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Conversion electron cascades in 7;No
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The spectrum of prompt conversion electrons emitted by excited 2°*No nuclei has been measured,
revealing discrete lines arising from transitions within the ground state band. A striking feature
is a broad distribution that peaks near 100 keV and comprises high multiplicity electron cascades,
probably originating from M1 transitions within rotational bands built on high K states.

PACS numbers: 21.10.-k, 21.10.Ky, 23.20.Lv, 23.20.Nx, 23.60.4+e, 27.90.4b, 29.30.Dn

The understanding of the structure of the heaviest el-
ements, in particular superheavy elements (SHE), is es-
sential for the development of mean field theories that
are used to predict nuclear properties far from stabil-
ity (for reviews see [1, 2]). Experimental insight into
the structure of superheavy nuclei can be obtained by
direct measurement of the ground state properties of nu-
clei (for review, see [3]). Attempts to reach the spher-
ical SHE have been reported recently in which the ob-
servation of a-decay from nuclei with Z=114, 116 and
N=174, 176 with lifetimes of the order of seconds has
been claimed [4, 5]. Equally important information can
come from the study of mid-shell deformed nuclei, since
selected single particle orbitals that lie close to the spher-
ical shell gap in SHE are close to the Fermi level in nuclei
having large quadrupole deformation. Such information
can come from radioactive decay spectroscopy or from in-
beam spectroscopy. In the latter technique the prompt
decay process is tagged by detection of the recoiling nu-
cleus or by alpha decay from the recoil (RDT), using
electromagnetic separators. In this manner, in-beam ~-
ray spectroscopy has enabled the rotational behavior of
the even-even nuclei 2°2No [6] and ?**No [7-9] to be stud-
ied up to spin 20 h. In these experiments the reaction
products, although populated with small cross sections
(0 < 3pbarn), have been separated from the dominant
fission background. The measurements confirmed that
nuclei having Z ~ 100 and N = 150 have ground state
deformation of § ~ 0.3. It is expected that these nuclei
are the homologues of neutron rich Er-Hf in the lower
oscillator shell where rotational bands built on high K
states are observed. The quantification of the structure
of these states will be important for fixing the parameters
of models used to predict SHE properties.

We report here a new experimental method that can
reveal information on heavy nuclei additional to that ob-
tained from gamma-ray spectroscopy. Our technique al-
lows the direct detection of internal conversion electrons,
emitted at the target, in a broad-range, high efficiency
electron spectrometer. The electrons can be tagged by
recoil detection or using RDT. The sensitivity of the tech-
nique is demonstrated here by applying it to the measure-
ment of the low-lying transitions in the ground state band
of 226U, which are easily observed in a relatively short
running time, and to a study of converted transitions
in ?**No, for which the 4% — 2% up to the 10T — 8+
transitions were observed. These studies reveal a strik-
ing difference in the background of unresolved transitions
for the two reactions. We hypothesize that this arises
from the expected presence of high- K multi-quasiparticle
states near the Fermi surface in 2°4No.

The electron spectrometer, SACRED [10], employs a
single Si PIN wafer, 500 microns thick, segmented into
25 pixels connected to individual amplification and tim-
ing channels. The geometry is circular, with 6 annuli,
divided into quadrants, surrounding the central element.
The outer diameter of the detector is 28 mm. Electrons
are transported from the target to the detector using a
solenoidal magnetic field of maximum flux density 0.3 T
generated by 4 separated, normal conducting coils. The
target-detector distance is 540 mm. The beam axis is
at an angle of 2.5° to the field axis, intersecting at the
target position. This arrangement has the advantage of
having an approximately collinear geometry, while ensur-
ing that the beam is displaced by 25 mm from the field
axis at the (upstream) detector position. The response of
the detector to conversion electrons emitted in the decay
of a 133Ba source is shown in figure 1a. The absolute effi-



ciency is about 10% for energies < 350 keV. For in-beam
measurements the delta electron background is reduced
to an acceptable level by an electrostatic barrier placed
between the target and the detector. Further details of
the mechanical construction are given in ref [11].

The collinear geometry, while offering the advantage of
reducing both Doppler broadening of the electron line-
shape and the delta electron flux in the backward direc-
tion, enabled the electron spectrometer to be coupled to
the gas-filled recoil separator RITU [12]. The recoil prod-
ucts were transported in RITU to a 16-fold segmented
and resistive silicon pad detector at its focal plane. This
detector is divided into approximately 200 pixels. The
magnet volume of RITU and the section of SACRED con-
taining the target are filled with 0.3 and 0.7 mbar helium
gas for reactions induced by A= 20 and A= 50 projectiles
respectively. This volume is separated from the remain-
ing volume of SACRED by two 60ug/cm? carbon foils of
15mm radius and 170mm separation with pumped inter-
mediate volume. In this way the pressure of the region
containing the barrier and the detector was maintained
at about 10~° torr, thus reducing the background from
accelerated electrons produced following ionization of the
residual gas molecules by the beam. The energy loss of
50-150 keV electrons in the target and foils is 1-1.5 keV.

These experiments were carried out at the accelera-
tor laboratory of the University of Jyvaskyld. In the first
experiment a 10 particle nA beam of 111 MeV 22Ne (cor-
recting for energy loss in the carbon foils) bombarded a
208Ph target of thickness 200ug/cm? for approximately
25 h. In this experiment the potential of the electrostatic
barrier was -35 kV with respect to target and detector.
The conversion electron spectrum of 226U, produced in
the o &~ 6ub 4n channel, is shown in figure 1b. It was ob-
tained by requiring that the detection of any electron at
the target using SACRED be accompanied by the detec-
tion of recoils in the focal plane detector of RITU within a
time window of £50 ns of their arrival at the focal plane.
The recoils are identified by requiring that there is an
alpha decay of energy range 7.49-7.63 MeV within 800
ms in the same pixel of the implantation detector. There
were 1280 tagged recoils detected in this experiment. Fig-
ure lc shows a simulated spectrum obtained using the
Monte Carlo program described in ref [10], correspond-
ing to the same number of recoils as observed experimen-
tally. The simulation assumes that the observed conver-
sion electrons only arise from transitions previously ob-
served in an array of v-ray spectrometers and identified
using the RDT technique [13]. More details of the con-
version electron experiment and its results, in particular
the first firm assignment of the energy of the 2-0 transi-
tion, are given in ref [14]. It is evident from comparison
of the experimental and simulated spectrum that the ex-
cess background observed over that accounted for by the
simulation is quite small. The simulation takes into ac-
count the transport of the electrons in the magnetic and
electric fields, scattering in or from the detector, energy
sharing at the pixel boundaries, and threshold effects. In
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FIG. 1: (a): Spectrum of *3*Ba source, showing the detector
response on a logarithmic scale. (b): Experimental conver-
sion electron spectrum (corrected for the contribution from
random coincidences) tagged by the characteristic a-decay
of ?2°U. In this spectrum the energies are not corrected for
Doppler shift. Transitions in the ground state band are iden-
tified. (c): Simulated spectrum for **U as described in the
text.

this nucleus it is apparent that about 50% of the total
population passes through the lowest transitions.

In a second experiment a beam of 219 MeV *8Ca
was employed. In this case the average beam energy
in the center of the 298Pb target (216 MeV) corre-
sponds to the maximum of the yield of the reaction
208Ph(48Ca, 2n)?5*No. Targets of thicknesses 250ug/cm?
and 400ug/cm? of enrichment 98% 2°8Pb were each bom-
barded by a beam of 1.5 - 3 particle nA for approximately
110 h each. The potential of the electrostatic barrier
was -40 kV. Figure 2a shows the total electron spectrum
tagged by the detection of fusion products. In this case
it is not necessary to verify that the recoils are 25No by
measuring their alpha decay as there are no other com-
peting compound nucleus channels: the combined pop-
ulation of 2°3?%No is &~ 1% of that of ?>*No [15, 16].
The electron spectrum which is tagged by the subsequent
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FIG. 2: (a): The experimental conversion electron spectrum
tagged by °*No recoils, corresponding to any number of elec-
trons detected in SACRED (solid bold line). In this spec-
trum the energies are not corrected for Doppler shift. The
lowest transitions in the ground state band are identified.
Also shown are the simulated spectra as described in the
text for gx = 0 (hashed area with solid line border) and for
gk —gr = 0 (dashed line). (b): as (a) except that experiment
and simulation correspond to the detection of a single elec-
tron. (c): Spectrum of second electron in coincidence with a
selected region (labelled ‘g’) of energy for the first electron,
tagged by recoils (solid bold line). Also shown is the experi-
mental spectrum tagged by a-decay for any number of elec-
trons detected (dashed line). (d): electron spectrum taken in
random coincidence.

decay of alpha particles in the energy range 8.04 to 8.15
MeV, with a search time of 600 s (see dashed line in figure
2c¢), has approximately half the total counts, as expected.
We were able to distinguish evaporation residues, target-
like recoils, scattered beam and radioactive decay prod-
ucts by employing a parallel plate proportional counter
in front of the silicon implantation detector.

Two features are apparent from figure 2a. First, the
conversion electrons corresponding to transitions in the
ground state rotational band up to spin 10 in 2°*No are
identifiable (the structure observed at ~ 65 and 105 keV
arises from hitherto unidentified transitions in 2°*No).
The details of these measurements, in particular the first
direct measurement of the energy of the 4-2 transition,
are given in ref. [14]. The second noticeable feature is
the pronounced background, centered at around 100 keV.
The intensity of this background is much larger than the
background observed in the spectrum corresponding to
2267 transitions (figure 1b). The most interesting prop-
erty of the background is that it has a much higher elec-
tron multiplicity than that of the discrete transitions.
This is demonstrated by demanding that the spectrum
is only incremented if no other electrons are detected in
any of the SACRED pixels within 100 ns of the detection
of the first electron. The resulting spectrum is shown in
figure 2b in which the peak to background is significantly
improved. The simulation code can be used to roughly
estimate the mean electron multiplicity, as it provides
an accurate model of the response of the SACRED spec-
trometer. It remains to model the mechanism by which
the entry states in 2°*No depopulate and emit conver-
sion electrons. The simplest model is to assume that
only the ground state band is populated, so that there is
no other source of conversion electrons. In this case the
relative intensities of the transitions feeding the 4 state
are taken from the gamma-ray measurements [8, 9]). The
present measurements indicate that the intensity of the
6-4 and the 4-2 transitions are the same [14], and these
are assumed to be the same as that of the 2-0 transi-
tion. The measured yield of the 6-4 L transition in the
ground state band is 126 & 18 for a single electron de-
tected, 160 + 30 for any number of electrons detected
(ratio R(g—4y = 0.78 £ 0.16), for a total of 7150 recoils.
In the simulation, carried out for four times the num-
ber of recoils to that recorded in the measurement, the
values for the yield of the 6-4 transition are respectively
1280 and 1530 (R(6—4) = 0.84). The measurements are
consistent with the simulation if about 40% of the popu-
lation of 2°*No passes through the lowest transitions. On
average 3.7 electrons are emitted simultaneously in this
decay path, including the undetected 2-0 transition.

In order to model the background, we assumed that
this arises from decays within a single rotational band
built on a K = 8 isomeric bandhead and populated with
the same entry spin distribution as that measured for all
states by Reiter et al. [9]. The value of gk is taken to
be 0, with g = 0.3. For this band we assumed a con-
stant moment of inertia of 100 A2 MeV 1, slightly larger



than that of the highest transitions in the ground state
band (this allows a better fit to the low energy part of
the spectrum). The electron energies are then random-
ized by applying a gaussian distribution of ¢ = 10 keV,
to account for the presence of many such bands having
differing moments of inertia. The calculated spectrum,
also carried out for 28,600 recoils as for the previous
simulation and then renormalised by a factor of 0.10, is
shown also in figure 2a. The measured intensity of the
background matches the calculated intensity, implying
that approximately 40% of all detected recoils proceed
through these paths. The expected values of gx for the
lowest 2 quasi-particle K™ = 8~ bands in 2°*No are ~

-0.3 (27[734], L7[613],, ref. [17]), 0 (7 [734], 7 [624],,,
ref. [18]) and 1 (%+[624],T %7[514],” ref. [17, 18]). For this
range of values of gx the calculated ratio of integrated
counts for single and any electron detected (Rpkg) is 0.57
- 0.59, similar to the measured value of 0.58 + .03. The
corresponding value of the mean electron multiplicity for
these paths is in the range 7 - 8. In the extreme case when
(9x —9r) = 0 (purely electric transitions) the calculated
value of Ry, is 0.64, corresponding to an electron mul-
tiplicity of 4 distributed evenly between I — I — 1 and
I — I — 2 transitions. In this case the calculated spec-
trum overestimates the high energy part of the spectrum
(see dashed line in figure 2a,b). If it is assumed that the
bandhead is not isomeric, so that the K = 8 state de-
cays immediately to the 8 member of the ground state
band, then the value of Ry, for gx = 0 is 0.47 (mul-
tiplicity 10). This feeding pattern cannot be significant,
as demonstrated in figure 2(c) which shows the spectrum
of electrons in coincidence with a selected region of the
background.

Finally, we have to consider the possibility that the
background is largely atomic in origin and that it arises
from the atomic collisions of the recoiling nobelium atoms
with the Pb atoms in the target. We believe that this
possibility is unlikely as the background has a very dif-
ferent shape to that arising from the delta background

produced by collisions of beam particles with the tar-
get. Figure 2d shows the electron spectrum taken in
random coincidence, which is identical in spectral shape
to the singles spectrum. It peaks in intensity at an
energy that is close to the barrier voltage. In addi-
tion, we compared the integral background yield per no-
belium recoil detected for when the target thickness was
250ug/cm? (4710 recoils) and when the target thickness
was 400pg/cm? (2440 recoils). The measured values were
very similar, 0.177 & .008 and 0.170 £ .010 respectively.
If the background arose from No+Pb atomic collisions it
might be expected that the yield would scale with the
target thickness.

We can conclude from our experimental observations
that a large fraction of the entry states in ?**No, pop-
ulated in this reaction, decay via M1 cascades that will
not be detected in ~y-ray arrays, and measurements of
entry distributions should be modified to take this into
account. The M1 cascades will naturally arise from the
population of two-, four- and many-quasiparticle excita-
tions that will often have bandheads with high K-values.
The lowest K™ = 8~ bands are expected to lie at an exci-
tation energy of around 1-1.5 MeV [17, 19]. Such band-
heads are expected to be isomeric with lifetimes, based on
systematics [20], of greater than 1ms. Ghiorso et al. [19]
have presented evidence for one such isomeric state in
254No. While SACRED has good sensitivity to the de-
tection of electrons emitted from states whose mean life-
times are less than 150 ns, transitions from much longer
lived states could be observed in the focal plane of the
recoil separator [21].
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