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Experimental study of the effective nucleon-nucleon interaction using the 'F(d, p)**F reaction
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The single-neutron configurations of several low-lying states in °F have been determined from neutron-adding
cross sections of a (d, p) reaction using a >'F radioactive beam in inverse kinematics. Final states in 2F consisting
of a proton in the 770ds , orbital coupled to a neutron in either the v0ds, v1s), or v0ds; orbitals were observed
up to an excitation energy of ~5 MeV. Spectroscopic factors and strengths were determined from the angular
distribution of the cross sections using a distorted wave Born approximation method. The distribution of the v0ds,,
and v1s,/, strength was well described by all USD effective shell model interactions, while only the more recent
USDA/USDB interactions showed a marked improvement in describing the observed v0ds,, strength. Diagonal
two-body matrix elements of the (0ds/»)3_, s effective nucleon-nucleon interaction were extracted from the data
and compared with previous determinations of the same matrix elements from particle-particle and hole-hole
spectra, as well as the calculated results of the USDA interactions. No significant discrepancies were observed.
Inspection of the monopole energies showed that an improved agreement between the different empirical matrix

elements is found if a mass dependence is included.
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I. INTRODUCTION

The shell model of Mayer and Jensen [1,2] has been enor-
mously successful, assuming that nucleons move in an average
potential and that the details of the nuclear structure depend
on an effective residual interaction whose matrix elements are
determined empirically. Early in the history of the shell model
[3,4] fits with such matrix elements gave a good account of
many nuclear structure properties. Such calculations have been
refined in recent years and much of the data on nuclear structure
are parametrized by them [5,6].

0Odd-odd nuclei around doubly closed shells have been ex-
tensively used to investigate effective nucleon-nucleon (N N)
interactions in nuclei. In particular, information pertaining to
the multiplets of levels formed by the coupling of the valence
proton and neutron orbitals, 7nf; and vnf;, has allowed
for the extraction of two-body matrix elements (TBMEs)
in nuclei across the nuclear chart. Global surveys of the
empirical diagonal TBMEs from transfer data indicated some
common properties of the residual interaction and that the
diagonal matrix elements of the interaction from the Op shell
to 2®Pb could be described reasonably well by a single
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empirical two-body potential acting on harmonic-oscillator
wave functions [7]. With the current availability of radioactive
beams, systematic investigations based on TBMEs continue
to remain key quantitative tools in describing the effective
N N interaction with respect to shifts away from stability, and
consequently binding energy, which may imply changes from
the simple assumptions of oscillator wave functions.

The even- A fluorine isotopes (Z = 9) have played, and will
continue to play, an important role in explorations of TBMEs
due to the large number of doubly magic oxygen isotopes
(Z = 8). For each odd-odd F isotope residing near one of
these doubly magic nuclei, at neutron numbers N = 8§, 14,
16, and possibly 20 [8], the single proton in a Ods;, orbital
will be coupled to a neutron (or neutron hole) residing in one
of the various sd orbitals above N =8 (v0ds,>, v1si/», and
v0d3,2). Therefore, across a single isotopic chain, it allows
for the extraction of empirical TBMEs over a large range of
proton-to-neutron ratios and binding energies.

Recent work along these lines has taken place for the
multiplet of levels occurring from a proton in the 0ds;,
orbital coupled to a neutron in the 0ds > orbital in *°F, **Na,
and °Al [9-11]. There, the relevant TBMEs, labeled as
Ey’ ) (0ds 120d3/2), were shown not to be described well by
effective sd-shell interactions, such as the USDA interaction
[12], possibly related to the binding energies of the orbitals.
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In particular, “°F levels were systematically overbound by
~30-40 % of the total interaction strength (~300 keV). An
analogous situation was also observed between analog levels
in the proton-unbound 15, state in I6F relative to the bound
neutron state in '°N [13].

Diagonal TBMEs resulting from a proton and a neutron
both residing in a 0ds, orbital, Egp P )(0d5/22), have been
deduced from '8F and '80 particle-particle spectra aiding in
the foundation of an effective interaction encompassing the
sd shell [7]. The E~7”(0ds;,>) TBMEs from '$F-'80 can
also be compared to equivalent £ 5‘” P )(Ods /22) extracted from
25Al and Mg hole-hole spectra. Reasonable agreement can
be found between these two cases on the order of a few
hundred keV, in particular when an A-dependence of the
TBMEs is considered, even with concerns surrounding the
robustness of 28Si to serve as a doubly magic core [7].

The one-neutron transfer reaction is a powerful tool to
study the single-particle structure of nuclei [14—17]. In the
present work, one-neutron adding (d,p) reaction on 2lg g
used to explore the single-particle structure of the low-lying
states in 22F. A summary of previously identified levels in >°F,
along with their possible spin-parity assignments, are shown in
Fig. 2 [18]. 22F has been investigated through charge-changing
reactions on *’Ne including (n, p) [19], (¢, *He) [20,21], and
("Li, "Be) [22]. Relevant to the present work are the states with
excitation energies of £, = 0.071,0.709, 1.414, and 1.63 MeV
which have been assigned as J* = 3%, (2,3%), 5™, and 3%,
respectively, as well as a number of levels with ill-defined spins
between E, A~ 2.5-5.5 MeV. A spin-parity of 4* was assigned
to the ground state based on its allowed S-decay branches to
known states in >Ne [23]. Similarly, spin-parity assignments
of 1* were made to the states at 1.63 and 2.572 MeV in *2F
based on the S-decay study of ground state of >0 [24]. An
electromagnetic transition study using the fusion-evaporation
reaction *Be('*C, p) and y-ray detection [25] found a doublet
of states at 1.628 and 1.633 MeV which clarified the apparent
controversial results of the previous measurements [20,21,24].
A number of excited levels up to E, ~ 3.6 MeV were also
observed and a number of suggested spin assignments were
made, including J* = 27 for the 2.007 MeV state.

The ground state of >'F is known to have J™ =5/2F
resulting from a single unpaired proton occupying the 7 0ds,»
orbital coupled to four neutrons predominantly coupled to
J =0 and partially filling the v0ds/, orbital outside of an
N = Z = 8 core [26]. The addition of one neutron onto the
2IF ground state could result in occupancy of either the 0ds 2
(£ =2), 1s12 (£ =0), or Od3/, (£ = 2) orbitals and final-state
J™ values of 07—5%, 27-3% or 1t—4*, respectively. For sd-
shell nuclei with Z < 10, most of the £ = 2 strength belonging
to the neutron Ods, orbital lies below an excitation energy of
~2 MeV while the Od3,, strength has been observed at much
higher energies (E, 2, 4—5 MeV) [17,27-29]. Similarly, the
bulk of the £ = 0 neutron 1s;,, strength typically lies below
E, ~ 2—3 MeV. This information gives a general guide as to
where the multiplets of expected states should lie in °F.

Extraction of the TBMEs from the single-neutron strengths
in 2F relies on a robust doubly magic 2?0 core. Evidence
for a large neutron subshell closure at N = 14 can be found

in trends in the one-neutron separation energies [30], relative
transition strengths and energies of the yrast states compared
to neighboring even-even nuclei [31], and information with
respect to the v0ds;;-v1s;,, single-particle energy gap [32].
In terms of the proton shell closure, there is a large amount of
data supporting arobust proton w0py2-7w 1512 Z = 8 shell gap
in the neutron-rich oxygen isotopes [30,31]. In addition, data
from the Ne(d, *He)*'F reaction showed that the 2'F 5 /2t
ground state carried >70% of the proton Ods/, strength [33],
which is consistent with a closed Z = 8 proton shell and
restricts the valance proton to the 70ds/, orbital in 22F for
states populated strongly in the 2'F(d, p) reaction.

In the present work, the neutron single-particle structure
in F (Z =9, N =13) has been investigated using the
2E(d, p)*F reaction. The spectroscopic strength distribution
in 2?F was extracted from the transfer cross sections through a
distorted wave Born approximation (DWBA) analysis. Diag-
onal TBMEs of the type E(J” ~P)(0ds 12%) were deduced from
the Ods;, proton and Ods;, neutron particle-hole centroids.

Comparisons to previous determinations of the £ 5‘” P )(0d5 /22)
extracted from only particle-particle and hole-hole data are
made. A number of conclusions concerning the weakening of
the empirically derived effective NN interaction relative to
shell-model calculations with sd-shell effective interactions
and the possible A-dependence of effective TBMEs are also
obtained. Additionally, a discussion of the reproduction of
the strength-distribution by shell-model calculations using the
USD, USDA, and USDB sd-shell confined interactions [5,12]
is presented.

II. EXPERIMENT

The 2'F(d, p)**F reaction was carried out at the Argonne
National Laboratory ATLAS In-Flight Facility [34]. The
10 MeV/u radioactive 2'F beam was produced via proton

removal from a 250 pnA 2Ne'* primary beam at 11 MeV /u
on a 5 mg/cm? Be target. The *'F beam intensity was
approximately 2—4 x 10* particles per second (pps) and had a
purity ranging from 10%-80%, the primary contaminant being

2Ne*". Data from the 22Ne(d, p)**Ne reaction at 11 MeV /u
were used for energy calibrations and as a check in the analysis
procedure.

The measurement was carried out using the HELIcal Orbit
Spectrometer (HELIOS) [35,36] with a magnetic field strength
of 2.5 T and the experimental setup resembled that shown in
Fig. 2 of Ref. [17]. Deuterated polyethylene (CD,) targets of
thickness 200 ;g/cm? were used, and they were placed near
the center of the magnet (Z = 0 cm). The position-sensitive Si
detector (PSD) array covered a range of —56 < Z < —21 cm
upstream from the target. A Si detector to monitor deuterons
scattered from the target, a Si telescope to identify recoiling
nuclei (nominally 80 um and 500 um thick), and an on-axis
zero-degree Si detector telescope to monitor the rate of the
beam (nominally 80 um and 500 um thick), were located at
Z =12, 108, and 113 cm, respectively, downstream from the
target. A perforated Ta plate was used in front of the zero-
degree Si telescope to attenuate the beam rate by a factor of
~1000 during the measurement. The energy response of the
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FIG. 1. Measured proton energies (Ej,,) as a function of the
distance from the target (Z) for the 2IE(d, p)*F reaction in inverse
kinematics at 10 MeV/u with a magnetic field strength of 2.5 T.
The proton data shown required a coincidence with >*F in the recoil
detector telescope. Final states identified in 2°F, appearing as tilted
parallel lines, are indicated by arrows and are labeled by their
corresponding excitation energy.

PSDs were calibrated using the well-known Q values of the
22Ne(d, p)**Ne reaction to the ground and low-lying excited
states [37].

Reaction channels other than 2'F(d, p)**F were removed by
requiring a timing coincidence within 150 ns between a proton
detected in a PSD and a >*F recoil—identified via the AE-E
signals of the Si recoil telescope. The timing coincidence also
removed the bulk of the uncorrelated background and made
it negligible in the analysis. The energies of protons selected
with this method (Ej4,) are plotted versus their corresponding
longitudinal distance from the target (Z) in Fig. 1. A *’F
excitation energy spectrum was deduced from a projection of
the tilted parallel lines found in Fig. 1, and is shown in Fig. 2.
The excitation energies, E*, of levels in 2R resulting from
a multigaussian fit to the excitation spectrum using a fixed
FWHM and free parameters for the centroids and amplitudes,
are presented in Table I. The excitation energy spectrum has a
resolution of approximately 200 keV FWHM due to properties
of the in-flight radioactive beam, as well as the energy losses
and the energy/angle straggling of the charged particles in the
target.

The measured angular distributions for final states observed
in 22F are shown with their statistical uncertainties by the black
data points in Fig. 3. Each single PSD, of which there were six
longitudinally and four azimuthally [36], was either considered
as a single center-of-mass angular bin, or separated into two
bins where the statistics allowed. Relative cross sections were
determined from the measured proton yields in each of the
defined angular bins. The center-of-mass angle for a bin, 6. p, ,
was determined from the reaction kinematics and the properties
of HELIOS (see Eq. (3) in Ref. [17]). Uncertainties on 6,
are less than 1°. The center-of-mass solid-angle covered for
a single PSD was approximately 30 msr for the 2'F(d, p)**F
reaction and the present setup. The minimum detection angle

of the recoil detector, and the proton-recoil coincident require-
ment, limited the angular distribution to 6, ,, > 10°.

Deuterons produced from the elastic scattering of 2! F on the
deuterium in the CD, targets were selected by a required co-
incidence between deuterons found in the monitor Si detector
and 2'F recoils identified in the Si recoil detector telescope, as
in Refs. [38,39]. The deuterons were measured at an energy of
~2 MeV and at an angle of 6. ,, = 20°, where the scattering
cross sections are ~30% larger than Rutherford cross sections.
The number of the >'F beam particles hitting the target was
obtained by dividing the number of the scattered deuterons by
calculated cross sections using the optical model potential, and
included the acceptance of the experimental setup. Absolute
cross sections were obtained combing this information with
the target thickness, PSD solid angle, and observed counts.
Different optical model parameter sets [40—44] were explored
in the calculations of the scattering cross sections. The resulting
cross sections varied with an rms of ~17%. Due to the limited
statistics in the monitor detector, and the varying results of the
calculations, the overall uncertainty on absolute cross sections
is &30%. This uncertainty does not impact the discussions to
follow as they are based on the relative yields.

III. RESULTS

The *’F excitation energy spectrum deduced in the present
work is shown in Fig. 2 together with states examined in
previous works (upper panel) [18]. The 4T ground state and
the 3% 0.072-MeV doublet could not be separated, and no
significant strength was observed at 300 keV, the location of
a state observed in a charge-exchange reaction [20]. Excited
states at 0.71(2), 1.63(1), 2.01(1) MeV were resolved in
the spectrum, and they correspond to previously observed
levels at E* = 0.709, 1.628/1.633, and 2.007 MeV having
JT =2%,1%/3% and 2, respectively. As discussed below, no
individual strength was observed belonging to the J™ = 17,
1.628 MeV state, which will be discussed in Sec. IV. Hence,
it is assumed that the observed 1.63-MeV peak is dominated
by the 1.633-MeV 37 level. The small shoulder that manifests
itself at the lower energy side of the 1.63-MeV peak, however,
could be a signature of the previously observed J™ = 5% state
at 1.414 MeV. Only an upper limit on the yield was determined
for this state.

A large amount of yield is found at ~5 MeV in the
spectrum of Fig. 2, a region where no definitive levels had
been previously reported. The width of the ~5 MeV peak
(~0.4 MeV FWHM) is wider than the expected resolution
(~200 keV FHWM)), indicating the presence of more than one
single state in this region. A fit to the data around ~5 MeV
using a double-Gaussian function, with free parameters for the
amplitudes and centroids but with widths fixed to the known
experimental resolution, returned two levels at E* = 4.85(5)
and 5.10(3) MeV. Only these two states are assumed for
the discussions below, although additional levels of varying
strength may also be present.

Some single-particle strength is also found in the range of
2.2 < E* < 4.6 MeV. Due to the limited statistics, angular
distributions for these states were not possible. However, upper
limits on strengths for a few of the features were extracted
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FIG. 2. The excitation-energy spectrum of 2*F as determined from the 2!F(d, p) reaction from the same data set as presented in Fig. 1. States
clearly identified in the present work are labeled with their corresponding spin assignments. The states that have been observed in previous

measurements are shown in the upper panel for comparison [18].

from integrated yields as detailed below (Table I). Of the large
number of levels populated strongly in this region by other
types of reactions (Fig. 2), none appear to be of dominant
single-neutron character. Additionally, as many of the known
levels have suggested J values of 0 or 1, their expected yields
would have been small to begin with.

Assignments of orbital angular momentum to the neutron
transfer, £, and spectroscopic factors, S (for this reaction the
isospin coefficient C> = 1), between the >'F ground state and
final states in >*F were extracted from the measured angular
distributions through a DWBA analysis utilizing the program
PTOLEMY [45]. The optical-model parameter sets of An et al.
[44] and Koning-Delaroche et al. [42] were used to define the
potentials of the entrance and outgoing channels, respectively.
The Argonne Vg [46] potential was used to define the deuteron
bound-state wave function and a Woods-Saxon potential with
central potential well parameters of rop = 1.25 fm and a =
0.65 fm, and with spin-orbit parameters of Vy, = 6.0 MeV,

rso = 1.1 fm, and a5, = 0.65 fm, was used to define the final
bound-state wave function of the neutron. The depth of the
Woods-Saxon potential well was adjusted to reproduce the
correct binding energy of each of the final states in >F.

The calculated angular distributions from DWBA were nor-
malized to the available data using a standard x> minimization
method, the results of which are shown in Fig. 3. The extracted
spectroscopic factors, and their corresponding strengths,

_2Jp+1

GS =
2J; +1

S, ey
where J; = 5/2 and J; is the spin of the final state in **F, are
listed in Table I. The uncertainties in the relative S arise from
statistics, the fitting procedure, and variations in the DWBA
analysis. In total they sum to ~10% for the ¢ = 2 strength
and ~17% for £ = 0 strength. For the weaker states observed
in Fig. 2 in which angular distributions were not possible,
upper limits on their strength were determined from a ratio
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TABLE I. Spectroscopic factors (§) and spectroscopic strengths
(GS) for states in 2F measured by the 2'F(d, p)**F reaction at
10 MeV /u. Relative uncertainties on S and G S are shown in paren-
thesis. Details on the uncertainties, £ = 2 and £ = 0 normalization
factors, and assignments of J™ and n/j is found in the text.

E*(MeV) o(h) JT nlj S GS
.2 4&3t 0dsp,  0.9509)  1.48(11)
0.00 & 0.071 3+ Isip  0.22(7)  0.27(8)
2 2+ 0ds,  0.30(7)  0.24(6)
0.712) 0 2+ Isi,  0.095)  0.07(5)
1.4(1) 2 5+ 0ds)*  <0.1° <0.2
0 3+ Isi,  1.01(15)  1.18(18)
1.63(1) 2 3+ 0ds, <005  <0.05
0 2+ Isip  0.67(10)  0.56(9)
201D 2 2+ 0ds, <005  <0.05
2.6(1) 2 1+ <0.4b <0.2
2.8(1) 2 (4+) <0.2° <03
3.7(1) 2 <0.2b
4.4(1) 2 <0.3°
4.85(5) 2 (It —4%)  0ds,  025(5°  0.21(5)
5.10(3) 2 4+ Ods,  0.98(8)°  1.47(11)

“Based on previous work [18].
Limits obtained from integrated cross section assuming £ = 2.
°Same normalization as 0ds, levels.

of measured-to-calculated integrated cross sections, assuming
in all cases an £ = 2 neutron transfer (Table I).

The angular distribution for the combined ground and
0.07 MeV levels, as well as the 0.71 MeV distribution, were
bestreproduced by composite £ = 0 and 2 DWBA distributions
(Fig. 3). These mixed distributions are consistent with the
previous spin assignments for these levels of 47, 3%, and 2%,
respectively [18]. Within ~1.5—2.2 MeV excitation energy,
the £ = 0 strengths of the 1.63-MeV and 2.01-MeV states
dominate the yields. Upper limits on the £ = 2 strength were
observed only at the few percent level (Table I). The dominance
of £ = Ostrengthat E* = 1.63 MeV is evidence for population
of the 3% state over the 17 state, considering the latter is only
reachable via £ = 2 neutron transfer. The ¢ = 0 distribution
for the 2.01-MeV state is also consistent with its previous 2+
assignment. Both levels observed around E* = 5 MeV show
pure £ = 2 angular distributions as expected for levels at this
excitation energy.

In the present measurement, the bulk of the v0ds,, and
vlsi/, strength has been observed (further details supporting
this are given in Sec. IV). Assuming that all the ds,, strength
was below ~2.1 MeV and all d3,, strength at energies higher
than this, we obtain a normalization of S values according
to the Macfarlane and French sum rules [45]. In a simple
single-particle picture, both orbitals should have vacancies of
2, giving )~ GSoys, =2and ) GSys,,, = 2. All levels labeled
in Table I by either v0ds/, or vlsi/,, were included in their
respective normalization sums. The final normalizations were
0.62 and 1.25 for the v0ds,, and v1s,», respectively.

T T T T T T T T T ] T T T T T T T T T 4
2000 1=08&/=2 |
+ - == =0 E
§_X200 e =2 E
4 \.\‘
\\ 2.01 MeV
§ .
. /'? =
\ é §\
\ 3
.
5.10 MeV \
N
v
e -
10° \ "\‘”X1 §\i N 4
E 1.63 MeV A N
F \ I 4.85MeV S ]
PR S TR U T SR PO T BRSNS R
0 10 20 30 40 50 10 20 30 40

0. (deg)

FIG. 3. Experimental (black points) and calculated (lines) cross
sections as a function of the center-of-mass angle for various final
states in the reaction >'F(d,p)*F at 10 MeV/u. Only statistical
uncertainties are shown for the experimental data, and there is a
systematic uncertainty of ~30% on the absolute cross section scale.
The dashed and dot-dashed curves are the calculated DWBA cross
sections for ¢ = 2 and ¢ = 0 neutron transfer, respectively. The red
solid curves are the resulting fits which incorporated mixed £ = 0 and
¢ = 2 angular distributions. Note the multiplication factors used for
the ease of plotting.

The entirety of the procedures for the extraction and nor-
malization of the spectroscopic factors was validated using the
22Ne(d, p) data at 11 MeV /u taken with the same experimental
setup. Use of the optical model parameters listed above in the
DWBA analysis produced normalized spectroscopic factors
and strengths consistent with those obtained in Ref. [47], for
both ¢ = 0 and ¢ = 2 neutron transfer.

IV. DISCUSSION

In 2%F, the ground state and the two excited states at
0.071 and 0.71 MeV account for ~85% of the observed 0ds»
single-neutron strength (Table I). The dominant components of
the £ = O strength, the 1.63- and 2.01-MeV levels, account for
~85% of the observed Os; , single-neutron strength. The E*
of these two strengths are in-line with their expected single-
particle energies, based on a simple single-neutron coupling
picture. The large amount of ¢ = 2 strength found at ~5 MeV
has been identified as large low-lying fragments of the neutron
Ods/> strength. Assuming the same normalization factor as
used for the v0ds, strength, the normalized Ods,, strength is
> GS = 1.68(13), less than half of the expected vacancy of
an empty orbital ()~ GS = 4). The remaining v0ds> strength
resides above S, = 5.230(13) MeV [18], a region not probed
in the present work.

It is worth noting that while the present measurement is not
directly sensitive to strength originating from either the v0ds >
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FIG. 4. Experimental (a) and calculated (b)-(d) Ods, (blue cross-
hatched bars), 15, (green bars), Ods,, (red slashed bars) single-
neutron strengths as a function of excitation energy in **F using the
(b) USD, (c) USDA, and (d) USDB interactions. The weaker strengths
extracted assuming only £ = 2 neutron transfer are represented by the
white unfilled bars. States with calculated S < 0.04 were not included
in the plots. Spin-parity labels are shown only for those levels which
are relevant to the discussions in the text.

or v0d3, orbitals, very little mixing between the two strengths
is expected due to their large energy separation (=4 MeV).
Of course, small amounts of fragmented strength may still be
distributed between them, e.g., the weakly populated states
residing between 2.2 and 4.6 MeV in excitation energy (Fig. 2
and Table I).

A. Shell model calculations

Single-neutron overlaps between levels in 22F and the 2'F
ground state have been calculated using the COSMO shell-model
code [48] for the USD [5], USDA and USDB [12] sd-shell
interactions. The resulting strengths are shown in Fig. 4(b)—
4(d) together with the experimental values in Fig. 4(a), taken
from Table I. Each calculation had a closed '®O core and
the valence particles were free to occupy all sd orbitals. A
notable difference between the USDA/USDB interactions and
the USD interaction is the proper reproduction of the oxygen
drip line at N = 16 by the former two. The USD interaction
incorrectly calculates the N = 18 20 ground state to be bound
by ~1 MeV.

The overall single-neutron strength distribution in 2*F is
well reproduced by each of these sd-shell interactions. The
agreement covers both the relative strengths between different
states, as well as between different £ values within a single
state. The £ = 2 assumption for the weak strength observed
between ~2 < E* < 4MeV also seems to be reasonable based
on the calculated results.

Assignment of the newly found ¢ =2 strength around
E. ~ 5 MeV as corresponding to the v0ds3,, orbital is sup-

ported by the shell-model calculations. A tentative J™ = (41)
assignment has been made to the largest observed fragment at
E, = 5.10(3) MeV based on a comparison with the calculated
strength. However, both this level and the 4.85(5)-MeV level
could be formed from a combination of v0d3,, fragments as
seen around E* &~ 5 MeV, as suggested by the shell model
calculations in Figs. 4(b) and 4(c). We assign a possible
spin-parity range from J* = (17 — 41) for the 4.85(5) MeV
level, with a slight favoring for the 2" based on the calculations.
Subtle discrepancies between the experimental data and the
USD interaction are noticeable in Fig. 4. The spacing of the
two levels comprising most of the vls;,, strength (J™ = 27
and 3T) are compressed in the calculation, with the 2* state
being too low in E*. The calculated E* of the lowest-lying
significant v0d3 ), fragment (J* = 4%)isalso~0.5MeV lower
than the data. The more recent USDA/USDB interactions seem
to correct on these discrepancies reproducing the experimental
£ = 0 states, and have a better agreement with the measured
energy of the lowest-lying v0ds,, 4™ level. On the latter point,
the improved agreement of the USDA/USDB interactions with
the data is rooted in the same mechanism responsible for
their correct depiction of the Z = 8 drip line. Namely, an
increase in the effective v0d3, orbital energy was found for the
USDA/USDB interactions over that of the USD interaction.

B. N = 14 and 16 shell gaps

The size of the N = 14 shell gap in 22F has been estimated
to be 1.63(21) MeV from the difference in the weighted-
centroid energies of the v0ds;; [E* = 0.13(11) MeV] and
vlsip [E* = 1.76(18) MeV] strengths. An average E* of
0.035 MeV was used for the g.s. (47) and 0.071-MeV (31)
levels to determine the v0ds,, centroid energy. Along with
these, the 0.71-MeV (27) state was included in the centroid
energy determination. An additional uncertainty of 100 keV is
included on the v0ds,, centroid energy to account for missing
members of the multiplet (OF, 17, and 57). If the upper limit
on the strength of the previously observed 5" level at 1.4 MeV
were to be included then the centroid energy would be 0.26(12)
MeV. Only the two large ¢ = 0 fragments were used in the
v1sy, centroid determination and an additional uncertainty of
50 keV was added due to possible missed strength. The present
value for the N = 14 gap size is in reasonable agreement with
the neutron-rich oxygen isotopes which are known to have a
subshell closure at N = 14 [17,27], but a little lower than than
the value in 22220 [49,50]. However, it is comparably larger
than the N = 14 gap in the C isotopes where a reduction of the
shell gap has been observed [51,52].

The present data provide a lower limit on the N = 16
shell gap in 22F of >3 MeV. The difference in the weighted-
centroid energies of the vls;,, [E* =1.76(18) MeV] and
v0ds); [E* 2 5 MeV] strengths were used. Only a lower limit
could be determined due to missed v0ds3,, strength at higher
excitation energy above the S, in 2?F. In other N = 13 nuclei,
the same energy gap has been measured: !0 = 3.98(10) MeV
[27], and 2*Ne = 2.97(10) [47]. Similarly, the values for other
neutron-rich oxygen isotopes are: 220 = 4.00(2) MeV [28],
0 = 4.95(16) MeV [31],and O = 4.86(13) MeV [29]. As
pointed out above, the location of the v0d3, strength in 2E

014325-6



EXPERIMENTAL STUDY OF THE EFFECTIVE NUCLEON- ...

PHYSICAL REVIEW C 98, 014325 (2018)

TABLEII. Energy centroids, E’; and diagonal particle-hole TBMEs, E ’J(p “M(0ds /22) from the present data on 2°F, as well as particle-particle
TBMEs, E""”(0ds,?), from the present data (**F), particle-particle spectra of '*F-'*0, and hole-hole spectra of 2 Al-*Mg and 2°O. The
E"""(0ds,*) determined from the calculated spectra of the USDA interaction [12] are also given for '*F-'*0 and **F. Uncertainties for the
2F E;"fp )(0ds 12%) are discussed in text, while for the rest nuclei, they are estimated to be a few hundred keV.

E}"7"(0ds2%)
ZZF

E™"(0ds2*)

J E} 2F “F-*0[54,55]  *Al-*Mg[56,57]  *O[17] ~ USDA™F  USDA "F-"*O
0 925 9.95 —2.03 -2.77 —3.65 —2.74 -2.99 -3.37
1° 210 2.80 -3.70 -5.01 -2.92 -3.13 -3.32
2 1.02 1.72 —0.65 —1.06 -0.71 —1.37 -0.72 -0.92
3 0.07 0.77 -1.90 —1.69 —1.66 —1.89 -1.97
4 0.00 0.70 0.47 -0.36 0.81 0.53 0.15 —0.55
5 1.41 2.11 -331 —3.89 —3.56 -3.71 -3.90

“Not observed in the present measurement. See details in the text.

observed below S, is better reproduced by the USDA and
USDB interactions. With respect to the N = 16 shell gap,
these two interactions predict 3.2 MeV and 23.1 MeV, as
compared to the USD interaction with 2.8 MeV.

C. Diagonal two-body matrix elements

Diagonal two-body matrix elements (TBMEs) of the ef-
fective nucleon-nucleon (N N) interaction, EBP P jp) =
(1, 2J1V1j1, joJ), may be derived from the experimental
data through measured (2J + 1)S-weighted excitation ener-
gies and ground-state binding energies. Here, j;, j, and J
stand for the two interacting single-particle orbitals and the
total angular momentum that they may couple to. In the present
work, the low-lying structure of **F has been observed to
be dominated by the coupling of single proton particle in
a 0ds;, orbital to a single-neutron hole in a Ods;, orbital,
namely j; = jo» = Ods/, (Fig. 4 and Table I). This is consistent
with the doubly-magic nature of *?0 acting as a robust
core [18]. Therefore, the diagonal TBMEs Egp P (0ds %) =
(0d5/22J |V|0d5/22J ) may be extracted from the measured

particle-hole matrix elements, £ 'J(p 7h)0d5 /22, in 22F following
conversion via the Pandya transformation [53]. The procedure
used below follows that described in Ref. [7].

The excitation energy in **F where the (0ds;2)?, J = 0-5
multiplet would appear degenerate in the absence of a residual
interaction, and its energy would be

Eo(m0ds;,v0ds)2) = B[*'O] + B[*’F] — B[*’F] — B[*0]
= —0.70MeV, )

where B[4 Z] are ground-state binding energies, and B[*'O]
and B[**F] are the 5/2% neutron single-hole and proton single-
particle ground states. The particle-hole TBME for a specified
J value is then

E"™(0ds)?) = E — Eo(m0ds;10dsp),  (3)

where E represent the centroids from the (2J + 1)S-weighted
excitation energies in **F (Table II). The E’ for J = 2,3, 4,
and 5 were determined using the spectroscopic information
and energies given in Table I. The uncertainties in these
centroids are estimated at around 150 keV. No levels needed

to calculate the 07 and 17 centroids were directly identified
in the present work. However, past work identified two 17
states at E* = 1.628 MeV and 2.571 MeV and we took their
average energy (2.10 MeV) to be E} [18]. The uncertainty in
this centroid is taken to be ~450 keV, the energy spanning
the two 17 states. Calculations using the USDA interaction
predict EY = 1.93 MeV, consistent with our estimate. The o+
state that we are interested in for the TBMEs is the isobaric
analog of the ground state of 220 [37] and should differ from
it almost entirely by the Coulomb energy difference which is
constant to better than 100 keV across a given isotopic chain in
this region of nuclei. It has isospin of 7 = 3 (and all the other
members of the multiplet have 7 = 2). The uncertainty in the
0" energy is estimated at ~100 keV.

The E%, E;p_h)(0d5/22), and Egp_p)(0d5/22) values deter-
mined in the present work are listed in the second to fourth
columns of Table II. The uncertainty on the ?’F E ‘(/p P (0ds %)
values has been estimated to be ~200 keV by varying the E7
across their uncertainties. The 2F TBMEs can be directly
compared to those which have been extracted in previous
studies of particle-particle states in BE(T =0)and 0 (T =
1) [54,55], hole-hole states in 2°Al (T = 0) and Mg (T = 1)
[56,57], and hole-hole states 2°0 (T = 1) [17] (Table II in
columns five through seven). Similarly, the Ey’ P )(Od5/22)
obtained from the calculated spectra of the USDA interaction
for '8 F-180 and %’F are also listed in Table II.

The average interaction energy between two Ods;, nu-
cleons, E = 3,27 + DEY " (0ds).?)/ Y, (2J + 1), is the
monopole component of the two-body interaction used in
discussing the evolution of single-particle states by [58], was
calculated from the 2°F, '®F-'30, and 2°A1-*°Mg TBMEs.
The results are presented in Table III along with the same
monopole energy extracted in two complementary methods
[59,60] using the ground-state energy differences in >*F-1"F
and 2Si-220 [37]. Specifically, the ground-state one-proton
separation energy, S,, of the odd (5/2%) proton in BF outside
of the complete proton Op;/,, and neutron Ods;, shells of
220 is six times larger than the ground-state S, of '"F from
the empty neutron 0ds, orbital of '°0. Similarly, were *Si
a good closed shell for both Ods;, neutrons and protons, a
comparison of its binding energy with that of 220 and '°O
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TABLE IIL. The monopole component of the Ef™"(0ds/?)
two-body interaction, E, extracted from various empirical sources.
Additional details are given in the text. The uncertainties are estimated

to be a few hundred keV.

Nuclei used E (MeV) Method
BE.130 —2.2 E relative to binding of a
n and p on 0
BE.IR —2.1 proton separation energy
with full and empty 110(156/2 shell
2F —17 E relative to binding of

a neutron-hole and a proton on 20

88i-20 (—1.8) Binding of 70dS),
with full v0dS , shell
B A1-Mg (=17 E relative to the n and p

hole-energies on 28Si

*Likely affected by the weak shell closures in *Si.

would yield the same information [59,60]. However, while
the monopole energy extracted using 28Si is in reasonable
agreement with the others, it should be considered with caution
due to the ample information that the Ods/, shell in 28Si is far
from closed, unlike the closure of the 0p-shell in the oxygen
isotopes [61].

The E in Table III show on average a decrease in the
interaction strength as a function of A (A =19 and 25 are
assumed for rows 2 and 4, respectively). The decrease is
understood as the size of the orbits involved are increasing
while the interaction strength remains constant [7]. Therefore,
an A dependence has been included in a number of effective
shell-model calculations, for example the USD and USDA/B
interactions each employ a A~93 scale [5,12]. However,
suggestions have also been made for a mass-scaling based on
changes in the nuclear surface area, A~23[62], as well as a
simple o« A~!. While the data in Table III are slightly improved
with some A-dependent scaling, the uncertainties are too large
to conclude whether A scaling is present, and what functional
form it may have.

The sd-shell USDA interaction reproduces well the energies
and strengths of a number of nuclei in the O-F region. Hence, it
is not surprising that its calculated £ 5‘" - (0ds /22) values agree
with the experimental values on the order of a few hundred keV.
No significant trend in the differences between the calculated
TBME:s and the data was observed outside of the experimental
uncertainties when going from '®F-130, located at the line of
stability, to the slightly more neutron-rich 2°F. This is perhaps
not surprising as the v0ds,, levels of interest are well bound
in both cases by >7 MeV and ~5 MeV below their respective
S, values [18,63]. The present work does not directly add to
the previous discussions surrounding the observed weakening
of the observed 0ds,>-0d3,» TBMEs relative to their calculated
counterparts as a function of binding energy [9,10]. However,
it should be noted that the extraction of the same TBMEs
from various sets of data, including single-particle strength
distributions as done here for the E'*~(0ds,?) (Tables IT and
IIT), show variation on the order of hundreds of ke V. Using this
information as a basis for applying systematic uncertainties

to TBMEs has put the uncertainties on the same order as
the recently observed differences between data and theory
(~300 keV) [9,10].

The deviations of the J = 0 and 1 TBMEs between exper-
imental results, independent of any A dependence, are found
to be larger than for the other J values. One contributor to
this effect is the additional energy present from pairing cor-
relations in TBMEs which have been extracted from particle-
particle data versus those extracted from particle-hole data.
The weakened J = 0 TBME from the particle-hole data in the
22F relative to all other TBMEs, in particular from '8F-'30
particle-particle spectra, supports this observation. However,
it should be pointed out that low-J states, and the J =0, 1
states in particular, are the most experimentally demanding to
observe due to their relatively small cross sections and resulting
increased uncertainties.

V. SUMMARY

Single-neutron overlaps between final states in 2°F and the
ground state of >'F have been determined from the measured
cross sections of the (d, p) reaction at 10 MeV/u in inverse
kinematics. Spectroscopic factors and strengths were extracted
from a DWBA analysis and the strength distributions of the
v0ds /2, v1sis, and v0ds/, orbitals are well reproduced by
shell-model calculations using the USDA and USDB inter-
actions. Calculations using the USD interaction underestimate
the observed large Od, strength by around 0.5 MeV, hence, re-
inforcing USDA/USDB interactions depiction of an increased
0d3/> single-particle energy in order to correctly reproduce
the Z = 8 drip line. Estimates of the size of the N = 14
shell gap and a lower limit of the N = 16 shell gap were
deduced in *’F from information on weighted centroids. An
independent determination of the diagonal (0ds> )5 two-body
matrix elements was also obtained from the data through use of
the Pandya transformation. Along with an extracted monopole
component, they were compared with previous determinations
of the same matrix element based on various sets of particle-
particle or hole-hole spectra, as well as ground state binding
energies. Outside of the large variations for the J = 0 and
J =1 energies, likely related to pairing energies, an overall
agreement between them, on the order of a few hundred keV,
was found and was further improved when a mass dependence
of the matrix elements was considered.
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