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A B S T R A C T

A novel system has been developed to detect simultaneous double-alpha emission from purified and weightless
sources. The system includes the collection of 224Ra low-energy recoils in purified helium buffer gas from
the decay of 228Th. The recoil products are thermalized and collected in a cryogenic buffer gas cell and
extracted into an RF-ion guide for mass selection. The mass-separated ions are implanted at low kinetic
energy into a thin carbon foil placed between two large-area double-sided silicon strip detectors to observe
correlated alpha-particle emission. The apparatus is described in detail, including insights into its experimental
performance.
1. Introduction

Several nuclear decay processes have been observed with two par-
ticles of the same nature emitted simultaneously. For example, double
gamma-ray emission [1,2] or double-beta decay in which two elec-
trons are emitted along with two antineutrinos [3–5] are both well
known. In addition, nuclear decays with simultaneous emission of two
protons [6,7] and two neutrons [8] have been observed from nuclei
close to the proton and neutron drip lines, respectively. Simultaneous
double-alpha decay via the emission of a 8Be nucleus was first studied
in the mid-1980s [9], but has not been observed up to the present
due to its small predicted branching ratio. By analyzing the data taken

∗ Corresponding author at: GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany.
E-mail address: l.varga@gsi.de (L. Varga).
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from the experiment conducted by Marcillac et al. [10], to observe
single alpha decay from 209Bi, Tretyak [11] set the experimental limit
for double-alpha emission from 209Bi as 𝑇1∕2 > 2.9 × 1020 years. Since
that time, two different decay modes have emerged. The first one
is derived from theoretical frameworks describing the emission of a
8Be cluster with subsequent rapid separation into two alpha parti-
cles [9,11]. Similar phenomenological theoretical calculations of two
alpha emission have also been reported [12,13], with low branching
ratios similar to those of [9]. Recently, a second decay mode has
been predicted with the simultaneous emission of two alpha particles
in opposite directions [14–16]. In the microscopic theoretical stud-
ies [14,16], the so-called back-to-back decay is favored by more than
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10 orders of magnitude compared to the 8Be double-alpha decay mode.
These calculations were carried out in the 224Ra region and predicted
branching ratios of 2.9 × 10−8 with respect to single alpha decay [16].
Such branching ratios are of the order of previously observed heavy-
cluster emission from heavy nuclei [17,18] and should be accessible to
sensitive measurements. Studies of the decay of 224Ra are particularly
attractive since this nucleus can be harvested from the alpha decay
of the relatively long-lived parent 228Th (𝑇1∕2 = 1.9116(16) yr [19])

hich is readily available in thin, open sources. 224Ra has been found
o predominantly decay via the emission of an alpha particle with a tiny
4C decay branch [20]. The detection of two alpha particles with a 180◦

pening angle and equal kinetic energies in a single event provides a
nique signature of the two-alpha decay and strong evidence of the
ovel decay with only a few events. In addition, the 220Rn nucleus
n the decay chain has also been predicted to have an observable
ouble-alpha decay branch.

Here we report a new experimental setup at the FRS Ion Catcher
t GSI Helmholtz center for heavy ion research in Germany [21]. The
pparatus combines the collection of heavy recoiling nuclei in the
ryogenic Stopping Cell (CSC) [22] with a nearly 4𝜋 Double-sided
ilicon Strip Detector (DSSD) system for charged particle detection.
he experiment was performed with radioactive sources, as compared
o an online radioactive beam, and thus continuous data-taking over

long period of four months was possible. The setup can be used
o investigate also other rare decays in a quasi background free way.
ther such rare decays include the emission of protons by nuclei
lose to the proton drip line [23–27] as well as beta delayed proton
mission [28–30]. In addition, study of the two-neutrino double beta
ecay in 220Rn and 216Po should be possible. The present report focuses
n the experimental technique for the double-alpha decay measurement
ith presentation of the observed hit, energy, and time spectra that
ighlight key elements of the background suppression.

. General considerations for the design of the experiment

Recent theoretical investigations have identified 224Ra as the most
romising candidate to find the first case of a double alpha decay ex-
erimentally [14–16]. In the following, different aspects are presented
o design the experiment with the highest sensitivity to discover the
ouble-alpha decay. This section is focused on the production of 224Ra
ons by an alpha recoil source of 228Th. A comparison is made to an
ccelerator-based production, concluding that an ‘‘offline’’ experiment
ith moderate source strength promises the best case scenario for the
ouble-alpha decay search in 224Ra.

.1. Counting rate and decay chain

The goal is to observe a statistically significant number of coincident
lpha decay events with the predicted energies, back-to-back angular
orrelation, and simultaneous time signature. A general expression for
he counting rate of single alpha events from 224Ra decay, 𝑅1, and the
otal number of its single alpha events, 𝑁1, would be:

1 = 𝐴Th ⋅ 𝜖Coll ⋅ 𝜖Trans ⋅ 𝜖Det ⋅ BR1 (1)

1 = 𝑅1 ⋅ 𝑇Obs (2)

here 𝐴Th is the activity of the 228Th source, 𝜖Coll is the total efficiency
or collection of the recoiling 224Ra ions and beam formation at the exit
f the CSC, 𝜖Trans is the total efficiency to transport 224Ra ions to the
mplantation foil, and 𝜖Det is the total efficiency for detecting a single
r double event, including dead-time, from the implanted 224Ra. Since
he branching ratio for single alpha emission, BR1, is essentially one,
nd the back to back decay has a detection efficiency close to 100%,
he number of double-alpha events, 𝑁2, can be expressed as:

= 𝑁 ⋅ BR (3)
2

2 1 2
Table 1
The strongest alpha lines are listed in the228Th decay chain and
ranked by the kinetic energy of each alpha particle (highest
energy is on the top) [31–34].
Daughter
isotope

Alpha decay
energy [keV]

Absolute
intensity [%]

224Ra 5685.37(15) 94.92(5)
5448.6(12) 5.06(5)

220Rn 6288.08(10) 99.886(17)
5747 0.114(17)

216Po 6778.3(5) 99.9981(3)

212Bi

6089.88(3) 9.75(5)
6050.78(3) 25.13(7)
5768 0.6110
5607 0.4061

212Po 8784.86(12) 64

Table 2
The parameters in Eq. (1) are evaluated for conceivable estimates for
offline experiments, for the values obtained in the present offline mea-
surement, and for a scenario using an online radioactive beam at GSI.
The random coincidence rate (𝑅Coin) is calculated for a time resolution
of 20 ns. See the text for further details of the actual measurement.
Param. Conceivable Present Online

𝐴Th 1MBq 34 kBq 200 kBq
𝜖Coll 0.45 0.45 0.5
𝜖Trans 0.9 0.5 0.9
𝜖Det 0.9 0.66 0.9
𝑇Obs 1 year 1 month 1 week
𝑅1 360 kBq 5.0 kBq 81 kBq
𝑅Coin 6.9 × 10−2 Bq 1.3 × 10−5 Bq 3.4 × 10−3 Bq

𝑁1 1.2 × 1013 1.3 × 1010 4.9 × 1010

𝑁2 3.3 × 105 3.8 × 102 1.4 × 103

𝑅2 1.1 × 10−2 Bq 1.5 × 10−4 Bq 2.3 × 10−3 Bq

where BR2 is the branching ratio of the double-alpha decay mode.
The sequential decay of nuclides from 224Ra to 208Pb with a variety

of half-lives presents several challenges for the proposed measurement,
see Table 1. For example, the 224Ra half-life of 3.6316(23) d [31] is
much longer than any of the five intermediate nuclei before reaching
the stable final product 208Pb and four of these intermediate nuclei
emit alpha particles. Moreover, the child nuclei can effuse through the
system due to the recoil energy they receive from the alpha decay.
In addition to this, the first child nuclide 220Rn, a noble gas with a
55.6(1) s half-life [31], can also effuse through the vacuum system. Both
of these effects indicate that subsequent single alpha decays can occur
at locations that are different from the main collection point. Table 2
contains a list of current estimates of the parameters in Eqs. (1) and
(2) assuming back-to-back alpha emissions and conceivable values for
future offline experiments. If one takes the latest theoretical estimate of
the double-alpha branching ratio to be 2.9×10−8 [16], then the expected
number of double events in the present experiment measured within
one month would be in the order of 𝑁2 ∼ 100.

The strongest alpha lines for the 228Th decay chain with the kinetic
energy of each alpha particle [31–34] are listed in Table 1. The energy
values of the alpha particles for the double alpha decays can be derived
as the arithmetic mean of the Q-values from the two subsequent alpha
decays of the mother nuclei and taken as ( 12𝑄2𝛼)224𝑅𝑎 = 6096.83(9) keV
nd ( 12𝑄2𝛼)220𝑅𝑛 = 6655.5(3) keV.

The region of interest was chosen to encompass as much of the
signal as possible and was placed around the values of ( 12𝑄2𝛼) of the
decays. The signal in this region is thus expected to be the only real
coincidence. The only background considered originates from random
events, in the 224Ra region by a weak random coincidence of 212Bi
line from the main decay branch. As all of the background events are
expected to be random coincidences, the rate can be calculated as,

𝑅Coin =
(

𝑅1 ⋅ 𝐼Bi
)2

⋅ 𝛥𝑡 ⋅ 𝜂 (4)

2
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where 𝑅1 is the rate for a single alpha event from 224Ra for a single
detector and raised to the second power to account for random co-
incidences between the two detectors. The absolute intensity of 212Bi
is 𝐼Bi = 9.75(5)% [35], and the timing resolution is given by 𝛥𝑡. The
parameter 𝜂 is the suppression factor accounting for the solid angle cov-
ered by the back-to-back pixels, the preliminary estimate obtained from
the Monte Carlo simulation is described in the next section. For central
pixels 𝜂 is approximately 1.1 × 10−2. Table 2 indicates that this random
coincidence rate is for the present offline experiment exceptionally low,
since the coincident rate is proportional to the square of the detected
rate. This clearly shows that long measurement times, achievable only
in offline experiments, are essential for high sensitivity in search of
double-alpha decay in 224Ra.

2.2. Monte-Carlo simulations of detector

Prior to the experiment, a preliminary model of the detector sys-
tem was created using the GEANT4 simulation package [36] (version
10.2.0). The purpose of this model was to determine the effect of the
geometry on the detection efficiency as well as to optimize geometric
variables in the experiment, such as the distance between the detectors
or the angle of the foil holder. The distance between the detectors
was varied to see the effect on the solid angle and was set to 20mm.
The simulation assumed a dead layer of 0.8 μm silicon for the DSSDs.
The sensitive area of the detectors was simulated to have a 49.5mm
to 49.5mm area with a thickness of 1mm silicon. The final position of
each simulated event and the energy deposited in the detector were
recorded. The used detector in this work has a strip width of 3mm with
a non-sensitive inter-strip pitch of 0.1mm. After the simulation, this
effect was mimicked by removing events that deposited their energy
between the strips.

As already highlighted in Section 2.1, to successfully identify the
predicted double-alpha decay events, the suppression of the back-
ground relative to single alpha events needs to exceed the predicted
branching ratio of 10−8 for the back-to-back decay, resulting to at
least an order of 10−9 suppression factor. This can be achieved by
applying selection criteria in the analysis on the energy, space and time
information of the events.

To carry out an efficient energy selection, both the double-alpha
decay signal and the background from the decays of the child nuclei
were simulated. To simulate the background, the full decay chain was
simulated. The alpha particles in this simulation are emitted from
the central source. As the main background is caused by random
coincidence in the region of interest, the events of the two detectors
were randomly mixed together to build the coincidence artificially.
A simple region of interest was then constructed around the signal
and the number of background events in that region was counted.
The alphas detected at the edge of the DSSDs go through more of the
dead layer than alphas detected at the center. The more dead layer
the particle traverses, the worse the quality of the energy resolution as
straggling becomes greater. A reduced energy resolution will lead to a
reduced background suppression as the energy region must be enlarged
to capture all signal events. The Monte Carlo simulation showed that
the suppression by utilizing the energy information is 3.3 × 10−3 for
central pixels and 1.3×10−2 for non-central pixels. In the final analysis,
the energy selection will be further optimized to improve the signal-
to-background ratio. The energy resolution was assumed to be 34 keV
FWHM at ( 12𝑄2𝛼)224𝑅𝑎.

The random coincidences originating from alpha decay of the child
nuclei can be suppressed by applying spatial selection criteria. Due to
the symmetry of the detector system, the suppression factor is the sum
of the opening angle of both (back-to-back decay) pixels divided by
the total solid angle of the DSSDs. For the central pixels, this equals
to 1.1 × 10−2 and increases for off-centered pixel pairs. However, this
condition does come with an efficiency that is affected by the scattering
of the alpha particle before detection and the geometry of the system. A
3

Fig. 1. Schematic overview of the FRS ion catcher with the experimental setup used
to thermalize 224Ra ions in the Cryogenic Stopping Cell (left), filter and transport them
in the RFQ Beam Line (center) to the collection foil (right) for observation of decay in
the DSSDs (right).

study has been carried out to determine the magnitude of these effects.
The scattering of an alpha particle was determined to decrease the
back-to-back efficiency by 2.0% assuming a foil thickness of 10 μg cm−2.
The effect of a beam spot determined by a simulation of the ion optics
of 0.94mm FWHM decreases efficiency of the back-to-back suppression
by 14% compared to a simulation of a point-like profile. The largest
effect on the efficiency is a displacement between the two detectors on
the plane defined by the axis of the beam and by the axis of the ladder.
An offset of merely 2mm reduces the efficiency of the suppression by
69%. For this reason, the detectors were mounted on a holder which
ensures the symmetry of the system. However, the exact position of
implantation can be determined by analyzing the hit pattern on the
detectors.

As mentioned, an important parameter for the back-to-back coinci-
dence conditions is the size of the implantation beam spot. A study was
performed comparing simulations with different sizes of beam spots.
The measured hit pattern on the DSSDs was then used to determine
if there was a sizable difference. It was found that the beam spot size
could not be effectively determined from the hit pattern of the DSSD
when below the pixel size.

Besides the energy and spatial selections, the time selection criterion
is by far the most powerful condition to suppress background. The
expected counting rate of approximately 1 kBq leads to a suppression
of approximately 10−5 for a 20 ns time resolution.

The combination of the three selections should give a total suppres-
sion of approximately 10−9, though every pixel will have a different
value for the level that the background is suppressed.

3. Experimental setup

A schematic overview of the FRS ion catcher with the new experi-
mental setup is shown in Fig. 1. The system was composed of a CSC,
a RFQ beam transport line that could be operated as a mass-filter, an
ion-optical stage to focus the beam onto the collection foil, and the
DSSD system. Each of these components is described in the following
subsections.

3.1. Beam production, cryogenic stopping cell

Two thin, open commercial 228Th sources with an initial total
activity of 34.1(3) kBq (reference date 28th of January 2022, produced
by the Eckert & Ziegler Group [37]) were mounted in the INCREASE
version [38] of the CSC at GSI [22,39,40]. This configuration of the CSC
has for a distance of 48.2 cm long ion thermalization region compared
to ∼100 cm long region in standard configuration developed to capture
fast projectile fragments from the FRS separator. The CSC was filled
with ultra-pure helium gas at 73K and 30mbar for a density of approx-
imately 20 μg cm−3 corresponding to an areal density of approximately
1mg cm−2. The recoiling nuclei were thermalized in ultra-pure helium
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gas and extracted from the cell as ions. Note that the kinetic energy
of the recoiling 224Ra ions is only 97.00(22) keV[19] for the strongest
alpha decay branch, and thus the recoils have a range of less than
4mm [41] in the cold helium buffer gas with the given density. The
228Th alpha decay chain extends on from 224Ra through 220Rn, 216Po,
to 212Pb and then branches through 212Bi and 212Po with beta and
alpha decays ending in 208Pb. Due to charge exchange with the He
buffer gas and contaminants in the stopping cell, the 224Ra ions were
extracted mainly as doubly-charged ions due to the low second ioniza-
tion potential, while 220Rn, 216Po, 212Po and 212Bi as singly charged
ions. The ions were guided by a static electric field of approximately
8V cm−1 away from the source towards an RF-carpet that draws the
ions towards a central 0.7mm diameter orifice. An important feature of
the present system is the ability to select a given mass-to-charge ratio
of the products using a system of radio-frequency quadrupole (RFQ)
ion guides to produce a beam of 224Ra2+. The RF-carpet was operated
in a mode to transport ions with an mass-to-charge ratio greater than
approximately 100. This suppresses low mass (stable) ions [42]. Under
these conditions, the mean extraction time from the CSC was estimated
to be 70ms.

3.2. RFQ beam line

The ions exiting the orifice were captured by an RFQ ion guide in
a differentially pumped chamber maintained at ∼ 5 × 10−3 mbar and
room temperature. A small drag field transported the ions through the
RFQ. A short section of the RFQ beam line was supported on a linear
vertical drive that could move a silicon surface barrier (SSB) detector
with a collection foil into the path of the beam (labeled ‘‘Si-detector’’ in
Fig. 1). The SSB detector was used to monitor the number of short-lived
alpha-emitting ions extracted from the CSC. Due to the long half-life of
224Ra ions, the relatively short-lived isotope 220Rn was used to tune the
CSC and the beamline.

3.3. Matching and focusing ion optics

The final section of the beam delivery system was a differentially
pumped section, consisting of an electrostatic beam transport (labeled
as ‘‘ion optics’’), including an einzel lens, a steerer, and a cone-shaped
section between the two DSSDs to shield the beam from the DSSD bias,
see Fig. 2. The cone was tapered to avoid shadowing the corner pixels
on the DSSDs from the source and had a 3mm diameter opening so as
not to intercept the beam. The design of these ion optics were assisted
by simulations using the SIMION code [43,44]. The simulations predict
an implantation profile on the foil of less than 1 mm diameter (FHWM).

The ions were collected on a thin carbon foil placed at an angle of
55◦ with respect to the beam axis allowing the detection of back-to-
back radiation in the central pixels of the DSSDs with the highest solid
angles, see Fig. 3. The foil was held at negative 1 kV potential that
provided the final acceleration of the 224Ra2+ ions into the foil. The
angle of the collection foil and its holder created a small asymmetry
in the final electric field that caused the ions to deviate slightly from
the center line of the setup; see Fig. 3 for an example of the final beam
path calculated with the SIMION code [43,44]. The collection foil was
made out of carbon with an areal density about 10 μg cm−2 (with a
density of approximately 1.2 g cm−3) that was located between the two
DSSDs. Multiple foils with thicknesses of 9-13 μg cm−2 were mounted on
frames in a ladder. This configuration allowed changes of the collector
foil without opening up the vacuum chamber by moving the ladder
vertically.

3.4. Detector setup

DSSDs are well suited as alpha detectors for this application. They
produce signals that have typical rise times of the order of 10 ns or
4

Fig. 2. Schematic illustration of the experimental setup with side and top views. The
ions moved to the right onto the collection foil centered between the two DSSDs. Note
that the ladder with the collection foil is tilted at 55◦ with respect to the beam axis.
The actual positions of the detectors were slightly misaligned, see the text.

Table 3
Calculated values of the energy loss in MeV by the prominent
alpha particles in the DSSD dead layer for normal incidence,
and at the average angle for the central and corner pixels. See
text for explanation.
Alpha 𝛥E ⟨𝛥E⟩ ⟨𝛥E⟩
Energy Normal Central Px Corner Px

8.785 0.085 0.087 0.293
6.778 0.101 0.103 0.347
6.288 0.106 0.109 0.364
6.050 0.109 0.111 0.373
5.685 0.113 0.116 0.388

less [45]. These detectors will thus provide sufficient time resolution
for good background suppression, given the total counting rate of the
source. The orthogonal strips on the front and back of the silicon wafer
define pixels. The spatial resolution simply depends on the size of the
pixels, the distance to and size of the source. This provides reasonable
positional resolution across the surface of the detector, but the solid
angle subtended by each pixel will vary since the DSSD is flat while
the source emits the particles in a spherical distribution.

Finally, careful attention to reducing electronic noise in the signal
processing system can yield an energy resolution on the order of about
15 keV which allows clear differentiation of the predicted double-alpha
energy from the individual decay energies. The optimal DSSDs do not
need to be excessively thick since the range in silicon of the most
energetic alpha particle in the decay chain is only 13.2mg cm−2 or
∼57 μm being 8.784 86(12)MeV from 212Po [46]. Note, that the DSSDs
have a dead layer that can be approximated as a 0.75 μm thick layer of
aluminum on top of the silicon. Thus, alpha particles detected in a flat
DSSD from a point source will have a systematic increase of the energy
loss in the dead layer as one moves outward from the center pixels to
the corner pixels due to the increased path length traveled by the alpha
particles along the dead layer. Table 3 shows the calculated energy
loss for the five most prominent alpha energies for normal incidence
and also the average energy loss, ⟨𝛥E⟩, at the central angle of the
middle and corner pixels using the Standard Range Tables in the SRIM
package [41].

The experiment used Micron Semiconductor Ltd (MSL) type W1
DSSDs [47]. Each detector has an active area of 49.5 × 49.5mm2,
segmented into sixteen 𝑝+𝑛 junction strips on the front and sixteen
orthogonal 𝑛+𝑛 ohmic strips on the back. The strip width is 3.0mm and
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Fig. 3. Top view of the final path of the ions from the tip of the cone onto the
foil calculated with the SIMION code. The ions (black lines) move from the left onto
the collection foil centered between the two DSSDs. The red lines show equipotential
contours. Note that the ions are bent as they approach the foil due to the slight
asymmetry of the geometry.

the pitch size between the strips is 0.1mm. The available thicknesses of
the MSL type W1 DSSDs range from ∼ 50 μm, to 1500 μm [47]. For the
present experiment, a pair of 1mm thick DSSDs were used.

The present symmetric detector arrangement, with the detector
faces parallel to one another, allowed a clear identification of potential
back-to-back events based on the pixels in which events were observed.
It was also desirable to minimize the separation between detectors and
thus the distance to the implantation site and, thus, maximize the solid
angles covered by the detectors. This option, however, contains a trade
off since the solid angle of each pixel will vary strongly with position
given the flat surfaces of the DSSDs. The central pixels of the DSSD
will cover a much larger solid angle than the outer pixels. The choice
of the optimum separation of the detectors also had to consider the
total counting rate that will give an acceptable dead-time of the whole
system.

With the 228Th source strength and the established efficiencies for
extraction and ion transport, an estimated counting rate of ∼ 1 kHz
was used to balance the maximum counting rate per pixel with the
solid-angle coverage of the two DSSDs. The separation between the two
DSSDs was chosen to be about 2 cm. This distance provided a total solid
angle coverage of 4.15 sr for each DSSD (33% of 4𝜋 per detector), the
central eight pixels (four on each detector) covering a solid angle of
0.4 sr.

The detectors were mounted on THORLABS [48] post holders which
were secured to a THORLABS optical breadboard. The use of an optical
breadboard allowed precise alignment and positioning of the detectors
while allowing final adjustments of the detector positions or separation
if required at a later date.

3.5. Data acquisition and electronics

The MSL type W1 DSSDs were instrumented using the RAL108
double-alpha preamplifiers and RAL109 shaping amplifier and discrim-
inator modules developed by STFC Rutherford Appleton Laboratory
5

and the University Edinburgh that have been used at a number of
accelerator facilities [25,49,50].

The DSSDs were connected via two vacuum feedthroughs to two
externally mounted 32-channel preamplifier modules. The preamplifier
modules were directly mounted onto the vacuum flange to reduce the
cable length from each DSSD to the preamplifier input in order to
minimize the input capacitative load and extrinsic noise.

The RAL109 shaping amplifier outputs were connected to Silena
9418/6 V 32-channel, 12-bit VME ADCs, and the ECL outputs of the
RAL109 discriminators were connected to external logic modules (to
generate the DAQ trigger) and to a CAEN V767 128-channel VME
TDC operating in the common-stop emulation mode [51]. The RAL109
discriminator thresholds were typically set to ∼500 keV to suppress
signals from the energetic beta particles in the decay chain. The TDC
and data acquisition trigger was the logical OR of all discriminator
outputs.

Fixed amplitude pulser signals were sent to the test inputs of both
RAL108 preamplifier modules to monitor the stability of the gain and
offset of each channel. Positive and negative polarity signals were
provided by an Ortec 448 Pulser [52] and Ortec 433 Sum & Invert
Amplifier [52]. The pulser frequency was 50 Hz and continued to run
throughout the experiment.

The VME ADCS, TDCs, and scaler were readout by a Motorola
MVME 2434 CPU running the Multi-Instance Data Acquisition System
(MIDAS) software [53] and the data were written to disk. Scaler data
(e.g. triggers, triggers accepted, pulser events, etc.) were readout for
every event and were used, for example, to monitor dead time and the
readout of the fixed frequency pulser events also provided a 20ms clock.

The data acquisition system was run at no more than 5 kHz in the
present work so that the implantation rate was limited to be of the order
of 1 kHz given that a fully equilibrated 224Ra source emits a sequence
of five alpha particles per decay.

4. Experiment

The double-alpha experiment was carried out in the vault of the
final focus of the symmetric branch of the FRS at GSI and was inde-
pendent of all other experiments taking place at the FRS. Therefore, to
ensure undisturbed operation over a period of several month, a com-
pletely independent data acquisition system was installed, and a signal
indicating that a beam pulse was extracted from the GSI synchrotron
into the vault was included in the data stream. The commissioning
and test phases using ions extracted from the CSC began in January
2022. The data-taking phase ran from February until the middle of
July 2022, resulting in 123 days of measurement time. The achieved
duration of a stable performance for the stopping cell was possible
due to the development and implementation of a state-of-the-art slow
control system [54]. The performance of the stopping cell deteriorated
due to a leak towards the end of the experiment. As this was an offline
experiment, it was possible to increase the run time by a factor of four
to compensate for the lower rate. With the increased run time, the
conditions described in Table 2 could still be met.

The experiment can be divided into three main phases according
to the tuning of the mass filter. In the initial phase, lasting approxi-
mately 20 days, all of the extracted ions from the stopping cell were
transported to the collection foil. In the main data-taking phase lasting
approximately 80 days, mass filtering was applied to the extracted ion
beam. Using the mass filter set to 105u <𝑚∕𝑞 < 180u, about 35%
decrease in rate was observed for 220Rn1+, for 216Po1+, for 212Po1+

and for 212Bi1+ in comparison to the 224Ra2+ rate measured by the
DSSDs. Note that 212Bi nuclei are one of the most critical sources of
background, as they produce an alpha decay signal that is closest to
the expected double-alpha energy from 224Ra. However, it needs to
be pointed out, that the maximum reduction of the implanted 212Bi1+

rate is only a factor of two due to the continuous supply of 212Bi from
the 224Ra decay. Various background measurements transporting only
single charged ions were carried out during the final phase of data
taking, which lasted about 20 days. In total, approximately 3 × 109
224Ra2+ ions were detected.
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Fig. 4. A 2D histogram showing the hit pattern measured by the MCP system. The
histogram is calibrated by using the edge of the MCP and setting the scale to the
25 mm active area. This is shown in the solid blue line. The solid red line shows the
FWHM from a fit. Further details can be found in the text.

5. Validation of beam spot size

As mentioned in Section 2.2, the two DSSDs are not sensitive to the
size of the implantation spot if the implantation spot size is below the
pixel size. However, the size of the implantation spot on the collection
foil directly affects the efficiency of the back-to-back spatial selection
condition. For this reason, an additional measurement has been carried
out to determine the beam spot size.

The implantation spot was measured using a 3390 A 25mm Open-
Face microchannel plate (MCP) resistive anode encoder (RAE) detector
system from Quantar Technology [55]. The anode surface of the RAE
has a uniform resistance, meaning that the amplitude of the signal
recorded at the four corners of the RAE is a linear function of the 𝑥
and 𝑦 positions. This signal is decoded by arithmetic processing and
recorded for later analysis. For this detector setup, the spatial resolution
is 250 μm FWFM.

The cone-shaped electrode and the DSSDs were removed at the end
of the run to be able to host the MCP. The MCP was mounted onto the
end of the ion optics to ensure that the beam spot had a 90° incident
angle to the detector’s surface. The voltages were kept at the same
values as in the runs to keep experimental-like conditions. Measuring
the beam spot profile in this way results in the real beam spot size and
shape, as simulations show that the effect of the cone-shaped electrode
on the beam spot is negligible.

The raw data from the RAE is calibrated by using the random events
on the edge of the detector. The distribution is centered, and the scale
is chosen so that the diameter of the active area is 25mm. Then, the
hit pattern is fitted with a Gaussian to find the beam spot and its
characteristic dimensions, see Fig. 4. The FWHM of the beam spot is
measured as 2.3(1)mm for 𝑥 and 1.2(1)mm for 𝑦. This beam spot size is
much smaller than the pixel size and thus sufficiently small to construct
a rigorous back-to-back condition.

6. Single alpha particle events

This section presents important features of the spectra observed
when individual alpha particles were detected in one of the DSSDs.
The recorded energy distribution for an example dataset is shown in
Fig. 5. The energy signals above the noise threshold from all strips on
the junction side (so-called 𝑥-strips) are plotted against those from all
of the strips on the ohmic side (so-called 𝑦-strips) for a single DSSD,
6

Fig. 5. The distribution of energy deposited on the front side of a detector (𝐸𝑥) vs.
the energy deposited in the back side of the detector (𝐸𝑦) for the same event, for all
events observed in DSSD1 is shown. Thin magenta lines indicate the position of the
equal energy cut applied to the data.

for DSSD1. The horizontal and vertical straight lines apparent in the
spectrum indicate interstrip effects for the 𝑥 and 𝑦 strips, respectively.
In addition, all non-diagonal lines are a combination of this effect.
In the case of an interstrip event, the collection of the generated
charge carriers due to the energy deposited by the incident particle is
shared between adjacent strips of the DSSD. The phenomena has been
widely researched [56–62]. In order to filter out interstrip effects and
thereby avoid its related energy reconstruction, a selection criterion
was applied to the data that required nearly equal energy deposition
in the 𝑥 and 𝑦 strips. The selection region (±3𝜎) is shown within
the parallel diagonal magenta lines in Fig. 5. Another phenomenon,
that can be seen at the lower edge (𝐸𝑥, 𝐸𝑦 < 2000) of Fig. 5 as a
diffuse pattern, is the effect of beta particles depositing their energy.
An energetic beta particle scatters many times before depositing its
full energy, and charge sharing between strips is more pronounced.
Therefore, the introduced equal energy selection is an effective tool to
suppress the beta background as well. While the equal energy condition
helps to suppress the background of betas and of the interstrip effects,
it does not change the detector efficiency significantly, as the majority
of events fall within the magenta lines shown in Fig. 5. To reduce the
background by 𝛽-decaying nuclides it is desirable to have a relatively
thin detector to limit the amount of energy a 𝛽-particle deposits in the
silicon while still allowing the full alpha particle energy to be collected,
thus reducing pileup and the counting rate of the DAQ system given
appropriate electronic thresholds. On the other hand, the energy and
time resolution of a DSSD are inversely proportional to its capacitance,
hence thicker detectors are often preferred. As the signal region of
this measurement is dominated by alphas, the energy resolution was
prioritized.

An energy calibration was performed on the data set, which was
carried out in two stages. First, a relative gain and offset calibration was
applied to the raw ADC data [63] from all 32 channels of each DSSD,
which established a common arbitrary energy scale for all DSSD strips.
Then the most prominent peaks in a single strip spectrum were assigned
to the literature values of the expected alpha decay energies. The
same calibration procedure was performed for both DSSDs. Following
calibration, all of the prominent peaks in the spectrum could be clearly
associated with a known alpha decay.

Fig. 6 shows the energy of single strip events measured on the
junction side of DSSD1 for a central pixel. The alpha particles are
essentially normally incident on this pixel. The alpha energy resolution
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Fig. 6. Energy distribution from events in the 𝑥-side strips of a central pixel in DSSD1.
The main peaks assigned to the alpha decays are labeled by the parent nucleus. The
distribution is shown for 1 hour, 1 day, and 8.26 days of data taking. Good stability is
observed in the gains.

Fig. 7. Variation of the measured energy in various pixels that shows the effects of the
dead layer and the incident angle. Note that the 224Ra peaks, between 5600 and 5800
on this scale, move systematically to lower energies. In contrast, the other peaks from
the child nuclei show this migration and some energy splitting, see text for details.

was found to be approximately 30 keV to 40 keV FWHM per strip with
a significant low energy tail. The electronic noise measured with the
pulser was of the order of 10 keV to 15 keV FWHM. Three examples,
consecutive datasets with increasing measurement times are compared
in this figure. The lowest, light blue, curve shows the dataset after
1 h of measurement, the middle, blue, curve was collected in one day
of measurement, and the highest, dark blue, curve was collected in a
little more than eight days of continuous measurement. Overall, good
stability in the gain and offset was observed.

In Fig. 7 the measured energy spectra of four selected pixels on
DSSD1 are shown. These pixels share a common 𝑥 strip but moving
away from the central region towards the edge of the DSSD, along the
𝑦 axis. Two phenomena can be observed: the variation of the energy
spectrum for central pixels as compared to edge pixels; and a splitting
of all peaks other than the 224Ra lines. These can be explained due to
the effects of the dead layer of the detectors and due to the distribution
of recoiling child nuclei onto the detector surfaces, respectively. All
of the 224Ra is expected to decay from the central implantation point,
therefore, the alpha peaks corresponding to the decay of 224Ra do not
7

present splitting of the 224Ra peak. However, the child nuclei following
an initial decay of 224Ra can reside either in the collection foil or on the
front surface of a detector due to nuclear recoil and also radon effusion.
In the latter case, the alpha particle from the decaying child nucleus is
able to penetrate the dead layer nearly perpendicular on average to the
dead layer, i.e., the smallest effective thickness, thus, with the lowest
energy loss. In the former case of emission from the collection foil at
the center, due to the incident angle of the alpha particle, the width
of the effective dead layer and the related energy loss systematically
increases. The energy difference between the two cases is in the order of
few hundred keV (cf. Table 3) and causes the observed double peaking
of the daughter decay lines seen in Fig. 7.

The so-called hit pattern or intensity map of each DSSD was con-
structed for the alpha decay events exclusively within the energy range
of the 224Ra decay energy for both peaks. Fig. 8 shows the data in
an ‘‘open-book scheme’’ to provide an overall representation with an
indication of the position of the foil holder relative to each detector.
The left panel in this figure contains data from DSSD0 relative to the
back side of the foil holder while the right panel contains data from
DSSD1 relative to the front side of the foil holder. The ion beam moves
from the left edge to the center on the left panel and from the right
edge to the center on the right panel. The foil holder prevents the
alpha particles emitted from the collection foil reaching the surface
of the DSSDs due to its shadow. The so-called ‘‘shadow regions’’ can
be recognized approximately 2 to 3 𝑦-strips away from the foil holder.
The location and the asymmetry of these regions are in good agreement
with preliminary Monte Carlo simulations that take into account the
overall geometry and the slightly off-center ion implantation on the
foil. During the experiment the connection ceased to function between
the 𝑥 strip on the outermost edge of DSSD0 and the read out, which
is indicated in Fig. 8 as an empty strip. The hit pattern shows the
quality of the spatially resolved alpha data obtained during the run. In
combination with the small beam spot size it should allow a suppression
in accordance with the MonteCarlo estimate given in Section 2.2 by
gating on a back to back alpha emission.

7. Coincident alpha particle events

This section contains a brief presentation of the important features
of the coincident data and background suppression as discussed in
Section 2.2. However, details of the full analysis will be presented in a
subsequent manuscript. In addition to the predicted double-alpha decay
from 224Ra there is a decay predicted from 220Rn as well. Even though
the experiment is not optimized to be sensitive to this decay, it is still
valuable to also search for the double-alpha decay of 220Rn. However,
the primary analysis focuses on the search for the 224Ra double-alpha
decay and is thus the main subject of this work.

The distribution of energy signals for DSSD0 in coincidence with
DSSD1 with a time correlation window set only by the ADC trigger of
approximately 2 μs is shown in Fig. 9 for all event multiplicities. The
majority of events have a multiplicity of four (𝑥 and 𝑦 strips on two
detectors) but higher multiplicities are possible due to energy sharing
between adjacent strips. The region relevant for possible double-alpha
decay events was blinded; indicated by gray hashed bars. The figure
is almost entirely dominated by random coincidences at the respective
individual alpha energies. Additionally, an enhanced clustering of beta-
alpha coincidences can be seen around the 212Po alpha decay energy
(𝐸𝑥 ∼ 8800), which is a result of its short half-life of 294.3(8) ns[31]
following the beta decay of 212Bi. An interesting set of events can be
seen in the lower left quadrant of the figure. These events follow ∼45◦

straight lines that can be assigned to Rutherford backscattering [64]
of the daughter alpha particles. In this process, an alpha particle from
the decay is elastically scattered under a generally large angle by the
Coulomb field either of a Si nucleus in the detector medium or of an Al
nucleus in the dead layer and then the scattered alpha particle reaches
the other detector due to the close distance. This process is particularly
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Fig. 8. The so-called hit pattern or intensity pattern of single events gated on the 224Ra alpha decay energy in the two detectors. The illustration follows an ‘‘open-book scheme’’
for better visibility with an indication of the position of the foil holder. The left panel shows data from DSSD0, and the right panel from DSSD1. The patterns are generally
symmetric as expected and clearly show the shadow from the foil holder. During the experiment, the connection was lost between the outermost 𝑥 = 15 strip of DSSD0 and the
read out. A detailed explanation of the figure is provided in the text.
Fig. 9. Correlation plot of the observed energy signals in DSSD0 and DSSD1 with a
large time correlation window set by the ADC gate width of approximately 2 μs. The
red square indicates the region of ‘‘Rutherford’’ events, see text for further description.
The gray hashed regions indicate the blind data with the expected double-alpha energy
described in the text.

enhanced in the present case when the recoil nuclei are deposited on
the front surface of one DSSD. The sharing of the total alpha decay
energy occurs between the initial emission with nuclear recoil in one
detector and the signal from the scattered alpha particle in the other
detector. The scattering phenomena become more apparent when a
more stringent time gate is set on the data. Fig. 10 shows events with a
160 ns coincidence gate that was set in the TDC data. The more stringent
gate dramatically reduced the number of random coincidences but left
the number of Rutherford backscattering events essentially unchanged.
In fact, the Rutherford backscattering events provided a convenient
measurement of the coincidence timing resolution of the two DSSD.
Even without correcting for energy-dependent timing effects such as
amplitude walk of the RAL109 leading edge discriminator, the time
difference between DSSD0 and DSSD1 gated on ‘‘Rutherford’’ events
with energy signals between 2MeV to 3MeV is approximately 11 ns
FWHM as shown in Fig. 11 and gives an upper limit for the expected
time resolution of the overall system.
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Fig. 10. Same as Fig. 9, but with a smaller correlation window set by the TDC to be
160 ns. Red box indicates the region of ‘‘Rutherford’’ events. Gray hashed regions blind
the expected double-alpha energy regions, see text.

Fig. 11. Uncorrected TDC time difference between DSSD0 and DSSD1 gated on
Rutherford events (Events within a box between 2MeV to 3MeV). Note that this region
is almost entirely free from random coincidences.
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A detailed blinded analysis is currently ongoing and will explore
the ultimate performance characteristics of the setup further as well
as address the search for simultaneous double-alpha decay. In order
not to bias any future analysis, the alpha energy region in each DSSD
defined as 1

2𝑄2𝛼 ± 4𝜎𝐸𝑥 was removed from the analysis for each of the
wo candidate nuclei. Also, the lower energy bound was reduced by an
dditional ∼90 keV to take into account energy loss in the dead layer.

. Summary and outlook

In summary, the FRS Ion Catcher has been extended with a new
xperimental apparatus, which allows using a strong, purified source
f isotopes produced from alpha decay for high-statistics studies of
heir decay, in particular for the search for exotic decay modes in
hese nuclides by implanting them in a thin carbon foil held between
wo large area double-sided silicon-strip detectors. To optimize the
ize of the implantation spot on the foil to the sub-millimeter level,
n electrostatic matching ion optics was built and the implantation
rofile was measured with a position-sensitive MCP detector. In the
xperiment reported here, a 228Th source was used in the cryogenic
topping cell of the FRS Ion Catcher to produce 224Ra2+ ion, which
ave been identified as a strong candidate for the observation of a new
uclear decay mode in which two alpha particles are simultaneously
mitted in opposite directions from the decaying nucleus. The radium
uclei are the first decay products of a long chain of alpha emitters that
nd with 208Pb. An important feature in this experiment is the ability to
uppress the child activity by separating the 2+ radium ions from the
+ children operating the RFQ beamline mass-selectively as an RFQ
ass filter. In the experiment, we were able to measure the correlated
ecay events in terms of position, energy, and time over a period
f approximately 123 days and observed the decay of approximately
× 109 radium nuclei. The data from the search for the new decay
ode is under analysis, and the results will be described in a future
ublication.

As mentioned in Section 2.1, a higher source strength alone will
ot increase the sensitivity to this rare decay. A possible improvement
ould be to enhance the timing resolution, which would open the
ossibility of using a larger source strength. Detectors with smaller
ixelization would also give the ability to constrain random back-
o-back coincidences. The combination of these improvements should
ncrease the sensitivity by an order of magnitude.

Currently, it is not resolved how the background from 212Bi can be
urther suppressed in a future experiment using 224Ra. It is possible to
ry to find other isotopes that do not have this background, but most
f the candidates are short living. Then, a dedicated setup can be built
ased on the technique shown in this work for which the run time could
e significantly extended.
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