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a-decay spectroscopy of the N = 130 isotones **Ra and ?**Th: Mitigation of «-particle
energy summing with implanted nuclei
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An analysis technique has been developed in order to mitigate energy summing due to sequential short-lived o
decays from nuclei implanted into a silicon detector. Using this technique, a-decay spectroscopy of the N = 130
isotones 2'®Ra (Z = 88) and 2**Th (Z = 90) has been performed. The energies of the o particles emitted in the
218Ra — 2'*Rn and *°Th — *!Ra ground-state-to-ground-state decays have been measured to be 8381(4) keV
and 8818(13) keV, respectively. The half-lives of the ground states of *'®Ra and **Th have been measured to be
25.99(10) s and 10.4(4) us, respectively. The half-lives of the ground states of the a-decay daughters, 2'“Rn
and 2'Ra, have been measured to be 259(3) ns and 161(11) ns, respectively. Fine structure in the o decay of
218Ra has been observed for the first time, populating the 695-keV 2] state in ?'*Rn. The fine-structure  decay
has an a-particle energy of 7715(40) keV and branching ratio b, = 0.123(11)%.

DOI: 10.1103/PhysRevC.100.044323

I. INTRODUCTION

a-decay spectroscopy is a well-established technique in
nuclear physics; it provides valuable data about nuclear struc-
ture and properties, often for nuclei that are otherwise difficult
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to study. Knowledge of the «-particle energy, or Q value,
alone gives a direct measurement of the relative masses of
mother and daughter nuclei. Fine structure in « decay can
help to identify final states in the daughter nuclei; branching
ratios of different o decays from the same state can provide
information about nuclear structure [1]. To this end, it is
often useful to define the hindrance factor of an « decay
[2,3], which can give a measure of the overlap of the wave
functions of initial and final states involved in the decay. In
practice, «-decay spectroscopy can be very challenging for
some nuclei due to small production cross sections or small
branching ratios associated with decays between structurally
different states or to final states with high excitation energy in
the daughter nucleus. Also, if the o decay under study is part
of a chain of sequential « decays, then subsequent short-lived
a decays can give rise to technical difficulties; for example,
if the half-life of a subsequent decay is less than the detector
response time, then the detector may still be processing the
first or-particle signal when the second is received. This can
result in pile-up, giving a composite energy signal that is
difficult to deconvolve. The value of w-decay data is such
that it is important to develop new experimental and analysis
methods that can mitigate some of these problems.

The N = 130 nuclei from Z =86 (*'Rn) to Z =93
(**Np) decay by a-particle emission. The N = 128 (84 <

©2019 American Physical Society
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Z < 91) daughter nuclei themselves then decay by «-
particle emission to daughter nuclei with a closed N =
126 shell, with half-lives of less than 300 ns in all
cases. In «-decay spectroscopy, a consequence of such
short half-lives is that o particles emitted from the
N =130 nuclei are likely to be detected together with
a particles from the N = 128 daughter as a single piled-up
event. This makes measurements of the a-particle energies
and half-lives very difficult. For the N = 130 nuclei, these
problems are exacerbated by the fact that the production cross
sections are low due to the lack of available stable beam and
target combinations for fusion-evaporation reactions and due
to the propensity for fission of the high-Z compound nuclei.
Despite these problems, «-decay spectroscopy of some of
the N = 130 nuclei has previously been carried out; ground-
state-to-ground-state o decays have been identified but often
with large uncertainties on the measured energies. In the early
1970s some studies were carried out using catcher-foil meth-
ods; essentially two methods were employed, one using a he-
lium gas jet to slow reaction products before depositing them
on a catcher foil and the other using direct implantation into a
foil. In the helium gas jet method, the parent of the nucleus of
interest was deposited on the catcher foil, so that method could
only be used where the half-life of the parent was sufficiently
long. This was used to study the « decay of 3.°Rn [4], 3}"Fr
[5], 2:%Ra [4,6], and 3)°Ac [5]. When the half-life is short,
an alternative method using direct implantation into a catcher
foil has been used; this was the case for the study of the
o decay of 22°Th [7]. In these methods a-particle ener-
gies were measured using detectors placed near the foils.
These methods were very useful for studying ground-state-to-
ground-state o decays where the cross sections and branching
ratios were relatively large. However, they were not suitable
for studying « decays from nuclei produced with low cross
sections, in among a background of more intense reaction
products, or for weak fine-structure «-decay branches. An
alternative to the catcher-foil method was introduced by Hing-
mann et al. [8] in 1983, in which the nuclei of interest were
implanted into a silicon detector, which itself subsequently
detected « particles that were emitted from the implanted
nucleus; this method was used to identify o decays from
221py and 222U [8]. Although the method was successful in
measuring the half-lives of the decays, it was not possible
to accurately measure the «-particle energies due to energy
summing from the N = 130 and N = 128 decays. An attempt
was made to infer the a-particle decay energy in 2*'Pa [9]
from sum-energy peaks, but the method resulted in a large
associated uncertainty. More recently, digital pulse-shape
analysis techniques have been used to measure «-particle
energies for nuclei that have «a-decay daughter nuclei with
sub-micro-second half-lives [10]. This method has notably
been used in the a-decay spectroscopy of nuclei around '%°Sn,
with the a-particle energies from the '“Xe — 'Te — 191Sn
decay chain being measured with high precision [11-13] and
the '%Xe — '%Te — '°Sn chain being identified recently
for the first time [14]. Digital pulse shapes have also been
used to measure the «-particle energies from the highest-mass
N = 130 isotones 22U [15] and 223Np [16]; however, in
these cases, there are significant uncertainties on the measured

energies. The inability to identify weaker «-decay branches
using catcher-foil methods and the complications arising from
energy summing inherent in implantation methods mean that
no fine structure has, to date, been observed in any of the eight
N = 130 nuclei from 2!°Rn (Z = 86) to *>*Np (Z = 93).

The N =130 3\°Rn, 3}Fr, 3i°Ra, 3°Ac, 32°Th, }'Pa,
222U, and 33°Np isotones lie in the transitional region between
the spherical nuclei above 2 Pb and the well-deformed nuclei
around ??Ra. Some of these nuclei lie on the low-N edge of
the light-actinide octupole-deformed region [17]. Experimen-
tal study of the o decay of these nuclei can provide useful
information about the development of octupole collectivity
as a function of N and Z as discussed in Refs. [18-20].
However, the «-decay spectroscopy of these nuclei is dif-
ficult due to their short-lived daughter nuclei, as discussed
above. In the present work, «a-decay spectroscopy of N =
130 isotones >'8Ra and *?°Th has been carried out. Nuclei
produced in fusion-evaporation reactions have been implanted
into a silicon detector at the focal plane of the RITU recoil
separator at the JYFL Accelerator Laboratory at the Uni-
versity of Jyvidskyld in Finland. The implantation detector
was surrounded by separate p-i-n-diode detectors which were
used to detect « particles that escape from the implantation
detector, thereby helping to reduce energy summing. The «-
decay chains 2i*Ra — 2/*Rn — 31°Po and 32°Th — 2l°Ra —
22Rn have hence been studied using these methods. The
ground-state-to-ground-state « decays of 2'Ra and *?Th
have been studied and the «-particle energies have been
measured. Fine structure in the « decay of 2!'®Ra has been
observed for the first time populating the 2} state in ?'*Rn, and
the «-particle energy and branching ratio have been measured.

II. PREVIOUS STUDIES

The measurements in this work are focused on the o decay
of the N = 130 isotones >'*Ra and >*Th. The >'*Ra — 2!'“Rn
ground-state-to-ground-state « decay has been reported sev-
eral times. In 1970, Valli et al. [4] and Torgerson et al. [6] used
catcher-foil methods with a helium gas jet. Later, in 1986,
Kim et al. [21] implanted >'®Ra fusion-evaporation products
into a silicon detector and the a-particle energy was inferred
from the sum peaks that were recorded. The energies of the o
particles measured by Valli et al. [4] and Torgerson et al. [6]
were 8385(10) keV and 8392(8) keV, respectively, which are
consistent with each other but that measured by Kim aral. [21]
is almost 100 keV larger with a value of 8480(20) keV. The
half-life of 2'®Ra was measured to be 14(2) wus by Valli et al.
[4] but was later consistently measured with higher values of
25.6(11) wus by Toth et al. [22], 26(2) us by Wieland et al.
[23], and 25.2(3) us by Kuusiniemi et al. [24]. The half-life
of the 2"*Rn ground state populated in the 2'*Ra — >'*Rn «
decay has been measured with values of 270(20) ns by Valli
et al. [4] and 263(35) ns by Dracoulis et al. [25].

The energy of the « particle emitted in the ?°Th — !Ra
ground-state-to-ground-state decay has only previously been
measured once, by Héusser ef al. in 1973 [7], where it was
reported with a value of 8790(20) keV. In that work, the
half-life of the ground state of °Th was measured to be
9.7(6) us. A measurement of the half-life was also reported
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TABLE I. Summarized details of the experiments.

Beam Target

Energy Intensity Thickness Duration

Expt. Nucleus (MeV) (pnA) Nucleus (mgcm™2) (hours)
1 30 95 18 208pp 0.45 157
2(a) Ne 109 26 208pp 0.45 259
2(b) Ne 109 23 208pp 0.25 39

by Andreev et al. in Ref. [26], giving a value of 121“31 us. The
half-life of the >'°Ra ground state populated in the **°Th —
2I6Ra « decay has been reported by Nomura et al. [27] to be
182(10) ns.

III. EXPERIMENTAL DETAILS

The results presented here are taken from two experiments
that were performed at the Accelerator Laboratory of the
University of Jyviskyld in Finland. The details of the ex-
periments are summarized in Table 1. The first experiment
(denoted as Experiment 1 in Table I) used an '®O beam
incident on a 2®Pb target and was optimized to study the
nucleus ??>Th produced via the 2®Pb('80, 4n)**>Th fusion-
evaporation reaction. The second experiment (Experiment 2)
essentially swapped the 30 beam for ?’Ne and was optimized
for the study of 22U, also produced by 4n evaporation. The
213Ra and **°Th nuclei of interest in the present paper were
produced as the a-decay daughters of the main **’Th and
224U reaction products, respectively. Both experiments used
the same experimental set-up, which is described below. In
both experiments the target was located at the center of the
SAGE spectrometer [28], which was used to detect prompt
y rays and internal-conversion electrons; however, data from
the SAGE spectrometer are not presented in this paper.
Downstream of the target, recoiling evaporation residues were
separated from fission fragments and unreacted beam ions
using the RITU gas-filled recoil separator [29,30] and were
transported to its focal plane. At the focal-plane of RITU,
the reaction products and their subsequent decays were fur-
ther studied with a suite of detectors, including double-sided
silicon-strip detectors (DSSDs), p-i-n-diode detectors, and
clover high-purity germanium (HPGe) detectors, which are
part of the GREAT spectrometer [31]. The reaction products
were implanted into one of two DSSDs placed side by side at a
focal plane. The DSSDs each consisted of 40 horizontal strips
and 60 vertical strips giving a total of 4800 individual pixels.
An array of 28 silicon p-i-n-diode detectors was located in
front (upstream) of the DSSDs and was used to detect charged
particles emitted from nuclei implanted into the DSSDs. In
standard operation, a multiwire proportional counter (MWPC)
is placed in front (upstream) of the DSSD/p-i-n-diode de-
tectors; the purpose of the MWPC is to provide energy-loss
and time-of-flight information to help distinguish between
evaporation residues and scattered beam. However, in the
present experiments the MWPC was not used due to the
low energies of the evaporation residues, so in the present
work time-of-flight information was extracted from the DSSD
signals; more specifically the time of flight was measured as

the time between prompt signals in SAGE and the subsequent
corresponding (implantation) signal in the DSSDs. For the
detection of x rays and y rays emitted from implanted nuclei,
three clover HPGe detectors were placed around the DSSDs.
Relative to the central ion trajectory, the centers of the clover
detectors had polar coordinates (6, ¢) of (90°, 0°), (90°, 90°),
and (90°, 270°), where ¢ = 0° is defined to be vertically up-
ward. In summary, the detectors of the GREAT spectrometer
provide the capability to detect the evaporation residues and
their subsequent charged-particle and y-ray decays.

The data presented in this paper are focused on
the 32°Th — 3%Ra — 21*Rn — 2I°Po and 33*U — 22°Th —
§é6Ra — ééan a-decay chains and are taken from the
DSSDs, p-i-n-diode detectors, and clover HPGe detectors at
the focal plane of RITU. The « particles emitted from the
nuclei implanted into the DSSDs were detected within the
DSSDs themselves and in the p-i-n-diode detectors, and y
rays emitted from states populated in the daughter nuclei
were detected by the focal-plane clover HPGe detectors. Of
particular relevance to the analysis and results presented in
the present work is the shaping time of the DSSD energy
amplifiers, which was set to be 0.5 ps. This means that the
amplifiers take 0.5 us to shape the signal received in the
DSSDs in order to make an accurate energy measurement.
Therefore, if a second signal is received within the shaping
time, then the energy signals will pile up and a summed energy
will be recorded. The consequences of the energy summing
are discussed in the next section.

IV. DATA ANALYSIS

Data were acquired using the triggerless Total Data Read-
out (TDR) system [32] and were subsequently analyzed using
the GRAIN software package [33], which was specifically
developed for use with TDR data. For a-particle spectroscopy,
accurate energy calibrations of the DSSDs are very impor-
tant. The calibrations were carried out using known energies
of « particles emitted from evaporation residues implanted
into the DSSDs or in their decay chains. For the '80 +
208ph experiment, the o decays used were from 2!°Po [E, =
5304.33(7) keV], 2*°Ra [E, = 7453(7) keV], **Th [E, =
7603(3) and 7986(3) keV1, 2°Ra [E, = 7678(3) keV], >'*Rn
[E, = 8088(8) keV], and 2*' Th [E, = 7732(3), 8144(3), and
8466(3) keV]. For the *’Ne + 2%Pb experiment, the same o
decays were used, with the exception of those from *’Ra
and 2'?Ra. Due to more abundant statistics from the 80 +
208ph experiment, ay coincidences were studied; for that
experiment, the absolute efficiency for the detection of y rays
in the focal-plane clover HPGe detectors was determined by
comparing the numbers of o particles in the DSSDs with
numbers of detected ay coincidences.

Signals recorded in the DSSDs were due either to the
implantation of recoiling reaction products or scattered beam
ions (henceforth referred to as implants) or due to the decays
of implanted nuclei (decays). In assigning signals as decays,
the correlation between the energy recorded by the DSSDs
(Epssp) and the time-of-flight between signals in SAGE and
signals in the DSSDs (ttor) was used. Two-dimensional gates
on plots of these quantities were used to veto signals from
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FIG. 1. Spectrum showing summed a-particle energies from the 2'®Ra —2'* Rn — *'°Po decay chain, selected following an implant and
a *’Th « decay, from the '*0 + 2®Pb experiment. The energy range is from 0 to 18 MeV, which includes all full and partial summed energies
in the decay chain; each feature in the spectrum is labelled as the sum of a full (F) or partial (P) 2'*Ra or ?'*Rn, a-particle energy. Schematic
representations of the four possible events in the DSSD, corresponding to each of the four features in the spectrum, are shown above the main

panel.

being assigned as decays; these gates were centered on (froF,
Epssp) coordinates of (2.0 us, 2.0 MeV) for the 180 4 208py
experiment and (1.4 ws, 44 MeV) for the 20Ne + 208pp
experiment. Once the discrimination between implants and
decays had been achieved, specific conditions were applied
to decay energies and times to select nuclei of interest. In
the data from the 80 + 2°Pb experiment, the 2'*Ra nuclei
of interest were selected by requiring three signals in any one
DSSD pixel, as follows: (i) an implant (at time 7y); (ii) a decay
corresponding to the a decay of 2?2Th (at time #,); and (iii) a
decay corresponding to the « decay of *!®Ra (at time #,). It was
required that #; — 7y < 16 ms (i.e., less that seven half-lives
of >Th) and 1, — t; < 180 us (i.e., less that seven half-lives
of 2!8Ra). No conditions were placed on the energies of the
222Th « decays in the selection of >'®Ra nuclei. For the study
of *°Th from the *°Ne + *®Pb experiment essentially the
same method was used to select the *°Th nuclei. However,
the o decay required in step (i) was from 2*U instead of
222Th and in step (iii) **°Th instead of 2'®Ra. Also, in step
(i) the full energy of the o particle in the U — *2Th
ground-state-to-ground-state decay (E, = 8479(8) keV [34])
was required, due to contamination from 222Th. Furthermore,
it was required that #; — 7y < 2.77 ms (i.e., less that seven
half-lives of 22*U) and 1, — 1, < 68 us (i.e., less that seven
half-lives of ?2°Th).

In the experimental set-up used here (designed for the pur-
pose of recoil-decay tagging [35]) the detector (DSSD pixel)
which records the implant is the same detector that records the
subsequent decays of the implant. Use of the detector in this
way has some important consequences. First, the energies of
the different events (implants and decays) in the detector can
pile-up giving a summed energy signal, instead of a signal
corresponding to a single event. The summed energy signal
can be from an implant plus a decay or from a decay and a
subsequent decay and will be recorded when the time between
events is comparable to the detector response time. Second,

the « particles may not be fully contained within the detector,
leading to partial energy deposition. Therefore, the energies
recorded may be piled-up combinations of full and fractional
parts of the energies of one or more events. This leads to
complicated «-particle spectra, which need to be simplified
and understood before «-particle energies and intensities can
be extracted with confidence. These issues are discussed in
more detail below. The energies of the evaporation residues
in this work were low, and, consequently, the residues were
implanted very close to the surface of the DSSDs; calculations
suggest that the implantation depth is ~0.4 um [36]. If a
nucleus implanted at this depth undergoes « decay, then the
full energy of the « particle will only be recorded if the o
particle is emitted into the detector. If the « particle is emitted
out of the detector, then only a small fraction of its energy will
be deposited before the « particle leaves the detector material.
In that case, there will be roughly equal probabilities (~50%)
of detection of the full and partial energies.

In order to understand the energy summing and pile-up that
is observed in the DSSDs, consideration has to be given to the
processing time for each signal. In the methods used here, it is
a requirement that there are two or more consecutive signals
within the same detector (DSSD pixel) corresponding to an
implant and at least one decay. If the implanted nucleus, or
one of its decay products, has a half-life which is less than or
comparable to the shaping time of the amplifier of the energy
signal, then the energies of the signals will pile up, giving
a summed energy signal. As an example, consider a two-o
decay chain ;o where the energy signals pile up. Each of the
a particles can be either fully or partially recorded, so there
are four possible values of the recorded energy, as follows:
(i) partial energies for both o and oy (PP), (ii) full energy
of «; plus partial energy of «, (FP), (iii) partial energy of
a; plus full energy of «y (PF), and (iv) full energies for both
a; and o, (FF). This is illustrated schematically in the upper
part of Fig. 1. In the present work, one of the decay chains
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FIG. 2. Spectra of the summed «-particle energies measured in
the DSSDs from the 28Ra —2!* Rn — 2!°Po decay chain, selected
following an implant followed by a > Th « decay, with the additional
requirement of a p-i-n-diode detector signal measured in delayed
coincidence. The data are taken from the 80 + 2Pb experiment.
Panel (a) shows the spectrum where the p-i-n-diode detector signal
is measured in coincidence with, or up to 2.5 us after, the DSSD
signal. Spectra in panels (b), (c), and (d) require that the p-i-n-diode
detector signal arrives at least 100 ns, 500 ns, and 1.5 us after the
DSSD signal, respectively.

of interest is 35°Th — 21%Ra — 21*Rn — 21°Po for which

the relevant half-lives are as follows: Tj,»(***Th) =~ 2.0 ms
[20], T12(*"®Ra) =~ 25 us [24], Ti2(*"*Rn) =~ 270 ns [4], and
Ti /2(2'0P0) ~ 140 days [37]. The half-life of 214Rn is shorter
than the 0.5-us shaping time. The energies of the « particles
emitted from 2'®Ra and 2'*Rn therefore pile up, leading to a
summed energy signal. The spectrum of these summed energy
signals recorded in the DSSDs is shown in Fig. 1, with the
selection of 2!®Ra as described earlier. The four features in the
spectrum discussed above are labeled (PP, FP, PF, and FF).
The energy summing described above means that neither
of the individual a-particle energies of 2'®Ra or >'*Rn can
be easily determined from the spectrum shown in Fig. 1.
Such energy-summing issues have hampered earlier work;
for example, it was explicitly noted in Ref. [21] that the
measurement of the a-decay energy of >'Ra was complicated
by the summing with >'*Rn « decays. In the present work, use
of the GREAT spectrometer has allowed this problem to be
mitigated by applying a type of «-particle escape suppression,
with the p-i-n-diode detectors acting as a suppression shield
for the DSSDs. In essence, by choosing the time interval
between the summed «-particle energy signal (in the DSSDs)
and the escaped «-particle signal (in p-i-n-diode detectors)

has enabled the individual ?'®Ra o decays to be selected.
The time of detection of the summed energy signal in the
DSSDs (£24m) gives the time of the first (*'*Ra) « decay; the
time of detection of the escaping « particle (z,77°) can then
be studied relative to this, such that Ar is defined as At =
tin. — 1548 Figure 2 shows DSSD energy spectra where
a p-i-n-diode detector signal with E > 500 keV has been
measured in delayed coincidence with the summed energy
signals (shown in Fig. 1). Figure 2(a) has been incremented
with the condition that 0 < Af < 2.5 us, i.e.,upto ~10*“Rn
half-lives. The spectrum shows both FP and PF peaks because
this time interval will include escaping *'®Ra o particles
(which have At ~ 0) and escaping *'“Rn « particles which
are emitted according to the >'*Rn half-life. Figure 2(b) is
incremented with the condition 100 ns < Ar < 2.5 us. This
condition excludes the possibility of detecting an escaping
218Ra « particle [Ar ~~ 0], so the PF distribution is removed.
The time condition will also exclude some of the *'*Rn de-
cays, so the part of the FP peak due to the partial energy of the
2l4Rn « particles is reduced. This feature is further reduced in
size Fig. 2(c) which has the condition 500 ns < Afr < 2.5 us.
For Fig. 2(d), the condition 1.5 us < At < 2.5 us is applied
which excludes essentially all of the escaping 2'“Rn decays as
they occur well after the amplifier shaping time (0.5 ws). This
spectrum therefore only shows the full-energy peak associated
with the >'®Ra o decay. From this spectrum, it is possible to
make a measurement of the «-particle energy.

V. RESULTS
A. 28Ra a-decay chain

The nucleus >'®*Ra was produced as the a-decay daughter
of 22Th in the "0 4+ 2%8Pb experiment. The cross section for
the production of **Th was several millibarns, meaning that
the >'®Ra data were relatively abundant. Using the methods
described in the previous section, the energy of the o particle
emitted in the *'®Ra — 2'“Rn decay was measured to be
8381(4) keV, with a branching ratio b, = 99.88(6)%. The
ay-coincidence spectra show that these o particles are only
observed in random coincidence with background y rays; for
this reason, this o decay is assigned to populate the ground
state of 2'*Rn. From analysis of the time difference between
222Th and 2'®Ra « decays in the DSSDs, the half-life of 2!*Ra
was measured to be 25.99(10) us.

In order to search for fine structure in the o decay of *'®Ra,
ay-coincidence spectra were analyzed. A two-dimensional
ay-coincidence spectrum is shown in Fig. 3(a); the DSSD
energy shown on the vertical axis is the a-particle summed
energy that was shown in Fig. 1. The spectrum shown in
Fig. 3(b) is the y-ray projection of the spectrum of Fig. 3(a).
It is apparent that the y ray with energy 695.0(2) keV is coin-
cident with the four summed «-particle energy distributions.
No other discrete y -ray transitions are detected in coincidence
with « particles, apart from the 511-keV annihilation y ray.
The energy of the ZT state in 2'*Rn has previously been mea-
sured to be 693.6 keV [25,38,39]. The present data therefore
suggest that the 2'®Ra « particles which produce the summed
a-particle energy distributions that are in coincidence with the
695-keV y ray may be from a decay which directly populates
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FIG. 3. Spectra from the ay-coincidence analysis in the data from the 30 + 2Pb experiment. Panel (a) shows a two-dimensional plot
of ay coincidences following the « decay of 2'®Ra. Panel (b) shows the full projection of y-ray energies from panel (a). Panel (c) shows
the summed a-particle energies for the >’®Ra — 2!*Rn — *'°Po «-decay chain. Panel (d) shows the same data as (c) but with the additional
requirement of a coincident 695-keV y ray in the clover HPGe detectors at the focal plane of RITU.

the 27 state of 2'*Rn. An attempt was made to measure the
associated a-particle energy using the summed-energy signals
in coincidence with the 695-keV y ray. Unfortunately, it was
not possible to identify any p-i-n-diode detector signals in the
time interval of 1.5 to 2.5 us after a DSSD signal, presumably
due to low population.

Evidence that the « decay populates the 2% state of
219Rn was, however, obtained by further scrutiny of the
ay-coincidence data. Figure 3(c) shows the summed energy
distributions (FP and PF) for the 2'®Ra and 2'*Rn « decays.
Figure 3(d) shows the same data but with the additional
requirement of coincidence with a 695-keV y ray in the focal-
plane clover HPGe detectors. The left-hand peak of Fig. 3(c)
and the main peak shown in Fig. 3(d) are both due to the
detection of a full-energy 2'®Ra « particle summed with a
partial-energy 2'“Rn « particle. If the decays corresponding
to these peaks populate different final states then the energy
difference between the peaks will relate to the energy differ-
ence between the final states. The energy difference between
the peaks is 665(40) keV, as indicated on Fig. 3(d). This
is consistent with the expected a-particle energy difference
of 682 keV, given the ZT excitation energy of 695 keV in
214Rn, and gives an energy of 7715(40) keV for the o particle
associated with the decay from the ground state of 2'*Ra to
the 2% state of 2!*Rn. The branching ratio for this decay was
measured to be b, = 0.123(11)%.

Using the time differences between (*'®Ra + >'“Rn)
summed o-particle energy signals in the DSSDs and subse-

quent escaping (>'*Rn) a-particle signals in the p-i-n-diode
detectors, the half-life of the 2*Rn ground state has been
measured to be 259(3) ns. This half-life result for >'*Rn is
consistent with the previously measured values of 270(20) ns
from Ref. [4] and 263(35) ns from Ref. [25].

B. *’Th a-decay chain

In this work, the nucleus *2°Th was produced as the o-
decay daughter of ***U in the *’Ne + 2®Pb experiment. As
224U was produced with a very small cross section of several
hundred nanobarns, the amount of ?°Th data was limited. For
this reason, the analysis techniques were first developed using
the 2'®Ra data from the same (**Ne + 2°8Pb) experiment,
which were produced with a far greater cross section and
which could be compared to the >'®Ra data from the other
(180 4 2%8Pb) experiment. In the 2°Ne + 2%Pb experiment,
the nucleus >'®Ra was produced as the a-decay daughter of
222Th, which itself was produced by «2n evaporation from
the 222U compound nucleus. Once the analysis methods were
shown to work for >!®Ra, they could then be applied to >*°Th.

In order to measure the energies of the « particle emitted
from nuclei implanted into the DSSDs, it was necessary to
remove, or account for, the effect of energy summing. An
attempt was made to select the nonsummed DSSD energy
signals by considering the DSSD signals that were followed
by signals in the p-i-n-diode detectors, within specific time
intervals. As such, two-dimensional plots were constructed
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FIG. 4. Spectra showing the relationship between energies mea-
sured in the DSSDs that are followed by a signal in the p-i-n-diode
detectors, and the time At between the signals in the DSSDs and
the p-i-n-diode detectors, for values of At up to 2.5 pus. Results are
taken from the °Ne + 2®Pb experiment. Panel (a) shows the energy
measured by the DSSD focused on the (*'®Ra 4 2'*Rn) summed-
energy region against At, and panel (b) shows the projected energy
measured for 1.35 < Ar < 2.5 ps. Panel (c) shows the energy mea-
sured by the DSSD focused on the (**°Th + ?!°Ra) summed-energy
region, and panel (d) shows the energy measured for 1.35 < Ar <
2.5 us. Panel (e) is the same as panel (d) but for 0 < Ar < 2.5 us
and is shown for comparison with panel (d). The vertical dashed line
shows At = 1.35 us; for At > 1.35 us, the energy-summing effects
are no longer observed.

with the DSSD energies plotted against the time, At, between
the signal in the DSSDs and the signal in the p-i-n-diode
detectors. This plot for 2'®Ra, from the °Ne + 2°*Pb experi-
ment, is shown in Fig. 4(a). It is clear that for low values of At,
the energy distribution recorded by the DSSDs is wide, with
counts spread over 1 MeV from 8500 keV up to 9500 keV
or more. As At increases, the distribution gradually becomes
more narrow until 1.35 us, where a constant width of around
40 keV is maintained. It can therefore be assumed that with a
time difference of more than 1.35 us between the signals in
the DSSDs and the p-i-n-diode detectors, the energy summing
does not occur. The projection of the DSSD energies for times
of 1.35 us < Ar < 2.5 us is shown in Fig. 4(b). The counts
clearly form a well-defined peak with a centroid at an energy
of 8382(5) keV, which is consistent with the value from the
130 4 298pp experiment.

Spectra from the analysis of ?°Th from the *°Ne + 2%*Pb
experiment are shown in the lower panels of Fig. 4. Fig-
ures 4(c) and 4(d) are analogous to Figs. 4(a) and 4(b). It is im-

mediately apparent that the number of counts is significantly
reduced in this case. Nonetheless, for Ar > 1.35 us, there are
two counts which have very similar energies; the projection
of the DSSD energies for times of 1.35 us < Ar < 2.5 us
is shown in Fig. 4(d), where two counts can be seen in the
same channel with zero background. From these counts a
value of 8818(13) keV for the a-particle energy for the >°Th
ground-state decay was found. For comparison, the DSSD
energy signals with 0 < Ar < 2.5 us are shown in Fig. 4(e).

From the time differences between the >*U and *°Th a-
decay signals in the DSSDs, the half-life of the °Th ground
state has been measured to be 10.4(4) us. This is consistent
with the previously reported values of 121“;t us [26] and

9.7(6) us [7]. From the time differences between (**°Th +
2I6Ra) summed a-particle energy signals in the DSSDs and
subsequent escaping (*'°Ra) a-particle signals in the p-i-n-
diode detectors, the half-life of the 'Ra ground state was
measured to be 161(11) ns. This is lower than the previously
reported value of 182(10) ns [27].

VI. DISCUSSION

A. Comparison with previous measurements

In the present work, the ground-state-to-ground-state
218Ra — 2“Rn a-particle energy has been measured to be
8381(4) keV. This is consistent with the values of 8385(10)
keV measured by Valli et al. [4] and 8392(8) keV measured by
Torgerson et al. [6]. The value of 8480(20) keV measured by
Kim et al. [21] is around 100 keV higher than the values mea-
sured here and in Refs. [4,6]; the higher energy in that work is
likely to be due to the method of inferring «-particle energies
from summed-energy distributions. Indeed, the energy of the
o particle in the 2"*Rn decay was reported in Ref. [21] as
9150(20) keV, compared with 9035(10) keV measured by
Valli et al. [4] and 9040(20) keV measured by Torgerson
et al. [6]. The results of Refs. [4,6] were not affected by
a-particle energy summing as the decaying nucleus was not
implanted into the a-particle detector. In the present work, the
half-life of 2'3Ra has been measured to be 25.99(10) us. This
is not consistent with the value measured by Valli et al. of
14(2) s [4] but is in agreement with the values of 25.6(11) us
measured by Toth et al. [22], 26(2) us measured by Wieland
et al. [23], and 25.2(3) pus measured by Kuusiniemi et al.
[24]. As reported by Toth et al. [22] the half-life of ~25 us
gives an a-decay reduced width which is in agreement with
systematics.

In the present work, the value of the w«-particle energy
from the ground-state-to-ground-state °Th — 2!Ra decay
has been measured to be 8818(13) keV. This value is higher
than the previous measurement of 8§790(20) keV reported in
Ref. [7]. This previous measurement of the energy required
the implantation of the recoiling >>°Th nuclei into a carbon
catcher foil at the target position. The «-particle energies were
then measured and a correction was applied for the energy loss
in the catcher foil. It is possible that the correction introduced
a systematic uncertainty in the «-particle energies.

B. Hindrance factors and systematics

In the study of o decay and its fine structure, it is often
useful to define the hindrance factor. This is defined as the
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ratio of the experimental and calculated partial half-lives;
the experimental half-life is determined using the measured
branching ratio and half-life values, and the calculated half-
life is determined using a simple model of a preformed o
particle in the potential of the daughter nucleus. This defini-
tion of the hindrance factor removes the energy dependence
of the decay and can give a measure of the overlap of the
wave functions of initial and final states. Using the theoretical
partial half-life calculated as described by Preston [40] a
hindrance factor of 8.36(17) is given for the new fine-structure
o decay from the 2'®Ra ground state to the 2| state in 2'*Rn.
This is relative to a hindrance factor of 1 for the decay to the
214Rn ground state.

The properties of the new fine structure o decay in >'*Ra
can be compared to experimental systematics. In Ref. [41],
a universal rule is established which relates the hindrance
factors of fine-structure o decays to the excitation energies
of the populated states. This relation has recently been tested
by Delion and Dumitrescu in systematic analyzes of «-decay
fine structure in a wide range of nuclei [2,3]. In these stud-
ies the model-independent variable of a-decay intensity, I,
is favored over the hindrance factor; this is defined as the
logarithm of the ratio between the decay widths to the ground
and excited states. The new results presented here are found to
be in good agreement with the linear relationship established
between the cr-decay intensities to 2] states and the excitation
energies of the states. The new fine-structure in the o decay
of 2!8Ra identified in this work extends the systematics to one
of the highest known 2% energies (695 keV) populated by «
decay of even-even nuclei.

Hindrance factors to low-lying excited states can be used
as a measure of the overlap of the wave functions for ground
and excited states and therefore can be used as a measure
of collectivity. As such, recent studies by Bucurescu and
Zamfir [42,43] have analyzed the systematics of the «-decay
hindrance factors and intensities to low-lying excited states
in even-even trans-lead nuclei, in relation to variables which
are indicative of nuclear collectivity. This analysis enabled the
onset of collectivity to be traced from the doubly magic 2°Pb
nucleus toward the collective rotational nuclei at midshell.
With just two neutrons and four protons above 2°Pb, the
nucleus >'*Rn is not considered to be collective. The large
hindrance factor from the present work is consistent with the
systematics for less collective nuclei.

C. Applications of the new methods

The techniques used in this work offer complimentary
methods to study short-lived and weak «-decay branches
from nuclei implanted into a detector in which the daughter
products have very short half-lives. Using these methods, it

could therefore be possible to identify fine structure in the
other N = 130 nuclei 3°Rn, 37Fr, 2)°Ac, 22°Th, 33'Pa, 23*U,
and 33°Np. The *'®Ra — 2!“Rn fine structure reported here
is the only known example. The methods would also allow
short-lived nuclei produced with low cross sections relative to
other background « emitters to be studied. The methods used
here give accurate «-particle energies from implanted nuclei,
free from energy-summing effects, so it could also be used
to remeasure the a-particle energies of the ground-state to
ground-state decays of the other N = 130 nuclei which have
previously be measured using other techniques which may be
prone to large or systematic uncertainties.

VII. SUMMARY

a-decay spectroscopy of the N = 130 isotones 2'*Ra and
220Th has been carried out. The nucleus >'®Ra was produced
following the « decay of *2Th. The energy of the « particle
emitted in the >'8Ra — 2!*Ra decay has been measured to
be 8381(4) keV. In addition, fine structure in the o decay
of *'®Ra, populating the 695-keV 2" state in '*Rn has been
observed with energy E,, = 7715(40) keV and branching ratio
by = 0.123(11)%. The observation of the new w-decay fine
structure was achieved using «y coincidence measurements.
The nucleus >*Th was produced following the o decay of
224U. The energy of the « particle emitted in the >°Th —
216Ra decay has been measured to be 8818(13) keV. These
measurements have been made possible by the development
of methods to overcome the problem of energy summing in
a-particle spectroscopy from nuclei implanted into a detector,
which happens when the o decay of the subsequent nucleus
occurs within the amplifier shaping time. Several potential
uses of the new data analysis methods have been proposed.
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