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Deuteron evaporation was observed from the N = Z compound nuclei **Fe*, **Ni*, and **Ge* in an experiment
conducted at Argonne National Laboratory, USA. The experiment included a novel combination of two highly
pixelated double-sided Si-strip detectors inside the Microball charged-particle detection array, allowing for
unequivocal discrimination of evaporated deuterons from protons and « particles. In conjunction with the
Gammasphere array, Neutron Shell, and additional ancillary detectors, decay paths into various residual nuclei
were investigated. The study provides insights into the competition of deuteron vs proton-neutron evaporation
as a function of available excitation energy and populated angular momentum. Results are interpreted using
a statistical evaporation formalism for multiple subsequent particle emissions. The decisive factor in the
comparison appears to be the available excitation energy in the residual system, with single nucleon evaporation
preferred over deuteron evaporation for higher excitation energies.

DOL: 10.1103/w465-w3zz

I. INTRODUCTION

Particle evaporation refers to the statistical emission of
light particles, typically neutrons, protons, and « particles,
from a highly excited nucleus. It happens in nuclei where
the excitation energy enables particles to overcome the cen-
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trifugal and Coulomb barriers and the emission is permitted
by the available Q value. Particle evaporation is an important
process in both fission and fusion reactions, as it influences
the resulting distribution of residual nuclei. In fission reac-
tions, the nucleus splits into fragments with high excitation
energy. These fragments often emit neutrons, protons, or other
particles as they decay to less-excited states. The probability
and energy distribution of particle emission is a fundamental
aspect of the fission process, which can be described using
statistical models [1]. In fusion reactions, collisions between
atomic nuclei lead to the formation of heavier elements and
the emission of particles relates to excited states in the com-
pound nucleus. The study of particle evaporation in fusion
reactions is important for understanding the dynamics of nu-
clear fusion and fission processes, and crucial to predict final
state properties [2].

Recent work by Blank et al. [3] evaluated several nuclear
evaporation codes commonly in use, like CASCADE [4],
HIVAP [5], CNABLA [6], PACE [7], or GEMINI++ [8].
A key issue identified in that study is the need for refining
fusion-evaporation cross-section calculations, as these codes
tend to overestimate predicted cross sections by a substantial
factor of 5-10 when compared to experimental observations
approaching the proton and neutron driplines. Moreover, the
study highlighted the scarcity of experimental data available
for validating these models, with the existing ones often in-
cluding large uncertainties. These limitations emphasize the

Published by the American Physical Society
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necessity for improving current models and providing more
experimental data to enhance the accuracy of their predictions.

Of particular interest is the omission of deuteron evapo-
ration in most of these codes, as they primarily focus on the
emission of neutrons, protons, « particles, and subsequently
photons. The exclusion of deuteron evaporation is largely
because deuteron emission, which involves the release of a
weakly bound neutron-proton system, has a lower probability
than single nucleon emissions. Furthermore, there is a no-
table lack of experimental data on deuteron evaporation, both
because of its presumed rarity and the technical challenges
related to precise identification between evaporated deuterons
and protons. The lack of experimental validation specifically
for deuteron evaporation creates a substantial gap in current
models. The experimental results presented in this study can
be used to tailor the evaporation codes to include deuteron
evaporation as part of their statistical processes.

In this paper, we present experimentally measured evap-
orated deuteron-y coincidences for several compound nuclei
along the N = Z line, notably >Fe*, %Ni*, and **Ge*. Various
dependencies on reaction channel, excitation energy, spin, and
isospin can be thoroughly explored. The population of excited
states from the same residue via the sequential evaporation of
either a proton and a neutron or following the evaporation of
a deuteron is studied for several residues, namely 4Cr, 33Fe,
61Zn, °Cu, and 3¥Cu. Relative production cross sections as
a function of angular momentum and excitation energy are
computed to assess the statistical significance of deuteron
evaporation in residue formation. This study was enabled by a
comprehensive experimental set-up including Gammasphere
[9], the Neutron Shell [10], and numerous ancillary detectors,
including a novel combination of two double-sided silicon
strip detectors (DSSDs) [11] and the Microball CsI(TI) de-
tector array [12], facilitating reaction channel selected y-ray
spectroscopy.

The paper is organized as follows: A description of the
experiment is provided in Sec. II. Theoretical considerations
are outlined in Sec. III. Details of the analysis and experi-
mental results are presented in Sec. IV. The paper concludes
with a summary of the present study in Sec. V. Additional
information is provided in the supplemental material [13].

II. EXPERIMENT

The experiment was conducted at the ATLAS facility at
Argonne National Laboratory, USA. A 40Ca®* jon beam
was accelerated to 106 MeV with an average intensity of
about 60 enA. The target was a self-supporting **Mg foil,
enriched to 99.92% and with a thickness of 0.43 mg/cm?. The
main compound nucleus was created in the fusion reaction
40Ca +2*Mg — ®*Ge*. The beam reacting with contaminants
on the surface of the target, i.e., carbon and oxygen buildup,
led to extra recoils stemming from two more compound nu-
clei being present in the dataset: “°Ca+ '2C — >*Fe* and
#0Ca 4190 — °Ni*. The nuclei of interest in this study—
¥Cr, 3Fe, %17Zn, °Cu, and FCu—were produced through
various reaction channels involving either d or pn evaporation
from one of the three compound nuclei. The reaction channels
resulting in the nuclei considered for this study are listed

TABLE I. List of compound nuclei (first column) and their reac-
tion channels involving either d or pn evaporation (second column)
with resulting residues (third column) considered in this study. The
total available energy for particle evaporation and y emission in each
reaction channel is denoted as E, (last column). Note that in the case
of deuteron evaporation channels, 2.2 MeV of binding energy should
be added to the given E,, values.

Compound nucleus Evaporation channels Residue E (MeV)
% Ge* 2pnordp 817n 232
3pnord2p e 17.9
apn or ad BCu 23.3
SN * 2pnordp 3Fe 19.0
2 2pnordp OCr 11.4

in Table I. The total available energy, Eyy, listed for each
of the residues, represents the energy available for particle
evaporation and y emission with respect to the ground state
of the given residual nucleus.

The focus of the experiment was in-beam particle-y co-
incidence spectroscopy based on an advanced approach for
charged-particle detection. The full setup comprised two
novel CD-shaped DSSDs [11] and the Microball CsI(Tl) ar-
ray [12] for charged-particle detection, Gammasphere [9] and
Neutron Shell [10] arrays for y and neutron detection, re-
spectively, with the addition of the Fragment Mass Analyzer
and an Ionization chamber (IC) [14] in the focal plane for
recording recoil information. This complex setup provided
complementary options for selecting the desired reaction
channel enabling multiparameter analysis. For the present
study, only particle and y detectors are of relevance. The 71
Ge-BGO Gammasphere detector modules, with their heav-
imet collimators removed, were utilized not only for y-ray
detection but also to collect information on the y-ray mul-
tiplicity k, and sum-energy H, for assisting reaction-channel
selection event by event [15].

The 32 Neutron Shell detectors replaced Gammasphere
detectors at forward angles, 6, ~ 10°-65°, with respect to
the beam direction. Note that slightly different solid-angle
coverage in the center-of-mass system for the three reactions
studied follows, which implies neutron detection efficiency
£,(O*Fe) 2 £,(°°Ni) > £,(**Ge). It is important to note that
the effective neutron detection efficiencies are significantly
lower than expected from neutron detector solid angle cov-
erage. The reason was synchronization problems between the
data acquisition system for the neutron detectors, on the one
hand, and the data acquisition system for charged particle- and
y-ray detectors, on the other hand [16]. Standard neutron-y
pulse-shape discrimination in combination with the time-of-
flight technique provided both energy and timing information
for the neutrons [17]. Similarly, the pulse-shape discrimina-
tion technique was applied to distinguish between « particles
and protons in the signals recorded by the Microball detec-
tors. The AE-E method was used for proton, deuteron, and
a-particle identification in both the combined DSSDs system
and in each individual DSSD when paired with the Microball
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FIG. 1. Parts of AE-E spectra demonstrating proton-deuteron separation in the DSSD-Microball detector system. Panel (a) shows a AE-E
spectrum for the two DSSDs, with the fourth innermost ring of DSSD 1 serving as AE and DSSD 2 as E detector, respectively. Panel (b) shows
a AE-E spectrum where DSSD2 and Microball ring 2 act as AE and E detectors, respectively. Text labels in red denote identified proton, p,
and deuteron, d, energy depositions. The color scales shown, respectively, on the right side provide the ranges of z-axis values in both panels.

rings positioned directly behind them. For more details on
experimental data preparation, see Refs. [11,16].

The DSSDs allowed for unequivocal light-charged-particle
identification. In addition, the high granularity of the DSSD
system with 2048 pixels per detector provided excellent
charged-particle tracking capabilities. This allowed for a dis-
tinct separation of proton and deuteron signals using the
AE-E method, with angular constraints (¢ and ¢) applied
to the particle trajectories. Furthermore, the discrimination
between protons and deuterons was refined by conducting the
ring-by-ring separation in the DSSDs, leading to a cleaner
identification. Data selected for the single ring 4 of DSSD 1
are shown in Fig. 1(a). The DSSDs’ AE-E spectrum re-
veals a region where proton and deuteron energies overlap.
To resolve this, particles in this region were tracked further
into Microball ring 2, located behind DSSD 2, and separated
using the AE-E technique but with Microball serving as
the E detector as displayed in Fig. 1(b) [11]. The particle
identification patterns were confirmed through simulations of
the DSSD detectors using the Geant4 Monte Carlo toolkit
[18-20]. The setup’s ability to unambiguously distinguish
evaporated deuterons from protons, combined with Gamma-
sphere data, serves as the foundation of the present study. It is
also noteworthy that evaporated tritons were identified in the
DSSDs’ AE-E spectrum. Although the overall low number
of the observed tritons prevents a quantitative analysis, their
identification still represents a significant experimental obser-
vation [16].

After processing the raw experimental data, the event-by-
event information available for evaporation channel selection
for the current study included: detected y rays together with
measures of total y multiplicity k, and total y energy H, as
well as the number of protons, deuterons, « particles, and

neutrons detected, with their energies E, and angles 6, ¢, and
total particle energy P.

III. THEORETICAL CONSIDERATIONS

The particle evaporation process was described by Weis-
skopf already in 1937 with his seminal statistical model [21].
The model was later refined including the Hauser-Feshbach
treatment of interference between different channels and an-
gular momenta [22,23] and implemented in several available
evaporation codes [24-27].

The probability of emitting a particle with kinetic energy
E from a nucleus with excitation energy E' is

pa(E})

W(E,E}) = gmEo ,
om(EY)

ey

where g is the degeneracy of the final state of the emitted
particle, m its mass, and o denotes the cross section for
its emission. The level density for the mother and daughter
nuclei, p, and p,, respectively, are calculated at the corre-
sponding excitation energies E. and E. This probability of
decay is given by the ratio of the phase space of the initial
and final states multiplied by the cross section. The excitation
energy E of the daughter nucleus can be calculated assuming
that the internal excitation of the emitted particle is zero,

E;=E,—E+BE;—BE,+BE,=E, —E+0Q, (2
where BE;, BE,,, and BE,, correspond to the binding energies
of the daughter, mother, and the emitted particle, respectively,
and Q the energy released in the process.
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The cross section for the emission of a particle with energy
E is assumed to be the geometric form factor,

7.2,
nrlf(l o ’)
0 E < co—

zdz,,
o= iy O
where r, is a geometric radius; r. is the Coulomb radius;
Z4 and Z, are the atomic numbers of the daughter nucleus
and emitted particle, respectively; and the phenomenological
factor ¢, is equal to e?/4mey = 1.44 MeV fm. The values of
these parameters are taken from the GEM?2 radial parameters
[28,29] which approximate quantum tunneling and other ef-
fects.

The level density of a nucleus with mass number A and
excitation energy E* is evaluated with the equidistant model
from a harmonic oscillator potential,

1 exp(2+/aE*)
V438 E* ’

where a = A/10 has been chosen according to the harmonic
oscillator width parametrization coming from the virial theo-
rem [30].

The decay width I' of a nuclear state represents the proba-
bility of emitting a particle (e.g., a neutron) from the state per
unit time. I' for a nucleus with excitation energy E, is the
integral of the probability W over all possible energies of the
emitted particle,

p(E™) =

“

E;+0
r= / W (E, E*)dE. )
0

Considering subsequent emissions, the probability of a
decay chain will be the product of the probabilities of each
emission. In the case of one of the decay channels represented
in Table I, for the first decay E, = Ei, while subsequent
decay will have excitation energies of the intermediate states
related by Eq. (2). The probability of the emission of two
particles, 1 and 2,

Wia(Ey, By, Ew) = Wi(E1, Eo)Wa(E, E,yy)

E
_ g1m1U1E1 ( dl) E2 lod2( (12)
pml(Emt) Pm2(E 2)
(6)

where subscripts m1 and d1 indicate mother and daughter of
the first decay and m2 and d2 of the second. Assuming that the
second emission is prompt, so that there are no intermediate
y decays and energy loss, the state of the daughter for the first
decay is the mother of the second pg1(E},) = pm2(E;,). This
results in a dependence only on the level densities of initial
compound nucleus and the final state of the decay chain,

pa(E))
Pm(Eror) .

The probability of Eq. (7) can be easily generalized for the
emission of n particles with energies E;, W(Ey, ..., E,, Ext).
Then the partial decay width for a sequence that ends in a

Wi (E, By, Ev) = gumio1E182m02E)

@)

given final state in the daughter nucleus,

Flmn(E:’ ElOt) = W(El’ ) Ens Elot)dEl e dEVla (8)

Ej
integrating over the possible emission energies with the con-
straint that the energy of the final daughter nucleus in the
decay chainis Eo — (Ey +---+ E,) — Q0 = E].
In order to account for the beam energy loss over target
penetration, we consider a Gaussian spread of the compound
nucleus energy, resulting in a modified partial decay width,

T W(ED = / dE; - --dE,
"

X /oodE W(E,....,E,,E)g(E), (9)
0

with
o B —EV /20

b/ 2w

with b the width of the normalized Gaussian energy packet
corresponding to the beam energy loss and Eyy the average
compound nucleus energy in Table I. The compound *Ge is
obtained through the collision of the *°Ca beam with the >*Mg
deep inside the target, with a beam energy spread estimated
at 3 MeV, reflecting a spread of the energy of the compound
nucleus of b =0.75MeV. The cases of *°Ni and >*Fe are
obtained through contamination on or near the surface of the
target >*Mg, implying a small nominal beam energy spread of
0.1 MeV resulting in b = 0.0287MeV and b = 0.0231 MeV,
respectively.

Considering the ratio between two different decay chains
from the same compound nucleus to the same final state in the
daughter nucleus, the final expression becomes independent
of the level density. We define

1:‘dp(E;) + 1:‘pd (E;)
Fon(ED) + Fpnp(ES) + Topp(ED)’

with ¢ a factor that includes nuclear structure, preformation
effects, and possible small systematic errors not taken into
account in the corresponding experimental ratios. We have
taken ¢ = 1/200 to reproduce the experiment. This ratio of
decay widths in Eq. (11), summed over the possible decay
paths considering the corresponding cross sections can then be

used for comparison with the experimentally obtained ratios
R = Y@p
Y@p)* : .
As a simple example, assuming that the cross sections for d
and p emissions are the same and neglecting the beam energy

spread,

8(E) = , (10

R(E}) =

an

gumy Jo; EpEadE,dE,
8pMp&nMuOn ij EplEpZEndEndEpldEpZ .

RE])~c (12)

The yield of particle emission, which is proportional to the
decay width, has to be compared with the sum of experimental
yields for a given excitation energy of the final nucleus. For
comparison with experimental values in Sec. IV, the intensity
of the y transition from the different levels in a nucleus, in
coincidence with the particle decay, is divided by the intensity
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FIG. 2. Comparison of the normalized sum of y-ray spectra in coincidence with the low-lying 272-, 479-, and 812-keV yrast transitions
in “Cr produced via 2pn (red) or d p (dark gray) evaporation from 3*Fe*. The original 2pn-selected summed spectrum was multiplied by 0.90.
Energy labels are in keV. The y scale of the right-hand part of the spectra has been stretched by a factor of 5 and the binning reduced from 2

keV per channel to 4 keV per channel.

of the decay to the first excited state for normalization. This is
equivalent to integrating all decays that could generate a given
y transition, i.e., all decay width above the energy E, folded
by the beam spread,

D VB =

IV. DATA ANALYSIS AND RESULTS

Frvon
SO Trn(E)IE

St e L(E)E

13)

The selection of the reaction channel of interest was
performed on an event-by-event basis by requiring the iden-
tification of the matching number of protons, deuterons, o
particles, and neutrons. Once a channel is assigned to an event,
arecoil vector is calculated using three parameters: (i) the pre-
sumed position within the target where the fusion-evaporation
reaction occurred, (ii) the kinetic energy of the compound
nucleus, and (iii) the momenta of the evaporated particles, de-
termined from their detected energies and angles. This recoil
vector was then utilized for kinematic corrections, refining the
Doppler correction for y rays, and for determination of the
center-of-mass energies of the evaporated particles. Given the
distinct mass differences among the studied recoils, separate
sets of parameters were used for calculations corresponding
to each recoil. For instance, the fusion-evaporation reaction
resulting in the ®*Ge compound nucleus was assumed to oc-
cur at the midpoint of the target, while those reactions with
contaminants forming >*Fe and °Ni were assumed to occur at
the target surface. This distinction changes the beam energies
used to calculate the recoil excitation energies.

Following the application of refined Doppler corrections,
yy matrices were generated to analyze each recoil. Since d
vs pn evaporation is studied, two matrices were produced
for each nucleus of interest, corresponding to the respective
reaction paths. With the additional requirement of y coinci-
dences associated with each channel, y-ray energy spectra
were created for each recoil. Since evaporated deuterons could
only be identified using the DSSDs, to ensure a reliable
comparison between the d and pn channels, the creation of
the pn yy matrix also required the detection of the proton

with the DSSDs. Nevertheless, case- and reaction-dependent
systematic experimental uncertainties on the level of a few
percentages may persist because of slightly different effective
center-of-mass angular ranges seen by evaporated protons and
deuterons. Also, due to the challenges in neutron data acquisi-
tion [16], the statistics in the y spectra significantly decreased
when requiring neutron detection. To address this issue, an
additional yy matrix was created for the pn channels without
requiring neutron detection. In this case, accurate channel
selection relied on careful analysis of yy coincidences.

In the following, experimental results from each of the
studied cases are presented along with theoretical predictions.

A. “Cr

#Cr was created from the >Fe compound nucleus through
evaporation of 2pn or dp. Figure 2 presents y-ray energy
spectra for **Cr produced via 2pn or d p channels evaporation.
To optimize the signal-to-noise ratio, coincidences with any
of the low-lying 272-, 479-, and 812-keV yrast transitions
in ¥*Cr were required. Notably, transitions from the possibly
contaminating 3pn (*V) channel were not observed in the
data. Several conclusions can be drawn from comparing these
y-ray spectra. First, both spectra exhibit sufficient statistics
to support a statistically significant study. Second, the nor-
malization factor for 2pn to dp was just 0.90 indicating a
significant production of **Cr via dp evaporation. Finally,
several y-ray peaks, for example, those at 575, 1028, 1411,
1714, 1965, and 2332 keV, are notably more intense or only
present in the spectrum of the dp channel in comparison to
the spectrum following the 2pn evaporation. This observation
suggests that specific states in *’Cr were solely populated by
d p evaporation calling for further investigation.

For a quantitative assessment, the ratio of yields, R =
Y (dp)]Y (2p), for ¥*Cr was computed for the transitions pre-
sented in Fig. 2. The results are presented as a function of
angular momentum (a) and excitation energy (b) in Fig. 3.
Note that for computing the ratios in Fig. 3 only 2p detection
was required. Comparing 2p data with 2pn data, a neutron
detection efficiency of €, = 11.4(6)% can be derived for “Cr.
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FIG. 3. Ratio of yields, Y (dp)/Y (2p), for “Cr as a function of
spin (a) and excitation energy (b). Ratios of positive-parity states are
displayed in green and negative-parity states in purple. The lines in
panel (a) are only to guide the eye. In panel (b) a least-squares fit to
the observed ratios of yields as a function of excitation energy is dis-
played in black. The dashed-dotted orange curve shows theoretical
predictions of Eq. (11). See text for details.

The assignment of the transitions was done based on the decay
schemes from previous works [31-33]. The ratio of yields will
tend to have an asymptote above the E, of the 2pn decay,
since the Y (2p) — 0 but Y (d p) will be finite.

There is a clear dependency on the spin and excitation
energy of the ratio which one may separate into negative-
and positive-parity parts. First, for positive parity the ratio
reaches R ~ 0.6, confirming that the relative production of
“Cr via dp evaporation is significant. Second, there is an
interesting feature of the experimental result of the final states
in the residual “*Cr nucleus, with a different ratio of yields
for positive- and negative-parity states [cf. Fig. 3(a) squares
and circles], though the situation is less obvious when plotting
the ratios as a function of E, [cf. Fig. 3(b)]. In the theoretical
model described in Sec. III, the only factor that might be
sensitive to the parity of the states is in the cross section,
o. However, to the best of our knowledge, phenomenological
parametrizations of the cross section do not have a term which
is both energy- and parity-dependent [1,34,35]. This might
indicate a sensitivity of the experiment to the overlap between
the intermediate compound >'Mn wave function and the wave
function of the specific state of “Cr plus deuteron, i.e., the
deuteron spectroscopic factor. The spectroscopic factors of the
different final states might therefore play a role in explaining
the results observed, but both greater experimental statistics
and dedicated theoretical investigations are required.

In the case of *Cr, the particles are emitted at energies
close to the Coulomb barrier, especially for the cases with the
most energy in the residual nucleus. Therefore, the results for
this nucleus are quite sensitive to the parameters of the cross
section describing the Coulomb barrier.

Using the peaks identified in the y-ray spectra presented
in Fig. 2, the decay schemes of *’Cr produced via either
2pn or dp evaporation in the present experiment were con-
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FIG. 4. Decay schemes of “*Cr constructed using data from 2pn
(top) and dp evaporation (bottom) from the compound nucleus
2Fe*. The assignment of the states is done based on previous works
[31-33]. Energy labels of excited states and y-ray transitions are in
keV. The widths of the arrows correspond to the relative intensity of
the transitions. Tentatively placed transitions are dashed.

structed. Those are shown in Fig. 4. Comparing the two decay
schemes shows that d p evaporation populates states of higher
spin and higher excitation energy in **Cr. This implies extra
excitation energy that the recoil receives through deuteron
evaporation, most likely due to the additional binding energy
of the deuteron.

Finally, the sums of relative yields of observed near-yrast
transitions in “’Cr according to the decay schemes in Fig. 4
are presented in Fig. 5 as a function of excitation energy and
in steps of AE, = 0.5MeV. The plot confirms the additional
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FIG. 5. Sum of relative yields of observed transitions in *“’Cr
according to the decay schemes in Fig. 4. The sum of yields for
the dp channel is displayed in gray and for the 2pn channel in red.
Theoretically computed integrated yields are shown in blue for dp
and in orange for 2pn evaporation calculated in Eq. (13).

binding energy available through d p evaporation. For compar-
ison with theoretical predictions, it is important to recall that
the theoretical sums of yields are computed as a function of
the total excitation energy available E (cf. Table I). Here the
prediction of the 2pn evaporation yields zero at Ey, ~ 5 MeV
while dp evaporation has more energy, driven by the differ-
ence in the Q value of the final state. The Coulomb barrier for
both p and d is roughly 3 MeV in this mass region, thus the
comparison of experiment and theory is the most valid up to
approximately this energy. The experimentally observed trend
for the 2pn channel agrees very well with theoretical predic-
tions being mostly below the barrier. The sum of yields for d p
also repeats the theoretical trend and decreases as a function
of excitation energy. It has a larger deviation from the theory
predictions toward higher excitation energies. On the theoreti-
cal side, the statistical evaporation model in Eq. (13) integrates
over all channels, including additional particle emission chan-
nels that may be open at energies larger than the Coulomb
barrier. On the experimental side, only the gamma emission of
a particular nucleus is considered. Furthermore, some of this
deviation may also be due to the difficulties in the detection
and identification of low-intensity y -ray transitions associated
with higher-lying excited states further away from the yrast
line.

B. **Fe

An analysis similar to **Cr was conducted for >*Fe. This
nucleus was formed through 2pn or dp evaporation from the
3Ni* compound nucleus as a result of the beam interacting
with 190 target contamination due to anticipated MgO for-
mation on the surface of the target foil. Figure 6 displays
y-ray energy spectra produced for 2pn and dp in coincidence
with the 287-keV 15/2~ — 13/2~ yrast transition of >*Fe
[36,37]. There are only very few low-lying transitions iden-
tified for both 2pn and dp in the current dataset. Therefore,
no additional figures are presented. Transitions on top of the

a0k — "®0(*ca,dp)®Fe | |
— "0(*ca,2on)*Fe| |

836

Counts per channel

FIG. 6. Comparison of the normalized y-ray spectra in coinci-
dence with the 287-keV 15/2~ — 13/2~ yrast transition [36,37] in
3Fe produced via 2pn (red) or dp (dark gray) evaporation from
the 3°Ni* compound nucleus. The original 2pn-selected spectrum
was multiplied by 0.40. Energy labels are in keV. The stars denote
transitions associated with ®°Cu (see Sec. IV D) because of its weak
27 — 2{ 287-keV transition. The binning is 4 keV per channel.

19/2~ spin-gap isomer in >*Fe [36,37] were searched for but
not observed in either case, possibly due to the large energy
gap of more than 3MeV above the isomer [37]. Notably,
transitions from competing reaction channels are also present
in the plot. Since ®°Cu also has a 287-keV y-ray transition,
there are several peaks visible in the spectra associated with
0Cu production (cf. Sec. IV D). Other transitions from com-
peting channels such as, e.g., 52Mn, were not observed. The
normalization factor used for the spectra is 0.40. The number
of counts in both spectra is about 25 times lower than for *’Cr.

The relative yields were computed, resulting in
Y(dp)/Y(2p) = 0.035(6), Y(dp)/Y 2pn) = 0.31(5),
which remain relatively constant across the first four
transitions (287, 836, 1011, and 1328 keV) connecting the
15/2= - 13/27 - 11/27 - 9/27 — 7/2~ ground-state
yrast cascade. This is in line with theoretical predictions
for this decay. In this case, the predicted asymptote is at
much higher energy with respect to the region experimentally
accessible. Hence, the trend appears to be increasing at a
slower pace. The neutron detection efficiency for this recoil
was determined to be ¢, = 10.7(7)%. The relative yields of
Y(dp)/Y(2p) are an order of magnitude smaller than those
for “*Cr signifying that deuteron emission plays a smaller
role in populating >*Fe residues.

C. “Zn

617n is produced in the main *’Ca + **Mg reaction follow-
ing 2pn or dp evaporation. Figure 7(a) displays normalized
sums of y-ray spectra in coincidence with the 1141- and 1531-
keV yrast transitions in ®' Zn [38,39] produced via 2pn (red) or
dp (dark gray) evaporation. For instance, the 1595-keV peak
assigned to the 25/27 — 21/27 transition based on previous
works [38,39] is only present in the dp spectrum. Similarly,
the 1948-keV peak, corresponding to the y transition feeding
into the 15/2% 4264-keV excited state in 617n, is identified in
the dp spectrum but is hardly seen in coincidence with 2pn.
Note that both 1595-keV and 1948-keV transitions are tenta-
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FIG. 7. (a) Comparison of the normalized sum of y-ray spectra
in coincidence with the 1141- and 1531-keV yrast transitions [38,39]
in ®'Zn produced via 2pn (red) or dp (dark gray) evaporation from
the % Ge* compound nucleus. (b) Same as (a) but in coincidence with
the 873-, 1079-, and 1403-keV transitions. The original 2pn-selected
spectra were multiplied by 0.17. Energy labels are in keV. The stars
in panel (a) denote transitions in the positive-parity yrast sequence
due to coincidences with 1538-keV which overlaps with the 1532-
keV transition [39] located at high excitation energies [cf. Fig. 1 in
supplemental material [13] and panel (b)]. The binning is 4 keV per
channel.

tively assigned due to an overall low level of statistics in the
dp spectrum. However, despite much higher statistics in the
2 pn spectrum, those transitions are difficult to see, if at all vis-
ible, in the present dataset. This implies that the corresponding
excited states are weakly, if at all, populated. Figure 7(b)
shows a similar energy region but instead in coincidence
with the 873-, 1079-, and 1403-keV transitions. Transitions
at higher excitation energy along the positive-parity yrast se-
quence (937, 1675, and 1538 keV [38,39]) have increasingly
higher relative yield in the dp spectra compared to the 2pn
ones.

Decay schemes built based on the observed transitions of
17n in the present dataset for the 2pn- and d p-evaporation
reaction channels are provided in the supplemental material
[13]. The ratio of yields, Y(dp)/Y (2p) and Y (dp)/Y (2pn),
for ©'Zn as a function of spin and excitation energy are shown
in Fig. 8. Note that neutron detection efficiency in this case
is &, = 7.9(13)%. It can be concluded that the production
via dp is generally speaking relatively low. In fact, it is the
lowest for all cases studied. Nevertheless, a rising trend for the
yield ratios is clearly observed even in this case. Theoretical
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FIG. 8. Ratio of yields, Y(dp)/Y (2p) [panels (a) and (b)] and
Y(dp)/Y (2pn) [panels (c) and (d)] for %17n as a function of spin
[panels (a) and (c)] and excitation energy [panels (b) and (d)]. Ratios
of positive-parity states are displayed in green and blue, and of
negative-parity states in purple and cyan, respectively. Red dashed
lines in all panels represent exponential fits to the data points to
guide the eye. The orange line in panel (b) corresponds to model
predictions of Eq. (11). See text for details.

predictions for the ratio as a function of excitation energy are
presented in Fig. 8(b). Also, in this case, the experimental
range is at lower energies than the asymptote. However, the
trend is less dramatic than in the **Cr case. The theoretical
trend agrees nicely with the experimental data within the
uncertainties.

Figure 9 displays the sum of relative yields of observed
transitions in ®'Zn according to the decay schemes in Fig. 1 of
the supplemental material [13] for the 2pn and dp channels.
Note that the absolute intensities of a few transitions identified
on top of the dp decay scheme are too low to extend it
further according to the known one. Hence, the sum of yields
cannot be extended to excitation energies beyond 8 MeV. A
trend similar to *Cr is observed, where the sum of the yields
decreases as a function of excitation energy. However, the
important difference here is that Eit(°'Zn) ~ 23 MeV, which
is available for particle evaporation and y emission in ®'Zn,
whereas E(**Cr) ~ 11 MeV. Therefore, compared with the
#Cr results, the distinction between the d p and 2pn curves is
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FIG. 9. Sum of relative yields of observed transitions in ®'Zn
according to the decay schemes in Fig. 1 in the supplemental material
[13]. The sum of yields for the population via the dp channel is
displayed in gray and for the 2pn channel in red.

much less prominent. At higher excitation energies E;y, more
evaporation channels become energetically accessible, as the
available energy exceeds the Coulomb and nuclear potential
barriers for multiple particles. The 2pn channel, which was
suppressed at lower energies, becomes feasible as the excita-
tion energy increases. Therefore, in the case of 6l7n, the 2 pn
channel can compete more effectively with the dp channel,
leading to more equal y-ray yields for both channels.

D. *Cu

®0Cu is produced in 3pn and d2p reaction channels from
the compound nucleus ®*Ge*. Comparison of the normal-
ized sum of y-ray spectra in coincidence with any of the
low-energy transitions below the 558-keV 4% state in ®°Cu
[40—42] produced via 3pn (red) or d2p (dark gray) evapora-
tion from the ®*Ge* compound nucleus is shown in Fig. 10.
The original 3 p-selected spectrum was scaled by a factor of
0.13. Evidently, several peaks have higher intensity in the
d2p channel. Figure 10(b) displays a spectrum in coincidence
with the 1046-, 1157-,1552-, and 1640-keV transitions in °Cu
populated via d2p evaporation. The spectrum contains many
peaks not present in the 3pn data. In fact, a few excited states
in ®Cu are exclusively populated through the d2p channel in
the current dataset. Decay schemes of %0Cu [40-42] observed
as 3pn and d2p-evaporation reaction channels are shown in
Fig. 2 in the supplemental material [13]. Negative-parity se-
quences, such as 117 — 97 — 77 with 906- and 1833-keV
transitions or 100 — 8~ — 6~ with 1128- and 1365-keV
transitions, are only populated via the d2p reaction in the
present experiment. This behavior resembles that of some of
the positive-parity states in “’Cr described in Sec. IV A.

Figure 11 displays the ratio of yields, Y (d2p)/Y (3p), for
0Cu as a function of spin and excitation energy. The neutron
detection efficiency for this channel is ¢, = 6.8(11)%. The
conclusion that can be drawn for this case is that the d2p
reaction channel contributes significantly to the production
of ®*Cu. When comparing to the other cases studied, the
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FIG. 10. (a) Comparison of the normalized sum of y-ray spectra
in coincidence with any of the low-energy transitions below the
558-keV 4% state in ®°Cu [40-42] produced via 3pn (red) or d2p
(dark gray) evaporation from the *Ge* compound nucleus. The orig-
inal 3p-selected spectrum was multiplied by 0.13. (b) Spectrum in
coincidence with the 1046-, 1157-, 1552-, and 1640-keV transitions
in ®Cu populated via d2p evaporation. Energy labels are in keV.
The stars in panel (b) denote contaminating transitions from the main
reaction channel ®'Cu [38,43]. The binning is 4 keV per channel.
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FIG. 11. Ratio of yields, Y (d2p)/Y (3p), for ®°Cu as a function
of spin (a) and excitation energy (b). Ratios of positive-parity states
are depicted in green, while negative-parity states are shown in pur-
ple. Red dashed lines represent exponential fits to the data points.
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FIG. 12. Sum of relative yields of observed transitions in **Cu
according to the decay schemes in Fig. 2 in the supplemental material
[13]. The sum of yields for the d2p reaction channel is displayed in
gray and for the 3pn channel in red.

values of the ratios are most similar to those of *°Cr, which
makes deuteron evaporation the most significant for these two
residues.

Figure 12 shows the sum of relative yields of observed
transitions in %°Cu according to the decay schemes in Fig. 2
of the supplemental material [13]. With Ey, being relatively
low for this reaction channel, particles are emitted at energies
close to the Coulomb barrier with little excess excitation in
the residual nucleus, making this case similar to Cr. Also in
this yield curve, it is possible to clearly identify the effect of
the higher Q value of the d2p emission compared with 3pn
emission.

E. ®Cu

The final case for the present study is the N =Z nu-
cleus *%Cu [44,45]. ®Cu is observed as either « pn- or
ad-evaporation channel from the compound nucleus *Ge*.
Figure 13 displays a comparison of the normalized sum of
y-ray spectra in coincidence with the 444-, 515-, 1105-, and
1621-keV yrast transitions in **Cu produced via apn (red) or
ad (dark gray) evaporation. The original o pn-selected spectra
were scaled by a factor of 0.45. A few small peaks from the
intense o2p reaction channel leading to **Ni [44,46] are also
visible in the apn spectrum.

Decay schemes of Cu [44,45] observed as apn- and
ad-evaporation residues of the compound nucleus **Ge* are
included in the supplemental material [13]. While the same
transitions are observed in both cases, slight differences in
intensities suggest that ad evaporation populates higher states
than apn. Figure 14 presents the ratios of yields for *%Cu,
namely Y (ad)/Y (ap) in Fig. 14(a) and Y (ad)/Y (apn) in
Fig. 14(b), as a function of excitation energy, E,. The neutron
detection efficiency for the %Cu residue is &, = 7.0(13)%.
As with other cases, the relative ratio increases with spin and
excitation energy.

20
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FIG. 13. Comparison of the normalized sum of y-ray spectra in
coincidence with the 444-, 515-, 1105-, and 1621-keV yrast tran-
sitions in 8Cu [44,45] produced via apn (red) or ad (dark gray)
evaporation from the *Ge* compound nucleus. The original o pn-
selected summed spectrum was scaled by a factor of 0.45. Energy
labels are in keV. The stars denote contaminant transitions from
the a2p channel leading to **Ni [44,46]. The binning is 4 keV per
channel.

Figure 15 presents the sum of relative yields of observed
transitions in “*Cu according to the decay schemes provided
in the supplemental material [13]. In this case, Ei, & 23 MeV
and, thus, it is expected that the case in Fig. 15 will resemble
the case of ®'Zn in Fig. 9; i.e., which is in line with the sim-
ilarly close-lying pattern of the two yield curves. The dip in
yields around 2.5-3.0 MeV relates to difficulties in observing
weak decay branches from the 3420-keV 77 state, and in
particular, the known 501-keV transition into the 5;’ state at
2920 keV, whether because of lack of statistics (¢d and apn
matrices) or too much background at this part of the y-ray
spectrum (o p matrix).

V. SUMMARY AND OUTLOOK

In summary, individual studies of deuteron vs pn evap-
oration were conducted for five residual nuclei: **Cr, >*Fe,
38Cu, °Cu, and ®'Zn. The results show that the population
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FIG. 14. Ratio of yields, Y(ad)/Y(ap) in panel (a) and
Y(ad)/Y (apn) in panel (b) for 3Cu as a function of excitation
energy, E.. Exponential fits to data points are drawn as red dashed
lines to guide the eye.
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FIG. 15. Sum of relative yields of observed transitions in **Cu
according to the decay schemes in Fig. 3 in the supplemental material
[13]. The sum of yields for population via the ad channel is displayed
in gray and for the @ pn channel in red.

of states in **Cr and ®°Cu exhibit significant contributions
from deuteron evaporation with certain subsets of states being
reached solely via deuteron evaporation. This is consistent
with the extra 2.2 MeV binding energy of the deuteron being
available to the system. In contrast, for 3Fe, *8Cu, and °'Zn,
deuteron evaporation plays a less significant role. As a side
note, 2Cu, despite being an N = Z nucleus, does not show
evidence of enhanced deuteron-like isospin 7 = 0 proton-
neutron pairing based on this study.

A decisive factor in the studied evaporation sequences
seems to be the excitation energy available in the residual
system that is given by the total compound nucleus excitation
energy and the Q value of the corresponding evaporation
sequence. Therefore, a crucial difference between pn and
d evaporation is the additional binding energy the deuteron
provides to the Q value: having a compound nucleus with
relatively low excitation energy, such that the charged parti-
cles have little energy to cross the Coulomb barrier, implies
that the ratio R = Y (d)/Y (pn) is dominated by the Q-value
effect, i.e., an addition to the Q value arising from the deuteron
binding energy, BE; = 2.2MeV. This makes it possible to
populate and observe some higher-lying states exclusively in
the deuteron-evaporation sequence. In the high-statistics case
of ¥Cr, Fig. 3 demonstrates that the asymptote of the ratio
of yields is rapidly increasing towards higher excitation ener-
gies. In other cases, more energy is available for the residual
nucleus, and the asymptotic behavior sets in at considerably
higher excitation energy.

Since three of the studied cases, *’Cr, Fe, and ®'Zn, are
produced through the same reaction channels, 2pn or dp,
they can be directly compared to find a common trend. It
is valuable to plot the yields of each reaction as a function
of the available total excitation energy (cf. Table I), offering
a systematic view of how these energies influence deuteron
evaporation for the different nuclei. Figure 16 shows the ratios
for each nucleus, which were extracted from their respec-
tive fits at E, = 3MeV [cf. Figs. 3(b) and 8(b) as well as
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FIG. 16. Experimental ratio of yields, Y (dp)/Y (2p) computed at
an excitation energy E, = 3 MeV for the three 2pn (or d p) evapora-
tion channels “’Cr, *Fe, and ®' Zn as a function of the total excitation
energy, E, available for particle evaporation and y-ray emission
(cf. Table I).

Sec. IVB] and plotted as a function of the total excitation
energy E. With higher excitation energy available for the
system, single nucleon emissions become more likely, while
deuteron evaporation is more prominent for lower excitation
energy values. *3Cu and ®°Cu are products of d2p/3pn and
ad /apn evaporation and thus are not included in this compar-
ison.

Figure 16 confirms that deuteron evaporation is more likely
at lower total excitation energies. This can be attributed to the
Q-value effect. At low total excitation energy of the residual
nucleus, the yield ratio is driven by a more probable deuteron
emission due to more energy available to cross the Coulomb
barrier. At higher available residual-nuclei energy, the yield
ratio is driven more by the relative probability of proton and
deuteron emission. This probability is influenced, in part, by
the preformation factor of the deuteron.

As a final remark, to our knowledge, this is the first time in-
depth y-deuteron coincidence spectroscopy has been possible.
Our theoretical model is found to reproduce extracted values
and observed trends very well.
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