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Detailed spectroscopy of 249Fm
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Excited states in 249Fm were populated via the α decay of 253No and the subsequent decay was observed
with the GABRIELA detection system installed at the focal plane of the VASSILISSA recoil separator. The
energies, spins, and parities of these states could be established through combined α, γ , and conversion-electron
spectroscopy. The first members of the ground-state rotational band were identified. Their excitation energies as
well as the observation of a cross-over E2 transition confirm the assignment of 7/2+ [624] for the ground state
of 249Fm. Two excited states were also observed and their decay properties suggest that they correspond to the
particle excitation 9/2− [734] and hole excitation 5/2+ [622]. The analysis suggests that the 279-keV transition
de-exciting the 9/2− state has anomalous E1 conversion coefficients.
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I. INTRODUCTION

Elements beyond Fm (proton number Z = 100) owe their
existence solely to quantal effects. These effects are enhanced
when the neutron and proton configurations coincide with
shell-like structures that result from the underlying mean
field. The predicted stability, deformation and structure of
heavy elements is therefore extremely model dependent. A
systematic investigation of heavy nuclei with Z�100 is the
only way to constrain the models and test their reliability. The
study of odd-mass isotopes is particularly revealing since it
can give direct information on the nature and sequence of the
single-particle states around the Fermi surface.

Structural information on odd-N and odd-Z transfermium
nuclei has been obtained essentially from α-decay studies
[1]. The early results of Bemis et al. [2] on the decay of
255No represent the first investigations above proton number
Z = 100 where α spectroscopy with coincident detection of
x rays and low-energy photons was used. However, it is
only recently that investigations of transfermium elements
systematically combine α-decay studies with γ spectroscopy,
making it possible to obtain high-resolution information on
nuclear level energies in the daughter nuclei. Such studies
have been performed in 251No [3], 247,249Fm [4], and 255Fm [5]
and have shed some light on the nature of the first excited
states in these nuclei, as well as on the nature of the ground
states and isomeric states of their parents. Higher spin states
can be accessed via in-beam γ -ray spectroscopy. The recent
leap forward in this area is related to the use of efficient

4π germanium arrays combined with recoil separators. As an
example, the electric quadrupole (E2) transitions de-exciting
the high-spin members of an excited rotational band in 253No
[6] were observed using Gammasphere [7] and the FMA [8].
The small interband M1 branch responsible for the observation
of the rotational band suggests that the configuration of the
band most likely is the 7/2+[624] neutron orbital stemming
from the g9/2 spherical orbital. The odd-Z isotopes 251Md
[9] and 255Lr [10] have also been studied in a similar way
with Jurogam and the RITU spectrometer [11] at Jyväskylä.
Further, less ambiguous information on the spin and parity of
nuclear levels can be obtained by internal-conversion-electron
spectroscopy, especially since internal conversion can compete
with, and even dominate, electromagnetic radiation in this
mass region. α spectroscopy combined with γ and conversion-
electron spectroscopy has been carried out in 249Fm [12] and
253Fm [13]. In the latter case, the observed sequence of excited
states in 253Fm and their corresponding population from the
ground state of 257No suggest that 257No breaks the N = 155
isotonic trend in that its ground state is assigned to be the
3/2+[622] configuration instead of the 7/2+[613]. In the case
of 249Fm, γ rays and conversion electrons were observed by
Herzberg et al. [12] and the decay of an excited state assigned
to the 9/2−[734] configuration was identified. However, no
other excited states were directly observed and no values for
the conversion coefficients of the identified transitions were
given in Ref. [12]. We report here on a new measurement
involving the detection of γ rays and internal-conversion
electrons in the decay of excited states in 249Fm.
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FIG. 1. (a) Compton-suppressed energy
spectrum of γ rays detected in prompt coin-
cidence with the 253No α decay. (b) Energy
spectrum of conversion electrons following the
α decay of 253No.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

Excited states in 249Fm were populated via the α decay of
253No, which was produced in the reaction 207Pb(48Ca, 2n).
The 0.7-pµA 48Ca beam was provided by the U400 cyclotron
of the FLNR, JINR, Dubna. The 350 µg/cm2 PbS targets
were mounted on a rotating target frame to avoid melting
of the target. The fusion-evaporation residues [mainly the
two-neutron-evaporation channel (2n) into 253No but also
the 1n and 3n channels into 254No and 252No, respectively]
were transported by the VASSILISSA separator [14,15] and
implanted into the stop detector of the GABRIELA detection
system [16] installed at the focal plane of the separator. The
energy calibration of the backward electron detectors (tunnel)
was performed by producing and implanting 207Rn recoils
in an isomeric state that is known to decay via internal-
conversion-electron emission [17]. In this way, correction
could be made for the energy loss of the electrons in the
stop detector. From detailed simulations of the GABRIELA
setup [16], it is estimated that the energy deposition in the stop
detector by electrons that escape backward is less than 3 keV
for electron energies ranging from 50 to 300 keV and for an
average implantation depth of 2 µm.

From their decay properties, it is difficult to distinguish
253No from 254No recoils: Their lifetimes differ only by a
factor of ∼2 (96 and 55 s, respectively) and the energy of
the 254No α decay (8.1 MeV) coincides with the energy range
of the 253No α group. From previously measured 1n and 2n

excitation functions, it was not possible to determine how
much 254No was actually produced in the reaction since the
uncertainty in the measurement of the beam energy was of the
order of 1.5 MeV. Nevertheless, the presence of 254No does not
affect the analysis described here since, during a dedicated run
with a 208Pb target, the ground state of 254No was observed to
decay mainly to the ground state of 250Fm with no coincident
emission of γ rays or conversion electrons. However, the

presence of 254No makes it impossible to determine the
absolute branching ratios from the ground state of 253No to
the levels in 249Fm.

A. γ and electron spectroscopy

A total of 10,500 α particles from the decay of 253,254No
were detected during the experiment. No delayed γ or electron
emission following the α decay of 253No was observed. The
spectra of γ rays and conversion electrons detected in prompt
coincidence with the 253No α emission are shown in Fig. 1.
In the top panel of Fig. 1, three γ lines at 150, 221, and
279 keV are clearly visible as well as Fm x rays at 115, 121,
and 136–141 keV. No coincidences between the most intense
lines at 221 and 279 keV are observed, which means that
they do not form a cascade. The electron spectrum shows
structures around 55, 65, 80, 100, 135, 200, and 250 keV. In the
γ -electron matrix of Fig. 2, low-energy electrons of ∼55 keV
are observed to be in coincidence with the 150- and 221-keV
γ transitions and ∼70-keV electrons are coincident with the
150-keV transition. The singles spectrum of γ rays observed
in this work is similar to those observed in the experiments
performed by Hessberger et al. [4] and by Herzberg et al. [12].

B. α-γ spectroscopy

Figure 3(b) shows the prompt α-γ correlations detected
in the experiment. At first sight, it seems that the 279- and
221-keV γ rays are correlated to different α decays of 253No.
This is more clearly shown in Figs. 4(a) and 4(b), where the
energy spectra of the α particles in coincidence with both
γ rays are displayed: The α-particle energy spectrum in coin-
cidence with the 221-keV γ ray is shifted by approximately
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FIG. 2. γ -electron coincidence matrix. The conversion electrons
detected in coincidence with the 150- and 221-keV γ rays are
surrounded by boxes.

50 keV compared to the one in coincidence with the 279-keV
transition.

This effect can be explained by the the fact that the 221-keV
γ ray is in coincidence with a highly converted transition. The
energies of the internal-conversion electrons and associated
x rays and Coster-Kronig and Auger electrons emitted in the
internal-conversion process are summed (totally or partially)
with the α-particle energy in the implantation detector. This
explanation is verified with the energy spectrum of α particles
detected in coincidence with the 221-keV γ ray as well as with
a conversion electron in the tunnel [see Fig. 4(c)]. The statistics
are poor, but it is clear that the centroid of the distribution of
counts lies at lower energies than when no coincident electron
is required [Fig. 4(b)].

From Fig. 4(a), the energy of the α particle populating
the 279-keV transition is extracted to be 8003(5) keV. If the
highest energy peak at 8280(10) keV in the α spectrum shown
in Fig. 3(a) is assumed to populate the ground state of 249Fm,
then the 279-keV transition must be a transition to the ground
state of 251Fm.

If the 221-keV γ ray is also fed by the 8003(5)-keV
α decay, the summing effects discussed earlier are due to
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FIG. 3. (Color online) (a) Energy spectrum of recoil-position-correlated α particles. (b) Spectrum of prompt α-γ and (c) α-electron
coincidences as a function of α-particle energies and γ -ray or conversion-electron energies. The boxes are to guide the eye (see text).
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FIG. 4. Energy spectrum of α particles detected in coincidence with (a) the 279-keV γ ray, (b) the 221-keV γ ray, and (c) the 221-keV
γ ray with the extra requirement that an electron is detected in the tunnel detector. The shaded histograms in panels (b) and (c) represent the
result of GEANT4 Monte Carlo simulations.

the conversion of a 58-keV transition. This fits well with
the fact that ∼55-keV electrons are detected in coincidence
with the 221-keV γ ray (see Fig. 2). To verify this scenario,
GEANT4 Monte Carlo simulations [18] were performed. In
these simulations, recoils are implanted at a depth of 2 µm into
the stop detector. Conversion electrons and subsequent x-ray
and Auger electrons are emitted by the recoils into 4π and
detected either in the stop detector or in the tunnel detectors.
The relevant fluorescence yields for vacancies in the K and
L atomic shells are taken from Ref. [19]. The x-ray energies
are determined from differences between the corresponding
atomic-shell binding energies and x-ray intensities per K-
or L-shell vacancies are taken from Refs. [19,20]. The

simulation of the multiple processes stemming from the
creation of vacancies in the M and higher atomic shells is
performed via the emission of a single electron carrying all
the remaining energy. This is a valid approximation since,
for 249Fm (Z = 100), the remaining energy is less than the
binding energy of the M shell (<8 keV) and therefore always
fully absorbed in the stop detector. The resolution of the stop
detector is taken to be 30 keV. Knowledge of the multipolarity
of the 58-keV transition is not crucial, since L conversion
is the dominant process for E1, E2, and M1 transitions.
Furthermore, although the fluorescence yield of the L1 shell
is half that of the L2 and L3 shells, this lack of x-ray yield is
compensated by a large Coster-Kronig probability leading to
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FIG. 5. Energy spectrum of α particles detected in coincidence with (a) the K-conversion electrons of the 279-keV transition, (b) the
LMN-conversion electrons of the 279-keV transition, (c) the LMN-conversion electrons of the 221-keV transition, and (d) the LMN-conversion
of the 211-keV transition. In each panel, the shaded histogram corresponds to the simulated α-particle energy spectrum.

L3 vacancies. For vacancies in the K shell, the fluorescence
yield is taken to be 1.

The results of the simulation for the α-particle energy
spectrum detected in coincidence with the 221-keV γ ray and
for the α-particle energy spectrum detected in coincidence
with the 221-keV γ ray and with electrons of energy higher
than 40 keV (as in the experiment) are displayed as shaded
histograms in Figs. 4(b) and 4(c). Given the uncertainties of
up to ∼20% in the fluorescence yields in heavy elements, there
is a qualitatively good agreement between the simulations and
the experimental data. This consistency supports the picture in
which both the 279- and 221-keV transitions are correlated to
the same α particle, which feeds a level in 251Fm at 279-keV
excitation energy.

In Refs. [4,12], it was suggested that the 150-keV transition
also depopulates the 279-keV level. This would imply the
existence of a state at 129-keV excitation, which decays to
the 58-keV level via a 71-keV transition. This scenario is
confirmed by the fact that the 150-keV line is coincident with
∼55- and ∼70-keV electrons and by the presence of a structure
at 100 keV in the electron singles spectrum of Fig. 1(c). This
structure corresponds to the LMN+ conversion of a 129-keV
transition, which is barely visible in the singles γ -ray spectrum
just below the Fm Kβ x rays at ∼136keV. Furthermore, there
is direct population of the 58- and 129-keV levels in the
α decay of 253No since α-electron coincidences are recorded
at the expected electron and α-particle energies [see the box
in Fig. 3(c) at α-particle energies larger than 8150 keV].
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As discussed previously, because of summing in the stop
detector, part of the coincident α particles will be detected
with apparent energies higher than the true energies.

C. α-electron spectroscopy

The electron structure visible at the highest energies in
Fig. 1(b) is most probably the LMN+ conversion of the
279-keV transition since the energy difference between it and
279 keV is similar to the average binding energy of the L and
M atomic shells in 251Fm. The α-particle energy spectrum in
coincidence with these electrons is shown in Fig. 5(b). The
result of the Monte Carlo simulation assuming that these
electrons do indeed correspond to the LMN+ conversion
of the 279-keV transition is also displayed and supports the
assignment of the 250-keV electron structure to the LMN+
conversion of the 279-keV transition.

K-conversion electrons of the 279-keV transition are
expected to have energies around 137 keV. In Fig. 3(c), a cluster
of electrons is clearly visible at electron energies between 120
and 150 keV. The energies of the α particles in coincidence
with this cluster of electrons is shown in Fig. 5(a) together
with the output of the corresponding GEANT4 simulation. The
simulation of the energy deposition in the stop detector by
x rays and auger electrons following the K conversion of
the 279-keV transition describes the experimental data well.
There is some intensity at α-particle energies greater than
8050 keV, which is not accounted for by the simulation.
This contamination is due to the LMN conversion of the
150-keV transition. However, since the 150-keV γ -ray line
is mainly coincident with α particles of energies greater
than 8050 keV [see Fig. 3(b)], the corresponding LMN-
conversion electrons should not contribute significantly to the
experimental spectrum of Fig. 5(a) below 8050 keV.

The LMN-conversion electrons associated with the 221-keV
transition should have energies between 190 and 220 keV. One
might be tempted to associate the 200-keV electron structure
to the LMN conversion of the 221-keV transiton. However,
by inspection of the singles electron spectrum of Fig. 1(b),
the electron structure at 200 keV is seen to extend down to
energies lower than expected for the LMN+ conversion of a
single transition of 221 keV given the experimental resolution
of ∼10–12 keV. Furthermore, the boxes drawn in Fig. 3(c) at
electron energies around 200 keV reveal that the lower-energy
part of the 200-keV electron structure is in coincidence with
higher-energy α-particles than the higher-energy part of the
electron structure.

The energy spectrum of the α particles in coincidence
with the higher energy electrons (>190 keV) is displayed in
Fig.5(c). It coincides well with the simulation of the 221- to
58-keV cascade requiring the detection of the LMN-conversion
electrons of the 221-keV transition in the tunnel detectors.

The energy spectrum of α particles in coincidence with
the lower energy part of the electron structure (which is
displaced by ∼10 keV with respect to the higher energy part)
is shown in Fig. 5(d). It is best described as the conversion of
a single 211(5)-keV transition to the ground state of 251Fm in
coincidence with an α particle of 8070(10) keV.

D. Internal-conversion coefficients

Given that absolute efficiencies for detecting γ rays and
electrons were measured for GABRIELA [16], internal-
conversion coefficients could be extracted for the 129-, 150-,
211-, 221-, and 279-keV γ lines. These experimental values
were then compared to the theoretical values for E1, E2,
or M1 transitions obtained with a computer program based
on Refs. [21,22]. In the transition-energy range of interest,
no important differences were found between the theoretical
coefficients of [21,22] and the more recent values tabulated
in [23]. The precision of the measurement of the LMN+-
conversion coefficient does not allow a discrimination between
M1 or E2 character for the 129-keV transition; however,
from the distribution of intensity within the 100-keV electron
structure, it is likely that the 129-keV transition is mostly of
E2 nature since αL2 > αL3 > αL1. The conversion coefficients
for the 129-, 150-, 211-, 221-, and 279-keV transitions are
presented in Fig. 6. Two counts are recorded at γ -ray energies
∼211 keV and α energies between 8050 and 8090 keV, which
allows for an estimation of the LMN+-conversion coefficient
of the 211-keV transition. A value of 2.8(2.2) is found, which
indicates that the 211-keV transition is very probably an M1,
or an E2, or a mixed M1-E2 transition. The E1 character of
the 150- and 221-keV transitions is firmly established and is
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FIG. 7. (Color online) Experimental sys-
tematics of low-lying levels in N = 149 isotones
taken from [31] and based on the present data.

consistent with the conclusion of previous work [4,12]. The
picture, however, is not quite as clear-cut for the 279-keV
transition since the K- and LMN+-conversion coefficients
are systematically much higher than the theoretical values for
E1 transitions.

A possible explanation for the large E1 conversion of
the 279-keV transition could be the large conversion of a
weak γ transition of similar energy. However,such anomalous
E1 conversion is not uncommon in heavy deformed nuclei
(cf. Appendix D of Ref. [24] and references therein). This
phenomenon occurs in the case of transitions for which the
γ -ray matrix element is inhibited while the usually negligible
penetration matrix elements are not and may therefore produce
sizable deviations from the tabulated internal-conversion
coefficients [25,26]. To disentangle these two scenarios, it is
useful to examine the x rays detected in coincidence with the
253No α decay. The x-ray intensity observed in Fig. 1(a) is of
the order of a factor 2.0(0.3) higher than the expected x-ray
intensity from the K conversion of the 150-, 221-, and 279-keV
transitions, assuming they are all E1 transitions and taking
the theoretical K-conversion coefficients. Such a high x-ray
intensity can also be deduced from the large values of the upper
limits for the K-conversion coefficients shown in Table 1 of
Ref. [4]. If one takes the measured K-conversion coefficient for
the 279-keV transition, the x-ray intensity is still 1.5(0.3) times
higher than what it should be. However, if the K conversion
of the 211-keV transition is taken into account, assuming it is
mainly an M1 transition, the discrepancy between the emitted
number of K electrons and the emitted number of x rays
practically vanishes. This observation supports the anomalous

E1 conversion of the 279-keV transition as well as the presence
of the 211-keV transition.

III. DISCUSSION

For relatively low energy levels of odd-mass deformed
nuclei, the component of the total angular momentum I on
the symmetry axis, K , is equal to �, the projection of the
angular momentum of the odd particle. Furthermore, on top
of each intrinsic state, a rotational band with spin sequence
K,K + 1,K + 2, . . . can be built. In the case of K �= 1/2,
the excitation energy of the band member of spin I is given
by E (I ) = E0 + h̄2/2�I (I + 1), where E0 is the bandhead
energy and � is the nuclear moment of inertia about an axis
perpendicular to the symmetry axis [27]. The energy spacing
between the band member of spin I and the bandhead is given
by �E (I ) = h̄2/2� [I (I + 1) − K(K + 1)].

The 279-keV level in 249Fm decays to the ground state and
to two excited states at 58 keV and 129 keV, respectively. If
these states are interpreted as being the first members of the
ground-state rotational band, values of h̄2/2� = 6.6(1) keV
and K = 3.4(3) can be obtained. A ground state with K = 7/2
fits well with the systematics of N = 149 isotones (shown
in Fig. 7) for which the 7/2+[624] Nilsson state is or is
expected to be the ground state. Furthermore, as mentioned
in the Introduction, the predicted magnetic moment of such a
neutron configuration [28] is the most favorable in the region
for the observation of cross-over �I = 2 transitions such as
the 129-keV transition (for which the associated gyromagnetic
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factor gk is positive whereas it is negative for the other orbitals
lying close to the Fermi surface). By using the theoretical
total conversion coefficient for the 150-keV transition and
the experimentally determined LMN+-conversion coefficient
of the 129-keV transition, a ratio of 1.6(0.3) is obtained
for the M1/E2 intensity ratio at the 11/2+ level of the
ground-state band. If the theoretical conversion coefficient for
the 129-keV transition is used, a ratio of 0.4(0.4) is extracted.
By assuming an axial elongation of β = 0.27 for 249Fm,
these values correspond to the gyromagnetic factors gK =
+0.2 and gK = +0.3, respectively. These numbers compare
well with gk = +0.25, which is obtained for the 7/2+[624]
configuration with the model of Ref. [29]. A negative gy-
romagnetic factor would lead to an intensity ratio greater
than 6.

Since the E1 nature of the 279-keV transition, which decays
to the 7/2+ ground state of 249Fm, has been established, the
279-keV level must have negative parity. This negative-parity
state also decays via a firmly established E1 transition to the
second member of the ground-state rotational band with spin
9/2 and its decay to the third member of spin 11/2 is also of E1
nature. The 279-keV level must therefore be a 9/2− state and
is assigned a 9/2−[734] configuration because it is the only
9/2− neutron single-particle state in this region. Since the
α decay of 253No strongly favors this 9/2− state, the ground
state of 253No must also have a 9/2−[734] configuration. This
is indeed what is predicted by most models [28–30] and follows
the trend of the N = 151 isotones.

From systematics of the N = 149 isotones, one expects
the presence of a low-lying 5/2+[622] hole state. In 243Pu,
245Cm, and 247Cf, this state is sizeably populated in the
α decay of the respective parent nuclei (2.0%, 3.3%, and 1.8%,
respectively [31]) and decays to the 7/2+ ground state via an
M1 transition. Our interpretation of the available data is that
the 211-keV transition corresponds to this M1 transition. The
results obtained in this work are summarized in the decay
scheme of Fig. 8.

The decay intensity out of the 5/2+ state represents
4.9(1.5)% of the decay intensity out of the 9/2− state. To
obtain estimates of the magnitude of the hindrance factors for
the α decay to the 9/2− and 5/2+ states, two approximations
need to be made. First, the fraction of the intensity out of the
9/2− state that comes from the feeding from the 11/2− state
(which should be populated in the α decay of 253No but whose
decay we do not observe in this experiment) is neglected.
Second, roughly half the intensity out of the 5/2+ state is
taken to come from feeding from the other members of the
5/2+[622] band, as is the case in the other isotones. In these
conditions, the hindrance factors are found to be 1.2(0.5) for
the 9/2− state and 82(25) for the 5/2+ state in the case of
80(20)% α branching ratio, 90% feeding of the 9/2− state,
and a Q value of 8.4(2) MeV. The hindrance factors for the
�l = 2h̄ and �π = −1 α decay to the 5/2+ state in the lighter
isotones are 365 (243Pu), 237 (245Cm), and 207 (247Cf). One
would therefore expect a hindrance factor above 100 in 249Fm.
However, there is experimental evidence for a much more
significant β-decay branch in 253No [32] than the currently
tabulated value, and this will have the effect of increasing the
hindrance factors.

FIG. 8. Partial level scheme of 249Fm sampled in the α decay of
253No.

Most theoretical models predict that the first excited states
in 249Fm are the 9/2− and 5/2+ states. However, the predicted
ordering of these states and the excitation energy of the 5/2+
state do not correspond to what is found experimentally. The
situation is even more flagrant in the N = 151 isotones 247Cm
and 249Cf, where, even with two neutrons more, the 5/2+
hole excitation is still experimentally found to be the first
excited state above the 9/2−[734] ground state, below the
7/2+[624] excited state. Some of the properties of the 5/2+
state, and in particular its low excitation energy, have been
interpreted as a consequence of the presence of a low-lying
K = 2− octupole phonon state. This state, which has been
observed at a record low excitation energy of 593 keV in 248Cf
[33], is viewed as the superposition of two quasiparticle states,
mainly the {7/2+[633]π ⊗ 3/2−[512]π} and {5/2+[622]ν ⊗
9/2−[734]ν} configurations [34]. The coupling of the K = 2−
phonon with the 9/2− particle state gives rise to a particle-
phonon 5/2+ state, which interacts with the 5/2+ hole state
and pushes it down to lower excitation energies. Through this
interaction, the 5/2+ state acquires a phonon content, which
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has been inferred from the measured B(E3) value to the 9/2−
state in 247Cm [35] and measured with the (d, d ′) reaction in
249Cf [33]. Octupole vibration-particle mixing together with
Coriolis mixing may explain why the observed E1 branching
ratios from the 9/2− state to the members of the ground-state
rotational band are found to strongly violate Alaga’s rules
[36]. Such mixing may also be responsible for an increased
hindrance of the 279-keV E1 γ transition, which in turn leads
to anomalous internal conversion.

In conclusion, excited states in 249Fm have been pop-
ulated and characterized by means of combined α, γ,

and conversion-electron spectroscopy. The first members of
the rotational band built on the 7/2+[624] ground state
have been observed, as well as an excited 9/2− state at
279 keV and a 5/2+ state at 211 keV. The resulting partial
level scheme is found to follow the systematics of the N = 149

isotones. The data suggest that the 279-keV 9/2−[734] →
7/2+[624] transition has anomalous E1 K- and LMN+-
conversion coefficients. This phenomenon also occurs in the
lighter isotones 245Cm and 247Cf, which have been studied with
more statistics and with better electron-energy resolution, and
needs further investigation.
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