
o / — 4647
fot L=a -~ 1372+
< - —< -
= N
o + + A
& - Nl 92
2 372t 32+ ]
L2 "
2 . 4
~~..5/2t  s/2¢ i
oF L=0 ____I/2* 172+
2N+L=6 (SLi, 3He)

FIG. 2. Comparison of triton-cluster states from the
folded-potential model with triton-transfer data from
Fig. 1(b). Withf =1.514 fm and V,, = 0.016, the theo-
retical excitation energies (MeV) are —0.57 (£%), 0.20
(*), 1.63 3*),2.78(3"), 5.46 (1), 7.30 (3-"), and
11.46 (%—+ ). The experimental excitation energies and

Jd"values are from Ref. 31.

in the (*°B,"Be) reaction at E(*°B) =100 MeV.
These reactions are found to favor the 2* states
at *F*(4.647,10.411) even more strongly than
does the (°Li,*He) reaction.] States with lower
spin are populated in the relatively well-matched
*%0('Li, @)**F reaction, e.g., at E, ~8.5 MeV*®

and 13.4 MeV.* Since nearly all the (sd)® triton-
cluster structure has already been identified in the
%0(°Li, *He)"*F spectrum in Fig. 2, the structure
of additional levels, e.g., at *F*(12.71, 14.10,
and 15.00), is expected to be based on one or
more fp-shell excitations outside the closed p
shell. An (sd)’fp configuration, in particular, is
probable for the negative -parity states®®* at
19F*(6.925, 7°; 8.953, 27; 9,872, i) which are
prominent in Fig. 1(b).

V. a-PARTICLE TRANSFER

The structure of F can be studied in greater
detail through a comparison of **O(°Li, *He)'*F and
N("Li, #)!°F spectra [Figs. 1(b),1(c)]. Although
3p-Oh configurations are accessible in both reac-
tions, little formation of triton-cluster structure
is expected in a-particle transfer. Final states
strongly populated in the (°Li,*He) reaction but

-clearly inhibited in the ("Li,¢) reaction, e.g.,
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19F* (2,78, 4.64, 6.92, 10.41, 14.10), therefore
appear to have primarily °O + ¢ parentage. Con-
‘versely, minor peaks in (°Li,°He) data which are
prominent in ("Li, ?) data, e.g., °F* (4.02, 8.29,
14.50), probably reflect major 4p-1h components,
which are inaccessible to one-step three-nucleon
transfer on a closed-shell target. Since the two
reactions yield similar relative cross sections

for the 3 state at 8.953 MeV, large spectroscopic
factors are indicated for both a-particle and triton
clusters, presumably in p™*(sd)* and (sd)’fp con-
figurations, respectively. An identification of
specific states in the *N("Li, #)'°F spectrum is
more uncertain at E,=5.46 and 9.92 MeV (see
Table I), and an observation of multiplets near

12 MeV and 15 MeV in excitation further hindersa
direct comparison with the °0O(°Li, *He)'F spec-
trum. In a detailed analysis, the apparent triplet
at 12, 32/12.46/12, 62 MeV in a-particle transfer
has only a limited overlap with the possible doublet
at 12.63/12.77 MeV in triton transfer. Overall,
except for one major case of mixed structure, the
two reactions demonstrate complementary selec-
tivity in their population of states in °F,

One tentative interpretation of the *N("Li, #)*F
data in Fig. 1(c) is based on a comparison with
the °O("Li, #)*Ne reaction at E;; = 38 MeV,*
which identifies 4p-0Oh states associated with
a-particle clustering in *°Ne.® ! The excitation
energies of narrow, negative-parity doublets ob- |
served in °F are consistent with the weak coupling
of a p,,, hole to the (sd)* ground-state band of
*Ne (Table II).? In support of this simplified pic-
ture, the SU(3) shell model predicts large spec-
troscopic factors for a (\u)=(01) ® (80) coupling. **
In view of the small ("Li, ¢) cross section for the
J"=8" member of the ground-state band at *Ne*
(11.95), the large peak at *F*(12.57) [Fig. 1(c)]
may instead correspond to a suggested (fp)* con-
figuration® at Ne* (12.59, 6*). Positive-parity
doublets in °F have been mentioned® in connection
with the low-spin members of the 0" band in #*°Ne
(Table II) and, for example, some of the missing
7 ®3 strength may exist at **F* (7.56, Z°)

(Table ). In the case of fp-shell exc1tat10ns with
=5"and 7" in **Ne (Table II), candidates at

E,=9.92 and 14.92 MeV in 19F have the appropriate
("L1 t) cross sections at 6,,,=15° (Table I, Ref. 1).
Although additional spin assignments are needed to
confirm such a relationship, a comparison of the
a-particle transfer reactions populating states in
¥F and *Ne suggests considerable p™* ® (**0+ a) -
structure in °F,

VI. CONCLUSION

The (°Li,*He) reaction selectively populates
members of the ground-state band in °F and

TABLE I. Members of the 4p-Oh bands in 2°Ne are
listed with 4p-1h candidates in 1°F.

Vp(Refs. 2, 31, 37, 43) 2'Ne(Refs. 1, 31, 45)

0.110 % g.s. 0*

1.346 ¥ 1.634 2t
1.459 %

3.999 -;. 4.248 4t
4.032 %

8.288 1.22 8.777 6*
8.953 12.1'

5.337 %‘ 5.784 1-
5.500 %

]

6.282 %* 7.168 3-

74-
6.330 ¥
(7.560 iy
2

9.92 10.261 5"

14.92 15.34 7-

12.57 12.59 6*

(17.4) 17.30 8*

(16.45) 16.63 7

21.08 9~

identifies probable fp -shell excitations at °F*
(6.925, 7' ; 9.872, ”" 12.1717; 14.10; and 15. 00).
The (6L1 t) reactlon leads to a mirror spectrum
for *Ne with, for example, analogous peaks at
1°Ne* (6.85; 9.81; 12.56; 14,18; and 14.78).
Through a correspondence between the observed
(sd)® configurations and the predicted 2N+ L =6
cluster structure, the folded-potential model
provides evidence of triton clustering outside the
closed-shell core of °0O. By establishing a con-
trast with the three-nucleon transfer data, the
("Li, ) reaction generally confirms the 3p-Oh
character of the above final states and identifies
predominantly 4p-1h configurations, e.g., at -
19F* (4,032, £°; 8.288, 3°; and 14.50). A tenta-
tive weak- couphng relat1onsh1p between 4p-1h
states of °F and 4p-Oh states of *°Ne suggests
that a p,,, hole has little effect upon a-particle
clustering. The role of this weak coupling in
triton-cluster structure is presently being studied
through an analysis of the *N(°Li, *He)'®O reaction.
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