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Abstract—We have measured the shape of the Autler—Townes doublet and the peak of electromagnetically
induced transparency (EIT) under plasma conditions. We compare the experimental results with the cal culated
spectrum of the probefield of athree-level Arll A-scheme by taking into account Coulomb collisions. We show
that the Coulomb broadening of the EIT peak is small (less than 40%), while the saturation resonance is broad-
ened under the experimental conditions by a factor of 3. In contrast to the saturation resonance attributable to
the Bennett dip in the velocity distribution of the population, the EIT peak isacoherent effect and is broadened
mainly through Coulomb dephasing. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A strong resonant monochromatic wave can split the
energy levels and, accordingly, the emission (absorp-
tion) spectrum at transitions involving these states—an
effect that has long been known and that was initially
called the dynamic Stark effect [1]. Subsequently, the
splitting of the spectrum into two components was
called the Autler—Townes splitting (doublet). In nonlin-
ear gas spectroscopy, field splitting is a basic effect in
the classification of perturbation theory [2]; allowance

for the therma motion of particles significantly
changes its spectral manifestations. For example, in a
Raman scattering scheme (seeinset to Fig. 1) with large
Doppler broadening, the field splitting of the probe-
field spectrum manifestsitself only for coaxial wavesin
the Stokes casg, i.e., at k, < k. If only the probe level |
is populated, then other nonlinear effects induced by a
strong field, in particular, the saturation effect and the
nonlinear interference effect (NI1EF) do not show up. In
this case, the absorption spectrum of the probe field
describes the field splitting in pure form.

14

Fig. 1. Experimental setup to study field splitting: 1—discharge tube, 2 and 3—mirrors, 4—Brewster plate, 5—etalon, 6—dia-
phragm, 7—obturator, 8—diffraction grating, 9—scanning interferometer, 10—photodetector, 11—synchronous detector, 12—tun-
able dye laser, 13—wavelength meter, 14—oscillograph, 15— ens, and 16—compulter.
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Due to quantum interference, the field splitting of
the absorption spectrum induced by a strong wave at
the adjacent transition is accompanied by a significant
reduction or, idedly, complete elimination of the
probe-wave absorption at the frequencies correspond-
ing to the spectral region between the split components.
This effect, which was caled electromagnetically
induced transparency (EIT), has been actively studied
in recent years (see, e.g., [3, 4] and references therein).
The possibility of the elimination of light absorption
under resonance conditions viathe EIT effect is being
actively used in various problems. In particular, the effi-
ciency of the resonant laser frequency transformation
by nonlinear optical methods [5] increases signifi-
cantly, which makes it possible to use not only pulsed,
but also relatively weak continuous laser emission (see,
e.g. [6, 7]). In many applications, it is important to
obtain the narrowest possible EIT peak, but level relax-
ation, and field and Doppler broadenings affect the
shape of the EIT resonance [8].

In this work, we observed the Autler—Townes dou-
blet and the EIT peak at ionic transitions in a low-tem-
perature plasma for the first time. lon-ion Coulomb
scattering was found to also affect the shape of the peak
under plasma conditions. The influence of Coulomb
scattering on the shape of the resonances due to the sat-
uration and NIEF effects under ion laser plasma condi-
tionswas studied in detail previously [9-11]. The Cou-
lomb broadening of the EIT peak measured in thiswork
proved to be much smaller than the Coulomb broaden-
ing of the saturation resonances. Our experimental and
theoretical studies alowed usto quantitatively describe
the influence of Coulomb ion—on interaction on the
field splitting and to explain the observed features.

2. EXPERIMENT

Previoudly, the nonlinear resonances in a A-scheme
attributable to field splitting were experimentally stud-
ied mainly in molecular spectra (see, e.g., [12]) by
using molecular Raman lasers. In this case, the
observed and calculated resonance shapes are difficult
to compare, because, apart from field splitting, other
nonlinear effects (saturation and NIEF) contribute sig-
nificantly to thetotal profile dueto the large population
of the lower level n. However, the measured spectrum
splitting, which is proportional to the strong-field Rabi

frequency
G = |E/d./2h

(IE| is the amplitude of the electric field, and % is the
Planck constant), allowed the dipole moment d,,, of the
m-n transition to be determined directly. The measure-
mentswere carried out at G values much larger than the
relaxation constants I'; (i,j =m, n, I).

As we noted above, for the profile of the Autler—
Townes doublet in the A-scheme (see Fig. 1) to be
recorded free from other nonlinear effects, the probe
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wave must propagate coaxially with the strong wave,
and its frequency must be lower than the strong-field
frequency (the Stokes case); at the same time, only the
probe level | must be populated, while the levels m and
n must be ideally empty. In contrast to thermally popu-
lated rovibrational molecular levels, ionic levels in a
plasma allow the required conditions to be realized. In
particular, asimilar caseisrealized when the strong and
probe fields are resonant, respectively, to the Arll laser
transition and the transition to a metastable state with a
large population. We chose ascheme with the following
levels:

ImO= 4p°S,,, [I0= 3d°Ps,.

The corresponding relaxation constants and Einstein
coefficients (in units of 10’ s?) are

InO= 4s°P,,,

r,=300,r,=15 1T =8, A,, =9, A, = 1.

The characteristic level populations in an argon laser
plasmaare N, ~ 1, N, ~ 5, and N, ~ 100 (in units of
10° cm3) [9, 11]. Thus, the following relations hold for
the level scheme chosen:

M=sr,<r,<kvq
for the relaxation constants and
N, > N, =N,

for the level populations.

Under argon laser plasma conditions, some of the
manifestations of field splitting have been observed
previously when studying the generation at coupled
laser transitions in aV-scheme: when the frequency of
the Stokes radiation was detuned, a decoupled reso-
nance was observed for large detunings of the high-fre-
guency laser field, and complex resonance structures
were observed near the exact resonance for the Stokes
radiation when it was tuned to the line center [13, 14].
The shape of the Autler—Townes doublet and the influ-
ence of Coulomb diffusion on it have not been investi-
gated.

In our experiments, we studied the spectrum of a
Stokes prabefield in the presence of astrong field at the
adjacent transition (the A-scheme, Fig. 1). We mea-
sured the difference between the absorption coefficients
for the probe field in the absence and in the presence of
astrong field that corresponded to the nonlinear correc-
tion to the probe-field work A% ,. For asignal of suffi-
cient amplitude to be produced, the intensity of the
strong field must be large (G = 100 MHz). The intrac-
avity field of a single-frequency 457.9-nm line
(4p?S,,—4s°P,;,) ion laser with minimum angular
momentum (j,,=j, = 1/2) was used to achieve theseval-
ues. As aresult, we measured the Autler—Townes dou-
blet shape under argon laser plasma conditions without
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the Doppler base with an accuracy high enough to make
a comparison with the theory.

The experimental setup isshowninFig. 1. Anargon
laser discharge tube 1 (length | = 50 cm, channel diam-
eter d = 7 mm, and working current | ~ 100 A) was
placed in a cavity with entrance (2) and exit (3) mirrors
opaque for the generated emission, but transparent for
the probe emission. Thus, there were two waves in the
cavity: a standing linearly polarized generated wave
and atraveling linearly polarized probe wave. Etalon 5
provided the selection of one longitudinal mode and
smooth tuning of the generation frequency, while dia-
phragm 6 separated out the TEMy, mode. The cavity
mirrors selected the linewith awavelength A = 458 nm;
the transmission losses in the cavity at this line were
=0.3%, which provided a high field intensity inside the
cavity. The emergent emission from the argon | aser was
directed by the mirror to a diffraction grating 8. One
order from this grating was entered into a scanning
Fabry—Perot interferometer 9, which was used to con-
trol the mode composition of the emission and to deter-
mine the strong-field detuning from the resonance,
while the other order was diverted to photodetector 10,
the signal from which was the reference one for a syn-
chronous detector 11.

A dyelaser 12 whose wavelength (A, = 648 nm) was
recorded by a wavelength meter 13 was used as the
probe-field source. The automatic frequency control
(AFC) system [15] alowed usto tie the cavity modeto
the selector peak and to smoothly change the probe-
field frequency over a range up to 4.5 GHz. The fre-
guency was tuned with computer 16 at discrete steps of
less than 20 MHz; the step approached the emission
linewidth (about 10 MHz). The dye-laser spectrumwas
recorded by the scanning interferometer 9 with a free
dispersion range of 5 GHz connected to an oscillo-
graph, which was used to control the mode composition
of the emission. Before being entered into the discharge
tube, the probe field was prefocused by lens 15 to pro-
vide the maximum possible field uniformity in the cav-
ity. After the passage through the discharge tune, the
probe-field beam was reflected from an additional
plate 4 and diverted by the mirrorsto photodetector 10
connected to the synchronous detector 11. The angle
between the beams of the probe field and the generated
emission was ~1073 rad, which allowed the feedback to
be avoided. The strong field was modulated at a fre-
guency of ~1 kHz with obturator 7; the synchronous
detection at the modulation frequency alowed us to
automatically subtract the Doppler base and to separate
out the nonlinear corrections induced by the strong
field. The personal computer 16, to which all of the
measuring instruments were connected through an
ADC, was used for controlling the experiment and for
synchronous data acquisition and recording.

To separate in frequency the resonances from the
oppositely directed standing-wave components and to
observe the field splitting induced by the traveling
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Fig. 2. Experimental profile for the nonlinear correction in
the probe-field spectrum for the strong-field parameters G =
100 MHz and Q = 1.6 GHz.

(coaxial) wave in pure form, the strong field must be
detuned from the resonance by a value larger than the
population resonance width. An experimental fre-
guency profile of the nonlinear correction to the probe-
field absorption coefficient for a strong-field detuning
Q = w—w,, =1.6 GHzisshowninFig. 2. The negative
values on the plot correspond to an increase in probe-
field absorption induced by the strong field, while the
positive values correspond to a decrease in absorption,
which is equivalent to electromagnetically induced
transparency. A sharp structure attributable to field
splitting is observed for the coaxial component: the
split low-amplitude absorption profile with a splitting
of about 0.5 GHz and the high-amplitude EIT peak cen-
tered at afrequency Q, = Qk/k,= 1.1 GHz between the
split components. A wide (with a FWHM of about
1.3 GH2) population resonance with alow amplitudein
accordance with the level population ratio is seen
symmetric about the line center at a frequency Q, =
—-Qk/k, = —1.1 GHz. The small peak at Q, = 0 corre-
sponds to the effect of higher order spatial harmonics,
which ismost pronounced at the exact resonancefor the
strong field (Q = 0) [16]; it is not considered here.

Since the contribution of the saturation effect that
forms the population resonance is the same for the
oppositely directed and coaxia components, we sub-
tracted the left part of the plot (Q, < 0) from its right
part (Q,, > 0) to separate out the field splitting effect in
pure form. The Autler—Townes doublet profile cor-
rected in thisway is shown in Fig. 3 together with the-
oretical curves computed without and with Coulomb
ion—on interaction. Since the amplitude of the doublet
components for our parameters is small compared to
the amplitude of the peak, it would be more precise to
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Fig. 3. Nonlinear correction in the probe-field spectrum
AP(Q,) corresponding to the field splitting effect for the

following strong-field parameters: G = 100 MHz, Q =
1.59 GHz, and kvt = 4.9 GHz; the short and long dashes
represent the calculations using the perturbation theory
without diffusion (4) and with diffusion (v = 2 x 10" s,
respectively; the solid line and the dots represent the numer-
ically calculated and experimental values, respectively.

usetheterm “EIT peak profile.” Below, we compare the
experimental and theoretical results.

3. THEORY

The nonlinear correction to the probe-field work for
the A-scheme (Fig. 1) with N, = N, < N, calculated in
the model of relaxation constants using the perturbation
theory (G <) is[2]

AP0 = 200)-2P(G)

2AJTIN, exp(—Q1 /K v 1) (K —K,)

2
Kv

= 41w, |G,*G| (1)

1
(Fp—i(Q,—k,Q/K))*

x Re

where |G| and |G| are the Rabi frequencies of the strong
and probe fields, k and k, are their wave vectors, Q =
W— Wy, and Q, = W, — wy, are the field frequency
detunings relative to the corresponding resonance, v, =

AJ2TIM isthethermal velocity, and N, isthe population
of level I.

This formula describes the Autler—Townes doubl et
in absorption with the EIT peak centered at the probe-
field frequency Q,, = k,Q/k with the width

Mo = (KMo + (K=K )M )/ k. )
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In this approximation, the splitting Axr = 21", does not
depend on the strong-wave intensity and is determined
by the relaxation constant of theforbidden transition I,
for close magnitudes of the wave vectors. On the other
hand, it is well known that in a strong field |G| > T;
(when the contribution of the relaxation constants may
be ignored), the splitting for stationary atoms is deter-
mined by its Rabi frequency |G|, while allowance for the
thermal motion leads to the addition of a scaling factor
that depends on the relation between the wave vectors of
the probe and strong fields (see, e.g., 12, 17]):

Dar = 4G 1=K Kk K. 3)

For an arbitrary relation between |G| and I, the
expression for the nonlinear correction calculated inthe
Doppler limit (|G|, [ < kvy) is[17]

2JTIN exp(~Q /K v T)

AP, = 2hw,|G
M u| ul k“VT (4)
0 0
XEL e r,—i(Q,—k,Q/K) .
- A\ ]-
. 4k, (k—k,)|G|]
E /\/(rp_'(Qu_kuQ/k))z"' u( 2u) a

In the limit |G| < I;, this expression reduces to (1), a
result of perturbation theory. As the field amplitude
increases, the splitting increases and is described by
Eq. (3) inthelimit |G| > T;.

Under the experimental conditions (|G| = 100 MHz,
I =Ty =280 MHz, ', = 25 MHz), the approxima-
tion of perturbation theory (|G| < Iy, IMy) holds well.
The profile calculated using formula (4) with the field
splitting (determined by the Rabi frequency |G]) is vir-
tually identical to result (1) of perturbation theory—the
latter curve isindicated by short dashes in Fig. 3. The
FWHM of the EIT peak (and, accordingly, the splitting)
in this approximation is determined by the relaxation
constant of the forbidden transition

Aar 027 = 2k /k = 400 MHz.

The calculated curve quditatively agrees with the
experimental curve, but thewidth of the EIT peak inthe
experiment is appreciably larger (by about 40%);
allowance for the field broadening yields no such
broadening.

Coulomb ion scattering [9] is known to be mainly
responsible for the broadening of nonlinear resonances
in an ion laser plasma. This scattering is satisfactorily
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described by amodel of diffusioninvelocity spacewith
avelocity-independent coefficient [18, 19]:

y = 16/NZ°e'A

D = vv?/2,
T 3M2y3

©)

where v is the effective ion—ion collision frequency;

vy = ,/2T,/M isthethermal velocity; Ze and M are the

charge and mass of the active ions, respectively; N is
the effective number density of the perturbing ions; and
N\ isthe Coulomb logarithm.

The Coulomb broadening of the resonances due to
saturation was studied in detail in an experiment; in
particular, it was shown that the Coulomb broadening
could reach afactor of 100 with respect to the radiative
width for long-lived metastable levels[11]. The pattern
of the diffusive broadening of population resonancesis
fairly easy to understand: a strong monochromatic
wave produces Bennett structureswith awidth I, /k <
v, against the background of a Maxwellian velocity
distribution for the population of level j = m, n with
width v;. Diffusion in velocity space tendsto level off
the nonequilibrium, causing the resonant structureto be
broadened. The characteristic change in velocity
increases with timet following the diffusion law

Av;0./Dt.

Over the leve lifetime FJ-_l, diffusion in velocities

causes the saturation resonance in the spectrum to be
broadened by

k
A = kAvJ-::LT

> vil, ]

=mn; (6)

i.e., thelonger thelevel lifetime, thelarger the broaden-
ing of the saturation resonance, as distinct from the
model of relaxation constants. For laser transitions, the
Bennett dip is broadened predominantly at the rela
tively long-lived upper level. For our level scheme, the
characteristic broadening of the saturation resonanceis
AT, ~ 3; accordingly, the width of the population res-
onance observed for the oppositely directed strong and
probe waves centered at Q, = -1.1 GHz (see Fig. 2) is
larger by afactor of about 3 than the width of the EIT
peak.

Sincethe EIT peak is produced by coherent effects,
the Coulomb broadening mechanism in this case differs
fundamentally from the broadening mechanism of pop-
ulation resonances. Apart from a change in the popula-
tion distribution, diffusion in the velocity space aso
leads to dephasing (phase diffusion) of the nondiagonal
density (coherence) matrix element through a random
change in the ion coordinate:

Ar’00A v2%0 Dt
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which corresponds to the change in phase
M$’0 = K rOODK .

The dephasing is significant when A¢ ~ 1. Hence, we
can estimate the dephasing time scale T, and the related
correction to the homogeneous transition width:

-1/3 -1/3

= (v(kvy)®) . (7)

Accordingly, the correction to the width of the EIT
peak (2) under experimental conditions is estimated as

k“r_Dl/k = 300 MHz, which is appreciably larger than
", =200 MHz. Thisvalue isin conflict with the exper-

iment, in which the observed broadening is appreciably
smaller than .

Since perturbation theory may be used to describe
the experiment, the effect can be analyzed in more
detail. For coaxia strong and probe wavesin the Stokes
case (k, <K), wemay usethenonlinear correctioninthe
probe-field spectrum cal culated using perturbation the-
ory up to the second order in |G| with diffusionin veloc-
ities [20]. Reducing the expression to a more familiar
form for nonlinear spectroscopy, we obtain theline pro-
file that corresponds to the field splitting:

15 O(DKY)

4./ w,|G,|%|GI°Ny(k—k,)
KV,

AP(Q,) =

0 2
xRef] dtexp(iQut)db(t)E , 8)
0
0

O(t) = exp{ (I, +iQk, /Kt
—D(k—k,)’(k./K)*t/3}.

Here, we ignore the force of friction, because the reso-
nant velocity isless than 0.4v;. The phase diffusion is

determined not by the factor Dk?, as suggested by esti-
mate (7), but by afactor of (k— kp)zkf1 /k* smaller quan-

tity. Accordingly, the diffusion width of the field-split-
ting resonance may be expressed as

o= [D(k—k,)k2/K] ™2, 9)

In the experiment,
- 2,214 _
k,/k=0.7, (k—k,)°k,/K"=0.04.
Thus, the diffusion width of the field-splitting reso-
nance, I'p = 100 MHz, isby afactor of about 3 smaller
than (Dk?)Y3; thediffusive broadeningissmall, ' <T,.
In the limit D — O, the expression for the profile
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Fig. 4. Frequency branches calculated using formula (10)
for the following experimental conditions: Q = 100 MHz
and Q = 1.59 GHz.

shape reducesto (1). Theresult of our calculation using
formula (8) of perturbation theory with Coulomb diffu-
sion for experimental conditions is indicated by long
dashes in Fig. 3. The curve satisfactorily describes the
experiment; the dlight deviations are attributable
mainly to asymmetry in the experimenta profile. The
curve (solid line) calculated numerically from the sys-
tem of equations for the density matrix with the diffu-
sive and field broadenings and with the force of Cou-
lomb friction is also shown in the figure. This curveis
in even better agreement with the experiment; it also
describes the asymmetry. On the right slope of the EIT
peak, the results of our numerical calculations and cal-
culations using perturbation theory with diffusion arein
close agreement; deviations are clearly seen only onthe
left dope.

4. DISCUSSION

Our comparison of the experimental and calculated
curves shows that, in contrast to the saturation reso-
nances, population diffusion in velocities does not lead
to any significant broadening of the resonance due to
field splitting. A good approximation to describe the
experiment is perturbation theory with diffusion; in this
case, the field broadening is negligible. The opposite
limiting case was analyzed in [21]: the diffusion shape
of the Autler—Townes doublet components was calcu-
lated for afield splitting |G| much larger than the reso-
nancewidth. Inthiscase, the diffusion width of the split

components was found to be ~J/DK/|G|, i.e, it
decreases with increasing |G|, and no appreciable
broadening of the resonances was observed in an exper-
iment with strong fields in the V-scheme [13, 14].

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 98

BABIN et al.

Since the amplitude of the Autler—Townes doublet
componentsin our caseissmall compared to the ampli-
tude of the EIT peak, itisof considerableinterest to dis-
cussthe influence of Coulomb diffusion on the shape of
the EIT peak—its relative broadening under experi-
mental conditions did not exceed 40%. Qualitatively,
such a weak influence can be understood by using the
pattern of frequency branches: the velocity dependence
of the resonant frequencies of the split components
(see, eg., [13]). The resonant frequencies when the
homogeneous width is ignored are described in our
case by the expression

) (10)

= kv +(Q—kv)/2+ (Q—kv)%4+|G%

The results of our calculation using formula (10) for
experimental parameters are shown in Fig. 4. When
averaged over velacities, the integral is accumulated in
the vicinity of the extremaof the function Q,(v), called
turning frequencies [13]. The size of the vicinity that
gives a significant contribution is determined by the
slope of the function, dQ,/dv—the asymptotic behav-
ior at large velocities is determined by the coefficients
k, and (k, — k), which differ greatly in our case. There-
fore, the integral is accumulated at velocities v > 0.4v+

for the resonance Q& <1GHzandat v < 0.4v; for the

second resonance Qﬁ < 1 GHz. Given the Max-

wellian distribution function, this leads to a larger
amplitude of the resonance that is farther from the
center of the line, as confirmed by the experiment (see
Fig. 2). Formulas (1), (4), and (8) derived in the Dop-
pler limit do not describe the asymmetry. The role of
Coulomb population diffusion under these conditions
reducesto thewalk of particles on the frequency branch
along the velocity axisin avicinity of the order

AijvT./viiIZFj, j = mn,

whose size does not exceed the size of the region that
contributesto theintegral ; therefore, this effect isweak,
with the influence of diffusion on the wing shape being
stronger than on the width of the EIT peak. The asym-
metry in the doublet componentsisthe result of averag-
ing over velocities with allowance made for the finite
Doppler width and is virtualy independent of diffu-
sion. Thus, the main broadening mechanismin this case
is Coulomb dephasing (phase diffusion), whose effect,

inturn, is weakened by afactor of [(k— ku)zkfl [k ~Y3 ~
3 under experimental conditions. As a result, the Cou-
lomb broadening of the EIT peak does not exceed 40%.

The experiment also allows us to determine the
width of the population resonance (attributable to the
Bennett dip at the upper level m), which is observed for
oppositely directed probe and strong fields—the nega-
tive detuning range in Fig. 2. It isof considerable inter-
est to compare our result with the data of previous
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experiments on the Lamb dip and the spontaneous
emission spectrum (see, e.g., [9]). The FWHM of the
saturation resonance in our caseisA = 1.3 GHz, which
correspondsto arelative broadening of the Bennett dip
by a factor of y = (A/2r ,,,))(K/k,) = 3.7. This value is
slightly larger than that yielded by measurements of the
spontaneous emission spectrum under the same condi-
tions (see [9]). In contrast to previous measurements,
the field broadening of the population resonance in our
experimental conditions was large and it could not be
ignored. Our estimation of the characteristic values
yields the following Coulomb, homogeneous, and field
widths of the saturation resonance under experimental
conditions:

An, = K, Vvii/2l,=0.7 GHz
(Ap = 2In2A,, = 1 GHz isthe FWHM)),
2l K, /k=0.35 GHz,

Ag = 2|G| /2T /T = 0.8 GHz.

Consequently, the diffusion and field widths are com-
parable in magnitude and are appreciably larger than
the homogeneous width: Ay = Ag > 21k /K. As was
shown in [9, 22], the squares of the field and diffusion
widths are added in these conditions; i.e., the total
width may be expressed as

A = A + A% =1.3 GHz,

in good agreement with the measurements.

(11)

5. CONCLUSIONS

Thus, we have measured for the first time the shape
of the nonlinear resonance due to field splitting under
plasma conditions. Our experimental and theoretical
studies of this effect at relatively low field intensities
(IG] < I'y) show that Coulomb ion—ion scattering,
which leads to ion diffusion in the velocity space,
affectsthe Autler—Townes doublet profile and the width
of the EIT peak only dlightly. This influence reduces to
a small (about 40%) broadening of the peak and to a
change in the wing shape of the split components. The
main broadening mechanism is Coulomb dephasing
(phase diffusion), which causes an effective increase in
the homogeneous width by 'y described by (9). We
have shown that the broadening of the saturation reso-
nance via Coulomb population diffusion under these
conditions is ailmost an order of magnitude larger; the
field broadening in this case also gives a significant
contribution.
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