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Acoustically Induced Transparency in Optically Dense Resonance Medium
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It is shown that mechanical vibration (acoustical oscillation) of a solid medium along the propagation of
multifrequency laser radiation enables one to control the resonant absorption. There exists an optimal
spectral structure of the incident field dependent on vibration amplitude as well as the number and
intensity of the frequency components that provides the full resonant transparency. A mechanism of the
transparency is discussed. Transparency of this kind is shown to appear also via adiabatic modulation of
the atomic transition frequency by an external microwave field.
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Electromagnetically induced transparency (EIT) and
other effects of quantum coherence have been widely
studied ([1], and references there). Recent investigations
showed that suppression of the resonant absorption is also
possible in classical systems due to parametric interactions
of radiation with collective oscillations of a medium [2]. In
this Letter we discuss a hybrid case of the resonant trans-
parency in a two-level quantum system induced via exci-
tation of collective mechanical motion of atoms, namely,
mechanical (acoustical) harmonic vibration. We show that
transparency of this kind appears also due to adiabatic
harmonic modulation of the atomic transition frequency
via the Zeeman or Stark effects. Atomic vibration and
modulation of the transition frequency play a role similar
to the quantum coherence in EIT but do not require the
third resonant level.

It is well known that atomic mechanical vibration leads
to the Doppler modulation, which converts any monochro-
matic wave into a comblike spectrum in the reference
frame of the vibrating system. This technique is used in
Mossbauer gamma-ray spectroscopy to get multipeak ab-
sorption or fluorescence spectral contour of nuclei [3].
Reduction of the resonant absorption and frequency trans-
formation of quasimonochromatic gamma radiation into a
polychromatic one inside a thick target vibrated at ultra-
sonic frequency was studied theoretically and experimen-
tally [4]. It was interpreted via the formation of inter-
mediate excited state of a nuclei and multiple nuclear
Raman scattering [4]. The effects similar to Mossbauer
spectroscopy [3] were obtained in the optical range via
Stark modulation of atomic energy levels by a microwave
field in hydrogen plasma [5]. This is worth noting that
acousto-optical modulation is the common technique to
produce sidebands of coherent fields in optically transpar-
ent media. It should also be mentioned that the Raman
technique enables one to generate multifrequency optical
radiation up to extremely wide range and extremely short
pulses [6]. In these two cases, contrary to the case under
consideration, all the radiation components are far from
optical resonance. Therefore the effect of induced trans-
parency does not take place. In the well-known case of self-
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induced transparency, one deals with transient effect,
whereas the present case refers to a steady-state regime.

In this Letter we study the destructive interference of
resonance excitations of vibrating (or frequency modu-
lated) two-level atoms and predict a number of effects: the
possibility of the full resonant transparency for different
vibration amplitude and spectral structures of an incident
laser radiation, control of the resonant transparency by a
nonresonant drive, and generation of a burstlike radiation.

Let us consider propagation of a multifrequency coher-
ent radiation,
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L��1

~ELe�i�!Lt�kLz� � c:c:;

!L � !0 � L�D; kL � nL!L=cL

(1)

(where nL and cL are the refractive index and the phase
velocity at the frequency !L) through a medium of two-
level atoms. Let the frequency !0 be resonant to the
frequency of atomic transition, and the frequency interval
�D much exceeds the transition linewidth. If atoms do not
move, the only effect is resonant absorption of radiation at
the frequency !0.

Now let atoms oscillate along the axis z such that their
positions, z, are

z�t� � za � R sin�t: (2)

Equation (2) implies that the respective acoustical wave-
length is much larger than the length of a medium sample.

The moving atomic reference frame and the fixed labo-
ratory one are different. We consider the density matrix
equation for atomic coherence �21�za; t� in the laboratory
reference frame taking this difference into account by the
well-known way [7]. Then, within the rotating wave ap-
proximation, we find
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�i�!Lt�kLz� � ��21�21; (3)

where !21 is the atomic frequency, n12 is the level popu-
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lation difference, �L � ~�21
~EL=�2@� is the Rabi frequency

of the component ~EL ( ~�21 is dipole moment of atomic
transition), �21 is the coherence relaxation rate, and

v�t� � @z=@t � R� cos�t: (4)

We consider the approximation kL � k, which for the case
nL � 1, cL � c0 means that the length hs of a medium
sample is much smaller than the beat wavelength of any
frequency components kn and km under consideration:

hs �
�

jkn � kmj
: (5)

The integration of Eq. (3) under kL � k gives in the slowly
varying amplitude approximation (valid for �21 � 1=TL,
cL=hL, where TL and hL are temporal and spatial scales of
amplitude changing)

�21 � in12e
ikz

X1
n;m��1

X
L

ß
�n�
L JnJn�m�Le

�it�!L�m��; (6)

where Jn � Jn�P� is the Bessel function of nth order, P �
kR is modulation index, and

ß
�n�
L �

�21 � i�!21 �!L � n��

�2
21 � �!21 �!L � n��2

: (7)

Equation (6) shows that radiation with any frequency !L
has a comblike spectrum in the reference frame of vi-
brating atoms. If the frequency difference !L �!0 is a
multiple to the frequency of atomic vibration (!L �
m� � !0), this radiation contributes to the polarization
�21 at the resonance frequency !0 via corresponding spec-
tral component having amplitude �ß�n�L JnJn�m�L�. In other
words, the nonresonant field becomes partially resonant to
the atomic transition after vibration is ’’turned on.’’
Moreover, since the fields of different frequencies are
mutually coherent, their resonant contributions interfere.
To our knowledge, this kind of interference has not yet
been discussed.

We further consider that frequency !0 is resonant to
atomic transition (!21 �!0 & �21) and that the frequency
interval �D coincides with the frequency of atomic vibra-
tion, �D � �. In this case the expression (6) can be
represented in the form of multifrequency response similar
to (1),

�21 �
X1

p��1

��p�21 e
�i�!pt�kz�; (8)

where

��p�21 � in12ß0Jp
X1

L��1

�JL � �pL��L: (9)

In Eq. (9) the first term in parentheses is responsible for the
resonant absorption of all the field components, while the
term �pL takes into account the absorption at the tails of the
homogeneously broadened transition line,
09360
�pL �
1

ß0Jp

X
k�0

ßkJp�kJL�k;

ßp �
�21 � i�!21 �!0 � p��

�2
21 � �!21 �!0 � p��2

; p � 0; k: (10)

In the case where the frequency of atomic vibration �
exceeds the transition linewidth �21 (�>�21) the expres-
sion (10) can be expanded as a series in powers of ��21=��,
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��1�n�1

Jp
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2nX
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Jp�kJL�k
k2n : (11)

Substitution of (8) and (9) into the wave equations for
the field components �p (in the slowly varying amplitude
approximation) gives a self-consistent homogeneous sys-
tem:
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� �~g!pJp
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�JL � �pL��L; (12)

where ~g � 2�N
c"@ j�21j

2n12ß0, N is atom density, c � c0=
���
"
p

is light velocity in a medium, and " is dielectric permit-
tivity, !p � !0 � p�. For the case of steady-state propa-
gation (@�p=@t � 0), the search for the solution of the set
(12) in the form �p � exp���z� leads to an infinite set of
homogeneous algebraic equations:
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�
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�
�p � 0:

(13)

A general solution of (13) can be represented as a sum of a
multifrequency strongly absorbed mode, E�0�, and weakly
absorbed modes, E�m�,

E � E�0�e�g0z �
X1
m�1

E�m�e�gmz; (14)

where E�p� � 1
2

P
1
k��1 E�p�k e�i�!kt�kz� � c:c:, p � 0, m,

and g0 �
2�N
c"@ !0j�21j

2n12ß0 is the well-known coefficient
of the resonant absorption without vibration. It is worth
noting that a similar appearance of strongly and weakly
absorbed modes can occur in rather different physical
conditions, for instance in the four-wave mixing effect
[8]. For the case (11) one can write gm � g0��21=��2Fm,
where the functions Fm (not presented here due to their
length) are expressed via Bessel functions of all frequency
components. They are bounded, 0<Fm < 1.

Let us consider the case where the absorption line is
narrow as compared to the vibration frequency, �21=��
1, such that g0hs��21=��2 � 1. This implies gmhs � 1
for all m> 0, and this means induced transparency for all
the modes

P
1
m�1 E�m� � ET . The solution (14) takes the

form

E � E�0�e�g0z � ET: (15)

For the incident radiation, Ein�
1
2

P
1
L��1ELe

�i�!Lt�kz��

c:c:, of the form (1), where EL�z � 0� � EL, one obtains
2-2



0

0.5

1

1.5

2

N
o

rm
al

iz
e

d 
in

te
ns

ity
 (

I/
I 0

)2

0 1 2 3 4 5

P h ase  (Ωt)

1 2

FIG. 1. Intensity of the transparent mode averaged over
2�=!0 for the case �21=�� 1 [according to (20)] for P �
3:83 (curve 1), and for the case �21=� � 10 [according to (13)]
for P � 16 (curve 2).
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� Ein �E�0�: (17)

The solution (15)–(17) shows that for any amplitude of
the vibration and any initial energy distribution among the
frequency components of the incident laser field (1) the
field tends, due to resonant absorption, to a specific spectral
structure (17) determined by the initial conditions and
amplitude of vibration, which does not experience resonant
absorption any more. We call this structure the ‘‘transpar-
ent mode.’’ It is formed as a result of superposition of the
comblike spectra of different components EL in the refer-
ence frame of vibrating system. The spectrum of each field
component has a resonant part, JLEL, that causes its ab-
sorption. Only such components survive, resonant parts of
which are antiphased to E0. In transparent mode they
compensate the resonant part of E0,

J0E0�g0z� 1� � �
X1

L��1;L�0

JLEL; (18)

such that the total amplitude of the resulting resonant part
in the reference frame of vibrating atoms is equal to zero.
In other words, the transparent mode exists due to destruc-
tive interference of its different spectral components at the
frequency of atomic resonance.

It follows from (17) that if a multifrequency incident
field Ein �

1
2

PB
L��A ELe

�i�!Lt�kz� � c:c: (A and B are
arbitrary integer numbers) has an optimal spectral struc-
ture, such that E0 � �

P
L�0JLEL=J0, it does not experi-

ence resonant absorption, Ein � ET. It is worth noting that
this optimal structure implies an arbitrary relation between
amplitudes of the spectral components of the input field.

In particular case of a bichromatic input, Ein�
1
2	

�E0e
�i�!0t�kz��E�1e

�i�!�1t�kz���c:c:, the nonresonant
field cancels the resonant absorption as soon as E�1�
J0

J1
E0. In this case the input field Ein is the optimal spectral

structure and experiences no changes. As follows from (17)
if E�1 <

J0

J1
E0, the resonant field is absorbed. An increase

of E�1 leads to a decrease of the resonant absorption. In the
case E�1 >

J0

J1
E0, amplification of the resonant field takes

place. This provides a method of control of the resonant
absorption by the nonresonant drive via vibrationally in-
duced transparency.

If the input field spectral structure is not optimal, am-
plification of some components as well as absorption of
others take place. Besides, as seen from (17), the appear-
ance of additional components !p � !0 � p� occurs. In
particular, even in the case of only a nonresonant mono-
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chromatic input (E�1, for instance) the resonant radiation,
E0�

1
2J0J1E�1e�i�!0t�kz��c:c:, is ‘‘generated’’ among all

other frequencies. Indeed, as follows from (17), ET �
1
2 E�1�1 �

!�1

!0
J2

1�e
�i�!�1t�kz� � 1

2

P
p��1

!p

!0
JpJ1E�1 	

e�i�!pt�kz� � c:c:. Since the input is monochromatic, there
is no interference but only absorption of the resonant
component of the comblike spectrum in the atomic refer-
ence frame. In the laboratory reference frame, such a
comblike spectrum with removed resonant component is
equivalent to ET, which means (i) partial absorption of the
nonresonant input and (ii) spectrum generation.

Let us consider absorption in vibrating medium in the
case of the resonant monochromatic incident field, E0.
Similar to the above paragraph, according to (17),
one has ET �

1
2E0�1� J

2
0�e
�i�!0t�kz� � 1

2

P
p�0

!p

!0
	

JpJ0E0e
�i�!pt�kz� � c:c:. This means (i) the appearance of

partial (by the factor 1� J2
0) resonant transparency for any

amplitude of the atomic vibration and (ii) generation of
nonresonant satellites. Experimental study of this regime
in nuclear resonant scattering of � radiation and theoretical
interpretation via multiple Raman scattering was done in
[4]. It is interesting to note that in this case the field ET can
be written in the form of amplitude-frequency modulated
wave,

E T �
1
2E0e�i�!0t�kz�f1� J0e�iP sin�tg � c:c:; (19)

where frequency modulation index P � kR. The intensity
averaged over the period 2�=!0 normalized to the input
intensity has the form

hIi!
hIini!

� 1� J2
0�P� � 2J0�P� cos
P sin��t��: (20)

When P> P�  1:239 [where J0�P�� � 2 cosP�] it can
periodically (with vibration period �) exceed the incident
intensity. When J0�P� takes the maximal negative value,
the hIi! has a burstlike time dependence (Fig. 1). In
addition, frequency modulation enables one to compress
the field into short pulses [9]. At the same time, the
intensity averaged over the period 2�=� can never exceed
the input intensity, hIi�=hIini� � 1� J2

0�P�, due to reso-
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nant absorption. We would like to note that if the condition
�21=�� 1, used above, is not fulfilled, one should take
into account absorption at the frequencies !0 � n�, n �
�1;�2; . . . ; N (this will be discussed in more detail else-
where). According to the general solution (13), in this case
the burstlike regime becomes more pronounced and the
burst duration reduces with an increase of the linewidth
(Fig. 1).

Doppler modulation of the radiation frequency relative
to the atomic transition frequency in the case of the vibra-
tion is equivalent to the modulation of the atomic transition
frequency relative to the frequency of the incident radia-
tion. Such modulation can be provided by an external
microwave field via Zeeman or Stark effects. In the case
of an adiabatic harmonic modulation the density matrix
Eq. (3) takes on the following form:
@�21

@t
� if!21 � � cos��t�g�21

� in12

X
L

�Le�i�!Lt�kLz� � ��21�21: (21)

Its solution and all the effects are the same as discussed
above. The only difference is the modulation index P �
�=� instead of P � kR in (6)–(20).

The described model of transparency either via vibration
or modulation of atomic transition frequency can be real-
ized in solid films, gas, or plasma. It can be interesting for
the gamma-ray range. For instance, as was experimentally
shown in [4], quasimonochromatic gamma radiation @! �
14:4 keV resonant to the nuclear transition of 57Fe (total
linewidth �5 MHz) after propagating through a film vi-
brating with frequency �=2� � 23:79 MHz and ampli-
tude up to R� 0:05 nm can generate up to 9 spectral com-
ponents. If one takes a sample with linewidth �200 MHz,
vibration amplitude R� 0:25 nm, and the same value of
the vibration frequency, then the � ray bursts similar to
curve 2 in Fig. 1 with duration �1 ps and maximal inten-
sity �1:75 with respect to the input intensity can be
obtained. Realization of such experiments with microwave
drive instead of vibration could extend possible regimes of
transparency.

Modulation of the atomic transition frequency can be
experimentally studied at the Balmer line of hydrogen.
Irradiation of a hydrogen plasma cell by a magnetron
microwave field, �� 3 cm (10 GHz) and intensity up to
10 kW=cm2, provides the modulation index of H� line up
to P� 3 via the linear Stark effect. This corresponds to
generation of eight spectral components with their total
width up to 80 GHz and intensity time dependence similar
to curve 1 in Fig. 1.

Another experimental demonstration of transparency via
modulation of atomic transition could be the control of
resonant field absorption by nonresonant radiation. For ex-
ample, radiation of a dye laser detuned to 10 GHz from the
H� line provides cancellation of resonant absorption for
the phase matched radiation of the same intensity in the
09360
presence of 10 GHz microwave field with intensity
�5 kW=cm2.

We showed that the vibration of the two-level medium
with arbitrary amplitude can produce partial or full trans-
parency as well as amplification at the resonant atomic
transition depending on spectral structure of the input radi-
ation. There exists the optimal spectral structure of the in-
cident field providing the full resonant transparency, which
depends on a number and intensity of the frequency com-
ponents as well as vibration amplitude. If an input spectral
structure is not optimal, amplification and absorption of
different input components, including the resonant one, as
well as appearance of additional spectral components takes
place. The possibility of control of the resonant absorption
is shown by the example of a bichromatic input. Appear-
ance of the spectral components is shown by the examples
of nonresonant and resonant monochromatic input. In the
latter case, appearance of amplitude-frequency modulated
wave and possibility of a burstlike regime are shown. The
most clear interpretation of the effects is Doppler modifi-
cation of the spectrum of any radiation interacting with
vibrating atoms, absorption, and destructive interference of
different (parametrically coupled via vibration) spectral
components of radiation at the frequency of atomic reso-
nance in the atomic reference frame. The same effect is
shown to appear in the case of adiabatic modulation of the
atomic transition frequency by an external microwave field
via Stark or Zeeman mechanisms.
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