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Abstract—Ultrashort terahertz (THz) beam is often affected by
spatio-temporal distortion due to its long wavelength, and this
spatio-temporal coupling will degrade the focusing effect. Here, we
develop a numerical model for calculating the vector focusing of
ultrashort pulses with arbitrary spatial and temporal distribution,
which adopt the vector diffraction integral and coherent spectrum
superposition methods. Leveraging it, the focusing of a broadband
pulse can be characterized together with its vector characteris-
tics and we explore the influences of multifarious spatio-temporal
couplings on the focusing of ultrashort THz pulses. In addition,
the possibility of focusing the ultrashort THz radiation from an
undulator to 1 GV/m is also discussed. This will provide further
guidance for the non-equilibrium state of matter induced by ultra-
short strong-field THz pulses.

Index Terms—Parabolic mirror focusing, spatio-temporal
coupling, ultrashort terahertz pulse, vector diffraction integral.

I. INTRODUCTION

DUE to the low photon energy, terahertz (THz) radiation is
an effective tool to study a large number of low-energy

excitation phenomena. It can detect and control quasi-particle
and collective excitation, and explore the rotation and vibration
of molecular systems. Furthermore, the pursuit of ultrashort
strong-field THz pulse is inspired by the realization of control-
lable operation of reaction and process, which can provide the
necessary time resolution for the detection and control of the
ultrafast dynamic process in material [1], [2]. The development
of a single-cycle terahertz pulse source with a field strength
of more than 1 MV/cm makes it possible to drive the new
dynamic states of the materials. This field strength is equivalent
to the intrinsic field strength of a wide range of strongly related
materials, which will make the material present a property
different from that in the equilibrium state. Specifically, the
resonant excitation of the lattice structure and the non-resonant
excitation of the charge carriers by the ultrashort strong-field
THz pulse are utilized to promote the research on the dynamics
of the coherent phonons [3], [4], [5], charge carriers [6], [7],
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[8], and spins [9], [10], [11], as well as the control of the
molecular system [12], [13]. THz pulses can be utilized to the
acceleration [14] and detection [15] of the electron beam, and
the the electric field shape of the low-frequency THz pulses at
the focus need to consider carefully in the case of direct electron
acceleration [16]. Looking into the future, the field strength of
100 MV/cm may be applied to the studies on the coherent control
of spin order of conductors, and the ultrashort THz transients
with magnetic fields in the 1− 10 T (3− 30 MV/cm) range
can initiate magnetization reversal in metallic ferromagnetic
samples [2].

In all these applications, focusing ultrashort THz radiation
on the targeted materials is a very usual requirement. Optical
focusing elements can be divided into reflective and transmissive
types. The transmissive element in THz band has low transmis-
sion efficiency. Different from the transmissive optical elements,
the parabolic mirror will not cause serious phase delay and
absorption loss, so it is one of the commonly used components
to build infrared and terahertz optics. When used to focus, it can
not only effectively enhance the transient electric and magnetic
field intensities but also focus the THz pulse into the specific
space area. However, ultrashort pulses are often accompanied
by spatio-temporal couplings (STCs) [17] which will affect the
focus effect. The broad spectrum of ultrashort pulses increases
the possibility of chromatic aberrations. Especially in the THz
band, even without dispersive elements, there are non-negligible
STCs due to its strong diffraction effect. Spatio-temporal cou-
plings make the frequency components and phase distribution of
ultrashort pulses different along spatial positions. Therefore, the
focusing performance may be declined because of the dispersion
behavior, where the focal spot size and pulse duration may
be increased. Under the higher requirements of non-resonant
control of matter on the electromagnetic field intensity, it is
necessary to analyze the influence of STC on the focusing by a
parabolic mirror. However, most of the existing researches on
the spatial-temporal coupling of ultrashort THz pulse are directly
measuring the spatio-temporal distribution after focusing, and
there is a lack of characterization of the focusing process.

For the focusing process, especially in the case of tight
focusing, the paraxial approximation is no longer applicable,
and the vector effect of electromagnetic field becomes critical.
Some analytical results provide the closed approximation re-
sults of the tightly focused field and are convenient to describe
the spatio-temporal evolution of ultrashort pulses [18], [19].
However, its simplification of the incident field makes it difficult
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to consider the details of the electromagnetic field generated
by the reflection of a given mirror geometry. The propagation
equation can be used for the numerical realization of tight
focusing with the vector effect [20], [21], [22]. Therein, Fedorov
et al. [20] solved the vector problem by the scalar wave equation
through the method of conversion optics, but only the intensity
characteristics of the final electromagnetic field are retained.
The method in [21], [22] solved the vector propagation equation
under the tightly focused parabolic mirror through Hertz vector
and non-paraxial input conditions and is called Unidirectional
Hertz vector Propagation Equation. However, the propagation
equation has not been used to solve the case of an ultrashort pulse
yet, and the numerical realization of the propagation equation
requires a lot of calculation consumption to solve the vector
equation in the whole propagation space.

The vector diffraction integral (VDI) method can directly
obtain the electromagnetic field distribution of the targeted focal
plane. The rigorous vector diffraction theory of tight focusing
problem began with Ignatowski’s solution of Maxwell’s equa-
tions under certain boundary conditions in cylindrical coordi-
nates [23]. Then, Stratton and Chu [24] expressed the reflection
problem as a vector integral equation using Green’s theorem.
In addition, Richards and Wolf [25], [26] constructed another
different integral equation. Stratton-Chu’s vector diffraction in-
tegral is widely used to study the tight focusing of parabolic
mirrors [27], [28], [29], [30] and is further combined with the
coherent superposition of monochromatic fields to deal with the
focusing of ultrashort broadband pulses [31], [32]. However,
these studies assume an ultrashort pulse with a plane wavefront,
and there is no discussion about the focusing together with
spatio-temporal couplings.

In this paper, we explore the effect of STCs on the focusing
of ultrashort pulses by vector diffraction integral-based method.
For a linearly polarized ultrashort electromagnetic pulse with
different STCs, the spatio-temporal distribution near the focus
will be distorted and degraded when it is focused by a parabolic
mirror. Firstly, we describe the general formulas of the the-
oretical model, mainly including the Stratton-Chu’s VDI and
temporal discretization for a broad spectrum. Secondly, three
common STC models are introduced. On this basis, the focusing
characteristics of these spatio-temporal ultrashort pulses by the
parabolic mirror are given respectively, via performing the full
spatio-temporal distributions of electric field vectors. Then,
the dependence of intensity and duration degradation of the
focused field on STCs parameters is discussed. Furthermore,
an ultrashort THz radiation pulse from undulator is explored to
be focused to an electric field strength of 1 GV/m finally.

II. GENERAL FORMULA OF VECTOR DIFFRACTION INTEGRAL

FOR A PARABOLIC MIRROR

The schematic of parabolic mirror focusing is shown in Fig. 1.
In a Cartesian coordinate system, the parabolic mirror is located
on a paraboloidal surface, and the equation of the paraboloid is
given as,

z =
x2 + y2

4f
− f, (1)

Fig. 1. Schematic of parabolic mirror focusing.

where f is the focal length, and the focus is at the origin of
the coordinate system. The rotational symmetry axis of the
paraboloid coincides with the z axis, and x and y are the
transverse coordinates.

Then, the normal of the inner surface of the paraboloid is
expressed as,

n =
1√(

1 + x2+y2

4f2

)
(
− x

2f
ex − y

2f
ey + ez

)
, (2)

where ex, ey and ez are basis vectors. For any circular parabolic
mirror located on the paraboloid, the corresponding region Σ is
specified as,

(xs − h)2 + y2s ≤ R2, (3)

where R is the transverse projection radius of the parabolic
mirror, and h is the off-axis height of the parabolic mirror center
from the z axis. h = 0 corresponds to an on-axis parabolic
mirror, while h �= 0 corresponds to an off-axis parabolic mir-
ror. S(xs, ys, zs) represents the point on the parabolic mirror.
Moreover, the area element on the paraboloidal surface can be
written as,

dA =

√
1 +

(
∂z

∂x

)2

+

(
∂z

∂y

)2

dxdy =

√
1 +

x2 + y2

4f2
dxdy.

(4)
After getting these geometric distributions, we are going to

discuss the focusing process of the electromagnetic field as
shown in Fig. 1. First of all, it is necessary to consider the
interaction process between the incident electromagnetic field
and the parabolic mirror, where the electric and magnetic field
are denoted as Ei and Hi. After reflection, only the tangential
component of the electric field and the normal component of
the magnetic field change the symbol, as Er,t = −Ei,t and
Hr,n = −Hi,n. Therefore, the reflection field is represented by
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the incident field and the normal vector as,

Er = 2n(Ei · n)−Ei,

Hr = −2n(Hi · n) +Hi. (5)

Next, we need to determine the diffraction field of the focal
plane. According to Stratton-Chu integral formula, one can give
the vector electromagnetic field in image space as [27],

E(P) =
1

4π

∫
Σ

[iωμ0(n×H)G+ (n×E)×∇G

+ (n ·E)∇G] dA,

H(P) =
1

4π

∫
Σ

[iωε0(E× n)G+ (n×H)×∇G

+ (n ·H)∇G] dA, (6)

where P(xp, yp, zp) represents the observation point, μ0 and ε0
are the vacuum dielectric constant and permeability of vacuum
respectively, and ω is the angular frequency of the incident
field. G(rsp) = exp(ikrsp)/rsp, k = ω/c is the wavenumber
of the electromagnetic field, and rsp is the distance from a point
S(xs, ys, zs) on the parabolic mirror to a point P(xp, yp, zp)
in the image space. It needs to mention that ∇G should be
calculated at the pointS on the paraboloidal surface. In addition,
the parabolic mirror discussed here is large enough to make the
electromagnetic field on the mirror continuous so as to ignore
contour integral [27].

The field components in the integral formula (6) are the sum
of incident field and reflective field. According to (5), the total
field can be expressed by incident field and normal vector as,

E(S) = Ei +Er = 2n[n ·Ei(S)],

H(S) = Hi +Hr = 2Hi(S)− 2n[n ·Hi(S)]. (7)

We assume a linearly polarized incident electromagnetic field
with only transverse component, and it propagates along the
negative z axis. Then, the monochromatic field can be expressed
on the plane F before the parabolic mirror with dropping the
time term as,

Ei,F = (Exex + Eyey)exp(−ikz),

Hi,F =

√
ε0
μ0

(Eyex − Exey)exp(−ikz). (8)

The diffraction effect of field transmission from plane F to
parabolic mirror is ignored. After adding extra phase and setting
z = 0 for simplicity,Ei,Fexp(−ikzs) andHi,Fexp(−ikzs) can
be used as the boundary conditions of the vector integral (i.e.
(6)) to obtain the diffraction field in image space. Finally, the
vector diffraction field is obtained by substituting (7) and (8)

into (6),

E(P)

= ik
exp(−ikzs)

2π

∫∫
dxsdys

×
{[(

1−
(
1− 1

ikrsp

)
xs(xs − xp)

2frsp

)
ExG

−
(
1− 1

ikrsp

)
ys(xs − xp)

2frsp
EyG

]
ex

+

[(
1−

(
1− 1

ikrsp

)
ys(ys − yp)

2frsp

)
EyG

−
(
1− 1

ikrsp

)
xs(ys − yp)

2frsp
ExG

]
ey

+

[(
xs

2f
Ex+ ys

2f
Ey

)(
1−

(
1− 1

ikrsp

)
zs−zp
rsp

)
G

]
ez

}
,

H(P)

= ik

√
ε0
μ0

exp(−ikzs)

2π

∫∫
dxsdys

(
1− 1

ikrsp

)
G

rsp

×
{[

−xs(ys − yp)

2f
Ex

+

(
x2
s + y2s
4f

− f − ys(ys − yp)

2f

)
Ey

]
ex

+

[
ys(xs−xp)

2f
Ey−

(
x2
s+y2s
4f

− f− xs(xs − xp)

2f

)
Ex

]
ey

+ [(ys − yp)Ex − (xs − xp)Ey] ez
}
.

(9)
For off-axis case (h �= 0), to facilitate the description of the

reflected electromagnetic field, a more suitable new coordinate
system need to be established. As shown in Fig. 1, the new
coordinate system (x′, y′, z′) is obtained by the rotation of the
original coordinate system (x, y, z) along the y axis with an
angle θ, which can be expressed as tanθ = h/(h2/4f − f). In
the new coordinate frame, the electromagnetic field can be given
by,

E′(P) = M(θ)E(P),

H′(P) = M(θ)H(P), (10)

where M(θ) is the rotation matrix,

M(θ) =

⎛
⎜⎝ cosθ 0 sinθ

0 1 0

−sinθ 0 cosθ

⎞
⎟⎠. (11)

The preceding discussion presents the formula for the fo-
cusing of monochromatic electromagnetic fields. For ultrashort
pulses with STCs, since the tightly focusing effect is closely
related to the wavelength, the influence of the broad spectrum
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Fig. 2. Spatio-temporal characterization of the ultrashort laser before (three columns on the left) and after focusing (three columns on the right). The waveform
and intensity of the electric field are given in (x, t), and the spectrums are given in (x, f ): (a) Gaussian STC-free beam, (b) pulse-front curvature (PFC) beam with
α = 10fs/mm2, (c) pulse-front tilt (PFT) beam with β = 10fs/mm, (d) beam with a radially increasing group delay dispersion (rGDD) with γ = 20fs2/mm.
The initial beam parameters: frequency ω0 = 10 THz, FWHM duration τ0 = 116 fs, waist size: w0 = 10 mm. The parabolic mirror parameters: focal length:
f = 100 mm, off-axis height: h = 0 m.

of ultrashort laser pulses on the focal spot must be considered. To
this end, the incident electromagnetic field should be discretized
in the frequency domain, while considering the spatio- and
frequency-related amplitude and phase. The extension of spatial
relation is to consider the spatio-temporal coupling of pulses.
The electric field is given as (the magnetic field can be given by
analogy),

Ei(S, ωj) = [Ex(S, ωj)ex + Ey(S, ωj)ey]

× exp [−iφ(S, ωj)] exp(−ikzs), (12)

where ωj refers to the discrete frequency corresponding to the
jth sampling. After getting the focusing field distribution of each
monochromatic field in the observation space, the final focusing
field Ef distribution of the ultrashort pulse can be obtained by
the coherent superposition, and the electric field is summed,

Ef (P, t) =

N∑
j=1

Ej(P, ωj)e
−iωjtdω, (13)

where Ej refers to the distribution after the focusing of the
monochromatic field in the jth sampling.

III. SPATIO-TEMPORAL COUPLINGS AND FOCUSING OF

ULTRASHORT THZ PULSES

In this section, the effects of spatio-temporal couplings on the
ultrashort pulse focusing are inspected. Compared with the spa-
tial distribution of long pulses, which is independent of time, the
spatial distribution of less periodic pulses has a time-dependence
variation. In the frequency domain, an initial electric field can
be expressed as E(r, ω) = E0(r, ω)eiφ(r,ω) with r=r(x,y) is
the transverse coordinate. Here, E0(r, ω), φ(r, ω) are spectral
amplitudes and phases in different transverse spaces. Spectral
phase φ(r, ω) is a critical parameter determining the properties
of ultrashort laser beams. To explain the key effect of this phase
on an ultrashort laser beam, the Taylor expansion is performed
at the center frequency ω0,

φ(r, ω) = φ0(r, ω0) + φ1(r, ω0)(ω − ω0)

+
φ2(r, ω0)

2
(ω − ω0)

2 + · · · , (14)

where third- and higher-order terms are ignored. The first term
φ0 on the right side describes the phase distribution of center
frequency ω0 at different transverse positions. The second term
φ1 denotes the group delay of different transverse spaces, which
determines the arrival time of pulses at different positions. The
third term φ2 describes the group delay dispersion at different
positions, which can be understood as the laterally varying linear
chirp.
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To manifest the spatio-temporal couplings intuitively, several
examples of STCs are given in Fig. 2, which displays the carrier
waveform of electric field, intensity and spectrum for different
couplings respectively. A Gaussian beam without STC is also
described in Fig. 2(a) as a reference, and the assumed Gaussian
STC-free beam before focusing has a central frequency of f0 =
ω0/2π = 10 THz, a duration of τ0 = 116 fs (FWHM) and a
pulse waist of w0 = 10 mm. In the meantime, the other STCs
beams have the same parameters.

As low-order spatio-temporal couplings, pulse-front curva-
ture (PFC) and pulse-front tilt (PFT) are the two most common
STCs of ultrashort pulses. They are both related toφ1 and exhibit
pulse-front distortions. Let’s first describe the STCs of the
ultrashort pulse before focusing. Fig. 2(b)(i), (ii), (iii) shows the
PFC beam, which can be characterized by a spatio-spectral phase
φ(r, ω) = αr2(ω − ω0), andα is the parameter representing the
magnitude of PFC. Although its duration is spatially constant,
the arrival time is quadratically related to the radial position. The
spatio-spectral phase depends on the frequency linearly and the
transverse position quadratically. Fig. 2(c)(i), (ii), (iii) shows the
PFT beam, which can be described by φ(r, ω) = βx(ω − ω0),
and β is the parameter representing the magnitude of PFT. The
duration of the beam is also spatially constant, but the arrival
time varies linearly along the radial position. Its phase varies
linearly along radial position and the corresponding slope varies
linearly with frequency.

As one of the higher-order couplings, we illustrate a sim-
ple extension of the previous two couplings, where the phase
is quadratically dependent on frequency. The beam exhibits
a space-dependent spectral chirp. It’s clearly performed in
Fig. 2(d)(i), (ii), (iii) that the radially increased group de-
lay dispersion (rGDD), which can be expressed as φ(r, ω) =
γx(ω − ω0)

2, and γ represents the magnitude of the rGDD.
The phase variation is quadratic with the frequency, and it can
be understood that the spectra components have a quadrati-
cally frequency-dependent wavefront tilt. Different from the
low-order STCs, its local pulse length increases along the radial
direction for its high-order phase modulation.

It can be found in column (i) of Fig. 2 that the carrier waveform
of the electric field distorts with the space position under the
STCs. These distortions correspond to the spatial variation of
the phase of the electric field in the frequency domain and make
the focusing effects of light fields different in the focusing space.
Using the vector diffraction integral and coherent superposition
methods introduced in the previous section, it can be charac-
terized that the spatio-temporal field distribution after parabolic
mirror. Whereby the numerical simulation, the ultrashort pulse
focusing can be considered with arbitrary couplings.

The distributions of image space after focusing are shown in
right three columns (iv,v,vi) of Fig. 2. For ultrashort pulses with-
out STC, although the pulse length keeps constant, the focusing
changes the carrier phase. This corresponds to the manifestation
on the spectrum that as the radial position increases, the strength
of the high-frequency component decreases. The duration of
the ultrashort pulse with couplings changes significantly after
focusing, and the local pulse length is different from the global
pulse length distinctly. For the focused PFC beams, different

frequencies of the incident field have different degrees of wave-
front curvature, which makes them have different longitudinal
optimal focusing positions. The duration and arrival time of
the focused beam vary along the radial coordinate while the
longest local pulse duration is on the propagating axis. For the
focused PFT beams, the initial phase varies linearly in position
with a slope that varies linearly with frequency, which leads to
different transverse optimal focusing positions. The transverse
chirp distribution appears on the focused spectrum and the
pulse duration changes significantly. The phase of the focused
electric field rotates in the opposite direction, which describes
the fact that the propagation direction of the beam rotates over
time within the pulse envelope (Fig. 2(c)(iv)). For the focused
rGDD beam, the frequency-dependent wavefront tilt leads to
a quadratic optimal focus position along the radial coordinate
in the focus spot (Fig. 2(d)(vi)). This also makes the pulses
form a complex spatio-temporal distribution in the transverse
dimension (Fig. 2(d)(v)).

The vector characteristics of the focused field are preserved
by the vector diffraction integral method. Considering a case
with a 90◦ off-axis parabolic mirror, the time-dependent
field intensities (|Ex′ |2, |Ey′ |2, |Ez′ |2) in the focal plane are
shown in Fig. 3, which gives a more complete spatio-temporal
presentation of the focused field. For the case of STC-free
(Fig. 3(a)), the Ex′ = 0 along the y′ = 0 and the Ey′ = 0
along the x′ = 0, consistent with previous studies that don’t
consider STCs [31], [32]. For the pulses with different STCs,
their focal spots all become larger, resulting in declining peak
intensities. However, the distributions of different focused
field components distort in different forms. For the PFC beam,
the field components after focusing still maintain the same
symmetry as the STC-free beam, but some side-lobes appear
around. The same phenomenon also occurs in the focus field of
rGDD beam. Although there is no side lobe in the PFT beam, it
can be found that the peak intensity center has a significant lateral
shift. After considering the couplings of incident ultrashort
pulse, all the focusing fields present complex distributions.

The transverse electric field distribution in the focal plane
is shown in Fig. 4. While obtaining the distributions of the
transverse electric field waveform at the time of peak intensity,
Fig. 4 also shows the intensity ratios of different field vec-
tors. Obviously, the Ex′ component dominates the focus field,
originating from the x polarization of the incident beam. The
components along y′ and z′ are obtained under mirror reflection.
Especially for the PFT beam, it will project more components
to these two directions. Besides, the intensity of Ey′ and Ez′ is
related to the off-axis height of the parabolic mirror.

From the above discussion, the existence of STCs will cause
the attenuation of the focused ultrashort beam, which is reflected
in not only the decrease of peak intensity and the increase
of transverse spot size, but also the increase and distortion
of focusing beam in temporal distribution. In order to further
measure these effects, the changes of peak intensity and on-axis
pulse duration after focusing with different STCs are given in
Fig. 5 as functions of corresponding STC parameters (α, β, γ)
and beam waist size w. The intensity I is normalized to the
peak intensity of the corresponding incident beam. It can be
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Fig. 3. Full spatio-temporal intensity distribution after 90◦ off-axis parabolic mirror focusing. The projections on the (x, t), (y, t) and (x, y) are also given.
(a) STC-free beam, (b) PFC beam, (c) PFT beam and (d) rGDD beam. The unmentioned parameters are same with Fig. 2.

Fig. 4. Transverse distribution of the electric field in the focal spot at the time
of maximal field intensity. The field components of (a) STC-free, (b) PFC, (c)
PFT and (d) rGDD beams are scaled with the their maximum field strengths.
The parameters used in simulation are same with Fig. 3.

Fig. 5. Consequences of STCs at focus. The normalized peak intensity (top)
and on-axis duration (bottom) verse the initial waist size and STC parameters for
(a) PFC, (b) PFT and (c) rGDD beams. Other parameters are same with Fig. 3.

found that with the increase of the STCs parameters, the peak
intensity of the focusing field decreases rapidly, and the pulse
duration on the axis also degrades. The increase of the waist size
of the initial incident beam will further aggravate the influence
of STCs on the pulse duration, but it can effectively improve the
normalized peak intensity. Therefore, when focusing ultrashort
THz pulses through off-axis parabolic mirrors, attention should
be paid to the influence of STC on the targeted properties that
can be achieved by focusing, especially, when there is a strict re-
quirement to the field strength or time length of the focused field.

IV. FOCUSING OF AN ULTRASHORT THZ PULSES FROM

UNDULATOR RADIATION

Since the accelerator-based THz radiation is closely related to
the characteristics of the electron beam, THz pulses with tunable
frequency and high power can be obtained by modulating the
electron beam. In previous studies [33], [34], an ultrashort
strong-field THz radiation can be obtained by the modulated
electron beam and matched undulator. The peak electric field
can reach 60 MV/m with quasi sub-cycle oscillation as the gray
line shown in Fig. 6(a). To further expend such an ultrashort
THz pulse to science applications that require more intense
THz electromagnetic fields, parabolic mirror focusing can be
considered as an excellent method to improve its electric field
strength. However, this THz beam has a complex wavefront
distribution, which may hinder the improvement of the focused
field strength and even destroy its temporal waveform. So it’s
necessary to measure its performance under focusing. Using
the aforementioned simulation method, the focusing results of
this spatio-temporal ultrashort THz beam are discussed in the
following.

The initial pulse distribution is shown in Fig. 6(a) and (b).
This is a rotationally symmetric ultrashort THz pulse whose
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Fig. 6. Spatio-temporal characterizations of the electric field (upper) and intensity (bottom) of the ultrashort THz radiation pulse from undulator (a) initially,
(b)after focusing and (c) after focusing with doubled waist. The gray and blue lines represent the on-axis electric field and intensity respectively.

polarization state is linear polarization along the x-axis. Under
the focusing effect of a 90◦ off-axis parabolic mirror with a
focal length of 5 cm, its spatial and temporal distributions on
the focusing plane are shown in Fig. 6(c) and (d). One can see
that the lateral beam size is compressed below 1 mm and the peak
intensity increased from 60 MV/m to 600 MV/m. After focusing,
the pulse distribution shows characteristic similar to the PFC
beam. The pulse duration of the focused beam has increased
distinctly. As the blue line is shown in Fig. 6, the time length on
the axis has declined and distorted, especially the appearance
of another intensity peak outside the main peak. In order to
further improve the focusing field strength, it assumes that the
waist of the incident beam is doubled without other changes.
Then, the focused field is shown in Fig. 6(e) and (f) that the
time structure doesn’t change significantly but the electric field
strength increases to 1 GV/m.

V. CONCLUSION

In this paper, we present the characterization of parabolic
mirror focusing of ultrashort THz pulses with spatio-temporal
couplings. For several common STC models, the complete vec-
tor distribution of electromagnetic field in the focusing space is
obtained based on vector diffraction integral. To deal with the
ultrashort pulse with a wide spectrum, the incident electric field
is discretized in the frequency domain, and then the diffraction
fields of each component superimpose on the focal plane. The
numerical results show that STCs cause the degradation of the
focused field, which is specifically manifested in reducing the
field intensity and distorting the pulse time structure. However,
the incident pulse with a large waist can decrease the influence of
STCs on the focused field intensity. Besides, we give a discussion
about the possibility to improve the electric field of an ultrashort

THz pulse from undulator to 1 GV/m. The method described in
this paper also applies to other frequencies, especially for the
ultraintense optical laser community.
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