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Abstract: Mechanism of terahertz (THz) pulse generation in gases
irradiated by ultrashort laser pulsesisinvestigated theoretically. Quasi-static
transverse currents produced by laser field ionization of gases and the
longitudinal modulation in formed plasmas are responsible for the THz
emission at the electron plasma frequency, as demonstrated by particle-
in-cell simulations including field ionization. The THz field amplitude
scales linearly with the laser amplitude, which, however, holds only when
the latter is at a moderate level. To overcome this limitation, we propose
a scheme using chirped laser pulses irradiating on tenuous gas or plasma
targets, which can generate THz pulses with amplitude 10-100 times larger
than that from the well-known two-color laser scheme, enabling one to
obtain THz field up to 10MV/cm with incident |aser at ~ 101w /cm?.
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1. Introduction

Intense THz pulses with the field strength up to MV/cm or beyond are expected to be important
for nonperturbative THz el ectro-optics, nonlinear THz spectroscopies, THz extreme nonlinear
physics in condensed matters, semiconductors, and nanostructured materials, etc. [1, 2], which
are mostly unexplored. Such THz pulses are usually obtained from accel erator-based sources,
which are still limited by the bandwidth, peak intensity, waveform, aswell asthe availability to
most users. Thereforetable-top intense THz sources are attracting significant attention recently.
For example, it is found that strong THz radiation can be produced from the laser wakefield in
inhomogeneous plasmas by linear mode conversion [3, 4] or from the transition radiation at
plasma-vacuum boundaries using ultrashort electron bunches [5]. THz emission can aso be
produced from tenuous gas targetsirradiated with ultrashort laser pul ses, which can be realized
even using moderately intense laser pulses|6, 7, 8, 9, 10, 11]. Actually Hamster et al. observed
electromagnetic (EM) emission with the same frequency as the electron plasma frequency o p
(around the THz frequency for a plasma electron density ne = mew?3/4me” = 1.2 x 10%%cm3)
when irradiating helium gas with ultrashort laser pulsesin 1993 [12]. In 2000, Cook et al. pro-

posed and demonstrated that THz pulses can be generated efficiently when two laser pulses
(with one at fundamental and another at the second-harmonic) co-propagatein air [6]. Several

authors attributed this THz pulse generation to four-wave rectification [6, 7, 8, 9], and among
of them Kress et al. found plasma formation is necessary for this THz emission [7]. D’ Amico
et al. proposed the transition-Cherenkov emission from the plasma space charge moving be-

hind the ionization front at light velocity [10, 11]. Recently, Kim et al. [13] and Wu et al. [14]

have suggested that transverse drift currents excited by symmetry-broken laser field ionization
of gases are responsible for this THz emission. However, their photocurrent model cannot ex-
plain the THz emission frequencies and holds only at moderate laser intensity. Whereas to get
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multi-MV/cm THz pulses, one has to invoke strong laser pulses. Under high laser intensity, the
ionization can be completed within 1-2 laser cycles and in this case the dependence of THz
pulseintensity on laser pulseintensity is still unclear.

In this paper we present an analytical model describing the mechanism of the THz emission
in gases irradiated by high intensity lasers and propose a new scheme generating strong THz
pulses by use of chirped laser pulses. It is found that the quasi-static transverse drift currents
formed during the field ionization process and sequently modulated by formed plasmas in the
longitudinal direction are responsible for the THz-wave generation with the frequency w p. The
THz wave amplitudeis proportional to the drift currents dominated by uncontrollablefield ion-
ization of gases for either one-color or two-color lasers. Therefore, the THz wave amplitude
is not strengthened monotonically with growing laser amplitude for intense lasers. If one takes
chirped laser pulses, however, drift currents can be excited efficiently due to the asymmetric
field in each laser cycle and the obtained THz wave amplitude can scale linearly with the inci-
dent laser amplitude.

2. Theoretical model

Interaction of ultrashort laser pulses with tenuous gases includes laser field ionization of gases
and the interaction of the laser pulses with formed plasmas. The laser field ionization rates can
be calculated by the ADK formula [15, 16]. For free electrons, they follow the equation of
motion given by

dv, /ot =da /o, (1)

wherev | istransverseelectron velocity normalized by c, a| islaser vector potential normalized
by mec?/e. Assume the initial velocity of al newly born free electrons is zero and the jth
electron is born at place of xjo and time of tjo. Then the transverse velocity of the electron is
Vi j(x,t) =a (xt) —a (Xjo,tjo) inaplanelaser field. The average transverse velocity at x and
t isgiven by

N
(Vi)=Y v j/N=a —(a(x,t)), )
=1

where (ai(xo,t0)) = Z?I:laL(on,tjo)/N, N is the total electron number at x and t, and
(a (Xo,top)) should be afunction of x— ct. Assume the ionization stops at x ; where laser pulses
have left or gas atoms have been ionized completely. Then all (ai(xo,tp)) a x < x; should be
statistically the same and therefore quasi-static transverse currents are formed in the wake of
the laser pulses.

When laser pulses just leave x at t = x/c, the transverse velocity of al free electrons at x
is assumed to be —(ay (Xo,to)). Att > X/c, the electron velocity v = da— (a (xo,to)), where
da s the vector potential of newly generated EM waves (THz waves). Here we have assumed
da=0att < x/csince the newly generated EM wave wavelength is much larger than the laser
duration, which will be seen below. Thus, the wave equation of newly generated EM wavesin
plasmasis given by

2 52 b
(W‘@—aﬂ) Sa—= %[Sa—<aL(X07t0)>]v 3

where cof, = 47re2ne/ me, the formed plasma el ectron density ne is assumed to be uniform since
we only consider the case with plasmawavelength A, = 2n¢c/wp > Ag and |§a] < 1. Solving
Eq. (3) by the Laplace transform, one can obtain
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da= — (a.(Xo,to))[cos(wpT)—1]

1 g op
+  (a(xo,t0))[cos(wpT) — 1| ®.£7~ ¢ exp 7 s ) 4)

S

where £ = ct —x, 7 =t, the convolution operator ® is defined by (1) ® g(7) =
Jg f(r—t)g(t)dt, and £~ H{F(s)} = f(7) is the inverse Laplace transform. The transform

f*l{exp[zic(s— 955)]} cannot be performed analytically, but it is known that the first term in
the exponent represents the propagation effect along the x-direction and the second term means
the decaying effect. Equation (4) shows that the THz field E o< dda/dt =« wy, i.e, the square
root of the plasma density. It also shows that the newly generated EM waves include both @
and 0—fregquency components and have the same polarization as the incident pulses. When the
target has a gas-vacuum boundary, the w p-frequency part within about A, near the boundary
can penetrate into the vacuum effectively.

The above analysis is applicable for gas targets irradiated by either one-color or two-color
laser pulses with normalized amplitude ai. < 1. When one-color waves are incident, the THz
pulses will be produced very inefficiently and have some characteristics of noise. While two-
color waves are incident, the symmetry of positive and negative half-cycle of the fundamental
wave is broken [13]. The two-color-wave ionization causes drift currentsin the same direction
in every cycle and thus can emit THz pulses more efficiently than with one-color waves. When
the target is a fully ionized plasma slab, either one-color or two-color waves are adopted, the
net drift currentisnull, i.e. (a.(xo,t0)) = 0, and no THz pulses can be generated.

3. Simulations

To check the above results, we use one-dimensional (1D) particle-in-cell (PIC) simulations
[3, 17]. In our PIC code the field ionization of gases is included with tunnelling ionization
rates calculated by the ADK formula[15, 16]. For simplicity, only hydrogen gas (H ») is used
which generates one kind of plasma density only. A slab target with the gas density ngas =
1.25 x 10~°n, and the length Lgas = 2001 or 40040 is used starting from x = 5001, where
Ne = Mew?/4m€? isthe critical density and wo = 27/To is the laser frequency. A laser pulseis
incident along the +x direction with the vector potential a. = &,a, wherea, = sinz(né /Lt) -
[a1 cos(ko&) + azcos(2koé + 0)], ko = @o/c, Lt is pulse duration, a; and a, are normalized
amplitudes for the fundamental and the second-harmonic waves, respectively, and 0 is their
relative phase. In the following simulations we take Lt = 201, @ = a1/2,and 6 = 1t /2.

Figure 1 is the spacial distribution of transverse currents. In a preformed plasma, no trans-
verse current is left after the laser. However, in a H, target a quasi-static negative transverse
current is formed. At a later time the current will have a low-frequency oscillating profile [see
Fig. 1(c)] because of the plasma modulation. It isindicated that ionization of gases is necessary
for the THz emission in this case, which agrees with the above analysis.

The temporal and spacial distribution of THz emission is shown in Fig. 2(a). There are two
THz pulses, one going along the +x direction and the other along the —x direction. These THz
pulses penetrate into the vacuum and have a waveform with the first cycle strongest, for their
current sources within the H, plasma decay during radiation. This can be seen more clearly in
Fig. 2(b). Figure 2(b) is the temporal evolution of THz pulses observed at 201 ¢ in front of the
left gas-vacuum boundary. Their corresponding spectra are plotted by Fig. 2(c). One can see
that the THz pulses have frequencies of 0.003wq (1THZz), 0.005wq, and 0.01wo, equal to their
individual wp. Note that there is the O—frequency component because of the asymmetry of the
positive and negative peaks of the THz pulse. These are consistent with the previous analysis.
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Fig. 1. Spacia distribution of transverse currents in a preformed plasma (a) at t = 60Ty
and in aHy target at t = 60Ty (b) and t = 400Ty (c), respectively. A two-color laser with
a; = 0.06 and Lgas = 400 are taken.

150

(@ 550 .
450 E
350 <
o
£ 250 3
E
N
T
l_

50
100 300 500 700 900 1100
N
(b) o (c)
€ R — Ngee=0.5x10"5n, ~03
o A\ _.n_=1.25x10"n = i
< 300 5,: Coof |!
2 ||/ AL
& o Boaf ||
N \
z 2 AN
300,100 200 300 400 500 600 0 001 y 0.02 0.03
t/T 0)(00

0

Fig. 2. (d Tempora and spacia distribution of THz pulses from a H, gas target with the
density Ngas = 1.25 x 105n¢. Waveforms (b) and spectra (c) of THz pulsesfrom H, targets
with different initial gas densities. A two-color laser with a; = 0.06 is taken.
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Fig. 3. (8)THz pulse amplitude as a function of a;. Frames (b)-(€) show the number of new
born electrons produced via laser field ionization against the laser propagation coordinate
x— ct for different a1 and ap = a1 /2. Two-color lasers and a H, target are taken.

For moderately intenseincident pul ses, experimentsin Refs. [6, 7, 8, 9, 13] demonstrated that
the THz pulse intensity increases almost linearly with incident pulse intensity. For even intense
incident pulses, however, it is not clear whether this still holds. By PIC simulations, we are
able to study the THz pulse amplitude as a function of incident laser amplitude within a large
range. As shownin Fig. 3(a), at a; < 0.06 the THz pulse amplitude increases with growing a; .
However, when one increases a; further, the THz pulse amplitude does not increase with a;
monotonically. The reason is that when a; is very small, the ionization process lasts for many
laser cycles[see Fig. 3(b)] and the produced el ectron number and the drift current increase with
growing a;. When a; is not small, the ionization process only occursin thefirst few cycles and
the leading edge of the incident pulse can ionize the gas completely [see Fig. 3(c)]. The peak
part of the pulse or the most intense part has no effect on the birth of free electrons or drift
current excitation. This can result in the low efficiency in THz emission. When a is increased
further, the actual intensity at the part of the pulse ionizing gas may not grow (the part of the
pulse ionizing gas is shifted forwards as shown in Figs. 3(d) and (€)). As a result, the drift
current or the THz emission may not strengthen with the increasing laser intensity. Therefore,
for intense incident pulses it is difficult to control the born places of electrons and produced
drift currents, and consequently the THz amplitude does not scale with a; monotonically.

It is noted that our above simulations are given with H,. When acomplex gas such as arare
gas, molecular nitrogen, or air istaken, the features of the THz emission should be qualitatively
the same as the H; gas. For the same incident laser pulse and gas density, the THz frequency
should change due to the different ionization thresholds existing. It is possible that the drift
currents produced by field ionization can distribute in alarger region throughout the laser pulse,
and the resulting THz pulses have a broader frequency spectrum as compared with the ssimple
H gas.

4. Strong THz emission gener ation by chirped laser pulses

The unfavorable scaling shown above, which results from the ionization of gases in the two-
color scheme, should be overcome in order to achieve high-intensity THz emission. One can
adopt another mechanism rather than the field ionization to generate large drift currents which
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are the key point producing strong THz emission. Here we propose to use asingle chirped laser
pulse [18] irradiating on a gas or plasma target, so that electrons can get net acceleration in
the transverse direction during each laser period. If fixing the chirping value sign of the laser,
the net acceleration of electrons will be found in the same direction in al laser periods, which
can cause very strong drift currents. After the laser passes, an electron obtains the transverse
drift velocity of a_ (Lt) — a.(Xjo,tjo) according to Eq. (1), where a (L) is the vector potential
of the laser pulse at its trailing edge and ai (Xjo,tjo) is relevant with the ionization process.
When alarge enough chirping value is taken, |a(Lt)| > |a.(Xjo,tjo)| for a gas target, which
closesto the case in a preformed plasmawith a (Xjo, tjo) = 0. For simplicity, we shall only take
plasmatargetswith a (Lt) — a_(Xjo,tjo) = a.(Lt) and Eq. (4) holds with substituting a, (L) for
—(a(xo0,1p)) in this case. Therefore, obtained THz pulse amplitude will be in proportion with
a (L¢) or theincident laser amplitude.

In order to demonstrate the scheme mentioned above in a simple way, we take the chirped
pulse electric field EL = & normalized by mewoc/e, with

eL = agsinko& (14 C&)]sin(n /LE), (5)

where the pulse duration LE = (1/1+4CLY — 1) /2C for the chirping parameter C and L isthe
pulseduration at C = 0. For positively-chirped pulsesC > 0, LE < L? and for negatively-chirped
pulsesC < 0, LS > L2, when the total period number of laser pulses stays the same at any given

C. Taking such chirped pulses, one can easily calculate the net transverse drift velocity v | (LE)
LE

or a (LE) through a (LE) = — ;¢ eL(&)dé for any C. For example, when C = 1.0 and -0.024,
thereareay (LE) = 0.0115a0 and —0.0413ay, respectively. Then obtained THz pulse amplitude
dae< 0.0115a5 and —0.0413a, for C = 1.0 and -0.024, respectively, according to Eq. (4). To test
the validity of thisanalysis, we conduct PIC simulationswith C = 1.0 and C = —0.024, taking
LY = 1040. We fix the C or keep the chirped pulse profile and change the pulse amplitude to
study the obtained THz pulse amplitude as a function of ag, which shown in Fig. 4(a). One see
that the THz pulse amplitude increases linearly with ag for both positive and negative chirped
pulses, which is in good agreement with the previous analysis. Further, the ratio of slopes
[0(8a)/dag|c=—0.024]/[0(8a)/dap|c=1.0] = —3.59 is exactly confirmed by the results of Fig.
4(a). Moreover, compared with the scaling shown in Fig. 3(a), the THz pulse amplitude found
for the chirped pulse with C = —0.024 is as 10-100 times large as that in the two-color scheme
for awide range of the incident laser amplitude. When ag = 0.067, the THz amplitudeis up to
1MV /cm at the given plasma density of 2.5 x 10~°n, corresponding to the frequency of 1.5
THz.

A two-dimensional (2D) PIC simulation is conducted to illustrate the multi-dimensional
properties of the THz emission. We take the initial electron density 4 x 10 ~“n. (correspond-
ing to the frequency of 6 THz), achirped laser pulsewith ag = 0.1, thetransverseradius of 81,
and C = —0.024, as well as the simulation box of 8004 x 804¢ (inx x y). Figure 4(b) is spacial
distribution of THz pulses. One can see there are two THz pulses generated with one propagat-
ing along the +x direction and another along the -x direction. They have atransverse profilelike
that of theincident laser, which accords with our previous results that the THz pulse amplitude
is proportional to the laser amplitude. The emission has a wavelength around A p = 5040 and it
has the highest intensity in the first cycle with amplitude exceeding 7MV /cm. This amplitude
is about 4 times of the onein Fig. 4(a) for the same ag, which agrees with Eq. (4) that the THz
field is proportional to wp. For the convenience of experimentalists, we rewrite here the 2D
simulation parameters with common units that the plasma electron density 4.5 x 1017cm~3, the
laser wavel ength 800nm, the peak intensity 2.1 x 108W /e, the transverse radius 6.4um, the
duration 44fs, and the chirped parameter C = —0.024.

It should be pointed that our 1D and 2D PIC simulation results presented previously have not
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Fig. 4. () THz pulse amplitude as afunction of the chirped laser amplitude for two different
chirping parameters, where the electron density is 2.5 x 10-2n¢; (b)Spacial distribution of
THz pulses simulated by 2D PIC, where the electron density is 4 x 10~*n and a chirped
laser pulse with ag = 0.1, the transverse radius of 84, and C = —0.024 is used. Plasma
targets are taken.

completely considered propagation effects of light, especially for large distance propagation.
In three-dimensional cases, the produced THz pulse and the laser pulse can evolve completely.
The laser pulse may experience self-focusing provided the critical power P¢ [19, 20] is ex-
ceeded, while the THz pulse may spread very quickly due to small sport size comparableto the
THz wavelength. As aresult, the linear scaling of the THz emission amplitude with the initial
incident laser amplitude could be deviated.

5. Conclusion

In conclusion, we have studied the mechanism of THz pulse generation from gas targets irradi-
ated by ultrashort intense laser pulses. The quasi-static transverse currents created by laser field
ionization and sequent modulation in formed plasmas are responsible for the THz emission. In
the well-studied two-color laser scheme, it isfound that the THz pulse amplitude scaleslinearly
with theincident laser amplitude only when the latter is moderately large. This presentsasignif-
icant limitation for the generation high power THz emission over the field strength of MV /cm,
necessary for high field THz physics. To overcomethis, we propose to use chirped laser pulses,
with which even strong THz pulses can be generated with amplitudes scaling linearly with the
laser amplitude.
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