PHYSICAL REVIEW APPLIED 11, 011002 (2019)

Probing Time Dilation in Coulomb Crystals in a High-Precision Ion Trap
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Trapped-ion optical clocks are capable of achieving systematic fractional frequency uncertainties of
108 and possibly below. However, the stability of current ion clocks is fundamentally limited by the
weak signal of single-ion interrogation. We present an operational, scalable platform for extending clock
spectroscopy to arrays of Coulomb crystals consisting of several tens of ions while allowing systematic
shifts as low as 107!°. We observe three-dimensional excess micromotion amplitudes inside a Coulomb
crystal with atomic spatial resolution and subnanometer amplitude uncertainties, and show that in ion
Coulomb crystals of length 400 xm and 2 mm, time-dilation shifts of In™ ions due to micromotion can be
close to 1 x 107! and below 107!8, respectively. In previous ion traps, excess micromotion would have
dominated the uncertainty budget for spectroscopy of even a few ions. By minimizing its contribution and
providing a means to quantify it, we open up a path to precision spectroscopy in many-body ion systems,
enabling entanglement-enhanced ion clocks and providing a well-controlled, strongly coupled quantum

system.
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I. INTRODUCTION

Optical atomic clocks [1] are currently the most accurate
man-made devices, capable of providing frequency refer-
ences with fractional uncertainties approaching one part
in 10'®, The two most successful approaches thus far are
ensembles of 103—10* neutral atoms stored in an opti-
cal lattice (e.g., Refs. [2-5]), and single trapped ions
(e.g., Refs. [6-8]). The latter benefit from the ability to
be strongly confined due to their charge, which, to first
order, does not affect the electronic energy structure (by
definition, the time-averaged electric field vanishes at the
equilibrium ion position). The resulting strong localization
and excellent control over the trapping environment for
single ions are an ideal premise for high-accuracy spec-
troscopy. Besides being excellent candidates for optical
clocks, ions also provide transitions with high sensitivi-
ties for tests of general relativity [9,10] or the search for
physics beyond the standard model [11—13]. Stable and
reproducible optical clocks also give rise to novel applica-
tions such as chronometric leveling, which uses relativis-
tic time dilation to determine differences in gravitational
potential [14,15]. With a fractional frequency resolution of
1 x 107!8 corresponding to 1 cm of height difference on
Earth’s surface, optical clocks become competitive sensors
for geodesy [16—18].

However, current single-ion clocks are fundamentally
limited by their statistical uncertainty due to the low
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signal-to-noise ratio of a single quantum absorber [19].
The corresponding instabilities on the order of 1071%/,/T
necessitate measurement times t of tens of days before
the atomic transition frequency is resolved to within
107!3. These long integration times complicate compar-
isons between clocks and significantly impede practical
applications. So far, it has been unclear whether precision
spectroscopy can be extended to many ions to provide fast
and ultrastable clock spectroscopy [20—22] without com-
promising accuracy. Here we demonstrate the possibility
to scale the high level of control from a single ion to spa-
tially extended and strongly coupled many-body systems
with corresponding systematic uncertainties as low as 1 x
107!, A clock based on N ions can reach a given instabil-
ity N times faster, and further allows the implementation
of novel clock schemes, such as cascaded interrogation of
separate ensembles [23,24] or the use of quantum correla-
tions [25—27]. The unperturbed storage of extended multi-
ion ensembles demonstrated here is also a key require-
ment for scaling ion-based quantum-simulation [28—30]
and quantum information processing [31] systems to sizes
and computation times at which they outperform classical
computations.

In this work, we present the operation of a plat-
form for precision spectroscopy. In previous clock ion
traps, micromotion-induced time-dilation shifts increased
by 10717 over 3 um [6] (or 107!® over 20 wm [32]). Our
platform is capable of storing 400-um-long ion chains
with shifts close to 1 x 107!°. This is shown with the
use of a measurement technique that images time-dilation
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shifts with 1072 resolution for each individual ion within
a Coulomb crystal. Since these findings resolve one of
the major concerns in precision spectroscopy with ion
ensembles, they are a crucial prerequisite for future clocks
based on this approach. In combination with a detailed
analysis of further systematic shifts [33], they allow us
to show that the overall contribution of multi-ion opera-
tion to the frequency uncertainty of an In™ clock can be
below 1 x 107!, Our approach supports ion numbers on
the order of 100 at this level of accuracy. The scalability
of our ion trap platform is also useful for cascaded clock
operation and storage of quantum information.

I1. ION TRAP ARRAY

Our platform consists of a linear rf trap array [shown
in Figs. 1(a)-1(c)] developed for precision spectroscopy
on separate ion ensembles. In this type of trap, large
Coulomb crystals can be stored to serve as high-stability
frequency references, while short chains on the order of
ten ions allow clock operation with high accuracy [see
Figs. 1(d) and 1(e)]. Separation into relatively small linear
crystals limits the complexity of the motional spectrum,
provides approximately homogeneous environmental con-
ditions, and supports internal state read-out with single-ion
resolution, while further scaling is achieved by the stor-
age of multiple such ensembles. The trap array consists
of four AIN wafers with gold electrodes, the geometry of
which is based on the calculations in Ref. [21]. Assembly

from a small number of laser-cut monolithic wafers with
laser-structured gold layers ensures scalability and sym-
metrically shaped electrodes with manufacturing toler-
ances below 10 um. Integrated Pt100 sensors allow in situ
temperature measurements during clock operation. Fur-
ther trap features include three-dimensional (3D) optical
access, dedicated electrodes for 3D stray-field compensa-
tion in each segment, and integrated RC filters close to each
electrode to prevent pickup electronic noise from exciting
eigenmodes of the Coulomb crystals. The electrical design
was previously tested in a simple prototype trap [34].

III. TIME DILATION IN ION COULOMB
CRYSTALS

The strongest concern for precision spectroscopy in
extended ion many-body systems is the time dilation due
to fast motion of individual ions, driven by the confining
rf field at ;¢ [excess micromotion (EMM)]. Our concept
relies on the storage of all ions at positions of minimal rf-
field amplitude, and is therefore not restricted to atomic
species that allow cancellation of micromotion-induced ac
Stark and time-dilation shifts [35]. This choice also avoids
ion heating by an rf-enabled coupling of noise at frequen-
cies of Q¢ £ w; to motional modes at w; [36]. However,
while a single ion can be placed at the point of lowest
(ideally, vanishing) rf-field amplitude by the application
of static electric fields (see, e.g., Refs. [37—40]), doing
so with a chain of ions relies on the existence of a true
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FIG. 2. Single-ion measurements of the
| axial rf-field component in two trap seg-
ments of length 1 and 2 mm, respectively,
5 at an rf amplitude of Uy ~ 800 V. The

shaded areas correspond to time-dilation
shifts below 1073 (10~) for !5 In*.
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nodal line in the trapping field. Axial rf-field components
prevent the formation of such a line when the transla-
tion symmetry of the trap is broken by its finite length,
segmentation, and possible manufacturing imperfections.
Secondly, the line of minimal rf amplitude is not necessar-
ily identical to the line of minimal radial potential, and it
is not clear that the available compensation fields can cor-
rect for this over the whole extent of the crystal. Finally,
collective effects exist within the crystal, in which ions are
affected by the fluctuating Coulomb repulsion from neigh-
boring ions undergoing micromotion [22,41]. We show in
the Supplementary Material [42] that this last effect scales
as (wax/ Q.02 in linear ion chains at an axial trapping
frequency w,y and is negligible for our parameters.

A. Single-ion time-dilation measurements

Using a photomultiplier tube (PMT) and the photon-
correlation technique [43], we previously demonstrated
the capability of quantifying the frequency shifts result-
ing from EMM with uncertainties below 1072° for a
single ion [38]. Here, using this technique, we first bench-
mark the trap array by measuring the micromotion ampli-
tudes 2y Of @ single '2Yb* ion at different positions
along the trap axis. The observed rf-electric-field ampli-
tudes Er; = mysQ2320 papg/€ are below 80 V/m (140
V/m) over an entire 1-mm-long (2-mm-long) segment,
as shown in Fig. 2. The corresponding fractional time-
dilation shifts for !'SIn*, |Av/vo| = (Qurz{ )/ (22) =
(Qur 2y pau)?/ (262 (min /myp)?, are below 5.3 x 10719
(1.6 x 107'3). In these relations, myy, and my, denote the
respective ion mass, ¢ denotes the speed of light, and e
denotes the elementary charge (see Supplemental Material
at [42] for a comprehensive list of relations between mea-
sures of EMM). The change in time-dilation shift over a
characteristic ion distance of 10 um is below 4 x 10720
everywhere in these segments, with a gradient 3 orders of
magnitude smaller than previously reported [6]. The result-
ing axial range with shifts below 10~'® allows the storage
of more than 50 ions in each segment.

The question remains whether single-ion measurements
can predict the rf-driven motion of multiple simultaneously
trapped ions. We have therefore developed a method to

simultaneously observe EMM in individual ions within a
Coulomb crystal.

B. Stroboscopic imaging technique

Our experimental setup for spatially resolved micro-
motion measurements in Coulomb crystals is shown in
Fig. 3(a): Ion fluorescence is imaged onto an image inten-
sifier (Proxivision BV 2581 TZ 5N), the cathode of which
is driven with 10-ns square pulses, corresponding to about
one quarter of the rf period. These pulses are triggered by
the trap drive, with a variable delay §¢ to adjust the rela-
tive phase. Details on the electronic circuit can be found
in Ref. [44]. Photoelectrons are subsequently multiplied
by a multichannel-plate assembly and converted back to
photons by acceleration onto a fluorescent screen. Finally,
the screen image is observed with an electron-multiplying
CCD camera and integrated separately for each of four
phase settings and three laser directions. All 12 settings
are interleaved, and the collected images are added up in
postprocessing. Figure 3(b) shows an example of such an
image with a total exposure of 2700 s. The spatial resolu-
tion is slightly deteriorated by the image intensifier, as the
applied cathode pulses of approximately 100 V are half of
the design value, allowing more transverse electron motion

trap image intensifier camera
L DD cathode  MCP phosphor
B e = I I L

FPGA HV
clock pulse
trigger |—{generator

800V 6kV

(b)
-

— 10 pm

FIG. 3. (a) Setup for stroboscopic micromotion measurements
across Coulomb crystals with atomic resolution. (b) Strobo-
scopic image of a 14-ion '?Yb* crystal for one rf-phase and
laser direction setting with a total integration time of 2700 s.
FPGA, field-programmable gate array; HV, high voltage; MCP,
microchannel plate.
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during the time of flight. Since the mean photon number
during each gate pulse is about 4 x 10~° per ion, mutual
electron repulsion at this stage is negligible. Individual
ions can be clearly resolved in the final image, and cir-
cular regions of interest are used to separate their signals.
No modulation is observed in stray light imaged with this
setup, ensuring that there is no additional modulation due
to, for example, electronic noise at the trap drive frequency.

We use !>Yb™* ions as probes for the rf electric field.
Fluorescence from the S;/, <> 2Py, transition at 370 nm
is modulated by EMM as

S() = Sy + AS cos(Qurd). (1)

The transfer function of the image-intensifier setup can be
written as

st (=) e o comn (1)
dit) = |rect| ——t—8t)+E(—65t)| xcomb | —¢],
o22n 2

@

where rect and comb are the rectangular and Dirac comb
functions, @ < 1 is the fraction of the rf period for which
the intensifier is gated, & (¢) accounts for a possible devia-
tion from ideal rectangular pulses, and the asterisk denotes
convolution. The observed signal is the product of Egs. (1)
and (2), integrated over the detection time:

O:/ S(Hd(tH)dt

Idet

=S0/ d(t)dt + AS/
Idet Idet

= So f d(tdt + AS / Re (") d(t)dt
Idet

Idet

cos(Q2.e)d(t)dt

~ SyD(0) + ASRe [D(2p], (3)

where the last step assumes #4e; > 27w /€2, such that the
integration limits can be replaced by +oo, D(w) is the
Fourier transform of d (),

D(w) |:sinc (;in) 4 E(a))]

rf

x comb [ =) x &/ St 4)
Q

rf

and E(w) is the Fourier transform of £(#). By adjustment
of &¢, the magnitude of Re[D(£2;)] is varied to distinguish
the AS and S, contributions:
0(8t) = SoD(0) + AS |D(2:)| cos(2:£61)
x [1 4+ E(0)]So
+ [sinc(wa) + B (2:£)]AS cos(2;¢61). ®)]

The quantity AS/Sy, which is used to determine the micro-
motion amplitude [38], is thus observed with a contrast of

_sinc(wa) + E(S2y)

1+ E(0) ©)
Because of the unknown contribution of £(#), C needs to
be determined experimentally. We perform this calibration
using the long-term stable axial micromotion amplitude of
a single ion, as determined in PMT measurements before
and afterward, as a reference (see Ref. [44]). The evalu-
ation according to Ref. [38] yields a micromotion modu-
lation index g; = Ki7enm, Where gy is the micromotion
amplitude and & is the laser wave vector. The rf-electric-
field amplitude component along the ith laser direction can
be inferred from B; via

m2

f
Efi=—=+—pi =

|kile

2
m&2;

¥i EMM, (7

where k; is the laser wave vector. The resulting time-
dilation shift depends on E\¢ as

Av eEs 2
o . ®)
Vo 2me2s

Conversion relations between these and other commonly
used parameters to quantify EMM (such as stray-field
amplitudes and equilibrium-position displacements) are
summarized in the Supplemental Material [42].

C. Experimental results

Figure 4(a) shows the 3D micromotion amplitudes 7gnvv
measured in a crystal consisting of 14 Yb™ ions confined
at v,x = 11.6 kHz. In this figure, the motional ampli-
tudes of the ions are exaggerated by a factor of 10*
with respect to the ion distances, as the largest value is
[7Emm.yb| = 1.6 nm. The signals are averaged over 2700
s for each of the four phases and three laser directions,
and all resulting amplitude uncertainties are below 0.3
nm. The time-dilation shifts due to the mean veloci-
ties of ﬁEMM,In = QrfrEMM,Yb/Z . mYb/m[n for “51n+ ions
are shown in Fig. 4(b). Those due to axial micromotion
are close to 107! for crystals up to 400 um in length,
which, depending on the axial confinement, corresponds
to approximately 10 to 40 ions (at vy = 10—60 kHz). The
radial components are caused by a drift of stray fields
during the measurement time of more than 9 h for that crys-
tal. As they are uniform across the crystal, more careful
suppression below 107!? is possible during clock opera-
tion; for example, by monitoring of the fluorescence of
a single ion with a dedicated PMT during the Doppler
cooling phases of the clock cycle [38]. A comparison of
our method with single-ion PMT measurements, shown
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FIG. 4. Measured excess micromotion in Coulomb crystals. (a) Measured 3D micromotion amplitudes of individual ions inside a
Coulomb crystal in the 2-mm segment. The small amplitudes require the use of two different length scales: ion positions refer to the
black micrometer scale, while micromotion amplitudes are depicted on a nanometer scale (white bar). (b) Time-dilation shifts for
50+ jons due to Eif at the respective positions. (c) Comparison of the axial rf fields determined in single-ion PMT measurements and
by stroboscopic imaging of whole Coulomb crystals. The integration times were 2700 and 900 s per phase and direction for crystals 1
and 2, respectively. Data from the same measurement (see Supplemental Material [42] for values and uncertainties) are used in (a),(b)

and in the part for crystal 1 in (c).

in Fig. 4(c) for two different crystal positions, shows
matching results. This proves that in the symmetric elec-
trode geometry chosen, the observation of a single ion
is sufficient to predict the EMM amplitudes across a full
linear Coulomb crystal at this level of accuracy. Further,
the axial components of these measurements agree within
their uncertainty over the course of more than 6 months.
This means that the time-consuming micromotion mea-
surement of the full crystal has to be performed only once
to characterize the trap geometry, while fast micromotion
detection of a single probe ion is sufficient during precision
spectroscopy.

IV. CONCLUSION

In summary, we demonstrate an operational scalable
platform for simultaneous precision spectroscopy on mul-
tiple ions with fractional frequency uncertainties at the
107" level, and show that rf-driven micromotion can
be controlled in spatially extended many-body systems.
Micromotion is a major uncertainty contribution in optical
ion clocks and other precision measurements [45], leads to
increased heating rates [36], and leads to heating and losses
in ion and neutral-atom hybrid systems [46]. A full uncer-
tainty budget for multi-ion clock operation with '*In*,
including all trap-related systematic shifts, can be found in
Ref. [33]. Our findings open up the possibility to overcome
the fundamental statistical uncertainty limitation of single-
ion optical clocks and implement novel clock schemes
(e.g., using quantum correlations in many-ion systems),
while allowing systematic uncertainties at this level.
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