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The proton shell structure in neutron-rich fluorine 23F was investigated using the
in-beam ~y-ray spectroscopy technique via the proton transfer reaction onto the un-
stable 220 nucleus. We also measured the « inelastic scattering on 23F, neutron
knockout from 2*F, and two-nucleon knockout from ?*Ne using a cocktail secondary
beam. By comparison of the population strengths for excited states in these reac-
tions, we deduced the character of the excited states. The levels and y-decay scheme
in 23F were deduced from de-excitation «-rays and the products of these reactions.
We found that the 2268- and 4059-keV levels have strong proton single-particle
nature of the sy/; and dj/, orbitals, respectively, by analysis of the population
strengths and the angular distributions of states. These single-particle states are
located at higher excitation energies than shell model predictions for the USD and
SDPF-M interactions, which indicates that the centroid energy gaps for mds -7sy/,

and mds/,-mds/, are wider than those for the predictions.

Key words: a-Induced stripping reactions, y-Ray spectroscopy, Single-particle
states
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One of the most ambitious challenges in studies of neutron-rich nuclei is to
clarify the underlying nuclear interactions by disclosing the nuclear structure
from the stability line to the drip line. In this respect, neutron-rich oxygen
and fluorine isotopes are very fascinating subjects. In these isotopes, exotic
phenomena have been observed, such as the new magic numbers at N = 16
[1], the sudden change in the neutron drip line from Z = 8 to Z = 9 [2] and

a nuclear deformation region in spite of N = 20, i.e., the so-called island-of-
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inversion region [3]. To date, these phenomena have been discussed in terms
of the nuclear structure, focusing on the configuration of valence neutrons. As
one possible interpretation based on the shell modél, shell evolution of the
neutron orbitals caused by a two-body effective interaction between the va-
lence neutron and the valence proton [4] was proposed. On the other hand,
shell evolution of the proton orbitals has rarely been discussed, although the
two-body effective interaction affects the protons as well as the neutrons. In-
vestigations of the proton shell structure in these nuclei may yield a great
opportunity to reveal new properties of an asymmetric nuclear system, since

the valence proton is more deeply bound than those in stable nuclei.

We report here an experimental study of the structure of the BF nucleus using
the proton stripping reaction onto the neutron-rich unstable 220 nucleus in
the inverse kinematics. Since 2F has the 220 plus one proton system, in which
the core has the proton magic number of Z = 8 and neutron sub-shell closure
of N = 14, it is appropriate for the study of proton single-particle orbitals.
By comparison of the excitation-level structures in "F, which has the '°O
plus one proton system, we expected to observe changes in the proton single-
particle orbitals because of the difference between full and empty occupancy
of the neutron ds/, orbital, or rather, the difference in binding energy of the
valence protons. In particular, it would be interesting to find a single-particle
state attributed to the proton ds/; orbital, because its excitation energy is
directly affected by the spin-orbit splitting between the d orbitals, in which

the spin-isospin monopole interaction is suggested to play a major role [4].

To identify experimentally the proton single-particle states in *F, we com-
pared the population strengths of the excited states in 2F from four a-induced

direct reactions: the one-proton transfer reaction onto *?0; the « inelastic scat-



tering of 2*F; neutron knockout from 2*F; and two-nucleon knockout from 2*Ne.
Such a comparison is appropriate for identifying single-particle states among
the many excited states, since the cross-sections of these reactions are consid-
ered to depend on the characteristics of each excited state. These reactions
were simultaneously observed using a cocktail beam in the vicinity of #*F at
intermediate energy and a liquid helium target [5]. The liquid helium target
was chosen because of the statistical advantage of the reaction yields. It is
noted that the (a,t) reaction has a relatively large cross-section (order of mb)
in the intermediate energy region. This feature originates from the fact that a
proton constituting an « particle is deeply bound and has a high-momentum
component, so that the momentum mismatch of the (a,t) reaction is reduced
for neutron-rich unstable nuclei. The excited states in 2*F were identified by
measuring de-excitation y-rays coincident with the outgoing **F. Since some
of the excited states decay through ~-ray cascades, these were identified by

coincidence 7y-ray analysis.

The experiment was performed at the secondary-beam line in the RIKEN
Accelerator Research Facility. The secondary beam, including 220, ZF, 2*F
and ?Ne, was produced by projectile fragmentation reactions of a 634-MeV
40Ar beam impinging on a ?Be production target of 180 mg/cm?. Fragments
were analyzed by a RIPS separator [6] using a wedge aluminum degrader of
321 mg/cm? at the first dispersive focal plane, where the momentum accep-
tance was set to 4%. Secondary beam particles were identified event-by-event
according to the energy loss signals from a silicon detector and the time of
ﬂight‘ between two plastic scintillators set 5 m apart along the beamline. The
averaged intensities and the mean energies of nuclei composing the secondary

beam are listed in Table 1. The secondary beam bombarded a liquid helium



target of 100 mg/cm?, which was contained in an aluminum cell with two
windows of 6-um Havar foil. The windows were 30 mm in diameter. The he-
lium was condensed by a cryogenic system, and kept at approximately 4 K
through the experiment. Secondary reaction products were detected using a
AFE-E telescope located at the end of the beamline, and were identified using
time-of-flight (TOF), energy loss (AE), and energy (E) parameters. The tele-
scope consists of nine silicon detectors of 0.5 mm thickness for AF, arranged
in a 3 x 3 matrix, and 36 Nal(Tl) detectors [7] for E arranged in a 6 x 6
matrix. The size of each silicon detector was 50 x 50 mm? and each NaI(Tl)
crystal had a rectangular shape of 31 x 31 x 50 mm?®. The AFE and F detectors
are arranged at 66 and 82 cm downstream from the target, respectively. The
telescope was subtended at an angular range of 0-6° in the laboratory set-up.
The TOF was measured between the secondary target and the Nal(T1) scintil-
lators. In the present experiment, the resolution for atomic and mass numbers
in fluorine isotopes was 0.18 (o) and 0.35 (o), respectively. Scattering angles
of the reaction products were measured using three parallel-plate avalanche
counters (PPACs) [8]. Two PPACs were placed before the secondary target to
determine the direction and the hit position on the target. The other PPAC
was placed after the target to measure the direction of the reaction products.
The position resolution was approximately 1 mm and the resolution of the
laboratory angle was estimated to be 0.5° (o). The effect of multiple scatter-
ing at the target was smaller than the angular resolution mentioned above.
For detection of the de-excitation ~y-rays from the reaction products, we used
a DALI2 array of 150 Nal(T1) detectors [9]. This surrounded the target over
an angular range of 20-160° with respect to the beam axis. The typical size
of tile NalI(Tl) crystals was 16.0 x 8.0 x 4.0 cm?®. In the present experiment,

the full-energy peak efficiency was 17.6% for 1.33-MeV ~-rays, and the energy



resolution, including insufficiency for the Doppler-shift correction, was 8.2%

(o) for 3.2-MeV ~-rays from the particle with 3 ~ 0.27.

Figure 1 shows «y-ray spectra obtained from the following a-induced reactions:
‘He(*20,F); *He(®BF,?Fv); ‘He(**F,*Fv); and *He(**Ne,?*F). The spec-
tra are remarkably different, indicating a strong reaction dependence of the
population strengths of the excited states in 2°F. In these vy-ray energy spec-
tra, we adopted a “clustering” analysis [10] to increase the full-energy peak
efficiency for high-energy 7-rays. The cluster radius was chosen to be 17 cm
based on a Monte-Carlo simulation, and it approximately corresponds to the
distance between adjoining crystals. The full-energy peak efficiency to the 3.2-
MeV v-rays improved by approximately 50% when this analysis was adopted.
The systematic error evaluated was 0.76% for v-ray energies of the known
transitions in 87220 and 2!~%2F isotopes. In Fig. 1, we identified de-excitation
v-rays at 913 and 2920 keV in all the reactions, whereas observations of the
other y-rays were reaction-dependent. The peaks marked with solid circles
indicate the y-lines identified by a x? test of the simulated spectra. To deter-
mine whether each v-line originated from the y-decay cascade in 2*F or not,
we examined 7-ray coincidences with the ~-rays identified. As a typical exam-
ple of the y-coincidence analysis, Fig. 2 shows the y-ray spectrum coincident
with the 2920-keV ~v-rays obtained from the (*20,3F) reactions. We identi-
fied five y-rays at 913, 2003, 2644, 3445 and 3965 keV, identified by closed
circles, which indicate the excited states at 3833, 4923, 5564, 6365 and 6905
keV in 23F, respectively. A cascade of the 913- and 2920-keV ~-rays has been
reported [11]. The 1245-keV ~-ray identified by an open circle, however, was
found to be sequential to the 3378-keV ~v-decay by analysis for coincidence

v-rays. This peak is attributed to 1245-keV photons in coincidence with the



Compton events of the 3378-keV line. The 7-coincidence analysis was also ap-
plied to all y-rays identified in Fig. 1, and we deduced cascade ~y-transitions

in all the reactions.

A scheme for the levels and y-decay proposed for the present experiment is
shown in Fig. 3, together with previously reported results [11,12]. Placement
of the 7-decay identified was determined based on the criterion that weaker
transitions are located above stronger transitions. We observed nine new ex-
cited states, which are underlined in Fig. 3, and confirmed v-transitions from
the six excited states below the neutron separation energy at 7550 keV. To
obtain the cross-sections for population of the excited states, we performed
a decomposition analysis of the observed -ray spectra to simulated response
functions of all the y-ray sequences. The population strength of each state
was evaluated as the strength parameter of a corresponding response function
according to the maximum likelihood method. The systematic error of the
v-detection yield was estimated to be 9.5% from the standard source mea-
surement. The population cross-sections deduced are shown in the bar graphs
of Fig. 3 as the strength relative to the strongest population in each reaction.
The largest cross-sections in the transfer, a-inelastic, one-neutron knockout
and two-nucleon knockout reactions were 3.7(4) mb for the 4059-keV state,
5.5(6) mb for the 2920-keV state, 16.1(18) mb for the 2920-keV state, 1.4(3)

mb for the 6629-keV state, respectively.

We specifically discuss here the proton single-particle states in the sd shell.
Among the low-lying excited states shown in Fig. 3, the states at 2268, 3378
and 4059 keV have large cross-sections in the transfer reaction. Of the pop-
ulation strengths for the neutron knockout reaction, the 3378-keV state was

strongly evident, but the 2268- and 4059-keV states were quite hindered. The



proton single-particle states in 2F have large proton single-particle nature and
little neutron-hole configuration. Therefore, the states at 2268 and 4059 keV
can be strong candidates for the proton single-particle states. The ground state
in F was assigned as 5/2% by Sauvan et al. [13]. We consequently assume
that the s1/, and ds/; orbitals in the low-excitation-energy region contributed
to the proton single-particle states in 2*F. It is reasonable that the 2268- and
4059-keV states correspond to the proton single-particle states in s,/, and d3;
orbitals, respectively, since the standard shell ordering in the sd-shell nuclei

is considered to be ds/2, 51/2 and d33.

The spin-parity assignments for these states are supported from their pop-
ulation strengths for the « inelastic scattering. This reaction induces core
excitations and possibly populates single-particle states through non-spin-flip
excitation. Thus, the proton single-particle state in the s orbital is easily ex-
cited via quadrupole excitation, but that in the d orbital has smaller pop-
ulation strength, since this state is considered to be mainly excited via the
spin-flip process. In « inelastic scattering, the 2268-keV ~-peak was clearly
identified, but the 4059-keV v-peak was hardly observed. Therefore, the 2268-
and 4059-keV states can be considered to have large proton single-particle con-
figurations of s1/, and d3/,, respectively. The two-nucleon knockout reaction

was mainly used to check the consistency of the y-decay scheme.

To confirm the s- and d-wave contributions fo the 2268- and 4059-keV states,
and to extract their spectroscopic factors, we compared the angular distribu-
tions of the outgoing 2*F particles obtained from the transfer reaction with pre-
dictions by the distorted-wave Born approximation (DWBA). Figure 4 shows
the angular distributions for the 4059- and 2268-keV states, together with the

predictions, assuming direct transfer of a proton into the s, d and f orbitals.



These predictions were calculated using the finite-range DWUCK5 DWBA
code [14]. Optical potentials were obtained from reports by Ingemarson et
al. [15,16]. The radial form factor was obtained using a wave function bound
by a central potential with a spin-orbit force. The central potential was a
Woods-Saxon shape, with R = 1.25 - A3 fm and a = 0.65 fm, with the well
depth adjusted to give the proton binding energy. The angular distribution
measured for the 4059-keV state was found to agree with the £ = 2 transi-
tion. The 4059-keV state, therefore, is consistent with a proton single-particle
state with J™ = 3/2*. We deduced the spectroscopic strength (2J; + 1)C%S
of the state to be 0.9570-22 where S is a spectroscopic factor, C? is an isospin
Clebsch-Gordan coefficient, and J; is the total angular momentum of the in-
vestigated particle in the final channel. The error was systematically estimated
from the uncertainty related to the choice of the optical potential and the ex-
perimental uncertainty in the reaction cross-sections, including the statistical
error. For the 2268-keV state, the angular distribution was consistent with
the prediction of AL = 0, although we cannot completely exclude other trans-
ferred angular momenta because of statistical insufficiency. We deduced the
spectroscopic strength from the angular-integrated cross-section by compar-
ison between the measurement and the DWBA prediction. The parameters
used for the DWBA calculation were the same as for the 4059-keV state. The
spectroscopic strength of the 2268-keV state for J™ = 1/2% was deduced to

be (2J; +1)C%S = 0.73%03;.

The results of the present experiment were compared with some shell model
calculations for the sd-shell nuclei. Figure 5 shows the level schemes for }'F
and 2F, together with predictions based on the shell model calculations for the

USD [17] and SDPF-M [18,19] interactions. The experimental spectroscopic



strengths (2J; + 1)C2S for '"F were taken from Yasue et al. [20]. These shell
model calculations can predict the general trend for the levels of low excitation
energy. However, the proton single-particle states observed for 3F are located
at higher excitation energies than predicted, while other states are located at
reasonable energies. In particular, according to the SDPF-M calculation, the
3/27 state is predicted to be much lower in energy. This evidently originates
from the unique modification of the monopole spin-isospin interaction in the
SDPF-M interaction, which explains the appearance of the new magic number
at N = 16 [4]. Even in the USD calculation, predictions for the excitation
energy of single-particle states of 51/, and d3/; are ~500 keV lower. This result
might indicate that the centroid energy gaps for nds/o—7ms1/2 and wds;2—md3/2

were wider than those of the predictions.

The energy gap for the mds/,—mds/, orbitals is generated by the energy dif-
ference of their single-particle energies and effective interactions such as the
monopole spin—isospin interaction. It was difficult to reproduce the observed
single-particle states by tuning the strengths of the effective interactions with-
out affecting the other low-lying excited states [19]. Therefore, we conclude
that this may be attributed to an increase in the energy difference of the single-
particle energies. To depict the change in single-particle energies in a simple
way, we tried to calculate the energies of the excited states in *F using the
shell model code OXBASH [21] based on the USD interaction and tuning the
single-particle energies of the ds/, and d3/; orbitals. When the single-particle
energy of mds/, was reduced by 0.48 MeV and that of mds/, was increased by
0.72 MeV, the excitation energies of the proton single-particle states 1/27 and
3/2] were 2111 and 4116 keV, respectively, although the other excited states

did not change much. The spin-orbit interaction is a nuclear surface effect,



and is given by a derivative of the nuclear central potential [22]. Thus, the
spin—orbit splitting is naively considered to be determined by the depth of
the potential, and to be sensitive to the binding energy of the valence proton.
In the present case, the valence proton in ?°F is much more deeply bound
(~13.0 MeV) than in "F (~0.6 MeV). Therefore, this difference in binding
energy may cause the spin-orbit splitting of single-particle energies in BF to

be greater than in !7F.
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Table 1

Composition of the secondary beam.

Nuclide 220 2 Up 25Ne

Energy (AMeV) 35.0 41.5 36.0 42.7
Intensity (particles/s) 2.0 x 10® 5.5 x 102 4.7 x 10> 1.2 x 10

Flux (%) 40 11 10 23

Counts/30keV

Counts/30keV

400

Counts/30keV

Counts/30keV

© loo0 2000 3000 4000 5000

E, [keV]
Fig. 1. Doppler-corrected v-ray spectra for four different reactions: (a) proton
transfer reaction *He(?20,28Fy); (b) inelastic scattering ‘He(**F,%3Fy); (c) neu-

tron-knockout reaction “He(**F,3Fv); and (d) two-nucleon knockout reaction

‘He(*°Ne,3Fv).
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He (™0, Fy29207) |
30 gated: 2920 keV

Counts/60keV

1000 2000 3000 4000 5000
E, [keV]

Fig. 2. y-Ray spectrum for the transfer reaction *He(*0,2*F) in coincidence with the
2920-keV 7-ray. The thin solid curves show response functions of the y-ray detector
array for each of the +-lines, which were calculated by Monte-Carlo simulation, and
the dashed curve shows the exponential background. The thick solid curve shows
the summation of these thin solid and dashed curves. The closed circles indicate
7-lines coincident with the 2920-keV v-ray, and the open circle indicates the -line
corresponding to the sequential y-decay of the 3378- and 1245-keV lines. See text

for details.
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Fig. 3. Proposed scheme for the levels and vy-decay in 23F, together with previ-
ous results. Underlined energy levels indicate excited levels newly observed in the
present experiment. The bars to the right of the excitation energies show the rela-
tive cross-sections for these states. The errors shown with y-ray energies, excitation

energies and relative cross-sections are statistical errors obtained by fitting of the

~y-ray spectra with the simulated response functions of DALI2.



_TH||||II||III|IIII|I_

- Ez=y, = 354 MeV

4059 keV
10.0 =
—_ —
. [
" |
Y =
o] =
E |
_—
G Y
S 1.0
N -
b L
o] -

2268 keV \

L \0

\

— — AL=0

0.1  — AL=2 —}

~ - AL=3 i

_|||1|a||1‘||||||:||||—

0 5 10 15 20
O.m [deg.]
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transfer reaction, together with DWBA predictions. The angular distributions for
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respectively. The dashed, solid and dotted lines indicate the DWBA predictions for
transferred angular momenta of AL = 0, 2 and 3, respectively. The DWBA lines
were obtained using the optical potential parameters reported by Ingemarson et al.

[15,16], taking into account the angular resolution of the detectors.
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Fig. 5. Level schemes for 1’F and ?*F, together with the shell model calculations
using USD [17] and SDPF-M ([18,19] interactions. The experimental spectroscopic

strengths for !7F reported by Yasue et al. [20] were used as references.



