PHYSICAL REVIEW LETTERS 132, 083202 (2024)

Scheme for Quantum-Logic Based Transfer of Accuracy in Polarizability Measurement
for Trapped Ions Using a Moving Optical Lattice

Fabian Wolf®
Physikalisch-Technische Bundesanstalt, 38116 Braunschweig, Germany

® (Received 15 August 2023; revised 9 October 2023; accepted 10 January 2024; published 22 February 2024)

Optical atomic clocks based on trapped ions suffer from systematic frequency shifts of the clock
transition due to interaction with blackbody radiation from the environment. These shifts can be
compensated if the blackbody radiation spectrum and the differential dynamic polarizability is known
to a sufficient precision. Here, we present a new measurement scheme, based on quantum logic that allows
a direct transfer of precision for polarizability measurements from one species to the other. This
measurement circumvents the necessity of calibrating laser power below the percent level, which is the
limitation for state-of-the-art polarizability measurements in trapped ions. Furthermore, the presented
technique allows one to reference the polarizability transfer to hydrogenlike ions for which the

polarizability can be calculated with high precision.
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Advances in the precision of atomic clocks [1] have
enabled a new class of fundamental physics tests such as
probing for a possible variation of fundamental constants
[2,3], certain types of dark matter candidates [4], and
violations of local Lorentz symmetry [S]. One class of
systems that has proven successful in the past is optical
clocks based on transitions in single trapped ions. In these
systems, uncertainties in the 10~'® [6] range and below [7]
have been demonstrated. A significant contribution to these
uncertainties stems from blackbody radiation induced light
shifts of the clock transition. This effect can be compen-
sated if the temperature environment of the ion [8] and the
differential dynamic polarizability are known to a sufficient
precision.

The differential polarizability of the states involved in the
clock transition is usually inferred by measuring the shift of
the clock transition under illumination with infrared laser
radiation. This scheme has been implemented for the
ytterbium [6,9], aluminum [7], and lutetium [10,11] single
ion clock transitions. It turned out, that the determination of
the laser intensity poses a major challenge for achieving
subpercent uncertainties using techniques based on laser
illumination. An alternative approach applicable to tran-
sitions with a negative differential static scalar polariz-
ability has been first demonstrated for the 83Sr* clock [12]
later applied to “°Ca* [13] and recently shown to be feasible
with 13Ba™ [14]. The negative static scalar polarizability
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allows one to cancel the trap drive-induced ac Stark shift
with the micromotion-induced time-dilation shift by tuning
the trap-drive frequency to a so-called magic value. By
measuring this magic trap-drive frequency, the differential
static scalar polarizability can be inferred. This scheme has
proven to achieve precisions on the subpercent level.

Recently, it was proposed [14] to combine two clock
species of which one offers a transition with a well-known
differential polarizability. This ion can serve as a power
reference for the calibration of the laser power to measure
the second ion’s polarizability. Here, we propose an
alternative scheme in which a quantum-logic operation is
implemented to transfer the accuracy of polarizabilities
between two states of different ions. This allows an efficient
cancellation of effects from drifts in the laser intensity.
Furthermore, the measurement of absolute polarizabilities
rather than differential polarizabilities allows one to use the
ground state of hydrogenlike systems such as “He™ as a
reference ion, where the polarizability can be computed to a
very high level of precision [15]. While the method
outlined in reference [14] offers a direct determination
the differential polarizability, it involves the necessity of
probing the clock transition. In contrast, the approach
presented here has the potential to extend its capabilities
to measure differential polarizabilities, as discussed in the
outlook, without the need to measure the clock transition.
In this technique, the clock laser serves solely to prepare the
ion in one of the two clock states.

In contrast to previously demonstrated schemes where a
single infrared laser beam was used to imprint the ac-Stark
shift on the clock ions, we propose to irradiate the ions with
two infrared laser beams from the same laser source. The
interference of these beams will lead to a spatial modulation

Published by the American Physical Society


https://orcid.org/0000-0003-4092-311X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.083202&domain=pdf&date_stamp=2024-02-22
https://doi.org/10.1103/PhysRevLett.132.083202
https://doi.org/10.1103/PhysRevLett.132.083202
https://doi.org/10.1103/PhysRevLett.132.083202
https://doi.org/10.1103/PhysRevLett.132.083202
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 132, 083202 (2024)

(a) lon 1 v lon 2
| «—>|
Da—
d
(b) (ere)
A A

Ss

Im (Fz(l))' "“\\ Im (Fz(z))
-{——«—»L»J___Jg_;

Re (F{) Y Re (F2)

~ b 4 LY
Ssafan A28 ’

»
~ -

Smd=

FIG. 1. (a) The two ions are separated along the z axis by
distance d. Because of the spatial dependence of the intensity with
characteristic length scale 27/ Ak, the ions sample the oscillating
force with different phases ¢. The amplitude of the oscillating
force depends on the dynamic polarizability. Subfigure (b) shows
pointer diagrams of the forces on the individual ions.

of the light intensity that allows one to employ the light
shift to couple to the motional state of the two-ion crystal.
Since the ions sample different positions of the spatially
varying light field, the optical forces will add up with a
phase, given by their relative positions (see Fig. 1) and their
individual coupling to the excited mode [16]. Exciting
different modes of the two ion crystal allows one to probe
different independent linear combinations of the two forces
acting on the ion. Comparing these excitations allows to
infer the amplitudes of the individual forces and therefore
the ratio of polarizabilities of the ions’ occupied states.
Given that the light field can be made sufficiently spatially
homogeneous across the distance of a few micrometers
between the ions and that most properties of the light field
are constant on a timescale of an individual experiment,
interleaved probing of the different modes renders the
scheme robust against effects related to comparably slow
intensity and mode profile fluctuations of the light field.
The proposed experiment, in its simplest implementation, is
based on a mixed species two-ion crystal confined in a
linear Paul trap. One ion serves as the reference ion and the
other as the target ion. The goal of the measurement is to
infer the polarizability of the target ion by comparing it to
the reference ion. Therefore, the polarizability of at least
one state in the reference ion should be known to the level
of precision that is desired for the polarizability determi-
nation of the target ion. This state should be long lived with
respect to the experimental cycle and techniques are
required to populate it with high fidelity. The target ion
is prepared in the state whose polarization is to be
determined. At least one of the ions needs a suitable level
structure for ground state cooling, a qubit for storage of

information, and qubit-readout capabilities. It can be either
the reference ion or the target ion. Alternatively, also
quantum-logic schemes [17] where these tasks are distrib-
uted are possible. In addition to the cooling and qubit-
manipulation laser systems an additional infrared laser is
required, that will imprint the ac-Stark shift. The infrared
laser light is split into two beams that can be shifted in
frequency with respect to each other by a few megahertz
and are sent along the trap axis in a counterpropagating
configuration, forming a moving optical lattice [16,18,19].

If the relative detuning of the two laser beams is resonant
with one motional mode frequency of the linear ion chain,
the resulting dynamics is described by the unitary operator

D(ay) = eti=eidn, (1)

with the creation and annihilation operator &z and a, for
motional mode k. This operator is known as the displace-
ment operator that creates a coherent state in motional
mode k with amplitude

e : :
Y% =5 Z’?/(cj)aezdﬂ(a), up.uy)e iy, (2)
J

where we introduced the Lamb-Dicke parameter ;1,<(j ) =

Akzﬁ,((j) (h/2m jw,) with the mass of the jth ion m;, mode

frequency wy, and ,B,({j ) the transformation matrix element
for the jth ion between the lab frame and the shared
motional modes. #; denotes the interrogation time of the
moving optical lattice. In general the polarizability
a(-f)(a),ul,uz) depends on the laser wavelength @ and
the polarization vectors u; and u,. For a two-ion crystal we
can rewrite this system of equations to determine the
polarizability of the target ion with respect to the reference
ion [20] and find

o (@, w1, )] = @ (@, 01, W) D, r. @), (3)

where I" is a function that only depends on the mass ratio
u = m;/m, between the target ion and the reference ion, the
ratio of displacements created on the in-phase (IP) and out-
of-phase (OP) motion r = |ap|/|agp|, and the phase
difference @ = ¢, — ¢, of the oscillating force sampled
by the two ions. Assuming that we can control the phase
close to ® = 0 by monitoring the trapping frequency and
angular alignment of the trap axis and laser directions, we
can write

T, r,®@) =T(u.r)(1 +O(@?)), (4)

with
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FIG. 2. Sketch of the experimental sequence. The ions are
prepared in the initial motional state, e.g., by ground state cooling
(GSC) in both modes. Afterward, a sequence of np,op pulses
with the moving optical lattice is applied to coherently excite the
motion, which is then detected (Det) by mapping the motional
state onto the readout ion’s internal state. The sequence is
repeated for the other motional mode.

iﬁ(r) _ﬂ(’) ;’ir
T r) = Vi o (5)

u .
Pon 22 F piy

@op

If the upper or lower sign has to be used depends on the
polarizabilities and mass ratio of the target and reference ion.
Details on how to choose the sign are given in the
Supplemental Material [20]. The displacement amplitudes
|arp| and |aop| can be determined experimentally [24] and all
other parameters except for the polarizabilities only depend
on the mass ratio of the two ions [25], which can be
determined very precisely in Penning trap experiments [26].

The proposed experimental sequence for the determi-
nation of the displacement ratio |ap|/|aop| starts with
preparing the two ion crystal in the initial motional state. In
the simplest implementation this is done by ground state
cooling of both axial motional modes. Afterward, the
infrared moving optical lattice is applied to displace the
motional wave package of one mode in phase space. In
the end the overlap of the final state with the initial state is
measured to infer the induced displacement amplitude. For
an initially ground state cooled ion crystal, this can by
done by stimulated Raman adiabatic passage (STIRAP) or
rapid adiabatic passage (RAP) on the red-sideband tran-
sition [27,28]. A quantum-enhanced version of the experi-
ment could employ squeezed states [29], Fock states [24],
or Schrodinger cat states [30] for faster averaging of
quantum projection noise. Both axial modes should be
interrogated in an interleaved fashion, such that influences
from drifts in laser intensity cancel out. Furthermore, for
the described displacement measurement it is advantageous
to measure displacements on the order of 1 to operate close
to the working point of maximum sensitivity [24].
Therefore, it is convenient to apply the displacement in
a pulsed fashion (see Fig. 2) with variable pulse numbers
np and ngp but fixed pulse length 7,,, such that
the measured displacements fulfill np|op|~1 and
nop|aop| # 1. An additional advantage of this scheme is
that errors due to pulse shape distortions are suppressed as
long as the pulse shapes are identical for the interrogation
of both modes.
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FIG. 3. Mass ratio u and polarizability ratio R dependent

sensitivity factor. The graph shows the sensitivity factor K(u)
that relates the relative measurement uncertainty in the displace-
ment ratio Ar/r to the relative uncertainty in polarizability
determination Aa"(w,u;,u,)/aV(w,u;,u,). The region be-
tween or outside the dashed lines corresponds to a sensiti-
vity factor below or above 1. The crosses correspond to physi-
cal systems. Blue, “He2S;,(reference)—’Be™ S, ), (target);
orange,  “Be’?S, ), (reference)—?’Al" 'Sy (target);  white,
4Ca™ 28 ), (reference)—*’Al" 'Sy target).

In order to get an estimate of the achievable sensitivity,
we can define a mass ratio-dependent uncertainty propa-
gation factor that relates the fractional uncertainty in the
displacement amplitude determination to the relative uncer-
tainty in the polarizability ratio by

AR Ar
= —K(u.R)— 6
= KR (©)

where R = |a"V(w, uy, u,)|/|a™) (w,u;,u,)| is the ratio of
polarizabilities of the target ion and the reference ion. In the
Supplemental Material, it is shown that the uncertainty
propagation factor is given by

K(u, R) :,u(l +2R) —R(2—|—R)‘ (7)

2R\/p? —u+1

Figure 3 shows the uncertainty propagation factor K(u) in
dependence of the mass ratio ¢ and the polarizability ratio
R. Tt can be seen that K(u, R) vanishes for R =y — 1+

/#* — pu+ 1, which is the regime, where the forces on the
two ions cancel exactly for @ = 0 and the out-of-phase
motion cannot be excited. The region where K(u, R) is
smaller than one, i.e., the relative uncertainty in the
polarization determination is smaller than the relative
uncertainty of the displacement amplitude ratio measure-
ment, lies between the dashed lines. Eventually the achiev-
able accuracy is limited by the knowledge of the
polarizability of the reference ion and the uncertainty in
the measured polarizability of the target ion and is given by
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TABLE 1. Literature values for dipole polarizabilities. All
values were determined theoretically. For helium and aluminum
static polarizabilities are given and extracted from Refs. [15] and
[34], respectively. For beryllium the value for 0.04 (a.u.)
(corresponds to around 1.1 pm laser wavelength) is given from
Ref. [35].

Species State Dipole polarizability (A”s*kg™")
‘He* 251/2 4.636 161773523 698(462) x 107+ [15]
‘Be™ S1 ) 4.3559(66) x 1074 [35]

NG 1S, 3.921(25) x 10740 [34]

A(Z([) ((D, u, llz)

= =2 K( R)H+
d(w,upuy) T

Aa(r)(a),ul,uz) (8)

al? (0,0, 1) '

In the following, we will provide numbers for two
different exemplary combinations of atomic species. The
literature values used for the polarizabilities of the species
under consideration can be found in Table 1.

In the first example “He™ is used as the reference ion to
measure the polarizability of the *Be*?S;,, ground state
with respect to the helium ground state. Simultaneous
trapping of helium and beryllium ions has been demon-
strated already 15 years ago [31] and currently new
experiments for the investigation of single helium ions
that are sympathetically cooled by beryllium are developed
[32,33]. The singly charged helium ion is a hydrogen like
system and therefore the polarizability of its electronic
states can be computed to a high level of precision [15].
This advantage comes at the price of a small polarizability
compared to the target ion, leading to an uncertainty
propagation factor of 23.4, which means that the determi-
nation of the ratio of displacements in terms of fractional

le—40

3.12 3.13 3.14 3.15 3.16 3.17 3.18
Displacement amplitude ratio r

Target polarizability (A2s*kg™1)

FIG. 4. Polarizability determination with “He as the reference ion
and *Be™ as the target ion. The graph shows the inferred polar-
izability for a simulated ratio of displacements between the IP and
the OP mode. The horizontal dashed line corresponds to the
theoretically calculated polarizability of °Be* and the vertical dashed
line indicates the corresponding displacement amplitude ratio r.

accuracy has to be better by this factor to reach the targeted
accuracy for the polarizability determination. It should,
however, have been mentioned that state-of-the-art polar-
izability measurements are limited to the few permille or
even percent level. In Fig. 4 the dependence of the inferred
displacement ratio on the actual value of the beryllium
ground state polarizability is shown. As shown in the
Supplemental Material, in Eq. (5) the upper sign applies for
this particular example. A set of possible experimental
parameters is given in Table II. Trapping frequencies of
wp = 1.567 MHz and wgp = 3.138 MHz result in ® = 0
for a moving optical lattice with 1064 nm wavelength.
Using 200 mW power in each beam focused to a beam
waist of 50 pm, a convenient choice for the number of
pulses is np = 10 and nop = 31 with pulse length 7, =
6.5 ps give experimental displacements of |a;p| = 1.05 and
|top| = 1.03, which can both be efficiently measured with
the techniques described in Ref. [24].

The second example is to use *Be* as a reference and to
determine the polarizability of the *Al* ground state 'S,.
This ion combination has been used in the first demon-
stration of an aluminum quantum-logic clock [17,36],
which is the predecessor of today’s most accurate optical
clock [7]. Compared to the previous example the uncer-
tainty propagation is much smaller but with a value of
K (pia1Bes Rajpe) = 1.2 still larger than 1. An exemplary set
of parameters is given in Table II. A convenient choice for
the trapping frequencies to ensure ® =0 is wp =
1.531 MHz and wgp = 3.392 MHz. Using the same opti-
cal lattice as previously described, np = 10 and ngp = 17
pulses of length #,,;,c = 6.5 ps result in displacements on
the order of |ap| =0.98 and |agp| = 1.00, respectively.
The resulting dependence of the inferred polarizability
from the measured ratio r is shown in Fig. 5.

TABLE II. Exemplary set of experimental parameters for the
proposed experiments using a moving optical lattice with a
wavelength of 1064 nm and 200 mW of power in each beam
focussed to a beam waist of 50 pm.

Parameter Example 1 Example 2
Reference *He™ [%S 2] Bet [°S;)s]
Target Be' %S, )] AL 7S]
iy 0.14 0.08
iy 0.20 0.12
n) 0.21 0.14
n ~0.06 -0.03
wp 1.567 MHz 1.531 MHz
®op 3.138 MHz 3.392 MHz
Ipulse 6.5 ps 6.5 ps
np 10 10
nop 31 17
nIP|alp\ 1.05 0.98
I’lop|aop‘ 1.03 1.00
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FIG. 5. Polarizability determination with *Be™ as the reference
ion and ?’Al" as the target ion. The graph shows the inferred
polarizability for a simulated ratio of displacements between the
IP and the OP mode. The horizontal dashed line corresponds to
the theoretically calculated polarizability of 2’Al* and the vertical
dashed line indicates the corresponding displacement amplitude
ratio 7.

Combining the results of both proposed experiments
would allow one to build a chain to transfer the accuracy of
the polarizability for the helium ground state to the
aluminium clock ion.

Note that the excitation rate for the OP transition in the
beryllium-helium system, which is the smallest rate dis-
cussed here, is still on the order of 5000 phonons/s, which
is more than 3 orders of magnitude higher than heating
rates in state-of-the-art macroscopic ion traps [37].
Moreover, effects of heating should be isotropic in phase
space, thereby averaging out in displacement amplitude
measurements. Nevertheless, when pursuing experiments
aiming for precision below the permille level it is certainly
advisable to investigate the process of heating on the
actually employed displacement amplitude measurement.
As long as the heating rates are constant, potential higher
order effects may be mitigated by numerical simulations or
calibration measurements.

In summary, we have proposed a novel approach to
experimentally determine polarizabilities in a quantum-
logic scheme. In contrast to most alternative polarizability
measurements, it does not require precise knowledge of the
laser intensity, because the cotrapped ion serves as a
reference. Subject of future research will be a detailed
error analysis to infer experimental limitations of this
scheme. Furthermore, it should be mentioned that the
systematic uncertainty of an atomic clock due to blackbody
radiation depends on the differential polarizability of the
involved clock states. Therefore, the described measure-
ment either has to be performed for both clock states or an
extensions of the presented scheme has to be developed the
differential polarizabilities is directly measured. This could
be realized by changing the internal states of the ions
during the lattice interrogation, while switching the direc-
tion of the displacement, implementing a variant of the

quantum lock-in amplifier [38]. An alternative route might
be adding more target ions prepared in different electronic
states. Both extensions are subjects to future research.
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