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Figure 1 Schematic diagram of a rovibrational cavity driven by a
strong pump field ¢ ,i“ and probed by a weak field g[i)“. N is the number of
atoms confined in the cavity. The reflection and transmission
amplitudes are denoted as g5 and ¢™.
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Figure 2 (Color online) Absorption property Re[e;] (blue solid line)
and dispersion property Im[e,] (red dashed line) of the probe field
output as a function of the normalized detuning (A,— @) /@ under
different coupling mechanisms. (a) P,=0, g./N /2 n=0; (b) P,= | mW,
gdN/27=0; (¢) P,=0, gJN/27n=3.8 MHz; (d) P,=1 mW,
gJN/21=38 MHz. A,=w, A=w, x/27=08 MHz, [=72,
o= (v, +w,)/2.
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Figure 3 (Color online) The influence of the collective coupling strength of the atomic ensemble on the output of the probe field. (a) Absorption
property Re[e] of the probe field output as a function of the normalized detuning (A, - @) /@ for different gﬁ values under weak collective
couplings: gJ_ /2 = 0.4 MHz (green dashed line), g,j_ /2 = 0.8 MHz (blue solid lme) g,J_ /2 = 1.2 MHz (red dash dotted line); (b) absorption
property Re[er] of the probe field output as a function of the normalized detuning (A, — @)/ for different g+/N values under strong collective
couplings: g,j_ /2 n=3 MHz (green dashed line), g.j_ /2 =4 MHz (blue solid line), g.J_ /2 =5 MHz (red dash dotted line); (c) dependence of
the spacing d, between the left and right absorption peaks on g,jﬁ in the strong coupling regime. A, = w, A=, x /2 n= 0.8 MHz, P,=2 mW, /=72,

o= (0, +a,)/2.

110313-6



WAL, PEEY: WY )5 R¥

2026 4 B 56E 11

Re[él]
oo
L o=oWw
¢ T~
&
-
=
S Il 4
o
'
'
'

oo
o= Ww

L O=NW
T .

o

~

B
fo: |! I '

-

[ V)
' '
' '
'
L :

Re[ET}

eee

Re[é T]

0.5 0 0.5 1 1.5
(Ap-w) [

Bl 4 (MR DA R R A BORE TS 00T, #8037 W
WL 5 Rele, BB VA — L KA, - o) / SIHALTEDL. (a) 1=0;
(b) 1=35; (¢) I=72. A,=o, A=w, /2 7=0.8 MHz, P,=2 mW,
gdN /271=38 MHz, o= (0. + ;) /2

Figure 4 (Color online) Absorption property Re[e;] of the probe field
output as a function of the normalized detuning (A,—w)/w for
different topological charges. (a) /=0; (b) /=35; (¢) [=72. A, =,
A=w, x/27=08 MHz, P=2 mW, gJ/N/27n=38 MHz,
o= (v, +w,)/2.
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Figure 5 (Color online) Absorption property Re[e;] of the probe field
output as a function of the normalized detuning (A,—w)/w for
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MHz (red dash dotted line). A,= @, A=, gJ/N /2 1=3.8 MHz, P,=2
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Figure 6 (Color online) Dependence of the probe field output on the
pump field power. (a) Absorption property Re[e;] of the output as a
function of the normalized detuning (A, —w)/w@. P=1 mW (green
dashed line), P=3 mW (blue solid line), P=5 mW (red dash dotted
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Figure 7 (Color online) Dependence of the absorption property
Re[ey] of the probe field output on the detuning A, between the
atomic ensemble and the pump field, and the effective detuning A
between the cavity mode and the pump field. () A, = A= - gJ_ ; (b)
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Figure 8 (Color online) The reflection spectrum R (blue solid line)
and transmission spectrum 7 (red dashed line) of the probe field output
as a function of the normalized detuning (A, - @)/ @ with different
detunings between the atomic ensemble and the pump field, and
different effective detunings between the cavity mode and pump field.
(@) A,=A=w-gJfN; (0) A,=A=w+gJN; (©) A,=w—gJN,
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Cavity optomechanics serves not only as a crucial platform for exploring novel quantum phenomena but also as a
technological engine for next-generation precision measurement, quantum information technologies, and the
development of new functional devices. In this paper, by solving the Heisenberg-Langevin equations, we investigate
the optomechanical properties of a Laguerre-Gaussian (L-G) rovibrational cavity system embedded with an atomic
ensemble. It is found that due to the coupling of the cavity field with both the atomic ensemble and the rovibrational
mirror, the absorption spectrum of the probe field exhibits coexisting double optomechanically induced transparency
(OMIT) and electromagnetically induced transparency (EIT) windows. Furthermore, the coupling between the atomic
ensemble and the cavity field gives rise to absorption gain phenomena. By adjusting the number of atoms in the ensemble
and the power of the pump field, the depth and width of the EIT and OMIT windows can be controlled. The peak intensity
of the absorption spectrum can be controlled by adjusting the cavity decay rate; the depth and width of the OMIT window
associated with the rotational mode can be manipulated by changing the topological charge of the cavity mode. By tuning
the effective detuning between the cavity mode and the pump field, as well as the detuning between the atomic ensemble
and the pump field, the absorption spectrum can exhibit asymmetric multiple Fano resonances, thereby enabling flexible
control of the output field energy distribution among transmission, reflection, and absorption channels.

Laguerre-Gaussian rovibrational cavity, atomic ensemble, electromagnetically induced transparency, optome-
chanically induced transparency, Fano resonance
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