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Abstract: Precise and accurate atomic mass data provide crucial information for applications in
a wide range of fields in physics and beyond, including astrophysics, nuclear structure, parti-
cle and neutrino physics, fundamental symmetries, chemistry, and metrology. The most precise
atomic mass measurements are performed on charged particles confined in a Penning trap. Here,
we describe the development, status, and outlook of CHIP-TRAP: the Central Michigan Univer-
sity high-precision Penning trap. CHIP-TRAP aims to perform ultra-high precision (~1 part in
10! fractional precision) mass measurements on stable and long-lived isotopes produced with
external ion sources and transported to the Penning traps. Along the way, ions of a particular
m/ q are selected with a multi-reflection time-of-flight mass separator (MR-TOF-MS), with further
filtering performed in a cylindrical capture trap before the ions are transported to a pair of hyperbolic
measurement traps. In this paper, we report on the design and status of CHIP-TRAP and present
results from the commissioning of the ion sources, MR-TOF-MS, and capture trap. We also provide
an outlook on the continued development and commissioning of CHIP-TRAP.
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1. Introduction
1.1. Background and Motivation for CHIP-TRAP

The mass of an atom is one of its fundamental quantities. It directly influences the
dynamics of the atomic system under the influence of gravitational and electromagnetic
forces but also reflects the effect of nuclear and atomic interactions inside the system
through the mass—energy equivalence. As such, atomic masses are required and utilized in
a wide range of applications and fields, including metrology, tests of fundamental physics,
analytical chemistry, nuclear structure studies, tests of fundamental symmetries, nuclear
astrophysics, and in particle and neutrino physics. The necessary degrees of precision to
which the atomic masses are required vary from ~10~° fractional precision for molecular
identification in analytical chemistry, to <10~!! for applications to fundamental physics and
neutrinos. Over the last three or four decades, the Penning trap has proven to be the most
precise and accurate tool for performing atomic mass measurements on a range of nuclides,
covering the nuclear chart from the proton to superheavy elements, see, for example [1,2].

The Central Michigan University (CMU) high-precision Penning trap (CHIP-TRAP) is
being developed at CMU with the goal of performing ultra-high precision mass measure-
ments (<10~ 1) with applications to neutrinos and tests of fundamental physics. For exam-
ple, a measurement of the 13Ho electron capture (EC) decay Q value to a precision of ~1 eV
is important for experiments that aim to determine the electron neutrino mass via electron
capture decay spectroscopy with 1®Ho [3,4]. In the case of 8~ and EC decay, the Q value
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can be directly obtained from the energy equivalent of the mass difference between parent
and daughter atoms:

Qp-/£c = (Mp — Mp)c?, 1

where Mp and Mp are the masses of the parent and daughter atoms, respectively, and it
is understood that the parent and daughter nuclides are not the same for both = and
EC decay (although these decays can have a common parent or daughter). The mass
difference can be determined from the mass ratio of ions of the parent and daughter nuclides
R = Mp/Mp, which is directly measured via Penning trap mass spectrometry (PTMS).

Another example is a direct test of E = mc?. This test can be performed by comparing
a Penning trap measurement of the 3*CI->>Cl mass difference with the 3°Cl n-separation
energy obtained from high-precision spectroscopy measurements of 7y rays emitted after
cold neutron capture on 3°Cl [5]. The y-ray spectroscopy measurement has been performed
to a precision of 1.8 eV [6], corresponding to uncertainties of ~4 x 10~!! in the masses
of 3%Cl.

1.2. Penning Trap Mass Spectrometry and CHIP-TRAP

An ideal Penning trap consists of a uniform magnetic field and a quadratic electrostatic
potential. These fields respectively provide radial and axial confinement for charged
particles'. Without the presence of the electric field, the radial cyclotron motion of an
ion with a charge-to-mass ratio q/m in a magnetic field of strength, B, occurs at the
cyclotron frequency:

qB

fo= . @

Hence, the goal of Penning trap mass spectrometry (PTMS) is to determine the mass
of an ion via a measurement of f.. However, the electric field has the effect of reducing
the frequency of the cyclotron motion, resulting in the so-called reduced or trap cyclotron
motion, with frequency f,. An additional magnetron radial mode, with frequency f_, is
also introduced due to the E x B drift experienced by an ion in the Penning trap. Hence,
along with the axial motion with frequency f,, an ion in the trap undergoes three normal
modes of motion. Nevertheless, by measuring and combining the normal mode frequencies,
the true cyclotron frequency, f. of Equation (2), can be reconstructed. The two primary

means for doing so are via the Brown—Gabrielse invariance theorem [7],

ff=fi+2+f ®)

and via the relationship [8]
fe=fr+f- 4)

There are two main categories of techniques used to measure the normal mode frequen-
cies: destructive and non-destructive. The destructive techniques involve probing the ion’s
motion inside the Penning trap before ejecting it from the trap and detecting it on a sensitive
ion detector, typically a microchannel plate (MCP) detector. Destructive measurement
techniques include the traditional [9,10] and Ramsey [11-13] variants of the time-of-flight
ion cyclotron resonance technique (TOF-ICR), and the more recently introduced phase
imaging ion cyclotron resonance (PI-ICR) technique [14,15]. Compared to non-destructive
techniques, destructive techniques are typically more compatible with mass measurements
on short-lived isotopes produced at accelerator facilities and transported to the Penning
trap (on-line Penning trap facilities) [1,2]. Non-destructive techniques involve detecting
the ion inside the Penning trap via the image currents it induces in the trap electrodes used
to create the quadratic electrostatic potential. These techniques have been used mainly for
ultra-high precision measurements with stable isotopes, with ions being produced inside
the Penning trap by ionizing gases or vapors admitted to the trap (off-line Penning trap
facilities); see [16-19].



Atoms 2023,11,127

30f16

CHIP-TRAP aims for ultra-high precision measurements with stable and long-lived
isotopes. Ions are produced in external ion sources and transported to the Penning trap.
This will provide access to a wide range of isotopes and enable the use of techniques
developed at on-line Penning trap facilities to efficiently select a minority population of
ions of interest. This will enable measurements with isotopes that are only available in
small quantities. The CHIP-TRAP measurement trap will consist of a pair of hyperbolic
traps that will employ simultaneous measurements using a phase-sensitive image charge
detection technique. This will reduce statistical uncertainty due to temporal magnetic
field fluctuations.

2. Materials and Methods

A CAD drawing of the CHIP-TRAP apparatus is shown in Figure 1. The CHIP-TRAP
apparatus consists of two ion sources, a transport beamline that includes a multi-reflection
time-of-flight mass separator (MR-TOF-MS), microchannel plate (MCP) detectors, a 12 T su-
perconducting magnet that houses the CHIP-TRAP Penning traps, and a pulse tube cold
head for cooling the Penning traps to 4 K.

Cold head
12 T Magnet

MCPs
MR-TO F-Mg

Figure 1. CAD drawing of the CHIP-TRAP apparatus. The main components include a Penning
ion trap source (PITS), a laser ablation source (LAS), microchannel plate (MCP) detectors for ion
beam detection, a multi-reflection time-of-flight mass separator (MR-TOF-MS) for separating ions of
different nominal m/q, a 12 T superconducting magnet that houses the Penning traps, and a cold
head for cooling the traps down to 4 K.

The two ion sources that CHIP-TRAP employs are a laser ablation ion source (LAS)
for producing ions from solid target materials, and a Penning ion trap source (PITS)
that uses electron impact ionization to produce ions from gaseous materials. These are
described in more detail below. After ions are extracted from one of the ion sources, they
are directed into the main beam line and enter the MR-TOF-MS, which can be used to
resolve ions of a particular nominal m/q. Next, the ions enter the bore tube of a 12 T
superconducting solenoidal magnet and are first captured in a cylindrical capture/filter
trap for ion identification and the removal of isobaric contaminant ions. The remaining
ions of interest are then transported to a pair of hyperbolic geometry measurement traps
for precision mass measurements.

2.1. Ion Sources
2.1.1. Laser Ablation Source (LAS)

Since it was first used in conjunction with a Penning trap at the ISOLTRAP facility
around 2002 [20], the LAS has become a staple for ion production for many on-line Penning
traps [21-25]. The LAS can be used to conveniently provide ions from essentially any
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solid source material or from a solution dried out on a metal backing plate, e.g., [26-29].
Measurements at Penning trap facilities with ions from a LAS have spanned the nuclear
chart from, for example, 6711 [30] to 2*2Cf [28]. Ions from a LAS serve as reference masses
for on-line measurements with short-lived isotopes, calibrants for tuning a system and
investigating systematics, and as the ions of interest for nuclear and neutrino physics
studies, e.g., [31-37].

A LAS requires a high-powered pulsed laser that is focused to a small spot size (typically
<1 mm diameter), which provides a power density of ~108 W/cm? to enable ablation. For a
standard nanosecond pulse length laser, this corresponds to an energy density of ~0.1-1 ] /cm?.
The high energy density laser pulse causes the evaporation of material from the surface of
the target followed by ionization due to the high temperatures that are generated. The CHIP-
TRAP LAS uses a Continuum Surelite II frequency-doubled 532 nm pulsed Nd:YAG laser [38],
which has a 5 ns pulse duration and energy output of up to 160 mJ at 532 nm. A schematic
and picture of the CHIP-TRAP LAS are shown in Figure 2.

Rotary motor

LAS Target
Extraction

optics &
einzel lens

Quadrupole 90° bender: lon Beam

Convex Lens ==
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< "
# «— Mirror

Figure 2. Left: Schematic drawing of the LAS indicating the path of the laser beam (green dashed
line) and ion beam (red solid line). Right: photo of the CHIP-TRAP beamline, showing the laser used
for the LAS, vacuum chamber housing for the LAS, 8" 6-way cross that houses the quadrupole bender,
and beamline housing the MR-TOF-MS, followed by the injection beamline to the 12 T magnet.

After ions are produced at the surface of the target, they are extracted by accelerating
them to 4 keV via an extraction cylinder and plate. They are then transported at 1 keV
through an einzel lens and focused into an electrostatic quadrupole bender that bends
them 90° into the main beamline. The design of the extraction optics is based on Ref. [24],
and further details can be found in Refs. [39,40]. The CHIP-TRAP LAS was commissioned
and used to generate 12C;f" clusters from a Sigradur® [41] glassy carbon target [40], singly
charged ions of metals from “Li* to 17 Aut, and Mg*, Ca™, and '®®*Ho™* ions from solutions
that were dried out on a backing target [29].

2.1.2. Penning Ion Trap Source (PITS)

At Central Michigan University, we developed a so-called Penning ion trap source
(PITS) that produces ions via the electron impact ionization of gaseous samples [40,42].
The ionization occurs inside a cylindrical Penning trap. Hence, the ions are automatically
confined in a small volume after production and can be released as a pulsed beam. A cross-
sectional view of the PITS is shown in Figure 3 (left).

The PIT source Penning trap consists of a cylindrical ring electrode and two circular
endcaps and is housed inside the 1.27 cm diameter bore of a 4.45 cm diameter x 1.27 cm
thick 0.55 T NdBFe ring magnet [43]. As such, it is an uncompensated Penning trap.
However, the ratio of the trap radius to height, pg/zp = 1.20, with pg = 5.35 mm and
zp = 4.45 mm, was chosen to minimize the lowest-order electrostatic field imperfection,
characterized by the C4 parameter [44]. The end caps have 2 mm diameter holes in them to
allow the electron beam to enter from the injection side and to allow ions to be extracted
from the ejection side. The electron beam is produced by thermal emission from a tungsten
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filament [45] that is biased at ~10-30 V to define the energy of the electron beam. Further
details on the CHIP-TRAP PITS can be found in Refs. [40,42,46].

During ion production, a potential of 5 V is applied to the end cap electrodes, while
the ring electrode is held at the ground. To release the ions, the end cap on the ejection side
of the PIT is set to 0 V, while the injection side is held at 5 V. A series of extraction electrodes
helps to extract ions from the trap region and accelerates them to an energy of ~1 keV.
Next, ions are focused into an electrostatic quadrupole bender by an einzel lens and are
steered into the main beamline. The PIT source was commissioned and used to create and
extract ions produced from the residual background gas in the vacuum, and from noble
gases, helium, neon and argon, that were admitted to the PIT source [46].

Filament Ring Magnet

Extraction Ejection einzel ——
plates lens
\

Steerer

Quadrupole
bender

Extraction Trap Injection
Electrode einzel lens

End Caps

Figure 3. Left: Cross-sectional CAD drawing of the PITS. The filament that produces the electron
beam is located next to the end cap on the left. The ring electrode is housed inside the bore of the
NdBFe magnet and ions that are produced inside the PITS are extracted through the end cap on the
right. Right: Simulated path of ions after they are produced in the PITS, then extracted, focused into
a quadrupole bender, and steered into the main beamline.

2.2. Multi-Reflection Time-of-Flight Mass Separator (MR-TOF-MS)

If a pulsed beam consisting of ions with a range of 1 /q ratios is accelerated to an initial
(non-relativistic) energy E = gV through a potential V, and allowed to propagate over a
distance L, then the different /g ions will separate according to their time of flight (TOF):

L m
tror = m\/; ®)

Hence, ions of different m/q can be temporally resolved in this way. However, there
are two main issues with this procedure. Firstly, providing a long path length L can be
expensive and takes up valuable lab space, and secondly, the temporal spread At of the
ion bunch also increases with distance. The multi-reflection time-of-flight mass separator
(MR-TOF-MS) addresses both of these problems by operating as an ion trap, folding the
ion path on top of itself via a pair of electrostatic mirrors, and by re-focusing the ion bunch
on each turn in the MR-TOF-MS to minimize increases in At. Over the last decade or so,
MR-TOF-MSs have been introduced in on-line accelerator facilities as mass separators
to prepare ion beams before mass measurements with Penning traps [47] and as mass
spectrometers themselves, e.g., [48].

The CHIP-TRAP MR-TOF-MS design is based on the Notre Dame MR-TOF-MS [49]
but with an overall length of 49 cm vs. 79 cm due to the size constraints in the CHIP-TRAP
beamline. A schematic and picture of the CHIP-TRAP MR-TOF-MS are shown in Figure 4.
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Figure 4. Left: CAD drawing of the MOR-TOE-MS. Support rods and insulators are in green and
electrodes are in grey. The MR-TOF-MS electrodes are housed inside a 6" vacuum tube. Right: picture

of assembled electrode structure attached to a 6” conflat flange.

The device consists of one central drift tube, a pair of lens electrodes, five pairs of
mirror electrodes, and a pair of base plates. In trapping mode, the central drift tube is held
close to the ground potential. The lens and the mirror closest to it are at negative potentials,
and the next four mirror electrodes are at progressively more positive potentials as shown
in Figure 5.

== Mirror 1

= Mirror 2

\ ||| = Mirror 3
i 1 e . Central Drift it
L Mirror 4 .
/ i Section Il
[TTRE Iy f
AN i U
Mirror 5
Jl Lens

Figure 5. Cross-section of equipotentials in the CHIP-TRAP MR-TOF-MS. The central drift tube
section is held at ground potential druing trapping but is raised to 2.8 kV in order to trap and release
ions from the MR-TOF-MS. The lens is at —2.3 kV, and mirror 1 at +2.9 kV.

In order to admit and trap ions, the “in-trap potential lift” scheme is used [50]. The ion
beam is transported toward the MR-TOF-MS with an energy of ~1 keV. A cylindrical lift
electrode located before the entrance to the MR-TOF-MS is quickly switched from —1 kV to
3 kV when the ion bunch enters it. At this time, the central drift tube is raised from ground
to 2.8 kV. Hence, the ions then enter the MR-TOF-MS with enough energy to pass the +3 kV
mirror electrode at the entrance to the MR-TOF-MS. When the ions reach the center of the
central drift tube, its potential is lowered to ground, reducing the energy of the ions so that
they then become trapped in the MR-TOF-MS potential. The ions are confined for a certain
number of cycles as required by the user and then released by again raising the potential of
the central drift tube to 2.8 kV when the ions are at the center of the tube, and traveling
toward the ejection end of the MR-TOF-MS. The ions can then pass over the ejection Mirror
1 electrode. After they exit the MR-TOF-MS, they enter another cylindrical lift electrode
that is held at 3 kV and lowered to —1 kV to reduce the ion beam’s energy back to the 1 keV
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transport energy. The ions are then focused onto an MCP for TOF analysis. We plan to
use a Bradbury—Nielsen gate (BNG) [51] to allow the ions of a particular m /g to pass and
be injected into the magnet bore toward the Penning traps, and to remove unwanted ions
from the beam.

2.3. CHIP-TRAP Penning Traps

The CHIP-TRAP Penning trap system is comprised of three Penning traps: a cylin-
drical geometry capture/filter trap, and two hyperbolic geometry measurement traps.
A picture of the assembled trap structure before the electrodes were gold-plated is shown
in Figure 6 (left).

An ion bunch from one of the ion sources (after #/q analysis and selection with the
MR-TOF-MS) will be transported into the magnet bore, and captured in the capture trap.
This trap will be used to identify ions that have been captured using Fourier transform
ion cyclotron resonance (FI-ICR) techniques [52-54]. It will then be used to remove any
unwanted ions before transporting the ions of interest to one of the measurement traps.
After a pair of ions of different species has been loaded into the two measurement traps,
a cyclotron frequency ratio measurement will be performed.

Figure 6. Pictures of the CHIP-TRAP Penning traps. Left: the assembled hyperbolic measurement
traps stacked on top of the capture trap before the electrodes were gold plated. Middle: the cylindrical
capture trap after gold plating, consisting of two end caps, two correction ring electrodes and
quartered ring electrodes. Right: the hyperbolic measurement traps after gold plating, consisting
of hyperbolic ring and end-cap electrodes, quartered correction ring electrode and correction tube
electrodes. The two traps are stacked together in the bottom picture. Sapphire insulating rings can
also be seen in the pictures.

2.3.1. Capture Trap

The capture trap is an orthogonally compensated, cylindrical geometry Penning
trap with a closed end-cap design. A picture of the capture trap after gold plating is
shown in Figure 6 (middle). The top picture shows the two end caps, two correction rings,
and quartered ring electrode, and the bottom picture shows the assembled trap. A schematic
of the trap is also shown in Figure 7. The trap has an axial length of 2zy = 25.2 mm and
radius of pp = 15.0 mm, resulting in a characteristic trap size,

d=\/p3/4+25/2, (6)

of 11.65 mm. The end caps each have dy = 3 mm diameter holes in their centers to facilitate
ion injection and ejection. The quartered ring electrode enables an RF dipole drive to be
applied across two of the opposing ring segments, while the remaining two ring electrodes
are used for ion detection.
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Insulator rings
Ring (@

End-cap  Correctionring Supportrods

Figure 7. Schematic drawing of the capture trap: (a) exploded view—copper-colored components are
the electrodes, blue components are insulators, and brown components are insulated support rods;
(b) assembled view; (c) cross-sectional outline with labeled dimensions.

After a bunch of ions are captured in the capture/filter trap, they are first identified via
their m /q ratio using the FT-ICR technique. This is performed by applying a broadband RF
dipole frequency sweep excitation to drive the mass-dependent, reduced cyclotron motion
of the ions. Broadband detection of the image currents induced in the trap electrodes
is then performed. For this, we employ a Stahl FTICR-3 low-noise pre-amplifier [55].
The analogue voltage signal from the amplifier is digitized with a National Instruments
oscilloscope card (PXI-5114), and fast Fourier transform (FFT) is performed in LabView
software. The resulting peak signals in the frequency domain correspond to the reduced
cyclotron frequencies of the ions that are present in the trap. By first calibrating the magnetic
field by determining the frequency of an ion or ions of known /g, the corresponding m/q
of ions for all observed peaks can be determined. In subsequent capture cycles, previously
identified and unwanted ions that are present in the capture trap can be removed by
applying an RF dipole cleaning scheme: either by targeting the fi of the previously
observed contaminant ions, or by applying the broadband SWIFT cleaning scheme [56-58]
around the reduced cyclotron frequency of the ion of interest. By lowering the voltage on
the end cap of the capture trap and of the measurement trap, ions can be released from the
capture trap and will then enter the measurement trap, where they can be recaptured.

2.3.2. Measurement Traps

The measurement traps are orthogonally compensated hyperbolic geometry Penning
traps that also include a correction tube electrode. A picture of the measurement traps after
gold plating is shown in Figure 6 (right). The bottom picture shows the assembled stacked
traps, and the top picture shows, for one of the traps, the two correction tubes, two end caps,
ring electrode, and the two four-way segmented correction ring electrodes. A schematic
of the measurement trap is shown in Figure 8. It is based on the design of the single-ion
Penning trap (SIPT) [59], which is part of the low energy beam and ion trap (LEBIT) Penning
trap apparatus [60] at the Facility for Rare Isotope Beams (FRIB). The measurement traps
have an axial length 2zp = 11.2 mm and radius pp = 6.5 mm, resulting in a characteristic
trap size d = 5.11 mm. The end caps have dy = 1 mm diameter holes to enable ion injection
and ejection to transport ions between the traps.

The proposed measurement scheme is to perform simultaneous frequency measure-
ments on pairs of ions in the two precision measurement traps. The frequency mea-
surements are made using the pulse and phase (PNP) technique originally developed at
MIT [17,61]. This method is an extension of the two-ion technique developed at MIT, in
which simultaneous PNP cyclotron frequency measurements are made on pairs of ions
confined on a common magnetron orbit in a single Penning trap [62-64]. Like the MIT
simultaneous two-ion technique, the proposed CHIP-TRAP two-ion technique will greatly
reduce the effect of magnetic field fluctuations that typically limit the achievable statistical
precision when performing alternating measurements on the two species. However, unlike
in the MIT two ion technique, ions in the CHIP-TRAP Penning traps will be located at the
center of the traps. This will greatly reduce the contribution of systematic shifts and uncer-
tainties in the measurement due to the effect of magnetic and electric field imperfections
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combined with the relatively large (=1 mm diameter) magnetron amplitude necessary for
the MIT two-ion technique. An obvious new source of systematic error in this technique
is due to the fact that the two ions, now in separate traps, will not experience the same
electric and magnetic field. This limitation can be mitigated by performing a series of
measurements in which the ions are switched between the two traps.

End cap

Correction tube Correction ring Ring Insulator rings

(@)

(c)

Figure 8. Schematic drawing of a measurement trap: (a) exploded view—copper colored components
are the electrodes, blue components are insulators, and brown components are insulated support
rods; (b) assembled view; (c) cross-sectional outline with labeled dimensions.

3. Results
3.1. LAS

The LAS was initially commissioned in a test stand [40] and then installed in the
CHIP-TRAP beam line; see Figure 2. Initial commissioning in both cases was performed by
using carbon cluster ions as described in Section 2.1.1. The ions were transported along
the beam line, and their arrival time at the MCP detector was recorded. This enabled a
TOF spectrum to be built up from repeated cycles of ion production from the pulsed laser.
An example TOF spectrum for 12C+ jons is shown in Figure 9 (left). Equation (5) was used
to estimate the TOF for the '2C;; ions and make an initial identification of the peaks in
Figure 9 (left). This identification, and the confirmation of Equation (5) was made by
plotting TOF vs. (m/ q)l/ 2 as shown in Figure 9 (right). The location of the 12CF peaks
clearly follows the expected relationship. Interestingly, the TOF of the first peak was
consistent with an m/q = 13 u/e rather than 12 u/e for 12C* ions. Hence, we assume this
peak to be due to ?CH™.

Cis”
40 . G~
8 o
= 30 C6+ P o C9+ 11
;; e ¢ T
z z A e
g ® 20 [ 5
2 E e
E z :
2 10 |
E
O = T
Time of flight (s) 0 2 4 6 8 10 12
(m/q)”

Figure 9. Left: time-of-flight (TOF) spectrum for carbon cluster ions produced with the LAS and
recorded on the MCP detector. Right: TOFs obtained from fits to the peaks in the TOF spectrum
plotted vs. (m/4)"/? of the inferred 2C;/" ions.

After this initial commissioning, we tested ion production from metal targets, which
were typically 2.5 cm x 2.5 cm x &~ 1 mm thick. We investigated production from a
range of materials, including Al, Fe, Ni, Zn, Ag, In, Ho, W and Au. An example of a TOF
spectrum for Zn ions is shown in Figure 10 (left). As can be seen for Zn, atomic ions were
the dominantly produced ions, but dimer ions were also observed. For lighter ions, such as
Zn™, peaks corresponding to the different isotopes were observed. For heavier ions, such
as Agt, W, and Au™, the different isotopes could not be resolved, and a single, broad
peak was observed in the TOF spectrum. As with the 12C;" clusters, we produced a plot of
TOF vs. (m/ q)l/ 2, which is shown in Figure 10 (right) for the metal target ions. Again, TOF
vs. (m/q)!/? followed the expected linear relationship of Equation (5).
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Figure 10. Left: time-of-flight (TOF) spectrum for zinc ions produced with the LAS and recorded
on the MCP detector. Right: TOFs obtained from fits to the peaks in the TOF spectra obtained for
the different metal target ions plotted vs. (m/ q)l/ 2, When TOF peaks for the different isotopes of an
element could not be resolved, a weighted average m /g based on natural abundances was used.

Finally, we also tested the production of 1®Ho* ions using solutions of holmium
nitrate (Ho[NOz]3). These solutions were made by dissolving holmium metal powder
in 6 M nitric acid. We investigated the use of different backing metals on which to dry
the Ho[INO3]3 solution to determine the relative amounts of 165+ 165HoOT, 165H002+ ,
and the backing material ions that were produced. We also studied the minimum quantity
of Ho atoms required in the sample to produce ions. We found that a nickel backing target
was optimal in terms of maximizing the fraction of ®*Ho* ions produced, minimizing
the amount of (NiT) background ions produced, and minimizing the amount of ®*Ho
material required [29].

3.2. PITS

Initial commissioning of the PITS involved producing ions inside the trap region by
ionizing residual gas in the vacuum (measured to be ~10~% mbar with a nearby Penning
gauge). The ions were successfully ejected from the trap, steered through the beamline and
detected on the second MCP shown in Figure 1. The ion bunch observed on the MCP had a
width of 2.5 us (see Figure 11) and a TOF of ~32 ps. We also observed a smaller peak at
~8 us with a width of 0.6 us, also shown in Figure 11.

Next, we made ions by leaking noble gases He, Ar, and Ne into the trapping region.
This raised the pressure as read by the nearby Penning gauge to ~10~® — 10~7 mbar. We
were able to identify peaks due to He™ and Ar™ ions, but the Ne™ peak overlapped with
that of the residual gas ion peak and could not be resolved. A second peak also appeared
with a TOF of 2240 us when leaking gas samples into the trap; see Figure 11. Using *He™
and “°Ar* to calibrate the TOF spectrum, the peak at 8 pus was determined to be 'H*. Data
for these three ions were then used to make a calibration curve, from which we determined
the residual gas ion peak to correspond to m /g = 17.9(6) u/e and the leaked gas ion peak
to m/q = 28.0(1.0) u/e. Hence, the residual gas ions are likely HyO" or perhaps H;0™,
and the leaked gas ions N3 . These findings are consistent with the typical residual gas
makeup in a vacuum system that has not been baked [65,66], and with air being leaked
into the vacuum system along with the noble gases. Further details of the commissioning
of the PITS can be found in Ref. [46] and will appear in a forthcoming publication.
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Figure 11. Time-of-flight spectrum for ions produced with the PITS and detected on the MCP.
The residual gas ions were identified as H,O" or H30™, and the leaked gas ions as 14Nz+

3.3. MR-TOF-MS

Initial commissioning of the MR-TOF-MS was performed using ions produced with
the LAS. We were able to successfully implement the “in-trap lift” method [50] to capture
and release ion bunches in the MR-TOF-MS. We manually tuned the timing and voltage
settings for the MR-TOF-MS to maximize efficiency and resolving power, i.e., reduce losses
over as long of a capture time as possible. Our initial investigations focused on trapping
27 Al* ions. We were able to trap 2 Al* for 1000 cycles in the MR-TOF-MS, corresponding
to a trapping time of ~9 ms and a path length ~500 m. We observed a linear increase
in resolving power R = tror/2At vs. cycle number, reaching R ~ 2500 after 1000 cycles,
as shown in Figure 12 (left). However, as can be seen in Figure 12 (right), the count rate
quickly drops off within the first 200 cycles. This is due to the fact that the initial spread
of the pulsed beam from the LAS is larger than the acceptable spread for trapping in
the MR-TOF-MS.

100
2500 |
80+
2000
60+
1500

40|
1000

Resolving Power
Relative Count Rate (%)

500 201

6 260 4(‘)0 6(‘)0 8(‘)0 1 0‘00 6 2(‘)0 4(‘)0 860 8(‘)0 1 0‘00

Number of Cycles Number of Cycles
Figure 12. Left: Resolving power vs. number of cycles stored in the MR-TOF-MS for 2 Al* ions.
The solid line is a linear fit to the data. Right: Count rate of 2’ Al* ions detected on the MCP vs.
number of cycles relative to the count rate when the ions were stored for zero cycles. The solid line is

a double exponential fit to guide the eye.

3.4. Capture Trap

We located the capture trap in the center of the 12 T magnet and installed a LaBg
thermionic electron emitter [67] behind the ejection side of the capture trap. When heated,
the LaBg cathode emits an electron beam that travels through the capture trap, ionizing
residual gas in the capture trap and creating ions that are automatically confined. To identify
ions, we first used an rf dipole drive close to the mass-independent magnetron frequency
f— to excite the magnetron motion of trapped ions, driving them to a magnetron orbit of
radius p_. These ions could then be detected via the image currents they induced in the
trap electrodes using a differential amplifier. We initially used an NF Corp SA-421F5 Low
Noise FET Differential Amplifier [68] and later the Stahl FTICR3 preamplifier [55].

After confirming that we could create and detect ions, we looked for the mass-
dependent reduced-cyclotron motion by using a dipole drive sweep near the cyclotron
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frequency f of H3O. This ion species was chosen since it was expected to be present when
ionizing residual background gas as observed previously in other systems, e.g., [65,66]. We
did observe a peak at f ~ 9.69 MHz, consistent with that of an ion having m /g =19 in
an ~12 T magnetic field. In addition to the peak at 9.69 MHz in the frequency spectrum,
we also observed sidebands at about 1.8 kHz higher and lower in frequency than the
f+ peak; see Figure 13. These sidebands are a result of the ions also having magnetron
motion with frequency f_, resulting in frequency components at (f4 =+ f_) in the FFT [69].
The presence of magnetron motion when it is not explicitly driven is likely due to ions not
being made at the trap center or from self-excitation of the ion cloud. Additional studies
with the capture trap included the characterization of the capture trap trapping potential
by measuring f1 and f_ as a function of p and p_, respectively, for different correction
electrode voltages. This method can be used to “tune” the trap so as to minimize the
lowest-order electrostatic field imperfection, characterized by the C4 parameter [18,44,62].
Further details are available in Ref. [70] and will be presented in a forthcoming publication.

f, = 9691000 Hz
f, +f.= 9692840 Hz

Amplitude (A.U.)

f, - .= 9689200 Hz

1 \ L

T T T T T T T
9688 9.689 9.690 9.691 9692  9.693 g 594 x10°
Frequency (Hz)

Figure 13. Fast Fourier transform of image charge signal induced after creating H3O" ions and
driving them with an rf dipole drive close to their reduced cyclotron frequency, f+. The central peak
corresponds to f, while the left and right peaks correspond to sidebands at f & f_.

4. Discussion

Over the last several years, we have successfully commissioned a laser ablation ion
source (LAS) and a new, novel Penning ion trap (PIT) source. The LAS has proven to
be a robust and versatile ion source able to make ions from a wide range of solid metal
targets. The LAS has also been used to make ions from the residual material left behind by
a metal-containing solution dried out on a backing plate, e.g., Ho™ ions from a Ho(NO3)3
solution. These studies indicate feasibility for anticipated measurements with CHIP-TRAP,
such as with the long-lived isotope '®*Ho for neutrino physics applications. The PIT source
has been used to demonstrate the ability to create pulsed ion beams from electron impact
ionization of gaseous sources. This provides access to materials that are not available
in solid form. Future modifications could also include the ability to produce ions from
vaporized sources. The PIT source could be used in future proposed measurements with
CHIP-TRAP to measure the 3*C1->>Cl mass difference for a test of E = mc? by creating ions
from HCI gas or a vaporized NaCl sample.

More recently, we designed, fabricated, assembled and commissioned a multi-reflection
time-of-flight mass separator (MR-TOF-MS). During initial commissioning, this device was
used to trap a bunch of 2 Al* ions for 1000 cycles, providing a resolving power of about
2500. Future improvements will involve a more robust tuning scheme with automated data
acquisition. This could lead to more optimal voltage settings to increase resolving power
and efficiency. It could also be possible to develop and install a gas-filled RF quadrupole
trap to cool and bunch the ion beam before sending it to the MR-TOF-MS. This could reduce
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the emittance and initial temporal spread of the ion bunch, leading to improved efficiency
and resolving power.

We also successfully completed the initial commissioning of the capture/filter trap,
which is a compact cylindrical trap design with flat end caps. We produced ions inside the
trap via electron impact ionization of residual background gas in the vacuum, and iden-
tified these ions as H30". We tested a low noise differential amplifier, operated at room
temperature and located in the fringe field of the 12 T magnetic field. The amplifier will
next be tested inside the bore of the magnet, under vacuum, and located at a position where
the B-field is 6 T (per the manufacturer’s stated operating parameters).

Further goals for the continued development and commissioning of CHIP-TRAP
include the installation of ejection optics and an MCP to aid tuning the injection optics to
capture ions from the LAS and PITS in the capture trap. We also plan to perform TOF-ICR
measurements on ions using the capture trap. Next, we will install and commission a
cooling apparatus based on a pulse tube cryocooler to cool the traps and FI-ICR amplifier
down to ~4-5 K. Finally, we will commission the measurement traps and the proposed
SQUID detection scheme for the detection of image currents in the measurement trap
end-cap electrodes, and we will prepare for the first mass measurements with CHIP-TRAP.
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Note

1

Here, we consider only positive ions, although negative ions and other charged particles can be trapped.
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