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Spectroscopic factors for halo states  
from knockout reactions and Coulomb breakup 



One-Nucleon Knockout: a Spectroscopic Tool  

Sudden process 

Reaction:      Δt ≈ 10-22 s 

Internal motion: ≈ 10-21 s 

⇒  Pfrag = -Pn   

⇒  probing the valence nucleon wave function  (at the surface: bc>rc) 

T b

pfrag 

pn v/c≈0.6 

projectile pcore 

19C 
Halo 

17C 

   12C 
stable 

Example: 

Carbon isotopes 
AC + C → A-1C + x 

E ≈ 900 MeV/u 

FRS@GSI 

T. Baumann et al. 
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One-Nucleon Knockout: a Spectroscopic Tool  

Sudden process 

Reaction:      Δt ≈ 10-22 s 

Internal motion: ≈ 10-21 s 

σ1n(Jπ) = S(Jπ) × σsp(l,Sn) 

        Measurement                                                   Extracted Information 

Momentum distribution                                   ⇒  l-value of removed nucleon 

γ-ray coincidence                                            ⇒  identification of core-state 

        invariant mass (unbound states) 

Cross section                                                  ⇒ spectroscopic factor 

Eikonal 
calculation 

T b

pfrag 

pn v/c≈0.6 

projectile pcore 

⇒  Pfrag = -Pn   

⇒  probing the valence nucleon wave function  (at the surface: bc>rc) 



Single-particle cross sections 



One-neutron removal reaction (nuclear breakup) 

Reaction mechanisms:  

- knockout (stripping) 

- inelastic scattering (diffraction) 

cross section dominated by knockout for 

- high beam energies 

- non-halo states 



Momentum distributions and reaction mechanism 

reaction samples only the surface of 
the nucleus 

→ momentum distributions are more 
narrow than the full Fourier transform 

effect less pronounced for well 
developed halos 



Neutron removal from individual single-particle states:  11Be → 10Be (Iπ) + γ + X 

γ-ray coincidences 
Partial cross sections 

Spectroscopic factors 
S(0+)≈0.8 
S(2+)≈0.2 Data: S800@MSU, T.Aumann et al., PRL 84 (2000) 35 

Wave function: e.g.  |11Be> = α|10Be(0+)⊗2s1/2> + β|10Be(2+) ⊗1d5/2>+… 



Comparison to transfer reactions 

Transfer reaction in 
inverse kinematics:  
GANIL, 35 MeV/u 11Be 
S. Fortier et al., 
PLB 461 (1999) 22 

deduced 
spectroscopic 
factors in 
agreement with 
knockout reaction 



12Be: Breakdown of the N=8 Shell Closure 

⇒  Mixed configurations  

    (νs1/2)2 / (νp1/2)2  ≈ 1  
Data: S800@MSU, A. Navin et al., PRL 85 (2000) 266 

γ-ray coincidences 

Momentum distributions One-neutron removal reaction: 
12Be (@78 Mev/u) + 9Be → 11Be(Iπ) + γ + X 

l = 0 

l = 1 



p(n) p(10Li)=–p(n) 
9Li+n T 

v/c≈0.6 

11Li 10Li 

The halo of 11Li: s and p waves 

Data: LAND-FRS@GSI, H. Simon et al., 
Phys. Rev. Lett. 83 (99) 496 

⇒  Strong s-wave admixture 

      (s1/2)2 / (p1/2)2 ≈ 1  

☛ Momentum distribution 10Li 

Px (MeV/c) 

dσ
/d

p x
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☛ Angular 
correlations 
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FIG. 1. Upper panel: Momentum profile for the
6
He+n sys-

tem after one-neutron knockout from
8
He. The solid line

shows the calculated p-wave momentum profile. The arrow

indicates position of 3/2− resonance in
7
He. Lower panel:

Relative-energy spectrum for
6
He+n [2]. The solid line is the

result of an R-matrix fit to the data folded with the experi-

mental resolution [2].

(lower panel). The experimental momentum profile is

shown in the upper panel together with calculations for

different l-values. The solid curve shows the shape calcu-

lated with the relative contributions from s- and p-waves
as determined from the fit to the Efn spectrum [1].

The conclusion so far is thus that the shape of mo-

mentum profile allows a qualitative model-independent

analysis of the experimental data revealing contributions

from different angular momenta. With this in mind the

next step is to apply this method of analysis to
13
Be, a

case where there are still many open questions in the un-

derstanding of its structure. Before applying the momen-

tum profile analysis to the one-neutron knockout data

from
14
Be a short summary of the current literature on

13
Be is given.

There are three recent data sets for the unbound
13
Be

system with different interpretations of its ground-state

structure. From the data obtained at GANIL [4] it is

interpreted as a Breit-Wigner l=0 resonance, from the

one-neutron knockout data from
14
Be, measured at GSI,

as a virtual s-state [5], and, finally, it is interpreted as a

l=1 resonance from data obtained at RIKEN [6].

A major problem in interpretation originates in the

complex structure of neutron-rich beryllium isotopes. It

was enunciated already in 1976 that several observed

properties of the T=2, Iπ = 0
+

states of A = 12 nu-
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FIG. 2. Upper panel: Momentum profile of
9
Li+n system

after one-neutron knockout from
11
Li. The arrows indicate

the position of the virtual state and the p-wave resonance in
10
Li. The calculated s-(dashed), p-(dotted) and d-wave( dash-

dotted) momentum profiles are shown together with a solid

line determined from the s to p ratio derived from the data

in the lower panel. Lower panel: Relative-energy spectrum

for
9
Li+n [1]. The different contributions from a R-matrix

fit to the data, folded with the experimental resolution, are

shown as dashed (virtual s-state) and dotted (p-wave reso-

nance) lines with a solid line as their sum).

clei favor a model of the
12
Be ground-state wavefunction

in which only small fractions of the states belong to the

lowest shell-model configuration [7], according to

12Be(g.s.) = α[10Be⊗ (1s1/2)
2
] +

β[10Be⊗ (0p1/2)
2
] + γ[10Be⊗ (0d5/2)

2
]. (1)

Here
10
Be forms an inert core with a closed 0p3/2 neu-

tron shell. This conjecture has actually been confirmed

in a series of recent experiments [8–12]. In Ref. [8] it

was found that N = 8 is not a good closed shell for
12
Be

since it contains a major (s2 − d2) intruder configura-

tion. This breakdown of the N=8 shell is also expected

theoretically [13–19].

Single- or multi-nucleon transfer-reaction experiments

have revealed excited states at about 2 and 5 MeV above

the neutron-emission threshold in
13
Be [20–23]. These

two states are narrow with widths Γ1 = 0.3(2) MeV and

Γ2 = 0.4(2) MeV, respectively [21], with the 2 MeV

state assigned to have Iπ = 5/2+. There are, how-

ever, two 5/2+ states expected for
13
Be [24]. The lowest

(5/2+1 ) is predicted to contain a large component with

single-particle structure [
12
Be(0

+
1 ) ⊗ (0d5/2)] while the

second (5/2+2 ) state should contain a large contribution

performed at the ALADIN-LAND setup at GSI, where

neutron-knockout reactions in a liquid hydrogen target

from beams of
8
He(E=240 MeV/u),

11
Li(E=280 MeV/u)

and
14

Be ( E=304 MeV/u) were studied. The selection

of coincidences between a neutron of multiplicity one and

the corresponding fragment gave the one-neutron knock-

out residues as described in Refs. [1,2]. The derived four

momenta of neutrons and fragments were used to calcu-

late fragment-n relative energy, Efn as well as the mo-

mentum profile. The momentum profile was compared to

model calculations using the eikonal approximation with

the asymptotic of the neutron wave function in terms of

modified Bessel functions [3].

First the momentum profile for the unbound nucleus
7
He

is determined.
7
He has been studied in many different ex-

periments using different approaches (See Ref. [2] and refer-

ences therein). There is a general consensus that its ground

state is a p3/2 resonance, as illustrated in the Efn spectrum

after one-neutron knockout from
8
He shown in the lower

panel of Fig. 1 [2]. The corresponding momentum profile,

shown in the upper panel, reveals a monotonous increase

with energy, which is well described by the theoretical pre-

diction for neutron knockout from the p-shell (shown as a

solid line).

Fig. 1. Upper panel: Momentum profile for the
6
He+n system after

one-neutron knockout from
8
He. The solid line shows the calculated

p-wave momentum profile. The arrow indicates position of 3/2
−

res-

onance in
7
He. Lower panel: Relative-energy spectrum for

6
He+n [2].

The solid line is the result of an R-matrix fit to the data folded with

the experimental resolution [2].

The second well-known system to be analyzed is the bi-

nary subsystem
9
Li+n after neutron knockout from

11
Li.

This is a slightly more complex case where the unbound

nucleus
10

Li is characterized by a virtual s-state at low en-

ergies in Efn together with a p-wave resonance at about

0.4 MeV [1]. The Efn spectrum is shown in Fig. 2 (lower

panel). The experimental momentum profile is shown in

the upper panel together with calculations for different l-
values. The solid curve shows the shape calculated with the

relative contributions from s- and p-waves as determined

from the fit to the Efn spectrum.

The conclusion is thus that the shape of momentum pro-

file allows a qualitative model-free analysis of the exper-

imental data revealing contributions from different angu-

lar momenta. With this in mind the next step is to apply

this method of analysis to
13

Be, a case where there are still

many open questions in the understanding of its structure.

Before applying the momentum profile analysis to the one-

neutron knockout data from
14

Be a short summary of the

present literature on
13

Be is given.

Fig. 2. Upper panel: Momentum profile of
9
Li+n system after

one-neutron knockout from
11

Li. The arrows indicate the positions

of the virtual state and the p-wave resonance in
10

Li. The calculated

s-(dotted), p-(dashed) and d-wave( dash-dotted) momentum profiles

are shown together with a solid line determined from the s to p
ratio derived from the data in the lower panel. Lower panel: Rela-

tive-energy spectrum for
9
Li+n. The different contributions from a

R-matrix fit to the data, folded with the experimental resolution, are

shown as dashed (Iπ
= 1

+
; 2

+
), dash-dotted (Iπ

= 1
−

; 2
−

) with a

solid line as their sum).

There are three recent data sets for the unbound
13

Be

system, all with different interpretations of its ground-state

structure. From the data obtained at GANIL [4] it is in-

terpreted as a Breit-Wigner l=0 resonance, from the one-

neutron knockout data from
14

Be measured at GSI as a

virtual s-state [5], and finally it is interpreted as a l=1 res-

onance from data obtained at RIKEN [6].

The major problem in interpretation lies in the complex

structure of neutron-rich beryllium isotopes. It was enunci-

ated already in 1976 that several observed properties of the

T=2, Iπ
= 0

+
states of A = 12 nuclei favor a model of the

ground-state wavefunction in which only small fractions of

the states belong to the lowest shell-model configuration [7]

according to

2

Momentum profile (rms width) as a function of relative energy 
 in the unbound subsystem populated in 1n knockout 

8He (p,pn) 7He -> 6He + n 11Li (p,pn) 10Li -> 9Li + n 

Yu. Aksyutina et al. (2012), LAND/GSI data, to be published 



Selective one-proton knockout from  
core- and ‘Halo’- states in 17Ne 

Exclusive selection  
of knockout from  
‘halo’-states for the  
first time possible! 

16F (=15O+p) relative energy 

Good agreement with  
charge-radius measurement 
and FMD prediction of 
Geithner and Neff et al. 
PRL 101 (2008) 252502. 
and from 3b-model of  
Grigorenko,  
PRC 71 (2005) 051604(R). 

s-wave content of ~40% 
moderate halo character  
 
  

Felix Wamers, 
PhD thesis,  

TU Darmstadt 
F. Wamers et al. (2012), LAND/R3B data, to be published 



Beyond the dripline: Ground and first excited state of 10He 
- three-body correlations in the decay of unbound nuclei - 

Unbound nuclear systems 

problem of overlapping resonances 

ambiguity: resonances or correlated background? 

solution demonstrated for 10He: 

observation of characteristic 3-body correlations in 
the decay 
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unbound nuclei 
observed at R3B 

correlated background  
(initial-state correlations, 
11Li wave function) 

identification of 10He 
resonances produced 
in 11Li(p,2p) reactions: 

     0+ ground state 

     2+ excited state 

3-7 MeV 3-7 MeV 

2+ resonance 

2+ resonance 

H.T. Johansson, Yu. Aksyutina et al., NPA 842 (2010) 15. 



Low-Lying E1 Strength as Spectroscopic Tool 

Wave function: e.g.  |11Be> = α|10Be(0+)⊗2s1/2> + β|10Be(2+) ⊗1d5/2>+… 

Shape of differential cross section    ⇒    angular momentum l  

                                γ-ray coincidence    ⇒     identification of core state 

                                   Cross section    ⇒     spectroscopic factor 

Density distribution Differential cross section 

Spatial extension 
(Halo) 

⇒  Strong  
     non-resonant 
     transitions 
( ~ 100 mb/MeV ) 

∑ ><=
m

2
nlj

l
mc

*
E1relc |Φ|rY

A
Ze|q |    nlj),S(  )(EN)/dEd   
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3
16π ππ Ισ(Ι




Coulomb Breakup of 11Be at 500 MeV/nucleon:  
The Classical One-Neutron Halo 

11Be + Pb → 10Be + γ + n  

|11Be>  =  √S(2+) |10Be(2+)⊗1d5/2 >  +   √S(0+) |10Be(0+)⊗2s1/2 >  + … 

11Be → 10Be(0+)+n 

ph states at 6 MeV (inner shell 
p neutrons lifted into continuum) 

R. Palit et al., PRC 68 (2003) 034218 



Coulomb Breakup of 11Be:  
The Classical One-Neutron Halo 

|11Be>  =  √S(2+) |10Be(2+)⊗1d5/2 >  +   √S(0+) |10Be(0+)⊗2s1/2 >  + … 

11Be → 10Be(0+)+n 
E1 strength distribution 

S(0+)=0.70(5) 

Analysis in the effective 
range approach: 

S. Typel, G. Baur, PRL 93 (2004) 142502  

Spectroscopic factor 

R. Palit et al., PRC 68 (2003) 034218 

Distorted wave analysis: 
S = 0.61(5) with diff. opt. pot. 
(S = 0.54 for plane waves) 
 
S = 0.74(6) for WS changed from 
r0/a =1.25/0.7 to 1.15/0.5 
 
Alex Brown: 0.74 



Sensitivity of Coulomb breakup 

Comparison of the one-neutron halo 
11Be with the well bound 17O d neutron 

Coulomb breakup is 
very sensitive to 
extended neutron-
density distributions 
(halo) 

→ applicability as a 
spectroscopic tool 
mainly for weakly 
bound nuclei (large 
cross sections) 

R. Palit et al., 

NPA 731 (2004) 235 



Single-particle spectroscopic factors for halo nuclei derived from 
nuclear and electromagnetic knockout reactions 

Spectroscopic factors  for 2s1/2 halo states 

derived from nuclear and Coulomb breakup 

in comparison to the shell model 

Ratio of experimental occupancies 
to shell-model values 

Typical reduction observed for stable nuclei 
(deduced from electron-induced knockout 
reactions)  

effect of short- and long-range correlations ? 

Halo states  

(pure single-particle 
states) 



Electric properties of the Beryllium-11 system in Halo EFT 
38 H.-W. Hammer, D.R. Phillips / Nuclear Physics A 865 (2011) 17–42

Fig. 8. Differential B(E1) strength for Coulomb dissociation of Beryllium-11 into a neutron and a 10Be nucleus, plotted
versus the excess energy of the detected neutron E∗ , in MeV. The data are from Ref. [5]. The theory curves have been
folded with detector resolution. The red dashed line is the leading-order Halo EFT prediction, which does not include any
final-state interactions. Final-state interactions, with the effective range taking on a value fixed from the bound-to-bound
E1 transition strength, are included in the NLO result, which is shown by the solid blue line. The result of Ref. [30] is
the green dotted line, which essentially matches the solid blue line. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

strength is limited. Up to NLO accuracy for the bound-to-bound, and NNLO for the bound-to-
continuum, there are five numbers: γ0 and γ1 (which are known from separation energies), and
r1, A0, and the counterterm, which must be fitted to the available data on B(E1) (1/2+ → 1/2−)
and dB(E1)/dE.

The quality of the Coulomb excitation data is such that realistically we can hope only to
extract one parameter from it, and so an NNLO analysis is not feasible at this time. In the next
section we present our numerical results from the NLO analysis of the Coulomb excitation data.
At NLO we need only γ0, γ1, r1, and A0 (or, equivalently, r0).

5. Results for Coulomb excitation of the 11Be nucleus

The data set we use is that of Ref. [5]. The predictions obtained in the previous section must
be folded with the neutron detector resolution as described in that paper. For the number of E1
photons as a function of the photon energy ω we take [31]

NE1(ω) = 2Z2α

πv2

[
ξK0(ξ)K1(ξ) − v2

2
ξ2[K2

1 (ξ) − K2
0 (ξ)

]]
, (97)

where ξ = ωb/(γ v), with b the impact parameter, and γ = (1 − v2/c2)−1/2 the Lorentz factor
of the beam. We adopt the value b = 10.38 fm and obtain γ from the kinetic energy of the 11Be
beam of 520 MeV per nucleon, both based on values quoted in Ref. [5].

The leading-order result (94) can then be folded with detector response and the spectrum of
E1 photons. This produces the red-dashed curve in Fig. 8. At next-to-leading order we take the
value of r1 fixed as per Eq. (75). We then have one free parameter, the value of A0 at NLO (or,

H.-W. Hammer and D.R. Phillips, Nucl. Phys. A 865 (2011) 17 

Differential B(E1) strength for 
Coulomb dissociation of Beryllium-11 
into a neutron and a 10Be nucleus, 
plotted versus the excess energy of 
the detected neutron E∗, in MeV. The 
data are from Ref. [5]. The theory 
curves have been folded with detector 
resolution. The red dashed line is the 
leading-order Halo EFT prediction, 
which does not include any final-state 
interactions. Final-state interactions, 
with the effective range taking on a 
value fixed from the bound-to-bound 
E1 transition strength, are included in 
the NLO result, which is shown by the 
solid blue line. The result of Ref. [30] 
is the green dotted line, which 
essentially matches the solid blue line 

GSI/LAND data: R. Palit et al., PRC 68 (2003) 034218 



Sensitivity of Coulomb and nuclear breakup 

Reaction probabilities 

Coulomb breakup 

Overlap with continuum wave function 

Halo-Neutron Densities 

Sensitivity to the tail of the wave function only 

Alternative approach: quasi-free scattering: (p,2p), (p,pn) etc. at LAND and R3B 

          (or (e,e'p) at the e-A collider at FAIR) 

Nuclear breakup 

See talk of Roy Lemmon 



Single-particle cross sections  
Quenching for neutron-proton asymmetric nuclei  

strongly bound 
nucleons 

? 

Origin 
unclear 

? 

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008) 

weakly bound 
nucleons 



positioned at the pivot point of the S800 spectrograph [19].
The S800 selected the secondary reaction residue of inter-
est based on magnetic rigidity B! and provided an event-
by-event particle identification using the focal-plane
detection system consisting of two x-y position-sensitive
detectors and two plastic scintillators (5 and 10 cm thick-
ness). The scintillators provided both an energy loss (!E)
and total residue energy (E) measurement in addition to a
start signal for the time-of-flight (TOF) measurement. Two
thin plastic scintillators (150 "m thickness) were located
approximately 25 and 45 m upstream from the secondary
target and provided independent TOF stop signals. Inverse
ray tracing of the nearly 18 m path from the focal plane of
the S800 to the target position was achieved using the ion-
optics code COSY [20]. A summary of the experimental
parameters is provided in Table I.

Beam rates of order 105 ions/s were achieved for both
secondary beams. For cross sections of at least 10 mb, data
collection over a period of 4 h was sufficient to detect
nearly 2:5! 105 residues. With this statistical precision,
uncertainties associated with the experimental cross sec-
tions were dominated by systematic losses due to the finite
acceptances of the S800 that are limited to "2:5% in
momentum, and "3:5# and "5:0# in the dispersive and
nondispersive directions, respectively [15]. Angular accep-
tance losses were observed to be both mass and energy
dependent and required a rigidity dependent correction to
be applied to the raw data of order of 10% for the reactions
studied. A conservative systematic uncertainty of 5% was
then combined in quadrature with the statistical uncertain-
ties. In addition, because the relatively broad momentum
distributions of the 9Be and 9C knockout residues exceeded
the momentum acceptance of the S800, parallel momen-
tum distributions were constructed in software, as demon-
strated in Fig. 1, from data collected at several overlapping
magnetic rigidities. The absolute normalization of each
data set was achieved independently using data from un-
reacted beam settings taken between each change of mag-
netic rigidity. Cross sections were determined from a fit to
the parallel momentum distribution that combined the ex-
pected shape of the theoretical eikonal distribution [21]
with a Gaussian, required to describe low momenta where
dissipative stripping events lead to an extended tail [22,23].
A fit function, rather than direct integration, was performed

to provide an accurate estimate for the $7% of
cross section not observed at low and high momenta.
Inclusive cross sections #exp determined in this work are

provided in Table I and show only moderate dependence on
the incident energy and target material.
Theoretical single-particle cross sections #sp are calcu-

lated using eikonal or Glauber theory [24,25]. In previous
studies with heavier projectiles, the residue-target interac-
tions were calculated using point neutron and proton den-
sities of the residue calculated from Hartree-Fock (HF)
with Skyrme forces (SkX) [26]. The projectile and residue
overlaps were obtained from the shell model, their radial
form factors being the eigenstates of a Woods-Saxon-plus-
spin-orbit potential with a well depth constrained by ex-
perimental separation energies Sn. For a chosen diffuseness
a, the radius r parameters were determined from fitting the
HF-SkX predictions of the rms radius of the orbital. As
discussed in Ref. [16], it is this orbital size parameter that
has the most significant impact on the evaluation of the
single-particle cross sections and must therefore be con-
sistently specified. Woods-Saxon fit parameters and the
single-particle cross sections derived from this approach
are listed in Table II and were derived for both projectiles
at 120 MeV=u with a 9Be target. Adjusting these inputs to
80 MeV=u or using a natC target led to variations in
the single-particle cross sections by no more than 2%.
The relative insensitivity of the theoretical values to
these parameters is consistent with the experimental

TABLE I. Summary of reactions, energies, and target materi-
als. Reaction target thicknesses were 376ð4Þ mg=cm2 and
403ð5Þ mg=cm2 for the 9Be and natC targets, respectively.

Initial
state

Final
state

Projectile energy
(MeV=u)

Secondary target
(material)

#exp

(mb)

10Be 9Be 120 Be 73.0(38)
80 Be 67.5(36)

10C 9C 120 Be 23.2(10)
120 C 27.4(16)
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FIG. 1 (color online). Longitudinal momentum distributions
for 9Be (top) and 9C (bottom) reaction residues constructed
from four overlapping magnetic rigidities. An eikonal-plus-
Gaussian fit was employed to estimate the unobserved cross
section in the low and high momentum tails.

PRL 106, 162502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

22 APRIL 2011

162502-2

observations. For simplicity, the following discussion is
therefore restricted to 120 MeV=u and 9Be targets but the
conclusions would be identical for the alternative set of
experimental conditions. Theoretical cross sections in
Table II were obtained from the product of the single-
particle cross sections and the spectroscopic factors calcu-
lated using the Cohen-Kurath POT interaction [27] and
were increased by an additional A=ðA" 1Þ center-of-
mass motion correction of 1.11 as described in Ref. [14].
This conventional approach overpredicts the experimental
cross sections and is consistent with the systematics of
Ref. [16].

For light nuclei one is not limited to shell-model and
mean-field derived inputs but can instead use densities
and overlaps from VMC and NCSM calculations. In this
work, VMC calculations were performed using a
Hamiltonian constructed from the Argonne v18 [28] and
Urbana IX [29] 2- and 3-body interactions, respectively.
The NCSM calculations utilized the CD-Bonn 2000 [30]
NN interaction with a 12@! harmonic-oscillator (HO)
basis space and frequency @! ¼ 9 MeV. Projectile-
residue overlaps obtained from both calculations are
shown in Fig. 2. For consistency, these overlaps were
also fit with the Woods-Saxon parametrization.
Although their shapes differ qualitatively at large radii
the majority of the overlap lies below r ¼ 5 fm and is
well described by the fit. Plotting the integrated square of
the overlap (insets of Fig. 2) highlights the dominant
contribution below r ¼ 5 fm where the VMC and
NCSM also agree qualitatively on the shapes of the
overlaps. The difference between them is primarily a
scale factor. Woods-Saxon fit parameters r and a and
the spectroscopic factors derived from each of these
models are listed in Table II. The %0:7 mb uncertainty
in the single-particle cross sections represents the spread
in calculated results when the radius parameter r is varied
between &1!. The point nucleon densities generated
from the VMC and NCSM calculations were also used
as input into the calculations of the A ¼ 9 core-target
S matrices. Single-particle cross sections obtained using
VMC and NCSM are provided in Table II. Although the

radius parameters derived from the Woods-Saxon fits to
the overlaps differ by %10% between VMC and NCSM,
these differences, and those in the calculated densities
nevertheless result in similar single-particle cross
sections.
Quantitatively, the fundamental difference between

the theoretical cross sections arises from differences in
the spectroscopic factors derived from each model.
Compared to the experimental cross section of 73(4) mb
for neutron knockout from 10Be, the VMC result 72.8
(13) mb is in excellent agreement while the NCSM value
86.9(16) mb is %20% larger. This discrepancy could arise
from a number of sources including the differences in the
descriptions of the nuclear size and continuum effects
near the Fermi surface due to the distinct bases of the
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FIG. 2 (color online). Bound-state VMC and NCSM wave
function overlaps and resulting fits that use a Woods-Saxon-
plus-spin-orbit potential. (Inset) Integrals of the square overlaps
that saturate at the theoretical spectroscopic factor.

TABLE II. Woods-Saxon parameters r, a, and potential depth V0 for the h10Bej9Beþ ni and h10Cj9Cþ ni overlap fits. Single-
particle cross sections !sp were derived for projectile beam energies of 120 MeV=u on a 9Be target. Spectroscopic factors SF from

each model are used to derive theoretical cross sections !th and can be compared to the experimental results !exp.

h10Bej9Beþ ni r (fm) a (fm) V0 (MeV) !sp (mb) SF !th (mb) !exp (mb)

SM 1.25 0.70 60.4 36.8 2.62 96.6
NCSM 1.34(2) 0.57(2) 42.9 36.8(7) 2.36 86.9(16) 73(4)
VMC 1.25(3) 0.78(4) 48.0 37.7(7) 1.93 72.8(13)

h10Cj9Cþ ni
SM 1.06 0.70 91.1 24.8 1.93 48.0
NCSM 1.51(2) 0.79(2) 61.6 28.6(6) 1.52 43.4(9) 23.2(10)
VMC 1.38(4) 1.14(6) 70.9 29.5(6) 1.04 30.8(6)
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observations. For simplicity, the following discussion is
therefore restricted to 120 MeV=u and 9Be targets but the
conclusions would be identical for the alternative set of
experimental conditions. Theoretical cross sections in
Table II were obtained from the product of the single-
particle cross sections and the spectroscopic factors calcu-
lated using the Cohen-Kurath POT interaction [27] and
were increased by an additional A=ðA" 1Þ center-of-
mass motion correction of 1.11 as described in Ref. [14].
This conventional approach overpredicts the experimental
cross sections and is consistent with the systematics of
Ref. [16].

For light nuclei one is not limited to shell-model and
mean-field derived inputs but can instead use densities
and overlaps from VMC and NCSM calculations. In this
work, VMC calculations were performed using a
Hamiltonian constructed from the Argonne v18 [28] and
Urbana IX [29] 2- and 3-body interactions, respectively.
The NCSM calculations utilized the CD-Bonn 2000 [30]
NN interaction with a 12@! harmonic-oscillator (HO)
basis space and frequency @! ¼ 9 MeV. Projectile-
residue overlaps obtained from both calculations are
shown in Fig. 2. For consistency, these overlaps were
also fit with the Woods-Saxon parametrization.
Although their shapes differ qualitatively at large radii
the majority of the overlap lies below r ¼ 5 fm and is
well described by the fit. Plotting the integrated square of
the overlap (insets of Fig. 2) highlights the dominant
contribution below r ¼ 5 fm where the VMC and
NCSM also agree qualitatively on the shapes of the
overlaps. The difference between them is primarily a
scale factor. Woods-Saxon fit parameters r and a and
the spectroscopic factors derived from each of these
models are listed in Table II. The %0:7 mb uncertainty
in the single-particle cross sections represents the spread
in calculated results when the radius parameter r is varied
between &1!. The point nucleon densities generated
from the VMC and NCSM calculations were also used
as input into the calculations of the A ¼ 9 core-target
S matrices. Single-particle cross sections obtained using
VMC and NCSM are provided in Table II. Although the

radius parameters derived from the Woods-Saxon fits to
the overlaps differ by %10% between VMC and NCSM,
these differences, and those in the calculated densities
nevertheless result in similar single-particle cross
sections.
Quantitatively, the fundamental difference between

the theoretical cross sections arises from differences in
the spectroscopic factors derived from each model.
Compared to the experimental cross section of 73(4) mb
for neutron knockout from 10Be, the VMC result 72.8
(13) mb is in excellent agreement while the NCSM value
86.9(16) mb is %20% larger. This discrepancy could arise
from a number of sources including the differences in the
descriptions of the nuclear size and continuum effects
near the Fermi surface due to the distinct bases of the
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FIG. 2 (color online). Bound-state VMC and NCSM wave
function overlaps and resulting fits that use a Woods-Saxon-
plus-spin-orbit potential. (Inset) Integrals of the square overlaps
that saturate at the theoretical spectroscopic factor.

TABLE II. Woods-Saxon parameters r, a, and potential depth V0 for the h10Bej9Beþ ni and h10Cj9Cþ ni overlap fits. Single-
particle cross sections !sp were derived for projectile beam energies of 120 MeV=u on a 9Be target. Spectroscopic factors SF from

each model are used to derive theoretical cross sections !th and can be compared to the experimental results !exp.

h10Bej9Beþ ni r (fm) a (fm) V0 (MeV) !sp (mb) SF !th (mb) !exp (mb)

SM 1.25 0.70 60.4 36.8 2.62 96.6
NCSM 1.34(2) 0.57(2) 42.9 36.8(7) 2.36 86.9(16) 73(4)
VMC 1.25(3) 0.78(4) 48.0 37.7(7) 1.93 72.8(13)

h10Cj9Cþ ni
SM 1.06 0.70 91.1 24.8 1.93 48.0
NCSM 1.51(2) 0.79(2) 61.6 28.6(6) 1.52 43.4(9) 23.2(10)
VMC 1.38(4) 1.14(6) 70.9 29.5(6) 1.04 30.8(6)
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observations. For simplicity, the following discussion is
therefore restricted to 120 MeV=u and 9Be targets but the
conclusions would be identical for the alternative set of
experimental conditions. Theoretical cross sections in
Table II were obtained from the product of the single-
particle cross sections and the spectroscopic factors calcu-
lated using the Cohen-Kurath POT interaction [27] and
were increased by an additional A=ðA" 1Þ center-of-
mass motion correction of 1.11 as described in Ref. [14].
This conventional approach overpredicts the experimental
cross sections and is consistent with the systematics of
Ref. [16].

For light nuclei one is not limited to shell-model and
mean-field derived inputs but can instead use densities
and overlaps from VMC and NCSM calculations. In this
work, VMC calculations were performed using a
Hamiltonian constructed from the Argonne v18 [28] and
Urbana IX [29] 2- and 3-body interactions, respectively.
The NCSM calculations utilized the CD-Bonn 2000 [30]
NN interaction with a 12@! harmonic-oscillator (HO)
basis space and frequency @! ¼ 9 MeV. Projectile-
residue overlaps obtained from both calculations are
shown in Fig. 2. For consistency, these overlaps were
also fit with the Woods-Saxon parametrization.
Although their shapes differ qualitatively at large radii
the majority of the overlap lies below r ¼ 5 fm and is
well described by the fit. Plotting the integrated square of
the overlap (insets of Fig. 2) highlights the dominant
contribution below r ¼ 5 fm where the VMC and
NCSM also agree qualitatively on the shapes of the
overlaps. The difference between them is primarily a
scale factor. Woods-Saxon fit parameters r and a and
the spectroscopic factors derived from each of these
models are listed in Table II. The %0:7 mb uncertainty
in the single-particle cross sections represents the spread
in calculated results when the radius parameter r is varied
between &1!. The point nucleon densities generated
from the VMC and NCSM calculations were also used
as input into the calculations of the A ¼ 9 core-target
S matrices. Single-particle cross sections obtained using
VMC and NCSM are provided in Table II. Although the

radius parameters derived from the Woods-Saxon fits to
the overlaps differ by %10% between VMC and NCSM,
these differences, and those in the calculated densities
nevertheless result in similar single-particle cross
sections.
Quantitatively, the fundamental difference between

the theoretical cross sections arises from differences in
the spectroscopic factors derived from each model.
Compared to the experimental cross section of 73(4) mb
for neutron knockout from 10Be, the VMC result 72.8
(13) mb is in excellent agreement while the NCSM value
86.9(16) mb is %20% larger. This discrepancy could arise
from a number of sources including the differences in the
descriptions of the nuclear size and continuum effects
near the Fermi surface due to the distinct bases of the
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FIG. 2 (color online). Bound-state VMC and NCSM wave
function overlaps and resulting fits that use a Woods-Saxon-
plus-spin-orbit potential. (Inset) Integrals of the square overlaps
that saturate at the theoretical spectroscopic factor.

TABLE II. Woods-Saxon parameters r, a, and potential depth V0 for the h10Bej9Beþ ni and h10Cj9Cþ ni overlap fits. Single-
particle cross sections !sp were derived for projectile beam energies of 120 MeV=u on a 9Be target. Spectroscopic factors SF from

each model are used to derive theoretical cross sections !th and can be compared to the experimental results !exp.

h10Bej9Beþ ni r (fm) a (fm) V0 (MeV) !sp (mb) SF !th (mb) !exp (mb)

SM 1.25 0.70 60.4 36.8 2.62 96.6
NCSM 1.34(2) 0.57(2) 42.9 36.8(7) 2.36 86.9(16) 73(4)
VMC 1.25(3) 0.78(4) 48.0 37.7(7) 1.93 72.8(13)

h10Cj9Cþ ni
SM 1.06 0.70 91.1 24.8 1.93 48.0
NCSM 1.51(2) 0.79(2) 61.6 28.6(6) 1.52 43.4(9) 23.2(10)
VMC 1.38(4) 1.14(6) 70.9 29.5(6) 1.04 30.8(6)
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