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Heavy ion knockout reactions
Sudden removal of one or two nucleons from a nucleus via 
nuclear interaction with a light target

Direct (one-step) reaction

Probability of finding A-1 or A-2 residual nucleus in a given quantum state

Composition of initial nucleus wave function

Spectroscopy of residual nucleus

High sensitivity well adapted to radioactive beam intensities
Residual nucleus forward focused around 0° - 100% collection efficiency

Final state of residual nucleus identified via γ-ray detection

Use thick targets - high luminosity



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Outline
Spectroscopic factors

One-nucleon knockout

Eikonal theory - Demo!

Experimental method

Results

Two-nucleon knockout

Conclusion
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Spectroscopic Factors
Definition

Expansion of a A-nucleon initial state into the complete set of (A-1)-nucleon 
final states through overlap functions:

Interpretation
Parentage of initial state ΨiA with respect to final state ΨfA-1 coupled to 
nucleons with quantum numbers (n, l, j)

Measure of configuration mixing within a given model space

For even-even nuclei (0+): direct measure of spectroscopic factor
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Illustration
What is the configuration of 
the ground state of 12Be?

Consider 2 valence neutrons in 
[1p1/2]2, [1d5/2]2 or [2s1/2]2 
configurations

S p e c t r o s c o p i c f a c t o r s 
corresponding to different 
possible couplings of a neutron 
with 11Be states

Spectroscopic factors 
are related to single-
particle occupancies

12Be(0+)

1s1/2

1p3/2

1p1/2

1d5/2

2s1/2

[2s1/2 X 11Be(1/2+)][1d5/2 X 11Be(5/2+)][1p1/2 X 11Be(1/2-)]
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Applications
Relative spectroscopic factors

Single-particle state occupancies

Composition of the nuclear wave function

Study of nuclear structure: shell gaps, intruder configurations

Absolute spectroscopic factors
Based on accurate calculation of single-particle cross sections

Adequacy of nuclear structure models
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How to measure 
Spectroscopic Factors?

Transfer reactions
Limited to stable or close to stable nuclei

Allow study of hole and particle states

(e,e’p) knockout
Limited to stable nuclei and proton hole states

Proton or neutron decay
Decay width directly related to Spectroscopic Factor

Knockout reaction with radioactive projectiles
Study of nuclei far from stability

Proton and neutron hole states
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Comparison with Shell Model
Results from (e,e’p)

Re duct i o n facto r between 
experimental and theoretical 
Spectroscopic Factors

Average reduction 0.6 - 0.7 
observed across variety of stable 
nuclei

Difference attributed to NN 
correlations not included in shell 
model, which spread strength to 
higher energy states

Away from stable nuclei?
Same reduction?

RS =

Sexp

Stheo

V. R. Pandharipande et al., Rev. Mod. Phys. 69, 981 (1997)
W. Dickhoff and C. Barbieri, Prog. Nucl. Part. Sci. 52, 377 (2004)
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One-nucleon knockout
on fast projectiles

Surface dominated collision with a light target
Stripping or inelastic breakup: removed nucleon absorbed

Diffraction or elastic breakup: removed nucleon elastically scattered

Heavy residue detected at forward angles

Residue final state measured from in-flight γ-ray decay

Fast projectile
Momentum of residue directly related to momentum of removed nucleon

Longitudinal momentum free of Coulomb deflection and diffractive scattering, 
directly related to angular momentum of removed nucleon

Direct reaction and eikonal theory

Recent review: P. G. Hansen & J. A. Tostevin, Annu. Rev. Nucl. Part. Sci. 53, 219-261 (2003)
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Application to halo states
Longitudinal momentum distributions of one-neutron knockout 
from 11Be and 15C

Both nuclei have valence neutron predominantly in s-state (Yukawa WF)
Separation energies 0.5 MeV and 1.2 MeV respectively
Momentum of 11Be distribution scaled by ration √(1.2/0.5) in (b)
Shape directly related to spacial distribution of neutron

14 Oct 2003 16:11 AR AR199-NS53-07.tex AR199-NS53-07.sgm LaTeX2e(2002/01/18) P1: IKH

DIRECT REACTIONS WITH EXOTIC NUCLEI 245

Figure 6 Comparison of (a) the measured parallel momentum distributions, in the

projectile rest frame, for the ground-state–to–ground-state transitions in neutron re-

moval from 11Be (solid diamonds) and 15C (open squares) at energies of 54 and 60

MeV/nucleon, respectively (16). The lines are a guide to the eye. In (b) the filled circles

show the result of scaling the width of the 11Be distribution by the square root of the ra-

tio of the separation energies,
√
1.218/0.503, an illustration of the scaling relationship

discussed in connection with Equations 9 and 10.

from 11Be (95, 96). Because the valence neutron in 11Be is predominantly in a

1s1/2 state, these reactions will have a favorable spectroscopic strength to an ! = 0

neutron final state. Both show a strong final-state interaction in the ! = 0 channel
indicative of a low-lying s-state. The strength of this neutron interaction is best

parameterized in terms of the neutron scattering length as , with |as | found to be
large in both cases: For 9Li + n, as < −20 fm, and for 8He + n, as < −10 fm.
This suggests that the 1/2+ virtual states are the ground states of 10Li and 9He.

This is expected from the level systematics of the N= 7 isotones, based on data
from References (95, 97–99) and (100) (see Figure 7 and Reference 101).

The momentum distribution of the (A − 2) residue in the breakup of a two-

neutron halo is a long-standing problem. Simon et al. (102) have demonstrated

how to approach it. They reconstructed the combined momentum distribution of

the 9Li+ n residue that is formed in stripping a neutron from 11Li on a light target.

The 9Li+ nmomentum represents the quantity #kA−1 in Equation 5 and is related to
the momentum distribution of the stripped neutron in the same way. The measured

momentum distribution could be resolved into approximately equal contributions

from [1s]2 and [0p]2 components. An even more striking signature was obtained

in that experiment by observing the angular correlation of the decay products from

the recoiling 10Li (Figure 8). The strong forward-backward asymmetry observes

directly the interference between the ! = 0 and 1 final states. Similar experiments

have been carried out for 6,8He (103).
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J. A. Tostevin et al., Phys. Rev. C 66, 024607 (2002)
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Experimental assets
Fast beams: high sensitivity

Thick targets; forward focusing of heavy residues

Angular momentum of removed nucleon identified from shape of residue 
longitudinal momentum distribution

Final state of residue identified from Doppler-corrected gamma-rays

Measurements can be performed with less than 1 atom/second

Light absorptive target: 9Be
Reaction dominated by strong interaction

Highly absorptive and surface localization due to short mean free path

Input-output balance of γ-ray intensities
Necessary to deduce partial cross sections and extract Spectroscopic Factors

Well suited to drip-line nuclei with few bound states
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Theoretical assets

Single-particle cross section σsp for stripping and 
diffraction

Use eikonal approximation: straight line trajectories

Treatment reduced to a 3-body problem target-residue-nucleon

Wave functions calculated using Wood-Saxon potential

Densities and radii constrained from HF calculations using SKX parameter set

Three-dimensional momentum distributions
Gaussian expansion method

Acceptance corrections

σif
th =

∑

j

Sif
j σsp(nlj)
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Single-particle cross sections

Sn and Sc S-matrices for the 
scattering of the nucleon and the 
core respectively

Calculated using Glauber theory, HF 
densities and effective NN 
interaction

Stripping part only depends on 
absorptive part of the potential
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J. A. Tostevin, Nucl. Phys. A682, 320c (2001)
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Nucleon-target interaction

Same target and limited 
range of energies used 
for all final states and 
systems

Sn calcu lated us ing 
Gaussian density for the 
9Be target

Sn highly constrained by 
cross section

!"

Why is the reaction mechanism rather precise?

• Stripping mechanism is dependent only on the absorptive 

content of the interactions - |S|2 – highly constrained by the 

reaction cross sections of fragments and the nuclear sizes. 

These can be calculated reliably using Glauber methods 

making use of, e.g. Hartree Fock and from experiment.

• Same target and (small 

range of) beam energies

– the description of the 

nucleon’s interaction with 

the target is common to 

all final state and for 

different systems  !



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Core-target interaction
Sc calculated using HF 
densities

SKX parameter set fit to 
stable and exotic spherical 
nuclei

SKX and !"(r)#1/6 for SKM*. There is agreement between
experiment and theory to an accuracy of about 2% or better

for r!1 fm with SKM*. As discussed above, this is about

the level of the accuracy with which these densities can be

experimentally determined.

In this overview of Fig. 4 one can observe several inter-

esting features associated with how the quantum waves

change with shell structure and mass. Between 28Si and 32S

in the sd shell there is a large increase in the interior density

due to the filling of the 1s1/2 orbital $see also Ref. !21#%.
Likewise, between 204Hg and 208Pb there is a large increase

in the interior related to the filling of the 2s1/2 orbital. Be-

tween 40Ca and 48Ca one observes a redistribution of the

charge $proton% density due to the interaction with the va-
lence 0 f 7/2 neutrons. The theoretical density distributions for

the sequence 48Ca, 50Ti, 52Cr, and 54Fe show a smoothly

varying trend due to dominance of the proton 0 f 7/2 subshell

filling. The fine details of the interior oscillations in experi-

ment are not as smooth as those calculated; however, this

may be due to the error in the Fourier-Bessel analysis.

In Fig. 5 the charge densities obtained with some approxi-

mations to the full calculations are shown. The dashed line

shows the results obtained with the SKX HF method with

ESP occupation numbers. Comparison of the dashed lines in

Fig. 4 $SKX with CM occupations% and Fig. 5 $SKX with

ESP occupations% shows that the more exact CM calculations

usually lead to better agreement with the data.

The solid line in Fig. 5 shows densities obtained from a

typical Woods-Saxon $non-self-consistent% potential !31# and
with ESP occupation numbers. Comparison of the dashed

and solid lines in Fig. 5 shows that the Woods-Saxon poten-

tial produces density oscillations which are too large com-

pared to experiment. The density oscillations are sensitive to

the oscillations in the potential. In heavy nuclei such as
208Pb, the HF proton potential is dominated by contributions

from the neutron density. Since the proton and neutron den-

sities are out of phase, the proton and neutron density oscil-

lations tend to become dampened in self-consistent calcula-

tions compared to those obtained from the flat Woods-Saxon

potential.

A comparison between the calculated and experimental

charge-density distributions should not be considered inde-

pendently of the electron scattering form factors, as the latter

are the basic quantities measured experimentally. Thus we
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FIG. 4. Experimental charge-density distributions $filled circles%
compared with the SKX $dashed lines% and SKM* $solid lines%
calculations. In both cases the occupation numbers for the non-

closed-shell nuclei are obtained from valence configuration mixing

calculations. The charge-density units are in e fm"3. Beyond 28Si

the curves and data have been progressively offset by 1 fm and 0.01

in the charge density. The data are discussed in the text.
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NUCLEAR CHARGE DENSITIES WITH THE SKYRME . . . PHYSICAL REVIEW C 67, 034317 $2003%

034317-5

W. A. Richter and B. A. Brown, Phys. Rev. C 67, 034317 (2003)

increases toward the center of the distribution !where the
number of protons is small". For example, for 92Mo #16$ the
statistical and model-dependent error is 1.5% at r!2 fm, and
goes down to 0.6% !about the size of the circles used to
represent the experimental data in the figures to be discussed

below" for r!4 fm.
The experimental and theoretical rms charge radii are

compared in Fig. 1. The experimental radii are from Refs.

#1,2$, with those with the smallest errors selected in the case
of more than one data set. The error in the experimental data

is typically smaller than the size of the data points. The

Hartree-Fock results for the two interactions SKM* !bottom
panel" and SKX !top panel" are obtained with the CM !frac-
tional" occupations !those obtained with ESP occupations are
essentially the same". The excellent overall agreement be-
tween experiment and theory is not surprising since these

rms charge radii are used to constrain the values of the

Skyrme parameters. The deviations increase for light nuclei,

going up to 5% for 12C. In general, one may expect the

mean-field approximation to be less valid for light nuclei.

In order to obtain a qualitative understanding of how the

charge densities and form factors depend upon the diffuse-

ness of the charge density, we show in Fig. 2 some charge

densities for 208Pb (Z!82) based on a Fermi distribution:

%!r "ch!
%o

1"exp#!r#R "/a$
. !8"

The Hartree-Fock !HF" models we consider are constrained
to give essentially the same rms charge radii as observed in

experiment !5.50 fm for 208Pb). Thus we show three curves

for the density in the upper part of Fig. 2 corresponding to

values of the diffuseness of a!0.4 !solid line", 0.5 !dashed
line", and 0.6 !crosses", but with R and %o chosen to give Z
!82 and the rms of 5.50 fm. The associated form factors

!F(q)!2 are shown in the lower panel. We note that an in-
crease in the diffuseness is associated with an increase in the

interior density and a large decrease in the form factor

maxima at large q values. The qualitative effects of oscilla-

tions in the densities on the form factors are discussed in

Ref. #17$.
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increases toward the center of the distribution !where the
number of protons is small". For example, for 92Mo #16$ the
statistical and model-dependent error is 1.5% at r!2 fm, and
goes down to 0.6% !about the size of the circles used to
represent the experimental data in the figures to be discussed

below" for r!4 fm.
The experimental and theoretical rms charge radii are

compared in Fig. 1. The experimental radii are from Refs.

#1,2$, with those with the smallest errors selected in the case
of more than one data set. The error in the experimental data

is typically smaller than the size of the data points. The

Hartree-Fock results for the two interactions SKM* !bottom
panel" and SKX !top panel" are obtained with the CM !frac-
tional" occupations !those obtained with ESP occupations are
essentially the same". The excellent overall agreement be-
tween experiment and theory is not surprising since these

rms charge radii are used to constrain the values of the

Skyrme parameters. The deviations increase for light nuclei,

going up to 5% for 12C. In general, one may expect the

mean-field approximation to be less valid for light nuclei.

In order to obtain a qualitative understanding of how the

charge densities and form factors depend upon the diffuse-

ness of the charge density, we show in Fig. 2 some charge

densities for 208Pb (Z!82) based on a Fermi distribution:

%!r "ch!
%o

1"exp#!r#R "/a$
. !8"

The Hartree-Fock !HF" models we consider are constrained
to give essentially the same rms charge radii as observed in

experiment !5.50 fm for 208Pb). Thus we show three curves

for the density in the upper part of Fig. 2 corresponding to

values of the diffuseness of a!0.4 !solid line", 0.5 !dashed
line", and 0.6 !crosses", but with R and %o chosen to give Z
!82 and the rms of 5.50 fm. The associated form factors

!F(q)!2 are shown in the lower panel. We note that an in-
crease in the diffuseness is associated with an increase in the

interior density and a large decrease in the form factor

maxima at large q values. The qualitative effects of oscilla-

tions in the densities on the form factors are discussed in

Ref. #17$.
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Nucleon-core wave function
Calculated using a Wood-Saxon potential

Depth of potential adjusted to reproduce binding energy of nucleon in state

Initially radius and diffuseness fixed to 1.25 fm and 0.7 fm

Now use HF rms radius in particular for deeply bound valence states
!"

Sensitivity to s.p. orbitals – correlation with size

J. A. Tostevin, 
Private communication
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Demonstration of calculation
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Deviation from eikonal theory
High - low momentum asymmetry

Not reproduced by eikonal calculation
Studied in two cases where diffraction 
component large and large statistics: 11Be and 
15C
Diffractive breakup calculated using Continuum 
Discretized Coupled Channel calculation
Stripping still calculated with eikonal theory
Asymmetry well accounted for by CDCC 
calculation in elastic breakup
Asymmetry remains to some degree in 
stripping: due to dissipative reaction 
mechanism(s)?

Exclusive experiments
Complete kinematics study of one-proton 
knockout on 9C where 8B residue and proton 
detected in coincidence (S800 + HiRA)

elastic breakup components to these differential cross sec-

tions predicted using the CDCC are shown by the dashed

histograms and filled squares in the figure, summing to the

values 56 and 115 mb, as stated above. This suggests that the

cross section differences, 53 and 88 mb, are attributable to

the stripping process in the two cases, to be compared with

the eikonal calculation estimates of 63 and 98 mb. These

revised calculated cross section values, and their implica-

tions for the experimentally deduced 15C and 11Be ground

state spectroscopic factors, C2Sexp , are collected in Table II.

Within the 1! experimental errors, C2Sexp for
15C is consis-

tent with unity, and for 11Be is consistent with the earlier

analysis of Aumann et al. "1#.
Evident from Fig. 6 is the generic nature of the 15C and

11Be results, the differences being essentially in the cross

section magnitudes, driven by the neutron separation ener-

gies in the two cases. We note also that $i% the CDCC calcu-
lations predict that the measured cross sections for residues

emerging at angles greater than 2° will be dominated by

elastic breakup events, and $ii% that the stripping contribu-
tions, estimated as the difference between the experiment

and the CDCC, are more forward angle focused. The figure

also shows that, at the most forward angles, the stripping and

elastic breakup contributions to the cross section are pre-

dicted to be approximately equal, a long standing expectation

from eikonal model calculations at the energies involved

here "26#. Although in principle calculable, at present we do
not know the theoretically predicted stripping cross section

contributions as a function of core angle. It would be inter-

esting to compute this angular distribution for comparison

with the expectations of Fig. 6.

The results in Fig. 6 also suggest that we should reason-

ably compare the largest angle d!/dp !d& data of Figs. 7

and 8 directly with the CDCC calculations, assuming they

arise from the diffraction dissociation mechanism alone. This

is done in the lower (3 –4°) solid lines in Figs. 7 and 8,

revealing excellent agreement with the widths, magnitudes

and the shifted peak positions of the experimental differential

distributions. The conclusion here is that the CDCC calcula-

tion correctly predicts the breakup contributions into this

TABLE II. Calculated and measured neutron removal cross sections $in mb% and deduced spectroscopic
factors for the reactions 9Be„ 15C, 14C(0!,g.s.)…X at E"54 MeV/nucleon and 9Be„ 11Be, 10Be(0!,g.s.)…X
at E"60 MeV/nucleon. All calculations use the JLM neutron-9Be optical potentials calculated from the

target matter density discussed in Sec. III.

Projectile Model !sp(diff) !sp(str) !sp !exp C2Sexp

15C(1/2!) CDCC 56 $63%a 119 109#13 0.92#0.11

Eikonal 67 63 130 0.84#0.10

DWBA 65
11Be(1/2!) CDCC 115 $98%a 213 203#31 0.95#0.15

Eikonal 127 98 225 0.90#0.14

DWBA 185

aCross sections from the eikonal theory.

FIG. 6. Measured partial cross sections $solid lines% for popula-
tion of the 14C$g.s.% $upper% and 10Be$g.s.% $lower% for residues
emerging in the laboratory angle intervals indicated, from the 15C

! 9Be and 11Be! 9Be reactions at 54 and 60 MeV/nucleon, respec-

tively. The angle interval size of 1° has been chosen to avoid con-

tributions of the experimental angular resolution in the comparison.

The CDCC elastic breakup calculations are shown by the dashed

lines and filled squares.

FIG. 7. Measured differential parallel momentum distributions

$solid symbols% of the 14C$g.s.% in each of the laboratory angle
intervals indicated, from the 15C! 9Be reaction at 54 MeV/nucleon.

The solid curves are the CDCC elastic breakup calculations supple-

mented, in the case of the 0–3° intervals, by the stripping cross

section contributions required in Fig. 6. The latter have been added

here assuming the same parallel momentum distribution for the

stripping components as for the CDCC calculation.

SINGLE-NEUTRON REMOVAL REACTIONS FROM 15C . . . PHYSICAL REVIEW C 66, 024607 $2002%

024607-9

angle interval. Its correct treatment of energy and momentum

conservation in the three-body dynamics also reproduce

naturally the observed shift and width of the large angle

d!/dp !d" distributions, responsible in large part for the

asymmetry in the data.

For the three smaller angle intervals the situation is a little

more complex since we need to add an appropriate cross

section contribution due to the stripping mechanism. Like the

stripping cross section angular distribution itself, the shapes

of the stripping components to the d!/dp !d" distributions

as a function of core angle are not known. Two available

options are to assume #a$ the same distribution as generated
by the CDCC calculation, or #b$ to apply the distribution
calculated from the eikonal model at all core angles. In Figs.

7 and 8 the curves on the intervals from 0–3° are obtained

when those stripping contributions indicated in Fig. 6 are

added assuming these have the same shape as from the

CDCC calculation which, among other processes, takes into

account energy and momentum conservation in the deflec-

tion of the core fragment. The agreement with the data is

excellent overall for both 15C and 11Be induced reactions.

The solid curve for the angle inclusive ground state p ! dis-

tribution in Fig. 2 is the appropriate sum of these calcula-

tions, providing an excellent description of the measured

asymmetry and width of the distribution.

If one uses instead the eikonal stripping p ! distribution

shapes, shown in Fig. 2 for 15C and in Ref. %1& for 11Be, we

obtain the revised theoretical distributions shown in Figs. 9

and 10. There is little to choose between the final p ! distri-

butions with the two choices, however, using the elastic

breakup #CDCC$ distribution does lead, for both 15C and

FIG. 9. As for Fig. 7 except that the stripping contributions to

the 0–3° angle interval curves have now been assumed to have the

parallel momentum distribution given by the eikonal calculation,

shown in Fig. 2, and which is assumed independent of the angle of

the residue.

FIG. 10. As for Fig. 8 except that the stripping contributions to

the 0–3° angle interval curves have now been assumed to have the

parallel momentum distribution given by the eikonal calculation

and which is assumed independent of the angle of the residue.

FIG. 11. The nucleon-removal parallel momentum distributions

d!/dp ! , for the
15C! 9Be reaction at 54 MeV/nucleon to the 14C

ground state, shown on a more familiar linear scale. The solid

curves assume the stripping contributions have the same form as

that calculated using the CDCC. The dashed curves assume the

stripping contributions have a parallel momentum distribution at all

angles of the residue given by the eikonal calculation shown in Fig.

2.

FIG. 8. Measured differential parallel momentum distributions

#solid symbols$ of the 11Be#g.s.$ in each of the laboratory angle
intervals indicated, from the 11Be! 9Be reaction at 60 MeV/

nucleon. The solid curves are the CDCC elastic breakup calcula-

tions supplemented, in the case of the 0–3° intervals, by the strip-

ping cross section contributions required in Fig. 6. The latter have

been added here assuming the same parallel momentum distribution

for the stripping component as for the CDCC calculation.

J. A. TOSTEVIN et al. PHYSICAL REVIEW C 66, 024607 #2002$

024607-10

J. A. Tostevin et al., Phys. Rev. C 66, 024607 (2002)
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Knockout reactions at the NSCL
Radioactive beams produced in A1900 fragment separator

Depending on mass region, single or cocktail beams available

Residues collected in S800 spectrograph
Large acceptances (5% momentum - 20 msr solid angle)

Identification of residues from TOF & energy-loss measurements

Full momentum vector reconstruction of residue

In-flight decay of residue detected by γ detector array
Segmentation allows Doppler correction

For low rate - low density use APEX NaI array (good efficiency - poor resolution)

For high rate - high density use SeGA Ge array (less efficiency - good 
resolution)
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A1900 Fragment Separator

K500 Cyclotron

K1200 Cyclotron

Production target

To S800 Spectrograph
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Experimental Setup at the NSCL
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Reaction target &
Gamma-ray detector array

Incoming momentum
tracking

Large acceptance
S800 Spectrograph
at 0°

Focal plane
Momentum vector
measurement

Incoming particle
flux measurement
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90° ring 37° ring 9Be reaction target
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Observables
Inclusive one-nucleon removal cross section

Obtained from integrated incident flux and PID of residue
In case of cocktail beam incoming particle selected from TOF measurement

Final state of residue
Gamma-rays detected in coincidence with residue
In-beam spectroscopy of residue

Partial cross sections to individual states
Deduced using photo-peak efficiencies
Require input-output balance in case of feeding from higher states
Ground state partial cross section by difference with inclusive

Angular momentum of removed nucleon
Obtained from shape of momentum distribution in coincidence with gamma-
ray
Shape corresponding to ground state feeding by subtraction with inclusive
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Identification of residue
Incoming beam and residue atomic number Z

Histogram on left shows TOF vs energy-loss

Mass of residue
Histogram on right shows TOF as a function of dispersive angle in focal plane, 
which is directly related to length of flight path in spectrograph

Ne

Na

Mg

26Ne

25Ne

24Ne

Gated on Ne isotopes
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Break down of N=8 in 12Be
!"

Breaking of the N=8 neutron shell closure in 12Be

1s1/2

1p3/2
11Be

0

0.32

1/2+

1/2--[1p1/2]
2

[2s1/2]
2

p n
n-threshold

!

C2S=0.42

C2S=0.37

!=0

!=1

A. Navin et al., PRL  85 (2000) 266
A. Navin et al., Phys. Rev. Lett. 85, 266 (2000)



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Intruder configuration in 28Ne
Feeding to 765 keV state in 27Ne
Not predicted by USD

Corresponds to l=0,1

Predicted by Monte-
Carlo shell model from 
2p3/2 orbital

!!

Intruder configuration in the 28Ne (gs)

!Be("#Ne,"$Ne)X

J.R. Terry et al., in preparation 2005

!!

Intruder configuration in the 28Ne (gs)

!Be("#Ne,"$Ne)X

J.R. Terry et al., in preparation 2005

!!

Intruder configuration in the 28Ne (gs)

!Be("#Ne,"$Ne)X

J.R. Terry et al., in preparation 2005

J. R. Terry, in preparation
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Weakly bound valence state
 15C valence neutron bound by 1.2 MeV

Most of the cross section goes to 14C(0+) with l=0

Some l=1 component observed in coincidence with 14C(1-)

Reduction factor Rs=0.9(4)(5) for S[2s1/2 x 14C(0+)]
Less effect of correlations on halo state?

14 Oct 2003 16:11 AR AR199-NS53-07.tex AR199-NS53-07.sgm LaTeX2e(2002/01/18) P1: IKH

DIRECT REACTIONS WITH EXOTIC NUCLEI 231

principle, are expected to be associated with the large spatial extent of the halos.

An obstacle to the understanding of halos was the theoretical prejudice that these

distributions would simply reflect the square of the Fourier transform of the halo

wave function. A closer analysis (62–64) shows that the measurement, in fact,

samples the momentum content of the single-particle wave function ψ"m only at

the nuclear surface and beyond, as was discussed above. A discussion of the early

studies of momentum distributions from halo breakup is in Reference (65). A

second obstacle was that a considerable fraction of the measured cross sections

on single-neutron halo nuclei actually populated excited states of the residue.

This implied that the observed inclusive momentum distribution contained broad

components superimposed on the narrow distribution associated with the halo

state. In the past few years, it has become possible to use gamma-ray coincidences

to separate the individual final-state components. Examples of data obtained in this

way are the reactions 9Be(15C, 14C+ γ )X (16), shown in Figure 2, and 9Be(27P,
26Si+ γ )X and 9Be(19C, 18C+ γ )X (7), shown in Figure 3.

The use of gamma-ray coincidences for establishing partial cross sections re-

quires an input-output balance of the gamma-ray intensities. This may fail in more

Figure 2 Knockout from the 1/2+ neutron halo nucleus 15C. The Doppler-corrected

gamma-ray spectrum (a), observed in coincidence with 14C reaction residues, shows

that about 20% of the cross section leads to excited states. The dominant part is to a

1− level at 6.09 MeV with the momentum distribution shown by the triangles in (b).

Subtraction of the contributions from excited levels gives the momentum distribution

of the cross section to the ground state (circles), where the errors are smaller than the

size of the points. The solid curves are the parallel-momentum distributions calculated

in eikonal theory for " = 0 and 1. The dashed line is the coupled discretized continuum
channel (CDCC) analysis discussed in subsection 3.5. (All distributions are shown in

arbitrary normalization. From Reference 16.)

A
n

n
u

. 
R

ev
. 

N
u

cl
. 

P
ar

t.
 S

ci
. 

2
0

0
3

.5
3

:2
1

9
-2

6
1

. 
D

o
w

n
lo

ad
ed

 f
ro

m
 a

rj
o

u
rn

al
s.

an
n

u
al

re
v

ie
w

s.
o

rg
b

y
 M

ic
h

ig
an

 S
ta

te
 L

ib
ra

ry
 U

n
iv

er
si

ty
 L

ib
ra

ry
 o

n
 0

8
/0

2
/0

5
. 

F
o

r 
p

er
so

n
al

 u
se

 o
n

ly
.

J. R. Terry et al., PRC 
69, 054306 (2004)



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Deeply bound valence state
 32Ar valence neutron bound by 22 MeV

Residue 31Ar has no bound excited states

Removed neutron has l=2 (solid line)

Reduction factor Rs=0.24(3) for S[1d5/2 x 31Ar(5/2+)]
In contrast, 22O has Rs=0.7(6) with neutron separation energy 6.8 MeV

at 0.95 and 1.61 MeV [11], the 5
2
! ground state must be the

only bound state in 31Ar. Calculations with the universal
sd-shell (USD) effective interaction [12,13] give 0 MeV
(52
!), 0.94 MeV (12

!) and 1.74 MeV (32
!), and C2Sj of 4.12,

0.37, and 0.08, respectively.
Since the dominant knockout strength will popu-

late the only bound state, an accurate determination of
the reduction can be obtained from the inclusive reac-
tion cross section. A secondary beam of 32Ar was
produced in fragmentation of a 36Ar primary beam of
150 MeV=nucleon from the Coupled-Cyclotron Facility
of the National Superconducting Cyclotron Laboratory
(NSCL). Following the 1034 mg=cm2 primary 9Be
fragmentation target, the beam was purified in the
A1900 large-acceptance fragment separator [14]. The
secondary beam with an average midtarget energy of
65:1 MeV=nucleon interacted with 188"4# mg=cm2 of
9Be located at the target position of the high-resolution
S800 spectrograph [15]. The identification of the re-
action products after the secondary target was performed
using the focal-plane detector system [16] of the mag-
netic spectrograph in conjunction with scintillators
along the beam line. The intensity of 32Ar projectiles on
target was approximately 140 s$1. The knockout resi-
dues were identified on an event-by-event basis from
the time of flight between scintillators monitoring the
beam, the energy loss in the ionization chamber, and the
position and angle information provided by the position-
sensitive cathode readout drift counters in the S800 focal
plane [16].

The parallel-momentum distributions shown in Fig. 2
were obtained with the ion-optics code COSY [17]. The
data were corrected for acceptance, those data points
with the correction exceeding a factor of 1.5 being re-
jected. The theoretical momentum distributions were
calculated in a black-disk model [18,19] and folded
with the measured response function. These clearly iden-
tify the reaction as an l % 2 knockout confirming the 5

2
!

assignment. The experimental cross section !exp %
10:4"13# mb emerges from the number of residues relative
to incoming projectiles and the density of the 9Be reac-
tion target. Uncertainties arise from the software gates
used for particle identification (10%), the correction for
the momentum acceptance of the S800 spectrograph
(2.5%), and the purity and stability of the incoming
beam (5%) and have been added in quadrature to the
statistical error. The empirical reduction factor Rs is
defined by the expression [19]

!exp % Rs

!
A

A$ 1

"
2
C2Sj !sp; (1)

where the A-dependent term is a center-of-mass correc-
tion valid for the sd shell and C2Sj ( % 4:12) is the shell-
model spectroscopic factor. The single-particle (unit)
cross section !sp, corresponding to a normalized single-
nucleon wave function [20,21], is calculated as outlined in
the following to be 9.89 mb. Thus we obtain Rs % 0:24"3#,
a surprisingly low value. It is clearly important to exam-
ine the calculation of the unit cross section carefully.

The simple and accurate description of knockout
cross sections in eikonal theory is linked to the surface
dominance of the reaction mechanism, which elimi-
nates the need to specify the motion of fast nucleons in
the nuclear interior. The strength of the interactions is
defined from the experimental NN cross sections [20].
However, only about 4% of the single-particle wave
function is sampled in the reaction, an estimate based
on the ratio of the stripping cross section to the 284 mb
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FIG. 2. Longitudinal momentum distribution for the un-
reacted projectile beam 32Ar fitted with a rectangular distri-
bution folded with a Gaussian resolution function. The distri-
bution of the 31Ar residues (left) is compared with theoretical
calculations for l % 0 (dashed line) and l % 2 (solid line).P
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FIG. 1. The two lower diagrams show the Woods-Saxon po-
tentials for the valence nucleons of 22O and 32Ar. Note the large
asymmetry in the Fermi energies for these nuclei near the
neutron and proton drip lines. The top diagrams show the
corresponding radial number distributions of the residues
(normalized to the number of nucleons divided by 4") obtained
in a Hartree-Fock calculation with the Skyrme X (SKX)
interaction [6].
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at 0.95 and 1.61 MeV [11], the 5
2
! ground state must be the

only bound state in 31Ar. Calculations with the universal
sd-shell (USD) effective interaction [12,13] give 0 MeV
(52
!), 0.94 MeV (12

!) and 1.74 MeV (32
!), and C2Sj of 4.12,

0.37, and 0.08, respectively.
Since the dominant knockout strength will popu-

late the only bound state, an accurate determination of
the reduction can be obtained from the inclusive reac-
tion cross section. A secondary beam of 32Ar was
produced in fragmentation of a 36Ar primary beam of
150 MeV=nucleon from the Coupled-Cyclotron Facility
of the National Superconducting Cyclotron Laboratory
(NSCL). Following the 1034 mg=cm2 primary 9Be
fragmentation target, the beam was purified in the
A1900 large-acceptance fragment separator [14]. The
secondary beam with an average midtarget energy of
65:1 MeV=nucleon interacted with 188"4# mg=cm2 of
9Be located at the target position of the high-resolution
S800 spectrograph [15]. The identification of the re-
action products after the secondary target was performed
using the focal-plane detector system [16] of the mag-
netic spectrograph in conjunction with scintillators
along the beam line. The intensity of 32Ar projectiles on
target was approximately 140 s$1. The knockout resi-
dues were identified on an event-by-event basis from
the time of flight between scintillators monitoring the
beam, the energy loss in the ionization chamber, and the
position and angle information provided by the position-
sensitive cathode readout drift counters in the S800 focal
plane [16].

The parallel-momentum distributions shown in Fig. 2
were obtained with the ion-optics code COSY [17]. The
data were corrected for acceptance, those data points
with the correction exceeding a factor of 1.5 being re-
jected. The theoretical momentum distributions were
calculated in a black-disk model [18,19] and folded
with the measured response function. These clearly iden-
tify the reaction as an l % 2 knockout confirming the 5

2
!

assignment. The experimental cross section !exp %
10:4"13# mb emerges from the number of residues relative
to incoming projectiles and the density of the 9Be reac-
tion target. Uncertainties arise from the software gates
used for particle identification (10%), the correction for
the momentum acceptance of the S800 spectrograph
(2.5%), and the purity and stability of the incoming
beam (5%) and have been added in quadrature to the
statistical error. The empirical reduction factor Rs is
defined by the expression [19]

!exp % Rs

!
A

A$ 1

"
2
C2Sj !sp; (1)

where the A-dependent term is a center-of-mass correc-
tion valid for the sd shell and C2Sj ( % 4:12) is the shell-
model spectroscopic factor. The single-particle (unit)
cross section !sp, corresponding to a normalized single-
nucleon wave function [20,21], is calculated as outlined in
the following to be 9.89 mb. Thus we obtain Rs % 0:24"3#,
a surprisingly low value. It is clearly important to exam-
ine the calculation of the unit cross section carefully.

The simple and accurate description of knockout
cross sections in eikonal theory is linked to the surface
dominance of the reaction mechanism, which elimi-
nates the need to specify the motion of fast nucleons in
the nuclear interior. The strength of the interactions is
defined from the experimental NN cross sections [20].
However, only about 4% of the single-particle wave
function is sampled in the reaction, an estimate based
on the ratio of the stripping cross section to the 284 mb
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FIG. 2. Longitudinal momentum distribution for the un-
reacted projectile beam 32Ar fitted with a rectangular distri-
bution folded with a Gaussian resolution function. The distri-
bution of the 31Ar residues (left) is compared with theoretical
calculations for l % 0 (dashed line) and l % 2 (solid line).P
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FIG. 1. The two lower diagrams show the Woods-Saxon po-
tentials for the valence nucleons of 22O and 32Ar. Note the large
asymmetry in the Fermi energies for these nuclei near the
neutron and proton drip lines. The top diagrams show the
corresponding radial number distributions of the residues
(normalized to the number of nucleons divided by 4") obtained
in a Hartree-Fock calculation with the Skyrme X (SKX)
interaction [6].
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A. Gade et al., PRL 
93, 042501 (2004)
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Stable nuclei
Reduction factor consistent with (e,e’p) results

Neutron reduction factor consistent with protonQUENCHING FACTOR Rs FOR DEEPLY-BOUND PROTON AND 
NEUTRON STATES (SN = 10-19 MeV)

B.A. Brown, PGH, B.M. Sherrill and J.A. Tostevin, Phys. Rev. C 65, 061601 (2002)

K. Miller et al, to be published
Data O,C D.L. Olson et al. Phys. Rev. C 28, 1602 (1983)

J.M. Kidd et al. Phys. Rev. C 37, 2613 (1988)
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Global picture
Trend observed in stable nuclei not conserved when going 
towards drip lines !"

Suppression of sp strength:

44S
22O
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Comparison with ab initio 
theory in p-shell nuclei

Unstable nuclei accessible via knockout reactions
Experiment performed to study the reactions 10Be-1n, 10C-1n, 10Be-1p, 9Li-1n

Data under analysis

Initial state Final state
Sn or Sp

(MeV)
Spectroscopic Factor

PJTb) VMCa) Exp. Method Ref.
7Li (3/2-) 6He(0+,2+) 10.0 1.15 0.55 0.58(3) (e,e’p) c)

8B(2+) 7Be(3/2-,1/2-) 0.14 1.44 1.27 1.23(6) Knockout d)
9C(3/2-) 8B(2+) 1.3 1.03 1.11 0.85(6) Knockout d)
10Be(0+) 9Be(3/2-) 6.8 2.36 1.93 - Knockout
10C(0+) 9C(3/2-) 21.3 1.74 1.09 - Knockout

10Be(0+) 9Li(3/2-) 19.6 1.74 1.09 - Knockout
9Li(3/2-) 8Li(2+) 4.1 0.9 1.11 - Knockout

a) S.C. Pieper and R.B Wiringa, Annu. Rev. Nucl. Part. Sci. 51, 53 (2001)
b) B.A. Brown, Prog. Part. Nucl. Phys. 47, 517 (2001)
c) L. Lapikás, J. Wesseling and R.B. Wiringa, Phys. Rev. Lett. 82, 4404 (1999)
d) B.A. Brown et al., Phys. Rev. C 65, 061601 (2002); J.Enders et al., Phys. Rev. C 67, 064301 (2003).



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Two-nucleon knockout reactions
Direct reaction depending on isospin

!"

Two nucleon knockout – a direct reaction

44S

42Si

2p from 

neutron rich
30S

26Si

28P

28S

26P

24Si

Z

2n from 

neutron 

deficient

32Mg

34Al

34Si

32Na30Na

32Al

30Mg

30Ne28Ne

28Na

28Mg

26Ne

N
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Direct reaction
Two-step process suppressed

In neutron-deficient nuclei for instance, proton evaporation channel open 
much lower than neutron threshold

!"

Two-neutron knockout - direct – e.g. 34Ar!32Ar

33Ar

"
+2.404

33.342

17.068

"
+3.340

32Ar

34Ar

"
+4.664

#2n

#1n

#1n

$
+16.274



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Eikonal theory
Three possible mechanisms

Dominant channel is 2N stripping: both nucleons absorbed

1N stripping / 1N diffraction: one nucleon absorbed, the other scattered

2N diffraction: both nucleons 
scattered

Estimated as square of 
single-nucleon diffraction 
~5%
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Two-nucleon amplitudes
Two-nucleon overlap functions in projectile ground state

Sum of all possible two-particle configurations relative to the residue final 
state

Use shell model amplitudes calculated from a set of active single-particle 
orbits

No factorization between S.F. and σsp 
Spectroscopic information based on cross section comparison

with root mean squared (rms) matter radii of 2.36 for 9Be
and 2.90 fm for 26Ne [30]. Extensive calculations for one-
nucleon knockout have shown the detailed radial form of the

density to be unimportant, e.g., [16].
In our complete calculations, the shell model dictates that

the removed protons are stripped from three active orbitals,

the 0d5/2, 0d3/2, and 1s1/2 states. The corresponding spectro-

scopic coefficients C!
JiJfI were calculated with the code

OXBASH [31] in the sd-shell model space with the USD

Hamiltonian [32]. These are provided in the TNA (two-
nucleon amplitude) output files from OXBASH. The relative

phases of the amplitudes, which will be presented explicitly

in Table II for 28Mg, are based on radial wave functions uj!
that are positive near the origin, assuming the !!s"j angular
momentum coupling scheme. All radial wave functions are

real, and do not contain an i! factor used by some authors.

Whenever needed, these single-particle wave functions

uj!!r" are calculated in a Woods-Saxon potential well with
conventional radius and diffuseness parameters, r0=1.25 fm

and a=0.70 fm, respectively. The strength of the binding po-

tential is adjusted to reproduce the physical separation en-

ergy. The experimental two proton separation energy is S2p
=30.03 MeV. No spin-orbit potential is included and thus the

0d5/2 and 0d3/2 states are identical. Also, due to the large

separation energy, we have not included the small correc-

tions to the nucleon separation energies for the energy dif-

ferences of the excited final states.

A. Role of correlations

In addition to the fully correlated scheme developed in

this paper, we will consider briefly the following, more ap-

proximate, prescriptions discussed in [21]. These were as
follows. (1) To consider that the four valence protons in
28Mg are restricted to a #0d5/2$4 subshell configuration, but
that they are otherwise uncorrelated. (2) To consider the rela-
tive strength of the final state populations, Srel, based on the

components of the full shell model wave functions with the

two nucleons having spin S=0 and an s state of relative

motion: as would be sampled, for instance, in the !p , t" and
!3He,n" two-nucleon transfer vertices [33]. Here we will ex-
tend the latter to calculate exactly, and absolutely, that part of

the two-nucleon stripping cross section arising from configu-

rations with S=0 and T=1. In this way we can obtain a

measure of the extent to which both spin-singlet and spin-

triplet pairs are sampled within the knockout mechanism.

B. Uncorrelated stripping

If the two removed nucleons are assumed to be uncorre-

lated, other than being bound to the same center, then the

cross section for removal of the nucleons from the pair of

orbitals !1 and !2 is, neglecting spin-orbit interactions,

"!1!2
=% db! &Sc&2 '

i=1,2

1

2!i + 1
(
mi

)!imi&!1 ! &Si&2"&!imi* .

!16"

Assuming therefore that the valence proton structure in 28Mg

is #0d5/2$4, several results follow. The first is that the calcu-
lated (unit) cross section for removal of a #0d5/2$2 pair is,
given the model parameters, "22=0.29 mb. This sets the
scale for the anticipated cross section. Based on an assumed

#0d5/2$n ground state (with n=4 for 28Mg) this predicts an
integrated cross section of n!n!1""22/2, or 1.8 mb, in rea-
sonable agreement with the measured inclusive value of

1.50!10" mb in Table I. However, it also follows in this un-
correlated limit that this cross section yield [and associated
spectroscopic strength Sunc!Jf

#"], for removal of a pair from a
0+, #j$n occupied subshell, will be spread between final states
Jf

#, determined by the corresponding coefficients of frac-

tional parentage (!jn!2"vJf , !j2"Jf & !jn"0) where v is the se-

niority of the state. Explicitly, we have [22]

Sunc!Jf
# = 0+" =

n!n ! 1"
2

+ 2j + 3 ! n

!n ! 1"!2j + 1", , !17"

TABLE I. Calculated and experimental cross sections and de-

duced effective spectroscopic factors for two-proton knockout from
28Mg at 82.3 MeV/nucleon. The theoretical spectroscopic factors

are calculated in the uncorrelated approximation Sunc and when in-

cluding the full shell model two-proton amplitudes, Sth. Sth and Sexpt
are computed relative to the unit cross section for removal of an

uncorrelated 0d proton pair, "22=0.29 mb.

Jf
# Sunc Sexpt "expt (mb) Sth "th (mb)

0+ 1.33 2.4(5) 0.70(15) 1.83 0.532

2+ 1.67 0.3(5) 0.09(15) 0.54 0.157

4+ 3.00 2.0(3) 0.58(9) 1.79 0.518

22
+ — 0.5(3) 0.15(9) 0.78 0.225

Sums 6 5.2(4) 1.50(10) 4.94 1.43

TABLE II. The sd-shell model two-nucleon spectroscopic amplitudes C!
JiJfI!-C!

0JfJf" for the required
28Mg!0+"→ 26Ne!Jf

#" two-proton removal transitions. The assumed phase conventions are discussed in the
text.

Jf
# E* (MeV) #0d3/2$2 #0d3/20d5/2$ #0d5/2$2 #1s1/20d3/2$ #1s1/20d5/2$ #1s1/2$2

01
+ 0.0 !0.30146 — !1.04685 — — !0.30496

21
+ 2.02 !0.05030 0.37358 !0.63652 !0.06084 !0.13916 —

41
+ 3.50 — 0.33134 1.59639 — — —

22
+ 3.70 0.04721 !0.07248 0.85297 0.16158 0.17590 —

CORRELATED TWO-NUCLEON STRIPPING REACTIONS PHYSICAL REVIEW C 70, 064602 (2004)

064602-5

J. A. Tostevin et al., Phys. Rev. C 70, 064602 (2004)

ΨJM =
∑

αI

CJIc
α [[φj1"1(1) ⊗ φj2"2(2)]I ⊗ φc]JM , α ≡ (j1#1, j2#2)
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Two-proton knockout from 28Mg
Momentum distribution

Calculated for two uncorrelated protons

Shape matches removal from 1d5/2 

Coincident gamma-rays
Feeding of 26Ne(2+) and 26Ne(4+)

Partial cross sections
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Comparison with theory
Partial and inclusive cross sections

Uncorrelated cross sections unable to follow experimental data
Observed depletion of 2+ state accounted for (interference effects in W.F.)
Inclusive Reduction factor RS(2N) = 1.50(10) / 2.514 = 0.60(4)

Diffractive components
Account for 42% of the cross section
2N diffraction small fraction (6 %)

26Ne (Jπ) Stripping2 Diff/Strip Diffraction2 Sum Exp Uncorr
0+ 0.543 0.389 0.070 1.002 0.70(15) 0.386

2+ 0.159 0.093 0.014 0.266 0.09(15) 0.484

4+ 0.524 0.296 0.042 0.862 0.58(9) 0.870

22+ 0.229 0.135 0.020 0.384 0.15(9) -

Inclusive 1.455 0.913 0.145 2.514 1.50(10) 1.74
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The structure of 42Si
One-proton knockout 9Be(44S, 43P)X

Near degeneracy between proton orbits 1d3/2 and 2s1/2 

Gap to the filled 1d5/2 at Z=14 is large

Two-proton knockout 9Be(44S, 
42Si)X

No gamma-ray observed in 42Si

Very small inclusive cross 
section: 0.12(2) mb

Calculated stripping with 70% 
[1d5/2]2 configuration: 0.17 mb

Sub-shell closure at Z=14 in 
42Si

f-

or the two-proton knockout reactions 44S ! 42Si and 46Ar ! 44S
provide evidence that the Z ¼ 14 subshell closure that exists at 48Ca
persists near the neutron drip line in the vicinity of 42Si. The inclusive
cross-sections for these reactions (0.23(2)mb for 46Ar ! 44S and
0.12(2)mb for 44S ! 42Si) are significantly smaller than those for the
other two-proton knockout reactions measured to date7

(1.50(10)mb for 28Mg ! 26Ne; 0.76(10)mb for 34Si ! 32Mg; and
0.49(5)mb for 30Mg ! 28Ne). The cross-section for the two-proton
knockout reaction depends in part on the number of valence protons
in the projectile nucleus—the smaller the number of valence protons,
the smaller the cross-section is expected to be7. If the Z ¼ 14 subshell
closure persists to 42Si, then the number of valence protons is small in
46Ar (four) and even smaller in 44S (two). Therefore, the decrease in
cross-section from the 46Ar ! 44S reaction to the 44S ! 42Si reaction
is qualitative evidence for the persistence of the Z ¼ 14 shell closure
at N ¼ 28.
We can provide a quantitative basis for this two-proton knockout

discussion using a calculation that combines the shell model calcu-
lations described above—which include the Z ¼ 14 subshell clo-
sure—with eikonal reaction theory. The present calculation scheme28

is more complete than that given in ref. 7. We calculate only the
dominant stripping contribution to the two-nucleon removal cross-
section. As the two-proton knockout reactions are from deeply-
bound single-particle states, contributions from diffraction dis-
sociation processes are assumed to be small. The shell model
calculations for the two-proton amplitudes were obtained with a
truncated space of (0f7/2,1p3/2) for neutrons (in order to keep feasible
matrix dimensions for OXBASH24), but comparison with the full-
space results for 46Ar and 44S showed that this truncation is adequate.
In this calculation, the ground state of 42Si is dominated (about 70%)
by the closed-shell configuration of (0d5/2)

6 for protons and (0f7/2)
8

for neutrons and is therefore not well deformed, although it is not as
spherical as 34Si and 48Ca.
The calculation yields inclusive two-proton knockout cross-sec-

tions of 0.36mb and 0.17mb for the 46Ar ! 44S and 44S ! 42Si
reactions, respectively. These calculations, which include the Z ¼ 14
subshell closure, reproduce the small magnitudes of the measured
cross-sections (relative to those previously measured7); the reduction
factors are similar to those of the single-proton knockout reactions.
The decrease in cross-section from the 46Ar ! 44S reaction to the
44S ! 42Si reaction is also reproduced. A further schematic calcu-
lation in which the Z ¼ 14 subshell closure is removed ad hoc yields

cross-sections that are much larger than the data, confirming that the
small observed cross-sections imply the persistence of the closure
near 42Si.
As pointed out in ref. 17, the persistence of the strong Z ¼ 14

subshell closure in 42Si will prevent strong deformation and will
result in a nearly spherical shape. The present results suggest that the
short lifetime of 42Si, reported in ref. 15, and the existence of 43Si,
reported in ref. 5, must now be explained without the strong
deformation assumed by the authors of those reports.
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Figure 4 | Relative single proton energies. Shown are the relative energies
of the d5/2, s1/2 and d3/2 proton orbits in the K nuclides as extracted in ref. 14
from the data of ref. 23 (open symbols), and the relative energies of the s1/2
and d3/2 proton orbits in 43P as determined in the present work (filled
symbols). The energies are given relative to the energy of the d3/2 proton
orbit, 1pd3/2, so that they are represented as the differences between the
single proton energies 1 sp and 1pd 3/2

.

LETTERS NATURE|Vol 435|16 June 2005

924
©!!""#!Nature Publishing Group!

!

J. Fridmann et al., Nature 435, 922 (2005)



D. Bazin, RIA summer school, July 17-21 2006, Oak Ridge, Tennessee 

Two-proton removal from 54Ti
!"

Two-proton knockout: 54Ti (22,32) ! 52Ca (20,32)

!

Experiment:

Inclusive 0.32(4) mb

Theory:   “Preliminary”

(3-): 50%[s1/2]+50%[d3/2]

Inclusive 0.60 mb

0+   63%, 3- 37%, 2+ 0%

Experiment:

Inclusive 0.32(4) mb

Theory:   “Preliminary”

(3-): 50%[s1/2]+50%[d3/2]

Inclusive 0.60 mb

0+   63%, 3- 37%, 2+ 0%

A. Gade et al., in preparation 2005

in press in PRC
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Reduction factor in 
two-nucleon removal
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Conclusion
One-nucleon knockout reactions

Powerful tool to study wave function of nuclei far from stability

Use of simple and well constrained eikonal theory

Extract absolute spectroscopic factors to compare with structure theory

Wide variation of single-particle strength reduction observed near drip lines

Two-nucleon knockout reactions
Direct reaction depending on isospin

Leads to extremely rare nuclei

Eikonal theory in final stages of completion

Reduction factor also smaller than unity

Possibility to study NN correlations
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Dedication

Gregers Hansen pioneered 
the field of knockout 
react i o n s w it h fa st 
radioactive beams

At the NSCL, we are 
continuing his quest for the 
understanding of the 
nucleus using knockout 
reactions


