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Two-nucleon removal reactions	
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Removal	  of	  nucleons	  from	  a	  
(secondary	  radioac)ve)	  beam	  at	  
energies	  >80	  MeV/nucleon	  on	  a	  
light	  nuclear	  target	  (Be,	  C)	  

Halos:	  15C,	  19C,	  27P,	  31Ne	  
Magic	  numbers:	  24O,	  42Si	  
Exo)c	  Rs:	  23Al,	  23Si,	  27P,	  27S	  

Single-nucleon removal reactions	


•  Cross	  sec)on	  propor)onal	  to	  
spectroscopic	  strength	  

•  Suppression	  of	  spectroscopic	  
strengths	  in	  asymmetric	  systems	  

Absolute	  cross	  sec)ons	  

Beam	  direc)onal	  momentum	  
distribu)ons	  

•  Width	  →	  Orbital	  angular	  
momentum	  (final	  state	  spins,	  
evolu)on	  of	  shell	  ordering)	  
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Surface structure	
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Impact	  parameter	  plane	  

Target	  

�ri = �si + �zi
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�s2 �b2

�b1
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•  Eikonal	  reac)on	  dynamics	  (straight	  
line	  trajectory)	  

•  Projec)le	  internal	  co-‐ordinates	  
assumed	  fixed	  for	  the	  dura)on	  of	  
the	  (fast)	  interac)on	  

•  Core	  assumed	  to	  act	  as	  spectator	  
during	  the	  fast	  interac)on	  

•  Reac)on	  probes	  the	  projec)on	  of	  
the	  (two-‐)	  nucleon	  wave	  func)on	  
on	  the	  impact	  parameter	  plane	  

•  Final	  state	  of	  the	  valence	  nucleons	  
and	  target	  unobserved	  

ẑ|| �KA+2

	  Core	  



Momentum distributions	


[Fast	  spectator]	  
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KA	  distribu)on	  characteris)c	  of	  κ1	  +	  κ2	  

�j1 +�j2 = �I

A + 2, �Ji A, �Jf

�Jf + �I = �Ji

�KA+2

�KA =
A

A+ 2
�KA+2 − [�κ1 + �κ2]





Two-nucleon overlap	


Shell-‐model	  LS-‐coupled	  two-‐nucleon	  overlap	  

Two-‐nucleon	  wave	  func)on	  
[ψβ1(1)⊗ ψβ2(2) ]Tτ

Iµ =Dαĵ1ĵ2
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Absorption cross section	


12	  

Absorp)on	  cross	  sec)on,	  three-‐body	  projec)le	  

Core	  assumed	  to	  be	  spectator	  –	  no	  dynamic	  excita)on	  
�Φ(F �)(A)||Sf |2|Φ(F )(A)� = |Sc|2δFF �

Two-‐nucleon	  stripping	  cross	  sec)on	  

Also	  contribu)ons	  to	  diffrac)ve-‐stripping	  –	  one	  
nucleon	  removed	  via	  an	  elas)c	  interac)on;	  
momentum	  distribu)ons	  expected	  to	  be	  very	  similar	  
to	  pure	  stripping	  
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Stripping momentum distributions	
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Differen)al	  two-‐nucleon	  stripping	  cross	  sec)on	  

LS-‐coupled	  amplitude	  



Spectroscopy and structure sensitivities	




Tostevin	  et	  al.,	  PRC	  70,	  064602	  (2004);	  Tostevin	  et	  al.,	  PRC	  74,	  064604	  (2006)	  

Thresholds	  ensure	  direct	  
reac)on	  when	  removed	  
nucleons	  strongly	  bound	  

1p	  
knockout	  

neutron	  
evapora)on	  

proton	  
evapora)on	  

ν	  +5.583	  

30.03	  

27Na	  
16.73	  

ν	   +6.750	  

26Ne	  

28Mg	  

ν	  +8.503	  

-‐2p	  

-‐1p	  

-‐1p	  

π	  
+13.300	  

28Mg(-‐2p)	  

Example 1: 28Mg(-2p) thresholds	




Radial	  wave	  func)ons	  calculated	  in	  a	  Woods-‐Saxon,	  the	  geometry	  
of	  which	  is	  fiLed	  to	  Hartree-‐Fock	  rms	  radii	  and	  binding	  energies.	  

Hartree-‐Fock	  density	  used	  to	  calculate	  residue-‐target	  S-‐matrix.	  

Full	  sd-‐shell	  USD	  two-‐nucleon	  amplitudes	  

Cross	  sec)ons	  

Example 1: 28Mg(-2p) calculation input	


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 —
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rather similar, being 30.0, 34.0, 34.3, 32.3, and 27.8 MeV for
the 28Mg, 26Si, 30S, 34Ar, and 54Ti projectiles, respectively.

A. Reaction and structure methodology

The reactions are analyzed within a consistent framework.
In all cases the two-nucleon amplitudes (TNA) C

JiJf I
! are

given by large-basis shell-model calculations, using the code
OXBASH [16]. Our sd-shell test case systems, 28Mg, 26Si, 30S,
and 34Ar, were calculated using the USD interaction [17] in
the full sd-shell model space. For 54Ti, with two protons in
the pf shell, we discuss only the 52Ca ground-state partial
cross section, see also Ref. [9]. The TNA in this case were
obtained using the GXPF1 Hamiltonian [18] within the full
fp shell. The amplitudes in the case of 28Mg were already
shown explicitly in Table II of Ref. [5]. A typographical error
in one heading of that table should be noted [19].

The nucleon- and residue-target S-matrices S and the
nucleon single-particle states "j were calculated as outlined in
Ref. [20] and are constrained by spherical Hartree-Fock (HF)
calculations. The point neutron and proton densities of the
mass-A residues were taken from HF calculations based on the
recent Skyrme SkX parametrization [21]. This was determined
from a large data set on spherical nuclei, including many
nuclei far from stability. The resulting root-mean-squared
(rms) matter radii were 3.009, 2.915, 3.049, 3.153, and
3.632 fm for the 26Ne, 24Si, 28S, 32Ar, and 52Ca residues,
respectively. The Gaussian nucleon-nucleon (NN ) effective
interaction of Ref. [22] was assumed, with a range of 0.5 fm,
and strength determined, in the usual way, by the free pp
and np cross sections and the real-to-imaginary ratios of
the forward NN scattering amplitudes [23]. As in earlier
analyses [24], the density of the 9Be target was assumed to
be of Gaussian form with rms matter radius of 2.36 fm [25].

The nucleon bound-state radial functions uj#(r) were calcu-
lated in Woods-Saxon potential wells with a fixed diffuseness
parameter of a = 0.7 fm. The radius parameters r0 of the
binding potentials were adjusted, for each (#, j ) orbital, so
that their rms radius was consistent with the HF calculations.
This r0 adjustment was carried out at the separation energies
predicted by the HF calculations. Having determined these r0,
the bound state wave functions for each transition of interest

were then calculated as eigenstates of the Woods-Saxon wells
with half the empirical two-nucleon separation energy. A
Thomas form spin-orbit potential of strength 6 MeV was
also included with the same (r0, a) geometry parameters. The
sd-shell cases involved the 1d5/2, 1d3/2, and 2s1/2 neutron and
proton single-particle orbitals and the 54Ti(g.s.) case the proton
1f7/2, 1f5/2, 2p3/2, and 2p1/2 states. All of these active orbitals
were included in the projection operator in Eqs. (15) and (17).
The phase convention of the uj#(r) to be used with the TNA
from OXBASH and its two-body interaction library is discussed
in Ref. [5].

IV. RESULTS FOR CROSS SECTIONS

The two-nucleon removal cross sections can now be com-
puted. For each transition, the two-nucleon separation energy
used was that of the ground-state transition plus the excitation
energy of the final state. To clarify the contributions from
the different stripping and diffractive removal mechanisms
we first show these separately. Although there is currently no
measurement of these individual components, it will become
clear that such a measurement would provide an excellent
additional test of these reaction mechanisms.

In Tables I and II we show the contributions to the
two-nucleon knockout partial cross sections $ (f ) arising
from the stripping, $

(f )
str , the stripping-diffraction $

(f )
str-diff(=

$
(f )
diff,1 + $

(f )
diff,2) and the two-nucleon diffraction, $ (f )

diff , reaction
mechanisms. Table I is for the two-proton knockout reactions
from 28Mg and 54Ti. Table II is for the two-neutron knockout
reactions from 26Si, 30S, and 34Ar. The second excited state
in 24Si is calculated assuming it is the second 2+ shell-model
state. The sum of all stripping and diffraction terms and the
measured values are also shown, as are the inclusive cross
sections to all bound final states in the cases of the 28Mg, 26Si,
30S, and 34Ar projectiles. The excited states structure in the
case of the 54Ti !52Ca reaction is not well determined by
the shell model [9] and hence these excited state partial cross
sections are not included here. Similarly, the recently measured
44S !42Si two-proton knockout reaction [8], at the N = 28
subshell closure, poses a very interesting structural case, but
one that is not well suited to the present discussion of the

TABLE I. Calculated and measured two-proton knockout reaction partial cross sections $ (f ) from
28Mg and 54Ti on a 9Be target showing their stripping, $ (f )

str , stripping-diffraction, $ (f )
str-diff , and diffraction,

$
(f )
diff , components. All cross sections are in mb. Rs(2N ) = $expt/$

(f ) is the ratio of the experimental and
the theoretical total partial cross section $ (f ).

J %
f E (MeV) $

(f )
str $

(f )
str-diff $

(f )
diff $ (f ) $expt [4] Rs(2N )

28Mg !26Ne 83.2 MeV
0+ 0.0 0.63 0.47 0.09 1.19 0.70(15) 0.59(13)
2+

1 2.02 0.18 0.12 0.02 0.32 0.09(15) 0.28(47)
4+ 3.50 0.59 0.37 0.06 1.02 0.58(9) 0.57(9)
2+

2 3.70 0.25 0.17 0.03 0.45 0.15(9) 0.33(20)
Incl. 2.98 1.50(10) 0.50(3)

54Ti !52Ca 72.0 MeV
0+ 0.0 0.21 0.15 0.03 0.38 0.21(3) 0.55(8)

064604-6
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TABLE II. As for Table I, but for the two-neutron knockout reactions from 26Si, 30S, and 34Ar, at the
values of energy per nucleon indicated. The reactions are on a 9Be target.

J !
f E (MeV) "

(f )
str "

(f )
str-diff "

(f )
diff " (f ) "expt [6] Rs(2N )

26Si !24Si 109.0 MeV
0+ 0.0 0.71 0.50 0.09 1.30 0.71(9) 0.55(7)
2+ 1.86 0.18 0.10 0.01 0.30 0.15(4) 0.50(13)
(4, 2)+a 3.41 0.18 0.11 0.02 0.30 0.14(4) 0.47(13)
Incl. 1.90 1.01(10) 0.53(5)

30S !28S 111.0 MeV
0+ 0.0 0.46 0.32 0.06 0.84 0.39(8) 0.46(10)
2+ 1.51 0.41 0.25 0.04 0.69 0.34(8) 0.49(12)
Incl. 1.54 0.73(8) 0.48(5)

34Ar !32Ar 110.0 MeV
0+ 0.0 0.39 0.28 0.05 0.71 0.41(7) 0.58(10)
2+ 1.87 0.18 0.14 0.03 0.35 0.07(4) 0.20(11)
Incl. 1.06 0.48(6) 0.45(6)

aThis second excited state transition in 24Si is calculated assuming it is the second 2+ shell-model state.

systematics that emerge from structurally better-understood
cases.

We note that the sum of the stripping-diffraction "
(f )
str-diff and

the two-nucleon diffraction, "
(f )
diff , terms are consistently of a

similar magnitude to the two-nucleon stripping cross sections,
calculated here and in Ref. [5]. In the cases studied here, each of
the removed nucleons is bound by approximately 15 MeV and
thus our estimated two-nucleon diffraction component is rather
small, typically 5–8%. For the removal of more weakly bound
nucleons this diffraction estimate might need to be improved.
However, consideration must then also be given to possible
nondirect routes and cross sections to the relevant final states.

The calculated partial cross sections are consistently
higher than the measured values, which can be quantified by
the degree of suppression required, Rs(2N ) = "expt/"

(f ). The
Rs(2N ) from each partial cross-section calculation, and the
measurements, are also shown in Tables I and II. For all
five reactions, the Rs(2N ) values from the inclusive cross
sections (the g.s. transition in the case of 54Ti !52Ca) are
remarkably consistent, with value 0.5 (within one standard
deviation), as shown in Fig. 2. Apart from the transition to

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

34Ar 54Ti(gs)30S26Si28Mg

R
s
(2

N
)

FIG. 2. (Color online) Two-nucleon suppression factors,
Rs(2N ) = "expt/"incl, derived from the inclusive cross section calcu-
lations and measurements (the g.s. values in the case of 54Ti !52Ca)
of Tables I and II.

the first 2+ final state in 32Ar, where the measured value is
significantly smaller than that calculated, the same suppression
is required for all the measured partial cross sections, although
with less statistics and limited precision in several instances.
The agreement across the four partial cross-section measure-
ments in the case of the 28Mg ! 26Ne(J ! ) reaction is shown
in Fig. 3. Here, the calculated cross sections for all transitions
have been multiplied by the value Rs(2N ) = 0.50, as deduced
from the inclusive cross section, see Table I. The measured
(0+) ground-state branching ratios for 26Si, 30S, and 34Ar, and
those calculated using the shell-model two-nucleon transition
densities, were also found to be in excellent agreement, as was
shown in Fig. 7 of Ref. [6]. These published results are not
reproduced here.

Although a suppression of the shell-model transition
strengths is not unexpected, it has not hitherto been quantified.
The present work provides such a first, quantitative estimate
of its magnitude for two-nucleon removal. The suppressions
observed in nuclear-induced single-nucleon removal reac-
tions [24,26] are entirely consistent with those observed
in electron-induced single-proton knockout [27] for those
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FIG. 3. (Color online) The measured [4] and calculated partial
cross sections for the 28Mg ! 26Ne(J ! ) two-proton knockout reaction
at 83.2 MeV on a 9Be target. The calculated partial cross sections,
shown in Table I, have each been multiplied by Rs(2N ) = 0.5,
deduced from the inclusive cross section.
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I=2+	   I=0+	  

I=4+	  

[0d5/2]2,	  Sp=15	  MeV,	  E=	  83	  A	  MeV	  
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Figure 6.1: 26Ne residue momentum distributions for different pair couplings for pure
π[0d5/2]2 removal from 28Mg, showing I = 0 (solid), 2 (dotted) and 4 (dashed). Also shown
is the [0d5/2] single-proton knockout distribution (open circles) and the uncorrelated two-
nucleon removal distribution (open squares). All curves have been normalised to the same
peak value. The fully correlated calculations show an increase in width as I increases,
none of which is well described by the uncorrelated calculations. The I = 0 case is
significantly narrower than the single-nucleon case, which is of similar width to the I = 2
case.

Example 1: Single/Uncorrelated	


Convolu)on	  of	  [0d5/2]2	  from	  
single-‐proton	  removal	  Single	  [0d5/2]	  proton	  removal	  
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Figure 7.6: Measured (symbols) and theoretical (curves) inclusive and exclusive longitu-

dinal momentum distributions after two-proton knockout from
28

Mg at 82 MeV/u. Panel

(a) shows the measured inclusive distribution and the theoretical total (solid) onstructed

from the weighted 0
+

(dashed), 2
+
1 (dotted), 4

+
(solid, small open circles) and 2

+
2 (dot-

dashed) distributions. Panel (b) shows the
26

Ne(0
+
, g.s.) distribution and panel (c) the

26
Ne(4

+
, 3.50 MeV) final state distribution. In both (b) and (c) the solid line shows

the experimentally broadened (incident beam plus target) distribution and the dashed

line shows the raw theoretical calculation after transforming to the lab frame. Panel (d)

shows all distributions on a logarithmic scale. All the calculated shapes take account of

the beam-profile (Gassian, FWHM 0.1 GeV/c) and differential energy loss in the target

(square, width 0.24 GeV/c) broadening.

Broadening in thick 
reaction target 
9Be 375 mg/cm2 

ΔKA = 0.29 GeV/c 

Beam energy 
E = 82.3 A MeV 

Sp = 16.8 MeV 
Sn = 8.5 MeV 
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Thresholds	  ensure	  direct	  
reac)on	  when	  removed	  
nucleons	  strongly	  bound	  

1n	  
knockout	  

proton	  
evapora)on	  

neutron	  
evapora)on	  

+2.645	  

34.11	  

21Mg	  
19.379	  

ν	  

+5.419	  

20Mg	  

22Mg	  

+5.502	  

-‐2n	  

-‐1n	  

-‐1n	  

π	  

+14.731	  

22Mg(-‐2n)	  

Example 2: 22Mg(-2n) thresholds	
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USD	  two-‐nucleon	  amplitudes	  
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Jπ
f

[0d5/2]2 [0d3/2]2 [1s1/2]2 [0d3/2][0d5/2] [0d5/2][1s1/2] [0d3/2][1s1/2]
0+ 0.8029 0.2546 0.3784 – – –
2+ 0.4566 0.1010 – -0.1937 0.5244 -0.1983
4+ -0.0153 – – -0.0175 – –

0+ -1.2600 -0.5187 -0.3453 – – –
2+ 0.1516 -0.0454 – -0.6136 -0.1212 0.0570
4+ 1.6780 – – 0.7129 – –

Table 7.1: Two-nucleon spectroscopic amplitudes for the 22Mg(0+)→20Mg(Jπ
f
) reaction

calculated using the oxbash shell model code, with a full sd−model space and the USD
interaction, as described in Ref. [72] (first three lines). The 4+ state predicted to have
an excitation energy of 3.771 MeV and so is predicted to be proton-unbound. In any
case it will be extremely weakly populated. The bottom section shows the two-nucleon
amplitudes for 24Mg(0+)→22Mg(Jπ

f
) for the ground and first 2+ and 4+ states. The

magnitudes of the TNA are larger due to the increased number of valence neutrons, but
the 4+ state in particular would be populated four orders of magnitude more strongly.

Jπ
f

Orbital RHF (fm) BHF (MeV) r0 (fm) Beff

exp
(MeV) Rth (fm)

0+ 0d5/2 3.238 13.18 1.320 17.06 3.204
0d3/2 3.502 6.15 1.359 17.06 3.160
1s1/2 3.350 10.00 1.157 17.06 3.086

2+ 0d5/2 3.238 13.18 1.320 17.85 3.183
0d3/2 3.502 6.15 1.359 17.85 3.141
1s1/2 3.350 10.00 1.157 17.85 3.059

Table 7.2: Hartree-Fock and calculated root-mean-square radii and binding energies, and
fitted Woods-Saxon potential geometries for the 22Mg valence neutron wave functions.
The Hartree-Fock calculations use the SkX effective interaction. A diffuseness parameter
a =0.7 fm was used and a spin-orbitl potential depth of Vso = 6 MeV.

MeV. The details of the Hartree-Fock calculations, the fitted geometries and the root-

mean-squared radii are shown in Table 7.2.

We now discuss the 20Mg residue longitudinal momentum distributions. The incident
22Mg beam has a narrow momentum spread of 0.5%, corresponding to a momentum width

of ∆KA+2 ≈ 40 MeV/c, which is essentially the only experimental broadening. As the

two-neutron removal reaction does not change the charge of the projectile, the differential

energy loss broadening in the thin 188(4) mg/cm2 beryllium target is minimal and the

experimental distribution, dominated by the 0+ ground state transition, is very narrow.

The calculated projectile-rest-frame distributions are stretched by the Lorentz factor γ,

convolved with the beam profile and centred on the experimental peak momentum. The

contributions from the ground and 2+ excited states are included, scaled to the experimen-

N=10	  →	  	  N=8	  

Last	  two	  neutrons	  in	  the	  sd-‐shell	  removed	  

Must	  necessarily	  be	  coupled	  to	  the	  final-‐state	  
spin	  in	  the	  22Mg	  ground	  state	  

What	  could	  this	  tell	  use	  about	  seniority-‐2	  
components	  of	  the	  22Mg	  ground	  state?	  
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Figure 7.2:
20

Mg residue momentum distributions following two-neutron knockout from
22

Mg. The experimental data from Ref. [77] and the theoretical calculations for the

ground state (dashed), 2
+

state (dot-dashed) and total (solid) are shown, scaled to the

experimental branching ratios. Using the theoretical branching ratios gives the dotted

curve, which overestimates the experimental data on the high momentum side. The dot-

dot-dashed curve shows the distribution for the 2
+

finals state scaled to the peak height,

to emphasize the narrowness of the experimental data. The lowest momentum data point

is most likely affected by the spectrometer acceptance. The experimental distribution

is very narrow - just ≈300 MeV/c FWHM - due to the intrinsic narrowness of the 0
+

distribution and the absence of experimental broadening (c.f. the
38

Si(−2p) case, Fig

7.4).

tal branching ratios. The experimental data is not normalised (counts), so the theoretical

curves are scaled vertically to best match the experimental shape. Figure 7.2 shows the

calculated
20

Mg residue momentum distributions compared to the experimental data.

The experimental distribution drops sharply below the theoretical curve at low energies,

which is most likely due to limited spectrometer momentum acceptance [77], which also

would account for the absence of a low-momentum tail seen in other two-nucleon removal

examples [7] and in single nucleon knockout e.g. [47].

Though the difference between the experimental and theoretical branching is reason-

ably large (bexp(0
+
) = 84%, bth(0

+
) = 64%), the resulting momentum distributions are

similar (solid and dotted curves of Fig. 7.2). The largest difference occurs, as one might

expect, at the extremes of the residue momentum. Even in this simple case of two final

states with little experimental broadening, it is not clear that one could use a final-state

inclusive residue momentum distribution to deduce the branching ratios of the final states

0+	   2+	  

Experiment	   84%	   16%	  

Theory	   64%	   36%	  
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Joint	  posi)on	  probability	  

Cross	  sec)on	  in	  terms	  of	  joint	  posi)on	  probability	  

Reac)on	  probes	  JPP	  –	  two-‐nucleon	  overlap	  projected	  
onto	  the	  impact	  parameter	  plane	  
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diffraction-stripping (ds) operator reads

Ods(c, 1, 2) = |Sc|2[K2(1, 2) ! K3(1, 2)], (11)

whereK3, which treats the projection-off nucleon bound states,
is

K3(1, 2) =
!

j ""m""

"
S#
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##!m""

j ""
$%

!m""

j ""

##S1(1 ! |S2|2)
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$%

!m""

j ""

##S2
&
. (12)

Previously, the sum on j "" was taken over all the active orbitals
near the removed particle’s Fermi surface [22].

In the following we derive explicitly the momentum distri-
bution arising from an operator with the (product) structure
of the stripping term of Eqs. (6) and (8). We then show
that the important diffraction-stripping contributions, from
Ods(c, 1, 2) of Eq. (11), can be approximated and that, as
is expected from the similar surface localization of the two
reaction mechanisms, their resulting momentum distributions
are essentially identical. This will be discussed further in
Sec. III E. The total two-nucleon knockout operator is, of
course,

Oko(c, 1, 2) = Ostr + Ods. (13)

C. Wave function and momentum sampling

Having made the assumptions that (a) the core is a spectator
and (b) its S matrix is both f independent and diagonal in the
core states, we can now integrate out explicit consideration of
the internal degrees of freedom of the core; thus,

'
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=
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The cross section is thus the sum of contributions from each
core state f, #str =

-
f #

(f )
str , and the exclusive stripping cross

sections are

#
(f )
str = 1

Ĵi
2

!

MiMf

.
d $b

'
"

(F )
JiMi

##Ostr(c, 1, 2)
##"(F )
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(
. (15)

Further, because Ostr depends only on impact parameters,
we can also take it outside the integral over the nucleon z
coordinates and write these cross sections as

#
(f )
str =

.
d $b

.
d$s1

.
d$s2 Pf ($s1, $s2)Ostr(c, 1, 2), (16)

where, having summed over the nucleon intrinsic spin coor-
dinates, Pf ($s1, $s2) is the joint position probability for finding
the nucleons with position projections $s1 and $s2 on the plane
normal to the beam direction. That is,

Pf ($s1, $s2) = 1

Ĵi
2

!

MiMf

.
dz1

.
dz2

'##"(F )
JiMi

##2(
sp. (17)

In this form, the dependence of the removal cross sections on
the (essentially geometrical) two-nucleon stripping reaction
joint probability Ostr and the structure-driven, correlated-
nucleon joint position probabilities Pf is particularly trans-
parent.

We can now discuss the residue longitudinal momentum
distributions d#

(f )
str /d$c. While the spatial stripping reaction

samplingOstr remains unchanged, we now need the differential
two-nucleon joint position probability for each value of the
sum of their momenta, that is, the residue momentum $c =
![$1 + $2]; see Fig. 1 and Eq. (1). This is obtained by taking
the Fourier transform of the two-nucleon wave function with
respect to each nucleon z coordinate, with the constraint that
$c + $1 + $2 = 0. This differential joint position probability
distribution with $c is

P̄f ($s1, $s2, $c) = 1

Ĵi
2

!

MiMf

.
d$1

.
d$2

%($c + $1 + $2)
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2
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(18)

and the final-state exclusive longitudinal momentum distribu-
tion is

d#
(f )
str

d$c

=
.

d $b
.

d$s1

.
d$s2 P̄f ($s1, $s2, $c)Ostr(c, 1, 2). (19)

Thus, both the total and differential stripping cross sections
are determined by the two-nucleon overlap functions and
their momentum content within a volume, extending along
the z direction. Its position, near the nuclear surface, and
constant cross-sectional area are determined by the eikonal
two-nucleon absorption and core survival joint probability
factor Ostr(c, 1, 2).

Inspection of Eqs. (6), (8), and (19) shows that the reaction
will be strongly localized in the impact parameter b when
knocking out well-bound nucleons. So, if the P̄f do not
change rapidly with the nucleon positions over the (relatively
small) range of $si values sampled by the target, the shapes
of the d#

(f )
str /d$c distributions can be estimated simply from

those of the P̄f at fixed nucleon positions near the projectile
surface. This scheme formed the basis of an earlier short
communication [30]. Equation (19) is calculated fully in this
work, but the results show that this earlier estimate provides
a rather accurate description of these shapes. This shows,
at a fundamental level, that the shapes of the longitudinal
momentum distributions are extremely robust and stem from
the geometrical selectivity of the reaction mechanisms. It is
for this reason that the stripping and the diffraction-stripping
mechanisms lead to very similar distributions, as is shown
later.

While very transparent, revealing the physical content and
the spatial sampling of the wave functions by the reaction
mechanism, for effective computation the above formula,
must be restructured to take advantage of separations of
the nucleon variables within the multidimensional integral
whenever possible. This angular momentum and coordinate
decomposition is carried out in the next subsection.
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of the stripping term of Eqs. (6) and (8). We then show
that the important diffraction-stripping contributions, from
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is expected from the similar surface localization of the two
reaction mechanisms, their resulting momentum distributions
are essentially identical. This will be discussed further in
Sec. III E. The total two-nucleon knockout operator is, of
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Having made the assumptions that (a) the core is a spectator
and (b) its S matrix is both f independent and diagonal in the
core states, we can now integrate out explicit consideration of
the internal degrees of freedom of the core; thus,

'
"JiMi

##"JiMi

(
A

=
!

f

)

*
!

Mf

##"(F )
JiMi

(1, 2)
##2

+

, . (14)

The cross section is thus the sum of contributions from each
core state f, #str =

-
f #

(f )
str , and the exclusive stripping cross

sections are

#
(f )
str = 1

Ĵi
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we can also take it outside the integral over the nucleon z
coordinates and write these cross sections as
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In this form, the dependence of the removal cross sections on
the (essentially geometrical) two-nucleon stripping reaction
joint probability Ostr and the structure-driven, correlated-
nucleon joint position probabilities Pf is particularly trans-
parent.

We can now discuss the residue longitudinal momentum
distributions d#

(f )
str /d$c. While the spatial stripping reaction

samplingOstr remains unchanged, we now need the differential
two-nucleon joint position probability for each value of the
sum of their momenta, that is, the residue momentum $c =
![$1 + $2]; see Fig. 1 and Eq. (1). This is obtained by taking
the Fourier transform of the two-nucleon wave function with
respect to each nucleon z coordinate, with the constraint that
$c + $1 + $2 = 0. This differential joint position probability
distribution with $c is
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and the final-state exclusive longitudinal momentum distribu-
tion is
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Thus, both the total and differential stripping cross sections
are determined by the two-nucleon overlap functions and
their momentum content within a volume, extending along
the z direction. Its position, near the nuclear surface, and
constant cross-sectional area are determined by the eikonal
two-nucleon absorption and core survival joint probability
factor Ostr(c, 1, 2).

Inspection of Eqs. (6), (8), and (19) shows that the reaction
will be strongly localized in the impact parameter b when
knocking out well-bound nucleons. So, if the P̄f do not
change rapidly with the nucleon positions over the (relatively
small) range of $si values sampled by the target, the shapes
of the d#

(f )
str /d$c distributions can be estimated simply from

those of the P̄f at fixed nucleon positions near the projectile
surface. This scheme formed the basis of an earlier short
communication [30]. Equation (19) is calculated fully in this
work, but the results show that this earlier estimate provides
a rather accurate description of these shapes. This shows,
at a fundamental level, that the shapes of the longitudinal
momentum distributions are extremely robust and stem from
the geometrical selectivity of the reaction mechanisms. It is
for this reason that the stripping and the diffraction-stripping
mechanisms lead to very similar distributions, as is shown
later.

While very transparent, revealing the physical content and
the spatial sampling of the wave functions by the reaction
mechanism, for effective computation the above formula,
must be restructured to take advantage of separations of
the nucleon variables within the multidimensional integral
whenever possible. This angular momentum and coordinate
decomposition is carried out in the next subsection.
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Figure 3. (a) The !-dependence of the 0+ state two-nucleon position probability P0(b, b, !)
(with b=2.5 fm) from the USD shell model wave function for neutron rich 28Mg. The (correct)
fully-coherent and (for comparison) the incoherent density is shown. (b) The full shell model
PJ(b, b, !) (full lines and symbols) are compared with their S=0 spin-singlet pair components
(dashed lines and open symbols) calculated using the formalism in Ref. [5].

cross section strength among the 0+, 2+ and 4+ final states, including the fragmentation of the
2+ state strength, seen in part (b) of the figure. The coherence-induced enhancement of the
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Figure 4. (a) The 0+, 2+ and 4+ partial cross sections resulting from the use of the full shell
model wave functions (open circles) are compared with those for a pure ["d5/2]2 configuration
(open triangles, as in Figure 2) for two-proton removal from 28Mg at 82.3 MeV per nucleon. (b)
The calculated and experimental exclusive cross sections to the 0+, 2+

1 , 4+ and 2+
2

26Ne final
states are compared. All USD shell model cross sections (open circles) have been scaled by a
suppression factor Rs=0.52.
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Evenness	  with	  respect	  to	  cos	  ω	  =	  0	  depends	  on	  evenness	  of	  k,	  
itself	  dependent	  on	  evenness	  of	  l1	  and	  l1’	  (l2	  and	  l2’)	  
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Example: 208Pb(-2p) → 206Hg(Jf=3+)	


27	  

Same	  final	  state	  spin,	  
but	  momentum	  
distribu)on	  is	  sensi)ve	  
to	  the	  underlying	  
structure	  

[2s1/2][0g7/2]L=4	  

[2s1/2][1d5/2]L=2	  



26Si(-2n) → 24Si separation thresholds	
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26Si(-‐2n)	  

109	  MeV/nucleon	  
376	  mg/cm2	  9Be	  target	  



26Si(-2n): Cross section results	
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FIG. 4. ! -ray spectra reconstructed event-by-event into the rest
frame of the emitting nucleus, in coincidence with 32Ar, 28S and 24Si
residues. Statistical error bars are indicated. The solid line is the result
of a GEANT [29] simulation. For 24Si, the simulated response for the
two photopeaks is shown separately in dashed an dotted lines.

Germanium detectors arranged in two rings as described in
Ref. [28]. The event-by-event Doppler-corrected ! -ray spectra
for the 32Ar, 28S and 24Si residues are presented in Fig. 4.
The Doppler correction has been performed by taking into
account the average velocity of the projectile at the time of the
! -ray emission. Although an anisotropic angular distribution
is expected, due to alignment effects in the knockout reaction,
we assume that this can be neglected in the evaluation of the
intensities. The smallness of this correction is tied to the beam
energy and to the particular choice of laboratory angles for
the ! -ray detectors (37! and 90!) in this experiment; see the
example worked out in Fig. 12 of Ref. [1] for one-nucleon
knockout.

In the case of 32Ar (Sp = 2.4 MeV), only one ! -ray
transition is observed at 1867(8) keV corresponding to the
decay of the first 2+ excited state. The measured energy is
slightly different from the energy of 1824(12) keV reported
in Ref. [30] using a scintillator array. We obtain an inclusive
cross section of " = 0.48(6) mb for the two-neutron knockout
and a 0.07(4) mb cross section to the first 2+ excited state.
Assuming no other bound excited states, the ground state is
fed directly with a cross section of 0.41(7) mb.

For 28S [Sp = 2.46(3) MeV], a new transition has been
observed at 1512(8) keV. This transition is assigned to the
decay of the first 2+ state of 28S, based on shell-model
calculations and comparison to the mirror nucleus. A shell-
model calculation with the OXBASH code [31] and the USD
interaction [32] predicts the first 2+ state at 1543 keV
excitation energy, while that of the mirror nucleus, 28Mg, is at
1473 keV [see Fig. 5(a)]. The inclusive cross section for the
production of 28S from 30S is " = 0.73(8) mb. The 2+ excited
state is populated with a 0.34(8) mb cross section leaving a
0.39(8) mb cross section for the knockout to the ground state.

Of the three nuclei studied, 24Si is the most strongly
bound with a proton separation energy of Sp = 3.3(4) MeV.
Two ! -ray transitions are observed, at 1550(12) keV and
1860(10) keV, the latter being about twice as intense as the

FIG. 5. Level schemes of 28S (a) and 24Si (b). The experimental
results (center) are compared to shell-model predictions and to the
level scheme of the respective mirror nucleus.

former. The observed transitions correspond to the decay of the
two previously reported excited states of 24Si at 3441(10) keV
and 1879(11) keV [33], respectively. The statistics are too low
to allow a ! -! coincidence study of these two transitions. The
mirror nucleus 24Ne exhibits a vibrator-like excitation scheme
with a first 2+ state lying at 1981.6(4) keV and a (2+,4+)
doublet at 3867(8) keV and 3962(18) keV [34], respectively.
Each state of the doublet decays with an almost 100% branch
to the first excited state. A comparison with 24Ne suggests
that the two lines observed for 24Si in the present work are in
coincidence and establish the first 2+ state at 1860(10) keV
and a (2,4)+ level at 3410(16) keV. The resulting level scheme
is shown in Fig. 5 (for a discussion on mirror asymmetry in
these nuclei see Ref. [35]). Within the energy resolution of
the present setup, there is no indication of a doublet at around
1550 keV.

Our experimental results are summarized in Table I. The
measured inclusive and partial cross sections are given. For
comparison, we also include the inclusive cross sections
for the two-proton removal reactions reported in Ref. [22].
The different reactions show cross sections of the order of
1 mb for two-proton (two-neutron) knockout from neutron-rich
(neutron-deficient) nuclei in the sd-shell.

Our theoretical calculations of the two-neutron-removal
cross sections follow the formalism and notation of Ref. [24],
which developed a full treatment of the two-nucleon stripping
(absorption) cross section, "str. Here, we also include a full
calculation of contributions to the cross sections from events
where only one of the nucleons is stripped (absorbed) and the
second is removed by an elastic collision (diffraction of the
nucleons or residue) with the target. This is denoted "str"diff .
We only estimate the small cross section, "diff , from events

021303-3

Rs(2N)	  =	  0.5	  

State	   [0d5/2]2	   [0d5/2,0d3/2]	   [0d3/2]2	   [1s1/2,0d3/2]	   [1s1/2,0d5/2]	  

2+	  (First)	   -‐0.70074	   0.43499	   0.00594	   -‐0.00188	   -‐0.02781	  

2+	  (Second)	   -‐0.38021	   -‐0.12354	   -‐0.12945	   -‐0.15876	   -‐0.58292	  

4+	  (First)	   1.57469	   0.41519	   -‐	   -‐	   -‐	  

Shell	  model	  (sd-‐shell,	  USD)	  two-‐nucleon	  amplitudes	  

Yoneda	  et	  al.,	  PRC	  74,	  021303(R)	  (2006)	  

Results	  



Structure Sensitivity	
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2+	  states	   σstr	  (mb)	   σ-‐2n	  (mb)	   σexp	  (mb)	  

First	   0.19	   0.30	   0.15(4)	  

Second	   0.19	   0.30	   0.14(4)	  

First 2+ 
E=1.86 MeV 

Second 2+ 
E=3.41 MeV 

FWHM of second state is 
~25% larger, attributed to 
the different underlying 
structure – can this be 
verified by experiment?  
Does the SM accurately 
describe the underlying 
structure? 

Simpson	  et	  al.,	  PRC	  82,	  044616	  (2010)	  
A.	  Gade	  et	  al.,	  NSCL	  experiment	  10002	  (approved)	  

26Si(-‐2n)	  



N=Z nuclei: knockout of a proton and neutron	




Motivation…	


These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.

References and Notes
1. L. Lapikas, Nucl. Phys. A. 553, 297 (1993).
2. J. Kelly, Adv. Nucl. Phys. 23, 75 (1996).
3. W. H. Dickhoff, C. Barbieri, Prog. Part. Nucl. Phys. 52,

377 (2004).
4. K. S. Egiyan et al., Phys. Rev. C Nucl. Phys. 68, 014313

(2003).
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
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Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.

www.sciencemag.org SCIENCE VOL 320 13 JUNE 2008 1477

REPORTS

 o
n 

Ju
ne

 1
5,

 2
00

8 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Subedi	  et	  al.,	  	  Science	  320,	  1476	  (2008)	  

Bevatron	  fragmenta)on	  experiments	  from	  
1975	  show	  very	  large	  np	  removal	  cross	  
sec)ons	  (12C	  target)	  

Beam	   pp	   nn	   np	  
12C	  (2100	  A	  MeV)	   5.81(29)	   4.11(22)	   35.1(34)	  
12C	  (1050	  A	  MeV)	   6.49(48)	   4.44(25)	   27.9(22)	  
12C	  (250	  A	  MeV)	   5.88(970)	   5.33(81)	   47.5(24)	  
16O	  (2100	  A	  MeV)	   4.71(31)	   1.67(12)	   41.8(33)	  

12C(e,e’pn)10B	  

Probing Cold Dense Nuclear Matter
R. Subedi,1 R. Shneor,2 P. Monaghan,3 B. D. Anderson,1 K. Aniol,4 J. Annand,5 J. Arrington,6
H. Benaoum,7,8 F. Benmokhtar,9 W. Boeglin,10 J.-P. Chen,11 Seonho Choi,12 E. Cisbani,13
B. Craver,14 S. Frullani,13 F. Garibaldi,13 S. Gilad,3 R. Gilman,11,15 O. Glamazdin,16
J.-O. Hansen,11 D. W. Higinbotham,11* T. Holmstrom,17 H. Ibrahim,18 R. Igarashi,19
C. W. de Jager,11 E. Jans,20 X. Jiang,15 L. J. Kaufman,9,21 A. Kelleher,17 A. Kolarkar,22
G. Kumbartzki,15 J. J. LeRose,11 R. Lindgren,14 N. Liyanage,14 D. J. Margaziotis,4
P. Markowitz,10 S. Marrone,23 M. Mazouz,24 D. Meekins,11 R. Michaels,11 B. Moffit,17
C. F. Perdrisat,17 E. Piasetzky,2 M. Potokar,25 V. Punjabi,26 Y. Qiang,3 J. Reinhold,10
G. Ron,2 G. Rosner,27 A. Saha,11 B. Sawatzky,14,28 A. Shahinyan,29 S. !irca,25,30 K. Slifer,14
P. Solvignon,28 V. Sulkosky,17 G. M. Urciuoli,13 E. Voutier,24 J. W. Watson,1 L. B. Weinstein,18
B. Wojtsekhowski,11 S. Wood,11 X.-C. Zheng,3,6,14 L. Zhu31

The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q = 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 ! (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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12C(12C,10Z)X	  and	  12C(16O,14Z)X	  

Lindstrom	  et	  al.,	  LBNL	  Report	  3650	  (1975)	  
Greiner	  et	  al.,	  PRL	  35,	  152	  (1975)	  
Kidd	  et	  al.,	  37,	  2613	  PRC	  (1988)	  

Simplest	  [0p3/2]8	  structure	  suggests	  
σNN/σnp	  ≈	  6/16	  ≈	  2.7	  for	  12C(-‐2N)	  



12C(-np): direct vs. indirect	


Par)cle	  Separa)on	  Thresholds	  

Direct	  reac@on	  
of	  interest	  Indirect	  popula@on	  

of	  10B	  



12C beam LBL Bevatron results (1975)	


Residue	   10C	   10Be	   10B	  

exp.	   theory	   exp.	   theory	   exp.	   theory	  

σ-‐2N	  (mb)	   4.11±0.22	   5.04	   5.81±0.29	   6.52	   35.1±3.4	   19.02	  

Width	  (MeV/c)*	   121±6	   120	   129±4	   127	   134±3	   132	  

12C	  projec)le,	  WBP	  interac)on	  

Fragmenta)on	  of	  16O	  and	  12C	  projec)les	  studies	  at	  LBNL;	  	  beam	  
energies	  2.1	  GeV/nucleon;	  cross	  sec)ons	  and	  momentum	  
distribu)on	  widths	  published	  (though	  averaged	  over	  targets)	  

Oxbash	  p-‐shell	  shell	  model	  structure	  input	  using	  WBP	  (and	  PJT	  
interac)ons)	  

Lindstrom	  et	  al.,	  LBNL	  Report	  3650	  (1975)	  
Greiner	  et	  al.,	  PRL	  35,	  152	  (1975)	  

*Target	  averaged	  



12C(-2p) → 10Be momentum distribution	
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	  Simpson	  and	  Tostevin,	  PRC	  83,	  014605	  (2011)	  

np-knockout: 12C	


• Cross	  sec)on	  underes)mated:	  
T=1	  removal	  apparently	  well	  
described	  (10C,	  10Be),	  so	  
deficiency	  with	  T=1	  states?	  

• Some	  interac)on	  sensi)vity	  for	  
T=0	  states,	  weaker	  for	  T=1	  states	  

• Dis)nct	  paLern	  of	  momentum	  
distribu)ons	  widths	  

– Sensi)vity	  to	  underlying	  
structure	  

– Indica)ons	  of	  indirec)on	  
removal	  

• Calcula)ons	  using	  NCSM	  
amplitudes	  are	  underway	  –	  can	  
these	  large	  basis	  (Nmax=6)	  
account	  for	  the	  cross	  sec)on	  
deficit?	  

12C	




Possible	  indirect	  contribu)ons	  to	  removal,	  
(though	  liLle	  predicted	  by	  SM)	  

-‐2n:	  only	  ground	  
state,	  direct:	  OK	  

16O(-np): direct vs. indirect	


Nucleon	  separa)on	  thresholds	  

Oxbash	  shell	  model	  input:	  spspdpf,	  wbt	  
Truncate	  to	  p-‐shell	  (0	  ħω)	  (also	  0+2	  ħω,	  0+2+4	  ħω)	  
Harmonic	  oscillator	  wave	  func)ons	  used,	  ħω	  =	  45A-‐1/3	  –	  25A-‐2/3	  	  

Direct	  reac)on	  of	  interest	  



16O(-2n)  14O	


•  Good	  agreement	  for	  (very	  narrow)	  momentum	  
distribu)on	  

•  0ħω	  theory	  underes)mates	  experiment	  in	  contrast	  to	  
exo)c	  sd-‐shell	  cases	  and	  12C(-‐2N)	  
–  Sizes	  of	  core	  and	  radial	  wave	  func)ons?	  
–  Centre	  of	  mass	  correc)ons	  to	  TNA?	  

•  How	  important	  are	  cross-‐shell	  excita)ons?	  
–  Overlap	  smaller,	  cross-‐shell	  components	  enhance	  spa)al	  

correla)ons,	  maintaining	  cross	  sec)on	  

14O	   Experiment	   0ħω	  (WBT)	   2ħω	  (WBT)	   4ħω	  (WBT)	  

σ	  (mb)	   1.67±0.12	   1.36	   1.36	   1.39	  

Width	  (MeV/c)	   99±6	   99.6	   96.5	   94.4	  

Σ(TNA)2	   -‐	   1.00	   0.90	   0.83	  

see	  also	  Warburton	  et	  al.,	  PLB	  293,	  7	  (1992)	  

Preliminary	  Results	  



Along the N=Z line?	
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states	  
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sd-‐shell	  cross	  sec)ons:	  

Tostevin	  (personal	  communica)on)	  



Rapid structural change: applications and 
further work	




Structure changes in exotic nuclei	


Island	  of	  Inversion	  

Evolu)on	  of	  N=28	  

New	  island	  of	  
inversion?	  



case, a dependence of the Rs on the asymmetry at the
neutron and proton Fermi surfaces has been reported
[35,36]. Any such dependence of the Rs!2N" has yet to
be established. With Rs!2N" # 0:50!8" we obtain partial
cross sections of !th!0$" # 0:15!2" mb and !th!2$1 " #
0:13!2" mb.

The ratio of the measured partial cross sections b #
!!2$1 "=!!0$" # 0:72!15" is reproduced by the calculation
with bth # 0:87. Given that the 2@! components of the
wave functions of 36Mg have no overlap with the 0@!
configurations in the ground state of 38Si, these partial
cross sections can now be compared with the measured
values to quantify the 0@! components. Thus, the ratios
!!0$"=!th!0$" # 0:38!8" and !!2$1 "=!th!2$1 " # 0:32!8"
imply 38(8)% and 32(8)% of 0@! components in the
ground and 2$1 states of 36Mg, respectively. These are
compared to MCSM calculations in the lower panel of
Fig. 3, showing that the measured results are reproduced.

Our estimate, based on the mismatch between the ex-
perimental and theoretical cross sections, is consistent with
the 0@! fractions predicted by the MCSM, placing 36Mg
inside the island of inversion. Figure 3 also shows the
predicted composition of the wave function of the second
excited 2$ state of 36Mg. Both the very small 0@! com-
ponent in this 2$2 state and the small calculated cross
section to the first 4$ state, an order of magnitude smaller
than those for the 0$ and 2$1 states, are consistent with the
nonobservation of these states in the present experiment.
The second 0$ state is predicted to lie above the neutron
separation energy and thus is not accessible by "-ray
spectroscopy.

In summary, we have used the direct two-proton knock-
out reaction 9Be!38Si; 36Mg$ ""X at 83 MeV=nucleon to
perform spectroscopy of the very neutron-rich nucleus
36Mg for the first time. The 2$1 state was observed at
660(6) keV excitation energy. Partial cross sections to the
ground and first 2$ state were measured and the wave
functions of these lowest-lying states were found to be
dominated by intruder configurations, as suggested by

state-of-the-art large-scale MCSM calculations. This pla-
ces 36Mg within the island of inversion.

This work was supported by the National Science
Foundation under Grants No. PHY-0606007 and
No. PHY-0555366, by the U.K. Engineering and Physical
Sciences Research Council (Grant No. EP/D003628), in
part by a Grant-in-Aid for Specially Promoted Research
(No. 13002001) from the MEXT, and by the JSPS Core-to-
Core program.
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nents according to the MCSM calculation.
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Ra)o	  of	  experimental	  to	  pure	  
0	  ħω	  theore)cal	  cross	  sec)ons	  
gives	  indica)ons	  of	  frac)on	  of	  
2	  ħω	  	  components,	  agreeing	  
with	  MCSM	  calcula)ons	  

38Si(-2p) →	  36Mg"
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Island of Inversion: 38Si(-2p) → 36Mg	


Spherical	  model	  does	  not	  track	  structural	  changes	  



22Mg(-2n) vs. 38Si(-2p)	
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New island of inversion? N=40	


•  Cross	  sec)on	  for	  66Fe(-‐2p)	  
strongly	  suppressed	  rela)ve	  
to	  spherical	  theory	  and	  68Ni
(-‐2p)	  

•  Symptoma)c	  of	  reduced	  
structure	  overlap	  
–  Rapid	  structure	  changes	  
–  Onset	  of	  deforma)on	  

•  Inelas)c	  scaLering	  
measurements	  indicate	  
increasing	  deforma)on	  
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FIG. 5. (Color online) Excitation cross sections relative to 62Fe
for observing the 2+

1 ! 0+
1 ! -ray transition, " "(2+

1 ), including
both observed and unobserved feeding, measured for 60,62,64Cr and
62,64,66Fe on 9Be.

9Be(66Fe,64Cr)X, attributed to a lack of overlap between the
66Fe ground state and the final states in the 64Cr residue [10].

In summary, level energies and excitation cross sections
for 9Be-induced inelastic scattering of 62,64,66Fe and 60,62,64Cr
were measured at intermediate beam energies. For the first
time, excited states in 64Cr are reported. Large-scale shell
model calculations including the #g9/2 intruder orbital repro-
duce the excitation spectra. A distinct change in the trend of the
population of the 2+

1 states in the Cr isotopic chain compared
to the Fe isotones has been interpreted in terms of structural
differences at N = 40.

We thank Dr. Kazunari Kaneko and Dr. Yang Sun for
providing us with the numerical results of the Cr and Fe
excitation energies from the figures in Refs. [16,19]. This
work was supported by the National Science Foundation
under Grants PHY-0606007 and PHY-0758099; by the US
Department of Energy, Office of Nuclear Physics, under
Contract No. DE-AC02-06CH11357; and by the UK Science
and Technology Facilities Council (STFC).
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expect a population of the 6+
1 excited state in a proton knockout

experiment. This, however, does not exclude a possibility of
population of nonyrast states. In fact, population of 2+

2 states
was observed in knockout reactions, e.g., in Ref. [28].

B. 68Fe

Prior to this experiment no excited states in 68Fe were
reported in the literature. Here, two transitions are clearly
observed at 517(6) and 859(9) keV in the spectrum obtained
in coincidence with 68Fe residues produced in one-proton
knockout from 69Co. There is also a weak indication of a
transition at 808(9) keV. The ! -ray spectrum resulting from
coincidences with 68Fe produced in two-proton knockout has
far fewer statistics and displays only an indication of a ! ray at
the same energy as the most intense transition observed in the
one-proton knockout spectrum. Because the 517 keV ! -ray is
the most intense observed in coincidence with 68Fe residues
we tentatively associate it with the 2+

1 to the ground-state
transition. The ! ray observed at 859 keV may correspond to
the 4+

1 ! 2+
1 transition; however, similarly to the case of 66Fe,

other assignment cannot be excluded.

C. Inclusive two-proton knockout cross sections

In the present experiment an attempt was made to perform
! -ray spectroscopy of 64

24Cr40. The intensities of secondary
beams in the region of 64Cr available at existing fragmentation
facilities do not allow for ! -ray spectroscopy with " decay
or Coulomb excitation. We therefore examined the possibility
of populating excited states in 64Cr by means of two-proton
knockout from a fast secondary beam of 66Fe impinging on a
thick secondary 9Be target.

The inclusive cross section for this reaction was measured at
#inc = 0.13(5) mb. This small cross section combined with the
intensity of the secondary 66Fe beam available at the time of the
experiment has rendered any meaningful ! -ray spectroscopy
unfeasible within the present work.

However, it is very interesting to compare the inclusive
cross sections for all two-proton knockout reactions measured

64Cr

66Fe

68Ni

68Fe

70Ni

N = 40 N = 42

Z = 24

Z = 26

Z = 28

!inc=1.42(25) mb !inc=0.49(5) mb

!inc=0.13(5) mb

FIG. 5. (Color online) Two-proton knockout reactions and their
inclusive cross sections as measured in this work. Note a striking
difference in the cross section for reactions along N = 40.

in the same experiment in this region. As illustrated in
Fig. 5, in addition to the 9Be(66Fe,64Cr)X reaction, two other
two-proton knockout reactions were studied and their cross
sections extracted: 9Be(68Ni,66Fe)X with #inc = 1.42(25) mb
and 9Be(70Ni,68Fe)X with #inc = 0.49(5) mb. The order-of-
magnitude drop in cross section for the reactions along the
N = 40 isotone line is striking.

It has been shown that the two-proton knockout from
neutron-rich projectiles is predominantly a direct process [29].
The sequential process of one-proton knockout followed by
the evaporation of a second proton from an intermediate
nucleus is strongly hindered because the neutron separation
threshold in a neutron-rich nucleus is in general much lower
than the proton separation threshold. The reaction can thus be
described as a sudden, direct process, involving only a limited
number of degrees of freedom, a process in which two protons
are removed from a projectile while the rest of nucleons
remains essentially undisturbed. A reaction theory formalism,
using eikonal dynamics and microscopic, correlated two-
nucleon transition densities from shell-model calculations, has
been developed recently [30,31]. The calculated two-nucleon
amplitudes carry the nuclear structure details on the parentage
and phase of the participating two-nucleon configurations in
the ground state of the projectile with respect to the final states
of the projectile-like reaction residue.

We can compare the experimental cross sections to those
calculated from wave functions obtained from the GXPF1
interaction [32] in the fp model space for N = 40. The pf
shell neutrons have a closed-shell configuration for N = 40.
For Z = 28 the GXPF1 interaction gives a large single-particle
energy gap between the $f7/2 and $f5/2, p3/2, and p1/2
orbitals, and the proton wave functions for Z < 28 are domi-
nated by the $ (f7/2)n configurations. Following the formalism
described in Ref. [31] the calculated partial cross sections
for 9Be(68Ni,66Fe)X are 0.14, 0.45, 0.51, and 0.66 mb for
final states with spins I$ = 0+, 2+, 4+, and 6+, respectively,
with an inclusive cross section of 1.76 mb. We have used the
average quenching factor of RS(2N ) = 0.50 obtained from
the systematics discussed in Ref. [33]. This cross section is in
reasonable agreement with the experimental value of 1.42(25).
However, excitation energies for 66Fe obtained with GXPF1
of 0, 1.34, 2.14, and 2.48 MeV for 0+, 2+, 4+ and 6+ state,
respectively, are not in overall agreement with experiment.
The lower 2+ energy observed in experiment is a clear signal
that %(pf )n"2(g9/2)+2 (n = 20) configurations are important
for the low-spin states. Thus, we should expect admixtures of
%(pf )n and %(pf )n"2(g9/2)+2 in the spectrum of 66Fe with the
calculated 2N cross section split according to the amount of
%(pf )n component in the wave functions.

The calculated partial cross sections for 9Be(66Fe,64Cr)X
are 0.19, 0.21, 0.23, and 0.30 mb for final states with spins
I$ = 0+, 2+, 4+, and 6+, respectively, with an inclusive cross
section of 0.93 mb. The drop in cross section from 1.76 to
0.93 mb for the 68Ni and 66Fe projectiles, qualitatively comes
from the f 2

7/2 spectroscopic factors whose sum is given by the
combinatorial factor p(p " 1)/2 with p = 8 and p = 6 for
the number of valence protons. The calculated value for the
66Fe projectile is much larger than the experimental value of
0.13(5). The states of 64Cr will have admixtures of %(pf )n and

054306-4

Inelas)c	  scaLering	  
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FIG. 1. (Color online) Spectrum of residual nuclei identified in
the S800 spectrograph. The particles labeled 46Ar correspond to
scattered beam particles in the hydrogen-like charge state. The vertical
axis displays the energy loss of nuclides measured in the focal plane,
and the horizontal axis represents a path-corrected time-of-flight
signal measured between a focal plane detector and the accelerator
RF reference.

Figure 3 shows the spectrum of ! rays in coincidence with
both the 1319-keV ! ray and the 44S residues. This coincidence
spectrum shows three of the peaks from Fig. 2, at 949, 1128,
and 1929 keV. On this basis, we establish the existence of
states at 2268, 2447, and 3248 keV. The coincidence spectra
gated on the 949-, 1128-, and 1929-keV ! rays show no mutual
coincidences. The level scheme we deduce is shown in Fig. 4.

Figure 2 also shows two ! rays at 1891 and 2150 keV
that are not seen in the 1319-keV coincidence spectrum. With
respect to the 1891-keV ! ray, we note that Force et al. [16]
previously reported the observation of an isomeric 0+ state at
1365(1) keV, which is 36 keV above the energy they assigned
for the 2+

1 state, 1329(1) keV. The only decay of this state
would be to the ground state via the emission of conversion
electrons, so this decay could not be observed in the present
experiment. However, the 1891-keV ! ray is 38 keV lower in
energy than the 1929-keV ! ray that deexcites the 3248-keV
state. Hence, we tentatively assign the 1891-keV ! ray as a
transition from the 3248-keV state to the 0+

2 state proposed by
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FIG. 2. Doppler-corrected (v/c = 0.4211) energy of ! rays
detected in coincidence with the 44S residues. Inset shows a closeup
of the 1700–2400 keV region where three less intense photopeaks are
identified.
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FIG. 3. Doppler-corrected energy of ! rays detected in coin-
cidence with the 1319-keV ! rays emitted from a 44S nucleus.
Inset: Projected spectrum of ! ! events showing energy coincidence
window in dotted lines.

Force et al.. Within the statistical limits of our experiment, the
2150-keV ! ray is not coincident with other ! rays and is, thus,
tentatively placed as populating the ground state. Table I lists
the levels, ! rays deexciting the levels and the cross sections
for populating these levels.

Sohler et al. published a level scheme for 44S deduced from
! rays observed during the fragmentation of an intermediate
energy beam of 48Ca [22]. The only ! transition that is
unambiguously common to the spectra of Sohler et al. and
the present work is the 2+

1 ! 0+
g.s. transition, which Sohler

quotes as 1350(10) keV and which is quoted as 1319(7) keV
here. Sohler et al. also assign a 988(15)-keV transition to
44S and say that it deexcites a state at 2632 keV. There is a
31-keV difference between the 2+

1 state energies quoted here
and by Sohler et al., so it is possible that the 949(5)-keV ! ray
observed here is identical to the 988(15)-keV ! ray reported
by Sohler et al. However, if the two ! rays are identical, it is
clear that the ! ray was misplaced in the level scheme in the
previous study.

Longitudinal momentum distributions were extracted
for residues in coincidence with the 949- and 1128-keV
! transitions, corresponding to the direct population of the
2268- and 2447-keV levels. In addition, a distribution was
extracted for residues from direct population of the 1319-keV
state by proportionally subtracting the distributions in coinci-
dence with the 949- and 1128-keV ! transitions from the one in

TABLE I. Deduced energy levels of 44S, Elevel, with their spin and
parity, J " , measured deexcitation energy, E! , placed toward the final
level. Experimental and theoretical cross sections for populating the
levels are also listed (see text).

Elevel (keV) J " E! (keV) J "
final # (mb) #theory (mb)

0 0+ 0.334
1319(7) 2+

1 1319(7) 0+
1 0.014(3) 0.028

1357(15) 0+
2 0.163

2150(11)" (2+
2 ) 2150(11) 0+

1
" 0.004(1) 0.076

2268(8) 2+
3 949(5) 2+

1 0.022(4) 0.082
2447(9) 4+

1 1128(6) 2+
1 0.019(4) 0.032

3248(12) (2+
4 ) 1891(10) 0+

2
" 0.011(3) 0.033

1929(7) 2+
1
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broadened shape, consistent with simulations of a delayed

emission with a mean life around 50 ps. However, the ef-

fects are not strong enough to provide evidence. Proof

of a delayed emission will have to come from a Recoil-

Distance Method measurement. Such a measurement

would provide a strong confirmation of the deformed na-

ture of this state, its seperate microscopic configuration

and, thus, triple configuration coexistence in this nuclide.

In summary, we have examined configuration coexis-

tence in
44

S using the two proton knockout reaction from
46

Ar at intermediate energy. Four new excited states

were observed. Two new spin assignments were made

based on the longitudinal momentum distributions of the

projectile residues. The observed states include a 4
+

state at 2447 keV. A shell model calculation using the

SDPF-U interaction suggests that this state has a strong

prolate deformation in both the lab and intrinsic frames,

but that its deformation is based on a neutron 1p 1h

configuration which is different from the neutron 2p 2h

intruder configuration responsible for the ground state

deformation of this nucleus. A Recoil Distance Method

measurement of the lifetime of the 2447 keV 4
+

state

could confirm its deformed nature and the presence of

triple configuration coexistence within 2.4 MeV in
44

S.
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BUT	  44S	  and	  other	  N=28	  isotones	  are	  strongly	  deformed	  

Residue	  momentum	  
distribu)ons	  

YKIS	  talk	  by	  Dario	  Vretenar:	  	  
β(34Ar)	  =	  -‐0.19	  
β(44S)	  =	  0.34	  	  
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different rotational states of the core. If the results of the two
rather different approaches are consistent, the inclusive, with
respect to rotational states, cross section calculated according
to the prescription of Sec. III has to coincide with the sum of
all partial cross sections obtained in the framework of the
more regular theoretical approach of Sec. II. The cross sec-
tions based on Eq. !14" for the transitions into three lowest
levels of the 0! rotational band of 24Mg are shown in Table
II.
The total cross section is equal to 22 mb, which agrees

with the inclusive cross section #18.2 mb calculated in the
framework of the simple approach !see Table I". The agree-
ment would be even closer if we would take into account the
value of the spectroscopic factor A $

2 in Eq. !14". We have
estimated the spectroscopic factor using the particle-rotor
model for the 25Al nucleus and obtained the total cross sec-
tion which varies from 20.7 to 21.5 mb.
As for the shape of the core longitudinal momentum dis-

tribution, using the full calculation of Sec. II we obtain a
nearly perfect agreement with experimental data as shown in
Fig. 3. The dashed curve corresponds to the transition into
the 0! core ground state, the dashed-dotted one to the tran-
sition into the 2! state, and the solid curve is the sum of the
transitions to 0!, 2!, and 4! states. Note that all calcula-
tions have been performed without any adjustable parameters

except for the overall normalization.
Figure 2 and Table I seemed to indicate that the deforma-

tion is not very important both for stripping cross sections
and longitudinal momentum distributions. This agrees also
with the results of Ref. %18&. However, as we see from Fig. 3
and Table II, such a conclusion would be premature. The
details of the longitudinal momentum distributions can be
explained only after taking into account the deformation of
the projectile. This is clearly seen in Fig. 4 where we com-
pare the longitudinal momentum distributions calculated in
the framework of exact theory of Sec. II, the solid line, in the
extended geometric approach of Sec. III, the dotted line, and
in the original geometric approach of Ref. %9& developed for
the spherical projectiles, the dashed line. The comparison of
three approaches made in Fig. 4 with the absolute normal-
ization to the experimental peak is incomplete since the
spherical geometric approach, as a rule, leads to the cross
sections of considerably reduced magnitude !up to 25%".
Three features are worth pointing out in connection with

the comparison in Fig. 4. The first is that although, as noted
earlier in our paper, the use of harmonic-oscillator wave
functions leads to a wrong asymptotic behavior at large dis-
tances, this problem should be a minor one here. The reason
for this is the relatively large separation energy for the proton
combined with the effect of the Coulomb barrier, both mak-
ing the tail of nucleon wave function unimportant. Therefore
the comparison with the calculation %7&, which used a d5/2
wave function from a spherical Woods-Saxon potential with
Coulomb interaction included, can be expected to be quanti-
tatively meaningful. In this connection we note, secondly,
that our best approximation appears to account for the sym-
metric ‘‘shoulders’’ appearing in the experimental data. We
take this as the first evidence of the necessity of incorporat-
ing the effects of deformation in the theory of the high-

TABLE II. The cross sections, in mb, for the stripping of
%202 5/2& proton from 25Al for the three lowest rotational states of
the core. The deformation parameter '"0.34.

L f 0 2 4 (6

) 7.3 13.6 1.0 negligibly small

FIG. 3. Longitudinal momentum distributions of 24Mg in the
stripping reaction 9Be(25Al,24Mg0!,2!,4!)X . The dashed curve cor-
responds to the transition into the 0! core state, the dashed-dotted
one to the transition into 2! state, and the solid curve is the sum of
the three transitions including the weak 4! !not shown separately".
The experimental points together with the error bars from Ref. %7&
are shown. The initial beam energy is 65 MeV per nucleon.

FIG. 4. Longitudinal momentum distributions of 24Mg in the
stripping reaction 9Be(25Al,24Mg)X calculated in the framework of
three different models: !i" the exact theory of Sec. I, solid curve; !ii"
the extended geometric approach of Sec. II, dotted curve; !iii" the
geometric approach for spherical projectiles of Ref. %9&, dashed line.
The experimental points together with the error bars from Ref. %7&
are shown. The initial beam energy is 65 MeV per nucleon.

ALEXANDER SAKHARUK AND VLADIMIR ZELEVINSKY PHYSICAL REVIEW C 61 014609

014609-8

P. BATHAM, I. J. THOMPSON, AND J. A. TOSTEVIN PHYSICAL REVIEW C 71, 064608 (2005)

with rms matter radius of 2.36 fm [17]. The value of !̄NN ,
calculated from the free np and nn total cross sections using
the formulas of Ref. [18], was 88.0 mb. The "̄NN value was
then computed from the 100 MeV real to imaginary nn and
np amplitude ratios, 1.87 and 1.00 of Ref. [13]. The resulting
value is "̄NN = 1.22. To assess the core deformation effects
on the reaction dynamics, calculations using this Sc(bc, !!) are
compared with the corresponding (spherical core) calculations
using the Sc(bc) computed assuming #2 = 0 and with the same
core rms matter radius, 2.28 fm.

With #2 = 0.67 the full calculations yield !strip = 108.9 mb
and !diff = 86.5 mb. With the spherical Sc, !strip = 108.3 mb
and !diff = 78.3 mb. So, upon including the deformed-core
S matrix the inclusive diffractive cross section is increased by
8.2 mb, which, given the large 0+ state spectroscopic factor of
0.85, is expected to feed predominantly the 2+ core state. These
fully dynamical calculations are therefore consistent with the
earlier, magnitude estimate of 8 mb (for an assumed 0+ state
spectroscopic factor of 0.74) made in Ref. [6]. The stripping
cross section is seen to be essentially unchanged within our
weak-coupling approach, consistent with the findings of the
strong-coupling stripping calculations of Ref. [7].

Our ability to compare our model calculations with the
experimental data is hindered by their inclusive nature. To
make such a comparison, the present model calculations are
most realistically compared with the sum of the measured
partial cross sections to the 0+ [203(31) mb] and 2+ [16(4) mb]
states in 10Be. There is also measured cross section to negative
parity states in 10Be, at around 6 MeV, but this is the result
of neutron removal from the 10Be core and such effects are
absent from our present two-body model. Our full dynamical
calculation yields an inclusive 0+ and 2+ state single neutron
removal cross section of 195 mb. This compares well with the
measured value of 219(31) mb [6].

B. Application to 17C

Another very interesting reaction system is the removal of a
single (weakly bound) neutron from 17C. The ground-state-to-
ground-state neutron separation energy is 0.729 MeV. How-
ever, the shell model predicts only a very small component of
the 16C(0+) ground state configuration in the 17C(3/2+) ground
state, with a spectroscopic factor of only 0.03 [14]. Thus,
within a conventional spherical spectator-core calculation,
this theoretical $ = 2 ground-state-to-ground-state neutron
knockout partial cross section is only 2 mb. Experimentally,
however, this partial cross section is measured to be 22(11)
mb [14]. The shell model suggests that the major 17C ground-
state spectroscopic strength (of 1.44) is associated with an
$ = 2 neutron coupled to the 16C(2+) core excited state with
E! = 1.77 MeV and thus with neutron separation energy of
2.5 MeV.

Here we model the 17C(J = 3/2+) ground state by use of
our quadrupole-deformed-core plus neutron model. As there
is vanishing shell model strength to the 16C(0+) core state, the
projectile wave function is described as a pure [1d5/2 " 2+]J
configuration, where the single particle radial wave function
R($sjI )J (r) is calculated in a central Woods-Saxon potential
(Vso = 0,#2 = 0) with radius parameter Rws = 1.25A

1/3
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FIG. 2. Dependence of the calculated stripping and diffractive
single-neutron removal cross sections, and their sum, upon the
assumed core deformation #2 for the 9Be(17C,16C)X reaction at
62 MeV per nucleon. The calculations are for a spectroscopic factor
of 1.

and diffuseness aws = 0.7 fm. For the calculations of the
deformed core-target S matrix we used a Woods-Saxon 16C
matter density with rms radius of 2.70 fm [17], a diffuseness
of 0.5 fm, and deformation #2. The choice of this deformation
is discussed below. The Gaussian 9Be target density was the
same as used in the 11Be projectile case, above. The value
of !̄NN was now 84.7 mb and, from the 100 MeV real to
imaginary nn and np amplitude ratios, 1.87 and 1.00 of [13],
"̄NN = 1.23.

In this 17C case, because of our assumed fully 2+ core
ground state, the core deformation #2 enters only into the
deformed core-target S matrix. The choice of a realistic 16C
core deformation is less clear. We note, for example, the
recent measurement by Imai et al. [19] of an anomalously
small B(E2 : 2+

1 # 0+) strength in 16C, with implications for
details of both the core structure and for its charge deformation.
Because, in the present application, core excitation is en-
tirely macroscopic and strong interaction induced, because of
Sc(bc, !!), further detailed consideration of this core structure
is quite beyond the scope of the present model, where it enters
only through a mass #2. We thus comment below on the
dependence of the calculated cross sections on a wide range
of assumed #2 values.

For such an orientation, we first assume a maximal mass
deformation, #2 = 0.55, typical of values extracted from
analyses of data from (surface dominated) light-ion and
heavy-ion induced inelastic scattering of 12C [20,21]. For
#2 = 0.55 the calculated single particle cross sections (for
unit spectroscopic factor) are !strip = 29.7 mb and !diff =
29.7 mb. When using the spherical Sc, !strip = 28.3 mb and
!diff = 11.8 mb. So, when including this maximally deformed-
core S matrix the inclusive diffractive cross section is increased
by 17.9 mb. Given that, in our model, we have incident flux
only in the 2+ core state channel, this enhanced diffractive
cross section may be expected to feed, predominantly, the 16C
0+ state. Once again, the stripping cross section is found to be
essentially unchanged by the core dynamics, consistent with
Ref. [7]. The dependence of our fully dynamical model !diff
and !strip on the assumed #2 value are shown in Fig. 2. The
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Conclusions	

•  Two-‐nucleon	  removal	  offers	  an	  efficient	  route	  to	  
detailed	  spectroscopic	  informa)on	  on	  low-‐lying	  states	  
in	  highly	  exo)c	  nuclei	  

•  Momentum	  distribu)ons	  offer	  detailed	  tests	  of	  
structure	  models	  
–  NSCL	  proposal	  on	  26Si(-‐2n)	  

•  Odd-‐odd	  systems	  more	  complicated	  (mixed	  I),	  but	  may	  
yet	  exhibit	  structure	  sensi)vity	  

•  KO	  from	  N=Z	  nuclei	  are	  intriguing:	  new	  final-‐state	  
exclusive	  measurements	  are	  required	  to	  provide	  robust	  
tests	  in	  stable	  nuclei	  
–  RIKEN	  proposal	  on	  12C(-‐np)	  

•  Rapid	  structural	  changes:	  
–  New	  (deformed)	  structure	  input	  (PSM,	  BCS+Nilsson)	  
–  Deformed	  reac)on	  dynamics	  descrip)ons	  
–  Dynamic	  core	  excita)on	  
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