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Excited states in 251Md have been populated by decay of an isomeric state at Ex ≈ 1174 keV and studied
via delayed γ -ray spectroscopy. We observe the population of two rotational bands, one of which we identify
as the Nilsson π 7

2 [514] ground-state band and the other we propose is based on the π 9
2 [624] configuration.

From the observed decay pattern, we suggest that the isomer spin parity is 23
2

+
, with the three-quasiparticle

configuration π 7
2 [514] ⊗ {ν 7

2 [624] ⊗ ν 9
2 [734]}Kπ =8− . We compare our results to theoretical predictions of the

single- and multi-quasiparticle structure of 251Md.

DOI: 10.1103/PhysRevC.111.044320

I. INTRODUCTION

Superheavy elements (Z � 104) owe their existence to
quantum shell effects which stabilize them against fission [1].
Experimental studies of their structure are challenging, and
only recently has direct information begun to emerge [2].
Meanwhile, the comparative ease of producing the transfer-
mium nuclei offers an alternative approach. These nuclei are
well deformed (β2 ≈ 0.28 [3–5]), owing to the existence of
deformed gaps in the single-particle spectrum near Z = 100
and N = 152. Because of this, the proton orbitals near the
Fermi surface in this region are expected to originate from the
spherical subshells which define the shell gaps near Z = 114
[6]. In this sense, the transfermium nuclei act as a testing
ground for theoretical models used to describe the superheavy
region. Deformed odd-mass nuclei are of particular interest
since they can provide direct insight into the single-particle
structure.

In the present article, we report new results concerning the
excited states of the odd-Z nucleus 251

101Md. Previous α-decay
studies suggested that the ground state has the Nilsson con-
figuration π 7

2 [514], with an excited single-particle state based
on the π 1

2 [521] configuration located at about 55 keV [7,8]. A
subsequent in-beam γ -ray study identified a rotational band
consistent with one signature of this π 1

2 [521] configuration
[9]. Very recently, the rotational band built on the π 7

2 [514]

*Deceased.

configuration was identified through γ -ray and conversion-
electron spectroscopy [10]. An isomer was also identified and
interpreted as a high-K three-quasiparticle state, but it could
not be placed precisely in the level scheme [11]. We present
new data on the γ -ray transitions following decay of this
isomer. We observe population of the rotational band built on
the π 7

2 [514] ground-state configuration, as well as transitions
belonging to a new rotational band which we suggest is built
on the π 9

2 [624] configuration.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Argonne Tandem
Linear Accelerator System (ATLAS) at Argonne National
Laboratory. A beam of 48Ca11+

was accelerated to 216 MeV
by ATLAS and delivered to the experimental area. For the
first 60 hours, the beam current was slowly increased and
had an average intensity of about 110 enA; thereafter, the
current was held steady at an average intensity of 210 enA for
about 105 hours. The beam was incident on a set of targets
which were mounted on a wheel rotating at 800 rpm. The
targets were composed of ≈0.45 mg/cm2 205Tl, coated with
a thin carbon layer on each side (≈ 10 µg/cm2). The beam
energy at the center of the target was calculated [12] to be
approximately 214 MeV, which corresponds to the maximum
cross section measured for the 205Tl(48Ca, 2n) 251Md reaction
[9]. The beam was swept across the width of the target seg-
ments with a frequency of a few hertz in order to distribute
the intensity over their entire area. In addition, an electrostatic
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deflector was synchronized with the rotation of the target such
that the beam was directed away from the spokes of the wheel.

The 251Md fusion-evaporation residues recoiling out of
the target were separated from the unreacted beam by the
Argonne Gas-Filled Analyzer (AGFA). AGFA consists of a
vertically focusing quadrupole magnet followed by a hori-
zontally bending and focusing multifunction dipole magnet
located 40 cm downstream from the target wheel. Helium gas
was continuously flowed through the system at a pressure of
≈0.5 Torr in order to collapse the reaction-residue distribution
to an average charge state. The helium was removed from the
beam line upstream of the target via a differential-pumping
setup. The magnet settings were selected to focus 251Md
residues onto the AGFA focal plane, while unreacted beam
and other reaction products were directed into a beam dump
approximately 1 m away.

The focal plane detectors of AGFA were used to iden-
tify 251Md implantation and decay events. Fusion-evaporation
residues were implanted into a 300-µm-thick silicon double-
sided strip detector (DSSD), with an active area of 64 ×
64 mm2. The DSSD was electrically segmented into 160
strips on the front and 160 orthogonal strips on the back,
creating 25 600 pixels. Valid implantation and decay events
required that both a front and a back strip registered a signal
within a certain time interval. Adjacent strips which registered
events sufficiently close in time were identified as charge
sharing, and recovered by assigning the sum of their energies
to the strip which detected the higher energy. A parallel-grid
avalanche counter (PGAC) was placed 20 cm upstream of
the DSSD. The digital data acquisition system for the AGFA
detectors is very similar to that of X-Array [13] (described
later). A signal in the DSSD served as a trigger to the ac-
quisition system to record data. For events in which signals
were registered in both the PGAC and the DSSD, implantation
events were identified based on the energy deposited in the
DSSD and the time difference between the DSSD and the
PGAC. This is shown in Fig. 1(a). An estimated 52 000 recoils
were identified in this manner.

Once an implantation event was identified in a pixel of
the DSSD, potential decay events occurring in the same pixel
were correlated with that implant until another one was de-
tected. Only events for which there was no signal in the PGAC
and the energy deposited in the DSSD was less than 10 MeV
were considered as possible decays. Figure 1(b) plots the time
difference between the implantation event and the first decay
event against the decay energy measured in the DSSD. The
broad, horizontal distribution of events centered between 102

and 103 s on the vertical axis is due to random correlations
after an implantation event. Superimposed on this background
are decay events with an energy of about 7.55 MeV which
corresponds to the known α-decay energy of the ground state
of 251Md [7]. There is also a collection of events below 1 MeV
which is a well-known signal of conversion electrons emitted
following the decay of a high-K isomer.

The distributions of the energies for the isomer and α-
decay modes are shown in Figs. 2(a) and 2(b), respectively.
The decay times for the isomer decay mode are restricted to
less than 10 s in this plot. About 3600 events were identified
as isomer decays, while approximately 2500 α decays were

FIG. 1. (a) The particle-identification plot used to identify
fusion-evaporation residues arriving at the focal plane of AGFA. The
vertical axis is the time of flight between the PGAC and the DSSD,
while the horizontal axis shows the implantation energy in MeV.
(b) The spectrum for the first generation of decays following a recoil
implantation in a given pixel of the DSSD. The decay time is shown
on the vertical axis, while the decay energy (in MeV) is shown on
the horizontal axis. Features corresponding to α decay of the ground
state of 251Md and conversion electrons emitted in the decay of a
known isomeric state are labeled.

identified (1460 of which directly followed a recoil, corre-
sponding to Fig. 2(b)). Given the 52 000 implants observed
and a 50% efficiency to detect full-energy α events in the
DSSD, this is consistent with the reported α-decay branching
ratio bα = 0.10(1) for the 251Md ground state [7]. About 110
α decays were identified directly following decay of the iso-
mer. The decay curves for the isomeric and ground states are
shown in Figs. 2(c) and 2(d), respectively; the data in these
plots are restricted to the first candidate decay following an
implantation, and further restricted to have a detected energy
either below 1 MeV for the isomeric state or between 7.45
and 7.65 MeV for the ground state. These distributions were
fit with the function [14]

F (t ) = ae−(λ+r)t + be−rt , (1)

where λ is the decay constant of the state and r accounts for
the random background. The resulting half-life for the ground
state is T1/2 = 4.0(4) min, consistent with previous measure-
ments (4.28(12) min [11] and 4.27(26) min [7]). The half-life
of the isomeric state resulting from the fit is T1/2 = 1.30(3) s,
in agreement with the previous measurement of 1.4(3) s [11].
The uncertainty on the half-lives is only statistical.

About 20 decay events could be associated with α decay
of 249Md (Eα = 8026 keV [15], T1/2 = 24.8(10) s [16]), most
likely produced through reactions on trace amounts of 203Tl in
the targets. Based on the reported cross sections and α-decay
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FIG. 2. (a) The energy distribution of low-energy events detected
in the DSSD immediately following a recoil implantation, signifying
the decay of a high-K isomer. (b) The same as (a) but for particles
emitted in the decay of the ground state. (c) The time distribution
of isomeric decays immediately following an implantation event.
The half-life is extracted from a least-squares fit to the distribution,
indicated by the red solid line. (d) The same as (c) but for the ground
state. See text for details.

branching ratios for 251Md (σ = 760+180
−130 nb [9], bα = 0.10(1)

[7]) and 249Md (σ = 300(80) nb, bα = 0.75(5)) [17], this
is consistent with the 205Tl targets having greater than 99%
enrichment. Due to the small number of events, the production
of 249Md was otherwise neglected in the analysis.

Delayed γ rays emitted in coincidence with the decay of
the 251Md isomeric state were detected with the X-Array [13].
X-Array consists of five clover-type hyperpure germanium
(HPGe) detectors, four of which have 60 mm × 60 mm crys-
tals with the remaining “superclover” having 70 mm × 70 mm
crystals. The superclover was placed behind the DSSD, in
line with the beam path, while the remaining four clovers
were arranged at 90◦ intervals around the beam axis with
their faces in contact with the sides of the superclover. A
similar arrangement is shown in Fig. 2 of Ref. [13]. Dur-
ing the present experiment, two of the smaller clovers were
found to be malfunctioning and were turned off. The data
acquisition system for X-Array was allowed to run indepen-
dently of the AGFA data acquisition. Coincidences between
the clover detectors and decay events in the AGFA DSSD
were reconstructed in software based on their time stamps.
Figure 3 shows the γ -ray spectrum measured in coincidence
with the decay of the isomer. Background γ rays outside of
the time-coincidence window defined between the DSSD and
X-Array were subtracted from this spectrum. Addback from
neighboring germanium crystals was not used, as it was found
to make minimal difference to the spectrum.

A search was also performed for coincidences between
time-correlated γ rays. Due to the low statistics, this search

FIG. 3. The γ -ray spectrum measured in coincidence with the
decay of the known isomeric state in 251Md. Time-random events
have been subtracted from the spectrum. Transition energies in keV
are labeled, including x-rays. The energies in parentheses indicate
possible transitions for which the statistics are insufficient to make
a definite identification. The inset shows a portion of the γ γ coin-
cidence matrix, demonstrating that the 265- and 469-keV transitions
are coincident.

was mostly inconclusive. In the case of the 469-keV transition,
however, three counts could be identified in an area with effec-
tively no background. These events indicate that the 469-keV
transition is in coincidence with the 265-keV transition. The
three events are shown in the inset to Fig. 3.

III. ANALYSIS AND RESULTS

The decay scenario deduced from the present data is shown
in Fig. 4. It has been constructed primarily based upon the
γ -ray energies and intensities measured in the singles spec-
trum; Table I provides this information, with the intensities
corrected for detector efficiency and normalized such that
Iγ = 100 for the Eγ = 390-keV transition. The spin-parity
assignments are tentative; parentheses indicate this in Fig. 4
and Table I, but are omitted in the remainder of the paper for
readability. In this section, we will discuss several possible
scenarios and demonstrate that the most consistent description
of the data is as shown in Fig. 4.

The analysis relies on the intensity relations for γ rays in
a rotational band. For convenience, we review these relations
here. Within the rotational model [20], the transition rates for
M1 and E2 γ decay are given by

T (M1) = 4

3h̄

(
Eγ

h̄c

)3

〈IiK10|I f K〉2(gk − gR)2K2μ2
N , (2)

T (E2) = 1

60h̄

(
Eγ

h̄c

)5

〈IiK20|I f K〉2e2Q2
0, (3)

where K is the projection of the angular momentum on the
deformation axis, Q0 is the electric quadrupole moment, gk

and gR are the intrinsic and rotational gyromagnetic ratios,
respectively, and the terms in angle brackets are Clebsch-
Gordan coefficients. For a level with angular momentum Ii =
I which decays to levels with angular momenta I f = I − 1
and I f = I − 2, the ratio of the γ -ray intensities for the two
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FIG. 4. The decay scenario constructed for the isomer in 251Md
based on the γ -ray transitions observed in the present work. Transi-
tions in parentheses are the same ones that could not be definitively
identified in Fig. 3. The dashed arrows indicate tentative placements,
which include the unobserved γ rays and the 252-keV transition. The
62-keV energy for the ( 9

2

−
) level is taken from α spectroscopy [18].

All Iπ assignments are tentative.

transitions is given by

Iγ2

Iγ1

= T (E2; I → I − 2)

T (M1; I → I − 1) + T (E2; I → I − 1)
. (4)

Using the definition of the mixing ratio for 	I = 1 transi-
tions within a band, δ2 = T (E2)/T (M1), one can combine
Eqs. (2), (3), and (4) to find

δ2

1 + δ2
= 2K2(2I − 1)

(I + 1)(I + K − 1)(I − K − 1)

Iγ2

Iγ1

(
Eγ1

Eγ2

)5

, (5)

gk − gR

Q0
=

√
3

20

Eγ1 mp

h̄2

1

|δ|√I2 − 1
, (6)

where mp is the proton mass. The value of gk can be calculated
using the asymptotic Nilsson quantum numbers according to
the expression [21]

Kgk =
∑

(�g� + 
gs), (7)

where � and 
 are the projections of the nucleon orbital
angular momentum and spin, respectively. For protons, g� = 1
and gfree

s = 5.59, with the latter value reduced by a factor of
0.6 as is typical [6,17].

TABLE I. A summary of the γ -ray energies, intensities, and
spin-parities of initial and final states based on the present work. The
column labeled α provides the internal conversion coefficients [19]
used to calculate the total (γ + ε) intensity. We have assumed the
lowest allowed multipolarity for all γ rays, i.e., unmixed M1, E1, or
E2 character.

Eγ (keV) Iγ Iπ
i → Iπ

f α Iγ+ε

83.7(6) 11(6) ( 15
2

+
) → ( 13

2

+
) 19.6(5) 227(124)

96.4(5) 9(5) ( 17
2

+
) → ( 15

2

+
) 13.0(3) 126(70)

107.5(6) 11(6) ( 23
2

+
) → ( 23

2

+
) 9.47(21) 115(63)

109.6(4) 20(7) ( 19
2

+
) → ( 17

2

+
) 8.95(16) 199(70)

134.4(4) 14(8) ( 23
2

+
) → ( 21

2

+
) 4.97(9) 84(48)

156.4(9)a 6(3) ( 15
2

+
) → ( 11

2

+
) 3.93(12) 30(15)

163.2(4) 8(3) ( 13
2

−
) → ( 9

2

−
) 3.29(6) 34(13)

180.4(4) 11(4) ( 17
2

+
) → ( 13

2

+
) 2.18(4) 35(13)

206.2(5) 14(5) ( 19
2

+
) → ( 15

2

+
) 1.283(22) 32(11)

215.8(5) 7(3) ( 17
2

−
) → ( 13

2

−
) 1.078(18) 15(6)

230.3(4) 31(7) ( 21
2

+
) → ( 17

2

+
) 0.845(13) 57(13)

239.6(6) 8(4) ( 19
2

−
) → ( 15

2

−
) 0.731(13) 14(7)

242.6(3) 37(7) ( 23
2

+
) → ( 21

2

+
) 4.07(6) 188(36)

252.4(5)b 11(4) ( 9
2

+
) → ( 11

2

−
) 0.0706(11) 12(4)

255.3(4) 27(6) ( 23
2

+
) → ( 19

2

+
) 0.582(9) 43(9)

265.3(4) 28(6) ( 21
2

−
) → ( 17

2

−
) 0.509(8) 42(9)

289.6(4) 8(3) ( 23
2

−
) → ( 19

2

−
) 0.378(6) 11(4)

317.7(3) 29(6) ( 23
2

+
) → ( 23

2

−
) 0.0437(7) 30(6)

364.0(4) 15(5) ( 23
2

+
) → ( 19

2

+
) 0.186(3) 18(6)

390.1(2) 100(13) ( 9
2

+
) → ( 7

2

−
) 0.0289(4) 103(13)

469.0(3) 56(11) ( 23
2

+
) → ( 21

2

−
) 0.0203(3) 57(11)

aPossible doublet with 157-keV ( 23
2

+
) → ( 25

2

−
).

bTentatively placed.

A. The π 7
2 [514] band

Several of the γ rays visible in Fig. 3 have transition
energies very similar to those assigned to the π 7

2 [514] ground-
state band in Ref. [10]. Three of these transitions were also
observed in Ref. [11], at 216, 265, and 290 keV, and on this
evidence it was tentatively suggested that the isomer feeds the
ground-state band. We also observe a transition at 240 keV,
although it is only partly resolved from another transition at
243 keV. We assign these transitions to the π 7

2 [514] band.
The energies we observe are slightly higher than those of

Ref. [10]. Based on a fit of the transition energies using the
well-known rotational formula, we predict that the 11

2
− → 7

2
−

and 9
2

− → 7
2

−
transitions have energies of 137 and 62 keV,

respectively. The latter is in agreement with Ref. [10] and also
with the 9

2
−

level energy reported in Ref. [18], but the former
is several keV higher than Ref. [10]. To achieve a satisfactory
fit to the data (χ2/n = 1.3), the term quadratic in I (I + 1)
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FIG. 5. A comparison between the observed E2 γ -ray intensities
in the π 7

2 [514] band (black circles) with those expected for an iso-
meric state with positive parity (blue triangles) or negative parity (red
squares). The positive-parity assignment is preferred.

was included, with a linear coefficient of 6.92(2) keV and
quadratic coefficient of −1.04(8) eV.

We place the prominent 469- and 318-keV γ rays depopu-
lating the isomeric state and feeding the 21

2
−

and 23
2

−
states of

the π 7
2 [514] band, respectively. The inset to Fig. 3 establishes

the coincidence between the 265- and 469-keV transitions.
The 17

2
−

level lies at about 440 keV, so the 469-keV γ ray

must feed the 21
2

−
state from above. This fixes the energy

of the isomer relative to the ground-state rotational band. We
estimate that the energy of the isomer is Ex ≈ 1174 keV.

The decay pattern of the isomer into the π 7
2 [514] band

informs its possible spin-parity assignments. In particular, the
parity of the isomer will strongly affect the transition inten-
sities within the π 7

2 [514] band. Explicitly, a positive parity
for the isomer requires that the 469- and 318-keV transitions
have E1 character, while negative parity would indicate M1
or E2 transitions with much larger conversion coefficients.
Figure 5 compares these two scenarios (blue triangles for a
positive-parity isomer, red squares for negative parity) with
the experimental data (black circles). The γ -ray yields are
calculated using Eqs. (5) and (6), while requiring that the
transition intensity into and out of each level balances. Since
only the E2 transitions are observed for this band, gk = 0.66
was calculated using Eq. (7). We take gR = Z/A, and adopt
Q0 = 1330 fm2 based on calculations for several bands in
251Md in Ref. [9]. The comparison favors an assignment of
positive parity to the isomer.1 Meanwhile, population of the
π 7

2 [514] band up to 23
2

−
and nonobservation of a transition

to the 19
2

−
state indicate that the spin of the isomer is likely

greater than 21
2 , while an E1 character for the 469-keV tran-

sition requires that it be less than 25
2 . On the basis of these

arguments, we assign Iπ = 23
2

+
to the isomeric state, which is

also the conclusion of Ref. [11] on the basis of the most likely
quasiparticle configuration.

1For a negative-parity isomer, we assume a stretched E2 character
for the 469-keV transition for the purposes of this comparison. How-
ever, an M1 assignment would make the agreement with the data
even worse.

FIG. 6. The sum of coincidence spectra generated from the intra-
band γ rays placed as part of the new band identified in this work.
In addition to x-rays, the 110-, 364-, and 390-keV transitions are
apparent, which supports their placement populating or depopulating
the new band.

B. Identification of a 9
2

+
band

Aside from the transitions which can be associated with the
known π 7

2 [514] band, several other transitions are visible in
Fig. 3. These include low-energy transitions at 84, 96, 110,
and 134 keV, which are all assumed to be of M1 character.
There is also an excess of counts at about 121 keV. This
cannot be explained by the well-known relative intensities
of the Kα x-rays [22] but fits neatly with the proposed se-
quence of M1 transitions. Associated E2 transitions at 156,
180, 206, 230, and 255 keV are immediately identifiable in
Fig. 3. Extrapolating below the observed M1 γ rays, there
appear to be excess counts at approximately 59 and 71 keV,
which would fit the sequence of transitions. These would be
very highly converted, and we cannot positively identify them
in the spectrum. Tentatively we place them as part of a new
rotational band, acknowledging that further investigations are
needed to verify their existence.

After assigning the aforementioned γ rays to this new
band, a few transitions listed in Table I remain unplaced in
Fig. 4. Notably, there are intense γ rays at 243, 364, and
390 keV. The energy difference between the 364- and the
243-keV γ rays is 121 keV, and we place these two tran-
sitions depopulating the isomer into the new band as shown
in Fig. 4. The placement of the 134- and 255-keV transitions
then requires that there be another transition out of the isomer,
which according to the energy differences should be about
108 keV, only partly resolved from the 110-keV transition.
Finally, there remain the transitions at 252 and 390 keV.
Assuming that the 390-keV transition is the same one seen
in prompt spectroscopy [10], it cannot originate directly from
the isomer. Its large yield suggests that it instead depopulates
the bottom of this new band. This fits well with the observed
energy difference of the two rotational band heads, as shown
in Fig. 4. We then tentatively place the 252-keV transition
feeding the 11

2
−

state in the ground-state band. The statistics
are too low for individual coincidences within the new band to
be identified, but a sum of the spectra generated by requiring
coincidences between the intraband transitions is shown in
Fig. 6. The appearance of the 110-, 364-, and 390-keV peaks
support their placement in Fig. 4.
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FIG. 7. The observed intensities of the (a) M1 and (b) E2 intra-
band transitions in the newly observed rotational band, indicated by
the black circles, compared to the intensities expected if the band has
positive parity (blue triangles) or negative parity (red squares). The
latter can be excluded.

The parity of the newly established rotational band can be
inferred by comparing the intraband transition intensities to
those of the transitions from the isomeric state. Lacking a rea-
son to invoke higher multipolarities, we assume that the 108-,
242- and 364-keV transitions have E1, M1, or E2 character.
Figure 7 compares the observed intraband intensities (black
circles) to the expected intensities for a positive-parity band
fed by M1 and E2 transitions (blue triangles) or a negative-
parity band fed by E1 transitions (red squares), calculated
using Eqs. (5) and (6). Since we have not yet established the
spins of the band members, we denote the level depopulated
by the 390-keV transition as I0. The comparison indicates a
positive parity for the new band. It is important to note that,
while we do not know a priori what value of K to use for the
calculated intensities, any reasonable choice of K produces
results similar to those shown in Fig. 7. This is due to the fact
that the conversion coefficients for the transitions out of the
isomer have the dominant effect on the overall intensities. We
have used K = 9

2 for the figure.
Having established that the new band likely has positive

parity, the 364-keV transition is probably a stretched E2 tran-
sition, since there appears to be no direct population of the
band below the level it feeds. That implies that this level
has a spin-parity of 19

2
+

. As mentioned, the high intensity of
the 390-keV γ ray indicates that it depopulates the bottom
of the band. Together, these observations indicate that the
band is built on a 9

2
+

state, thus motivating our choice of
K in Fig. 7. That the calculated intraband intensities agree
with observation provides a measure of internal consistency
to this assignment. In addition, the g factors are expected
to be constant for each member of a rotational band, and
can be estimated from the E2/M1 intensity ratios. Table II

TABLE II. Calculated g-factors determined from the present ex-
perimental data (top) and from the asymptotic Nilsson quantum
numbers for various single-particle configurations using Eq. (7)
(bottom).

Iπ
i (gk − gR )/Qo (fm−2) gk

23
2

+
4.3(14)×10−4 0.97(19)

19
2

+
5.3(14)×10−4 1.11(19)

17
2

+
3.1(12)×10−4 0.82(16)

15
2

+
3.6(16)×10−4 0.89(21)

Average 4.1(7)×10−4 0.95(9)

Configuration gk

π 9
2 [624] 1.26

π 7
2 [633] 1.34

π 3
2 [521] 1.78

π 7
2 [514] 0.66

π 1
2 [521] −1.35

π 5
2 [512] 1.47

provides the quantity (gk − gR)/Q0 for the four levels in the
band from which E2 and M1 transitions have been observed,
along with the gk value calculated using Q0 = 1330 fm2 [9]
and gR = Z/A. Despite the large uncertainties, the data points
are consistent with each other.

C. The nature of the 390-keV transition

Curiously, the 390-keV γ ray, assigned as a 9
2

+ → 7
2

−

pure E1 interband transition, has insufficient intensity to ac-
count for the full flux populating the 9

2
+

band. The 252-keV

transition, tentatively placed depopulating the 9
2

+
level, has

insufficient intensity to make up the difference. It is interesting
to note that a 389-keV γ ray was observed under in-beam
conditions, and that it was assigned M2 multipolarity on the
basis of its K-shell conversion coefficient (αK = 1.8(5)) [10].
Assigning M2 character to the 390-keV transition observed in
this work would result in a transition intensity which is larger
than—but just consistent with—the observed feeding into the
9
2

+
band. One could invoke a modest E1 admixture to improve

the agreement. Nevertheless, such an assignment would be in
tension with our suggested spin assignments, as it would be
somewhat surprising for an M2 component to compete to this
extent with an E1 transition.

Another possible explanation for the observed mismatch
in intensity is that the conversion coefficient for the 390-
keV E1 transition is anomalous. The conditions under which
anomalous E1 internal conversion may arise are discussed in
Ref. [23], which also gives examples. Additional instances are
given in Appendix D of Ref. [6]. Inspection of the tables in
these works shows E1 conversion coefficients enhanced by
factors of up to ≈200, though factors of 2–20 are more typical.
Among the heavy nuclei, the enhanced internal conversion
coefficients for 245Cm and 247Cf in Ref. [6] seem relevant to
the present discussion. We will argue in the next section that
the most likely configuration for the new band in 251Md is
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π 9
2 [624], and these transitions involve the same change in

the asymptotic Nilsson quantum numbers. In that sense, they
are useful analogs that may predict a similar enhancement
in 251Md. We are unable to distinguish between a mixed
E1/M2 transition or an enhanced E1 conversion coefficient
with the present data; it is possible that both scenarios apply.
We simply wish to point out that the conversion coefficient
data should be interpreted with caution, and the situation can
only be resolved after future investigations.

IV. DISCUSSION

Several single-particle orbitals are predicted to lie near the
Fermi surface in 251Md. Aside from the observed π 7

2 [514]
and π 1

2 [521] orbitals, the π 3
2 [521], π 5

2 [512], π 7
2 [633], and

π 9
2 [624] orbitals are expected to be present [6]. The bandhead

spin-parity of 9
2

+
immediately suggests the π 9

2 [624] configu-
ration. The determination of positive parity for the new band
rules out the π 3

2 [521] and π 5
2 [512] configurations. A π 7

2 [633]
assignment is possible, but requires invoking higher multipo-
larities for the linking transitions into and out of the band. The
π 9

2 [624] configuration is thus the most natural assignment to
achieve a consistent description of the data. The gk values
calculated from Eq. (7) for the configurations listed above
are given in the lower part of Table II. Of these, the π 9

2 [624]
configuration is close to the average of the experimental gk

values, with the π 7
2 [633] configuration being very similar.

However, the experimental value is not consistent within the
uncertainty with any of the calculated values in Table II.

The transitions from the isomer into the rotational bands
that we observe in this work are hindered by the large change
in the K quantum number. This hindrance can be quantified
by the hindrance factor [24]

FW = T1/2,γ

T W
1/2,γ

, (8)

where T1/2,γ is the partial half-life for γ decay for a given
transition and T W

1/2,γ is the Weisskopf estimate for the partial
half-life of the transition. This factor varies with both 	K and
the multipole order λ, and so it is often expressed in terms
of the degree of forbiddenness, ν = 	K − λ, as the reduced
hindrance factor fν = F 1/ν

W , which is typically of the order of
100 [25]. For the case of 251Md, the calculated hindrance fac-
tors for the E1 transitions to the 7

2
−

band have fν ≈ 170–180.

The transitions to the 9
2

+
band are in the range fν ≈ 120–150.

All of these are fairly typical values, supporting the Iπ assign-
ments to the isomer and the bands it feeds.

There is only sparse information on rotational bands in
neighboring odd-Z transfermium nuclei. However, a useful
comparison can be made by looking to the A ≈ 180 region
where there are several examples of rotational bands based
on neutron single-particle states with the same asymptotic
Nilsson model quantum numbers as the proton states we as-
sign in 251Md. For instance, in 177Hf—examined in detail in
Ref. [20]—one finds a 23

2
+

isomer decaying into rotational
bands based on the ν 7

2 [514] and ν 9
2 [624] states. A comparison

of the moments of inertia for these bands with the bands in

FIG. 8. A comparison of the moments of inertia for 251Md (solid
symbols) and 177Hf (open symbols), with the latter scaled by a factor
of A− 5

3 . Circles indicate the π 7
2 [514] band while squares represent

the π 9
2 [624] configuration in each nucleus. The correspondence is

remarkable.

251Md can be made by assuming similar deformations in the
two mass regions and scaling by A−5/3. As shown in Fig. 8,
there is a remarkable similarity in the rotational properties
for the two sets of states, lending further credence to the
assignments that we have made for the bands in 251Md.

A new macroscopic-microscopic calculation has been per-
formed in order to predict the single- and multi-quasiparticle
states in 251Md. It is based on the Woods-Saxon potential
with a universal parametrization [26]. The Lipkin-Nogami
prescription [27] was used to describe pairing interactions,
including blocking, and the energies of multi-quasiparticle
states have been corrected by about 100 keV in order to
account for residual spin-spin interactions. The results of the
calculation are shown in Table III; the energies are expected
to be accurate within about 200 keV, based on comparison of

TABLE III. Energies and Kπ values of various one- and
three-quasiparticle states calculated in the present work using a
macroscopic-microscopic approach. The energies are expected to be
accurate within about 200 keV. See text for details.

Ex (keV) Kπ Configuration

0 7
2

−
π 7

2 [514]

60 1
2

−
π 1

2 [521]

320 9
2

+
π 9

2 [624]

370 7
2

+
π 7

2 [633]

390 3
2

−
π 3

2 [521]

1010 23
2

+
π 7

2 [514] ⊗ {ν 7
2 [624] ⊗ ν 9

2 [734]}Kπ =8−

1070 17
2

+
π 1

2 [521] ⊗ {ν 7
2 [624] ⊗ ν 9

2 [734]}Kπ =8−

1180 15
2

+
π 1

2 [521] ⊗ π 7
2 [633] ⊗ π 7

2 [514]

1440 23
2

−
π 7

2 [633] ⊗ π 7
2 [514] ⊗ π 9

2 [624]

1450 19
2

+
π 3

2 [521] ⊗ π 7
2 [514] ⊗ π 9

2 [624]

1480 21
2

+
π 7

2 [514] ⊗ {ν 5
2 [622] ⊗ ν 9

2 [734]}Kπ =7−

1580 15
2

+
π 1

2 [521] ⊗ {ν 5
2 [622] ⊗ ν 9

2 [734]}Kπ =7−

1750 19
2

−
π 7

2 [514] ⊗ {ν 5
2 [622] ⊗ ν 7

2 [624]}Kπ =6+
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FIG. 9. A comparison between the experimental level energies
deduced in the present work (leftmost column) with various theoreti-
cal calculations (all other columns) up to about 1.2 MeV in excitation
energy, with references given beneath. Single-quasiparticle states
are indicated by solid lines, while dashed lines represent three-
quasiparticle states. In the rightmost column, states with primarily
phonon character are shown by dotted lines. See text for details.

similar calculations with observed multi-quasiparticle states
in other nuclei (e.g., Refs. [28,29]). The results are also shown
graphically in Fig. 9 in the column labeled “Theo.,” which
can be compared against the experimental data in the left-
most column. Single-quasiparticle states are indicated by solid
lines, while dashed lines represent three-quasiparticle states.
Overall, comparing the positions of the 9

2
+

and 23
2

+
states

suggests that the calculated spectrum is slightly compressed,
but still within 200 keV of the experimental results. On the
basis of the excitation energy, both the predicted 7

2
+

and 9
2

+

states are reasonable candidates for the head of the rotational
band we observe. Importantly, the calculation predicts that
the 23

2
+

level is the lowest-lying multi-quasiparticle state and
thus isomeric, in agreement with the experimental results. The
configuration of this state in the calculation is π 7

2 [514] ⊗
{ν 7

2 [624] ⊗ ν 9
2 [734]}Kπ =8− . This is in accord with the data for

250Fm, in which a Kπ = 8− isomer at Ex = 1199 keV was
assigned the same two-quasineutron configuration [30]. The
three-quasiparticle isomer in 251Md can then be understood
as an excitation of the 250Fm core, with the unpaired proton
remaining a spectator in the π 7

2 [514] orbital.
In addition to our calculations, three other macroscopic-

microscopic calculations are shown in the center columns of
Fig. 9. A common feature of these calculations is an incorrect

ordering of the quasiparticle levels. References [31,32], both
based on the Woods-Saxon potential, predict the 1

2
−

state as

the ground state, with the 7
2

−
state several hundred keV above.

Reference [33], which uses the two-center shell-model ap-
proach [34] to parametrize the nuclear shape, correctly places
the 7

2
−

state as the ground state, but inverts the 9
2

+
and 1

2
−

states compared to our experimental findings. These differ-
ences highlight the difficulty of simultaneously reproducing
all of the observed properties of nuclei in this region.

Two self-consistent mean-field calculations using differ-
ent effective interactions of the single-quasiparticle states in
251Md have also been performed. One is based on the SLy4
interaction [35] and is given in Fig. 9, while the other uses
the SLy5s1 [10] interaction but does not explicitly provide
the quasiparticle energies. Both of these studies invert the
ordering of the 1

2
−

and 7
2

−
states relative to experiment. They

also place the 9
2

+
state at about 1.5 MeV, much higher than

our present experimental findings.
Finally, the rightmost column of Fig. 9 shows a calculation

using the quasiparticle-phonon model [36]. This calculation
correctly predicts a 7

2
−

ground state in 251Md, but also in-

verts the 1
2

−
and 9

2
+

states relative to experiment. The states
which have a significant phonon component, shown by dotted
lines, are predicted to lie at a relatively high excitation energy
compared to the single-quasiparticle states in this particular
nucleus.

V. SUMMARY

In conclusion, we have reported on a measurement of
the γ -ray spectrum following decay of the known isomer
in 251Md. Based on the γ -ray singles spectrum, and with
support from the limited γ -γ coincidence data, we observe
population of both the known π 7

2 [514] rotational band and
a new band which we propose to be built on the π 9

2 [624]
configuration. The present data indicate that the isomer
spin-parity is likely 23

2
+

, with the configuration π 7
2 [514] ⊗

{ν 7
2 [624] ⊗ ν 9

2 [734]}Kπ=8− . We have also performed a new
microscopic-macroscopic calculation which reproduces the
observed single- and multi-quasiparticle levels in this nucleus.
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