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Abstract

Among all the nuclei, Thorium-229 has the lowest excited level at approximately
8.3 eV. This level is an isomeric state with a long radiative lifetime. Therefore,
229Th can be excited to the isomeric state using a vacuum ultraviolet laser and
is expected to have applications such as in frequency standards. Our group has
been conducting experiments to excite 22°Th to the isomeric state via the sec-
ond excited state using the high-intensity X-ray beam available at the SPring-8
facility. To detect vacuum ultraviolet photons from the isomeric state of 229Th, a
dedicated apparatus was constructed. We employed 22°Th-doped CaF32 crystals
as the irradiation target. Because these targets emit numerous scintillation pho-
tons due to nuclear decay and X-ray beam irradiation, detectors are required to
significantly reduce these background events. To achieve this, we adopted dichroic
mirrors and a photomultiplier tube for detecting scintillation photons by nuclear
decay, in addition to a solar-blind photomultiplier tube for detecting decay pho-
tons from the isomeric state of 222Th. In this proceedings paper, we describe the
experimental apparatus used in the beamtime in 2023.
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1 Introduction

The excitation energy of the first excited state of the nucleus of 22°Th (?2™Th) is
about 8 electron volts (eV), the smallest and uniquely low among all known nuclei.
This energy corresponds to a wavelength of approximately 150 nm, a wavelength range
that can be accessed using today’s advanced laser spectroscopy technology. Therefore,



it is possible to create an atomic clock, using the transition between the ground state
and the first excited state of 229Th [1-3]. Unlike atomic clocks, which are realized using
optical lattices or ion traps, it is considered possible to construct solid-state nuclear
clocks [4, 5]. Since the proposal of a nuclear clock [1], various applications of nuclear
clocks have been proposed [6, 7].

In recent years, research on 22Th has made great progress [8-15], and several
review articles have been published [6, 7, 16, 17]. Neutral atomic 22 Th has undergone
internal conversion (IC) and its half-life was measured to be 7(1) us [9]. If 22°Th
is doped in a crystal with a large band gap, IC can be avoided. Recently, the first
observation of radiative decay of 22 Th was reported [13]. In [13], 22Fr and ?*’Ra
ion beam produced at the ISOLDE facility at CERN was implanted near the surfaces
of MgFy and CaF5 crystals. The measured wavelength of radiative decay photons was
Aisomer = 148.71(41) nm, which corresponds to a photon energy of Eisomer = 8.338(24)
eV. The measured half-life of 229" Th embedded near the surface of MgF5 is 670(102)
s. Note that the magnetic dipole transition rate in dielectric media with refractive
index n is n® times higher than that in vacuum [18]. The conversion of the half-life of
229mTY in a vacuum from the reported value needs to be carefully considered. This is
because the implantation depth of the ion beam is shorter than Ajsomer [13] and it is
not clear whether the refractive index effect should be treated as it is.

Direct excitation from the ground state to the first excited state of 22Th has not
yet been realized [19-21]; however, our group succeeded in producing 22™Th from
the ground state indirectly [14]. An X-ray beam available at synchrotron radiation
facilities is used to excite the ground state of 22°Th nuclei to the second excited state,
where roughly half of them are deexcited to 22°™Th.

After the success of indirect excitation, we started to construct a setup for the
detection of the radiative decay photons from 2?Th. Regarding the target for detect-
ing vacuum ultraviolet (VUV) photons from 22" Th, we employed CaF5 crystals doped
with 229Th, where crystal properties were well studied and a high 22 Th doping concen-
tration was achieved [22, 23]. Using these crystals, a half-life measurement of 22 Th
inside CaF5 and conversion to half-life in a vacuum are possible without having to be
concerned about the refractive index effect. In this proceedings paper, details of the
experimental apparatus are described.

2 Experimental setup

2.1 SPring-8

The experiment was conducted at the BL19LXU beamline of the SPring-8 facility. In
this beamline, a high-brilliance X-ray beam is available thanks to the 27-meter-long
undulator. The X-ray beam energy was selected using monochromator sets. One of
the reasons for this is to reduce the crystal transmittance by beam irradiation. We
used one Si(111), one Si(660), and one Si(880) monochromator set! for extracting the
29.2 keV X-ray beam, which corresponds to the second excitation energy of 22°Th
nuclei. Throughout the experiment, ionization chambers continuously recorded the

IThe Si(880) monochromator was installed in beamtime of 2023. This is found to be important for
avoiding damage to the crystal target.



X-ray flux per second. Beam profile and absolute beam intensity measurements were
occasionally performed using a silicon PIN detector. The typical intensity of the X-ray
beam downstream of the Si(880) monochromator was 1-2x10!! /s 2. The absolute X-
ray energy monitor [24] was located in the downstream-most area of the experimental
hutch. It takes a few minutes to obtain one absolute X-ray energy value. The energy
of the X-ray beam can be adjusted by mainly changing the reflection angle of the
Si(660) or Si(880) monochromator set.

2.2 Detection setup of vacuum ultraviolet light from 22 Th

In this experiment, there exist mainly two types of background events. The first is
photoluminescence (also called X-ray excited optical luminescence). When an X-ray
beam is injected into the crystal target, scintillation photons with various wavelengths
are emitted. After beam irradiation stops, the photoluminescence intensity gradually
decreases. The second is radioluminescence, which results from scintillation caused by
decays of 22Th and daughter nuclei. In some cases of B-decay (the kinetic energy
of the decay electron is higher than roughly 150 keV), Cerenkov photons are also
emitted. The event rates of the background are several orders of magnitude higher
than the production rate of 22 Th in this experimental condition. Therefore, although
background cancellation can be performed using a comparison of data between the
on-resonance and off-resonance conditions of the incident X-ray beam energy, strong
background rejection in the detection system is still essential.

Figure 1 shows an overview of the vacuum chamber used in this experiment.
This chamber was placed on a surface plate on a motorized workbench for alignment
between the target and the X-ray beam. At the beam injection parts of the chamber,
beryllium foils were used to reduce the X-ray beam loss. When the X-ray beam was
irradiated to the target crystal, intense scattering and scintillation lights were emitted
from the crystal. To avoid damage to the detector by the injection of strong light, the
point of the X-ray beam irradiation was separated. After beam irradiation, the target
holder was moved using the pneumatic stage. The movement time was approximately
one second.

2The typical X-ray beam intensity between the Si(660) and Si(880) monochromator is 9.5x10" /s.
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Fig. 1 Experimental setup for the detection of the VUV signal from 229 Th. The X-ray beam passed
through the left chamber, and light from the crystal target was measured in the right chamber.

In this experiment, several 2?2 Th-doped CaF, targets were used. 22°Th-doped
CaFy crystals were produced by TU Wien. For this experiment, small crystals of about
1 mm? are suitable because the X-ray beam diameter is roughly 1 mm and the attenu-
ation length of the 29.2 keV X-ray beam inside CaF5 is approximately 1.3 mm?. Some
crystal ingots produced were cut into several crystals, and we used roughly 1 mm?
crystals with a density of up to roughly 5 x 10'% /mm?3.

Figure 2 (top left) shows a photograph of the target holder. The target was fixed
using SUS wires (50 pm@) to the SUS holder. As the crystal target is irradiated
by the X-ray beam, the transmittance of the crystal decreases. For the recovery of
transmittance, each irradiated crystal was sometimes replaced during beamtime, and
annealed. The damaged crystal was heated to approximately 400°C by the jacket
heater inside the vacuum nipple for one hour as part of the annealing procedure. The
temperature change between room temperature and 4000C is slow to avoid crystal
damage, and it took about 10 hours in total to complete one annealing process. When
a crystal was replaced from one to another, the used crystal was annealed before the
next use. The duration of one beamtime was about one week and within that period,
the crystals were annealed a few times in total.

Figure 2 (top right) shows the schematic view of the setup for detecting vac-
uum ultraviolet (VUV) light from 22MTh. After beam irradiation, the target was
moved and then placed in front of the custom-made parabolic mirror (OptoSigma,
40 mm@). For the alignment between the target and the parabolic mirror, three-
dimensional stages (OptoSigma) were used, where optimization was performed so that
the radioluminescence event rate was the highest. To reduce background events, we
prepared dichroic mirrors (custom-made coating by OptoSigma). Right-angle prisms
were selected for the host material (Thorlabs, PS612) so that background by reflec-
tion from the rear surface was reduced. The reflectance of a dichroic mirror at the
peak wavelength is higher than 80%, which is much higher than the transmittance of

3In terms of the reduction of the radioluminescence background events, a smaller crystal is better.



commercial band-pass filters in the VUV region. Before signal photons hit the detec-
tor, they reflect in both horizontal and vertical directions, as shown in Fig. 2 (bottom
left). The overall reflectance after four reflections is lower than that of the four con-
secutive horizontal reflections because the reflectance of the s-polarized light of each
dichroic mirror is higher than that of the p-polarized light. Thus, these dichroic mirrors
efficiently reduce the background photons regardless of their polarization direction.
A custom-made uncoated MgFy lens (Pier Optics, 40 mm@) was placed down-
stream of the dichroic mirrors to focus the light from the dichroic mirrors. A solar-blind
photomultiplier tube (PMT, Hamamatsu, R10454) was used to detect the VUV sig-
nal. To reduce dark-photon background events, the VUV PMT was installed in the
metal holder, which was cooled to -30°C by using a Peltier temperature controller.
The event rate of the dark-photon background is less than 0.1 cps. Band-pass filters
(purchased from Teledyne Acton Optics and Pelham Research Optical LLC, 1 inch@)
mounted to the rotary holder could be inserted in front of the solar-blind PMT during
measurement, as shown in Fig. 2 (bottom right). These filters were used for measuring
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Fig. 2 Schematic view of the VUV detector.

Another PMT (Hamamatsu, R11265-203) was placed downstream of the first
dichroic mirror to reduce radioluminescence background events. This PMT detects
ultraviolet and visible photons produced by the scintillation of the target crystal.



2.3 Data acquisition

Figure 3 shows the scheme of data acquisition. Waveforms of the two PMTs were
amplified and recorded using an oscilloscope (National Instruments, PXIe-5162). Raw
waveform data were saved on a PC with an SSD connected to the oscilloscope via
a LAN cable. The data acquisition rate is at most several hundred Hz, where most
of the events are radioluminescence. During measurement, clock pulse signals were
prepared using a pulse generator (Stanford Research Systems, DG535). The channels
of the solar-blind PMT and the clock pulse were combined and recorded as the trigger
channel to estimate the data acquisition and background rejection efficiencies.

solar-blind o
BMT — amplifier | |
combiner — i
oscilloscope
pulse generator |_ PXle-5162
PMT for G
background rejection [ | amprmer

Fig. 3 Schematic view of data acquisition. The combined channel of the solar-blind PMT and the
pulse generator was used as the trigger channel.

3 Performance of the experimental setup for
detecting VUV photons

3.1 Waveform information

Figure 4 shows examples of waveforms. At the beginning of each measurement, strong
photoluminescence was observed. This causes a drift of the ground level of the PMT
for background rejection. Photoluminescence has multiple lifetime components and
its amount decreases over time from the beginning of a measurement [25]. When
a- or B-decay of 22Th or daughter nuclei occurred, numerous scintillation photons
(radioluminescence) were emitted from the target crystal. In the case of S-decay,
deposited energy in a crystal is sometimes low and the corresponding peak height of
radioluminescence is small.
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Fig. 4 Examples of waveforms. Left: example near the beginning of the measurement. Right: example
of when near the end of the measurement. Here, events triggered by the solar-blind PMT are chosen.
Trigger timing is set to the origin of time.

3.2 Rejection of the radioluminescence background

Figure 5 shows an example of the time spectra of observed events triggered by the
solar-blind PMT. These data were obtained under the off-resonance energy condi-
tion of the X-ray beam. Before background rejection, most of the triggered events
consisted of radioluminescence. These radioluminescence events were mostly rejected
using waveform information. If there is a radioluminescence peak near the timing
when the VUV PMT detected a photon, this event is rejected. If only timing informa-
tion is used, many radioluminescence background events remain. This is because this
rejection fails mainly when multiple radioluminescence waveforms overlap. Thus, pulse
height information near the timing is also used for background rejection. The rejection
conditions of the radioluminescence background depend on the experimental condi-
tions. For instance, the threshold value of the peak pulse height of radioluminescence
depends on the elapsed time from the start of the measurement because the strength
of photoluminescence decreases during measurement. Note that it is difficult to com-
pletely reject the radioluminescence background because in some cases of [-decay,
the number of emitted scintillation photons is quite low. After background rejection,
most radioluminescence events were successfully rejected. The remaining events were
mainly photoluminescence background, where the rate of these events depended on
the elapsed time from the start of measurement (the end of the irradiation of the X-
ray beam). The data acquisition efficiency and the event selection efficiency, i.e., the
ratio of the remaining 22°Th radiative decay signal after background rejection using
the waveform information of the UV /visible PMT, depend on the activity of the crys-
tal used. In the case where the 22 Th density is approximately 4 x 10*® /mm3, the
data acquisition efficiency is 98-99% and the event selection efficiency is roughly 30%
in this experimental setup and analyses. Although the condition of background rejec-
tion depends on the elapsed time from the start of measurement, this can be selected
appropriately to keep the event selection efficiency almost constant.
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Fig. 5 Time spectra of observed events triggered by the solar-blind PMT. These data were obtained
under the off-resonance energy condition of the X-ray beam. The right plot is an enlarged view of
the left plot.

4 Conclusion

To measure the radiative decay signal from 22°Th which is doped inside crystals,
we performed experiments at SPring-8, a synchrotron radiation facility located in
Japan. We produce 22 Th through the second excited state using a monochromatized
29.2 keV X-ray beam. To observe a clear signal, it is important to use three sets
of silicon monochromators in the beamline, crystals with a high ?2°Th density, and
an apparatus with efficient signal detection and strong background rejection. For the
reduction of luminescence background photons from 22 Th-doped CaF; crystal target,
we constructed a setup where dichroic mirrors and two types of PMT were used. The
radioluminescence background can be mostly ignored by using waveform information
of the UV /visible PMT, and the photoluminescence background can be subtracted by
taking both on-resonance and off-resonance data. This measurement system we have
developed can be used as is for experiments of direct laser excitation of 22°Th doped
in a crystal target.
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Appendix A Measurement of optical components

For the estimation of the expected number of detected signal photons from 22°*Th
Or Aisomer, We measured the transmittance or reflectance data of optical components,
such as dichroic mirrors and VUV band-pass filters. Figure A1 shows a schematic view
of the optical property measurement system. The monochromatic VUV light beam
is generated using the deuterium lamp (Heraeus, D200VUV) and the spectrometer
(Shinku-kogaku, VMK-200-IT). Each sample is placed on motorized stages so that
position and angle dependence can be measured. The PMT (Hamamatsu, R6836) is
also mounted on another motorized rotation stage so that both transmittance and
reflectance can be measured.
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Fig. A1 Schematic view of the optical property measurement system.
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