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Single-nucleon knockout reaction studies of the proton-dripline nuclei °C and 'O suggest an appreciable
suppression of spectroscopic factors. In this work, we calculate the one-neutron and one-proton spectroscopic
factors for the mirror pair °C-’Li and >0 using two variants of the continuum shell model: the complex-energy
Gamow shell model and the real-energy shell model embedded in the continuum. Our results indicate that the
continuum effects strongly suppress the spectroscopic factors of well-bound orbits in the dripline systems but
have less impact on the spectroscopic factors of weakly bound states.
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Introduction. Spectroscopic factors (SFs) extracted from
(e, € p) experiments yield ~35% quenching with respect to
the shell-model values [1]. Several mechanisms have been put
forward to explain this reduction. These include the effects of
short-range and long-range correlations [2—4]. In a series of
papers [5-7], it was found that the ratio Ry = Gexpt/Otneor Of the
experimental and theoretical inclusive one-nucleon removal
cross section for a large number of projectiles shows a strong
dependence on the AS =S, — S, asymmetry of the neutron
and proton separation energies. Numerous papers have dis-
cussed the isospin dependence of SFs [8-15], or lack of it
[16-18]; see the recent review [4] for a comprehensive dis-
cussion and additional references.

However, in spite of significant efforts, the problem re-
mains. Experimental studies of (p, 2p) reactions on oxygen
and carbon isotopes did not find a significant dependence of
SFs on proton-neutron asymmetry [16,19]. A similar conclu-
sion has been made in theoretical studies of neon isotopes
and mirror nuclei >*Si, *Ne and 288, 28Mg [20]. On the other
hand, coupled-cluster studies [21] of the neutron-rich oxygen
isotopes have shown a significant quenching of SFs. In light
nuclei (A = 7-10) it has been shown [10] that the separation
between nuclear reaction and structure, as given by the eikonal
reaction model [6] and the variational Monte Carlo structure
model [22], provides a reasonable description of experimen-
tal one-nucleon knockout cross sections only when nucleons
with large separation energies are removed. As concluded
in Ref. [7], the physical origins of the presented systematic
behavior of R, versus AS remain unresolved.

Based on the dispersive optical model analysis of pro-
ton scattering data [23,24], one might hypothesize that the
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essential ingredient behind the systematics of Ry is the dis-
persion relation which connects real and imaginary parts of
the scattering matrix. Following this line of reasoning, one can
argue that the understanding of the R;(AS) systematics should
be related to the theoretical treatment of the nuclear openness,
i.e., to a treatment of the coupling between bound states,
resonances, and the nonresonant (scattering) continuum.

Let us emphasize that the experimental SFs are deduced
from measured nucleon transfer cross sections by using re-
action models. Theoretical SFs are obtained from nuclear
structure calculations by computing overlap integrals or spec-
troscopic amplitudes. Reaction and structure models used to
describe SFs are usually not consistent, i.e., different parts
entering the theoretical cross section calculations are usually
based on different frameworks or assumptions. Only when all
aspects of calculations are used in a consistent framework can
a meaningful comparison to experiment be made. This has not
yet been accomplished.

The objective of this Letter is to investigate the role of
the continuum coupling on SFs in weakly bound and un-
bound nuclei. To this end, by means of open-quantum-system
configuration-interaction frameworks, we study one-proton
and one-neutron removal SFs from proton-rich °c, 0, and
I3 and neutron-rich °Li. This choice has been driven by the
recent experimental studies [25,26].

Method. To provide a comprehensive description of con-
tinuum coupling effects, in this Letter, we adopt two different
open-quantum-system frameworks: the Gamow shell model
(GSM) [27,28] and the shell model embedded in the con-
tinuum (SMEC) [29,30], which have been successfully used
for studies of weakly bound and unbound states in dripline

©2021 American Physical Society
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nuclei. Both frameworks describe the nucleus as a core sur-
rounded by valence nucleons, but they treat the coupling to
the unbound continuum space differently. In the GSM, the
continuum effects are automatically taken into account by
utilizing the Berggren ensemble [31] that contains resonant
(bound and decaying) and scattering states. In the SMEC,
based on the Feshbach projection technique, the continuum
space consists of one nucleon occupying scattering states. By
comparing the calculated SFs with the results obtained by
the standard closed-quantum-system (CQS) shell model, the
continuum effects on SFs can be quantified.

The Hermitian GSM Hamiltonian can be written as a sum
of the kinetic energy of valence nucleons, the one-body core-
valence interaction Uc(i), the two-body interaction \7, j» and
the two-body recoil term:
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where i,j=1,...,N, and N, is the number of valence
nucleons. The recoil term, resulting from the change of
Hamiltonian from the laboratory coordinates to the cluster-
orbital shell-model relative coordinates [32], is used to restore
the translational invariance. The treatment of this term fol-
lows the harmonic-oscillator expansion procedure described
in Ref. [33]. The GSM Hamiltonian is diagonalized in the
Berggren basis |k,). In this way, the continuum couplings
between Slater determinants involving bound and unbound
nucleons are automatically taken into account.

In a multichannel version of SMEC, which is used here, the
Hilbert space is divided into two orthogonal subspaces Q and
Q) containing 0 and 1 particles in the scattering continuum,
respectively. The energy-dependent effective Hamiltonian of
SMEC,

H(E) = Hoyo, +Wo,0,(E), @

can be decomposed into the CQS shell-model (SM) Hamilto-
nian Hg, g, acting in Qg and the continuum coupling term:

Wa,0,(E) = Ho,0,G3(E)Hg, o, 3)

1

where G(QJFI) is the one-nucleon Green’s function and Hg, o,
and Hg, o, represent the couplings between subspaces Qg
and Q;. The energy scale in (2) is defined by the lowest
one-nucleon emission threshold.

There are two kinds of operators in Wg,o,(E): OF =
(al@))¥, and R,{j(mi = (a] (axdy)*)’". The matrix elements of
O are calculated between the states in the (A — 1)-particle
system and, hence, couple different decay channels. The op-
erators R act between different SM wave functions in the A-
and (A — 1)-particle systems, i.e., are responsible for both the
mixing of the SM wave functions in the nucleus A and the
coupling between decay channels.

SMEC solutions in Q are found by solving the eigenprob-
lem for the non-Hermitian effective Hamiltonian Ho,g,(E).
The complex eigenvalues of Hg,o,(E) at energies Ey(E) =
E, determine the energies and widths of resonance states. In
a bound system (E < 0) the eigenvalues of Hg,o,(E) are

real. In the continuum, E,(E) corresponds to the poles of
the scattering matrix. Eigenstates |V, ,) of Hg,o,(E) are
linear combinations of SM eigenstates |®4 ;) generated by the
orthogonal transformation matrix by 4;(E).

The center-of-mass in SM wave functions of SMEC is
handled in the same way as in the standard SM, see Ref. [30].
The coupling to the continuum is calculated in the relative co-
ordinates of the coupled-channel framework so no additional
spuriosity is generated beyond the one which may appear in
the SM wave functions [30].

Spectroscopic factors. While not observables in the strictest
sense [34-37], SFs are useful as they capture information
on configuration mixing in the many-body wave function. In
GSM, SFs are defined in terms of spectroscopic amplitudes

[38,391 Agj(ky) = (Walla;(kp)|Wa—1)/v/24 + 1t

S =I AL (ky), )

where W, is the wave function of the mass-A system, Jy is
its total angular momentum, and azrj(kp) is a nucleon cre-
ation operator associated with the Berggren basis state |k),).
It is to be noted that Eq. (4) involves the summation over
discrete resonant states and integration along the contour of
scattering states of the Berggren ensemble. In this way, Sf. is
independent of the choice of the single-particle basis [38]. In
the GSM framework, the complex conjugation arising in the
dual space affects only the angular part and leaves the radial
part unchanged, and this affects the definition of the scalar
product in (4).

It is worth noting that spectroscopic factors (4) can be
straightforwardly related to one-nucleon radial overlap inte-
grals [39]. In the context of this paper, it is worth noting that
the asymptotic behavior of the one-nucleon overlap integral
can be associated with the complex generalized one-nucleon
separation energy S1,(4) = S1,(A) —i/2[[(A — 1) — T'(4)].
Note that that the imaginary part of S}, naturally appears when
either parent or daughter nucleus is unbound.

Due to the coupling to one-nucleon decay channel(s), the
SMEC eigenfunction W, ,, is a linear combination of SM wave
functions @4 ;: Wa e = ), ba«iPa,;. In the standard version
of SMEC, dubbed SMECI, the spectroscopic amplitude be-
tween SMEC state W, 4 and the SM state @' , becomes
A’fl‘ = A’Kk] ba.qk- By including the continuum coupling in
the A — 1 nucleus, one obtains Af]f’ =ik bAflqﬂiAZ;bA’ak.
This version of calculations is referred to as SMEC2. The
spectroscopic factor in SMEC is defined as the sum of
squared spectroscopic amplitudes associated with possible
reaction channels. For instance, for the proton knockout
130(3/2;5') — ‘2N(1gs'), both p3;» and p;,, partial waves
contribute and their SFs are added.

Let us also mention that in both GSM and SMEC, the SFs
can be related to the many-body asymptotic normalization
coefficients [40].

Model space and parameters. For the core, we took the
tightly bound *He nucleus. The GSM Hamiltonian (1) was
defined as in Refs. [41,42]. Namely, the core-nucleus potential
U.(i) was taken in the Woods-Saxon (WS) form (supple-
mented by a spin-orbit term and Coulomb potential), and a
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Furutani-Horiuchi-Tamagaki (FHT) force [43] was used to
describe the two-body interaction V; j- The parameters for
the potentials were taken from Ref. [42] for the ps-shell
model space. For comparison, p-shell SM calculations in the
harmonic-oscillator basis (HO-SM) were carried out with the
same GSM Hamiltonian. The single-particle (s.p.) energies in
the HO-SM approximation were given by real parts of reso-
nant states generating the GSM basis. These resonant states
define the pole space.

To reveal the impact of higher-¢ shells, we extended the
model space to the psd-shell. In this case, the core poten-
tial strength for protons was readjusted until the ground-state
(g.s.) energy of 8C was within 0.2 MeV of the experimental
value [44]. Once the model parameters were determined for
8¢, they were used for neutrons in the calculations for the
mirror partners of #°C (%He, °Li). The adjusted proton WS
parameters were retained for 8B, °C, and the neutron parame-
ters were taken from Ref. [42]. The same procedure was used
to calculate the mirror pair (¥°Li). Due to the fact that °C is
particle-bound, the A = 9 nuclei were calculated with only
two particles allowed in the continuum space (Neone = 2) as
compared with Ny = 4 for A = 8.

The GSM pole space used in this work consisted of the
Op3;> and Opj/, shells and also the Ods/, shell for 8B and
8Li. The complex-momentum contour defining the scattering
space was divided into three segments: [0, kpeak |, [Kpeak s Kmial,
and [Kmid, kmax], With the values kpeak = 0.3 fm™", kpig =
0.4 fm~', and the cutoff momentum ky,, = 4 fm~'. Each
segment was discretized with five Gaussian points. The bind-
ing energies and spectra of A = 8, 9 dripline nuclei obtained
in our GSM calculations are discussed in the Supplemental
Material [45]. The energy levels of mirror nuclei are repro-
duced fairly well, which suggest that the Coulomb energy
displacement and the Thomas-Ehrman shift are under control
in the GSM model.

In the SMEC calculations, the SM Hamiltonian Hg, o,
was taken as the standard YSOX interaction [46] in the
4hw (psd)-model space. The radial s.p. wave functions (in
Qo) and the scattering wave functions (in Q;) are generated
by the WS central potential supplemented by the spin-
orbit and Coulomb terms with the parameters of Ref. [47].
The continuum-coupling term Wg, o, has been modeled by
the Wigner-Bartlett contact interaction [47] described by
two physically relevant parameters: the overall continuum-
coupling strength Vj and the spin-exchange parameter « that
can be used to study the isospin content of the continuum cou-
pling. Physically reasonable values of |Vj| are in the interval
100350 MeV fm?. As discussed in the earlier papers [48—50],
the value of the spin-exchange parameter o = 2 is appro-
priate for dripline nuclei, and we adopted this value in this
Letter.

To gain insights into the wave-function fragmentation
caused by the continuum coupling, we study two situa-
tions: (i) knockout of well-bound, minority species nucleons,
i.e., neutrons (protons) from proton-rich (neutron-rich) nu-
clei and (ii) knockout of weakly bound, majority species,
nucleons, i.e., protons (neutrons) from proton-(neutron-)rich
nuclei. For earlier studies of this problem, see coupled-cluster

TABLE I. Spectroscopic factors for the knockout of a p3,, nu-
cleon from the 3/2~ g.s. of °C and °Li to the g.s. of *C, ®He, ®B, and
8Li. The experimental neutron and proton separation energies [44]
are shown (in MeV). The GSM-ps results were obtained in the full
ps space while the GSM-psd space additionally includes scattering d
waves. The HO-SM result corresponds to the shell-model calculation
in the Op space. Nop 1S the number of particles allowed in nonreso-
nant continuum of A = 8 nuclei. The last row shows the contribution
from the resonant Ops, state.

°c—> 8% °Li—*He °C—*B °Li— ’Li

Model Neonw 1422 13.94 1.30 4.06
HO-SM 0 0.86 0.85 0.95 0.96
GSM-ps 3 0.67 0.67 0.98 0.98
GSM-psd 3 0.60 0.67 0.89 0.88
GSM-psd 4 0.48 0.65 0.89 0.88
GSM-psd,.;, 4 0.48 0.64 0.84 0.85

calculations in the Berggren basis [21] and the intranuclear-
cascade model involving core excitations [51].

Knockout of well-bound nucleons. We first study the re-
moval of the p3,, neutron from the J* =3/27 g.s. of °C.
Since the neutron separation energy in °C is large, the neutron
is removed from a well-bound orbit. Table I shows the SFs
calculated in GSM with different numbers of particles, which
allowed us to occupy scattering states. The GSM results are
compared with the HO-SM calculations, in which the contin-
uum effect is absent. In HO-SM, a SF of 0.86 is obtained,
while this value becomes 0.67 in the GSM calculations when
considering continuum coupling from the ps shell. The in-
clusion of the d shell leads to a further reduction of the SF
down to S? = 0.48 when four protons are allowed to occupy
scattering states. A significant reduction of the SF with respect
to the HO-SM value is also predicted for the removal of the
well-bound p;/, proton from the g.s. of Li.

The results shown in Table I indicate that the continuum
couplings significantly reduce the SF for the knockout of
well-bound nucleons from dripline nuclei. To understand the
underlying mechanism, the squared spectroscopic amplitude
of the Op3 /> resonant state are listed in the last row of Table I
and the squared spectroscopic amplitudes Af,m (k) of the
nonresonant states are shown in the Supplemental Material
[45]. Since the orbital Op3, is well bound, the p3/, continuum
is not expected to contribute. Indeed the value of the SF is
determined by the contribution from the Op3/, bound pole,
which is, however, significantly reduced compared with the
HO-SM prediction, see Table 1. To understand this reduction,
Fig. 1 compares the HO-SM wave-function decomposition to
that of GSM-psd (N¢one = 4) for the six nuclei considered. It is
seen that the continuum plays different roles in 3C and °C. For
the unbound 8C, there is a broad distribution of GSM config-
urations involving nonresonant states, which are absent in the
HO-SM calculations. For the particle-bound °C, the impact of
the continuum on the dominant HO-SM configurations is not
as dramatic.

The GSM weights of dominant configurations in the
proton-unbound 8Cc are 29% for w(Op; /2)4, 30% for
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FIG. 1. Squared HO-SM and GSM amplitudes of shell-model
configurations for (a) 8C, (b) ®B, (c) °C, (d) ®He, (e) ®Li, and (f) °Li.
GSM calculations were performed in psd space with Ny = 4. The
contributions from the GSM pole space and scattering continuum
space is shown separately. The configuration energy is defined as
the sum of s.p. energies of valence nucleons relative to the SM
configuration with the lowest energy. Note that the GSM amplitudes
are generally complex, hence only their real parts are shown.

7'[(0])3/2 )3 (pg(;gt , and 21% for 7'[(0]73/2)2(])%(72“)2. For
°C, the leading configurations are 7 (Op; /2)4v(0p3 /2)
(60%), n(0p3/2)3(p°]‘}'2“)v(0p3/2) (10%), and 7 (0p3)2)>
Op, /2)2v(0p1 12) (9%). 1t is seen, therefore, that the proton
structure of 8C differs significantly from the proton structure
of °C. This is related to the reduction of the vOp3,, bound
pole contribution for the former and the quenching of the
SF seen in Table I. A similar situation is predicted for the
9Li — 8He +p process. As seen in Fig. 1, the structures of
the mirror nuclei °Li and °C are very similar. Since ®He is
neutron bound, it has a larger pole contribution than 3C.

To further illustrate the quenching of neutron spectroscopic
factors in proton-dripline nuclei, in Fig. 2(a) we show SMEC
results for the one-neutron knockout from the g.s. of 130 to
the unbound g.s. of 120, which can decay by the emission of
two protons [25]. The calculations have been carried out by
assuming the resonant character of the ground state of 120
(SMEC2) and by ignoring the unbound nature of this nucleus
(SMEC1). Consequently, curve named SMEC2 is calculated
by coupling the three lowest J* = 3/2~ SM states in 130 to
the channels ['20(0]) ® vpsplsn-, [PNUT) ® 7psplsn-.
and [">N(1) ® 7 p1)213/2-. Furthermore, the four lowest 0"
SM states in '>Q are coupled to the channels [''N(1 /ZT) ®
7'[S1/2]0+ and [”0(3/217) ® Vp3/2]0+. In the curve SMECI,
the resonance character of the ground state of '>Q has been
neglected. One can see that opening of the proton emission
channel in SMEC?2 leads to a dramatic decrease of the neutron
SF. This is consistent with the GSM results for °C.

Removal of weakly bound or unbound nucleons from
dripline systems. We begin from the GSM analysis of SFs
for the removal of a majority species nucleon from °C and
Li. As seen in Table I, contrary to the removal of minority
species nucleons, the SFs for °C(3/ 2,) > p3yp+ 8B(2;'.S.)
and 9Li(3/2£s.) — vp3p + 8Li(Z;;_S') are weakly impacted by
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FIG. 2. The ratio of spectroscopic factors obtained in SMEC
(SMECI1 and SMEC2 variants) and HO-SM for (a) neutron and
(b) proton removal from the g.s. of 30 as a function of the
continuum-coupling strength V.

the continuum coupling, in spite of the fact that the contribu-
tion to the SFs from the scattering p3,» space increases, see
Table I and the Supplemental Material [45]. This behavior is
due to the small separation energy, as the wave functions of
valence nucleons have a broad spatial distribution. As a result,
the mother nucleus can be viewed in terms of a weak coupling
of the valence nucleon to a daughter nucleus core, which
means that the nucleon-removal process has little impact on
the core [7,52]. This spectator approximation is nicely seen in
the wave-function amplitudes of mother and daughter nuclei
in Fig. 1.

The large SFs for the removal of weakly bound and
unbound nucleons are also seen in the SMEC calcula-
tion. Figure 2(b) illustrates the SF of 130(3/2g_s.’) —
N (13,) €=1 proton decay. Here, the removal of
a proton yields the weakly bound (S, =0.6MeV) g.s.
of ’N. The curve SMEC2 is obtained by coupling
the three lowest J™ =3/2- SM states in 3Q to the
channels [°N(17) ® 7 p32132-, [*N(1]) ® 7 p12]3/2-, and
[?0(0]) ® vp32]32-. The four lowest 17 states in '’N are
coupled to the channels [''N(1/2]) ® vsi o1+, [''C(3/27) ®
7 pi2li+, and [“C(3/21_)®71p3/2]1+. As in Fig. 2(a), the
resonance character of >N has been neglected in curve
SMECI. Interestingly, the SF slightly increases with increas-
ing continuum-coupling strength. This is opposite to what was
found for the neutron SFs [see Fig. 2(a)] but is consistent
with the GSM results. The small difference between SMECI1
and SMEC?2 results signifies that including the coupling to the
closed channels has no significant effect on one-nucleon SFs.
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FIG. 3. Ratio between SFs obtained in SMEC2 and HO-SM for
the 5/2] proton resonance in '*F as a function of one-proton decay
energy. Two partial proton waves, s;/, and ds,, primarily contribute
to the SF. The dotted line at E, = 0 MeV denotes the proton decay
threshold [?0(27) ® 7.

A proton decay of a resonance in '*F with a width T =
1.01(27) MeV constitutes another excellent example of a large
SF associated with a removal of an unbound nucleon from
a dripline system. The exotic '3F nucleus, recently observed
in Ref. [26], is located four neutrons beyond the proton
drip line. The resonance in question, placed 0.48(19) MeV
above the proton decay threshold of 120(2; ), was tentatively
identified as the 5/2] excited state. Due to the unbound
character of ’F, the SF of the 5/2] resonance has been
calculated using SMEC2. In this calculation, all open chan-
nels are included, namely: [*0(27) ® 512152+, [P0(27) ®
wdsplspe, [PO07) @ wdsplspe, [POQR7) Q msipnlsprs
[IZO(ZT) ® 7Td5/2]5/2+, and [120(0;) ® 7Td5/2]5/2+. The con-
tinuum coupling strength Vo = —100 MeV fm® reproduces
the measured decay width. As one can see in Fig. 3, the
ratio of SFs calculated in SMEC and HO-SM is large; its
maximum appears close to the suggested experimental energy
of the 5/2 resonance with respect to the one-proton decay
threshold [?0(21) ® 7] [26]. As we discussed above, this
enhanced SF means that the wave function of the daughter
nucleus is weakly coupled to the valence proton. This is not
surprising as the decaying resonance lies very close to the
threshold; hence, its wave function is threshold-aligned due
to the continuum coupling [47].

Summary. Using two different formulations of the shell
model for open quantum systems, we have demonstrated and
explained a nonintuitive result that the continuum-coupling
effect on SFs is large for the removal process of a well-bound

nucleon but is weak when the removed particle is weakly
bound or unbound. This behavior can be naturally explained
within the continuum SM in terms of coupling to the nonres-
onant space. When a minority species nucleon is removed, the
daughter nucleus moves in the direction of the dripline. This
leads to an appreciable change in configurations of weakly
bound nucleons that are impacted by continuum effects; thus,
the SF is reduced. For instance, in the cases considered, the
daughter nuclei 3C and '?Q are proton-unbound, and ®He is
a 4n halo. When a majority species nucleon is removed, the
daughter nucleus moves away from the dripline and stays
closer to the core of the parent system. Consequently, based
on the spectator approximation, one expects the SF to be large.

The continuum couplings for nucleons in weakly bound
orbits depend on the number of particle continua (in GSM),
the resonance nature of states involved, or (in SMEC) on
the number of decay channels included and the value of the
continuum coupling strength. Moreover, as shown in SMEC,
the difference between the spectroscopic factor calculated in
SMEC and in the SM depends on the isospin structure of
the interaction: for large |S, —S,| the asymmetry appears
between the nucleon-nucleon interaction in weakly bound
and well-bound systems and the interaction between unlike
nucleons becomes reduced [53]. The effect depends on the
angular momentum involved. For large £ > 3, the asymmetry
in a removal of a minority or majority nucleon is expected
to be reduced. Future theoretical studies should answer which
of these two ingredients (continuum coupling or interaction
effects) prevail in different mass regions of the nuclear chart.
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