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Previous research shows that few-cycle laser (FCL) pulses with low energy and without a bias field can be used to
coherently detect terahertz (THz) pulses. As we know, it is very difficult to stabilize the carrier envelope phase
(CEP) of FCL pulses, i.e., there are some random fluctuations for the CEP. Here we theoretically investigate the
influence of such instability on the accuracy of THz detection. Our results show that although there is an opti-
mum CEP for THz detection, the fluctuations of the CEP will lead to terrible thorns on the detected THz wave-
form. In order to solve this problem, we propose an approach using two few-cycle laser pulses with opposite

CEPs, i.e., their CEPs are differed by .
OCIS codes: 040.2235, 320.7100, 190.7110.
doi: 10.3788/COL201816.090401.

At present, generation and detection of terahertz (THz)
pulses by using laser-induced gas plasma are widely used
in the THz field of research™¥. Thanks to the advent of
ultrashort laser pulses with millijoule energy, single-cycle
electromagnetic radiation covering the so-called THz gap
(0.1-10 THz) and with a MV /cm electric field amplitude,
can be obtained from laser-induced gas plasmaZ2. On the
other hand, such a gas plasma can also be used as an ef-
fective sensor to coherently detect broadband THz waves
by “seeing” or “hearing™” the plasma.

For the THz detection process, the ultrashort laser pulses
and THz pulses are simultaneously focused in a gaseous
medium, so bound electrons in gas molecules (or atoms)
are initially stripped off by a laser electric field and form
plasma around the focal region. These freed electrons are
then accelerated by the electric field of the laser and
THz pulses, leading to an oscillating current J(¢). Using
the transient photocurrent (PC) model22Y the radiation
field from the plasma obeys E,, « dJ/dt & N (t)Ey, (1),
where N,(t) is the electron density and Fj,(t) =
E,, (t+ At) + Eqy,(t). E,, (t+ At) and Ery,(t) are the
electric field of the incident laser and THz pulses, respec-
tively, where At is the time interval between two such
pulses. Measuring the intensities of the second-harmonic
(SH) emission from the plasma with respect to A?, one
can obtain the THz pulselZL¥.

For a few-cycle laser (FCL) pulse, the carrier envelope
phase (CEP) plays a very important role in gas ioniza-
tion, electron acceleration, and the subsequent plasma
nonlinear emission process™>2. In 2013, Liu et al. pro-
posed a new approach for THz coherent detection based

1671-7694,/2018 /090401 (3)

090401-1

on an FCL pulse with a fixed CEP and very low laser
energies that could be used in remote THz sensing?.

In the area of ultrafast optics, improving the ability to
effectively stabilize the CEP of an FCL pulse is a key sub-
jectZ 2 In other words, there are some random fluctua-
tions for the CEP. In principle, the accuracy of THz
detection is definitely affected by such an instability. In
this Letter, we will numerically investigate this problem
and give an approach to solving it. Moreover, an experi-
mental realization is also proposed.

In our simulation, the FCL pulse has a Gaussian forma-
tion with a center wavelength 1, = 800 nm, a full width at
half-maximum (FWHM) Tpwpy = 6 s, a focal beam ra-
dius wy = 10 pm, and a single pulse energy W = 30 pJ.
Using a transient PC model, we first calculate the SH
intensities Iy, (¢pcep, At) without incident THz waves,
as depicted in Fig. 1(a). Next, we obtain the SH intensities
I ;’;’):T with incident THz waves, as shown in Fig. 1(b). By

subtracting Fig. 1(a) from Fig. 1(b), one can obtain I

2wy
versus both ¢cpp and At, as shown in Fig. 1(c). Extracting
four sets of transverse data in Fig. 1(c), we plot four de-
tected THz signals for different ¢cpp values [the solid
curves in Fig. 1(d)].

To find the optimum CEP for detection when
W =30 pJ, we can extract two sets of longitudinal data
versus ¢cogp (At = —0.068 ps and 0.124 ps) from Fig. 1(c)
and plot two dashed lines in Fig. 1(e). From Fig. 1(e), one
can easily find the maximum and minimum of / QTwO corre-
sponding to the best ability to resolve the electric-field
polarities of the THz waves. In other words, these two
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Fig. 1. (a) The calculated SH intensity without the THz field

13’;;0 as the function of the time interval At and the laser pulse

¢cpp when W =30 pJ; (b) the SH intensity with the THz field
I ;’,?,:T versus the CEP and At; (c) the increment of SH intensities
due to the THz signals I szﬂ; (d) the detected THz signals for dif-
ferent values of CEP; (e) the peak and valley values of the de-
tected THz waveforms versus few-cycle lasers’ CEP.

extreme points, ¢cpp = 0.127 and —0.887z, are the best
¢cpp for an FCL pulse with fixed pulse energy W =
30 pJ to perfectly reproduce a real THz waveform. In what
follows, we let qb%gg = 0.12z in the simulation.

Figure 2(a) plots the evolution of I, with respect to
the THz electric field Ery, when the CEPs are chosen
to be ¢8gg, 8Eg — /4, ¢8gg — /2, ¢8Eg —3rn/4, and

8E}T> — m, respectively. Performing the simple calcula-

tions Lo, (PEEE) — Loy, (POEF — 7) and Iy, (pOEE — n/4)—
Iy, ( 8&? — 3r/4), respectively, we find that the results of
the subtractions are linearly dependent on Erg,, as shown
in Fig. 2(b). As mentioned earlier, the radiation field from
plasma  obeys  Eg «dJ/dt « N, (t)F;,(t), where
By (t) = B, (t + At) + Ery,(t). Therefore the intensities

of radiation I ;’a”):T(At) can be written as
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Fig. 2. (a) Dependence of SH signal intensity on the THz

pulse peak field with probe pulses of some special CEP points

relative to the optimum one. (b) The subtraction results of

the curves in (a).
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= N2(1)[E,, (t + Al) + By, ()12,
= N2(t)[E2, (t + AL) + By (1)
+ 28, (t+ AL) B, (1)). (1)

In the last item 2N2(t)E,, (t 4+ At)Ery,(t) in BEq. (1)
THz information can be encoded into I g)(‘j,jT@ For sim-
plicity, we let At = 0, i.e., the zero delay between the laser
and the THz pulse. Substituting E,, (t) = E(t) cos(wyt +

OFL) and  E,, (t) = Ey(t) cos(wyt + ¢p2EE — ) into
Eq. (1), respectively, and after some simple algebraic der-

ivations, one can obtain

I (OB — I (O8RS — m)

o ANZ(t) Ey(t) cos(wyt + ¢pPhp ) B, (1), (2)

which

linearly dependent on FEry,. Similarly, one can also
obtain

oo+ T 4 OPT wy+T ¢ OPT ;
shows that Iy, ( CEP)—I%U (popp — @) is

Ly, (05 — w/4) — L5, ($CED — 37/4)

2w, 2w,

& 2V2N2(t) Eo(t) cos(wgt + pObE) Epg, (1),  (3)

which shows that I w“+T(¢8E}T> —n/4)—1T moJrT(‘ﬁgE}T) -

2w, 2w,
37/4) is also linearly dependent on Ery,, and it is v/2/2
times the value of Iy, (PORE) — Ioy, (925E — ). Note that
we assume that Epy, has no contribution to N (), since it
is too weak to strip off the bounded electrons.

In practice, the instability of the CEP for FCL pulses is
unavoidable. Next, we will investigate how it affects the
accuracy of THz detection. Assuming the amount of
the CEP’s random fluctuations is one percent of ¢pOLT,

we re-calculate the SH intensities I7 | shown in the black

2w
curve (¢OEF) and red curve (¢p2Lf — ) in Fig. 3(a), on

which a few thorns appear. If the amount is raised to
be five percent of ¢8gg , the fluctuations of the CEP will
lead to terrible thorns on the detected THz waveforms, as
shown in Fig. 3(d). Thus, a single few-cycle laser with an
unstable CEP could not be used to detect THz waves
perfectly.

Linear dependence, i.e., Eq. (2), enlightens us to

resolve this problem. The results of I50""(#25T) —

I;’;’):T( OPL — ) are plotted in Figs. 3(b) and 3(e),
respectively. Although the thorns still exist, their scale
is significantly reduced. Using a Fourier transform, we
obtain the spectra of the detected THz waveforms [see
Figs. 3(c) and 3(f)], which also demonstrate the feasibility
of our method.

Based on these simulation results, we propose an exper-
imental scheme, as shown in Fig. 4. Two collinear few-
cycle laser pulses (wy), whose CEPs differ by 722 are
alternately focused into gas to generate the plasma, mean-
while the THz waves are impinged on the plasma.
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Fig. 3. (a) The THz SH signal waveforms detected by probe
pulses when the amount of fluctuations is 1% of c/)ggg ; (b) the dif-
ference signal waveform and the original THz waveform; (c) the
THz spectrum from the Fourier transform of the THz waveforms
in (b); (d) the THz SH signal waveforms detected by the probe
pulses when the amount of fluctuations is 5% of ¢phr ; (e) the differ-
ence signal waveform and the original THz waveform; (f) the THz
spectrum from the Fourier transform of THz waveforms in (e).
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Fig. 4. Proposed experimental scheme for the coherent detection
of a THz pulse via using two few-cycle laser pulses.

The generated SH signals (2w,) are collected by two
lenses. A narrowband filter (NBF) is used to isolate the
residual wy laser beam and the other emissions from the
plasma. Then the SH signal is separated into two beams
by a beam splitter (BS) and detected by two photomulti-
plier tubes (PMTs), respectively. The small signals are
first amplified by preamplifiers (PAs) and input into
the lock-in amplifier (LIA). In order to distinguish the col-
linear detected Iy, (pOrp) and Iy, (p2EE — ), one can set
two chopping frequencies for the two incident FCL pulses,
ie., qb(c)gg is f; and d)ggg — xis fy. By inputting f; and f,
into the two LIAs as trigger signals, the different SH
signals can be detected. Finally, the two detected SH
signals are input into a subtracter, and the THz wave-
forms are obtained.

In conclusion, we propose an approach to eliminate
the influence of the CEP’s instability on THz detection via
using two FCL pulses with opposite CEPs.
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