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Abstract

pulses. We find that the THz amplitude and angular distributions in the far field are sensitively dependent on the pump

We investigate off-axis phase-matched terahertz (THz) radiation in laser plasma pumped by few-cycle laser

pulse’s focal carrier-envelope phase (CEP). Ring-like profiles of THz radiation are obtained at CEP values of 0.5 = and
1.5 =, due to the inversely symmetric local THz waveforms emitted before and after laser focus. Off-axis phase-matched

THz radiation offers a tool to accurately measure the CEP of few-cycle pulses at the center of a medium.
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. ionization (stereo-ATI) "', terahertz (THz) emission' ™",
Introduction

15]

and Compton scattering”” have been developed to

Ultrashort laser pulses are a powerful tool for measure the CEP of few-cycle pulses. Unlike the

probing electronic dynamics in the attosecond regime.
The carrier-envelope phase (CEP) of ultrashort laser
pulses defines the phase of carrier wave at the instant of
As the
pulse duration is comparable to the oscillation cycle of
CEP becomes a
parameter, whose variation will significantly modify the

maximum amplitude of the pulse envelope.

the carrier wave, the critical
laser field and the nonlinear interaction with gaseous or
condensed media'”" Over the last decade, investigations
on CEP-dependent phenomena have been continuously
conducted. Accurate CEP measurement has become a
challenging goal i manipulating physical mechanisms
field. Methods

generation'"”

such as high-order

above-threshold

with a laser

harmonics stereo

stereo-ATI method, which measures the ATI electrons

in high vacuum, CEP measurement using THz
emission from laser plasma is convenient. However,
these methods suffer from variations caused by the
Gouy phase shift of the Gaussian beam and phase shifts
triggered by the nonlinear interaction of intense pulses
with the medium'"* ",

By focusing few-cycle pulses in ambient air,
transient photocurrents are produced from laser-induced
plasma to generate enhanced THz radiation, whose
waveform is sensitive to the CEP" """/ As the laser
pulse propagates, the Gouy phase shift and diffraction

dominate the CEP variation'""’. The phase variation can

be as large as n for a focused Gaussian beam'"™. As a
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result, it is not easy to determine the precise value of
the CEP in the interaction region, whereas only the
modulation of experimental observations is measured by
varying the CEP. THz waveforms inside the laser
plasma show a characteristic evolution that depends on
the CEP of few-cycle pulses before focusing, therefore,
the concept of an initial CEP was proposed to accurately
define the phase of the pump pulses. However, this
phase is not the CEP in the interaction region'"”’.

This  study

condition of THz radiation from a few-cycle pulse-

investigates the phase-matching
pumped laser plasma. It was observed that the spatial
distribution of the off-axis THz emission is dependent
on the CEP value at the center of the laser focus. In
particular, the far-field profile of THz emission exhibits
a ring-like pattern with a central dark spot for the driven
pulse’ s CEP of 0. 5& and 1. 5x. Such features persist
even when the interaction region extends to the entire
Rayleigh length. This finding offers a means of
accurately measuring the CEP of few-cycle pulses at the
center of the medium, which 1is crucial for
understanding the underlying physics of CEP-related

phenomena.

2  Methods

The far-field THz intensity distribution produced
by few-cycle pulses can be obtained by the coherent
superposition of local THz radiation from the air
plasma. We evaluated the THz profile based on the
propagation of the local THz emission from the laser-
induced photocurrent. Considering the finite lifetime of

free electrons in laser plasma, the local THz radiation'”""

is given by
Vo) Je Bl (1)
dt T, e,
do. (1)
%:WAT)K(Z)[{O(“*{OP(Z)]’ (2)
ET“Z(Z‘) a./e(t)’ (3)
at

where J. is the photocurrent, z. is the f[ree-electron
lifetime™ , m. is the electron mass, ¢. is the electron
charge, po. is the electron density, and p, is the
molecular density of ambient air. Here, W is the
ionization rate and was calculated based on ADK theory"™”
as follows
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where I, is the ionization potential of the gaseous
medium, I, is the ionization potential of the hydrogen
atom, and E, (¢) is the laser field. The far field THz

emission'”" is then calculated in the frequency domain as
FP::F( T, , .Q)OC
v exp[i/e»l~HzR(jﬂ (9)

Zilﬁmz(j) R(j) exp[ingkmzz“)]

where V is the interaction range, R is the distance
between the interaction point and a point on the
detection screen, n, is the pump field” s group-velocity
index of refraction in the medium (in a weakly ionized
medium, 7,2~ 1) , and z is the propagation axes
coordinate. The laser focus is set at 2 = 0.

The laser field of E. (2,7 ¢) is written as a

Gaussian beam as follows:

2
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(10)
Where E; is the peak intensity, w, is the beam waist,
w, 1s the beam radius, g is the pulse envelope
parameter, zi is the Rayleigh length, —iatan(z/zR) 18
the Gouy phase shift, and ¢, is the CEP value at the
center of the laser focus. The CEP evolution of few-
cycle laser pulses propagated in the laser plasma can be
modified by the Kerr effect

10]

and plasma-induced
dispersion'”. In a weakly ionized medium caused by a
low-energy few-cycle pulse, the Kerr effect and plasma-
induced dispersion only change the value of CEP
slightly but do not influence the asymmetric distribution
feature of the CEP along the medium, so these two
terms can be neglected in this scheme. Therefore, the
CEP of the propagating laser pulse is dependent on both
the Gouy phase shift and ¢,, which will be changed by
m over the laser-focusing region. In the simulation, the
wavelength of the pump pulse was 0.8 pm, the full
width at half maximum (FWHM) of the laser pulses
was 6 fs (~2.2 cycles) , w,=50pm, and the peak

intensity was 12X 10" W/cm®. Argon (Ar) gas was
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used as the medium at standard atmospheric pressure,
and the detection screen was placed 300 mm away from
the focal point.

3 Results and Discussions

Figures 1 (a) and 1 (b) show the local THz
waveforms inside the plasma for the focal CEP, ¢,=
0. 5m, 0. 6, respectively. As shown in Fig. 1(a), the
THz emission gradually changes its amplitude and
polarity when coordinate z is varied, and at the center
position, the THz emission signal weakens and then
Fig 1 (b) shows that the

waveform becomes more symmetric at approximately

reverses the polarity.

0 ps, whereas the THz wave almost maintains its polarity
for ¢,=0. 6. In both cases, the local THz intensity
drops rapidly outside the laser focus owing to the
rapidly decreasing pump pulse intensity. In Fig. 1(c),
we plotted the on-axis (x, y = 0) temporal waveforms
of the local THz emission for ¢, = 0. 57 at &= — 3 mm

(black curve) and 3 mm (red curve). The polarity

®)

Amplitude /arb. units

Position /mm

Fig. 1

0 5
.' ‘ =+
gl
0 1

Time /ps

reversal of the THz field occurs because of the change
in the CEP caused by the Gouy phase shift. Figure 1(d)
shows the amplitude of the local THz radiation along
the propagation axis with the CEP of 0.5x (solid
curve) and 0. 6w (dashed curve) at the focus, with
amplitudes below and above zero representing negative
and positive THz wave polarity, respectively. Figure 1(d)
also shows the variation in the pulse CEP with different
values of ¢, in the dashed yellow curve, which represents
an asymmetric distribution feature because of the Gouy
phase shift. The above discussions indicate that the
evolution of local THz waveforms is sensitive to ¢,.
Furthermore, the change in THz waveform polarity
was calculated with ¢, varying from 2z to 0, as shown
in Fig. 1(e). It should be noted that ¢,= 0. 5x, and
1. 5w are special cases in which the THz waveforms are
inversely symmetric at the same distance before and
after the laser focus. This explains the symmetric THz
amplitude shown in Fig. 1(d) (green curve).

Amplitude /
arb. units (©
5

Amplitude /arb. units

Position /mm

Local THz generated at different positions of medium. THz waveform evolved with position with different ¢, of (a) 0. 57 and

(b) 0. 6x; (¢) THz waveforms from different position — 3 mm (black curve) and 3 mm (red curve) in Fig. 1(a); (d) THz

amplitude taken from Fig. 1(a) (green solid curve) and Fig. 1(b) (blue dash curve) at the time of 0 ps and pulse CEP shown in

yellow solid curve (¢, = 0. 5n) and yellow dash curve (¢, = 0. 6x); (e) polarity of local THz

The far-field distribution directly depends on the

local THz source inside the plasma. As an example,

THz waves generated with the same amplitude and
opposite polarity will cancel out in the forward
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direction, whereas they constructively interfere in a
specific off-axis direction (~7°). In this case, the THz
waves will have a half wavelength path difference given
by [|AP|—(|AB|+|BP|)=T/2, where I' is the
wavelength of THz emission ], as illustrated in Fig. 2.
In other words, along with the laser plasma,
antisymmetric THz emission can produce phase-
matched ring-like radiation, as shown in Fig. 1 (d)
(green solid curve).

Fig. 2 Schematic diagram of off-axis phase matching

The far-field distributions calculated using Eq. (9)
for ¢, = 0. 5, 0. 67 and the plots are shown in Fig. 3(a)
and (b) , respectively. A ring-like profile is displayed
for ¢, =0. 5, but a round spot with a near-flat top
profile is obtained for 0. 6 =. The profile in Fig. 3(a) is
similar to that reported in Ref. [24-25], in which the
pump pulse is a two-color laser field. The hollow-core
THz radiation pattern is also caused by the off-axis
phase-matching condition created by the reversed local
THz polarity due to the dephasing of the two-color laser
field. In addition, a ring-shaped THz profile can be
produced for ¢,=1.5x (for 1.5n, the results are
identical with those for 0.5xw). Under experimental
conditions™?”, THz can radiate from a short dimension
of less than 2 mm in vacuum. We calculated the THz
emission from much shorter medium lengths of 6 mm
and 2 mm with ¢, = 0. 57, which are shown in Fig. 3(c)
and Fig. 3(d), respectively. Clearly, the patterns in
both cases show different phase-matching angles and
sharpness but maintain a ring-shaped profile.

The far-field distribution of different THz frequencies
directly determined the accuracy in identifying the ring-
like pattern because of the broad spectrum of THz
emission. To clarify these details, the angular distributions
at different THz frequencies were calculated with ¢, =
0. 5w, as shown in Fig. 4. The phase-matching angle
(@) tends to decrease with increasing THz frequency'”’.
The angle (@) can be well predicted by cos(@)=1—

Intensity /
80 p arb. units
1
0
E
E
B
é —80
Z 80
=
0
—80 0
-80 0 80 -80 0 80
Position X /mm
Fig. 3 THz far-filed intensity distribution (< 3 THz) with
different ¢, of (a) 0. 5 and (b) 0. 6x; different medium
length (¢) 6 mm and (d) 2 mm
3r — 0.4 THz
~ 0.7 THz
— 1.1 THz
£ | — 15THz
g gl \ — 1.8THz
o 2.2 THz
8 — 2.6 THz
7
£1r
5
R 9 0 9 18
Phase-matching angle /(%)

Fig. 4 Phase-matching angle with different THz frequencies

I'/2ly, where [, is the half-length of the local THz
generation range and is 10 mm in this scheme. This
frequency-dependent angular distribution feature indicates
coherent interference, in which phase matching occurs
in the off-axis direction. The radiation attained at all
frequencies superimpose to produce ring-like radiation.

For a measured THz profile in the far field, the
CEP can be distinguished by finding the maximum
value in the profile divided by the minimum value in the
center area. The peak-to-valley ratio of the far-field
profile with varying center CEP values is shown in Fig. 5.
The two peaks at 0.5x and 1.5xw represent two
standout ring-like distributions, as shown in Fig. 3(a).
The narrow width indicates the rapid disappearance of
the ring-like features. With the other CEPs, the ratio is
constant, and this creates a round spot with a near-flat
top distribution, as shown in Fig. 3(b). The reason for
this relationship between the CEP and the ratio is the
rapid decrease in the local THz intensity produced away
from the focus, as shown in Fig. 1(a).
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Fig. 5 Peak-to-valley ratio (< 3 THz) evolved with ¢,

Using these characteristics, we propose a scheme
to measure the ¢, of few-cycle pulses accurately. This
can be achieved by changing the CEP of few-cycle
pulses such that the far-field pattern becomes a ring
with the highest contrast. The value of ¢, can be 0. 5=
or 1.5m, depending on its polarity. The distinction
between 0. 5t and 1. 57 can be resolved by measuring
the local THz waveform before the focal point using
electro-optic sampling. Furthermore, the reliability of
this solution can be verified by measuring the reversal of
the local THz polarity and the phase-matching angles of
different frequencies for comparison with cos(@)=1 —
/24, of CEP

measurement by THz emission, this scheme has a few

Compared with other methods
advantages. First, it avoids the phase drift caused by
the laser plasma in the filament by demanding the center
CEP of 0. 5x. Second, the length of the laser plasma
can be flexible. The measurement error of this scheme
originates from the adjustment of the CEP and THz
detectors, and the deviation is estimated to be less than

100 mrad.

4  Conclusions

In conclusion, off-axis phase-matched THz
emission driven by few-cycle laser pulses in a gaseous
found that the

amplitudes and angular distributions of the far-field THz

medium  was investigated. We
emission are sensitive to the focal CEP. Owing to the
antisymmetric THz emission before and after the focus,
the far-field exhibits a ring-like pattern at 0. 5w and
1. 5x. When the CEP deviates from 0. 5x or 1. 5=, the
far-field pattern rapidly loses its ring characteristics and
degenerates into a circular spot distribution. Finally,
we propose a scheme to determine the focal CEP
CEP

measurement scheme is valuable for regulating CEP-

accurately. This reliable and accurate focal

dependent physical phenomena.
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