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Background One-nucleon knockout reactions provide insightful information on the single-particle structure of nuclei. When
applied to one-neutron halo nuclei, they are purely peripheral, suggesting that they could be properly modeled by
describing the projectile within a Halo Effective Field Theory (Halo-EFT).

Purpose We reanalyze the one-neutron knockout measurements of ' Be and **C—both one-neutron halo nuclei—on beryllium
at about 60 MeV /nucleon. We consider Halo-EFT descriptions of these nuclei which already provide excellent agreement

with breakup and transfer data.

Method We include a Halo-EFT description of the projectile within an eikonal-based model of the reaction and compare its

outcome to existing data.

Results Excellent agreement with experiment is found for both nuclei. The asymptotic normalization coefficients inferred
from this comparison confirm predictions from ab initio nuclear-structure calculations and values deduced from transfer

data.

Conclusions Halo-EFT can be reliably used to analyze one-neutron knockout reactions measured for halo nuclei and test
predictions from state-of-the-art nuclear structure models on these experimental data.

PACS numbers:

Keywords: Halo-EFT, asymptotic normalization coefficient, '1Be, 1°C, one-neutron removal, knockout,

breakup, stripping, eikonal approximation
I. INTRODUCTION

Halo nuclei exhibit an unusually large matter radius
compared to their isobars. These very neutron-rich nu-
clei are found far from stability close to or at the neutron
dripline. There, the binding of one or two valence nucle-
ons is so loose that they can tunnel far into the classically
forbidden region to form an extended diffuse halo around
the compact core of the nucleus [1]. Example of halo nu-
clei are ''Be and '°C seen as a one-neutron halo bound
to a °Be or C core, and °He and ''Li with two neu-
trons in their halo. Because of their peculiar structure,
halo nuclei have been the subject of many studies since
their discovery in the mid-1980s [2, 3].

Due to their short lifetime, halo nuclei are often stud-
ied through reactions such as breakup [4-7], transfer [8—
11] and knockout [12-15]. In the first reaction the halo
dissociates from the core during its interaction with the
target. The breakup hence reveals the internal structure
of the nucleus. Thanks to the fragile nature of the projec-
tile, the cross sections are high. In transfer reactions, the
halo state is populated through a (d, p) transfer reaction
often measured in inverse kinematics. Knockout, which
is the focus of the present study, corresponds to the re-
moval of the halo neutron from the nucleus. This reaction
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therefore contains both the aforementioned breakup—
often called diffractive breakup—and the absorption of
the valence neutron by the target, known as stripping.
Because it does not require the detection of a neutron
in coincidence with the core, knockout measurement ex-
hibits higher statistics than breakup. For that reason it
is favored over the latter at low beam intensity [15, 16].

The typical observable measured in knockout reactions
is the momentum distribution of the core after the colli-
sion [12-15]. When measured at high enough energy, the
reaction is sudden and that observable retains the mem-
ory of the momentum distribution the core had within
the nucleus. Because of the large spatial extension of
the core-halo wave function and following Heisenberg’s
uncertainty principle, that distribution is narrow, hence
providing a stringent probe of the halo structure [12-15].

Because of their high statistics, the use of knockout
reactions has been extended to study the single-particle
structure of more deeply-bound exotic nuclei [15, 16]. Ex-
perimental data are usually compared to eikonal calcu-
lations of the reaction which include shell-model predic-
tions for the spectroscopic factor of the projectile over-
lap wave function. In such analyses, the experimental
cross section is usually smaller than what theory pre-
dicts [15-19]. The quenching factor Rg, i.e., the ratio be-
tween experiment and theory, is therefore interpreted as
quantifying the deviations from shell-model predictions
caused by missing correlations in the truncated model
space used in structure calculations. Surprisingly, Rg
decreases with the binding energy of the knocked-out



nucleon: Rg ~ 1 for the removal of weakly-bound nu-
cleons, as in halo nuclei, and Rg ~ 0.3 in the knockout
of strongly-bound nucleons [17-19]. Since this feature is
not observed in the analysis of transfer or quasi-free scat-
tering reactions [16, 20-22], it remains unclear if it is due
to a bias in the interpretation of the knockout data or
more profound differences between these reaction mech-
anisms and how they should be analyzed and compared
to one another.

In a previous analysis, we have studied the sensitivity
of the knockout cross sections of one-neutron halo nuclei
to the description of their structure [23]. We have shown
that these reactions are peripheral, in the sense that they
probe only the tail of the core-halo wave function. More-
over, they are quite insensitive to the description of the
core-neutron continuum. Accordingly, to properly repro-
duce experimental data, the model of the reaction should
include a description of the projectile that reproduces
its binding energy, the correct asymptotic normalization
coefficient (ANC), and excited bound states and their
ANC. For this goal, the halo effective field theory (Halo-
EFT [24, 25], see Ref. [26] for a recent review) at next-
to-leading order (NLO) includes all the relevant struc-
ture information. Interestingly, there already exist such
Halo-EFT descriptions for 'Be [27] and °C [28]. They
are constrained with experimental one-neutron separa-
tion energies and the ANCs of the bound states predicted
by ab initio calculations [29, 30] or inferred from analyses
of transfer reactions [28, 31]. These descriptions success-
fully reproduce both breakup [27, 28, 32] and transfer
[28, 31] data. In this work, we use these Halo-EFT de-
scriptions to reanalyze knockout parallel-momentum dis-
tributions and integrated cross sections for ''Be and '°C
on a ?Be target at, respectively, 60 MeV /nucleon and
54 MeV /nucleon [13, 14].

We briefly present in Sec. II the reaction model, in-
cluding the Halo-EFT descriptions of 'Be and **C and
our choices of optical potentials. In Sec. III, we compare
our theoretical predictions with experimental data and
investigate the uncertainty associated with the choice of
optical potentials. We conclude in Sec. IV.

II. FEW-BODY MODEL OF KNOCKOUT
A. Reaction model

To model the one-neutron knockout of halo nuclei, we
rely on the usual few-body framework [15, 37]. The pro-
jectile is described as a two-body system: a core ¢, as-
sumed to be in its 0" ground state, to which the halo
neutron n is loosely bound. The structure of the target T’
is neglected. The c-n interaction is modeled by an effec-
tive single-particle potential whose parameters are fitted
to reproduce the lower-energy spectrum of the projec-
tile: the energy, spin and parity of its bound states and
of some of its resonances above the c-n separation thresh-
old. The interaction between the projectile constituents

and the target are simulated by optical potentials, which
include an imaginary term that accounts for all the in-
elastic channels not explicitly accounted for by the model.

Within this three-body framework, we evaluate the
knockout cross sections using eikonal-based models of the
collision [38]. Two processes contribute to the knockout
observables: the diffractive breakup, in which both the
core and the halo neutron survive the collision, and the
stripping, in which the neutron is absorbed by the target.
The diffractive-breakup contribution is computed within
the dynamical eikonal approximation (DEA) [39, 40],
which provides a proper dynamical description of the col-
lision. Because the DEA has not yet been extended to
stripping observables, we compute these contributions at
the usual eikonal approximation [15, 41, 42]. Contrary to
the DEA, the usual eikonal model relies on the adiabatic
approximation, which sees the internal coordinates of the
projectile as frozen during the collision. This approxima-
tion neglects the dynamical effects in the stripping.

All calculations are obtained with the same model
spaces as the ones detailed in Refs. [23, 43].

B. Halo-EFT description of ''Be and '°C

We describe 'Be and '*C within Halo-EFT. This ap-
proach exploits the separation of scales between the size
of the halo and that of the core to expand the projec-
tile Hamiltonian upon the small parameter Reore/Rhalo-
In this expansion, both the core and halo neutron are
considered structureless and the breakdown scale is set
by the size of the core [24-26]. The short-range physics
is absorbed by a contact interaction and its derivatives,
whose parameters are adjusted in each partial wave to
reproduce known long-range properties of the nucleus,
such as its one-neutron separation energy and the ANC of
its bound states. For practical handling within reaction
codes, these interactions are regulated with a Gaussian
(see Eq. (13) of Ref. [27]).

Both 'Be and '°C exhibit a similar structure. They
both have a 1/2% ground state, which is seen as a 1s1/2
neutron bound to their 1°Be or *C core in its 0% ground
state. Their spectra also include a subthreshold excited
state: a 1/27 state for 1Be and a 5/27 state for 1°C.
These states are also described as a neutron bound to
the 0T core, in either the 0Op1/2 or the 0ds,, orbital, re-
spectively. Following Refs. [27, 28], we describe ! Be and
150 at next-to-leading order (NLO). For '!Be, we set an
effective c-n potential in the s, /o and p;/» waves, which
reproduces the experimental one-neutron separation en-
ergies in the 1/2% and 1/27 states, as well as the ANCs
predicted by the ab initio calculations of Calci et al. [29].
In the present work, we consider the potential with the
Gaussian range of 1.2 fm, for which the depths can be
found in Tables I and II of Ref. [27]. The uncertainty
associated with the choice of this range is negligible, i.e.,
less than 1.5% for integrated knockout cross sections. We
do not include any interaction in the ps/o or higher par-



Interaction Fheam VrR TR ar

Tr ar WD

rp ap rc Ref.

[MeV] [MeV] [fm] [fm] [MeV] [fm] [fm] [MeV] [fm] [fm] [fm]

Tz 1230 0.75 0.80 650 078 080 0 0 0 12 [33]
V2 127.0 0.80 0.78 1390 1.25 070 0 0 0 1.0 [34]
Vi 33.08 1.14 0.65 4.15 1.14 0.65 9.18 2.83 0.18 [35]
n-?Be yz, 60 2260 137029 530 130 0.30 15.25 130 0.30 36]

54 23.47 1.40 0.29 5.36 1.30 0.30 15.55 1.30 0.30

TABLE I: Parameters of the optical potentials (1) used to simulate the ¢-?Be and n-?Be interactions for the one-neutron
knockout of "' Be and **C on ?Be at 60 MeV /nucleon and 54 MeV /nucleon. To estimate the uncertainty related to this choice,

two potentials have been selected for each interaction.

tial waves, first to reproduce the nearly nil phaseshifts
predicted ab initio at low 1°Be-n energy [29], and second
because the details of the core-neutron interaction in the
continuum do not matter in such calculations [23].

In the case of >C, we use an effective potential in the
s1/2 partial wave to reproduce the ground state and go
beyond NLO by including an interaction within the ds /o
wave to describe the bound excited state, that can affect
knockout calculations [23]. In this article, we use the
parameters of these interactions for a Gaussian range of
1.2 fm, which are given in Table IIT of Ref. [28]. As for
Be case, the uncertainty associated with this range are
negligible. These potentials reproduce the ANCs inferred
from an analysis of transfer observables [28], and agree
very well with those predicted by an ab initio calcula-
tion [30]. As in Ref. [28], we assume a nil ¢-n interaction
in the other partial waves, in particular the p ones. First
we do not have any reliable prediction for the correspond-
ing phaseshifts and second we know from our previous
study that the knockout cross sections are insensitive to
the particulars of the ¢-n continuum [23].

Once coupled with accurate reaction models, these
Halo-EFT descriptions of ''Be and '°C lead to an ex-
cellent agreement with breakup and transfer data [27,
28, 31, 32]. The goal of the present study is to see if,
following our previous study [23], they can also explain
the knockout cross sections measured in Refs. [13, 14].

C. Optical potentials

To analyze one-neutron knockout reactions of ' Be and
15C on ?Be at 60 MeV /nucleon and 54 MeV /nucleon, re-
spectively [13, 14], we need optical potentials to simulate
the interaction between the projectile constituents and
the target. To estimate the uncertainty related to that
choice, we select in the literature two different optical
potentials for each interaction.

The first ¢-?Be potential V)., developed in Ref. [33],
reproduces elastic-scattering data of 1Be on '2C at a
beam energy Fheam = 59.4 MeV /nucleon [44]. Although
it does not correspond to the exact same target, it pro-
vides a fair estimate for the 'Be-?Be interaction at the
right beam energy. Not having found a more adequate
potential for the '*C-“Be interaction, we use this poten-

tial also in that latter case. The second c-?Be potential
V2. has been adjusted on elastic-scattering data for “Be
on 13C at 40 MeV [34]. Although it has been fitted at a
beam energy much lower than those considered here, it
is the second most realistic potential we could find in the
literature.

For the first n-?Be interaction V1., we adopt the global
optical potential developed by Weppner [35]. It has been
fitted to elastic-scattering angular distributions and po-
larization data for a nucleon off a nucleus with mass num-
ber A < 13 at energies between 65 MeV and 75 MeV.
This potential is therefore well adapted for the colli-
sions studied here. The second n-?Be potential V2.,
parametrized by Bonaccorso and Charity, reproduces the
total, elastic, and reaction cross sections for a neutron on
9Be at energies between 1 and 100 MeV [36]. We com-
pute its parameters for the two beam energies considered
here.

The nuclear part of all these potentials exhibit the
usual expression

V(R) = —Vr fws(R,Rg,ar) —iW7 fws(R, Ry, ar)
) d
+'L4aDWDﬁfWS(R7RD;aD)v (1)
with fws(R, Rx,ax) = %RX the Woods-Saxon

14e 92X
form. For the ¢-T interaction, the radii are parametrized

as R, = m(A(l;/3 + AlT/g), with A, and A7 the core
and target mass numbers, respectively. The radii for
the n-T interactions are obtained with R, = r, X AlT/ 3
The Coulomb ¢-T interaction is simulated by the poten-
tial generated by a uniformly charged sphere of radius
Re =rc % (Ai/3 + A%F/?’). The parameters of the optical
potentials considered in this study are listed in Table I.

III. ANALYSIS OF THE ONE-NEUTRON
KNOCKOUT FROM "BE AND °C

To see if Halo-EFT descriptions of ''Be and '°C at
NLO correctly reproduce one-neutron knockout, we per-
form reaction calculations within the model described
in Sec. II and compare our results with the data of
Refs. [13, 14] obtained on a ?Be target at 60 MeV /nucleon



4.0
HBe + Be — “Be + X k.
3.5 F o
5
3.0 R
H

2.5+ £
}é

dako/dpcll [b/(GeV/C)]

e [GeV/d]
(a)

2.0 ‘ ‘

Exp. —e—
15 9 14
o V&V -
E 1.5 + Ry \‘\ VCZT & VéT ....... 1
= KTy VeV
= 10l Il* A |
3 4
g A
N .%:Q/ RN
< 05} ;f;é"/ bu o str E
’ W
yﬁg" S0y
oz et S X :
""::t---‘"'—“ ‘ ‘ ‘ ‘ \‘\‘:{sﬂ-"’.‘:‘
440 4.42 4.44 4.46 4.48 4.50 4.52 4.54 4.56 4.58 4.60

el [GeV/d]
(b)

FIG. 1: Parallel-momentum distributions for the one-neutron knockout on “Be of (a) "' Be at 60 MeV /nucleon, and (b) '*C at
54 MeV /nucleon. Calculations obtained with the different optical potentials of Table I are compared to the experimental data of
Refs. [13, 14]. The experimental error bars correspond to the 15% and 12% uncertainty cited in Refs. [13, 14], respectively. For
the first choice of optical potentials, the diffractive-breakup (bu, double-dash-dotted green line) and stripping (str, short-dashed
green line) contributions to the cross section are shown separately.

and 54 MeV /nucleon, respectively. To estimate the un-
certainty related to the simulation of the interaction be-
tween the projectile constituents and the target, we con-
sider the four possible combinations of the optical poten-
tials listed in Table I. For each of these choices, the to-
tal one-neutron knockout cross section (oy,) is provided
in Table II, as well as its two contributions: diffractive
breakup (op,) and stripping (oss-). The experimental
values of Refs. [13, 14] are also listed. The knockout
cross sections expressed as a function of the momentum
of the core parallel to the beam axis p. are displayed
in Fig. 1. For the first combination of optical potentials,
the diffractive-breakup and stripping contributions are
shown separately. The experimental data (red points)
are extracted from Figs. 11 and 12 of Ref. [14]. The
error bars correspond to the 15% and 12% experimen-
tal uncertainties reported in Refs. [13, 14], respectively.
For a proper comparison between theory and experiment,
following Ref. [14], we have adjusted the position of the
center of each parallel-momentum distributions to the
data. Beside that minor adjustment, no parameter has
been fitted to the data; in particular, the magnitude of
the cross sections is the direct output of the calculations.

We observe an excellent agreement between theory and
experiment for both knockout observables. This is first
seen in the magnitude of the cross section. In both Ta-
ble IT and Fig. 1, but for two exceptions, all calculations
fall within one standard deviation of the experimental
value. In addition, our calculations reproduce very well
the experimental parallel-momentum distribution. As
deduced from the initial studies, this confirms the clear
one-neutron halo structure of 'Be and **C [13-15].

Because our results are nearly insensitive to the de-
tails of the Halo-EFT description of the projectile, the

dominant uncertainty in the reaction model resides in the
choice of the optical potentials. This choice affects mostly
the magnitude of the cross section, leading to about 11%
difference in the "'Be case and up to 26% in the °C
calculations, which is much larger than the 1.5% uncer-
tainty on the c-n interaction we have observed. For the
former nucleus, most of that uncertainty comes from V,,r,
whereas for the latter both ¢-T" and n-T interactions share
an equal role in the changes in the cross section. Reduc-
ing that uncertainty requires the development of new,
more accurate, optical potentials, e.g., derived from first
principles [45-48]. A systematic study within a Bayesian
approach, such as done in Refs. [49-51] for transfer re-
actions, would help us better understand the influence
of each interaction on the reaction process and provide a
more reliable uncertainty. Although in a much less signif-
icant way, the optical potentials also influence the shape
of the parallel-momentum distribution. The n-?Be opti-
cal potential of Bonaccorso and Charity [36] produces a
slightly less asymmetric peak than Weppner’s [35]. Al-
beit not statistically significant, this hints at the influence
of the n-T interaction in those reactions dynamics [52].

To study further the role of the optical potentials, we
separate the knockout cross section into its diffractive-
breakup (bu) and stripping (str) components in Table IT.
As in Ref. [14], we note that each component contributes
for roughly half of the knockout cross section. The actual
division into diffractive breakup and stripping depends
mostly on V,,r: the less absorptive V1. of Ref. [35] leads
to a larger oy, and smaller o, than the more absorptive
V2. of Ref. [36]. The ¢-T interaction plays only a minor
role in this division.

The separation of the p, distribution into its two con-
tributions is illustrated in Fig. 1 for the first choice of



Exp. VclT & anT VclT & VrfT VCZT & anT VCZ’T & VrfT
b 113 89 110 89
"Be g 81 118 74 108
Oro | 203+£31 194 207 185 197
Obu 60 48 52 43
BC gaer 51 75 43 63
ko | 109£13 111 124 95 105

TABLE II: Integrated diffractive-breakup (os.), stripping (ostr) and knockout (0re = 0y + 0str) cross sections in mb for
"Be and C on ?Be at 60 MeV /nucleon and 54 MeV /nucleon, respectively. Theoretical results obtained with the different
potentials listed in Table I are compared to the experimental values from Refs. [13, 14].

optical potentials (the other choices lead to similar re-
sults, but for the relative magnitude of the two contri-
butions, see Table II). The diffractive-breakup contri-
bution is plotted in double-dash-dotted green line and
the stripping one in short-dashed green line. The for-
mer exhibits a notably asymmetric shape with a tail ex-
tending to the low-momentum side. This asymmetry is
due to the dynamics of the reaction [14, 43|, which is
correctly accounted for within the DEA [39, 40]. The
stripping cross section, on the contrary is purely symmet-
ric around its maximum because it is computed within
the usual eikonal approximation, i.e., including the adia-
batic approximation [14]. Although their sum reproduces
very well the experimental cross section, our calculations
slightly underestimate the data in the low-momentum
tail, especially for the knockout of *C. Our description
of the reaction therefore misses some dynamical effects.
To account for the reaction dynamics in the stripping pro-
cess, the authors of Ref. [14] assume the same shape of
that parallel-momentum distribution as the diffractive-
breakup one. Their methodology hence includes more
dynamical effects than ours; accordingly the difference
between their calculations and the data at low momenta
is smaller than ours. A more precise treatment of the
dynamics within the stripping reaction is thus needed to
properly describe the full reaction process. Nevertheless,
but for this minor issue, our treatment of the reaction
mechanism is accurate enough to analyze these measure-
ments.

Since knockout is purely peripheral for halo nuclei, the
cross section scales very well with the square of the ANC
of the ground state [23]. From our calculations, we can
infer an ANC by adjusting the magnitude of our parallel-
momentum distributions to the data. For 1'Be we obtain
an ANC? = 0.62 &+ 0.06 + 0.09 fm~' and for '°C, an
ANC? =1.5740.3040.18 fm~'. The first quoted uncer-
tainty is associated with the choice of optical potentials,
while the second is due to the experimental error. Be-
cause they are of the same order of magnitude, reducing
the uncertainty on the ANC inferred from knockout data
would require better constraints on the optical potentials
and more precise data.

These ANCs inferred from the knockout data are in
excellent agreement with the ones predicted by ab initio
calculations, viz. 0.618 fm~! for 1'Be [29] and 1.644 fm ™!
for 1°C [30], and with Halo-EFT analyses of transfer

reactions, viz. 0.616 + 0.001 fm~! for 'Be [31] and
1.59 £+ 0.06 fm~! for '5C [28]. Although in the lower
end of the spectrum, the ANC for '5C agrees well with
the values extracted from other analyses [9, 53-58] (see
list in Table IT of Ref. [28]). The values listed above have
been used to constrain the Halo-EFT c-n interactions
considered in this analysis as well as in Refs. [27, 28, 32]:
they lead to an excellent agreement with data for breakup
at both intermediate [27, 28] and high [28, 32] energies,
transfer [28, 31], and the radiative capture *C(n,v) at
energy of astrophysical interest [28]. This result is thus
the last piece of a puzzle, which demonstrates that with
one Halo-EFT description of halo nuclei, we can repro-
duce various sets of experimental data using accurate re-
action models. Accordingly, Halo-EFT properly identi-
fies the nuclear-structure observables that matter most
in these reactions, viz. the binding energy of the halo
neutron, its orbital angular momentum and the ANC of
the projectile ground state. In particular, the norm of
the overlap wave function does not influence the results
of the calculations, as long as the ANC is properly repro-
duced [23, 27].

IV. CONCLUSIONS

Knockout reactions provide a clean probe of halo nuclei
because their cross section reveals clearly the spatial ex-
tension of the nuclear wave function and they exhibit high
statistics [12-15]. Our previous analysis [23] has shown
that the one-neutron knockout of halo nuclei is sensitive
only to the asymptotics of the ground-state wave function
while being insensitive to the norm of that wave function,
i.e., the spectroscopic factor of the corresponding overlap
wave function. Moreover, knockout cross sections do not
depend on the description of the ¢-n continuum. Accord-
ingly, a Halo-EFT description at NLO of the projectile
should include all the relevant nuclear-structure informa-
tion to reproduce such data. In this article, we test this
idea by reanalyzing measurements of one-neutron knock-
out of 1'Be [13] and 1°C [14] using Halo-EFT descriptions
reproducing well data on breakup [27, 28, 32] and trans-
fer [28, 31].

For both nuclei, our calculated parallel-momentum dis-
tributions and integrated knockout cross sections are in
excellent agreement with the data. In particular, the typ-



ical narrow width of the distributions, their slight asym-
metry, and the magnitude at the peak are well repro-
duced. Using four different optical potentials, we have
estimated the uncertainty of the reaction model and sug-
gested that more accurate optical potentials would re-
duce that uncertainty [45-48].

Comparing our calculations with the data, we have in-
ferred the ground-state ANC for both projectiles. These
values agree well with ab nitio predictions [29, 30] and
transfer analyses [28, 31]. Our results complete a series
of previous studies and demonstrate that one description
of "'Be and '°C based on Halo-EFT reproduces indepen-
dent experimental data for breakup [27, 28, 32], trans-
fer [28, 31], radiative-capture [28] and, from this study,
knockout [13, 14] measurements. Since our results are in-
dependent of the normalization of the ground-state wave
function [23], they also suggest that the quenching factor
Rgs ~ 1 obtained for halo nuclei in previous analyses of
knockout data [17-19] is due more to the use of realistic
ANCs in reaction calculations than to accurate spectro-
scopic factors. This is not surprising since, for neutrons
loosely bound in an s wave, the ANC of the wave func-
tion is predominantly determined by the binding energy,

with little sensitivity to the ¢-n potential geometry [59].
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