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Abstract—Effects caused by fast laser frequency sweeping across absorption lines are investigated. Oscilla-
tions in the time dependence of intensity of radiation generated by the medium, which are caused by beats
between oscillations at variable excitation frequency and constant eigenfrequencies, are discovered. The time
intervals between local maxima of the oscillations are inversely proportional to the difference between the
eigenfrequency of the atomic oscillator and the instant frequency of the external radiation. The method of
using fast frequency sweeping for determining indices of absorption at high optical densities (kyz ~ 100) is pro-

posed.
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INTRODUCTION

Effects appearing under fast frequency sweeping
across an absorption line by changing applied mag-
netic field were first observed in the high-frequency
range in studies related to NMR [1]. It was demon-
strated that, upon variation of the applied magnetic
field with a rate exceeding a certain threshold value,
the NMR spectrum revealed oscillations that were
interpreted by the authors as the result of free induc-
tion decay.

In the optical frequency range, effects appearing
upon rapid passage across the absorption line were
observed for the first time in [2], where optical free
induction decay appearing when pulsed electric field
was applied to a cell containing NH,D gas irradiated
by monochromatic radiation of a CO, laser was inves-
tigated. At the stage of growth and decay of the applied
electric field, the pattern of decaying absorption mod-
ulated by Rabi oscillations was observed. The time
constant of decay was determined by the linewidth.
Using a similar technique, the effects of rapid passage
across the absorption line of NH; caused by popula-
tion inversion induced under adiabatically rapid pas-
sage through the resonance were studied in [3]. How-
ever, no oscillations were observed in this case.

In the above-mentioned works, the effects of rapid
passage were realized by varying eigenfrequencies of
oscillators of the medium by changing external mag-
netic or electric fields, while keeping the frequency of
external radiation constant. The development of tech-
nology of frequency tunable lasers has created the pos-
sibility of an alternative approach. Specific features of
interaction of a light field the frequency of which was
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varying in the vicinity of A = 4.2 pm with the medium
in the absence of additional fields were analyzed for
the first time in [4] (see also [5]). The authors of [4]
investigated the case of propagation of probe radiation

exhibiting linear frequency modulation @ = Q + uz,

where Q = 8% is the frequency of the studied res-

onance transition [I) — |0) and p is the frequency
sweeping rate, through an absorbing medium. In par-
ticular, it was noted that the recorded contour broad-
ened with increasing p, its front becoming longer, the
peak of absorption was shifting, and oscillations were
appearing in the tail of the contour. In so doing, in cer-
tain intervals in the area of oscillations, intensity
exceeded its level in the absence of absorbing medium,
i.e., intensity of the signal propagated through the
medium increased. To observe these coherent phe-
nomena, it was necessary that the characteristic time
of frequency sweeping across the lines 7, = Aw/p was
shorter than the characteristic coherence relaxation
time in the system 1,= Ao~ (where Aw is the width of

the spectral line); i.e., p(Aw)” =uty >1. The
authors developed a theoretical model of this phe-
nomenon, which demonstrated qualitative agreement
with the experiment. A detailed comparison was not
conducted in [4] because, on the one hand, the fre-
quency sweeping rates of classical injection lasers were
already at the limit, and, on the other hand, the speed
of recording fast signals in the IR spectral range was
also limited. With the advent of fast frequency swept
quantum-cascade lasers and modern means of record-
ing spectra, many researchers returned to investigation
of these affects [6—10]. In general, the results obtained
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in these works were close to those described in [4], but
were obtained at a higher modern level of technology,
which allowed quantitative comparison of calculations
with the experimental results.

When analyzing coherent phenomena, an import-
ant question is how the medium behaves under the
influence of radiation. At the same time, it is not com-
pletely clear how the medium would behave under the
effect of radiation with changing frequency. In the
present work, we investigate specific features of coher-
ent emission of an absorbing medium and possibilities
of practical application of the technique of coherent
spectroscopy for determining optical density of
strongly absorbing media.

SEMICLASSICAL DESCRIPTION

Similarly to [4], we will use the semiclassical
description, wherein the field of radiation is treated
classically, while the medium is described as an
ensemble of noninteracting two-level systems with
volume density N. We assume that the beam of light is
collinear and is linearly polarized. The transition
moments of quantum system are assumed to be ori-
ented in space in the direction of the polarization vec-
tor of the incident waves. The method of calculation of
the electric field is similar to [4] and is based on simul-
taneous solution of the classical wave equation and the
von Neumann equation for the two-level system. The
following expression governing complex amplitude of

electric field E(t, z) at the output of a cell of length z
was obtained in [4]:

E(t,7) = i j dvj dr'E(f.z = 0)
D (1)

X eXp {i [v(t —t")— f(v - iA(V)C}},

where

Aw) =Ty Py [ ARER) )
h T - i(A'=A)

E(@t',z = 0) is the value of complex amplitude at the

input of the cell containing the studied object, k is the

absolute value of the wave vector of the probe radia-

tion, g(A") is the distribution function of frequency off-

set (the factor that takes into account the presence of

inhomogeneous broadening I gANdA=1),y=vy =

const is the population difference of combining states,
and 7 is the transverse relaxation time. Note that the
described phenomena are not related to the dynamics
of population. As a rule, the probe radiation intensity
is small, and characteristic interaction time of the sys-
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tem 7, = Aw/| is substantially shorter (by at least two
orders of magnitude) than period T, = 2nh/(E,|d,,|)
of Rabi nutations [11], where E| is the electric field
amplitude and d,, is the matrix element of the dipole
moment of transition |1) — |0).

Knowing the complex amplitude of the electric
field, it is easy to calculate the radiation intensity

[~E*= %E(z, DE*(t,2). 3)

We analyzed the case where the medium is sub-
jected to the action of radiation exhibiting linear fre-
quency modulation

o= Q+ut, A(o—ZStSZ, T>1
IV @)
Aw=pT, =2«
Q

In the case of inhomogeneous Doppler broaden-

ing, we have
' 2
exp|—4In2[A =48] |
Aw, ®)]

gy =202
T A,

Aw, = X

Optical density in the center of the line is

koZ (6)

ankld o 1 'e(ANdA
S e
T +A

Intensity / was calculated for time moment ¢ = —
z/c for an absorbing cell of length z. Radiation inten-
sity in the absence of absorption was assumed to be
equal to 1.

Let us compare the results of the calculation
according to the above-described approach with the
experimental results obtained in [10]. The results of
[10] obtained under high-speed detection of inhomo-
geneously broadened absorption line of NH; in the
vicinity of A = 10 pm are illustrated in Fig. 1. The mea-
surements were conducted under the following condi-
tions: pressure of air—NH; mixture p = 1.74 Torr
(2.32 mb), NH; content ¢ = 0.35%, Voigt contour of
the spectral line, collisional component of broadening
Av, = 2.32 x 10~* cm~!, Doppler broadening com-
ponent Av, = 3 x 1073 cm™, linewidth Av = 3.1 x
10~3 cm~. The results of our calculation performed at
},L’ci =2 (dimensionless frequency sweeping rate
uri = T/t ) and optical density in the center of the
line kyz = 0.5 are presented in the same diagram. We
chose the characteristic loss of coherence time T, =
Aw~! as the unit of time. For comparison, the results

of the calculation performed in [10] are also presented
in Fig. 1. It can be seen that our calculation describes
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Fig. 1. Comparison of calculations and experiments con-
ducted with high-speed acquisition for the absorption line
of NHj in the vicinity of A = 10 pm (air—NH; pressure p =
1.74 Torr (2.32 mbar), NHj; content ¢ = 0.35%, Voigt con-
tour of the spectral line, collisional component of broad-
ening Av; = 2.32 X 10~ cm_l, Doppler component of
broadening Avp = 3 X 1073 cm™!
3.1 % 1073 cm™! [10]): (crosses) experiment [10], (solid
line) calculations made in the present work, and (dashed
line) results of calculations obtained in [10].

, contour width Av =

the time evolution of the oscillations better. Appar-
ently, this is related to the fact that the set of Bloch
equations, in which taking into account the influence
of inhomogeneous broadening entails enormous cal-
culation difficulties, was used in [10]. This circum-
stance was noted in [12].

OSCILLATION OF COHERENT EMISSION
OF AN ABSORBING MEDIUM

Field of radiation E(z, z) at the output of the
absorbing cell of length z can be presented as a super-
position of laser field

E (t,2) = %(EL (1,2 +¢c.c), 7)

where the complex amplitude of the laser radiation is

2 2
E,(t,2) = E, CXP{{%—M—&-F“L}} (3)

c 2
and field E,_.4(7, z) is related to coherent emission of
the medium. Then, we have

Emed (f,Z) =E(t;Z)_EL (t,Z)~ 9
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Correspondingly, the intensity of coherent emis-
sion for time moment ¢' = ¢ — z/c at the output of the
cell of length z is

Tea (11,) = 21 (', K02) +1}
- {Re[E(f',koz)]cos [%ZJ
+Im[E (1", kyz)]sin [%2}}

Here, as before, intensity in the absence of absorp-
tion was assumed to be equal to 1.

(10)

The calculated time dependences of intensity of
transmitted radiation (a) and coherent emission of the
medium (b) in the case of inhomogeneous broadening

of spectral lines, VIn 2% =0.1, AWy = 21 are
(O
presented in Figs. 2 and 3. Figure 2 corresponds to

dimensionless frequency sweeping rate pfci =3.21,

while Fig. 3 corresponds to m:fp = 6.42. The value of
optical density at the center of the line is k;z = 0.5. The
obtained time dependence of intensity of the transmit-
ted radiation (Figs. 2a and 3a) corresponds to the
expected one. The maximum of absorption is shifted,
and oscillations of intensity are observed in the tail of
the contour. In some zones in the region of oscilla-
tions, intensity exceeds its value in the absence of the
absorbing medium, i.e., the signal intensity increases.
The behavior of intensity of coherent emission of the
medium (Figs. 2b and 3b) appearing as a result of
action of external radiation of variable frequency is of
interest. Characteristic oscillations are also observed
in the pulse tail. We believe that, physically, the onset
of oscillations is explained as follows. When absorp-
tion is weak, the sample can be considered as a set of
phased radiation dipoles (superradiant state of the sys-
tem [13]). They emit coherent radiation that propa-
gates within a solid angle determined by the original
laser radiation. Oscillations of each oscillator in the
case under consideration represent a superposition of
eigenoscillations at frequency €2 and driven oscilla-
tions at frequency w of the external action. The fre-
quency of the external action is variable, and the phase
difference of free and driven oscillations is determined

2
by quantity % Correspondingly, one can expect that

distance (¢, — ¢,) between secondary maxima in the
time dependence of intensity of coherent emission of
the medium must be determined from the condition
2 2
u; —t)

=2m, i.e.,
2

4T

P Ere——— (11)
(&=t + 1)

“:
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Fig. 2. Calculated time dependences of transmitted radia-
tion (a) and coherent emission of the medium (b).

ntk =3.21, kgz=0.5.

which agrees well with the presented calculations. For
instance, for the case presented in Fig. 2, the dimen-
sionless frequency sweeping rate determined from (10)

is uty =3.11, 1, = 3.03, and 7, = 2.27 (exact value is
},L’CZF =3.21); for the case presented in Fig. 3,
Ut> =6.38, 1, = 2.13, and 1, = 1.65 (exact value is

u’czp =6.42). Correspondingly, the time intervals
between the local maxima are inversely proportional
to the difference between the eigenfrequency of the
atomic oscillator and the instant frequency of the
external radiation (t, — 1) ~ [w(¢) — Q™! = (uH~L

In the case of strong absorption, the observed pat-
tern is more complicated. The calculated dependences
of intensity of transmitted radiation (a) and coherent
emission of the medium (b) for the case of line center
absorption kyz = 10 are presented in Fig. 4 (dimen-

sionless frequency sweeping rate m% =3.21) and
Fig. 5 (dimensionless frequency sweeping rate

u’czp = 6.42). It can be seen that radiation is passing
through the medium, despite high value of the optical
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Fig. 3. Calculated time dependences of transmitted radia-
tion (a) and coherent emission of the medium (b).

W% = 6.42, kgz=0.5.

density. Comparison with Figs. 2 and 3 shows that
intensities of transmitted radiation and coherent emis-
sion of the medium considerably increase with
increasing index of absorption. This result is related to
increased number of particles participating in energy
exchange with the radiation field, which leads to
increased contribution of the coherent emission of the
medium. Coherent emission of the medium appears
in the form of a pulse train. Such complex behavior is
caused by the fact that coherent emission of individual
regions of the medium is formed as a result of action of
not only external probe radiation but also coherent
emission of other regions of the medium correspond-
ing to smaller values of z [14].

FINDING OPTICAL DENSITY
AT HIGH VALUES OF THE INDEX
OF ABSORPTION

Comparison of results presented in Figs. 4 and 5
shows that variation of kyz causes very large changes in
the time dependences of radiation intensities. This cir-
cumstance can be used for finding &,z [15]. In partic-
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Fig. 4. Calculated time dependences of transmitted radia-
tion (a) and coherent emission of the medium (b).

nty =3.21, kgz = 10.

ular, this seems to be of interest for determining k,z in
weakly transmitting media, when measurements of
absorption require measuring intensities with high
accuracy [16]. Figure 6 illustrates spectral transmis-
sion for a Doppler contour corresponding to kyz =0.5,
2, 5, 40, and 95—105 (the Bouguer—Lambert—Beer
law):

1(x)/ 1, = exp{—kozFp(x)},

where Fj(x) = exp{—4In2x?}, x = Aw/Awp, Aw, is the
Doppler width of the spectral line, and [ is the laser
source intensity (the latter is assumed to be constant in
the vicinity of the absorption line). The dependences
of this kind are traditionally used in classical spectros-
copy, where frequency of the external source is varied
slowly.

(12)

It can be seen from Fig. 6 that, for indices of
absorption kyz > 5, dependence (12) saturates in the
vicinity of the absorption line, while, at ky,z > 50, the
difference between the curves is small even in the
wings of the absorption curves. For quantitative esti-
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/1

Fig. 5. Calculated time dependences of transmitted radia-
tion (a) and coherent emission of the medium (b).

Ut% = 6.42, koz = 10.

mate of the difference between the transmission
curves, let us introduce quantity R defined as

_ 1 Ii(koz)
- [

When calculating this quantity, all dependences
were divided into # intervals and the value of R was
found as the average mean-squared deviation of the
transmission curve corresponding to index kyz from
the transmission curve corresponding to index of
absorption (kpz)*. The calculated dependences
R ((koz), (koz)*) are presented in Fig. 7. Curve I corre-
sponds to (kyz)* = 100 and n = 281. It can be seen that
R exceeds 0.1 (10%) when kz varies between 10 and
40. However, in the vicinity of kyz ~ 100, this quantity
issmall, e.g., for (kyz) =95 or (kyz) = 105, we have R =
6.7 x 1073 or R = 6.4 x 1073, In practice, kyz can be
found by comparing the experimental curve with those
calculated from (12) and minimizing the value of

R((ko2)™™, (ky2)™) (13). Consequently, to ensure 5%
uncertainty of determining kyz in the region of high

4\ 72
R(koz,(k()Z)*) Ii ((koz) ):l . (13)

1
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Fig. 6. Spectral transmission for a Doppler contour for
koz=0.5,2, 5,40, and 95—105 (Bouguer—Lambert—Beer
law).
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Fig. 7. Calculated dependence R ((k(z), (koz)*) at (ko))* =
100 and n = 281: (/) using the Bouguer—Lambert—Beer
law, (2) fast frequency sweeping across the absorption line

(W% =3.21).

1/1

0 1 2 3 i,

Fig. 8. Calculated time dependences of transmitted radia-
tion for ufzp =3.21; koz= (1) 95, (2) 100, and (3) 105.

ANDREEYV et al.

absorption (kyz ~ 100), the uncertainty of measuring

intensity must be % =~ 0.2% (this corresponds to the

0
level of 1/3R), which is not always easy to do.

We compared the time dependences of intensity of
transmitted radiation (3) for kyz = 95, 100, and 105 for
the case of inhomogeneously broadened spectral lines:

Jin 2 A%hem _
Aoy
frequency sweeping across the absorption line (the

0.L, Awyop, = 217", obtained under fast

dimensionless frequency sweeping rate p’ci =3.21)
(Fig. 8). This corresponds to the spectral lines of the
fundamental absorption band of CO, molecules in the
vicinity of 4.3 pm at pressure p ~ 1 Torr and tempera-

ture 7'= 300 K. Calculated values of R((k,z),(kyz)*)
for (kyz)* = 100 and »n = 281 are presented by curve 2
in Fig. 7. For kyz =93, 95, 97, 103, and 105, the corre-
sponding values of the averaged normalized mean
squared deviations are R=0.270, 0.193, 0.15, 0.11, and
0.177, respectively. When using this method for finding
the indices of absorption in practice, it is necessary to
compare the experimental time dependence of inten-
sity of transmitted radiation with calculated depen-
dences (3), minimizing the value of R by varying only
parameter kyz, similar to the technique based on using
the Bouguer—Lambert—Beer law. However, in the lat-
ter case, to achieve 5% uncertainty of determining k,z
in the region of strong absorption (kyz ~100), it is suf-

Al _

0

ficient to measure intensity with uncertainty ==

6%(1/3R).

CONCLUSIONS

We analyzed the process of interaction of the light
field of variable frequency with an absorbing medium
in the case of fast frequency sweeping across the
absorption line. The role of coherent emission of the
medium, which has an oscillating character, is
revealed.

In the case of small values of optical density, oscil-
lations are caused by the superposition of eigenoscilla-
tions of an atomic oscillator and driven oscillations of
the latter under the influence of the field of varying
frequency. The time intervals between the local max-
ima of oscillations are inversely proportional to the
difference between eigenfrequency of the atomic oscil-
lator and instant frequency of the external radiation.

With increasing index of absorption, the intensities
of transmitted radiation and coherent emission of the
medium considerably increase.

In the case of high optical density, oscillations are
caused by the fact that coherent emission of specific
regions of the medium is formed not only under the
influence of the external probe radiation but also
under the influence of coherent emission of other

OPTICS AND SPECTROSCOPY  Vol. 119 No.3 2015
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regions of the medium corresponding to smaller values
of z.

The method of using fast frequency sweeping for
determining indices of absorption at high optical den-
sities (kyz ~ 100) is proposed.
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