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Cavity-assisted cooling of a trapped atom using cavity-induced transparency
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We investigate the cooling dynamics of a trapped A-configuration atom coupling to a high-finesse cavity. We
find that the heating effects due to diffusion and heating transitions can be simultaneously suppressed by the
cavity-induced transparency and the electromagnetically induced transparency effects, respectively. Compared
to the current cavity cooling schemes, the trapped atom in our scheme can be cooled to a relatively lower final

temperature.
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I. INTRODUCTION

Cooling of a trapped atom to its motional ground state is
an important step towards quantum technological applications
[1]. The first effective ground state cooling scheme of trapped
systems is sideband cooling [2,3], which is achieved by
tuning the cooling laser in resonance with the red sideband
transition. Meanwhile, the final temperature is limited by two
dominant heating effects: the diffusion due to the population of
atomic excitation and the off-resonant blue sideband heating
transition. To further enhance the cooling efficiency, a variety
of cooling schemes have been proposed in recent years,
including using dark state [4—7], by means of an optical cavity
[8-16], etc. [17,18].

Cooling in an optical cavity has proven to be an effective
way to achieve a low temperature [19-22]. The cavity cooling
schemes usually rely on strong coupling, which means that the
cooperativity C should satisfy

52
c=% 1, (1)
ky
where g is the effective atom-cavity coupling strength, 2« is the
cavity decay rate, and 2y is the atomic spontaneous emission
rate. There are two kinds of cavity cooling methods: the cavity
sideband cooling and the cavity coherent cooling.

Cavity sideband cooling [9,20,23,24], which is similar to
the sideband cooling in free space, is carried out by tuning
the cooling laser into resonance with the red sideband of the
cavity excitation. The final phonon number is predicted to be

(2 4 o] 2

where v is the trap frequency.

Cavity coherent cooling [8-13,16], on the other hand,
has been proposed to overcome the heating effects. In
such schemes, the heating effects can be suppressed due
to the quantum destructive interference between the heating
pathways, giving rise to a lower final temperature than cavity
sideband cooling. There are several quantum coherent cooling
methods, one of which is achieved by a two-photon resonance,
which is also known as the cavity-induced transparency
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(CIT) effect [25], in a high-finesse cavity. In analogy with
electromagnetically induced transparency (EIT) effect in free
space [26], when the cooling laser and cavity are resonant, CIT
arises so that the atomic excitation is nearly absent. Therefore,
the diffusion is almost vanishes [9]. Another cooling method
[12] is achieved by a three-photon resonance, namely, the
cavity-induced EIT. In cavity-induced EIT cooling, not only
the diffusion is eliminated, but also the heating transition can
be partly suppressed, and the analytical prediction of the final
phonon number is of the order

1

In a recent work [16], the authors proposed an improved
cavity-induced EIT cooling scheme by employing the property
of the cavity standing wave. In this scheme, the diffusion is
canceled by precisely locating the atom at the node of the cavity
standing wave, and the heating transitions are eliminated by
the cavity-induced EIT. Thus all the heating effects vanish, and
the cooling efficiency can be further enhanced.

In this work, we present an alternative ground state cooling
scheme of a trapped atom in an optical cavity. We investigate
the cooling dynamics of a A configuration three-level atom
coupling with two laser fields and a high-finesse optical cavity
and find that the diffusion and heating transition can be strongly
suppressed by the combination of the CIT and EIT effects. The
analytical result shows that the final phonon number of the new
scheme can be

1 K
(n)ss<0 E"‘F . (4)
Further numerical simulation shows that our scheme can be
much lower than previous cavity cooling schemes and the same
order as Ref. [16].

II. MODEL

The experimental setup is shown in Fig. 1(a), and the
atomic-level configuration is shown in Fig. 1(b). An atom of
mass M is confined by a one-dimensional harmonic trap inside
an optical cavity with the decay rate 2«. The trap frequency is
v. The internal levels of the atom are in the A configuration: the
dissipative upper state |e) with level frequency w, and decay
rate 2y, which can be coupled to two ground states by dipole
transitions: |g) with level frequency w, and |r) with level
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FIG. 1. (Color online) (a) A A-configuration atom is inside an
optical cavity. The atom is coupled with two laser fields and the
cavity field. The system is dissipated by the cavity photon leak or
atom spontaneous emission. (b) The atom has an excited state |e) and
two ground states |g) and |r); |e) <> |g) is driven by a “cooling” laser
and cavity field, and |e) <> |r) is driven by a “coupling” laser; the
detunings of the coupling are defined by Eq. (7).

frequency w,. The atom is coupled by two laser beams and
one cavity mode. The transition |e) <> |g) is driven by both a
“cooling” laser beam with the frequency w1, Rabi frequency
€2,, and the cavity mode with the frequency w, and strength g.
The transition |e) <> |r) is driven by another “coupling” laser
beam with the frequency w;, and Rabi frequency €2,. Here we
take into account the geometry setup of the laser and cavity
fields and the motional axis, as illustrated in Fig. 1(a).
The Hamiltonian of the system is given by

H = Hy + Hj. ®)

H, is the free Hamiltonian for the atomic levels and the phonon
and cavity mode, which is (b = 1)

Hy = vb'b — 8.ala — Agle)(e| — (Ag — A)IF){(r].  (6)

In this paper the Hamiltonians are described in the reference
frame rotating at the laser frequency w;;. @ and b are the
annihilation operators of a cavity photon and a phonon,
respectively. The detunings are defined by

80 =wL — We, Ag = wri _(we_wg)’

Ar =wr2 — (we - wr)~ (7)
H; describes the interactions between the atom and the laser
and cavity fields:

: Qg —ikp1-x
H; = gasln(kc~x+¢>)|e)(gl+7€ He) (gl

Qr 7ik12-x
+ e e){rl| + He, ®)
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where k., k1, and ky, are the wave vectors of the cavity
and two laser beams; ¢ denotes the phase of the standing
wave in the cavity, and x is the position of the atom. In
particular, ¢ = 0 corresponds to the atom located at the node
of the standing wave, while ¢ = % indicates the atom at
antinode.

Our cooling scheme focuses on the Lamb-Dicke (LD)
regime, which means that the size of the atom’s motional
wave packet is much smaller than the wavelength of the
lasers. In the LD regime, the internal and motional degrees
of freedom (DOF) are weakly coupled, and the internal DOF
can be adiabatically eliminated as a steady state. So it is
necessary to analyze the dynamics of the internal DOF, which
consist of the atomic DOF and cavity mode. In our scheme
we assume that the coupling strength of the “cooling” laser is
sufficiently weak, i.e., 2, <« max{|A|,y}. Meanwhile, the
coupling strengths of the cavity field and “coupling” laser are
much stronger than €2,:

Q, € 2,8, (€))

with the effective coupling strength g defined by § = g sin¢.
Under these assumptions, the internal steady state is almost at
|g,0.), where the notation m.. is the mth Fock state of the cavity.
Starting from the internal ground state |g,0,.), the internal DOF
can be weakly excited to state |e,0.), which couples to the
states |g,1.) and |r,0,) by the cavity field and “coupling” laser,
respectively. State |g,1.) may also be weakly excited to state
le,1.), but the scattering process from |g,0.) to |e, 1.) involves
two weak transitions, which can be neglected. Therefore, we
can only consider that the internal DOF take place among the
space which is spanned by the states

{18.0c).1g.1¢c).17.0c). le,0c)}. (10)

Note the truncated internal DOF (10) is equivalent to a
four-level system. Then we divide the internal DOF (10)
into two subspaces: the steady state or ground state |g,0.)
and the excited subspace, which is spanned by the basis of
states {|g,1.),17,0.),le,0.)}. In the LD regime, the Hamiltonian
(5)is

Hip=H,+ Vo + Vi, (11

where H, describes the Hamiltonian of the phonon state and
excited subspace:

H, = vb'b —8.a'a — Agle)(e| — (Ag — AD)|r)(r]
Q
+ ale)(gl +a'lg)(eD + o (12)
Vo is the optical pumping from the internal ground state to

the excited subspace including the carrier transition and the
sideband transitions:

Vo= V)4V,
Q
V) =208, (13)
2
Q
V) = nng(bT + b)o¥.
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V) describes the sideband transitions among the excited states
Vi = ncg(ale)(gl +a'lg)(eh® + b))
Q.
+n,7(b‘ + b)oy, (14)

where o7/ = |e)(j|+1j)el. o} = (le)(jI—1j)(eD/i (j = g.r)
and the effective LD parameters are defined by

= kit - :
Ng L1 €x My

1
= ks e ——. 15
n L2 €x\[ 5o (15)
=k 7/ ! t
nC - c ex 2MU CO ¢'

Here the angles between the directions of the optical fields
and the motional direction are included in the effective LD
parameters. In particular, if the direction of the optical field is
perpendicular to the motional axis, n = 0, indicating that no
heating and cooling effects along the motional direction.

In the following, we restrict ourselves to the good cavity
limit, which means the cavity loss rate is small and the coupling
is strong:

52
Kk <yg C=%>1. (16)
Ky

In our scheme, we employ the EIT and CIT effects to
suppress the heating effects, which is shown in Fig. 2. Starting
from nth phonon steady state |g,0.,n), all the dominant heating
processes include either the carrier transition |g,0.,n) —
le,0.,n) or blue sideband transition |g,0.,n) — |e,0.,n + 1).
If we set the detuning

8. =0, A7)

then the CIT effect arises and the scattering amplitude of carrier
transition can be suppressed by the transition |g,1.,n) —
le,0.,n). By further setting the detunings

Ag— A, —v =0, (18)

the EIT effect arises between the transitions |g,0.,n) —
le,0.,n + 1) and |r,0.,n + 1) — |e,0.,n 4+ 1), and therefore
the blue sideband heating is eliminated. In the ideal case that
the cavity is lossless, i.e., k = 0, the two heating transitions

(D)  fgreegemmmmngee-
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FIG. 2. (Color online) Suppression of the heating transitions.
(a) The carrier transition |g,0.,n) — |e,0.,n) is suppressed by the
transition |g,1.,n) — |e,0.,n) by the CIT effect. (b) The blue side-
band transition |g,0.,n) — |e,0.,n + 1) is eliminated by the transi-
tion |r,0.,n + 1) — |e,0.,n + 1) by the EIT effect.
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are exactly eliminated, and the whole system will be cooled to
the unnormalized dark state:

V) ~ Q,(281g,0.,0) — 2,1g,1.,0))
+ i1g282,817,0., 1) + O (). (19)

For finite cavity loss rate «, the carrier transition still exists,
and we can calculate the cooling result by the rate equation,
as shown in the next section.

III. ANALYTICAL RESULT

In this section we analytically calculate the cooling
dynamics.

The dynamics of the whole system is determined by the
master equation, which reads
dp

o = —ilH.pl+ ,.g, V)

1
X {|j>(€| |:2/ Nj(@)ethixcos? pemikixeost g cog 9]|e)(j|
-1

— le)elp — p|e><e|} + k(2apa’ —a'ap — pa'a),

(20)

where k; = (w, — w;)/c, 2y; is the rate of spontaneous emis-
sion from state |e) to state | j) and N;(0) is the corresponding
angular distribution function of the emitted photons (j = g,r).
Here we choose

N;(0) = 3(1 + cos® 0) (21)

for usual dipole transition [27,28]. Here we follow the analyt-
ical treatment proposed in Refs. [27,29], which is achieved
by adiabatical elimination of the internal DOF and then
perturbative expansion of the master equation (20), yielding
the rate equation for the population p, of the nth phonon state:

d
——Pn = pn+lril+l—>n + pn—lrn—l—nl

dt
- pn(rn—m—l + Fn—>11+1)» (22)

where I',,_,,, is the transition rate from nth phonon state to mth
phonon state.

The transition rates I',_,,+; can be obtained by calculating
all possible scattering processes up to the first order of LD
parameters [9,10,12], as shown in Fig. 3:

Pamwner = 20y [P + 2y | T+ [ + 26| T

. (23)

with geometry factor o = % in dipole transition [29].

The scattering amplitude 7,7 denotes the diffusion from
atomic excitation of the nth phonon, Z,/'* and 7% denote
the cooling/heating transitions from the nth phonon steady
state |y,) = |g,0.,n) and then dissipating back to the n £
1-th steady states |{,+1) = |g,0.,n &= 1) by the spontaneous
emission and by the cavity decay, respectively:

T, = (Y1 [W) G(EDVG 1Y),
T = (Yt |W) G(ED VY [Y)
+ (st W) G(ENVIG(EN VY 1Y),
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FIG. 3. (Color online) The illustration of cooling and heating
processes. The dash rectangle represents the excited subspace. (a) The
cooling/heating process due to recoil of the spontaneously emitted
photon. (b) The cooling/heating process due to red/blue sideband
transitions and dissipation by the spontaneous emission. (c) The
cooling/heating process due to red/blue sideband transitions and
dissipation by the cavity decay.

TE* = (Yt [ W G(ED V) |¥rn)
(Yt W GENVIGEDV 1Y), (24)

Here E; is the energy of the initial state [v,,) and G(z) is
defined by [30]

1
G(z) = ; (25)
Z — Hegr
with the effective Hamiltonian
Hus = H, — ika'a — iyle)(el. (26)

W]‘,), W)} , and W, are the quantum jump operators which denote

the dissipation of the system:
W) = Ig)el. W, =ifiy(b' +b)lg)el. We=a, (27)

with the LD parameter #j, scaling the mechanical coupling of
radiation with the atomic motion and defined by (assuming
that kg ~ |kr1])

1 1
Mg = kgy/ My ~ |kpaly) M (28)

Calculating Eq. (24), we get the transition rates
1—1n—>n+1 = (I’l + 1)A+7Fn—>n—l =nA_. (29)
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Here A, are the heating and cooling parameters, respectively,
Ay =20y |TPP +2y|T7% + 2| T%17, (30)

with
Q (A = Ak +5.)
2 10 ’

TrE = %[_i (ik Fv+8)(Fv+ Ay, — A,)
2L F&v)

+ 108Dy — ADFV + Ay — A))

TP =

€29

1]

Qik +26. Fv)
FO f(Fv)
L] 32)

FOf(Fv)

QZ
- ian’(iK + 8k Fv+8.)

TK,i —

&{_i gFv+ A, —A)
2 ¢ f(Fv)
X [(ik 4+ 8)Fv + Ag — A)Fv +iy + Ay)
1
Ar)]—
fO)f(Fv)
Q2 (Fv) }
— r_r 8c -7
R R T YRE=D!

+ ncg(Ag - Ar)

— (i + 802+ A (Fv + A, —

(33)
where

QZ
fx) =(Kr+x+ 35)[(x +Ag = AN +iy 4+ Ay — T’:|

-+ Ay — A)). (34)

Then the rate equation can be written as

d
—Pn =@+ DA_pyp1 —[(n+ DAL +nA_]p,

dt
+nAipn_. (35)
The rate equation for mean phonon number therefore is
d
= (A=A + Ay (36)

If A_ > A,, the atom will be cooled to the final phonon
number

(n)ss = (37)

and the cooling rate is
W=A_—A_. (38)

In order to find the optimal condition of the cooling scheme,
our strategy is first suppressing the heating rate A, then
maximizing A_.

The suppression of A, as analyzed, is obtained by choosing
the parameters under the conditions (17) and (18).

As shown in Refs. [4,9], the maximum of A_ is at

Ref(v) =0, (39)

which is

QZ
(V - 50)|:(V + Ag - Ar)(v + Ag) - Tri|

=@+ k) + A, — A, (40)

013402-4



CAVITY-ASSISTED COOLING OF A TRAPPED ATOM ...

where the denominator of A_ is minimized. Physically,
Re f(v) = 0 corresponds to tuning the red sideband transition
of “cooling” laser into resonance with a dressed state of the
internal excited states.

Then in the good cavity limit, we can calculate Ay under
the cooling conditions (17), (18), and (39):

292
A ) 2\.,2 2 2)52], 41
4= Zlf(0)|2[(ang + )y + (02 +07)&x]. 4D
~ o
= Q_ﬁvzng(gZV)Z (e S g V) 42)
2 | FO)(yv2 + kg%
For A_ > A, the final phonon number can be obtained by
Ay
<n>ss ~ I
O{~2 + 2 2 2 2 2
[ E) ) e+ ()
U C U v C v
(43)
which can be lower than the order of O(é + 'lf—:).
The corresponding cooling rate is
W=~ A_
2 2 4 (Sl
_ % vzng(g VP 4 (e % 4o g2y) s
2 | fO)2(yv? + Kk §?)
Insert £(0) into Eq. (44), and we get
02 2(320) + fnnganQ_E + 3% 2
W B 2@ (TS Faegh)

4 (842 + K 2QH (Y2 + «§?)
In our scheme, we assume that the strength of the “coupling”
laser €2, is comparable to g, so in the high-finesse cavity limit,

Fv> =~ ’ . The cooling rate is about
B o

2 yv24kg?’

W A (46)

which is of the same order as in previous cavity cooling [9].

IV. NUMERICAL SIMULATION AND DISCUSSION

It is worthwhile to compare our scheme with the scheme
in Ref. [16]. There are several similarities between the two
schemes: the two schemes are both achieved in a A-type
three-level atom coupling with the cavity field and laser fields;
in the weak excitation limit, the truncated internal DOF (10)
are equivalent to a four-level system in both cases. Moreover,
the two schemes can effectively eliminate the heating effects,
leading to a lower final temperature than in previous cavity
cooling schemes. However, our scheme differs significantly
from Ref. [16]. It can be found from the coupling among
the internal DOF: in our scheme, states |g,0.) and |e,0.)
are coupled by the “cooling” laser field, while states |g,0.)
and |g,1.) are not directly coupled. By contrast, in Ref. [16],
states |g,0.) and |g,1.) are coupled by a pump laser, while

PHYSICAL REVIEW A 89, 013402 (2014)

state |g,0.) is not directly excited to |e,0.). Thus the level
configuration of the internal DOF in our scheme is distinct
from the scheme in Ref. [16]. Consequently different heating
cancellation mechanisms are employed. In our scheme the
heating effects, as analyzed, are suppressed by combination
of the CIT effect and the EIT effect; while in Ref. [16],
the diffusion and heating transition are suppressed by the
property of the cavity standing wave and the cavity-induced
EIT, respectively.

The optimal cooling result (43) is determined by the
geometry of the experimental setup. In particular, by choosing

(a) I091 O<n>ss
300

Heating

== =

-2

Heating

b 2
(b) log, ,[W/n]
-1

Heating

Heating

FIG. 4. (a) Contour plot log,;,(n),s as a function of §. and A,.
(b) Contour plot log,, ”% as a function of §. and A,. The dashed lines

of (a) and (b) corresporid to the condition Re f (v) = 0. (c) The final
phonon number as a function of §. under the condition Re f'(v) = 0.
The other parameters are n, =i, =0.1, n, =n.=-0.05,
=73, 2y =10v, 2k =02v Q, =v, Q, =10v, g = 10v/+/3,
A, = Ag — V.
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(b) C=98
10 . . . . .

0 0.5 1 1.5 2 2.5 3
Time (in units of 10*)

FIG. 5. Numerical simulation of cooling a trapped atom under the cooling conditions (17), (18), and (39). The parameters are n, = 7j, = 0.1,
n, =n.=—0.05, ¢ = %, 2y =100, 2« =02v Q, = v, 2, = 10v, (a) g = IOv/ﬁ, b)g= 141)/«/’5. The dashed lines correspond to the

analytical predictions.
the LD parameters

Ng = ﬁgvr]r =M= 0» (47)
which means that the direction of the “cooling” laser is parallel
to the motional axis, while the “coupling” laser and cavity axis
are perpendicular to the motional axis, the final phonon number

can be
()] W
(n)ss < OlE E N .

Compared to the former cavity cooling methods, of the order
O(é), the result of the new scheme can be suppressed by the
factor a[% + (f)z].

Figure 4(a) and 4(b) plots the analytical results of the final
phonon number and cooling rate as a function of §. and A,.
The dashed lines correspond to the condition Re f(v) = 0.
From Fig. 4(a) and 4(b), we can see that the regime of lower
final phonon number and faster cooling rate is found along
the dashed lines, where the cooling transition rate A_ is
maximized. Figure 4(c) shows (n), as a function of §,. under
the condition Re f(v) = 0. As expected, the minimum value
is at 6, = 0, which coincides with the resonance of the CIT
effect.

To verify the analytical result, the numerical simulation
of the cooling dynamics is carried out by solving the master
equation equation (20) [31]. The result is shown in Fig. 5.
For C = 50 and C = 98, the final phonon numbers are about
8 x 10™* and 5 x 10~*, which are lower than than O(1073),
while the corresponding the analytical results are about
5 x 107* and 2 x 107#, respectively. We should note that the
analytical treatment has neglected multiphonon processes, so
the actual final phonon number is higher than the analytical
prediction. Even so, numerical results show that our scheme is
still better than previous cavity methods and can achieve the
same order as Ref. [16], which is due to successful suppression
of the heating effects in our scheme.

From the cooling condition (39), the cooling result is
affected by the fluctuations of the “coupling” laser strength €2,
and the effective coupling g. Figure 6 displays the final phonon
number as a function of 2, by the numerical calculation. As €2,
deviates 25% of its analytical optimal value, the final phonon
number is still of the order O(1073), which is robust against
the fluctuation of the “coupling” laser intensity. On the other
hand, the effective coupling strength g is determined by both
the cavity strength g and the relative position ¢ of the trapped
atom in the cavity standing wave. Here we consider the final
phonon number affected by the positioning fluctuations when
we center the atom at different positions of cavity standing

10
Qr/v

12,5 15

FIG. 6. (n),, as a function of €2,, where the optimal value is
at Q,9 = 10v. The other parameters are n, = ij, = 0.1, n, = n. =
—0.05, ¢ = 3,2y = 10v, 2k = 0.2v, Q, = v, § = 5v, A, = 36v,
A, =35v,and §, = 0.
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) (b) ¢opt=n/4
10
107

7
<

107°

-4
10

1/12 1/4 5/12

o/
, (d) ¢opt=n/2

10~ :

3 —3\_/
g 10

4
1
0 1/3 1/2
o/m

2/3

FIG. 7. The final phonon number (n),, as a function of ¢. For fixed § = 5v, different situations have been considered: (a) g = 10v, the
corresponding theoretical optimal ¢qp = 7/6; (b) g = 10v/ﬁ, Qopt = /45 (¢) g = lOv/\/g, Popt = 7/3; (d) g = 5V, ¢opy = 7/2. The other
parameters are n, = fj, = 0.1, n, = n. = —0.05,2y = 10v, 2k = 0.2v Q, = v, 2, = 10v, A, =36v, A, =35v,and 6, = 0.

waves. The numerical calculation of the result is shown in
Fig. 7. From Fig. 7 we find that locating the atom at the
antinode of the standing wave demonstrates more significant
robustness than other situations. Thus for physical realization
of the cooling scheme, the atom should be placed near the
antinode in the cavity standing wave.

Moreover, simultaneous cooling in three dimensions can be
achieved. In LD regime, the cooling dynamics of each dimen-
sion can be treated separately. Three-dimensional cooling can
be achieved if the cooling conditions (17), (18), and (39) are
satisfied in each dimension, which requires that the trapped
frequencies along three axis should be similar.

V. SUMMARY

In summary, we have presented the investigation of the
cooling dynamics of a A configuration trapped atom coupled
to a high-finesse optical cavity. The heating effects due to

the diffusion and the heating transition can be suppressed
simultaneously by combining the cavity-induced transparency
and electromagnetically induced transparency effects. By an-
alytical calculation and numerical simulation, we find that the
final phonon number of the new scheme can be achieved to the
order of O(% + ’:—j), which is much lower than previous cavity
cooling methods. In the future we will investigate the cooling
dynamics of many atoms, by taking into account the influence
of the collective coupling between the atoms and cavity.
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