aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Detailed study of the eikonal reaction theory for the
breakup of one-neutron halo nuclei
C. Hebborn and P. Capel
Phys. Rev. C 103, 064614 — Published 22 June 2021
DOI: 10.1103/PhysRevC.103.064614


https://dx.doi.org/10.1103/PhysRevC.103.064614

Detailed Study of the Eikonal Reaction Theory for the breakup of one-neutron halo

nuclei

C. Hebborn™?3:* and P. Capel® 3T

! Facility for Rare Isotope Beams, Michigan State University, East Lansing, MI 48824, USA
2 Lawrence Livermore National Laboratory, P.O. Box 808, L-41/4, Livermore, California 94551, USA
3 Physique Nucléaire et Physique Quantique (CP 229),
Université libre de Bruzelles (ULB), B-1050 Brussels
4 Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz
(Dated: June 2, 2021)

Background: One-neutron removal reactions are used to study the single-particle structure of unstable nuclei,
and in particular the exotic halo nuclei. The Eikonal Reaction Theory (ERT) has been developed by Yahiro,
Ogata and Minomo in Prog. Theor. Phys. 126, 167 (2011) to include dynamical effects, which are missing in
the usual eikonal description of these reactions. Encouraging results have been obtained for total breakup cross
sections in comparison to more elaborate reaction models.

Purpose: We extend these comparisons to more differential breakup cross sections expressed as functions of the
relative energy or parallel momentum between the core and halo neutron.

Method: ERT predictions of these cross sections are compared to state-of-the-art calculations.

Results: The hypotheses upon which the ERT is based are confirmed and their range of validity is made clearer.
The actual ordering of the evolution operators affects ERT differential cross sections and a specific choice leads
to excellent agreement with the reference calculation. Dynamical effects in the treatment of the neutron-target
interaction can be significant in the parallel-momentum observable.

Conclusions: The role of the different interactions in the dynamics of breakup reactions of one-neutron halo

nuclei are better understood and improvements to the ERT are suggested.
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I. INTRODUCTION

Due to their peculiar structure, halo nuclei have been
studied intensively since their discovery in the mid-
1980s [1, 2]. These nuclei exhibit a very large mat-
ter radius compared to their isobars. This surprisingly
large size is qualitatively understood by the decoupling
of one or two valence nucleons from the nucleus thanks to
their small separation energy. They tunnel deep into the
classically-forbidden region to form a diffuse halo around
a compact core that has the same properties—size and
density—as a stable nucleus [3]. These nuclei are there-
fore often described as few-body objects: an inert core to
which one or two nucleons are loosely bound. Archetyp-
ical halo nuclei are "' Be, seen as °Be to which one neu-
tron is loosely bound, and %He, described as an « core
and two neutrons in the halo.

Being very short lived, halo nuclei are often studied
through reactions [2]. Breakup, which corresponds to
the dissociation of the halo from the core, is of particular
interest since its cross section is high thanks to the fragile
nature of the halo structure. When performed on a heavy
target, the reaction is dominated by the Coulomb inter-
action and the cross sections are large, which provides
a clean probe of the projectile structure. In particular
it is often used to infer the E1 strength from the ground
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state to the continuum [4]. Coulomb breakup is thus also
used as an indirect way to infer radiative-capture cross
sections of astrophysical interest [5, 6].

On light targets, breakup reactions are dominated by
the nuclear force. Although the cross sections are lower
than on heavy targets, they carry other structure infor-
mation, such as the energy and width of single-particle
resonant states in the continuum of the exotic projec-
tile [7, 8]. When the halo neutron is not measured in co-
incidence with the core, the reaction is called one-neutron
removal or knockout. These reactions have been exten-
sively used to study exotic nuclei since their statistics
are significantly higher because they do not require the
detection of the halo neutrons [9-11]. The correspond-
ing cross sections have two contributions, one from the
process—often referred to as the diffractive breakup—
in which both the core and the halo neutrons survive
the collision, and one from what is called stripping, i.e.
channels in which the neutron is absorbed by the target.

Various studies have shown the significant role played
by dynamical effects in both Coulomb- and nuclear-
dominated breakup reactions and how they can affect
the analysis of the data for both nuclear-structure and
astrophysical applications [12-18]. The dynamics of the
diffractive breakup is well treated by state-of-the-art
models such as the continuum-discretized coupled chan-
nel method (CDCC) [12, 19, 20|, time-dependent ap-
proach [21-24] and eikonal-based models such as the
eikonal-CDCC (E-CDCC) [25, 26] and the Dynamical
Eikonal Approximation (DEA) [27, 28]. The stripping



contribution to the knockout reaction is most often ana-
lyzed within the Hussein-McVoy formalism, which is built
upon the usual eikonal approximation, including an adi-
abatic treatment of the projectile structure [29-32]. In
this framework, the projectile dynamics is therefore ne-
glected [33]. A full dynamical description of the stripping
process is thus needed to improve the analysis of knock-
out reactions and the quality of the nuclear-structure in-
formation inferred from these measurements.

With that goal in mind, the Kyushu-Osaka group has
recently developed the eikonal reaction theory (ERT)
[34], which extends E-CDCC to stripping observables.
The underlying idea of the ERT is that thanks to its
short range, the nuclear part of the projectile-target in-
teraction, and in particular that between the halo neu-
tron and the target, can be treated adiabatically, whereas
the projectile dynamics cannot be ignored when treating
the infinitely-ranged Coulomb force between the core and
the target. In this way, the neutron-target interaction
can be accounted for through the usual eikonal S-matrix
and the stripping contribution to the cross sections can
be computed with the Hussein-McVoy formalism. The
ERT therefore enables the inclusion of the collision dy-
namics within the description of the stripping channel
where it matters most a priori, viz. in the treatment
of the core-target interaction, while keeping the simplic-
ity and elegance of the Hussein and McVoy modeling of
the absorption of the valence neutron by the target. In
Ref. [34], Yahiro, Ogata and Minomo have used the ERT
to study the one-neutron knockout of 3*Ne on 2C and
208Ph targets at about 230 MeV/nucleon. They have
then extended this method to two-neutrons knockout
in Ref. [35], where they have analyzed the collision of
®He on the same targets at 240 MeV /nucleon and on
28Gi at 52 MeV/nucleon. For all these systems, they
have compared integrated cross sections predicted by this
ERT to the ones obtained with the full E-CDCC calcula-
tions. The uncertainty of this approximation on the total
diffractive-breakup cross sections has been estimated to
be within about 5% [34, 35].

Because these results are so encouraging, we apply
in this article for the first time the ERT approach to
the DEA, an eikonal-based model of reaction similar
to E-CDCC [36]. Yet, we go beyond the original idea
of Yahiro, Ogata and Minomo [34] and analyze various
ways to decompose the evolution operator and compare
these results to fully dynamical DEA calculations of the
diffractive breakup of 1*Be on both light (*2C) and heavy
(298PDb) targets. We also study how the approximation
made within the ERT affects more differential observ-
ables, such as energy and parallel-momentum distribu-
tions. We focus on the sole diffractive breakup because
it is currently the only one that can be compared to ac-
curate reaction calculations, in which dynamical effects
are properly taken into account.

In this article, we proceed in the following way. After

presenting in Sec. IT the theoretical framework, we study
in Sec. III the validity of the ERT applied to the DEA

FIG. 1. Three-body model of the reaction and Jacobi set of
coordinates. The projectile P, described as the ¢-n two-body
system, collides with the structureless target 7. The Z axis
is chosen along the incoming beam.

for both nuclear- and Coulomb-dominated reactions. We
first verify that the ERT applied to the DEA leads to
similar results for the integrated cross sections as the
ones obtained with E-CDCC in Refs. [34, 35]. We then
extend our analysis to differential cross sections, viz., the
energy and parallel-momentum distributions, for which
the ERT has not been applied so far. Our conclusions
are summarized in Sec. IV.

II. REACTION THEORY
A. Three-body model of reaction

As usual, we base our description of the reaction on
a few-body model [37]. The one-neutron halo nucleus
projectile P is described as a two-body system: a neutron
n loosely bound to a core c. It impinges on the target T,
which is assumed to be structureless. This three-body
model of the reaction and the coordinate system used
below are illustrated in Fig. 1.

The internal structure of the projectile is described by
the effective single-particle Hamiltonian

p2

hcn =
2ten

+ Vcn(r) (1)

where p and r are, respectively, the ¢-n relative momen-
tum and coordinate, pi¢, is the c-n reduced mass and V,,
is an effective potential simulating the c-n interaction.
To account for the possible excitation of the target and
other open channels, the interaction between the projec-
tile fragments (¢ and n) with the target are simulated
by optical potentials (V. and V,,r, respectively) chosen
in the literature. The resulting three-body model of the
collision is described by the Schrodinger equation

2

P
ﬂ + hcn + ‘/CT + VnT \I/(R, T) - Etot \I/(Rv T)a (2)

where P and R = (b, Z) are respectively the P-T relative
momentum and coordinate (see Fig. 1), p is the P-T



reduced mass, and F\o is the total energy of the system.
This equation is solved with the initial condition that
the projectile is in its ground state ¢o of energy Ey and
is impinging on the target

U(R,7) e exp(iKZ +---) ¢o(r), (3)

where the Z axis has been chosen along the incoming-
beam direction, and the P-T relative wave number K is
related to the total energy by energy conservation Fio, =

Ey + h?:z. The --- in the exponential indicates that

long-range interactions distort the plane wave even at
large distances.

B. Dynamical eikonal approximation

The eikonal approximation reflects the fact that at high
enough energy, the three-body wave function does not
differ much from the initial plane wave. This plane wave
is hence factorized out of the wave function [29]

U(R,r) =expliKZ] V(R,T). (4)

Because that plane wave contains most of the R-
dependence of the three-body wave function W, the
new wave function U varies smoothly with the P-T
coordinate. Accordingly its second-order derivative in
R can be neglected compared to its first-order deriva-
tive.  This approximation simplifies the three-body
Schrodinger Eq. (2) into the DEA equation [27, 28, 37]

o ~ ~
Zh’Ua—Z\I/(R, 'f') = [hcn - EO + ‘/CT + V’ﬂT]\Ij(R7 Ir)7 (5)

where v = hK/u is the P-T initial velocity. Following
Eq. (3), the DEA Eq. (5) has to be solved with the con-

dition U(R, ) P @o(r). As shown in Ref. [36], this
——00

description of the reaction is equivalent to the E-CDCC
one [25] for intermediate beam energies.

In the DEA, Eq. (5) is solved through a numerical evo-
lution calculation of the wave function along Z for each
b [27, 28]. By using the unitary transformation

B(R.7) = e ithen ~ ) Z|URD). O
v
the DEA Eq. (5) can be expressed as [34, 35, 38, 39|
0 ~ A .~
ihv W (R, ) = O'Ver + Vur|OU(R,7),  (7)
with the operator O defined as
A Z
= _'hcn_ .
O exp{ i hv} (8)

Formally, the S-matrix operator of this system reads [34,
35, 38]

. +00
S'_exp{—%'])/ OT[VcTJrVnT]OdZ} (9)

— 00

where P is the path ordering operator describing the mul-
tistep scattering processes.

C. Eikonal reaction theory

At intermediate or higher energies, the adiabatic—or
sudden—approximation can be in principle safely made
in breakup calculations for the treatment of short-range
nuclear interactions. This approximation sees the coor-
dinate of the projectile as frozen during the collision and
holds only if the collision time is brief enough. Conse-
quently, it is not compatible with the infinite range of
the Coulomb interaction [39-41]. The idea of the ERT is
to exploit this idea and treat the purely nuclear n-T inter-
action at the adiabatic approximation, while keeping the
dynamical treatment of the full ¢-T' potential [34, 35].

This is equivalent to assume [V,,7,0] = 0 in Eq. (7),
which then reads

0 ~ . .
ihv=—U(R,7) = [Var + O'WV.rO]¥(R,r). (10)
The ERT hence decouples the action of each interaction,
leading to the factorization of the S-matrix operator (9)
. 400
SERT — G exp [—hip O'V.r0 dz} (11)
v

— 00

with S, = exp [—h—zv fj:oo Voor dZ} the usual n-T eikonal
S-matrix. This factorization of the S-matrix operator
enables us to distinguish clearly the action of each inter-
action and allows the calculation of the stripping cross
sections within the Hussein-McVoy formalism [34, 35, 38].
The main advantage of the ERT compared to the usual
eikonal approximation is that the dynamical effects due
to the ¢-T field are accounted for. .

If V7 commutes with the evolution operator O, the ef-
fect of the n-T' S-matrix can be placed at any position Z
during the evolution calculation. A more general factor-
ization than the original ERT (11) can thus be suggested

GERT™(2)

. z
= exp —%P/ OWVurOdz'| S,

— 00

i o A
X exp [——P/ O'V.r+0 dZ’]. (12)
)y
This expression corresponds to a dynamical calculation
with the ¢-T interaction performed up to R =b+ Z Z ,
at which point the full influence of V,,7 on the projectile
is accounted for at the adiabatic approximation, before
continuing the evolution calculation until Z — +4o0.

Since the adiabatic approximation is in principle valid
)

for the nuclear part of the ¢-T interaction VC(%V as well,

we also consider the following factorization
. z
SERTNZ) — oxp {—%P / Ol [Vor + V110 dZ’} SV

—+oo

X exp {—é’P ; O [Vour + VC(TC)]O dZ’} (13)



with S = exp {—% f_t;o VC(TN) dZ} the usual T
eikonal S-matrix. The Coulomb part of the ¢-T inter-
action VC(TC) cannot be treated at the adiabatic approxi-
mation and must be included in the dynamical evolution.

We study the approximations (11), (12) and (13) first
for integrated cross section as in Ref. [34]. We extend
that study to the choice of the particular value of Z at
which the eikonal S-matrix is included. We then look
more closely at the quality of the ERT and its extensions
to describe the energy and parallel-momentum distribu-
tions for both nuclear- and Coulomb-dominated breakup
reactions of a one-neutron nucleus.

III. RESULTS
A. Two-body interactions

To assess the validity of the ERT and its variants
described in Sec. IIC, we systematically compare the
ERT approximation to reliable DEA calculations of the
breakup of 'Be with 12C at 67 MeV /nucleon and with
208Ph at 69 MeV /nucleon. These reactions have both
been measured at RIKEN [7] and are well described at
the DEA [28, 42].

The 'Be nucleus has only two bound states: a 1/2%
ground state with a one-neutron separation energy of
504 keV and a 1/27 excited state bound by 184 keV.
Within the single-particle approximation used here, these
states are described as an inert '°Be core in its 01 ground
state with a valence neutron in the 1s;,5 and Op, o or-
bitals, respectively. We follow Refs. [42, 43] and simulate
the 1°Be-n interaction through a Halo-EFT expansion at
next-to-leading-order (NLO) [44, 45] (see Ref. [46] for a
recent review). In this approach, we consider a Gaussian
shaped effective potential in the s;/5 and p;/, waves to
generate 'Be bound states. These potentials are fit to
the experimental binding energies of these states as well
as the asymptotic normalization constants predicted by
the ab initio calculations of Calci et al. [47]. These poten-
tials also reproduce the low-energy behavior of the sy /o
and py /o ab initio phaseshifts. The effective interaction
is chosen to be nil in the p3/o partial wave to match the
nil ab initio phaseshift in that partial wave at low en-
ergy. We use the parametrization (13) of Ref. [42] and
the depths listed in its Tables I and II corresponding to
o = 1.2 fm. Because that state plays a significant role in
nuclear breakup [7, 8], we also include the 5/27 resonance
at 1.274 MeV in the '°Be-n continuum. For this we go
beyond NLO, and add an effective interaction in the ds /o
partial wave. We take the parameters corresponding to
o = 1.2 fm which are displayed in Table IV of Ref. [42].
This description of ''Be leads to excellent descriptions
of breakup [42, 48], transfer [49], and knockout [50, 51]
reactions.

The 'Be-T" and n-T interactions are simulated
through the same optical potentials as in Ref. [41]. The

Target| DEA | ERT |ERT™(Z =0)|ERT(Z = 0)
20 | 144 mb | 138 mb 138 mb 146 mb
208p}, 11890 mb|1925 mb 1915 mb 1895 mb

TABLE 1. Total diffractive-breakup cross sections obtained
with the DEA, the original ERT Eq. (11), the extension
ERT™ Eq. (12) with Z = 0, and the ERT® Eq. (13) with
Z = 0, for ''Be impinging on >C at 67 MeV /nucleon and
208Ph at 69 MeV /nucleon.

DEA calculations are performed with the same numerical
inputs as in Ref. [41]. The total breakup cross sections
are computed by numerically integrating the energy dis-
tribution up to £ = 33 MeV in the '°Be-n continuum.

B. Diffractive-breakup observables
1. Total diffractive-breakup cross sections

In its original derivation, the ERT approximation was
applied to E-CDCC, and its predictions were compared
to these dynamical calculations for total diffractive-
breakup cross sections [34, 35]. Small uncertainties,
within about 5%, have been observed for different reac-
tions. In this first step, we perform a similar analysis in
our implementation of the ERT within the DEA Eq. (11);
we also extend this test to the ERT formulae (12) and (13)
developed in Sec. IIC. Our results are displayed in Ta-
ble I for the breakup of *'Be on '2C at 67 MeV /nucleon
and on 2%*Pb at 69 MeV /nucleon.

The first implementation of the ERT within the
DEA (11) is faithful to the original idea of Yahiro, Ogata
and Minomo by treating the n-T adiabatically after the
dynamical treatment of the ¢-T" interaction. Here we also
consider a calculation ERT(™ (12) with Z = 0, i.e. in
which S,, is placed at the distance of closest approach
between the projectile and the target, which, in a semi-
classical description of the reaction, makes more sense.
On the carbon target, the value of Z has no influence
on the total cross section; other tests, including ERT(")
(12) with Z — —oo, have confirmed this independence.
These results are very close to the DEA calculation (the
ERT estimates are about 5% lower than the DEA). On
Pb, the value of Z affects the results a bit more, but the
difference between Eq. (11) and Eq. (12) with Z = 0 re-
mains within a negligible 0.5%. In this case, the ERT
estimates of the cross section slightly surpass the refer-
ence calculation (1% difference with the DEA).

In our implementation ERT(®) (13), it is the nuclear
part of the ¢-T interaction that is treated adiabatically.
Interestingly, this performs even better than the first im-
plementation. The cross sections are almost exactly the
same as the ones obtained from the full DEA on both
targets.

These tests confirm that for integrated breakup cross
sections, the nuclear part of the P-T interaction can
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FIG. 2. Breakup cross section of ' Be as a function of the '°Be-n relative energy E on (a) >C at 67 MeV /nucleon and (b) 2°*Pb
at 69 MeV /nucleon. The DEA reference calculation is compared to different implementations of the ERT: the original ERT
Eq. (11), ERT™ Eq. (12) with Z = 0, and ERT(® Eq. (13) with Z = 0. The roles of V.7 and Vi1 are also tested.

be safely treated adiabatically. As observed initially in
Refs. [34, 35, 38], the differences with the full dynamical
calculations remain within about 5%, which is signifi-
cantly smaller than the uncertainty related to the choice
of the optical potentials, see, e.g., Ref. [8].

These results show that, at least for integrated observ-
ables, the dynamics due to the nuclear interactions can
be neglected in the modeling of diffractive-breakup reac-
tions. We therefore expect the ERT to be accurate also
in the estimation of the total stripping cross sections, viz.
in the description of the process in which the halo neuron
is absorbed by the target.

In the following two sections, we extend this study to
differential cross sections that are often measured in the
study of halo nuclei: the energy distribution (Sec. IIIB 2)
and the parallel-momentum distribution (Sec. III B 3).

2. Energy distributions

The cross sections for the diffractive breakup of ''Be
are displayed in Fig. 2 as a function of the relative energy
E between the °Be core and the halo neutron n after dis-
sociation on (a) 2C at 67 MeV /nucleon and (b) 2°°Pb at
69 MeV /nucleon. In addition to the DEA reference calcu-
lations (solid red lines), the results of the three ERT im-
plementations considered in the previous section are also
shown. The original ERT of Ref. [34], i.e. using Eq. (11),
is shown in dash-dotted-dotted blue lines. The ERT im-
plementation with the adiabatic treatment of V1 set at
the P-T distance of closest approach, i.e. corresponding
to Eq. (12) with Z = 0, is displayed in dash-dotted ma-
genta lines. When the nuclear part of the ¢-T" interaction
is treated adiabatically [Eq. (13) with Z = 0], we obtain
the dotted black lines.

Prior to analyzing the different implementations of the

ERT, let us mention that, once folded with the experi-
mental energy resolution, the DEA calculations are in ex-
cellent agreement with the RIKEN data (see Ref. [42]).
They thus correspond to very accurate descriptions of the
reaction on both targets.

The original ERT results exhibit unphysical oscilla-
tions around the DEA cross sections. Additional calcu-
lations have shown that these oscillations also appear if
the n-T eikonal S-matrix is applied before the dynamical
treatment of V., hence using Eq. (12) with Z — —oo,
and that their period varies with the initial and final
values of Z in the numerical estimate of the dynamical
calculation. This adiabatic treatment of V,, 7 therefore
interferes with the dynamical treatment of V.p, which,
at the first order of the perturbation theory, includes a
phase exp [i(E — Ey)Z/v] [39, 41]. Interestingly, when
the effect of the n-T interaction S, is placed within the
evolution calculation at the distance of closest approach
between the projectile center of mass and the target, i.e.
at Z = 0 in Eq. (12), the oscillations completely van-
ish (see the dash-dotted magenta lines in Fig. 2) and are
in very good agreement with the fully dynamical calcu-
lations. In a semiclassical interpretation of this eikonal
formalism, this choice makes sense: if V,,7 can be treated
adiabatically due to its short range, its effect on the pro-
jectile structure will be strongly localized where the pro-
jectile is closest to the target. The presence of these os-
cillations is not observed in the results shown in Table I
because these total breakup cross sections are obtained
after integration over the continuum energy FE.

The adiabatic approximation applied to the nuclear
part of the °Be-T interaction (13) performs extremely
well for both targets (see the dotted black lines in Fig. 2).
As already observed in Table I, they are nearly superim-
posed to the fully dynamical calculations. This shows
that the adiabatic approximation is even more justified
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in the treatment of the short-ranged c¢-T interaction. To
better grasp this difference, we repeat the DEA calcu-
lations without the n-T" interaction (long-dashed green
lines in Fig. 2) and, only for the light target, without the
full ¢-T interaction [short-dashed grey line in Fig. 2].
On '2C, we observe that the n-T interaction is the
driving force of the breakup. Without it, the breakup
cross section looks similar to a pure Coulomb calculation,
see Fig. 3 of Ref. [8]. The breakup at high energy F and
the population of the ds/, resonance takes place mostly
thanks to that interaction, i.e. through the scattering
of the halo neutron by the target, while the core moves
unperturbed, as a spectator. When V.p is set to zero,
most of the breakup cross section lies above the DEA
calculation. This indicates that, except at low E, where
the Coulomb part of V.1 plays a role, the major influence
of that interaction is to remove flux from the reaction
channel through nuclear absorption. Since that effect is

well captured by the eikonal phase SEN), it explains why
the ERT implementation (13) works so well.

On the Pb target, the breakup process is Coulomb
dominated and V,r has only a minor effect on the
breakup cross section. We can nevertheless note that
its presence, albeit small, is visible at all energy and
is necessary to populate the ds/p resonance. Because

the breakup is dominated by VC(TC), neglecting the T

interaction on such a heavy target would be meaning-
less. We have therefore not represented that calculation
in Fig. 2(b).

This series of tests shows that, but for unphysical os-
cillations, the ERT fairly well reproduces dynamical cal-
culations of the diffractive-breakup cross section for one-
neutron halo nuclei expressed as a function of the core-
neutron relative energy after dissociation, and this on
both light and heavy targets. In the following section, we
study in more detail the influence of this choice upon the

parallel-momentum distribution, which is the observable
usually measured in knockout reactions [9-11, 32], and
which is highly sensitive to dynamical effects [16, 33, 41].

3. Parallel-momentum observables

Fig. 3 shows the cross section for the diffractive
breakup of ''Be as a function of the component parallel
to the beam axis k|| of the '"Be-n relative wave vector. As
in the previous sections, the calculations are performed
for (a) a 12C target at 67 MeV /nucleon and (b) a 2°*Pb
target at 69 MeV /nucleon.

As observed in Refs. [33, 41], dynamical calculations
(solid red lines) predict a slightly asymmetric parallel-
momentum distribution, in agreement with what is ob-
served experimentally [9-11, 16]. This asymmetry ap-
pears for both targets, despite the very different reaction
mechanisms. The capability of a reaction model to de-
scribe this feature is central in the study of knockout
reactions.

The original implementation of the ERT [Eq. (11);
dash-dotted-dotted blue lines] predicts smooth cross sec-
tions because the oscillations observed in Fig. 2 can-
cel through the integration over energy involved in the
calculation of that observable. Unfortunately, it pre-
dicts a symmetric distribution on '2C, and on 2°®Pb
its cross section does not exhibit as much asymmetry
as the DEA one. The implementation ERT() Eq. (12)
with Z = 0, does not correct for that flaw (dash-dotted
magenta lines). This suggests that this description of
the reaction, despite its capability to reproduce the inte-
grated breakup cross sections (see Table I) and the en-
ergy distributions (see Fig. 2), misses a significant aspect
of the reaction mechanism, especially on light targets,
i.e. in nuclear-dominated collisions. Accounting for V1



within the dynamical calculation, while treating the nu-
clear part of the ¢-T interaction adiabatically [Eq. (13)
with Z = 0; dotted black lines|, perfectly reproduces the
DEA parallel-momentum distribution.

The results shown in Fig. 3(a) illustrate the key role
played by the n-T interaction in nuclear breakup and the
necessity to include its dynamical treatment within the
reaction model in order to correctly reproduce this re-
action observable usually measured in knockout exper-
iments. When that interaction is switched off (long-
dashed green line), the DEA cross section drops by a
factor of five, and is purely symmetric. On the contrary,
when the T interaction is switched off, the dynami-
cal cross section (short-dashed grey line) nearly doubles
while remaining significantly asymmetric. As already
noted in the discussion on the energy distributions, the
dominant contribution of Vc(év) in the reaction process
is the absorption from the diffractive-breakup channel,

which is well described with the usual eikonal phase SEN)
in Eq. (13). This is why this implementation of the ERT
is so efficient in describing all three diffractive-breakup
observables considered here.

The difference between these two interactions is a sig-
nature from the halo structure of the projectile. The core,
with its large mass compared to that of the valence neu-
tron, follows roughly the eikonal trajectory of the center
of mass of the projectile. The nuclear part of its inter-
action with the target is thus mostly localized to short
P-T distances. Because of the large extension of its wave
function, the halo neutron can interact with the target
even when the projectile center of mass is far from it. The
range of P-T distances over which V,,7 influences the re-
action is thus much larger than for the core. Accordingly,
the adiabatic treatment of that interaction is less valid
than for the ¢-T one. Note that for a halo nucleus with a
much lighter core, such as a deuteron, the adiabatic ap-
proximation would be much likely questionable for both

V,r and VOV,

These results suggest that the parallel-momentum dis-
tribution for the stripping component of the knockout
cross section obtained with an adiabatic treatment of
the n-T interaction would likely be inaccurate. Most of
the dynamics of the reaction would then be neglected,
leading to an unrealistically symmetric knockout observ-
able. Accounting for the dynamics in the treatment of
V7 is now possible within the implementation ERT(¢)
(13). However the calculation of the stripping contribu-
tion within that implementation requires an extension of
the Hussein-McVoy formalism [30-32].

The role of V7 in the diffractive breakup on 2°%Pb
is much more modest. Without it, the dynamical cross
section is reduced by only 10% and the asymmetry of
the DEA cross section is only slightly underestimated
[see long-dashed green line in Fig. 3(b)]. The adiabatic
treatment of the n-T" interaction suggested in the original
ERT partially corrects for these differences.

IV. CONCLUSIONS

Knockout reactions are often used to study the struc-
ture of halo nuclei [9-11]. Their application has also been
extended as a spectroscopic tool to explore the single-
particle structure of other short-lived nuclei [32, 33].
These experimental studies are usually coupled to an
eikonal model of the reaction, which includes an adia-
batic treatment of the reaction dynamics [29-32]. This
model predicts an exactly symmetric parallel-momentum
distribution of the core of the nucleus after removal of
the valence nucleon, whereas experimental data exhibit
a clear asymmetric cross section [9, 16, 33]. This flaw
has been explained as the lack of dynamics in the eikonal
description of the reaction [33]. To correct it, Yahiro,
Ogata and Minomo have introduced the ERT [34], which
enables them to account for the reaction dynamics in
the treatment of the ¢-T interaction while describing the
effect of V,,p adiabatically. Within this ERT, only inte-
grated cross sections have been studied so far [34, 35, 38]

We have analyzed in detail the application of the ERT
to the diffractive breakup of one-neutron halo nuclei. In
particular, we have extended the original idea of Ref. [34]
and explored its validity in the calculation of differential
cross sections expressed as a function of the c-n relative
energy and momentum after dissociation. We have com-
pared predictions of the ERT to accurate DEA calcula-
tions of the breakup of *'Be on 12C at 67 MeV /nucleon
and 2%®Pb at 69 MeV /nucleon.

For the integrated diffractive-breakup cross sections,
the ERT exhibits an error of about 5% compared to the
dynamical calculation, which is consistent with the un-
certainty cited in Refs. [34, 35]. Unfortunately, the orig-
inal implementation of the ERT produces unphysical os-
cillations in the energy distributions. This can be avoided
by placing the eikonal phase for the n-T" interaction S,, in
the middle of the evolution calculation, at the P-T' dis-
tance of closest approach. This minor change produces
a cross section in very good agreement with the DEA
calculations.

In the parallel-momentum distributions, however, the
adiabatic treatment of V7 assumed in the original ERT
does not produce a cross section in full agreement with
the dynamical calculations. Especially on the light tar-
get, it lacks the asymmetry of the distribution observed in
experimental data [9, 16, 33]. This issue can be corrected
only if the n-T interaction is included in the dynamical
evolution. Interestingly, though, the nuclear part of V.p
can be safely treated adiabatically, even on a heavy tar-
get, which simplifies the reaction model. This difference
between both interactions is related to the halo struc-
ture of the projectile. The large extension of the wave
function of the halo neutron makes its interaction with
the target less likely to take place on a short distance,
and hence that it can be treated at the adiabatic—or
sudden—approximation.

This study suggests that total stripping contribution
to knockout cross sections would be accurately evaluated



with the Hussein-McVoy formalism combined with the
ERT. However, for parallel-momentum observables, the
stripping distribution would lack asymmetry because of
the adiabatic treatment of the neutron-target interaction.
Accordingly, one-neutron knockout cross sections com-
puted with this approach are probably not as precise as
first hoped.

In conclusion, this study confirms the hypothesis of
the ERT that short-range nuclear interactions can be ap-
proximately treated adiabatically in a few-body model of
breakup reactions. Unfortunately, the original idea pre-
sented in Ref. [34] misses part of the dynamics of the
reaction and therefore does not grasp the full reaction
mechanism. Our detailed study has clearly shown that
an accurate description of these observables requires a dy-
namical treatment of the neutron-target interaction. An
extension of the Hussein-McVoy formalism that includes
this dynamics is needed to accurately describe knockout
reactions in order to infer reliable structure information
from experimental data. We plan to develop this exten-
sion in future work and evaluate its accuracy for momen-
tum distributions of one-neutron knockout cross sections.
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