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Atomic ensemble-assisted ground-state cooling of a rotating mirror
in a triple Laguerre—Gaussian cavity

Xiaoxuan Li(Z=E3f), Junfei Chen([%:3%2 &), and Qingxia Mu(F2%H &)’
Mathematics and Physics Department, North China Electric Power University, Beijing 102206, China

(Received 12 April 2025; revised manuscript received 7 June 2025; accepted manuscript online 11 June 2025)

We propose a novel cooling protocol within a triple-Laguerre—Gaussian cavity optomechanical system, which is de-
signed to suppress the thermal vibrations of a rotating mirror to reach its quantum ground state. The system incorporates
two auxiliary cavities and an atomic ensemble coupled to a Laguerre-Gaussian rotational cavity. By carefully selecting
system parameters, the cooling process of the rotating mirror is significantly enhanced, while the heating process is effec-
tively suppressed, enabling efficient ground-state cooling even in the unresolved sideband regime. Compared to previous
works, our scheme reduces the stringent restrictions on auxiliary systems, making it more experimentally feasible under
broader parameter conditions. These findings provide a robust approach for achieving ground-state cooling in mechanical

resonators.

Keywords: triple Laguerre—Gaussian cavity, rotating mirror, ground-state cooling, atomic ensemble, rotational

dynamics
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1. Introduction

Mechanical resonators, acting as a bridge between the
classical and quantum realms, have attracted significant in-
terest in the fields of quantum physics and nanotechnology.
In particular, cavity optomechanical systems, which couple
mechanical resonators with optical fields, enable the study
of interactions between light and mechanical motion induced
by radiation pressure.!!™! This interaction has given rise to

[6-10

many fascinating phenomena, | showing the important role

that cavity optomechanical systems play in both fundamen-
tal research and practical applications. For instance, it pro-
vides a unique platform for studying macroscopic quantum

entanglement,[!'=13] mechanical squeezing,!'*!”! and macro-

1, [18-20

scopic quantum superpositio I In addition, it allows for

precise measurement of electrical charge,?!! environmental

(221 and mass sensing improvement, >3 as well

S [24

temperature,

as the development of single-photon sources?*! and single-

phonon sources. >

To realize nonclassical state preparation, quantum manip-
ulation, and quantum measurement of mechanical resonators,
it is essential to suppress environmental thermal noise by cool-
ing macroscopic resonators to their vibrational ground state
through coherent optomechanical interactions.!?*->° There-
fore, achieving ground-state cooling with steady-state phonon
number below 1, has become a central topic in optomechani-
cal system.?®2% So far, numerous theoretical and experimen-

tal methods for cooling mechanical resonators to their ground
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state have been extensively studied.[?*-*°! These include pure
cryogenic cooling,?3! sideband cooling,**33 and feedback

cooling, 3!

among others. While sideband cooling remains
the predominant technique in optomechanical manipulation,
satisfying the resolved sideband regime requirements proves
experimentally demanding in typical experimental optome-
chanical systems due to inherent limitations of optomechan-
ical cooperativity.?”) As a result, much attention has turned
to developing effective ground state cooling approaches in the

38391 In this regime, the cavity

unresolved sideband regime.|
decay rate needs to be significantly higher than the mechani-
cal resonator’s frequency.

A particularly promising strategy in this regime is assisted
cooling, where additional quantum systems, such as atomic
ensemble!*?) or auxiliary cavity*! is introduced to modify
the optical response and enhance cooling while suppressing
heating. Novel methods have been developed, including the
auxiliary-cavity-mode technique, which allows for concurrent
ground-state cooling of two mechanical modes that are de-

generate or nearly degenerate,*?]

or attaching an atomic en-
semble and a cavity to the optomechanical system.[*3] These
methods illustrate the potential of assisted cooling to over-
come the challenges of the unresolved sideband regime, of-
fering promising solutions for achieving ground state cooling.

Recently, a Laguerre—Gaussian rotational-cavity optome-
chanical system was introduced, where two spiral phase el-

ements act as cavity mirrors and enable orbital angular mo-
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mentum exchange.[**! Laguerre-Gaussian spiral phase sys-
tems, known for their distinctive optorotational interactions,
have attracted considerable attention and spurred a range
g 145461 op

I and ground-state

of applications, including quantum entanglemen
tomechanically induced transparency,4’48
cooling.[**->11 Unlike traditional optomechanical systems, the
Laguerre—Gaussian rotational-cavity relies on rotational mo-
tion to couple with the optical field, potentially offering new
prospects for achieving ground-state cooling. In particular, re-
cent experiment demonstrate that high-intensity, high-purity,
and broadband Laguerre—Gaussian modes can be generated
using a Janus optical parametric oscillator.>?]

Drawing on existing research, we present a method for
reducing the thermal motion of a rotating mirror to its quan-
tum ground state within a triple Laguerre—Gaussian cavity. By
incorporating a two-level atomic ensemble into the main op-
tomechanical cavity and carefully adjusting auxiliary cavity
parameters and atomic ensemble coupling conditions, the ap-
proach achieves enhanced cooling performance. In this pa-
per, the appended cavity fields alter the channels of quan-
tum interference effects, thereby providing our system with
a greater number of tunable parameters to more effectively
modulate the cooling performance. Compared with the ear-
lier work in Ref. [51], a distinct advantage of our scheme
is that the net cooling rate of the rotational mirror becomes
larger when the second auxiliary cavity is introduced. This
improvement arises from the additional quantum interference
path introduced by the second auxiliary cavity, which further
suppresses heating and enhances cooling. Moreover, the pro-
posed scheme demonstrates the ability to suppress steady-state
phonon number to approach zero under a broader range of sys-
tem parameters. We also discuss the impact of each parameter
on cooling effect, which offers valuable insights for the study
of the physical properties of multi-Laguerre—Gaussian cavity
optomechanical systems.

The analytical framework of this study is outlined as fol-
lows. Section 2 presents the system model and derivation
of the effective Hamiltonian. Section 3 calculates the opti-
cal noise spectrum and final phonon number, also analyzing
the impact of system parameters on the spectrum and optimal

cooling conditions. Section 4 concludes the work.

2. Model and Hamiltonian

The system studied comprises three fixed mirrors (FM)
and a rotating mirror (RM), creating a triple-Laguerre—
Gaussian optomechanical system as depicted in Fig. 1. The
RM mounted on a support S rotates around the Z, axis with
an angular frequency @y. In the absence of laser radiation, it

maintains an equilibrium position ¢o = 0. When the angular

deviation from its equilibrium position is sufficiently small,
the RM’s vibration can be considered as simple harmonic os-
cillation. The partially transparent input coupler FM; together
with the perfectly reflective RM forms cavity 1, in which a
two-level atomic ensemble is coupled. Meanwhile, FM; to-
gether with the perfectly reflective mirrors FM; and FM3 es-
tablishes cavity 2 and cavity 3, respectively. In the absence
of reflection, a Gaussian beam (G) with vanishing topolog-
ical charge (I = 0) impinges on FM;. Due to the opposite
winding directions on its two sides, FM; allows the beam to
pass through from either side without altering its topological
charge.!33! As a result, the beam retains a zero topological
charge upon transmission through FM; and drives the opti-
cal modes in cavity 1. After undergoing phase modulation
at the RM, a topological charge of 42/ is added and then the
beam returns to FM;. At this point, a mode with zero charge is
generated and enters cavity 2. Reflected from FMj, the beam
again acquires a topological charge of +2/. When it returns
to FM1, the transmitted beam with a charge of 42/ drives cav-
ity 3. The topological charge reflected from FM3 gives a mode
with charge zero and returns to FM;. Treating the RM as a thin
disk, its mass and radius are defined as m and r, respectively.
When it rotates around the Z, axis, the moment of inertia is
easily obtained as I = mr?/2. Since the RM is a torsion pen-

dulum, it will necessarily vibrate when it rotates.

Fig. 1. Configuration diagram of a triple-Laguerre-Gaussian optome-
chanical setup.

Our analysis focuses on the mechanical effects of
Laguerre—Gaussian beams interacting with the rotating mirror
(RM). Laguerre—Gaussian beams possess not only spin angu-
lar momentum but also orbital angular momentum. Exper-
imental studies demonstrate that orbital angular momentum
transfer mechanisms in Laguerre—Gaussian modes induce ro-
tational dynamics across microscopic particles®* and Bose—
Einstein condensates. Within the Bose—Einstein condensate,
Laguerre-Gaussian beams can generate vortices. > These ex-
periments have proven that Laguerre-Gaussian beams can

014207-2



Chin. Phys. B 35, 014207 (2026)

have a significant mechanical effect on macroscopic objects.
When the Gaussian beam is incident on the cavity, it travels
through the cavity with a traversal time of 2L/c, where L is the
length of cavity 1 and c is the speed of light. Each photon can
convey a torque of §; = cl/L to the rotating mirror (RM). The
Hamiltonian for the Laguerre-Gaussian optorotational system
is expressed as (i = 1),

3 N
H =Y ocic;+ Y (ole)ile|+alg)i(g])
j=1 i=1
2 2.2 + t
+ L2 21+ (105 ¢7) /2 + J12(cyc2 + chcr)

N
+113(CTC3 + C§C1) + 28(61 le)i(g] +CT|8>:'<€D
i=1

1

—Egpcler Fi(Ecle I — Efepeln), (1)

The first two terms in Eq. (1) describe the non-interacting
Hamiltonians for the j-th cavity mode and the atomic ensem-
ble, respectively. Here, c; (cj) represents the bosonic anni-
hilation (creation) operator associated with three distinct cav-
ity modes, characterized by eigenfrequencies @.; and dissi-
pation rates k;. The parameters w, and ®, correspond to
the frequencies of the ground state |g); and the excited state
le);, respectively. The third (fourth) term constitutes the RM’s
Hamiltonian, where L, denotes the angular momentum and
¢ represents the angular displacement, satisfying the com-
mutation relation [L,,¢] = —ifi. The fifth (sixth) term for-
mulates the interaction Hamiltonian between cavity modes ¢
and ¢ (c3), with Ji» and Ji3 being the corresponding cou-
pling strengths. The seventh term denotes the interaction of
the cavity field ¢; with the atomic ensemble, characterized
by a coupling constant g. The photon-angular momentum ex-
change mechanism, namely optorotational coupling, between
the cavity mode ¢; and RM is encapsulated in the eighth term.
The final term of the Hamiltonian describes the coherent op-
tical input to cavity mode ¢y, driven at frequency @; with an
amplitude of |E;| = \/2Pk; /hay, where P denotes the power
of the input laser. In practice, fluctuations in the driving
laser, such as amplitude and phase noise, can affect the quan-
tum behavior of optomechanical systems.*®>7] With currently
available stabilized lasers, the amplitude noise of the driv-
ing field can be neglected.>’! A recent study!®®! demonstrates
that laser phase noise can be suppressed through various tech-
niques, such as destructive-interference schemes, >l paramet-
ric amplification, ! fiber-loop delay line interferometers, (]
and others. Therefore, in principle, laser phase noise can be ef-
fectively suppressed by employing these methods. Especially
for our scheme, the impact of laser phase noise can be re-
duced by additional filtering cavities, as shown in Ref. [62].
More importantly, our triple Laguerre—Gaussian cavity com-
bined with an atomic ensemble introduces additional destruc-
tive interference channels that can effectively suppress laser

phase noise. As a result, the effect of laser noise is not in-
cluded in our analysis.
We can define

_ s _ . ey s
0=\ a7 WD) L=y n, @)

where b and b denote the annihilation and creation operators
for the rotating mirrors, respectively. Therefore,the Hamilto-
nian can be further simplified to

3 N

H =Y ocici+ Y (le)ife| + wglg)i(g])
j=1 i=1

+ w¢b1'b+J12(cJ{cz +c§c1 ) +113(C}LC3

N
+cher) + ;g(m le)i(g| +cflg)itel)

i=

—Gclel(b" +b) +i(Eicle 1O — Efc el (3)

where the coupling coefficient is defined as G = <\ /h/2Iwy.
It should be noted that the topological charge / has a direct
impact on the coupling coefficient. A moderate increase in /
can enhance the coupling and thereby influencing the cooling
performance.[soJ In our scheme, we set [ = 100,[63J which is
experimentally feasible and ensures that the system operates
in the weak coupling regime.

We consider that the majority of atoms are prepared in
there ground states, thereby fulfilling the weak excitation con-
dition. Under this condition, the atomic ensemble can be ef-
fectively treated as a bosonic mode described by the collective
operator a = ﬁﬂv:l |g)i{e],1%* which obeys the commuta-
tion relation [a,a’] = 1. In the rotating frame aligned with the
driving laser frequency y, the Hamiltonian is given by

3
H" = Z Ajc;cj —|—A4aTa + a)q,bTb +J12(L‘11-L’2

Jj=1

i Font ol Nera 4 et
+cyer) +Ji3(cjez+cye1) + &' (cra’ +cqa)
—Gefer(b' +b) +i(Ec] —Efer), @)

where A; = @; — @; and Ay = @,, — ®; are the detunings from
the driving field for the three cavity modes and atomic en-
semble, respectively, with @, being the eigenfrequency of the
atoms. The effective coupling strength ¢’ = /Ng characterizes
the collectively enhanced interaction between the cavity mode
and the atomic ensemble. Taking into account the damping
and noises of the environment, the system evolution is gov-
erned by quantum Langevin master equations of the form

¢1 = —(iAy +ki)e1 +iGey (BT +b) — iJ1acs

—iJizcs —ig'a+E + \/2kic1 (1),
¢ = —(iAs+ka)er —iJiacr + v/ 2kaca in(t),
3 = —(iA3+k3)e3 —iJizer + v/ 2kszes (),
= —(iAs+y)a—ig'ci ++/2%ain(t),
= —(i0p + )b +iGclcr + /2%mbin(t), (5
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where 7, and 7¥;, are the decay rates of the atoms and the RM.
The input noises ¢ i (j =1,2,3), aj, and by,, associated re-
spectively with the three cavity modes, the atomic ensemble,
and the RM, satisfy the correlation functions

(i) () =8(t—1), (] (ein(t)) =0,
(a(t)a, (1)) = 8(t—1'), {al,(D)an(r")) =0,

(bin (1)}, (1")) = (nn +1)8 (1 —1"),

(b (O)bin(t')) = (t — 1), 6)

here ng, = 1/ (e /keT _ 1) denotes the thermal noise number
at the environment temperature 7.

When the system is strongly driven, it is appropriate to
apply the standard linearization technique, expressing each
operator as a combination of a steady-state component and a
small fluctuation term: ¢; =¢; + 6¢; (i = 1,2,3), a = a+ da,
b = B+ 6b. With the above Langevin equations, we can obtain
the steady-state values as

c1 = Ei
2 2 ’
1A+ K1+ iA;l-&z-Kz + iA?—i}—Kg + iAilj-)/a
__ iJpo _ iz
cz__iA2+K'27 C3__iA3+K‘37
o — — ig'cy B = iG|51|2 )
iAs+9 i0p + Y

Since the average value of the physical quantity typically
surpasses its fluctuations, higher-order nonlinear terms can be
neglected. This allows us to derive the linearized quantum
Langevin equations (with the fluctuation operator symbol “8”
omitted for notational brevity)

—(iA] +ky)e1 +iG' (b" +b) — iJipca
2kicyin(t),
¢ = —(ida+ka)cr —iJiacr + v/ 2kacoin(t),

¢

—1iJi3c3 — ig/a—l—

3 = —(iA3+k3)e3 —iJizer + v/ 2kses in(t),
a = —(iAs+n)a—ig'ci +/2%ain(t),
b = —(i0s+Ym)b+iG (c] + 1)+ \/2hmbin(1).  (8)

The effective linearized Hamiltonian of the system then
takes the form

3
Hegr = Aicicl + Z AjCj-Cj +A4aTa + (1)¢bTb
Jj=2

+J12(cicz + czcl ) +J13(CIC3 Jrc;c])
+¢'(cra +¢la) =G (T +c1) (BT +b), (9

where A{ = A} — G(B + B*) is the modified detuning induced
by the driving field and G’ = ¢, G is the linearized optorota-
tional coupling strength.

3. Ground-state cooling of RM

3.1. The fluctuation spectrum and phonon number equa-

tions

In this section, we proceed to calculate the optical noise
spectrum and ascertain the final phonon number. In the regime
of weak optomechanical coupling where G’ < @y, the optoro-
rational interaction becomes negligible, but the influence of
the atomic ensemble can no longer be disregarded. As a re-
sult, the Hamiltonian that determines the fluctuation spectrum
can be rewritten as

3
Hy, = A{c}rcl + Z Ajc;Cj —|—A4aTa+J12(c§cz
=

+c;cl) +J13(C}LC3 + c;rcl) +¢(c1a" + cJ{a). (10)

The Langevin equations for the cavity-ensemble system
in the frequency domain are given by
—iwci (@) = —(iA] +ki)c1(0) — iJip02(0)
—iJi3e3(w) —igla(w) + 2kicy jn(®),
—iwcy(w) = — (142 + k)2 (o) — iJ12¢1 (@)
+ v/ 2k2¢2n (®),
—iwc3(w) = — (143 +k3)c3(w) — iJ13¢1 (@)
+V/2k3c3n(0),
—iwa(w) = —(1As+ n)a(®) —ig'ci (o)
+v/2%ain (o). (11)

By analyzing the optically torsional force on the RM, one
can clearly observe the system’s cooling and heating effects
within the optical force spectrum. In the linearized Hamilto-
nian Eq. (9), the effective optically torsional force on the RM
isgivenby F =c; + c?, and the fluctuation spectrum of F can
be derived as Sp(@) = [©_dte!® (F(t)F(0)). The result is as
follows:

Sr(@) = 2|X(0)*[[112X2(0) *k

+3X3(0) ks + |g'Xa(0) Pra+ k1], (12)
where
1
=i(A] —w)+ K,
X]((D) ( 1 ) 1
1
=1 A —
X (@) (A — @)+ K2,
1
= i(A3 — o) + K3,
X3(CO) ( 3 ) 3
1
=1 A —
X4((D) 1( 4 (L))""}/a,
1
X(w) = . (13)

i) T X2 (@) +X3(0)JF + 82X ()

Here, X (w) quantifies the system’s total response func-
tion, where X;(®) (j = 1-4) denote the response functions of
the active cavity, the two auxiliary cavities, and the atomic en-

semble, respectively. Based on Fermi’s golden rule,[%>%0] we
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derive the following expression, which yields the final mean
phonon number of the RM’s steady state

where
o= SFCEO)
Se(@y) — Sr(—ay)
I: = G”[Sr(wy) — Sr(—wy))- (15)

As can be seen from Eq. (14), the final phonon number
is primarily determined by four parameters: Yy, nm, Ie, and
nc. In this framework, I: denotes the net cooling rate, while n,
represents the quantum limit of cooling. Sg(®y ) and Sg(—ay )

correspond to the cooling rate and heating rate of the mechan-
ical mode (RM), respectively. When the coupling between the
mechanical mode and the thermal bath is disregarded, specif-
ically as nyg, — 0, the final phonon number Nf tends towards
the quantum limit n.. This behavior highlights that the final
phonon number remains bounded from below by a nonzero
value. Therefore, to achieve a smaller Ny, it is necessary to
have a larger value of I; while keeping n. as small as possi-
ble. As indicated by Eq. (15), I¢ and n. are governed by the
spectral components Sg (@ ) and Sg(— @y ) of the optical noise
spectrum. Consequently, to achieve ground-state cooling of
the mechanical oscillator, it is essential to enhance the cooling

process while simultaneously suppress the heating process.

Table 1. The possible experimental parameters. %3]

Number Parameter Description Value Units
1 L cavity length 0.245 mm
2 A laser wavelength 810 nm
3 (o rotating mirror frequency 2w x 10 MHz
4 m rotating mirror mass 100 ng
5 r rotating mirror radius 10 um
6 Om mechanical quality factor 10°
7 1 orbital angular momentum 100 h
8 g coupling strength between atoms and cavity 2w x 10 MHz
9 Ya spontaneous decay rate of atom 2T x5 MHz
10 T environment temperature 150 mK
11 Alwy normalized laser detuning -1

3.2. Analysis of the optical force spectrum Sg(®)

As previously mentioned, the resolved sideband regime
has been extensively explored in the context of sideband cool-
ing theory. However, due to the strict requirements on exper-
imental conditions, our study focuses on the more challeng-
ing task of cooling within the unresolved sideband regime. To
optimize the cooling performance, we then analyze how the
fluctuation spectrum Sg(@) depends on the key parameters,
including the inter-cavity coupling strength, cavity-ensemble
coupling, and the effective detunings. For maximum sup-
pression of heating effects, the spectral minimum occurs at
A =A3=A1=A=—wy.

As depicted in Fig. 2, the optical force fluctuation spec-
trum Sp(®) versus the frequency @ is plotted for different cou-
pling strengths of the auxiliary cavities. The decay rates of
the three cavities are chosen as k; = 1.50y, k2 = 2@y, and
k3 = 1.5my, respectively, which is beyond the resolved side-
band regime. It can be observed that when a single cavity is
coupled, i.e., Ji2 = @y, J13 = 0, the value of the optical noise
spectrum at @ = — @y decreases than the case of J1, = J13 =0.
Furthermore, when both cavities are coupled, the dip in the

optical noise spectrum decreases even more significantly, in-

dicating that the suppression of heating is more effective.

Jiz=0, Ji3=0
i Ji=wg, Ji3=0 1

. Jip= Wey Jiz= Wo |

Heating

-6 -4 -2 0 2 4 6
w/ws

Fig. 2. The Sg(®) (in arb. units) versus @ for different values of auxiliary
cavity coupling strengths. Here, kj = 1.50)¢, K =20y, K3 = l.5w¢, and A{
= —wy. The other parameters are chosen as those in Table 1.

In Fig. 3, we plot the fluctuation spectrum Sg(®) for dif-
ferent cavity-ensemble couplings g’. In the absence of the
atomic ensemble (g’ = 0), although the fluctuation spectrum
splits into two narrower peaks with a dip in the middle, the
suppression of heating is not optimal. However, when consid-
ering the atomic ensemble, the thermal effect can be strongly
suppressed as the coupling increases. The reason for this phe-
nomenon is that in hybrid quantum systems, the excitation

014207-5
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pathways experience quantum interference due to the coupling
with auxiliary systems.[®”] Since our scheme involves cou-
pling to both the cavities and the atomic ensemble, there are
more interference channels available in hybrid systems with
multiple auxiliary systems, which allows for more effective
suppression of transitions related to heating.

1.0

0.8

0.6

SF(w)

0.4

02l /

w/we

Fig. 3. The Sg(®) (in arb. units) versus @ for different values of g’.
Here, Ji2 =20y, J13 = @y, and A{ = —y. The other parameters are
chosen as those in Table 1.

To maximize the cooling process, we further investigate
the influence of the coupling strengths and the effective de-
tuning A] on the optical force spectrum Sg(®). It should be
noted that the appearance and width of the dip in the spectrum
Sr(®) can be understood from the perspective of dressed-state
theory.[®8] By diagonalizing the Hamiltonian in Eq. (10), we
can determine the optimal values for the effective detuning and
coupling strengths needed to attain the optimal cooling regime.
The resulting diagonalized Hamiltonian is expressed as

Hy=w_a' a_ + ol do + 0pdldn + 0. d,. (16)

Here d_ o1 02,+ represent the collective annihilation operators,
and @_ 1,02+ are the eigenfrequencies of the diagonalized
system. The dip of the fluctuation spectrum Sp(®) occurs at
@y = Wy = A, while the peaks are located at

_AHAjE

4 >

/ 2
(A12 A) +82+ T+ (A7)
As mentioned before, if we set A = — @y, the minimum value
of the fluctuation spectrum appears at @ = —@®y, which sup-
pressing the heating process effectively. By positioning the
right peak at @, = +@y, we obtain the optimal cooling con-
ditions as follows:

I,

T (18)

A{ = Wy
If equation (18) is satisfied and the condition A = — @y is met,
the right peak is always at +®y, and the dip occurs at —@y,
thereby the optimal cooling performance can be achieved. In
the discussion of the following parameters, the optimal cou-
pling strengths take values that satisfy this equation.
To investigate the effect of the auxiliary cavity dissipa-
tion, we present in Fig. 4 the fluctuation spectrum Sg(®) for

three different values of the caivity decay rate k» as an ex-
ample. We can observe that when k; decreases, the dip in
the optical noise spectrum decreases and the right peak of
the optical noise spectrum increases, which means the corre-
sponding cooling rate I becomes larger. Therefore, it is also
necessary to appropriately select k» to achieve ideal ground-
state cooling. Although we find that smaller values of k, are
beneficial for ground-state cooling, some systems cannot meet
the sideband-resolvable condition: k¥ < @y. However, in our
study, even when k»(x3) > @y, the RM can still be success-
fully cooled to its ground state beyond the resolved sideband
condition due to the contribution of the auxiliary systems.

1.2— , — , ,
: : K2 = 0.1wy |

- - - Ky = 0.5wy

Fig. 4. The Sp(®) (in arb. units) versus w for different decay rates
K>. Here, J12 = 20y, J13 = @y, and A{ satisfies Eq. (18). The other
parameters are chosen as those in Table 1.

The impact of the atomic ensemble’s decay rate ¥, on the
fluctuation spectrum is also analyzed. As shown in Fig. 5, the
decay rate 7y, affects Sp(w) in a similar way to k». Specifi-
cally, for small values of 75, Sp(—®) decreases while Sp(®)
increases, which is beneficial for cooling.

: : Ya = 0.5wg
0.81 d 5 - s

w/wg

Fig. 5. The Sp(®) (in arb. units) versus o for different values of atomic
ensemble y,. Here, J12 = 2@y, J13 = 0y, and A{ satisfies Eq. (18). The
other parameters are chosen as those in Table 1.

We then turn to the investigation of the cooling rate. In
Fig. 6, we present the variation of the net cooling rate I with
the decay rate k. It is observed that I is lowest when there is
no coupling to either the auxiliary cavity or the atomic ensem-
ble. Introducing coupling to the auxiliary cavity or the atomic
ensemble leads to an increase in I;. When both the auxiliary
cavity and the atomic ensemble are coupled to the system, I
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increases significantly. It is worth noting that, with appropri-
ate parameters, I is enhanced when both auxiliary cavities are
present compared to the case of only one auxiliary cavity (as
in Ref. [51]). This further confirms that the introduction of
auxiliary systems can significantly enhance the cooling per-
formance.

I.vs. k; for different Ji3 and ¢’

— J13 = 0, g' =0
---Jiz=wy, g=0
""""" Ji3=0, g' =wy
----- Jiz=wy, g =wy
0.5 2.5 4.5 6.5 8.5

K1/ wy
Fig. 6. The net cooling rate I (in arb. units) varies with the decay
rate K for different coupling strengths Ji3 and g’. Here, G’ = 0.2ay,
Ji2 =3y, K2 =30y, A{ satisfies Eq. (18). The other parameters are
chosen as those in Table 1.

Net cooling rate I'c/wg (1073)

3.3. Analysis of the photon number Nt

Based on the previous analysis, we now focus on the final
mean phonon number Ny, a critical indicator for ground-state
cooling, which must be reduced below 1.

In order to examine how the auxiliary cavities and the
atomic ensemble affect the phonon number N¢, we plot Nt as
a function of the coupling strengths Ji, and J3 for ¢ =0
(Fig. 7(a)) and g’ = y (Fig. 7(b)). For any values of Ji2, Ji3,
and g, the effective detuning A[ satisfies the optimal cooling
condition Eq. (18). The white line indicates the contour where
Nr = 1, meaning that ground-state cooling can be achieved
within this region. As we can see, by adding the atomic en-
semble, ground-state cooling becomes achievable over a much
wider range of Ji; and Ji3. This is because coupling both the
auxiliary cavities and the atomic ensemble to the system in-
troduces additional quantum interference, leading to enhanced
destructive interference that more effectively suppresses heat-
ing processes. Consequently, the desired cooling effect can be
achieved by properly selecting the coupling strengths.

3 2.0 3 2.0
1.8 1.8

2 1.6 2 1.6
1.4 14

. 1.2 ] 19
1.0 1.0
0.8

0 0 0.8

0 1 2 3 0 1 2 3

J12/we Jiz2/ws

Fig. 7. The Ny versus Ji» and Ji3 for (a) ¢’ =0 and (b) ¢’ = @s. Here,
G' =020y, T = 150 mK implying ng, = 312, and A{ satisfies Eq. (18). The
other parameters are chosen as those in Table 1.

Jig/we
Jiz/we

To determine the reasonable range of the coupling
strength g’ and the atomic ensemble decay rate ¥, for achiev-
ing ideal ground-state cooling, we plot the final mean phonon
number N as a function of g’ and 7, in Fig. 8. The critical
value of the atomic ensemble decay rate is ¥, ~ 1.13@y, cor-
responding to a coupling strength g’ ~ 4@, in the strong cou-
pling regime. Notably, even when the resolved sideband con-
dition is not satisfied and the atomic ensemble decay rate is
relatively large, ground-state cooling can still be achieved. At
higher g/, the cooling efficiency significantly improves, even
for larger 7,, demonstrating that strong coupling can effec-
tively counterbalance higher dissipation.

0.8
7&/"‘"0

Fig. 8. The Ny versus ¥, and g'. Here, G’ = 0.2y, J12 = 204, J13 = 0y, and
A satisfies Eq. (18). The other parameters are chosen as those in Table 1.
In Fig. 9, we plot the phonon number Nf against the de-

cay rates k] and k». Notably, even when k| reaches 8wy, Ny
remains below 1. Furthermore, Ny is still less than 1 even as k,
increases to 18@y. In contrast to traditional cooling schemes
that strongly depend on the high-quality auxiliary cavity (i.e., a
low k7). Such robustness against auxiliary-cavity dissipation,
combined with the ability to achieve cooling in the unresolved
sideband regime, highlights the experimental feasibility of our
hybrid optorotational cooling scheme.

10 2.0
1.6
1.2
0.8
0.4
0 ——— 0
0 4 8 12 16 20
Ka/ws

Fig. 9. The N; versus k; and k. Here, G' = 0.2wy, J12 =20y, J13 = @y,
g =2y, and A[ satisfies Eq. (18). The other parameters are chosen as
those in Table 1.

Figure 10 demonstrates how the phonon number Ny varies
with the thermal bath phonon number ny, and cavity decay rate
k1. The results demonstrate that, even with a large ny,, the fi-
nal phonon number Nf can remain below 1 by appropriately
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controlling the cavity dissipation rate. This emphasizes the ro-
bustness and experimental advantages of this cooling scheme
in high-temperature or high-noise environments.

1000 2.0
900
800 1.6
700
600
1.2
500
400
300 0.8
200
100 0.4
0 2 4 6 8 10

K1/wg

nth/ww

Fig. 10. The Ny versus x; and ng. Here, G' = 0.204, Ji2 = 20,
Ji3 =0y, g =20, and A satisfies Eq. (18). The other parameters are
chosen as those in Table 1.

Now, we proceed to discuss the experimental feasibil-
ity of the proposed system. As summarized in Table 1, we
adopt parameters similar to those used in previous studies on
Laguerre—Gaussian optomechanical systems.[>!8-63] Specif-
ically, we take wy = 27 x 10 MHz, L = 0.245 mm, r =
10 um, m = 100 ng. High-/ Laguerre-Gaussian modes have
been shown to be experimentally accessible using spiral phase
elements.[%] Here, we set / = 100. Based on these param-
eters, the single-photon coupling strength is calculated to be
G~2x107° @y, confirming that the system is in the weak-
coupling limit. Besides, the mechanical quality factor of RM
is set to be O, = 10°, corresponding to a mechanical damp-
ing rate Yy, = 10’5(0¢. Notably, mechanical oscillators with
quality factor of Q ~ 1.3 x 10°, low effective mass of 25 ng,
and a radius of 15 um have been demonstrated,!””) which im-
plies that the proposed scheme is feasible in experiment with
current technology.

4. Conclusions

This paper presents a theoretical scheme for intracavity
compression cooling of a rotating mirror based on a triple-
Gaussian rotating cavity coupled with an atomic ensemble
composite quantum system. These results indicate that the
inclusion of an atomic ensemble can suppress the quantum
back-action heating process, and the coupling of auxiliary cav-
ities can significantly enhance the cooling efficiency, thereby
optimizing the cooling process. Especially, compared with
Ref. [51], our triple-cavity setup achieves a higher net cool-
ing rate under appropriate parameters, due to the presence of
the additional quantum interference path. Furthermore, by sat-
isfying Eq. (18) and selecting appropriate coupling strengths,
effective detuning quantities, and cavity field decay rates, the
ideal cooling effect can be achieved. With the aid of the atomic
ensemble, the restrictions on the auxiliary cavities in the com-
posite system are reduced. This study has potential application

value in achieving the quantum ground state of the rotating
mirror and greatly promotes the research of various quantum
phenomena in optorotational systems.
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