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Recent decay studies of 24424°Md at the GSI Helmholtzzentrum fiir
Schwerionenforschung, Germany, and at the Lawrence Berkeley National
Laboratory (LBNL) reported conflicting mass assignments to similar
a-decay energies. This prompted a new experiment at the Fragment Mass
Analyzer (FMA) at Argonne National Laboratory. Using the reaction
209Bi(40Ar, 2n)?*9~*Md, we performed simultaneous A/q identification and
a-decay energy measurement for neutron-deficient Md isotopes. Correlated
recoil-a-decay chains belonging to 24"Md and 2*°Md were identified. Prob-
abilistic mass identification was performed from focal-plane position using
a test reaction, yielding consistent A = 247 and A = 245 mass assignments
within uncertainties. This study re-examines the production cross sections,
decay energies, and isotopic assignments for the 247Md and 245Md nuclei.
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1. Introduction

In the region of heavy actinides, a—y spectroscopy and isomer studies of
odd-A mendelevium (Md, Z = 101) and einsteinium (Es, Z = 99) isotopes
reveal the evolution of low-lying one-quasiparticle states and thus provide
access to the changing single-particle shell structure as the neutron number
decreases. In particular, the mendelevium isotopes lie immediately above
the deformed proton shell gap at Z = 100, making these isotopes a sensitive
probe of proton Nilsson orbital states near the Fermi surface. The a-decay
chains of mendelevium populate isotopes of einsteinium and berkelium (Bk,
Z = 97), allowing for the study of deformed single-particle orbitals such as
n7/27[514], ©1/27[521], #7/27[633] and w3/27[521] [1].

In the last three decades, fusion—evaporation reactions have been used
to study the most neutron-deficient mendelevium isotopes, 24424°Md, using
projectiles such as “°Ar and °°Ti on 29Bi and ?"Au targets, respectively [2-4].
However, the recent studies of the most neutron-deficient Md isotopes
(244245Md) in 2020, at GSI, TASCA (TransActinide Separator and Chem-
istry Apparatus) |5] and LBNL, BGS (Berkeley Gas-filled Separator) 6],
have shown some inconsistency in the reported results. The a-decay ener-
gies reported in both experiments for the mendelevium decay are similar but
differ in isotope assignment. While in the experiment at GSI, Khuyagbaatar
et al. [4] attributed these energies to the decay of ?4>Md, Pore et al. [3]
report the same decay energies to belong to ?**Md. The assignment from
Berkeley is supported by a mass measurement in a separate step in the same
experiment. Furthermore, a comparison of the production cross section and
the excitation energy of the compound nucleus derived from the reported
beam energy in Ref. [3] shows better compatibility with the 4n-evaporation
channel, leading to 2*Md. The 5n-evaporation channel, leading to 244Md, is
less consistent with the cross-section systematics of experimental data and
calculations performed using the HIVAP statistical model code for fusion—
evaporation reactions |7|. Resolving these inconsistencies is essential both
for refining nuclear-structure models near the proton-rich region and for
validating statistical-model codes such as HIVAP [§].

The present contribution reports new decay results from an experiment
at the Fragment Mass Analyzer (FMA) |9] at Argonne National Laboratory
(ANL), performed with identical beam—target combinations as in the previ-
ous study at LBNL. The aim is to obtain direct mass identification of nuclei
correlated with their a-decay chains, thereby resolving previous ambiguities
in mass assignment.
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2. Experimental setup and calibration
2.1. The experimental setup

In our study, the reaction 2%9Bi(*YAr, 2n)?49=*Md was employed, with
the 9 Ar beam delivered from the linear accelerator of the ATLAS (Argonne
Tandem Linac Accelerator System) user facility at ANL at beam energies of
Elap, = 185-212 MeV. The target consisted of a C-2%Bi-C foil sandwich of
approximately 40 pg/cm?-450 pg/cm?-10 pug/cm? in thickness. The targets
were fixed to a rotating wheel with 16 segments. An average beam intensity
of 205 pnA was used in the experiment.

As illustrated in Fig. 1, the recoils emerging from the target enter the
FMA, where they are separated in space based on their mass-over-charge ra-
tio (A/q). The focal plane detectors consisted of a parallel plate avalanche
counter (PPAC), followed by a double-sided silicon strip detector (DSSD)
where the transmitted ions are implanted. The DSSD was surrounded up-
stream by single-sided silicon strip detectors (SSSDs) [10]. Five high-purity
germanium (HPGe) clover detectors (X-array) were positioned facing the
back of the silicon detectors, to record the emitted v rays [11].
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Fig.1. The schematic representation of the FMA at ANL. Q1, Q2 and Q3, Q4
represent the entry quadrupole doublet and exit quadrupole doublet, respectively.
ED1 and ED2 are electric dipoles and MD is a magnetic dipole.

2.2. Calibration of the focal plane detectors of FMA

The reaction '™ Yb(*0Ar, [4n, 5n])?09219Ra was used to calibrate the fo-
cal plane detectors for mass as well as the DSSD for a-decay energies. The
reaction has a known cross section of 1.40+0.03 mb for the 4n + 5n neutron
evaporation channel [12]. The FMA was set to transmit the central charge
state 19.57 for 2%9Ra, 17.5% for 24"Md, and 18.5 for ?4°Md. The FMA
allows all particles with A/q within £4% of the set mass and charge to be
transmitted to the focal plane. Position- and time-correlated decay events
(a-decay or fission) were recorded in coincidence with the incoming recoil.

The PPAC position distribution for charge states 197 and 207" for the
isotopes 208209.210R 5 was fitted to find the centroids of the different mass
distributions, as shown in Fig. 2.
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Fig.2. (Color online) The position of the recoil correlated 2°8:209:210Ra a-decay
events at the PPAC plane. The different-colored curves represent the distribution
of masses obtained by fitting each charge state distribution with a double fit func-
tion, along with a quadratic background. The red curve (dashed) represents the
distribution of 2°Ra and the blue curve (dash-dotted) the one for 2!°Ra. The black
curve (solid) represents the distribution of 2°®Ra, which has been fitted separately
and integrated into the same figure.

The A/q values for 208:209:210R 5 were plotted as a function of their peak
centroids from the fits in Fig. 2. These values were fitted with a linear
function, in which the PPAC position (X) is related to the A/q values by

the relation
(é _ @)
q q

q0

The values of D (slope) and X (intercept) are extracted from the linear
regression. The value of the slope is proportional to the dispersion constant
of the separator, and the value of the intercept gives the landing position of
the nucleus with the central charge state (go) of the mass (Ap) to which the
setup is tuned. Using the two constants, the central mass and charge values
used for the FMA field settings, and Eq. (1), we calculated the expected
mass distributions of different charge states produced in the %°Ar + 209Bi
reaction at the PPAC position.

In order to validate the setup for mass determination and a-decay energy
measurement with an isotope closer to 2#°Md, mass measurement and decay
spectroscopy were performed for 24”Md. We used the beam energies Ei,, =
185 and 187 MeV, and Ej,p, = 210 and 212 MeV for the production of 247Md
and 24°Md, respectively.
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3. Results and discussion
3.1. 247 Md

At the beam energies of Ei,, = 185 and 187 MeV, a total of 13 correlated
a-decay events were detected, 11 of which were recorded with full energy
deposition in the DSSD. For the first-generation decay, two a-decay energy
lines were observed at E, = 8.44+0.03 MeV and E, = 8.70+0.03 MeV, with
half-lives of 1.5f8:g s and 0_14:8:411 s, respectively. The lower a-decay energy is
compatible with a ground-state transition, whereas the higher-energy decay
corresponds to a transition from its isomeric state as observed in Ref. [13].
In four of these decay chains subsequent a—« correlations were observed
and found to be consistent with the 24*Es — 239Bk « decay with a mea-
sured a energy of F, = 7.91 £ 0.03 MeV and a half-life of 17.71%2‘0 s. The
a-decay energies and the half-lives are consistent with the previous studies
of the same isotope at GSI [13]. Also, a single correlated fission event was
observed. The quoted a-decay energy uncertainties are derived from the
detector energy resolution of 30 keV (FWHM), defining a +2.35 o interval
around the measured value for single-event energies.

The position of the recoils correlated with the a-decays at the focal plane
of the FMA is shown in Fig. 3. They are compared to the expected positions
of masses 246, 247, and 248 for the charge states 17+ and 18T. The measured
focal plane positions of correlated decays were compared with calibrated A/q
values, yielding probabilistic assignments (see Table 1).
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Fig.3. (Color online) The solid curves represent the expected mass distribution
at the focal plane for the two charge states for masses 246, 247 and 248. The
black lines (solid) indicate recoils correlated with the a-decays of 24”Md, while the
orange lines (dotted) denote a-decay events attributed to 24¥Md. The green line
(dash-dotted) corresponds to the fission event.
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Table 1. Average mass-assignment probabilities for correlated « and fission events
of mendelevium at beam energies of 185 and 187 MeV.

Event type A=246 A=247 A =248
SET1 (¢ = 18") 11% 38% 51%
Fission (¢q=17") 84.3% 15.7% 0%
SET2 (¢ =17%) 17% 51% 32%
SET3 (¢ = 177) 2.7% 13%  84.3%

As seen in Fig. 2, the mass distributions were not fully resolved but
allowed us to make a probabilistic mass-assignment based on the Bayesian
formalism [14]. As shown in Table 1, the a-correlated Md recoils of SET2
can be assigned with ~ 51% probability to A = 247. The correlated recoils
to the two a events of SET3 at the extreme right of the distribution can
be assigned with &~ 84.3% probability to A = 248. The a-correlated recoils
in the 18" charge state (SET1), although showing a higher possibility of
belonging to A = 248, exhibit a-decay energies and decay times consistent
with known 24"Md decays from previous experiments [13]. The reason for
the broadening of the recoil distribution for the higher-charge state is still
unknown and will be investigated.

3.2. 245 Md

Following the same methodology as for 247Md, beam energies of Ej,;, =
210 and 212 MeV were employed to study 2*°Md. The beam energy Flap =
210 MeV is the same as that deduced from the experimental information
reported in a previous study by Pore et al. [3], taking into account the
energy loss in the 2.1 pym thick titanium backing. At Ej,p = 212 MeV, one
correlated a-decay was observed, consistent with the decay energy and half-
life reported in both Md experiments at GSI [4] and Berkeley [3]. The event
has an a-decay energy of 8.69 + 0.03 MeV with a half-life of O.l?fg:?g S.
This event was also found to be correlated with a second a-decay of energy
8.12 £ 0.03 MeV and half-life of 0.257593 s, which is consistent with the
a-decay energy and decay half-life of 24'Es [2]. In addition to the single
a-decay, three fission events were also observed, with decay times on the
order of tens of us.

The same procedure as applied for 247Md (see Section 3.1) was followed
for the mass identification of the a-correlated recoil of 24Md. It was ob-
served that the a-correlated event is more probable to be 24°Md.
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3.3. Cross-section calculation

From these results, the following production cross sections were calcu-
lated for 24>247Md at different beam energies, taking into account the beam
dose, target thickness, and separator transmission

o (**"Md, Bpeam = 187 MeV) = 6.975 nb,
o (**"Md, Epeam = 185 MeV) = 2.6 nb,
o (**"Md, Bpeam = 212 MeV) = 101732° pb.
The cross section for 24°Md measured in this work confirms the compati-

bility with the 4n-evaporation channel at a beam energy 2 MeV higher than
that reported in Ref. [3] (see Fig. 4).
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Fig.4. Plot of the production cross section as a function of excitation energy for
the reaction YAr + 209Bi, calculated using the HIVAP statistical model (adapted
from Ref. [7]). The solid line represents the neutron (n) evaporation channels, and
the dashed line represents the proton—neutron (p—zn) evaporation channels. The
results from different experiments, along with the results from the current analysis,
are shown in the plot.

4. Conclusions

At the FMA, the 29Bi(*°Ar,2n)?*~2Md reaction was used to identify
thirteen recoil-a-decay chains of 247Md and one recoil-a—« decay chain of
245Md. A provisional mass assignment of the recoils was performed.

Mass-assignment probabilities derived from calibrated A/q spectra do
not support the mass-assignment reported by Pore et al. [3]. The new FMA
data clarify several unresolved questions regarding light Md isotopes: The
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a-decay energies observed for the correlated decay chain of 24°Md align with
previously reported values from the GSI and Berkeley studies. Furthermore,
the A/q analysis indicates that the a-decay originates with the highest prob-
ability from Md of mass A = 245. The deduced cross sections from our
measurements for 24"Md and ?*°Md are consistent with HIVAP calculations.
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