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The 19F(a,2He!21F reaction was investigated at 55 MeV incident energy. The transferred angular momenta
of prominent transitions excited were determined from a distorted wave Born analysis of the angular distribu-
tions. Tentative spin assignments for the observed levels are extracted from shell-model calculations with the
‘‘unified’’ sd-space interaction based on the very good reproduction of the excitation energies and the pre-
dicted large two-neutron transfer spectroscopic factors.@S0556-2813~97!02707-6#

PACS number~s!: 25.55.Hp, 27.30.1t, 21.60.Cs, 24.10.Ht
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Spectroscopic information about the light neutron-ri
isotope 21F is very limited@1#. The available data on level
above 2 MeV result mainly from investigations ofb decay
@2#, the (d,3He! proton pickup@3#, and the (t,p) two-neutron
stripping @4# reactions. In particular, there is no definite i
formation on levels with spinsJ.5/2.

The present work reports on a study of the two-neut
(nn) transfer reaction19F(a, 2He! 21F which might be re-
garded as a counterpart of (t,p). While the former preferen-
tially populates low-spin states and has been extensi
used to study the role of pairing in the ground-state~g.s.!
wave function, the latter has been shown@5# to selectively
excite stretchednn states coupled to maximum spin. Th
excitation of stretched configurations involving the larg
single-particle spins available is a general phenomenon
a-induced two-nucleon transfer@5–13#. This feature is re-
lated to the rather negativeQ values which favor the popu
lation of large angular momentum transfers.

Systematic studies of the (a, 2He! reaction have been per
formed for p-, sd-, and f p-shell nuclei @6,9# and for the
doubly magic nucleus208Pb @14#. With the 2He detection
technique described in detail in@9# only limited energy reso-
lution can be achieved. However, the well established se
tivity of the reaction should result in new spectroscopic
formation for 21F. For not too high excitation energies on
expects transitions resulting from the coupling of neutr
2s1/2, 1d3/2, and 1d5/2 (sd) single-particle configurations
coupled to the highest possible spinJmax. With the selection
rules of the (a, 2He! reaction@9# excitations are limited to
natural-parity states. Thus, transferred angular mome
L50,2,4 are possible in the present case. Because the gr
state ~g.s.! wave function of 19F is largely a proton 2s1/2
particle configuration, population of final states in21F with a
@p2s1/2n(sd,sd)Jmax#Jmax61/2 structure is most likely.

The experiment was performed with a 55-MeVa beam
from the Bonn isochronous cyclotron. A self-supporti
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48CaF2 target was used where the
48Ca component was iso

topically enriched to 97%. The effective thickness of t
flourine part of 180mg/cm2 was determined by normalizing
the elastic scattering cross sections to optical model calc
tions at forward angles. In order to determine absolute cr
sections, the total charge for each run was collected i
Faraday cup. Absolute cross sections are estimated to b
curate within625%.

The unbound reaction product2He was detected by mea
suring the two breakup protons in coincidence. The dete
consisted of a doubleDE-E telescope with large area pos
tion sensitive 300-mm Si DE counters and 5-mm Si~Li ! E
counters. The setup takes advantage of the kinematic fo
ing induced by thepp final-state interaction. Details of th
telescope, the data analysis, and the method of extractio
differential cross sections in the center-of-mass can be fo
in @9#. The (a, 2He! data were taken at five angles betwe
17.5° and 50° in order to kinematically identify states a
extract angular distributions. Beam intensities ranged fr
70 nA–1 mA, limited by the electronic dead time of th
2He detection system. By setting electronic gates, the p
tion information of theDE detector could be utilized to ex
tract simultaneously three angular distribution points
each detector position. Elastica scattering was measure
separately with the telescope described in@12# over a large
angular range of 10°280°.

A spectrum taken atQ lab530° is displayed in Fig. 1. A
typical energy resolution of about 200 keV~full width at half
maximum! is achieved. Seven levels belonging to21F are
unambiguously identified up toEx'9 MeV from the two-
body kinematics. Their excitation energies are determin
with an uncertainty of about 50 keV. At even higher excit
tion energies reactions induced by carbon contaminations
come too large for a meaningful analysis. Transitions
duced by the 48Ca component of the CaF2 target are
547 © 1997 The American Physical Society
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548 56BRIEF REPORTS
indicated in the spectrum by full dots. They are well know
from a detailed study of the48Ca(a, 2He! 50Ca reaction@9#.

Because of the different two-body kinematics there
some overlap of transitions from both target compone
varying with the 2He detection angle. After correction fo
these underlying background contributions angular distri
tions were extracted for transitions populating21F states.
These are presented in Fig. 2 and analyzed with zero-ra
distorted wave Born analysis~DWBA! using the computer

FIG. 1. Spectrum of the19F(a,2He!21F reaction atEa555.4
MeV andQ lab530°. Transitions marked with a full dot belong t
the 48Ca component of the48CaF2 target.

FIG. 2. Angular distributions of transitions to states populated
the 19F(a,2He!21F reaction. The solid and dashed curves a
DWBA calculations described in the text.
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codeDWUCK4 @15#. A direct stripping process from the inci
denta particle was assumed where thenn pair is transferred
in a relativeS state~spinS50 and isospinT51).

Optical model parameters for the entrance channel w
extracted from an analysis of the simultaneously measu
elastica scattering as described in Refs.@9,12#. The result-
ing fit parameters assuming a Woods-Saxon shape are g
in Table I. The averaged mass-, charge-, and ene
dependent deuteron potential of Hinterbergeret al. @16# was
used for the exit channel~see Table I!. Similar to the analysis
of the (a, 2He! reaction onf p-shell nuclei@9# the real poten-
tial depth was increased by 10 MeV in order to account
the smaller effective scattering energy due to the dou
charge of a2He system with respect to a deuteron. Such
correction is necessary because of the nonlocality of the
tical potential. Bound state wave functions were calcula
with a standard Woods-Saxon potential with a rad
R51.25 fm, a diffusenessa50.65 fm, and a spin-orbit cou
pling strengthVLS56 MeV. The depths of the potentia
wells were adjusted to reproduce the binding energies of
neutron single-particle states which were taken from
(d,p) reaction on the neighboring18O @17#.

The calculated angular distributions are displayed in F
2 as solid and dashed lines. For a givenL the form exhibits
little sensitivity on the assumed binding energy of the sing
particle state and on the chosennn configuration. For ex-
ample, the (1d52)

2 and (1d5/2,1d3/2) couplings lead to al-

most identical shapes forL54 transfer. The data are
sensitive enough for most transitions to distinguish betw
the different possible angular momentum transfer valu
The results are summarized in Table II. However, no attem

n

TABLE I. Optical model potential parameters for the entran
(19F1a) and exit (21F12He! channels used in the DWBA analysis

Channel V rV aV W rW aW r c
~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

19F1a 247.2 1.26 0.70 29.2 1.51 0.75 1.3
21F12He 93.920.35E2He 1.25 0.74 13.0 1.25 0.72 1.3

TABLE II. DWBA calculations for transitions of the
19F(a,2He!21F reaction, and comparison to other work and she
model calculations.

Present Other worka Shell model
Ex L Jp Ex Jp Ex Jp

~MeV! ~MeV! ~MeV!

0.30 0 1/21 0.28 1/21 0.32 1/21

1.77b 4 (7/2,9/2)1 1.73 (>7/2) c 1.85 9/21

2 (3/2,5/2)1 1.75 3/21 1.84 3/21

3.60 2 (3/2,5/2)1 3.68 5/21

5.58 4 (7/2,9/2)1 5.60 7/21

6.59 2 (3/2,5/2)1 6.53 3/21

8.09 2 (3/2,5/2)1

8.82 2 (3/2,5/2)1

aReference@1#.
bProbable doublet.
cFrom Ref.@2#.
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was made to compare experiment and DWBA results, wh
depend upon the assumed single-particle energies, on a
solute scale. It is uncertain whether the single-particle en
gies of the intermediate nucleus20F should be taken from the
19O ~as assumed here! or from the 21Ne isotone. No data on
single-particle energies are available for the latter. One
serves rather large structural changes in the isotones o
target nucleus when going from18O to 20Ne. This is also
reflected in the (a, 2He! reaction on both nuclei@6#.

Further spectroscopic information can be gained from
comparison to shell-model predictions. Calculations
19,21F allowing the full sd space for the valence particle
relative to a 16O core were performed with the ‘‘unified’
~USD! interaction@18# which is extremely successful in de
scribing a large variety of properties ofsd-shell nuclei. Two-
nucleon spectroscopic factorsS assuming a dineutron cluste
transfer with relative angular momentuml50 were extracted
from the overlap of the19F g.s. with final state wave func
tions in 21F. The spectroscopic factors were calculated in
cluster overlap approximation@19–22#

S5G2S A

A2kD
l

u^c f uccc i&u2, ~1!

wherek52, l54, andG253/8 for the dineutron in thesd
major shell @22#. Here, cc is a two-neutron cluster wav
function in which the internal motion of the two neutrons
in the 1s state. It is obtained by diagonalizing an SU~3!-
conserving interaction@19,20,23# in the full sd basis. The
wave functions and the overlap factors were calculated u
the shell-model codeOXBASH @24#.

Figure 3 displays the shell-model results. For each of
five lowest experimentally observed levels one finds a sh
model state with largeS and a total spin consistent with th
experimentalL transfer. The excitation energies are rep

FIG. 3. Comparison of levels excited in the19F(a,2He!21F re-
action with shell-model results using the USD interaction@18#.
Only calculated levels with large spectroscopic amplitudesS for
dineutron transfer are shown.
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duced within 100 keV. There are two possible candidates
the level at 1.77 MeV, implying eitherJp53/21 (L52) or
Jp59/21 (L54). While the experimental angular distribu
tion gives slight preference toL54, an unresolved doublet i
also possible. For the two states above 8 Me
Jp53/21,5/21 is likely from experiment, but the correspon
dence to the calculations is less clear. Possible candid
from the shell-model results are indicated in Fig. 3. Wh
theJp53/21 candidates are found closer to the experimen
energies, the predicted two-nucleon spectroscopic factors
comparable for all four calculated levels.

Support for the suggested relation betwen the experim
tal data and the shell-model results is provided by the
sence of well established low-lying21F levels in the
19F(a, 2He! spectra which are either outside the discuss
configuration space~negative parity states! or which exhibit
small excitation probabilities in the calculations. The tran
tion to the 5/21 g.s. in 21F provides a particular example
Excitation of its main configuration@p1d5/2n(sd,sd)01# is
strongly suppressed in direct two-neutron stripping beca
of the different proton configuration. This is reflected in t
calculations by a very small predicted spectroscopic fac
S50.02.

It is tempting to extract tentative spin assignments fro
the shell-model results based on the good corresponden
the experiment~see Table II!. For the low-lying 0.30 MeV
level the extracted spin 1/21 agrees with the findings from
other sources@1#. Two known levels could correspond to th
1.77 MeV state within the uncertainty of the experimen
energy. One~at 1.730 MeV! hasJp53/21 while the spin of
the other~at 1.755 MeV! is not established, but should b
J>7/2 from theb-decay properties. Thus, it is quite likel
that the level observed in (a, 2He! corresponds to a
3/21,9/21 doublet. There are several candidates with ten
tive (3/21,5/21) spin assignments which could be associa
with the 3.60 MeV level. However, the limited energy res
lution prohibits any further distinction for this and highe
lying states. It must also be noted that more states with la
two-neutron transfer amplitudes are predicted than see
the experiment.

The microscopic predictions allow some insight into t
structure underlying thenn transfer. For the experimenta
levels below 6 MeV dominance of the (1d5/2)

2 amplitude is
found in all cases, but mixing with other allowed couplin
is always non-negligible. A complex wave function is foun
for the 3/21 state expected to correspond to the experime
6.58 MeV level. The largest component in thenn transfer
has (1d5/2,2s1/2), but (1d5/2)

2, (1d5/2,1d3/2), and
(1d3/2,2s1/2) must also be taken into account. For the hig
lying states aboveEx58 MeV the shell-model interpretation
differs whetherJp53/21 or 5/21 is assumed. For the 5/21

states, configurations including 1d3/2 become most impor-
tant. AssumingJp53/21 all two-neutron amplitudes which
can couple to angular momentumL52 contribute with com-
parable strength.

In summary, excited states in21F have been iden-
tified by means of thenn transfer reaction19F(a, 2He!.
Because of the selectivity of the reaction and the sing
particle nature of the 19F target g.s., levels with a
@p2s1/2n(sd,sd)Jmax#Jmax61/2 three-particle structure are pre
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erentially populated. The transferred angular momenta w
identified from an analysis of the angular distributions w
DWBA calculations. Levels with spinsJ.5/2 could be
uniquely identified for the first time in21F. A shell-model
calculation of spectroscopic two-neutron transfer amplitu
provides tentative spin assignments. For the two lowest
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served transitions comparison with other experimental inf
mation is possible, and good agreement is found.
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