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Single Free-Falling Droplet of Liquid Metal as a Source of Directional Terahertz
Radiation
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We show that an individual droplet of liquid metal can be a source of coherent terahertz radiation when
it is excited by two femtosecond laser pulses of the same frequency. Under certain delays between these
pulses, the intensity of terahertz radiation increases by more than 3 orders of magnitude. We describe the
experimental results with the model of dynamic gain control, which considers the interaction of both laser
pulses with the droplet and explains the terahertz-generation process by taking into account the dynamics
of electrons and ions after photoionization of the metal droplet. The spatial distribution of terahertz radia-
tion has a forward-directed contribution, whose polarization properties are well described by a nonlinear
susceptibility of the second order. Our theoretical estimations based on the experimental data show that
under the dynamic gain control the observed terahertz output can be considerably increased. Joint genera-
tion of x-ray, ultraviolet, and, as shown in the present work, terahertz radiation allows one to forecast that
a free-falling photoexcited droplet of liquid metal is a promising source of multifrequency electromagnetic

radiation for extreme nonlinear laser science.
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I. INTRODUCTION

Interaction of intense femtosecond laser pulses with
various media is a process commonly used to gener-
ate broadband [1,2] and powerful [3] terahertz radia-
tion. It can be used for time-domain spectroscopy [2],
terahertz-pump—terahertz-probe experiments [4—6], and
even particle acceleration [7,8]. Solid target sources such
as nonlinear crystals exhibit material degradation, spec-
tral limitations due to the phonon absorption, and a low
damage threshold. Therefore, intense research on gaseous
[9], liquid [10], and even-more-complicated clusterized
gas sources [11] is conducted.

*soluankp@yandex.ru
Tashkurinov@physics.msu.ru

2331-7019/20/14(3)/034033(15)

034033-1

In our experiment, we use tiny free-falling metallic
droplets as a source of terahertz radiation. Such droplets
have recently attracted much attention due to the strong
extreme UV emission at a wavelength of 13.5 nm under
ultrashort optical illumination [12]. Up to 6% conversion
efficiency for this phenomenon for specific experimental
conditions has been reported [13]. The process of plasma
formation from these droplets has been studied in detail for
different laser-excitation conditions [14,15].

The possibility to provide fresh solid-density targets for
each laser pulse leads to the development of a new type
of terahertz source. Previously, terahertz generation was
demonstrated on flat [16] and corrugated [17] metallic sur-
faces, as well as on metal-cluster films [18]. In all these
previous studies, the authors had to use moderate optical
pulse energies to avoid material damage. The closest
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experimental analogs of the droplet targets, presented in
this paper, are clustered-gas [11,19] and liquid [20,21]
jets, where joint generation of terahertz radiation and x-ray
radiation was described. Both analogs have locally solid-
state density, and under optical excitation can provide
dense plasma.

The use of two femtosecond laser pulses delayed in
relation to each other [22] or optimization of the laser-
pulse duration [23] allows one to increase the efficiency
of generation of terahertz radiation due to preliminary ion-
ization of the medium, using nonstationary enhancement
of nonlinear response—dynamic gain control. Such stud-
ies are known in gases [24], gaseous clusters [22], and
very recently in liquids [25,26]. Light-induced enhance-
ment of nonlinear response in the terahertz frequency
range was demonstrated for nonlinear metamaterials [27].
In our work, we use free-falling liquid droplets of metal
as a medium, where generation of terahertz radiation
occurs under a light-induced nonlinear response. A fem-
tosecond laser pulse is absorbed by the droplet, initiating
various hydrodynamic and electronic processes occur-
ring on different timescales. The essential factor is the
time-dependent dynamics of the temperature of electrons,
which indirectly determines the nonlinear response of the
medium as well. It is the second laser pulse, delayed in
relation to the first one, that generates terahertz radiation,
and the optimal time of its delay is determined by elec-
trodynamic parameters of the medium, which is shown in
Ref. [23]. When the delay between the two pulses is opti-
mized, enhancement of the generated terahertz power by
several orders of magnitude is observed.

II. EXPERIMENTAL SETUP

Our experimental setup is depicted schematically in
Fig. 1.We use a high-temperature dispenser (MJ-SF-01,
MicroFab Technologies) with an integrated orifice [28] to
create a series of metallic droplets. The droplets fall down
due to gravity in a specially designed vacuum chamber
with pressure down to 10~ mbar. Use of this vacuum
chamber prevents droplet oxidation and air breakdown
by the femtosecond radiation. More information on the
droplet-formation system could be found in Refs. [29,30].
The metal is an eutectic alloy of tin and indium (48% Sn,
52% In), which is in the liquid state due to a preheating
process at 140 °C. With the help of a piezoelectric actua-
tor bonded to the glass capillary of the dispenser, we are
able to synchronize the laser pulses and the appearance
of droplets. The droplet size is adjusted by our applying a
voltage pulse with an adequate time profile to the actuator.
The droplet size and accuracy of the droplet-laser synchro-
nization are controlled by a CCD camera with a resolution
of 2.8 um per pixel. We use an additional nanosecond-
duration backlight laser to see the droplet shape at a
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FIG. 1. Experimental setup. BSI, adjustable beam splitter;

BS2, 1:1 beam splitter; L1, lens; HWP, half-wave plate; PM1 and
PM2, off-axis metallized parabolic mirrors with # = 150 mm
and an aperture of 50 mm.

variable delay after the arrival of the laser pulse. Charac-
teristic pictures are presented in Fig. 2. The initial droplet
is measured to have a characteristic diameter of around
50 pm with a shape from spherical to slightly elliptical
with a ratio of the size in the vertical direction to the
diameter in the horizontal plane of up to 1.2.

We use a Spectra Physics Spitfire Ti:sapphire regener-
ative-amplifier system that delivers optical pump pulses of
120-fs duration, of 800-nm central wavelength, and at a
repetition rate of 4 Hz. Such a low repetition rate is chosen

FIG. 2. Droplet shadowgraphs. Droplet sequence with a work-
ing droplet (a) and droplet before (b) and 2 us after (c) laser-
droplet interaction.
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to minimize the influence of the droplet fragments on the
next droplet and dispenser. The two consecutive copropa-
gating laser pulses that illuminate the sample are produced
with use of an adjustable beam splitter (BS1) that can
adjust the energy ratio between two pulses, a delay line,
and a 1:1 beam splitter (BS2). In this way, the energy of
each laser pulse can be varied from 0 to 0.76 mJ with a con-
stant sum energy of 0.76 mJ and we can adjust the delay
between the two pulses. The laser beam is focused down
to a waist of around 15-um FWHM with lens L1 of focal
length 175 mm. To finely adjust the position of the focused
laser at the center of the droplet, we vary the time delay
between the droplet and the laser pulse, which is equiva-
lent to shifting the droplet along the vertical direction, and
in the horizontal plane by moving the lens. The main cri-
teria of our adjustments are the symmetry and the velocity
of the droplet explosion (see Fig. 2).

Terahertz radiation is generated by the photoexcited
droplet. We collect the terahertz radiation behind the
droplet along the same axis as the initial laser radia-
tion. This terahertz radiation passes through a 3-mm-thick
polypropylene window and additional silicon filters and is
focused by two off-axis metalized parabolic mirrors PM1
and PM2, with focal length 150 mm and aperture 50 mm,
into a helium-cooled bolometric detector (Infrared Labs).
The bolometric detector itself includes low-temperature,
low-pass terahertz filters. For most of the experiments, a
3-THz cutoff filter is used. The light-collection angle for
our scheme is around 19°. A wire-grid polarizer (Standa
Ltd.) is placed between the two parabolic mirrors to
select the detected terahertz polarization, and we use a
Michelson-type interferometer to measure the terahertz-
pulse spectrum. The terahertz detection scheme (PMI,
PM2, Bolometer in Fig. 1) is constantly bound to one of
the windows of the vacuum chamber.

ITII. EXPERIMENTAL RESULTS AND THEIR
PHENOMENOLOGICAL EXPLANATION

In our experiments, we do not observe a terahertz sig-
nal on excitation of the droplet with only one laser pulse,
while an intense signal is observed if the excitation is done
by two pulses delayed relative to each other in time. The
signal is much stronger in the case when the low-energy
pulse hits the droplet before the high-energy pulse. The
terahertz signal versus delay between two pulses for a
fixed pulse-energy ratio of 39 uJ to 720 pJ is shown in
Fig. 3.Both pulses have the same polarization. At positive
delays, the pulse with lower energy hits the droplet first.
As can be seen in Fig. 3, there is no terahertz emission
at zero delay and below. At positive delays, the terahertz
signal increases with a characteristic rise time of a few
tens of picoseconds, and then after a delay of about 70
ps reaches a plateau, with a slight increase in signal with
increasing delay between pulses. The total output energy
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FIG. 3. Amplitude of the terahertz signal for different delays

between laser pulses. At positive delays, the low-energy pulse
(39 wJ) comes earlier than the second pulse with energy 720 wJ.
Black dots represent the experimental data, and blue curves are
the results of modeling according to Sec. IV B for the temporal
dynamics of the electron temperature on the droplet surface.

at the bolometric detector is about 2 pJ at long delays. We
also try the two-color scheme [9], which is frequently used
for terahertz generation in air plasma, but do not observe
any increase of the signal.

The above-mentioned experimental results clearly
demonstrate a significant enhancement of terahertz signal
under conditions of plasma formation near and inside the
droplet. Under zero delay between the two pulses, which
in our model corresponds to one single powerful pulse,
the ionization of atoms of metals undoubtedly occurs.
However, the ionization itself, as can be seen from our
experiment, is not the source of terahertz radiation. Under a
positive delay between two pulses, the weak pulse arrives
first. It creates the plasma, whose properties change over
time. The dynamics of this change are analyzed in Secs.
IV A and IV B. With time, the distribution of electrons in
the droplet and their temperature change. After some time
the parameters of the plasma become optimal for the sec-
ond pulse, which arrives later, in order to generate terahertz
radiation. The fact that the maximum intensity of tera-
hertz radiation appears for quite long delays of the pulse
testifies that the source of radiation is not the droplet ion-
ized under the impact of the first laser pulse, but is the
result of the longitudinal distribution of electron density
under the action of ponderomotive force caused by the
second laser pulse. For negative delays (i.e. the powerful
pulse comes earlier), for the relation between the pulses
described earlier, we observe only a small near noise level
signal around —5 ps. The absence of sufficient signal at
negative delays is because in this case the energy of the
second pulse is not enough for the ponderomotive force
caused by it to enhance the terahertz signal. This is shown
in additional experiments not presented in this paper where
the relation between the pulses changes over a wide range
of intensities.
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FIG. 4. Dependence of the terahertz-signal intensity of free-
falling liquid-metal droplets on the energy of the first and second
laser pulses delayed relative to each other. The results are given
for three values of relative delays between laser pulses. The plots
show experimental results (dashed curves with points) and the-
oretical calculations (solid curves) by the theoretical approach
described in Sec. IV B.

For fixed time delays between pulses there is a wide
optimum of the dependence of the terahertz signal on the
energy ratio of the two pulses (see Fig. 4). For most delays
the position of this optimal point is located near an energy
ratio of 100 uJ to 660 wJ.

A. Polarization of terahertz radiation

Some obtained experimental results can be explained
by the slowly-varying-amplitude approach, which was first
proposed in Ref. [31]. We assume that a laser pulse with
central frequency w is linearly polarized in the x-y plane. It
propagates along the z axis and hits a liquid-metal droplet
as shown in Fig. 5.The droplet moves in the gravitational
field directed along the x axis. As already mentioned, our
droplet could have an elongated form along the x axis with
a half-axis ratio of up to 1.2.

As aresult of the influence of the first linearly polarized
laser pulse on a droplet, its symmetry changes. The latter
will be very significant if the angle ¥ between the direction
of oscillation of its vector of electric field strength and the
axis y is small enough. We assume that the final symme-
try of the modified droplet is analogous to that of a crystal
of the “low category,” which has the class of symmetry
“1.” For this class of symmetry, the quadratic suscepti-
bility tensor has the symmetry by permutation of indices,
and its six components are different and differ from zero.
Moreover, all 27 components of the tensor of the third rank
Xiﬁ) = Xjx — iX;j» which are not symmetric for the index
translation, are also different and are not equal to zero.

If the second femtosecond laser pulse, which propagates
along the z axis after the first one, has the same central

Terahertz
output

g

FIG. 5. Angles between the laser beam and the polarization
state of the laser pulses and the generated terahertz radiation.

frequency w and amplitude Ey, difference-frequency gener-
ation leads to the occurrence of terahertz radiation with fre-
quency €2 due to the interaction of its spectral components
with frequencies Q + w/2 and w — /2.

The equations for the Cartesian components of the
electric-field-strength vector of the generated terahertz
radiation are

E, Q@ Q2 47 Q?

322 + SxxE + ExyEy _C—ZPX’ (1)
L, + st E, +Q2s E ——ﬂp Q)
022 c? > S c? >

where P, and P, are the components of the complex vec-
tor amplitude of the quadratic polarization of the medium
at the terahertz frequency induced by the second pulse.
Let us assume that Ree,, =&+ A and Regy, = — A,
where Reeg,, ~ A < ¢ (see Sec. IV). We want to find
a solution to Egs. (1) and (2) using the slowly-varying-
amplitude method in the form E, = A,(z) exp(—ikz) and
E, = A,(z) exp(—ikz), where k = Q./¢/c. The complex
amplitude A,(z) or 4,(z) is a solution of the system of
nonhomogeneous linear differential equations

3Ax+_QAA+.QSxyA + 8.4,
R 1 x
0z 2c4/e 2e/e
27 Q2
A 3
o 3)
04, QA Qe
e A A A + 8,4,
0z lZcﬁ r 20\/_ -
27 .
= _lﬁpy exp(iAkz), “4)
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which satisfy the boundary condition 4,(0) = 4,(0) = 0.
In Egs. (3) and (4) Ak is the phase mismatching of the
wave vectors and §, and §, are the linear absorption coef-
ficients. Since the droplet size is small, we present approx-
imated solutions of Egs. (3) and (4) as a Taylor expansion
in a series of “z” with accuracy to linear terms:

£ .2nQP
A —j——P.z,
X C\/§ X
(&)
P '27[QP
N —l——=0I,Z.
y lcﬁ ¥

We measure the ellipticity of the polarization ellipse
M) = (E+? = |E_P)/(E+ + |E_I*), where Ei =
E, X iE, and ®(y) = arg(E_E* /2) is the rotation angle
of the main axis of the terahertz-radiation-polarization
ellipse. The rotation angle depends on the intensity of the
laser field and is measured in relation to the direction of
the x axis, and can be found from Eq. (5). When the oscilla-
tions of the electric field vector in both femtosecond pulses
occur along the y axis (¥ = 0°), the components P, and P,
are given by

PR (Xayy — Xy ) Eg» (6)
P, ~ (x., —ix! E2 7

and accurate to the approximations made we obtain

2 (Xﬁéyy Xy”yy — X«é/yy Xy/yy)

) ) ) 7y
nyy + nyy + Xx)’y + Xny

M@y =0)= ®)

1 2(Kayy Xy T Xayy Xppy)
Py =0) = —arctan( 2 - gy ,Zyy yyy//z -9
2 Xy T Xogy — Xagy — Xayy

If the oscillations of the electric field vectors of both pulses
occur along the x axis (¥ = 90), then an x-z symmetry
plane arises in the problem, which leads to certain rela-
tions between the components of tensor Xy(i) = X{jk —i Xz;/k
and the equality of some of them to zero. In this case P, ~
(Xfox — iXL)EZ, but P, = 0. Both the ellipticity M (y =
90°) and the intensity-dependent angle of rotation of the
main axes of the polarization ellipse ® (1 = 90°) are zero
in this case.

The ratio of the minor and major axes of the polarization
ellipse €, is related to the ellipticity M of the polarization
ellipse by the simple relation

| — V12
€gp = ————.
I ey v

We measure some polarization properties of our signal.
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FIG. 6. Total terahertz power (black squares) and €2, = b*/a?
(red circles) versus the laser polarization angle v, where a and
b are the major and minor axes of the polarization ellipse. Zero
corresponds to horizontal polarization of optical pulses.

We work at a fixed delay of 166 ps and energy ratio of
39 uJ to 720 wl. The change of the polarization direc-
tion for the first, weak pulse does not lead to a change
in the total energy or polarization state of the terahertz
radiation. We observe that the polarization direction of the
terahertz radiation is the same as the polarization direc-
tion of the high-energy pulse, but surprisingly, the total
energy and ellipticity also depends on it. This is illus-
trated in Figs. 6 and 7. The convergence of M () to zero
when v approaches 90° is confirmed by our experiment
(see Fig. 6). When ¢, is on the order of 0.02, the ratio of
the lengths of the minor and major axes of the polariza-
tion ellipse become on the order of 0.1 (i.e., the difference
between polarization of the measured terahertz signal and
the ideal linear polarization is less than 10%). This is

1.254
1.00
0.754

0.50

Terahertz signal (arb. units)

0.25+

0.00

0 30 60 90 120 150 180
Terahertz-polarizer angle (deg)

FIG. 7. Terahertz power versus the angle of the terahertz-
polarizer rotation. Dots corresponds to the experimental data and
the red line is a sine fit. Zero corresponds to horizontal polariza-
tion. The optical polarization for both pulses is horizontal.
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already achieved at M < 0.3. It is necessary to empha-
size that for M < 0.1, this difference is already less than
0.25%. The slight difference of €,, from zero at ¢ = 90°
in our experiment is due to the approximations which we
made when solving the system of equations (3) and (4),
polarization-measurement errors, and the residual amount
of noncoherent radiation.

B. Spectrum of terahertz radiation

The spectrum of the emitted radiation is presented in
Fig. 8. We measure the spectrum at the same delay of 166
ps and with the same pulse energies by polarization mea-
surements. Because of the moderate signal-to-noise ratio,
Fig. 8 is plotted on a linear scale for the spectral energy
axis, while usually its scale is logarithmic. To increase the
signal-to-noise ratio, we average 100 realizations of inter-
ferogramms from the Michelson-type interferometer and
then perform a Fourier transform to get the spectrum. The
central frequency is about 1.15 THz with a FWHM of 1.5
THz. The polymer-output-window absorption rises with
the increase of the terahertz frequency [32], which occurs
for terahertz frequencies above 2.5 THz. Nevertheless, it
clearly shows that droplet’s terahertz-emission spectrum
is located at lower frequencies than in the case of a two-
color air-based source. However, for a one-color optically
induced plasma in air [33], the peak of the spectrum is
also located near or even lower than 1 THz. If we use the
electron-plasma-frequency approach [1] we can conclude
that the most-active region of terahertz emission has lower
electron density n, than in the case of air-based plasma.
However, from Fig. 10 it is clear that the near-droplet area
has huge gradients for all parameters at near-wavelength
sizes even for optical radiation, so this approach is not
applicable.
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FIG. 8. Spectrum of the emitted radiation. The curve is mea-

sured at a delay of 166 ps.

IV. EXPERIMENTAL RESULTS IN THE FRAME
OF SOME THEORETICAL MODELS

A. Ionization of the droplet by the laser pulse

Hereinafter, we treat the case of creation of a plasma at
the droplet surface by the first impinging laser pulse, and
the generation of terahertz waves from the excitation of
this plasma by the second laser pulse. Some simplification
hypotheses are valid.

First, the laser spot size (approximately 15 um) is
smaller than the droplet size (approximately 50 um), and
during the typical delays between two pulses of hundreds
of picoseconds, the droplet-shape transformation can be
ignored [34]. Moreover, the droplet movement during laser
excitation is also negligible, and thus the droplet can be
considered as being immobile. In the experiment, the total
laser energy is divided between two pulses as 39 ©J and
720 ©J. We can then estimate the laser intensity for the
low-energy pulse S; to be 2 x 10" W/ecm?, which cre-
ates the plasma, and the laser intensity for the high-energy
pulse S, to be 3 x 10" W/ecm? . The electric field in the
focal spot of the first pulse is on the order of 0.5 GV/cm
and approaches one tenth of the characteristic atomic field
as given by the Bohr model for hydrogen, E, = 5.14
GV/em.

According to Refs. [35,36], at such intensities about
20%—25% of light is absorbed for the case of a flat sur-
face. This prediction is in agreement with the results of
measuring the complex refractive index of tin. According
to the data in Ref. [58], at the wavelength & = 800 nm the
complex refractive index is given by /& = 2.38 + 6.68i.
The coefficient of reflection of the laser radiation can be
calculated by the formula

2
. (10)

Loy
1+ e

For the alloy of 48% Sn and 52% In, the reflection coef-
ficient R ~ 0.85 (i.e., about 15% of laser radiation is
absorbed within the liquid-droplet thin skin layer). Use of
Eq. (10) is still possible with the spherical droplet, as the
laser beam hits it at its center, where the spherical surface
is almost flat. The skin layer thickness is evaluated by the
formula

§ = 1/Im(w/2/c). (11)

With the refractive index of Sn given above, this yields
8 =19 nm.

Knowing that the concentration of atoms 7, in liquid Sn-
In alloy is approximately 3.5 x 10?2 cm™ and & ~ 15%
of the laser-pulse energy is absorbed in the skin layer of
thickness § ~ 20 nm, we can easily calculate the energy
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absorbed per atom of the alloy:

ESt

ng

Wy =

~ 400 eV, (12)

where the pulse duration t = 120 fs and the laser power
density is 2 x 10" W/cm?.

Another characteristic quantity that will be useful for the
analysis of the plasma properties is the energy of the elec-
tron quiver oscillations in the laser field in a collisionless

approximation:
2
me [ ek
2 \m.w

where e and m, are the charge of an electron and its mass,
respectively. For the field strength £, = 0.5 GV/cm esti-
mated in the focal spot, W, ~ 20 eV. This estimation does
not take into account that the field in the plasma is differ-
ent from the field in a vacuum. Under normal incidence,
the electric field inside the plasma Ej, = 2E/ (1 + ﬁ)
Therefore, the quiver energy is given by W, ~ 1.6 eV. We
may use the Drude-model permittivity for ¢,

w2

% 13
¢ o (@ + iv0) (13)

to evaluate the plasma frequency w), and the frequency of
electron-ion collision v,; from the value of the complex
permittivity given above. We get w, = 1.90 x 10'® 57!
and v,; = 1.87 x 10" s~!. Note that the plasma-frequency
magnitude found in this way is approximately 2 times
higher than the value calculated in accordance with its
definition,

w, = V4mweln,/m, (14)

under the assumption that the concentration of free elec-
trons is equal to the concentration of atoms (i.e., n, =
ng). Also note that the calculated collision frequency is
slightly less than the circular frequency of the laser pulse
w = 2.35 x 10" s7!. Below we use a similar approach to
estimate other parameters by evaluating the quantities in
different ways. For example, we do not know reliably the
energy of free electrons torn from atoms during ionization;
therefore, we estimate a plausible range of values for the
electron mean energies.

The laser-pulse energy absorbed in the skin layer is
expended on the evaporation of the melt and subsequent
ionization of the vapor. Let us assume that the atoms in
the metal droplets are ionized, and each of them supplies
the free-electron gas of the alloy with one 5p electron. The
energy per atom needed for the evaporation of liquid tin
Jo = 3.07 eV. The ionization potentials J; = Ji, /5, ... 10
of the first ten electrons are found in Ref. [37].

The sum of the energies from Jy to J7 is 412 eV. This
is comparable in magnitude to ;. Consequently, it can be
expected that the energy of the laser pulse is sufficient for
the ionization of not more than seven electrons per atom.
Actually, the ionization state is expected to be lower than
VII because of energy losses through various additional
channels.

Primary ionization of tin atoms is done by the strong
electric field of the laser pulse. It is necessary to distin-
guish between barrier-suppression (over-barrier), tunnel,
and multiphoton ionization. The strongest electric field is
required for over-barrier ionization. Such ionization is pos-
sible if the electric field strength exceeds the critical value
[19]:

Z3
E,=—E,.

16 (15)

Comparing the values given by Eq. (15) for different
charges Z of the ionic residue with £, & 0.5 GV/cm, we
conclude that barrier-suppression ionization is possible for
one or two external valence electrons. However, tunnel-
ing and multiphoton ionization could occur simultaneously
with the barrier-suppression process. These two types of
ionization differ in the value of the Keldysh parameter:

N 2mgJ,
w

ek,

Vn = (16)

Tunnel ionization corresponds to y, < 1, while multipho-
ton ionization is characterized by y, >> 1. The probability
of ionization per unit time by an alternating field (Keldysh
problem) is determined as the solution of problem 3 in Sec.
77 of Quantum Mechanics by Landau and Lifshitz [38]:

2J,
Wp ™ @Wq EXP [_%f (yn):| > (17)

where

/ 2
% (18)

n

1
f(w) =1+ =— ) arcsinh y, —
2y2

n

and @, = mee* /B> ~ 4 x 10'° s~ is the atomic unit of
frequency. Using these formulas and J; = 7.34 eV, J, =
14.63 eV, and J5; = 30.52 eV, we find

T =1/w =192 x 1073 fs,

Ty = 1/W2 =3.40 fS,

73 = 1/wy = 8.13 ms.
Consequently, the first electron escapes from the tin or
indium atom in about one period of the laser-pulse field.

It takes several femtoseconds to tear out the second elec-
tron, and tearing out the third electron by the laser field is
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almost impossible. However, the first torn-out electron, as
we have seen, acquires an energy on the order of W, which
is obviously sufficient for secondary ionization by electron
impact.

To estimate the cross section of ionization by electron
impact, we use the Thomson formula [39]:

J J
o = 47[613; (1 — Z) ,

(19)

where the subscript II means “impact ionization,” J is
the ionization potential, and € is the electron energy. The
ionization time is calculated by the formula

1

b
NneOTI Ve

(20)

T =

where v, = +/2¢/m,. Fore = W and J = J| we get 1y &
4 fs. The time of the reverse process of triple recombina-
tion is estimated by the formula [40]

(T./J)?
IR= ——+——, 21
R 64 2acayn.n; h

where the subscript IR means “impact recombination,”
o 1s the fine-structure constant, ag the Bohr radius, 7,
and n, are the electron temperature and density, respec-
tively, and #; is the ion density. For T, = Wy, J = J;, and
n, = n; = ng, we get tr ~ 4 ps. Estimating the time of
photorecombination by the formula [41]

_ (TefI)' 2 4 0.652(T,/J7) + 0.214(T, /J7) />
841 [In(1 +Jz/T,) + 3.50] a*cZan;

B

(22)

where the subscript RR means for “radiative recombina-
tion,” we get trg = 0.4 us.

We see that radiative recombination is too slow, but
triple recombination can occur in the interval between
successive laser pulses (this interval is about 10-20 ps).
Therefore, it can be expected that ionization equilibrium is
established in the ionized layer as suggested in Ref. [42].
The slowness of radiation recombination also means that
the recombination radiation is weak. As stated in Ref. [43],
only 0.3% of the energy of the laser pulse goes into x-ray
radiation.

As noted above, the energy W, related to electron oscil-
lation induced by the laser field is many times less than
the energy W) that is absorbed by an individual atom in
the skin layer. We try to find out whether a free electron
has time to accelerate to energy ¥, as a result of Coulomb
collisions.

The frequency of electron-ion collisions can be esti-
mated by the formula [44]

Vei = 3.9%107°AZ%n;e /% (eV3/? cm’/s), (23)
where A = 15 is the Coulomb logarithm. For Z =1, n; =
ng, and electrons with energy € = W, we have v,; & 3 X
10'* s~!, which is more than 1 order of magnitude lower
than the value 1.87 x 10'3 s~! obtained with the Drude
model. The corresponding time of electron-ion collisions
is

T = /vy = 4 1s. (24)
As the degree of ionization increases, the collision fre-
quency increases (i) in proportion to the square of the
average ion charge Z2 and (ii) in proportion to Z3/? because
of the decrease in the average electron energy € ~ W, /Z
(if we ignore the energy costs of ionization); therefore,
Tei X Z7=,
The frequency of electron-electron collisions is esti-
mated with the following formula [44]:

Vee = 1.7 x 1078 Ange /2 (eV¥/? cm?/s). (25)
For Z=1, n,=n, and € = Wy, it yields v, &~ 3 X
10 571, so the Maxwellization time of the electron dis-
tribution is 7., = 1/v,, &~ 2 fs. As the average ion charge
increases, the time of electron-electron collisions changes
according to the law 7., oc Z7%/2.

The heating of ions by electrons is characterized by the
ion-electron collision time, which is approximately M /m,
times greater than t,; (M is the mass of the ions) [45]:

Tie = (M/me) Tei ™ 0.2 ps (26)
with € = W, and
Tie = (M /m,) T,; =~ 800 ps 27)

with € = W,. For a lower energy such as € ~ W, the ther-
malization time ;. is much shorter. Therefore, by the time
of the arrival of the second pulse, the temperatures of
the electrons and ions can become equal if the tempera-
ture of the electrons drops due to the energy expended on
ionization.

Summarizing the above assessments, we can assume
that, in the expanding ablation layer, at the time the second
laser pulse arrives (i.e., after 1020 ps), the ionization equi-
librium is established. The temperatures of electrons and
ions become approximately equal, and the thermal energy
per electron or per ion of the plasma drops to units or even
fractions of an electronvolt. The second laser pulse excites
forced oscillations in the resulting plasma with a char-
acteristic frequency inverse to the pulse duration. These
oscillations give rise to terahertz radiation.
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B. Material motion and droplet emission

To estimate the effect of the first pulse on the droplet
temperature, we perform a series of hydrodynamic simula-
tions in the one-fluid, two-temperature approximation. The
qualitative dynamics of the laser-pulse interaction with
droplet is presented in Fig. 9.According to the time sep-
aration, we can single out three stages of laser-droplet
interaction:

(a) First, the interaction of the femtosecond laser pulse
with electrons of the target occurs on the femtosecond
timescale. The characteristic features of this timescale
are the barrier-suppression mechanism of ionization, the
non-Maxwellian distribution of electrons, etc. The sug-
gested theoretical model is not formally applicable on
this timescale because it does not take into account all
these factors. However, when the pulse is over, the elec-
tron distribution becomes Maxwellian on the femtosecond
timescale, and finally all these complex processes result
in some distribution of electron temperature and density
in the surface layer of the droplet. Using the experimental
values for the skin layer and the reflection coefficient, we
avoid a direct simulation of this early femtosecond stage,
expanding the range of applicability of our model.

(b) Then, the interaction between ions and electrons
occurs on the picosecond timescale: relaxation of electron
and ion temperature, establishment of stationary ionization
by collision mechanism, etc. A two-temperature approach
is applicable at this stage, but we make two simplifica-
tions in our model. Firstly, we use coefficients, derived
for an ideal plasma, which allow us to estimate only the
order of magnitude for the time of temperature-equilibrium

Time since first pulse hits the surface

1—l10 ps<AT ‘
backward terahertz (b) (C)

emission
~ é
S
-~-_ <

1 1
<0 0-1ps

Thermalization,
plasma expansion

Subpicosecond-timescale
processes

Time since first pulse hits the surface

First laser pulse
arives to the droplet

i t
<AT AT +0-1 ps

(d) forward terahertz emsson(gez (f)

N
}
AT+ microseconds

Second laser pulse
arives to the droplet

Shock-wave propagation,
droplet fragmentation

FIG. 9. Different stages of the interaction of femtosecond
radiation with a droplet and terahertz-radiation emission.

establishment. Secondly, we ignore the dynamics of ion-
ization, assuming that the electron and ion density are
related as n, = n;Z;(p, T.). However, insofar as motion
at this stage is negligible, and final equilibrium of ion
and electron subsystems is described properly, the related
integral error should also be low. From comparison of col-
lisional ionization rates with the time of hydrodynamic
expansion, we estimate this error is less than 20%.

(c) The timescale of tens of picoseconds is character-
ized by the motion of the plasma. As the energy input
is quite small, we can ignore the spatial separation of
ions and electrons and apply a one-fluid hydrodynam-
ics approach. Errors from the previous stages can result
in the wrong degree of ionization and electron tempera-
ture, which means inaccurate pressure values. Thus, we
can expect qualitatively correct dynamics by applying our
model for the whole process on a timescale of tens of
picoseconds, with possible error in the resulting plasma-
expansion velocity u.

With the energy of the laser pulses used in our experi-
ment and the delay times between them, the thickness of
the plasma layer at the droplet surface does not exceed
approximately 5 um (see Fig. 10 for a typical plasma dis-
tribution). This value is much less than the diameter of
the droplet of approximately 50 um and the laser-beam
diameter at the droplet surface of 15 wm. This allows us
to implement a one-dimensional approach in the analysis
of the plasma dynamics. We assume that laser radiation

0.0psl— T T T ]
r 25.0ps 1
L 49.5ps —— A 1403
10° ¢ 50.022 il 210 —
F / ] S
i / ] L
(0]
o 107 1107 5
£ r ] o
Q 1 (0]
9 1 [ ] 1 o
S 10” ; 310 5
= i E
5 15
Q I 1 . *g
—2 -

10 E10 2
107 107"
-20 -15 -10 -05 0.0 0.5
z (um)

FIG. 10. Simulated dynamics of density and electron temper-
ature for the first pulse (energy 39 uJ), the second pulse (energy
720 wJ), and delay between them (50 ps). Presented are distribu-
tions at the start of the simulations, in the middle of the delay, just
before the second pulse, and at the peak of the second pulse. Solid
lines are densities, and dashed lines temperatures. THe position
of the shock wave can be determined from the small step in the
density distribution in the z > 0 region.
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is absorbed by the electron subsystem. On one hand, the
laser-pulse duration is much shorter than the time for equi-
libration of the electron and ion temperatures. On the
other hand, it is much longer than the time for electron
thermalization. For these reasons, we need to apply a two-
temperature model for the simulation. As the energy input
is quite small, we can ignore the spatial separation of ions
and electrons. Therefore, the one-dimensional one-fluid
hydrodynamic system is governed by the following ther-
mal conditions and radiation-transfer equations (continuity
equation, Euler equation, and energy equation [46]):

dp av

dt '082’

D ipgp)
pdt - 32 e 1)

de, dil/p) 19 9T, d o, Al
. = _Pe— — 5 _KeTo ei G} Gas’
dt dt +,082K 8Z+Q+ e TO
de; d(l1/p) 193 0T;

— =—Pi——+ ——«ki— — Oei>

dt dt ,oazK 0z Q

(28)

where ¢ is the time, z is the coordinate normal to the
droplet surface (laser pulse is going from z = —o0),
d/dt =0/0t+ vd/0dz is the substantial time derivative,
p is the density, v is the z component of the velocity,
T,, P,, and ¢, are the temperature, partial pressure, and
specific internal energy of electrons, respectively, 7;, P;,
and ¢; are the temperature, partial pressure, and specific
internal energy of ions, respectively, k, and «; are the elec-
tron thermal conductivity and the ion thermal conductivity,
respectively, Q,; is the heat exchange between electrons
and ions, G is the laser energy deposited, and G™! is
the energy transferred due to absorption and emission of
thermal radiation.

For the ion subsystem, the ideal-gas equation of state
is used. The equation of state of electrons as well as the
degree of equilibrium ionization are calculated with the
Thomas-Fermi model with half-empirical corrections [47]
(FEOS code, [48]). For the ion thermal conductivity and
Q.i, Braginsky’s expressions for an ideal plasma are used
[49], and the electronic thermal conduction is modeled
with a semiempirical formula [50] based on the Spitzer
expression [51]. Thermal radiation transport is calculated
by the multigroup-diffusion approximation. Averaged over
spectral groups, opacities and emissivities as functions of
temperature and density are calculated with the THERMOS
code [52].

The absorption of the first pulse is resolved in time:
instead the energy absorbed into the skin layer is described
by an exponential law, assuming the heating is proportional
to the square of the field and ignoring heat transfer during
the first pulse. The coefficient of absorption and the layer
thickness are determined from the experimental data, as

described in Sec. IV A. The resulting distribution of the
electron energy density is used to calculate the initial dis-
tribution of the electron temperature (see Fig. 10, dashed
black line).

Absorption of the second laser pulse is calculated by
our using the one-dimensional Helmholtz equation [53],
assuming inverse bremsstrahlung as the main absorption
process [50].

To solve numerically the system of equations (28)
we use a second-order fully conservative finite-difference
scheme with a staggered grid. Typical results of the sim-
ulation are presented in Fig. 10. Parameters of matter
are depicted as piecewise constant functions with a step,
defined by the numerical mesh resolution.

Th initial distribution is the solid-state density and elec-
tron temperature, exponentially decreasing with distance
from the surface. Assuming absorption of 15% for the 39-
wl first pulse, we get absorption of 1.7 J/cm? in the 20 nm
layer, leading to a temperature of approximately 12 eV (or
approximately 1.3 x 10* K) at the surface, which is much
higher than the thresholds of evaporation and ionization
for tin. Such an overheated layer causes rapid expansion
of the ionized matter outside the surface (exponentially
increasing density profiles at z < 0 in Fig. 10) and a shock
wave propagating inside the droplet (steps at z = 0.2 and
0.3 um). While the temperature in the expanding plasma
decreases due to radiation emission and conversion to
kinetic energy, the velocity increases. As we see from the
results of our simulations, the resulting complex dynamics
of the plasma density at large distances from the surface is
well described with an automodel solution:

pG0 ~ prexp (=), (29)

where pg is a constant and u is the constant velocity of
expansion.

With this observation, the resulting dependence of the
maximum temperature on the delay time Af between
pulses can be qualitatively explained. We assume that the
temperature 7, and the ionization degree Z; of the plasma
are constants in space and time in the region where Eq. (29)
is valid (region z < —0.2 um in Fig. 10). Then the electron
density is strictly proportional to p, and at Az is given by

ne(z) ~ 1 exp (uim) . (30)

The refractive index of an ideal plasma n = /1 — n2/n2,
where n, ~ A72 is the critical electron density. For the
wavelength of 0.8 um considered, the value is 1.7 x
10! cm™3. In the region n, > n., the refractive index
becomes imaginary, and thus the electromagnetic field is
exponentially decreasing. Assuming that all the laser-pulse
energy is absorbed in the region n, <« n., we can esti-
mate the laser heating with the following consideration.
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The absorption coefficient due to inverse bremsstrahlung
is given by k ~ n.n;Z? and its spatial dependence is given
by

@) = 31)
Kk(z) = koexp| — | .

0eXp ulAt
Assuming that Sy is the laser-flux density of the second
pulse near the droplet but outside the plasma, the laser flux
at finite distance z inside the plasma is given by

S(z) = Sy exp |:— /Z /c(z’)dz’}

KoulAt 2z
~ So exp |:— 02 exp (u_At>} . (32)

The resulting laser energy absorbed per unit volume is then
givne by

aS 2z KouAt 2z
AE.(z) = e ~ Sokpexp | — — exp .

uAt 2 uAt
(33)

Assuming we can still use the ideal-gas expression AE, =
3/2 x n.kAT, to relate electron energy density and tem-
perature, we obtain the temperature rise produced by the
second pulse as

28 At 2
kAT,(z) ~ 50_0'(0 exp[ z  kou exp ( z ):| .
ne

uht 2 ult
(34)
Its maximum value is given by
2 S
kAT = = 20 Vo (35)

3e Juht nY

This consideration completely ignores reflection, assum-
ing that only a small part of the laser light reaches the
critical surface. So its applicability is restricted by the
condition S(z.) < Sp, where z. = —uAtIn(n®/n,) is the
position of the critical surface n, = n. at the moment At.
After some calculations, we get the condition that must
fulfill the minimum delay:

2
2 (n

ulNt > — <—e> .
Ko \N¢

When this condition is fulfilled, the maximum temperature
should follow Eq. (35) and decrease as Ar~%>. On the other
hand, when the plasma layer is not thick enough to effec-
tively screen the metal, a significant part of the laser energy
is reflected, and the rest is absorbed in the region n, > n.,
leading to lower 77%* at lower delays. Since u ~ EY, where

(36)

0 < a < 1, for every fixed value of the first-pulse energy
E, there should be a value of the delay providing the
maximum temperature, and this optimal delay is lesser for
higher E|.

C. Angular distribution of terahertz-radiation
emission

As demonstrated by the numerical simulation shown in
Fig. 10, the first laser pulse ionizes the surface layer of the
droplet, which expands toward the pulse, and at the same
time generates a shock wave that moves to the center of
the droplet. From Fig. 10 it is seen that before the arrival
of the second pulse, the shock wave does not have time to
reach the center of the droplet. Moreover, the penetration
depth of the shock wave into the droplet and the thick-
ness of the plasma layer expanding outward are noticeably
smaller than the diameter of the laser pulse in the focal
spot. In turn, the diameter of the focal spot is noticeably
smaller than the diameter of the droplet. In this regard, it
is reasonable to assume that the cloud of ionized plasma
at the moment of arrival of the second pulse has the form
of a short, wide cylindrical channel. We also note that the
thickness of the channel is less than the spatial length of
the laser pulse, which is ¢t =35 um for a pulse dura-
tion 7 = 120 fs. With this in mind, we try to simulate the
angular distribution of terahertz radiation. By changing the
channel length and radius, we try to obtain an angular dis-
tribution in the calculations that is in agreement with our
experimental data.

To exemplify the spectral and spatial properties of the
terahertz radiation from the Sn-In droplet, we consider the
current density induced by the laser pulses as a source
of terahertz radiation. We introduce the system of coordi-
nates shown in Fig. 5 and make the following assumptions:
firstly, the radiating part of the droplet has the shape of
a short axially symmetric channel; secondly, the current
density is proportional to the electron density (i.e., to the
laser intensity), so the vector of the electric current density
j = {j,0,.} has the radial and axial components

0 10
Jr(r,z,t) = —joct—G,  j,(r,z,t) = joct——rG, (37)
dz ror

where

such that divf = 0 and r is the radius measured from the
optical axis. We used a similar model in our earlier paper
[54]. The functions j, and j, simulate the spatial distribu-
tions of the current density, which serves as a source of
terahertz radiation. Both these functions describe a pulse of
length ct, which slowly varies as the pulse propagates in a
channel of radius a and length L. The specific choice of the
function G in the form of the product of Gaussian profiles
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as functions of coordinates r, z, and ¢ does not have a secret
meaning and is because it simplifies the subsequent calcu-
lation of integrals in an analytic form. As indicated below,
by varying the parameters L, a, and 7, we are able to sim-
ulate a qualitative restructuring of the angular distribution
of terahertz radiation in a wide range from a narrow beam
directed forward to radiation transversely and backward.

The Fourier transform of the vector potential in the wave
zone is related to the Fourier transform of the current
density [see Eq. (66.7) in Ref. [55]]

- o0 - .
Jo = / dtj (x,0)e™" (38)
—00
through the integral
Lo oFR . .
Aul = <o [ di@e 39
c

where 7 = k/R = {sin(9), 0, cos(f)} is the unit vector to
the point of observation, and £ = w/c. The magnetic field
and the radiated electromagnetic energy are given by

B, = ik(i x A4,), (40)
aw © p2 ® dw |B,|?
—=R2/ dt—:Rz/ do 1Bul” 4y
do oo 4m oo 2 4T

radiated in a given solid angle do = sinfdfd¢. A polar
plot of the radiated energy is shown in Fig. 11.The radi-
ated energy is maximum at 6 = 0 and approximately 2
times lower at the angle & = 30°, in accordance with our
measurements. We also note that the forward lobe of the
angular diagram is very much narrower if ¢t < (a,L). On
the other hand, there appears a backward lobe if the chan-
nel sizes a and L become too small as compared with ct.
This means that more-accurate measurement of the angular
diagram (than is possible in our experiment) could provide
more information on the sizes of the channel.

Figure 11 shows the total time-integrated angular dis-
tribution obtained for the dimensionless parameters t, a,
and L indicated on the caption. Varying these parameters
results in quite a wide range of angular patterns, includ-
ing those with approximately equal forward and backward
radiation. Figure 11 shows only one of many patterns,
which, in our opinion, most closely fits the experimental
measurements.

The rough model that we use to calculate the angular dis-
tribution of terahertz radiation does not take into account
the presence of the rear edge of the droplet in the path of
the laser pulse. Experiments on irradiating a thin foil with
a powerful laser show that the thickness of the foil plays
a significant role [56]. Schroeder et al. [56] attribute the

90°

150°

180°
210°
270°
FIG. 11. Angular patterns of dW/do normalized over their

maximums forct = landa =L =0.4.

radiation through the rear edge of the foil to the effect of
the generation of fast electrons by the laser pulse. Cross-
ing the rear boundary of the foil, a bunch of fast electrons
with energies from several tens to several hundreds of
kiloelectronvolts generates transition radiation.

V. CONCLUSIONS

In this study we discover a surprising phenomenon:
enhanced terahertz radiation from an isolated metal droplet
excited by two successive femtosecond laser pulses. As
compared with the wavelength range of terahertz radiation,
the droplet is a subwavelength source of electromagnetic
radiation. The experimental spectrum of terahertz radiation
shown in Fig. 8 reaches its maximum at approximately 1
THz, which corresponds to a wavelength of about 300 um,
whereas the size of the droplet does not exceed about
57 pm. The radiation we observe has a number of char-
acteristic features. Firstly, the terahertz radiation has a
significant forward-directed contribution in relation to the
direction of the optical pulse. Secondly, the energy of tera-
hertz radiation depends on the presence of the first laser
pulse, which preionizes the droplet before the second-
laser-pulse excitation, which generates terahertz radiation.
If we optimize the delay between these two pulses, the
energy of the terahertz radiation can be increased by 3
orders of magnitude. Thirdly, we demonstrated that the
radiation is of coherent origin, as it is well polarized and
the polarization state of the terahertz radiation depends
on the angle between the directions of oscillations of the
electric field vectors in linearly polarized femtosecond
pulses, whose directions coincide, and the vertical axis.
However, we do not doubt the existence of a small part
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of noncoherent thermal radiation. We offer a theoretical
model that describes our experimental results.

This model is derived from our previous publications,
as well as publications by our colleagues. We assume
that, as a result of photoexcitation, additional ionization
of the atoms of the metal occurs. The ionization process is
described in Sec. IV A. We demonstrate theoretically that
the intensity of terahertz radiation is affected by hydrody-
namic processes of the movement of ions and free charges
in the droplet. The modeling we perform in Sec. IV B con-
firms the experimental results, which is clearly seen in
Figs. 3 and 4. The afore mentioned model shows that the
dominating mechanism of generation is the transient pho-
tocurrent [1,57]. This transient photocurrent determines
the intensity of the terahertz radiation and its spatial dis-
tribution. Similarly to what we did to model the process of
generation in liquid nitrogen [26], the polarization prop-
erties of terahertz radiation in this study can be well
described by a phenomenological approach. The interac-
tion of the femtosecond pulse and the droplet of elliptical
shape is well depicted by a nonlinear polarization of the
second order. The elliptical shape of the droplet is initially
discovered with the use of a CCD detector and microscope.
Simultaneously, the hypothesis is confirmed by the analy-
sis of the polarization properties of the emitted terahertz
radiation.
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