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Two-proton knockout 
on neutron-rich nuclei
✤ Direct process

✤ Path through sequential process 
energetically forbidden

✤ See J. A. Tostevin et al., PRC 70, 
064602 (2004)

✤ Spectroscopic information can 
be obtained from this type of 
reaction
✤ Reaction drives towards more 

neutron-rich species

Upon simplifying the remainder of the angular momen-
tum coupling coefficients we can write
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# !
KQ

#! $Q

K̂2
'direct ! exchange( , #11$

and where

direct) #! $I!j1!j2!W#j1j1!j2j2!;KI$*j1!!1!%FK!Q#b$%j1!1+

#*j2!!2!%FKQ#b$%j2!2+ , #12$

exchange) #! $ j2!!j1W#j1j2!j2j1!;KI$*j2!!2!%FK!Q#b$%j1!1+

#*j1!!1!%FKQ#b$%j2!2+ . #13$

Referring back to Eq. (5), we note that the stripping cross
section $

str

#f$
, to a given residue final state f , with angular

momentum Jf, is now calculated using Eq. (11), since
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C. Isospin dependence

The inclusion of isospin labels in Eq. (1) and the subse-
quent equations leads to rather simple modifications. Equa-
tion (1) becomes
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Thus, isospin introduces an additional phase factor of
#!$1+T in front of the exchange term in Eq. (11), in which
equation the two-nucleon amplitudes C are now also depen-
dent on T. In addition, the final expression for the stripping
cross section, Eq. (14), must be multiplied by the square of
the usual overall isospin coupling Clebsh-Gordan coefficient
#T&Tf& f %Ti&i$.

III. APPLICATION TO TWO-PROTON KNOCKOUT

FROM 28Mg

It has recently been proposed that two-proton removal
from a neutron-rich system at high energy proceeds as a
direct reaction [21]. The evidence was offered by both the
measured inclusive cross section of the 9Be#28Mg,26Ne$X re-
action and also by the parallel momentum distribution of the
reaction residues. The energetics of the N=16 isotones,
shown schematically in Fig. 2, also suggest strongly that
direct two-proton #!2p$ removal is the only expected route
to the observed bound 26Ne final states. Different approxima-
tions to the treatment of the structure of 28Mg, within the
eikonal reaction theory, were also considered in Ref. [21].
We are now in a position to discuss and elaborate upon these.
We concentrate, however, on the quantitative description of
the integrated and partial knockout cross sections.
Specifically, we consider the knockout of two protons

from 28Mg #0+$ at 82.3 MeV/nucleon incident energy and
assume, consistent with data, that final states will be popu-
lated with 26Ne#J%$ residues in the 0+ ground state and the
2+ #2.02 MeV$, 4+ #3.50 MeV$, and second 2+ #3.70 MeV$
excited states [21,24–26]. The theoretical excited state ener-
gies from the shell model are in precise agreement with ex-
periment. The measured cross sections to the four final
states, $expt#Jf

%$, are collected in Table I.
The S matrices in Eq. (14) are calculated from assumed

core and target one-body matter densities using the optical
limit of Glauber theory [13,27]. A Gaussian nucleon-nucleon
(NN) effective interaction is assumed [11] with a range of
0.5 fm. This calculates residue- and nucleon-target S matri-
ces and corresponding reaction cross sections in line with
measurements in the 50–100 MeV/nucleon energy range,
e.g., [28]. The strength of the interaction is determined, in
the usual way [29], by the free pp and np cross sections and
the real-to-imaginary ratios of the forward NN scattering am-
plitudes, "pp and "np. The latter are, however, of no conse-
quence for the calculation of the stripping term under discus-
sion, which is determined by the %Si%2. Densities of the target
and the core were also assumed to have Gaussian shapes

FIG. 2. Energy diagram of the neutron-rich N=16 isotones
28Mg, 27Na, and 26Ne, showing the single-neutron #+$ and proton
#%$ separation energies for each nucleus. The diagram shows that

nondirect population of the bound states of 26Ne, by one-proton

removal to excited 27Na followed by proton evaporation, would

involve states high above the (much lower) neutron evaporation
threshold and so is expected to be negligible.

TOSTEVIN et al. PHYSICAL REVIEW C 70, 064602 (2004)
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Knockout reactions

✤ Surface dominated collision with a light target
✤ Stripping or inelastic breakup: removed nucleon absorbed - target is excited or even 

broken
✤ Diffraction or elastic breakup: removed nucleon elastically scattered - target stays in 

its ground state
✤ 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
✤ Sudden/adiabatic approximation and eikonal model
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Previous experiment: 9C and 8B

✤ Study of elastic and inelastic 
parts of cross section
✤ One-proton knockout on 9C and 8B
✤ HiRA array used in coincidence with 

S800
✤ Clear kinematical differences 

between elastic and inelastic 
breakup

✤ Proportions calculated with eikonal 
model agrees with observations very 
well

✤ See D. Bazin et al., PRL 102, 232501 
(2009)

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

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

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

could be inferred from the excellent agreement between
the CDCC theory and the observed distributions at larger
angles. Percentages of unobserved cross section of 15(3)%
and 28(5)% were calculated for the 9C and 8B elastic
breakup cross sections, respectively, using the CDCC dis-
tributions. The error bars on the corrections were deter-
mined from the minimum "2 þ 1 uncertainty band, by
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FIG. 2 (color online). Energy sum spectra of the one-proton
knockout residue and the light particles detected in coincidence
in the HiRA detector array for 9C (top) and 8B (bottom)
projectiles. The sharp peak corresponding to elastic breakup is
visible in proton coincidence events, whereas it disappears for
deuteron and other inelastic coincidence events (see text). The
inelastic and elastic components of the fit are shown, as well as
the location of the cut indicated by the double arrow. The tail of
the inelastic component leaking into the elastic peak amounts to
33% and 25% for the 9C and 8B breakups, respectively. The
amount of elastic component leaking into the inelastic peak is
negligible, due to the narrow width of the elastic peak.
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FIG. 1 (color online). Two dimensional spectra of the energy
of protons and of the heavy residue in one-proton knockout
reactions from 9C (top) and 8B (bottom) projectiles, respectively.
The narrow bands of constant energy sum correspond to elastic
breakup whereas other events are associated with inelastic
breakup (see text). The small fluctuations in number of counts
are due to the way the spectra were produced, by adding the data
from the various magnetic rigidity settings used during the
experiment.
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varying the amplitude of the CDCC cross sections until the
reduced !2 relative to the data were increased by 1. After
combining the data from the various magnetic rigidity
settings necessary to cover the momentum distributions
of the heavy residues, correcting for detector efficiencies
and the finite angular acceptance of the S800, the inte-
grated proton scattering angle distributions yielded cross
sections of 13.8(6) mb and 49(2) mb for the elastic breakup
cross sections of 9C and 8B, respectively. The error bars
include all contributions from the aforementioned analysis,
the largest being the error on the correction due to the lack
of angular coverage of the HiRA array between 0! and 10!.

The inclusive cross sections were obtained from the
measured momentum distributions of the residues, for
which no coincidence with the HiRA array was required.
No corrections due to the limited angular acceptance of the
HiRA array were therefore necessary. The cross sections
were extracted by integrating the momentum distributions,
following the procedure adopted in previous inclusive
knockout reaction works (see for example [17]). The val-
ues obtained are 56(3) mb and 127(5) mb for the
9Beð9C; 8BÞY and 9Beð8B; 7BeÞY reactions, respectively.
They are also in good agreement with the earlier results
of Enders et al. [9].

In summary, our experiment has measured the elastic
and inelastic components of the one-proton removal reac-
tion cross section. Our extended proton detection geome-
try, which includes parts of the final-state phase space

where both the diffraction and stripping mechanisms con-
tribute significantly, meant that the kinematic differences
between the two reaction mechanisms were very apparent
in the experimental data. Moreover, our analysis has shown
that the observed diffraction and stripping contributions are
very well reproduced by the eikonal model, as are shown in
Table II. These results add considerable support to the use
of the eikonal model as a quantitative tool, able, for ex-
ample, to determine single-particle spectroscopic strengths
in rare isotopes.
This work was supported by the National Science
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TABLE II. Measured and theoretical diffraction (including
Coulomb) components of the one-proton knockout cross section
for 9C and 8B. The calculated diffraction component agrees very
well with the observation in both reactions. The large error bars
in [9] come from the inclusive method used in that experiment.
The theoretical inclusive cross sections are shown, which include
center-of-mass correction factors A=ðA$ 1Þ. The deduced re-
duction factors RS ¼ "exp="th are also shown, as are the results

from previous measurements.

Proj. %diff
a %diff

b %diff[9] "th (mb) RS
a RS[9] RS[11]

9C 25(2) 26.8 26(10) 62.90 0.84(5) 0.82(6) -
8B 38(3) 37.1 28(14) 144.28 0.88(4) 0.86(7) 0.88(4)

aThis work
bCalculated (from Table I)
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FIG. 3 (color online). Proton scattering angular distributions
obtained for 9C (top) and 8B (bottom) elastic breakup events,
after subtraction of the inelastic contamination using the fitted
energy sum spectra (see Fig. 2). Also shown are the results from
a CDCC calculation of the same quantity. The CDCC distribu-
tions are used to deduce the amount of unobserved cross section
due to the lack of angular coverage between 0! and 10!, after
(minor) normalization to the data.
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Goal of experiment e06006

✤ Study proportions of elastic 
breakup in two-proton reaction
✤ 3 scenarios possible

✤ Both protons removed inelastically
✤ One proton elastically removed, the other 

not (times two)
✤ Both protons elastically removed

✤ Eikonal model calculates cross 
sections for each scenario
✤ See J. Tostevin & B. A. Brown, PRC 74, 

064604 (2006)
✤ Branching ratios already measured from 

experiment 01013 using S800+SeGA
✤ Expected cross section for double diffraction 

channel: 0.1 mb

J. A. TOSTEVIN AND B. A. BROWN PHYSICAL REVIEW C 74, 064604 (2006)

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
α 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 φj 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 σ (f ) arising
from the stripping, σ

(f )
str , the stripping-diffraction σ

(f )
str-diff(=

σ
(f )
diff,1 + σ

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

(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 σ (f ) from
28Mg and 54Ti on a 9Be target showing their stripping, σ (f )

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

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

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

J π
f E (MeV) σ

(f )
str σ

(f )
str-diff σ

(f )
diff σ (f ) σexpt [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)

064604-60.84 0.58 0.1
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Experimental setup

✤ S800
✤ Collect and identify 26Ne residues
✤ Two rigidity settings necessary to 

cover full parallel momentum 
distribution

✤ HiRA
✤ Detect high energy protons in 

coincidence
✤ Use ∆E-E with DSSD + CsI to 

identify protons
✤ Angular coverage between 10° and 

50°, by moving target forward 15 cm 
(3 holes on table)

50

40

30

20

10

0

Sc
at

te
ri

ng
 a

ng
le

 a
t t

el
es

co
pe

 c
en

te
r

151050

Telescope number

 Nominal distance (radius = 50 cm)
 Target downstream by 20 cm

Wednesday, June 23, 2010



Rate estimation

✤ Target thickness compromise
✤ Increase reaction rate - reduce energy broadening due to differential energy loss
✤ Choice: 9Be 100 mg/cm2

✤ Differential energy loss between 28Mg and 26Ne: 22 MeV (similar to width obtained 
during the 9C experiment)

✤ Expected rate
✤ Expected rate of 28Mg radioactive beam on target: 3.105 pps
✤ Expected rate for double diffraction channel (cross section of 0.1 mb): 0.2 pps
✤ Solid angle efficiency of HiRA for two protons: ~ 5% (need real value for new 

geometry)
✤ Rate for double diffraction events: 36 / hour
✤ 72 hours give about 2,500 counts
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Precise measurement 
on one-proton knockout
✤ Use thin 9Be target (9 mg/cm2)

✤ Reduce width of diffraction peak to ~ 1 MeV
✤ Eikonal calculation of one-proton knockout cross section to 27Na g.s. (remove 

valence proton from d5/2 orbital)
✤ Stripping (inelastic): 10.9 mb
✤ Diffraction (elastic): 2.4 mb

✤ Rate estimation
✤ Diffraction channel: 0.5 pps
✤ HiRA solid angle efficiency: ~ 20%
✤ Estimated rate for diffraction events: 360 / hour
✤ 12 hours give about 4,000 counts
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Experiment planning

Goal Beam Target Time

Calibrate CsI 1H
197Au 

20 mg/cm2 6 hours

one-proton 
knockout

28Mg
9Be

9 mg/cm2 12 hours

two-proton 
knockout

28Mg
9Be

100 mg/cm2 72 hours
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To-Do list

✤ Scattering chamber configuration
✤ Remove MCP detectors and collimators
✤ Move target drive downstream by 15 cm (3 holes on table)
✤ Mount targets and target ladder
✤ Position camera for new target location and check image
✤ Check target drive control

✤ Trigger
✤ Need OR from DSSD for coincidence (good timing)
✤ Trigger in S800 trigger box (FPGA) sent back to HiRA electronics
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To-Do list (continued)

✤ Readout
✤ Same readout code as for previous experiments e07037 and e06035
✤ HiRA readout with only DSSD + CsI 
✤ Install software on account e06006 (readout, SpecTcl, eLog)
✤ Test it! (beware of recent upgrades from computer department)

✤ Run organization
✤ Read and acknowledge experimenter responsibilities
✤ Need one HiRA specialist and one S800 specialist per shift
✤ Sign up for shifts in Data-U6
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