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Abstract—The coherent interaction of femtosecond laser pulses in the pump—probe regime has been experi-
mentally studied in the time domain by monitoring light reflection from a tellurium single crystal. The optical
response of the probed medium exhibits periodic variations at a frequency equal to that of the exciting laser
radiation. Experimental dependences of the observed “coherent artifact” on the pump/probe intensity ratio, the
number of accumulated pulses, and the mutual orientation of the polarization vectors of electromagnetic fields
and the crystallographic axes are well described by the proposed phenomenological model.

1. INTRODUCTION

Recent decades have seen considerably growing
interest in the study of response of condensed media to
the action of ultrashort laser pulses, in which the energy
is concentrated within a short time, small space, and
narrow spectral intervals [1]. This research activity has
been stimulated to a considerable extent by the progress
in laser technologies in reducing the laser pulse dura-
tion down to the subpicosecond range, thus opening the
way to real-time investigation of many processes
related to the properties of solids.

One of the main approaches to investigations of fast
dynamics is based on the pump—probe method. Accord-
ing to this approach, a medium is first excited by a short
powerful laser pulse and then the optical properties of
this excited medium are studied using much weaker
probing pulses, typically obtained by separating part of
the main laser beam (with the aid of a beam splitter) and
attenuating it to a considerable degree. The first (pump-
ing) pulse prepares a certain nonequilibrium state of the
medium, whereas the second (probing) pulse of very
low intensity (practically incapable of modifying the
state of the medium) is used to study the process of sys-
tem relaxation to the equilibrium state. However, these
notions are completely inconsistent with the experi-
mental situation in the region of zero delay of the prob-
ing pulse relative to the pumping pulse, where the two
pulses are superimposed in the sample. In this case, we
can no longer consider one pulse as pumping and the
other merely as probing, since the excitation of the
medium substantially depends on the coherent super-
position of pulses, and the smallness of the probing
pulse by no means implies that its effect is negligibly
small.

Experiments in the time domain in the region of zero
delays frequently show unusual and poorly reproduced
deviations from the curves measured at greater delays
and then extrapolated to a zero delay (Fig. 1). In the lit-
erature devoted to coherent phonons [2, 3], all these
phenomena have been given the name “coherent arti-
fact.” This term (in our opinion, rather inadequate) has
to reflect, first, the connection of the observed effects to
coherent superposition of laser pulses and, second, the
irregular and poorly controlled character of these phe-
nomena. Phonons excited by ultrashort laser pulses are
usually called coherent, since the exciting pulse dura-
tion is shorter than the period of lattice oscillations. The
excitation of oscillations in nontransparent media can
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Fig. 1. Normalized time-resolved differential reflection sig-
nal AR/R, from tellurium single crystal measured at room

temperature for a time resolution of 6 fs. Laser pulse inten-
sity, 0.1 mJ/cm?.
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be successfully described using phenomenological
models based on the displacive excitation of coherent
phonons and a mechanism close to the inelastic light
scattering [2, 3]. It is a common practice to minimize
the coherent artifact signal using orthogonal polariza-
tions of the pumping and probing radiation, nondegen-
erate pump—probe scheme, etc. [2, 3]. There are several
points of view on the nature of the coherent artifact. The
formation of this signal is usually related to nonlinear
optical effects (for collinear polarizations of the pump-
ing and probing radiation) of the four-wave mixing [4].
According to this, the pumping pulse is scattered
toward the probing pulse as a result of the phase grating
formation.

This paper presents the results of thorough experi-
mental and theoretical investigation of the coherent
artifact in the time domain on a subfemtosecond reso-
lution level. It is experimentally demonstrated that the
“artifact” observed in the case of orthogonal polariza-
tions of the pumping and probing radiation possesses a
regular periodic structure, is perfectly reproduced, and
can be described within the framework of a simple phe-
nomenological model of the light-medium interaction.
This analysis opens ways to investigating the response
of a medium within ultimately short periods of time
and, in addition, establishes the natural zero point for
time count in the pump—probe method.
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2. DESCRIPTION OF EXPERIMENT

Figure 2 shows a schematic diagram of the experi-
mental arrangement. The experiments were performed
with a tunable femtosecond Ti-sapphire laser of the
Tsunami type (Spectra Physics) pumped at 532 nm
from a Millenia Xs laser (Spectra Physics). The laser
pulse shape was optimized using a double prism com-
pressor and monitored with the aid of an autocorrelator.
By shifting one of the two prisms, it was possible to
adjust the phase modulation (chirp) so as to provide the
optimum compensation of the group velocity disper-
sion in beam splitters, lenses, and other transparent ele-
ments in the pathways of both pumping and probing
beams, thus ensuring the minimum pulse duration in
the sample plane. This duration, as determined by mon-
itoring the nonlinear transmission of a GaP crystal, was
90 fs. The spectral composition of the pulse was deter-
mined using a monochromator with a multichannel
detection system. The pulse shape and spectrum were
displayed in real time on the autocorrelator and com-
puter displays. This setup allowed the pulse parameters
to be continuously monitored and adjusted.

The measurements were performed using a fast scan
system (AlXscan) comprising a shaker (angular ret-
roreflector mounted on an electromagnetic vibrator
driven by a high-precision oscillator), a delay line with
a step motor, high-frequency twelve-digit analog-to-
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Fig. 2. Schematic diagram of the experimental arrangement (see the text for explanations).
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digital amplitude converter (operating at 0.5 and
1.0 MHz), and a PC with special control software. The
shaker made it possible to scan over and display a range
of delay times with the initial value set by a delay line.
The signal was digitized only during the forward run of
the shaker. The measurements were performed at room
temperature.

A sample crystal was placed at the focus of lens L.
(Fig. 2) with a focal distance of 90 mm, through which
the pumping and probing pulses were transmitted par-
allel to the optical axis. The parallelism of laser beams
entering the lens, which is a necessary prerequisite for
the optimum spatial superposition of pumping and
probing beams, was thoroughly checked at the system
adjustment stage. The two beams were focused by the
lens into one spot on the crystal surface. The imaging
system, comprising a zoom objective, a CCD camera,
and a TV monitor provided sharp beam focusing on the
crystal surface and controlled matching of the pumping
and probing beam spots. The pumping pulse was trans-
mitted to the crystal via shaker, followed by a Glan
prism G1 (eliminating parasitic polarization), a half-
wave plate (rotating the polarization plate), and a neu-
tral filter F1 of variable optical density (adjusting the
required pump intensity).

The probing beam was obtained by separating a
small part of the pumping beam with the aid of beam
splitter BS. This beam passed through a delay line, a
half-wave plate, and a Glan prism G2. The latter Glan
prism was used to control polarization of the probing
beam, while the intensity of this beam was adjusted by
rotating the half-wave plate (changing the projection of
the electric field vector onto the given polarization
direction). The beams of pumping and probing pulses
were separated by means of spatial filtration performed
by diaphragm F3 mounted in front of a neutral light fil-
ter. Oscillations of the vibrator in the shaker ensured
scanning of a certain interval of the time delay between
pumping and probing pulses. The data were digitized in
the high-frequency analog-to-digital amplitude con-
verter and stored in a computer memory. The delay line
was used for a rough leveling of the optical paths of the
pumping and probing pulses and for calibration of the
shaker sweep.

In order to increase the data accumulation rate and
expand the working range of delay times provided by
the shaker, it is necessary to increase the amplitude of
the retroreflector and use a relatively high working fre-
quency of the shaker. Evidently, just the opposite
requirements have to be satisfied for reaching maxi-
mum time resolution of the system: this corresponds to
the minimum velocity of the angular retroreflector that
can be achieved by decreasing the amplitude and fre-
quency of shaker vibrations. In our experiments, the
shaker was operated with amplitude two to three times
smaller than maximum and at a frequency of 40 Hz.
The frequency was stable to within +10~ Hz, which
allowed the delay times in a range of 4 ps to be digitized

at a step of 0.1 fs per point. The error caused by the fre-
quency instability was comparable with the discrete-
ness of digitization. A decrease in the range of scanned
delay times and the frequency of shaker operation
could increase the accuracy of digitization (under oth-
erwise equal conditions). However, in our case this
would detrimentally influence the conditions of opera-
tion of the program of automated time scale calibration.
This program set a series of fixed time delays between
the pumping and probing pulses, compared these
delays to the shift of a pulse reflected from the shaker,
and determined the coefficients of time scale calibra-
tion, thus taking into account nonlinearity of the sweep.
The minimum parameters at which this calibration pro-
gram could successfully operate corresponded to a
shaker frequency of 34.76 Hz and a calibration range of
about 4 ps. In a standard probe—pulse experiment with
the response signal measured using a lock-in detector,
the discreteness of digitization is determined by the
delay line step and usually does not exceed 6.6 fs per
point [2, 3].

We have measured the relaxation of changes in the
reflection coefficient (or in the transmission coefficient,
in the case of a transparent GaP crystal used for the sys-
tem calibration) caused by the pumping pulse. Since
these changes are relatively small, we have used a spe-
cial differential technique in order to increase the accu-
racy of measurements. According to this, a part of the
probing beam was separated (before striking the sample
crystal) by the beam splitter and directed to photodiode
PD1 (Fig. 2). The probing beam reflected from the crys-
tal was detected by photodiode PD2. The signals from
both detectors were fed to the inputs (A and B) of a dif-
ferential amplifier, where the difference A-B was
amplified and measured using a high-frequency analog-
to-digital converter of the AlXscan system. The A and
B signal channels were thoroughly balanced (whereby
the signals from photodiodes were equilibrated using a
neutral filter F2 with variable optical density mounted
in front of photodiode PD1) in the absence of pumping
pulses. As a result, we monitored the signal propor-
tional to a change in the reflection coefficient, which
was on a level from 1073 to 107 of the absolute value of
this coefficient. The differential amplifier was equipped
with a built-in frequency filter, which allowed the
working signal to be measured in a preset frequency
band and thus increased the signal to noise ratio. For the
study of coherent phonons, it was sufficient to use a fre-
quency band from 1 Hz to 3 kHz, where virtually no
distortions were introduced into the corresponding
oscillations (with a period of about 300 fs). In investi-
gations of the coherent artifact, the period of signal
variation was about 3 fs and this required the working
frequency band of the amplifier to be increased (in our
measurements, the frequency band was typically from
1 Hz to 300 kHz).

All measurements were performed for a basal plane
of a tellurium single crystal crystallized at room
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Fig. 3. (a) The shape of a coherent artifact signal with well-pronounced regular structure measured at a high resolution; (b) the
coherent artifact on the background of first two oscillations of the reflection coefficient, related to the excitation of fully symmetric
(A ) coherent phonons in a tellurium single crystal. Pumping laser beam power, 37 mW; probing laser beam power, 3.2 mW; number

of accumulated runs, 100; polarization: €pmp Il ¥, €probe Il X-

temperature in a hexagonal lattice belonging to space

group Dg .

3. EXPERIMENTAL RESULTS

In the measurements of coherent phonons, the
coherent artifact is usually manifested by a special
region in the initial part of relaxation curves oscillating
at a frequency of the phonon mode [2, 3]. This region is
clearly seen in Fig. 3b together with two initial oscilla-
tions of the reflection coefficient caused by excitation
of the coherent fully symmetric phonons in the tellu-
rium crystal [5]. A comparison of Figs. 1 and 3 shows
that an increase in the time resolution reveals a regular
periodic structure of the artifact (see Fig. 3a). It is seen
at first glance that the rapid oscillations are performed
not relative to the zero line, but relative to a certain
slowly varying (on the given time scale) function. This
function can be readily separated from the oscillating
curve by averaging over the oscillation period. The
results of such separation for various pump/probe
intensity ratios are presented in Fig. 4. At equal intensi-
ties of the pumping and probing beams, rapid oscilla-
tions are virtually symmetric relative to the zero level.
If the pumping pulse intensity is significantly higher
than that of the probing pulse, the artifact exhibits a
slowly varying positive additive to the reflection coeffi-

cient. The magnitude of this additive also significantly
depends on the orientation of light polarization relative
to the crystallographic axes. The ratio of the slowly
varying and rapidly oscillating components of the
response also changes when the beams change their
roles, whereby the probing beam is used for pumping
and vice versa (in experiment, this is achieved by
exchanging photodiodes between the probing and
pumping beams, while retaining the same beam polar-
izations).

Figure 5 shows a change in the artifact in the course
of a gradual increase in the probing beam intensity in
the case when the polarizations of both beams were
rotated by 90° as compared to their orientations in the
experiment presented in Fig. 4. As can be seen, a
change in the ratio of beam intensities leads to a change
in the ratio of slowly varying and rapidly oscillating
components of the response (analogous to that shown
in Fig. 4). However, in this geometry, the contribution
of the slowly varying component is greater than in the
case presented in Fig. 4. This was specially checked for
the same number of accumulated data, which is an
important circumstance since it was found that the
shape of the artifact depends on the number of accumu-
lated runs. This dependence is illustrated in Fig. 6,
which shows that an increase in this number is accom-
panied by a decrease in the relative contribution of the
oscillating part of the response. The effect is related to
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Fig. 4. The influence of the ratio of the pumping and probing beam intensities on the shape of the coherent artifact. An increase in
the pumping beam intensity leads to the appearance of a slowly varying positive component. Slowly varying background curves

were obtained by smoothening over the period of the artifact. Pump/probe intensity ratio (mW): (a) 7.2/7; (b) 37/3.2; number of
accumulated runs, 1000; polarization: €,ump Il ¥, €probe Il X-
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Fig. 5. The influence of the ratio of the pumping and probing beam intensities on the shape of the coherent artifact measured for a
laser beam polarization other than that in Fig. 4: e, || X, €pope || y; number of accumulated runs, 10000; pumping laser beam
power, 28.4 mW; probing laser beam power (mW): (a) 7.2; (b) 18.2; (c) 28.7.
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Fig. 6. Variation of the coherent artifact depending on the number of accumulated runs: (a) 10000; (b) 1000; (c) 100. An increase
in this number leads to a decrease in the relative contribution of the rapidly oscillating component. Polarization: eyymp || X, €prope |l
v; pumping laser beam power, 28.4 mW; probing laser beam power, 7.2 mW.

averaging of the oscillating curve with time as a result
of uncontrolled phase fluctuations appearing, probably,
because of imperfection (the lack of interferometric
precision) of the experimental setup.

Figure 7 shows the results of two sequential experi-
ments performed using the same number of accumu-
lated runs and equal values of all controlled experimen-
tal parameters. As can be seen, one of the curves exhib-
its clearly pronounced oscillations with a single period
of 2.67 fs. The amplitude of these oscillations in the
other curve is significantly decreased and additional
small peaks are observed between the main maxima.
The change is most probably caused by a spontaneous
fluctuation in the phase of shaker oscillations. The
period of the oscillating component in the response
(2.67 fs) coincides to within 4.8% with the period of the
carrier wave of the light pulse (2.80 fs). The latter is
determined to within 1.3% (for an excitation laser
wavelength of 841 = 11 nm).

The above experimental data elucidate the reasons
for which the artifact was previously observed in the
form of an irregular and poorly reproducible behavior
of the relaxation curves in the region of zero delay
times. First, the standard time resolution (not better
than 6.6 fs) did not allow detecting oscillations with a
period shorter than 3.0 fs. Second, the goal of increas-
ing the signal to noise ratio in the investigation of fea-
tures of the relaxation kinetics required using large sig-

nal accumulation times, selecting sufficiently high
shaker frequency, and employing optimum signal filtra-
tion regimes. All these factors lead to effective averag-
ing of the oscillating component of the artifact and
strongly distort its shape, the more so that it is highly
sensitive to small uncontrollable phase fluctuations.
The sensitivity of the artifact to intensities of the beams
and their polarization relative to the crystal axis still
complicates the pattern.

All the experimental results considered above
referred to differential measurements of the relaxation
of a change in the reflection coefficient of tellurium sin-
gle crystal exposed to a high-power femtosecond laser
pulse. It should be emphasized that very similar results
were obtained when the metal crystal was replaced by
a crystal of high-temperature superconductor or man-
ganite. However, for the sake of brevity, the consider-
ation is restricted to the analysis of data obtained for
tellurium.

In the experiments with all nontransparent (strongly
absorbing) crystals, the time sweep of the shaker was
calibrated using a standard procedure, whereby a sam-
ple crystal in the lens focus was replaced by a transpar-
ent (in the laser wavelength range employed) crystal of
GaP (an indirect-band semiconductor with a bandgap
width of 2.8 eV at the I point; n = 3.24 at 850 nm [6]).
The photodiode was moved from the reflected beam to
the transmitted beam and the same differential tech-
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Fig. 7. Two time series of the coherent artifact recorded for
the same fixed experimental parameters. A sharp decrease
in the magnitude of oscillations and the appearance of addi-
tional peaks in one of the curves is probably related to a
spontaneous fluctuation in the phase of shaker vibrations.
Number of accumulated runs, 300; pumping laser beam
power, 28 mW; probing laser beam power, 18 mW; polar-
ization: epymp || X, €prope Il -

nique was used to measure a change in the transmission
of the probing beam after excitation of the GaP crystal
by the pumping pulse. It is commonly accepted that
(i) a decrease in the probing beam transmission
observed at the moment of superposition of the pump-
ing and probing pulses is related to the two-photon
absorption and (ii) the shape of the detected signal is
proportional to the autocorrelation function of laser
pulse intensities. This provides a simple and convenient
method of optimization of the excitation pulse duration
immediately at the site where the sample will be placed,
while rather large signal amplitude makes it possible to
use this method for calibration of the shaker sweep. The
two-photon absorption is insensitive to the phase of the
light wave. The interference between the pumping and
probing beams was excluded by using orthogonal
polarizations of the two beams. Despite this, our study
of the nonlinear transmission of a GaP crystal at a high
time resolution revealed the presence of oscillating
component in the response signal, which had a shape
quite similar to that presented in Fig. 4, with a period
close to that of the carrier wave. Further investigation
showed that, under certain conditions, it is possible to
observe a change in the sign of the differential trans-
mission, whereby the pumping pulse induces an
increase (rather than a decrease) in transmission of the
crystal. Moreover, the response of a GaP crystal has
proved to be sensitive not only to the phase difference
between the pumping and probing beams, but also to
the phase modulation of the laser pulse that could be
varied with the aid of a prism compressor. All these fea-
tures are difficult to explain within the framework of a

simple two-photon absorption model, although this
process can still play a certain role in the phenomena
under consideration.

Consistent theoretical analysis of the propagation of
a high-power femtosecond laser pulse in a nonlinear
medium is a highly complicated problem and there are
a huge number of publications on this subject. As for
the task of description of the nonlinear reflection of a
short high-power laser pulse, this problem admits a
simple solution within the framework of a simple phe-
nomenological model considered below.

4. DISCUSSION OF RESULTS

It should be noted that the observed phenomena can-
not be explained by simple interference between the
pumping and probing beams. Indeed, polarizations of
the two beams in all experiments were orthogonal and
the reflected signal was detected at a site distant from
the region of beam overlap, so that no superposition of
light waves took place in the detector.

The coherent phonons excited in a tellurium crystal
by the pumping laser pulse are manifested in the exper-
imental curves by a periodic time variation of the
reflection coefficient of the sample (Fig. 3). We natu-
rally assumed that the observed periodic temporal
structure of the coherent artifact is also related to a peri-
odic time variation of the reflection coefficient under
the action of electromagnetic field of the pumping
pulse. Based on this assumption, it is possible to pro-
vide a phenomenological description of the properties
of a coherent artifact observed in experiment.

4.1. Phenomenological Model

Let us describe a laser pulse at the crystal surface by
a wave packet,

O(7) = A(r)exp[—i(wof +y(1))], (1)

where @, is the carrier frequency and A(#) and y(¢) are
slowly varying amplitude and phase. Since only a sur-
face layer of the crystal with a thickness much smaller
than the wavelength contributes to the reflection coeffi-
cient, we may decline from analysis of the character of
light propagation in the crystal and solve an essentially
local problem. This circumstance makes possible a
simple description of the experiment. In order to sim-
plify the formulas, we will not take into account the
vector character of electromagnetic fields. If necessary,
the form of A(#) and y(¢) functions can be specified.
These functions are quite rigidly set by the condition of
femtosecond laser pulse generation using synchronized
modes of a Ti-sapphire laser. In particular, the carrier
frequency is a higher harmonic of the fundamental
mode of the laser cavity and the amplitude A(?) is
directly related to the number of synchronized modes.
The phase y(#) includes the linear and quadratic terms,
the latter determining the phase modulation (chirp) of



the pulse. The carrier frequency and the spectral width
of a pulse can be directly measured in experiment. The
chirp determining (together with the slowly varying
amplitude) the spectral width can be varied with the aid
of the prism compressor.

We assume that a laser pulse produces a change in
the coefficient of reflection of the crystal surface, which
varies with time as

R(1) = Ry+1(2), 2

where R, is the background reflection coefficient.
Accordingly, the amplitude of the reflected pulse can be
written as

®(1) = D(1)R(1)

) 3)
= R(1)A(r)exp[—i(wof +y(1))].
Let us express the variable increment of the reflection
coefficient as

r(t) = a(e)®(1), “)

where a(e) is a coefficient taking into account the
dependence of the increment on the orientation of the
polarization of light relative to the crystallographic
axes. In the general case, this coefficient is a complex
quantity whose modulus determines the magnitude of
the increment and the argument reflects the possible
phase shift of the laser-induced change in the reflection
coefficient relative to the phase of the electric field vec-
tor of the pulse:

a(e) = |de". (5)

Under the conditions of superposition of the pumping
and probing laser pulses, the increment of the reflection
coefficient can be written as

r(l) = apumpq)pump(t + T) + aprobeq)pmbe(t)’ (6)
where 7T is the time delay between the pumping (@)

and probing (@) pulses. Then, the amplitude of the
reflected probing pulse is

&)probe(t) = q)probe(t)
X (RO + apumpq)pump(l + T) + aprobeq)probe(t))'

(7

Since the photodiodes measure the light intensity aver-
aged over the response time, the measured differential
signal S can be determined by multiplying the ampli-
tude (7) by its complex conjugate, averaging the prod-
uct over the diode time constant, and rejecting the terms
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not containing @,,,,, (which are compensated in a bal-
anced differential scheme). As a result, we obtain

§ o< <al§umpAiump(t + T)Apz)robe(t»

+2 <apumpApump(t + T)aprobeAzrobe(t) (8)
X cos(WyT + AY + AQ)),

where the angle brackets denote averaging with respect
to time, the @; and A; are assumed to be positive (all
signs are included into the phase factors), and the terms
Ay and A@ are given by the formulas

AW = Wpump(t + T) - Wprobe(t)a

®)
A(p = (ppump(t + T) - (pprobe(t)'

The linear term in the pulse phase increment, which is
related to a difference in optical paths between the
pumping and probing beams, is explicitly taken into
account by the delay time T. Then, Ay is determined
entirely by the quadratic term, that is, by the chirp. For
the sake of simplicity, we will assume the phase modu-
lation (chirp) in the sample plane to be zero. The second
formula (9) implies that the delay of the induced incre-
ment in the reflection coefficient depends on the slowly
varying amplitude and on the pulse phase (chirp). It is
natural to assume that this dependence is weak and can
be ignored to the first approximation. Under these
assumptions, expression (8) can be rewritten as

§ o< <Cl§umpA§ump(l‘ + T)Airobe(t»

(10)
+2 <apumpApump(t + T)aprobeA;robe(t)> Cos wOT‘

This expression qualitatively describes all the main fea-
tures of the coherent artifact observed in experiment.
First, it contains the rapidly oscillating component of
the response varying with the period of the carrier
wave. The slowly varying component is always positive
(as in experiment) and coincides to within a factor
2

( apump

) with the correlation function of the laser pulse

intensities. The presence of the factor aﬁump explains
why the slowly varying contribution depends on the
orientation of the polarization of the pumping pulse rel-
ative to the crystal axes. The ratio of the second term to

the first term in expression (10) is proportional to

2 a probeA probe
Gy A pump
which implies that the contribution of the rapidly oscil-
lating component increases with the probing pulse
amplitude. Not that this ratio also depends on the orien-
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tation of the polarization of the pumping pulse relative
to the crystallographic axes.

Although the proposed model quite satisfactorily
describes the trends observed in experiment, it is neces-
sary to develop a consistent microscopic description of
these phenomena, since the phenomenological model is
self-contradictory. Indeed, the reflection coefficient is a
single-valued function of the susceptibility x(w) of the
medium. The susceptibility, characterizing the optical
properties of the medium, is defined as the coefficient
of proportionality between the Fourier components of
the electric field and the polarization of the medium at
the same frequency . Therefore, the susceptibility
x(®) and, hence, the reflection coefficient cannot
explicitly depend on the time, as it was assumed in pro-
posed phenomenological model. It should be noted
that, in the case of coherent phonon excitation, the sus-
ceptibility implicitly depends on the time because of
nonstationary excitation of lattice vibrations in the
medium [2, 3].

4.2. Analysis of the Adequacy
of the Phenomenological Model

We believe that the physical reason ensuring the
adequacy of the proposed phenomenological model is
the conservation of the total probability of finding the
electron subsystem of a crystal either in the ground or
in the excited state in the time scale on the order of laser
pulse duration. This, in turn, is a consequence of the
smallness of the laser pulse duration as compared to the
characteristic times of the energy and phase relaxation
of the electron subsystem. This can be illustrated by a
simple example of a two-level model of the medium,
despite the fact that this model is oversimplified and
does not aspire to provide a detailed description of real
experiments.

Consider a medium consisting of identical two-level
systems with a transition frequency ®,,, which are dis-
tributed in the volume with a density of N. As is known,
the susceptibility of such a medium initially occurring
in a ground (nonexcited) state can be expressed in a
quasi-stationary case as [7]

, d’°N A
x(@) = A o, L, I,
A2+F§+17292
x'(w) = : :
h 2 2 FZ 2
A +1“2+1:Q

1

where %'(®) and " () are the real and imaginary parts
of the susceptibility, respectively; d is the matrix ele-
ment of the dipole moment of the transition; A = ®,; —
o is the frequency detuning; I, and I'; are the trans-
verse and longitudinal relaxation constants, respec-

tively; and € is the Rabi frequency. These formulas for
the real and imaginary parts of the susceptibility were
obtained assuming that a dipole transition is allowed
between levels of the two-level system. For I', ="} —
0, formulas (11) give correct expressions for the sus-
ceptibility in the absence of relaxation:

) =N A
x FAT (12)
X'(®) = 0.

These expressions can be also obtained directly, by
solving a nonstationary Schrodinger equation with har-
monic time-dependent perturbation:

oY
ihS> = [Hy+ V(DY .

V(t) = Vcoswr.

Let us consider a somewhat more general case of this
problem with a perturbation of the following type:

V(t) = V,coswt+ V,cos(mt + §). (14)
As can be readily seen, perturbation (14) with real V,
and V, values can be reduced to the form (13) by sub-
stitution

V = JV24+2V,V,co80 + V2,
ot — 0t + 0, (15)
V,sing

sin® = .
JV2 42V, Vyc080 + V2

This implies that a solution of the problem with pertur-
bation (14) reduces to solution of the problem (13) with
then effective Rabi frequency

Q = .JQ1+2Q,Q,c050 + Q2 (16)
where €, = V/h. Not that, since the form of the operator
of interaction between the electromagnetic field and the
two-level system was not specified, formulas (14)-(16)
are valid not only for the electric dipole interaction, but
for the other (e.g., quadrupole) interactions as well. In
the case of the electric dipole interaction, the suscepti-
bility in the absence of relaxation is

: d’N A
A+ Q7 +2Q,Q,cosd + €5
(@) = 0.

a7)



The fact that the susceptibility is real allows us to use a
relation between the susceptibility and refractive index,
which is valid for transparent media:

, d’°N A
n=4Jl+4ny'(w) = [1+4n———-7. (18)

h A2+£~22'

Accordingly, for Q < A, the reflection coefficient is

1-n nd’N
R = = —
(@) 1+n f
) ) (19)
1 QF Q) 2Q,Q,cosd
X[—=+—5+—5+—7F|
A A A

A comparison of expression (19) to the phenomenolog-
ical formulas (2) and (6) shows their close similarity. In
the case of a quasi-stationary excitation, 2, and €,
depend on the slowly varying amplitude and phase, that
is, are also slowly varying functions of time. If the
phased modulation is absent, we have

Q; = 7 = ﬁAi(t),

where A,(¢) are slowly varying pulse amplitudes. The
first term in square brackets of expression (19) corre-
sponds to the background reflection coefficient R,
while the second and third terms correspond to changes
in the reflection coefficients induced separately by the
pumping and probing pulses. The last term (which is
absent in the phenomenological formula) describes the
mutual influence of the two pulses. Formula (19) does
not contain explicit dependence of the reflection coeffi-
cient on the time with a period of the carrier wave, but it
naturally reflects the influence of the relative phase of the
two waves, ¢ = ,T, which removes the inconsistency of
the phenomenological approach. Expression (19) shows
that, during the coherent interaction of two laser pulses
with the medium. The reflection coefficient cannot be
independently determined for each of the waves and
has a physical meaning only for their combination.
Even a small change in amplitude of one of the waves
will lead to a change in the reflection coefficient for the
other wave as well. Using relation (19), we readily
obtain an expression for the reflected signal measured
using our differential technique:

2nd*N

5= A AY

[(Alz)ump(t + T)Alz)robe(t» (20)

+ 2 (A pump (7 + T A ope (1)) cOS T 1.
This expression coincides in form with relation (10)

obtained within the framework of the phenomenologi-
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cal model. It should be noted that the dependence of the
signal on the orientation of the polarization of laser
beams relative to the crystal axes can be also deter-
mined taking into account the tensor character of the
dipole moment of the transition. We did not perform
this analysis for the sake of simplicity. The only signif-
icant difference between formula (20) and relation (10)
is related to the sign. According to the two-level model,
a nonlinear additive to the reflection coefficient must
always lead to a decrease in reflection of the probing
beam, whereas experiment shows the opposite trend.

Thus, a simple two-level model unexpectedly pro-
vides a good qualitative description of the observed fea-
tures of the coherent artifact. The physical reason of the
mutual influence of laser pulses in this model is abso-
lutely clear, being related to the conservation of the
total probability. As is known, the interaction of a two-
level system with an external harmonic field leads to
periodic oscillations in the probability to find the sys-
tem in an excited state. Therefore, a delayed probing
pulse finds the system in the state of a superposition
with a certain phase whose value determines the inter-
action of the probing pulse with the excited system.

5. CONCLUSIONS

The results presented in this paper show that the so-
called coherent artifact possesses a regular structure,
has a reproducible character, and appears as a result of
conservation of the total probability of finding the elec-
tron system in one of the two possible (ground or
excited) states in the course of the interaction of the
medium with spatially superimposed pumping and
probing pulses. A good qualitative description of the
experimentally observed properties of the coherent arti-
fact, provided by the simple phenomenological model,
makes it possible to use this artifact as a natural marker
determining the zero point on the relaxation curve. This
approach to determining the zero point offers consider-
able advantages to the other known methods (e.g.,
reversal of the time axis by means of changing the role
of the beams with the transfer of photodiodes from
probing to pumping beam channel or use of an auxiliary
crystal replacing the sample [2]). Indeed, the method
employing the artifact allows the position of the zero
delay time to be determined immediately in the course
of measurements, without introducing additional
changes into the experimental setup. The slow compo-
nent of the coherent artifact is proportional to the corre-
lation function of the laser pulse intensities and can be
used for optimization of these intensities in the course
of measurements.

! The authors are grateful to the referee for drawing their attention
to the fact that the discrepancy between the two-level model and
experiment in the sign of the effect is quite reasonable, since a
field-induced decrease of the average population difference in the
two-level system always leads to a decrease in the resonance
additive to the permittivity and, hence, in the refection coef-
ficient.
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