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The electro-optic (EO) technique used in the terahertz spectral technology is described. Response
functions—which are used to describe the EO detecting efficiency—of five types of cubic EO crystals
are calculated. Based on these results, the choice of different crystal thicknesses is discussed. In the EO
detecting procedure, certain factors, such as reflection, dispersion, absorption and velocity mismatch, may
distort the temporal profile of the electric field being detected; therefore, these factors are calculated.
The relationship between the field distortion and the bunch duration as well as the crystal thickness is
considered.
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Dense, relativistic electron bunches for picosecond or
sub-picosecond durations are important elements for sev-
eral advanced accelerators, which are employed in linear
electron-positron colliders, X-ray free electron laser, etc.
Precise measurement of the temporal profile of these elec-
tron bunches is essential for monitoring and operating
the accelerators, as well as for understanding the physi-
cal processes active in these accelerators.

The single-shot electro-optic (EO) method, which was
first demonstrated by Jiang et al.[1], is a promising
method for obtaining the temporal profile of ultrashort
electron bunches[2−5] because of its real-time and non-
destructive properties. This method is based on the fact
that the local electric field of a relativistic electron bunch
moving in a straight line within a vacuum is almost en-
tirely perpendicular to the direction of motion[6]. There-
fore, the width of the temporal profile of the electric
field corresponds directly to the length of the electron
bunch; the shape of the temporal profile is proportional
to the longitudinal electron distribution within the elec-
tron bunch. The electric field is equivalent to a half-cycle
terahertz (THz) pulse, which can induce birefringence in
the EO crystal located in the vicinity. The transmis-
sion of a chirped laser-pulse through the crystal, syn-
chronously with the electron bunch, results in the “cod-
ing” of the electric field of the bunch on the laser-pulse.
A comparison of the laser-pulse obtained, both with and
without the electron bunch, can help obtain the temporal
profile of the bunch.

By using this method, the distortion of the THz wave
traveling through the EO crystal should be considered
primarily; this is because the distortion may affect the
accuracy of the measurement and restrict the range of its
application.

In this letter, we describe the EO technique used in the
THz spectral technology. Further, the response functions
of five different types of usual cubic EO crystal materials
are calculated and the relationships between the thick-
ness of the crystal and the frequency that is bound to
be detected are discussed. Thereafter, the distortion of

the electric field and the temporal profile detected for
the electric field, with regard to the velocity mismatch
between the electric field and the probe laser pulse, are
calculated. The effect of the time length of the electron
bunch and the results of detection with different retarda-
tions between the chirp probe laser pulse and the electron
bunch are also calculated.

The EO measurement method was developed based on
the linear EO effect (Pockel’s effect). The incident THz
wave can modify the refractive index ellipsoid of the EO
crystal. When a probe pulse traverses the crystal, it be-
comes modulated. Three methods can detect the modu-
lation effect, that is, phase modulation detection[7], am-
plifier modulation detection[8], and polarization modu-
lation detection[9]. By comparing modulations effected
both with and without the THz wave, the form of the
THz pulse can be obtained.

For real-time measurement, the single-shot detection
technique is recommended. When using a grating pair
to chirp the fs pulse, the THz pulse can be coded by one
probe pulse[6]; that is, the THz waveform can be obtained
by a single shot.

To obtain quantitative EO detecting efficiency im-
pacted by velocity mismatch, the response function is
defined as[10]
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1
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where n(f) + iκ(f) is the frequency-dependent complex
refractive index, νph(f) is the phase velocity of the THz
wave, νg is the group velocity of the probe pulse, d is the
thickness of the crystal, f is the frequency of the THZ
wave, and z is the traveling distance of the THZ wave.

Five cubic crystal materials, ZnTe, GaP, InP, GaAs,
and ZnS, have the potential to be used as the detecting
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Fig. 1. Response functions of crystals with different thick-
nesses. (a) ZnTe; (b) ZnS.

EO crystal. By using the data provided by Refs. [10,11],
the response functions of crystals with different thick-
nesses can be calculated. Some results are shown in Fig.
1.

Figure 1(a) presents curves of ZnTe in which the probe
pulse and some of the detected THz waves have the same
transmission speed; a similar situation exists in GaP and
GaAs. Figure 1(b) shows the curves of ZnS in which the
probe pulse is shown to constantly travel faster than the
THz wave; a similar phenomenon has been observed to
exist in InP.

Similar results to that shown in Fig. 1(a) can be found
in other published reports[10]. From this figure, the zero
point for all thicknesses can be observed; this is called
the transverse optical (TO) lattice oscillation frequency
of the EO crystal. Further, it is identified that there
exists a trough between two main peaks of the response
function curve; as the thickness of the crystal increases,
the trough will reduce until it reaches a value of zero, af-
ter which it “rebounds”. The first main peak is the zero-
frequency point, and the second main peak is the veloc-
ity matching point. The trough is caused by the velocity
mismatch. With the increase in thickness, the mismatch
increases as well, and this induces the response function
to decrease. When the response function becomes zero,
the mismatch is equal to (n + 1/2)λ.

When the response function becomes zero for the first
time, with the increase in the thickness of the crystal, the
crystal is deemed to have become unusable; this is be-
cause it is incapable of reconstructing the detected wave-
form. Therefore, the maximum thickness of the crystal
as a detector can be calculated. In addition, it is no-
table that the response function contains a coefficient
1/d, and the EO detecting sensitivity is proportional to

G×d. With regard to this factor, the optimum thickness
of the crystal can be calculated to provide detection with
the highest sensitivity. The results are shown in Table 1.

The velocity match cannot be satisfied in InP and ZnS
when the wavelength of the probe pulse is 800 nm. The
frequency bound of these crystals for detection is consid-
ered to decrease with the increase in thickness, as shown
in Fig. 1(b). The relation between the frequency bound
and the thickness of the crystal is calculated and shown
in Fig. 2.

Certain factors, such as reflection, dispersion, and
absorption[10,12], may cause distortion of the THz wave
when it travels through the crystal. A further distortion
of the detected THz waveform will be factored in for the
velocity mismatch between the THz pulse and the probe
pulse. These distortions, as a consequence, affect the
accuracy of measurement of the electron bunch. These
waveform distortions have been calculated. The electron
bunch longitudinal charge distribution has been taken
as[10]

ρ(z, t) =
Q√

2πcσt

exp
[
− (z − ct)2

2c2σ2
t

]
, (2)

where Q is the electron bunch power, z is the coordinate,
c is the speed of light, and t is the time. The longitudinal
charge distribution in the electron bunch is described by
a Gaussian of variance, σz = cσt.

The reflection distorts the waveform mainly because
the frequency-dependent reflection causes different losses
of various frequency components at the interface. The
dispersion and absorption are caused by the real and
imaginary parts of the refractive index, respectively. In
addition, these can cause frequency-dependent phase
change and decrease in intensity that result in distortion
of the waveform. The velocity mismatch will affect the
detecting efficiency of different frequency components of
the THz wave.

By considering the reflection, dispersion, and absorp-
tion altogether, the distorted waveform of the THz pulse
traveling through the crystal is obtained. On the inte-
rior, the detected waveform is also calculated by taking

Table 1. Calculation Results of the Maximum and
the Optimum Thicknesses of ZnTe, GaP, and GaAs

ZnTe GaP GaAs

Maximum Thickness (mm) 2.34 0.24 8.07

Optimum Thickness (mm) 1.82 0.12 4.02

Fig. 2. Relationship between the frequency bound and the
crystal thickness.
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Fig. 3. Distortion of the waveform.

the velocity mismatch into account. The results obtained
in this study are shown in Fig. 3(a).

Figure 3(a) demonstrates that the THz wave may be-
come broad and develop apparent oscillations in the tail
of the curve during the process of propagation and de-
tection. As the electron bunch becomes shorter, the
distortion may become more severe until the appropriate
form of the bunch is obtained. Figure 3(b) presents an
example of a situation with extreme distortion, which
is the result detected for a 20-fs electron bunch by a
100-µm GaAs.

The broadening at the full-width at half-maximum
(FWHM) is used to estimate the distortion of the wave-
form when it is not severely distorted. The broadening
of the electric field of different durations of electron
bunches is calculated. The results obtained for five
different crystals are shown in Fig. 4(a). It indicates
that when the wave becomes shorter, the distortion may
become so great that one cannot obtain the real form of
the electron bunch: this indicates the limitation of the
detected resolving power.

As shown in Fig. 4(a), for the short electron bunch,
the crystal with a higher TO frequency manifests supe-
riority as a detector; examples of these include GaP and
ZnS. This is because, with a shorter wave, the higher the
frequency of the components it contains. Further, the
thickness of the crystal affects the resolving power, and
certain calculation results are shown in Fig. 4(b).

In conclusion, by using the experimental material data
provided in the handbook, the response function of five
EO crystals are calculated. The optimum thickness of
ZnTe, GaP, and GaAs are deduced to be 1.82, 0.12,
and 4.02 mm, respectively, and their maximum available
thicknesses are 2.34, 0.24, and 8.07 mm, respectively. For
InP and ZnS, their detecting frequency bounds decrease
with the increase in their thickness. Then, the quantity
relationship between waveform distortion and the dura-
tion of electron bunch, as well as crystal thickness, are

Fig. 4. (a) Electron bunch duration versus the ratio of the
FWHM between the detected and original wave, and the ver-
tical zero is offset for each trace by 0.5; (b) Thickness of the
GaP versus the ratio of the FWHM between the detected and
original wave.

derived and provided. These results indicate that the dis-
tortion becomes more severe as the electron bunch gets
shorter and the crystal gains thickness. These results fa-
cilitate selection of type and symmetry of the EO crystal
that is to be used as a detector to measure the electron
bunch, or for other purposes that require THz detection.
The finding in this letter also help the estimation of the
detected results.
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