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Direct time-resolved plasma characterization with broadband terahertz light pulses
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We report here the results of comprehensive plasma characterization and diagnostics by analyzing time-
resolved absorption spectra of short ultrabroadband (0.1-50 THz) pulses propagated through the test plasma.
Spectral analysis of plasma-induced absorption of such THz pulses provides very direct, in situ, high dynamical
range, potentially single-shot access to the plasma density, plasma decay time, electron temperature, and ballistic
dynamics of the plasma expansion. We have demonstrated a proof-of-principle measurement of plasma created
by an intense laser beam. In particular, we showed a reliable measurement of plasma densities from around 10'¢
to 10%° cm™3. Apart from the plasma parameters, this method allowed us to reconstruct peak intensity inside the
plasma spot and to observe a very early stage of plasma evolution after its excitation.

DOI: 10.1103/PhysRevE.107.015201

I. INTRODUCTION

Plasma applications and its diagnostic methods [1] are of
paramount importance in many different scientific and indus-
trial fields ranging from controlled fusion [2] and electron
acceleration [3] to material processing [4] and medicine [5].
Plasma diagnostics includes a broad range of methods based
on spectroscopic, interferometric, electric, and power mea-
surements [1,6-23], allowing one to “look inside” the plasma
and infer the free electron density [6—17,20], temperature
[17,18] and, in the case when the plasma is produced by a
laser pulse, the laser field intensity inside the plasma [21-23]
or plasma decay time [24]. Whereas high density plasma is
probed by laser or x-ray radiation [25-28], most useful plasma
diagnostic techniques for lower plasma density rely on prob-
ing with electromagnetic radiation in the microwave range
[1,6,7]. The waves reflected from or transmitted through the
plasma are measured, with a big advantage of being contact-
less and not perturbing the plasma. Existing microwave-based
methods are complicated, requiring, among others, phase shift
measurements for several distinct frequencies. Estimations
of electron density are rather indirect and need a separate
calibration.

More recently, progress in generating and detecting co-
herent radiation in the spectral range denoted earlier as the
“THz gap,” allowed one to employ THz radiation for plasma
diagnostics [8—11,19,29-31]. Yet, the methods experimentally
realized up to now are rather indirect [8—10,20], or require
complex geometry [11,19]. Among them, there are experi-
mental reports on THz time domain spectroscopy (THz-TDS)
[8—10], which uses a large portion of the spectrum simultane-
ously in the form of wide-bandwidth THz pulses transmitted
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through [19] or generated directly in a plasma [8—11]. This
allows one to obtain much larger portions of information from
every particular pulse, potentially promising a single-shot op-
eration. These techniques are utilizing the phase shifts of the
waves passed through the plasma and require modeling to fit
to the experimental data.

In contrast to the above mentioned experimental tech-
niques, the method we introduce here is based on time-
resolved THz spectroscopy (TRTS). The key ingredient is the
extremely broadband THz pulses of subcycle temporal dura-
tion produced in air by two- or multicolor femtosecond laser
pulses [32-37]. Such ultrabroadband intense THz pulses have
proved their usefulness in various applications, e.g., giving
access to measurement and control of various properties of
solids [35,38], carrier-envelope phase estimation of short laser
pulses [39], control of matter excitations with strong THz
transients [38,40], or measurement of the effective tunneling
time delays [41]. Their spectrum can span many octaves from
hundreds of GHz up to 100 THz, thus in most cases con-
taining simultaneously regions above and below the plasma
frequency.

Since the plasma is opaque at the probe frequencies below
the plasma frequency w, and almost transparent above it, this
suggests a simple diagnostic method: An ultrabroadband THz
pulse passes through the plasma under test and its spectrum is
measured (see inset of Fig. 1). Note that in the region above
w), the plasma is not absolutely transparent and reflection and
absorption are measurable [25-28]. Yet, there is a sharp transi-
tion in the spectrum pointing directly to the plasma frequency
and thus giving an access to the plasma density. In this paper
we present, to the best of our knowledge, the first experimental
realization of this technique. Despite its conceptual simplic-
ity, it provides an extremely powerful tool to look inside
the plasma, allowing full, time-resolved characterization of
gaseous plasma over a wide range of densities. This method

©2023 American Physical Society


https://orcid.org/0000-0002-9084-8552
https://orcid.org/0000-0002-0433-3975
https://orcid.org/0000-0002-2480-6880
https://orcid.org/0000-0001-9686-0811
https://orcid.org/0000-0001-5103-9632
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.107.015201&domain=pdf&date_stamp=2023-01-04
https://doi.org/10.1103/PhysRevE.107.015201

VIRGILIJUS VAICAITIS et al.

PHYSICAL REVIEW E 107, 015201 (2023)

BsI A
Main
Pulse

Si Wafer |

plasma frequency

§ 1.0 'f—___
2
£
2
© 0.5
[
0.0 T J T T
0 50 100

Frequency (THz)

FIG. 1. Experimental setup. The inset shows the general idea of the method: plasma frequency is determined as the position of the abrupt
transition from opacity to transparency in the THz spectrum of a pulse transmitted through the plasma. One of the pulses (referred to as the
main pulse) is sent to a BBO crystal, where a second harmonic is produced. The THz pulse is generated by the two-color pulses in air (plasma
filament 1) and filtered out by a Si plate. The second pulse (referred to as the prepulse) produces the plasma filament 2 after a delay line. The
dielectric mirrors DM allow one to vary the position of the plasma filament relative to the THz beam path. BS: beam splitter; L1, L2: lenses
with focal lengths of 30 and 10 cm, respectively; PM1, PM2, PM3: parabolic Al coated off-axis mirrors; AM1: flat Al coated mirror; MPD:
removable pyroelectric detector; DL: optical delay line; DM: flat dielectric mirror; BD: beam dump; MI: Michelson interferometer.

is compatible with a single-shot operation and allows one to
obtain not only the plasma density but also the plasma decay
times and, as a consequence, to infer the electron temperature
and the peak laser intensity in the case when the plasma
is induced by a strong laser pulse. Our method provides an
immediate picture of the plasma dynamics in plasma induced
filaments, shedding light on the very initial stage of the plasma
dynamics e.g. in filaments.

II. RESULTS

In ionized gases, the plasma frequency w), is defined as

nee?
w, = , (1

where n, is the free electron density and e and m are the
electron charge and mass, respectively. Plasma is strongly
opaque at the probe frequencies below w), and transparent for
the frequencies above it (see inset of Fig. 1). More specifi-
cally, in the absence of magnetic fields, the propagation k and
attenuation « constants for the THz waves in the plasma could

be expressed as k = Re(¢'/?w/c) and o = —Im(e'?w/c), re-

spectively, where ¢ is the complex dielectric constant given by
0)2 V a)2

e=(1-—=2=)-i—(—=2=). 2

( a)2+v2> la)<a)2+v2> @

Here v is the collision frequency, determined by the colli-
sion rate of electrons with ions and neutral atoms [18]. By
measuring the absorption and its frequency dependence for
the electromagnetic waves in plasma, one can deduce the

plasma density and the collisional frequency. Moreover, if
short electromagnetic pulses are used as a probe, one can even
monitor the fast evolution of plasma in time. A somewhat
similar technique has already been applied for plasma char-
acterization [8—10]. However, the spectral range of THz-TDS
systems used in those experiments was limited to 3—4 THz,
therefore so far the information on plasma density had to be
deduced from the complex refractive index of the plasma,
which requires a careful point-by-point registration and com-
parison of the original waveform with the transmitted one. The
use of broadband THz pulses and registration of the plasma
absorption only (as contrasted to the complex refractive index)
provides instead a much more precise and robust method,
which in addition is fully free of calibration.

To generate THz pulses with spectra spanning the range of
0.1-50 THz we used recently developed techniques which en-
able covering plasma frequencies w, = 27 f,, between w, =
27w x 0.1 rad/ps and w, = 27 x 50 rad/ps and thereby al-
low for plasma densities to be studied in a huge range from
1 x 10"to3 x 10" cm™3.

For the experiments we used a 1 kHz repetition rate fem-
tosecond Ti:sapphire chirped pulse amplification laser system
(Legend elite duo HE+, Coherent Inc.), delivering 35-40 fs
(FWHM) light pulses centered at 790 nm with maximum
pulse energies of 8 mJ. The laser pulses were split into the
main pulse and the prepulse with energies of 5.2 and 1.65
mJ, respectively. The main pump beam was focused into the
ambient air by the lens L1 of about 30 cm focal length through
a nonlinear S-phase barium borate (BBO) crystal of 100 um
thickness (type I, cut angles 6 ~ 29° and ¢ =~ 90°, Fig. 1).
Therefore, the main pump beam consisted of overlapping
phase locked fundamental and second harmonic (FH, SH)
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FIG. 2. Typical interference traces (a) and corresponding spectra (b) of the free propagated THz radiation (black curves), and the one
transmitted through the plasma (red curves). Energies of the main pulse and prepulse were 5.2 and 1.65 mJ, respectively. Modulation of the
spectra is caused by the absorption of used Si filters (the spectral dips almost exactly correspond to the absorption maxima of the float zone Si

wafers).

pulses which created the ultrabroadband THz pulses in the
plasma filament 1. The azimuthal angle of BBO crystal and its
location were optimized to achieve a maximal THz radiation
yield [34,42]. Behind the plasma filament 1, a THz filter
(0.5-1 mm thick Si wafer 1) was placed to remove the driving
pulses from THz beam. The THz pulse was collimated and
focused by the aluminum coated off-axis parabolic mirrors
PM1, PM2, PM3. The flat mirror AM1 was used for the align-
ment of collimated THz beam. Energy of the THz pulses was
measured using a removable calibrated pyroelectric detector
MPD).

The prepulse was focused in the direction orthogonal to
the THz beam and generated the plasma filament 2 (Fig. 1).
The relative time delay and position of the two interacting
pulses were controlled by motorized translation stages and an
optical delay line DL. The spatial step was about 0.75 um,
corresponding to temporal delay of 5 fs, and the total scan
length was 2 ps (400 measurement points for a single scan).

For measuring the spectra of the THz wave, a home-built
Michelson type Fourier spectrometer MI with a THz power
detector at the output and a 2 um thick nitrocellulose pellicle
beam splitter were used. By moving the flat mirror in one arm
and measuring power on the detector, we were able to register
the interferometric traces. The THz spectra were obtained by
the Fourier transform. Before the entrance of the interferome-
ter, a second THz filter (Si wafer 2) was placed to remove the
residual stray light. Typical measurements and corresponding
spectra obtained after averaging over ten interference traces
are presented in Fig. 2. Significant spectral amplitude could
be observed up to 60 THz.

Overall, the THz signal decreases by interaction with the
plasma filament [43-45]. As expected, the transmission is
clearly frequency dependent [Fig. 2(b)] and varies with the
delay between the pump and the prepulse: The THz signal did
not change when the prepulse was sent after the main pulse,
but this was not the case when the prepulse created the plasma
filament before the main pulse. In this case, after the initial
drop, the THz signal slowly recovered with a time constant of

about 100 ps, which corresponds well to the ballistic plasma
expansion and free electron decay rates reported previously
[43,44], as seen in Fig. 3(a).

A more detailed analysis was performed by calculating
a normalized THz spectral intensity difference A = (Ioy —
Lin)/ (ot + Lin), where I, and I,y correspond to the THz spec-
tral intensities of the input and after transmission through the
plasma. The average over just a few measurements showed
the precise location of the plasma frequency [see Fig. 3(b)]
giving, using Eq. (1), the direct access to the plasma density.
As the delay between the main laser pulse and the prepulse
was increased, we were able to register the decay of the
plasma density [see Figs. 3(b) and 4(a)] with the decay time
of about 33 ps (corresponding to the two times lower decay
rate of the plasma frequency).

To compare our model [defined by Egs. (1) and (2)] with
experiment, we defined the relation of the output intensity
Iyt to the input one Iy, as Ioy = Ln(f, + e 2%))/(1 + £,). This
expression takes into account the exponential intensity de-
cay with the rate 2« in the plasma of the size ! (here we
take / = 1 mm, but its exact value does not play any impor-
tant role in the resulting curve). An overlap factor f, takes
into account that not all the light passes through the plasma
spot, including also possible additional loss channels due to
other dissipation mechanisms. f, varies from zero (all light
comes from the plasma spot and there is no additional loss
mechanisms present) to infinity (the losses due to plasma are
fully insignificant because neglectingly small part of radiation
comes through the plasma).

Using so-defined I, we can calculate A in the same way
as in experiment and fit the theoretical model to experiment;
see Fig. 3(a). We obtained f, = 1.15 as the best fit to the
losses below the plasma frequency indicating that the actions
of all alternative mechanisms are approximately as strong as
the losses due to plasma. The best-fit values of v and n,
are discussed below. Note that the fits leading to the specific
values of n,, v, and f, are obtained from different parts of
the experimental curve: n, was read directly from the position
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FIG. 3. Measurements of time-dependent frequency resolved THz power. (a) Transmitted THz power (black line) as a function of the delay
between the main laser pulse and the prepulse creating the test plasma filament. The red line shows the exponential fit to the decaying tail.
(b) Normalized THz spectral intensity difference A measured for zero (green line) and 40 ps (blue line) delays between the main pulse and the
pre-pulse. Both lines are the averages of ten measurements. Black vertical lines indicate the positions of the plasma frequencies for both cases.
Orange and red dashed lines show the values of A fitted by the Drude model with the decay constant v = 2 ps~! and n, given in the legend.

of the transition in spectrum, v was determined from the be-
havior of the experimental curve just above the transition and,
finally, f, was obtained using the part of the curve below the
transition point. That is, all of these values are independent of
each other, despite being obtained from the same experimental
curves, making the fitting procedure especially stable and
robust.

We note that the decay time in Fig. 4(a) obtained from the
delay-dependent spectra [Fig. 3(b)] is significantly different
from the recovery time of the THz power shown in Fig. 3(a),
by a factor of about 3. This is because the transmitted THz
power [Fig. 3(a)] depends not only on the plasma density,
but also on the size of the plasma spot, which changes due to
the ballistic plasma expansion. Because of this, the effective
volume of the plasma spot is increased, which additionally
slows down the THz power recovery. In terms of the input-

output relation defined above, not only the plasma density
but also the factor f, changes with time. In particular, the
linear geometry of a filament imposes scaling of the electron
density as n, ~ 1/r?, where r is the size of the expanding
plasma channel. The attenuation of the THz power is roughly
proportional to the product of the plasma density n, and the
interaction length ~2r. Therefore, the THz power [Fig. 3(a)]
scales as 1/r, much slower than the plasma density n, ~ 1/r%.
This also shows that our method is insensitive to the plasma
dimensions and can be applied for the spatially diffused
plasmas.

Note that the maximal measured plasma density of 2.5 x
10"cm™3 corresponds to all air molecules being single ion-
ized by the pump pulse. This number provides an excellent
independent validity check of our method. On the other hand,
the smallest registered plasma density was less than 10'® cm—3
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FIG. 4. Time and energy dependence of the plasma density. (a) Experimentally measured plasma frequency (red points and curve) and
density (black points and curve) as a function of the delay between the main pulse and prepulse. Note that the decay time of the density is two
times larger than that of the frequency. (b) Experimentally measured plasma frequency (black squares) and density (red circles) as a function

of the prepulse energy.
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[see Fig. 4(b)], demonstrating very large dynamical range of
our method (more than 2500). Furthermore, a slope of the
drop of A with w for @ > w, gives us immediately the value
of the collision frequency v as given by Eq. (2). This gives us
v & 2ps~! for both cases shown in Fig. 3(b).

We note furthermore that this decay is directly related
to the collision rate and thus to the electron temperature.
To determine the electron temperature based on the colli-
sion frequency we use an approach developed in [18]. The
collision rate is determined as v = v; + v,, where v; is the
decay due to electron-ion collisions and v, is the impact
from electron-neutral collisions. The former is determined as
v; = n.c;T 32 1In A, where ¢; = e*/(6e¢>\/2m3mks3), kg is
the Boltzmann constant, In A & 4 is the Coulomb logarithm,
v, = (ny, — ne)oe/kpT,/m, n, =~ 2.5 x 10" cm~3 is the neu-
tral atom density in the absence of excitation, and o, ~ 1 X
10~ cm~2 is the collision cross section. Using the value of v
retrieved from experiment we immediately obtain the electron
temperature T,, which for zero delay is T, ~ 1.5 x 10° K,
whereas for 40 fs delay it decreases to 7, ~ 800 K.

We also note that using the electron temperature allows us
to infer the peak intensity in the plasma spot. Indeed, as soon
as T, is much larger than the room temperature, the energy
obtained by the electrons comes almost entirely from the laser
field as a result of energy dissipation. That is, the thermal
energy must be approximately equal to the ponderomotive
energy of the ionized electrons U, = ezE[% / (4ma)[2)), where
E, is the peak electric field of the pump in the plasma spot,
connected to the peak intensity as I, = (cnegg /2)Ep2. On the
other hand, the electron temperature is related to the kinetic
energy as U, = 3kgT,/2. Equalizing these two expressions
for U, we obtain, that peak temperature mentioned above
corresponds to the peak intensity around 3.3 x 103 W/cm?,

Both the electron temperature and the peak intensity are
noticeably higher than measured before under similar experi-
mental conditions (see, for example, [16]), which we explain
by the superior response time of our method in comparison to
the fluorescence-based method used in [16].

In a similar way we have registered the dependence of the
plasma frequency and density as a function of the prepulse
energy. The results are presented in Fig. 4(b). One can see
that for the energies of up to 1.6 mJ both of these plasma
parameters scale almost linearly and no saturation is observed.
This qualitatively corresponds to the previous reports [16],
indicating that the linear plasma density scaling takes place
also for the laser pulse powers exceeding the critical one.

Note that at each prepulse energy point in Fig. 4(b) the plasma
density was inferred from its frequency according to Eq. (1).
However, the quadratic or square-root dependencies here are
not seen since both parameters are also nonlinearly dependent
on the prepulse energy.

III. DISCUSSION AND CONCLUSIONS

In conclusion, we have performed a proof-of-principle ex-
periment, demonstrating that the broadband THz pulses can
be used to measure plasma frequency, its density, collision
frequency as well as the electron temperature with a good
temporal resolution. Although here we needed several mea-
surements to obtain the spectra, increasing sensitivity of THz
detectors will allow for the single-shot diagnostic in the future.
We applied our method to a laser-induced plasma. Our re-
sults indicate that even moderately focused femtosecond laser
pulses of moderate energy can ionize significant part of the
molecules in air. Our data allow us to obtain the plasma colli-
sion rate v &~ 2 ps~!, leading us to estimation of the electron
temperatures to be of the order of 10° K and therefore to the
peak intensities of 223000 TW /cm?. The method allows also
to track the plasma density dynamically. In our measurements,
we obtained the electron density decay time of around 30 ps.
Our method is very direct and simple and has a dramatically
large dynamical range, making it extremely attractive both in
the industry and scientific research, including characterization
and monitoring of plasma in tokamaks, wakefield accelera-
tors, and radiation sources based on laser-plasma interactions.
As soon as we are limited by the THz range, the plasma
densities in the range 10'® to 10?° cm~2 are accessible. But of
course, the method can be extended to other frequency regions
to grasp even more dense or more dilute plasmas as soon as
spectrometry in the corresponding regions is accessible.
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