
PHYSICAL REVIEW C 86, 064609 (2012)

Cross sections for one-neutron knock-out from 37Ca at intermediate energy
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The cross section for the knock-out of a deeply bound valence neutron from 37Ca at an incident beam energy
of 60A MeV has been measured along with momentum distributions of the residual nuclei and γ rays from
the de-excitation of the first excited state in 36Ca. As for other cases of deeply bound nucleons studied using
knock-out reactions, the reduction of the measured cross section compared to theoretical predictions is stronger
than those observed for near-magic stable nuclei. Both the momentum distributions and the excitation energy of
the first excited state in 36Ca indicate a sizable N = 16 gap.
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I. INTRODUCTION

The nuclear shell model makes detailed predictions about
the mixing of configurations forming individual states in a
nucleus. The relation between two states can be expressed by
means of the spectroscopic factor (SF). For a reaction where
one nucleon is removed from a nucleus with A nucleons, the SF
describes the parentage of the initial state of the nucleus A for
the final state in the product (with A − 1 nucleons) coupled to a
single nucleon with specific quantum numbers. Spectroscopic
factors can be calculated within the shell model, and they can
also be obtained from experiment. Within the shell model,
configuration mixings are calculated for the initial and final
states, and SFs are derived from the overlap of wave functions.
An experimental SF may be determined from the ratio of
a measured cross section and a theoretical single-particle
cross section. For the calculation of the single-particle cross
sections, a reaction model must be used and, consequently, the
experimental SF contains a model dependence.

For nuclei close to the drip lines and with deeply or loosely
bound nucleons, knock-out reactions with radioactive isotope
beams of intermediate energies allow one to measure the
SFs [1]. The single-particle cross sections are in this case often
calculated using an eikonal approximation for the reaction.
Experiments show that, for most nuclei near the valley of
stability, SFs measured using knock-out reactions or electron
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scattering are smaller than the value predicted by shell-model
calculations. This reduction can be expressed by using the ratio
of experimental and theoretical cross sections, Rs = σexp/σth,
which equals the ratio of SFs except for a center-of-mass
correction [1,2]. When using knock-out reactions or electron
scattering, typical values of Rs are around 0.6–0.7 for near-
stable nuclei [3].

In previous knock-out studies of deeply bound valence
neutron states, the 1d5/2 and 2s1/2 states in 32Ar and 34Ar,
respectively, significantly smaller Rs values have been reported
[2,4]. Experimental data from knock-out reactions and electron
scattering indicate a systematic correlation between Rs and the
difference in nucleon separation energy, �S, taken as Sn − Sp

and Sp − Sn for neutron and proton knock-out, respectively
[3]. In this study, Rs may be close to 1 for removing nucleons
of the weakly bound species, while Rs values down to 0.24
are measured for the removal of nucleons of the strongly
bound species. For the latter case, it is suggested that the
large quenching is due to correlation effects linked to the high
nucleon separation energy. However, in Ref. [5] an analysis
of SFs measured in (p, d) and (d, p) transfer reactions was
made for a range of nuclei with neutron separation energies
Sn from 0.5 to 19 MeV, and no systematic quenching of
the SFs as a function of Sn was observed. This observation
was confirmed in a study of, among others, 34Ar, using
(p, d) transfer reactions in inverse kinematics [6]. Here, also
indications for a dependence of the quenching on the optical
model potential used in the calculations have been found. An
explanation for the dependence of the quenching on �S for
oxygen isotopes has recently been proposed [7], where the
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SFs are calculated using an ab initio coupled-cluster approach
including continuum states. A different direction has been
taken by other authors, relying instead on a intranuclear-
cascade model [8].

The quenching observed in knock-out reactions may be
tested by measuring SFs in deeply bound nuclei near doubly
closed shells. In such nuclei, one can expect an enhanced
single-particle character and, subsequently, an increased re-
liability of shell-model predictions, reducing one possible
source of uncertainty. The focus of the present work is
on the one-neutron knock-out from 37Ca, producing 36Ca
at an average, mid-target beam energy of 50A MeV. The
nucleon binding energies of 37Ca are Sn = 14.8 MeV and
Sp = 3.0 MeV (�S = 11.8 MeV) [9]. Both nuclei have a
closed shell at Z = 20, and, as in the mirror nuclei 36S and
37Cl, a large N = 16 gap may be expected with a rather pure
single-particle character of the low-lying states.

II. EXPERIMENTAL SETUP

The experiment was performed at GANIL. The two-step
fragmentation technique was used to produce 36Ca ions. A
primary beam of 40Ca with an energy of 95A MeV was
fragmented on a 400 mg/cm2 carbon foil in the SISSI target
device [10]. The resulting beam cocktail was then purified
using the α spectrometer with a 521 μm Al degrader, optimized
for 37Ca fragments. The beam reached the secondary 9Be target
of 198(10) mg/cm2 thickness with an energy of 60A MeV
(for 37Ca). After the secondary target, the beamlike particles
emerge with energies around 38A MeV (for 37Ca) and enter
the SPEG spectrometer [11]. A slit to catch ions with high Bρ

was placed in SPEG to stop most of the secondary 37Ca beam
before it reaches the focal plane detectors.

An identification of the secondary beam particles was
obtained for each event from the time difference between the
high frequency (HF) of the cyclotron and the signal from
a particle detector placed 1.5 m in front of the beryllium
target. SPEG was used to identify the reaction products and to
measure their momenta. The time of flight between the particle
detector in front of the secondary target and the scintillator
stopping the beam at the end of SPEG was recorded for each
event. Together with the magnetic rigidity measurement, an
A/Q identification was obtained. The Z identification was
provided by the energy losses measured in the ionization
chambers of SPEG. The total energy deposited in the beam-
stopping scintillator provided a secondary A/Q identification,
and the energy losses in the drift chambers gave a secondary
Z identification. Events were selected for further analysis
only if both A/Q and both Z identifications agreed. Figure 1
demonstrates that the particle identification after the secondary
target allowed for an unambiguous selection of 36Ca events.

Gamma-ray energies were measured with the Château de
Cristal, an array of 74 BaF2 detectors [12], that surrounded the
beryllium target. The γ -ray detectors were calibrated using a
22Na source and known transitions in the nuclei 28Si, 32S, 34Ar,
29Si, and 33Cl. Excited states in these nuclei were produced in
the secondary target from different beam components. The
detection efficiency of the Château de Cristal at energies up to
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FIG. 1. (Color online) Particle identification matrix in the focal
plane of SPEG, without selection of the secondary beam component.
The nucleus 36Ca (encircled) is clearly separated from other nuclei.

1.3 MeV was determined using 60Co and 152Eu sources. Using
a GEANT-4 [13] simulation, efficiencies were then extrapolated
to higher γ -ray energies. While the agreement between the
simulated and measured efficiencies is better than 2%, we
have included in the calculations an estimated uncertainty
of 5% for efficiencies that are extrapolated to 3 MeV. An
add-back procedure was applied to improve the peak-to-total
ratio. The Doppler correction of γ -ray energies from in-flight
decays employed the momentum measured in SPEG. The
lifetime of the 2+

1 state in 36S is 75(20) fs [14], but for 36Ca,
the corresponding lifetime is unknown. If the lifetime was
twice as large as in 36S, the mean flight path before decay would
be only ≈ 2% of the target thickness, so that stopping effects
are neglected. As the calculated knock-out cross sections
depend only weakly on the projectile energy, it was assumed
that the γ rays were emitted in the center of the beryllium
target.

III. EXPERIMENTAL RESULTS

The total γ -ray energy spectrum obtained for 36Ca is shown
in Fig. 2. The energy of the 2+ state in 36Ca was determined
to be E(2+) = 3036(11) keV. The given uncertainty value
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FIG. 2. (Color online) Comparison of experimental (black line)
and simulated (magenta squares) Doppler-corrected γ -ray energy
spectra for 36Ca.
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includes the calibration and the peak fit uncertainties. The
excitation energy obtained in this experiment is in agreement
with the value of E(2+) = 3015(16) keV measured at GSI
[15]. Figure 2 includes a simulation of the emission of a single
γ ray of 3036 keV from 36Ca. Given the good agreement of
the two spectra, we conclude that no other states decaying
by γ -ray emission were populated and that all γ -ray energies
between 1.2 and 3.3 MeV originated from the decay of the
2+ state. From the simulation, the efficiency of the Château
de Cristal for measuring either full absorption or a Compton
escape with Eγ � 1.2 MeV is 35%.

The total momentum distribution for the detected 36Ca
nuclei was measured by using SPEG. The 7% momentum
bite of SPEG (the part that is common over two sets of our
measurements) runs from 9260 to 9860 MeV/c. Within this
range, acceptance corrections are not necessary [11]. The part
of the distribution that is in coincidence with a γ ray was
scaled by the detection efficiency to obtain the momentum
distribution for the 2+ state. As no other excited states are
populated, the ground-state momentum distribution is then the
difference between the total and 2+-state distributions.

IV. DISCUSSION

The knock-out code MOMDIS [16] was used for the calcu-
lation of single-particle cross-sections as well as parallel and
transverse momentum distributions. A Woods-Saxon potential
was parametrized with a diffuseness of 0.7 fm. The potential
depth V0 and radius r0 were adjusted for both the ground state
and the 2+ state to reproduce the effective separation energy
−E = Sn + Ex and the rms core-neutron separation rrms =√

A/(A − 1)rHF [1,17], where rHF was calculated alternatively
with a SLy4 [18] and a SkX Skyrme force [19]. The spin-orbit
parameters were chosen as Vso = −7 MeV for its strength,
rso = A1/3 fm = 3.3 fm for its radius and aso = 0.7 fm for its
diffuseness. The result of the Woods-Saxon parametrization is
given in Table I. For the beryllium target nuclei, a Gaussian
matter distribution with a radius of 2.36 fm, modulated with
Zt/At for protons and Nt/At for neutrons, was assumed [4,16].
The density distribution of the core was calculated in a
Hartree-Fock approach for protons and neutrons separately,
first with a SLy4 and then a SkX force. The radius of the
residue equals rHF = 3.31 fm for SLy4 and 3.29 fm for the
SkX parametrization [20].

The comparison of experimental and calculated momentum
distributions requires that the different energy losses of 36Ca

TABLE I. V0 and r0 parameters for the SLy4 and SkX forces used
in the Momdis cross section and momentum distribution calculations
that allow one to obtain the separation energy −E = Sn + Ex and
core-neutron separation rrms.

Force V0 r0 E rrms

(MeV) (fm) (MeV) (fm)

1d3/2 SLy4 −59.1 3.88 −14.8 3.36
2s1/2 SLy4 −61.5 3.95 −17.8 3.36
1d3/2 SkX −61.7 3.76 −14.8 3.29
2s1/2 SkX −64.8 3.78 −17.8 3.29

FIG. 3. (Color online) Comparison of experimental (black line)
and simulated momentum distributions after one-neutron knock-out
from 37Ca, leading to the 2+ excited state in 36Ca (a) and to the
ground state of 36Ca (b). At high momenta, the experimental spectra
are cut by the slit in SPEG. The simulated distribution for the 2+ state
with a ratio (� = 0:� = 2) = 80:20 is shown in blue, the combination
(� = 0:� = 2) = 20:80 in magenta, and the � = 2 simulation for the
ground state in red. See text for details.

and 37Ca ions in the target be taken into account. A Monte
Carlo simulation of the knock-out reaction was used for this
purpose. Momentum distributions parallel and perpendicular
to the direction of the incoming particle were obtained with
MOMDIS for a set of laboratory energies as the beam particle
passes through the target. These distributions were interpolated
and sampled according to the energies of the particles at the
reaction point in the beryllium target, taking into account the
energy loss of the ion.

The experimental momentum distributions for the ground
state and the excited 2+ state in 36Ca are compared to simulated
� = 0 and � = 2 momentum distributions in Fig. 3. It has
been observed in other experiments that the distributions at
low momenta are affected by deviations from eikonal theory
[21–23]. Energy-threshold effects have been seen to cause
a steep cutoff at the higher end of the parallel momentum
distributions, while dissipative processes and nucleon-removal
dynamics have been shown to induce a low-momentum
tail especially for large values of �. At our beam energy
of 60A MeV, the high-energy cutoff is expected to occur
at about 9780 MeV/c. The presence of a slit in SPEG,
necessary to suppress the scattered primary beam, prevents
us from making any further statement on this. As explained
above, the momentum acceptance of SPEG of 7% would
affect the measured distributions below 9260 MeV/c. The
low-momentum tail therefore cannot be reliably considered.
To exclude any possible distortions, the fit of the momentum
distribution only covers the range from 9500 to 9740 MeV/c.

We find that the experimental distribution for the ground
state, for which only � = 2 is allowed, is slightly narrower
than the simulated one. For the excited 2+ state, a χ2 value of
1.43 is obtained for a ratio of 80% of � = 0 to 20% of � = 2.
Figure 4 shows the behavior of this χ2 as a function of the
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FIG. 4. Dependence of χ 2 of the fitted momentum distribution
after one-neutron knock-out from 37Ca, leading to the 2+ excited
state in 36Ca, on the fraction of � = 0 it contains. See text for details.

� = 0 fraction. The fit itself agrees well with the data over the
fitting range but, due to the excess momentum spread in the
simulation that we mentioned, the actual � = 0 contribution
might be slightly lower. If the momentum range is extended
to lower values, the χ2 value deteriorates rapidly. The χ2

minimization yields an uncertainty of around 20% for the �

contributions, excluding systematic errors in the calculated
energy-loss difference of 36Ca and 37Ca in the beryllium
target. Even though the binding energy of 15 MeV of the
ejected neutron is not negligible compared to the energy of the
beam of 60A MeV, slowing down to 38A MeV when it passes
through the target, the agreement of the calculated momentum
distribution with the data warrants the eikonal approximation
of the reaction model.

Our data show a distribution that is narrower than the fit
based on the simulation. The absence of a dissipative tail at
low momentum in our data can be compared to data reported
in the literature [2]. The neutron knock-out on 32S, 33Cl, and
34Ar to the ground state in the final nucleus did not show a
significant tail till the distribution had dropped to about 1/4 of
its maximum height. In these three cases, the ratio of nucleon
separation energy to beam energy per nucleon is not far from
our case. We may thus possibly expect a deviation from a
Gaussian profile at the leftmost range of our measurement
while, for the bigger part of the distribution, the absence of
a significant tail indicates that the eikonal approximation is
appropriate.

To determine cross sections for the production of 36Ca,
the momentum distributions were integrated and extrapolated
beyond the SPEG slit. For this extrapolation, the ratio between
the integrals of the simulated (without slit) and experimental
(with slit) momentum distributions was used. A 15% uncer-
tainty for the extrapolation area was included to account for
uncertainties stemming from the width of the distributions as
discussed above. The total cross section was then determined
in two ways. The first technique was to select a time-difference
window corresponding to 37Ca between the cyclotron HF and
the particle detector just in front of the target, and then to
count the incoming 37Ca ions with a scaled-down particle
trigger on this detector. The 36Ca ion count was determined
from the extrapolated SPEG momentum distributions. This
method yields a cross section for the production of 36Ca of

5.4(5) mb. The second method makes use of a calibration run
from just before the start of the 36Ca production runs. In this
run, the beam intensity was reduced, the SPEG slit removed,
and the Bρ of SPEG adjusted for 37Ca. Therefore, the 37Ca ions
could be counted with SPEG, and, by assuming that the beam
composition did not change with the intensity increase, the
cross section can be calculated from the ratio of 36,37Ca to the
total number of beam particles, counted by a scaler. With this
method, a production cross section of 5.8(5) mb was obtained.
Both values agree within uncertainties, and the average of
5.6(5) mb for the production of 36Ca is adopted. This cross
section does not account for the possible decay of the 2+ state
in 36Ca by proton emission. The proton separation energy Sp is
only 2.56(4) MeV [9]. Proton emission cannot be detected with
the present experimental setup, and the measured total cross
section has to be considered as a lower limit. The branching
ratio B for populating the two final states was obtained from the
ratio of integrals of the extrapolated momentum distributions.
The branching ratio was then used to calculate the partial cross
sections and the SF.

Single-particle cross sections σsp were calculated with
MOMDIS for a mid-target energy of 50A MeV. Theoretical
spectroscopic factors C2Sth were calculated with the code
ANTOINE [24,25] by taking the USD interaction [26]. When
using the modified interactions USDm and USDm2 described
in [15], where the single-particle energies are directly taken
from excited states in the mirror nuclei 17O and 17F to
reproduce explicitly the mirror energy differences in 36Ca-36S
and 32Ar-32Si, respectively, or otherwise the updated USDB
interaction [27], the calculated spectroscopic factors vary from
0.91 to 0.94 for the ground state and from 1.10 to 1.16 for the
excited state, the USD values being in the middle with 0.92
and 1.13.

The theoretical cross section σth is the product of σsp, C2Sth,
and a center-of-mass correction term [28]. The branching
ratios, cross sections, and spectroscopic factors are summa-
rized and compared to the theoretical values in Table II. The
uncertainties given for the experimental cross sections are
dominated by the statistical errors, in particular 24% due the
subtraction of the excited state in case of the ground state, to
which is added 5% for the target thickness and 5% for the
beam identification, followed by smaller contributions from
particle-detector efficiencies and estimated uncertainties for
the simulation-based extrapolations. For the single-particle
cross sections and the derived experimental SF, neither the
uncertainty from the choice of parameters for the knock-out
reaction calculation with MOMDIS nor uncertainties in the
radius stemming from the parameter choice in the Hartree-
Fock calculation were taken into account.

The calculated cross section for the ground state amounts
to σth = 9.04 mb for SLy4 and 8.93 mb for SkX. Including
the effects from Pauli blocking in the MOMDIS code [16,29]
increases the cross sections by 3% and one obtains σth =
9.30mb for SLy4 and 9.18mb for SkX. The latter values
result in a reduction factor, defined as the ratio of the
experimental and theoretical cross sections, of Rs = 0.34(7)
or 0.35(8) for SLy4 or SkX, respectively. We may conclude
that the choice of interaction that was used to calculate the
density distributions has little effect on the final result. At
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TABLE II. Branching ratios B and measured partial cross sections σexp extracted from the momentum distributions of 36Ca in comparison
with theoretical single-particle cross sections σsp, spectroscopic factors C2Sth, and theoretical cross sections σth. Pauli blocking was applied for
the calculation of the cross sections, with the SLy4 and SkX forces.

State Ex(keV) n�j B(%) σexp(mb) σsp(mb) C2Sth lσth(mb) Rs Force

0+ 0 1d3/2 57(11) 3.2(7) 9.57 0.92 9.30 0.34(7) SLy4
9.45 9.18 0.35(8) SkX

2+ 3036(11) 2s1/2 43(11) 2.4(6)a 11.6 1.13 13.9 0.17(5)a SLy4
11.4 13.6 0.18(5) SkX

aLower limit assuming no proton emission; see text.

�S = 11.8 MeV, our Rs value fits well into the systematics
given by Gade et al. [3].

For the excited 2+ state, we compute a theoretical cross
section with Pauli blocking of σth = 13.9 mb for SLy4 or
13.6mb for SkX. The reduction factor obtained, Rs = 0.17(5)
or 0.18(5), is unusually low. Because, as mentioned above,
proton emission could not be detected, and as the branching
ratio between the γ and proton channels is not known, the
actual number of 36Ca ions produced in the 2+ state cannot
be determined. As Ex exceeds Sp by about 0.5 MeV, proton
emission must be expected and we assume that unobserved
proton emission is the reason for the small Rs value. Therefore,
our Rs value for the 2+ state represents only a lower limit.

V. CONCLUSION

The high excitation energy of the 2+ state of more than
3 MeV establishes a large N = 16 shell gap and points toward
rather pure configurations of the ground and the 2+ state
in 36Ca. Shell-model calculations with the USD interaction
predict pure s and d configurations for the ground and excited
states, respectively, where admixtures of other configurations
only sum up to about 10%. The width of the measured

momentum distributions, relying on a pure � = 2 character for
the ground state and a fitted mixture of (� = 0:� = 2) = 80:20
for the excited 2+ state, agrees well with these calculations and
is experimental support for the existence of a large N = 16
neutron subshell gap in 36Ca similar to the proton Z = 16
subshell gap in 36S.

Our measured reduction factor for the ground state of
a doubly closed shell nucleus with deeply bound valence
neutrons falls within the systematics for other nuclei with
deeply bound nucleons that have been studied in knock-out
reactions. It could be interesting to compare this result with
coupled-cluster calculations, which recently have been able to
move up to the calcium isotopes [7,30].
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