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Nuclear Physics Conundrum
‣ Using nuclear reaction to study nuclear structure 

!

!

!

!

‣ One observable, two models 

‣ Extract valuable structure information 

‣ Need accurate reaction model!
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Outline
‣ Knockout reactions under the microscope 

‣ Precision test of reaction model using exclusive experiment 

‣ Validate the concepts used in the theory 

‣ Case for using this type of reaction as spectroscopy tool
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Outline
‣ Knockout reactions under the microscope 

‣ Precision test of reaction model using exclusive experiment 

‣ Validate the concepts used in the theory 

‣ Case for using this type of reaction as spectroscopy tool

‣ Nuclear structure under the microscope 

‣ Test ab-initio nuclear structure models on p-shell nuclei 

‣ Emergence of nuclear structure models from first principles 

‣ Knockout reactions offer unique tool to probe these models
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Knockout reactions
‣ Sudden removal of one or two nucleons from a 

projectile via nuclear interaction with a light target 

‣ Direct (one-step) peripheral reaction 

‣ High energy: sudden approximation + eikonal model 

‣ Recoil momentum of residue equivalent to that of removed 
nucleon(s)

Projectile Target Residue

Recoil
Momentum

g-decay
of excited states

P. G. Hansen and J. A. Tostevin, Annu. Rev. Nucl. Part. Sci. 53, 219 (2003)
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Experimental Assets
‣ High luminosity for inverse kinematics 

‣ Inclusive measurement: thick targets 

‣ Fast beams: focusing of projectile residues in small solid angle 

‣ High efficiency γ-ray array: CsI(Na) or γ-tracking Ge 

‣ Measurements possible down to ~ 1 projectile/second 

‣ Very well suited to rare isotope beams produced via 
projectile fragmentation 

‣ High physics output 

‣ Single-particle components of projectile wave function 

‣ Level scheme of residual nucleus (hole states)
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Theoretical Assets
‣ Simple Glauber-type eikonal reaction model 

‣ Stripping: inelastic breakup 

‣ Diffraction: elastic breakup 

‣ Cross section independent 
of removed nucleon binding 

‣ Does this model reflects reality?
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Surface localization of reaction
‣ Part of the WF probed by the knockout mechanism 

‣ Case shown: 2p knockout from 28Mg on 9Be target 

‣ Spectroscopic 
sensitivity near surface 
and non-asymptotic 

‣ Eikonal model uses 
descriptions of size 
and surface behavior 
of single-particle 
orbitals

E. C. SIMPSON, J. A. TOSTEVIN, D. BAZIN, AND A. GADE PHYSICAL REVIEW C 79, 064621 (2009)
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Finally, the stripping cross section, differential with respect
to the residue momentum κc, is
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Î 2

�
∑

λ1λ2λ
�
1λ

�
2

∫
ds1s1

∫
ds2s2[direct ⌧ exchange], (32)

where the direct and exchange terms are

direct = Gβ1β2β
�
1β

�
2I

λ1λ2λ
�
1λ

�
2

{
Hλ1λ

�
1
(1)Hλ2λ

�
2
(2)Rj1

ℓ1λ1
(1)R � j �

1
ℓ �

1λ
�
1
(1)

� Rj2
ℓ2λ2

(2)R � j �
2

ℓ �
2λ

�
2
(2) + Hλ1λ

�
1
(2)Hλ2λ

�
2
(1)

� Rj1
ℓ1λ1

(2)R � j �
1

ℓ �
1λ

�
1
(2)Rj2

ℓ2λ2
(1)R � j �

2
ℓ �

2λ
�
2
(1)

}
, (33)

exchange = ( ⌧ )j1+j2 ⌧ IGβ2β1β
�
1β

�
2I

λ2λ1λ
�
1λ

�
2

{
Hλ2λ

�
1
(1)Hλ1λ

�
2
(2)Rj2

ℓ2λ2
(1)

� R � j �
1

ℓ �
1λ

�
1
(1)Rj1

ℓ1λ1
(2)R � j �

2
ℓ �

2λ
�
2
(2) + Hλ2λ

�
2
(2)Hλ1λ

�
2
(1)

� Rj2
ℓ2λ2

(2)R � j �
1

ℓ �
1λ

�
1
(2)Rj1

ℓ1λ1
(1)R � j �

2
ℓ �

2λ
�
2
(1)

}
. (34)

In this highly factored form the differential cross-section calcu-
lation is rather efficient. Before we discuss our treatment of the
diffraction-stripping term, fromOds(c, 1, 2), and compare with
experiment, we discuss the general results and sensitivities
arising from this stripping mechanism.

III. MOMENTUM DISTRIBUTION SENSITIVITIES

We first discuss initial results for calculated longitudinal
momentum distributions resulting from this stripping formal-
ism, showing the general trends and the sensitivities to physical
parameters. In the case of even-even J π

i = 0+ projectile nuclei,
the spin and projections Jf ,Mf of the residue final state are
uniquely fixed by the total angular momentum of the removed
pair of nucleons, I, µ, with Jf = I,Mf = ⌧ µ. There is thus
a very direct and clear connection between the residue final
state populated and the corresponding two-nucleon overlap.

In this section we make use of a simplified model of pure
π [0d5/2]2 two-proton stripping from the 28Mg(0+) ground
state at 82 MeV/u. Identical proton radial wave functions are
used in each calculation. We look first at the spatial localization
of the reaction.
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FIG. 4. The differential stripping cross section with respect to
s1, the component of the nucleon position vector in the plane
perpendicular to the beam direction. The calculation is for π [0d5/2]2

two-proton removal from 28Mg at 82 MeV/u. The localization for
I π = 0+ (solid), 2+ (dotted), and 4+ (dashed) states are shown, the
peak moving marginally inward as I increases. Also shown is the
associated z-integrated 26Ne core density as a function of the radial
distance s1 (symbols).

A. Surface localization

Understanding the surface localization of the reaction is
important both intuitively and to provide information on those
parts of the wave function probed by the knockout mechanism.
So, we first consider the contributions to the partial knockout
cross sections as a function of a nucleon’s position s1 in the
impact parameter plane (see Fig. 2). This is shown in Fig. 4
for the Iπ = 0+, 2+, and 4+ 26Ne final-state transitions. The
surface localization is clear, the important s1 being in the range
2 to 5 fm, near the surface of the 26Ne core.

The near-surface and nonasymptotic nature of this localiza-
tion is important for the reaction’s spectroscopic sensitivity.
Conversely, the reaction calculations need a realistic descrip-
tion both of the size of the active single-particle orbitals and
of their surface behavior. In the following these requirements
are assisted by constraining the single-particle wave functions
for different systems using Hartree-Fock systematics.

B. Sensitivity to the two-nucleon coupling

Next we will show (a) that it is the total two-proton angular
momentum I that principally determines the shape of the
residue longitudinal momentum distribution and (b) that the
larger I lead to broader distributions. This key result is shown
in Fig. 5. We can label the final state distributions by I, µ, as
discussed above, and the increasing width of the distributions
with I is very evident.

These features can be understood semiclassically. The
Iπ = 0+ configuration involves the coupling of time-reversed
orbitals for which the summed nucleon momenta are small,
in any direction. This is reflected in the narrow longitudinal
distribution shown (solid curve). For comparison, Fig. 5 also
shows (solid line with open circles) the corresponding π [0d5/2]
one-proton knockout distribution for the same one-proton
separation energy. This is considerably broader than the Iπ =
0+ two-proton distribution, showing that it is the correlated

064621-6
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0+

2+

4+

E. C. Simpson et al., Phys. Rev. C 79, 064621 (2009)
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Exclusive experiment
‣ Experiment aimed to measure stripping and diffraction 

parts of the cross section separately 

‣ Detect removed nucleon with maximum solid angle 

‣ One-proton knockout: easier to detect proton than neutron 

‣ Choose two cases with different binding energies and only one or 
two final states

Initial state Final state S σ σ σ S %

9 8 1.296 44.57 15.27 1.1 0.94 26.8

8 7 0.137 64.42 31.65 7.7 1.036
37.1

8 7 0.566 57.34 24.44 3.4 0.22

D. Bazin et al., Phys. Rev. Lett. 102, 232501 (2009)
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Experimental Setup
‣ S800 spectrograph to measure projectile residue 

‣ HiRA telescope array to measure knocked out proton

Scattering chamber	

188 mg/cm2 9Be target	

HiRA detector array

Focal plane detectors	

Particle identification	


Scattering angle and energy of 
residual nucleus

Incoming 9C 
cocktail beam

Acceptances	

• 5% momentum	

• 20 msr solid angle	


(± 3.5° × ± 5°)
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High Resolution Array HiRA
‣ Up to 20 telescopes 

‣ Angular coverage 9° to 54° 

‣ Energy, identification of p,d,t…

The High Resolution Array HiRA
charge particle detector array based on �E �E measurement

up to 20 telescopes

many possible configurations

angular coverage J = 9�54�

M.S. Wallace et al, NIMA 583 (2007) 302

Kathrin Wimmer Nuclear Structure 2012

The High Resolution Array HiRA
charge particle detector array based on �E �E measurement

up to 20 telescopes

many possible configurations

angular coverage J = 9�54�

M.S. Wallace et al, NIMA 583 (2007) 302

Kathrin Wimmer Nuclear Structure 2012

The 9Be(28Mg,26Ne)X reaction

two-proton knockout from 28Mg

need to identify all reaction partners

measure their energies and momenta

s inc = 1.475(18) mb

previous measurement:
s inc = 1.50(10) mb

D. Bazin et al., Phys. Rev. Lett. 91 (2003) 012501

incoming beam, time-of-flight ! velocity

S800 spectrograph
reaction residue, energy loss and TOF light charged particles in HiRA

Kathrin Wimmer Nuclear Structure 2012
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Proton coincidences
‣ Evidence for elastic breakup reaction mechanism 

‣ Diagonal “band” corresponds to elastic process where energy is 
conserved 

‣ For other events proton interacts inelastically with target
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Deuteron coincidences
‣ Must come from stripping events 

‣ Additional neutron in deuteron comes from (p,d) on 9Be target 

‣ Diagonal “band” previously observed in proton coincidences has 
disappeared
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Energy sum spectra
‣ Sharp peak corresponds to 

elastic breakup 

‣ Double gaussian fit to 
determine elastic cross section 

‣ Deduce elastic breakup 
distributions by subtraction 

‣ Very good agreement!

junction between the two peaks. The elastic distributions
were then obtained by subtracting the tail of the inelastic
contamination leaking into the elastic peak above the
junction, as determined from a double-Gaussian fit of the
distributions (see Fig. 2). The resulting proton scattering
angle distributions were then corrected for the geometrical
acceptance of the HiRA array within its angular coverage,
obtained from a Monte Carlo simulation. The proton an-
gular distributions obtained from the 9C and 8B elastic
breakup events are shown in Fig. 3. There they are com-
pared with the theoretical predictions from continuum
discretized coupled channel (CDCC) calculations, that
retain the full three-body final-state kinematics of the
target, residue (r) and the diffracted proton. The CDCC
calculations make use of the methodology of Ref. [16] to
calculate the laboratory frame multidifferential cross sec-
tions d3!=d!rd!pdEp of the proton and

8B=7Be residues
that are then integrated over the angular acceptance

("!r ¼ 21 msr) of the fast, forward-going residue and
all proton energies Ep " 120 MeV. The parameters used
in the CDCC calculations are the same as employed for the
earlier eikonal model results, including the complex
proton-target and residue-target distorting potentials that
were taken as the double- and single-folded interactions
used to generate the corresponding eikonal elastic S ma-
trices. The unobserved cross section between 0# and 10#

could be inferred from the excellent agreement between
the CDCC theory and the observed distributions at larger
angles. Percentages of unobserved cross section of 15(3)%
and 28(5)% were calculated for the 9C and 8B elastic
breakup cross sections, respectively, using the CDCC dis-
tributions. The error bars on the corrections were deter-
mined from the minimum "2 þ 1 uncertainty band, by
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FIG. 2 (color online). Energy sum spectra of the one-proton
knockout residue and the light particles detected in coincidence
in the HiRA detector array for 9C (top) and 8B (bottom)
projectiles. The sharp peak corresponding to elastic breakup is
visible in proton coincidence events, whereas it disappears for
deuteron and other inelastic coincidence events (see text). The
inelastic and elastic components of the fit are shown, as well as
the location of the cut indicated by the double arrow. The tail of
the inelastic component leaking into the elastic peak amounts to
33% and 25% for the 9C and 8B breakups, respectively. The
amount of elastic component leaking into the inelastic peak is
negligible, due to the narrow width of the elastic peak.
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FIG. 1 (color online). Two dimensional spectra of the energy
of protons and of the heavy residue in one-proton knockout
reactions from 9C (top) and 8B (bottom) projectiles, respectively.
The narrow bands of constant energy sum correspond to elastic
breakup whereas other events are associated with inelastic
breakup (see text). The small fluctuations in number of counts
are due to the way the spectra were produced, by adding the data
from the various magnetic rigidity settings used during the
experiment.

PRL 102, 232501 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
12 JUNE 2009

232501-3

Proj. % 
(model)

% 
(exp.)

9 26.8 25(2)
8 37.1 38(3) D. Bazin et al., Phys. Rev. Lett. 102, 232501 (2009)
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Two-proton knockout exclusive experiment
‣ Performed with the same 

setup on 28Mg-2p → 26Ne 

‣ 26Ne + p + p triple coincidences 
missing mass → σdd 

‣ 26Ne + p + x triple coincidences 
missing mass → σsd/σss

RAPID COMMUNICATIONS

K. WIMMER et al. PHYSICAL REVIEW C 85, 051603(R) (2012)
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FIG. 3. (Color online) (a) Missing-mass spectrum for events
where two protons were detected. The cross section for observing
two protons in coincidence with the 26Ne residue amounts to σ

pp
obs =

0.25(2) mb. The spectrum was fitted with two Gaussian peaks. The
lower peak, at the target mass, is due to the diffraction mechanism
(green, solid line), and the larger peak is attributed to events where at
least one proton was removed in an inelastic collision with the target.
(b) Relative diffraction yield as a function of the smaller of the two
proton energies, Ep2 . (c) Missing-mass difference spectrum for events
where one of the detected particles is a proton and the other is a light
ion, e.g., a deuteron or triton. The individual spectra have been shifted
["Mmiss = Mmiss − M(8Be), M(7Be) etc.] and then added. From the
fit the ratio of diffraction-stripping to stripping events was extracted.

of residue-deuteron coincidences and Mmiss = M(7Be) =
6.536 GeV/c2 for events where tritons are detected [18]. In
the two-proton knockout reaction the missing mass is thus

TABLE II. Cross sections of the three mechanisms contributing
to the two-proton removal reaction and comparison with theory. For
the comparison of the cross sections the theoretical values have
been multiplied with the factor RS(2N ) = 0.488(6). The relative
contribution of each mechanism is consistent with theory.

diff diff-str str tot

σobs (mb) 0.07(2) 0.27(14) 0.54(14) 0.88(2)
σextr (mb) 0.11(3) 0.44(23) 0.87(23) 1.43(5)
fraction (%) 8(2) 31(16) 61(16)
σ inc (mb) 1.475(18)
σtheo incl. (mb) 0.19 1.13 1.70 3.02
σtheoRS(2N) (mb) 0.09 0.55 0.83 1.475
fractiontheo (%) 6.3 37.4 56.3

expected to be Mmiss = M(7,8Be) for events where the proton
was removed in an elastic collision and larger values for Mmiss
for reactions where the proton was removed in a stripping reac-
tion. Missing-mass spectra for triple-coincidence events with
only one identified proton were fitted with two components as
shown in Fig. 3(c) to obtain the ratio of diffraction-stripping
to stripping events. Similar to Fig. 3(b), the yield of
diffraction-stripping events increases with the proton energy,
while the stripping yield (dσ str/dEp)/(dσ/dEp) stays
constant as a function of the energy of the detected proton
Ep. This feature is independent of the type of the second
detected particle. The ratio of diffraction-stripping to stripping
amounts to σdiff−str/σstr = 0.7(2) for events where one of the
two particles is a proton. This ratio is then used to extract
the diffraction-stripping and stripping cross section from
the events where both detected light particles were protons,
σ

pp
diff−str+str = 0.17(2) mb, the broad component in Fig. 3(a),

assuming that the removal processes for the two protons are
independent. Triple-coincidence events, where none of the
detected light particles is a proton [σ other

obs = 0.18(2) mb],
are assumed to arise from events where both protons were
stripped.

The cross sections for the three mechanisms are sum-
marized and compared to the theoretical predictions [4]
(recalculated for the present incident beam energy) in Table II.

The agreement with the theoretical expectations for the
relative importance of each contribution is very good. Com-
parison of the absolute cross section values confirms the
need for a reduction factor RS(2N ) = σexp/σtheo = 0.488(6),
in agreement with the value RS(2N ) = 0.50(3) [4] deduced
from the partial and inclusive cross sections reported in the
previous 26Ne-γ coincidence experiment [1].

Summary. In summary, coincidence measurements of fast
and light charged particles and the heavy projectile-like
reaction residues following the removal of two well-bound
protons from 28Mg have allowed the relative importance of
the stripping, diffraction-stripping, and diffraction two-proton
removal mechanisms to be determined. The experimental
results are consistent with the expectations for the relative
importance of each mechanism calculated using the eikonal re-
action framework [4] that assumes a sudden, one-step removal

051603-4
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FIG. 3. (Color online) (a) Missing-mass spectrum for events
where two protons were detected. The cross section for observing
two protons in coincidence with the 26Ne residue amounts to σ

pp
obs =

0.25(2) mb. The spectrum was fitted with two Gaussian peaks. The
lower peak, at the target mass, is due to the diffraction mechanism
(green, solid line), and the larger peak is attributed to events where at
least one proton was removed in an inelastic collision with the target.
(b) Relative diffraction yield as a function of the smaller of the two
proton energies, Ep2 . (c) Missing-mass difference spectrum for events
where one of the detected particles is a proton and the other is a light
ion, e.g., a deuteron or triton. The individual spectra have been shifted
["Mmiss = Mmiss − M(8Be), M(7Be) etc.] and then added. From the
fit the ratio of diffraction-stripping to stripping events was extracted.

of residue-deuteron coincidences and Mmiss = M(7Be) =
6.536 GeV/c2 for events where tritons are detected [18]. In
the two-proton knockout reaction the missing mass is thus

TABLE II. Cross sections of the three mechanisms contributing
to the two-proton removal reaction and comparison with theory. For
the comparison of the cross sections the theoretical values have
been multiplied with the factor RS(2N ) = 0.488(6). The relative
contribution of each mechanism is consistent with theory.

diff diff-str str tot

σobs (mb) 0.07(2) 0.27(14) 0.54(14) 0.88(2)
σextr (mb) 0.11(3) 0.44(23) 0.87(23) 1.43(5)
fraction (%) 8(2) 31(16) 61(16)
σ inc (mb) 1.475(18)
σtheo incl. (mb) 0.19 1.13 1.70 3.02
σtheoRS(2N) (mb) 0.09 0.55 0.83 1.475
fractiontheo (%) 6.3 37.4 56.3

expected to be Mmiss = M(7,8Be) for events where the proton
was removed in an elastic collision and larger values for Mmiss
for reactions where the proton was removed in a stripping reac-
tion. Missing-mass spectra for triple-coincidence events with
only one identified proton were fitted with two components as
shown in Fig. 3(c) to obtain the ratio of diffraction-stripping
to stripping events. Similar to Fig. 3(b), the yield of
diffraction-stripping events increases with the proton energy,
while the stripping yield (dσ str/dEp)/(dσ/dEp) stays
constant as a function of the energy of the detected proton
Ep. This feature is independent of the type of the second
detected particle. The ratio of diffraction-stripping to stripping
amounts to σdiff−str/σstr = 0.7(2) for events where one of the
two particles is a proton. This ratio is then used to extract
the diffraction-stripping and stripping cross section from
the events where both detected light particles were protons,
σ

pp
diff−str+str = 0.17(2) mb, the broad component in Fig. 3(a),

assuming that the removal processes for the two protons are
independent. Triple-coincidence events, where none of the
detected light particles is a proton [σ other

obs = 0.18(2) mb],
are assumed to arise from events where both protons were
stripped.

The cross sections for the three mechanisms are sum-
marized and compared to the theoretical predictions [4]
(recalculated for the present incident beam energy) in Table II.

The agreement with the theoretical expectations for the
relative importance of each contribution is very good. Com-
parison of the absolute cross section values confirms the
need for a reduction factor RS(2N ) = σexp/σtheo = 0.488(6),
in agreement with the value RS(2N ) = 0.50(3) [4] deduced
from the partial and inclusive cross sections reported in the
previous 26Ne-γ coincidence experiment [1].

Summary. In summary, coincidence measurements of fast
and light charged particles and the heavy projectile-like
reaction residues following the removal of two well-bound
protons from 28Mg have allowed the relative importance of
the stripping, diffraction-stripping, and diffraction two-proton
removal mechanisms to be determined. The experimental
results are consistent with the expectations for the relative
importance of each mechanism calculated using the eikonal re-
action framework [4] that assumes a sudden, one-step removal
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FIG. 3. (Color online) (a) Missing-mass spectrum for events
where two protons were detected. The cross section for observing
two protons in coincidence with the 26Ne residue amounts to σ

pp
obs =

0.25(2) mb. The spectrum was fitted with two Gaussian peaks. The
lower peak, at the target mass, is due to the diffraction mechanism
(green, solid line), and the larger peak is attributed to events where at
least one proton was removed in an inelastic collision with the target.
(b) Relative diffraction yield as a function of the smaller of the two
proton energies, Ep2 . (c) Missing-mass difference spectrum for events
where one of the detected particles is a proton and the other is a light
ion, e.g., a deuteron or triton. The individual spectra have been shifted
["Mmiss = Mmiss − M(8Be), M(7Be) etc.] and then added. From the
fit the ratio of diffraction-stripping to stripping events was extracted.

of residue-deuteron coincidences and Mmiss = M(7Be) =
6.536 GeV/c2 for events where tritons are detected [18]. In
the two-proton knockout reaction the missing mass is thus

TABLE II. Cross sections of the three mechanisms contributing
to the two-proton removal reaction and comparison with theory. For
the comparison of the cross sections the theoretical values have
been multiplied with the factor RS(2N ) = 0.488(6). The relative
contribution of each mechanism is consistent with theory.

diff diff-str str tot

σobs (mb) 0.07(2) 0.27(14) 0.54(14) 0.88(2)
σextr (mb) 0.11(3) 0.44(23) 0.87(23) 1.43(5)
fraction (%) 8(2) 31(16) 61(16)
σ inc (mb) 1.475(18)
σtheo incl. (mb) 0.19 1.13 1.70 3.02
σtheoRS(2N) (mb) 0.09 0.55 0.83 1.475
fractiontheo (%) 6.3 37.4 56.3

expected to be Mmiss = M(7,8Be) for events where the proton
was removed in an elastic collision and larger values for Mmiss
for reactions where the proton was removed in a stripping reac-
tion. Missing-mass spectra for triple-coincidence events with
only one identified proton were fitted with two components as
shown in Fig. 3(c) to obtain the ratio of diffraction-stripping
to stripping events. Similar to Fig. 3(b), the yield of
diffraction-stripping events increases with the proton energy,
while the stripping yield (dσ str/dEp)/(dσ/dEp) stays
constant as a function of the energy of the detected proton
Ep. This feature is independent of the type of the second
detected particle. The ratio of diffraction-stripping to stripping
amounts to σdiff−str/σstr = 0.7(2) for events where one of the
two particles is a proton. This ratio is then used to extract
the diffraction-stripping and stripping cross section from
the events where both detected light particles were protons,
σ

pp
diff−str+str = 0.17(2) mb, the broad component in Fig. 3(a),

assuming that the removal processes for the two protons are
independent. Triple-coincidence events, where none of the
detected light particles is a proton [σ other

obs = 0.18(2) mb],
are assumed to arise from events where both protons were
stripped.

The cross sections for the three mechanisms are sum-
marized and compared to the theoretical predictions [4]
(recalculated for the present incident beam energy) in Table II.

The agreement with the theoretical expectations for the
relative importance of each contribution is very good. Com-
parison of the absolute cross section values confirms the
need for a reduction factor RS(2N ) = σexp/σtheo = 0.488(6),
in agreement with the value RS(2N ) = 0.50(3) [4] deduced
from the partial and inclusive cross sections reported in the
previous 26Ne-γ coincidence experiment [1].

Summary. In summary, coincidence measurements of fast
and light charged particles and the heavy projectile-like
reaction residues following the removal of two well-bound
protons from 28Mg have allowed the relative importance of
the stripping, diffraction-stripping, and diffraction two-proton
removal mechanisms to be determined. The experimental
results are consistent with the expectations for the relative
importance of each mechanism calculated using the eikonal re-
action framework [4] that assumes a sudden, one-step removal
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Two-proton correlations
‣ How are the two protons removed from the projectile?Dalitz plots

further information from Dalitz plots

normalized invariant mass

W 2
ij =

M2
ij �(mi+mj)2

(Eobs+mi+mj)2�(mi+mj)2
F. M. Marqués et al., Phys. Rev. C 64 (2001) 061301

uniform filling small Wpp $ small
relative momentum

vertical bands for
27Na resonance

Kathrin Wimmer Nuclear Structure 2012

Normalized invariant mass: 

Dalitz plots
further information from Dalitz plots

normalized invariant mass

W 2
ij =

M2
ij �(mi+mj)2

(Eobs+mi+mj)2�(mi+mj)2
F. M. Marqués et al., Phys. Rev. C 64 (2001) 061301

uniform filling small Wpp $ small
relative momentum

vertical bands for
27Na resonance

Kathrin Wimmer Nuclear Structure 2012

3-body mode pair removal two-step process

Dalitz plots: Wpp (proton-proton) versus Wcp (core-proton)
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Spatially-correlated pair removal
‣ Two-step process 

excluded energetically 

‣ Fit of experimental Dalitz 
plot give fraction of two-
body 0.56(12) 

‣ Significant surface 
localization and spatial 
proximity of the two 
protons

Dalitz plots

fit parameter 0.56(12) from Erel

describes the Dalitz plot

K. Wimmer et al., submitted

Kathrin Wimmer Nuclear Structure 2012

K. Wimmer et al., PRC 109, 202505 (2012)
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Diffraction of deeply-bound valence proton
‣ One-proton knockout 28Mg-1p → 27Na in high resolution mode 

‣ Proton binding energy 16.8 MeV 

‣ Diffraction peak at missing mass of 9Be target
One-proton knockout

missing mass in high-resolution one-proton knockout:

thin target

high resolution mode

this is not possible for the two-proton knockout

Kathrin Wimmer Nuclear Structure 2012

Preliminary, analysis in progress…
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At the forefront of nuclear structure models
‣ Beyond the shell model: ab initio models 

‣ Solve many-body problem using NN bare interactions 

‣ Variational and Green’s function Monte Carlo (VMC) 

‣ No-core shell model (NCSM) 

‣ So far limited to p-shell nuclei with 5 ≤ A ≤ 16 

‣ Absolute cross sections from knockout reactions 

‣ Related to spectroscopic factors of overlapping states 

‣ Can reach rare isotopes and neutron orbitals 

‣ Can use densities and overlaps from ab initio models
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Proposed experiment
‣ Goals and challenges 

‣ Achieve 5% precision on cross section measurement 

‣ Light ions need large acceptances: corrections needed
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Proposed experiment
‣ Goals and challenges 

‣ Achieve 5% precision on cross section measurement 

‣ Light ions need large acceptances: corrections needed

‣ Chosen reactions: neutron knockout on 10Be and 10C 

‣ No bound excited states in 9Be and 9C: one final state only 

‣ Different neutron binding energies: 6.8 MeV and 21.3 MeV 

‣ Both VMC and NCSM densities and overlaps available 

‣ Consistent comparison by using these densities and overlaps in 
reaction model
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Single-particle cross sections
‣ Densities and fit Wood-

Saxon from overlaps 

‣ VMC (AV18 + UIX) 

‣ NCSM (CD-Bonn) 

‣ σsp very similar

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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Results
‣ Consistent approach of reaction model 

‣ Experiment clearly differentiates between VMC and NCSM 

‣ NCSM missing 3-body forces and continuum effects 

‣ 10C discrepancy with VMC may be due to reaction model assumption 
(9C spectator core when removing 21.3 MeV neutron)

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

0 2 4 6 8
r (fm)

0.0

0.8

1.6

2.4

∫ r
2 〈  

  〉
2 dr

0 2 4 6 8 10
r (fm)

10
-3

10
-2

10
-1

10
0

〈10
C

(0
+ )|9 C

(3
/2

- )〉

10
-3

10
-2

10
-1

10
0

〈10
B

e(
0+ )|9 B

e(
3/

2- )〉

NCSM
NCSM fit
VMC
VMC fit

0 2 4 6 8
r (fm)

0.0

0.8

1.6

2.4

∫r
2 〈  

  〉
2 dr

2.36

1.93

1.52

1.04

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)

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

162502-3

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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Where we are headed
‣ Limitations of reaction model for deeply bound cases 

‣ Core-spectator assumption breaking down? 

‣ How to improve reaction model to include core breakup? 

‣ Extend comparison with ab initio calculations 

‣ Several other p-shell cases including excited final states 

‣ Mirror removal reactions with same SFs 

‣ Example: (10Be, 9Li) mirror of (10C, 9C) 

‣ Next exclusive experiment looking at neutrons and 
gammas
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