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The energy of the 2+→0+ transition in226U has been measured as 81.3s6d keV and the energy of the 4+

→2+ transition in 254No has been measured as 101.1s6d keV, both for the first time, by means of electron
spectroscopy. The results are close to the estimates of the energies of these transitions from earlierg-decay
work. Absolute values of electromagnetic decay intensities have been measured for yrast transitions in both
nuclei.
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I. INTRODUCTION

The study of the structure of the heaviest elements is im-
portant in order to understand the properties of the mean
field when extrapolated far beyond the region of stability
[1,2]. While the observation of spherical superheavy nuclei
has proved elusive so far, the study of the structure of de-
formed nuclei that lie in the mid-shell region withZù100
can also reveal much about the parameterization of the mean
field. For example the rotational behavior of254No [3–5] and
252No [6] up to spin 20" has been studied usingg-ray spec-
troscopy, in whichg-ray transitions were identified using re-
coil and a-decay tagging techniques.(For a recent review
see Herzberg[7].) However, for the heaviest nuclei the sen-
sitivity of g-ray spectroscopy is reduced by the presence of
internal conversion. The probability that an excited nucleus
decays via internal conversion increases with increasingZ
number and with decreasing transition energy. For these rea-
sons the observation of low energy transitions in the heaviest
elements is not possible using germanium detector arrays.

This makes it difficult to study odd mass nuclei andKÞ0
rotational bands in even-even nuclei where the probability of
M1 decay becomes large compared to other electromagnetic
modes. For the ground state rotational bands of well de-
formed even-even nuclei the transition energies between the
lowest states cannot be measured usingg-ray spectroscopy
and have been deduced by extrapolation from a Harris fit to
the higher spin transitions. It is, therefore, important to mea-
sure the lower energy transitions where possible.

The electron spectrometer SACRED[8] was designed to
overcome these problems in studying the heaviest nuclei and
also to reveal information additional to that obtained from
g-ray spectroscopy. The spectrometer allows the simulta-
neous direct detection of multiple conversion electrons emit-
ted at the target, with high efficiency. It is coupled to the gas
filled recoil separator RITU[9] so that weakly populated
nuclei can be studied effectively. This paper describes how
the SACRED spectrometer was used to measure the low-
lying transitions of the ground state bands in226U and254No.

II. EXPERIMENTAL DETAILS

A. SACRED spectrometer

The SACRED spectrometer consists of a Si PIN wafer,
500 microns thick, divided into 25 elements, each connected
to an individual DC coupled preamplifier. The elements are
arranged in a circular geometry, consisting of six quadranted
annuli surrounding a central element. The diameter of the
detector is 27.6 mm. The detector and first stage amplifica-
tion are mounted on a PCB inside the detector vacuum hous-
ing. In order to improve its energy resolution the detector is
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cooled to a temperature of approximately −20°C by radia-
tion to a black copper plate in thermal contact with a liquid
nitrogen bath.

Electrons are transported from the target to the detector by
four normal conducting magnetic coils, which are capable of
producing a solenoidal field of<0.3 T when at an operating
current of 560 A. A profile of the magnetic field along the
solenoid axis is given in Fig. 1. The solenoid axis is posi-
tioned at an angle of 177.5° with respect to the beam axis,
the beam passing through a hole 12 mm in diameter at a
distance of 25 mm from the center of the detector and in the
same plane, creating an approximately collinear geometry. A
true collinear geometry would require an annulus at the cen-
ter of the detector, significantly reducing the detection effi-
ciency for low energy electrons. The approximate collinear
geometry offers the advantages of reducing both Doppler
line shape broadening and delta electron flux at the detector.
Most of the flux of low energy electrons is suppressed by an
electrostatic barrier situated between the target and detector.
A detailed description of SACRED in the collinear arrange-
ment is given in a forthcoming publication[10].

The greatest benefit of the near collinear geometry is that
it enables SACRED to be used in conjunction with the gas
filled recoil separator RITU. Fusion-evaporation residues are
magnetically separated from unwanted products, and trans-
ported to a 16 strip silicon detector situated at the focal plane
of RITU. The helium gas used in RITU and the target section
of SACRED is separated from the rest of SACRED by an
assembly of two 60mg/cm2 carbon foils with pumped inter-
mediate volume[10]. The use of two foils allows the pres-
sure in the volume containing the electrostatic barrier to be
maintained at<10−6 Torr. Low pressure in the barrier and
detector region is necessary in order to reduce the back-
ground from accelerated electrons, produced when residual
gas molecules in the region between the barrier and detector
are ionized by the beam.

In order to minimize dead-time and pile-up the counting
rates of the individual detector pixels were maintained at less
than 12 kHz. A number of measures are taken to ensure that

the flux of electrons having a wide range of energies is
evenly distributed over all the pixels. Firstly, the detector is
placed in a region of low magnetic flux density(see Fig. 1),
secondly, the beam is deliberately defocused at the target and
finally, the geometry of the detector is such that the area of
the pixels increases towards the outer segments. The posi-
tioning of the detector in a region of low magnetic flux den-
sity also reduces the probability of electrons backscattering
from the surface of the detector[8].

B. Description of experiments

An example of the absolute efficiency curve can be seen
in Fig. 2 [10], measured for a barrier potential of −40 kV.
The figure also shows the simulated response, calculated in
the manner described by Butleret al. [8] that takes into ac-
count multiple scattering in the detector. The simulation is in
good agreement with the data for electron energies
,300 keV.

Two experiments were carried out at the Accelerator
Laboratory of the University of Jyväskylä. In the first experi-
ment a beam of 112 MeV22Ne, with an average intensity of
8.5 particle nA, irradiated a208Pb target, of 200mg/cm2

thickness, for approximately 29 h, with a helium gas pres-
sure of 0.3 mbar in the magnetic volume of RITU and the
target section of SACRED. Under these conditions the
counting rate in the centre pixel of the detector, where the
rate is highest, is about 12 kHz. The rates in the pixels drop
rapidly with radius from the center, to around 8 kHz half
way across the detector and 2 kHz at the outermost pixel.
The electrostatic barrier potential was −35 kV for this ex-
periment. The maximum cross-section for the reaction
208Pbs22Ne,4nd226U is approximately 6mb [11], compared
to 300mb for the dominantaxn channels leading to isotopes
of Thorium. Although the efficiency of RITU for detection of
the latter channel is much smaller than for the former, the use
of some form of channel selection is necessary in order to
retrieve events of interest. For the reaction used the uranium
recoils are not energetic enough to allow the use of a parallel
plate proportional counter, placed in front of the focal plane
silicon detector, for heavy recoil identification. Channel se-

FIG. 1. Calculated magnetic field profile along the solenoid axis
for current I=560 A.

FIG. 2. Absolute efficiency curve for the SACRED spectrometer
obtained using a133Ba electron source. The electrostatic barrier in
this case was −40 kV. The solid line is from simulations using the
SOLENOID Monte Carlo code[8].
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lection in this case was achieved using the method of recoil
decay tagging(RDT) [12]. The recoils were identified by
requiring that their subsequenta-decay corresponded to the
226U a-decay energy(see Fig. 3), at the same position in the
Si-strip detector, within a maximum time interval of 800 ms
(approximately three half-lives of226U). Figure 3(b) showsa
events which occurred up to 800 ms after the implantation of
a recoiling nucleus. Only events in the energy range
7506–7608 keV were accepted as possible226U a-decays.
Using this method 1230 recoils were tagged.

In the second experiment a beam of 219 MeV48Ca was
used with an average estimated beam energy at the center of
the target of 216 MeV, corresponding to the maximum yield

for 254No. Two separate targets of 98% enriched208Pb were
employed during the experiment. The first target, having
thickness 400mg/cm2 was irradiated by a beam of 1.6 par-
ticle nA for approximately 106 h. The second, having thick-
ness 250mg/cm2, was irradiated by a beam of 3 particle nA

FIG. 3. (a) Focal plane spectrum of alpha particles expanded
about the energy region of interest.(b) a events occurring within
800 ms of recoil implantation.

FIG. 4. Focal plane energy vs time of flight with arbitrary units
on both axes. The region bounded by the dashed line contains
events corresponding to254No recoils.

FIG. 5. (a) TDC started by a recoil event in the focal plane and
stopped by the detection of an electron in the target position.(b)
The same as(a) but in coincidence with recoils correlated to the
decay of 226U. The region between the solid lines represents the
prompt TDC gate used in the experiment. The region between solid
and dashed lines either side represents the gates used to create the
background contribution.

FIG. 6. (a) Normalized random background contribution for
226U. (b) Experimental conversion electron spectrum in coincidence
with recoils correlated to the decay of226U, corrected for the con-
tribution from random coincidences.
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for approximately 123 h. The magnetic volume of RITU and
the target section of SACRED were maintained at a helium
gas pressure of 0.7 mbar for both experiments. In these ex-
periments the electrostatic barrier was −40 kV. In the first
run, 2440 recoils were detected and in the second 4710. Un-
like the 226U experiment there were no competing fusion
reaction channels. The target purity of 98%208Pb en-
sures negligible competition from the reaction
207Pbs48Ca,2nd253No [13], and the combined population of
253,255No from the 3 n and 1 n channels is about 1% of that
of 254No [14,15] making the use of the RDT technique un-
necessary. For the reaction used in this experiment the nobe-
lium recoils are sufficiently energetic to allow the use of a
parallel plate proportional counter, placed in front of the sili-
con detector which allows the heavy recoils to be distin-
guished from unwanted products such as scattered beam, see
Fig. 4. This procedure has been verified[16] using the RDT
technique in which254No recoils were selected by gating on
their subsequent alpha decays.

III. RESULTS

A. 226U

In order to construct the conversion electron spectrum
corresponding to226U transitions alone, the contribution
from random coincidences was determined. Figure 5 shows
the time distribution of events between prompt electrons de-
tected using SACRED and the detection of226U recoils in
the focal plane of RITU, measured using a time-to-digital-
converter(TDC). The gates used to increment the random
spectrum and the true(+ random) spectrum are shown in this
figure. Figure 5(a) shows the total time distribution, and Fig.
5(b) shows the events corresponding to recoils identified as
226U by their a-decay.

Figure 6(a) shows the normalized random background
contribution used to correct the electron spectrum. Figure
6(b) shows the background corrected conversion electron
spectrum of226U, in which the conversion electrons from the
2+→0+ and 3+→2+ transitions can be observed. The in-

TABLE I. Measured energies for226U. Column (a) lists the
transition energies deduced here. Column(b) lists the transition
energies estimated by Greenleeset al. [18].

I i
pi I f

p f EL EM Eg (a) Eg (b)

2+ 0+ 60.8(5) 78.2(7) 81.3(6) 80.5(5)

4+ 2+ 148.2(4) 162.51(6) 167.8(4) 168.7(6)

TABLE II. Measured intensities for226U. In column(a) are the
sum of the L and M electron counts experimentally observed. Col-
umn (b) gives the total transition intensities corrected using tabu-
lated values of internal conversion coefficients[17] and the energy
dependent absolute efficiency. Column(c) lists the total transition
intensities per 1000 recoils. Column(d) lists the transition intensi-
ties taken from Greenleeset al. [18], normalised so that the inten-
sity of the 4+→2+ transition has the same value as the absolute
value measured in this experiment.

I i
pi I f

p f (a) (b) (c) (d)

2+ 0+ 45(9) 870(220) 710(180) 660(200)

4+ 2+ 42(9) 630(130) 510(110) 510(80)

FIG. 7. (a) Time distribution, following the reaction48Ca
+208Pb, between a recoil event in the focal plane in RITU and the
detection of an electron in SACRED.(b) The same as(a) but for
when the recoils were selected using the parallel plate gas detector,
using the condition shown in Fig. 4. The region between the solid
lines represents the prompt gate used in the experiment. The region
between solid and dashed lines either side represents the gates used
to create the background contribution.

FIG. 8. (a) Normalized random background contribution for
254No. (b) Experimental conversion electron energy spectrum in
coincidence with254No recoils selected using the parallel plate gas
detector. The unidentified peak is labeled as “?”.
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beam energy resolution of SACRED is typically 5 to 6 keV,
insufficient to fully resolve the L2 and L3 subshell compo-
nents (3.78 keV separation) and the various M subshells
(,1 keV separation). The efficiency of SACRED for the
81.3 keV L,M lines is reduced largely because of the effect
of the electrostatic barrier. The collinear design of SACRED
ensures that electrons emitted at angles to the beam direction
of .130°, with average angle of 150°, are accepted, thus
reducing the Doppler broadening to,2 keV. Corrections to
the electron energy arising from the Doppler shift of the
electrons were calculated using the SOLENOID Monte Carlo
code[8]. The code models the emission of electrons from the
target and subsequent transportation to the detector. The av-
erage Doppler shift is calculated for many electron trajecto-
ries for a given input transition energy, using an iterative
procedure. As an example of the magnitude of this effect, the
Doppler shift of the 60.8 keV electron line in226U sb
<0.0102d was 2.3 keV, while for the 73.2 keV electron line
in 254No sb<0.0186d the shift was 5.0 keV. Energy losses in
the target are taken into account although losses in the car-
bon foils are ignored because the foils are also present when
calibrating the detector with a133Ba source. In order to cal-
culate the transition energy from the composite L and M
peaks an average binding energy is needed. Using conver-
sion coefficients from Röselet al. [17] the relative intensities
of the L and M subshells were calculated and a weighted
binding energy for the L and M atomic shells was deter-
mined for each observable energy transition. The weighted

binding energy was then used in conjunction with the cor-
rected electron energies to determine the energy of the given
line. Table I shows the electron energy of the observed L and
M lines, along with the derived transition energy, Eg. The
absolute intensities for transitions in226U are given in Table
II, calculated from the measured response curve for
SACRED for an electrostatic barrier of −35 kV(cf. Fig. 2).
The errors in the intensity values given in the table and in
Table IV do not include the<10% systematic uncertainty
coming from dead time in the data acquisition.

B. 254No

An estimate of the random background contribution in
254No was made in the same manner as discussed in the

TABLE III. Measured energies for254No. Column(a) lists the transition energies deduced here. Column
(b) lists the transition energies observed by Leinoet al. [4]. Column(c) lists the transition energies observed
by Reiteret al. [3]. The energies marked with an asterisk “*” represent Harris parameter predictions.

I i
pi I f

p f EL1,2
EL3

EM Eg (a) Eg (b) Eg (c)

4+ 2+ 73.2(9) 78.6(9) 95(2) 101.1(6) 102* 102*

6+ 4+ 128.6(9) 136.4(9) 152(2) 157.7(6) 158.9(3) 159.1(3)

8+ 6+ 185.9(1.2) 192.6(1.2) 206(3) 214.2(8) 214.1(3) 214.1(2)

10+ 8+ 237.8(1.4) 245.6(1.4) 258(4) 266.5(1.0) 267.2(3) 267.3(3)

TABLE IV. Measured intensities for254No. The third column
labeled(a) gives the sum of the L and M electron counts observed.
Column (b) gives the electron intensities corrected for absolute ef-
ficiency and internal conversion[17]. Column (c) lists the total
transition intensities per 1000 recoils. Column(d) lists the transition
intensities taken from Leinoet al. [4], normalised so that the inten-
sity of the 6+→4+ transition has the same value as the absolute
value measured in this experiment. The numbers marked with an
asterisk * represent measurements made for the 112 keV peak un-
corrected for internal conversion.

I i
pi I f

p f (a) (b) (c) (d)

4+ 2+ 183(14) 3150(250) 440(35)

6+ 4+ 175(15) 2180(190) 300(30) 300(100)

8+ 6+ 106(10) 1730(160) 240(20) 250(50)

10+ 8+ 54(7) 1280(170) 180(20) 220(40)

70(8)* 780(90)*

FIG. 9. Panels(a)–(e) are 254No recoil taggede-e coincidence
spectra. Panel(a) shows the total projection of the coincident elec-
tron matrix. The dashed lines represent the gates set on the L elec-
trons used to produce panels(b)–(e) in which the position of the
gating transition is marked with a triangle:(b) Electrons coincident
with the 4+→2+ transition, (c) electrons coincident with the 6+

→4+ transition;(d) electrons coincident with the 8+→6+ transition;
(e) electrons coincident with the unidentified peak[labeled “?” in
(a)].
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previous section, see Figs. 7 and 8(a). Figure 8(b) shows the
recoil gated electron spectrum of254No in which transitions
10+→8+ down to 4+→2+ are labeled. Peaks which are not
labeled are assumed to be from background events. The
marked difference in background in this spectrum and in the
226U spectrum was investigated in detail by Butleret al. [16].
That work concluded that the background was due to a large
fraction of the entry states in254No decaying via M1 cas-
cades, which arise from the population of rotational bands
built upon high K-value bandheads. The same method for
determining the transition energies was used for254No as for
226U (see previous section). Table III shows the electron en-
ergy of the observed L and M lines, along with the derived
transition energy Eg. The energy of the 4+→2+ transition is
in good agreement with the value given in Refs.[3,4] which
has been obtained using an extrapolation based on the Harris
expansion. Unfortunately the 2+→0+ transition could not be
observed because the expected electron energies are lower
than the 40 keV threshold produced by the electrostatic bar-
rier. The absolute transition intensities are given in Table IV.
Relative values are compared to the intensities of the ground
state band transitions obtained fromg-ray yields measured
by Leino et al. [4]. It is observed that the population of the
spin 4+ state at 146 keV in254No [column (c)] is less than
50%. While not significantly smaller than for the 4+ state at
250 keV in 226U [see column(c) in Table II], the low popu-
lation in 254No has been attributed to the presence of high K
bands having isomeric band heads in this nucleus[16].

Recoil-electron-electron coincident spectra are shown in
Figs. 9(a)–9(e), in which the gates used to generate spectra in
Figs. 9(b)–9(e) include all L subshells. The coincidence data
are consistent with the level scheme, although no additional
information can be obtained due to the low statistics.

An unidentified peak having an energy of 112s1dkeV was
observed. The peak is within<6 keV of where the 10+

→8+K transition is expected. If the peak originated from the
10+→8+K transition, an intensity of<16 counts would be
expected. The measured intensity(see Table IV) is <70 and
hence the origin of the major component lies elsewhere, e.g.,
a specific M1 transition in an high-K rotational band. Figure
9 suggests that the transition is in prompts,50 nsd coinci-
dence with the 4+→2+ transition in the ground state band.

IV. CONCLUSION

An experimental technique has been developed for the
detection of prompt conversion electrons emitted from
weakly populated nuclei. In this way the 2+→0+ transition in
226U and the 4+→2+ transition in254No have been identified
for the first time. The absolute intensities for low-lying tran-
sitions in these nuclei have been measured for the first time.
Electron-electron coincidences data have also been obtained
that are consistent with the decay scheme. These data reveal
that an identified 112 keV transition is in prompt coincidence
with the lowest transitions in the ground state band.
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