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Abstract. Isomeric states in 2**No have been investigated by conversion-electron and «-ray spectroscopy
with the GABRIELA detection system. The 31 us isomer reported more than 30 years ago is found to
decay to the ground state of 2**No by the emission of a 167 keV M2 transition. The spin and parity of this
low-lying isomeric state are established to be 5/2%. The presence of another longer-lived isomeric state is

also discussed.

PACS. 21.10-k Properties of nuclei — 21.10.Tg Lifetimes — 23.20.LLv gamma transitions and level energies
— 23.20.Nx Internal conversion and extranuclear effects

1 Introduction

Isomeric states, i.e. states with strongly inhibited electro-

magnetic decay modes, occur when there is a secondary

energy minimum for some values of shape elongation (shape
isomers), total angular momentum of the nucleus (spin iso-

mers) or for a certain value of the projection K of the total

angular momentum of the nucleus onto the symmetry axis

(K-isomers). Trapped in this pocket, it is difficult for the

nucleus to change its shape, spin or its spin orientation rel-

ative to the axis of symmetry. In the transfermium region,

one expects the occurence of spin-isomers because of the

coexistence of high and low-j orbitals close to the Fermi

surface [1-6]. K-isomers are also expected because of the

combination of nuclear deformation and the presence of
orbitals with large spin projections {2 on the symmetry

axis. Isomeric states are therefore extremely revealing of
the underlying structure of the nucleus: nature and or-

dering of single-particle states, deformation, configuration

of quasiparticle states and magnitude of pairing and/or

collective correlations.

K-isomers have been identified in several transfermium
nuclei. The gamma-decay of a 70 ns K™=7" isomeric state
was observed by Hall et al. in 2°Fm [7]. The 1425 keV

level, populated in the beta-decay of 2°6™Es, was also
seen to fission with a half-life of 0.8 ms. A 0.28-second
isomeric state in 2°*No and a 1.8-second isomeric state in
250Fm were reported by Ghiorso et al. [8] but their quan-
tum numbers could not be determined. By analogy to the
interpretation of isomeric states in the A=170-190 around
the Hf isotopes, both isomeric states were interepreted
as high-spin states, based on either two-proton or two-
neutron configurations. It is only very recently, however,
that the isomeric state in 2°4No has been firmly identified
as a two-proton K=8 isomer via the properties of its
electromagnetic decay [9,10].

Long-lived spin isomers have been observed in 257Rf
[11], 2%3Lr and 2°"Db [12], 2°!No [13] and 2%5Lr [14]. The
isomers in 2°*No, 2°3Lr and 2°"Db involve a low-spin single-
particle neutron (for No) or proton (for Lr and Db) state
above a high-spin ground state. In 2°"Rf and 2°°Lr, the
situation is reversed with a high-spin isomeric state above
a low-spin ground state. On top of pinning down the se-
quence of single-particles states, the identification of iso-
meric states, especially the ones which alpha-decay, is im-
portant for the interpretation of the fine structure of alpha-
decay. Indeed, the non identification of an isomeric state
in a nucleus may lead to the misinterpretation of its quan-
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Fig. 1. Energy spectrum of recoil-position-correlated alpha-
particles.

tum structure and that of its daughter nucleus. As an ex-
ample, the reinvistigation of 2"Rf revealed the presence
of a 11/27 isomeric state, which was responsible for the
unusual alpha-decay pattern of 2" Rf compared to lighter
isotones. This observation modified the spin and parity
assignment of the ground state of 22"Rf and considerably
changed the excitation energy of levels in the daughter
nucleus, 2*No [11]. In particular, it established the exci-
tation energy of the isomeric state reported by Bemis et
al. [15] to be 124 keV above the ground state. This en-
ergy, however, is lower than the atomic K-binding energy
in Nobelium and is incompatible with the delayed X-ray
emission observed by Bemis. In this paper, we clarify the
situation concerning the low-lying isomeric state in 2°*No
and report on the possible presence of a longer-lived iso-
meric state.

2 Experimental details
2.1 Experimental set-up

Excited states in 2%3No were populated in the reaction
207ph(48Ca,2n) using 350 pg/cm? rotating PbS targets
on 1.5 pm-thick Ti support foils. The 242 MeV, 0.7 puA
48Ca beam was provided by the U400 cyclotron of the
FLNR, JINR, Dubna. A 2 pm-thick Ti degrader-foil was
installed in front of the target in order to have a beam en-
ergy of ~217 MeV at the center of the target. The fusion-
evaporation residues (mainly 2**No) were transported by
the VASSILISSA separator [16,17] and implanted into the
stop detector of the GABRIELA detection system [18] in-
stalled at the focal plane of the separator. Only nuclear
states of the evaporation residues with lifetimes of the
order of or larger than the time of flight through the
separator (~ 1lus) will be observed to decay at the fo-
cal plane. Evaporation residues are distinguished from the
background of scattered beam particles and transfer prod-
ucts by a combined energy and time-of-flight measure-
ment. The background of low-energy scattered particles

detected in the stop detector is reduced by placing a mylar
foil between the time-of-flight detector and the stop detec-
tor. This foil also serves another purpose: it slows down the
evaporation residues to reduce their implantation depth in
the stop detector. This increases the escape probability of
conversion electrons emitted in the backward direction by
the implanted nuclei and their daughter products. The
conversion electrons are detected in four 4-fold segmented
silicon detectors placed upstream from the implantation
detector in a tunnel-like configuration. Gamma-ray emis-
sion is detected in seven germanium detectors from the
French-UK Loan Pool. The signals from each detector are
processed individually and time-stamped to a resolution
of 1us. The ~y-ray efficiency reaches ~9% at 120 keV and
the electron-detection efficiency peaks at ~17% for elec-
tron energies between 100 and 400 keV.

During the 144-hour experiment, 13000 evaporation
residues were identified on the basis of their energy and
time-of-flight. This corresponds roughly to half the total
number of evaporation residues, which actually reach the
stop detector. By requiring an anti-coincidence between
the stop detector and the time-of-flight detector, a total
of 10500 alpha-decays of 2°2=254No were recorded. Using
a search time of 10 minutes, 4800 alpha-particles were
spatially correlated to recoil events in the stop detector
(see Fig. 1). Finally, ~2 10 electrons with energies below
200 keV were detected in the tunnel detectors.

2.2 Lifetime measurement method

The decay properties of a nuclear state can be charac-
terised by the decay probability per unit time A. If N,
is the number of nuclei produced in such a nuclear state,
then the number of decay events per unit time is given by:

AN (t) _
—— = N e, 1
o Ae (1)

In order to measure the lifetime 7 = 1/ or half-life T' ;, =
In(2)7 of the state, decay times are generally sorted into
a spectrum with time intervals of constant width At. In
this way, channel ¢ contains the number of decay events
observed between t; and t; + At. Another way to proceed
is to sort decay times into a spectrum with time intervals
At proportional to time (logarithmic time bins) [19]:

(2)

t
— = constant.

4
By using a change of variables 6 = log,(t) = In(¢)/In(2),
the density distribution of decays per time bin is given by:

AN (6)
0 (3)

This form has the advantage of peaking at 6,,,,, which
is related to the lifetime of the state by the simple relation

(4)

= N, In(2)X x 29 x e(=2°)

T = 207na3:
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Fig. 2. Energy spectra of conversion electrons (a and c¢) and
gamma-rays (b and d) as a function of In(At)/In(2), where
At is the time difference between the detection of recoils and
electrons or gamma-rays. The top panels show the case where
all the identified recoils are considered. The bottom panels
represent the time differences only for the recoils, which are
followed within 10 minutes by the detection of a 2*372%4No
alpha-particle at the same position in the stop detector. The
boxes show the delayed electron and gamma-ray structures
mentionned in the text. At large time differences, the spectra
are dominated by random correlations.

It also enables an easy inspection of decay times over a
very large interval in time and is particularly well adapted
to determine lifetimes in the case of low statistics.

Figure 2 shows the energy spectra of electrons detected
in the backward silicon detectors as a function of log, (At),
where At is the time difference between the detection
of any recoil (panel a) or of a 2°3~254No-alpha-position-
correlated recoil (panel c) in the stop detector and the
detection of an electron in the tunnel detectors. In both
panels, the same delayed cluster of electrons is clearly vis-
ible at electron energies between 120 and 170 keV. A de-
layed structure around gamma-ray energy 120 keV is vis-
ible at similar time differences in panels b and d of Fig.
2. Even though the energy of the 2°*No alpha-decay co-
incides with the energy range of the 2**No alpha-particle
group, the delayed electron and gamma-ray emission seen
in Fig. 2 is attributed to 253No since in a dedicated run
with a 20%Pb target, no such emission was observed in
254No. From equation 4, one can estimate the lifetime of
the emitting state to be of the order of 7 = 2% — 26 pus.

In order to measure the lifetime of the above-mentioned
isomeric state, equation (1), and therefore also (3), need
to be modified to take into account random recoil-electron
(or recoil-gamma) correlations [20].

The number dN (t) of electrons detected between times
t and t+dt following the implantation of a Nobelium recoil
is given by the sum of two independent terms dN;(t) and
dN5(t). The first term is the number of real decays multi-
plied by the probability that no other recoil is detected at
the focal plane between ¢ = 0 and ¢ (i.e., the probability
that the next recoil is detected after time ¢):
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Fig. 3. Energy spectra of conversion electrons (top panel) and
~-rays (bottome panel) emitted 8-128 us after the detection of
a recoil.

dN1(t)
dt

= N el /00 oe=Mdt = N, e(“O+9)D (5)
¢

where o is the recoil rate at the focal plane of VAS-
SILISSA. The integral of this equation over the duration
of the experiment yields the number of properly correlated
electrons, Niot,1. As the duration of the experiment is large
compared to the sum of the time constants, Niot,1 = iv rA
Conversely, the number of randomly- correlated electrons
is given by Nyoto = Ne — Niot,1, where N, is the total
number of electrons detected in the experiment.

The second term dNj (t) is the number of random elec-
tron events detected in the tunnel multiplied by the prob-
ability that no other recoil arrives between ¢ = 0 and
t. Since the number of random electron events per unit
time is given by the product of the number of randomly-
correlated electrons Nyo 2 and of the recoil rate o:

dNo (t)
dt

= Ntot’QO' j;oo 0'6(7o-t)dt

= (Ne — ﬁ—rﬁ) gel(=at)

(6)

Equation (3) therefore becomes:

AN _ N, In(2)A20e(~OF)2")

+ (N = £2) m(@)o20e(-2") @)

from which the lifetime of the isomeric state can be
determined.

2.3 Electromagnetic properties

In Fig. 3 are displayed energy projections (taken between
time bins 3 and 7, i.e. between 8 and 128 us) of the matri-
ces in the top panels of Fig. 2. The K, and Kz Nobelium
X-rays are clearly visible in the spectrum of v-rays of Fig.
3. In the electron spectrum, two well-separated structures



4 A. Lopez-Martens et al.: Isomeric states in 2**No

Table 1. First row: Intensity of the 167 keV ~-ray line as
determined experimentally and as determined from the prod-
uct of the measured X-ray intensity and of the theoreti-
cal K-conversion coefficients taken from [22,23]. Second and

third rows: Experimental and theoretical ratios of electron-
conversion coefficients for the 167 keV transition.
experiment El E2 E3 M1 M2
I,(167 keV)  5(3) 776 820 1035 9 3
arx/armn+  1.3(2) 2.8 0.04 0.002 33 1.27
ar/oamMN+ 2.8(5) 3.0 26 2.4 3.0 267

appear at 138 and 161 keV. The nearly flat distribution of
counts at lower electron energies corresponds to electrons
which backscatter out of the tunnel detectors (see Fig. 4
of reference [18]).

The fact that K X-rays are emitted signifies that a
transition of energy greater than the binding energy of
K-electrons in Nobelium (150.5 keV) is converted. Fur-
thermore, the energy difference of the two visible electron
structures (23(3) keV) corresponds to the average differ-
ence in binding energies between the L and M shells in No-
belium (~20.4 keV). The two electron structures observed
in the top panel of Fig. 3 are therefore assigned to the L
and M N+ conversion of a 167(3) keV transition, which is
highly converted. In the y-ray spectrum of Fig. 3, there are
5(3) counts at 167 keV. In the Nobelium region, the fluo-
rescence yield for a vacancy in the K shell is practically 1
[21]. This means that the observed X-ray intensity can be
used as the experimental value for the K-conversion in-
tensity. In Table 1, the expected intensity of the 167 keV
~-ray is reported as a function of the multipolarity and
the electromagnetic nature of the 167 keV transition. The
ratios of the experimental conversion coefficients are also
shown in Table 1 together with the corresponding theo-
retical values [22,23]. Given all the experimental observa-
tions, the 167 keV transition is firmly established to be an
M2 transition.

2.4 Lifetime properties

The time projection of the matrix of the top panel of
Fig. 2 taken between electron energies 40 and 200 keV,
is displayed in Fig. 4. In the bottom panel of Fig. 4, the
same electron decay curve is shown using standard con-
stant time bins. When only one decaying state is taken into
account, the fit to the electron count distribution (accord-
ing to equation 7) fails to account for all the intensity. In
fact, in the top panel of Fig. 4, the presence of a second
isomeric state appears clearly as a second bump around
In(AT)/ In(2)=10.

If a second isomeric state is included into the param-
eters of the fit, the lifetime of the isomeric state which
decays by the emission of the 167 keV M2 transition, is
found to be 7=44.9(3.1) us. This corresponds to a half-life
of Ty /5=31.1(2.1) us, which is in agreement with the value
given by Bemis et al. [15]. The other electron-emitting
state has a lifetime of 7=1.4(3) ms (7} /2=970(200) ps).

10“%
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2 10°
<t
e}
) N
< 10
c
ER il %Mﬂﬂ mﬁhﬂ
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Fig. 4. Distribution of time differences in logaritmic scale (top
panel in counts per quarter bins) and linear scale (bottom
panel) between the detection of recoils and electrons. The fits
to these time distributions are shown for the cases where only
the decay of one isomeric state is considered (dashed curves)
and when the decay of a second isomeric states is taken into
account (solid line).

A consistency check of the fit parameters can be made
by comparing the values of (i) the number of recoils, N,
produced in the short-lived isomeric state, (ii) the total re-
coil rate, o, and (iii) the total number of electrons, N, de-
tected in the experiment, obtained from the parameters of
the fit and the same values obtained by other means. In the
case of the shorter-lived isomer, the electron decay curve
corresponding to electron energies greater than 120 keV
was used to extract a value of N, = 190(15). In order to
find the total number of recoils which were produced in
the isomeric state during the experiment, N, needs to be
corrected for the electron-detection efficiency and for the
fraction of the intensity of the 167 keV transition which
is LM N+-converted. This yields N, = 2513(200). This
is well in accordance with the value of N, which can be
extracted from the electron spectrum of Fig. 3. From the
intensity of the LM N+ structure, the population of the
isomeric state is found to be 2100(140). The total recoil
rate obtained from the parameters of the fit is 0=2.8(1)
10~8us~t. This value also fits well with the total number
of Nobelium recoils (mainly 253No, but also ?°*No and
252No) identified during the experiment divided by the
duration of the experiment: 2.5 10~8us~!. Finally, the to-
tal number of electrons detected during the experiment is
extracted to be N,=1.7(1) 10°. This is in agreement with
the 2 106 electrons actually detected in the tunnel with
energies above the threshold and below 200 keV.



A. Lopez-Martens et al

3 Discussion

The ground state of 2°*No is known to be a 9/2~ state [13,
24,25] so the observed excited state which decays to the
ground state via an M2 transition must be either a 5/2% or
a 13/27 state. The only possible neutron configuration for
such a low-lying excited state is the 5/27[622] neutron hole
state (see Fig. 6). This fits well into the systematics of the
N=151 isotones [26—29], for which the first excited state
can only decay to the ground state via an M2 transition
and is therefore isomeric (see figure 5). The energy of the
5/2% state is established to be 167 keV and not 296 keV
as it currently tabulated in the Table of Isotopes [30] or
124 keV as is reported in reference [11]. The low energy of
this isomeric state in the N=151 isotones is attributed to
coupling with a low-lying octupole phonon state. In this
experiment, the B(E3) rate and consequently, the degree
of collectiviy of the 5/27 state, could not be determined
as it has been done for the lighter isotones 247Cm [26]
and 249Cf [27]. This is because the uncertainties associated
with the conversion coefficients are too large to determine
a meaningful M2-E3 mixing ratio.

From the ratio of the number of recoils produced in
the short-lived isomeric state of ?*>No and of the total
number of recoils, the population of the 31 us isomeric
state in the fusion-evaporation reaction is estimated to be
at least 16(1)%. The rotational band built on the 5/2%
state must therefore be populated with similar intensity.
This information cannot be ignored in the interpretation
of the prompt ~-ray spectra obtained with the multidetec-
tors Gammasphere [29] and Jurogam [31,32] as well as the
prompt conversion-electron spectrum obtained with the
electron detector Sacred [24,32,33]. This is because the
M1 transitions between members of the rotational band
built on the 5/2% state will dominate over the cross-over
E2 transitions and will contribute to the observed X-ray,
low-energy photon and conversion-electron intensities.

The longer-lived isomeric state is assigned to 2°3No
because its lifetime does not coincide with any of the life-
times of the isomers observed in 2°*No [9,10], and be-
cause the number of nuclei populated in such a state is
larger than the number of observed 2°2No recoils. The en-
ergy spectrum of the delayed electron emission is concen-
trated below 150 keV. The half-life of the state is mea-
sured to be 970(200) us. Given the electron-background
conditions and recoil rate, such a half-life is at the limit
of the sensitivity of the current experimental setup. In-
deed, the energy thresholds of the stop detector prevent
the detection of any delayed electron emission below 500-
1000 keV at the position of the implanted recoil. A clean
and efficient tag on isomeric decays [34] is therefore not
available. This is why, given the rather long lifetime of the
longer-lived isomeric state and the low efficiency to detect
electron-vy-ray coincidences, no y-ray spectrum with rea-
sonable statistics could be extracted from the background
of random recoil-y-ray correlations.

Although we cannot study the details of the decay of
the longer-lived isomeric state, we can exclude and sug-
gest possible configurations based on the available single-
particle states shown in Fig. 6. The isomeric state cannot
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Fig. 5. Systematics of low-lying levels in N=151 isotones ob-
tained from references [26-29] and this work.
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Fig. 6. Schematic representation of the available proton (left)
and neutron (right) single-particle levels caclulated in reference
[1]. The filled circles illustrate the filling of the orbitals in the
ground state of 2°*No.

be a spin isomer based on the 1/27[631] or 11/27[725]
single-particle neutron levels, as it is the case in 2°'No
and 2°7Rf, since it would readily decay to the 5/2% state
and ground state respectively. The same reasoning ex-
cludes the 1/2%[620] and 3/2%[622] neutron configura-
tions. The isomer is therefore most likely a high-K iso-
mer. In the neighbouring 2**No, the K = 8~ isomeric
state is based on the {9/27[624]r ® 7/27[514]7} config-
uration [9,10]. A possible configuration for the isomeric
state could therefore be the {9/21[624]r ® 7/27 [514]x
® 9/27[734]v} structure with K™ = 25/2%. If only neu-
tron excitations are involved, the isomeric state could be
based on the {9/27[734]v @ 7/27[624]v ® 7/2%[613]v} or
{9/27[734]v ® 5/27[622]v @ 7/27[613|v} configurations
with K™ =23/27 and K™ = 21/2~ respectively.

To conclude, the isomeric state first observed by Bemis
et al. [15] has been shown to decay via an M2 transiton
of 167 keV. The state is assigned the 5/2%[522] Nilsson
configuration. Its half-life is 31.1(2.1) us and its popula-
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tion in the 2°"Pb(*8Ca,2n) reaction at mid-target beam
energies of ~217 MeV is estimated to be greater than
16%. There is evidence for another, longer-lived isomeric
state in 2°3No, but no spectroscopic information concern-
ing the decay properties of this state could be obtained.
To achieve this, tagging on the isomeric decay in the im-
plantation detector is necessary.
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