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Core of 25F studied by the 25F(−p) proton-removal reaction
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The 9Be(25F(5/2+), 24O)X proton-removal reaction was studied at the NSCL using the S800 spectrometer.
The experimental spectroscopic factor for the ground-state to ground-state transition indicates a substantial
depletion of the proton d5/2 strength compared to shell-model expectations, similar to the findings of an
inverse-kinematics (p, 2p) measurement performed at RIBF. The 25F to 24O ground-states overlap is considerably
less than anticipated if the core nucleons behaved as rigid, doubly-magic 24O within 25F. We interpret the new
results within the framework of the Particle-Vibration Coupling (PVC) model, of a d5/2 proton coupled to a
quadrupole phonon of an effective core. This approach provides a good description of the experimental data,
requiring an effective 24O∗ core with a phonon energy of h̄ω2= 3.2 MeV and a B(E2) ≈ 2.7 W.u. – softer and
more collective than a bare 24O. Both the Nilsson deformed mean field and the PVC models appear to capture
the properties of the effective core of 25F, suggesting that the additional proton polarizes 24O in such a way that
it becomes either slightly deformed or a quadrupole vibrator.

DOI: 10.1103/PhysRevC.106.L061303

Introduction. The nature of shell closures and the persis-
tence of magic numbers in exotic neutron-rich nuclei is a
fundamental question of major importance in nuclear physics.
Studies aiming to identify and understand the evolution of
shell structure and collectivity, moving away from β stability,
have attracted major efforts worldwide.

A unique opportunity to study these effects can be found
in the oxygen isotopic chain with a closed Z = 8 proton
shell. Experimental work carried out at National Supercon-
ducting Cyclotron Laboratory (NSCL) [1] and Gesellschaft
für Schwerionenforschung (GSI) [2] revealed that 24O, lo-
cated at the neutron dripline, is a doubly magic nucleus
with Z = 8 and N = 16, confirming earlier experimental
indications [3,4] and theoretical predictions [5]. The struc-
ture of the neutron-rich oxygen isotopes has come to be
understood in terms of interactions between valence neu-
trons and the core nucleons driving modifications to effective
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single-particle orbital energies, providing an important testing
ground for shell-model interactions and ab-initio descriptions
of medium-mass nuclei. These nuclei have provided an im-
portant benchmark to study the effects of three-nucleon (3N)
forces in determining the location of the neutron dripline
[6,7]. One of the most dramatic manifestations of the unique
role of the strong proton-neutron force appears when one
compares the oxygen and the Z = 9 fluorine isotopes. With
just one more proton than oxygen, the neutron dripline in
F extends seven neutrons beyond 24O to 31F, as the strong
overlap between the spin-orbit partners π1d5/2-ν1d3/2 low-
ers (binds) the ν1d3/2 orbital in fluorine and changes the
shell gap.

Ab-initio calculations with two-nucleon (NN) and 3N
interactions, which were successfully used to describe the
location of the oxygen dripline at 24O [8], are now being
extended to the fluorine isotopic chain [8,9]. Given the sensi-
tivity to the subtle interplay of nuclear forces in this region, it
is important to obtain detailed structure data on neutron-rich O
and F isotopes to test theories that aim to describe and predict
the structure of nuclei out to the dripline. One of the most
sensitive tests is through direct reaction experiments, measur-
ing exclusive cross sections to final states where a nucleon has
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been added or removed and their derived spectroscopic factors
and associated level occupancies.

A recent RIKEN/Radioactive Ion Beam Factory (RIBF)
measurement [10] explored this question via the spectroscopic
factors connecting the 25F ground state and 24O final
states. Using the inverse kinematics 25F(p, 2p) reaction
at 270 MeV/nucleon on a liquid hydrogen target, Tang
et al. measured partial cross sections to the 24O ground
state, the only particle-bound final state, and to unbound
excited states. They reported that, taken together, these
cross sections accounted for the total expected 1d5/2 proton

single-particle strength, but that the 25F ground state differs
significantly from a dominantly 24Og.s. +p configuration.

Specifically, the experimental 25F ground state to the 24O
ground state spectroscopic factor C2Sexp, based on a computed
theoretical (p, 2p) cross section into their very restricted
detection geometry, was 0.36(13). The interpretation was
therefore that the core nucleons in 25F have only a ≈36%
probability of being found in the 24O ground state and that the
core nucleon configurations are dominated by excited states.
This suggests that the single, additional 1d5/2 proton in 25F
substantially alters the structure of the core nucleons. Such a
core polarization was not predicted by large-scale shell model
calculations employing state-of-the-art phenomenological
interactions in this mass region [10].

Given this significant departure from expectations, further
experimental study of the cross section and spectroscopic
factor for proton removal from 25F is warranted. We employ
a different and complementary direct reaction in which the
proton is removed in fast collisions of an intermediate-energy
25F secondary beam with a target of light nuclei, here 9Be.
We refer to this reaction mechanism as proton-removal, re-
serving the term knockout for the quasifree (p, 2p) process.
The present measurement adds substantial statistics to an
earlier proton-removal experiment, performed at NSCL at a
lower beam energy of 50 MeV/nucleon on a carbon target
[11]. Throughout this work, our analysis uses the sudden,
eikonal removal-reaction model of Ref. [12]. When this earlier
experiment is so analyzed, which predicts a single-particle
removal cross section of 13.3 mb, one obtains an experimen-
tal spectroscopic factor of 0.29(5). This and our new result
discussed in later, in common with Tang et al. [10], indicate
strong suppression of the proton d5/2 strength. We note that the
secondary beam energy in the earlier NSCL measurement [11]
is at the lower end of values for which the eikonal, dynamical
model used is considered reliable in cases where the removed
nucleon is reasonably well bound—such as the present case
where Sp = 14.46 MeV. We note also that a preliminary cross
section was reported for proton removal on a carbon target
at 218 MeV/nucleon [13]. Analysis for that system yielded
a ground-state to ground-state spectroscopic factor of 0.53(6)
[12] and so has very minimal overlap with the (p, 2p) and
earlier NSCL results. A final, published cross section from this
higher energy data set will certainly be of interest in the future.

Experimental details. The present experiment was per-
formed at the NSCL at Michigan State University. A sec-

ondary beam of 25F was produced following fragmentation of
a 140-MeV/nucleon 48Ca primary beam, accelerated through
the Coupled Cyclotron Facility onto a 1034-mg/cm2 9Be
target. The desired 25F fragment was separated from other
reaction products through the A1900 fragment separator [14],
based on magnetic rigidity and relative energy loss through
a 1050 mg/cm2 Al wedge. Fragments were delivered with
a momentum acceptance of 1% �p/p and impinged upon
a 188-mg/cm2 thick 9Be target at the target position of the
S800 spectrograph [15]. The residual nuclei were identi-
fied event-by-event in the focal plane detectors of the S800,
through time-of-flight and energy loss. The position-sensitive
cathode-readout drift chambers (CRDCs) in the S800 focal
plane, when used with an inverse map of the S800 ion-optical
elements, enabled a measurement of the parallel momentum
distribution of the reaction residues.

While not relevant for the case discussed here, since 24O
has no bound excited states, the target position of the S800
was surrounded by 10 modules of GRETINA [16], populating
the most forward positions available with four at θ ≈ 58◦ and
six at θ ≈ 90◦. The setup enabled exclusive excited-state cross
sections to be measured for proton-removal reactions on the
21–24F isotopes. These data will be discussed in a forthcoming
paper.

With a 25F midtarget energy of ≈ 77 MeV/nucleon, the
present proton removal reaction is of sufficiently high beam
energy to avoid any significant nonsudden dynamical effects,
as have been observed and discussed when well-bound nucle-
ons are removed from a low-energy beam [17]. Such effects
might potentially have some limited impact on the earlier, 50
MeV/nucleon removal-reaction experiment of Ref. [11].

Results. A total of 4790(69) 24O ions were identified in
the focal plane of the S800 following the reaction of the
incoming 25F beam, as shown in the upper panel of Fig. 1.
Having no particle-bound excited states, all of the observed
24O nuclei represent proton removals that directly populate
the 24O ground state. The single-particle cross section, σsp,
computed with unit spectroscopic factor, and the longitudi-
nal momentum distribution for the d5/2 proton removal are
calculated using the eikonal-model methodology detailed in
Ref. [12]. The calculated model single-particle cross section is
σsp = 15.7 mb.

The measured and calculated longitudinal momentum dis-
tribution of the 24O residues is presented in the lower panel
of Fig. 1. The width of the measured distribution is well
reproduced by the eikonal-model calculations (solid red line).
As is common, the data display a low momentum tail that
arises from more-dissipative reaction events with a greater
energy- and momentum-transfer to the target. Such (relatively
small) energy transfer is not included in the eikonal-model
dynamics. The data also show a cut-off at high momentum—
an instrument acceptance effect in the present experiment.
Correcting for this acceptance loss, corresponding to 7(1)%,
as well as the data acquisition livetime, the proton removal
cross section from 25F to the 24Og.s. is determined to be σexp =
4.3(6) mb.
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FIG. 1. (Top) Particle identification plot for reaction residues
detected in the S800 focal plane following reaction of incoming
25F. The 24O reaction residues are highlighted in the dashed oval.
(Bottom) Parallel momentum distribution for 24O reaction residues
following proton removal from 25F. The red line is a calculation of
the expected distribution for removal of an 	 = 2 proton, folded with
the experiment response, and shows good agreement with the width
of the distribution. See text for further details.

So, the derived experimental spectroscopic factor of the
present work is C2Sexp = σexp/σsp = 0.27(4), which overlaps
the lower part of the error band of the (p, 2p) value, 0.36(13)
[10]. As stated above, these C2Sexp are significantly smaller

than calculated shell-model spectroscopic factors; for exam-
ple C2SSM = 0.96 for the universal sd (USD) interaction [11].
In fact, no state-of-the-art shell-model effective interaction
currently predicts such a highly-suppressed 〈25F | 24Og.s., p〉
overlap and C2SSM value, all available predictions being
close to unity, in line with the independent-particle shell-
model expectation. So, the new data presented here, and its
unexpected degree of suppression of the nuclear overlap,
suggest a significant structural change of the core nucle-
ons of 25F. In the following discussion we will investigate
the potential role of particle-core rotational and/or vibra-
tional coupling degrees of freedom as a driver of such a
suppression.

One does not expect that the entire suppression in the
proton removal reaction, quantified above, will be attributable
to structural changes arising from particle-core or shell-model
degrees of freedom. It is recognized that simplified core-
coupling models, and even the best available shell-model
calculations with their highly truncated bases, cannot account
for a number of few-body, short- and longer-range correlations
in the nuclear many-body wave function. These contributions
lie outside of the assumed model spaces and/or beyond com-
putational capabilities. Empirically, the magnitudes of such
structure-model contributions, and of any systematic limita-
tions of the reaction-dynamics methodology, are encapsulated
in the available nucleon removal reaction systematics [12].
The most recent data compilation now includes reactions of
nuclei with a wide range of energies, masses, np asymmetry,
and that are quite different structurally. There, comparisons
of the experimentally measured inclusive nucleon-removal
cross sections (σexp) with eikonal-model plus shell-model
cross-section calculations for all bound residue final states
(σth) show a systematic suppression of RS = σexp/σth with
increasing nucleon separation energy. More specifically, the
observed RS suppression varies approximately linearly with
�S, the difference in separation energies of the removed
nucleon (proton or neutron) and that of the other species of
nucleon (neutron or proton). Thus, �S provides a measure
of the energy asymmetry of the displaced neutron and proton
Fermi surfaces [12,18]. Of course, since, for 24O, the ground
state is the only bound final state, the computed RS value
involves only the ground-state to ground-state overlap and its
spectroscopic factor.

For the �S value of the present reaction, 10.17 MeV, the
now-extensive removal-reaction systematics indicate that RS

is expected to lie in the range 0.45(10) [12], whereas the
measured (inclusive) cross section of the present experiment
and USD shell-model spectroscopic factor of 0.96 derives
an RS value of 0.26. To return an RS value in the expected
range, given the measured cross section and the calculated
σsp, requires a theoretical spectroscopic factor in the range
C2Sth = 0.56(15). This is the conclusion based on the present
proton-removal reaction data and the available systematics for
other systems.

Such systematics considerations for the (p, 2p) knockout
reaction are less clear. In the work of Tang et al. [10], for the
single, 25F-induced reaction, the calculated cross sections are
claimed to be absolute. On the other hand, the quasifree
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FIG. 2. The experimental level scheme of 25F from Ref. [28] and
the results of the PVC model showing the phonon splitting at first
order. For reference, the energies of the 2+ states in 24O and of the
effective 24O∗ core are shown in red. The phonon frequency deter-
mined from the spin weighted average of the multiplet is indicated in
blue.

(p, 2p) measurements and analyses of Atar et al. (see Figure 4
of [19]), across the full range of oxygen isotopes, derived
ratios of experimental-to-theoretical cross sections with re-
ductions R (analogous to RS) of 0.65(5). We note that the RS

values for the proton-removal reaction data from 14O and 16O,
and also the 16O(e, e′ p), electron-induced knockout data point
(see Fig. 1 of [12]), cases measured using both the (p, 2p)
and removal-reaction mechanisms, are also consistent with
a suppression of order 0.65(5). The situation regarding such
systematic effects in the quasifree knockout reaction analyses
is thus unresolved at present.

Discussion. In our earlier works [20,21], we interpreted the
structure of both 25,29F in the framework of the Nilsson plus
particle rotor model (PRM) [22–24] where the coupling of
a proton d5/2 Nilsson multiplet to an effective oxygen core
of modest deformation, β2 ≈ 0.16, can be understood in the
rotation-aligned coupling limit. This gives rise to a decoupled
band [25] in agreement with the observed levels where the d5/2

strength is fragmented among the ground and excited states,
consistent with the reduced d5/2 strength in 25F ground state,
observed in the current work.

Given the rather small deformation determined from our
previous analysis, it is interesting to apply the particle vibra-
tion coupling (PVC) scheme, as developed and discussed by
Bohr and Mottelson [26]. The structure of 25F could then be
considered as a d5/2 proton coupled to a quadrupole (λ = 2)

phonon of frequency h̄ω2 in the effective 24O∗ core. This
approximation is justified by the fact that the proton single-
particle levels in a Woods-Saxon potential in this region are
characterized by gaps between (s1/2, d3/2) and the d5/2 levels
of around 4.3 and 7 MeV, respectively [27], allowing these
additional couplings to be ignored.

TABLE I. Fitted particle-vibration coupling parameters for the
effective 24O∗ core in 25F, compared to those in 24O. Similarly for
the 28O-29F case. Phonon energies, coupling constants and restoring
force parameters are in MeV and B(E2)’s in e2b2.

Parameter 24O 24O∗ 28O∗

h̄ω2 4.7 3.2 2.0
h( j, j, 2) 0.73 1.58 1.75
C2 204 140 97
B(E2) 0.0012 0.0055 0.0082

Following Ref. [26], the splitting of the quadrupole phonon
multiplet is given by

�E ( j, I ) = h2( j, j, 2)

h̄ω2
(δ jI + (2 j + 1))

{
2 j j
2 j I

}
(1)

and

h( j, j, 2) =
(

5

4π

)1/2〈
j
1

2
20

∣∣∣∣ j
1

2

〉(
h̄ω2

2C2

)1/2

〈 j|κ2(r)| j〉. (2)

In the equations above, δ jI is the Kronecker δ, { } is
a six- j coefficient, 〈 〉 a Clebsch-Gordan coefficient, and
κ2(r) = R0∂V/∂r the single-particle radial form factor, giving
〈 j|κ2(r)| j〉 ≈ 50 MeV. The restoring force parameter, C2, and
the phonon frequency, h̄ω2, are related to the E2 transition
probability:

B(E2, n = 0 → n = 1) = 5

(
3

4π
ZeR2

)2( h̄ω2

2C2

)
. (3)

From a fit to the lowest-energy experimental levels of a
given spin I in 25F [28], that we associate with the 1

2 � I � 9
2

multiplet shown in Fig. 2, we obtain the relevant parameters
listed in Table I, which can be compared with those of the free
24O nucleus.1 It is seen that the addition of an extra proton
tends to soften 24O, with the effective core becoming more
collective, as indicated by the lower phonon energy, stronger
coupling term, and smaller restoring force (see Table I). A
PVC analysis in 29F, albeit with much less experimental
information available, gives the results included in Table I,
also suggesting a similar behavior of the effective 28O∗ core
in 29F.

Within the PVC scenario, the single-particle state is renor-
malized to

|̂ j〉 ≈ a| j, n = 0〉 + b| j, n = 1〉 (4)

with

b = h( j, j, 2)

h̄ω2
(5)

as a result of its coupling to the phonon.

1The phonon frequency can also be determined from h̄ω2 =∑9/2
I=1/2(2I + 1)E ( j, I )/

∑9/2
I=1/2(2I + 1) which gives 3.05 MeV, con-

sistent with the fitted value of 3.2 MeV.
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Thus the spectroscopic factor for one-proton removal from
the 5/2+ ground state of 25F to the ground state of 24O is

C2SPVC = a2〈24
O | 24

∗
O〉2, (6)

where, from Eq. (4), a2 accounts for the ̂|d5/2〉 single-particle
renormalization. We estimate the overlap between the initial
and final cores, 〈24O | 24O∗〉 ≈ 0.87, by the overlap of har-
monic oscillator wave functions in β2, each adjusted to give

the root-mean-squared deformation
√

〈β2
2 〉 obtained from the

corresponding B(E2) values in Table I. With the above, we
obtain C2Sth,PVC = 0.6, consistent with the reduced overlap
between the 24O∗ effective core in 25F and the bare 24O nu-
cleus that has been inferred from the data. Within the PVC
calculation, the remaining part of the d5/2 strength, b2, gets
distributed among the first and other excited state resonances
in 24O that decay to 23O.

It is also of interest to consider the structure of the odd-odd
26F nucleus. Assuming a similar polarization of the 24O core
and similar deformation as 25F,2 both the PVC approach and
the PRM predict a 1+ ground state and a low-lying 4+ state (at
≈ 400 keV) for 26F consistent with the available experimental
information [29]. In the former, a 1+–4+ multiplet arises from
the renormalized single-particle states π ̂|d5/2〉 ⊗ ν ̂|d3/2〉 with
the 1+ favored by the Gallagher-Moskowski rules [30]. In
the later, the 1+ (4+) state can be interpreted as antiparallel
(parallel) doubly decoupled band head [21]. It seems clear,
that high-resolution spectroscopy studies of excited states in
26F (as well as 30F where the odd-neutron occupies the f7/2

level) should be pursued.
Conclusion. We have reported a new measurement of

the proton removal reaction from 25F on a 9Be target at
77 MeV/nucleon, performed at the NSCL using the S800
spectrometer. The measured and calculated cross sections for
the 25F(5/2+) ground-state to 24O(0+) ground-state proton
removals reveal a substantial depletion of the proton d5/2

strength, with an experimental spectroscopic factor C2Sexp =
0.27(4). A similar depletion was reported in Ref. [10] from an
inverse-kinematics, quasifree (p, 2p) knockout-reaction mea-
surement. Our new result agrees with that from an updated
analysis of the lower-energy removal-reaction measurement
of Ref. [11], made on a carbon target. Collectively, these data
sets indicate a significant reduction of the 〈25F | 24Og.s., p〉
overlap compared to shell-model expectations and hence that

2This is supported by the fact that the small quadrupole moment
of the ν[200]1/2 Nilsson orbit is not expected to further polarize the
core.

the core nucleons of 25F do not behave as the free, more-rigid,
doubly magic 24O nucleus.

Taking into account the well-documented systematic de-
pendence of the ratios of the measured and calculated
inclusive nucleon-removal reaction cross sections, RS , upon
the difference between the separation energies of the two
nucleon species from the projectile, �S, the newly presented
data are consistent with a theoretical spectroscopic factor of
C2Sth = 0.56(15).

Expanding upon the PRM interpretation of the 25F struc-
ture of Ref. [21], here we have considered the coupling of a
d5/2 proton to a quadrupole vibrational core. Unsurprisingly,
the particle vibration coupling (PVC) approach also provides
a good description of the experimental data by requiring an ef-
fective 24O∗ core with a phonon energy, h̄ω2 = 3.2 MeV, and
a B(E2) ≈ 2.7 W.u.—softer and more collective than the bare
24O nucleus. Due to the ̂|d5/2〉 single-particle renormalization,
and the reduced overlap between the free and effective cores,
we obtain a reduced spectroscopic factor C2Sth,PVC = 0.6 in
agreement with the C2Sth value required by the data. Both
the Nilsson deformed mean field and the PVC approaches
appear to capture the essential properties of the effective
core in 25F, suggesting that the additional d5/2 proton tends

to polarize the free, doubly magic 24O in such a way that
it becomes either slightly deformed (PRM) or a quadrupole
vibrator (PVC). To address this point, Coulomb excitation
experiments with reaccelerated beams at Facility for Rare
Isotope Beams (FRIB) might be possible in the near future.
A similar behavior appears to be at play in the 28O-29,30F sys-
tems, although more experimental data is needed to confirm
that case.
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