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We propose a scheme of deep laser cooling of 7' Yb*, which is based on the effect of electromagnetically
induced transparency (EIT) in a polychromatic field with three frequency components resonant with optical
transitions of the 2§;,, — 2Py, line. The deep cooling down to the ground motional state in a trap allows for a
significant suppression of the second-order Doppler shift in the frequency standard. Moreover, in our scheme,
there is no need to use a magnetic field, which is required for Doppler cooling of "' Yb™ in a field with a two
frequency component. Cooling without the use of a magnetic field is important for the deep suppression of
quadratic Zeeman shifts of clock transitions due to an uncontrolled residual magnetic field.
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I. INTRODUCTION

Laser cooling is a necessary step for modern experiments
with quantum systems based on neutral atoms and ions that
have wide applications, including quantum metrology, the
study of the fundamental properties of cold atomic Bose
and Fermi condensates [1-4], the implementation of quantum
logic elements, and quantum computing [5]. The develop-
ment of modern frequency standards using cold atoms [6-8]
and ions [9-11] has become highly relevant. The achieved
level of accuracy and long-term stability of optical frequency
standards at the level 10~'3 opens up new horizons for mod-
ern fundamental research, such as the study of the effects
of Earth’s gravitation on the space-time continuum [7,8,12],
the test of fundamental constants [13,14], verification of the
general relativity, Lorentz invariance of space [15-17], the
search for dark matter [18,19], etc.

To achieve a high-precision level of frequency standards, it
is necessary to take into account systematic frequency shifts of
a different nature. Therefore, works aimed at the suppression
of these shifts are very important. For example, in the context
of the '7'Yb™ ion-based frequency standard, further progress
can be linked to the control and suppression of systematic
shifts caused by a residual magnetic field, blackbody radiation
(BBR) shifts, and quadratic Doppler shifts [10,16]. However,
the main challenge here is that the transition 2§, — 2Py
used for laser cooling is not closed, which requires the use of
a laser field with at least two frequency components [20-22]
(see Fig. 1). In this case, a relatively large magnetic field
of ~1-10 G is required to destroy the coherent trap state
at the 2S1/2(F =1) level via a 2S1/2(F =1)— 2P1/2(F =
0) optical transition due to a coherent population trapping
(CPT) effect. The laser cooling here can reach a minimum
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temperature that corresponds to the Doppler limit kg Tp =~
hy /2, where y is the natural linewidth of the optical transition
28 52— ’p ,2. The hysteresis effects during switching off the
magnetic field as required for cooling create certain difficul-
ties in minimizing the residual magnetic field and keeping
it constant in various cooling and clock operation cycles.
Similar difficulties arise when implementing quantum logic
and quantum computing elements based on !”'Yb* jons [23].

In this paper, we propose an alternative method of laser
cooling that makes it possible to eliminate the use of a mag-
netic field and, in contrast to the standard scheme [20-22],
allows atoms to be cooled significantly below the Doppler
limit Tp, thus significantly suppressing the second-order
Doppler shift in a frequency standard.

II. DEEP LASER COOLING OF 'yp*

For laser cooling of a '"'Yb" ion, a light field with at
least two frequency components has to be used [20-22] (see
Fig. 1). Here, one of the frequency components is close to the
s, pE=0)— Zp, ,2(F = 1) transition, and the other one to
the 281 2(F = 1) — 2Py o(F = 0) transition. The laser cool-
ing arises as a result of the action of the dissipative Doppler
force on a moving ion, which leads to cooling only to the tem-
perature of the Doppler limit kg7 = %y /2. In this scheme, an
additional magnetic field is required to destroy the coherent
trap state at the 2S;,,(F = 1) level via a 2§, ,(F = 1) —
’p, ,2(F = 0) optical transition due to the CPT effect [21,22].

Deeper laser cooling of ions, down to the ground motional
state, can be achieved under conditions of resolved side-
band cooling [24-26], when the ion is localized in a trap on
scales smaller than the wavelength (the Lamb-Dicke parame-
ter n = JER/h wose K 1, where Eg = h2k2/2M is the recoil
energy, and M is the ion mass), and w,, the ion oscillation
frequency in the trap, is large enough, wes. > ¥ (i.e., transi-
tions between different motional states of the ion have to be

©2023 American Physical Society
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FIG. 1. The energy level of the hyperfine structure 2§, and Py »
in the 7'Yb" ion, which is used for laser cooling. The solid lines
represent the transitions induced by two frequency components of
the field. The wavy lines represent the main channels of spontaneous
decay. The magnetic field is required here to destroy the CPT effect
(coherent trap state) on the 2§ »(F = 1) level viaa 2§ o (F = 1) —
2P1/2(F = 0) optical transition.

spectrally resolved). However, these conditions are not satis-
fied for the 2§, 2= 2p, /2 cooling transition in the 1Mybt ion,
where the natural linewidth y /27 = 23 MHz and the typical
oscillation frequency in the trap wqs. /27 ~ 400—600 kHz.

Laser cooling by using the electromagnetically induced
transparency (EIT) technique [27] does not require the con-
dition wys. > y. To implement it, a three-level A system is
required, in which transitions are induced by a pair of light
waves. Under conditions when the detunings of light waves
are equal, the atoms are pumped into a dark state, which
does not interact with the field. This allows to substantially
suppress the heating processes associated with the emission of
spontaneous photons. Moreover, the presence of a narrow EIT
resonance, with a width much smaller than the spontaneous
decay rate y of an excited state, enables cooling via two-
photon transitions between different motional states of the
ground levels in the A scheme, similar to the Raman cooling
technique [27-29].

The choice of interaction scheme for the implementation of
EIT cooling of a '7'Yb™ ion is a nontrivial task. In Ref. [30],
it was proposed to use three frequency components near the
resonance of the optical transition 25, pF=1)— Zp, nF =
0), known as the double EIT scheme [31]. In this case, each
frequency component determines transitions between differ-
ent Zeeman levels of the ground state |251 o F=1u=
0, 1) and the excited state |2P1/2, F =0, x =0). In addi-
tion, to repump from the 28;,,(F = 0) state it is necessary
to use an extra laser field resonant to the 2S; pF=0)—
2p, ,2(F = 1) transition. Thus the laser cooling scheme [30]
requires four frequency components, which significantly com-
plicates the overall scheme of laser cooling. As well, in a
recent paper [32] a similar double EIT scheme for the laser
cooling of '"'Yb™ was theoretically and experimentally in-
vestigated. Compared to Ref. [30], there only two frequency
components resonant to the 2S1/2(F =1)— 2P1/2(F =0)
transition are used, but it also requires a magnetic field to
destroy the coherent trap state at the 2§, 2(F = 1) level. For

FIG. 2. (a) The three-frequency field configuration formed by
three running waves. (b) The transitions induced by each frequency
component.

both these cases additional optical pumping has to be carried
out to prepare the initial clock state 28, n(F =0).

To implement deep EIT cooling, as well as the preliminary
Doppler cooling preceding it, we propose to use a polychro-
matic field of running waves with only three frequencies,

E(r,?) = Re Z E elferemion 1 (1)

p=12,3

where E,, are complex vectors, which define the polarization
and amplitude of each frequency component p = 1, 2, 3.

In our configuration, the field components have linear po-
larizations [see Fig. 2(a)]. The wave vectors of the w; and w3
frequency components are directed along the x axis, and their
polarization vectors E; and E; are along the z axis. The wave
vector of the w, component lies in the (xz) plane with some
angle 6 to the x axis. The orientation of the polarization vector
E, is varied for different cooling stages. The frequencies
w, are chosen so that they provide light-induced transitions
between different hyperfine levels of the 2> and 2Py, states
according to the scheme in Fig. 2(b).

A. Doppler cooling

As the EIT ground-state cooling technique is applicable
to ions already prepared at low temperatures [27-29], a pre-
liminary Doppler cooling is required. For the considered field
configuration (1), an effective Doppler cooling can be realized
with linear codirectional polarizations of the field components
E||E;||Es. In this case, the corresponding scheme of resonant
light-induced transitions over the Zeeman sublevels is shown
in Fig. 3(a). In Ref. [33], we carried out a detailed analysis of
laser cooling in such a field. It was shown that the minimum
temperature corresponds to the Doppler limit

kgT = Iy /3, 2)

and is achieved for low intensities under the condition that
the Rabi frequencies of each frequency component are equal,
Q) = Qy = Q3 (2, = |[E,|d/h, d is the transition dipole mo-
ment 2§, 2= Zp, ,2), and the detunings of each frequency
component have to be chosen,

81 =8 =8=—y/2 3)
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FIG. 3. The Zeeman sublevels of hyperfine states %Sy, and 2Py »
of ""Yb™ and transitions induced by a frequency component of the
light field for two cooling stages: (a) the first stage of Doppler cooling
and (b) the second stage of EIT cooling. The transitions induced by
the frequency components are indicated by double arrows: green—
transitions caused by the E; component; blue—transitions caused by
the E, component; and red—transitions caused by the E; compo-
nent of the light field. The wavy arrows indicate transitions caused
by spontaneous decays. Here, &1, 8, and §3 are the corresponding
detunings for the frequency components.

Here, the detunings are defined as 8, = w, — wy), the differ-
ence between the frequency of the pth field component E,
and the frequency of the corresponding resonant transition ey,
(see Fig. 3).

B. Ground-state EIT cooling

For the second stage of deep laser cooling in the pro-
posed field configuration shown in Fig. 2(a), we direct the
polarization vector E, along the y axis so that E; 1 E; 3.
In this case, the interaction with light components forms a
double A scheme for the Zeeman sublevels of hyperfine states
28 2 and ’p 2 [see Fig. 3(b)] that allows to implement the
EIT ground-state cooling technique. For EIT cooling in the
considered scheme, it is necessary to choose the detuning of
the driven field component E; to be blue detuned, 6; > O.
The intensity of this component has to be chosen so that
the ac Stark shifts of dressed Zeeman sublevels | 2| 2. F =
I,m = 1) are light-shifted upwards by an amount equal
to the trap frequency wos.. The field components E, and
E, drive two-photon transitions between the ground states

|2S1)2, F = 1,m = £1) and |28/5, F = 1,m = 0). For the
condition 6, = 8y, an efficient EIT cooling down to the ground
motional state can be achieved, similar to three-level A atomic
system [27-29]. The third frequency component E3 plays the
role of optical pumping for depopulating the state | %S >, F =
1,m=0).

The dynamics of the average vibrational quantum number
N = )2 nP, (where P, is the population of the ion’s nth
motional state in the trap) is determined by the rate balance
equation [26,29]

%N =—(A_—-A)N+A,, @)
where the rate coefficients A in accordance with Ref. [26] are
given by the scattering rate W (A) as a function of two-photon
detuning for an atom at rest, A = &, — 8;. The scattering rate
can be expressed trough the steady-state population p*¢ in the
excited state 2P /25

W(A) =y p*. )
Thus the rate coefficients can be expressed as
Az =0’ [Wo + Wel, (©)
where
Wo = W(0), (7
and
Wi = W (£ wosc). ®)

Ion cooling is achieved under conditions A_ > A;. In this
case, the stationary solution of Eq. (4) has the form

A+ _ W() + W_
A_—A, W, -W
and determines the minimum laser cooling temperature of the
ion in the trap. The Lamb-Dicke parameter for two-photon

transitions is determined by the difference between the wave
vectors k; and k»,

h
=1k — ko) - el [ ——
n =k —k; | M

ik?
2M™’

N, =

9)

A~ —m) - eyl (10)
where e,, denotes the unit vector describing the oscillation
direction of the spatial mode to be cooled and w{™ is the
oscillation frequency of this spatial mode [27], n; = k;/|K;]
(j =1, 2), where we assume |k;| ~ |k;| = k. Thus, by vary-
ing the angle 6 between the wave vectors k; and k; (see
Fig. 2), as well as the overall direction of the waves relative to
the principal axes of the trap, it is possible to control the laser
cooling rate of different motional modes.

The expressions for the decay rates Wy, W,, and W_ can
be obtained by solving the density matrix (Bloch equations)
for the Yb ion [33]. For the transition scheme in Fig. 3(b),
where E; L E; 3, we get the following expression for the total
population of the excited state 2P /2 and respectively W (A),

108 A2 Q2 Q2

W)=y D ,

(1)
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FIG. 4. The scattering rate W(A) as a function of two-photon
detuning. The field parameters are §; = Sy, 2, =2y, @, = 0.2y,
S; =0.5.

where
6 13 2 4
D=2Q°+ 792—4882A Q!
+ (795 + 720303 + y? /4 +483])9F

+ ; Q§<sz§ +245,A Q% + 2,§—8A2(y2 +45§))
202

+ 108 A2 M. (12)
S3

Here, S3 = Q3/(y? +483) is the saturation parameter for

the E; component. Under conditions €2; > 2, and &; >y

(61 > 0), the scattering rate has the form shown in Fig. 4,

which is typical for the EIT laser cooling technique [26].

As can be seen from Fig. 4, the point A = 0 corresponds
to the CPT condition. The narrow bright resonance appearing
to the right of the CTP point corresponds to the two-photon
resonance between the sublevels of the ground state. Its shift
from A =0 is determined by the ac Stark shift A,. of the
dressed-state Zeeman sublevels | 2§, 2, F =1,m==1) and
|28 2, F =0, m = 0). For the considered case, the E; com-
ponent is chosen as a drive field, i.e., under the condition
(21, 81) > €2, we have

Ny = (,/Q%/3+812—81)/2. 13)

Aye = Wosc (14)

The condition

is optimal for the two-photon transitions involved in changing
the vibrational number to An = —1, and thus resulting in the
highest cooling rate and the lowest temperature [26,27]. This
determines the intensity of the E; component for given §; and

Wosc-
Q=2 ‘/g\/ Wosc (81 + Wosc ). (15)

The obtained analytical expression (11) allows us to estimate
the limit of laser cooling of the 7' Yb™ ion in the proposed

0,020 0.03
N (a) N (b)
0.015
0.02}
0.010
0.01f
0.005 .
0-0005 5 10 15 20 %00 002 004 006 0.08 0.10

magnetic field (G)

FIG. 5. EIT cooling limit average quantum number N against
possible experimental imperfections: (a) as a function of angle 6,
describing the deviation of the E, component light polarization from
the y axes [dashed lines represent results for k, chosen along the z
axis (0 = 7 /2) and the solid lines represent results for 6 = 7 /4], and
(b) as the function of residual magnetic field (solid lines—magnetic
field along x; dashed lines—magnetic field along y; and dotted
lines—magnetic field along z). Green (upper) lines represent results
for the field parameters §; = 8, = Sy, 2, = 1.25y, and blue (lower)
lines for the field parameters 8, = 8, = 10y, ; = 1.77y. The other
parameters 2, = 0.1y, §3 =0, S5 = 0.5 are kept the same. Here,
Wese /27 = 600 kHz for the considered "' Yb* trap.

EIT scheme. In particular, the average vibrational number (9)
in the limit €1 > Q, takes the form

P 3Q3/2 + S3p?

- : 16
! 1662 S (16)

which, for low intensity of the E, component, when €, <«

V2 yS83/3, leads to

2
N Y

S~ 17
77 1687 a7

Therefore, deep laser cooling of a "' Yb* ion down to N K1
can be achieved under the condition §; > y. Note that expres-
sion (17) corresponds to the well-known limit of EIT cooling
in the standard A scheme [26].

III. DISCUSSION

In the following section we discuss some issues related to
the experimental realization of the proposed scheme and its
resilience against unavoidable experimental imperfections.
First, we note that the cooling rate is determined by the
Lamb-Dicke parameter for the two-photon transition (10).
It contains the Lamb-Dicke parameter for the one-photon
transition 1y = /k2i/(2Mw,) and the factor depending
on the angle between the wave vectors k; and k. For our
Tybt trap with wee/2m =~ 600 kHz, we have 7; ~ 0.1.
Thus, in order to achieve a reasonable cooling rate, the angle
0 between the wave vectors k; and k; [see Fig. 2(a)] should
be large, close to 7 /2.

Figure 5 demonstrates the EIT cooling limit N for the Yb
ion and its sensitivities to experimental imperfections caused
by the deviation of the E; component light polarization from
the y axes and the presence of a residual magnetic field. As can
be seen, the results are resistant to the above imperfections.
Indeed, for the angle 6§ = m /2 there is no dependence on the
deviation of the E, component light polarization from the y
axes. For the case of § = 7 /4, the average quantum number N
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increases slightly, but remains small enough for a wide range
of 6,. The residual magnetic field required for metrology clock
operations is in the order of 0.01 G. As can be seen from
Fig. 5(b), such values of the magnetic field have no effect on
the EIT cooling limit.

We emphasize that the suggested EIT cooling scheme does
not require a magnetic field at all. This opens up possibilities
for developing techniques for more deep control of the
residual magnetic field inside the trap to the level ~0.001 G,
which potentially allows to reduce the instability of optical
clocks due to the second-order Zeeman shift to the level of
10~ and below.

The cooling rate of the presented EIT scheme is reasonable
enough and comparable to the double EIT cooling scheme
implemented in Ref. [32]. As an example, for the field pa-
rameters corresponding to the green and blue lines in Fig. 5
for & = 7 /2, the cooling rates are N ~ 8.2 ms~! and N ~ 4.6
ms~!, respectively.

Finally, we also note that an additional advantage of the
presented EIT laser cooling scheme, since 2, < €21, is that
the ion is localized on the lower vibrational state of the
25, 2(F = 0) state, which is directly used for further im-
plementations of clock protocols with quadrupole 2§; pF =
0) — 2P32(F =2) or octupole 2§ 2 (F =0) —2 Fy2(F =3)
transitions.

IV. CONCLUSION

We propose an EIT scheme for the ground-state laser cool-
ing of '71'Yb™ ions that does not require the use of a magnetic
field. For laser cooling, a polychromatic configuration of the
light field is used, consisting of three monochromatic running
waves resonant to optical transitions of the 2S; 2= 2p, 2
line. For the first stage of Doppler cooling, the light frequency
components are running waves with codirectional linear polar-
izations. In this case, each of the frequency components of the
field has a mechanical action on the ion, which finally leads to
cooling down to the temperature of the Doppler limit. For the

trap with a typical oscillation frequency of about 600 kHz, this
temperature corresponds to the average vibrational quantum
number N =~ 20. To implement the second stage of deep laser
cooling down to the motional ground state, i.e., N « 1, the
polarization of one of the frequency components has to be
oriented relative to the others by an angle of 90°.

On the one hand, the exclusion of the magnetic field from
laser cooling allows to reduce the total time of the ‘“clock
operation” cycle by eliminating the time interval required
to turn off and attenuate the magnetic field, which is used
in a standard two frequency field cooling scheme. Indeed,
reducing the cycle time contributes to a faster accumulation
of measurement statistics in optical frequency standards. On
the other hand, the absence of the need to use a magnetic
field for the cooling process allows for more accurate control
of the residual magnetic field and minimizes its fluctuations
in various measurement cycles, which is important for fur-
ther improving the accuracy and long-term stability of optical
atomic clocks based on 7' Yb*. In addition, deep ground-state
cooling to N < 1 significantly suppresses the second-order
Doppler shift to a level below Av/v < 107!, which allows
us to remove it from the uncertainty budget of frequency
standards based on "' Yb*,

Note that the suggested method of the ground-state cooling
is also important for quantum logic elements based on cold
T'Yb* ions.
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