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Competition between linear and nonlinear processes during
generation of pulsed terahertz radiation in a ZnTe crystal

V.Ya. Gaivoronskii, M.M. Nazarov, D.A. Sapozhnikov,
E.V. Shepelyavyi, S.A. Shkel’nyuk, A.P. Shkurinov, A.V. Shuvaev

Abstract. The generation of terahertz (THz) pulses by the
optical rectification of femtosecond laser pulses in a ZnTe
crystal is studied. A substantial decrease in the THz radiation
power was observed upon tight focusing of laser radiation into
the crystal. It is shown that the consideration of competing
two-photon absorption and second-harmonic generation pro-
cesses proceeding simultaneously with optical rectification
cannot explain this effect even qualitatively. It is assumed
that the observed decrease in the THz radiation power is
caused by a decrease in the size of a source of nonlinear
polarisation. The conditions are found for the most efficient
generation of THz radiation in the ZnTe crystal.

Keywords: optical rectification, terahertz pulsed radiation, nonli-
near-optical crystals.

1. Introduction

Terahertz frequencies (10'' — 10" Hz) are located in the
presently inaccessible far-IR spectral range corresponding
to submillimetre wavelengths [1, 2]. This spectral range is of
great interest for spectroscopy because the vibrational fre-
quencies of molecules in gases and liquids, optical phonon
frequencies in solids, vibrational frequencies of polyatomic
biological molecules, etc. lie in this range. Terahertz
spectroscopy and microscopy is widely used in biology,
medicine [3], and semiconductor physics. Along with con-
tinuous submillimetre radiation from lasers and lamp
sources, terahertz (THz) pulses [4] generated by femto-
second laser pulses of the optical range are widely employed
in the last years. The THz pulse duration is 1—1.5 cycles of
the electromagnetic field, corresponding to the Fourier
spectrum extending from zero to a few terahertz. Note that
the spectral width (FWHM) of the THz pulse is comparable
to its central frequency equal to ~ 0.7 THz or exceeds it.
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There exist several techniques for generating THz pulses
[1, 2, 4]. The THz pulses were first generated with the help
of dipole antennas based on the Auston switch [5, 6], in
which pulsed radiation is generated due to nonstationary
electron—hole photoconductivity of a semiconductor indu-
ced by short light pulses [7]. The THz pulse detection with a
photoconductive dipole antenna is based on the same
principle [5—7]. A specific feature of the THz pulse detection
with the help of an antenna [5] or a nonlinear crystal [8] is
the possibility of direct measuring the strength and direction
of the THz pulse electromagnetic field, thereby obtaining
information on the pulse amplitude and phase and calculat-
ing then the refractive index and absorption coefficient of a
medium under study [2].

In media with the second-order nonlinear susceptibility
}5(2) , THz pulses can be produced by generating the diffe-
rence frequency; and in the frequency-degenerate case — by
optical rectification [8—10], when an optical pulse with a
broad spectral width Aw at the frequency Q ~ w, — w; =
Aw < @ induces polarisation

Aw Aw
(@) = ¢ (Q; ot5 et 7)

<0+ 525 (0-52) (1)

in the medium. For example, for a 60-fs laser pulse of
spectral width A4 =~ 15 — 30 nm, the difference frequency Q
lies in the range from a few fractions to tens of terahertz.
The THz pulse generation efficiency is determined in this
case by the phase-matching parameters, the nonlinear
susceptibility and length of the crystal and is ~ 107°
[2, 11, 12].

This paper is devoted to the study and optimisation of
the THz pulse generation in a (110) oriented ZnTe crystal,
which is considered now as one of the most efficient
materials for generating THz pulses upon excitation by a
800-nm Ti : sapphire laser. Unlike other crystals with a
higher nonlinear susceptibility, the ZnTe crystal is virtually
transparent in the frequency region 0.1-3 THz and phase-
matching conditions for the THz pulse generation are well
fulﬁlled1 i? it [13]: ng = ny, where ny = np, — A(dnp,/d2);
Ner =2 €)' "5 & s the static dielectric susceptibility; n,, and ny,
are the refractive indices for the group and phase velocities
of the optical pulse, respectively; and n, is the refractive
index in the THz range. The linear and nonlinear properties
of ZnTe also attract interest because this crystal, being a
good electro-optic material, can be used not only for gene-
rating but also for electro-optic recording THz pulses [13].
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When a ZnTe crystal is irradiated by a high-power laser
pulse, apart from optical rectification, competing nonlinear-
optical processes such as second-harmonic generation
(SHG) and two-photon absorption (TPA) occur [14]. In
this paper, we observed a considerable decrease in the THz
pulse power upon tight focusing of optical radiation into a
nonlinear-optical crystal and discuss the mechanisms that
can be responsible for this effect. By using the open-aperture
z-scan method, we estimated the TPA coefficient and
showed that TPA and SHG do not play any substantial
role in the decrease of the THz pulse generation efficiency
for the laser intensity used in experiments. We also
investigated the dependences of the THz pulse generation
efficiency on the power, intensity, and diameter of a focused
laser beam.

2. Experimental

The scheme of the experimental setup is shown in Fig. la.
A source of optical radiation was a femtosecond Ti : sap-
phire laser emitting 100-fs, 1-nJ pulses with a pulse
repetition rate of 100 MHz. The laser pulses tunable in
the range from 730 to 830 nm had a spectral width of
12 nm. The laser radiation was focused to a ZnTe crystal,
where 2-ps THz pulses (Fig. 1b) of the spectral width up to
2.5 THz (Fig. 2) were generated. By neglecting dispersion in
the nonlinear crystal, the temporal profile of the THz pulse
should have the form of the second derivative of the optical
pulse envelope [2].

The THz radiation was detected with a dipole photo-
conductive antenna [7]. The probe laser pulse was focused
on the antenna in the space between two conductors
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Figure 1. Scheme of the THz pulse generation and detection with a
dipole antenna (Z is the crystallographic axis direction; the double
arrows show the direction of polarisation of the optical and terahertz
fields; the THz beams are collimated and focused by parabolic mirrors)
(a) and the measured temporal profile of the THz pulse field (the THz
pulse generator is a 2-mm thick ZnTe crystal, the laser wavelength is
770 nm) (b).

deposited on a gallium arsenide substrate. The THz pulse
being measured was focused with a silicon lens to the space
between conductors from the other side of the antenna
(Fig. 1a). We measured the dependence of the current
produced in the antenna on the time delay Ar between
the THz and probe optical pulses. Below, the maximum
value of the THz pulse temporal profile (Fig. 1b) was
treated as the amplitude of the THz pulse field. The complex
spectrum of the THz pulse, containing information on
refraction and absorption in the medium through which
the THz pulse has propagated, is calculated from the
temporal THz pulse profile E.(Af) using the Fourier
transform [15]. The experimental setup had a time resolution
of 100 fs and a spectral resolution of 0.008 THz. A liquid
helium-cooled QSiB/2 bolometer (QMC Instruments Ltd.)
was used to measure the integrated (over the spectrum) THz
pulse power.

Laser radiation incident on the THz pulse generator was
modulated at the frequency 1 kHz, and the antenna (or
bolometer) current was detected with a lock-in SR-810
amplifier (Stanford Research Systems) at the modulation
frequency. A signal averaged for 300 ms was measured.

A ZnTe crystal with the (110) orientation had the form
of a plane—parallel plate. We used two square samples of
thickness d = 2 and 0.28 mm with a side of 1 cm. The band
gap of ZnTe is 2.26 eV [16], the electro-optic coefficient is
ria =4 x 1072 m V7! [17], and the carrier concentration is
typically ~ 10'® cm™>. The measured optical parameters of
the ZnTe crystal used in our experiments are presented in
Table 1, where the typical optical characteristics of the
crystal taken from [I, 13, 17-20] are also listed. Figure 2
shows the typical spectra of absorption, two-photon lumi-
nescence, SHG, THz pulse, and laser radiation at the
fundamental frequency (hv = 1.614 ¢V, 2 = 770 nm).
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Figure 2. Fundamental radiation ( /), second harmonic ( 2), optical rec-
tification ( 3), and two-photon luminescence (4 ) spectra observed for the
ZnTe crystal excited at 770 nm, and the absorption spectrum of ZnTe

(5).

Because of a high refractive index of ZnTe (n=
2.8—13.2), reflection from each of the crystal faces is ~ 30 %
both for optical and THz frequencies, which reduces the
conversion efficiency of optical radiation to THz pulses by
60 %. Note that reflection losses can be substantially
reduced by applying antireflection coatings for laser
radiation to the front face of the crystal and for THz
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Table 1. Parameters of the 2-mm thick ZnTe crystal in the optical and terahertz regions.
Optical range (4 = 770 nm)
D
ata Nph Ngr a/cm™! B/em GW™! Riot Toot 6/deg  Op/deg
Experimental 2.8+0.1 3.27+0.1 2+£0.5 205
Reference 2.87 3.36 8;3 4.7 0.37£0.03 0.58 £0.05 20 7
Terahertz range (A = 1 mm—120 um, Q = 0.3 — 2.5 THz)
Nyer “/Cmil Riot Tot ()/deg HB/deg
Experimental 3.18+0.05 1-5
Reference 317 -3 0.35+0.03 0.55+0.05 18 73

Notes: o is the linear absorption coefficient; f3 is the nonlinear absorption coefficient; R, is the ratio of the reflected average THz field to the average
incident field (averaging was performed over the time interval much longer than the reflection period); T}, is the ratio of the total transmitted THz field to
the average incident field; 0 is the total internal reflection angle; 0 is the Brewster angle.

radiation [21] to the rear face of the crystal or by cutting the
crystal at the Brewster angle (72°) to the (110) axis.

The maximum THz pulse generation efficiency was
observed for the normal incidence of the laser beam on
a sample, when the angle between the Z axis of the crystal
and polarisation direction of laser radiation was 54°. In this
case, the direction of THz pulse polarisation coincided with
that of laser radiation (Fig. 1a).

The data on refraction and absorption in the THz
frequency region were obtained by processing the complex
spectra of the THz pulse incident on the crystal and
transmitted through it. By measuring the THz pulse delay
after propagation through the crystal, we can also measure
the refractive index averaged over the entire THz pulse
spectrum. Due to a weak dispersion of the ZnTe crystal,
there is no substantial difference between the group and
phase refractive indices in this frequency region.

The efficiency of nonlinear optical absorption was esti-
mated by the open-aperture z-scan method [22]. The laser
beam was focused by lens 1 into a sample (Fig. 3). The light
wave intensity in the sample depended on the distance z
between the sample and lens and the focal distance f of the
lens (the distance between the focal point and the beam
waist position for lenses with f'= 50, 70, 80, and 180 mm
used in experiments was small, and we neglected it). The
laser beam radius r( (at which the field amplitude decreases
by a factor of e) on the focusing lens 1 was 1 mm and the
beam waist radius decreased down to ry;, = 12 um for f'=
50 mm. When a sample was displaced along the optical axis
z, the intensity of laser radiation on the sample changed
(increasing with decreasing |z — f]). The dependence of the
transmission coefficient of the sample on |z—f| was
measured in experiments.
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M
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A =770 nm
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]
-

Figure 3. Scheme illustrating the z-scan method.

5Smm

By using the z-scan method, we assumed that the
measurement of the THz pulse generation efficiency as a
function of the laser beam focusing (the value of |z — f1) will
give information about its dependence on the laser beam
diameter and intensity. Unlike the optical z-scan method, in
the case of THz z-scan the positions of a crystal under study
and THz pulse detector were not changed, whereas the
distance between the crystal and lens focusing optical
radiation was varied and the amplitude (or power detected
by a bolometer) of generated THz pulses was measured.

3. Discussion of the results

Because the optical rectification efficiency (the power ratio
Pier/ Pop for THz and light pulses) linearly depends on the
intensity of radiation incident on a sample, at first glance
the simplest method to increase the THz pulse power is to
focus laser radiation more tightly into a nonlinear crystal,
thereby increasing the intensity of radiation incident on the
THz generator. However, this is not confirmed experimen-
tally upon tight focusing, when the laser beam diameter
becomes comparable with the THz radiation wavelength.
Figure 4 shows the experimental dependence of the THz
pulse power on the crystal position with respect to the laser
beam waist. This dependence demonstrates the unexpected
result at first glance: the THz pulse generation efficiency
considerably decreases in the case of a very tight radiation
focusing into a ZnTe crystal. A deep minimum — ‘the z-hole’
observed at z — f'= 0 corresponds to the maximum intensity
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Figure 4. Dependences of the THz radiation power measured with a
bolometer (points) and the beam radius (dashed straight lines) on the
distance z — /" between the crystal centre and the lens focus for the crystal
thickness d = 2 mm, the focal distance f'= 80 mm (the waist length is
Iy ~ 1 mm), and the average laser radiation power 170 mW.
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of laser radiation in the ZnTe crystal. The z-hole width
|z — f] is comparable with the waist length /; of a focused
laser beam: |z —f| <y = ka®/2 ~ 1 mm, where k is the
wave number and a is the transverse size of the beam waist.
To explain this effect, we investigated in detail the optical
characteristics of the ZnTe crystal used for generating THz
pulses.

A ZnTe crystal is a semiconductor [16] which is virtually
transparent in the emission region of the laser used in
experiments. We determined the fundamental absorption
edge £, = 2.26 eV (4 = 550 nm) with the help of the Urbach
rule. When the crystal is irradiated by the intense light,
green —yellow non-directional luminescence caused by TPA
is visually observed on the crystal surface and directional
SHG radiation strongly absorbed in the crystal volume.

3.1 Influence of TPA
on the THz pulse generation efficiency

We analysed qualitatively the experimental data by using
the model of nonlinear absorption of light at the
fundamental frequency. We assumed that radiation was
attenuated due to TPA and SHG in the ZnTe crystal. The
equation describing the nonlinear absorption of light in a
sample has the form

4 o, @
dz

where o is the linear absorption coefficient and f is the
nonlinear absorption coefficient. The contribution of cas-
cade absorption, which is described by the cubic term, was
neglected in (2).

The contributions of TPA and SHG to the attenuation
of incident laser radiation can be divided by using polari-
sation dependences because the TPA and SHG efficiencies
are determined by tensors of different ranks. For maximum
TPA (z — f =0, f= 50 mm), the azimuthal angle ¢ between
the crystal axis Z and the direction of laser radiation
polarisation was changed from 0 to =/2. In this case, the
SHG intensity changed by two orders of magnitude,
whereas the transmission of fundamental radiation changed
only by 6%. Therefore, the influence of SHG on the
attenuation of transmitted radiation is insignificant.
Upon intense optical excitation of semiconductors, free
carriers can be generated, which should substantially
enhance the absorption of THz pulses [23]. However, this
does not play a significant role under our experimental
conditions. We assume below that the nonlinear absorption
coefficient f is a scalar quantity and is determined only by
TPA.

The intensity of focused radiation incident on the crystal
was calculated in the parabolic approximation of the
diffraction theory for Gaussian beams [24] for a thin
(d=0.28 mm) sample. The transmission coefficient for a
pulse with Gaussian distributions over time and the trans-
verse coordinate can be obtained from (2) in the form

—0z oo "
T = LJ w dt', (3)
Vg B

where g = IyLf; t' =1/t is the pulse duration; L. =
(1 fe_“d)/oc is the effective crystal length; Iy(z) = W%
[r 3/21r2(z)}_l is the peak intensity on the beam axis, which
is determined by the mutual arrangement of the lens and

—00 €

sample; r2(z) = rg[(1 — z/f)* + (z/19)*]; ro = 1 is the beam
radius in front of the lens; and W, is the pulse energy. The
consideration of the pulse duration in the model leads to an
increase in the calculated value of S by several times.
The z-scan method is based on analysis of the depend-
ence of the transmission coefficient 7 on the lens coordinate
z at the constant power P,y. Figure 5a shows the depen-
dences of the transmission coefficient on the distance
between the crystal and lens focus for P, oc W), = const,
and Fig. 5b presents the dependences of the intensity of
transmitted radiation on the incident radiation intensity for
z=const. By comparing the model and experimental
dependences (Fig. 5a), we can calculate the parameter f.

T
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Figure 5. Dependences of the transmission coefficient 7" of the ZnTe
crystal on the normalised distance (z — f)/ly (f= 80 mm, /3 = 4.7 mm,
A =770 nm) for a thin sample with d=0.28 mm </; (a) and the
dependences of the laser radiation intensity transmitted through the
crystal located in the beam waist on the incident radiation intensity
(f=70mm, /yj=1mm, z—f=0) for a thick sample with d=
I mm > /4 (b).

The influence of the laser intensity on nonlinear absorp-
tion is demonstrated in Fig. 5b. The difference from a linear
dependence is noticeable only for a thick sample. Because a
thick sample (d =2 mm > /4) does not satisfy the require-
ments of the TPA model and the cascade absorption of laser
radiation was neglected, the model curve agrees with the
experimental curve only for f=5.6 cm GW~!, which is
smaller by a factor of four than the correct value
20 cm GW .

The spatial distribution of the Ti : sapphire laser beam
intensity slightly differs from a Gaussian profile, which
introduces the error of no more than 30 % to the measure-
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ment of the absolute values of . The nonlinear absorption
coefficient f for our crystals calculated in these approxi-
mations was 20 =5 cm GW ™.

Consider the dependence of the THz pulse power P, on
the distance z between a lens and a crystal taking into
account linear and two-photon absorption. The expression
for the THz pulse power in the case of only linear
absorption has the form

l —e —2a0d W 2
2 P
Prer oc diy 2om? Lr(z) }

where dy; o 7 is the nonlinear-optical susceptibility. The
dependence P (z) can be obtained analytically, taking into
account linear and nonlinear absorption, only in the case of
cw laser radiation (for pulsed radiation, the correction
coefficient for P, should be taken into account):

I(2)B+o 1
P x ngt{ |: ﬁZ ] |:1 1 +10(Z)ﬁLeff:|

Figure 6a shows the dependences of the THz pulse
power on the longitudinal coordinate z calculated from
(4), including the case f§ = 0, when nonlinear absorption is
absent. Near the laser beam waist (|z—f| <), the
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Figure 6. Model and experimental dependences of the THz pulse power
on the distance z — f taking into account linear and two-photon absor-
ption for d = 2 mm (experimental points correspond to the data presen-
ted in Fig. 4) (a) and the dependence of the THz pulse generation effi-
ciency F on the laser beam radius r calculated from the data of Fig. 4 (b).

theoretical dependence substantially differs from the experi-
mental one. Therefore, the decrease in the THz pulse
generation efficiency with increasing laser radiation intensity
and simultaneous decreasing the laser beam diameter cannot
be explained by the influence of TPA only. We assume that
the attenuation of THz radiation is mainly determined by
the laser beam diameter (Fig. 6b).

3.2 Role of fundamental radiation focusing

THz pulses are usually recorded with a photoconductive
antenna or an electro-optic detector. Both these methods
measure the electric field strength E., while all optical
detectors and a bolometer measure the intensity propor-
tional to EZ, (or power). This essentially changes the role of
laser radiation focusing during optimisation of the THz
pulse intensity. Nevertheless, the z-hole was observed both
upon measuring the THz field with a dipole antenna and
upon measuring the THz pulse power with a bolometer
(Fig. 7a).
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Figure 7. Dependence of the THz pulse field on the distance z —f

obtained by the z-scan method and measured with an antenna
(d =2 mm, f= 50 mm) (a) and the dependence of the THz pulse field
on the laser radiation power for points A (/) and B (2) shown in Fig. 7a
for d =2 mm and f'= 50 mm (b).

In the case of nonlinear (quadratic) optical processes, the
measured power Pg, of a nonlinear signal can be conside-
rably increased by focusing fundamental radiation. This can
be achieved because I, o (1(2>E02pt)2, Eqp (Popt/S)l/z,
and Pg, X S o< ngt/S, where P, is the fundamental
radiation power and S is the laser spot area on a sample.
Upon focusing the value of S is reduced by two-three orders
of magnitude at the constant power P,,, and since
Py ngL/S, the corresponding increase in the nonlinear
signal Pg, is observed.

In the case of THz pulse generation with the help of
optical rectification (Ey, o< Pop/S) and detection of the
THz pulse field Eg, with a dipole antenna, a tighter focusing
of laser radiation into a crystal generating THz pulses
should not enhance the measured signal. The dipole antenna
measures the field E,, rather than its square EZ2., so that
Egy o< Ee;Sope- The increase in the intensity I, is compen-
sated by the decrease in the beam spot area S, and the
measured THz field strength is proportional only to the
power P, of incident laser radiation and should not
depend on focusing (on the area S'). Only when the detector
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aperture is small compared to the beam spot area upon
measuring the local field strength, laser radiation focusing
can lead to a weak increase in the measured signal.

To separate the influence of the laser beam diameter on
the THz pulse generation efficiency from the influence of
nonlinear absorption, we measured the power dependences
of the THz pulse generation efficiency for a constant beam
diameter (Fig. 7b). The 770-nm, 170-mW laser radiation
was focused by a lens with the focal distance f = 50 mm into
a ZnTe crystal, and the dependence of the maximum
amplitude of the THz pulse field on the laser beam power
was measured. We performed two measurements: for z = z4
(‘z-hole’) (point A in Fig. 7a), when the minimum THz pulse
generation efficiency was observed (z —f=0, the waist
diameter is 24 pm, I,,,, = 5 GW cm™?), and for the high
THz pulse generation efficiency (z — f = —5 mm, the waist
diameter is 200 pm, I, = 0.03 GW cm %) (point B in
Fig. 7a) outside the ‘z-hole’. We measured the field (not
power) of THz radiation integrated over the detector area as
a function of the incident laser radiation power P,,. The
strength of the THz field linearly depends on the power Py
(Eper E<>2pt o Popy) if the role on nonlinear absorption is
small. Both these power dependences proved to be linear
(Fig. 7b) (the effect of TPA is small even when the crystal is
located in the beam waist).

If the THz ‘z-hole’ was caused by the influence of
nonlinear processes, then experimental curve (/) in
Fig. 7b in the region of high powers would saturate or
even decrease. The saturation of the dependence Eie (/o)
would result in the smoothing of the maximum of the
dependence P .(z—f") (Fig. 6a), while the local minima of
the dependences Py (z—f) (Fig. 6a) and E. . (z—f)
(Fig. 7a) can be observed, according to our assumption,
only when Ei.(Ip) decreases at high powers. Because our
experimental data show neither the saturation nor decrease
of Eir(Popt) for z = z4 [curve (1) in Fig. 7b], we conclude
that the THz ‘z-hole’ is not related to nonlinear-optical
processes.

3.3 Role of a THz source size

Consider the role of the transverse size of a laser beam
(source size and the THz pulse generation region). This size
should affect the THz beam divergence and can also affect
the THz pulse generation efficiency. We determined the
divergence of THz radiation by measuring the radiation
patterns near the crystal (at a distance of 32 mm) and far
from it (at a distance of 300 mm).

At small distances from the crystal, the THz radiation
pattern was measured using an aperture with a variable
radius ry (Fig. 8a). Only the central part of the THz beam
(r < rq) was incident on the antenna detector. By assuming
that the transverse field distribution is Gaussian and placing
the aperture centre on the THz beam axis, we can estimate
the beam radius on the aperture and the radiation diver-
gence from the dependence of the amplitude of the
transmitted THz pulse on the aperture radius. The depen-
dence of the field amplitude E,, on rq should have the form
Eier(rq) o< Emax{1 — exp[—(rq/r9)*]}, by neglecting diffrac-
tion from the aperture.

Let us compare the angular divergence of radiation for
two positions of a focusing lens corresponding to points A
and B in Fig. 7a. The model curve for z—f= 5 mm is
shown in Fig. 8a. By comparing the model and experimental
data, we see that the THz beam radius is ~ 4.3 mm,
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Figure 8. Dependences of the THz field amplitude on the aperture radius
rq measured with an antenna for two positions of a focusing lens,
/=50 mm and d =2 mm when the aperture was located in the THz
beam at a distance of 32 mm from the ZnTe crystal (a) and the THz
radiation pattern for z — f= 8 mm, /= 80 mm, and d = 2 mm measured
by a bolometer at a distance of 300 mm from the ZnTe crystal with the
angular resolution of 2° (b).

corresponding to the angular divergence ~ 7.6°. When
the optical beam was tightly focused into the crystal, i.e.,
when z — f'= 0 (the amplitude of the transmitted THz field
reduced by 40%), the beam radius was measured to be
~ 4.7 mm, while the angular divergence increased up to 8.3°
(by 9%). Therefore, the increase in the THz radiation
divergence upon optical beam focusing is not the only
reason for strong attenuation of the THz signal.

The THz radiation pattern was measured more accu-
rately at a distance of 300 mm from the ZnTe crystal by
using a bolometer, which was moved around the crystal
(Fig. 8b). In this case (z—f=8 mm, f=80 mm), the
angular divergence of the THz radiation was 15°.

Note that upon focusing laser radiation into the crystal,
the size of the THz pulse source becomes comparable with
the wavelength of THz radiation, whose divergence should
tend in this case to 4n. In our case, the THz pulse generation
occurs over the entire crystal thickness (4 =2 mm). The
group velocities of optical and THz pulses in a ZnTe crystal
virtually coincide (An ~ 0.09) [13] (see Table 1), while the
coherence length upon the THz pulse generation is ~ 3 mm.
The THz radiation generated at each point z of the crystal
(radiation from each point has a high divergence) interfere
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constructively only in the propagation direction of the
optical pulse. This interference determines the resulting
directivity of THz radiation generated in the ZnTe crystal.
Therefore, the wave front of THz radiation at the crystal
output is comparable, under our experimental conditions,
with the wave front of the fundamental (focused) laser
radiation. However, according to the diffraction law, during
propagation in a free space the THz beam diverges stronger
than the optical beam because Ay, > Zop. The diffraction-
limited divergence of the THz beam is one of the factors
restricting the expediency of fundamental beam focusing.

3.4 Dependence of the THz pulse power
on the beam radius

We assume that when the transverse size of a THz source
(the waist diameter 20— 100 um) becomes smaller than the
radiation wavelength ., = 300 um, the THz pulse gene-
ration efficiency decreases with decreasing the source size
due to diffraction. Such a decrease in the THz pulse
generation efficiency was experimentally observed in [25]
and described by the known Bethe theory [26] for
diffraction of waves propagating through an aperture of
diameter much smaller than the wavelength.

Let us construct an approximate (neglecting divergence
and dispersion) phenomenological model describing the
dependence of the THz power on a laser beam diameter.
Consider the function Py (lop,7) ~ & (Lop)F (1), where
g(lyp) is the laser radiation intensity distribution in a
crystal, F(r) is the function determining the dependence
of the THz pulse generation efficiency only on the beam
radius in the crystal. The dependence g (1) is described by
expression (4) and takes into account a change in the laser
radiation intensity caused by nonlinear absorption and
focusing; the dependence Pier(Zyp, ) Was measured experi-
mentally. From these data, the required function F(r) is
determined. Figure 6b shows the function F(r) obtained
from the data presented in Fig. 4. One can see that, within
the framework of our model, as the laser beam radius inside

the ZnTe decreases, the power of THz pulses also decreases 4.

with respect to their power that could be obtained at laser

doi> 1

= 2.

(i) Focusing laser radiation into a nonlinear crystal is
justified only when the beam waist radius exceeds the THz
pulse wavelength, which is approximately 300 pm. In the
case of a tighter focusing, the THz pulse power substantially
decreases. The maximum THz pulse generation efficiency is
achieved when the distance z from the lens to the crystal is
smaller than the focal distance /. Focusing laser radiation on
the THz pulse generator is undoubtedly justified in three
cases: when the THz pulse field power is measured rather
than its strength, when the detector aperture is small, and
when the THz pulse generator is small.

(i1) The decrease in the THz radiation power upon tight
focusing of a laser beam into a crystal is not caused by
nonlinear absorption or any other processes whose
efficiency is proportional to the optical radiation intensity.
TPA and SHG accompanying the THz pulse generation do
not play a substantial role when the peak intensity of
fundamental radiation is lower than 3—5 GW cm 2. How-
ever, based on the TPA coefficient measured in our study
(B=20+5 cm GW™'), we can assume that at high peak
intensities of fundamental radiation TPA can limit the THz
pulse generation efficiency and even lead to the optical
breakdown in the crystal.
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