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Coherent transition radiation (CTR) is a widely used approach to characterize the electron beam in
accelerator science and technology. Characterization of the CTR with an efficient, versatile and compact
setup is in considerable demand for a wide range of applications such as free electron lasers, electron
storage rings and other related scientific researches. In this article, we report on spatial-temporal electric
field measurements of CTR using the single-shot electro-optic spatial decoding method. A quasi-half-cycle
temporal waveform of the THz pulse with peak electric field strength of ∼42 MV=m has been measured. A
symmetrical field profile across the transverse center and the distorted wave front of CTR THz pulses near
the focal plane were demonstrated. Moreover, timing jitters of the ultrashort electron beams are also
monitored via this method with tens of femtosecond accuracy. This comprehensive method provides the
temporal waveform and the one-dimensional spatial imaging of THz fields simultaneously, showing it has
the potential for single-shot diagnostics of ultrashort electron beams.
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I. INTRODUCTION

Recently, intense THz radiations with peak electric field
strength exceeding 100 MV=m have attracted significant
interest due to increasing applications in condensed matter
[1,2] and accelerator physics [3–7]. The most prominent
approaches for generating high peak field THz radiation are
optical rectification with ultrashort laser pulses [8–11] and
coherent transition radiation (CTR) based on relativistic
electron beams [12–21]. CTR is generated by ultrashort
electron bunches interacting with a metal screen and the
total radiated power scales with the square of the electron
numbers [13,14]. Intense THz radiation with field ampli-
tude up to multi-GV/m and mJ-level pulse energies have
been demonstrated by CTR [18–21], which may find
applications in THz acceleration exploration for its dis-
tinguished features of radially polarized electric field and
intrinsically self-synchronized with the electron beams
from the accelerator [22].
Meanwhile, CTR carries the longitudinal distribution

information of the electron bunches [14,23]. Temporal

diagnostics of electron bunches in accelerator facilities
[24–27] and laser-plasma wakefield accelerations [28,29]
have been performed by characterizing CTR THz radiation
from the electron beams. One of the main approaches for
measuring CTR is THz autocorrelation, including Martin-
Puplett interferometer [27] and Michelson interferometer
[19,25,26,30], which measure the autocorrelation curve
instead of the temporal waveform. Another approach is the
electro-optic (EO) sampling technique, in which a
synchronized ultrashort laser beam is applied to scan the
THz pulse inside the EO crystal with an optical delay line
[12]. However, this scanning probe technique suffers the
shot-to-shot instability of THz pulses and the timing jitter
between the probe laser and the electron beam.
Alternatively, the single-shot detection technique is highly
demanded especially for low repetition rate accelerators.
Moreover, the single-shot EOmethod can also be applied to
monitor the timing jitter between electron bunches and
probe laser which is essential for beam feedback control
[31–33].
Extensive research efforts have been devoted to single-

shot EO techniques for temporal profile characterization of
relativistic Coulomb fields [34–39], coherent synchrotron
radiation [40,41] and coherent diffraction radiation [42]. In
the single-shot detection of THz temporal waveform based
on CTR, the EO spectral decoding method was first
performed at FLASH [32]. The temporal resolution is
limited by the spectral bandwidth of the picosecond chirped
optical probe pulse, where frequency mixing of the spectral
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components of THz pulse with the probe laser spectrum
broadens and distorts the signal [43]. To overcome this
limitation, the EO temporal decoding method [44] and the
temporal electric field cross correlation scheme [45] have
been proposed. Nevertheless, only a portion of the radially
polarized cone of THz emission was measured in these
experiments.
In the present study, we directly characterized the

temporal profile and 1D spatial electric field distribution
of radially polarized THz pulses by the EO spatial decoding
method with high time resolution in single shot. The
symmetrical field profile across the transverse center and
the distorted wave front of THz pulses near the focal plane
were investigated. Intense THz radiation with a peak field
of ∼42 MV/m was measured with 30 MeV ultrashort
electron beams at the Tsinghua Thomson scattering x-
ray source (TTX) [46]. With this scheme, the relative
timing jitter between the electron beam and the probe laser
was monitored with femtosecond accuracy.

II. THEORETICAL DESCRIPTION

As relativistic charged particles cross the boundary
between two media of different dielectric constants, the
electromagnetic field of the charged particles excites
current at the boundary, thus generating transition radiation
[23,32]. The physical nature of the transition radiation can
be theoretically investigated by the virtual photon method
with arbitrary screen size at a certain observation distance
[14,47]. For relativistic electron bunches, when the
wavelength of the transition radiation is longer than the
bunch length, electrons in the bunch radiate coherently,
making the radiation intensity grow quadratically with the
bunch charge [48]. For hundreds-of-femtosecond electron
bunches the CTR spectrum lies in the THz regime.
The EO sampling technique utilizes the field-induced

birefringence effect in the EO crystal to measure the electric
field of the THz pulse. Due to the THz-field-induced
birefringence, the linearly polarized probe laser propagat-
ing in the EO crystal will experience a relative phase
retardation between the two polarization components,
which is proportional to the THz electric field [49]. For
instance, a ZnTe crystal used in EO experiments is cut in
the (110) plane and a radially polarized THz pulse incidents
perpendicular to this plane. As the probe laser beam
incidents into the ZnTe crystal at an angle of θ relative
to the surface normal, the relative phase retardation in the
crystal is given by

Γ ¼ 2πLn30r41ETHz

λ0
ffiffiffi

η
p

cos θ
; ð1Þ

assuming the linear laser polarization in the (110) plane
parallel to the ½−1; 1; 0� axis of the crystal, where ETHz is
the integral projection of the radial electric field on the
½−1; 1; 0� axis, λ0 ¼ 800 nm is the central wavelength

of probe laser, n0 ¼ 2.85 is the refractive index of the
crystal at wavelength λ0, L is the crystal thickness,
r41 ≃ 4 × 10−12 mV−1 is the EO coefficient of ZnTe,
η ≃ 6 is the THz transmission loss induced by the ZnTe
crystal dispersion and velocity mismatch between the laser
and THz pulse [28,50].
For measuring the relative phase retardation, an analyz-

ing polarizer is placed after the EO crystal to separate the
orthogonal electric field components of the modulated
probe laser, where temporally local phase retardation is
converted to measurable intensity modulation. In single-
shot EO detection, only the vertical polarization component
of the probe laser was measured [39]. Normally, a quarter-
wave plate (λ=4 plate) is inserted between the EO crystal
and the analyzing polarizer to yield a circular polarization
state in the absence of THz field. As a horizontally
polarized probe laser Ipr passing through the EO crystal,
the modulated vertical polarization component is detected,
which gives [50]

IdecðτÞ ¼
Ipr
2
½1 − sinΓðτÞ�: ð2Þ

The detection intensity IdecðτÞ is a function of ETHz, and
with a background Ipr=2.

FIG. 1. Schematic description of the EO spatial decoding
method. The y-axis view shows three instants during the course
of the measurement. The lavender object represents the EO
crystal. The colorful object represents the THz electric field
distribution at the focal plane. The aqua object represents a probe
laser pulse passing through the EO crystal with an angle θ relative
to the THz pulse travel direction. Hence, a different cross section
of the probe laser was modulated by the THz field with different
arrival time in the EO crystal. The z-axis view shows the
modulated transverse spatial profile of the probe beam.
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Different from the collinear detection geometry, the
schematic of EO spatial decoding detection is shown in
Fig. 1. A linearly polarized ultrashort probe pulse and a
radially polarized THz pulse interact in the EO crystal at an
angle θ, different spatial components of the probe laser pass
through the crystal at different times and acquire a different
elliptical polarization. Therefore, spatial-temporal field
distribution of the THz pulse is mapped to the transverse
spatial profile of the probe beam, where the z-axis
represents the direction of probe laser propagation. The
modulated polarization state of the probe beam can be
detected by an area array charge-couple device (CCD)
camera via orthogonal polarization detection geometry. In
the transverse spatial profile of the probe beam (z-axis view
in Fig. 1), the x coordinate maps the temporal profile while
another dimension (y coordinate) is used to record 1D
spatial distribution of the THz field. The modulated
amplitude of the probe laser is applied for THz field
strength measurement. The mapped temporal pulse shape
is symmetrical in the 1D spatial direction but with opposite
amplitude due to the rotational symmetry of the radial
electric field polarization. The symmetrical spatial-
temporal electric field profile of the radially polarized
THz pulse can be measured by this method with a single
shot manner.
The linear temporal mapping relationship between the

THz field coordinate ti and the probe laser transverse
spatial coordinate xi writes as [51]

ti ¼
xi tan θ

c
; ð3Þ

where θ is the relative angle between the THz pulse and the
probe laser, and c is the speed of light in vacuum. As it can
be seen, the total time window depends on the angle θ and
the effective transverse length of the probe laser beam. A
time window of more than a dozen of picoseconds is
possible for measuring multicycle THz pulses.

III. EXPERIMENTAL SETUP

The experiment with intense CTR THz radiation was
performed at TTX, which includes the electron beam line,
the ultraviolet (UV) driving laser and the infrared (IR)
scattering laser system. The schematic of the experiment is
presented in Fig. 2. A flattop 9 ps (FWHM) UV driving
laser for the photocathode rf gun is created by pulse
stacking using birefringent α − BBO crystal serials [52].
A 100 μJ probe laser is separated from the 30 TW=30 fs
Ti:sapphire IR laser system for EO detection. Both laser
systems are operated at a repetition rate of 10 Hz, and phase
locked to a 2856 MHz master clock signal. In the beam
line, the beam charge can be varied from a few pC up to
∼1 nC by tuning the UV pulse energy. The electron bunch
is accelerated by a 3 m SLAC-type traveling wave accel-
erating tube to 45 MeVat the maximum acceleration phase.
A magnetic chicane is used to compress the bunch to
hundreds of femtoseconds for CTR generation. More
details about the system could be found in Ref. [53].
The setup for the intense CTR THz generation and the

EO spatial decoding detection is shown in Fig. 3. An
aluminized mirror with 2-inch diameter oriented at
45 degrees with respect to the beam line was installed to
generate CTR. The electron beam was accelerated at
−40° rf phase for later bunch compression in the magnetic
chicane, resulting in a beam energy of 30 MeV. The
backward radiation of CTR was collected by an off-axis
parabolic mirror (OAP1) with 101.8 mm focal length. A
silver mirror was used to transport THz radiation out of the
vacuum chamber. The radiation passed through a 2-inch-
diameter, 2-mm-thick TPX window and was focused by
OAP2, which has the same parameters as OAP1. The pulse
energy and transverse distributions of THz radiation
were measured near the focal plane. A 300-μm-thick,
10 × 10-mm2-size ZnTe crystal was placed in the focal
plane of THz pulses. The ZnTe crystal was cut in the (110)
plane, and its ½−1; 1; 0� axis in the horizontal direction
could be slightly rotated to optimize the EO signal.

FIG. 2. Schematic layout of the beam line for CTR.
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After passing through a 3-mm-thick quartz window, the
probe laser obliquely incidents into the ZnTe crystal. The
relative angle between probe laser and THz pulse was set to
be 40°. A motorized delay stage was used to configure the
time delay between the probe laser and the THz pulse. To
increase the time resolution of EO detection, the probe laser
was reshaped to 3 mm in vertical and 15 mm in horizontal
by two cylindrical lenses with focal length f1 ¼ 250 mm
and f2 ¼ 50 mm. The pulse length of the probe laser was
broadened to 57 fs at the EO crystal due to dispersion of the
quartz window and the cylindrical lens. The modulated
probe laser was transferred to the orthogonal polarization
configuration by a pair of lenses (f ¼ 150 mm) through
imaging relay. A λ=4wave plate was used to yield a circular
polarization state in the absence of the THz field. The
vertical polarization light was split by a polarized beam
splitter (PBS) and transported to a CCD with ∼5 μm
pixel pitch.

IV. RESULTS AND DISCUSSION

A. EO spatial decoding signal and temporal mapping
relationship calibration

The typical measurement results by single-shot EO
spatial decoding technique are shown in Fig. 4. The bunch
charge is 200 pC and a THz attenuator with 10% trans-
mittance was used to avoid over-rotation of the phase
modulation [54]. Unlike the crossed polarization geometry
with near zero background [55], an appropriate background

is required for measuring bipolar electric fields. 200 shots
were taken with the same laser and CCD settings for laser
background subtraction, some residual noise remained in
the EO signal due to the probe laser beam pointing
instabilities and mechanical vibrations of the setup.
Figure 4(a) is the uncalibrated spatial-temporal electric

field distributions of radially polarized THz pulse near the
focal plane, where the x coordinate is related to the
temporal waveform of the field while the y coordinate
related to 1D spatial field distribution. The range of the
measured field is related to the effective transverse size of
the probe laser (3 × 5 mm, where the horizontal direction
of the probe laser is cut off by the mount of ZnTe crystal).
The measured THz field distribution is antisymmetric with
respect to its center, which contributes unambiguous
evidence of the radial polarization of the CTR pulse.
The oscillations in the tailing part of the EO signal might
be caused by dispersion inside the ZnTe crystal and group
velocity mismatch between the probe laser and the THz
pulse.
It is generally known that the Gaussian beam has a planar

wave front at the waist. As expected, the wave front of the
THz pulse at the bottom of Fig. 4(a) is nearly flat. But at the
top part of 4(a), the EO signal showed a curved structure.
This suggested that the position of the ZnTe crystal was

FIG. 3. Schematic of the EO spatial decoding detection. The
radially polarized THz pulse incidents into the ZnTe crystal along
the normal to the (110) plane and the horizontally polarized probe
laser incidents into the ZnTe crystal at an angle of 40° relative to
normal of the crystal surface. OAP: 90°off-axis parabolic mirror;
TPX: poly(4-methyl-1-pentene); cL: cylindrical lens; UPD:
ultrafast photodiode; PBS: polarized beam splitter.
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slightly offset from the THz focal plane and the wave front
was deviated from the plane wave. If the arrival time of the
probe laser was relatively delayed for 2 ps, as shown in
Fig. 4(b), the observed wave front of the THz pulse is
deviated more from plane wave. This means that the more
relative distances between the field spatial position and the
center of the focus, the more obvious the bending phe-
nomenon of the wave front. The bending direction is
correlated to the deviation of the front and back focal
plane. Hence, the EO spatial decoding technique can be an
effective method for THz wave front diagnostics.
Corresponding to a high-amplitude central pulse of one
polarity, the two longer but weaker lobes of opposite
polarity have larger divergent angles, which is consistent
with the propagation characteristics of THz pulses in
Refs. [18,56].
To calibrate the temporal mapping relationship, we

captured part of the spatial distribution at seven different
probe delays. By moving the delay stage with a step of 1 ps,
the position of the EO signal in the laser profile also moves
for a certain distance. For data management, we averaged
the peak positions of 200 consecutive EO signals at each
probe delay to reduce the influence of the time jitter
between the electron beam and the probe laser.
Measured data of temporal mapping relationship, linear
fitting results and numerical calculations by Eq. (3) are
shown in Fig. 5. The mean positions of 200 shots are
denoted by green dots and standard deviations are denoted
by error bars. The red line is the linear fitting of exper-
imental data with a calibration factor of 12.8 fs=pixel,
corresponding to a crossing angle of 38°. The blue line
shows the numerical calculations of a planar wave from
Eq. (3), the calibration factor of 13.9 fs=pixel is obtained
with θ ¼ 40°, Δx ¼ 5 μm, which is slightly larger than the

experimental data. It might be caused by the deviation of
the angle θ in the experimental configuration and the
bending wave front of the THz pulse in Fig. 4.
Moreover, the arrival time jitter of the electron bunches
would also contribute to the deviation of the calibration
factor. This effect can be mitigated by a method of two
gate probe pulses with variable delay proposed by
Steffen et al. [39].

B. Temporal waveform and spectrum of THz pulse

The calibrated spatial-temporal electric field character-
istics of THz radiation near the focal plane are shown in
Fig. 6(a), where the field pattern exhibits a central hole due
to the radial polarization feature of the CTR electric field.
The temporal THz waveform varies along the 1D spatial
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position (y-axis), where the pulse duration increases with
the position of the field away from the central hole. The
field strength at the central hole is approximately zero, and
there are two peaks (position 1 and position 2) with
opposite polarity along the 1D spatial directions. The
spatial positions of peaks 1 and 2 are found roughly 0.8
and 0.9 mm from the central hole, respectively. The layered
structures of the field strength in the y-axis direction are due
to the optical inhomogeneity of the ZnTe crystal and the
nonuniform transverse intensity distribution of the probe
laser. A probe laser beam with uniform spatial distributions
and a high quality ZnTe crystal would provide better spatial
resolution. The temporal THz waveforms at position 1 (red
solid line) and position 2 (blue solid line) are shown in
Fig. 6(b). As a comparison, Fig. 6(b) also shows a THz
signal measured by the electro-optic sampling (EOS)
method with a scanning delay line (yellow solid line).
The THz waveforms measured by the two methods are well
consistent and both have typical quasi-half-cycle shape,
which is caused by the diffraction of low frequency THz
propagation and finite transverse dimension of the CTR
screen [56].
The peak phase retardation induced by the THz pulse at

position 1 was measured to be ∼1.5 rad, which is close to
the detection limit of EO sampling detection. From these
measurement results, the peak electric field strength is
calculated to be ∼42 MV=m without the THz attenuators
by Eq. (1). The pulse durations at positions 1 and 2 and
EOS measurement were measured to be ∼310, ∼380 and
∼360 fs, respectively. The deviation of the peak position in
time (positions 1 and 2) is mainly attributed to the curved
wave front of THz pulse, which has been shown in the top
parts of Fig. 4(a). By using the Fourier transform, we also
obtained the corresponding spectrum of the THz field for
the two techniques. As shown in Fig. 6(c), both have
similar spectrum distribution ranged in 0.1–3 THz centered
at ∼0.78 THz.
It is interesting to note in Fig. 6(b) that the amplitude of the

electric field at position 1 is almost twice of the field at
position 2. We consider that one of the reasons might be the
asymmetry of THz spots that induced the difference of field
strength at spatial distribution. The transverse profile of THz
radiation was measured by a 384 × 288 pixel uncooled
microbolometer focal plane array THz camera with
35 μm pixel pitch from INO Corporation (model
MICROXCAM-384i-THz). The spatial profile at the focal
plane of a 90° silver-coated off-axis parabolic mirror (OAP2)
was taken and shown in Fig. 7(a). Theminimum in the center
of the focus shows the radial polarization characteristics of
the CTR radiation. In Fig. 7(b), the radius in the x direction
(horizontal) and the y directions (vertical) are 1.6 and 1.5mm
(full width at 1=e2), respectively. The measurement shows
obvious asymmetry along horizontal distribution, which is
attributed to the 45° angle of inclination of the radiation
screen with respect to the electron beam axis [42].

Asymmetry of vertical distribution may be related to the
propagation of THz electromagnetic radiation [14] and
aberration introduced by OAP2 focusing.
In our experimental configuration, the [−110] axis of the

ZnTe crystal is in the horizontal direction and the probe
laser beam is polarized horizontally. Therefore, the 1D
spatial measurement is the projection of the THz field in the
horizontal direction. For a comparison of the 1D spatial
measurement between the EO spatial decoding method and
the THz camera, we converted the intensity distribution in
Fig. 7(a) to the electric field distribution and performed an
integral projection in the horizontal direction. As shown in
Fig. 7(e), the relative field strength is the value of the
horizontal component of the square root of the THz spot
[Fig. 7(a)] intensity distribution. The color represents the
different directions of the THz field. Figure 7(f) shows the
projection of the THz field strength (absolute value of
amplitude) in the horizontal direction of the spatial dis-
tribution. The 1D spatial measurements of EO spatial
decoding (magenta solid line) reasonably agree with the
spatial distribution acquired in a single-shot by a THz
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camera (blue solid line). The spatial distance between two
field peaks is 1.55 mm, which approximately equals the
radius of the THz spot in the horizontal direction (full width
at 1=e2). The amplitudes of the electric field drop sharply to
zero at the two sides of the horizontal direction, which are
attributed to the effective transverse size of probe laser
beam (3 mm in vertical) in EO spatial decoding detection.
As it can be seen in Fig. 7(f), the amplitude ratio of two
peaks measured by a THz camera and the EO spatial
decoding method are ∼1.14 and ∼1.33, respectively. The
possible reasons might originate from the angular deviation
of the λ=4 wave plate set up in the experimental configu-
ration, the intrinsic birefringence and optical inhomoge-
neity of the ZnTe crystal, and more work needs to be done
to make it clear.
For the 200 pC electron bunch, the THz pulse energy

was measured to be ∼10 μJ at the focus by a calibrated
Golay cell from TYDEX [57]. Meanwhile, the THz peak
electric field strength of ∼57 MV=m was calculated from
the measured pulse energy, duration and focal spot size,
which was in good agreement with the measurement in EO
spatial decoding detection. For the 1 nC electron bunch, the
measured pulse energy exceeded ∼160 μJ with a pulse
duration of 320 fs. To achieve higher electric field, an off-
axis parabolic mirror (OPA) with shorter focal length of
50.8 mm was used instead of OAP2, and the measured
focal spot intensity distribution is shown in Fig. 7(c). In
Fig. 7(d), the measured THz spot radius (full width at 1=e2)
are 0.8 mm in the horizontal and 0.78 mm in the vertical
directions. The peak electric field strength up to
∼450 MV=m was obtained when a shorter focal length
OPA [Fig. 7(c)] and 1 nC electron bunch were used in the
experiment.

C. Arrival time measurements

Apart from spatial-temporal field characterization of
THz radiation, the single-shot EO spatial decoding tech-
nique can also be applied to measure the timing jitter of
the THz pulse relative to the probe laser. While the THz
radiation is synchronized with the electron bunch, such
measurement results can be used for monitoring the arrival
timing of electron bunches. Figure 8 shows the measured
THz field distribution of five consecutive bunches
at one electric field direction (such as the bottom part
of Fig. 4). The black solid line is the projection of field
strength on the time coordinate. Here the beam arrival
time is defined as the time when the electric field peak
arrives.
Typical measurement results of the bunch arrival time

over ten minutes during normal accelerator operation are
shown in Fig. 9. The arrival timing jitter between the
electron bunch and the probe laser is 285 fs rms, which is
composed of a random fast term and slow drift term. As we
can seen in Fig. 9(a), there is an obvious periodic oscillation
during the slow drift. The 220 fs slow drift term can be

attributed to the temperature of the cooling system and
environment of the laser and accelerator, more details have
been described in Ref. [37]. Figure 9(b) is the electron
bunch arrival time without slow drift. There are several

(a)

(b)

(c)

(d)

(e)

0 1 2 3
t (ps)

E
O

 s
ig

na
l

FIG. 8. (a)–(e) Single-shot EO signal of five consecutive bunches
at one electric field direction (such as bottom part of Fig. 4). The
black solid line is the projection of field strength on timecoordinate.

0 2 4 6 8 10

time (min)

-2

-1

0

1

2

tim
in

g 
jit

te
r 

(p
s)

random fast term :170 fs rms

-2

-1

0

1

2

tim
in

g 
jit

te
r 

(p
s) measured

slow drift285 fs rms

slow drift term: 220 fs rms 

(a)

(b)

FIG. 9. The measurement of electron bunch arrival time by the
EO spatial decoding technique over ten minutes. (a) The blue dots
represent 6000 shots consecutive experiment date and the red line
is the slow shift term. A timing jitter of 285 fs rms is obtained
from the data, in which the slow drift term timing jitter is 220 fs
rms. (b) The beam arrival time without slow drift, the corre-
sponding fast term timing jitter is 170 fs.
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possible sources contributing to the 170 fs random fluc-
tuation, such as the synchronization jitter of the UV driver
laser and the IR probe laser with respect to the 2856 MHz
master reference signal, the fluctuations of rf phase and
amplitude. Much smaller timing jitter than our previous
work [37] has been achieved as a sub-100 fs timing and
synchronization system was installed at TTX [58].

V. CONCLUSION

In conclusion, the spatial-temporal electric field distri-
bution of radially polarized CTRTHz pulses was measured
with the single-shot EO spatial decoding method. Intense
quasi-half-cycle transients of THz pulses with peak electric
field up to ∼42 MV/m were measured at TTX with 200 pC,
30 MeV ultrashort electron beams. A symmetrical field
profile across the transverse center and the distorted wave
front of CTR THz pulses were demonstrated and analyzed.
By measuring and analyzing the spatial-temporal distribu-
tion of the CTR THz field at the focal plane, we provide an
effective reference for the applications of CTR, such as
design of coupling structures in the THz-driven electron
acceleration experiment. Furthermore, the measurement of
THz radiation by EO spatial decoding detection was
applied to monitor the arrival time of the electron beam
relative to the probe laser with femtosecond accuracy. The
measured rms timing jitter is 285 fs over the ten-minute
measurement, including the random fast term (170 fs) and
slow drift component (220 fs), which could be used for
future beam feedback control. This single-shot method
obtains the temporal waveform and 1D spatial distribution
of THz fields simultaneously, featuring high time resolu-
tion and simple optical setup, which makes it suitable for
comprehensive diagnostics of spatial-temporal waveform
of THz pulses.
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