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Terahertz polarization real-time imaging based
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Xinke Wang,1,2 Ye Cui,2 Wenfeng Sun,2 JiaSheng Ye,2 and Yan Zhang1,2,*
1Department of Physics, Harbin Institute of Technology, No. 92 XiDaZhiJie, Harbin 150001, China

2Beijing Key Laboratory for Terahertz Spectroscopy and Imaging, Key Laboratory of Terahertz Optoelectronics,
Ministry of Education, Department of Physics, Capital Normal University, No. 105 XiSanHuan BeiLu,

Beijing 100048, China
*Corresponding author: yzhang@mail.cnu.edu.cn

Received July 8, 2010; revised September 13, 2010; accepted September 13, 2010;
posted September 21, 2010 (Doc. ID 131382); published October 11, 2010

A terahertz (THz) polarization real-time imaging system that can effectively reduce experimental time con-
sumption for acquiring a sample’s polarization information is achieved. An alternative THz polarization mea-
surement method is proposed. In this method, a �110� zinc-blende crystal is used as the sensor, and the probe
polarization is adjusted to detect THz electric fields on the two orthogonal polarization components. The rela-
tive sensitivity of the imaging system to the THz polarization angle is estimated to be less than 0.5°. To illus-
trate the ability of the system, two samples are designed and measured by using the system. From their THz
polarization real-time images, each region of these samples can be precisely presented. Experimental results
clearly show the special influences of different materials on the THz polarization. This work effectively extends
the information content obtained by THz real-time imaging and improves the feasibility of the imaging
technique. © 2010 Optical Society of America
OCIS codes: 110.6795, 300.6270, 130.5440.
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. INTRODUCTION
erahertz (THz) real-time imaging is a powerful tech-
ique by which the THz image of a sample can be rapidly
cquired and a sample’s optical properties can be accu-
ately analyzed. Many works about designs and applica-
ions of the THz real-time imaging system have been re-
orted, such as identifying chemicals [1,2], tomography
3], and near-field imaging [4]. However, a problem of
hese techniques is that only one polarization component
f the THz electric field is detected. The neglect may re-
ult in some difficulties to interpret THz images of mate-
ials which can influence the THz polarization. Recently,
he control to the THz polarization has attracted wide re-
earch interest. Many studies about materials and de-
ices that can change the THz polarization have been
ublished [5–7]. Kinds of THz polarization detection
ethods have also been investigated, including electrical

echniques [8,9] and optical techniques [10–12]. Van der
alk et al. first reported a THz polarization imaging
ethod by using a �111� zinc-blende (ZnTe) crystal [10],

nd the work promoted the THz imaging into a new field.
ecause a �110� ZnTe crystal can possess higher detection
ensitivity to THz signals, it has been widely used in the
Hz sensing and imaging. Planken et al. discussed the
haracteristics of the �110� ZnTe crystal in detail [13].
hang et al. achieved THz polarization images of a plastic
oy by rotating the orientation of a �110� ZnTe crystal and
alculated the Jones matrix parameters of the sample
12]. But, these imaging techniques apply the raster scan-
ing method to build an image, so the experimental time

s too long to satisfy the requirement of real applications.
1084-7529/10/112387-7/$15.00 © 2
A THz balanced electro-optic (EO) detection method is
roposed for improving the signal-to-noise ratio (SNR) of
Hz real-time imaging in our latest work [14]. In this pa-
er, a THz polarization real-time imaging system based
n this technique which dramatically decreases the ex-
erimental time consumption and measures two orthogo-
al THz polarization components is achieved. In addition,
n available THz polarization measurement approach is
eveloped to acquire THz real-time polarization images of
sample. In this technique, a �110� ZnTe crystal is used

s the detection sensor, and the polarization of the probe
eam is adjusted to detect the polarization change of THz
aves. Since the detection crystal needs not be rotated,

he imaging error caused by the movement of the crystal
as been effectively avoided. Compared with the method
f Zhang et al. [12], the proposed measurement technique
s more suitable to THz imaging. Two samples are de-
igned and measured to check the ability of the proposed
maging system. In the first sample, a quartz crystal is
uccessfully identified from other three substances, in-
luding air, a quartz glass, and a common glass by ana-
yzing the THz polarization information. In the second
ample, each region of quartz crystals with different
hicknesses is accurately presented by using the same
rocess method. The work effectively improves the feasi-
ility of THz polarization imaging and promotes the de-
elopment of the THz technology.

. THEORY
ccording to [13], THz signals obtained by using the bal-
nced EO detection technique can be expressed as
010 Optical Society of America
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I��,�� = Ip

�n3ETHzr41L

2c
�cos � sin 2� + 2 sin � cos 2��,

�1�

here Ip and � are the initial power and the angular fre-
uency of the probe beam, n is the refractive index of the
etection crystal to the probe beam, r41 and L are the non-
ero coefficient of the EO tensor and the thickness of the
etection crystal, ETHz is the THz electric field, and c is
he light speed in vacuum. The variable � is defined as
he angle between the probe polarization and the �001�
xis of the detection crystal, and � is the angle between
he THz polarization and the �001� axis. In the experi-
ent, the orientation of the horizontal polarization com-

onent of the THz electric field is perpendicular to the
001� axis, namely, �=90°; and that of the vertical polar-
zation component is parallel to the �001� axis, namely,
=0°. Observing Eq. (1), it can be easily concluded as

I�� = 90 ° , � = 0°� = 2H, �2�

I�� = 0 ° , � = 0°� = 0, �3�

I�� = 90 ° , � = 45°� = 0, �4�

I�� = 0 ° , � = 45°� = H, �5�

H = Ip

�n3ETHzr41L

2c
. �6�

Equations (2)–(6) show that the horizontal component
f the THz electric field can be measured when the probe
olarization is parallel to the �001� axis, and the half of
he vertical component can be measured when the angle
etween the probe polarization and the �001� axis is 45°.
ollowing the above analyses, it shows that the two polar-

zation components of THz waves can be obtained by
hanging the probe polarization. It gives an effective po-
arization measurement method with a �110� ZnTe crys-
al. In this method, the orientation of the detection crystal
eeds not be changed, so the measurement accuracy is
urther improved.

Probe beamProbe beam

PoPo

THzTHz

SampleSample

ZnTeZnTe BSBS

ChopperChopper

HWHW

WGWG

EiTHzEiTHz

Y

X

EyEy

ExEx

EpTHzEpTHz

ig. 1. (Color online) Schematic setup of the detection system: H
ollaston prism; WG, THz wire grating polarizer; L1 and L2, lens

nd two polarization components of THz waves.
. EXPERIMENTAL SETUP
igure 1 shows the optical geometry of the imaging sys-
em. The laser used is a Spectra Physics Spitfire with 1.0
Hz repetition rate, 50 fs pulse duration, 800 mW average
ower, and 800 nm central wavelength. Two �110� ZnTe
rystals �10 mm�10 mm�3 mm� are used as the source
nd the detector of THz signals. We adopt a THz quasi-
ear-field configuration to ensure the higher imaging res-
lution [4]. A sample is arranged very close to the detec-
ion crystal so that the near-field information of THz
aves can be detected. The probe beam passes through a
olarizer and a half-wave plate (HWP) and is reflected by
50/50 beam splitter; then it is incident on the detection

rystal. In the crystal, the polarization of the probe beam
s modulated by the THz electric field. The probe beam re-
ected by the left surface of the detection crystal passes
hrough a quarter-wave plate, a Wollaston prism, and two
enses. After that, it is converted into two mutually or-
hogonal linearly polarized beams. A CY-DB1300A CCD
amera (1030�1300 pixels, Chong Qing Chuang Yu Opto-
lectronics Technology Company) is used to capture the
wo polarization intensities of the probe beam. Every 8
8 pixels are combined into a new pixel for the simplifi-

ation of image processing. A mechanical chopper syn-
hronized with the CCD is utilized to extract THz signals
y using the dynamic subtraction technique [15]. The syn-
hronization frequencies of the chopper and the CCD are
5 and 2 Hz, respectively. Moreover, 100 frames are aver-
ged for improving the SNR of THz signals. The subtrac-
ion of these two probe components is the final experimen-
al result. The data processing method has been discussed
n [14] in detail. The effect of the HWP in the probe beam
s to adjust the probe polarization for measuring the po-
arization change of THz waves.

. EXPERIMENTAL RESULTS AND
NALYSIS
. Validity of the Proposed Measurement Method
o verify the ability of the proposed polarization measure-
ent method, a THz wire grating polarizer (WG) is in-

erted into the THz beam and is rotated to change the
Hz polarization as shown in Fig. 1. The inset of Fig. 1
hows the relationship between the orientation of the WG

CCDCCD

QWPQWP L2L2

PBSPBS

lf-wave plate; BS, beam splitter; QWP, quarter-wave plate; PBS,
e inset shows the relationship between the orientation of the WG
L1L1

larizerlarizer

PP

WP, ha
es. Th
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nd two THz electric field components on the horizontal
X� and vertical �Y� axes. In the experiment, it can be as-
umed that the initial THz polarization is horizontal, be-
ause the pump laser beam is horizontally polarized and
he direction of the THz electric field generated by the op-
ical rectification is the same as that of the pump laser
eam [16]. In the inset, EiTHz is the initial THz electric
eld, EpTHz is the THz electric field after the WG, Ex and
y are the projections of EpTHz on the X and Y axes, and �

s the angle of the WG with respect to the X axis. Accord-
ngly, the expressions of Ex and Ey can be written as

Ex = EiTHz cos � cos �, �7�

Ey = EiTHz cos � sin �. �8�

The maximum amplitude of the THz signal in the time
omain is measured by the imaging system, and all pixels
re integrated to build a curve as � is changing. Two po-
arization components of the THz signal are recorded in
teps of 10° from 0° to 180°. The normalized plots and the-
retical results calculated by using Eqs. (7) and (8) are
hown in Fig. 2(a). The rectangular open dot and red line
re the experimental and theoretical values of Ex, and the
ircular open dot and green line are those of Ey. Measured
Hz amplitudes are well coincident with the calculated
esults. The phenomenon exhibits two points: first, the
easibility of the measurement method is demonstrated,
hich can ensure that the influence of the other field com-
onent is suppressed when one field component is mea-
ured; second, the initial THz electric field possesses a
ell linear horizontal polarization in the experiment.
To further estimate the relative sensitivity of the imag-

ng system to the variation of the THz polarization angle,
is adjusted from 0° to 10° in steps of 1°, and the THz

olarization angle is calculated as �meas=arctan�Ey /Ex�.
he measured value (trigonal open dot) and the value of �

pink line) are shown in Fig. 2(b). The maximum devia-
ion of the measured result �meas from the real value � is
0.35°. Therefore, the minimum detectable change in the
olarization angle should be less than 0.5°. There are sev-
ral reasons for the deviation:

θ

ig. 2. (Color online) (a) Normalized transmitted THz peak amp
nd theoretical results (solid red and green lines) calculated by u
zation angle (open triangles) for rotations of the WG by 1° steps
(i) inhomogeneity of the THz beam spot intensity,
(ii) inhomogeneity of the probe beam spot intensity,
(iii) inhomogeneity of the electro-optical properties of

he detection crystal,
(iv) imperfect quality of the WG, and
(v) precision limitation (the highest resolution is 1°) of

he rotation stage which is used to mount the WG.

The polarization sensitivity can be further enhanced if
he transverse distribution qualities of the THz and probe
eams are improved by some methods, such as spatial fil-
ering, and if some higher quality optical elements are
sed.

. THz Temporal Signals and Spectra of Samples
o check the ability of the imaging system, we use the sys-
em to successfully identify a quartz crystal from other
hree types of substances (air, quartz glass, and common
lass). A 0° cut quartz crystal with 3 mm thickness is cho-
en as the polarizing device to compare with air, a quartz
lass with 1 mm thickness, and a common glass with 2
m thickness. In the experiment, the azimuth angle of

he quartz crystal is carefully optimized for ensuring the
arger component on the vertical direction. The angle be-
ween the crystalline axis of the quartz crystal and the X
xis is about 40°. First of all, the four materials are mea-
ured by using a standard THz time domain spectroscopy
ystem, and the proposed method is used to detect two
Hz polarization components as shown in Fig. 3. In these
lots, the blue dashed lines and red solid lines represent
he horizontal and vertical THz polarization components,
espectively. The vertical components are multiplied by 2
o match the horizontal components by virtue of Eq. (5).
igure 3(a) shows the THz temporal signals in the air in
hich the difference between the peak amplitudes of the

wo polarization components is very obvious. Their ratio
s 50:1, which also indicates that the polarization of the
ncident THz waves is well horizontally linear and agrees
ith the measurement results in Fig. 2. Figures 3(b) and
(c) are the transmitted THz signals from a quartz glass
nd a common glass. Although the differences of ampli-
udes and time shifts of these signals are very obvious
ue to these materials’ different absorptions, refractive
ndices, and thicknesses, the ratios of their two polariza-
ion components hardly change. Because these two

θ

s (open squares and circles) on X and Y axes as rotating the WG
qs. (7) and (8). (b) Relative changes in the measured THz polar-
0° to 10° (solid pink line).
litude
sing E
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lasses have no specific crystalline orientation, they are
he isotropic materials to THz waves and do not influence
he THz polarization. Figure 3(d) shows the transmitted
Hz signals from the quartz crystal. It can be clearly ob-
erved that the vertical component is significantly higher
han that of other materials. Observing these two signals,
t can be found that their peak positions are not overlap-
ing each other, which are 15.7 ps for the horizontal com-
onent and 16.2 ps for the vertical component. According
o [17], the refractive index of the extraordinary wave in
he quartz crystal is from 2.153 to 2.163 in the 0.2–2.0
Hz range; that of the ordinary wave is from 2.106 to
.114. Moreover, the refractive index difference between
he two polarization components almost remains constant
ith the frequency. Utilizing the formula �n�d /c, where
n is the refractive index difference and d is the thick-
ess of the sample, the time delay between two polariza-
ion components can be evaluated as 0.49 ps, which is ap-
roximately equal to the experimental result.
These THz temporal signals are performed by the Fou-

ier transform, and their energy ratios in the two compo-
ents are calculated in the 0.05–2.10 THz range as illus-
rated in Fig. 4. In this figure, the differences between the
pectral intensities of two components are plotted, nor-
alized to the sum of these two intensities. The ratios of

he air and the quartz glass are almost a constant at 1,
hich shows that these two substances do not change the
Hz polarization. The ratio of the common glass also
eeps a steady value of 1 below 0.80 THz, but its data are
ot available above 0.80 THz due to the strong absorp-
ion. In the plot of the quartz crystal, it can be seen that
he ratio gradually decreases from 0.05 to 1.15 THz, then
ncreases from 1.15 to 2.10 THz again. At 1.15 THz, there
s a maximum of the THz vertical component. According
o the birefringence model, the expressions of the horizon-
al and the vertical components of THz waves propagat-
ng through a birefringence device can be written as

ig. 3. (Color online) (a) THz temporal signal in the air, and (b
ommon glass, and a quartz crystal. The blue dashed lines and th
espectively.
Ex� = EiTHz�cos���nd

2c � + j sin���nd

2c �cos�2��� , �9�

Ey� = EiTHz�j sin���nd

2c �sin�2��� , �10�

here � is the angle between the crystalline axis of the
irefringence sample and the X axis. Utilizing Eqs. (9)
nd (10), the energy ratio is calculated and is shown in
ig. 4. The tendency and the peak position of the curve
ell agree with that of the quartz crystal. Their difference

s due to the reason that the absorption of the quartz crys-
al to THz waves and other experimental errors are not
onsidered in Eqs. (9) and (10). According to the above
nalyses, the difference of the quartz crystal’s optical
roperties compared with other samples can be well rec-
gnized by analyzing their polarization information.

ransmitted THz signals after passing through a quartz glass, a
solid lines are the horizontal and the vertical THz electric fields,

ω
ω

ω

ig. 4. (Color online) Relative intensity differences between the
wo THz polarization components as a function of frequency for
ropagation through the air, the quartz glass, the common glass,
nd the quartz crystal. The purple dashed line is the calculated
esult by using Eqs. (9) and (10).
)–(d) t
e red
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. THz Real-Time Images of Samples
he advantage of THz polarization real-time imaging is
hat it can quickly acquire polarization information of a
ample on a large imaging area. Because the used CCD is
ot a fast one, the total experimental time is about 4 h.
owever, the time consumption can be expected to be re-
uced to several minutes if a fast CCD is used. In the con-
entional raster scanning method, it may spend about
everal days on the same experiment, so the real-time im-
ging technique is a more practical method in real appli-
ations. Four samples are arranged in the system, and
heir photos are presented in Fig. 5(a). The area in the red
ircle with 6 mm diameter is the imaging region. It is not
asy to identify the quartz crystal from other two glasses
ecause all of them are colorless and transparent. Our im-
ging system is used to obtain the THz images of these
amples on two polarization components. Spectral infor-
ation of THz images is obtained by performing the Fou-

ier transformation of the temporal signal on each pixel.
or ensuring the enough SNR in each region of the
ample, spectral images of the horizontal and vertical
omponents at 0.55 THz are extracted as shown in Figs.
(b) and 5(c). In Fig. 5(b), the transmissivities of the air,
he quartz glass, and the quartz crystal are almost the
ame and that of the common glass is obviously lower
han other materials’ due to its higher absorption.
learly, the quartz crystal cannot be recognized in this
gure. In Fig. 5(c), it can be easily seen that the intensi-
ies in the air, the quartz glass, and the common glass
arts are very weak and that of the quartz crystal part is
vidently higher than others’ because its birefringence
roperty increases the proportion of the THz vertical po-
arization component. To further characterize the prop-
rty of the quartz crystal, the energy ratio and polariza-
ion angle �meas at 0.55 THz are calculated by utilizing
igs. 5(b) and 5(c) as shown in Figs. 6(a) and 6(b). The
ackground of the image is set to zero for clarity. In Fig.
(a), the ratios in the regions of the air, the quartz glass,
nd the common glass are almost 1 and that of the quartz
rystal part is approximately 0.48, which are in well ac-
ordance with the results in Fig. 4. In Fig. 6(b), the polar-
zation angle in the quartz crystal part is about 33° and
hat of others is about 2°. In addition, some slight noises
n these two figures are attributed to the diffraction of
Hz waves at the edges of these samples. The quartz
rystal can be clearly recognized from Figs. 6(a) and 6(b).
hese results indicate that the change in the THz inten-
ity is mainly due to the sample’s birefringence and is not
ue to the absorption.

Y
(m

m
)

X (m
0 2

0

2

4

6
6mm

(a) (b)

1

3

2 4

ig. 5. (Color online) (a) Photo of the samples, including 1. air,
ransmitted THz intensities on the horizontal and vertical polari
To further describe the power of the proposed imaging
ystem, the second sample is designed by using two pieces
f quartz crystal with 1.5 mm thickness. A quartz crystal
s laid partly overlapping the other, and the imaging re-
ion is the area in the red circle with 6 mm diameter as
hown in Fig. 7(a). The directions of their crystalline axes
re parallel. The angle between the direction and the X
xis is about 45°. To enhance the contrast of THz images,
pectral intensities integrated between 0.65 and 0.85 THz
n two polarization components are extracted, and the en-
rgy ratio and the polarization angle are calculated by us-
ng the same process method of Fig. 6. The experimental
esults are shown in Figs. 7(b) and 7(c). From these two
gures, it can be seen that the ratio and the angle in the
wo pieces of quartz crystal region are about 0.3 and 38°,
nd those of one piece of quartz crystal are about 0.8 and
0°. These results clearly show that quartz crystals with
ifferent thicknesses induce different influences to THz
olarization. The thicker quartz crystal causes more pro-
ortion of the THz vertical component. Each region of the
econd sample can be accurately identified from Figs. 7(a)
nd 7(b). According to the above analyses, the power of
he imaging system has been well demonstrated. Our re-
ults indicate that optical features of a material need to
e analyzed on two polarization vectors at same times.
ome important optical information may be neglected
ith a measurement of only one electric field component.
Recently, the polarization modulations of surface plas-
on polaritons [18] and metamaterials [11,19] on THz
aves have inspired great interest in the fundamental re-

earch field. On the other hand, it has been demonstrated
hat the THz near-field imaging techniques can become a
owerful tool to present the modulation properties of
hese samples on the two-dimensional range [18,20,21].
ur recent works have achieved the real-time and bal-
nced detection of the THz near-field imaging technique
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3,4]. In this paper, this imaging technique is improved to
chieve the THz polarization detection with high reso-
ution and high SNR. Because the THz polarization is

easured by changing the probe polarization instead of
otating the detection crystal, the alignment of the optical
ystem is not influenced so that the measurement accu-
acy is greatly advanced. We absolutely believe that the
ork can provide a valuable method for studying the spe-

ial modulation effect of surface plasmon polaritons and
etamaterials on electromagnetic waves in the micro-

copic scale. In addition, the birefringence of some plant
bers to THz waves has also been reported [6]. Our work
an provide a “THz real-time microscope” for studying the
nternal structures of these plants.

. CONCLUSION
n conclusion, a THz polarization real-time imaging sys-
em is achieved, which significantly improves the avail-
bility of THz polarization imaging. A THz polarization
easurement method is proposed, and its principle is dis-

ussed in detail on the theory and experiment. Success-
ully characterizing the different modulations of two
amples to THz polarization, the feasibility of the imaging
ystem is well demonstrated. The introduction of THz po-
arization information into real-time imaging effectively
mproves the practicability of THz real-time imaging
echniques. The work promotes the development of THz
maging in biological imaging and fundamental research
elds.
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