aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Off-Axis Phase-Matched Terahertz Emission from Two-Color
Laser-Induced Plasma Filaments
Y. S. You, T. I. Oh, and K. Y. Kim
Phys. Rev. Lett. 109, 183902 — Published 31 October 2012
DOI: 10.1103/PhysRevlLett.109.183902


http://dx.doi.org/10.1103/PhysRevLett.109.183902

Off-Axis Phase-Matched Terahertz Emission from Two-Color

Laser-Induced Plasma Filaments

Y.S. You, T. I. Oh, and K. Y. Kim
Institute for Research in Electronics and Applied Physics, University of Maryland, College Park,

MD 20742

Abstract
We observe off-axis phase-matched terahertz generation in long air plasma filaments produced
by femtosecond two-color laser focusing. Here phase-matching naturally occurs due to off-axis
constructive interference between locally generated terahertz waves, and this determines the far-
field terahertz radiation profiles and yields. For a filament longer than the characteristic two-
color dephasing length, it emits conical terahertz radiation in the off-axis direction, peaked at
4~7° depending on the radiation frequencies. The total terahertz yield continuously increases
with the filament length, well beyond the dephasing length. The phase-matching condition

observed here provides a simple method for scalable terahertz generation in elongated plasmas.
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Phase matching is crucial for efficient frequency conversion in many nonlinear processes [1]. So
far various phase matching conditions have been studied at a broad range of electromagnetic
(EM) frequencies, including infrared, optical, and extreme ultraviolet (EUV) light [1, 2]. At far-
infrared or terahertz (THz) frequencies, an EM band which holds promise for numerous imaging
and spectroscopic applications [3], there have been several approaches to achieve phase
matching conditions [4-6]. In the case of using femtosecond Ti:sapphire lasers operating at 800
nm, zinc telluride (ZnTe) crystals are commonly used to match the group velocity of optical
pulses with the phase velocity of THz waves in optical rectification processes [4]. Recently,
quasi- and non-collinear phase-matching have been demonstrated in lithium niobate (LiNbO3)
crystals with periodical crystal poling [5] and tilted pulse front excitation [6] methods,
respectively, where the conventional phase matching scheme described above does not simply
apply. In particular, the latter method can produce high energy (hundreds of microjoules) THz
radiation, with optical to THz energy conversion efficiency approaching nearly 1% [6]. These
schemes, however, are vulnerable to material damage when excited by high-power lasers, which
fundamentally limits THz energy scaling.

In contrast, material damage is almost absent in plasma-based THz sources. In particular,
femtosecond laser-produced plasma is an ideal medium for scalable THz generation if phase
matching can be achieved in plasmas. Previously, Cherenkov-type phase matching was reported
in single-color, laser-produced plasmas [7], but the overall conversion efficiency is extremely
low because of its relatively poor nonlinear effect in single-color photoionization.

The efficiency can be greatly enhanced by creating plasmas with two-color laser focusing
[8-22]. In this scheme, intense THz radiation is produced by focusing an ultrashort pulsed laser’s

fundamental (@) and its second harmonic (2w) pulses in a gas and converting it into a plasma.



Microscopically, the radiation arises from tunneling ionization and subsequent electron current in
a symmetry-broken electric field [13-15]. This so-called photocurrent model can explain the
microscopic origin of the third order nonlinearity, ;((3). In this scheme, the resulting THz
radiation amplitude is sensitive to the relative phase, €, between the @ and 2w pulses in the
plasma. Many experiments have shown that the THz amplitude scales as Ety, o sin@[8-11, 13],
assuming constant € over the entire plasma length (typically <10 mm). However, long plasma
filaments ranging from a few centimeters to tens of meters can be formed via femtosecond
filamentation in air [23]. In this case, the relative phase @ varies along the filament direction,
modulating the amplitude and polarity of local THz waves. Because of this, no THz
enhancement was previously predicted in the forward direction [18].

However, in this paper, we report a new type of phase matching condition for efficient THz
generation in two-color filamentation. In this scheme, phase matching naturally occurs in the off-
axis direction. Figure 1 shows a schematic of THz generation along a long plasma filament. As
two-color pulses (@ and 2w@) propagates along the filament, the relative phase changes as

0=aw(n,—n,, ) /c+6,, where nyse is the refractive index of plasma filament at @ and 2w

frequency, contributed from both air and plasma dispersion (72 ;0.0 = iy T 71

air, plasma,@

), [ is the

filament length, and 6, is the relative phase at the starting point of filament, determined by the

frequency doubling process and air dispersion before the plasma filament. Here,
M tasmawr =\ 1~ a)f) /@ , where @, is the plasma frequency (for nu. 4 see [24]). Because of the

air-plasma dispersion, the relative phase @ varies over the filament length. Here, the dephasing
length, over which the resulting THz polarity remains the same (0 < 8 < 7x), is given by

l,=(A/2)n,—n,,)", where A is the wavelength at @. For example, for pure (no plasma)



atmospheric air, the dephasing length is /; = 25 mm at 4 = 800 nm. For a filament with electron
density of N, ~ 10'® em™ [25] in atmospheric air (~10" cm™), I, =~ 22 mm. Because of this
dephasing effect, an oscillatory THz output is expected in the forward direction as the relative
phase continuously varies along the filament [18]. This leads to maximal THz generation with
filament length / = /,.

However, natural phase matching can occur in the off-axis direction. This can be explained
by a simple interference effect. For a plasma filament comparable to or longer than the dephasing
length, /;, the THz waves produced along the filament have both positive and negative polarities
as shown in Fig. 1. For example, consider the polarity is positive at Point A and negative at Point
B (I, distance away from A). In The waves produced at Points A and B interfere constructively if
the path difference is Al = P; — (P, + P;) = (m + 1/2)1, where m = 0, 1, 2, ... and 7"is the THz
wavelength. With m = 0, the angle for constructive interference is given by cos®@ = 1 — I7(21,).
For [; = 20 mm and /"= 200 um, the emission peaks at @~ 6°. Note that this type of off-axis
phase matching is only achieved when the radiation wavelength, 7, is longer than the source
transverse size, D, but shorter than the dephasing length (D < I' < [;). For typical air
filamentation, D < 100 ym and /;= 22 mm, which naturally fulfills the phase matching condition.
However, the constraint is not satisfied for conventional optical second harmonic or high
harmonic generation (because /7D < 0.1) or THz generation in nonlinear crystals (because D > I”
or I™>1;).

To confirm phase-matched THz generation experimentally, a femtosecond laser system
capable of delivering 25 fs, 6 mJ pulses at a repetition rate of 1 kHz is used. The laser pulses are
focused by a lens, followed by, a 100-um thick BBO (type-I) crystal which generates second

harmonics (see Fig. 1). Both fundamental and second harmonic are focused in ambient air,



creating a plasma filament. THz radiation emitted from the filament is detected by a pyroelectric
detector. A silicon filter is used to block unwanted optical and infrared light. Additional filters
are used to characterize THz profiles at different frequency bands: a Germanium wafer is used to
detect THz frequencies mostly at <10 THz, whereas a 3-mm thick Teflon window is used as a
low pass filter to detect <3 THz. For THz imaging, the pyroelectric detector is raster scanned
over 5 cm X 3.5 cm, which provides a detection angle of ~10°. THz profiles are measured with
two different plasma lengths. In the first set of experiment, the laser energy is limited to ~1.3 mJ
with a beam size of 5 mm, and a lens of /=15 cm is used to create a relatively short plasma (~10
mm). The measured far-field THz profiles are shown in Figs. 2(a) and 2(b) at high (Germanium
filter) and low (Teflon filter) THz frequencies, respectively. With laser energy of 5 mJ, beam
diameter of 10 mm, and lens with /= 300 mm, a plasma filament longer than ~40 mm is created.
The corresponding THz profiles are shown in Figs. 2(c) and 2(d), at low and high frequency THz
frequencies, respectively. Here, the emission angle is ~5° in Fig. 2(c). In the limit where the
plasma filament length is much shorter than the dephasing length /;, all THz waves have the
same polarity and constructively interference in the forward direction, producing THz radiation
peaked on-axis. Such trend is somewhat shown in Fig. 2(a), obtained with / < /;. In this case, the
yield, however, is much lower compared to the long filament case in Figs. 2(c)-(d).

We also examine the radiation profiles of THz waves after being focused by a pair of
parabolic mirrors. Unlike the conical radiation profiles shown in Fig. 2, the focused THz
intensity is peaked on axis with diameter of ~2 mm [19, 20]. This transition is can be explained
by Fourier wave propagation or ray-tracing under geometric focusing. The bell-shaped THz

profiles are favorable for most practical applications.



We also measure how the total THz yield scales with the plasma length. A lens with f'= 1.5
m is used to produce ~100 mm long plasma filaments. The resulting THz radiation is collected
by a pair of parabolic mirrors and focused into the pyroelectric detector. An iris with aperture
diameter of ~2 mm is used to block the THz waves emitted in front the iris, while the THz waves
generated behind the iris being unblocked and detected (see the inset in Fig. 4) [12, 18]. Here,
THz transmission through the aperture is relatively small and thus ignored. By moving the iris
along the filament, we can measure the effective plasma length responsible for the detected THz
radiation. The result is shown in Fig. 3. It shows that the THz yield increases with the effective
plasma length, regardless of the initial relative phase. Here, we tried three different BBO
positions to provide 6y = 0, ©/4 or /2 [13]. Figure 3 shows that the yield continuously increases
over the entire scanned length (/ = 70 mm), longer than three times the estimated dephasing
length. This suggests we can continuously enhance the THz output by simply increasing the
filament length, until the @ and 2 pulses do not temporally overlap due to plasma dispersion.
This gives a theoretical limit of ~4 m. We note that the saturation appeared at ~70 mm is
attributed to non-collected THz radiation emitted at the front part of filament due to our limited
collection angle.

For a better understanding of THz emission from long plasma filaments, we develop a two-
dimensional (2D) THz generation and propagation model. In this model, the local THz source at

position r' can be represented by the nonlinear polarization P as
P(r Q) e A(r,Q)sin(6(z") exp (in ky,.z —iQ), (1)
where A is the local THz amplitude at frequency ©, given by the microscopic plasma current

model [13, 15]. The second term provides a phase-dependent THz amplitude modulation along

the filament direction z owing to the phase mismatch between @ and 2w pulses. The last term



represents the velocity walk-off between the optical and THz pulse, where n, is the optical group
velocity index of refraction in the filament. The THz far-field is then expressed by integrating the

contributions from all local sources over the entire filament plasma volume as

B(r Q)¢

r=r

E(r,Q) e [d°r (2)

For simplicity, the filament is approximated as a uniform cylindrical plasma with cross section of
ma® = m(D/2)* and length I. At a distance far longer than the filament length (jr — #| >> |F]),
exp(ikr:|r — ¥|)/|r — ¥'| = exp(ikru(r — r-¥'/r))/r. The integral in the cylindrical coordinate is [26,

27]
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The far-field THz intensity profile can be approximated as

2
r

E(r,0,0)f =[(r,Q) z(m—z)zlz(fcf + &2 + 2Kk, cos (26, +7z))(2J1ﬁ(B)]
;4

where k,=——, a,, =
> > g
o, 2 21,

sin(¢, kel r 2ra .
(@) Iz | i——cos(@))j , B =751n(®) , and the last term
represents circular diffraction. The third term provides a phase-matching condition for efficient
THz generation. It depends on two terms @, and @5, instead of one term in most cases, due to the

sinusoidal dependence of the local emitters on the phase between the two optical pulses. The

condition provides the phase matching angle, @, for maximal THz generation, given by

cos(@lj)zl—i for weakly ionized plasma filaments (n, = 1). This is the same condition
d



obtained with the simple interference picture above. Here, 6),, is sensitive to the dephasing

length and varies with the THz frequency. We note that the THz yield at @= @), increases with P,
but total THz yield HE (r,0, Q)‘2 sin@®d® does not simply increase with /* because of the angle-

dependent phase-matching term.

Figures 2(e)-(f) show the simulated THz radiation profiles obtained from Eq. (3) under the
experimental conditions of Figs. 2(c)-(d). The conical emission for / > /; is well reproduced in
Figs. 2(e)-(f) with &, ~ 6°, consistent with the measured peak radiation angle. For / </, the
simulation provides a bell-shaped profile. For instance, Figure 4(a) shows the angular
distributions at 1 THz for [ = I;, 214, and 3/;. Figure 3(b) shows that &, tends to decrease with

increasing THz frequency, consistent with the measured profiles shown in Figs. 2(c)-(d). Figures
4(c) shows the angle-dependent yield ‘E (r, G),Q)‘2 at 1 THz as a function of increasing filament

length for various angles. At @~ 7°, the yield increases almost with /* as predicted in Eq. (3), but
it drops after passing the phase-matching angle (see @ = 8°). We also calculate how the total
yield at 1 THz depends on the length of plasma. As shown in Fig. 4(d), when the plasma is
shorter than the dephasing length (I << [/;), the yield is greatly sensitive to the initial phase,
consistent with the microscopic behavior [8-11, 13]. However, when the plasma length becomes
longer (/ > [;), the yield increases almost linearly regardless of the initial phase [2]. Here, the
constraint D < /"< /; needs to be satisfied. For example, the total yield at 1 THz with a large
source diameter D = 2 mm (/7D ~ 0.15) shows only an oscillatory behavior (no overall
enhancement) with increasing filament length [see Fig. 4(e)]. With a typical filament diameter

(D ~ 0.1 mm), the phase matching condition is well satisfied at low THz frequencies [see Fig.

4(D].



Our model, however, has several limits. It assumes cylindrical, uniform plasma-density
filaments and excludes THz absorption and refraction inside the filaments. It also assumes
luminal THz phase velocities in free space and linear THz polarization [16, 17]. It also ignores
self-phase modulation in air and spectral blue shifts via tunneling ionization occurring over the
entire plasma filament. Nonetheless, our simple model well describes the measured THz
emission yields and angular profiles, providing a physical insight into macroscopic THz
propagation and enhancement processes in plasmas.

In conclusion, we discover off-axis phase-matched THz generation in elongated two-color
filamentation. In particular, we find the THz yields and angular distributions are greatly sensitive
to the filament and dephasing length. Simultaneously, the yield increases almost linearly with the
plasma filament length as a result of off-axis phase matching. Due to this, one can effectively
increase THz output by simply extending the plasma filament length with more laser power
while keeping the local THz wave strength constant. This method can overcome the saturation
effect previously reported [13, 14], mainly caused by overdense plasma creation and laser
intensity clamping in filamentation.

The authors acknowledge the support of the U.S. Department of Energy and the Office of

Naval Research.
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Figure captions

Fig. 1 (Color online) Schematic of THz emission from a long, two-color laser-produced filament.
The phase slippage between 800 nm (red) and 400 nm (blue) pulses along the filament results in
a periodic oscillation of microscopic current amplitude and polarity. The resulting far-field THz
radiation is determined by interference between the waves emitted from the local sources along

the filament.

Fig. 2 Measured far-field THz radiation profiles obtained with (a)(b) 10-mm long and (c)(d) 40-
mm long filaments, all obtained by raster scanning of a pyroelectric detector with a silicon filter.
Additional Teflon (a-c) and Germanium (b-d) filters are used for low (<3 THz) and high (<10

THz) frequency band transmission. (e)~(f) are simulated THz profiles for the long filament case.

Fig. 3 (Color online) Far-field THz yield as a function of plasma filament length. The inset
shows a luminescent image of filament created by two-color laser pulses propagating from left to
right. The measurements were done at three different BBO positions, representing three different

initial phase differences 0, /4, and /2.

Fig. 4 (Color online) Simulation results for (a) THz profiles with different plasma length: /=1, 2
l4, and 3/, at 1 THz, (b) far-field THz profiles at three different frequencies: 1 THz, 3 THz, and 5
THz, (c) THz yield versus plasma length at various emission angles; @ = 0°, 3°, 7°, and 8° at 1
THz, (d) total THz yield versus plasma length with different initial phases & = 0, w/4, and 7/2 at

1 THz. Simulated THz yields with increasing plasma length normalized by the dephasing length



for (e) three different filament diameters (0.1 mm, 1 mm, 2 mm) at 1 THz emission and (f) 0.1

mm filament diameter at 1 THz, 10 THz, and 100 THz radiation emission.
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Fig. 3
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Fig. 4
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