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ABSTRACT

We sympathetically cool highly charged ions (HCI) in Coulomb crystals of Doppler-cooled Be* ions confined in a cryogenic linear Paul trap
that is integrated into a fully enclosing radio-frequency resonator manufactured from superconducting niobium. By preparing a single Be*
cooling ion and a single HCI, quantum logic spectroscopy toward frequency metrology and qubit operations with a great variety of species
are enabled. While cooling down the assembly through its transition temperature into the superconducting state, an applied quantization
magnetic field becomes persistent, and the trap becomes shielded from subsequent external electromagnetic fluctuations. Using a magnetically
sensitive hyperfine transition of Be* as a qubit, we measure the fractional decay rate of the stored magnetic field to be at the 107'° s™" level.
Ramsey interferometry and spin-echo measurements yield coherence times of >400 ms, demonstrating excellent passive magnetic shielding
at frequencies down to DC.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160537

I. INTRODUCTION nucleus. In addition, systematic frequency shifts caused by AC
Stark shifts are strongly suppressed’ by up to an order of Z*

Testing fundamental physics in the low-energy, high-precision ~ within an isoelectronic sequence, where Z is the atomic number.

§2'81'60 €20 4290100 91

regime requires sensitive atomic systems in stable and well-
characterized environments. Highly charged ions (HCI) feature
optical transitions with enhanced sensitivity to potential vari-
ation of fundamental constants' by virtue of the intrinsically
large relativistic effects of their fine-structure transitions,”” cross-
ings of orbital levels," ” and extreme hyperfine effects’ "* induced

by the overlap of the active electron wave function with the

This bears promise for optical atomic clocks reaching relative fre-
quency uncertainties Av/v at or below the 1072 level.'® Theory
has identified many HCI candidates for testing physics beyond
the Standard Model' among different isoelectronic sequences,
multiplying the number of species having forbidden ground-
level transitions within the optical range necessary for an optical
clock.
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A general method applied for frequency metrology when a
suitable fast-cycling optical transition is not available for state prepa-
ration and directly detecting the excitation of the clock transition
is quantum logic spectroscopy (QLS).!” Here, the interrogation of
the (highly charged) ion of interest is performed through a co-
trapped “logic” ion. A shared motional mode is used for coherently
transferring the electronic excitation from the HCI to the logic ion
in which it is readily detected. Combined with the sympathetic
cooling of HCI'*" in a Coulomb crystal, the first coherent laser
spectroscopy of any HCI was recently demonstrated.”’ Time dila-
tion frequency shifts were eliminated through algorithmic cooling
of weakly coupled motional modes,”’ culminating in a HCI-based
optical clock? reaching a fractional systematic frequency uncer-
tainty of 2.2 x 107", The application of QLS is rather universal and
could be extended to frequency metrology in the extreme ultraviolet
(XUV) range.”” The abundance of highly forbidden, ultra-narrow
XUV transitions in HCI and the inception of XUV frequency
combs”* " have triggered the development of such instruments for
HCI frequency metrology.”**

Radio-frequency (RF) ion traps, also known as Paul traps for
their Nobel-laureate inventor,” enabled the development of quan-
tum optics’”’" and, more recently, of quantum computing’” " and
frequency metrology.”> Characteristics of the trapping environment
often set the limits of clock performance.”” Various electromagnetic
perturbations affect the resonance frequency of the reference atomic
species for timekeeping. To reduce these and minimize systematic
frequency shifts, we developed a novel type of RF ion trap, CryPTEx-
SC (Cryogenic Paul Trap Experiment-Superconducting).”® It com-
prises a quasi-monolithic superconducting RF resonator with a
built-in linear quadrupole trap, which filters the RF drive, shields
magnetic field fluctuations, “freezes” the static field present at the
onset of superconductivity, and enables coherent operations without
the need for external fields and their stabilization.

Here, we present our current CryPTEx-SC setup, including its
cryogenic imaging optics (Sec. I1), and show selected measurements
characterizing the ion trap and verifying the cooling of re-trapped
HCI to millikelvin temperature (Sec. I1T). Finally, we use microwave
spectroscopy on Be* ions to quantify the effectiveness of the super-
conducting magnetic shielding and the resulting qubit coherence
time (Sec. I'V).

Il. EXPERIMENTAL DESIGN

We produce HCI in a compact electron beam ion trap
(EBIT).” For laser spectroscopy, the HCI, which are generated with
megakelvin temperatures in the EBIT, have to be cooled down to the
millikelvin range and below. For this, they have to be re-trapped and
sympathetically cooled by a Coulomb crystal of Be™ ions prepared in

the cryogenic Paul trap.'*"”

A. Electron beam ion trap

Within the compact EBIT,”” permanent magnets generate a
magnetic field of 0.86 T at the trap center, which compresses an elec-
tron beam of several mA for ionizing injected atoms to high charge
states. These ions are then radially confined by the negative space
charge of the electron beam. Voltages applied to a set of six drift
tubes (see F'ig. 1) confine the HCI axially. The highest charge state

ARTICLE pubs.aip.org/aip/rsi

is the one with an ionization energy higher than the electron beam
energy (up to <6 keV in our device). The ionization time, typically a
fraction of a second, is chosen depending on the desired charge state.
By pulsing the central drift tube, the HCI inventory is dumped from
the trap into the beamline with an initial kinetic energy of about
Eion ® 700 V x g, where q is their electric charge.

B. HCI transfer beamline

A beamline guides the HCI to the Paul trap, comprising sev-
eral Sikler deflector lenses,*® an electrostatic bender, and a gradient
pulsed drift tube (PDT) for deceleration and compression of the ion
bunch, as in CryPTEx-1.'*"? The pulsed extraction allows for time-
of-flight (TOF) selection of the HCI charge state and isotope among
the different species produced in the EBIT. Three micro-channel
plate (MCP) detectors along the beamline (see Fig. 1) are used for
diagnostics. The first one is set behind an aperture in the electro-
static bender in line with the first straight section of the beamline.
The other two are mounted on manipulators before and after the
spectroscopy trap and can be inserted into the beam path as needed.
The second MCP also has a retarding field analyzer (RFA) consisting
of two wire-mesh grids mounted in front of it for measuring the HCI
bunch kinetic energy. For this, the first grid is grounded, while the
second, close to the detector surface, is set to an adjustable positive
potential @g4, which repels ions with kinetic energy Eion < @gria X g
while letting the others pass through. Observing the ion signal while
sweeping Qg delivers the kinetic-energy distribution of the ion
beam.

C. Superconducting resonator Paul trap

CryPTEx-SC combines a quasi-monolithic superconducting
RF resonator with a linear Paul trap and is described in detail else-
where.*® With a loaded quality factor of Q ~ 3 x 10*, the niobium RF
resonator works as a band-pass filter around the trap drive frequency
Qgrp = 27 x 34.3 MHz. This suppresses RF noise at the sidebands
Qrr + w; due to the secular frequencies w; of ions in the trap, which
are induced by the RF drive and lead to motional heating of the
ions'}‘),-l[]

Four electrodes produce the quadrupole RF field for radial con-
finement (see Fig. 1). Each one encloses a co-axial cylindrical inner
electrode of the opposite RF phase separated by a narrow 300 ym
gap. This increases the capacitance of the resonator and brings its
resonance frequency to a value suitable for ion trapping while greatly
reducing the required size. Static voltages applied to eight DC elec-
trodes mounted within the quadrupole electrodes confine the ions
along the trap axis.

An antenna inserted into the niobium resonator’ sends
microwaves for driving the Be* 2 Sip (F=1) < (F=2) transi-
tion at 1.25 GHz (see Fig. 12). It is made of niobium wire with a
length of 57 mm, forming a 1/4 antenna mounted at a ~20° angle
to the horizontal plane in order to couple to all polarization modes.
Its efficiency is affected by higher-order resonances in the resonator
trap; the return loss over the operational frequency range is a few dB.
Microwaves are fed from a function generator (Sinara Urukul) refer-
enced to a GPS-disciplined quartz oscillator (TimeTech RefGen) and
amplified by a 50 dB amplifier (Mini-Circuits HPA-25W-272+).
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FIG. 1. Top-down overview of the experiment. An electron beam ion trap (EBIT) generates HCI by electron-impact ionization. The ions are transferred to the CryPTEx-SC Paul
trap through a beamline equipped with five Sikler lenses (SLs), an electrostatic bender, and a pulsed drift tube (PDT) for ion deceleration and bunching. Three micro-channel
plate (MCP) detectors are used for diagnostics; the second one is equipped with a retarding field analyzer (RFA) for kinetic energy determination. After injection into the Paul
trap, HCI are confined by mirror electrodes at both ends of the four RF blade electrodes. Eight DC electrodes shape the central axial potential, where HCI are sympathetically
cooled by Be* ions. We define a coordinate system aligned with the principal trap axes as indicated; x and y are rotated 45° out of the image plane.

Magnetic fields for trap quantization are applied by three
orthogonal pairs of coils approximating a Helmholtz configuration
and can reach up to about 200 uT.

A frequency-quadrupled solid state laser system (Toptica TA
FHG pro) delivers several mW of 235 nm light to produce Be™ ions
inside the trap by resonant two-step photoionization. The Be atoms
come from a resistively heated oven mounted about 93 cm away
from the trap center. It emits an atomic beam collimated by sev-
eral apertures before reaching the trap region through an 800 ym
diameter skimmer (see Fig. 1), preventing Be contamination of the
superconducting surfaces.

D. Doppler-cooling laser

A second frequency-quadrupled UV laser system (Toptica TA
FHG pro) is used for Doppler cooling on the Be* 1s?28,/,-15*2P3/,
transition at 313 nm. An acousto-optic modulator (AOM) stabilizes
its power and allows fast switching of the light. When the quan-
tization axis defined by the magnetic field is well aligned with the
laser propagation axis and the laser is circularly polarized, a closed
transition between the states 281/2 (F=2, mp=4+2) - 2P3/2 (F =3,
mp = £3) can be driven. In general, some repumping from the F = 1
upper ground state (see Fig. 12) is necessary. To this end, we split
off some 313 nm laser light and shift its frequency by 1.25 GHz with
a combination of AOMs. Both laser beams are stably pointed to the
trap by piezo-driven mirrors (MRC Systems) controlled by a pair
of position-sensitive detectors. The beams are overlapped, circularly
polarized, and enter the trapping region at an angle of 30° to the
trap axis (see Fig. 1). The handedness of polarization is set by a 1/4
waveplate mounted in a motorized rotation stage.

E. Cryogenic imaging optics

Non-destructive detection of ions inside a Paul trap is usually
accomplished by imaging with lens systems*'~*° in combination with

cameras and photomultiplier tubes (PMTs). For cryogenic envi-
ronments, single, bi-aspheric lenses*’ and reflecting Schwarzschild
objectives*® have been developed. These systems are usually sepa-
rated only a few millimeters from the ions to ease manufacturing
requirements and reduce their size. Here, we have designed an opti-
cal system (see Fig. 2) to accommodate the relatively long distance
to the trapped ions of about 60 mm. The fluorescence emitted by the
Be* ions at 313 nm is refocused by an NA = 0.36 eight-lens objective.
For this wavelength, we use UV fused silica (UVFES) and calcium flu-
oride (CaF,) lenses with a maximum diameter of 50.8 mm, most of
them stock models (see Table T).

To avoid a reduction of the quality factor of the resonator trap
by dielectric materials inside it, the 4 K objective is mounted on its
top with a superconducting chevron grid with 90% transmission for
light but blocking RF. The resulting working distance is 57 mm. The
whole stack can be adjusted radially by 1 mm to compensate for
misalignments. Each optical element is centered by a partially seg-
mented ring with 40 contact blades manufactured from anodized
aluminum (0.25 mm thick) to absorb differential thermal contrac-
tion of the Al, CaF,, and UVFS materials during the cool-down.
In the axial direction, spacer rings made from anodized aluminum
in direct contact with the lenses set their separation and guarantee
guided alignment. Their thicknesses are adjusted to measured lens
dimensions to compensate for manufacturing tolerances. A non-
anodized aluminum cylindrical cage holds rings, spacers and lenses,
and shields anodized parts from thermal radiation. Apertures in its
surface ensure efficient pumping between the lenses. A 3 mm longi-
tudinal cut reduces radial compression of the inner elements during
cool-down.

On the air side, a detection unit consisting of two PMTs
and a camera is mounted on top of the vacuum chamber (see
Fig. 3). The EMCCD [electron-multiplying charge-coupled device
(CCD)] camera (Andor iXon Ultra 888) has a pixel pitch of
13 ym and is capable of resolving the ion positions in the trap.

Rev. Sci. Instrum. 94, 083203 (2023); doi: 10.1063/5.0160537
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FIG. 2. Vertical cross section through the cryogenic objective (left is up toward the detection setup). Starting from the trap side, lenses L1-L7 are held by centering rings
(green) and separated by spacers (yellow, red), projecting an intermediate image of the laser-cooled Be™ ions through a 2 mm pinhole (red, 40 K stage) at 157 mm from
the trap center. This aperture reduces the heating of the 4 K stage by room-temperature black-body radiation. A custom bi-aspheric lens, L8, is mounted on the 40 K stage
for relaying the intermediate image to the EMCCD camera focal plane and PMTs for fluorescence detection. The holder for L8 (light gray) is radially positioned by four set
screws, and the focal distance is adjustable by a thread (yellow). Ilts 5 mm axial travel allows a magnification on the final image in a range of 8x to 20x. Stray light from the
lasers is blocked by two coaxial, thermally decoupled cylindrical shields attached to the 40 K stage and vacuum window flange, respectively.

TABLE I. Table of lenses. The last column indicates the axial distance from the pre-
ceding element at the lens center. Magnification is set by the distance to lens L8; the
quoted distance yields about 10x.

Lens Vendor Product id Distance (mm)
L1 Edmund Optics 67268 57.0
L2 Newport SPX043 3.5
L3 Knight Optical 67112 6.6
L4 Lambda Research PCX-50.8u-150 0.5
L5 EKSMA Optics 112-5519E 4.3
L6 Thorlabs LE4412 1.8
L7 Thorlabs LE5414 10.3
L8 Asphericon 150 111-000-03C 33.0

Rubber bellows and a linear stage are used to bring it into
focus.

A 50/50 beam splitter moving along with the camera sends
313 nm light to the first PMT. Its housing contains a beam block
for protection against overexposure as well as a spatial filter located
in the focal plane of L8 for rejecting background light. It consists
of two knife edges in the vertical direction and two in the horizon-
tal direction that can be moved independently using fine threads. A
second PMT setup (e.g., to detect light from Be™ photoionization or
for HCI spectroscopy) sits directly on top of the vacuum chamber
and includes a lens for refocusing light of other wavelengths.

Simulations performed with the software OSLO (Optics Soft-
ware for Layout and Optimization) indicate a spatial resolution of
the lens stack of about 110 line pairs per mm at the 20% point
of the modulation transfer function. This is compatible with the
in-air characterization with a resolution test target illuminated by
313 nm light through a diffusive element mounted close to the
target, which demonstrates a 10%-90% intensity rise distance of

dio-90% = 6.9(0.3) pm in object space (see Fig. 4). This is sufficient
to resolve two trapped Be™ ions at an axial secular frequency of up
to approximately w. ~ 27 x 1.5 MHz. Even at the lowest magnifi-
cation of 8x, this corresponds to a separation of several pixels on the
camera. Depending on the material properties, the performance of
the lens system deviates with temperature from that of the carefully
aligned setup at 300 K.*’

lll. ION-TRAP CHARACTERIZATION

To characterize the strength of the axial and radial trapping
fields, the secular frequencies of trapped Be® ions were measured
by exciting the respective motional degrees of freedom. This was
achieved by applying an oscillating “tickling” electric field to the mir-
ror electrode behind the trap. Secular motion driven at resonance
causes elongation of the ion images on the camera and a drop in
fluorescence rate (see Fig. 5). One of the methods of calibrating the
magnification factor of the imaging system was using the ion sepa-
ration distance on the camera image of an axial two-ion Be™ crystal
at a known axial secular frequency.

Micromotion caused by stray electric fields is minimized by a
combination of observing the ion position along the (£ — 7)) /+/2 axis
on the camera image as a function of radial trapping potential’’ and
using the RF-photon correlation technique’”” to reduce displace-
ment along the (% + )/v/2 axis (orthogonal to the image plane). In
the latter method, modulation of the Be' fluorescence rate in sync
with the RF trapping field cycle is investigated. We obtain the times-
tamp of PMT counts with nanosecond resolution from a Sinara DIO
module. Because this module and the function generator driving the
trap are phase-locked to a common clock signal, finding the time rel-
ative to the RF phase is a simple modulo operation with the known
trap drive frequency Qgg. Figure 6 shows a typical RF-photon cor-
relation measurement, where the residual oscillating electric field

Rev. Sci. Instrum. 94, 083203 (2023); doi: 10.1063/5.0160537
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FIG. 3. Air-side imaging and fluorescence-detection setup mounted on top of the
vacuum chamber. EMCCD: electron-multiplying charge-coupled device; PMT1:
photomultiplier tube for cooling-ion fluorescence detection; PMT2: same, for spec-
troscopy ion fluorescence; SF1, SF2: adjustable spatial filters; DM: dichroic mirror;
BS: 50/50 beam splitter.
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FIG. 4. Knife-edge spatial resolution test of the lens system at 10.4x magnifica-
tion at room temperature. (a) Cut-out from an in-air EMCCD image of an NBS
1963A resolution-test target with 18 line pairs per mm illuminated by 313 nm
light. (b) Projection across the lines; the mean 10%-90% intensity rise distance
is d10_go% = 69(03) pm.

component™ at the ion position was minimized to |k - Exe| < 16
V/m.

A. Retrapping highly charged ions

We now turn to the procedure for preparing cold highly
charged ions in the spectroscopy trap. Usual breeding times for
argon ions of charge states 10" to 16" in the EBIT are on the order of
hundreds of milliseconds for a 10 mA electron beam with an energy
of about 1 kV. By switching the potential of the central drift tube
with a high-voltage switch, the trap is inverted, and ions are emitted
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FIG. 5. Example of a secular frequency determination. Fluorescence rate as a
function of tickling frequency. Three clear resonances are visible, corresponding to
the axial and two radial center-of-mass secular frequencies.
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FIG. 6. Minimization of micromotion using RF-photon correlation. (a) The observed
modulation ASy at the trap RF frequency Qg of the average fluorescence rate Sy
is minimized by (b) moving the ion along the (X + §/)/\/2 axis. Note that here
the direction of induced micromotion has a component along the cooling laser
propagation direction koas itis orthogonal to the displacement. The right-hand
scale indicates the corresponding oscillating electric field amplitude Ege at the
(displaced) mean ion position.

into the beamline. Based on results from identical miniature EBITSs,
a single dump contains several million ions in various charge states.
They can be separated using time-of-flight (TOF) spectroscopy, and
undesired species are filtered out by pulsing a kicker electrode. The
initial kinetic energy is reduced in a pulsed drift tube (PDT) before
reaching the spectroscopy trap, which can be positively biased to
control the final kinetic energy.

After setting the EBIT parameters for producing the desired
HCI, we iteratively optimize the voltages applied to the beamline
electrodes for maximum transmission, select the species by TOF,
and minimize the kinetic energy spread of the ion bunches.

In general, the EBIT produces ions with a distribution of charge
states depending on the continuous or pulsed influx of neutral atoms
and the ratio of the rates for electron-impact ionization and photore-
combination. Isotopes and residual gas impurity ions also appear in
the TOF spectra. Each ion bunch separates according to the extant
charge-to-mass ratios [see Fig. 7(a)]. For an ion of charge g and mass
m,

1

Jam® @
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FIG. 7. Characterization of the HCI transfer beamline. (a) Example of Ar HCI time-of-flight (TOF) at an EBIT extracting rate of 0.7 Hz; peaks correspond to different charge
states present due to the constant injection of neutral Ar into the EBIT. Vertical dashed lines show a fit with Eq. (1) for argon, marking the peaks as labeled. The charge-
breeding time can be used to optimize the yield of the desired charge state. (b) Normalized kinetic energy distribution for “°Ar'#+ after optimizing the bunching in the pulsed

drift tube. The Gaussian fit yields an energy spread (1) of about 1.7 V x g.

For selecting a HCI species of interest, one electrode of SL3 is pulsed
to let only ions within a time window of a fraction of a ys pass, while
at other times deflecting unwanted ions.

After beamline optimization, the ions are bunched and decel-
erated with a pulsed drift tube.'” It reduces the mean kinetic energy
of the ions as well as their energy spread. Its timing is very critical,
and in most cases, only a single charge state is decelerated. Down-
stream, a second MCP is used to measure and optimize the kinetic
energy distribution [see Fig. 7(b)] with its attached retarding-field
analyzer by sweeping the retarding potential ®g;4. At the end of the
beamline, the HCI are brought from the initial mean kinetic energy
0f 700 V x g down to about 140 V x g, low enough for the following
retrapping step but keeping the ion beam from diverging too much
before reaching the spectroscopy trap.

After passing through two Einzel lenses mounted on the heat
shields, the HCI enter the superconducting linear Paul trap. The
entire trap is biased to a positive potential set about 1 V below
the HCI kinetic energy to further slow them down on entering the
trap. A cylindrical mirror electrode is mounted at each end of the
about 15 cm long quadrupole trap (see Fig. 1). After briefly puls-
ing down the one facing the beamline to allow HCI to enter, both
mirror electrodes stay at a higher potential reflecting the HCI back
and forth under radial RF confinement. The closing timing is care-
fully optimized to prevent HCI from leaving the trap after the first
reflection.

At this point, the residual kinetic energy of the HCI is still
larger than the axial trap depth in the section in the middle of
the quadrupole electrodes. Following the established technique, *"’
an ion crystal consisting of several dozen laser-cooled Be® ions
is prepared beforehand. On each pass through the crystal, while
oscillating between the mirror electrodes, the HCI dissipate energy,
transferring it to the laser-cooled ion crystal through the Coulomb
interaction. They eventually reach a standstill after some hundreds
of reflections, forming a mixed-species crystal with the Be* ions.
Then, sympathetic cooling by the Be* ions ensures reaching mK
temperatures.

Since HCI do not interact with the Doppler-cooling laser,
their signature on the crystal images is a dark spot with a radius
larger than the distance between individual Be™ ions due to the

stronger Coulomb repulsion. Examples of mixed crystals contain-
ing one argon or one xenon HCI are displayed in Fig. 8. Charge
exchange reactions with residual gas molecules, primarily hydro-
gen in the cryogenic trap, reduce the lifetime of the HCI to about
5-10 min. We plan to reduce the vacuum conductance in the inner
trap region by closing off ports with windows wherever possible
and lowering the operating temperature of the trap to increase
its lifetime.

B. Charge-state determination

For verifying the charge state of a re-trapped HCI, we exam-
ine the enclosing ion crystal. The HCI is strongly coupled to the Be*
ions, and its effect depends on its charge-to-mass ratio. Two sensitive
ion crystal properties are its structure and secular mode frequencies.
To calculate their dependence on the co-trapped HCI species, we
consider the potential energy of an ion crystal in the harmonic pseu-
dopotentials of the trap and the Coulomb repulsion. For a crystal of
N ions with charges q; and masses m; at positions 7; = (xi, yi, zi ), the

(a) Ar HCl

(b) Xe HCI

FIG. 8. Examples of mixed-species crystals consisting of Be* ions and (a) one
argon or (b) one xenon HCI. The left-hand image displays a larger crystal imme-
diately after (re-)capturing one HCI. Such crystals are exposed to the excitation
of Be™ secular motion while suspending Doppler cooling to reduce the number of
Be* as needed.
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potential energy is given by’

R R 1
V(r,...,TN) = Z Emi(wi,,»xf + wi,»y,‘2 + wi,-z,-z)
i
1 i
—5 B @
dmey 7 |7 = 7

Here, the trap depth is parameterized by the secular frequencies wy;,
which depend on the charge and mass of the ion i. Defining the secu-
lar frequencies for a single Be™ ion with g, = +1e and mo = 9.01 uas
nominal frequencies wy , the secular frequencies for a HCI of charge
q; = 0iq, and mass m; = y,;my are related to the nominal frequencies
as

2 2 2 2 2 2 2
2 @ Wy — Wy — Wzo 97; Wyo t+ Wy,0 + Wz

Wy; = +
o 2 u 2 ’
2 2 2 2 2
P ﬂ Wy — Wyp — Wzo 97, Wy + W)+ Wzp (3)
P 2 ut 2 ’
> 0,

Wz = —Wzp -
Ui

The equilibrium positions 7eq,; of an ion crystal for given confine-
ment strengths wy can be found by minimizing Eq. (2).

As an example, we calculate the equilibrium positions for the
type of ion crystal needed for quantum logic, consisting of one Be™
ion and one HCI. Assuming sufficiently strong radial confinement
w20 << Wy, Wy, the crystal will be oriented along the trap axis with
Xeqi = Yeqi = 0- The equilibrium positions of the two ions are the
solution to

av

=0. 4
8z,- z 0 ()

=Zeq,i

This can be solved analytically to yield

Ouct 1

ZoqBet = *740 > ZeqHCI =
q,Be 2/3 b
(1 + 91—[(;1) /

iméo > (5)

where ¢, is the characteristic length scale, defined as

f=R| —B ©)
Ameomows

Note that the positions only depend on the charge state of the HCI
and not on its mass. For larger ion ensembles, numerical minimiza-
tion may be used in Eq. (4). A small modification of this configura-
tion may be caused by light forces acting on the Doppler-cooled Be*
ions but not on the HCI, which is neglected in Eq. (2).

To determine the charge state of re-trapped HCI, we analyze
the ion positions in axial linear mixed crystals. An example with one
Ar HCI and three Be" ions is depicted in Fig. 9. Observed and cal-
culated equilibrium positions are compared by minimizing Eq. (2)
values for different assumed charge states, g;;;- We thus conclude
that the dark spot in Fig. 9 contains a “’Ar'®* jon. Note that in this
ion configuration, it is in fact possible to obtain the charge state of
the HCI independent of the secular frequency from the position of
the inner Be" ion relative to the outer Be™ ions.
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FIG. 9. Example charge-state determination for an axial linear crystal consisting of
a “°Ar HCI co-trapped with three °Be™ ions. (a) Crystal image showing Be™ fluo-
rescence. (b) lon positions as fitted with three two-dimensional Gaussian functions
and a constant background to the image (dashed line). (c) Comparison of calcu-
lated (crosses) at w, = 2m x 118.3 kHz to fitted equilibrium positions (horizontal
lines, uncertainty smaller than line thickness). The position of the inner Be* ion
indicates a HCI charge state of g,,c, = +9.8(0.2)e.

C. Spatial thermometry

After establishing the HCI charge state, recorded images of
mixed crystals can be used to determine ion temperatures. Ions in
thermal equilibrium randomly move in the trapping potential, and
their spatial probability distribution is visible on camera images. For
a single Be* ion at temperature T in a harmonic potential in the
weak-binding limit, the time-averaged spatial distribution in each of
the three principal trap directions k (averaged over time) is Gaussian
with an approximate width of >~

kgT
Othko = \| — 3 - (7)
m()wk,o

Here, we neglect micromotion, which would slightly increase the
width in both radial directions™ but remains below the level of a few
percent for small values of the Matthieu stability parameter g << 1.

In a mixed-species ion crystal, all motional modes are thermally
excited following the kinetic energy distribution. The width of the
spatial distribution in direction k for ion i is then given by>

ksT ksT
Othki = \} > Sk,i,pBi = \I Vi sz > )
)

2 i
miwkyp mowz’o

where the sum runs over all normal modes p of the crystal, with
mode frequencies wy, and eigenvectors Sy ;,. In general, at a given
temperature T, the spatial extent for each ion is different; by nor-
malizing all values to the one of a given Be* ion from Eq. (7), the
scaling for each ion can be expressed in a set of weighting factors y, ;
that depend only on the crystal configuration and the ratios of the
radial secular frequencies to the axial secular frequencies. Note that
for a crystal consisting purely of Be* ions, w,, is the frequency of the
axial center-of-mass mode.

We obtain the motional modes of a crystal by numerically solv-
ing the eigensystem describing secular ion motion as a perturbation
of its equilibrium position, defining 7i(t) = 7eq,i +A7i(t). When an
ion is cold enough, the local potential around it can be approximated
as being harmonic by linearizing all forces. The Lagrangian for the
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axial secular motion is written in terms of the displacements Az; and
corresponding velocities Az; as

1 o 1 o*V
L,=-) mAz; — -
‘ Zzi: e ZIZJ: 821'82]‘ Az=0

AZ,‘AZ]‘ N (9)

taking the potential V' from Eq. (2) and equilibrium positions from
Eq. (4). The axial eigenmodes (w.p, Sz,ip) of the crystal are then
numerically obtained from the corresponding equations of motion,
and the calculation is repeated for the two radial directions.

The spatial extent of ion i on the camera image is the con-
volution of its projected spatial probability distribution and the
point-spread function (PSF) of the imaging system. Assuming an
approximately Gaussian PSF, this convolution results in

[ 2 [ 2
Oui =\ Opsiu + Othwi  and 0y = \/ Opspy + Oth i » (10)

denoting the two image axes as u, v. In our experimental setup, one
image axis corresponds to the axial coordinate of the trap, while
the other axis mixes both radial coordinates under a 45° angle (see
Sec. I C). We obtain the projected spatial extents by way of Eq. (8),
defining the effective weighting factors as

2 2
Yu,i:\/w and i = 9. (11)

For the trapping parameters of the crystal in Fig. 9, the calcu-
lated weighting factors y, ; and y, ; are given in Table II. Note that
normalizing to the nominal axial secular frequency in Eq. (8) means
that the y,; values in this table are independent of the axial secu-
lar frequency, whereas the y, ; values depend on the ratios of the
two radial secular frequencies to the axial secular frequency. The
observed horizontal and vertical spatial extents of the ions in the
crystal of Fig. 9 obtained from the two-dimensional Gaussian fits to
the image data are shown in Fig. 10. From Eq. (10), it is clear that
a thermal contribution would show as a relative difference in spa-
tial extent between the ions that follows the pattern of the weighting
factors in Table II.

The results of a global fit to the observed spatial extents are
shown as colored bars in Fig. 10, taking opsru, opsk,y and T as free
parameters. The fitted temperature of the Be™ ions is T = 4(3) mK.
We can assume thermal equilibrium due to the strong ion-ion
Coulomb interaction, and thus this temperature also holds for the
Ar'"" jon, confirming the cooling of HCI to millikelvin temper-
atures close to the Doppler limit. The uncertainties from spatial

TABLE II. Numerically calculated spatial thermometry weighting factors for an axial
linear crystal consisting of a single Ar'%* ion co-trapped with 3 Be* ions. Horizontal
axis (u) corresponds to the radial trap coordinate; the vertical axis (v) corresponds
to the axial trap coordinate (see main text for details).

Ion Image horizontal y,,; Image vertical y, ;
1 Be* 0.291 0.665
2 Ar'®* 0.123 0.358
3 Be* 0.319 0.536
4 Be* 0.304 0.640
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FIG. 10. Spatial thermometry of mixed-species crystal in Fig. 9. The data points
with error bars represent the spatial extent of Be* ions on the image in the hor-
izontal (u) and vertical (v) coordinates, corresponding to radial and axial trap
coordinates, respectively. Bars show a fit with Eq. (10). The (small) difference in
ion spatial extent following the relative factors given in Table || is the signature of a
thermal component; the fit yields a temperature of T = 4(3) mK. The darker part
of the bars shows the PSF contribution, taken to be identical for all ions.

thermometry are relatively large, mostly because it requires resolv-
ing a small thermal component blurred by the larger PSF contri-
bution. Assuming a symmetric Gaussian PSF, the relation opsg =
dio-90%/ (2\/5 erf! 0.8) holds, which indicates general agreement
between these PSF values and the in-air characterization of the
cryogenic optics described in Sec. I E.

The method of preparing cold HCI is also applicable to other
species, as illustrated by Fig. 8. The dynamics of the mixed-species
ion crystals are primarily determined by the charge-to-mass ratio of
the HCI vs that of the cooling ion. In general, a mismatch in this
parameter results in weak coupling between the HCI and cooling
ion in some motional modes, decreasing sympathetic cooling effi-
ciency. As the lightest singly charged ion favorable for laser cooling,
Be" is the most versatile cooling species for a great variety of HCI
charges and masses, although in some cases, Mg* or Ca* may also
be suitable. Moreover, the recently developed algorithmic cooling in
Paul traps’' solves the problem of cooling weakly coupled modes.
This makes switching between HCI species in the experiment rela-
tively easy, and generally, an optimization of EBIT, ion optics, and
the timing of the deceleration pulses is all that is needed.

IV. SUPERCONDUCTING MAGNETIC SHIELDING

A unique feature of CryPTEx-SC is its ability to permanently
freeze a pre-set magnetic field flux. When a hollow superconductor is
cooled below its critical temperature T in a finite magnetic field, the
onset of perfect diamagnetism expels an extant external field from
the bulk material by inducing eddy currents on its outer and inner
surfaces. This freezes the magnetic flux inside the hollow, as already
observed by Meissner and Ochsenfeld.””

Niobium, a type-II superconductor, exhibits flux pinning when
the expulsion of magnetic flux from the bulk of the superconduc-
tor is not complete, forming flux tubes at pinning centers such as
lattice imperfections or impurities. This effect is stronger in thin lay-
ers. Trapped flux causes finite surface resistance in superconducting
radio-frequency (RF) cavities.”®

We observe some influence of the magnetic field strength at the
time of cooling down below T, = 9.2 K on the quality factor of the
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resonator. When operating it in a superconducting state at higher
RF input powers, a reduction depending on the value of the mag-
netic field trapped during the last cool-down is seen (see Fig. 11). For
this measurement, we repeatedly warmed up the resonator above T,
using a resistive heater, applied an external magnetic field, and let
the resonator cool down to T = 4.2 K again. The maximum applied
magnetic field magnitude of 0.6 mT is far below the critical field
strength H. of order 100 mT for niobium; therefore, the material
always reached the Meissner state.

Reflective measurements of the unloaded quality factor Q, of
the quadrupole resonance at 35 MHz were performed with a net-
work analyzer at 20 dBm input power connected to the inductive
coupler. An increase of 0.5 mT in B-field magnitude reduces Q, by
about 5% with an associated 1077 fractional shift of the resonance
frequency. The highest quality factor is reached at a finite verti-
cal magnetic flux density compensating for the background B-field
component. Note that the magnetic field from the field coils might
not be homogeneous throughout all of the resonator material.

The resonator quality factor Q, can be written in terms of the
geometry factor G and the surface resistance R; at the relevant RF
frequency wo as™

G

QO:E.

(12)
The geometry factor is the ratio of the magnetic field strength inte-
grated over the cavity volume to that integrated over the cavity
surface,”

onofV |H|2dv

G= ~
s |H|*ds

(13)

which only depends on the resonator geometry. For our cavity, we
calculate it with the finite-element method (FEM) to be G = 1.7 Q.
If we assign the observed change in Q, to an increase in the sur-
face resistance related to flux trapping, our data appear to suggest a
nonlinear dependence rather than the typical linear dependence at
low B-field strength.”” Figure 11 shows an empirical least-squares
fit assuming a power-law behavior for R, o< |B|", yielding n ~ 0.3.
However, we note that we only observe this B-field dependent effect
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FIG. 11. Unloaded quality factor Qp of the 35 MHz quadrupole resonance at
T = 4.2 K for high input power as a function of the vertical magnetic flux den-
sity applied at the time the superconductor was cooled below T.. The dashed
line is an empirical it assuming a power law for the surface resistance Rs o< |B|"
yielding n ~ 0.3. Maximum Qq is reached at a finite positive B, that cancels the
background magnetic field.
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at high in-coupled power. At low power, Q, is higher, reaching

b ~ 200000, and shows no dependence on |B| over the studied
range. A similar interplay with the intra-cavity electric field mag-
nitude has been associated with hydride-formation in Nb super-
conducting cavities,®! suggesting that this process may also play a
role in the overall performance of our cavity. In any case, under
current operating conditions, the effect of the trapped flux used as
the quantization axis for the ions does not significantly limit trap
performance.

A. Microwave hfs spectroscopy

Generally, magnetic-field insensitive hyperfine transitions are
chosen as qubits for quantum information processing to limit deco-
herence caused by fluctuating external fields. By operating at a spe-
cific (“magic”) magnetic field magnitude, one ground state hyperfine
transition component in Be* can be made first-order insensitive to
magnetic field fluctuations at a finite field magnitude.®” However,
here we investigate magnetically sensitive hyperfine-structure (hfs)
transitions in order to benchmark the superconducting shielding
performance of our trap.

The magnetic field in the trap was characterized by microwave
spectroscopy on single Be® ions (see Fig. 12) using the transi-
tion |{) =|F =2, mp=-2) to |[t) =|1,-1) with an on-resonance
Rabi time of 33 ps. We apply the Ramsey method with time-
separated oscillatory fields to obtain good frequency resolution.®
Pulse sequences are implemented using the ARTIQ (Advanced
Real-Time Infrastructure for Quantum physics) experiment con-
trol system® to run the RF signal generators for the AOMs, the
microwave source, and for recording the signal from the PMT.

The sequence starts with both the cooling and repumper
313 nm lasers switched on for Doppler cooling (see Fig. 13). State
preparation consists of turning off the repumper laser so that the
cooling laser, which is not entirely free of a m-polarized compo-
nent, pumps the Be* ion with the highest probability into the upper
qubit state |1). Subsequently, the cooling laser is also turned off, and
a microwave pulse sequence comprised of a 7/2 pulse, a variable
wait time Tr and a second 7/2 pulse is executed. For state detec-
tion, the cooling laser is unblocked, and fluorescence is recorded for
a set time matching the timescale of optical pumping. If the sequence
leaves the ion in the |1) state, no fluorescence appears; if, instead, the
microwave radiation successfully flips the qubit to the lower state || ),
fluorescence will be observed until the ion is pumped into the dark
qubit state |1) again. This timescale, which depends on the purity of
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FIG. 12. Hyperfine structure of the 2Syj, ground state of °Be*. The transition com-
ponent (F,mg) = (2,-2) < (1,-1) with maximal first-order Zeeman shift is
chosen as the qubit for most of this work.
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FIG. 13. Ramsey-pulse sequence: switching scheme of microwave radiation, cool-
ing, and repumper laser. Sketched is also the fluorescence signal measured with
the PMT. See the main text for details.

the circular polarization of the laser, its intensity, and the alignment
between its propagation direction and the quantization axis, limits
the signal-to-noise ratio for a single detection trial. After the detec-
tion time window, both lasers are unblocked for 1 ms to (re-)cool
the ion, and then the sequence can be repeated.

Asa function of the frequency detuning, the observed transition
probability shows the characteristic Ramsey pattern (see Fig. 14),
where the width of its envelope depends on the Rabi time and the
fringe spacing on 1/Tr. While accurate resonance frequency deter-
mination requires long wait times, finding the central one among the
many fringes becomes cumbersome. For this, we combine a series of
frequency scans with different frequency ranges and values of Tk.
We identify the central peak at each Tr directly®® using a global
least-squares fit of the Ramsey pattern® yielding the transition
frequency.

B. Decay of trapped magnetic flux

Using the method described earlier, the frequency of the mag-
netic field sensitive transition was measured, yielding the Zeeman
splitting and the B-field magnitude at the ion position. After trap-
ping a magnetic flux in the superconductor of about 190 T at the
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FIG. 15. Long-term stability of the magnetic flux trapped inside the supercon-
ducting resonator, with its magnitude decreasing less than 0.2% over several
months. The fitted exponential decay would yield an effective lifetime of about 300
years. Uncertainties are smaller than the symbols; variation in the chosen trapping
parameters causes scatter in the data.

trap center, the external field coils were switched off, and measure-
ments were performed over several months (see Fig. 15), during
which the resonator was kept below its critical temperature.

From the measured frequency of the qubit hfs transition, we
subtract the zero-field hyperfine splitting, known to 107" preci-
sion,’® and obtain the Zeeman shift Av,. In the first order, the
magnetic field magnitude is then

= hAVZ

1Bl usA(grme) (14)

where the numerical factor for the qubit transition is given by
A(ggmr) ~ 1.5018, corresponding to a magnetic field sensitivity
of 21 kHz/uT. To include quadratic and higher order coupling
between the ground state hyperfine levels, we use the Breit-Rabi for-
mula.®® Figure 15 shows how the trapped magnetic field magnitude
decreased by only about 0.1% over 100 days. Assuming a continuous
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FIG. 14. Example Ramsey measurement series showing the observed fluorescence rate vs the microwave frequency near the qubit hfs transition. The data are for wait times
Tr between 20 us and 1 ms, adapting the frequency range and step size at each T to keep the number of measured fringes roughly constant. The line shows a global fit
of the excitation probability; a dashed vertical line marks the fitted resonance frequency. Each data point is averaged over 2000 sequences, and uncertainties are derived
from Poisson statistics. The B-field magnitude at the ion position determined from this series is 190.5026(3) uT. At this time, the magnetic field was not well-aligned with the
cooling laser propagation direction, resulting in few signal photons per repeat due to rapid optical pumping into dark states.
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exponential decay, the least-squares-fitted lifetime of the trapped B-
field is about 300 years, which would correspond to a continuous
fractional change in the magnitude of

1 d|B| N 10 -1

5 d ~1x107070, (15)
During longer measurement series, we observe frequency drifts con-
sistent with B-field changes at this order of magnitude. However,
these drifts are non-monotonic and, at least in part, appear to cor-
relate with temperature fluctuations in the cryogenic system. Small
changes of ion position in a B-field gradient could also cause fre-
quency shifts, which we explore further in Sec. IV E. The scatter in
the right half of Fig. 15 corresponds to a greater variation in trap
operating parameters chosen during this period.

Presently, we cannot establish whether the B-field decay is
continuous (aside from flux quantization) or possibly activated by
operation at high RF input power or superconductor tempera-
ture. The lifetime may thus represent an effective value for typical
trap operation. In any case, the long-term stability of the pre-set
quantization B-field demonstrated here is a great advantage for
quantum experiments, comparable to operation with permanent
magnets.”” There, thermal drifts determine the long term field sta-
bility; we similarly find that stabilizing the resonator temperature by
a proportional-integral-differential (PID) loop controlling current
through a heating resistor mounted on the resonator body yields the
most stable conditions for qubit operation.

C. Shielding of external magnetic fields

Fluctuating external magnetic fields can induce decoherence.
We now investigate how efficiently the superconducting resonator
shields the trapped ions from environmental magnetic noise. Our
outermost shielding within the vacuum chamber consists of nested
OFHC (oxygen-free high conductivity) copper heat shields’® that are
nearly identical to those of the sister experiment””"’ at Physikalisch-
Technische Bundesanstalt (PTB), Braunschweig. These shields fil-
ter magnetic field noise above corner frequencies of 0.14-0.30 Hz
along different axes by inducing counteracting eddy currents, as
characterized in the PTB trap.*’

Moreover, our superconducting resonator also shields mag-
netic field changes down to zero frequency. We determine the
effective DC shielding factor by observing the qubit resonance fre-
quency while applying external fields using each pair of coils in turn.
Figure 16 shows the results for a variable DC external field along
the trap axis, which is at a 30° angle to the direction of the pre-
viously trapped B-field. A linear component as a function of the
externally applied field is apparent here. We calculate the shield-
ing factor for the trapped ion as the ratio of the observed change
to the expected change without the superconductor by a linear least-
squares fit, resulting in 761(18), with the uncertainty reflecting the
spread in the data. The fact that the shielding is not complete could
be caused by the various openings in the resonator housing, where
magnetic field lines may be able to slowly penetrate the inner vol-
ume. Changes in qubit frequency using the other two pairs of coils
are consistent with the same shielding factor, taking into account
the relative angles of the applied fields. This demonstrates a passive
magnetic shielding of about 57 dB at frequencies down to DC, com-
parable to some dedicated magnetically shielded rooms®® employing
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FIG. 16. DC magnetic shielding: B-field flux density at the ion position from qubit
resonance frequency vs externally applied B-field (under a 30° angle). Note the
different axis scales. Uncertainties are smaller than the symbol size.

nested shields of u-metal. We can assume that for higher frequen-
cies, the total shielding factor of our setup is at least as good as the
product of this and the component from the OFHC heat shields.*’

D. Qubit coherence time

Magnetic noise, as well as power and frequency fluctuations
of the microwave source driving the Be* qubit, reduce its coher-
ence time. The microwave function generator is referenced to a
clock signal with a stability of 107°\/'s/\/T over time 7. We inves-
tigate the qubit decoherence by two methods: observing the Ramsey
fringe contrast, which is sensitive to low-frequency noise® (T3 ),
and spin-echo sequences sensitive to high-frequency noise (T5).

Decoherence manifests in a contrast reduction of the Ramsey
pattern with increasing wait time. A series with wait times Tr of up
to 500 ms is shown in Fig. 17. We determine the contrast by varying
the detuning of the microwave pulses. The functional shape of the
decoherence as a function of wait time depends on the noise spec-
trum. If Gaussian phase noise is the dominant process, the coherence
depends on the relative length of the noise correlation time 7 and the
experimental cycle.”’ For T shorter than the noise correlation time,
the coherence exhibits a Gaussian decay o< ¢ /%) which at longer
wait times turns into an exponential decay oc e™””. The contrast in
Fig. 17 shows Gaussian reduction pointing to a noise-correlation
time on the order of the maximum wait time. A least-squares fit
yields 7 = 414(22) ms.
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FIG. 17. Measurement of Ramsey fringe contrast as a function of wait time Tg
up to 500 ms. The reduction in contrast is consistent with non-Markovian noise; a
Gaussian fit (dashed line) indicates a 1/+/e coherence time of = = 414(22) ms.
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In the Hahn spin-echo sequence,”’ a m-pulse is added at the

midpoint of the wait time in a Ramsey sequence (see inset Fig. 18).
This reverses the low-frequency phase evolution of the spin, refo-
cusing in the second half a phase rotation accrued in the first half.
This cancels the effect of slow drifts of the qubit frequency, leaving
dephasing by random noise dominant. Contrary to the Ramsey case,
the refocusing pulse causes the qubit to end up in the same state
it started in when driven on resonance. Decoherence will increase
the probability of ending in the other state, with both probabilities
becoming equal when coherence is completely lost. To indepen-
dently measure signal and background, we interleave sequences
where the final pulse affects a 37/2 spin rotation, thereby inverting
the probabilities of reaching either state.

Results of spin-echo measurements where Ty, was varied
between 100 ys and 4 s are shown in Fig. 18. The probability of
finding the correct state decreases with T'.it, becoming close to ran-
dom at the longest wait time. A least-squares Gaussian fit yields
7 =2200(100) ms. This coherence time is significantly longer than
in the Ramsey case and shows the refocusing effect of the spin-echo
method. Assuming the decoherence to be caused by Gaussian B-field
noise, its root-mean-square fluctuations can be quantified as 1770

h 1

" usA(grme) 7 1o

(4B)’

which gives a root-mean-square (rms) noise amplitude of
3.5(0.2) pT.

E. Single qubit addressing

These long coherence times allow us to greatly reduce the inten-
sity of the microwave radiation while still coherently exciting the
qubits, thus increasing the Rabi time and reducing the frequency
width of the excitation. By measuring the qubit resonance fre-
quency of a single ion moved along the trap axis near its center, we
observed in the trapped B-field an undesired gradient of 0.1 #T/mm.
While this can be eliminated with the external field coils in the next
cool-down, its presence allows us to distinguish two simultaneously
trapped Be* ions based on the difference in resonance frequencies.
Figure 19 shows that by increasing the Rabi time to 150 ms, we
are able to independently excite two Be® qubits separated by about
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FIG. 18. Spin-echo measurement with a total wait time of up to 4 s. Inset shows
the pulse sequence, where the final pulse controls whether the |1) or |{) state
is reached in the absence of decoherence. A Gaussian fit (dashed line) yields a
1/+/e coherence time of = = 2200(100) ms.
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FIG. 19. Individual addressing of two Be* simultaneously trapped qubits. A small
B-field gradient splits the two transition frequencies apart by 60 Hz, resolvable
when attenuating the microwave intensity by about 70 dB. The fit comprises two
Rabi line shapes whose widths are consistent with the Rabi time of 150 ms. Inset
displays an EMCCD image of the two-ion axial crystal.

60 Hz. The small difference in peak height is explained by a position-
dependent light collection efficiency; we see the same effect when
moving a single ion along the trap axis.

Magnetic field gradients in combination with ion motion are
also a potential source of decoherence. The ion motion is described
by a thermal distribution of quantized harmonic oscillations, treated
in more detail in Sec. I1I C. Using Eq. (7) with a typical axial secular
frequency of w;o ~ 27 x 215 kHz and an ion temperature of T ~ 0.5
mK close to the Be* Doppler temperature,’> we find an rms length
scale of o, ~ 0.5 ym. In the B-field gradient, this corresponds to an
rms B-field magnitude of about o5 ~ 50 pT. However, during the
Ramsey and spin-echo measurements, the cooling lasers are blocked,
and no thermalization takes place, which results in purely harmonic
ion motion without heating. Such motion would lead to an effect
that is periodic in the wait time at the oscillation period and not the
observed decoherence.

V. DISCUSSION

We have demonstrated the primary feature of our CryPTEx-
SC experiment: preparing cold highly charged ions in a low-noise
trap for precision spectroscopy. The HCI are produced in an elec-
tron beam ion trap before re-trapping and sympathetic cooling in a
crystal of *Be™ ions pre-loaded in the cryogenic radio-frequency trap
for spectroscopy. The trap features a multi-lens cryogenic objective
with a large numerical aperture and working distance designed to
minimize black-body radiation in the trap region. Analysis of mixed
ion crystal images enabled identification of the HCI charge state and
confirmation of reaching mK temperatures.

The setup is similar to its sister experiment’” at PTB, Braun-
schweig, but has the unique feature of integrating the linear RF ion
trap with a superconducting resonator,’® which minimizes magnetic
field noise without requiring active field stabilization. This is bene-
ficial for coherent manipulations of ion qubits, including quantum
logic spectroscopy techniques. Flux trapping in the superconducting
niobium preserves the B-field present at the time of cool-down, mak-
ing stable external quantization fields unnecessary and eliminating
associated technical noise. By performing microwave spectroscopy
on the ground state hyperfine structure of Be® ions, we found the
fractional decay of the stored B-field to be on the order of 107'% s7".
The presence of a small B-field gradient along the trap axis optionally
enables individual qubit addressing.

Rev. Sci. Instrum. 94, 083203 (2023); doi: 10.1063/5.0160537
© Author(s) 2023

94, 083203-12

§2'81'60 €20 4290100 91


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

Moreover, the superconductor passively attenuates external
magnetic field fluctuations down to zero frequency with a measured
shielding factor at DC of 57 dB. At finite frequencies (above about
0.1 Hz), the two copper thermal shields enclosing the spectroscopy
trap provide additional shielding.*” Using Ramsey measurements,
we observe coherence times of >400 ms on the maximally B-field
sensitive Be* qubit without active field stabilization or AC line
triggering, over an order of magnitude longer than reported for
the PTB trap without superconducting shielding*’ and compara-
ble to experiments implementing permanent magnets and double
p-metal shielding.®” In spin-echo measurements, where slow drifts
are canceled, the observed coherence time of 2.2(0.1) s corresponds
to Gaussian B-field noise with a root-mean-square amplitude of

(AB)? = 3.5(0.2) pT. Potential remaining sources of decoherence

include external B-field noise intruding through the openings in
the resonator, noise on the DC trap electrodes, ion motion in the
B-field gradient, ion heating, and microwave noise. Quantum lock-
in techniques could be implemented”” to further investigate the
noise spectrum.

Longer coherence times in trapped ion qubits have been
demonstrated for transitions intrinsically insensitive to B-field
fluctuations’ using decoherence-free subspaces’” or dynamic
decoupling.”® The latter techniques add overhead to experimen-
tal procedures and increase demands on gate fidelity. Our results
show that in a cryogenic ion trap that is passively shielded by
the combination of enclosing superconducting material and cop-
per thermal shields, reaching long coherence times is not limited to
magnetically insensitive trapped ion qubits. This is advantageous for
direct extreme-ultraviolet frequency-comb spectroscopy,” optical
clocks,”"” as well as quantum computing’’ and simulation” with
trapped ions.

Currently, we are setting up a laser system for driving Raman
transitions in Be® for sideband cooling and quantum logic spec-
troscopy of HCI. Planned improvements in the vacuum system and
the RF coupling will lead to lower operating pressure and longer life-
times of the trapped HCI. The present setup is the blueprint for an
upgraded superconducting trap (project VAUQSI), which will soon
be assembled.

Advancing the trapping and cooling of HCI will bring opportu-
nities for fundamental physics research with this large class of atomic
systems. Our superconducting-resonator trap-design uses passive
shielding to provide an ultra-stable electromagnetic environment for
quantum logic spectroscopy. Although phonon heating rates have
yet to be measured, we expect that the strong filtering of RF noise
by the resonator will also prove favorable in this regard. Long coher-
ence times enable the excitation of narrow transitions with long Rabi
times. The demonstrated low B-field noise could be beneficial not
only for HCI research but also for other atomic and molecular ions.
In particular, the decoherence rate in our trap will be a great advan-
tage for future quantum logic studies involving tens of ion qubits,
where fidelity has to be boosted to reduce error rates. By construct-
ing decoherence-free subspaces’”” in ensembles of trapped ions, the
present insensitivity to magnetic noise could be further enhanced,
making the qubits better probes of, e.g., spin-spin interactions,”” iso-
topic shifts,”’ violations of Lorentz invariance,”""* and searches for
physics beyond the Standard Model."”
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