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From solving the time-dependent Schrödinger equation (TDSE), it has been shown that in a two-
color laser pulse the relative phase that optimizes THz radiation also optimizes the asymmetry of the
angular distribution of photoelectrons. Here, we show that a second-order strong field approximation
(SFA2) can accurately calculate the asymmetry of photoelectrons and thus can locate the phase
delay that optimizes THz generation, which is four orders of magnitude faster than from TDSE
calculations. We further trace that this is possible because THz emission originates from free-free
radiative transition between the rescattered electron with the target ion, similar to other electron-
ion collisions in the laser field, e.g., high harmonic generation and nonsequential double ionization.
Our results pave the way to locate the optimal phase delay for any typical laser pulses for maximal
THz generation in the laboratory.

PACS numbers: 32.80.Rm, 42.65.Re, 52.38.-r

I. INTRODUCTION

Terahertz(THz) radiation has a wide range of appli-
cations in pharmaceutical, automotive, biological imag-
ing and other fields due to its unique properties such as
low photon energy, no absorption in non-polar materials,
and its coverage over vibrational and rotational energies
of many organic and inorganic macromolecules[1, 2]. In-
tense THz pulses with broad bandwidth can be generated
in gas driven by strong asymmetric two-color laser fields
[3–6]. The mechanism for THz generation has been mod-
eled initially by the photocurrent (PC) model as due to
the DC component of the ionized electrons [7]. In this
classical PC model, the current is obtained by solving
Newton’s equations for free electrons in the laser field.
Ignoring the role of Coulomb potential and treating ion-
ized electrons as free particles, the asymmetry of the laser
field’s vector potential determines the asymmetry of pho-
tocurrent. In this simple PC model, THz yield reaches
maximum when the asymmetry of the current is largest,
which occurs when the phase delay between the two-color
lasers is 0.5π.

To test the validity of the PC model, photocur-
rents of the ionized electrons have been calculated “ex-
actly” by solving the time-dependent Schrödinger equa-
tion (TDSE), from which the intensity of THz waves is
obtained[8–11]. These calculations, together with later
experiments, found that the phase delay that generates
the maximal THz yield is not 0.5π, but is about 0.8π.
Additional TDSE calculations also showed that THz ra-
diation depends on other laser parameters besides the
phase delay, like the relative field strength, and their
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relative frequencies[11–14]. These quantum calculations
also established that THz yields depend not only on the
asymmetric vector potential of the laser, but also on the
ionic potential of the target atom. Unlike other strong
field phenomena, theoretical calculations on THz gen-
eration have been carried out mostly by solving TDSE
so far, such that the mechanism of THz generation re-
mains unclear. Simpler models commonly used in strong
field physics, for example, the strong field approximation
(SFA)[15], have not been found to be relevant in THz
generation.

To understand the mechanism of THz generation, we
first review the well-understood models used in describ-
ing strong field phenomena[16]. In a strong laser field,
an electron is readily ripped off from the atom by the
laser field, which may directly escape from the ion and
drift to the detector. These electrons are called escaping
electrons or direct electrons. In this simplest model, one
assumes the ion potential does not affect the escape of
the free electron such that the momentum distribution
of the photoelectron is governed by the vector potential
of the laser[17, 18]. These electrons have low energies.
According to the classical model, the cutoff energy of
direct electron is given by 2Up[19, 20], where Up is the
instantaneous Ponderomotive energy. However, tunnel-
ionized electrons can be driven back to recollide with the
ion to initiate various electron-ion rescattering processes,
such as high-order harmonic generation (HHG), high-
energy photoelectrons that lead to laser-induced elec-
tron diffraction (LIED)[21, 22] and nonsequential double
ionization (NSDI)[16]. These are well-known electron-
ion collision processes for radiative recombination, elas-
tic electron-ion backscattering and electron-impact ion-
ization, respectively, except that the collisions occur in
the laser field. So what is the physical process that gen-
erates THz radiation? Clearly, a free electron cannot
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spontaneously break into a photon and another electron
as it would violate conservation of energy and momen-
tum together. A free electron can collide with an ion
to emit radiation accompanied by a change of electron
momentum since the ion would recoil to conserve energy
and momentum. This process is alternatively understood
as bremsstrahlung in which radiation is emitted when an
electron is slowed down by an external field. In electron
collision language, it is called free-free radiation process.
Thus, THz radiation, like HHG, LIED, NSDI, all belong
to electron-ion collision processes in the laser field. This
point actually has been mentioned in the original pho-
tocurrent model[7], but it did not clearly state how the
current was to be calculated.

In strong field physics, the rescattering is understood
with the so-called three-step model: (1) tunnel ioniza-
tion, (2) free propagation of electrons in the laser field,
(3) electron collisions with the ions. This model has been
re-casted in the so-called quantitative rescattering theory
(QRS)[23–26]. In QRS, after tunnel ionization, a fraction
of the electrons will be driven back to recollide with the
ion. These currents are similar to incident laboratory
currents in electron collisions. For THz generation, the
“incident” currents from “left” and “right” sides of the
polarization axis should be different, and THz yields are
proportional to the asymmetry of the returning current
from the two sides.

The separation of electrons after tunnel ionization into
direct electrons and rescattered electrons is most conve-
niently done by taking the electron-ion interaction po-
tential as perturbation in a strong laser field. In the
first-order strong field approximation (SFA1)[27–30] the
ionized electron does not expose to the force from the
ion. To account for electron-ion collisions in the laser
field, a second-order strong field approximation (SFA2)
is needed. (see Section II below and [16]). According to
the QRS model, the photocurrent can be calculated from
the high-energy photoelectron spectra using the SFA2.
For THz radiation, SFA2 can also be applied to low-
energy electrons which result from forwardly scattered
photoelectrons[31, 32]. Since THz strength, according to
the photocurrent model, comes from rescattering elec-
trons, which in turn can be calculated from SFA2. Thus,
the search of phase delay which can optimize THz emis-
sion can be obtained directly from the phase delay of the
two-color pulse that would give the optimal asymmetry
in photoelectrons. Since SFA2 calculations are at least
four orders of magnitude faster, it provides a quick way
to locate the phase delay that would generate optimal
THz for any lasers.

We remark that our conclusion is consistent with the
results reported in [13, 14]. These authors solved the clas-
sical Newton equation to obtain the current of an atom
in a strong two-color field in the presence of a Coulomb
potential. They analyzed the electron trajectory for each
calculation to identify whether the electron just escapes
to the detector, or has undergone a collision. They are
called escaping electrons, and (soft) rescattered collision

electrons, respectively. As shown in Fig. 4(b) of [13] and
Fig. 9(c) of [14], they found that THz yields from escap-
ing electrons are nearly zero for all phase delays, while
the THz yields obtained from the rescattered electrons
are in fair agreement with those calculated from solving
the TDSE. Their analysis is consistent with our conclu-
sion on SFA1 and SFA2 contributions for THz emission
discussed above.
In the rest of this article, we first outline SFA1 and

SFA2. We then use SFA2 to calculate the asymmetry of
photoelectron spectrum under different laser field com-
binations. The results are compared to 3D-TDSE cal-
culations for a few cases. After verifying the validity of
the SFA2 method, we present several examples of the
dependence of THz emission efficiency on the laser pa-
rameters which would help identify optimal parameters
for stronger THz emissions for two-color and three-color
fields. We conclude the article by a summary on the
robustness of this method.

II. THEORETICAL METHODS

In order to simulate the dynamics of electrons in strong
laser fields and the associated nonlinear physical phenom-
ena, methods of solving TDSE and SFA are used. The
former is purely numerical and mainly used to verify the
reliability of the results of the latter, and its numerical
method has been presented previously[33].Using the SFA
method, the probability of an ATI electron (or photo-
electron) with momentum p can also be approximated
by two terms[17, 19, 23, 33],

f(p) = f (1) + f (2) (1)

where the first term

f (1) = −i

∫ ∞

−∞

dt 〈χp(t) |Hi(t)|Ψ0(t)〉 (2)

corresponds to the standard SFA method and is called as
SFA1 in this paper. Here Hi(t) is the laser-atom interac-
tion. It describes the transition amplitude of directly ion-
ized electron with momentum p. The maximum energy
the ATI electron can reach is 2Up. Without considering
the Coulomb potential, the asymmetry of ATI spectrum
calculated by SFA1 can only be affected by the asymme-
try of the vector potential of the laser field[17, 18].
The second term is SFA2,

f (2) = −

∫ ∞

−∞

dt

∫ t

−∞

dt′
∫

dk 〈χp(t) |V |χk(t)〉

× 〈χk(t
′) |Hi(t

′)|Ψ0(t
′)〉 . (3)

This expression can be understood by reading it from the
right side. The electron is first ionized at time t′ in the
laser field. It then propagates in the laser field from t′ to
t. Then it interacts with the atomic potential V into a
state with momentum p. After the interaction with the
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atomic potential, the electron can reach maximal energy
of 10Up according to the classical rescattering model[19,
20].
It should be pointed out that in this approximation,

the interaction of the electron with the atomic potential
is treated only to the first order. The electron may return
and interact with the atomic potential many times under
the periodic laser field which is not included in the SFA2
theory. Since the electron wave packet broadens with
time, such multiple scattering at later times is expected
to have smaller contributions.
Within the single-electron model, the atomic potential

V (r) is taken from[34, 35]

V (r) = −
Z + a1e

−a2r + a3re
−a4r + a5e

−a6r

r
, (4)

where Z is the charge of the nucleus. For atomic hy-
drogen, V (r) is a pure Coulomb potential. For a many-
electron atom, the other parameters ai are obtained by
fitting the numerical potential calculated from the self-
interaction free density function theory for different noble
gases.
The momentum distribution of the emission of an elec-

tron of energy E = p2/2 in the direction of p̂ is given by

∂2P

∂E∂p̂
= |f |2. (5)

The yields of directly ionized electrons or the scattered
electrons can be distinguished by taking the modulus
squared values of f (1) or f (2), respectively.
For a linearly polarized laser field, the system has cylin-

drical symmetry. The two-dimensional momentum dis-
tribution is defined by

∂2P

∂E∂θ
=

∂2P

∂E∂p̂
2πp sin θ, (6)

where θ is the angle between the polarization axis of the
laser field and the direction of the ejected photoelectron.
We can set θ = 0 and π to get the signal of the photo-
electron (P±) along the laser polarization direction and
then calculate the asymmetry parameter by

A = (P+ − P−)/(P+ + P−). (7)

In the above equation, the asymmetry can be defined
with respect to a specific photoelectron energy, or with
respect to a range of energies.

III. RESULTS AND DISCUSSION

A. Asymmetry of photoelectron spectra calculated

using the SFA2 theory

Many previous simulations on ATI spectrum by SFA2
method have focused on the energy distribution of

backscattered electrons whose energy is mainly dis-
tributed between 4Up to 10Up[17, 23, 26]. The high en-
ergy derives mainly from the additional drift momentum
gained by the electron from the time of back scattering
till the end of the laser pulse. The influence of atomic
potential on rescattering is manifested by the elastic scat-
tering cross-section [23, 26, 36]. The low energy electron
can be generated by direct tunneling (SFA1) or by the
soft collision process (SFA2). These soft-recollision elec-
trons result from forward scattering of the electrons by
the ion core, they have lower energy because its momen-
tum is reduced by the drift momentum of the laser field.
Such collisions occur at large impact parameters and thus
it is classified as soft-recollision. They play an important
role for understanding low-energy structure(LES)[31] and
such structure has been successfully interpreted using the
SFA2[32, 37].
The direct electrons, as discussed in the Introduction,

do not contribute to the THz emission. Thus, in em-
ploying the photocurrent model, it is not the asymmetry
of the total current that is responsible for the emission
of THz. In the original PC mode[7], the authors indeed
stated that the current responsible for THz is similar to
the current for processes of HHG and high-energy rescat-
tering electrons that are responsible for LIED. Both HHG
and high-energy photoelectron angular distributions have
been extensively studied using the QRS. Thus, these cur-
rents are also responsible for THz emission and can be
calculated using the QRS theory[16].
To verify this idea, we first calculate the ATI spectrum

using SFA2 for a hydrogen atom in a two-color laser field.
The field is linearly polarized along the z axis and is given
by

Ez(t) = ELf(t)[cos(ωt) + 0.1 cos(2ωt+ ϕ)], (8)

where EL is the amplitude and ω is the frequency of the
incident 800 nm fundamental laser, f(t) is its envelope
which is chosen to have sine-square form with the dura-
tion of 20 optical cycles (o.c.). We take the relative phase
delay ϕ to be 0.8π, which has been shown to give optimal
THz radiation when the intensity of the fundamental is
IL = 1.4× 1014W/cm2[11, 13]. Fig.1(a) shows the calcu-
lated 2D momentum distributions from SFA2. Even just
with one percent of second harmonics, we notice signifi-
cant asymmetry in the ATI spectra. The left-right ATI
peaks along the polarization axis are shown in Fig.1(b)
which exhibit pronounced asymmetry.

B. Dependence of photoelectron asymmetry on

phase delay and other parameters of the two-color

laser based on the SFA2 theory

The advantage of SFA2 theory over the solutions of
TDSE is that the former is three to four orders of mag-
nitude faster than the latter, thus it provides a conve-
nient tool for probing asymmetry of photoelectron dis-
tributions over a large range of laser parameters of the
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FIG. 1: (a) Photoelectron 2D momentum distributions of
atomic hydrogen in parallel(pz) and perpendicular(py) direc-
tions with respect to laser polarization axis. (b) The cor-
responding electron energy spectra on the positive and nega-
tive axes along the laser polarization direction. The two-color
pulse is given by Eq. (8) where the fundamental wavelength
is 800 nm and the second harmonic is 400 nm. The duration
is 20 o.c. of the 800 nm, with intensity 1.4 × 1014W/cm2,
while the the 400 nm has one percent of the fundamental.
The relative phase delay between the two-color laser fields ϕ
is chosen to be 0.8π.

two-color pulses. To begin with, we compare the normal-
ized asymmetry of the ATI spectra integrated for pho-
toelectrons with energies from 0 to 4Up using the same
laser parameters in Fig. 1, except by varying the phase
delay. From Fig. 2(a), the SFA2 results mimic the THz
yields obtained from solving TDSE. The agreement is
quite good, thus establishing that one can use the SFA2
to calculate the ATI asymmetry in a two-color field. We
comment that SFA2 implies one collision with the ion,
while TDSE intrinsically implies multiple collisions with
the ion so small difference is expected.

The result shown in Fig. 2(a) has important signifi-
cance on THz radiation. The mechanism of THz radi-
ation was first interpreted using the asymmetry of pho-
tocurrent calculated by classical theory. By solving the
TDSE equation in quantum calculation, the asymme-
try of photocurrent was found to be due to the soft
collision[13, 14]. In the meanwhile, in Ref.[38, 39], it was
found that the asymmetry of photocurrent is the same
as the asymmetry of the photoelectron spectra when the
ATI spectra were calculated by solving the TDSE as well.
The results of Fig. 2(a) show that the asymmetry of the
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FIG. 2: (a) Comparison showing a good agreement of the
normalized asymmetry parameter of the total signal of pho-
toelectrons obtained by the SFA2 method (red-square) with
the THz signals (black-circle) obtained from solving TDSE as
a function of the relative phase ϕ for hydrogen atom. (b) Sim-
ilar comparison showing a good agreement as (a) but for the
optimal phase delay for the strongest THz radiation versus
asymmetry calculated by SFA2 by changing laser intensity.
The TDSE results in (b) are taken from Fig. 2 of Ref.[11].
(c) As in (a), but the intensity ratio was varied, showing that
optimal phase does not change with the intensity ratio. (d)
Phase delay dependence as in (a) but by changing the target
atoms to Ar, Kr and Xe, respectively. The laser parameters
are the same as those in (a).

ATI spectra can be more easily calculated directly from
SFA2. This result is extremely interesting since one can
study the dependence of THz emission on the properties
of a two-color laser field simply just by calculating the
asymmetry of ATI spectra using the simple SFA2 theory.
To support this conclusion, in Fig. 2(b), we show the

optimal phase for the two-color pulse given in Eq. (8) by
changing the laser intensity using SFA2 and TDSE. The
TDSE results are taken from Ref. [11]. For the intensities
shown, the optimal phase delay drops from about 0.8π to
0.6π, showing good agreement between TDSE and SFA2.
Using SFA2, we can then make many new predictions,

for example, how the optimal phase for asymmetry in the
ATI spectra depends on the relative intensity α = I2ω/Iω
of the second harmonic with respect to the fundamental
one. From Fig. 2(c), we found that the optimal phase
appears to be fairly independent of this ratio.
The calculations shown above were all based on atomic

hydrogen as the target. Next, we examine how the asym-
metry of the ATI electrons depends on the target. In Fig.
2(d), we compare the asymmetry of ATI spectra of Ar, Kr
and Xe, using the laser parameters as in Fig. 2(a). Com-
paring to Fig. 2(a), we do see non-negligible difference
between H and the three rare gas atoms, but the phase-
delay dependence among the three rare gas atoms does
look similar except for a small shift among them. This
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FIG. 3: The asymmetry parameter of the photoelectrons
along the polarization direction(red-star dashed line) as a
function of the CEP ϕ, (a)-(d) for single cycle pulses and (e)-
(h) for two-cycle laser fields. The black-circle solid line rep-
resents the normalized photocurrent calculated from TDSE
and is extracted from Fig. 1 of Ref. [8]. The signals are nor-
malized for comparison.

target asymmetry dependence reflects that the electron-
ion potential V (r) [Eq. (4)] plays a role in SFA2. In
SFA1, the potential V (r) comes only in the form of the
ground state wave function and thus the asymmetry is
rather insensitive to the target.

C. Dependence of photoelectron asymmetry on the

carrier-envelope-phase of an ultrashort one-color

laser pulse

A single-color ultrashort laser pulse has asymmetric
electric field that varies with the carrier-envelope phase
(CEP) ϕ, thus it is also possible to generate THz and
produce asymmetric ATI electron spectra. According
to the classical photocurrent model, the THz radiation
yield should be in proportion to sinϕ without consider-
ing the atomic potential. However, based on the 3D nu-
merical solution of quantum TDSE, the CEP-dependence
is much more complicated. TDSE calculations have

been carried out by A. A. Silaev et al [8] to study the
CEP-dependence of THz radiation for several laser in-
tensities and pulse durations based on the photocurrent
model. Here we employ SFA2 to calculate the asymme-
try of photoelectron spectra using the laser parameters
in their work. In Figs. 3(a)-3(c), for single-cycle pulses
(FWHM τp = 2.67fs), we note that our results com-
pare very well with their reported residual currents. The
results in Fig. 3(a) also coincide with the previous re-
searches on the asymmetries of ATI spectrum calculated
by TDSE[17, 18], where the photoemission is symmet-
ric for CEP ϕ = −π/3 ± kπ for ultrashort laser pulse
when the laser intensity is chosen in the tunnel ioniza-
tion regime but below the over-barrier ionization regime.
The CEP-dependence also changes with laser intensity
as shown in Figs.3(a)-(d) because of the competition be-
tween the laser fields and atomic potentials. At the much
higher intensity of 3.16× 1015W/cm2 in Fig. 3(d), while
the CEP-dependence has changed a lot, the ATI asym-
metry calculated from SFA2 and from TDSE remains to
have similar shape.
In Figs.3(e-h), similar asymmetries for two-cycle

(FWHM τp = 5.34fs) short pulses are compared between
what has been reported by A. A. Silaev et al [8] with
the ATI asymmetry calculated from SFA2 using iden-
tical laser pulses. The CEP dependence shows much
faster changes as the laser intensity is increased, while
larger discrepancy can be seen in the two intensities in
the middle. With the two-cycle pulses, as compared to
the one-cycle ones, the asymmetries of the laser pulses
are much smaller, thus the calculated asymmetries of
the photocurrent and of the ATI spectra are significantly
smaller. [The maximal asymmetries for one-cycle pulses
in Figs. 3(a-d) are about (0.6, 0.6, 0.5, 0.5) and for the
two-cycle pulses in Figs. 3(e-h) are (0.25, 0.08, 0.07, 0.07)
]. The small asymmetry would reduce the THz genera-
tion and lead to faster change with CEP that gives the
optimal asymmetry. Such fast change of asymmetry with
respect to the CEP also shows up in the fast intensity de-
pendence in the optimal CEP as depicted in Fig. 4(b).
This figure is to be compared to the smooth curve seen
in Fig. 4(a) for the single-cycle pulse where the opti-
mal phase for asymmetry stays nearly constant within
the same intensity range. We comment that the asym-
metry for two-cycle pulses in general is small so it is not
of great interest for THz generation. In the meanwhile,
experimentally, one-cycle laser pulses are more difficult
to produce in the laboratories, thus generating THz ra-
diations using a single color pulse is not expected to be
of great interest.

D. Normalized asymmetry of ATI spectra in other

two- and three-color fields

It has been proposed that there are other means of op-
timizing THz generation in a two-color field by choosing
frequencies other than the commonly used ω1 : ω2 = 1 : 2
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FIG. 4: The optimal carrier-envelope phase as functions of
the laser intensity for (a) single cycle and (b) two-cycle laser
fields.

ratio [39–43]. In our previous publication, we found that
THz yield is strengthened if n1ω1 = n2ω2 and the sum of
n1 and n2 is an odd natural number based on the multi-
photon mixing theory[39]. We can also use the present
method to find the optimal phases of the two pulses that
would result in the highest THz radiations.
The THz radiation efficiency can also be enhanced by

using well-designed multi-color laser pulses based on the-
oretical calculations from solving the TDSE[44]. For ex-
ample, one can take a three-color laser field of the form,

Ez(t) = ELf(t)[cos(ωt+ ϕ1) + 0.1 cos(2ωt+ ϕ2)

+0.1 cos(3ωt+ ϕ3)], (9)

which could provide multiple pathways leading to more
efficient THz generation. Clearly, there are many param-
eters to choose, but the relative phases are expected to
be the most sensitive ones. As an example, consider the
case where we first fix the phases of the fundamental and
the second harmonic as ϕ1 = −0.5π, ϕ2 = 0.5π, and then
change the phase of the third harmonic ϕ3 from 0 to 2π.
Here we use SFA2 to calculate the change of asymmetry
parameter with the change of ϕ3. The results are com-
pared to the asymmetry calculated by solving the TDSE,
as shown in Fig. 5(a). Their general shapes are quite sim-
ilar, except for a small shift. Different from the two-color
case, this choice of ϕ1 and ϕ2 has given an initial neg-
ative drift velocity to the ionized electron. The change
of ϕ3 will increase or decrease this drift velocity, but its
effect is not strong enough to change the direction of to-
tal photocurrent. In this case of changing ϕ3 with fixed
ϕ1 and ϕ2, the photocurrent stays in the −z direction
for ϕ3 varying from 0 to 2π. When the third harmonic
laser field is added, it makes the electron drift in the −z
direction to a maximum. This will lead to the minimum
DC part in the photocurrent and the THz radiation can
be greatly enhanced. This is similar to what has been
concluded in Ref. [44]: the optimal phase for THz radi-
ation occurs when ϕ3 = 1.5π or −0.5π, when total laser
pulse has sawtooth shape and can ionize electron with
large drift velocity.
Using SFA2, we can also find optimal ATI asymmetry

under the condition of fixing ϕ1 = −0.5π, and varying
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FIG. 5: (a) Comparison of the normalized asymmetry param-
eter of the total photoelectron (red dashed line) calculated by
SFA2 with the residual photocurrent (black solid line) calcu-
lated from TDSE as a function of the relative phase ϕ3 for
three-color laser field of Eq. (9) where we set ϕ1 = −0.5π
and ϕ2 = 0.5π. The laser parameters are the same as those
in Fig. 1. The intensities of the second and third harmonic
laser field are both fixed to be one percent of the fundamental
one. (b) The 2D asymmetry map calculated from SFA2 for
the three-color pulse where ϕ1 is fixed at −0.5π. The map
was calculated by varying ϕ2 and ϕ3 simultaneously. (c) The
same as (b), but ϕ1 is fixed at 0.
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ϕ2 and ϕ3 to find the optimal phase combinations for
THz radiation. The result is illustrated in Fig. 5(b).
For example, the drift velocity along +z direction ap-
pears when ϕ2 is around 1.5π, and THz radiation can
also be extremely strengthened when ϕ3 is chosen to be
1.5π. Instead, if ϕ1 is fixed to be 0, the optimal phase
combinations of ϕ2 and ϕ3 will change, as shown in Fig.
5(c). While the rule is similar, and THz radiation can
be effectively strengthened when the choice of ϕ2 and
ϕ3 pushes the ionizing electron to drift in the same di-
rection. For example, when ϕ2 is fixed to be 0.5π, the
direction of the photocurrent remains positive whatever
ϕ3 is. And the photocurrent reaches the positive maxi-
mum when ϕ3 = π.

IV. SUMMARY AND CONCLUSIONS

For years, the SFA1 theory has been used to simulate
THz radiation without success, either by photocurrent
theory or directly by calculating free-free transitions[15].
In previous works [38, 39], it has been found that the
asymmetry of photocurrent vs the asymmetry of pho-
toelectrons have common phase-angle dependence. How-
ever, these conclusions are based on solving the TDSE. In
this paper, we showed that asymmetry of photoelectron
distributions does not require a full solution of TDSE, but
can be obtained directly from calculating SFA2. Since

calculations using SFA2 are four orders faster than solv-
ing the TDSE, we can use SFA2 calculation to map
out optimal laser parameters that would generate high-
est THz emission. We also have used SFA2 to calcu-
late the asymmetry of photoelectrons produced by ul-
trashort single-cycle pulses and obtained the best CEPs
that are identical to results from solving TDSE. Due to
the simplicity of obtaining asymmetry of photoelectrons
from SFA2, we also demonstrated that combinations of
phases of a three-color pulse can also be obtained to op-
timize THz generation. Finally, for the first time we put
the THz generation on the same framework as the well-
studied HHG, LIED and NSDI processes. They all be-
long to electron-ion recollisions in the laser field. Thus,
the three-step model, or the QRS theory[16], should be
extended to calculate THz in the future.
. ————————————-
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