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Abstract. The challenge of achieving high resolution in binary reactions involving an outgoing high-energy
neutron is solved by detecting the γ-ray decay of populated excited states in an array of escape-suppressed
HPGe detectors in coincidence with fast neutrons. The selectivity of the arrangement is of the order of 1 in
1000 and is demonstrated by L = 0 two-proton stripping to 7/2− 2p-1h levels using the 59 Co(3 He,nγ)61 Cu
reaction at Elab = 22.5 MeV. The observed relative two-proton stripping strengths are compared with
large-basis shell-model calculations.

1 Introduction
The challenge of detecting outgoing high-energy neutrons
from binary reactions with excellent energy resolution,
together with high eﬃciency, has not been satisfactorily
achieved. The (d, n) single proton stripping reaction can
be proxied by the surrogate (3 He, d) reaction. However,
the Distorted Wave Born Approximation (DWBA) theory
of (3 He, d) reactions relies on some approximations due to
momentum mismatch and the internal structures of the
3
He and deuteron [1]. This adds uncertainty in being able
to adequately derive spectroscopic factors from the data.
Analysis of (d, n) data would be much more straightforward but experimental time-of-ﬂight (t-o-f) energy resolutions for the fast direct reaction neutrons are usually measured in hundreds of keV. For two-proton stripping there
is no surrogate for the (3 He, n) reaction. As reviewed in
ref. [2], heavy-ion reactions can be used, such as with 12 C,
16
O or even heavier projectiles, but the cross-sections are
smaller than for light-ion direct reactions. Besides this, it
is still diﬃcult to achieve good energy resolutions due to
energy losses in the targets and, again, the internal structures of the heavy ions complicate the interpretation of
the data [3].
a
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Two-neutron stripping data from (t, p) reactions have
provided considerable valuable information on the paired
neutron component of the conﬁgurations of the excited
states of many nuclei. This has been particularly productive in assisting the understanding of pairing forces in
both spherical and deformed nuclei [4]. However, there is
a paucity of accurate experimental information on paired
proton components of wave functions. High resolution
data using the simplest of two-proton stripping reactions,
the (3 He, n) reaction, is highly desirable. In this paper
we show that this objective can be realized by using an
escape-suppressed array of HPGe γ-ray detectors in coincidence with a wall of neutron detectors placed at forward
angles. We demonstrate the selectivity of the apparatus
using the 59 Co(3 He, nγ)61 Cu reaction and compare the results to the predictions of shell-model calculations in the
f p basis.

2 Experimental arrangement
The outgoing particles from direct reactions are peaked
in the forward direction, the peak of the angular distribution being characteristic of the transferred orbital angular momentum L [5]. This peak angle increases as L increases. Thus, in (t, p) reactions, the angular distribution
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Fig. 1. Schematic diagram of the experimental setup. The
AFRODITE γ-ray spectrometer consists of 9 HPGe clover
detectors in BGO shields, 5 were at θlab = 90◦ and 4 at
θlab = 135◦ with respect to the beam direction. The neutron
detectors were arranged in three walls of three detectors placed
at 0◦ .

of the outgoing proton that peaks at a scattering angle of
θlab = 0◦ has L = 0. Hence, in this case, as no angular
momentum is transferred, the spin of the ﬁnal state must
equal that of the target nucleus. The same is true for the
(3 He, n) two-proton stripping reaction. Clearly, these reactions are very useful for unambiguously identifying simple
conﬁgurations in nuclei, especially excited 0+ states such
as those observed in double-β decay [6, 7].
The feasibility of using escape-suppressed arrays of γray detectors in coincidence with charged particles emitted in direct reactions has been demonstrated on many
occasions, for example, at Berkeley National Laboratory
by Allmond et al. [8]. Numerous n-γ coincident measurements have also been performed using t-o-f and/or pulse
shape analysis discrimination methods such as with the
EUROBALL-Neutron wall experimental setup [9]. The
(3 He, n) reaction generally has high positive Q-values
ranging between 0 and 10 MeV. Thus, for 20 MeV beams
of 3 He, the direct reaction neutrons will have energies between 20 and 30 MeV. This is in contrast to the competing
statistical neutrons from the (3 He, xn) fusion-evaporation
reactions which have energies peaking at about 2 MeV
with a distribution falling exponentially at higher energies. As the velocity of the neutrons
is proportional to the
√
square root of their energy, En , it follows that the direct
reaction neutrons have more than three times the velocity
of the bulk of statistical neutrons and may be separated
by t-o-f measurement over relatively short distances of
d ≈ 2 m. The γ-rays from the reaction can be blocked from
the neutron detectors by Pb absorbers without materially
aﬀecting the detection of fast neutrons. This obviates the
necessity of using neutron detectors that discriminate between neutrons and γ-rays.
As L = 0 transitions are peaked at θlab = 0◦ , neutron
detectors placed downstream of the target will intersect
the majority of the L = 0 neutrons, preferentially selecting
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Fig. 2. Two-dimensional scatterplot of the energy E deposited
in a scintillator (pulse height) versus t-o-f. The two gates indicated as (a) and (b) select the fast neutrons and statistical
neutrons, respectively. Gate (b) is used for background subtraction of the predominant 59 Co(3 He, pn)60 Ni fusion evaporation reaction. The two arrows at 4 ns and 17 ns indicate the
loci of the γ-rays originating from the target and beam dump,
respectively. A high-energy threshold placed at the time of the
measurement discarded most of the low energy γ-rays and statistical neutrons.

states with the same spin as the target. Neutron detectors
at angles signiﬁcantly away from θlab = 0◦ would pick
up higher L values and other states. One extra advantage
of this experimental arrangement is that relatively thick
targets may be used as the high resolution originates from
the γ-rays and not from the neutrons.
Our apparatus is shown schematically in ﬁg. 1. In this
experiment, a 59 Co target of thickness 9.6 mg/cm2 was
bombarded by a 3 He beam of Elab = 22.5 MeV incident
energy and intensity of the order of 0.65 pnA from the
iThemba LABS Separated Sector Cyclotron (SSC). The
target was placed at the center of the AFRODITE escapesuppressed spectrometer [10] and the beam was stopped in
a lead cup placed between the target (0.5 m downstream)
and the neutron detectors. HPGe Clover detectors in BGO
shields were positioned at θlab = 135◦ (4 detectors) and
at θlab = 90◦ (5 detectors) with respect to the beam direction.
The count rate using a γn trigger varied between 50
and 200 Hz for a total beam exposure of 2.61 × 104 s. Analogue electronics was used and with such low count rate
the dead time was negligible. Time-to-amplitude converters were used to measure the time diﬀerence between the
cyclotron reference and the signal from the neutron detectors.
The neutron detectors consisted of a set of 9 largevolume NE102A plastic scintillators 0.6×0.1×0.1 m3 each,
with no particle discrimination capability, initially built
for the neutron t-o-f setup at iThemba LABS [11]. These
detectors were placed symmetrically about θlab = 0◦ and
perpendicular to the beam, downstream of the target.
Scintillations from the detectors are viewed at either end
by Hamamatsu R329 photomultipliers. The relative amplitude between the signals of the PMTs allows the neu-
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Fig. 3. γ-ray spectra from the 59 Co(3 He, nγ)61 Cu reaction. Spectrum (a) contains γ-rays in coincidence with fast neutrons
gated as illustrated in ﬁg. 2 and spectrum (b) ungated γ-rays. The gated spectrum contains almost exclusively γ-ray transitions
from 61 Cu (indicated with arrows).

tron detection to be located with an uncertainty of 50 mm
within their 600 mm length. The detectors were placed
1.5 m from the target and arranged in a 3 × 3 compact
geometry. Three vertical walls of three detectors placed
on top of each other presented a total eﬀective thickness
of 0.3 m. The 59 Co(3 He, n)61 Cu reaction has a positive Qvalue of 6.606 MeV so that the outgoing neutron carries an
energy larger than the beam energy. Large energy deposition in the detectors together with the t-o-f measurement
are used to identify fast neutrons as illustrated in the contour plot of ﬁg. 2. The time between two selected beam
pulses from the SSC was 360 ns. Such selection allows fusion evaporation events to be discriminated against. The
neutrons from fusion-evaporation are produced with typical cross-sections of 0.6 b (PACE4 calculation) compared
to sub mb cross-section for the direct (3 He,n) reaction.
The 9 neutron detectors cover a solid angle of 0.15 sr.
Fast neutrons are selected in the successive layers with
a light output selection corresponding to an energy deposition larger than E > 12 MeV. The data is for single
hits in the neutron wall and the double hits, where neutrons have scattered from one scintillator to another, are
rejected. A full simulation of the experimental setup was
performed using the GEANT4 toolkit [12] together with
the CADmesh interface [13]. The simulations were performed with the high-precision QGSP BERT HP physics
list in order to estimate the amount of fast neutrons depositing only a small part of their energy and falling in the
statistical neutron region partly selected within gate (b)
of ﬁg. 2. It is found that 34% of the fast neutrons impinging on the neutron wall deposit an energy larger than
E > 12 MeV.
The angular distribution of the γ-rays originating from
the 7/2− states is expected to be isotropic due to L = 0 angular momentum transfer. This is veriﬁed for the strongest

1311 keV transition in 61 Cu. Based on the AFRODITE
total eﬃciency, measured using a standard 56 Co source
to cover up to 3.5 MeV of the energy range, cross-sections
can be estimated. States in 61 Cu are populated with crosssections up to 0.4 mb/sr for the strongest state at 1311 keV
(θlab < 15◦ ). This is consistent with a total (3 He, n) crosssection of 6.4 mb reported in ref. [14] for a center of target
energy of 21 MeV. Note that the states fed through L > 0
are observed very weakly as most of the cross section is
expected to be found for larger θ angles for which the
current setup is insensitive.
The spectra of ﬁg. 3 show the high rejection factor of
the main fusion-evaporation channels visible in ﬁg. 3(b)
with a signal-to-background ratio improved by a factor
of nearly 1000 for the strongest 61 Cu transitions. The
largest peaks in this background spectrum come from the
59
Co(3 He, pn)60 Ni reaction. These evaporation channels
are dramatically reduced in the fast neutron gated spectrum of ﬁg. 3(a) where the γ-rays from the lowest three
7/2− levels in 61 Cu can clearly be identiﬁed. Detection
of the fast neutrons near θlab = 0◦ reduces the probability of detecting neutrons emitted isotropically by statistical processes enhancing the signal from direct reaction
neutrons. The states populated through low angular momentum transfer decay via a small number of transitions
depending on the spin and parity of the ﬁnal ground state
(see ﬁg. 4). With such low multiplicity γ-γ coincidences
are ineﬀective as veriﬁed by constructing γ-γ matrices.

3 Results and discussion
The known branching ratios from Data Tables [15] and
from ref. [16] were used to deduce the feeding of the states.
The strengths are normalized to the strongest transition
from the lowest 7/2− state at 1311 keV (see ﬁg. 3(a)).
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Table 1. Relative population strengths Γ , normalized to the 1311 keV strength set as 100, and branching ratios of the 7/2−
states in 61 Cu populated in the 59 Co(3 He, n)61 Cu reaction. The calculated population strengths are based on the large-basis
shell model, NuShellX [18–21], calculations.
Jπ

Ex
[keV]

Eγ
[keV]

Branching %
Data tables
Theory SM

Data

7/2−

1310.5

340.2
1310.5

6.2
93.8

7/2−

1732.6

338.4
421.8
762.4
1732.7

7/2−

1942.5

209.6
548.0
631.9
972.4
1942.8

SM

Proton occupation w.r.t. full f7/2
0f7/2
1p3/2
1p1/2
0f5/2
Theory

5
95

100

100

−0.74

1.32

0.20

0.22

2.3
22.3
13.6
61.8

6
61
27
6
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190

−0.78

1.29
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Fig. 4. Experimentally established levels in 61 Cu [15] below
2.0 MeV excitation energy compared with shell-model calculations in the 0f7/2 , 1p3/2 , 1p1/2 and 0f5/2 basis. The labeled
γ-rays are those observed from 7/2− states in the present experiment, as shown in ﬁg. 3.

The relative population strengths of the 7/2− states in
61
Cu extracted from this work are given in table 1. The
transitions identiﬁed in this reaction are shown in the
partial level scheme of ﬁg. 4 together with the location
of the excited states from the shell-model (SM) calculations.
The calculations were carried with NuShellX [17] in
the pf shell model space with the GPFX1A Hamiltonian [18–21]. Some truncation had to be made in terms of
the conﬁgurations [proton (0f7/2 )fp (0f5/2 , 1p3/2 , 1p1/2 )rp ]
[neutron (0f7/2 )fn (0f5/2 , 1p3/2 , 1p1/2 )rn ]. The largest dimension that could possibly be used for 61 Cu was with
fp = (4, 8), rp = (1, 5), fn = (6, 8), rn = (4, 6), where
the numbers are the minimum and maximum allowed in
each group of orbitals. In this speciﬁc case the M-scheme
dimension was 761, 643, 757.

Γ

The energies are compared with experiment in ﬁg. 4.
The γ-decay was calculated with M 1 and E2 eﬀective
operators obtained from ﬁts to sd shell data with wave
functions obtained with the USDA Hamiltonian [22].
Harmonic-oscillator radial wave functions with h̄ω =
9.82 MeV were used. The calculated branching ratios are
compared with experiment in table 1. For the γ-decay
phase space factors the experimental energies were used.
The largest deviation between calculations and experiment is found for the branching of the (7/2− )2 state to the
ground state; 62% observed vs. 6% calculated. The reason
may be due to the very hindered E2 strength in the calculation for this transition corresponding to 1.0 × 10−3 W.u.
The sensitivity to the Hamiltonian needs to be investigated. From calculations, the conﬁguration of the states
is clearly dominated by a pair of protons in the 1p3/2 orbital with a hole in the f7/2 shell. The three 7/2− states
under Ex < 1943 keV are consequently strongly populated
by transferring an antialigned pair of protons from the incoming projectile to the 59 Co core. The two 7/2− states
at 2399 and 2728 keV are weakly populated. This is consistent with calculations, indicating a (1p1h) excitation
resulting in a lower two-proton occupation of the 1p1/2
orbital and increased occupation of the 1p3/2 orbital.
Two-particle transfer amplitudes (TNA) for 59 Co to
61
Cu were calculated with NuShellX. These were then
used in FRESCO [23] to calculate the cross sections for
L = 0 transfer. The calculated cross-sections at zero degrees are 43, 82 and 202 µb/sr for the ﬁrst, second and
third 7/2− states, respectively. The higher energy 7/2−
states have lower cross-sections (< 10 µb/sr). The relative cross-sections of 100, 190 and 470 (normalized to the
1311 keV strength set as 100) calculated with the shell
model are not in very good agreement with experiment
(see table 1). However, the qualitative result that the lowest three 7/2− states are predominantly populated is reproduced. From calculations, the population of higher energy 7/2− states starting with the fourth one at 2399 keV
(predicted at 2471 keV) is an order of magnitude smaller
than the lowest three, in agreement with experiment.
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4 Conclusion
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The challenge in achieving high resolution measurements
using (3 He, n) reactions is addressed by combining a γray spectrometer together with a neutron detector array
placed at small angles using the 59 Co(3 He, n)61 Cu reaction. States with L = 0 momentum transfer were populated very selectively and excellent signal-to-background
ratio was achieved. The ﬁrst three 7/2− states of 61 Cu
are strongly populated by two proton transfer relative to
other known excited states. The shell model calculations
predict that all three of these states have the 1p3/2 orbital
having most of the two-proton, one-proton hole strength.
However, the full f p shell model does not give a good
account of the relative strengths of the two proton stripping to these three states. A very simple model, where
the target 59 Co has a pure one proton hole in the 1f7/2
shell and the stripped pair of protons going into 2p3/2 ,
2p1/2 and 1f5/2 orbits, would give a ratio of intensities
proportional to (2j + 1) where j is the spin of the single
proton orbit outside 60 Ni. This gives a ratio of 4 : 2 : 6 or
100 : 50 : 150 compared to our measured ratio (table 1)
of 100 : 68(14) : 115(30). This experiment indicates that
our current shell model underestimates the shell closure
at Z = 28. High-resolution measurement of two-proton
stripping can be performed throughout the nuclear chart.
Hopefully, this will lead to a much improved understanding of the inﬂuence of proton pairing in the structure of
nuclei.
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