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It is a very exciting time to be a nuclear physicist !

[Nature 477, 15, 2011]
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Unstable nuclei exhibit exotic feature and are fascinating !

Halo nuclei exhibit a very large matter radius

Compact core + one loosely-bound neutrons

Ex :11Be ≡ 10Be+n

→ Studied through reaction processes

One-neutron knockout :

P(≡ c+n)+T → c+X

⇒ high statistics since the neutron is not detected in coincidence !
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Knockout cross sections carry information about the
nucleus size

its failure in detail is quite apparent. The ground state data
show an increased width and an excess of intensity at low
momenta when compared to the eikonal theory 共dashed
curveŲ , as was seen also for the 11Be data ų 1 Ŵ , shown by the
f lled diamonds in Fig. 3. The width of the calculated eikonal
distribution has been shown to retain a very small sensitivity
to the details of the prof le functions used ų 42 Ŵ but cannot
lead to asymmetry.
Our concern is this observed asymmetry. These f rst indi-

cations of a systematic departure from the eikonal theory are
evident only because of the exclusive character and quality
of the data shown in Fig. 2 and Ref. ų 1 Ŵ . In Fig. 3 we also
show that these observed asymmetries in 15C 共open squaresŲ
and 11Be 共f lled diamondsŲ must have a common origin
since their ground state distributions, and their associated
asymmetries, are essentially identical when the widths of the
distributions are scaled by their ground state bound-neutron
asymptotic wave number. The f lled circles, obtained when
the width of the 11Be distribution is rescaled by
冑1.218/0.503, are essentially identical with those for
the 15C. This scaling is what the simplest sudden approxi-
mation model would predict if the bound s states were ap-
proximated by Yukawa wave functions.
A feature of the semiclassical eikonal approximations is

that they are implicitly energy nonconserving. The calcula-
tions do not treat energy sharing between the center of mass
and relative motion degrees of freedom of the neutron and
core or the momentum transfers involved in the def ection of
the core from its assumed 共eikonalŲ straight line path. A re-
sult is that the calculated distributions must be symmetric
about the momentum corresponding to the beam velocity.
That the experimental asymmetry is pronounced for the halo
states suggests that the phenomenon is associated with the
elastic breakup mechanism and that there is a need to go
beyond the eikonal theory.

IV. COUPLED CHANNELS BREAKUP CALCULATIONS

In the present work, we exploit the fully quantum me-
chanical coupled discretized continuum channels 共CDCC Ų

method ų 27 Ŵ to calculate the elastic breakup components of
the 15C and 11Be nucleon removal cross sections. The CDCC

approach calculates a three-body solution of the Schrödinger

equation, an approximate description of the projection of the

full many-body wave function onto the ground states of the

target and core nuclei. The target t is assumed here to have

spin zero and no explicit target excitation is included, so

effects of target excitation on the elastic breakup enter only

through the complex effective interactions of the core and

valence neutron with the target. Here Rជ is the position of the

c.m. of the core and neutron relative to the target and rជ is the

position of the removed-neutron relative to the core.

The core particles c in the present case are spinless, and

the neutron has spin s and projection д . These particles are
assumed structureless. The total angular momentum of the

projectile ground state is I, with projection M, in which the

relative orbital angular momentum of the two constituents is

l0 and their separation energy is E0(�0). The incident wave

number of the projectile in the c.m. frame of the projectile

and target is Kជ0 and the coordinate z axis is chosen in the

incident beam direction.

In the CDCC treatment of the breakup of neutron-core

systems one couples the incident projectile in spin state

(I ,M ), in all orders, to selected breakup conf gurations

(I⬘,M⬘) of the core and neutron, with relative orbital angular
momentum l. This continuum of breakup states, in each sig-

nif cant spin-parity excitation I⬘, is further grouped into a
number N(I⬘) of representative energy intervals or bins. In
each bin i, representing states with wave numbers on the

interval ų k i⫺1→ k i Ŵ , a square integrable bin state о ˆ ␣ ,␣
⬅„i ,(ls)I⬘�is constructed ų 43 Ŵ as a weighted superposition
of the scattering states in that interval. In the present appli-

cations, orbital angular momenta l ͐ 5 are included and lead
to converged results. In each I⬘channel, N⫽ 10 bins were
used. This CDCC model space, for the 15C case, is shown

schematically in Fig. 4. The widths of the bins in each l

channel, extending up to the maximum relative energies in-

dicated, are chosen so that each bin spans an equal relative

wave number interval.

A. Construction of continuum bin states

For each of the N(I⬘) bin intervals, with width ⌬k i
⫽ ų k i⫺k i⫺1 Ŵ , the representative bin state is, explicitly,

о ˆ ␣
M⬘共rជŲ ⫽ ų Y l共r̂ Ų آ Xs Ŵ I⬘M⬘u␣共r Ų /r . 共1 Ų

Each radial function u␣ is a square integrable superposition

with weight function g␣(k),

u␣共r Ų ⫽冑2

в N␣
冕
k i⫺1

k i
g␣共k Ų f ␣共k ,r Ų dk , 共2 Ų

of the scattering states f ␣(k ,r), eigenstates of the c⫹n rela-
tive motion Hamiltonian Hp . The normalization factor is

N␣⫽ Ű k i⫺1
k i 兩g␣(k)兩

2dk . The f ␣ are def ned here such that, for

r→⬁,

FIG. 3. Comparison of the measured parallel momentum distri-

butions, in the projectile rest frame, for populating the 14C共g.s. Ų
共open squaresŲ and 10Be共g.s. Ų 共f lled diamondsŲ in nucleon removal
from 15C and 11Be at 54 and 60 MeV, respectively. The lines are a

guide to the eye. The f lled circles show the result of scaling the

width of the 10Be distribution by the square root of the ratio of the

separation energies in the two cases, 冑(1.218/0.503).

J. A. TOSTEVIN et al. PHYSICAL REVIEW C 66, 024607 共2002 Ų

024607-6

[J. A. Tostevin et al., PRC 66, 024607 (2002)]
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Knockout reactions are also a powerful spectroscopic tool

[Aumann et al. PRL 84, 35 (2000).]

1/2+ -0.501 1s1/2

1/2− -0.184 0p1/2

10Be+n

5/2+ 1.274 d5/2

ε= 0

11Be spectrum

→ Parity inversion !
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For reactions at high energies and with projectile and
target nuclei, simplifications are needed

⇒
σth =∑

i SFi ×σ
sp,i
ko

with SFi the occupancy of a s.p. orbital i

σ
sp,i
ko s.p. knockout cross section = diffractive breakup σ + stripping σ

To compute reaction cross section, we need

P−T interactions : phenomenologicaloptical potentials

Build an effective interaction for the c-n interaction...
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Chloë Hebborn CIPANP 2022 August, 31 2022 6 / 15



Accurate ab initio description for halo nuclei exists, how do
use them to predict knockout observables ?

[Calci et al. PRL 117, 242501 (2016)]
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Halo-EFT bridges ab initio theory and reactions involving
halo nuclei

EFT description of 11Be : uses separation of scale Rcore ¿ Rhalo

[Hammer et al. JPG 44, 103002 (2017)]

Rhalo

Rcore

⇐⇒

→ There is no free lunch... there are some unknown EFT coefficients

→ NLO : exp. binding energies and ab initio predictions for ANCs
[Calci et al. PRL 117, 242501 (2016)]
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NLO description of 11Be is enough for knockout reactions

10Be-n g.s. wavefunction 11Be+ 9Be → 10Be+X @ 60A MeV

r0 = 1.2 fm b1s1/2=0.829 fm−1/2 rescaled

r0 = 1.2 fm b1s1/2=0.786 fm−1/2
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[Hebborn and Capel, PRC 100, 054607 (2019)]

Reference calculation : ANC=0.786 fm−1/2
[Calci et al. PRL 117, 242501 (2016)]

Same ANC but different interior : same cross sections

Universality (peripherality) of knockout reactions off halo nuclei
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Combining EFTs, ab initio predictions and few-body
models lead to accurate knockout cross sections

11Be+ 9Be → 10Be+X at 60A MeV
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(a)[Exp. : Aumann et al. PRL 84, 35 (2000) ; Th : Hebborn and Capel, PRC 104, 024616 (2021)]

ANCs of NCSMC (11Be) → validation of the ab initio prediction !

Sensitivity to the choice of the optical potentials

Ab initio ANCs predict knockout and transfer data ! !
[PRC 98, 034610 (2018) ; PRC 98, 054602 (2018) ; PRC 100, 044615 (2019)]
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Chloë Hebborn CIPANP 2022 August, 31 2022 10 / 15



What about knockout on more bound projectiles ?

No more separation of scale when the nucleus is more bound

Are knockout of deeply bound nucleon still peripheral ?
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Knockout of deeply-bound nucleon are not strictly
peripheral

Sn = 10 MeV r0 = 2.0 fm
Sn = 10 MeV r0 = 1.8 fm
Sn = 10 MeV r0 = 1.6 fm
Sn = 10 MeV r0 = 1.4 fm
Sn = 10 MeV r0 = 1.2 fm
Sn = 10 MeV r0 = 1.0 fm
Sn = 10 MeV r0 = 0.8 fm
Sn = 10 MeV r0 = 0.6 fm
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Larger r0 → larger ANC → larger σko

Rescale with the ANC → same asymptotics but SF=0.2–0.01
⇒ σko is sensitive to the inner part of the wavefunction
⇒ σko depends non-linearly on SF

What nuclear observable σko are sensitive to ?
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One can predict knockout cross sections using 〈r2〉

σko

〈r2〉 [fm2]
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Approximate σko ∼ 〈r2〉 (also demonstrated analytically)
[Hebborn and Capel, in preparation] [Gade et al. PRC 044306 (2008)]

One-neutron knockout data to infer neutron skin thickness...
[Aumann et al. PRL 119, 262501 (2017)]
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To infer accurate neutron skin thickness, multistep
reactions effects need to be included in the reaction theory

Importance of core particle decay for knockout of deeply-bound nucleon
[Louchart et al. PRC 83, 011601(R) (2011)]

Green’s function knockout formalism : [Hebborn and Potel, arXiv : 2206.09948]

Many-body hole-core dynamics included via dispersive optical potentials

→ applicable to N-removal & -addition, e.g. knockout, (p,d), (d,p)
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Summary and prospects

Knockout reactions are very powerful spectroscopic tools !

Halo nuclei : Halo-EFT bridges ab initio structure and reaction theory

⇒

⇒ Unique Halo-EFT descriptions of 11Be constrained with ab initio ANCs
reproduce knockout and transfer data

More bound system : knockout cross sections scaling with 〈r2〉
⇒ Possibility to extract the neutron skin thickness of neutron-rich nuclei

Prospects : UQ due to the optical potentials
with T. Whitehead (MSU), A. Lovell (LANL) and F. Nunes (MSU)

Inclusion of multistep reactions in the eikonal theory
with G. Potel (LLNL)
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