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Abstract

Objectives. Terahertz time domain spectroscopy (THz-TDS) is currently a promising research method in
pharmacology and medicine due to the high sensitivity of terahertz radiation to the chemical composition and
molecular structure of organic compounds. However, due to the chirality of many biomolecules, their analysis is
performed by THz irradiation with circular dichroism. In particular, circular dichroism of THz radiation allows the study
of “soft” vibrational movements of biomolecules with different chiralities. Therefore, when studying such biological
materials, accurate control of THz radiation parameters is essential. The paper describes a method for characterizing
THz radiation polarization on the example of a black phosphorus source material.

Methods. The analysis of polarization parameters of THz radiation experimentally obtained by THz-TDS and using
terahertz polarizers was performed by mathematical modeling of the interaction between THz radiation and a ZnTe
crystal as a detector.

Results. Two schemes of terahertz spectroscopy with the ZnTe crystal as the detector were discussed in detail. The
polarization parameters were determined using one or two wire-grid THz polarizers. An expression for approximating
the dependences of the peak-to-peak amplitude of THz radiation on the rotation angle of the wire-grid THz polarizer
for these cases was derived. The impact of the terahertz electric field intensity value on the shape of polarization
dependences was considered. The rotation angle of the polarization ellipse of THz radiation emitted by the surface
of a bulk-layered black phosphorus crystal illuminated by femtosecond laser pulses was determined.

Conclusions. The amplitude of the THz radiation electric field intensity begins to impact the shape of polarization
dependences when its value becomes comparable to or exceeds 40 kV/cm.
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Peslome

Llenu. Xvmunyecknin coctaB U MOJIEKYNSIPHAst CTPYKTYpPa OpraHMYecKnx coeguHeHuii o6nanatoT BbICOKOW YyBCTBU-
TeNbHOCThIO K TeparepLoBoMy 13nydyeHuto. NMoaTomy TeparepuoBasi CekTPOCKOMnMs BO BPeEMEHHO o6nacTu B Ha-
CTOsILLIEE BPEMS SIBNSIETCS NEePCNeKTUBHBIM METOAOM McciefoBaHms B o6nactv dapmMmakosorum n meamuyHel. Og-
HaKO M3-3a TOro, YTo MHOrMe 6ruomonekysbl 06/1aAal0T XMPaNbHOCTBIO, UX aHaNWU3 NPOBOAUTCSA NyTeM 0b0sy4eHus
Tlru-n3ny4eHneM ¢ KpyroBbiM ANXpPOM3MOM. B yacTHOCTHM, KpyroBon auxponam Tl u-n3nyyeHmst No3BosseT uccne-
LoBaTb «MsArkne» KosiedartesnbHble OBMKEHUS BUOMONEKYN C PasfINYHOM 3aKPY4YEHHOCTbIO. TOUHbI KOHTPOJIb Napa-
METPOB 3TOr0 U3Jly4eHUs1 O4eHb BaXKeH NMpu UccnefoBaHum Guonorniecknx matepmanos. Llenb paboTel — onvcaTb
MeTopn, NMO3BONSALWNI oXxapakTepu3oBaTb nonspusaunio TIu-mU3nyd4eHrs Ha nprvMepe WUCMNonb30BaHMs YepHOro
docdopa B Ka4ECTBE NCTOYHMKA.

MeTopabl. AHan13 napamMeTpoB nonspusaummn TIu-n3nyyeHnst, aKkcnepuMeHTanbHO NoJly4eHHbIX METOA0M CMNEeKTPO-
CcKOMun BpeEMEHHOI0 paspeLleHnst, a Takke C MCMosb30BaHMEM TeparepLOBbIX NONSPNU3aTOPOB, MPOBOAUIICS NyTEM
MaTemMaTu4eckoro MoaenMpoBaHums B3ammoaencTemsa TIu-na3nydeHns n kpuctanna ZnTe B Ka4eCcTBe AeTekTopa.
PeaynbTaTtbl. B paboTe noapobHO paccMOTpeHbl ABe CXeMbl TeparepLoBOii CNeKTPOCKONUM ¢ KpucTamiom ZnTe
B kayecTBe aetektopa. OnpeaeneHre napaMmeTpoB NoAspu3anmm BeiMoOIHEHO C UCMONb30BaHMEM OAHOIO U ABYX
peweTyaTbix TIU-NoNspmn3aTopoB. BbiBeAeHO BbipaxeHue Ans annpokcumMauny 3aBUCUMOCTEN pa3mMaxa aMnm-
Tyobl TIu-n3nyyeHns ot yrnaa noBopoTa pelwletyatoro Tlu-nonspusaropa afs aTux cnydyaeB. PaccMoTpeHo Bu-
SAHME BEJIMYUHbI HANPSKEHHOCTWN 3N1eKTPUYECKOro Moss TeparepLoBoro UanydyeHms Ha GopmMy NnonsiprU3aunMoHHbIX
3aBucumocTen. OnpeaeneH yros noBopoTa annunca nonspmaauum T u-n3nyyeHuns, CnyckaeMoro noBepXHOCTbIO
06bEMHOI0 CNOUCTOro KpucTannaa YyepHoro docdopa npm Bo3AeiCTBUN Ha Hero GemMToceKyHOHbIX Ta3epPHbIX M-
MysbCOB.

BbiBOAbI. AMNINTYAA HAMPSXKEHHOCTM d1eKTpuyeckoro nons Tru-na3nydyeHns Ha4nHaeT BAnATb Ha dopMy Nonsipu-
3aUMOHHbIX 3aBUCUMOCTEN, KOrga ee BenmMyMHa CTaHOBUTCS cpaBHUMOM unu npesbiwaeT 40 kB/cm.

KnioueBble cnoBa: TeparepLoBasi CrekTPOCKOMUS BPEMEHHOro paspelleHuns, S/UUMATUYHOCTb, nonsapusaums,

3MEKTPOONTUHECKUI KPUCTAST, S1EKTPOONTUYECKOE CTPOBUPOBaHUE

* Moctynuna: 21.02.2022 » flopa6oTtaHa: 13.04.2022 ¢ MpuHaTa kK onyonukosaHuio: 26.04.2022

Ona uutupoBaHua: 3anHynnuH D.A., XycamHoB AO.U., KosuHuesa M.B., BypskoB A.M. AHanus nonapusaumm
Tlu-n3nyyeHns ¢ NOMOLLBIO peLleTyaToro nonaspusaropa un kpuctanna ZnTe. Russ. Technol. J. 2022;10(3):74-84.

https://doi.org/10.32362/2500-316X-2022-10-3-74-84

Mpo3payHocTb pUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaB/EH-

HbIX MaTepunanax nan Mmetogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

In recent years, the development of time-
resolved THz spectroscopy technology has ensured
an accurate and simple approach to analyzing
material characteristics. Due to the non-ionizing
interaction and strong penetrability of THz radiation,
additional information on chemical composition

or electron—phonon interaction in a sample may be
obtained [1-3]. In contrast to infrared (IR) and Raman
spectroscopy, THz spectroscopy is very sensitive to
the molecular structure and intermolecular interactions
in crystals, which is particularly valuable for medical
research in pharmacology [4]. In addition, THz radiation
excites longer wavelength vibrations, such as phonons
in a semiconductor crystal or molecular vibrations in

Russian Technological Journal. 2022;10(3):74-84

75


https://doi.org/10.32362/2500-316X-2022-10-3-74-84
mailto:madflyzero@gmail.com

Polarization analysis of THz radiation
using a wire grid polarizer and ZnTe crystal

Farkhad A. Zainullin,
etal.

organic matter, as compared to classical methods of
mid-IR spectroscopy and X-ray diffraction. Therefore,
it may ensure high reliability in identifying compounds
that are difficult to distinguish by other methods [5]. The
THz time-domain spectroscopy (THz-TDS) technique
is used to analyze materials using THz radiation. This
technique is applied to analyzing weak intermolecular
interactions, such as lattice vibrations [6], hydrogen
bonding [7], Van der Waals interaction [8], as well
as collective vibrational modes determined by the
molecular configuration, conformation, and general
vibration of organic molecules [9]. In particular, THz
pulses with elliptically polarized waves are of interest,
both in terms of fundamental physics and technological
applications. For example, many biomolecules have
a chiral structure with rotational/vibrational modes
in the terahertz energy range, whose interaction
with elliptically polarized THz beams depends on
the polarization of THz radiation and chirality of
biomolecules. This allows, in particular, the study of
“soft” vibrational modes of organic molecules having a
different twist [10—12]. Therefore, in order to describe
the interaction of THz pulse with the substance, the
polarization parameters of THz radiation including
ellipticity and rotation direction of the field vector
should be obtained [13-15]. The electro-optical
sampling technique involving the use of nonlinear
optical ZnTe crystal (Russia) as a THz radiation
detector in two detection versions based on phase- and
amplitude modulation measurements is one of the most
common THz-TDS method modifications [16].

Being one of the most promising components of THz
devices in the layered semiconductor category, black
phosphorus—BP (2dsemiconductors, USA)! crystallite
was selected as the THz radiation source under study.
This is primarily due to the fact that BP represents a
“golden mean” between graphene (no bandgap) and
semiconducting transition metal dichalcogenides
(TMDs), such as molybdenum disulfide (MoS,), which
has a relatively large bandgap of about 2 eV [15].
Moreover, nanoscale films with band gap in the range
from 1.5 eV to 0.53 eV may be obtained by varying the
number of layers, from one to several [17]. The high
carrier mobility of this material (much higher than in
TMDs) is also dependent on the number of layers in
the range from 299 to 3730 cm?/V-c for electrons and
from 337 to 10000 cm?/V-c for holes [18, 19]. This
allows THz radiation to be efficiently absorbed even
though the photon energy is below the bandgap energy.
It is also possible to tune (change) the bandgap width
by applying a static electric field [17]. This dynamic
bandgap tuning can be used not only to expand the
operating wavelength range of BP based devices but

Uhttps://www.2dsemiconductors.com. Accessed December 22,
2019.

also to pave the way for studying electrically tunable
topological insulators and semimetals. In this case, the
BP crystal allows elliptically polarized THz radiation
to be obtained when exposed to linearly polarized
femtosecond laser radiation [13].

In the present paper, two versions of polarization
analysis of THz radiation are considered in detail.
Analyzing in THz-TDS implies two wire-grid polarizers
(WGP) used in the first version and one polarizer used
in the second one.

METHODS

A variation of the THz-TDS technique allows THz
radiation to be detected by electro-optical sampling.
Polarization of the laser probe beam is modulated by
the THz beam in the electro-optic ZnTe crystal. Using
amplitude modulation [16], an optical polarizer crossed
with the beam polarization direction is placed on the
probe beam path after the ZnTe crystal and before the
photodiode (ThorLabs, USA).2 Under the action of the
THz pulse, the beam polarization changes allowing a
signal proportional to the amplitude of the THz radiation
to be recorded on the diode. The detection method will
be described further in more detail.

The electric displacement vector for a homogeneous
medium is considered to describe the electro-optic
effects in nonlinear optical crystals, as follows:

D =¢¢E, )

where g, is the electric constant; ¢ is the dielectric
permittivity being a direction-independent scalar
quantity; and E is the electric intensity vector. In the
crystal, permittivity may depend on the direction of the
electric field relative to the crystallographic axes. In
this case, dielectric permittivity is the symmetric tensor
while the field D is generally not parallel to the electric
field. Major axes may be transformed into the orthogonal
coordinate system wherein E and D are related through a
diagonal matrix, as follows:

D, g 0 0 E,
D, |=¢,| 0 & O0[E,|[ 2)
D; 0 0 &) |\E

Should diagonal elements ¢, be not all the same, as
occurs in CaCOj, [20], the crystal exhibits birefringence.
The energy density of the electric field is

|
o, = 5E~D. Using matrix (2), it may be shown that

surfaces with constant energy density are ellipsoids in
field D, written as follows:

2 https://www.thorlabs.com. Accessed December 22, 2019.
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D2 D? D?
g0, =D&l p="1+2 43 3)
€& £ &
Introducing non-dimensional vector u along

D
direction D according to formula u=-———, the
v €00,

following refractive index ellipsoid equation may be
derived:

2 2 2

u u u

1 2 3 _

St ot —o=l )

where 7, =,/¢; for a non-magnetic material. The

impermeability tensor may be defined as follows:

=&l )

Using formula (5), equation (3) may be converted to
the following ellipsoid equation:

u-n-u=1. 6)

Zinc telluride, which has a cubic crystal lattice,
is optically isotropic in the absence of the applied
electric field. This implies the possibility of replacing
the permeability tensor by scalar & ! multiplied by
unit matrix I. In the presence of the electric field, the
impermeability tensor may be written as follows:

f(E)=¢1-I+r-E. (7)

The second term (7) is described by the Pockels
effect, where r is the tensor of electro-optic coefficients.
The electro-optic Kerr effect being quadratic in the
electric field may be neglected here, since it is negligible
in ZnTe crystal as compared to the linear effect. Thus,
having substituted (7) into equation (6), the ellipsoid
equation can be written as follows:

u- f](E) ‘U=
i,j=1,2,3 k=1,2,3

Since tensor 1 is symmetric, Fik = Ve It is
conventional to replace the first two indices 7, j of
tensor r by a single index, as follows:

k= Te

T2k = T

F335 = 3

Taske = 30k = Tape
T3k ™ I3k = Tspe
T = 0k — Terr

Zinc telluride crystallizes in the zincblende structure
(zincblende comprises two face-centered cubic lattices
shifted relative to each other by a quarter of the space
diagonal) [21]. In the absence of the applied electric field,
the refractive indices are equal, i.e., n; = n, = ny = ny,
In addition, r contains only one independent non-zero
element r,; = ry, = rq;. Thus, ellipsoid equation (8) may
be written in the following way:

1
2 2 2
—(u? +ui +u3)+
2 ( i Tuy 3)
+ 21y, (E1u2u3 + Eyuzuy + E3u1u2) =1 )

The ZnTe crystals used for detecting THz
radiation have a crystallographic cut (1 1 0), as shown
in Fig. 1. Since the THz pulse and the laser pulse
fall perpendicular to this plane along the direction
[=1 —1 0], their electric vectors lie in plane (1 1 0). The
two-dimensional coordinate system (X, Y) is introduced
in this plane in such a way that X-direction coincides
with direction [—1 1 0] and Y-direction coincides with
direction [0 0 1].

[001]
A Y[00 1]

X[-110]

[100]

Fig. 1. Plane (1 1 0) (left) and coordinate system (X, Y)
in this plane (right). The femtosecond laser probe pulse
and the THz pump pulse are directed along vector U,
being the normal to plane (1 1 0)

Major axes should be transformed to obtain the
refractive indices in the XY plane when applying the
electric field.

Let the electric vector Ey, of THz pulse makes
angle ¢ with the X-axis (axis [-1 1 0] of ZnTe crystal).
Its components in the basis system of the cubic crystal
lattice may be represented as follows:

—COS(p/\/E

Ern, = Etyy, coscp/\/g .
sin @

(10)

Russian Technological Journal. 2022;10(3):74-84

1



Polarization analysis of THz radiation

Farkhad A. Zainullin,

using a wire grid polarizer and ZnTe crystal etal.
In this case, equation (9) is written in the following
way: n3ry E
n=ny+ %(sinqﬁ {1+ 3cos? (p),
u- ﬁ E ‘u= 1, 3
(Fru.) _ o MmmErhg (o 2
ny =ng+ sin@ —+/1+3cos” @ |, (14)
where fj(Ey,) is the impermeability tensor depending
on field E...,_, written in the following way: nary E
THz g way ny = ny — —VALZTHE Gy
2
1 00
A(Eqy,) = Lz 01 0+ It is clear (Fig. 1, direction U,) from equation (13)
"l 0 1 that the third major axis is perpendicular to the crystal
. plane (1 10). This direction coincides with the
0 smao cos /2 direction of the THz pump pulse and probe beam pulse
+ 1y Epy,| SN 0 —cos@/~2 |. (11) propagation. Vector U, lies in plane (1 1 0) forming
angle y with the X-axis [-11 0], which can be
cosq)/x/f —COS(p/\/E 0

Then, the eigenvalues for tensor fj(Ey,) may be
found from formula (11) in the following way:

E
Ao =L2—r‘“%(sin(pi\ll+3cos2 (p),

> g

1 .
Ay = ) + 741 Epyp, SIN Q.
0

(12)

In this case, the normalized eigenvectors may be
written as follows:

-1
1

2 J1+3cos2 @
2x/§c0stp/(\/1+ 3cos? @ + sin(p)

1 sin@

-1
Uzzl 1_& 1 ,

2 J1+3cos? ¢
2\/5005([)/(\/1 +3cos @ — sinq))

-1

1) 13
V=7 ;. (13)

The directions of major axes coincide with those
of the eigenvectors. The refractive indices may be
determined by the following formula:

1

n =-——.

T

S 1 .
Considering 74, Ey, <<% the expressions for
refractive indices corresponding to major axes may be

written as follows:

calculated using the scalar product of vector U; and
the unit vector along the X-axis. Using the relation

cos(2y)=2cos>y—1, the following expression
relating angle y and angle ¢ of THz polarization may
be written:

sin @

cos(2y) = (15)

1+3cos2(p.

For ¢ = /2, major axis U, is X-directed while
axis U, is Y-directed. Therefore, when the electric
field is applied to the ZnTe crystal (THz radiation), a
refractive index ellipsoid having an ellipse in the XY
section is formed (Fig. 2). The directions of the ellipse
major axes correspond to the directions of vectors
U, and U,. The refractive indices are n, and n,, and
correspond to the first two major axes. The larger
index (n,) corresponds to the slower speed of light
while the smaller one (n;) corresponds to the faster
speed. The refractive indices are generally denoted by
ng=n, and n;= n,.

Y[0 0 1]
A U2

U,
ETHZ

n llj
S
n 0
X[=110]

Fig. 2. Refractive index ellipsoid
projected onto plane (1 1 0) of ZnTe crystal
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The electric intensity vector Ep, makes angle ¢
with the X-axis = [-1 1 0] of ZnTe crystal, while the
angle between the semi-major axis of the ellipse and the
X-axis is y(@). The THz pulse as well as the laser beam
falls along the normal to plane (1 1 0) determined by

-1

it vector U ! 1
unit vector =— -1/

3 \/5 .

Since the laser beam falls on ZnTe crystal along the

direction [~1 —1 0] (eigenvector U,), its electric vector

Opt lies in plane (1 1 0). In the crystal of thickness d,
two E,, components along major axes U, and U, have
a relative phase shift written as follows:

od
n0r41ETHZ\ll+3cos 0, (16)

where o is the angular frequency of laser radiation, ¢
is the angle between E, and the X-axis, d is the ZnTe
crystal thickness, and c is the speed of light.

The signal recorded by the photodiode may be
described using the Jones matrix describing the linearly
polarized laser beam passing through the birefringent
crystal with an optical polarizer [22]. The S-polarized
laser radiation may be described by the vector as follows:

0
Eopt =Eopt(1)’ (17)
where F

oot 18 the electric intensity of the laser probe
beam. The polarization plane rotation by the angle v
may be described by the matrix in the following way:

R(\p)z( co.sw sin\u), as)

I'(p)=

—siny cosy

sin @

1
where | = —arccos| ———————/ is the rotation angle
2 [\/1+3coschj|

of the beam polarization ellipse in ZnTe under the THz
pulse action.

The birefringence matrix for ZnTe crystal may be
written as follows:

_ exp(_ir((p)/z) 0 19
Z((")_( 0 exp(z‘r(@)/z))' (4

The ZnTe impact on the probe beam may be written
in the following form:

Ep R(-W)Z (cp)R(w)( )

Having passed ZnTe and the optical polarizer, the
electric intensity of the probe beam may be described by
the following formula:

0
E=( 0) EoptR(—w)Z(cp)R(w(l).

The signal picked up by the photodiode is equal to
the following expression:

S,(¢) = K - EZ, sin® (2y(¢))sin? ( ((p)), (20)

where K is the photodiode optoelectronic conversion.

Expressing sin?Qy(¢)) = 1 — cos?(2y(¢)) and
substituting expressions (15) and (16) in (20), the
resulting expression for approximation may be written
as follows:

sin?
S((p) K Opt( 1+ 3cos? }

, | (0d/2¢)nir, E TH J1+3cos? ¢

X sin

21

RESULTS AND DISCUSSION

In the study, the traditional THz-TDS experimental
setup shown in Fig. 3 is used to determine polarization
of THz radiation. A femtosecond titanium-sapphire
laser with regenerative amplifier generating optical
pulses, having a repetition frequency of 3 kHz, duration
of 35 fs and central wavelength of 800 nm, is used as
the laser source (Avesta Project, Russia).> The output
optical beam is divided into a pump beam and a probe
beam. The pump beam is focused on the BP crystallite
surface at the angle of 45°, while the density of optical
radiation on the sample surface is about 1 mJ/cm?. The
generated THz radiation is collimated by the parabolic
mirror. Passing through two wire grid polarizers—
WGPs (Specac Ltd, Great Britain),* the THz radiation
is focused on the nonlinear optical ZnTe crystal detector
by a parabolic mirror. The probe beam passes through
the delay line to be focused onto ZnTe crystal in
combination with the THz beam. The passing optical
probe beam is recorded by photodiode. The electro-
optic method based on amplitude modulation is used to
record THz radiation [16]. The experiment is performed
at room temperature.

3 http://avesta.ru/. Accessed December 22, 2019 (in Russ.).
4 https://www.specac.com. Accessed December 22, 2019.
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Probe beam Delay Iine\

THz sourceE N

(BP crystallite)
WGP-1 WGP-2

L22

Hwﬂﬁ

= A=
,fli\, ZnTe
GTP
& Photodiode

Laser
source

Pump
beam

Fig. 3. THz-TDS experimental scheme.
GTP is the Glan-Taylor polarizer

The part of the experimental setup responsible for
determining the polarization angle of THz radiation is
shown in detail in Fig. 4. The angle between the WGP-2
analyzer axis coinciding with vector Eq, . and the
X-axis is fixed and equal to @,. The WGP-1 polarizer is
rotating. The angle between its axis coinciding with

vector Eqy, and the X-axis is @,.

X[-11 0]

Fig. 4. Experimental setup geometry
when using two polarizers

The polarization ellipse of THz radiation lies in a
plane parallel to the XY plane. Here, E, 1y, and Eyrpy,
are semi-axes of this ellipse; ¢, is the angle between
semi-minor axis and the Y axis; ¢, and ¢, are the angles
between the X axis and the axes of the WGP-1 and
WGP-2 polarizers, respectively.

According to the Malus law, the amplitude of THz
radiation may be written in formula (16) in this case as
follows:

(22)

Ern, = B, €08(9, +93),

where E1yy, = E 1y, \/cosz (@ +9,)+ €2 sin2 (¢ +9,)
is the THz pulse passed through the first polarizer

EbTHZ

WGP-1; €= is the ellipticity of the pulse under

aTHz

study. Normalizing dependence (21) to the optical beam
power taking formula (22) into account and recording
the values of angles ¢, and ¢, the dependence for the
normalized signal f{g,) recorded by photodiode may be
written as follows:

S, (ETHZ ((Pl’(pZ)’(P3) -

f\ey)=
( 2) E(%pt
r 5 >

2

o> = - =0°
90° 9, =0
.04 heeees 04 =90°
=@, =60°
e=0.1,E,,=35 -10° B/m
0.5

0.5 1

1.0 -

270°

Fig. 5. Dependence plots for the recorded signal
normalized to the optical radiation power
of the probe beam

The dependence plots flg,) derived from
expression (23) at different values for THz polarization
angles ¢, are shown in Fig. 5. The remaining parameters
of THz radiation and WGP-2 polarizer position are

Eop, =35 10° V/m; € = 0.1; and ¢, = 0°. Calculating
ato, =0°and ¢, =90°, a Dumbbell plot and a four-leaf
clover shaped plot are derived, respectively; calculations
at other angles, e.g., at ¢, = 60° result in the dependence
being shaped transitionally between them. Since
dependence f{¢,) is unique for each angle value, the
experimental dependence can be easily approximated by
expression (23), obtaining the actual parameters of THz
radiation (polarization angle, ellipticity).

The smallness condition for the argument of

) od
sine 1s satisfied at n0r41EaTHZ <0.35 or at

E oy, <2 - 10° V/m. Since sin? (%) in this case, the
polarization dependencies comply with the Malus law
when the polarized electromagnetic wave passes through
two polarizers. Despite this limitation, the shape of
dependences (Fig. 4) does not change up to values

E,y, =4 10% V/m. When detecting THz wave at
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Eop, >4 10° V/m, a distortion of the dependencies
shown in Fig. 5 is observed. This is due to the phase
difference between the ordinary and extraordinary
optical beams becoming comparable or exceeding /2.

===, =0°

90° =
w- 2 e ¢, =90°

—— ¢y =60°
A, E,,,=6-10°B/m

1.0 -

270°

Fig. 6. Dependence plots for the recorded
signal of THz pulse passed through two WG polarizers
and normalized to the optical radiation power
of the probe beam

The dependence plots flo,) (23) for E,py, =
=6 - 10° V/m at different polarization angles of THz
radiation ¢, and for values € = 0.1, ¢; = 0 are shown in
Fig. 6. The shapes of dependencies begin to change
significantly with increased amplitude of THz radiation.
Thus, when E, ;= 6 - 10° V/m, dependence f(g,) is
butterfly shaped at ¢, = 0° and four-leaf clover shaped at
@, = 90° as in the case described above but with maximum
values of the function being already comparable with those
at the dependence at ¢, = 0°; at other @, values, there would
be a transitional shape between “butterfly” and “clover.”

We shall consider the experimental setup for
analyzing THz radiation with one THz polarizer.
Since the ZnTe crystal is sensitive to the THz pulse
polarization, it could be simultaneously used as the
polarization analyzer (Fig. 7).

ZnTe
Y[0 0 1]

X[-110]

Fig. 7. Experimental setup geometry
when using one polarizer

The polarization ellipse of THz radiation lies in the
plane parallel to the XY plane. Here, E, 1y, and E, 1 are
semi-axes of the ellipse; ¢, is the angle between semi-
minor axis and the Y-axis; ¢, is the angle between the
X-axis and the polarizer axis.

In this case, the amplitude of the THz pulse passing
through the WGP polarizer may be written in equation
(16) in the following form:

Ety, = Eathy \/cosz ((p1 + (Pz) +¢e2sin? ((p1 + 0, ) (24)

Normalizing dependence (21) to the optical beam
power, considering expression (24) and having the value
for angle ¢, recorded, dependencies g(¢,) at different
polarization angles for the THz radiation under study
similar in shape to previously derived dependencies (23)
may be derived (Fig. 8) as follows:

S_(E 0 ),0
g((Pz)z X( TP;Zz(tl) 2)=
op
T'(E
— in2 (2\|!((p2))sin2 ( THzi(pl)’(PZ) . 25)
90° Tore =0
.04 T e ¢, =90°

¢, =60°
£=0.1, E, =3.5-10°B/m

0.5 -

0.5

1.0 -

270°

Fig. 8. Dependence plots for the recorded signal
of THz pulse passed through WG polarizer and normalized
to the optical radiation power of the probe beam

Dependence plots g(¢,) (25) at £y, = 3.5 - 106 V/m,
different polarization angles of THz radiation ¢, and
€=0.1 are shown in Fig. 8. The plots coincide in shape with
dependence plots (23) shown in Fig. 5, which indicates
the possibility to analyze the polarization of THz radiation
using one WGP. Should the electric intensity value £, ;.
exceed 4 - 10° V/m, the change in dependences (25) is
observed, as in the case described above.

The BP crystallite used as the THz radiation source
in the study has a radiation ellipticity of € = 0.77 at the
fixed angle of 90° between the field vector of the exciting
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= Experiment
90° = Approximation
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<1077

N
o

- 1054

0.0

N
5]

- 105

Peak-to-peak amplitude, arb. unit

4.0- 10

270°

Fig. 9. Dependence plot of the THz peak-to-peak
amplitude on the rotation angle of the WGP-1 polarizer

laser pump beam and the sample “zigzag” direction [13].
For analyzing the polarization, a scheme with two wire-
grid polarizers is chosen (Fig. 4). The angle ¢; for
WGP-2 is fixed and equal to 0°. The resulting values for
the recorded THz peak-to-peak amplitude at different
WGP-1 polarizer axis angles ¢, are shown in Fig. 9
along with the approximation of experimental data by
expression (23). Using the approximation, the angle
between semi-major axis of the THz polarization ellipse
and the X-axis has been found to be 40°.

CONCLUSIONS
In the paper, a model describing the dependence

of the peak-to-peak amplitude of THz radiation on the
rotation angle of the WGP is considered and modified.

The simulation results show that the dependences
of the THz peak-to-peak amplitude on the polarizer
rotation angle are similar in shape whether using two
WGPs or one of them in the experimental setup. The
possibility of using one polarizer in the analysis due to
the ZnTe crystal sensitivity to the polarization of THz
radiation is demonstrated. Since, having passed the
ZnTe crystal under the THz pulse, the phase difference
between the ordinary and extraordinary optical
probe beams becomes comparable or exceeds m/2,
dependences begin to differ only with a THz wave field
intensity exceeding 40 kV/cm. The applicability of
approximation is shown along with the angle ¢, = 40°
between the semi-major axis of the THz polarization
ellipse, while the X-axis is determined by the example
of analyzing polarization of THz radiation emitted by
the surface of BP crystallite under the femtosecond
pump beam action.
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