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We introduce and demonstrate double-bright electromagnetically-induced-transparency (D-EIT) cooling as an
extension to EIT cooling. By involving an additional ground state, two bright states can be shifted individually
into resonance for cooling of motional modes of frequencies that may be separated by more than the width of
a single EIT cooling resonance. This allows three-dimensional ground-state cooling of a **Ca™ ion trapped in
a linear Paul trap with a single cooling pulse. Measured cooling rates and steady-state mean motional quantum
numbers for this D-EIT cooling are compared with those of standard EIT cooling as well as concatenated standard
EIT cooling pulses for multimode cooling. Experimental results are compared to full-density matrix calculations.
We observe a failure of the theoretical description within the Lamb-Dicke regime that can be overcome by a
time-dependent rate theory. Limitations of the different cooling techniques and possible extensions to multi-ion

crystals are discussed.
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I. INTRODUCTION

Ground-state cooling (GSC) of trapped ions and neutral
atoms is a necessity in many quantum optics experiments
such as quantum simulations [1,2], quantum state engineering
[3—7], quantum logic spectroscopy [8—13], and quantum logic
clocks [10,14] in order to minimize motion-induced errors
and to obtain full quantum control over the system. Cooling
performance is characterized by the cooling rate, the minimal
achievable kinetic energy, and how many motional modes are
cooled simultaneously. Fast cooling and thus short cooling
times are important in all applications to reduce the associated
dead time. This is particularly important in optical clocks
where dead time directly leads to reduced stability through the
Dick effect [14-16], limiting applications, e.g., in relativistic
geodesy [17-19] or tests of fundamental physics [10,20,21].
Standard techniques for GSC include sideband cooling [22-27]
and more recently, fast cooling via electromagnetically induced
transparency (EIT) [28-32].

EIT cooling [28,33] has become a standard GSC technique
for trapped ions and atoms. It has been demonstrated for
cooling of a single ion [29], for cavity-assisted EIT cooling
of a neutral atom in a dipole trap [31], for sympathetic cooling
of ion chains [30,32], and a quantum-gas microscope [34].
Because of the narrow cooling resonance, standard EIT cooling
restricts GSC to a narrow range of nearby vibrational modes
in one single cooling pulse [30,32]. As the spectral-mode
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spread increases, the cooling becomes less efficient, potentially
leading to heating of some modes. However, many quantum
optics experiments such as quantum simulations of Ising mod-
els [1], ion strings [35-37], and quantum logic spectroscopy
[8—13] would benefit from a multimode GSC technique. EIT
cooling is a natural extension of dark-state cooling of atoms
in free space [38]. The analogy for trapped ions was first
analyzed theoretically in Refs. [28,39] and the main advantages
over regular sideband cooling (SBC) were put forward in
Ref. [28] and verified experimentally in Refs. [29,40]. Evers
and Keitel [41] proposed a mechanism for the additional
cancellation of the blue sideband through coupling to an
extra level. Alternatively, the combination of EIT cooling with
ground-state driving was analyzed in Refs. [42,43], where it
was shown that a first-order Lamb-Dicke coupling of the dark
state to two rather than one state also enables the cancellation
of blue sideband scattering.

Here, we demonstrate an extension to EIT cooling, referred
to as double-bright EIT (D-EIT) cooling, which allows simul-
taneous GSC of mode frequencies that may be separated by
more than the width of a single EIT cooling resonance.

The D-EIT scheme includes a third ground state that is
coupled via an additional laser to an extra excited state. In
real atomic systems, heating processes due to off-resonant
scattering from additional, unused, atomic levels typically
dominate, so that the suppression of higher order heating
is of little benefit. Instead, we use the second freely tun-
able EIT resonance in the D-EIT level scheme to enable
simultaneous cooling of spectrally separated modes. At the
same time, the scheme protects the dark state from decoher-
ence due to off-resonant scattering and removes limitations
due to other hot motional modes (spectator modes). We
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analytically characterize the performance of D-EIT cooling
within second-order Lamb-Dicke perturbation theory in terms
of final temperatures and cooling rates. Beyond the Lamb-
Dicke limit, this characterization becomes unsuitable: On the
one hand, the vibrational degrees of freedom are not strictly
thermal, and on the other hand, the decay process does not
follow a single exponential. Instead, the final Fock state
occupation is used and a generalized cooling (time-dependent)
rate is defined with help of a generalized fluctuation-dissipation
theorem. This time-dependent rate evidences that the initial
cooling stages are slower, and we ascribe this phenomenon to
a depletion of the dark state induced by decoherence effects
associated to the motional excitation and the higher coupling
strength.

We experimentally demonstrate multimode ground-state
cooling of all degrees of freedom of a single “*Ca™ ion via
D-EIT cooling within a single cooling pulse. The measured
results on cooling rate and final temperature are compared
to standard EIT cooling and sequential standard EIT cooling
pulses for multimode cooling. All experimental results are
complemented by full density matrix calculations.

The article is organized as follows: The experimental setup
is introduced in Sec. II including the experimental sequence
and the measurement method for the mean motional quantum
number and cooling rate. The cooling schemes of single EIT
and D-EIT are presented in Sec. III. Section IV discusses the
theoretical description of the implemented cooling schemes,
especially giving a description of cooling beyond the Lamb-
Dicke perturbative limit. The experimental results are pre-
sented and discussed in Sec. V. Section VI summarizes and
concludes the findings.

II. EXPERIMENTAL SETUP

A single *°Ca* ion is produced via ablation loading
using a frequency-doubled pulsed Nd:YAG laser and ion-
ized in a two-photon process [44—46]. The “°Ca* ion is
confined in a linear Innsbruck-style Paul trap as described
in Refs. [47,48] with 2.5mm endcap-to-ion distance and
0.8 mm radio-frequency (rf) electrode-to-ion distance, and
hollow endcap electrodes providing axial laser access. The
radially confining rf quadrupole field is generated by applying
28.209 MHz to both pairs of diagonally opposite rf electrodes
while the relative rf phase between those two pairs is near
7. This symmetric driving of the rf electrodes minimizes axial
micromotion, since in this configuration the ground rf potential
coincides with the symmetry axis of the trap and the ground
of the three-dimensional (3D) dc quadrupole field generated
by the endcap electrodes. With a loaded Q factor of 270 and
5 W of power fed to the helical resonator, the radial vibrational
mode frequencies are measured to be 2.552 and 2.540 MHz
for a single “°Ca™ ion, which implies a voltage between the
rf trap electrodes of around 600 V. The symmetry in the drive
of the quadrupole field is deliberately slightly broken in order
to lift the degeneracy of the radial modes. This represents a
compromise between efficient radial cooling, which benefits
from nondegenerate modes, and axial micromotion compen-
sation, which benefits from symmetry. Radial micromotion is
compensated via two pairs of dc electrodes running parallel to
the rf electrodes. Axial confinement is provided by the two dc
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FIG. 1. (a) Schematic of the beam setup with respect to the trap
and magnetic field B. (b) Energy levels of “°Ca*. (c) Relevant levels
for single EIT cooling. (d) Relevant levels for D-EIT. In panels (c)
and (d), the pump beam(s) are drawn with thicker lines.

endcap electrodes. By applying a differential voltage between
them, the ion can be placed at the point of minimal axial
micromotion along the symmetry axis of the trap. The axial
vibrational mode frequency v, is 904.6 kHz with dc voltages of
568.5 and 460 V applied to the endcap electrodes. For a single
4Ocat ion, micromotion is compensated to an overall residual
second-order fractional Doppler shift of less than 3 x 10~'8 via
the sideband technique [49,50], corresponding to a modulation
index <0.05. As shownin Fig. 2, the background heating rate of
the system is (45.0 & 2.8) s~ ! in the axial and (28.2 £ 3.4)s~!
in the radial direction. These values are negligible compared
to the cooling rates discussed in this work. Three pairs of field
coils create a constant magnetic field oriented perpendicularly
to the axial direction with a field strength of 416 T (see Fig. 1).
An additional three pairs of field coils are used for active
magnetic field stabilization. The overall field is measured in
three orthogonal directions with a flux gate magnetic field
probe [51] and stabilized by feeding back on the current drivers
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FIG. 2. Evolution of 72(¢) in radial and axial direction, measured
after a delay time ¢ after D-EIT cooling, during which all lasers have
been switched off. The background heating rate is derived from a
linear fit of 7i(¢) as (45.0 &= 2.8) s~! in the axial direction and (28.2 +
3.4)s! in the radial direction.
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FIG. 3. Fluorescence plot of dark resonances between 866-nm
laser and 397-nm m beam, where the latter is red detuned by
21.34MHz from the unperturbed ’p, 2 resonance. Dashed lines
indicate theoretically expected frequencies of dark resonances for the
given polarizations and magnetic field.

of the coil. Along the quantization axis (z direction), we achieve
a suppression of 10 dB for noise frequencies up to 50 Hz and a
residual rms field of 3.3 nT in the frequency band from 30 Hz
to 2 kHz.

Figure 1(b) shows the relevant energy levels of “°Ca*,
connected by the available lasers [52] labeled with their
respective wavelength. As shown in Fig. 1(a), two 397-nm
beams are available. One of them is purely radial and o™
polarized, the other one is directed along the axial direction
and is 7 polarized. The 866-nm laser is also purely axial and
o* polarized. The 729-nm beam has a projection onto the
axial and radial directions. The 729-, 866-, and 397-nm lasers
are phase locked to the same ultrastable, cavity-stabilized
reference using a high-bandwidth transfer-lock technique de-
scribed in Ref. [53]. This ensures phase stability among the
lasers, demonstrated by dark resonances between the 866- and
397-nm m lasers shown in Fig. 3.

A. Experimental sequence

Every beam is switched and tuned in frequency individu-
ally via acousto-optical modulators (AOM). The timing and
frequency of the optical pulses generated by the AOMs are
controlled by an field programmable gate array (FPGA)-
based control-system [48,54]. All measurements use the same
experimental pulse order: For each data point, the ion is first
Doppler cooled for 1 ms via both 397-nm lasers connecting the
s, 2 to P, /2 levels while simultaneously applying the 866-nm
beam to act as a repumper. This prepares the ion close to the
Doppler cooling temperature limit, corresponding toz ~ 11.1
in the axial mode and 77 ~ 3.6 in the radial mode, assuming the
natural linewidth of T’ = 27 x 20.7 MHz of the S, 2 to ’p, 2
transition. After this first cooling step, EIT cooling is applied.
This is followed by a low-power 2-us optical pumping pulse
of 397-nm o and 866-nm light, preparing the population into
the |°S; 2, mg =1/2) =|S,) state. The polarization purity
of the 397-nm ot is better than 100 : 1, which implies a
measurement offset due to imperfect pumping and heating
during the pump pulse of Az < 0.037. This offset is negligible
for our purposes. Information about the motional state of the
ion is probed by mapping it onto the internal electronic states.
For this purpose, we apply laser radiation at 729 nm detuned to
the red (blue) of the optical carrier by the oscillation frequency
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FIG. 4. Typical dependency of 77 on cooling time, here for the
axial direction after D-EIT cooling at A = 3T". The solid line shows
the exponential fit. The horizontal dashed line indicates where the
exponential fit approaches the fitted 7 to within |n,, — 72(¢)| < 0.005,
and the dash-dotted horizontal line represents the resulting n, which
is calculated by averaging over all 71(¢) after the fit crosses below the
dashed line.

of the ion in the trap, driving red sidebands (RSB) [blue
sidebands (BSB)] from |S;) to |2D5/2, mg =5/2) = |1) for
a Rabi time tr. These pulses not only change the electronic
state but also decrease (increase) the motional quantum state.
The final electronic states are discriminated by probing the
%8, /2 to ’p, /2 transition with 397-nm s light for 250 us.
During this time, the ion’s fluorescence is detected through
imaging optics and a photomultiplier tube. For each setting,
the sequence is repeated 250 times, and from the resulting
excitation statistics the population in the |1) logic state is
inferred via the threshold technique [24,55]. Typically, around
100 ms~! scattering events are detected if the ion is in the
electronic ground state and around 0.1 ms~! if the ion is in the
[1) state. Every event with a scattering rate less than 6.5 ms™!
is attributed to the ion being in the |1) state (dark state). The
excitation probability is estimated as a fraction of trials in
which the dark state was observed.

B. Measurement of 7z and cooling rates

For a single trapped particle, a mean motional quantum
number 7 can be assigned to each of its motional degrees
of freedom (two radial modes, one axial mode). In the case
of a thermal distribution, the 71 corresponds to a temperature.
The temporal evolution 71(¢) after applying GSC for time ¢ is
obtained by sideband thermometry [56]. For this, the excitation
of RSB (/grsg) and BSB (/gsg) at a given Rabi time are
measured as a function of cooling time. The temperature is
then computed as

ii(t) = Irs(?)/[Iss(?) — Irsp(?)]

from the sideband excitations. A typical temperature measure-
ment with corresponding fit is shown in Fig. 4. From the
temperature measurements, the steady-state mean motional
quantum number n is obtained in the following way: First, the
data points are fitted with an exponential function of the form
ii(t) = Aexp(—Rt) + ny, with R being the cooling rate. Be-
cause of the nonexponential temporal evolution, the residuals
between fit and the temperature measurements for t — oo can
end up not being normally distributed around 7.,. Therefore,
a cutoff time f. is introduced after which the exponential fit
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FIG. 5. Cross section through the center of the ion trap, showing
the orientation of radial modes with respect to rf electrodes, schemat-
ically represented as gray shaded areas.

approaches the fitted 71 to within |no, — 72(¢)| < 0.005. We then
determine the steady-state mean motional quantum number 7
by averaging over all data points with ¢ > 7. This procedure
ensures small uncertainties in the determined ng despite the
nonexponential evolution of the measured 72(¢).

For temperatures n(t) 3> i1y, the measurement SNR of 7 is
improved by first fitting the sideband excitations individually
with an exponential function and then deriving the 7i(¢) from
the fitted RSB(t), BSB(t). A further improvement of the
SNR of 7 is achieved by probing the sidebands at a time
corresponding to the 7 time of a Doppler-cooled Rabi flop.
This shorter w time and the additional fitting step for the
sidebands has been chosen to determine the cooling rate R.

For comparison with the simulations, Rabi frequencies of
the cooling beams (397-nm 7 and o) have been calibrated
in the following way. A part of the power of each beam is
picked off before the beams enter the vacuum chamber and
is monitored with a photo diode (PD) for active intensity
stabilization by feeding back on the AOM rf drive power using a
digital sample and hold stabilization circuit. The induced Stark
shift Agk on the state | S+) is deduced by taking the difference
between the carrier resonance frequency of the logic transition
[S+) (IS_)) <> |1) incase of the 397-nm 7 (o) beam with and
without one of the cooling beams being on during the logic
pulse. Doing so for different cooling laser powers, a linear
dependence between Stark shift and cooling laser voltage on
the PD is obtained. The Rabi frequency can then be calculated
using the relationship Qr = /4|A|Asirk. The 866-nm Rabi
frequency is a free parameter in the simulation which is chosen
to fit the experimental results.

As shown in Fig. 1(a), all cooling beams run in the same
plane to which the 729-nm logiclaserhas anangleo = (54.7 £
5.1)°. The two radial modes are orthogonal with respect to each
other. They are rotated around the trap axis such that the modes
have (26 & 10)° and (—64 £ 10)° angles with respect to the
plane of the cooling lasers; see Fig. 5. The rotation angle has
been deduced from the different sideband Rabi frequencies for
the two radial modes for the same logic laser intensity. In the
radial direction, the temperature is obtained from the mode that
has a lower projection onto the plane spanned by the cooling
beams. The other radial mode has a higher projection onto
this plane, resulting in more efficient cooling of this mode.
The 12-kHz spectral spacing between the two radial modes is
small compared to all cooling resonance linewidths.
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FIG. 6. Simulated scattering rate during D-EIT cooling versus
detuning A from the virtual level P,. Vertical straight lines indicate
motional frequencies. The inset shows the single EIT spectrum in the
respective direction optimized for axial cooling. D-EIT has a bright
state at both radial and axial frequency, while for single EIT there is
only one bright state. The position of the radial (axial) bright state
is dominated by the Rabi frequency of the 397-nm o (866-nm o ™)
beam.

III. COOLING SCHEMES
A. Single EIT cooling

EIT cooling is a technique based on a A-like level scheme
with two ground states and one shared excited state [28].
Figure 1(c) shows the relevant levels and beams for single EIT
cooling in 40Ca™. Here, the ground states are the |2S 1/2, Mg =
+1/2) = |S1) levels and the excited state is chosen to be
the |2P1 2. mp = 1/2) = | P,) state. If lasers connecting the
respective ground states are brought into two-photon resonance
near the excited state, a dark resonance is generated, as shown
for a red-detuned resonance in Fig. 3 and for a blue detuned
resonance in the simulated scattering spectrum in the inset of
Fig. 6. Each dark resonance is associated with a bright state that
is theoretically described by a Fano-profile [57]. Its spectral
position (shift) with respect to the dark resonance depends
on the Rabi frequency of the two lasers forming the dark
resonance. Typically, one of the two lasers is much stronger
(pump) than the other one (probe), such that the shift of the
bright state is dominated by the pump beam. In our setup, the
397-nm ot beam is used as pump and the 397-nm 7 serves
as probe beam. Pump and probe are brought into resonance
on a virtual energy level P} which is blue detuned by A with
respect to the unperturbed 2P ,2 level. That choice of probe
beam reduces the effect of off-resonant scattering on the |S_)
to |P_) transition [29]. Our beam geometry allows cooling
of the axial or radial modes by shifting the bright state to the
respective mode frequency. Because of the large mode spacing,
a single EIT pulse can cool either the axial or the two radial
modes efficiently, but not all three at once. All modes can be
cooled using single EIT by applying two sequential pulses,
which is hereafter referred to as “single EIT with precooling”
or “3D EIT cooling.”

B. Double-bright EIT cooling

In D-EIT cooling, the A scheme of single EIT cooling is
extended to a double A-shaped level scheme, as shown in
Fig. 1(d). This is accomplished by introducing a 866-nm beam
as an additional pump connecting the |2D3/2, mg=1/2) =
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| D, ) to the virtual P level. It contributes to the dark resonance
suppression of carrier scattering and creates a second bright
state together with the 397-nm 7 beam coupling |S_) to
|2P1/2,mp = —1/2) = |P_) as shown in Fig. 6, hence the
name double-bright EIT. For our beam geometry, the second
bright state is formed by purely axial beams and it is brought
into resonance with the axial motional sideband by the Stark
shift via the 866-nm pump beam. The bright state formed by
the 397-nm 7 and o+ beams is shifted into resonance with
the radial sidebands. The shift of the two bright states can
be chosen independently by adjusting the Rabi frequency of
the respective pump beam accordingly. This way, both radial
and axial modes can be cooled simultaneously, despite their
frequency splitting of more than 1.5 MHz. Furthermore, the
off-resonant coupling of the 397-nm 7 transition to the |P_)
level is made dark via coupling to the 2 D5 ,2 manifold, which
reduces off-resonant scattering.

The plot of the scattering rate for D-EIT cooling (Fig. 6)
exhibits higher rates on the side of positive detuning compared
to that of single EIT cooling. This is a result of the onset of one
of the additional scattering resonances created by couplings
between other levels of the 2D5 /2 and ’p, ;2 manifolds. In the
case of single EIT cooling, those additional resonances are
present as well, but further detuned from the dark state.

IV. THEORY
A. Lamb-Dicke theory

In order to theoretically model the performance of both
cooling schemes and to provide predictions for R and ng,
we first apply a commonly used approach involving adiabatic
elimination of the electronic degrees of freedom in the Lamb-
Dicke limit [58]. In this limit, two competing processes dictate
the cooling rate and the steady-state temperature, which are
the diffusion due to spontaneous emission and the coordinated
effect of sideband excitation and dissipation. The first one is
known as carrier scattering and contributes with a diffusion

term of the form
D= Z Pe Z ﬁggyeg,
e g

where the sum is over all excited states e and all ground states
g, p. denotes the steady state population of the excited state,
fleg 1s the effective Lamb-Dicke parameter associated with the
e to g transition, and y,, is its scattering rate. The second one
is quantified in terms of the steady-state, two-time correlation
function in frequency domain

S(w) = / e (6 (16
0

of the operator &, corresponding to the electronic part of the
first-order term of the Lamb-Dicke expansion of the Hamil-
tonian. Here we make use of the averaging (e) = Tr {epg}
with respect to the zeroth-order steady-state electronic density
matrix pgs. Its evaluation at the oscillator frequency v provides
the heating (A+) and cooling (A_) rates

Ay = 2Re[S(£v) + D],

where Re stands for the real part. These enter the
rate equation % p = Ap governing the population dynamics

pT = [po(t),..., pu(t),...]in the Fock space of the oscilla-
tor

d

Tpa =l + DAL +n4p,

+ 4+ 1DA_pup1 +nAyppi, (D
corresponding to a matrix of the form

Ajp=—[G+DAL+ jA 18

+kA_Sjp1x+ jALS it 2
The predicted steady-state probability distribution
A n
Py = (A—+> Py 3)
corresponds to a thermal state of temperature Ty = #,
s In 7=
average occupation ng, = ﬁ, and ground-state occupation

Py = %. Additionally, the approach to the steady state is
governed by the cooling rate R = A_ — A,.

1. Single EIT cooling

The traditional concept for EIT cooling arising in the
context of a Raman laser configuration [28] is such that,
within the regime of validity of the Lamb-Dicke perturbative
expansion, the presence of a dark state |—) eliminates the car-
rier scattering D and additionally simplifies the mathematical
derivation of the absorption spectrum S(w). The dark state
arising in our configuration is |—) = é(QﬂlS_) — Q515+)).
It involves a superposition of the two ground states with
Q=,/Q2+Q2, and Q,, are the Rabi frequencies of the
397-nm 7 and o polarized lasers respectively, whereas the
cooling operator may be defined as 6, = (|n)(P+|+ H.c.),
where |n) = %(n(, Qo |S-) + 17 R271S+)) is an unnormalized
state involving the Lamb-Dicke parameters 1, , of the two
lasers along the relevant axis as shown in Fig. 1(a).

In this case, the real part of the absorption spectrum as
derived by means of the quantum regression theorem [59]

becomes [28,39]

Re[S(@)] = (Q S )2 4 (4)
4 Q (a) - A— %)2 +y?

where n = n, — 1, and y is the decay rate of the | P) state.
Equation (4) vanishes for @ = 0 and contains two maxima
at wy = % + %«/ A2 + Q2, corresponding to the frequencies
of the dressed excited state |P,) and bright state |+) =
é(SZ{, |S—) + ©,1S+)) respectively. By means of a large blue
detuning, the maximum of the dressed bright state can be

adjusted to the relevant oscillator frequencies v, , = —w_ =~
% so that A, <« A_ and an optimal cooling rate [28,39]
2
REMT ~ (S (5)
2y \ Q ’

and a final occupation number

2

EIT . 14
ng ' x~ 4A2—+J/2 + ny (6)

may be achieved, where n, corresponds to the heating
contribution of the spurious 397 & coupling. This contribution
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is approximately of the form n, =~ %(%)2 in the limit
Q, K Q. of highly asymmetric laser intensities used in the
implementation of EIT in “°Ca*. The dependence on
clarifies the necessity of this limit to minimize the spurious
coupling between |S_) and | P_) that depletes the dark state

|—). Although the condition maximizes Eq. (5) for constant €2,
it implies RE/T ~ %, so that the probe laser establishes the
order of magnitude of the rate. Since Q2 ~ €,, the pump laser
controls the position of the dressed state and, by the relations
above, REIT « 27A n*v,,. Therefore, this configuration
fundamentally limits the rates that can be achieved for a given
detuning. The additional laser coupling proposed in double-
bright EIT circumvents this limitation and allows EIT cooling
with higher laser intensities. However, for the experimental
parameter range investigated here, the contribution of n, is
typically on the order of n, < 0.02 and therefore negligible.

~

2. Double-bright EIT cooling

In our system, judicious choice of the detunings allows for
six possible implementations of a double-A-Raman config-
urations. The choice involving the |D.) level generates the
following dark state,

1
I~) = Q—Z(QDQUI&) — QpQ|S_) + QD))

withQ?* = Q3 Q2 + Q3 Q2 + Q2 and Q) the Rabi frequency
associated to the 866-nm laser. The cooling operator has the
form

6y = Hi(1221S_) + npQpI D ))(P-|
+ (0 Q1S2) + 122 S (Py ] + Hel,

where only the ground states with nonvanishing overlap with

| ~) are considered. In particular, 6,| ~) = —i|E) with the
unnormalized state
er S.ZD
|E) = (27 (mp — n)IP-) + Qo (Nz — 16 ) P1)].

2Q%
As in the case of single EIT, the presence of the dark state

facilitates the analytical calculation of the scattering spectrum,
which can be expressed in the form of a matrix inversion (see

Appendix B)
2,2, \ 7!
4w
—b(w)) |E).

It contains the denominator of a cooling spectrum exhibiting
two EIT features (analogous to double EIT cooling as described
in Ref. [41]),

—a(w)

S(w) Zi(E|< Q0
4w

Q4+ Q3 33
4o 4o +43A

1
a(w):a)—A—gAs—i—iy—
and, what is more interesting, the denominator of a cooling
spectrum with three EIT features
Q + 9
4w

Q2 3 1
- —+—.
4' a)+§AS a)—{-gAs

2
b(w):w—A—gAs—i—iy—

To the best of our knowledge, this triple EIT structure has
not been described in the literature and is a key aspect of our
cooling scheme. Given the determinant of the matrix

202
QT[ Q(T
16w?
the final form of the scattering spectrum becomes

D(w) = a(w)b(w) —

ﬂ[gﬁ( _ )2b()
4Q D(w) | P T Ok

+ Q2 (nx — no)’a(w)

S(w) =Im

— Q2Q2(y — no)p — 1771)L :
o T 2(1)

where Im stands for the imaginary part.

The values of the Lamb-Dicke parameters control whether
triple or double EIT cooling takes place, or a combination of
both. The radial degrees of freedom are easiest to analyze since,
due to the beam geometry [see Fig. 1(a)], n, =np =0anda
modified triple EIT term survives:

2B 1

4 4 _ @
Q- b(w) T6w’a(@)

Re[S" (w)] =

On the other hand, the axial degree of freedom is characterized
by n, = 0, and

o 220 [ Qafabe) - %] 4 Q2a(w)
Re[$"(w)] = * —223 s ,

with @ = 12~z ~ 1 46,

The benefit of such a rich spectral structure is highlighted
when several vibrational modes need to be addressed. In this
case, the position of several maxima can be distributed along
the spectrum in such a way that all modes enjoy the condition
AL <« A_. As with single EIT, this is achieved by adjusting
the Stark shift of the bright states to the appropriate frequency

so that optimal rates of up to
2 0202 02
DEIT -, s Q7 Q25
r,max 27/ Qi

bl

D-EIT n 2 %) 2 .2 o2
- ~ U 2o
a,max — g—gi max (Qﬂa , Qa)

may be accessed. Stark shifts are in general proportional to the
square of the relevant Rabi frequency and inversely propor-
tional to the detuning of the shifting beam. Since Stark shifts
need to be kept fixed in this cooling configuration, cooling
rates are roughly proportional to the detuning of the laser

configuration RP:EIT ~ ZTAntzr - Va.r- For the final occupation,

)/2
D-EIT < nEIT

ss _4A2+}/2\ ss

may be achieved. In summary, D-EIT cooling allows cooling
of two individually adjustable mode ranges. Furthermore, as
a consequence of the absence of spurious carrier heating in
D-EIT, smaller steady-state temperatures may be achieved,
while at the same time saturating the possible cooling rate.
These results strictly hold only within the Lamb-Dicke

n
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approximation and need to be modified to account for
experimentally observed effects beyond the Lamb-Dicke
limit. Additionally, it is also possible to adjust A to take
advantage of the double and triple EIT structures appearing in
the scattering spectrum, such that the phenomenon described
in Ref. [41] can be exploited to reach vanishing occupation
within second-order perturbation theory.

B. Beyond the Lamb-Dicke limit

The double-A configuration of D-EIT avoids the detri-
mental coupling present in single EIT cooling, such that the
Lamb-Dicke theory predicts significantly higher rates with
sufficient laser power. These rates can become so large that the
Lamb-Dicke approximation is no longer fulfilled, and strong
correlations between the motional and the electronic degrees
of freedom set in that effectively limit the cooling capability. A
realistic prediction of the behavior in this limit requires a more
advanced theory and, in practical terms, numerical simulations
of the full electronic and vibrational master equation. In this
section, we provide an interpretation of this limitation in terms
of linear response theory, which we first show to be equivalent
to the Lamb-Dicke limit, and then express deviations therefrom
in terms of generalized fluctuation-dissipation theorems. In
general, this treatment shows that the definition of cooling rate
is ambiguous, and a time-dependent cooling rate is a more
appropriate description. This is a direct consequence of the
buildup of non-negligible correlations between the vibrational
and electronic degrees of freedom that seem to effectively
reduce the decay rate of higher lying Fock states. Therefore, the
first stages of cooling take longer, and the observed timescales
for cooling remain larger than the Lamb-Dicke prediction.
Additionally, the resulting vibrational steady state does not
exhibit a thermal distribution, so it is not appropriate to ascribe
a temperature to the measured 7.

1. Linear response theory

In the Lamb-Dicke limit, laser cooling can be understood
as a thermalization process ensuing from contact of the os-
cillator with a thermal bath. Linear response theory suffices
to characterize this phenomenon. From this perspective, it is
possible to associate the rate at which the cooling process
takes place with the conductance of the thermal environment.
The fluctuation-dissipation theorem [60], both in its quantum
and classical versions, relates the thermal conductance of the
oscillator « to the fluctuations around equilibrium

dJ  ksp* d )
=— = —((6H ) )s=0, 7
=T T ((6H) )i=0 (N
where J = —% (H) is the thermal current departing the oscil-

lator and ((8 H)?) is the variance of energy fluctuations around
equilibrium, with H being the Hamiltonian of the oscillator

and 8 = kB#T being the inverse temperature in units of the

Boltzmann constant k. This establishes a dynamical picture
whereby small temperature deviations AT from equilibrium

generate a current well approximated by Fourier’s law J =
k AT . The heat capacitance of the oscillator C = % allows

us to formulate a linear response equation

K

J = —=A(H), 8

C (H) ®)

which, by using H = hv(ii + %) for an oscillator of frequency

v and number operator i, can be solved to find the dynamics

of the occupation of the oscillator 77 = (i) in its approach to
the steady state

fi(t) = (ng — ng)e ' + ng, 9)

where n( and ng correspond to the initial and final occupation
numbers respectively.

In the following, we make use of the fluctuation-dissipation
theorem to show R = %, corresponding to the Lamb-Dicke
cooling rate R. The variance of the energy fluctuations at
equilibrium ((6 H )?) can be computed with help of the two-
time measurement probability p(m,n;t) of observing the
oscillator at level m when it is at equilibrium and at level n
in a subsequent measurement performed at a later time ¢:

[c. el e)

(GHY) =) > (hvn)’p(m,m +n;1).

m=0n=—m

The probability p(m, n;t) can be decomposed into the prob-
ability p;> for the oscillator to be in state m initially and the
probability &, ,,(¢) to perform a transition between states m
and n in the time ¢. The latter is also the dynamical map £(¢)
[61], which maps the initial probability distribution to the one
attimet, p(t) = £(t)p(0). Given Eq. (1), the dynamical map
is easily computed as £(t) = exp (At), with A from Eq. (2).
Therefore,

d d & &
2 — 1; 2 ss
dt ((6H)")i=0 = }gr(l) dt E E (hvn) 8n+m,m(t)pm’

m=0n=—m

oo o
=" (n)’Avpmmpy.

m=0n=—m

(10)

The form of the rate matrix [Eq. (2)] restricts the sum over n
to values |n| = 1, so that

d o0
—— —((6H))— = A_+(1+mA,]ps
o dr (CHY 0 mzzo[m (1+m)A1ps
= (A_ + A+)nss + A+
_, ALA_
A — Ay

Therefore, given the heat capacity of the oscillator in its steady
state C = kB(ﬂhv)zﬁ, the rate is confirmed to coincide with
0

that of the linear response prediction

K 1 d

C~ (hedr

SS
Po
2N

(BH))mp=2-=A_— A, =R. (1)

2. Nonlinear response theory

The linear response prediction only applies as long as the
assumptions of weak coupling and adiabatic separation of
the timescales is satisfied. This is expressed in our case by
the condition 7;€2; < v for all laser couplings i, which sets
an upper bound to the value of the Rabi frequencies for which
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the Lamb-Dicke theory remains valid. In practice, only the
Lamb-Dicke parameters and Rabi frequencies that appear in
the expression of the cooling rate R play a role in the strength
of the dissipative dynamics and are therefore subject to the
upper bound In consequence for an EIT cooling rate of the

form R >~

)
R& —, (12)
2y
which in our setting translates to rates much smaller
than 10° phonons/s for the axial degree of freedom and
10° phonons/s for the radial degrees of freedom.

The behavior beyond these limits can only be predicted by
considering the full master equation for both the vibrational and
electronic degrees of freedom. In this situation, the reduced
density matrix of the vibrational degrees of freedom does
not necessarily fit a thermal distribution as in Eq. (3) and
the average occupation at the steady state ng, although well
defined, is not associated to a single temperature value. This is
clear evidence of the breakdown of the linear response limit,
and the definition of a thermodynamically grounded cooling
rate as in Eq. (11) becomes troublesome.

In practical terms, the occupation number does not expe-
rience an exponential decay as in Eq. (9) but rather a decay
whose rate depends on the initial oscillator temperature and that
varies as the steady state is approached. This can be explored
by introducing the concept of an instantaneous rate - FIi (’()t) For
an initial thermal state of the oscillator, one may express the
derivative as the quotient [62],

aJ(t t
_() = Q (13)
a(H)(@)  C(1)
where C(t) = (’ ) is a generalized, time-dependent capac-

itance of the oscﬂlator and k(1) = "g;f ) is the corresponding

generalized conductance. Whereas the fluctuation dissipation
theorem of the form Eq. (7) cannot be applied in this case, it
can be corrected by means of an additional term as explained
in Ref. [63] so that

ksﬂz

Cit)= [((SH)*) () — (H*)(1)],

Bﬂz 2
K(t) = —[<(5H) )(t) — (H7)(1)].

The first term on the rlght—hand side is analogous to Eq. (10),
o)

(GHYY) =" > (Avn)Eximm () pm(T),

m=0n=—m

with p,,(T) the thermal distribution of temperature 7. The
second term corrects the fluctuation dissipation theorem and,
as shown in Ref. [63], corresponds to a computation of the
variance of the transferred energy

oo o0

(H2) () =YY (hon)’Ey () pu(T).

m=0 n=0

Expression (13) reduces to Eq. (8) in the linear response limit

since the fraction = m ) becomes constant and independent of the

& & & 3
Rate (10%/s)

I
N

FIG. 7. Time-dependent rate R(t, iiy) in units of 10° phonon s™!

for axial single EIT at A = 3T as a function of the initial occupation
number 7ip. The Lamb-Dicke prediction for the rate corresponds to
52.2 x 103 phonon s~!, whereas the measured value is 38.2 x 10°
phonon s7!.

initial temperature 7. Although the solution of Eq. (13) does
not have a simple exponential decay form, the quotient %
does provide us with some information about the timescale of
the cooling process.

The dynamical map £(¢) can be well approximated with
help of the transfer tensors [64,65], which can be extracted
from short timescale simulations of the global master equations
and contracted to provide values for the quotient R(¢, iig) =
Z(tt)?rto very long times. . .

o theoretically evaluate the D-EIT cooling process outside
the Lamb-Dicke regime, we performed numerical full density
matrix master equation simulations, taking into account all 8
relevant electronic states and the lowest 17 motional states. An
instance of this is presented in Fig. 7, where R(i, ) is shown
as a function of the elapsed cooling time ¢ and initial mean
population 71y. R(7ig, t) falls as 71g increases, but it recovers as a
function of time as lower thermal states become involved in the
dynamics. This effect is connected with the observation of an
increase of the 2P /2-state population when leaving the Lamb-
Dicke regime. A possible explanation for this observation is
that the strong laser-induced spin-motional coupling prevents
establishing an electronic dark state that has no admixture of
the excited %P, /2 state. Increasing ’p, /2 population results in
an enhanced scattering on carrier and sidebands, limiting the
cooling rate and achievable ng. The effect is more pronounced
the higher Fock states are involved, but even at an 7 < 1 a
20% reduction in the cooling rate can be observed (see Fig. 7).
This behavior is characteristic of strong coupling dissipative
theory [63]. A full understanding of this behavior requires the
development of an analytical model for cooling in the regime
beyond the Lamb Dicke approximation, which we leave to
future theoretical investigations.

C. Simulated data

The simulated data is obtained by full density matrix
theory as described in Appendix A. For each data point, the
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experimentally obtained €2, and A are used in the simulation.
In D-EIT cooling, the Rabi frequencies of the pump beams are
chosen such that the corresponding bright states coincide with
the desired mode frequencies. In EIT cooling, the simulated
Rabi frequency of the 866-nm beam is set to have no effect on
the cooling other than clearing out the D /2 fast enough not
to limit the cooling rate. The given simulated 71 are derived via
sideband thermometry as in the experimental case. From these,
the cooling rates are derived to ensure comparability with the
experimental data. The sideband thermometry leads to smaller
i than would be obtained by averaging over all Fock states.
However, that difference is not significant within the error bars
of the measured 7i. As discussed in this section, the cooling
rates depend on the initial temperature of the cooled mode
and change with elapsed cooling time, which is why it is not
possible to define a single cooling rate for a given EIT cooling
scheme. In order to be able to compare a simulated cooling
rate to the experimental data, the simulated rate is given at
n(t) = 1.

V. RESULTS

In this section, the experimental results are presented and
complemented by full density matrix simulations as described
in Sec. IVC and Appendix A. The scope of this work is the
demonstration of D-EIT cooling of all three modes of a single
40Ca* ion in one cooling pulse and the comparison of its
performance with the standard single EIT cooling technique.
We first describe the implementation of single EIT cooling
of the axial mode or both radial modes and provide resulting
cooling rates and achievable ng. Special emphasis is put on
detrimental effects of single EIT cooling on the spectator
modes for which the cooling pulse has not been optimized.
Second, we demonstrate cooling of all three modes of a single
40Ca* ion by applying two consecutive single EIT cooling
pulses, one to cool the axial mode and one to cool both
closeby radial modes. Besides the cooling performance, the
effect of the second cooling pulse on the initially cooled mode
is investigated. This 3D single EIT cooling illustrates the
possibilities and limitations of multimode cooling via standard
EIT cooling. Finally, the results of D-EIT cooling are presented
and compared to the single EIT cooling schemes and to the
simulations.

In the following, 7i; represents the non-steady-state mean
motional quantum number and ng ; is the steady-state mean
motional quantum number, while R; denotes the cooling
rate. The index i refers to either the axial (a) or the radial
modes (r).

A. Single EIT cooling

Figure 9 illustrates the dependence of R, and ng, on
the probe Rabi frequency after axial single EIT cooling at
A = 3.4T and a fixed pump Rabi frequency. Low probe Rabi
frequencies result in low ng , and small R,. With increasing
Rabi frequency, the rate R, increases. However, also 7,
increase due to off-resonant scattering via the unused excited
state |2P1/2, mg = —1/2), as predicted by Eq. (5). Because of
this tradeoff, there is no single probe beam Rabi frequency 2,
where both parameters are optimized.

18 0.40
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FIG. 8. False-color map of the residual axial RSB excitation,
depending on the Rabi frequencies of the pump and probe cooling
beams after axial single EIT cooling. Areas of low RSB excitation
correspond to pump-probe Rabi frequency combinations leading to
low 71,. The horizontal line indicates the pump Rabi frequency along
which the measurements shown in Fig. 9 were taken. A constant
combined Stark shift of the bright state corresponding to the axial
trap frequency due to the pump and probe lasers is given the by red
dashed line.

In order to account for the tradeoff between R and ng
and to retrieve consistent results for single EIT cooling of a
particular mode, the Rabi frequencies of the pump and probe
beam are experimentally determined in a two-step process.
In the first step, to find the Rabi frequencies of the cooling
lasers that minimize the steady-state mode occupation ngg,
we use a 500-us cooling pulse long enough to reach steady
state for all reasonable cooling parameters. To maximize the
cooling rate R in the second step, we minimize 7(¢) after a
100-us pulse, which is too short to reach steady state. As a
consequence, the combination of Rabi frequencies for pump
and probe leading to the smallest RSB excitation is shifted
toward higher probe Rabi frequencies, maximizing the cooling
rate. The combined optimum of the two optimization steps was
obtained from the overlapped Rabi frequency maps of the two
steps, resulting in a compromise between a fast cooling rate
and a low corresponding .

Figure 8 shows an example of a map of the optimization of
pump and probe Rabi frequencies for single axial EIT cooling
with A = 3.4T. The colors represent the residual excitation
on the axial RSB depending on the pump and probe Rabi
frequencies after a fixed EIT cooling time of 300 us, where
blue indicates areas of low ng. Figure 9 has been obtained
by scanning the probe Rabi frequency along the red solid line
indicated in Fig. 8 for a fixed pump power of 14.6 MHz.

Each cooling pulse affects all three modes, not only the
one for which it had been optimized. For each cooling pulse
setting, a cooling rate R and a steady-state occupation ng can
be assigned to every mode according to the resulting scattering
spectrum as shown in the inset of Fig. 6. Generally, the bright
resonance of single EIT cooling allows optimized cooling
around one frequency, while modes further away experience
smaller R and higher ny. The mode frequency range within
which single EIT cooling to low ng is possible, is defined
by the width of the bright state Virignt = Vra Y /4v A% + Q2
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FIG. 9. Dependency of R, and n, on the probe Rabi frequency
after axial single EIT cooling at A = 3.4 T, while the pump Rabi
frequency is kept fixed at 14.6 MHz.

[39]. For example, for A = 100 MHz, cooling of modes
within a frequency range of ~1.3 MHz to ng < 0.1 has been
demonstrated in Ref. [32].

In the case of radial EIT cooling, the pump Rabi frequency
required to shift the bright state into resonance with the radial
mode frequency makes it broad enough to also provide fast
cooling on the axial mode, although being located at the slope
of the bright state. For our typical experimental parameters,
the ratio of the axial and radial scattering rates multiplied by
the ratio of Lamb-Dicke factors 12 /n? ~ 2.8 is approximately
one, thus yielding similar cooling rates for the axial and radial
modes. Conversely, for axial EIT cooling the bright resonance
is narrower than for radial EIT cooling, since the pump Rabi
frequency necessary to shift the bright resonance onto the axial
mode is smaller. Here, the axial scattering rate is typically on
the order of a factor of 5 larger than the radial scattering rate.
Including the ratio of the Lamb-Dicke factors, the resulting
radial cooling rate R; is more than one order of magnitude
slower than the axial cooling rate R,.

Lamb-Dicke and master equation predictions do not take
into account the perturbation that the presence of an additional,
vibrationally hot degree of freedom (spectator modes [30,66])
generates in the cooling process. In general, one may regard
any spectator mode as a source of dephasing that harms the
cooling process. Therefore, the efficiency of cooling depends
on the motional excitation of the spectator modes.

A nearby hot mode results in decoherence, indistinguishable
from laser noise, via higher order scattering processes, which
leads to an imperfect dark state and allows for weak carrier
scattering [66]. As a consequence, the cooling rate of the cooled
mode decreases while its ng increases compared to the case
of a perfect dark state or cold spectator mode [30]. In our
setup, this cross-talk becomes relevant in axial EIT cooling,
where R, is much slower than R,. This behavior is illustrated in
Fig. 10, which shows 7i,(#) and 71, (¢) during axial EIT cooling
at A =3.4T. After =500 s, the axial mode is cooled to
fia A ng.a + 0.1 2 0.15, while the radial mode is still close
to its initial temperature. Hence, the radial mode is hot enough
to undermine the dark state and thus limits the 71,. For longer
cooling times, 71, decreases further at the rate R, since the
dark state becomes purer with decreasing 7. This is supported
by the dashed and dotted exponential decay functions for
the radial and axial 71(¢), plotted together with the experi-
mental data in Fig. 10, both using the same simulated R, =

3 + o
g 100y~ | ¥ 7
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o
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FIG. 10. 71(¢) of the radial (black circles) and the axial (blue
crosses) modes during single EIT cooling of the axial mode at A =
34T, Q. =3.8 MHz, Q, = 11.4 MHz, of the radial mode (black
circles) and axial mode (blue crosses). The dashed and dotted lines
represent exponential decay functions using the simulation results.
Both curves employ the same cooling rate of 439s~!, illustrating
that the time to reach ng . is limited by the radial cooling rate.
Radial mode: ng = 1.36, initial temperature 7 = 10. Axial mode:
ng = 0.05, initial temperature of 7 = 0.15.

439 /s, and the individual initial 72, and ng during axial EIT
cooling.

The results of EIT cooling optimized individually for the
axial and radial mode are shown in Fig. 11 together with
simulated values for R and ng. Typical results of single EIT
cooling are summarized in Table I. It is impractical to wait
for the axial mode to reach its final ng. Therefore, in the
case of axial EIT cooling, 71, is measured after a time where
it would have reached its equilibrium value if there was no
cross-talk from hot radial modes. As a consequence, there is
an offset of 0.1 between the simulated n , and the measured
71,. In accordance with the ratio of the Lamb-Dicke factors
between the radial and axial mode, R, ~ 2.8 x R,, as can be
seen from the top panels in Fig. 11. For radial EIT cooling,
ng,r 18 well described by the full master equation theory. The
simulated rates agree with the measured ones for A < 3T.
For higher blue detunings, the simulated radial rates are larger
than the measured ones. This may be explained by cross talk
from the axial mode, analogous to the cross-talk of the radial
modes in the case of axial EIT cooling described above and
shown in Fig. 10. Although this effect cannot be captured
by single-oscillator simulations, the Lamb-Dicke prediction
for R, within the radial single EIT cooling pulse is on the
order of 8 x 10% s~1, which is similar to the measured R,. This
serves as an indication that cross-talk from the axial mode is
indeed limiting the R, since departure from the Lamb-Dicke
limit is ruled out by the coincidence between master equation
simulations and Lamb-Dicke predictions.

B. Three-dimensional single EIT cooling

Simultaneous cooling of different mode frequencies within
a single EIT cooling pulse is limited by the finite width of the
bright state (see Fig. 6 and Refs. [30,32]). In order to provide
simultaneous cooling of mode frequencies that lie outside the
single EIT cooling bandwidth, several EIT pulses have to be
applied sequentially, each of them optimized to cool around
one particular frequency, in our case the axial or radial mode(s).
In the following, the first cooling pulse is termed precooling

023424-10



EXPERIMENTAL AND THEORETICAL INVESTIGATION OF ...

PHYSICAL REVIEW A 98, 023424 (2018)

radial direction

—~
Q
=

| |
HT 201
("2}
-
gy s = ——————====
g ) PPtias F [
g 10 P i
o .
£ A=
S ] e
(@] .'///’/
OA 4
1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.8 —~
AN —+ EIT
\
\ -®m- EIT theory
0-61 N —+ DT
N\,
N AN -e- D-EIT theory
"
0.4
0.2
0.0 .

2.0 25 30 35

Detuning A (units of I)

1.5

axial direction

—
O
-

.
<100
%]
2, 80
—
o 601
5
[
o 40 A
£
© 201
(o]
o
0<
1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.8
° —1— EIT
\\ -®- EIT theory
0.6 \ —+ D-EIT
N\
T AN -e- D-EIT theory
0.0 T

2.0 25 3.0
Detuning A (units of I)

1.5

FIG. 11. Cooling rates and equilibrium 7 for EIT and D-EIT as a function of the blue detuning A. (a) Radial modes. (b) Axial mode. The
top panels display the cooling rates and the bottom panels show the ny. The solid and dashed lines are quartic polynomials fitted to the data
points to guide the eye. The error bars incorporate systematic and statistical uncertainties.

pulse. It is optimized to cool one of the modes (precooled
mode) with high cooling rate and aims to reach a low ng.
During that pulse, the off-resonant mode(s) are cooled as well,
but at a slower rate and to a higher 7, as demonstrated in Fig. 10.
To keep the overall cooling time short, the precooling pulse is
terminated once the precooled mode reached its ng, although
the other mode(s) might not have reached their steady state
yet. After that, a second pulse optimized for cooling the other
mode(s) is applied.

A cooling pulse tailored for a certain mode may detrimen-
tally affect other modes. As one can conclude from the analysis
of typical cooling spectra S(w), away from a bright resonance
the ratio S‘E(_”z) is not favorable and steady-state occupation
numbers above 1 are expected. Therefore, it is generally the
case that a concatenation of pulses may result in less effective
cooling.

TABLE 1. Comparison of experimental values for single EIT,
single EIT with precooling and D-EIT cooling from initial Doppler
cooling temperatures, each optimized for minimum 7 at A = 3.4 .
In the case of axial single EIT cooling, the non-steady-state 7 is given
(cf. Fig. 10).

EIT method Ngs,a Ngsr tes (US)
Single EIT ax. 0.10 ~7 520
Single EIT ax. w/ rad. prec. 0.04 0.20 640"
Single EIT rad. ~1.3 0.10 490
Single EIT rad. w/ ax. prec. ~1 0.10 1120
D-EIT 0.11 0.14 670

#Smaller than the sum of 7, since the axial mode is precooled by the
radial precooling pulse.

The n of the precooled mode associated with the scattering
spectrum of the second cooling pulse is higher than the ng at
the end of the precooling pulse and it will be heated up, as
depicted in Fig. 12. It shows the increase of 72(¢) of the axial
and radial precooled mode caused during the second cooling
pulse. This effective heating is smaller for the precooled radial
mode than for the precooled axial mode. Thus, the ordering of
the two cooling pulses leads to different 7z for both modes after
the second cooling pulse; see also Table I.

Typical results of 3D EIT cooling are summarized in Table I.
The listed 71 of the precooled mode depends on the cooling
time of the second mode. Since the precooling pulse cools
the second mode below Doppler temperature, the time for the
second mode to reach ng is reduced. Axial EIT with radial
precooling is the most beneficial implementation of 3D single
EIT cooling in our setup. All three modes of a single *°Ca* ion

254 ¥ Precooled ax. mode during rad single EIT.
® Precooled rad. mode during ax single EIT.
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FIG. 12. Temperature of the precooled mode during the second
cooling pulse of 3D single EIT cooling. For sufficiently long cooling
times of the second cooling pulse, both precooled modes will approach
ne ~ 1.3.

023424-11



NILS SCHARNHORST et al.

PHYSICAL REVIEW A 98, 023424 (2018)

are cooled close to the ground state within 640-us combined
cooling time.

C. D-EIT cooling

Figure 11 displays and compares the results of single EIT
and D-EIT cooling. For each method, the ng and cooling
rate for the radial and axial modes are shown as a function
of the blue detuning A of the virtual P} from the magnetic
field-free 2S, 2 to ’p, /2 transition. The maximum detuning
is technically limited by the tuning range of the 866-nm
AOM in the case of D-EIT and by the 397-nm AOM in the
case of single EIT cooling. The optimal cooling parameters
were found experimentally by adjusting the three involved
Rabi frequencies to obtain ac-Stark shifts of the bright states
matching the two mode frequencies, while maximizing the
cooling rate and minimizing the steady state ngs.

Anincreasing detuning A yields a higher cooling rate—due
to higher Rabi frequencies of the cooling beams—and a lower
steady-state occupation ng. The latter is a consequence of
an improved ratio between cooling and heating scattering
events, since the bright state scattering resonances narrow
while the residual blue sideband excitations are suppressed.
D-EIT achieves cooling rates and steady-state energies similar
to those obtained from single EIT cooling, but does so for all
modes of a “°Ca™ ion’s motion simultaneously, while single
EIT cooling had to be optimized for GSC of each mode
separately.

The simulated ng as well as the radial cooling rates agree
well with the measured values. In the axial direction, the
simulated cooling rates are higher than the measured ones.
This difference increases with A and may be explained by
the limited maximum number of Fock states that can be
numerically simulated. The truncation in the simulation of
higher Fock states with non-negligible occupation leads to an
overestimation of R, [67]. We have verified that R, in D-EIT
decreases with increasing number of simulated Fock states.
This effect is more pronounced in the axial direction when
the lower trap frequency results in population of larger Fock
states compared to the radial direction for the same initial
temperature. Furthermore, we suspect that high-frequency
relative phase noise between the 866- and 397-nm lasers
results in a deterioration of the dark state, further restrict-
ing the experimentally observed cooling rate at high Rabi
frequencies.

Table I compares the final ng and the time #, needed to
reach the final temperature between D-EIT cooling and the
results of single EIT cooling in axial and radial directions
with and without precooling. These numbers were obtained
from measurements at A = 3.4 I', which is the maximum blue
detuning usable for both single and D-EIT cooling in our
apparatus. With the parameters employed here, the cooling
performance of D-EIT is comparable to that of precooled axial
single EIT cooling.

In our experiment, standard EIT cooling is 15 times faster
than SBC [24] and still roughly seven times faster than the
fastest ever reported SBC of a single “’Ca™ ion of which we are
aware [68]. Since the observed cooling rates of D-EIT cooling
are similar to that of single EIT cooling, D-EIT cooling is also
faster compared to SBC.

axial direction
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FIG. 13. Axial cooling rates for D-EIT as a function of the blue
detuning A. Compared are the measured rates with the simulated
values obtained by the full master equation approach with limited
Fock states and the Lamb-Dicke approximation. The dash-dotted line
indicates the limit for the validity of the Lamb-Dicke approximation,
see Eq. 12, the background gradient represents the gradual failure of
the Lamb-Dicke approximation.

D. Comparison between Lamb-Dicke analytical theory,
master equation simulation, and experiment

Figure 13 illustrates the breakdown of the simple analyt-
ical model in the Lamb-Dicke approximation. As detuning
increases, the cooling rates predicted by Eq. (5) grow an order
of magnitude faster than those observed in the experiment.
Some of the discrepancy is due to the correlations between
electronic and vibrational degrees of freedom captured by
the master equation simulations. The simulations, accordingly,
come closer to the experimentally observed behavior. It is not
yet clear whether the remaining discrepancy is due to numerical
limitations or to other features not captured by our model such
as relative phase noise between the cooling lasers.

VI. CONCLUSION AND OUTLOOK

In conclusion, we developed double-bright EIT (D-EIT)
cooling as an extension to EIT cooling. D-EIT allows simulta-
neous ground-state cooling of very different mode frequencies,
which is experimentally demonstrated by GSC of all three
motional degrees of freedom of a single “*Ca™ ion within one
cooling pulse. We compared the steady-state mean motional
quantum numbers and cooling rates of D-EIT to those of
single EIT cooling and 3D EIT cooling both experimentally
and theoretically.

We give a thermodynamic interpretation of laser cooling by
using an analogy between linear response theory and the Lamb-
Dicke regime. Within the Lamb-Dicke regime, a description
of the system in form of an analytical theory for both single
EIT and D-EIT cooling is given. A theory for time-dependent
rates has been developed to describe the system beyond the
Lamb-Dicke regime and it has been compared to the measured
data. We demonstrate how the frequency range of single EIT
cooling is limited by the finite width of the cooling resonance
and can heat other motional degrees of freedom that are outside
the cooling bandwidth. Furthermore, the detrimental effect of
spectator modes on the ng of the cooled mode is observed.
In the *°Ca™ level structure, cooling rates for single EIT
cooling are limited by off-resonant scattering via the unused
magnetic sublevel of the P) /, state. The chosen level scheme of
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D-EIT cooling protects the dark state from such decoherence
processes as well as limitations of cooling rates and 7 due
to motional spectator modes. Thus, for systems with smaller
Lamb-Dicke factors, it can reach higher cooling rates and lower
ngs and outperform single EIT cooling.

The D-EIT technique is attractive for, e.g., multi-ion,
multispecies experiments in which quantum control of several
spectrally separated motional modes is required. Examples
include ion strings to study many-body physics [37,69], quan-
tum simulations [1,2], and quantum information processing
[70]. The technique will be particularly useful for quantum
logic spectroscopy [8—13] and quantum logic clocks [10,14]
for which two ions of different species need to be cooled to
suppress systematic frequency shifts [67]. In our experiment,
a single “’Ca™ ion is used to sympathetically cool a single
ZTAI* clock ion and serves as the logic ion in quantum logic
spectroscopy [11]. Because of their mass ratio and the high
radial symmetry of our trap, it is possible to choose a set of
experimental parameters such that all six motional modes of the
two ion crystals bunch at two frequencies. By rotating the trap
by 45° in the horizontal (xz) plane with respect to the k vectors
of the cooling beams, D-EIT will enable ground-state cooling
of all six modes of the two ion-crystal in one single cooling
pulse. This helps to reduce the dead time and thus reduces the
instability of the clock. In ion traps with large heating rates,
near-resonant D-EIT cooling would establish a steady-state
ngs below the Doppler cooling limit with low incident power
levels to minimize ac-Stark shifts on the clock transition [10].
Furthermore, the D-EIT cooling scheme can provide even triple

J

EIT cooling if the magnetic field strength is chosen such that the
|>Ds 2, mp = F1/2) sublevel is red detuned from the virtual
excited state P} by the frequency of the radial mode and if
the 397nm is o polarized. That way, the D-EIT scheme
additionally provides a second dark state at the position of
the radial motional blue sideband, suppressing all second-order
radial heating processes. In principle, D-EIT could be extended
to cool more modes by the creation of additional bright states
through further A-like resonances connecting sublevels of the
2S1/2, 2D3/2, or 2D5/2 states via the 2P1/2 or 2P3/2 manifolds.
This scalability is limited by the number of such possible
combinations.
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APPENDIX A: MASTER EQUATION

The simulations have been performed with a master
equation including the eight electronic levels (|S4), |S-),
|Py), |P-),|Ds3), |Dy), |D-), |D_3)) and one vibrational
degree of freedom represented by the annihilation operator
b. We assume the presence of a 397-nm laser in 7 and o™
polarizations and a 866-nm laser in o+ and o~ polarizations.
The Hamiltonian in 7 units is

H =vb'b+ Ay (1S0) (S| — [P_)(P_| = D) (Dy| — ID3){D_3]) + Ag (IS NS_| + |P_)(P_| + Dy }(Dy] + |D_3)(D_3])

1
+ Ap(ID3) (D3| + |D_)(D_| + |D:)(D+| + [D43)(D3]) + MBB|:|S+><S+| — IS SN+ FAP(PL] = [P)P-])

2
568D} (D3| + DDy | = [D-)(D-| = 3|D3><D3|)} +

(e OIS ) (P + Qe VIS, ) Py |

N =

. Q .
+ Qo OIS Pyl 4 He) + =2 [ VBID3) (Pl 4 | Do)l + D) (P| + V3IDs) (i) + He],

where A;, A,, and Ap correspond to the detunings of the laser frequencies with respect to the unperturbed transitions of the
397-nm laser in 7 and ot polarizations and 866-nm laser respectively. Their associated Rabi frequencies and Lamb-Dicke
parameters are represented by €2; and 7, and the appropriate subindex i. The trap frequency is v, the magnetic field is B, and pp
represents the Bohr magneton. The decay of the excited states is incorporated in the master equation of the density matrix p

d
PO =Lo0)=—i[H.pl+ >, 3 TCLNXPIpIP)GI= PPl = pIP)(PD,

JE€{S+,Dx,Dys} iet

(AL)

where T'; represents the decay of each dipole.

APPENDIX B: CALCULATION OF D-EIT SCATTERING SPECTRUM

The Hamiltonian for D-EIT for the electronic degrees of freedom and vanishing Lamb-Dicke parameters is

Ay 1 2 1
Hj =A+7—A(|P+><P+I+|P—)(P—|)+As[—§|P+>(P+| - §|P—><P—I - §(3ID+3)(D+3|+7|D—)<D—|+4|D—3>(D—3I)}
1
+ 5 + V3Qp|D_3) + Qp|D ) (P-| + (15-) + Qu|S4) + QplD_) + V32p|Dy3))(Py| + Hel.
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The associated effective Hamiltonian is

He = H{ — iy (IP4)(Py| + [P_)(P_]),

1

with y being the sum over all decay rates from a given excited
state, and the Lamb-Dicke coupling operator has now the form

&y = 51i(NxQ2x1S-) + 1pRp| D)) (P-| +i(152]S-)
+ 172 |S4))(Py| + Hoc],

where only terms with overlap to the dark state have been kept.
The relevant product is then

—i 2,Q2pQ
2 Q.
4_LQ§QD

2 Q.
=i Q:9Qp
T2 Q.
+ Qr(=nz +np)|P-)]

=—i|E),

Gn|~) = Mz — 1)1 Py)

(nx —np)IP-)

[Q26 (M — 1o )| Py)

where we have introduced the definition of the normalized state

Q:2p
|E) = T[Qa(r/n — 1) Py) + Q7 (mp — 1) P-)].
Because of the form of |E), it is possible to represent the
solution in terms of the fraction associated to the effective
Hamiltonian

1
S(w) = (E|- - |E),
1w+1HEE _HEGmHGE
where
—A— 1A iy 0
Hpg = ) .k
0 —A—35As—1iy

1{Q: 0
HEG=—< §

V3Qp 0 Qp 0
2\o @, 0 Qp 0 ’

V39
Hgg = HEG,

Ag .
Hgg = 5 x diag(O 0 3 0 7 4).

Therefore,

a(w)

2,95\ 7!
S(w)=—i<E|<_Q Q > |E).

4o
R C)

[1] D. Porras and J. I. Cirac, Phys. Rev. Lett. 92, 207901 (2004).

[2] R. Blatt and C. F. Roos, Nat. Phys. 8, 277 (2012).

[3] T. Monz, P. Schindler, J. T. Barreiro, M. Chwalla, D. Nigg,
W. A. Coish, M. Harlander, W. Hinsel, M. Hennrich, and R.
Blatt, Phys. Rev. Lett. 106, 130506 (2011).

[4] D. Leibfried, E. Knill, S. Seidelin, J. Britton, R. B. Blakestad,
J. Chiaverini, D. B. Hume, W. M. Itano, J. D. Jost, C. Langer,
R. Ozeri, R. Reichle, and D. J. Wineland, Nature (London) 438,
639 (2005).

[5] H. Hiffner, W. Hinsel, C. F. Roos, J. Benhelm, D. Chek-al kar,
M. Chwalla, T. Korber, U. D. Rapol, M. Riebe, P. O. Schmidt,
C. Becher, O. Giihne, W. Diir, and R. Blatt, Nature (London)
438, 643 (2005).

[6] K. G. Johnson, J. D. Wong-Campos, B. Neyenhuis, J. Mizrahi,
and C. Monroe, Nat. Commun 8, 697 (2017).

[7] H.-Y. Lo, D. Kienzler, L. de Clercq, M. Marinelli, V. Negnevit-
sky, B. C. Keitch, and J. P. Home, Nature (London) 521, 336
(2015).

[8] Y. Wan, F. Gebert, J. B. Wiibbena, N. Scharnhorst, S. Amairi,
I. D. Leroux, B. Hemmerling, N. Lorch, K. Hammerer, and P.
0. Schmidt, Nat. Commun. 5, 4096 (2014).

[9] E. Wolf, Y. Wan, J. C. Heip, F. Gebert, C. Shi, and P. O. Schmidt,
Nature (London) 530, 457 (2016).

[10] T. Rosenband, D. B. Hume, P. O. Schmidt, C. W. Chou, A.
Brusch, L. Lorini, W. H. Oskay, R. E. Drullinger, T. M. Fortier,
J. E. Stalnaker et al., Science 319, 1808 (2008).

[11] P. O. Schmidt, T. Rosenband, C. Langer, W. M. Itano, J. C.
Bergquist, and D. J. Wineland, Science 309, 749 (2005).

[12] C. Hempel, B. P. Lanyon, P. Jurcevic, R. Gerritsma, R. Blatt, and
C. FE. Roos, Nat. Photon. 7, 630 (2013).

[13] C.-W. Chou, C. Kurz, D. B. Hume, P. N. Plessow, D. R.
Leibrandt, and D. Leibfried, Nature (London) 545, 203 (2017).

[14] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt,
Rev. Mod. Phys. 87, 637 (2015).

[15] N. Poli, C. W. Oates, P. Gill, and G. M. Tino, Riv. Nuovo Cimento
36, 555 (2013).

[16] G. J. Dick, in Proceedings of the 19th Annual Precise Time
and Time Interval (PTTI) Application and Planning Meeting,
Redondo Beach, CA, 1-3 Dec 1987 (U.S. Naval Observatory,
Washington D.C., 1987), pp. 133-147.

[17] M. Vermeer, Chronometric levelling, Reports of the Finnish
Geodetic Institute 83(2) (Geodeettinen Laitos, Geodetiska
Institutet, 1983).

[18] A. Bjerhammar, Bull. Geodesique 59, 207 (1985).

[19] C. Lisdat, G. Grosche, N. Quintin, C. Shi, S. M. F. Raupach, C.
Grebing, D. Nicolodi, F. Stefani, A. Al-Masoudi, S. Dorscher et
al., Nat. Commun. 7, 12443 (2016).

[20] R. M. Godun, P. B. R. Nisbet-Jones, J. M. Jones, S. A. King,
L. A. M. Johnson, H. S. Margolis, K. Szymaniec, S. N. Lea, K.
Bongs, and P. Gill, Phys. Rev. Lett. 113, 210801 (2014).

[21] N. Huntemann, B. Lipphardt, C. Tamm, V. Gerginov, S. Weyers,
and E. Peik, Phys. Rev. Lett. 113, 210802 (2014).

[22] F. Diedrich, J. C. Bergquist, W. M. Itano, and D. J. Wineland,
Phys. Rev. Lett. 62, 403 (1989).

[23] C. Monroe, D. M. Meekhof, B. E. King, S. R. Jefferts, W. M.
Itano, D. J. Wineland, and P. Gould, Phys. Rev. Lett. 75, 4011
(1995).

[24] C. Roos, T. Zeiger, H. Rohde, H. C. Nigerl, J. Eschner, D.
Leibfried, F. Schmidt-Kaler, and R. Blatt, Phys. Rev. Lett. 83,
4713 (1999).

023424-14


https://doi.org/10.1103/PhysRevLett.92.207901
https://doi.org/10.1103/PhysRevLett.92.207901
https://doi.org/10.1103/PhysRevLett.92.207901
https://doi.org/10.1103/PhysRevLett.92.207901
https://doi.org/10.1038/nphys2252
https://doi.org/10.1038/nphys2252
https://doi.org/10.1038/nphys2252
https://doi.org/10.1038/nphys2252
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1038/nature04251
https://doi.org/10.1038/nature04251
https://doi.org/10.1038/nature04251
https://doi.org/10.1038/nature04251
https://doi.org/10.1038/nature04279
https://doi.org/10.1038/nature04279
https://doi.org/10.1038/nature04279
https://doi.org/10.1038/nature04279
https://doi.org/10.1038/s41467-017-00682-6
https://doi.org/10.1038/s41467-017-00682-6
https://doi.org/10.1038/s41467-017-00682-6
https://doi.org/10.1038/s41467-017-00682-6
https://doi.org/10.1038/nature14458
https://doi.org/10.1038/nature14458
https://doi.org/10.1038/nature14458
https://doi.org/10.1038/nature14458
https://doi.org/10.1038/ncomms5096
https://doi.org/10.1038/ncomms5096
https://doi.org/10.1038/ncomms5096
https://doi.org/10.1038/ncomms5096
https://doi.org/10.1038/nature16513
https://doi.org/10.1038/nature16513
https://doi.org/10.1038/nature16513
https://doi.org/10.1038/nature16513
https://doi.org/10.1126/science.1154622
https://doi.org/10.1126/science.1154622
https://doi.org/10.1126/science.1154622
https://doi.org/10.1126/science.1154622
https://doi.org/10.1126/science.1114375
https://doi.org/10.1126/science.1114375
https://doi.org/10.1126/science.1114375
https://doi.org/10.1126/science.1114375
https://doi.org/10.1038/nphoton.2013.172
https://doi.org/10.1038/nphoton.2013.172
https://doi.org/10.1038/nphoton.2013.172
https://doi.org/10.1038/nphoton.2013.172
https://doi.org/10.1038/nature22338
https://doi.org/10.1038/nature22338
https://doi.org/10.1038/nature22338
https://doi.org/10.1038/nature22338
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1007/BF02520327
https://doi.org/10.1007/BF02520327
https://doi.org/10.1007/BF02520327
https://doi.org/10.1007/BF02520327
https://doi.org/10.1038/ncomms12443
https://doi.org/10.1038/ncomms12443
https://doi.org/10.1038/ncomms12443
https://doi.org/10.1038/ncomms12443
https://doi.org/10.1103/PhysRevLett.113.210801
https://doi.org/10.1103/PhysRevLett.113.210801
https://doi.org/10.1103/PhysRevLett.113.210801
https://doi.org/10.1103/PhysRevLett.113.210801
https://doi.org/10.1103/PhysRevLett.113.210802
https://doi.org/10.1103/PhysRevLett.113.210802
https://doi.org/10.1103/PhysRevLett.113.210802
https://doi.org/10.1103/PhysRevLett.113.210802
https://doi.org/10.1103/PhysRevLett.62.403
https://doi.org/10.1103/PhysRevLett.62.403
https://doi.org/10.1103/PhysRevLett.62.403
https://doi.org/10.1103/PhysRevLett.62.403
https://doi.org/10.1103/PhysRevLett.75.4011
https://doi.org/10.1103/PhysRevLett.75.4011
https://doi.org/10.1103/PhysRevLett.75.4011
https://doi.org/10.1103/PhysRevLett.75.4011
https://doi.org/10.1103/PhysRevLett.83.4713
https://doi.org/10.1103/PhysRevLett.83.4713
https://doi.org/10.1103/PhysRevLett.83.4713
https://doi.org/10.1103/PhysRevLett.83.4713

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF ...

PHYSICAL REVIEW A 98, 023424 (2018)

[25] V. Vuleti¢, C. Chin, A. J. Kerman, and S. Chu, Phys. Rev. Lett.
81, 5768 (1998).

[26] D. J. Han, S. Wolf, S. Oliver, C. McCormick, M. T. DePue, and
D. S. Weiss, Phys. Rev. Lett. 85, 724 (2000).

[27] S.E.Hamann, D. L. Haycock, G. Klose, P. H. Pax, I. H. Deutsch,
and P. S. Jessen, Phys. Rev. Lett. 80, 4149 (1998).

[28] G.Morigi, J. Eschner, and C. H. Keitel, Phys. Rev. Lett. 85,4458
(2000).

[29] C.F.Roos, D. Leibfried, A. Mundt, F. Schmidt-Kaler, J. Eschner,
and R. Blatt, Phys. Rev. Lett. 85, 5547 (2000).

[30] Y.Lin,J.P. Gaebler, T.R. Tan, R. Bowler, J. D. Jost, D. Leibfried,
and D. J. Wineland, Phys. Rev. Lett. 110, 153002 (2013).

[31] T. Kampschulte, W. Alt, S. Manz, M. Martinez-Dorantes, R.
Reimann, S. Yoon, D. Meschede, M. Bienert, and G. Morigi,
Phys. Rev. A 89, 033404 (2014).

[32] R. Lechner, C. Maier, C. Hempel, P. Jurcevic, B. P. Lanyon, T.
Monz, M. Brownnutt, R. Blatt, and C. F. Roos, Phys. Rev. A 93,
053401 (2016).

[33] J. Eschner, G. Morigi, F. Schmidt-Kaler, and R. Blatt, JOSA B
20, 1003 (2003).

[34] E. Haller, J. Hudson, A. Kelly, D. A. Cotta, B. Peaudecerf, G. D.
Bruce, and S. Kuhr, Nat. Phys. 11, 738 (2015).

[35] P. Jurcevic, B. P. Lanyon, P. Hauke, C. Hempel, P. Zoller, R.
Blatt, and C. F. Roos, Nature (London) 511, 202 (2014).

[36] P. Richerme, Z.-X. Gong, A. Lee, C. Senko, J. Smith, M. Foss-
Feig, S. Michalakis, A. V. Gorshkov, and C. Monroe, Nature
(London) 511, 198 (2014).

[37] J. Kiethe, R. Nigmatullin, D. Kalincev, T. Schmirander, and T. E.
Mehlstiubler, Nat. Commun. 8, 15364 (2017).

[38] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C.
Cohen-Tannoudji, Phys. Rev. Lett. 61, 826 (1988).

[39] G. Morigi, Phys. Rev. A 67, 033402 (2003).

[40] F. Schmidt-Kaler, J. Eschner, G. Morigi, C. Roos, D. Leibfried,
A. Mundt, and R. Blatt, Appl. Phys. B 73, 807 (2001).

[41] J. Evers and C. H. Keitel, Europhys. Lett. 68, 370 (2004).

[42] J. Cerrillo, A. Retzker, and M. B. Plenio, Phys. Rev. Lett. 104,
043003 (2010).

[43] J. Cerrillo, A. Retzker, and M. B. Plenio, Phys. Rev. A 98,013423
(2018).

[44] K. Sheridan, W. Lange, and M. Keller, Appl. Phys. B 104, 755
(2011).

[45] J. B. Wiibbena, Photoionisation von Calcium, Diploma thesis,
Leibniz Universitit, Hannover, Germany, 2011 (unpublished).

[46] S. Gulde, Experimental realization of quantum gates and the
Deutsch-Josza algorithm with trapped *“°Ca*-ions, Ph.D. thesis,
University of Innsbruck, Innsbruck, Austria, 2003 (unpub-
lished).

[47] M. Dolezal, P. Balling, P. B. R. Nisbet-Jones, S. A. King, J. M.
Jones, H. A. Klein, P. Gill, T. Lindvall, A. E. Wallin, M. Merimaa
et al., Metrologia 52, 842 (2015).

[48] J. B. Wiibbena, Controlling motion in quantum logic clocks,
Ph.D. thesis, Leibniz Universitdt Hannover, Hannover, Germany,
2014 (unpublished).

[49] D. J. Berkeland, J. D. Miller, J. C. Bergquist, W. M.
Itano, and D. J. Wineland, J. Appl. Phys. 83, 5025
(1998).

[50] J. Keller, H. L. Partner, T. Burgermeister, and T. E. Mehlstédubler,
J. Appl. Phys. 118, 104501 (2015).

[51] Stefan  Meyer Instruments, Flux Gate FL3-100,
https://stefan-mayer.com/de/produkte/magnetometer-und-
sensoren/magnetfeldsensor-f11-100.html.

[52] Toptica DLpro-based diode lasers,
https://www.toptica.com/products/tunable-diode-lasers/ecdl-
dfb-lasers/dl-pro/.

[53] N. Scharnhorst, J. B. Wiibbena, S. Hannig, K. Jakobsen, J.
Kramer, I. D. Leroux, and P. O. Schmidt, Opt. Express 23, 19771
(2015).

[54] P. Schindler, Frequency synthesis and pulse shaping for quan-
tum information processing with trapped ions, Diploma thesis,
Universitit Innsbruck, Innsbruck, Austria, 2008 (unpublished).

[55] B. Hemmerling, F. Gebert, Y. Wan, and P. O. Schmidt, NJP 14,
023043 (2012).

[56] Q. A. Turchette, D. Kielpinski, B. E. King, D. Leibfried, D. M.
Meekhof, C. J. Myatt, M. A. Rowe, C. A. Sackett, C. S. Wood,
W. M. Itano et al., Phys. Rev. A 61, 063418 (2000).

[57] G. Janik, W. Nagourney, and H. Dehmelt, J. Opt. Soc. Am. B 2,
1251 (1985).

[58] J. L. Cirac, R. Blatt, P. Zoller, and W. D. Phillips, Phys. Rev. A
46, 2668 (1992).

[59] C. W. Gardiner and P. Zoller, Quantum Noise (Springer, Berlin,
2004).

[60] R. Kubo, Rep. Prog. Phys. 29, 306 (1966).

[61] A. Rivas and S. F. Huelga, Open Quantum Systems: An
Introduction, Springer Briefs in Physics (Springer, Berlin,
2011).

[62] Provided an inverse map from average energy to initial temper-
ature exists at all times.

[63] J. Cerrillo, M. Buser, and T. Brandes, Phys. Rev. B 94, 214308
(2016).

[64] J. Cerrillo and J. Cao, Phys. Rev. Lett. 112,
(2014).

[65] R.Rosenbach, J. Cerrillo, S. F. Huelga, J. Cao, and M. B. Plenio,
New J. Phys. 18, 23035 (2016).

[66] D. J. Wineland, C. Monroe, W. M. Itano, D. Leibfried, B. E.
King, and D. M. Meekhof, J. Res. Natl. Inst. Stand. Technol.
103, 259 (1998).

[67] J.-S. Chen, S. M. Brewer, C. W. Chou, D. J. Wineland, D. R.
Leibrandt, and D. B. Hume, Phys. Rev. Lett. 118, 053002
(2017).

[68] G.T.Huber, Quantum thermodynamics with trapped ions, Ph.D.
thesis, Universitdt Ulm, Ulm, Germany, 2010 (unpublished).

[69] C. Schneider, D. Porras, and T. Schaetz, Rep. Prog. Phys. 75,
024401 (2012).

[70] D. Kienzler, C. Flihmann, V. Negnevitsky, H.-Y. Lo, M.
Marinelli, D. Nadlinger, and J. P. Home, Phys. Rev. Lett. 116,
140402 (2016).

110401

023424-15


https://doi.org/10.1103/PhysRevLett.81.5768
https://doi.org/10.1103/PhysRevLett.81.5768
https://doi.org/10.1103/PhysRevLett.81.5768
https://doi.org/10.1103/PhysRevLett.81.5768
https://doi.org/10.1103/PhysRevLett.85.724
https://doi.org/10.1103/PhysRevLett.85.724
https://doi.org/10.1103/PhysRevLett.85.724
https://doi.org/10.1103/PhysRevLett.85.724
https://doi.org/10.1103/PhysRevLett.80.4149
https://doi.org/10.1103/PhysRevLett.80.4149
https://doi.org/10.1103/PhysRevLett.80.4149
https://doi.org/10.1103/PhysRevLett.80.4149
https://doi.org/10.1103/PhysRevLett.85.4458
https://doi.org/10.1103/PhysRevLett.85.4458
https://doi.org/10.1103/PhysRevLett.85.4458
https://doi.org/10.1103/PhysRevLett.85.4458
https://doi.org/10.1103/PhysRevLett.85.5547
https://doi.org/10.1103/PhysRevLett.85.5547
https://doi.org/10.1103/PhysRevLett.85.5547
https://doi.org/10.1103/PhysRevLett.85.5547
https://doi.org/10.1103/PhysRevLett.110.153002
https://doi.org/10.1103/PhysRevLett.110.153002
https://doi.org/10.1103/PhysRevLett.110.153002
https://doi.org/10.1103/PhysRevLett.110.153002
https://doi.org/10.1103/PhysRevA.89.033404
https://doi.org/10.1103/PhysRevA.89.033404
https://doi.org/10.1103/PhysRevA.89.033404
https://doi.org/10.1103/PhysRevA.89.033404
https://doi.org/10.1103/PhysRevA.93.053401
https://doi.org/10.1103/PhysRevA.93.053401
https://doi.org/10.1103/PhysRevA.93.053401
https://doi.org/10.1103/PhysRevA.93.053401
https://doi.org/10.1364/JOSAB.20.001003
https://doi.org/10.1364/JOSAB.20.001003
https://doi.org/10.1364/JOSAB.20.001003
https://doi.org/10.1364/JOSAB.20.001003
https://doi.org/10.1038/nphys3403
https://doi.org/10.1038/nphys3403
https://doi.org/10.1038/nphys3403
https://doi.org/10.1038/nphys3403
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature13461
https://doi.org/10.1038/nature13450
https://doi.org/10.1038/nature13450
https://doi.org/10.1038/nature13450
https://doi.org/10.1038/nature13450
https://doi.org/10.1038/ncomms15364
https://doi.org/10.1038/ncomms15364
https://doi.org/10.1038/ncomms15364
https://doi.org/10.1038/ncomms15364
https://doi.org/10.1103/PhysRevLett.61.826
https://doi.org/10.1103/PhysRevLett.61.826
https://doi.org/10.1103/PhysRevLett.61.826
https://doi.org/10.1103/PhysRevLett.61.826
https://doi.org/10.1103/PhysRevA.67.033402
https://doi.org/10.1103/PhysRevA.67.033402
https://doi.org/10.1103/PhysRevA.67.033402
https://doi.org/10.1103/PhysRevA.67.033402
https://doi.org/10.1007/s003400100721
https://doi.org/10.1007/s003400100721
https://doi.org/10.1007/s003400100721
https://doi.org/10.1007/s003400100721
https://doi.org/10.1209/epl/i2004-10207-5
https://doi.org/10.1209/epl/i2004-10207-5
https://doi.org/10.1209/epl/i2004-10207-5
https://doi.org/10.1209/epl/i2004-10207-5
https://doi.org/10.1103/PhysRevLett.104.043003
https://doi.org/10.1103/PhysRevLett.104.043003
https://doi.org/10.1103/PhysRevLett.104.043003
https://doi.org/10.1103/PhysRevLett.104.043003
https://doi.org/10.1103/PhysRevA.98.013423
https://doi.org/10.1103/PhysRevA.98.013423
https://doi.org/10.1103/PhysRevA.98.013423
https://doi.org/10.1103/PhysRevA.98.013423
https://doi.org/10.1007/s00340-011-4563-7
https://doi.org/10.1007/s00340-011-4563-7
https://doi.org/10.1007/s00340-011-4563-7
https://doi.org/10.1007/s00340-011-4563-7
https://doi.org/10.1088/0026-1394/52/6/842
https://doi.org/10.1088/0026-1394/52/6/842
https://doi.org/10.1088/0026-1394/52/6/842
https://doi.org/10.1088/0026-1394/52/6/842
https://doi.org/10.1063/1.367318
https://doi.org/10.1063/1.367318
https://doi.org/10.1063/1.367318
https://doi.org/10.1063/1.367318
https://doi.org/10.1063/1.4930037
https://doi.org/10.1063/1.4930037
https://doi.org/10.1063/1.4930037
https://doi.org/10.1063/1.4930037
https://stefan-mayer.com/de/produkte/magnetometer-und-sensoren/magnetfeldsensor-fl1-100.html
https://www.toptica.com/products/tunable-diode-lasers/ecdl-dfb-lasers/dl-pro/
https://doi.org/10.1364/OE.23.019771
https://doi.org/10.1364/OE.23.019771
https://doi.org/10.1364/OE.23.019771
https://doi.org/10.1364/OE.23.019771
https://doi.org/10.1088/1367-2630/14/2/023043
https://doi.org/10.1088/1367-2630/14/2/023043
https://doi.org/10.1088/1367-2630/14/2/023043
https://doi.org/10.1088/1367-2630/14/2/023043
https://doi.org/10.1103/PhysRevA.61.063418
https://doi.org/10.1103/PhysRevA.61.063418
https://doi.org/10.1103/PhysRevA.61.063418
https://doi.org/10.1103/PhysRevA.61.063418
https://doi.org/10.1364/JOSAB.2.001251
https://doi.org/10.1364/JOSAB.2.001251
https://doi.org/10.1364/JOSAB.2.001251
https://doi.org/10.1364/JOSAB.2.001251
https://doi.org/10.1103/PhysRevA.46.2668
https://doi.org/10.1103/PhysRevA.46.2668
https://doi.org/10.1103/PhysRevA.46.2668
https://doi.org/10.1103/PhysRevA.46.2668
https://doi.org/10.1088/0034-4885/29/1/306
https://doi.org/10.1088/0034-4885/29/1/306
https://doi.org/10.1088/0034-4885/29/1/306
https://doi.org/10.1088/0034-4885/29/1/306
https://doi.org/10.1103/PhysRevB.94.214308
https://doi.org/10.1103/PhysRevB.94.214308
https://doi.org/10.1103/PhysRevB.94.214308
https://doi.org/10.1103/PhysRevB.94.214308
https://doi.org/10.1103/PhysRevLett.112.110401
https://doi.org/10.1103/PhysRevLett.112.110401
https://doi.org/10.1103/PhysRevLett.112.110401
https://doi.org/10.1103/PhysRevLett.112.110401
https://doi.org/10.1088/1367-2630/18/2/023035
https://doi.org/10.1088/1367-2630/18/2/023035
https://doi.org/10.1088/1367-2630/18/2/023035
https://doi.org/10.1088/1367-2630/18/2/023035
https://doi.org/10.6028/jres.103.019
https://doi.org/10.6028/jres.103.019
https://doi.org/10.6028/jres.103.019
https://doi.org/10.6028/jres.103.019
https://doi.org/10.1103/PhysRevLett.118.053002
https://doi.org/10.1103/PhysRevLett.118.053002
https://doi.org/10.1103/PhysRevLett.118.053002
https://doi.org/10.1103/PhysRevLett.118.053002
https://doi.org/10.1088/0034-4885/75/2/024401
https://doi.org/10.1088/0034-4885/75/2/024401
https://doi.org/10.1088/0034-4885/75/2/024401
https://doi.org/10.1088/0034-4885/75/2/024401
https://doi.org/10.1103/PhysRevLett.116.140402
https://doi.org/10.1103/PhysRevLett.116.140402
https://doi.org/10.1103/PhysRevLett.116.140402
https://doi.org/10.1103/PhysRevLett.116.140402



