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Measurement of fusion-evaporation cross sections for reactions of 44Ca with 154,156,157,160Gd targets

T. A. Werke,1,2,* C. S. Salas,1,2,† K. J. Glennon,1,2,‡ D. A. Mayorov,1,2,§ E. E. Tereshatov ,1

M. F. Volia,1,3,‖ D. M. Wright,1,4,¶ and C. M. Folden, III 1,2,#

1Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA
2Department of Chemistry, Texas A&M University, College Station, Texas 77843, USA

3Department of Nuclear Engineering, Texas A&M University, College Station, Texas 77843, USA
4Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

(Received 23 December 2020; revised 13 April 2022; accepted 29 June 2022; published 30 November 2022)

Background: Previously reported fusion-evaporation cross sections of residues in 45Sc-induced reactions with
lanthanide targets are much smaller than 48Ca-induced reactions on the same targets. 44Ca is one proton removed
from 45Sc and could be used to produce nuclei with a relative neutron content between those produced in the
45Sc- and 48Ca-induced reactions.
Purpose: Several experiments worldwide have attempted to discover elements beyond the currently heaviest
known element, oganesson (Z = 118). Due to a lack of appropriate targets, these efforts focused on projectiles
other than 48Ca, which has been widely used for a number of successful element discovery experiments. The
present study continues our previous work to understand the influence of various projectiles on the compound nu-
cleus in fusion-evaporation reactions, and addresses the influence of target neutron number on fusion-evaporation
cross sections.
Methods: In experiments performed at the Cyclotron Institute at Texas A&M University, a beam of 44Ca6+ with
an energy of ≈ 5 MeV/u was delivered by the K500 superconducting cyclotron to the Momentum Achromat
Recoil Spectrometer (MARS). The 44Ca projectiles bombarded various isotopically enriched Gd targets in the
MARS target chamber to create evaporation residues, which were spatially separated from unreacted projectiles
by MARS and identified via their characteristic α-decay energies. Excitation functions for the reactions of 44Ca
with 154,156,157,160Gd were measured at several projectile energies each.
Results: The maximum 4n cross sections in the 44Ca +154,156,157,160Gd reactions were 0.038 ± 0.008, 0.83 ±
0.08, 3.8 ± 0.2, and 3.0 ± 0.5 mb, respectively. Production cross sections for the more neutron-rich targets were
surprisingly constant even given the substantial changes in the difference in neutron binding energy and fission
barrier of the compound nuclei.
Conclusions: Collective enhancements to level density caused a reduction in compound nucleus survivability
for all targets. While this effect was required to obtain good agreement between theoretical calculations and
experimental data, it was not sufficient to explain the cross sections for the reaction with the most neutron-
deficient target studied (154Gd). Instead, it appears that the difference in the fission barrier and neutron binding
energy is the dominant factor affecting the survival of the compound nucleus in this case.
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I. INTRODUCTION

Currently, 118 elements have been discovered and con-
firmed [1,2], and the experiments that discovered elements
114–118 all used 48Ca projectiles as reviewed in [3]. Sev-
eral additional experiments have been conducted as attempts
to produce even heavier elements [4–9]. Due to the lack
of appropriate targets heavier than 249Cf, these experiments
have relied on projectiles heavier than 48Ca. Although these
experiments have been highly sensitive and have reported
small upper limit cross sections, the current authors are not
aware of any reported decay chains indicative of elements
with Z > 118 that are widely accepted by the community.
The small cross sections for these and similar reactions have
been attributed to the low survival probability of the com-
pound nucleus (CN) [3,7,10]. This has been attributed to a
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strong influence of survival probability on the average dif-
ference in fission barrier (Bf ) and neutron binding energy
(Sn) of the compound nucleus [11], represented as Bf − Sn.
In a previous series of studies [12–15], our group systemat-
ically investigated the influence of heavy-ion projectiles on
the fusion-evaporation cross section and observed this same
effect. Additionally, we observed that collective enhancement
to level density (CELD) (see, for example, [16] and references
therein) has a significant impact on the production of the
spherical evaporation residues (EvRs), which were generally
near doubly magic 208Pb. CELD causes a substantial increase
in the level density as a heavy nucleus deforms slightly, due to
high-lying rotational and vibrational states descending below
the available excitation energy. The increased level density
can increase the probability of fission and reduce the EvR
cross sections.

Our previous paper included a systematic study of EvR
cross sections for 44Ca projectiles reacting with lanthanide
targets of varying Z [12]. The current article expands the
previous work by studying the influence of target neutron
number while continuing to use 44Ca as a projectile. The
resulting CNs also have a range of deformations, which allows
for the influence of deformation on CELD to be investigated.
The latter effect is important, since the current authors are not
aware of any measurements of the deformation of superheavy
elements, and the impact of CELD on future element discov-
ery experiments is not fully understood.

II. EXPERIMENT

Experiments were performed at the Cyclotron Institute at
Texas A&M University. Source material of >95.90% en-
riched 44Ca (chemical form 44CaO, IsoFlex, San Francisco,
California, USA) was heated in a high-temperature oven, and
the evaporated atoms were injected into an electron cyclotron
resonance (ECR) ion source. The ECR ion source ionized the
44Ca to the 6+ charge state, and the ions were subsequently in-
jected into the K500 superconducting cyclotron. The primary
beam of 44Ca6+ was accelerated and directed to the target
chamber of the Momentum Achromat Recoil Spectrometer
(MARS) [13,17,18]. Two primary beam energies were used in
the experiment; initially, the cyclotron produced a laboratory-
frame beam energy of 214.3 MeV. Later, the beam energy was
increased to 229.7 MeV to study the 44Ca + 154Gd excitation
function. The uncertainty in the beam energy was ≈1%.

A schematic of MARS is presented in Fig. 1. Upon entering
the target chamber, the beam first passed through a natAl
degrader, which reduced the beam energy. The beam then
bombarded the target of interest, where the fusion-evaporation
reaction occurred to create the EvR. The newly created EvRs
passed through a 50 μg/cm2 natC stripper foil and entered
the first quadrupole magnet, Q1. The majority of scattering
products and other extraneous reaction products were spatially
separated by the achromatic section of MARS between dipole
magnets D1 and D2. The more rigid unreacted beam primarily
deposited in the beam dump. Secondary separation of the
EvRs occurred in the Wien filter. After passing through the
separating elements, the EvRs were focused into the detec-
tor chamber, where they implanted into a position sensitive
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FIG. 1. MARS schematic with insets showing the detector cham-
ber and the target chamber. Quadrupole, dipole, and sextupole
magnets are labeled as Q, D, and S, respectively. The slits (SL2)
at the downstream end of the Beam Dump define the momentum
acceptance of MARS.

silicon detector (PSSD) (model X1, Micron Semiconduc-
tor Ltd., Lansing, UK) located at the focal plane. Finally,
α-decaying EvRs were identified by their characteristic en-
ergies as measured by the PSSD.

Reactions of 44Ca projectiles with targets of 160Gd2 O3,
157Gd2 O3, 156Gd2 O3, and 154Gd2 O3 were studied in the
experiment. The targets were prepared in house using the
molecular plating method [19–21]. Starting material for the
156Gd2 O3 target was purchased from Isoflex as an oxide pow-
der with an enrichment greater than 95.4%. Starting material
for the other targets was obtained from the previous target-
making group at the Cyclotron Institute. Approximately 1 mg
of the starting material was dissolved in 0.1 or 2 M HNO3 and
evaporated to dryness under Ar gas. The resulting Gd(NO3)3
was reconstituted with 5–10 μL of 0.1 M HNO3 and 12
mL of anhydrous isopropanol, and added to a custom elec-
trodeposition cell [21,22]. The Gd(NO3)3 solution was plated
onto a 2 μm Ti backing (Hamilton Precision Metals, Lan-
caster, Pennsylvania, USA) by applying a bias of 400–700 V
for 30–60 min. The targets were baked at 200◦ C under at-
mospheric conditions to remove any volatile organic residues.
The elemental composition of the targets was confirmed by
energy-dispersive x-ray spectroscopy (EDS) as discussed in
Ref. [21]. The isotopic composition of the targets was an-
alyzed by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) and the results are given in Ta-
ble I.

The MARS target chamber housed three motorized lad-
ders, each remotely controllable via proprietary software. The
most upstream ladder held one blank opening and a series of
eight natAl degraders used to reduce the beam energy. The
nominal thicknesses of the degraders were 1.2, 1.8, 2.25, 2.85,
3.45, 4.5, 5.1, and 6.29 μm. These degrader thicknesses were
selected to measure full excitation functions for the 4n exit
channel for each of the four targets studied in this experiment.
The middle ladder held the gadolinium oxide targets plus
a check target of 334 μg/cm2 158Gd2 O3 and thin foils of
metallic natTa and 117Sn. These three latter foils were used
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TABLE I. Selected properties of reactions studied in this work. Target enrichment was measured using LA-ICP-MS. Beam dose was
measured by the scattering detectors located in the target chamber as described in Sec. II.

Target Beam dose on
Reaction Compound nucleus Bf − Sn (MeV) enrichment (%) target (1014) MARS efficiency (%)

44Ca + 160Gd 204Po 6.2 91.5 5.4 1.52
44Ca + 157Gd 201Po 2.9 88.5 4.3 1.56
44Ca + 156Gd 200Po 1.9 95.4 4.2 1.57
44Ca + 154Gd 198Po 0.0 44.4a 9.7 1.60

aOther Gd nuclides present: 152Gd (0.2%), 155Gd (30.6%), 156Gd (12.1%), 157Gd (5.0%), 158Gd (5.1%), and 160Gd (2.6%).

for an efficiency calibration of the Rutherford scattering de-
tectors as discussed below. The 158Gd2 O3 target was used to
check the MARS efficiency by comparing the EvR detection
rate to previous studies done by our group [12]. The most
downstream ladder held a phosphor-painted metal target with
crosshairs used to visually view and align the beam spot, an
electron-suppressed Faraday cup to measure the beam inten-
sity inside the target chamber, and the 50 μg/cm2 natC stripper
foil.

The beam dose was measured via Coulomb scattering
(also called “Rutherford” scattering) into two circular silicon
detectors (model TU-015-150-300, ORTEC, Oak Ridge, Ten-
nessee, USA) mounted at ±30◦ from the beam axis and 241
mm from the target. Detection efficiency was calibrated by
inserting the targets of 117Sn, 158Gd2 O3, and natTa into the
beam and measuring the scattered beam particles entering the
detectors. A Faraday cup located near the extraction point of
the cyclotron monitored the beam current and was used to nor-
malize the effective solid angle of the scattering detectors. The
electron-suppressed Faraday cup located in the target chamber
was used to check the beam current in the target chamber
and correct for beam current losses between the cyclotron and
MARS. Total beam doses for the four targets studied in this
experiment are listed in Table I.

The EvRs were tuned to the detector chamber of MARS
(labeled “DC” in Fig. 1). The EvRs passed through a
2-μm Ti foil and ejected secondary electrons from the
foil. These electrons were steered by an electrostatic po-
tential onto a microchannel plate (MCP) detector (model
APD2MA75/32/25/8D 40:1NR, Photonis USA, Sturbridge,
Massachusetts). The EvRs then implanted in the PSSD, where
they decayed. The MCP was used as a veto detector; an
implanting EvR created a signal in both the MCP detector
and the PSSD, while the decay of an implanted nuclide only
created a signal in the PSSD. The veto was able to select
the α particles with >99% efficiency. The efficiency of the
PSSD for detecting the α particles was (55 ± 3)%. Typical
resolution for α-particle peaks was 70–80 keV full width at
half maximum.

The MARS efficiency was measured by inserting a
158Gd2 O3 target and measuring the production of the 198Po
EvR in the 4n exit channel. This reaction was studied previ-
ously using MARS with a well-defined efficiency [12]. In this
experiment, the center-of-target beam energy ECoT of the 44Ca
on the 158Gd target was 184.9 MeV. The 198Po cross section
was extrapolated from the measured excitation function [12]
with three different linear fits to calculate the cross section of

1.88 mb. From the known 198Po cross section σEvR, the MARS
efficiency εMARS was determined using Eq. (1):

εMARS = NEvR, detected

NRuth

1

σEvR
�eff

dσRuth

d�

1

εdetectεα

, (1)

where NEvR,detected is the number of detected 198Po EvRs
from the measured α decay events, NRuth is the number of
Rutherford scattering events detected, �eff is the previously
measured effective solid angle seen by the Rutherford scatter-
ing detectors, dσRuth/d� is the known differential scattering
cross section [23], εdetect is the PSSD α-particle detection
efficiency, and εα is the α branching ratio of 198Po. The
MARS efficiency was measured for the 198Po 19+, 20+,
and 21+ charge states to ensure reproducibility, and the ef-
ficiency was periodically checked throughout the experiment.
The MARS efficiencies for the four Gd isotopes studied in
this experiment were adjusted by the mass asymmetry param-
eter η = |Ap–At|/(Ap + At ), as compared to the 44Ca + 158Gd
reaction and calculated via a linear interpolation between the
40Ar + 118Sn and the 40Ar + 165Ho reactions [24,25]. MARS
efficiencies for the reactions studied in this experiment are
presented in Table I.

III. DATA ANALYSIS

Data analysis techniques were very similar to those de-
scribed in our previous publications [12–15]. Regions of
interest (ROIs) were identified for each EvR based on the
characteristic α particle energy from the literature [26] and
from the resolution of the PSSD. Example α particle spectra
for each reaction are presented in Fig. 2. Each example spec-
trum corresponds to the peak of the 4n excitation function and
the characteristic α energies are also noted. The LA-ICP-MS
analysis showed that the 154Gd target was not substantially
enriched and contained other isotopes of gadolinium as shown
in Table I. To account for possible contributions to the ob-
served peaks from the other isotopes of gadolinium, model
cross section calculations were performed for each possible
contributing reaction [27]. The total contribution from each
isotope to each peak was calculated by weighting the cross
section and relative isotopic abundance in the 154Gd target.
The spurious contributions were then subtracted from the
total counts from the observed peaks, leaving only the counts
contributed by reactions with 154Gd nuclei.

The identification of the EvRs was validated using an
EvR-α time correlation analysis from the PSSD. The agree-
ment between the measured half-lives in the current work and
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FIG. 2. Example α spectra observed in the indicated reactions. In panel (d), the unlabeled peaks are due to the additional Gd isotopes
present in the 154Gd target as listed in the footnote to Table I. The contributions of these nuclides to the relevant cross sections were subtracted
as described in Sec. III.

previously reported half-lives [26] for the major xn channels
is shown in Fig. 3. The line indicates exact agreement between
previous reports and the current work and provides confidence
that nuclide assignments in the current work are likely correct.

Each peak was fit and background-subtracted using the
software package GF3 [28]. The number of counts for each
EvR was extracted, and the cross section for each exit channel
was calculated using Eq. (2):

σEvR = NEvR,detect

NRuth
�eff

dσRuth

d�

1

εMARSεαεPSSDεtarget
, (2)

where NEvR,detect is the number of background-subtracted
counts in the ROI, NRuth is the average number of Rutherford
scattering counts measured, �eff is the effective Ruther-
ford scattering solid angle, dσRuth/d� is the differential
Rutherford scattering cross section [23], and the respective
efficiencies, denoted by ε, are the MARS efficiency, α decay
branching ratios [26], PSSD detection efficiency, and the iso-
topic enrichment of the target (see Table I).

The results were analyzed in the context of a theoretical
model that has been described previously [12–15]. The key
components of this model are three factors: the capture cross
section σcap, the CN formation probability PCN, and the prob-
ability of CN survival Wsur. First, the capture cross section is
calculated using the “diffused barrier formula” proposed by
Świątecki et al. [29] using Eqs. (2)–(8) in Ref. [15]. Next,
the probability of CN formation was calculated using the
semiempirical formula proposed by Siwek-Wilczyńska et al.
[30] according to Eq. (3) in Ref. [13]. The “Jackson factor”
Pxn, which represents the probability of evaporating exactly x
neutrons as opposed to some other number of neutrons, was
calculated as described in [31]. Finally, the survival of the
CN is calculated using the statistical formalism proposed by
Siwek-Wilczyńska et al. [32] using Eqs. (4)–(20) in Ref. [13].
This involves estimating the various relevant decay widths
using estimates of the level density parameter [33,34]. The
angular-momentum-dependent liquid-drop fission barrier was
estimated using the FISROT code [35,36], and the shell correc-
tions to the fission barrier were taken from [37]. These data are
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FIG. 3. Comparison of half-lives measured in the current work
to those reported previously in Refs. [26,42]. The solid line indicates
exact agreement between the two. Multiple data points for a given
nuclide indicate separate measurements with different targets; these
were not combined in order to look for systematic errors in tem-
porally separated experiments. In some cases, the uncertainties are
smaller than the data points.

summarized in Table II. Reduced charged particle emission
barriers were applied as suggested by Parker et al. [38], but
the resulting charged particle emission widths did not sub-
stantially affect the calculated cross sections. The influence
of CELD [39] was also included. The latter are especially
important and are affected by deformation. Notably, the cal-
culated deformations of nuclei relevant to our experiment
have changed substantially since our previous publications.
Previously, we used the calculations of Möller et al. [40],
but updated calculations by the same group are now available
[37], and the newer data were used in the current work.

IV. RESULTS AND DISCUSSION

Excitation functions for the 3n-5n channels for reactions
of 44Ca +154,156,157,160Gd are shown in Fig. 4 since these were
the main exit channels of interest in this work. A full listing of
all measured EvR cross sections is also presented in Table III.
Multiple neutron-emission exit channels were measured for
each target, and this is discussed in detail below. No pxn
exit channels were observed, and this is likely due to the
small α-branching ratios (typically <1%, even for metastable
states) for the Bi isotopes that would be produced in these
reactions. All uncertainties presented in Table III are statistical
only [41]. Due to the very small efficiency of MARS and the
tendency for the magnetic fields to drift slightly throughout
the experiment, the systematic uncertainty is estimated to be
large (on the order of 50%).

In general, the fusion-evaporation cross sections vary as
a function of target neutron richness in a way that is con-
sistent with naïve expectations. The 160Gd(44Ca, xn) cross
sections are generally the largest, as would be expected for
a reaction with a relatively neutron-rich CN. The maxi-
mum cross section of any reaction was 8.7 ± 0.4 mb for the
160Gd(44Ca, 5n) reaction. This behavior is consistent with our
previous measurements (see Fig. 7 in Ref. [12]), where larger
cross sections were observed for reactions with more neutron-
rich compound nuclei. The 156Gd(44Ca, 4n) cross sections are
generally smaller by a factor of approximately 3–5 than those
for the 160Gd(44Ca, 4n) reaction at a comparable excitation
energy. The 154Gd(44Ca, 4n) cross sections are even smaller
by an additional factor of ≈20.

The agreement between the theoretical calculations and the
experimental data is very good with differences generally less
than an order of magnitude. However, the 3n product was not
observed in the 44Ca + 160Gd reaction. The predicted cross
sections for this reaction are actually smaller than for all
other 3n reactions [see Fig. 4(a)], even though this is the most
neutron-rich target in the current work. These low predictions
are caused by small Jackson factors. For the relevant projectile
energies, more than 14 MeV of excitation energy remains after

TABLE II. Shell correction energies to fission barriers [37] and angular-momentum-dependent liquid-drop fission barriers calculated using
FISROT [35,36] for nuclides relevant to the current work. The total fission barrier was assumed to be the sum of the shell correction and the
liquid-drop barrier for a given angular momentum. The liquid-drop values were calculated for all values of the angular momentum quantum
number J from 0 to 30, but only a subset is shown for clarity.

Shell correction
Liquid-drop fission barrier (MeV)

Nuclide (MeV) J = 0 J = 5 J = 10 J = 15 J = 20 J = 25 J = 30
204Po 6.2 9.9 9.9 9.7 9.3 8.8 8.2 7.6
203Po 5.5 9.8 9.7 9.5 9.1 8.7 8.1 7.4
202Po 4.7 9.6 9.5 9.3 9.0 8.5 7.9 7.2
201Po 3.5 9.4 9.3 9.1 8.8 8.3 7.7 7.0
200Po 3.2 9.2 9.2 8.9 8.6 8.1 7.5 6.8
199Po 2.1 9.0 9.0 8.7 8.4 7.9 7.3 6.7
198Po 1.5 8.8 8.8 8.5 8.2 7.7 7.1 6.5
197Po 0.9 8.6 8.5 8.3 8.0 7.5 6.9 6.2
196Po 0.4 8.4 8.3 8.1 7.8 7.3 6.7 6.0
195Po 0.0 8.2 8.1 7.9 7.5 7.1 6.5 5.8
194Po −0.3 8.0 7.9 7.7 7.3 6.8 6.3 5.6
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FIG. 4. Summary of calculated and measured cross sections for
the (a) 3n, (b) 4n, and (c) 5n reactions in the current work as a
function of excitation energy for compound nuclei formed at the
center of the corresponding target E∗

CN, CoT. All three panels use the
same symbols as indicated in panel (a). Heavy lines indicate theo-
retical calculations as described in Sec. III and symbols connected
by thin lines represent experimental data. Not every exit channel was
observed for each target. In some cases, the uncertainties are smaller
than the symbols. The sharp cutoff in panel (c) for the theoretical
calculations is due to the threshold energy; this was slightly higher
than the nominal threshold energy because our model requires that
each neutron carries away a kinetic energy equal to the nuclear
temperature T . See the main text for additional discussion.

the emission of three neutrons. This is greater than the binding
energy of the next neutron (7.65 MeV for 201Po), so a fourth
neutron emission is possible. For example, Pxn(4n)/Pxn(3n) is
estimated to be 9, 60, and 250 for CN excitation energies of
45, 50, and 55 MeV, respectively. In addition, our sensitivity
for the 3n product was low (see below), so this exit channel
was not observed.

The next largest discrepancy between experiment and the-
ory was generally for the 4n channel in the 44Ca + 154Gd
reaction. Here, the relatively high neutron binding energies
are likely causing neutron emission to be suppressed to a
greater extent than our calculations would suggest. The low
survivability of the 44Ca + 154Gd deexcitation chain is con-
firmed in Fig. 5. This figure shows the sum of the measured
xn channels (labeled �σxn in the figure) for each reaction as
an approximation of the total fusion-evaporation cross section,
along with calculated values of σcap and σcapPCN. The ratio of

�σxn to σcapPCN gives a rough approximation of Wsur. This
fraction is ≈0.6 for the 160Gd target with ECoT = 180.1 MeV,
but decreases to ≈10–2 for ECoT = 215.0 MeV. As expected,
survival against fission is lower for each target with progres-
sively fewer neutrons, and the smallest estimated value was
≈5 × 10–5 for the 154Gd target with the highest-energy projec-
tiles. Overall, 154Gd produced CN with the smallest survival
probability against fission by far.

The ratio of σcapPCN to σcap in Fig. 5 gives our estimate
of PCN. In all cases, the values of PCN for ECoT > 180 MeV
are greater than 0.08 and approach 1 with increasing ECoT as
expected for a system with a moderate value of ZpZt (1280).

The maximum 4n cross sections for the 44Ca +157,158,160Gd
reactions are surprisingly comparable. (The 44Ca + 158Gd re-
action was studied in our previous work [12].) For all three
targets, the CN and each neutron-emitting nucleus in the
deexcitation chain have predicted quadrupole deformation
parameters |β2| � 0.075 [37]. Based on our previous re-
search, we would expect these nearly spherical nuclei to have
suppressed production cross sections due to CELD. This is
confirmed by our theoretical calculations, which are shown
in Fig. 6. The calculations require the inclusion of CELD in
order to reproduce the experimental data. The discontinuity
in the figure that appears at Bf − Sn ≈ 2 MeV is an artifact
that is caused by a large variation in cross section over a small
variation in Bf − Sn for the 44Ca + 156Gd, 159Tb, 162Dy reac-
tions. The cross sections decrease in the order of increasing
target atomic number. This is primarily caused by a de-
crease in survival probability for higher atomic number
targets, and to a lesser extent, a decrease in the fusion cross
section.

In addition, Fig. 6 shows that relatively high values of
Bf − Sn (>2.5 MeV) are necessary to maximize 4n cross
sections. In contrast, the maximum 4n cross sections for the
44Ca +154,156Gd reactions are smaller by factors of ≈80 and
≈3, respectively. In these reactions, the deexcitation cascade
progresses through nuclei with β2 predicted to be as signif-
icant as −0.217 [37]. While our calculations suggest that
CELD effects are present in these reactions, this does not
completely explain the observed cross sections in the case
of the 44Ca + 154Gd reaction. The low value of Bf − Sn (≈0
MeV) appears to result in greater fission than expected and a
4n cross section even smaller than the predicted one. These
results reinforce our previous conclusion that the primary in-
fluence on fusion-evaporation cross sections is the difference
in the neutron binding energy and the fission barrier of the CN
(see Ref. [12]).

Although our research was focused on excitation energies
that were expected to be near the peak of the 4n excitation
functions, a variety of exit channels was observed, including
all channels from 4n−8n for the 160Gd target. Production
of the 3n product in this reaction seems possible, but our
sensitivity for the 3n EvR (201Po) was low due to its small α

branches (1.1% for the ground state and 2.4% for the isomeric
state [26]). The exit channel with the largest cross section for
each target was 3n, 4n, 4n, and 5n for the 154,156,157,160Gd
targets, respectively. These results are consistent with the in-
terpretation that neutron emission is more likely in the more
neutron-rich CN since neutron binding energies are smaller.
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TABLE III. EvR cross sections for all measured exit channels in this experiment as a function of compound nucleus excitation energy at the
center of the target E∗

CN, CoT. Uncertainties are statistical only and were calculated using the method of Schmidt et al. [41]. Asymmetric error
bars are used when fewer than 20 counts were observed in the peak. Systematic errors are estimated to be ±50% due to the small efficiency of
MARS and experimental uncertainties.

Reaction E∗
CN, CoT (MeV) σ3n (mb) σ4n (mb) σ5n (mb) σ6n (mb) σ7n (mb) σ8n (mb)

44Ca + 160Gd 50.2 2.2 ± 0.5
52.9 1.5 ± 0.3 0.52 ± 0.13
55.8 2.8 ± 0.5 1.6 ± 0.2 0.094+0.045

−0.033

56.5 3.0 ± 0.5 2.5 ± 0.2 0.25 ± 0.07
59.0 1.5 ± 0.3 3.0 ± 0.2 0.21 ± 0.05 0.039+0.022

−0.016

61.0 0.45+0.21
−0.15 4.7 ± 0.3 0.21 ± 0.05 0.13 ± 0.03

65.2 0.20+0.16
−0.10 7.2 ± 0.4 1.9 ± 0.2 0.21 ± 0.05 0.035+0.022

−0.015

68.3 0.63+0.26
−0.20 8.7 ± 0.4 2.0 ± 0.2 0.30 ± 0.06 0.060+0.029

−0.021

71.5 5.3 ± 0.3 3.9 ± 0.2 0.23 ± 0.05 0.056+0.027
−0.020

73.5 3.7 ± 0.3 4.7 ± 0.3 0.25 ± 0.06 0.071+0.029
−0.022

77.6 1.0 ± 0.1 4.5 ± 0.1 0.72 ± 0.05 0.066 ± 0.015
44Ca + 157Gd 48.4 0.7 ± 0.1 1.2 ± 0.1

51.2 0.54 ± 0.09 2.0 ± 0.1 0.083+0.029
−0.023

54.4 0.34 ± 0.07 2.3 ± 0.1 0.21 ± 0.04
56.5 0.19 ± 0.06 2.4 ± 0.2 0.55 ± 0.07
58.4 0.27 ± 0.07 3.8 ± 0.2 0.56 ± 0.08
60.6 0.11 ± 0.05 1.6 ± 0.1 1.5 ± 0.1
63.7 0.099+0.051

−0.037 1.2 ± 0.1 1.2 ± 0.1
66.9 0.58 ± 0.08 1.4 ± 0.1
68.9 0.67 ± 0.09 1.8 ± 0.1 0.26 ± 0.06
72.9 0.11+0.04

−0.03 0.81 ± 0.09 0.40 ± 0.07
44Ca + 156Gd 45.5 0.48 ± 0.06 0.056+0.022

−0.017

48.3 0.41 ± 0.05 0.16 ± 0.03
51.5 0.44 ± 0.06 0.43 ± 0.05
53.6 0.25 ± 0.05 0.83 ± 0.08
57.8 0.18 ± 0.04 0.73 ± 0.06 0.16 ± 0.03
61.6 0.64 ± 0.07 0.16 ± 0.04
64.0 0.093+0.037

−0.028 0.55 ± 0.07 0.39 ± 0.07
66.0 0.20 ± 0.04 0.22 ± 0.04
70.1 0.11 ± 0.02 0.35 ± 0.04

44Ca + 154Gd 51.3 0.064 ± 0.008 0.018 ± 0.004
53.6 0.043+0.015

−0.012 0.017+0.010
−0.007

57.5 0.018+0.007
−0.005 0.038 ± 0.008

59.9 0.038 ± 0.009
61.8 0.025 ± 0.006
66.0 0.012+0.004

−0.003 0.0060+0.0029
−0.0021

For example, the peak cross section for the 160Gd(44Ca, 4n)
reaction occurs when the excitation energy is 56.5 MeV. How-
ever, only ≈ 52% of the total xn cross section is observed in
the 4n channel. This likely explains the surprising observa-
tion that the 157Gd(44Ca, 4n) cross sections are comparable
in magnitude to the 160Gd(44Ca, 4n) cross sections. (The
maximum cross sections are 3.8 ± 0.2 mb and 3.0 ± 0.5 mb,
respectively.) The three additional neutrons provided by 160Gd
should result in an increase in Wsur, but much of this increase
is contributing to the other, higher exit channels. In contrast,
the peak cross section of the 157Gd(44Ca, 4n) reaction occurs
when the excitation energy is 58.4 MeV, and under these
conditions, ≈ 82% of the total xn cross section is contributing
to the 4n exit channel. For comparison, the peak cross section

of the 156Gd(44Ca, 4n) reaction occurs when the excitation
energy is 53.6 MeV. In this case, ≈77% of the total xn
cross section is observed in the 4n exit channel. The large
uncertainties and small number of channels observed in the
44Ca + 154Gd reaction do not make a similar analysis mean-
ingful for this target.

V. SUMMARY AND CONCLUSIONS

The 44Ca +154,156,157,160Gd fusion-evaporation reactions
have been studied for the first time. The peak 4n cross sections
for the 157,160Gd targets are on the order of a few millibarns,
and the peak 4n cross sections for the 154,156Gd reactions are
on the order of tens to hundreds of microbarns. Combined
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FIG. 5. Summary of cross section calculations and measure-
ments. The heavy solid and dashed lines represent theoretical
calculations of σcap and σcapPCN, respectively. The points connected
by thin lines represent the sum of all measured xn channels in the
current work. In all cases, the data series are in the same vertical order
as the targets listed in the legend. See the main text for a discussion.

with our previous results on the 44Ca + 158Gd reaction, it ap-
pears that the peak 4n cross sections of the 44Ca +157,158,160Gd
reactions are all comparable in magnitude, and this may be
due to relatively high values of Bf − Sn for the relevant CN. In
comparison, the peak 4n cross sections of the 44Ca +154,156Gd
reactions are notably smaller. The reaction with the most
neutron-rich CN favored the 5n exit channel, the reaction with
the most neutron-deficient CN favored the 3n channel, and
other reactions favored the 4n channel. The most neutron-rich
CN in this study has a reduced 4n cross section because a
substantial fraction of its total xn cross section is contributing
to higher exit channels. A theoretical model was employed
to interpret the results, and it suggests that CELD is required
in order to properly describe the experimental data, although
Bf − Sn is still the dominant factor in determining the final
reaction cross section.
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