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Abstract. The decay of ?**No was investigated by means of a-7y spectroscopy. The isotope was produced in
the reactions 2°*Pb(*®Ca,n)?**No, 2°9Bi(*®Ca, 2n)?*°Lr £¢ ?**No, and 2**U(*>Ne, 5n)?**No. Levels of the
daughter nucleus 2’1 Fm were assigned by a-v coincidence measurements and on the basis of systematics.
Level energies were determined precisely using measured ~-rays. The results are compared with the known
level schemes of the lighter N = 151 isotones 2*"Cm and 2*°Cf as well as with data for 23No.

PACS. 23.60.+e Alpha decay — 27.90.+b 220 < A — 21.10.-k Properties of nuclei; nuclear energy levels

1 Introduction

In recent years the sensitivity of experiments for the study
of nuclei produced in fusion reactions at low cross-sections
was increased considerably. The improvements are based
on higher beam intensities from accelerators, on higher ef-
ficiencies of electromagnetic devices for the separation of
the reaction products in-flight, and on the improvement
of detector systems for the simultaneous measurement of
various decay modes of the produced nuclei. Detectors are
mounted near the target for the study of promptly emitted
radiation using the recoil decay tagging technique as well
as in the almost background free focal plane of the sepa-
rators. A review of recent results obtained in the region of
elements Z > 100 is given in [1]. Compared to the experi-
ments which were performed two decades ago, the overall
yield is now higher by one or two orders of magnitude.
Therefore more detailed decay studies can be performed
including highly efficient coincidence measurements be-
tween « particles and y-rays. Applying this method for the
decay studies of the even-Z isotopes 2°°Rf and 2°3251No
and their a-decay products we extended the systematics
of Nilsson levels in N = 145, 147, 149 isotones for elements
with proton numbers Z > 98 [2,3].
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In the present work we obtained new results on the
systematics of level schemes of the heavier series of odd-
N isotones, N = 151, by studying low-energy levels of
251Fm, populated by a decay of 2°No.

2 Experiment

The experiments using beams of **Ca and 22Ne were per-
formed at GSI, Darmstadt. The *3Ca beam was delivered
by the high charge state injector with ECR ion source,
while the 22Ne beam was delivered from the PIG ion
source. Beam parameters and reactions used to produce
the investigated nuclides are given in table 1. The targets
were prepared from isotopically enriched material of 2°*Pb
(enrichment 98.6%), 23U (> 99.5%), and 2°9Bi. Layers
of (350-450) pg/cm? thickness were evaporated on car-
bon foils of 40 pg/cm? (positioned upstream), which were
then covered by evaporation of (5-20) pg/cm? carbon.
The target layer consisted of metallic lead or bismuth. In
part of the irradiations PbS or BisOz compounds were
used, because these materials withstood better highest
beam currents due to their higher melting points [4]. The
“uranium” targets were produced from UF,; compound.
The targets were mounted on a wheel which rotated syn-
chronously to the beam macro structure [5] (5ms wide
pulses at 50 Hz repetition frequency).
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Table 1. Summary of beam parameters and reactions used for the production of ***No and ?**No.

Projectile | Target (% enrichment) | Evaporation Residue | Epro;/A MeV | I/puA' | esugrp® | o/nb?
%Ne 287 (> 99.5) #55No 5.2 3.5 0.03 100
8Ca 208pY, (98.6) #55No 4.45 1.1 0.4 140
18Ca 209B4 25y 4.55 1.1 0.4 200

(EC 255No)

L Average beam intensity.

2 Calculated value of the separator efficiency.

3 Maximum value in the case of several bombarding energies.

Table 2. Summary of decay data of 2°°No.
E./keV irel HF E* /keV! E, /keV 2. Ty )2/ s’
8290 + 20 0.05 £0.02 922 gs
(8255 + 20) 0.03 + 0.02 1110 (35 + ) (1)
8095 + 10 0.58 £ 0.05 16 200 199.9 £ 0.3 1 21+3
7941 + 10 ~ 0.004 680 354 353.8+ 0.4 1
7903 = 10 0.11 +0.03 18 392 192.14+0.3 1
7893 4+ 20 0.04 £0.02 50 394 194.5 4+ 0.5* 1
7742 + 10 0.19 + 0.04 3 558 358.3+ 0.3 0.18 £0.04
166.8 £ 0.4 0.51 +£0.13
163.3 + 0.4° 0.31+0.8

Relative decay of the level including also conversion.

Only given for the isomeric state.

Gl W N =

Level and decay energies are tentative.

Decay tentatively assigned to this level.

The evaporation residues leaving the targets with ener-
gies of ~ (40-50) MeV (*Ca-induced reaction) or ~ (7-8)
MeV (?2Ne-induced reaction) were separated from the
primary beam by the velocity filter SHIP [6]. In the fo-
cal plane of SHIP they were implanted into a position-
sensitive 16-strip PIPS detector (“stop detector”) with
an active area of 80 x 35mm? and a depletion depth
of 300 um [7] for measuring the kinetic energies of the
residues as well as subsequent « decays [8,9]. Gamma rays
emitted in prompt or delayed coincidence with a decays
were measured using a Clover detector consisting of four
Ge crystals (70 mm &, 140 mm length), which were shaped
and assembled to form a block of 124 x 124 x 140 mm?.

Alpha calibration was performed using the decay en-
ergies of ?°*No and its daughter products 2°°Fm and
246Cf, produced in the reaction 2°*Pb(48Ca, 2n)?%*No, as
described in detail in [10]. The accuracy of the calibration
is estimated as £20keV. Energy resolution of most of the
strips was (23+3)keV (FWHM), while for few ones it was
only (40-55) keV (FWHM). Alpha data given in the text
and in table 2 refer to strips with resolutions lower than
30keV (FWHM) only.

In the case of populating excited levels that decay by
internal conversion, one has to consider energy summing
of a particles and conversion electrons [3,11]. It was found,
however, that at full energy summing, the energy shift of

Excitation energy of the level populated by the o decay; values are rounded.

the « lines is larger than the energy of the conversion
electrons (E — Ep) [11]. The reason is, that also part of
the energy release of the atomic shell (Auger electrons,
low-energy X-rays) contributes to the energy summing.
This effect was investigated in more detail in the course
of these studies and it was found that the energy shift can
be approximately given as AE ~ (E — Eg)+0.5x (Ep —
E,), when the conversion electron is fully stopped in the
detector. Here F denotes the energy of the transition, Ep
the electron binding energy (in case of L-, M-conversion
the “averaged” value) and E, the averaged X-ray energy.
It should be emphasized that the formula has has to taken
separately for K-, L- and M-conversion.

Gamma, calibration was performed with standard ener-
gies from '°2Eu and '33Ba sources. The accuracy of these
calibration procedures was +0.5keV for 7 energies within
one experimental run, while the values obtained in differ-
ent experimental runs could be reproduced within +1keV.

The intensities of the ~ lines from the *3Ba decay were
used to estimate the relative efficiency of the Ge detectors
in the range of £, = (80-390) keV, while the absolute a-y
coincidence efficiency (€4~ ) was estimated from the ratio of
a-v coincidences and « singles measured for the coincident
a- and y-rays of 8422keV and 209.6keV of 24"Md and
of 7540keV and 293.7keV of 251Md [12], respectively, as
described in ref. [3].
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The hindrance factor (HF) for an « transition is de-
fined as the ratio To, cop/Ta,theo With T cop = T1/2/(ba X
ia), where Tj/ and b, denote the half-life and the «
branching of the parent state and i, is the intensity of
the transition relative to all « transitions. The theoretical
half-life was calculated using the formula proposed by Poe-
naru et al. [13] with the parameter modification suggested
by Rurarz [14]. Hindrance factors are usually divided into
four categories characterizing equal and different structure
of parent and daughter states (see, e.g., [15] and references
therein). Alpha transitions in odd mass nuclei, where the
unpaired nucleon remains in the same orbital in the parent
and daughter nucleus, are characterized by low hindrance
factors of 1-4 (favoured transitions).

Gamma decays were measured in prompt or delayed
coincidence with « decays. The limit for prompt coinci-
dences of (At(a-y) < 1us) was given by the time reso-
lution of the detector set-up. Delayed coincidences were
divided into two groups, the first for the time interval
1us < At(a-vy) < 4us, the second for the time interval
At(a-y) > 16 us. The first interval was defined by the in-
ternal coincidence time of the data acquisition system, the
second one by the minimum time to register consecutive
events due to the dead time of the data acquisition sys-
tem. According to Weisskopf estimations of lifetimes [16],
prompt coincidences between v and ~y decays are only ex-
pected for F1, E2, and M1 transitions.

Multipolarities of electromagnetic transitions were
estimated on the basis of conversion coefficients. K-
conversion coefficients can be derived from the ratio of
v- and X-ray events from a specific transition, since K-
fluorescence yields wyi are close to unity for the heav-
iest nuclei. Determination of L(+4M)-conversion coeffi-
cients is more complicated. We use the shift of « lines
due to energy summing between a particles and conver-
sion electrons. Principally L(+M)-conversion coefficients
can be obtained from the intensity ratio of “shifted” and
“unshifted” lines (see, ref. [3] for details). Although this
method does not allow to determine the conversion coef-
ficients precisely, in conjunction with the determination
of K-conversion coefficients, the accuracy is sufficient to
distinguish E'1, £2 and M1 transitions. Theoretical con-
version coefficients were taken from [17]. Vice versa, using
the known multipolarity of a transition, one is able to
model the influence of energy summing with the « lines,
i.e. to model energy shifts and intensity ratios of unshifted
and shifted lines, also with respect to different energies of
electrons according to K-, L- and M-conversion.

3 Experimental results and discussion
3.1 Decay of ?°No

A partial level scheme of 2°'Fm was reported by Eskola
et al. [18] on the basis of an a-decay study of 2°*No. Spin
and parity assignments were suggested in analogy with the
decay of 2°*Fm [19]. This decay scheme served as a basis
for our measurements. It is shown in fig. 1 with energies
determined from our experiment and with our tentative
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Fig. 1. Partial level scheme of **'Fm as derived from [18] and
from this work. All energies are given in keV.

assignments for spin, parity, and Nilsson quantum num-
bers for the level at 392 keV and the new levels at 354 keV
and 394 keV identified in this work. The dominant « tran-
sition (58%) with an energy of 8.095MeV was assigned to
populate an excited state at 200 keV, wheras a weak tran-
sition (5%) of 8.29MeV populates the ground state. In
order to unambiguously identify the element assignment
of the measured « decays, Dittner et al. [20] performed -
X-ray coincidence measurements which revealed a 191 keV
level to be an isomeric state with a half-life of 15.2 us. The
authors also observed a (187.240.2) keV v line (192.1keV
in fig. 1) in prompt coincidence with « particles of 7.927
and 7.879 MeV (7.903MeV in fig. 1), which was assigned
to populate the isomeric state [21]. The decay of the iso-
meric state was suggested to be of the multipolarity M2
based on the earlier assigned spin and parity of isomer and
ground state. The transition energy of 191 keV (200keV in
fig. 1) was derived from the energy difference of « particles
populating these levels and thus had a relatively large er-
ror bar. Overlapping « lines between 7.620 and 8.312 MeV
(not shown in fig. 1) were disentangled numerically, which
resulted in a total of ten « transitions with intensities be-
tween 1.9 and 45.5%.

On the basis of their results Bemis et al. [21] presented
a more detailed partial level scheme than [18] also includ-
ing excited members of rotational bands. Since transitions
from excited members into the band heads are highly con-
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Fig. 2. Alpha spectra measured in the reactions
287 (%2Ne, 5n)?*No  (a), 29Bi(*®Ca,2n)***Lr (b), and

208ph(48Ca, 1n)?**No (c).

verted and thus due to energy summing in our experiments
those «a particles cannot be discriminated from « decays
into the band head, we could not reproduce the “fine struc-
ture” data given in [21]. The implantation method thus
leads to a loss of information regarding energies of levels
within a rotational band, populated by the o decay. Those
structures can be seen clearly, e.g. in the decay pattern of
the N = 153 isotone 251 Cf [22].

In our study we remeasured the a-decay scheme of
2%No including ~ detectors of high efficiency in order
to establish a more accurate low-energy level scheme
of 2'Fm. The parent nucleus 2°°No was produced by
the reactions 233U(?2Ne, 5n)2%°No, 208Pb(*8Ca,n)?*>No
and 299Bi(*¥Ca, 2n)?*5Lr and subsequent electron capture
(EC) decay of ?5°Lr. For the 2°Lr EC branch we obtained
a value of 37% from the « intensities of the 25Lr ground-
state decay and the o decay of its EC daughter 2°°No
which itself has a known « branching of 61.4% [16].

Problems in analyzing the « spectra arose from
the presence of decays of ?**No having an a energy
(8.088 MeV) similar to the most intense line of 2°No
(8.095MeV). The cleanest « spectra were obtained from
the production by 238U(#2Ne, 5n)2%5No (fig. 2a), but also
here we observed an ~ 30% contribution of 2°*No, as seen
from the intensity of its daughter product 2°°Fm. For the
production by EC decay of 2°°Lr the transitions at (8.2
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8.3) MeV are overlaid by low-energy tails (or lines) of
the o spectrum of 2%°Lr (fig. 2b). Finally, in the reac-
tion 298Pb(48Ca,n)?%°No only the « transitions at (8.2—
8.3) MeV and < 7.8 MeV are visible, the others are cov-
ered by a decays of the 2n channel (***No) which had
an about a factor of three higher cross-section than the
1n channel (fig. 2¢). But also in this reaction clean a-
~ spectra were obtained for prompt coincidences. In the
case of delayed coincidences the production via EC de-
cay of 2°°Lr was more suitable for investigating the de-
cay of the isomeric state in 2*!Fm than the direct pro-
duction via 2°8Pb(*¥Ca,n)?°No, although the produc-
tion cross-section roughly was a factor of 2.5 lower, since
it turned out that in the latter production the spectra
were severely contaminated by random coincidences of
8.088 MeV a decays of 2°*No and background 7-rays.

Evidently, the « lines below 8.0 MeV are broad indicat-
ing a strong influence of energy summing with conversion
electrons. This effect renders estimation of line intensities
and thus the determination of a-decay hindrance factors
more difficult. Nevertheless, we estimated values by cor-
recting distortions due to energy summing with conversion
electrons on the basis of model calculations after having
established the multipolarities of the internal transitions.
The results are listed in table 2. Within the error bars
they are in agreement with the results of [18,21].

Gamma spectra observed in delayed (At(a-y) =
(16-100) ps) and prompt coincidence with « decays of
255No (bordered by the dashed lines in fig. 2) are shown
in figs. 3a and b, respectively. For aid of the following dis-
cussion a two-dimensional plot of prompt a-7 coincidences
is shown in fig. 4.

The 199.9keV ~ line measured in delayed coincidence
with « particles (fig. 3a) is energetically clearly separated
from the 192.1keV line which is in prompt coincidence
(fig. 3b). From the time differences between o and delayed
199.9keV ~ decays or K-X-rays from fermium, we obtain
a half-life of (21+3) us for the emitting state. This value is
still compatible with the literature value of (15.2+2.3) us
measured by Dittner et al. [20]. The energy of the delayed
coincident v line reveals that the energy of the isomeric
state is at 200keV and thus somewhat larger than the
value of 191 keV given in ref. [20]. From our intensity ratios
between K-X-rays and the 199.9keV « line we determine
a conversion coefficient of axg = 8.3 & 2.9. This value is
not in agreement with a pure M2 transition, but requires
an M2 + F3 mixing and a mixing ratio of &~ a0.5 using
M2-; E3-conversion coefficients from [17] and the relation
ag =a X ag(M2)+ (1 —a) x ax(E3).

Besides the K-X-rays from fermium two strong - lines
at By, = 192.1 and 358.3keV and three weaker lines at
E, =163.3, 166.8 and 353.8keV are observed in prompt
coincidence with « transitions of E, = (7.7-8.0) MeV
as seen in figs. 3b and 4a-d, which originate from levels
above the isomer. The total decay energies of the tran-
sitions including the 358.3keV and the 353.8keV ~-rays
are £ = (Qo + Ey) = 8.225MeV and E = 8.423MeV.
These values are close to the @ value Q, (iso) = 8.224 MeV
for the a decay into the isomeric state and the sum
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Fig. 3. Gamma spectra observed in delayed (a) and prompt
(b) coincidence with a decays of 2**No.

Qa(iso) + E,(iso) = 8.424 MeV. Thus we regard the line
at 358.3keV as a transition into the isomeric state and
the transition at 353.8keV as a transition into the ground
state. According to the suggested spins and parities for
the levels at 558 keV and the isomeric state at 200keV
(see fig. 1) we assign the multipolarity E2 to the 358.3keV
transition. Assignment of the 353.8keV line is based also
on the assumption that this line could only be observed be-
cause the transition into the ground state is favoured over
the transition into the isomeric state. The spin and parity
assignments for the latter states thus exclude spins of 5/27
or lower for the emitting state. Respecting that its lifetime
must be lower than 1 us due to the « decays observed in
prompt coincidence with a particles possible multipolar-
ities of the transition are F1, E2 and M1. For an M1
transition one expects a conversion coefficient ag ~ 1.3
at 353.8keV. Full energy summing between « particles
and conversion electrons of such a transition leads to an
“effective” « energy of ~ 8165keV. However, no coinci-
dences of a decays of that energy with K-X-rays were ob-
served. Thus, M1 multipolarity can be excluded. Possible
remaining spin and parities are 7/2%, 9/2% 11/2% (E1
transitions), and 13/27 (E2 transition). We tentatively
assign 7/27[624] to the emitting state since this Nilsson
level has been observed in the lighter isotones at similar
excitation energies. It is also expected below 500 keV from
theoretical calculations (see sect. 3.2).
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Fig. 4. a) Alpha-gamma correlation plot for prompt coinci-
dences assigned to the decay of 2*No, b)-d) projections on
the v energy axis; b) gamma spectrum in the energy range
(348-363) keV; dotted line: energy of ~-rays coincident with
the 7742keV « transition, full line: energy of v-rays coincident
with the 7941 keV « transition; c) full line: gamma energy spec-
trum in the range (188-197) keV, dotted line: energy distribu-
tion of the 190.6 keV ~v-rays in coincidence with a decays of
#5611, the dahed lines are results of Gaussian fits. d) Gamma
energy spectrum in the range (157-172) keV.

A line at (187.2 £ 0.2) keV reported in [20,21] is ob-
viously identical with the line for which we derived a new
energy value of (192.1 4 0.3) keV in this experiment. Ar-
guments for assignments of this line and the weaker ones
of 163.3keV and 166.8 keV are the following: On the basis
of energy balance we place the v transitions of 192.1keV
and 358.8keV into the level scheme as shown in fig. 1.
Due to the agreement E.(sum) = (166.8 4+ 192.1) keV =
(358.9 £ 0.5) keV with the value of the (358.3 £ 0.3) keV
line the v line of 166.8keV is interpreted as a transition
between the F* = 558keV and E* = 392keV levels. An
intense transition between these levels is indicated by a
high coincidence rate (about 45% of the total) between
the 192.1keV line with « particles below 7.88 MeV. The
weak intensity of the 166.8keV -~ line indicates that this
transition is highly converted. This assumption is corrob-
orated by a-vy-7v coincidence measurements. We obtain a
lower limit of the intensity ratio (which can be interpreted
as a lower limit for the K-conversion coefficient of the



170

166.8 keV transition) for prompt coincidences i(K-X-ray -
7(192.1keV))/i((166.8 keV) - v(192.1keV)) > 7 indicat-
ing a magnetic transition. With respect to the observation
in prompt coincidence with a particles and the discussion
above we tentatively assign the multipolarity M1 to it.
The existence of a transition between the E* = 558 keV
and E* = 392keV levels is also in agreement with the en-
ergy shift (due to energy summing with conversion elec-
trons) of the « particles in a-y-7 coincidence (with K-X-
rays and 192.1keV ~ transitions) compared to the energy
(7.742MeV) of the « decays into the 558keV level. We
obtain a value of AE =~ 35keV, which, on the basis of the
discussion in sect. 2, is expected for a transition energy of
~ 165keV.

An upper limit for the total conversion coefficient of
the 192.1keV transition can be obtained from the ratio of
a particles and a-v(192.1keV) coincidences in the range
below the « energy for the “direct” population of the
392keV level (E, < 7.88MeV) (see fig. 4a for illustra-
tion). Gamma decay events of 192.1keV coincident with
« particles in this energy range are connected to a popula-
tion of the 392keV level by decay of the 558 keV level. So,
the intensity ratio (YXa— X« (358) + A«w)/(Xvy/e+ A(a-))
represents the total conversion coefficient of the 192.1keV
transition, provided the 558 keV level decays only by the
358.3keV and 166.8keV transitions. Since the latter can-
not be assumed a priori, the obtained value represents an
upper limit. In the relation above, Y« is the total number
of a decays in the considered interval, X¥«(358) the num-
ber of a decays attributed to the 358.3keV transition. Aq,
A(a-7) represent the numbers of « events and « events in
coincidence with 192.1keV ~-rays shifted into the region
E, > 7.88MeV by energy summing with conversion elec-
trons. Xy represents the number of v events at 192.1keV
and e the efficiency of the Clover detector. However, the
correction terms Aa and A(a-v) are dependent on the
multipolarities of the 192.1keV and 166.8 keV transitions.
Using M1 for the latter as assumed above, we obtain up-
per limits for the total conversion coefficients of a(E1) <
2.2, a(M1) < 2.9, a(E2) < 3.7 for the 192.1keV transi-
tion. Theoretical conversion coefficients [17] are 0.1 (E1),
1.7 (E2) and 7.5 (M1). Therefore M1 can be excluded.
The distinction between E1 and E2 can be obtained from
the energy distribution of the a particles in coincidence
with the v decays of 166.8keV. Energy summing with L,
M -conversion electrons will shift the energy of the a parti-
cles into the interval E, > 7.88 MeV. According to the L-
and M-conversion coefficients from [17], we expect a ratio
Y(a-) (B, < 7.88MeV)/X(a-v) (Es > 7.88MeV) = 0.5
for £2 and < 0.05 for E1. So, the experimental result of
~ 0.5 suggests an F2 transition.

Keeping spin and parity assignments of Eskola et
al. [18] possible values for the level populated by an M1
transition (166.8keV) are 1/2% or 3/2%. Keeping the as-
signment 5/2%[622] for the isomeric level and respecting
E2 multipolarity for the 192.1keV transition, a spin and
parity assignment 1/2% is preferred. According to experi-
mental assignments in 24"Cm and 24°Cf and the theoret-
ical calculations presented in sect. 3.3 the Nilsson levels
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1/27[631] and 1/27[620] are expected at low excitation
energies in N = 151 isotones. Since the level at 558 keV
has already been attributed to 1/27[620], we tentatively
assign 1/27[631] to the 392keV level, contrary to Bemis
et al. [21] who assigned 7/27[613].

However, the assignments above cannot explain the
ratio of v (192.1keV) and K-X-ray events coincident
with « decays in the range F, < 7.88 MeV and the ra-
tio of K-X-ray events coincident with « decays in the
range F, < 7.88MeV to those E, > 7.88MeV; see
fig. 4 for illustration. On the basis of model calculations
we expect ratios i(K-X)/i(y) (Eq < 7.88) = 1.5 and
i(K-X, (B, < 7.88))/i(K-X,(E, > 7.88)) = 2.15. Ex-
perimentally, we obtain values of 1.99 and 1.21. This in-
dicates both an excess of X-rays compared to - decays in
the range F, < 7.88 as well as an excess of X-rays in the
range E, > 7.88 MeV compared to E, < 7.88 MeV. This
suggests either a “third decay path” of the level at 558 keV
or a level close to it populated significantly by « emission.
This assumption is corroborated by a-y-v coincidence
measurements. Taking coincidences K-X-rays - K-X-rays
and K-X-rays - 192.1keV ~ decays we obtain an inten-
sity ratio ¢(K-X - K-X)/i(K-X - (192.1)) = 1.3, while
in case of only one decay sequence (166.8keV - 192.1keV)
the ratio should reflect the K-conversion coefficient for
the 192.1keV transition, i.e. ~ 0.14 for E2. This suggests
that the additional transition is highly K converted. Ten-
tatively, we attribute it to the weak 163.3keV line (see
fig. 4d). The energy distribution of the « particles coin-
cident to that line is similar to that of the 166.8keV line
in the range E, < 7.88 MeV, except that the component
above this energy is almost missing, as indicated in fig. 4a.

On the basis of the present data only a tentative as-
signment can be given. The observation of strong coinci-
dences between K-X-rays and the lack of intense v lines
suggest a two-step decay, populating an isomeric state,
since no prompt 7’s that could indicate a decay into the
ground state have been observed. The energy of this iso-
meric state can be only slightly different (= 20-30keV)
to 200keV since we did not observe significant differences
in the energy distribution of « particles in delayed coin-
cidence with X-rays and the 199.9keV transition. On the
other hand, we do not observe a clear v line that could
represent the decay into such an isomeric level. However, a
hint for such a transition could be the pronounced shoul-
der at the high-energy side of the 192.1keV line which is
not present for the 190.6keV line coincident with a de-
cays of 2°Lr, measured in the same experiment, and thus
the shoulder cannot be explained as due to detector de-
terioration (see fig. 4c). A two-Gaussian fit to the energy
distribution delivers a value 194.5keV for the “shoulder
line”, indicating a “sum energy” for both transitions of
357.6keV, a value close to the energy difference of the
558.3keV and 199.9keV levels. The conversion probabil-
ity of the transitions of this decay path suggests that both
are M 1. One possible explanation is to assume an « transi-
tion branch into the 3/2% member of the rotational band
built up on the 1/27[620] Nilsson level followed by de-
cay via the 3/27 member of the rotational band built up
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on the 1/2%[631] level into the isomeric state. This in-
terpretation, however, is somewhat in conflict with the
energy systematics of the 3/2T members of the bands
built up on the 1/27[631] and 1/27[620] levels. Typi-
cal energy difference are AE(3/27-1/27) =~ 10keV for
1/2%[631] and AE(3/27-1/2%) ~ 25keV for 1/2%[620], so
one would rather expect transition energies of ~ 180keV
and ~ 200keV instead of 163.3keV and 194.5keV. Al-
though this is not fully proven so far on the basis of the
present data, we do not suggest another isomeric level
close to 200keV but rather a “third decay path” of the
1/27%[620] level into the 5/2%[622] isomeric state, running
via a so far unknown level at 394keV, as shown in fig. 1.

The « decays above 8.2MeV were not in coincidence
with «-rays or X-rays. They are interpreted as decays
into levels below the isomer. In refs. [18,20,21] two «
lines were observed and interpreted as decays into the
9/2~ ground state of ?*'Fm and the 11/2~ member of
the rotational band built up on it, which was placed at
E* = 50keV [18] or E* = 46keV [20,21]. The intensity of
the a decay into the 11/27 state was roughly a factor of
two higher than that of the decay into the ground state.
We observed a broad line, which numerically was disen-
tangled into two components of 8290keV and 8255keV.
The intensities were reversed compared to the previous
results [18,20,21]. We interpret this seeming discrepancy
by energy summing between conversion electrons from the
M1 transition 11/27 — 9/27 and « particles, which ap-
parently increases the intensity of the transition into the
ground state. It also feigns a lower energy of the 11/2~
level, due to a higher o energy caused by energy summing
with the energy loss signal of conversion electrons escap-
ing the detector. We thus denote it as (35 + x) keV and
give the value in brackets in fig. 1 and in table 2.

3.2 Systematics of nuclear levels in N = 151 isotones

Low-lying Nilsson levels in odd mass nuclei with even
atomic numbers are essentially determined by the un-
paired neutron. Thus, « decay patterns and low-lying ex-
cited levels exhibit similarities in isotonic nuclei. Figure 5a
shows the situation for the N = 151 isotones 24"Cm,
2499Cf, 251Fm, and 2°>No on the basis of experimental
assignments. Data for 2°'Fm are from this study, while
those for 247Cm and 24°Cf are taken from [22,16]. Data
for 253No are less certain so far. First, information on lev-
els in this isotope were obtained from a-decay studies of
25TRf [23,24]. Its decay scheme, however, was later re-
vised on the basis experiments performed at SHIP, which
identified the two 2°"Rf « lines of highest energy as due to
decay of an isomeric state, while the 5/21[622] was settled
at E* =~ 120keV on the basis of energies of o decays at-
tributed to ground-state-to—ground-state transitions [25].
More detailed studies of the decay of 2°’Rf, including a-
~ coincidence measurements, performed at SHIP recently,
however, indicate that the 5/27[622] level has to be set-
tled at an about 50keV higher energy [26]. An in-beam
study of 2*>No was performed by Reiter et al. [27]. They
observed a series of v transitions that were interpreted as
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Fig. 5. Systematics of low-lying levels of N = 151 isotones;
a) experimental assignments based on [18] and this work, b) re-
sults of calculations by Cwiok et al. [28], ¢) results of calcula-
tions by Parkhomenko and Sobiczewski [29)].

due to the rotational band built up on the 7/2%[624] Nils-
son level. The energy of the band head was tentatively
settled at £* =~ 355 keV. However, this value was not sup-
ported in a recent study of 2*3No performed by our group.
Therefore, the level is omitted in fig. 5a.

Figures 5b, ¢ display the results of theoretical predic-
tions by Cwiok et al. [28] and Parkhomenko et al. [29].
From experimental side only the 9/27[734] ground state
and the 5/27[622] state are well established for all four
nuclei. The isomeric character, the similar excitation en-
ergies and the similar half-lives strongly suggest the same
configurations for the initial and final states. In the calcu-
lations the positions of the 5/27[622] and the 7/27[624]
are interchanged. Therefore isomeric states do not appear.
Experimentally, the 7/27[624] level had been identified in
247Cm and ?*°Cf and was found to decay predominantly
via F1 transitions into the ground state. In our experi-
ment the assignment in ?°'Fm was based on the proper-
ties of the populating « transition and the depopulating
transition. Although in both cases the assignment has to
be regarded as tentative it seems the appropriate choice,
exhibiting an increase in energy from 247Cm to 24°Cf fol-
lowed by smooth decrease with increasing atomic number.
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This behavior is approximately reproduced by the calcu-
lations, which predict a steady increase with increasing
atomic number.

The most striking feature in fig. 5a is the steep increase
of the energy of the 1/2%[620] states from 249Cf to 25*No.
The latter state originates from the 2g7,5 neutron orbital
and the Nilsson diagram exhibits a steep decrease of its
energy with increasing deformation (e2) (see, e.g., [16]),
which means, the behavior shown in fig. 5a may indicate
a steady decrease in deformation from 24°Cf to 2°3No.
This, however, is not in line with the calculations which
rather indicate similar deformations for the N = 151
isotones from 247Cm to 2°*No of 3 = 0.235-0.245 [30],
By = 0.244-0.250 [28] or B2 = 0.242-0.252 [29]. Also the
level energies are predicted to change only slightly as seen
in figs. 5b,c. Since in sect. 3.1, finally, only spin and par-
ity of the levels at 558keV and 392keV were assigned,
it seems tempting to exchange the asymptotic quantum
numbers for both levels, i.e. to denote the level at 391 keV
as 1/21[620] and that at 558keV as 1/2%[631], which
would result in a smoother trend in the energies of both
levels from 24"Cm to ?*'Fm, as also predicted by the cal-
culations for 1/2%[620]. While there are no predictions
for 1/2%[631] in [28] over a wide range of N = 151 iso-
tones, [29] predict a smooth decrease of this level from
247Cm to 253No, which is getting steeper towards increas-
ing proton numbers. Therefore, our result may be re-
garded qualitatively as in line with the prediction, solely
the “steeper” decrease sets in at a lower proton number.
The assignment of the asymptotic quantum number for
the 558keV level in 2°'Fm, was based on the low hin-
drance factor for the « transition into this level indicating
a “favoured” transition (see table 2). So a change in the as-
signment of the 558 keV level would require also a change
of the ground-state assignment of the a-decay precursor
255No, which does not seem to be justified so far due to
the similar a-decay properties of 2°*Cf [16,22], 2°3Fm [19,
16], and 2°°No. The further increase of the energy for the
1/27[620] state to 2°3No is less certain, since it is based
on hindrance factors of 2°"Rf o decays having very weak
relative intensities [25]. Here much more sensitive mea-
surements are necessary to draw reliable conclusions.

Finally, spin and parity assignment of the tentative
level at 394keV in 2°'Fm are 3/2%. On the basis of the
theoretical calculations an appropriate choice thus would
be the 3/27[622] Nilsson level. However, this state so far
has not been identified in the lighter and more detailed
investigated N = 151 isotones ?*"Cm and ?*°Cf at E* <
1MeV. Since only a smooth variation of its energy as a
function of the proton number is predicted (see figs. 5b,c)
a “sudden drop” by several hundred keV within AZ = 2 is
not expected. Thus, we omit to give asymptotic quantum
numbers for this level in fig. 1.

4 Summary and conclusion

Our experiments delivered new or enhanced quality data
for the decay of 2°>No, which improved the level schemes
of 2'Fm at low excitation energies and removed some
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inconsistencies reported so far. The « and « energies are
summarized in table 2. The suggested partial level scheme
shown in fig. 1 and indicated in fig. 5a is, however, not
completely clear. More effort, including also a detailed
decay studies of the heavier N = 153 isotones 2°"Rf and
259Gg are necessary. Maximum production cross-sections
for the latter isotopes are more than an order of magnitude
lower than for 2°°No. Respecting that up to date acceler-
ators are able to deliver beams of *8Ca, °9Ti or °*Cr with
intensities of up to one puA improved data can be mea-
sured in experimental runs of two to three weeks, which
is presently typical for “heavy element” experiments. To
obtain high-precision data, however, new devices, deliv-
ering dc beams of several puA are necessary. A signifi-
cant increase of the beam intensity is also necessary to
overcome a severe handicap of the implantation method:
energy summing of a particles and conversion electrons
render the identification of levels and the measurement
of their energy quite difficult if they decay predominantly
by internal conversion. To reduce this effect a separation
of the “source” and the detector is necessary, which, how-
ever, must be expected to go along with a loss of efficiency.
One possibility is to stop the evaporation residues after in-
flight separation in a gas cell and to transport them to an
appropriate detection system. This method has been al-
ready successfully applied for chemical investigations [31].
A more rigorous method is to couple an in-flight separator
with an ion trap, which allows, in addition, for a precise
measurement of the mass, as it has been realized at SHIP-
TRAP [32]. This device has been already applied success-
fully for mass measurements in the range A ~ (90-150)
and it is planned to extend the experimental program to
the region of heaviest nuclei in the near future.
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