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Saint Mary’s University, 923 Robie St., Halifax, Nova Scotia B3H 3C3, Canada
Johannes Gutenberg Universität, 55099 Mainz, Germany
Paul Scherrer Institut, 5232 Villigen, Switzerland
Institut Pluridisciplinaire Hubert Curien IN2P3-CNRS/Université Louis Pasteur, F-67037 Strasbourg Cedex 2, France
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Abstract. Results are presented from a one-neutron knockout experiment at relativistic energies of ≈
420 A MeV on 51–55 Sc using the GSI Fragment Separator as a two-stage magnetic spectrometer and the
Miniball array for gamma-ray detection. Inclusive longitudinal momentum distributions and cross-sections
were measured enabling the determination of the contributions corresponding to knockout from the νp1/2 ,
νp3/2 , (L = 1) and νf7/2 , νf5/2 (L = 3) neutron orbitals. The observed L = 1 and L = 3 contributions
are compared with theoretical cross-sections using eikonal knockout theory and spectroscopic factors from
shell model calculations using the GXPF1A interaction. The measured inclusive knockout cross-sections
generally follow the trends expected theoretically and given by the spectroscopic strength predicted from
the shell model calculations. However, the deduced L = 1 cross-sections are generally 30–40% higher while
the L = 3 contributions are about a factor of two smaller than predicted. This points to a promotion of
neutrons from the νf7/2 to the νp3/2 orbital indicating a weakening of the N = 28 shell gap in these nuclei.
While this is not predicted for the phenomenological GXPF1A interaction such a weakening is predicted
by recent calculations using realistic low-momentum interactions Vlowk obtained by evolving a chiral N3LO
nucleon-nucleon potential.
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1 Introduction

2 Experimental setup

The modiﬁcation of shell structure in neutron-rich nuclei
is at the center of a number of current experimental and
theoretical studies (see refs. [1,2] for recent reviews). In
particular the evolution of eﬀective single-particle energies due to the monopole component of the tensor interaction has been found to be an important driver of
shell modiﬁcations [3–5]. More recently the role of threebody forces has been discussed [6] as contributing substantially to the shell modiﬁcations leading to the new
doubly magic nucleus 24 O [7,8]. Shell model calculations
for the pf -shell with a phenomenological interaction that
includes these eﬀects (GXPF1,GXPF1A) [9–11] predict
a new neutron shell closure at N = 34 for the Ca isotopes. However, this prediction remains controversial since
shell model calculations with the KB3G interaction [12–
15] and the related UPF interaction [16] as well as beyondmean-ﬁeld calculations [17] support the well-established
N = 32 νp3/2 sub-shell closure but not a sizable N = 34
gap.
While it has not been possible so far to directly investigate the structure of 54 Ca itself, there has been signiﬁcant
activity on studying the nuclei in its direct vicinity [16,
18–32]. However, the picture that has emerged from this
experimental information is not completely clear regarding the existence of the N = 34 shell closure in 54 Ca and
more data are clearly needed. In addition, recent calculations using realistic low-momentum interactions Vlowk obtained by evolving a chiral N3LO nucleon-nucleon (N N )
potential [33] indicate a substantially diﬀerent evolution of
single-particle energies in the Ca isotopes relative to phenomenological interactions such as GXPF1A. These calculations attribute the origin of the N = 34 shell gap to
eﬀects of three-nucleon forces. At the same time these calculations show that the use of realistic interactions leads
consistently to a lowering of the νp3/2 orbital between
N = 28 and N = 34, eﬀectively eliminating the N = 28
shell gap in 54 Ca. These calculations also show good agreement with neutron separation energies deduced from most
recent mass measurements of neutron-rich Ca isotopes up
to 52 Ca [34].
In this context the investigation of the evolution of
the active neutron single-particle orbitals in the odd-Z
Sc isotopes may add important additional information.
Knowledge on excited states in the neutron-rich Sc isotopes 51–54 Sc was recently substantially extended [16,26,
30]. In the present paper we report on results from the oneneutron knockout at relativistic energies from the scandium isotopes 51–55 Sc. Results on 55 Ti from the same
experiment were already reported in [32] and showed
good agreement with shell model predictions obtained
with the GXPF1A interaction for a 1/2− ground state in
55
Ti. Here we report on inclusive knockout cross-sections
and momentum distributions from which the contributions of L = 1 and L = 3 knockout from neutrons
in the pf -shell orbitals were extracted. The results are
compared with theoretical nucleon-removal reaction crosssections using spectroscopic factors from shell model calculations.

The experiment was performed at the GSI Helmholtzzentrum für Schwerionenforschung at Darmstadt (Germany).
The UNILAC and SIS accelerator complex provided a
500 A MeV 86 Kr primary beam with an intensity of up to
109 particles per second. The secondary beams of 51–55 Sc
were produced in a fragmentation reaction in a 9 Be target
(1625 mg/cm2 ) positioned in front of the GSI fragment
separator (FRS) [35]. The four 30◦ magnetic dipoles of
the separator were used as a two-stage spectrometer. The
primary fragments of interest (A
21 ScN ) were identiﬁed in
the ﬁrst separator stage on an event-by-event basis. The
secondary 9 Be target (1720 mg/cm2 ) for the knockout reaction was placed at the middle focal plane (F2) of the
FRS. The reaction energy of the primary fragments in the
middle of the secondary target was ≈ 420 A MeV. The
second FRS stage was used for the identiﬁcation of the
A−1
21 ScN −1 residual nuclei.
Figure 1 schematically shows the FRS set-up and the
detector assemblies at the diﬀerent focal planes of the
FRS. Scintillation counters (Sci) at F1, F2, and F4 were
used to measure the time-of-ﬂight (TOF) from F1 to F2
and F2 to F4, respectively, and thus the velocity β = v/c
of the fragments. Multi sampling ionization chambers
(MUSIC) at F2, before the secondary target, and at F4
were used for energy loss measurements of the fragments
from which the nuclear charge Z of the fragments was
determined.
The position of the fragments was measured with six
time projection chambers (TPC) [36], two each in front
and after the knockout target at the middle focal plane
(F2) of the FRS and the last two at the ﬁnal focus (F4).
The magnetic rigidity Bρ of each fully stripped fragment
(atomic charge q = nuclear charge Z) was determined from
the measured position and the known magnetic ﬁelds of
the FRS magnets.
The momentum of the particle,
p = βγ · A · m0 = Bρ · q,
and the mass-to-charge ratio,
Bρ
A
=
,
q
βγ · m0
were determined from the measured
 quantities on an
event-by-event basis. Here γ = 1/ 1 − β 2 and m0 =
931.5 MeV/c2 .
The detector systems were calibrated using a primary
48
Ca beam. For the isotopes of interest a mass and charge
resolution of ΔA = 0.28 and ΔZ = 0.22 were measured,
respectively. The identiﬁcation of the incoming and outgoing fragments at the knockout target allowed the selection
of the reaction of interest (see ﬁg. 2).
The TPC pairs were separated by 1690 mm (before the
knockout target), 920 mm (after the knockout target) and
1490 mm at F4, respectively, providing the measurement
of incident and emergent angles of the fragments at F2
and F4. This enabled the reconstruction of the ﬂight path
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Fig. 1. Sketch of the FRS and the detector systems at the focal planes F2 and F4.

within the FRS. The two stages of the FRS were operated
in a dispersion matched mode with a chromatic focus at
F2 and an achromatic focus at F4. With this mode both
the momentum of the incoming and the outgoing fragment
could be measured and therefore the momentum transfer
induced by the reaction could be determined. A detailed
description of the method of momentum analysis will be
given in sect. 4.
Gamma rays emitted from excited states populated in
the knockout reaction were measured by the eight clusters
of the Miniball spectrometer [37]. Each cluster contains
three six-fold segmented high-purity germanium (HPGe)
crystals. All clusters were mounted downstream of the target at a central angle of 40◦ with respect to the beam axis
and a distance of about 290 mm from the center of the
target to the front of the HPGe crystals. The azimuthal
angle between neighboring cluster centers was 45◦ . This
arrangement takes advantage of the Lorentz boost of the
solid angle in the forward direction. Using the segmentation of the detectors an improved Doppler correction
could be performed for the fast moving residual nuclei
(β = 0.7), leading to a FWHM resolution of 40 keV for
gamma-ray energies of ≈ 580 keV in the c.m. system of
the emitting nucleus. By tagging on a transition in the
gamma-ray spectrum, the population of excited states in
the residual nuclei can be selected, which allows for the
exclusive measurement of the momentum distribution associated with this state. This was used in the case of 52 Sc,
which will be discussed later on.

3 Cross-section measurement
For the determination of the knockout cross-section the
number of reactions within the target has to be measured,

which is related to the ratio of the number of residual reaction products to the number of incoming primary fragments at the knockout target.
In order to determine the rate of incoming primary
fragments and the number of produced reaction products
two triggers were used in the data acquisition (DAQ) system. For the incoming primary fragments a downscaled
trigger signal was derived from the F2 scintillator before
the knockout target. Downscaling was necessary in order
to limit the dead time of the DAQ and scaling factors of
2N with N = 5–8 for diﬀerent runs were used in the experiment. The main trigger of the DAQ was derived from
a coincidence between the F2 and F4 scintillators, thus
tagging on knockout reaction products identiﬁed at F4.
Rate dependent dead time corrections of both trigger eﬃciencies could be performed on the basis of the measured
data.
To calculate the cross-section, the number of detected
incoming and outgoing particles have to be corrected for
losses during the transport of the beam and/or reaction
products from F2 to F4, misidentiﬁcation of fragments
at F4, or disintegration of the reaction products by secondary reactions in the beam-line detectors. One can make
the reasonable assumption that the primary A
21 ScN fragment and the A−1
21 ScN −1 reaction product have a comparable identiﬁcation probability, destruction rate, and optical transmission between F2 and F4. Therefore, these
correction factors can be determined by a separate measurement with identiﬁed A
21 ScN nuclei at both focal planes.
The transmission, the ratio of identiﬁed identical nuclei at
the two focal planes, includes all the aforementioned corrections. It also considers the destruction of incoming particles and outgoing reaction products, respectively, in the
knockout target. The transmission can be determined directly from the data. However, especially for the knockout
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Fig. 2. (Color online) Identiﬁcation of the fragments at F2 and F4. The upper panel shows 51–55 Sc primary fragments at the
middle focus F2 of the FRS. The pictures beneath show the respective PID plots at F4 gating on one isotope at F2. The black
ellipses indicate the one-neutron knockout product.

reactions 54 Sc→53 Sc and 55 Sc→54 Sc the limited statistics
leads to quite large uncertainty (up to ≈ 60%). To address
this issue, the transmission was also calculated with the
simulation code Mocadi [38] for all A ScN →A−1 ScN −1
reactions. For the reactions with better statistics the simulations agree well with the experimental results within
the uncertainties of about 15–19% which gives conﬁdence
that the simulations are reliable. Therefore, the calculated
transmissions were used for all further discussions.
Another correction to be considered results from the
fact that knockout reactions can occur not only in the
target but also in matter outside of the target. Since it is
impossible to distinguish such reactions directly, an empty
target measurement with a corresponding transmission
correction was performed to determine the number of reactions outside the target.

The diﬀerence between the measurements with and
without target leads to the probability PKO of a knockout reaction in the target. Using the thickness of the
target (μ = 1720 mg/cm2 ), Avogadro’s constant (NA =
6.022 · 1023 mol−1 ) and the molar mass of beryllium
(mmol = 9.012 g/mol) one obtains the single-nucleon
knockout cross-section σKO
PKO
σKO =
= PKO · 8.70(4) b.
(1)
A
μ mNmol
The systematic error results from the uncertainty of the
thickness of the 9 Be target of smaller than 5, determined in a thickness scan with a mesh of 200 points. In
comparison to the statistical errors of the measurements
(see sect. 5), this error will be neglected in the further
discussion.

p = pF 2 −

D24 p2
x4 − x2 · (M24 + δ D
)
02 p4

D24

200
180

· pF 4 ,

(2)

x2 : horizontal position at F2.
x4 : horizontal position at F4.
pF 2 : measured momentum at F2.
p2 : nominal momentum at F2.
p4 : nominal momentum at F4.
D02 : dispersion FRS production target → F2.
D24 : dispersion F2 → F4.
M24 : magniﬁcation factor F2 → F4.
δ: compensation for energy loss at F2.

The dispersions and the magniﬁcation factor were
obtained in separate measurements with a 452 A MeV
primary 48 Ca beam to be D02 = −4.49 cm/%, D24 =
8.03 cm/%, and M24 = 1.72, respectively. The magniﬁcation factor thus compensates for the diﬀerence between
the two dispersions. Due to the dispersion, the position
at the middle focal plane depends on the momentum of
the nucleus in the magnetic ﬁelds of the ﬁrst stage of the
FRS. For the calculation of the momentum transfer in
the reaction the momentum in the middle of the reaction target is needed. For this it is important to take into
account the diﬀerent energy loss for particles with diﬀerent momenta, which is diﬀerent for diﬀerent positions at
F2. This eﬀect is compensated by the correction factor
δ [39], which is empirically determined for each knockout
reaction A Sc→A−1 Sc such that the resulting momentum
distribution shows no dependence on the position at F2.
With the procedure described above, a laboratory
frame momentum distribution could be obtained for each
knockout reaction. Similar to the cross-section analysis, a
correction for knockout reactions in matter other than the
target has to be performed. Since without the target there
is no energy loss of the beam, the magnetic settings for the
second stage of the FRS diﬀered between the measurement
with and without target. The scaling of the magnets were
calculated for 56 Ti (Z = 22), which was the main focus of
this experiment [32]. The left part of ﬁg. 3 shows the position distribution at F4 for the transmission measurements
for 56 Ti with (upper panel) and without (lower panel) reaction target. Within the statistical uncertainties, there is
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In addition to the cross-section, the longitudinal momentum distribution of the residual nucleus is another important observable in the knockout reaction. In the dispersion
matched mode (see sect. 2) with no momentum transfer
at F2 the residual nucleus is focused onto the F4 focal
plane, independent of emergent angle and momentum at
F2. Any change of momentum due to the reaction, parallel to the direction of motion, leads to a displacement
at the ﬁnal focus and thus can be detected. Since the absolute momentum is measured at F2 and F4, the parallel
momentum transfer in the reaction can be determined.
The momentum p of a A−1 ScN −1 nucleus after the reaction target is calculated using [39]

counts/2mm

4 Momentum distribution measurement

counts/2mm
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Fig. 3. Left: Position distribution at the ﬁnal focus F4 of 56 Ti,
with (upper row) and without (lower row) reaction target at
F2. The scaling of the magnets compensates the missing energy
loss without target, so the mean of the distributions match.
The error bars represent statistical uncertainties only. Right:
Same for 53 Sc where a signiﬁcant shift is observed in the position between the measurements with and without target and a
correction has to be applied to the data (see text for details).
Table 1. Position corrections at F4 for the diﬀerent
topes.
Nucleus at F2

A

Sc iso-

Correction [mm]

51

Sc

−17.7

52

Sc

−23.4

53

Sc

−35.9

54

Sc

−45.2

55

Sc

−52.9

no deviation in the measured position. In this case, the
momentum distributions for reactions inside and outside
the target obtained from eq. (2) can simply be subtracted
from each other after appropriate scaling according to the
measured cross-sections for either case.
In contrast, for Sc isotopes (Z = 21) the diﬀerence
in energy loss at F2 is not compensated correctly by the
scaling of the magnets. This leads to a displacement of the
position distributions at the ﬁnal focus for measurements
with and without the knockout target at F2, respectively.
As an example, the right part of ﬁg. 3 shows the position
distribution at F4 for the 53 Sc transmission measurements
with (upper panel) and without (lower panel) the reaction
target. Due to this shift a correction of the position distribution at the ﬁnal focus is needed to calculate the momentum distribution with eq. (2). The correction can be
deduced by determining the diﬀerence of the mean values
of the position distributions of the respective transmission
measurements for each A Sc nucleus. The correction values
are listed in table 1. Using this correction for the empty
target measurement, the momentum distribution of the
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Table 2. Measured (left) and calculated (right) cross-sections
for the one-neutron knockout from 51−55 Sc. Inclusive crosssections as well as the contributions from L = 1 and L = 3
knockout are listed. For the theoretical cross-sections all contributing shell model states below the neutron separation energy Sn are taken into account.
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Fig. 4. (Color online) Measured longitudinal momentum distributions of all observed reactions and total ﬁtted momentum
distributions (solid line) with L = 1 (blue, dashed) and L = 3
(red, dash-dotted) contributions.

residual nuclei after knockout reactions in the target at
F2 can be obtained by subtracting the distributions measured with and without target from each other. The empty
target measurement also allowed for a measurement of the
momentum resolution of the setup, for which a FWHM of
150 MeV/c was obtained, corresponding to a relative momentum resolution of 2.7 · 10−3 .

5 Results
In this experiment we measured longitudinal momentum distributions and inclusive cross-sections for the oneneutron-knockout reactions 51–55 Sc → 50–54 Sc.
The shape of the momentum distribution for the
knockout of a nucleon from a certain single-particle orbital is characteristic of the orbital angular momentum L
of this orbital. It is advantageous to measure the longitudinal component of the momentum distribution because
it is less aﬀected by diﬀractive scattering and Coulomb
deﬂection, which are both transverse for forward-focused
reactions [40].
The measured longitudinal momentum distributions
for the knockout reactions 51–55 Sc → 50–54 Sc are shown
in ﬁg. 4. These experimental distributions are compared
to theoretical momentum distributions for the removal of
a neutron from the pf -shell that were calculated following
the procedure outlined below (see also [32]).

The relative contributions of L = 1 and L = 3 knockout were determined by ﬁtting the experimental momentum distributions with the weighted sum of theoretical
L = 1 and L = 3 momentum distributions, after folding
them with the instrumental resolution. Figure 4 shows the
best ﬁt to the experimental momentum distributions as a
solid line as well as the ﬁtted L = 1 (blue, dashed) and
L = 3 (red, dash-dotted) contributions for each knockout
residue. Overall there is very good agreement between the
experimental data and the ﬁts.
Experimental values for the inclusive cross-sections
were determined as outlined in sect. 3 and are tabulated
in table 2. On the basis of the relative contributions of the
L = 1 and L = 3 knockout to the momentum distributions
the cross-sections for removal of a neutron from the νf7/2 ,
νf5/2 and the νp3/2 , νp1/2 orbitals could be determined,
which are also listed in table 2.
The cross-sections determined for L = 1 and L = 3
knockout in 51−55 Sc can be compared to theoretical predictions. Towards this aim theoretical single-neutron removal cross-sections were computed for the νf7/2 , νp3/2 ,
νp1/2 , and νf5/2 orbitals. For the theoretical singlenucleon removal cross-sections contributions from both
the stripping mechanism (with excitation of the target by
the removed nucleon) and the diﬀractive breakup mechanism have been considered. These contributions are computed from the residue- and nucleon-target eikonal Smatrices via the optical limit of Glauber theory following ref. [40]. The elastic S-matrices were calculated using
the point proton and neutron densities of the residues,
taken from Skyrme (SkX) Hartree-Fock (HF) calculations [41]. The 9 Be density was assumed to be a Gaussian with a root mean squared (rms) radius of 2.36 fm. A
zero-range forward scattering nucleon-nucleon (N N ) amplitude was assumed with real-to-imaginary ratios interpolated from the table of Ray [42]. The rms radii of the
removed nucleons’ single-particle wave functions were also
constrained by Skyrme (SkX) HF calculations (see ref. [43]
for details). A ﬁxed diﬀuseness parameter a0 = 0.7 fm
and a spin-orbit interaction of 6 MeV were used for all
cases.
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Table 3. Neutron separation energies Sn in the residual nuclei
taken from the 2011 mass evaluation (AME2011) [45].

Counts / 10 keV

Sn [MeV]
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Sc
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6.753(25)
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Fig. 6. (Color online) Background subtracted longitudinal momentum distribution in coincidence with the 212 keV gammaray transition in 52 Sc. The solid line is a ﬁt composed of a
L = 1 and L = 3 contribution. The red dash-dotted (blue
dashed) line is the L = 3 (L = 1) component contributing to
the ﬁt.
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Fig. 5. Doppler corrected γ-ray energy spectrum for 52 Sc. The
insert shows the level scheme as it was derived from [16].
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To compare with experiment the single-particle crosssections, calculated for unit spectroscopic strength, were
multiplied by the shell model spectroscopic factors, which
in the present case were calculated using a 40 Ca core and
the GXPF1A residual interaction [10,11]. In these calculations the spectroscopic factors for removal of a p- and
f -state neutron were taken into account for levels up to
energies of about 7 MeV in the residual nuclei. Table 2
lists the sum of the L = 1 and L = 3 knockout crosssections for all states up to the neutron separation energy
in the residual 50−54 Sc nuclei (see table 3), respectively,
which is the value that can be compared to the measured
cross-sections. Since the ground-state spins of 52 Sc and
54
Sc could be 3+ or 4+ calculations for both assumptions
have been performed. The resulting cross-sections do not
diﬀer signiﬁcantly. Therefore, we show for simplicity only
the results for the 4+ assumption.
In addition to the measurement of inclusive crosssections it was possible to observe individual excited states
in some of the residual nuclei. No new transitions were
observed in our study. Only in the 53 Sc→52 Sc reaction
were the statistics suﬃcient to extract a momentum distribution in coincidence with the depopulating gamma-ray
transitions in 52 Sc. Figure 5 shows the Doppler corrected
gamma-ray spectrum for 52 Sc. While the 212 keV transition is very prominent only a hint of the 675 keV transition
is visible. Both transitions were previously observed [16,
26] and the insert of ﬁg. 5 indicates their placement in the
level scheme of 52 Sc.

L=1

0
29

30

31

Nres

32

33

29

30

31

32

33

Nres

Fig. 7. Comparison of experimental (squares) and theoretical
knockout cross-sections for L = 3 (left) and L = 1 (right) as
a function of neutron number of the knockout residue. The
theoretical cross-sections are shown for the full spectroscopic
factors from the SM calculations (solid line) and spectroscopic
factors reduced by a factor 0.75 (dashed line).

Figure 6 shows the longitudinal momentum distribution in coincidence withe the 212 keV transition following background subtraction. Clearly, the L = 1 contribution dominates, as one would expect due to the assigned
πf7/2 × νp33/2 character of both observed states [16,26],
resulting from the knockout of one νp3/2 neutron in 53 Sc.

6 Discussion
The experimentally determined and the theoretically predicted cross-sections for L = 1 and L = 3 knockout are
shown in ﬁg. 7 as a function of neutron number Nres of
the residual nucleus detected at the FRS focal plane. By
taking the ratio of measured cross-sections to the theoretical single-neutron removal cross-sections experimental
spectroscopic factors were determined for the L = 1 and
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Reaction

SFexp

SFth

L=1

L = 3 νp3/2

νp1/2

νf7/2

νf5/2

Sc

3.9(6)

2.4(4)

1.78

0.16

7.32

0.10

52

Sc → 51 Sc

4.5(7)

3.5(5)

2.71

0.15

7.17

0.08

53

Sc →

4.4(6)

3.5(5)

3.46

0.32

7.13

0.12

Sc →

50

52

Sn

f7/2
p1/2
f5/2
p3/2

1
6
5
4
3
2

0.1
6
5
4
3
2

Sc

54

Sc → 53 Sc

6.7(10) 3.1(7)

3.67

1.00

2.87

0.07

55

Sc → 54 Sc

4.1(9)

3.62

1.86

0.44

0.13

0.3(9)

L = 3 contributions, respectively. These values are listed
in table 4 (for the initial nuclei) together with the sums
of spectroscopic factors calculated within the SM for the
νp3/2 and νp1/2 (L = 1) as well as the νf7/2 and νf5/2
(L = 3) orbitals for all states below the neutron separation
energy in the residual nucleus. From the theoretical spectroscopic factors of the individual orbitals one can nicely
see the successive occupation of the single-particle levels.
For the νf7/2 the summed spectroscopic factors for the
reactions 54 Sc→53 Sc and 55 Sc→54 Sc are 7.08 and 7.24, respectively, when all levels in the residual nucleus are taken
into account, including those above the neutron separation
energy. It is also clear from these values that the νf5/2 is
not contributing signiﬁcantly because of the N = 34 gap
in the GXPF1A SM calculations.
Before experimental and theoretical values are compared more closely, one should take note of the origin of
the trends displayed by the theoretical values. In the SM
calculations using the GXPF1A interaction the νf7/2 orbital is basically fully occupied in 51–55 Sc while with increasing neutron number successively more neutrons are
placed into the νp3/2 and νp1/2 orbitals. This leads to the
almost linear rise of the calculated cross-sections for L = 1
knockout. Since the νf5/2 orbital is well above the νp1/2
orbital in the GXPF1A calculations the νf5/2 orbital is
basically not occupied for 51−55 Sc and thus does not contribute to the L = 3 knockout cross-section. The ﬂat L = 3
cross-section for Nres = 29–31 reﬂects the constant contribution from the fully occupied νf7/2 orbital. The drop of
the theoretical L = 3 cross-section at Nres = 32 is simply
due to the fact that with increasing neutron number the
νf7/2 strength is shifted to higher excitation energies and
for Nres = 32, 33 is situated almost completely above the
neutron separation energy. This is demonstrated in ﬁg. 8
where the distribution of the calculated spectroscopic factors for the reactions 53 Sc→52 Sc and 55 Sc→54 Sc are shown
as function of the excitation energy in the residual nucleus.
One can see the large fragmentation of strength, in particular for the deeply bound νf7/2 single-particle state.
In the 55 Sc→54 Sc reaction the νf7/2 strength is situated

0.01
2

f7/2
p1/2
f5/2
p3/2

Sn

1

spectroscopic factor

51

2

spectroscopic factor

Table 4. Experimental and theoretically determined spectroscopic factors for L = 1 and L = 3 orbitals for the investigated
knockout reactions. For the theoretical SF values, which were
calculated with the GXPF1A interaction, the strengths of all
states below the neutron separation energy in the residual nucleus was summed. These spectroscopic factors can be interpreted as the occupation of the respective orbtials in the initial
nucleus.
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Fig. 8. Spectroscopic factors calcualted with the GXPF1A
interaction of all possible states for 53 Sc → 52 Sc (top), and
55
Sc → 54 Sc (bottom). The positions of the neutron separation energies Sn in the residual nuclei at 5.2 and 4.2 MeV,
respectively, are indicated by dashed lines.

completely above the neutron separation energy and thus
does not contribute to the measured one-neutron knockout
cross-section, since the measurement of this cross-section
relies on the survival of the residual nucleus.
The trends observed for the experimental crosssections generally show very similar features, however,
with some peculiar diﬀerences. The experimental L =
1 cross-sections also show the almost linear rise up to
Nres = 32 and lie above the theoretical predictions. At
Nres = 33 the L = 1 cross-section levels oﬀ or even drops.
For the L = 3 cross-sections a more or less constant crosssection is observed from Nres = 29 to Nres = 32 while at
Nres = 33 the L = 3 contribution drops basically to zero.
The striking discrepancy between experiment and theory
is the fact that the measured L = 3 cross-section is about a
factor of two smaller than the theoretical prediction below
Nres = 32 while the L = 1 cross-section is about 30–40%
larger than predicted.
At the same time the measured inclusive crosssections, plotted in ﬁg. 9, compare well with the theoretical cross-sections if 75% of the full single-particle strength
is used, in line with reductions observed in other direct
reactions [40,43,44]. For 54 Sc→53 Sc and 55 Sc→54 Sc the
theoretical inclusive cross-section is very sensitive to the
exact position of the neutron separation energies in 53 Sc
and 54 Sc, which systematics determine with accuracies of
355 keV and 585 keV, respectively [45].
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Fig. 9. Comparison of inclusive experimental (squares) and
theoretical knockout cross-sections as a function of neutron
number of the knockout residue. The theoretical cross-sections
are shown for the full spectroscopic factors from the SM calculations up to the AME2011 [45] Sn value (solid line) and
reduced by a factor 0.75 (dashed line). The lighter solid and
dashed lines indicate the respective changes to the inclusive
cross-sections due to the uncertainties of the neutron separation energies.

Taking into account this reduced single-particle
strength, one has to compare the experimental crosssections in ﬁg. 7 to the dash-dotted lines. This improves
the situation slightly for the νf7/2 orbital but increases
the discrepancy for the p-orbitals. One may consider that
the reduced L = 3 cross-section could be due to a larger
than predicted fragmentation of the νf7/2 strength where
some of the strength is pushed above the neutron separation energy. However, this scenario would not account for
the larger than predicted L = 1 cross-sections.
It should also be noted that based on data from
transfer experiments for 48 Ca and 49 Ti one may expect
νs1/2 and νd3/2 hole states about 2.5 MeV above the
νf7/2 hole states. In 50,51 Sc these sd-fragments could be
present at energies as low as 5.5 and 6.5 MeV, respectively, and thus below the respective neutron separation
energies of 6.057(15) MeV and 6.752(25) MeV. Calculations show that contributions of up to 25 mb to the inclusive 51 Sc→50 Sc cross-section could be expected if sd-shell
strength comparable to that for 48 Ca(SF (1d3/2 ) = 2.5,
SF (2s1/2 ) = 1.4) is assumed to lie below Sn (50 Sc). While
the measured inclusive cross-sections are in good agreement with the expectation for knockout from the pf -shell
a small sd-shell contribution cannot be excluded for these
two nuclei. In the heavier nuclei the sd-hole states will be
situated well above the neutron separation energy.

However, the measured momentum distributions set
some limits on the sd-shell contributions. We calculate
that the linear combination of sd-shell states, as given
above, located near the 50 Sc threshold, produce an essentially identical momentum distribution to that for the ﬁtted linear combination of L = 1 and L = 3 states, and
hence the data. So, the momentum distribution of the
51
Sc → 50 Sc knockout can be equally well described with
only L = 1 (σL=1 = 54 mb) and L = 3 (σL=3 = 24 mb)
momentum distributions, or by using a small contribution
of L = 0 and L = 2 knockout (σsd = 18 mb) and somewhat
reduced L = 1 (σL=1 = 42 mb) and L = 3 (σL=3 = 18 mb)
contributions. This would reduce the under-prediction for
the L = 1 cross-section somewhat but increase the overprediction of the L = 3 cross-section. However, the coincident shapes of the sd- and pf -shell momentum distributions means that, even in the presence of such an
sd-shell contribution, the deduced fractional contributions
from L = 1 and L = 3 remain essentially unchanged.
This discrepancy between experiment and theory is
most obvious for Nres = 29 where the experimental ratio
of (L = 1) to (L = 3) strength is 3.9(6)/2.4(4) = 1.6 ± 0.6
0.4
compared to the GXPF1A value of 1.94/7.42 = 0.26. If
the orbitals are ﬁlled in sequential order, (f7/2 )8 (p3/2 )2
gives the ratio of 2/8 that is close to that obtained with
GXPF1A for the states in 51 Sc below the neutron separation energy. Recent calculations by Holt et al. [33] using realistic low-momentum interactions Vlowk obtained
by evolving a chiral N3LO N N potential predict that the
energy of the neutron p3/2 orbital drops when going from
N = 28 to N = 34, eﬀectively eliminating the N = 28 shell
gap for 54 Ca (see ﬁg. 1 of ref. [33]). If N = 30 had a pure
(f7/2 )6 (p3/2 )4 conﬁguration the ratio of (L = 1) to (L = 3)
strength is 4/6. Calculations with GXPF1A with a reduced f7/2 − p3/2 gap of two MeV give 2.32/7.11 = 0.33,
still far from experiment. In addition, the spectrum for
51
Sc obtained with this reduced gap has a level density
that is much higher than experiment. Thus, the large discrepancy around Nres = 29–31 between the experimental
and expected ratio remains to be understood.

7 Summary
In summary, we have performed a relativistic knockout
experiment on 51−55 Sc using the GSI FRS as a two-stage
magnetic spectrometer. Inclusive cross-sections and longitudinal momentum distributions were measured, allowing
for the determination of the contributions of L = 1 and
L = 3 knockout due to the removal of a neutron from the
pf -shell orbitals as a function of neutron number. Comparison to shell model calculations using the GXPF1A
residual interaction shows reasonable agreement concerning the increase of the L = 1 knockout cross-section with
increasing neutron number as expected for a subsequent
ﬁlling of the νp3/2 and νp1/2 neutron orbitals. The overall
L = 1 knockout cross-section is slightly larger than the
predicted value. At the same time a signiﬁcantly lower
L = 3 knockout cross-section was observed for the knockout from the νf7/2 orbital compared to the theoretical
predictions.
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This mismatch in the cross-sections suggests that appreciable neutron f7/2 spectroscopic strength has migrated across the N = 28 shell gap in this region. It is
interesting to note that calculations with realistic nucleonnucleon interactions plus three-body interactions [33] predict a reduction of the N = 28 shell gap in the respective
Ca isotones, which could lead to such a migration
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