Journal of Visualized Experiments

Preparing an isotopically pure 229Th ion beam for studies of 229mTh

Article Type:
Manuscript Number:
Full Title:

Keywords:

Corresponding Author:

Corresponding Author's Institution:

Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

--Manuscript Draft--

Invited Methods Article - JoVE Produced Video
JoVE58516R2
Preparing an isotopically pure 229Th ion beam for studies of 229mTh

nuclear clock; 229-Thorium isomer; buffer-gas cell; ion guide; Paul trap; mass
separation; alpha decay; internal conversion

Lars Wense

GERMANY

L.Wense@physik.uni-muenchen.de
Lars von der Wense
Benedict Seiferle

Peter G. Thirolf

Response

Please indicate whether this article will be Open Access (US$4,200)

Standard Access or Open Access.

Please indicate the city, state/province, Maier-Leibnitz-Beschleunigerlabor, Am Coulombwall 6, 85748 Garching, Germany
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;58516_R2.docx %

1  TITLE:

2 Preparing an Isotopically Pure 22°Th lon Beam for Studies of 22°™Th

3

4 AUTHORS AND AFFILIATIONS:

5 Lars von der Wense, Benedict Seiferle, Peter G. Thirolf

6

7  Faculty of Physics, Ludwig-Maximilians-Universitat Miinchen, Germany

8

9  Corresponding Author:
10  Larsvon der Wense
11  L.Wense@physik.uni-muenchen.de
12
13 Email Addresses of Co-authors:
14  Benedict Seiferle (Benedict.Seiferle@physik.uni-muenchen.de)
15 Peter G. Thirolf (Peter.Thirolf@physik.uni-muenchen.de)
16
17 KEYWORDS:
18  Nuclear clock, 229-Thorium isomer, buffer-gas cell, ion guide, Paul trap, mass separation, alpha
19  decay, internal conversion
20
21 SUMMARY:
22 We present a protocol for the generation of an isotopically purified low-energy 22°Th ion beam
23 from a 233U source. This ion beam is used for the direct detection of the ?2°™Th ground-state
24 decay via the internal-conversion decay channel. We also measure the internal conversion
25  lifetime of 22°™Th as well.
26
27  ABSTRACT:
28 A methodology is described to generate an isotopically pure 22°Th ion beam in the 2+ and 3+
29  charge states. This ion beam enables one to investigate the low-lying isomeric first excited state
30 of 22°Th at an excitation energy of about 7.8(5) eV and a radiative lifetime of up to 10* seconds.
31 The presented method allowed for a first direct identification of the decay of the thorium
32 isomer, laying the foundations to study its decay properties as prerequisite for an optical
33 control of this nuclear transition. High energy ?2°Th ions are produced in the o decay of a
34 radioactive 233U source. The ions are thermalized in a buffer-gas stopping cell, extracted and
35 subsequently an ion beam is formed. This ion beam is mass purified by a quadrupole-mass
36 separator to generate a pure ion beam. In order to detect the isomeric decay, the ions are
37  collected on the surface of a micro-channel plate detector, where electrons, as emitted in the
38 internal conversion decay of the isomeric state, are observed.
39
40 INTRODUCTION:
41 The first excited metastable state in the thorium-229 nucleus, denoted as 22°™Th, exhibits a
42  special position in the nuclear landscape, as it possesses the lowest nuclear excitation energy of
43  all presently known ca. 176,000 nuclear excited states. While typical nuclear energies range
44  from keV up to the MeV region, 22°Th possesses an energy of below 10 eV above the nuclear
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ground state?3, The currently most accepted energy value for this state is 7.8(5) eV*°. This low
energy value has triggered interest from different physical communities and led to the proposal
of several interesting applications. Among them are a nuclear laser®, a highly stable qubit for
quantum computing’ and a nuclear clock®°.

The reason that 22°™Th is expected to offer a broad variety of applications is based on the fact
that, due to its extraordinary low energy, it is the only nuclear state that could allow for direct
nuclear laser excitation using currently available laser technology. So far, however, direct
nuclear laser excitation of 22°™Th was prevented by insufficient knowledge of the metastable
state’s parameters like its precise energy and lifetime. Although the existence of a nuclear
excited state of low energy in 22°Th was already conjectured in 1976, all knowledge about this
state could only be inferred from indirect measurements, not allowing for a precise
determination of its decay parameters. This situation has changed since 2016, when the first
direct detection of the 22°Th decay opened the door for a multitude of measurements aiming
to pin down the excited state’s parameters'12, Here, a detailed protocol is provided, which
describes the individual steps required for a direct detection of 22°™Th as achieved in the
experiment of 2016. This direct detection provides the basis for a precise determination of the
225mTh energy and lifetime and therefore for the development of a nuclear clock. In the
following the concept of a nuclear clock as the most important application for 2°™Th will be
discussed.

With a relative linewidth of AE/E~102° the ground-state transition of the thorium isomer
potentially qualifies as a nuclear frequency standard (‘nuclear clock’)®°. Due to an atomic
nucleus about 5 orders of magnitude smaller compared to the atomic shell, the nuclear
moments (magnetic dipole and electric quadrupole) are accordingly smaller than the ones in
atoms, rendering a nuclear clock largely immune against external perturbations (compared to
the present state-of-the-art atomic clocks). Therefore, a nuclear frequency standard promises a
highly stable and accurate clock operation. Although the accuracy achieved in the best present
atomic clocks reaches about 2.1x108 13, corresponding to a deviation of 1 second in a time
period considerably longer than the age of the universe, nuclear clocks hold the potential of a
further improvement which could become essential for a vast field of applications. Satellite-
based navigational systems like the Global Positioning System (GPS), Global Navigation Satellite
System (GLONASS) or Galileo presently operate with a positioning precision of a few meters. If
this could be improved to the centimeter or even millimeter scale, a plethora of applications
could be envisaged, from autonomous driving to freight or component tracking. Besides highly
accurate clocks, such systems would require reliable uninterrupted operation, with long-term
drift stability that secures long-resynchronization intervals. The use of nuclear clocks could turn
out beneficial from this practical point of view. Further practical applications of (synchronized
networks of) nuclear clocks could lie in the field of relativistic geodesy'#, where the clock acts as
a 3D gravity sensor, relating local gravitational potential differences AU to measured (relative)
clock frequency differences Af/f via the relation Af/f=-AU/c? (c denoting the speed of light). The
best present clocks are capable of sensing gravitational shifts from height differences of about
+2 cm. Thus, ultra-precise measurements using a nuclear clock network could be used to
monitor the dynamics of volcanic magma chambers or tectonic plate movements®. Moreover,



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

the use of such clock networks was proposed as a tool to search for the theoretically described
class of topological dark matter!®. Extensive discussion can be found in the literature on the
application of a 22°™Th-based nuclear clock in the quest for the detection of potential temporal
variations of fundamental constants like the fine structure constant o or the strong interaction
parameter (mq/Aaqcp, With mq representing the quark mass and Aqcp the scale parameter of the
strong interaction), suggested in some theories unifying gravity with other interactions'’. The
detection of a temporal variation in the ground-state transition energy of 22°"Th may provide
an enhanced sensitivity by about 2-5 orders of magnitude for temporal variations of the fine
structure constant or the strong interaction parameter!®26, The current experimental limit for
such a variation of o amounts to (do/dt)/o=-0.7(2.1)-10""7/yr 27, In the following the
experimental approach for the direct detection of the 22°™Th ground-state decay will be
described.

Evidence for the existence of the 229-thorium isomer until recently could only be inferred from
indirect measurements, suggesting an excitation energy of 7.8(5) eV (equivalent to a
wavelength in the vacuum ultra-violet spectral range of 160(11) nm)*°. Our experimental
approach, aiming at a direct identification of the isomeric ground-state deexcitation of the
225mTh jsomer, builds on a spatial separation of the isomer population in a buffer-gas stopping
cell, followed by an extraction, and mass-separated transport towards a suitable detection unit
to register the deexcitation products?®2°. Thus population and deexcitation of the isomer can
be disentangled, resulting in a clean measurement environment, unaffected by prompt
background contributions. Population of the isomer is achieved via the a decay from a
radioactive 233U source, where a 2% decay branch proceeds not directly to the ground state of
229Th, but populates the isomeric first excited state instead. a-decay recoil nuclei are
thermalized in an ultra-pure helium atmosphere of a buffer-gas stopping cell, before being
guided by electric radiofrequency (RF) and direct current (DC) fields towards an extraction
nozzle, where the emerging supersonic gas jet drags them into an adjacent vacuum chamber,
housing a (segmented) radiofrequency quadrupole (RFQ) structure acting as ion guide, phase-
space cooler and potentially also as linear Paul trap for bunching the extracted ions. For a
detailed description of the buffer-gas stopping cell and extraction RFQ see Refs. 303132 Since up
to that moment the extracted ion beam contains in addition to 22°(MTh also the chain of a
decay daughter products, mass separation is performed using a quadrupole mass separator
(QMS) in a subsequent vacuum chamber to finally generate an isotopically pure 22°™MTh beam in
selectable charge states (g=1-3). A detailed description of the QMS can be found in Refs. 3334,
Detection of the isomeric decay was achieved by impinging the Th ions directly on the surface
of a microchannel-plate detector (MCP), where electrons are liberated, accelerated towards a
phosphor screen and viewed by a charge-coupled device (CCD) camera. An overview of the
experimental setup is shown in Figure 1. A detailed description is given in Ref. 3>,

[place Figure 1 here]

The following protocol describes the underlying procedure to generate the 22°™Th jon beam
that enabled the first direct detection of the ground-state decay of the thorium isomer, thus
laying the foundation for studying its decay properties as a prerequisite of the ultimately
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envisaged all-optical control of this exotic nuclear state towards its application as an ultra-
precise nuclear frequency standard. For better orientation a schematic overview of the setup
used for direct detection of the isomeric decay!! is provided in Figure 2, containing a numerical
labelling of the components addressed in the following protocol. Also the components used for
lifetime determination!? are contained as an inset.

[place Figure 2 here]

PROTOCOL:

Note: Numbers given in the Protocol will reference to Figure 2.
1. Direct Detection of Th-229 Isomeric Decay

1.1. Mounting of the 233-uranium source

1.1.1. Mount the 233-uranium o source (1) through an access flange opening in the gas cell
vacuum chamber to the upstream end of the funnel ring electrode system (2) inside the gas
cell (3).

Note: The 290 kBg, 90 mm diameter 233U source was produced via molecular plating onto a
titanium-sputtered Si wafer3®. In order to achieve optimum a recoil-efficiency of the source,
its thickness should not exceed 16 nm, being the stopping range of 84 keV 22°Th in uranium.

1.1.2. Connect the cable to the source mount in order to allow for a DC offset of the source.
Close and seal the access flange and connect the external wiring to the 233U source.

1.2. Evacuation of the vacuum chamber and bake out

1.2.1. Start evacuation of the complete vacuum system by starting the roughing vacuum pump
(4) if shut down (controlled via a computer-based user interface (5)) and open the three (hand-
operated) valves (6) that connect the individual parts of the differential pumping stages to the

roughing pump.

Note: Start opening the valves from chambers downstream of the gas cell with open gate valve
(7) towards the turbo molecular pump of the gas cell to create a pressure gradient that
prevents potential contaminations from downstream chambers to be sucked into the gas-cell
chamber where highest cleanliness is demanded.

1.2.2. Once the pressures have reached a level in the sub-mbar range (read out via user
interface (5)) start the turbo pumps of the gas cell (8), the extraction radio-frequency
guadrupole (RFQ) (9) and the quadrupole mass separator (QMS) (10).

1.2.3. (optional) Open the bypass valve (11) to also allow for efficient evacuation of the gas-
supply tubing.
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1.2.4. Continue pumping for a few (4-5) hours until reaching saturation pressure, typically in the
range of low 10”7 mbar.

1.2.5. Start the baking system (12) via the user interface (5) with an upramping (typically 20 °C -
40 °C per hour) heating curve to a maximum of 130 °C.

1.2.6. Keep baking the vacuum system at 130 °C for 1-2 days until the pressure readings start to
decrease.

1.2.7. Start the cooling sequence of the baking system via the user interface (5) with a
downramping sequence, typically 20 °C - 40 °C per hour.

Note: Cooldown of the system typically requires 8 hours and is performed overnight. Successful
preparation of the vacuum system is achieved when the final cell-pressure after cool down
ranges below 5x101° mbar. The pressures in the RFQ and QMS chamber will be in the 10° mbar
and 108 mbar range, respectively.

1.2.8. Connect the external wiring to the RFQ vacuum chamber.

1.3. Preparation of the gas system and supply of ultra-pure He

1.3.1. Start the MonoTorr gas-purifier (13) and wait 20 minutes until it has reached its
operating temperature.

1.3.2. Close the bypass valve (11) if open.

1.3.3. Open the He-gas cylinder (14) (He of 99.9999 % purity is used for operation).
1.3.4. Open the pressure reducer valve (15) until a pressure of about 0.5 bar is shown.
1.3.5. Open the valve that connects the pressure reducer to the gas tubing (16).

1.3.6. Open the gas-flow control (17) until a gas flow of about 1.1 (corresponding to about 5
mbar I/s) is shown.

1.3.7. Flush the gas tubing for about 10 minutes to remove residual gases from the tubing.
1.3.8. Close the valve that connects the pressure reducer to the gas tubing (16).
1.3.9. Wait a few minutes until the He is removed from the gas tubing.

1.3.10. (optional) For highest purity of the buffer gas, fill the cryo-trap (18) with liquid nitrogen.
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1.3.11. Set the gate valve (7) between the buffer gas cell and its turbo molecular pump to
automatic operation and close the valve via the user interface (5).

1.3.12. Open the valve that connects the pressure reducer to the gas tubing (16).

Note: The buffer-gas stopping cell is now filled with ca. 30 mbar of He gas. In this way the RFQ
and QMS pressures are raised to 10* mbar and 10 mbar, respectively.

1.3.13. Adjust the rotary speed of the turbo-molecular pump of the extraction-RFQ vacuum
chamber (9) to 50% in order to set an ambient pressure of about 102 mbar.

1.4. Apply the electric guiding fields for continuous ion extraction

1.4.1. Apply a DC potential to the 233-uranium o source (1) of 39 V in continuous mode via a
customized DC voltage supply (19).

1.4.2. Apply a DC potential gradient of 4 V/cm (ranging from 35 V to 3 V) via a DC power supply
(20) and a voltage offset of 3 V via a 24 channel DC offset supply (21) to the 50-fold segmented
funnel ring-electrode system. All voltages are controlled with the computer-based user
interface (5).

1.4.3. Apply a DC potential of typically 2 V to the extraction nozzle electrode (22) with the help
of the same computer-based user interface (5).

1.4.4. Apply a DC potential gradient to the 12-fold segmented extraction-RFQ (27).

Note: The voltage of each segment can be applied individually with the help of the computer-
based user interface (5) via the 24 channel DC offset supply (21). A voltage of 1.8 V is applied to
the segment closest to the extraction nozzle. The voltages of the subsequent segments are then
stepwise decreased by 0.2 V, resulting in a voltage of 0 V applied to the 10th RFQ segment. This
corresponds to a DC gradient of 0.1 V/cm. In case of intended continuous transport of the
extracted ions a voltage of 0 V is applied to the 11th and 12th RFQ segments. For this purpose
the DC voltage supply of the 12t RFQ segment (23) is left at 0 V and the customized trigger
module (24) is set to continuous operational mode.

1.4.5. Apply RF frequency and amplitude to the funnel ring electrode system via a function
generator (25) and linear RF amplifier (26).

Note: Typical values for frequency and amplitude are 850 kHz and 220 Vy,, respectively. The
voltages can be controlled with a computer-based user interface (5). During funnel-RF voltage
application, monitor the current of the funnel DC offset supply (21). In case of sparks, which can
occur if buffer-gas purity is insufficient, this current will start to increase.
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1.4.6. Apply RF frequency (typically 880 kHz) and amplitude (typically 120-250 V,,) to the
extraction radiofrequency quadrupole (27) (extraction-RFQ) via a frequency generator (28) and
two RF amplifiers (29, 30), one for the RFQ and one for the individual bunching electrode. The
voltage can be controlled with the computer-based user interface (5).

1.4.7. Apply a DC potential of -1 V to the exit electrode (31) of the extraction-RFQ via a Mesytec
MHV-4 DC voltage supply (32).

1.4.8. Apply DC offset voltages to the quadrupole mass separator (33) (QMS). The offset voltage
of the QMS (center electrode and Brubaker lenses) is chosen to be -2 V via customized DC
offset modules (34,35).

1.4.9. Start the quadrupole mass separator (33) QMS by switching on the QMS function
generator (36), the RF amplifier (37) and starting the QMS user-interface (38). In the QMS user
interface the mass-over-charge ratio of the selected ion species is inserted (typically 76 u/e or
114.5 u/e, for the extraction of Th3* or Th?*, respectively). Also the QMS acceptance (typically 1
to 2 u/e) and the RF frequency (typically 825 kHz) is inserted.

Note: The Labview program will automatically apply and control the RF amplitude and the DC
potentials required for ion selection. The required RF amplitudes range from 600 to 1500 Vp,
and the DC potentials range from 50 V to 120 V. The DC potentials for mass separation are
generated by a customized DC module (39). A feedback-loop is implemented for RF and DC
voltage stabilization.

1.4.10. Apply DC potential to the focusing triodic electrode structure (40) behind the QMS (-2
V/- 62 V/-22 V) via the Mesytec 4 channel (MHV-4) voltage supply module (32).

1.5. Probe the ion extraction and tune the QMS

1.5.1. Apply an attractive surface potential of -1000 V to the front plate of the double-
plate (chevron geometry) microchannel-plate detector (41) (MCP) via a high voltage (HV)-
module (42).

1.5.2. Apply a potential of +900 V to the back side of the second MCP plate via a HV-module
(43).

1.5.3. Apply a potential of +5000 V to the phosphor screen (44) placed behind the MCP detector
via a HV-module (45).

1.5.4. Switch on the CCD camera (46) behind the phosphor screen and configure the exposure
parameters of the CCD camera in the corresponding graphical user interface on the data
acquisition PC (47).
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Note: The CCD camera is placed in a light-tight housing (48) to cover the detection from
ambient light. In case that the extraction is running properly and ions are passing through the
QMS a strong signal should be visible on the phosphor screen caused by the ionic impact of the
extracted ions. This signal is now monitored by the CCD camera.

1.5.5. Perform a mass scan to probe the signal shape and accordingly tune the QMS to extract
the desired ion species.

Note: This is an iterative procedure carried out with the help of the QMS user interface (38).
Select a desired mass-over-charge ratio (typically 114.5 u/e for 22°Th?*) and the QMS resolving
power (typically 1 u/e), then probe the ionic impact signal via the CCD camera. Shift the
selected mass in 0.5 u/e steps until a signal is observed. As soon as a signal is observed, probe if
also the 233U?* signal is observable by shifting the mass-over-charge-ratio by 2 u/e to higher
masses. If also this signal is observed, probe if the signals can be separated. If this is not the
case, adapt the QMS resolving power until the 22°Th?* and 233U?* signals can clearly be
distinguished. Then set the QMS to extract only the 22°Th?* ion species.

1.6. Detection of the isomeric decay

1.6.1. Switch off the QMS pressure sensor (49) via the pressure sensor control unit (50) in order
to reduce background from ionized helium and light produced by the sensor.

1.6.2. Adjust the QMS parameters to extract the Th?* or Th®* ion species for isomeric decay
detection.

1.6.3. Reduce the surface potential of the front plate of the MCP detector (41) to -25 V via (42)
in order to avoid detecting the signal from electrons originating directly from the ionic impact
of impinging ions. In this way a ‘soft landing’ of the 22°(™Th jons on the MCP surface is achieved

prior to the isomeric decay.

1.6.4. Apply an accelerating potential of typically +1900 V to the second MCP plate for optimum
electron amplification via (43).

1.6.5. Apply an accelerating potential of typically +6000 V to the phosphor screen placed behind
the MCP detector via (45).

Note: The actually applied voltages will depend on the MCP performance.

1.6.6. Start the acquisition sequence of CCD images and store the data on disk via the camera
user-interface (47).

1.6.7. Use Matlab programs for image evaluation and post-processing.
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Note: A description of the programs and how they are used can be found in Ref. 3> Appendix
B.3. Raw data of image frames as well as the programs used for evaluation have been made
available online at DOI 10.5281/zenodo.1037981.

2. Measurement of the 22°™Th Half-Life (Re-arrangement of the Setup)

2.1. Shut down and venting of the system.

2.1.1. Power off the high voltages of the MCP detection system (42,43,45), the QMS (37,38), the
Funnel system (25,26) and extraction RFQ (28,29,30).

2.1.2. (Optional) Power off all remaining DC voltages.

2.1.3. Manually close the He supply system (valves 14 and 16) and wait until the pressure of the
buffer-gas stopping cell is reduced to below 2 mbar.

2.1.4. Open the gate valve that connects the turbo pump to the buffer-gas stopping cell (7) via
the user interface (5) and wait until the He is fully removed from the system.

2.1.5. Close valve (17) of the gas supply line and switch off the gas purifier (13).

2.1.6. Set the gate valve (7) to manual operation in order to hinder it from closing when the
system is vented with dry nitrogen.

2.1.7. Close the three valves that connect the turbo pumps with the roughing pump (6) and
power down the three turbo pumps (8,9,10).

2.1.8. Switch on the QMS pressure sensor (49).

2.1.9. Wait until the rotation speed of the turbo pumps is reduced to significantly below 100 Hz
as monitored on the user interface (5).

2.1.10. Fill the dewar (51) with liquid nitrogen and open the venting valve (52) slowly. Wait
several minutes until the system is completely vented with dry nitrogen.

Note: Alternatively, dry nitrogen from a gas cylinder could be used. But in this case, care has to
be taken that no overpressure would occur (e.g., by inserting an overpressure valve or rupture

disk). The use of air is also an alternative but will lead to slightly longer evacuation times due to
the humidity.

2.1.11. Close the venting valve (52).

2.2. Replace the MCP with phosphor screen (41,44) by a small single-anode MCP detector (53)
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2.2.1. Disconnect and remove the CCD camera (46) together with the light-tight housing (48).
2.2.2. Disconnect the MCP detector with phosphor screen (41,44).

2.2.3. Open the vacuum flange that connects the MCP and phosphor screen with the
vacuum chamber.

2.2.4. Place the single-anode MCP (53) with a few mm distance behind the exit of the triode
extraction system (40) and connect the three wires that connect the front plate (42), back plate
(43) and the anode of the MCP (54) with the electric feedthroughs.

2.2.5. Close the vacuum chamber, the system is now ready for evacuation and bake out.

2.2.6. Provide the external wiring of the single anode MCP to the HV modules and the read-out
system.

2.3. Evacuation of the system and bake out

2.3.1. Evacuate the vacuum system by following the steps 1.2.1 to 1.2.3.
2.3.2. Follow the bake-out procedure of steps 1.2.4 to 1.2.8.

2.4. Preparation of the gas-tubing and supply of ultra-pure He

2.4.1. Follow the steps 1.3.1 to 1.3.12.

Note: For bunched mode operation we typically operate the RFQ turbo-pump at 100 % rotation
speed, resulting in a pressure in the 10 mbar range.

2.5. Apply the electric guidance fields for ion bunching

2.5.1. Apply a DC potential of 69 V to the 233-uranium o source (1) via the customized DC
voltage supply (19).

2.5.2. Apply a DC potential gradient of 4 V/cm (ranging from 65 V to 33 V) via the DC power
supply (20) and a voltage offset of 33 V via the 24 channel DC offset supply (21) to the 50-fold
segmented funnel ring-electrode system. All voltages are controlled with the computer-based
user interface (5).

2.5.3. Apply a DC potential of 32 V to the extraction nozzle electrode (22) with the help of the
same computer-based user interface (5).

2.5.4. Apply a DC potential gradient to the 12-fold segmented extraction-RFQ.
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Note: The voltage of each segment can be applied individually with the help of the
computer-based user interface (5) via the 24 channel DC offset supply (21). A voltage of 31.8 V
is applied to the segment closest to the extraction nozzle. The voltages of the subsequent
segments are then stepwise decreased by 0.2 V, resulting in a voltage of 30 V applied to the
10th RFQ segment. This corresponds to a DC gradient of 0.1 V/cm. In case of creation of a
bunched beam the ions are stored and cooled in the 11th electrode. Therefore, the 11th
electrode is set to 25 V and the last RFQ segment is raised to 44 V via the DC voltage supply (23)
to accumulate ions in the local potential bucket before releasing the ion bunch by lowering the
last electrode segment to 0 V within a microsecond, triggered by a customized trigger module
(24).

2.5.5. Set the trigger module (24) to bunch mode. The trigger module allows an adjustment of
the trigger rate and timing. Typically, 10 Hz is chosen as the trigger rate.

2.5.6. Apply the remaining voltages to the system, following steps 1.4.5 to 1.4.10.
2.6. Probe the ion extraction and tune the QMS

2.6.1. Switch off the QMS pressure sensor (49) via the pressure sensor control unit (50) in order
to reduce background from ionized helium and light produced by the sensor.

2.6.2. Apply an attractive surface potential of -2000 V to the front plate of the single anode
MCP (52) via a HV-module (42).

2.6.3. Apply a potential of -100 V to the back side of the MCP. The MCP anode is set to ground.
2.6.4. Switch on the 12 V power supply module (55) for the MCP preamplifier (56).

Note: Single ions impinging on the MCP detector are now counted with the help of the
combination of the preamplifier (56), an amplifier (57) and a constant fraction discriminator
(CFD) (58). The CFD signal is send to a data acquisition (DAQ) card of the PC used for QMS
control and can be monitored via the QMS user interface (38).

2.6.5. Perform a mass scan to probe the signal shape and accordingly tune the QMS to extract
the desired ion species.

Note: This is done with the help of the QMS user Interface (38). For this purpose, an initial and a
final mass-over-charge ratio is set (e.g., 110 u/e to 120 u/e for the 22°Th2* mass-range), as well
as the resolving power (e.g., 1 u/e) and the integration time (5 s) per scan step and the mass
scan is started by pressing the scan button. In case that the extraction is running properly and
ions are passing the QMS, strong signals of thorium and uranium will be visible caused by the
ionic impact of the extracted ions.

2.7. Lifetime measurement
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2.7.1. Adjust the QMS parameters to extract the Th?* or Th3* ion species for isomeric decay
detection.

2.7.2. Reduce the surface potential of the front plate of the MCP detector (52) to -25 V via (42)
in order to reduce the ionic impact signal.

2.7.3. Apply an accelerating potential of typically +1900 V to the second MCP plate for optimum
electron amplification via (43).

2.7.4. Apply an accelerating potential of typically +2100 V to the MCP anode via (53).
2.7.5. Start the data acquisition via a microchannel scaler (59).

Note: The preamplifier (56) and the microchannel scaler (59) allow for time resolved read-out
of the MCP detector. The ion bunches and the microchannel scaler are both triggered by the
trigger module (24). The scaler signal is obtained via a Labview user interface (60). An
exponential decay tail of about 10 microseconds lifetime becomes visible after the ion bunches,
corresponding to the thorium isomeric decay.

REPRESENTATIVE RESULTS:

The method described before allowed for the extraction of a decay products from a 233U source
placed inside a buffer-gas stopping cell, operated at ca. 30 mbar ultra-pure helium gas at room
temperature. For the first time up to triply charged ions could be extracted from such a device
with high efficiency 2°. Figure 3a displays the mass spectrum of ions extracted from the buffer-
gas cell, showing three groups of 233U a-decay products (plus accompanying contaminant
adducts) in singly, doubly and triply charged ionic states. Noteworthy is the dominance of
229Th3* extraction compared to 233U3*, while both species are extracted with about equal
intensity when being doubly charged. This fact was used for comparative measurements with
233y ions, which allowed the exclusion of any ionic impact as signal origin.

[place Figure 3 here]

After transport, cooling and mass separation, the ion beam impinges onto the surface of a
microchannel-plate detector, where a low attractive surface potential ensures the suppression
of ionic impact signals and leaves only electrons arising from the Internal Conversion (IC) decay
channel of the 2°™Th isomer to be multiplied in the strong electric field of the detector plate
channels. The resulting MCP signals as obtained for three different uranium sources are
displayed in Figure 3b. The ion species of doubly or triply charged ions which was selected with
the help of the quadrupole mass separator in each individual measurement is indicated by the
arrows from the upper panel. Shown are pictures acquired with the CCD camera behind the
phosphor screen, onto which the electrons from the MCP were accelerated. The field of view of
the CCD camera is indicated by the dashed circles for triply (first two columns) and doubly
charged (last two columns) 22°Th and 233U ions, respectively. The upper row represents the
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result obtained for a small-area 233U source (ca. 1000 extracted 22°Th3* ions per second, source
1), while the bottom row shows the same for a stronger source with ca. 10,000 extracted
229Th3* jons per second (source 3). It is obvious that in both cases a clear signal is obtained for
229Th, while no indication of an electron signal is observed for 233U 1%, In order to prove that this
signal indeed originates from a nuclear deexcitation and not from an atomic shell process, the
middle row shows the resulting camera image when using a 2*U source, where the o decay
populates the neighboring isotope 23°Th, with a comparable electronic, yet different nuclear
structure. As expected for 23°Th, no indication of a conversion electron signal is found in any of
the cases studied. So the strong signal, displayed in Figure 3c with excellent signal-to-
background ratio, is clearly correlated with the decay of 22°™Th.

Additional verification measurements to support this interpretation are shown in Figure 4. They
show two measurements to give further evidence that the registered electron signals indeed
originate from the decay of the nuclear isomer: in Figure 4a it is shown that the attractive
surface potential of the MCP detector was varied from -100 V (favoring the occurrence of
electrons from ionic impact) down to 0 V, comparing the count rates registered with the MCP
for extracted 22°Th?* (red) and 233U?* ions (blue). Clearly the count rate drops down to zero for
233y2* when realizing a ‘soft landing’ of the incoming ions with a surface voltage below ca. -40 V,
while a considerable count rate remains for 22°Th?* until the threshold of 0 V. In Figure 4b, the
blue curve shows the electron count rate registered for extracted ions after strong acceleration
towards the MCP detector surface with -2000 V. lonic impact of 233U%* and 22°Th?* ions is
observed with about equal intensity, as already shown for doubly charged ions in the extracted
mass spectrum of Figure 3a. The red curve shows the same scenario, however now for a ‘soft
landing’ of incoming ions with -25 V MCP surface potential. No indication of the ionic impact
signal of 233U?* is visible any more, while for 22°Th?* a signal remains, originating from the
isomeric internal conversion decay*.

[place Figure 4 here]

Thus, it can be unambiguously proven (together with additional arguments given in Ref.!1) that
the signal observed in Figure 4 originates from the isomeric decay of 22°™Th and represents the
first direct identification of the deexcitation of this elusive isomer.

Subsequently the segmented extraction-RFQ was operated as a linear Paul trap to create a
bunched ion beam, thus allowing for lifetime measurements of the thorium isomer. Since our
room-temperature high vacuum does not allow for sufficiently long storage times to investigate
the expected radiative lifetime of up to 10* seconds, only a lower limit of ti/2 > 1 minute could
be derived for charged 22°™Th ions, limited by the maximum achievable ion storage time in the
linear Paul trap!!. However, using the same detection strategy as applied before for the
identification of the isomer decay after neutralization of the thorium ions on the surface of an
MCP detector, the expected much shorter lifetime for neutral 22°"Th atoms undergoing internal
conversion decay provides access to lifetime information!?. Figure 5a shows the expected
shape of the decay time spectrum as simulated for an ion bunch with a pulse width of 10 us.
While the red curve indicates the ionic impact signal and the signal from an exponential decay
with 7 us half-life is represented by the gray curve with a long decay tail, the expected signal
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from the decay of the thorium isomer, comprised of both the ionic impact and the exponential
isomeric decay, is illustrated by the blue curve. Figure 5b displays the outcome of the
corresponding measurement for 233U3* (red) and 22°Th3* (blue), respectively. While uranium ions
only exhibit their ionic impact signal, for 229-thorium clearly the expected decay tail of the
isomer decay can be observed?®?.

[place Figure 5 here]

Fitting the decay tail with an exponential (corresponding to a linear fit to the logarithmic
representation in Figure 6) finally results in a half-life of the neutral 22°"Th isomer of 7(1) us 2.
This value nicely agrees with the theoretically expected lifetime reduction by nine orders of
magnitude from the ca. 10% seconds in case of the charged isomer due to the large conversion
coefficient of ouc~10° %7,

[place Figure 6 here].

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of the experimental setup. The thorium-229 isomer is populated via the 2%
decay branch in the a decay of uranium-233. 22°™Th ions, leaving the 233U source due to their
kinetic recoil energy, are thermalized in a buffer-gas stopping cell filled with 30 mbar helium
gas. The ions are extracted from the stopping volume with the help for RF and DC fields and a
low-energy ion beam is formed with the help of a radio-frequency quadrupole (RFQ). The ion
beam is mass-purified with the help of a quadrupole-mass-separator (QMS) and the ions are
softly implanted into the surface of a micro-channel-plate (MCP) detector combined with a
phosphor screen which allows for spatially resolved detection of any occurring signals. With
kind permission of Springer Research, this figure has been modified from 1.

Figure 2: Schematic sketch of the experimental setup used for isomeric decay detection. The
components used for lifetime measurement are shown as an inset. Individual components that
will be referenced in the protocol section are numerically labelled.

Figure 3: Identification of the direct decay of the 229-thorium isomer. a) Complete mass scan
performed with the 233U source 1 %°. Units are given as atomic mass (u) over electric charge (e).
b) Comparison of MCP signals obtained during accumulation of thorium and uranium in the 2+
and 3+ charge states (as indicated by the arrows linking to the mass scan). 233U and 23*U sources
were used (the source number is given on the right-hand side of each row). Each image
corresponds to an individual measurement of 2000 s integration time (20 mm diameter
aperture indicated by the dashed circle). Measurements were performed at -25 V MCP surface
voltage in order to guarantee soft landing of the ions. c) Signal of the 22°Th isomeric decay
obtained during 22°Th3* extraction with source 1. A signal area diameter of about 2 mm (FWHM)
is achieved. The obtained maximum signal intensity is 0.08 counts/(s mm?) at a background rate
of about 0.01 counts /(s mm?). With kind permission of Springer Research *.

Figure 4: Isomer decay verification measurements. a) 22°Th?* signal (red) compared to 233U?*
(blue) as a function of the MCP surface voltage. Errors are indicated by shaded bands. b) Signal
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of extracted ions as a function of the mass-to-charge ratio behind the QMS for MCP surface
voltages of -25 V (isomer decay, red) and -2000 V (ion impact, blue). Note the different
integration times and axis scales. In addition to the signal at 114.5 u/e (corresponding to
229Th?*), a further signal at 117.5 u/e occurs, which originates from the isomeric decay of 23°U.
With kind permission of Springer Research??.

Figure 5: Simulated and measured temporal ion impact and decay characteristics. a)
Simulation of the isomer decay time characteristics of 22°Th bunches. The simulation is based on
a measured bunch shape and the assumption that 2 % of the 22°Th ions are in the isomeric state
with a half-life of 7 us after neutralization. The electron detection efficiency is assumed to be 25
times larger than the ion detection efficiency. b) Measurement of the isomeric decay with a
bunched 2%°(MTh3* jon beam (blue). A comparative measurement with 233U3* is shown in red.
With kind permission of the American Physical Society?!?.

Figure 6: Fit to 22°"Th decay curve. Logarithmic plot of the temporal decay characteristics for
229(mITh2* jons (a) and 22°™MTh3* jons (b) together with a fit curve applied to extract the isomeric
half-life of 22°"Th after charge recombination on the MCP detector surface. With kind
permission of the American Physical Society'?.

DISCUSSION:

The range of recoiling a decay daughter nuclei in uranium amounts to only about 16 nm. In
order to achieve a high efficiency of the source for a-recoil ions for a given source activity, it is
mandatory to limit the source material thickness to this range. The a recoil extraction efficiency
is strongly affected by the cleanliness of the buffer-gas cell. Contaminations of the stopping gas
will lead to charge exchange or molecule formation. Therefore, the gas cell itself has to be built
according to ultra-high vacuum standards, in particular to allow for a baking of the cell and
avoiding any organic materials inside. The stopping gas has to be purified according to technical
state-of-the-art, starting from highest-grade gas purity assisted by catalytic purification and
delivery to the gas cell via an ultra-clean gas—supply line, partially surrounded by a cryogenic
trap to freeze out impurities. In general, careful alignment of the central axis of the complete
setup to the position of the gas cell extraction nozzle is essential for achieving a high transport
and detection efficiency?°.

Step 1.4.5 is the most critical of the protocol. For efficient ion extraction a high RF amplitude
has to be applied to the funnel ring electrode. However, if the amplitude is chosen too high,
sparks in the gas cell will occur. The maximum achievable RF voltage amplitude depends
critically on the purity of the buffer gas. A successful application of voltage is monitored via the
current of the funnel offset voltage. This current will increase in the case of sparks. If sparks
have occurred, the bake-out procedure has to be repeated in order to guarantee highest ion
extraction efficiency.

A further critical point is the application of the high voltages to the MCP detector (steps 1.6.2-
1.6.4). Field emissions can occur on the MCP, leading to the emission of electrons which can
lead to artefactual signals.
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Optimum ion extraction and (cooled and mass purified) transport towards the detection unit
requires careful alignment of the central optical axis. The availability of an optical alighment
system (alignment laser or theodolite) is essential. The efficient ion transport through the
extraction RFQ and the QMS requires a continuous stabilization of the radio-frequency
amplitudes for the two opposite phases applied to each opposite pair of rods?°. Identification of
extraction or transport problems can be facilitated by an ion diagnostic realized e.g., via a
multichannel-plate detector placed either consecutively at different positions along the ion
path during the commissioning phase of the setup, or alternatively, e.g., under 90° behind the
extraction RFQ with a high negative surface voltage (1-2 kV) to attract all extracted ions
towards the detector.

During operation typically two problems can arise. Not all voltages are correctly applied. In this
case usually no ions are extracted, and one has to find the place of not correctly applied
voltage. Also, impurities are present in the helium buffer-gas. In this case the extraction
efficiency for triply charged thorium ions will be drastically reduced and molecule formation
occurs. In the worst case, even sparks will show up when the funnel voltage is applied. The
reason for insufficient gas purity is typically a leakage in the gas supply line or a not properly
closed flange of the buffer-gas stopping cell.

The described method to generate a clean beam of ions containing the energetically low-lying
225mTh jsomer can be applied to all comparable cases where the ion of interest can be extracted
from the buffer-gas atmosphere in sizeable amounts. Cleanliness of the gas-cell and buffer gas
is mandatory, thus the amount of remaining gas impurities is a limitation to the sensitivity of
the method. While the employed microchannel-plate detector (MCP) is based on the detection
of electrons, as exploited here for the registration of low-energy conversion electrons, this case
already lies at the low-energy border of the efficiency curve for MCPs38, while for higher
energies the method would significantly gain in detection efficiency.

So far, the described method has provided the only reported direct and unambiguous
identification of the de-excitation of the thorium isomer. Alternatively, vacuum ultra-violet
(VUV)-transparent crystals (with large bandgaps, exceeding the assumed excitation energy of
the isomer) are doped with 22°Th. The goal is to place ??°Th ions in high (4%) charge state of
crystal lattice positions, inhibit de-excitation by the large band gap and aim at an excitation of
the isomer using X- rays from synchrotron light sources. Despite the elegant concept of this
approach, so far no VUV fluorescence could be observed in a series of experiments reported by
several groups worldwide3%#3, The same holds for a class of experiments that aims to realize
the nuclear excitation of the isomer via the electron shell of 22°Th, using a so-called electron-
bridge transition. Here a resonant coupling between an electron shell transition and the nuclear
isomer should allow for a more efficient isomer population** 4. Other experiments that aim for
the investigation of the isomeric properties are based on microcalorimetry*® or the observation
of the hyperfine-shift in the atomic shell*’. Very recently another method to excite the isomer
in a laser-induced plasma was reported*® and is subject to scientific discussion within the
community.
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The discovery of the internal conversion decay channel of the thorium isomer!! and the
determination of the corresponding half-life of neutral 22°Th (7(1) us)*? can be exploited in the
future to realize a first all-optical excitation with a pulsed, tunable VUV laser based on already
existing technology. Thus the present paradigm that this would require much better knowledge
of the excitation energy and a corresponding customized laser development can be
circumvented. In contrast, exploiting the knowledge of internal conversion electron emission,
gating the detection of conversion electrons with the laser pulse will provide a high signal-to-
background ratio, while allowing for a scan of 1 eV of excitation energy in less than 3 days®.
Moreover, a determination of the excitation energy of the isomer, still being work in progress,
can be based on the described method of generating the 2?2°™Th beam by sending IC decay
electrons into a magnetic-bottle electron spectrometer with retarding field electrode grids°.
The same technique will also allow to determine the isomeric lifetime for different chemical
environments (e.g., on large band-gap materials like CaF; or frozen argon) or in 22°Th* as well as
in the free, neutral atom.

The described method of generating an isotopically pure thorium ion beam of 3+ charge state
can be used as a tool to provide thorium ions for future laser-spectroscopy experiments. In this
case the ion beam can be used to load a Paul trap in a stable and efficient way. So far, the only
alternative method is to produce 2°Th3* by laser ablation from a solid target. This, however,
requires high laser intensities and a large quantity of 22°Th, which is an expensive radioactive
material and leads to the contamination of used vacuum components. For this reason, the
described method can be of significant advantage when it comes to nuclear laser spectroscopy
experiments. A first application of this type has already been published>*.

ACKNOWLEDGMENTS:

This work was supported by the European Union’s Horizon 2020 research and innovation
program under Grant Agreement No. 664732 “nuClock”, by DFG grant Th956/3-1, and by the
LMU department of Medical Physics via the Maier-Leibnitz-Laboratory.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

[1] Reich, C.W., Helmer, R.G., Energy separation of the doublet of intrinsic states at the ground
state of 22°Th. Physical Review Letters 64, 271-273 (1990).

[2] Reich, C.W., Helmer, R.G., An excited state of 22°Th at 3.5 eV. Physical Review C 49, 1845 —
1858 (1994).

[3] Guimaraes-Filho, Z.0., Helene, O., Energy of the 3/2* state of 22°Th reexamined. Physical
Review C 71, 044303 (2005).

[4] Beck, B.R. et al. Energy splitting of the ground-state doublet in the nucleus 2?°Th. Physical
Review Letters 98, 142501 (2007).

[5] Beck, B.R. et al. Improved value for the energy splitting of the ground-state doublet in the
nucleus 22°Th. Proceedings of the 12™ International Conference on Nuclear Reaction



745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

Mechanisms, Varenna, 2009, edited by F. Cerutti and A. Ferrari, LLNL-PROC-415170 (2009).

[6] Tkalya, E.V., Proposal for a nuclear gamma-ray laser of optical range. Physical Review Letters
106, 162501 (2011).

[7] Raeder, S. et al. Resonance ionization spectroscopy of thorium isotopes-towards a laser
spectroscopic identification of the low-lying 7.6 eV isomer of 22°Th. NJ. Physics. B, 44, 165005
(2011).

[8] Peik, E., Tamm, C., Nuclear laser spectroscopy of the 3.5 eV transition in 22°Th. European
Physical Letters 61, 181-186 (2003).

[9] Campbell, C.J., Radnaev, A.G., Kuzmich, A., Dzuba, V.A., Flambaum, V.V., Derevianko, A
Single-lon nuclear clock for metrology at the 19t decimal place. Physical Review Letters 108,
120802 (2012).

[10] Kroger, L.A., Reich, C.W., Features of the low energy level scheme of 22°Th as observed in
the o decay of 233U. Nuclear Physics A 259, 29-60 (1976).

[11] v.d. Wense, L. et al. Direct detection of the Thorium-229 nuclear clock transition. Nature
533, 47-51 (2016).

[12] Seiferle, B., v.d. Wense, L., Thirolf, P.G. Lifetime measurement of the 2>°Th nuclear isomer.
Physical Review Letters 118, 042501 (2017).

[13] Nicholson, T.L. et al. Systematic evaluation of an atomic clock at 2:108 total uncertainty.
Nature Communications 6, 7896 (2015).

[14] Flury, J., Relativistic geodesy. Journal of Physics — Conference Series 723, 012051 (2016).
[15] Ludlow, A.D., Boyd, M.M,, Ye, J., Peik, E., Schmidt, P.O. Optical atomic clocks. Reviews of
Modern Physics. 87, 637-701 (2015).

[16] Derevianko, A., Pospelov, M., Hunting for topological dark matter with atomic clocks.
Nature Physics 10, 933-936 (2014).

[17] Uzan, J.P., The fundamental constants and their variation: observational and theoretical
status. Review of Modern Physics 75, 403-455 (2003).

[18] Flambaum, V.V., Enhanced effect of temporal variation of the fine structure constant and
the strong interaction in 22°Th. Physical Review Letters 97, 092502 (2006).

[19] He, X., Ren, Z. ,Temporal variation of the fine structure constant and the strong interaction
parameter in the 22°Th transition. Nuclear Physics A 806, 117-123 (2008).

[20] Litvinova, E., Feldmeier, H., Dobaczewski, J., Flambaum, V., Nuclear structure of lowest
229Th states and time dependent fundamental constants. Physical Review C 79, 064303 (2009).
[21] Flambaum, V.V., Wiringa, R.B., Enhanced effect of quark mass variation in Th229 and limits
from Oklo data. Physical Review C 79, 034302 (2009).

[22] Rellergert, W.G., et al. Constraining the evolution of the fundamental constants with a
solid-state optical frequency reference based on the 22°Th nucleus. Physical Review Letters 104,
200802 (2010).

[23] Hayes, A.C., Friar, J.L., Sensitivity of nuclear transition frequencies to temporal variation of
the fine structure constant or the strong interaction. Physics Letters B 650, 229-232 (2007).

[24] Berengut, J.C., Dzuba, V.A., Flambaum, V.V., Porsev, S.G. Proposed experimental method to
determine a sensitivity of splitting between ground and 7.6 eV isomeric states in 22°Th. Physical
Review Letters 102, 210808 (2009).

[25] Flambaum, V.V., Auerbach, N., Dmitriev, V.F., Coulomb energy contribution to the
excitation energy in 22°Th and enhanced effect of a variation. Europhysics Letters 85, 50005



789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832

(2009).

[26] Porsev, S.G., Flambaum, V.V., Effect of atomic electrons on the 7.6 eV nuclear transition in
225mTh3* physical Review A 81, 032504 (2010).

[27] Godun, R.M., et al., Frequency ratio of two optical clock transitions in '’Yb* and
constraints on the time variation of fundamental constants. Physical Review Letters 113,
210801 (2014).

[28] v.d. Wense, L., Thirolf, P.G., Kalb, D., Laatiaoui, M., Towards a direct transition energy
measurement of the lowest nuclear excitation in 22°Th. Journal of Instrumentation 8, P03005
(2013).

[29] v.d. Wense, L., Seiferle, B., Laatiaoui, M., Thirolf, P.G., Determination of the extraction
efficiency for 233U source recoil ions from the MLL buffer-gas stopping cell. European Physical
Journal A 51, 29 (2015).

[30] Neumayr, J.B., The buffer-gas cell and extraction RFQ for SHIPTRAP. PhD Thesis, LMU
Munich, Germany (2004).

[31] Neumayr, J.B. et al. The ion-catcher device for SHIPTRAP. Nuclear Instruments and
Methods in Physics Research Section B244, 489-500 (2006).

[32] Neumayr, J.B. et al. Performance of the MLL-lon catcher. Review of Scientific Instruments.
77,065109 (2006).

[33] Haettner, E., A novel radio frequency quadrupole system for SHIPTRAP & New mass
measurements of rp nuclides. PhD Thesis, University of Giessen, Germany (2011).

[34] Haettner, E. et al. A versatile triple radiofrequency quadrupole system for cooling, mass
separation and bunching of exotic nuclei. Nuclear Instruments and Methods in Physics Research
A 880, 138-151 (2018).

[35] v.d. Wense, L., On the direct detection of 2?°™Th. Springer Theses 2018, Springer
international publishing, ISBN 978-3-319-70460-9.

[36] Eberhardt, K. et al. Actinide targets for fundamental research in nuclear physics. AlP
Conference Proceeding 1962s, 030009 (2018).

[37] Karpeshin, F.F., Trzhaskovskaya, M.B., Impact of the electron environment on the lifetime
of the 229Thm low-lying isomer. Physical Review C 76, 054313 (2007).

[38] Gorugantu, R.R., Wilson, W.G., Relative electron detection efficiency of microchannel
plates from 0-3 keV. Review of Scientific Instruments 55, 2030-2033 (1984).

[39] Jeet, J. et al. Results of a direct search using synchrotron radiation for the low-energy 22°Th
nuclear isomeric transition. Physical Review Letters 114, 253001 (2015).

[40] Yamaguchi, A., Kolbe, M. Kaser, H., Reichel, T., Gottwald, A., Peik, E., Experimental search
for the low-energy nuclear transition in 22°Th with undulator radiation. New Journal of Physics
17, 053053 (2015).

[41] Stellmer, S., Schreitl, M., Schumm, T., Radioluminescence and photoluminescence of
Th:CaF; crystals, Scientific Reports 5, 15580 (2015).

[42] Stellmer, S., Schreitl, M., Kazakov, G.A., Sterba, J.H., Schumm, T., Feasibility study of
measuring the 22°Th nuclear isomer transition with 233U-doped crystals. Physical Review C 94,
014302 (2016).

[43] Stellmer, S. et al. On an attempt to optically excite the nuclear isomer in Th-229.
arXiv:1803.09294 [physics.atom-ph] (2018).

[44] Porsev, S.G., Flambaum, V.V., Peik, E., Tamm, Chr., Excitation of the isomeric 22°™Th nuclear



833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

state via an electronic bridge process in 22°Th*. Physical Review Letters 105, 182501 (2010).

[45] Campbell, C.J., Radnaev, A.G., Kuzmich, A., Wigner Crystals of 22°Th for optical excitation of
the nuclear isomer. Physical Review Letters 106, 223001 (2011).

[46] Kazakov, G. et al. Prospects for measuring the 22°Th isomer energy using a metallic
magnetic microcalorimeter. Nuclear Instruments and Methods in Physics Research A 735, 229-
239 (2014).

[47] Sonnenschein, V. et al. The search for the existence of 22°™Th at IGISOL. European Physical
Journal A 48, 52 (2012).

[48] Borisyuk, P.V. et al. Excitation energy of 22°Th nuclei in laser plasma: the energy and half-
life of the low-lying isomeric state. arXiv:1804.00299v1 [nucl-th] (2018).

[49] v.d. Wense, L. et al. A laser excitation scheme for 22°™Th. Physical Review Letters 119,
132503 (2017).

[50] Seiferle, B., v.d. Wense, L., Thirolf, P.G., Feasibility study of Internal Conversion Electron
Spectroscopy of 22°™Th. European Physical Journal A 53, 108 (2017).

[51] Thielking, J. et al. Laser spectroscopic characterization of the nuclear-clock isomer 22°™Th.
Nature 556, 321-325 (2018).



Figure Click here to access/download;Figure;Figure_1.tif %

Tikcdic exdraction
systam

Micro-channel-plate
detector (MCF)

Supersaiic Linal-noss ks

Phoaphor screan on
fibra-optic wandow

CCD camera

ml..l SOUnce

Eleciric RF+2C-lunnel I

Bullet-gas shapping cell Radia-Tregueancy- E

(30 mbar) quisdripobe-ion guide (RFCH H
107 mibar Quadrupokl mass-gaparator (CS)

10 miar


http://www.editorialmanager.com/jove/download.aspx?id=884621&guid=fdc75e0f-0046-45e8-b33c-eaec143a2d05&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884621&guid=fdc75e0f-0046-45e8-b33c-eaec143a2d05&scheme=1

Figure

Click here to access/download;Figure;Figure_2.EPS

L]

ﬁ Jaydweaid
_qé T 104 A|ddns Jamod
° (@]
[0}
% =3 (oJeasay 5 =
o ) @ YOZ | LA 99UO|— PTOJUB)S ‘0T HS ol 5=
3 %_ ©  Jeydweaid 181823 "YonnA 21<g
%] — ) 3
3 o
o EB F01v Aiddn oo b
g £ ~19MOd AH N4 ZHo b6
55 °% & obeyonspouy] | £10100 o]
c g § 5 o Od [04uod
Q= T~ V8CyT enaqued)
B3 ~S — ~ 1/G 08} _J ‘JojeulwLosIp)
O [Py f
g g A\ o Jeu”dwv uonoel} JUeIsuo;
5| |2
®©
A
H0Tv Aiddng] @ N o aov
J9mod AH an|4= @) Py = T zHO L€
© <
abejjon Joydsoyd| =3 g s €1910D |
] 2 Od [04ju0d
| = 2 S IoRe
09LE AH| 2 = & S| 5E — —
‘b N5 T~ O ol 3= g
J1NO ‘ebeljon 2o 2 glaz g
apIsyoe cE = L
PISYOEQ O §Y £ 5|25 5 EINE
o8 I gl&e % no-peas 2 swold ] | [E
9vZ AI9AnS AH| & 28 = ales @ ino- ] | g
‘wnnsw) Aojgnay| = é g 2 Q= 5 10} 8d00s001d -
pbeyjon Juoly JON 0B 3
38 . odvxwomal] | |5 >
dOIN 10} 'S'A (N = ®3 8 ‘SND JoH k)
I I & o — opessusb gl | |2 é
spiem| o 10} 'S'A ) i
yun |onuog dwﬁi < ) SHo 2 (peziwoisno) =3 CTVIT =
i a = 8 Jeyeqnig oy 's'A r~ SIND 10} & (peziwoysno) || (paziwoysno) | Japspenuod |8
5% s § IS 5 D Josuas e soydwe 4y s|npow DA SN J8lys AH SN Bojeuy o} S J 5517
—h— o3 = 2 © ainssaid SWO o ZHO L€
o 2 LI%J B §- g —_ TeburzueH| | [~ (Peziwoisno)l | g1 8100 oy
. = = o S 5 ye & Aiddns ebeyod U S anpow| | ‘od 10nu0o
2 Q - o) D@ mos|e young| 19sy0 Od SO
@ % v AHIN 991Asay PO 1o ST, L\:J Ié @) Jojesodens gN
Q n
& ‘Aiddnsjesyo] sinpede Joy 's'A " PR (paziwoysno) L_ . . (paZIWoIsSnd
© 5@ jpuueyd 3| AN P S#109]8 young 1oy 3 (paziwo}sno), 2 Alddns abeyjo.
g G femop N1 € seydwe gy~ 4966ul] |=  0geounog
[T
a 8 iy —
ES_  _mm¢g Oy 10} 'S Tpazworm)] [ (peziwoisno)] | [ sve sa lepom
—Ah—————— &2 ° a = = % IeEES Oy Joj & 044 104FHE  SYS ‘D4 10T
< g—@ % Tl S ainssaid D4y 1oxiw Oa+Iu— |~ ssydwe 4y | Joreseust Ju| | |4
= SNl B R = &
zom v Slzzou 1o} S _voei-ovz IN3| [ sve satepon] | |©
™ 4 [ | g jouuny Jojl— ] S¥yS ‘[euuny Joj44
8] . =~ Jaydwe 4y Jojelauab 4y
=t |auuny 10} "S'A —1— L
g S0IN0S 10} SA (Poziwoysno) _
= < auunj Jo.
IR P UsboIN JOpIAIP éseudeg 2
~ 5 o —f 77777777 S pinbl yim pajily — 5
2 — < 58 Y — _denousbohin Jouuny 1oj 3INpoW AH 3 "
% <>: & Tca 2q ; Jaxiw Oa+4Y Bos| ‘Alddns jesyol—— £ F
i ® Sa 3 %;:; 1HD08Z-04 vy3av % Japinp abejoN=—15; 0 [suueYyd 7 E %
= g 2% © n.:ﬁ P |0J)u0d Moj} Seb 9 § £
< e = °T 28 = 90-05€ ONT £ ]
g_ .8 3 3 ® / _ Y -zuiey “puuny soff— = o
L o€ ¢ == 2 S |Aiddns semod 0a nw — |
LS 3 - = =
s 8 ‘ 222222727, § ¢ HJ?CJ’].WOEC?V?I {“:‘;
2 131und seb onkjejen (paziwio}sno) =
TT a |0J)U0D MOjSSEW 5
8 y S
3 = ; o § . o VoS odl q?)
2 3 N 1258 © @ Jop1e)d |—— 2
& rrr7d e [ 1225 I3 |0.u00 ainssaid o 3
o & ; OG5L= a <
g ﬁ LJ % ; s wna O o~ 2 S
2 =
- 2¢0¢-0152-N Vi ) (S
o G [ 4 S5 9 Teq 00¢ SJoNl 0G 9ZIWOJSND, 3
.% E’ - 1oAuos s Licictcis é E g e Z! apinbiy iy |0J(1%oo' 6urleeli | § Y T
83 2 8|5 2SIl sspuio seb o'g o i 50 &
(paziwoysno) pgdos| IN IDIN Vggélggi © — E § 5
sonaa|s bufjes = S
| peeu slosues ‘dwa) soyeld — % & —
:@ josu00 dwnd e
02 Je1sewoudIp dan ZLs
suswaIS| | ZHO ¥'C
|o1u09 dwnd P jued |8jy]
Od [04uod



http://www.editorialmanager.com/jove/download.aspx?id=884641&guid=674f0cea-bd82-4d9f-b8ef-84a20f5703fd&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884641&guid=674f0cea-bd82-4d9f-b8ef-84a20f5703fd&scheme=1

Click here to access/download;Figure;Figure_3.pdf =

a
3,000
3+
2,500 Th
2]
'© 2,000
g 1 Thz U2+
£ 1,500
3 1,000 o
© ] U™ 1h*(An) " Voo .
500 U™ (An) u”o, ' u'o,
A A
20 40 %80 10% I& 140 160 180 200 220 240 260 280
4 . m/q [u/e]
b h U Th U c
»
° _
= g 3o :
& o € 008 L
€ < = FIE
2z &  Booe| =
7] o) L
5 e 2
> 3 @ 0.04+ -
® 2 2
5 D Eo002/
£ & g
= 2 0.
5 20
()

233U (source 3)


http://www.editorialmanager.com/jove/download.aspx?id=884622&guid=7f5ef73c-52b3-43df-a82f-6a55d18fd115&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884622&guid=7f5ef73c-52b3-43df-a82f-6a55d18fd115&scheme=1

Figure Click here to access/download;Figure;Figure_4.eps %

a b
T T T T T T T T T T T 250
500 i 500 + 229Th2+ 233U2+
Isomeric decay ﬂ lonic impact 1200
2 400 ¢ During extraction of *°Th** 1 400 2
S 5 150 &
Lo T N
S 300} ' < 300} i
c I c
2 200} . S 200 1190 @
[ o c
3 © 3
O 100} During extraction of 2*3U?* 1 100 | 1°0 O
0t ] ot 10
-100 -80 -60 -40 -20 0 113 114 115 116 117 118 119

MCP surface voltage [V] m/q [u/e]


http://www.editorialmanager.com/jove/download.aspx?id=884623&guid=62f53306-5342-4705-9e5b-ea4a033b5d62&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884623&guid=62f53306-5342-4705-9e5b-ea4a033b5d62&scheme=1

Figure

Click here to access/download;Figure;Figure_5.JPG %

d b
---jonic impact 1 — 2Nl de
— Isomanc decay i — ZE e
—|on + isomer ﬁ 0.8
g 0.6
§ 0.4
0.2
40 50 Eﬂ 60 70 B0 201 100 110



http://www.editorialmanager.com/jove/download.aspx?id=884624&guid=ee282787-ff8b-4e6a-b27c-0d9713aaf20b&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884624&guid=ee282787-ff8b-4e6a-b27c-0d9713aaf20b&scheme=1

Figure Click here to access/download;Figure;Figure_6.pdf =

Th3* |]

counts / 160 ns
counts / 160 ns



http://www.editorialmanager.com/jove/download.aspx?id=884625&guid=97ec4d09-dfbf-469a-ac24-e6326f8e96db&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884625&guid=97ec4d09-dfbf-469a-ac24-e6326f8e96db&scheme=1

Table of Materials

Name of Material/ Equipment

Uranium-233 Source

RF funnel

Buffer-gas stopping cell
Roughing pump
Roughing pump control
Vacuum gauge Prepressure
Vacuum gauge cell 1
Vacuum gauge cell 2
Vacuum gauge RFQ
Pressure gauge QMS
Pressure control unit
Control PC 1

Simatic with CPU

Simatic without CPU
Vacuum valves

UHV gate valve
Turbo-Molecular pump 1
Control unit for TMP 1
Turbo-Molecular pump 2
Turbo-Molecular pump 3
Control unit for TMP 3
Bypass valve of gas tubing
Heating sleeves
Temperature sensors

Heating control unit

Company

Institut fur
Radiochemie

Universitat Mainz

Secamus

Laserschneidtechnik

GmbH

Workshop of LMU

Munich
Leybold
Siemens
Pfeiffer
Pfeiffer
Pfeiffer
Pfeiffer
Pfeiffer
Pfeiffer
Fujitsu
Siemens
Siemens
SMC
VAT
Pfeiffer
Pfeiffer
Pfeiffer
Edwards
Edwards
Swagelok
Isopad
Isopad

Electronic workshop of

LMU Munich

Catalog Number

customized

customized

customized

Screwline SP 250
Micromaster 420

TPR 265
CMR 261
PBR 260
PKR 261
PKR 261
TPG 256 A
unknown
S7-300

ET 200M
XLH-40
48240-CE74
TMU 400M
TCM 1601
HiMag 2400
STP 603
SCU-800
SS-6BG-MM
customized

TAI/NM NiCrNi

customized

Click here to access/download;Table of Materials;JoVE_Materials_Thorium.xls %

Comments/Description

290 kBqg U-233 deposited onto 90 mm diameter

50 ring electrodes, laser cut and electropolished

Vacuuchamber DN200 CF for buffer-gas stopping cell

Roughing pump for entire system
Control unit for Screwline SP 250

Pressure control for roughing pump

Pressure control for cell (high-pressure range)
Pressure control for cell (low-pressure range)
Pressure control for RFQ pressure read-out
Pressure control for QMS pressure read-out
Control unit for all pressure gauges

Control computer for buffer-gas stopping cell
Simatic for automation and control

Simatic for automation and control

Vacuum valves for evacuation control

Gate valve for cell closing during operation
Turbo pump for cell

Control unit for TMP TMU 400M

Trubo pump for RFQ

Trubo pump for QMS

Control unit for TMP Edwards STP 603

Valve to bypass the mass-flow controller
Heating sleeves for bake out of cell and RFQ
Temperature sensors for bake-out system

Control unit for Isopad heating sleeves
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Catalytic gas purifier

He gas cylinder

Pressure reducer

Valve of gas supply

Mass flow control

control unit for mass flow valve
Gas tubing

Cryogenic trap

DC voltage supply for source
DC voltage supply for funnel
DC voltage supply for RFQ
Laval nozzle

DC voltage supply for buncher
Trigger module

RF generator for funnel

RF amplifier for funnel

RF phase divider for funnel
RF+DC mixer for funnel
Extraction RFQ

RF generator for RFQ

RF amplifier for RFQ

RF amplifier for bunch electrode

SAES MonoTorr

Air Liquide

Druva

Swagelok

AERA

Electronic workshop of
LMU Munich
Dockweiler

Isotherm

Electronic workshop of
LMU Munich
Heinzinger

Iseg

Friatec AG

Heinzinger

Electronic workshop of
LMU Munich

Stanford Research
Systems

Electronic Navigation
Industries

Electronic workshop of
LMU Munich
Electronic workshop of
LMU Munich
Workshop of LMU
Munich

Stanford Research
Systems

Electronic workshop of
LMU Munich
Electronic workshop of
LMU Munich

PS4-MT3-R-2
He 6.0, 50 liters

FMD 502-16
SS-6BG-MM
FC-780CHT

customized
Ultron
unknown

customized
LNG 350-6
unknown

customized
LNG 350-6

customized

SRS DS 345

ENI 240L-1301

customized

customized

customized

SRS DS 345

customized

customized

Gas purifier for ultra-pure helium supply

Helium of 99.9999 % purity

Pressure reducer for He gas cylinder

Valve to open or close the gas supply

Mass flow control valve for He supply

Control unit for AERA mass flow control
electropolished gas tubing for He supply
cryogenic trap for He purification (optional)

DC offset voltage supply for U-233 source

Power supply for DC gradient of funnel

DC voltage supply for funnel offset, nozzle and RFQ
Laval nozzle for He and ion extraction

DC supply for bunching electrode

Trigger module for bunched operation

RF generator for funnel

Rf amplifier for funnel

RF phase divider for funnel

Voltage divider and RF+DC mixer for funnel voltage
Extraction RFQ for ion-beam formation or storage
RF generator for RFQ

RF amplifier for RFQ

RF amplifier for bunch electrode



RF+DC mixer for RFQ

RFQ exit electrode
4 Channel DC supply

QMs
Brubaker DC offset module

QMS DC offset module
USB-to-Analog converter

QMS HV shifter

QMS DC module
RF generator for QMS

RF amplifier for QMS
Picoscope
Control PC 2

Triode extraction system

MCP detector

DC voltage supply for MCP
DC voltage supply for MCP
DC voltage supply for MCP
CCD camera

Control PC 3

Light-tight housing
Dewar for LN2 supply

Electronic workshop of
LMU Munich
Workshop of LMU
Munich

Mesytec

Workshop of LMU
Munich

Electronic workshop of
LMU Munich
Electronic workshop of
LMU Munich

EA Elektro-Automatik
Electronic workshop of
LMU Munich
Electronic workshop of
LMU Munich
Tektronix

Electronic workshop of
LMU Munich

Pico Technology
Fujitsu

Workshop of LMU
Munich
Beam-Imaging-
Solutions

Keithley Instruments
CMTE (NIM module)
Fluke

PointGrey

Fujitsu

Workshop of LMU
Munich

Isotherm

customized

customized
MHV 4

customized
customized

customized
UTA12

customized

customized
AFG 3022B

customized
Picoscope 4227
Esprimo P900

customized

BOS-75-FO

HV Supply 246
HV 3160

HV Supply 410B
FL2-14S3M-C
Esprimo P910

customized
unknown

Mixes the RF and DC potentials for RFQ voltage

2-mm diameter exit aperture for differential pumping
DC offset for aperture and triode

Quadrupole mass separator for m/q selection
DC offset supply for Brubaker lenses of QMS

DC offset supply for QMS
to generate signal for QMS HV shifter

to shift the voltage of the QMS DC module

Module to provide DC voltages for QMS
RF generator for QMS

RF amplifier for QMS
Oscilloscope for QMS RF control
Control computer for QMS

Set of three ring electrodes to guide ions

MCP detector with phosphor sreen
Voltage supply for MCP front side
Voltage supply for MCP back side
Voltage supply for phosphor sreen
CCD camera for image recording
Control computer for CCD camera

Light tight wooden box for CCD camera
Dewar to provide dry nitrogen for venting



Evaporator for LN2

Single anode MCP detector
DC voltage supply for MCP
Power supply for preamplifier
Preamplifier for MCP signals
Amplifier for MCP signals
CFD

Multichannel Scaler

Control PC4

Labview

Matlab

Workshop of LMU
Munich
Hamamatsu

Fluke

Delta Elektronika
Ortec

Ortec (NIM module)
Canberra

Stanford Research
Fujitsu

National Instruments
Mathworks Inc.

customized
F2223

HV supply 410B
E 030-1
VT120A

Ortec 571
1428A

SR 430

Esprimo P920
various versions
version 7.0

Evaporator to provide dry nitrogen

Single anode MCP for lilfetime measurement
Voltage supply for MCP anode

Power supply for preamplifier

Preamplifier for MCP signals

Amplifier for MCP signals
Constant-fraction-discriminator for MCP signals
Multichannel scaler for signal read-out
Control computer for scaler read-out
Program used for measurement control
Program used for data analysis
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:
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Author(s):
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ttem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author} via: D Standard Access ‘@ Open Access

Item 2 (check one box):

g?’he Author is NOT a United States government employee.

D The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

[:] The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the foliowing
meanings: “Agreement”’ means this Article and Video License
Agreement; "Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other eontributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video" means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, arid in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. [n consideration of JoVE agreeing
to publish- the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of .copyright in the Article,
including any extensions thereto} license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now.known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (inciuding,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in ({a) above in such ftranslations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or ali of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as é're technically necessary
to exercise the rights in other media a’E1d formats. If the “Open
Access” box has been checked in‘ltelél- 1 above, JoVE and the
Author hereby gramt to the public afl Such rights in the Article
as provided in, but subject to all limitatiens and requirements
set forth in, the CRC License. .
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use al! or part of the Article for the nof-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
- to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in tem 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby

acknowledges and agrees that, Subject to Section 7 below,.
JoVE is and shall be the sole and exclusive owner of all rights of

any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section @
applies only if the “Open Access” box has been checked in

Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto} license {a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and {c) to license others te do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technicatly
necessary fo exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Governmeni Employees. If the Author is a United States
government empioyee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.5.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable

privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been publiished, that
the copyright interest is owned by the Author {or, if more than
one author is listed at the beginning of this Agreement, by
such authors coflectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author({s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
andfor misappropriate the patent, trademark, inteliectual
property or other rights of any thirdcparty. The Author
represents and warrants that it has-and will continue to
comply with all government, institutional and other
regutations, including, without [imitation all institutional,
laboratory, hospital, ethical, human,and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. I the Author requests the assistance of
JoVE in praducing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regidations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
In its sole discretion, elect not take arsy action with respect to
the Article until such time as it Exas received complete,
executed Article and Video License Agreements from each
such author. JoVE -reserves the rightf%;ln Its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actuafly published or not. "JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
fitming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harrmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author’s institution’s facilitfes, fraud, libel,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold loVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibillty
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
loVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12, Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of inveice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. if payment is

; not received by the completion of filming, production and

publication of the Materials will be suspended until payment is
received,

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
eriginal, but all of which together shall be deemed to me one
and the same agreement. A signed copy. of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Letter

Click here to access/download;Rebuttal
Letter;Jove_replyletter.docx

Letter of Reply to the Editors and Referees.

We would like to thank the Editors and Referees for their careful reading of the manuscript,
the many helpful comments and their positive decisions regarding the publication process.

In the following each point is shortly addressed directly in the comment letter:

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

We have revised and proofread the manuscript.
2. Please revise lines 44-50 to avoid previously published text; see attached iThenticate
report for details.

The lines have been completely revised in order to avoid previously published text.

3. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor or a
link to the editorial policy that allows re-prints. Please upload this information as a .doc or
.docx file to your Editorial Manager account. The Figure must be cited appropriately in the
Figure Legend, i.e. “This figure has been modified from [citation].”

All copyright permission has been obtained and is uploaded. Figures are cited accordingly.
4. Please rephrase the Summary to clearly describe the protocol and its applications in
complete sentences between 10-50 words: “Here, we present a protocol to ...”

The summary has been rephrased.
5. Please remove the headers in the Introduction.

The headers have been removed.
6. Please define all abbreviations before use.

Abbreviations have been defined where required.
7. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C,
60 s; etc.

The spaces have been introduced.

8. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors.
For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please
refrain from using bullets, dashes, or indentations.

The numbering of the Protocol has been completely revised and adapted to the Jove
requirements.
9. Please reference figures showing experimental set-up in the Protocol.

I+


http://www.editorialmanager.com/jove/download.aspx?id=884628&guid=a2d8eefd-cf05-453f-915a-0a858897582b&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=884628&guid=a2d8eefd-cf05-453f-915a-0a858897582b&scheme=1

As all numbers in the protocol refer to Fig. 2 of the manuscript, we have referenced to this
figure once in the beginning of the protocol.

10. Please revise the protocol to contain only action items that direct the reader to do
something. The actions should be described in the imperative tense in complete sentences
wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be
added as a “Note.” Please revise A.4.4, A.5.6, A.5.7, A.6.1,B.5.4, B.6.5, B.6.6, B.6.7, B.7.1,
B.7.5, etc., accordingly.

The mentioned protocol steps have been accordingly revised.

11. Please add more details to your protocol steps. Please ensure you answer the “how”
guestion, i.e., how is the step performed? Alternatively, add references to published
material specifying how to perform the protocol action.

The following references have been added to provide further background information:
[30,31,32,33,34,36].
12. A.5.7: Please describe how to perform a mass scan with the QMS user Interface.

The required information has been added.
13. A.6.6, B.6.5, B.6.7: Please provide more details here.

More details have been provided.

14. Please include single-line spaces between all paragraphs, headings, steps, etc., and align
all text to the left margin. After that, please highlight 2.75 pages or less of the Protocol
(including headings and spacing) that identifies the essential steps of the protocol for the
video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.

The text has been accordingly edited. About 2.75 pages have been marked in yellow.
15. Please include volume and issue numbers for all references.

All required information is provided for all references.

16. Although the majority of this does involve a custom-built system, please include any
other materials, equipment, and/or programs necessary to carry out this protocol in the
Table of Materials.

A complete table of materials has been added.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:



The manuscript describes in detail a setup and the operation procedure to realize a beam of
Thorium ions, which a 2% fraction in the low-energy isomeric state. This state is of highest
interest for a continuously growing community in atomic and nuclear physics as well as
metrology.

Major Concerns:

None, the manuscript is clear and VERY detailed. The setup and protocol described here has
lead to a multitude of breakthrough results and is currently the defining system in the field.
Even if it is unlikely that someone will reproduce this setup to follow the described
procedures, the individual technical and physical solutions found here are of great
importance.

Minor Concerns: None

We thank Reviewer 1 for the report.

Reviewer #2:

Manuscript Summary:

The authors describe the methods to obtain isotopically pure ion beam of 229Th, which is
important for the search of candidate nuclei of nuclear clock. The methods are used to and
can be extended to get long-lived isotopically pure ion beams. The steps of the experiment
are described in detail and clearly, and can be followed by the readers. The authors
highlighted the critical steps in the provided protocol. The results are useful to the
researchers who are concerning the nuclear clocks and isomers. However, the abstract is
more like for scientific paper, it would be better if the authors rewrite it and provide more
key experimental points. In the materials, the following improvements can be made:

We thank Reviewer 2 for the report. The abstract has been revised as proposed above. Each
point will be discussed individually in the following.

1. the figures 1 and 2 are almost duplicate, it could be better to give one figure describing
the experimental setups, pointing out the detection part for decay detection and lifetime
measurement with inset, the other figure with all the diagrams/sketches. Maybe this is more
appropriate for the JoVE.

We have followed this proposal and condensed figures 1 and 2 into a single figure (now Fig.
2). Further, a figure showing the experimental setup was added (now Fig. 1).

2. in figure 3, the upper three panels are not necessary, because the whole spectrum is
presented in the upper panel of figure 4, which is a much nicer presentation. it would be



better to rescale the spectrum from 60 to 280. Only the lowest panel, the enlarged plots are
useful. This means the authors have to reconsider how to arrange the figures.

We agree that some information given in previous Fig. 3 was redundant. We now reference
to Fig. 4 (now Fig. 3) instead und have revised the text accordingly.

3.inline 436 and 441, Figure 6 (top panel)... and the middle panel of fig 6 ... where top and
middle panels are not existing in the figure.

The corrections were implemented.

The method deserves for publication after the modifications suggested above.

Reviewer #3:

Manuscript Summary:

The submitted article presents a detailed overview and protocol that must be followed in
order to successfully extract 229Th recoil ions and subsequent daughter isotopes from an
ultra-pure buffer gas cell. As illuminated in the abstract and introduction, 229Th is a current
hot topic, hosting the lowest energy isomeric state of any nucleus, indirectly deduced to be a
few eV above the nuclear ground state. This unique state offers a rich playground for
precision spectroscopy and applications, branching fields of nuclear physics, atomic physics
as well as time and frequency standards. It is this latter application to which the authors pay
particular attention as the relative linewidth of the ground-state transition is such that the
isomer potentially qualifies as a nuclear frequency standard of unprecedented precision
which, if realized, could be essential for a vast field of applications and fundamental tests.
Until recently however the isomeric state itself had only been inferred from indirect
measurements and much controversy arose over the years as to whether the radioative
decay of the state had been seen. It is now known that this was not the case as a number of
background signals can mimic the decay. The Munich team, with a number of outstanding
recent results, conclusively proved the existence of the isomeric state through a detection of
the internal conversion electrons emitted from the decay of the state in a neutral (atomic)
form. In this current manuscript the procedure to repeat such measurements is presented in
a clear and step-by-step manner such that other groups, if they had access to the sources
and a similar setup would be able to identify the isomeric decay.

The isomer is populated via a 2% branch from the alpha decay of 233U. In order to spatially
separate the resulting population from other contaminants including daughters in the
radioactive decay chain of 233U, the authors choose to stop the recoil products in an ultra-
pure buffer-gas stopping cell, guide them using an electrode system to the exit nozzle, inject



into a radiofrequency quadrupole and mass separate using a quadrupole mass spectrometer
(QMS). Depending on whether direct detection of the isomeric state is the goal, or whether
a lifetime measurement of the state is required, the ions may be gently impinged onto the
surface of a multichannel plate detector coupled to a phosphor screen and CCD detector. A
number of verification measurements have been supported to prove that registered
electron signals indeed originate from the decay of the nuclear isomer.

Following an appropriate abstract and introduction, with an extensive reference list which
suitably covers the current status in the field as well as recognizing the earlier (now
historical) efforts, the protocol is presented. Mounting of the source, initial evacuation of
the vacuum chamber and baking out of impurities in the system, preparation of the buffer
gas and supply of ultra-pure helium, application of suitable electric guiding fields (and later
the needed modifications required for ion bunching and lifetime measurements), tuning of
the ion extraction and the mass separation and final detection of the state are detailed. In
order to follow the steps two very detailed figures accompany this aspect of the article, with
all components numbered accordingly. A set of representative results (already published
prior to this manuscript) are given which present the reader with what one might expect to
see, from a mass spectrum of ions extracted from the gas cell, to the signal obtained using
the CCD camera which indicates direct detection of the isomeric state. This is useful as the
results also indicate what one might expect to detect should a different isotope of uranium
be used as a source - again, verifying the existence of the isomer populated in the decay of
233U. Finally, the critical steps are summarized, troubleshooting options are presented, and
the method presented here is placed in context with other worldwide efforts which aim at
the study of the isomeric state using vastly different methodologies. It should be noted that
currently these other methods have either not worked or are currently the subject of
significant discussion in the scientific community.

In the following | have some minor comments. The article as it is currently presented is
suitable for publication and is thorough enough to be a useful resource for other researchers
aiming to learn about this technique.

We thank the reviewer for this comprehensive report. In the following the comments will be
considered individually.

1. Abstract, line 28-29, "enabling the investigation of...."

The abstract has been completely rephrased.
2. Line 48, "For the past 40 years...."

The first part of the introduction has been rephrased.
3. Line 107, it might be better to use the word "viewed" rather than "inspected" when
referring to the CCD camera.



This has been corrected.
4. Line 108, "...the underlying procedure to generate..."

This has been corrected.
5. Line 108, "foundation for studying"

This has been corrected.

6. In the protocol of part A 1.1, the authors state that the source thickness should not
exceed 16 nm, however surely this could be exceeded? The only drawback is that for a given
source strength, the overall recoil efficiency would be reduced due to the limited range of
229Th recoils in the uranium. But this would presumably be a matter of handling stronger
sources with redundant source material.

This is of course correct and the sentence has been accordingly rephrased.

7. In protocol 2 and 3 the evacuation of the chamber and bake out procedure is presented,
followed by the preparation of the gas supply. In this procedure | do not see any explicit
mention of monitoring the pressure in the subsequent vacuum chambers. This could be
noted, especially after the filling of 30 mbar of helium into the buffer gas cell, so that one
might understand the baseline pressures to be expected in the QMS chamber.

The information has been added.
8. Line 191, protocol 4.4. After this first line | suggest to add (27) as this is where the
extraction RFQ is mentioned for the first time.

The information has been added.
9. Line 249, protocol 5.6. "...passing through the QMS..."

This has been corrected.

10. Protocol 6.4. Here an accelerating potential of typically +6000 V is applied to the
phosphor screen, however in protocol 5.3 only +5000 V is applied. Does this additional
voltage make much difference?

For electron attraction the voltage difference between the second MCP plate and the
phosphor screen is set to +4000 V. The second MCP plate is changed from +900 V (Step 5.2)
to +1900 V (Step 6.4). The phosphor screen is accordingly adapted. In case that this
adaptation is not performed, the kinetic electron energy at impact will be reduced by 1/4.
This may slightly reduce the brightness of the spot produced on the phosphor screen during
electron impact, but would most likely not affect the concept.

11. Line 290, protocol 1.10. Would it also be an option to vent the system with dry nitrogen
from a bottle for example, or is it preferable to use the boiled off nitrogen which seems to
be suggested here?

Indeed this would be an alternative and has been added as a note. However, when venting
with nitrogen from a bottle, care has to be taken (e.g. by adding an overpressure valve to the
vacuum system) not to exceed atmospheric pressure and enter an overpressure regime.



Thus the vacuum system would become (unnecessarily) slightly more complex.
12. Line 339, "The trigger module allows an adjustment of..."

This has been corrected.
13. Protocol 7.5. Can you verify whether the trigger module which is labeled (30) here should
be (24)?

Indeed that was a mistake in labeling.

14. Representative results. In the first paragraph it is stated that the 229Th3+ and 233U3+
are extracted with about equal intensities. This is also the same for the doubly-charged state
according to Fig. 3, however not the case for the singly-charged state. It is claimed to be
noteworthy, however no explanation of why this is noteworthy is given. | suggest to expand
a little here on why this may be important.

An explanation has been added.
15. Line 481. "Besides" should be worded, "In addition to...."

This has been corrected.
16. Line 500, "...for a given source activity"

This has been corrected.

17. Line 515-516 is a little confusing. Perhaps, "A successful application of voltage is
monitored via the current... This current will increase in the case of sparks. If sparks have
occurred..."

The sentence has been rephrased in accordance with the proposal.
18. Line 576-577, "Thus the present paradigm that this would require....can be
circumvented".

This has been corrected.

19. Please note that both figures 1 and 2 are currently very poor quality which needs
addressed. It was very hard to read the numbering and text written in these figures - which
are the basis of much of the discussion in the protocol list.

We provide the figure now as a vector graphic and hope that this will solve the problem of
readability.

20. | noticed that the valve immediately after the backing pump was not labeled. Should this
also be (6)? Is it worth an additional mention or is this valve always open?

This valve is a safety valve which remains open during normal operation, for this reason we
think that no labelling is required at this point.



Reviewer #4:

Manuscript Summary:

The authors propose to visualize the preparation of a pure 229Th ion beam for studies of
229mTh. The isomer of this isotope has an energy of 7.8 (5) eV. At neutral thorium it decays
via internal conversion with a half-life of 7 us. In charged states this channel is energetically
not allowed and a radiative decay is the only possible decay channel which has a lifetime,
according to calculations, of up to 10.000 s resulting in a very narrow line width. As pointed
out in the Introduction of the manuscript there are many potential and rather important
applications relying on such an isomer.

No doubt, the presented material is valid. It has been presented prior to this paper in highly
rated refereed journals.

We thank Reviewer 4 for the report. In the following, the points will be discussed
individually.

Major Concerns:

The authors focus in the yellow highlighted part on the preparation procedure of the
isomeric beam and the detection of the isomeric decay. It describes in detail the rather
involved figure 1 which indicates the essential parts of the protocol to be filmed. | strongly
support the production of such a film although | have no idea how this can be done on the
basis of such an involved diagram. However, this is not my task as has been pointed out in
the criteria for reviewing the article. Anyway, | have the feeling that the film must show the
experimental setup and the signal generation, e.g., on the basis of figure 2 and 3 of the
Nature Vol. 533 article. Such figures are missing in the manuscript. | do not know whether
this is of importance for the film production, or not.

We partly follow the proposal and have added a figure showing a drawing of the
experimental setup (new Fig. 1). We consider the physical details of the detection process to
be of minor importance in this rather technical journal format. This, however, can be subject
to further discussion also with the editors.

Minor Concerns:
Line 62: Add explanations of the acronyms GPS, GLONASS or GALILEO in words.

The explanation of the acronyms has been added as far as possible. As it turned out
“Galileo” is not an acronym but rather the name of the program.
Line 414: The quoted charge state for thorium 3+ should be 2+.



This has been corrected.
Line 419: The voltage -900 V is inconsistent with regard to the nature article and the figure
caption.

This has been corrected.
Line 436: Figure 6 (top panel) is not in accord with the shown figure where it is a left panel.

This has been corrected.
Line 441: The middle panel of Figure 6 does not exist as well in the shown figure.

This has been corrected.
The table JoVE_Materials is empty.

A complete Material list has been added.
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