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Abstract: A single pulse diffraction method to probe the plasma column evolution of the air
ionization induced by the femtosecond laser pulse has been proposed. By utilizing a linearly
chirped pulse as the probe light, the spatiotemporal evolution spectrum of the plasma column
can be acquired in a single measurement. A method based on the Fresnel diffraction integral is
proposed to extract the evolution of the phase shift after the probe light is crossing through the
plasma column. Results show that the plasma expands rapidly within 7 ps due to the ionization,
and then reaches a steady state with a diameter of about 80 um with the pump pulse energy
of 1 mJ. Furtherly, the temporal profile of the free electron density and the refractive index in
the plasma region were determined using the corresponding physical models. The single-shot
method can be expected to broaden the way for detecting the dynamics of the femtosecond
laser-induced plasma.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Air ionization and plasma induced by the ultrafast laser have attracted a lot of attention and
research interests in the last twenty years [1, 2]. When the femtosecond laser is focused in the
air, the molecules in the air absorb photon energy and are ionized in the form of multiphoton
ionization and avalanche ionization. As a result, a large amount of hot plasma is formed in the
focal area, which expands to the surroundings and generates shock waves [3—5]. The extreme
conditions of plasma (ultra-high electron density and temperature, etc.) make it widely used
in the fields of remote sensing [6], laser-guided discharges and lightning control [7-9], and
ignition systems [10]. Therefore, an accurate understanding of the evolution of the plasma and its
parameters is the prerequisite for exerting its potential in industrial applications and fundamental
research. In order to understand the properties of the plasma column left by the femtosecond
pulse, the characterization of the size and electron density of the plasma is very important.
Plasma generated by femtosecond laser could be light filaments or plasma column and has
variable size [11-13], which is very dependent on the external focusing conditions [14]. Regarding
the determination of the electron density, different methods have been reported. Such as the
electric conductivity method [15—17], the interferometric method [12, 18-21] and the plasma
diffraction method [11, 16, 22-25]. Interferometry and the diffractometry based methods measure
the plasma parameters by analyzing the phase shift of the probe light after passing through the
plasma column. However, in order to acquire the temporal evolution of the plasma with multiple
pulses, it is necessary to adjust the delay line for many times in the experimental configuration and
the temporal resolution depends on the minimum differences among these delays. Considering
the changes between pulses and fluctuations in the test environment may introduce system errors,
single-shot based method is of great importance for quantitative analysis for such ultra-fast
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processes. In 2000, C. Y. Chien et al. combined interferometry with chirped pulses to measure
the ionization dynamics of air driven by the femtosecond laser [26]. Similarly, the single-shot
supercontinuum spectral interferometry (SSSI) has been proposed to detect the ionization of
helium [27] and the transient nonlinear refractive index in gases [28]. However, interferometry
requires precise control of the pulses timing to ensure the reference pulse precedes the pump
pulse, meanwhile the probe pulse overlapped with the pump pulse in time. In 2005, J. Liu et al.
theoretically proposed a linearly chirped longitudinal diffractometry based method to investigate
the plasma dynamics [22], in which this longitudinal method assumes that the plasma density is
evenly distributed along the axis of the plasma column. The single-shot measurement method of
the femtosecond laser-induced plasma dynamic evolution still needs to be further expanded.

In this paper, a single pulse diffraction method based on the pump-probe technology was
proposed to measure the dynamic process of air ionization from the transverse direction, with
which the electron density distribution along the length of the plasma column is not necessary to
be considered. The spatiotemporal spectrum of the plasma column evolution can be obtained in
a single measurement by utilizing the linear chirped pulse. From the spectrum, we can directly
obtain the evolution of air ionization, including the formation, expansion and stabilization of the
plasma column. The result shows that the plasma expansion lasted about 7 ps and the diameter
of the stable plasma column was about 80 um with the pump pulse energy of 1mlJ. Furtherly, a
method based on the Fresnel diffraction integral has been developed to extract the phase shift
temporal profile of the probe light. Through the relationship between the phase shift and the
electron density, the temporal evolution of the electron density and the refractive index in the
plasma region is acquired.

2. Experiment configuration and method
2.1. Experiment scheme

The schematic diagram of the proposed single pulse method for detecting the air ionization
process is shown in Fig. 1 (a). A Ti: sapphire laser (Newport Corporation, SOL-ACE35F1K-HP)
is used to deliver 35 fs Gaussian limit pulses with central wavelength of 800 nm and the maximum
single pulse energy of ~7 ml. The repetition rates of the output pulse of the system can be
adjusted in integer multiples from 1 Hz to 1 kHz, and 10 Hz was used in this work. In the light
path, the output femtosecond pulse is splited into two beams by a non-polarizer beam splitter. The
beam with 80% pulse energy is going to excite air ionization through a focusing lens (LA1951-B,
THORLABS) with focal length of 25.4 mm and diameter of 25.4 mm. The single pump pulse
used in the experiment is 1 mJ, which is measured by a power meter. The peak power density
can reach ~10!7 W/cm? in the focal area. A mechanical shutter (SH1/M, THORLABS) with
open time of 0.1 s was used to ensure that only one pulse was focused in a single measurement.
Meanwhile, the beam with 20% pulse energy enters a home-made grating-based pulse stretcher,
which converts the fs pulse into a linear chirped pulse. The linear relationship between the
wavelength and time of the stretched pulse can be expressed as 4 =0.1124%¢+786.2, where
0.1124 is the linear coefficient with unit of nm/ps. The details of the pulse stretcher and the chirp
parameters measurement can be found in our previous work [29]. The chirped pulse transits
a polarizer to generate a p-polarized light. A neutral filter wheel with a variable filter ratio is
used in the probe path to protect the detector. A delay line is used to ensure the simultaneity of
the probe light and the pump light. An achromatic lens (ACA254-075-B, THORLABS) with
focal length of 75 mm is employed to focus the probe beam, result in a spot size about 500 um at
the detection point, which completely covers the diameter of the plasma column, as shown in
Fig. 1(b). Through another achromatic lens (ACA254-050-B, THORLABS) with focal length of
50 mm, the plasma column is imaged onto the slit of an imaging spectrometer (Horiba, iHR550),
as shown in Fig. 1(c). Finally, a diffraction fringe spectrum will be recorded on the CCD detector
(Horiba, Syncer-1024 x 256). According to the previous measured chirped coefficient and the
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spectral range (~31.7 nm) of the CCD detector, the corresponding measurement range is about
282 ps in a single pulse shot.
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Fig. 1. (a) The schematic diagram of the pump-probe based optical configuration. (b)
the formed plasma column and the probe light. (c) the region that entered the imaging
spectrometer through the slit of the spectrometer with a normal angle view. The probe beam
is a linear chirped pulse. NPBS: non-polarized beam splitter; P: polarizer; F: neutral filter

wheel; M: mirror; S: mechanical shutter; L: lens.

2.2. Method for dynamic parameter extraction

When the femtosecond laser pulse is focused in the air, the gas molecules will be ionized and
forming plasma column in the focal region due to the ultra-high energy density. When the probe
pulse passes through the plasma region, diffraction fringe will be formed in the detector due to
the phase shift induced by the large amount of plasma. Based on the diffraction principle, a
spatial-spectral diffraction spectrum can be obtained in a single measurement by the described
equipment, which contains the dynamic information of the plasma evolution. The radial size
of the plasma generated by ionization and the phase shift of the probe light can be obtained
by fitting the diffraction fringe based on the Fraunhofer and Fresnel diffraction. An important
premise of the fitting process is that the plasma is uniformly distributed in the radial direction of
the ionization region. Another prerequisite is that the vertical distribution of the phase shift is
not considered in this work. Accordingly, the resulted phase shift A is invariant in the radial
space within the plasma, and A¢ =0 when exceeding the radius of the plasma region. The probe

light in this work has a Gaussian profile defined as,
Eo(r) = exp(-ar’) x exp(~j4¢), (1

where r represents the radial direction. The simplified form of the Fresnel diffraction integral
formula used to fit the diffraction fringe can be expressed as follows, which consists of a Gaussian
function, a Bessel function and a Cosine function [11, 22],

1 J12Mryr A A

I(r) = —sgn(M)Cnrgﬁexp(—Blrz)léM—rpi) X oS (Bzr2 - 7"0) sin (7(’0) , (@
where I(r) is the difference of the electric field intensity with and without plasma generation,
sgn(M) is the sign of M and M = n/Ad, where d is the distance between the plasma column and
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the CCD camera, A is the wavelength of the probe light. C is a constant, 7}, is the mean radius of
the plasma column. By = M?a/(a*+M?), By=M>/(a®>+M?), J; represents the first order Bessel
function. The diffraction fringes obtained in this work are equivalent to the fringes extracted
from the diffraction pattern in [11]. Therefore, Eq. (2) can be used to solve the phase shift of the
probe light.

The radius of the plasma column and the phase shift at a certain moment can be acquired using
Eq. (2). However, the dynamic changes of the plasma within the entire measurement range in
a single shot cannot be obtained through a single fitting process. In order to extract the phase
shift evolution from the measured spectrum, we assumed that the change in the plasma column
radius is negligible when the plasma approaches it steady state. Based on this approximation,
the time-varying phase shift Ay is the only parameter to be solved in Eq. (2). Therefore, the
dynamic change of Ag can be solved by extracting the temporal evolution of spectral intensity at
any spatial location (this work takes the case of »=0). The corresponding expression can be
written as,

3

Ap(w) = arcsin (—ﬂmem(a)’ 0)) ,
Lilr=0l2lr=0
where Ineqas(w,0) represents the measured spectral intensity change. 1 = —sgn(M)C7rrp2(a2 +M?)
-1/ 2exp(-Bl r¥)and I, =J; (2Mrpr)[2Mr,r represent the Gaussian function part and the Bessel
function part of Eq. (2), respectively. The result Ag(w) calculated by Eq. (3) can be converted to
the temporal profile Ap(f) through the aforementioned time-frequency mapping relationship of
the chirped pulse. The whole calculation process of the developed method to extract the phase
shift evolution is summarized as shown in Fig. 2. It should be noted that, the phase shift obtained
using the experimental configuration in this work (the probe is perpendicular to the pump) is the

phase shift of a cross section of the plasma column.
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Fig. 2. The calculation flow chart of the proposed method.
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Furtherly, the relationship between the average free electron density (Ne) of the plasma column
and the phase shift of the probe light can be estimated with the following equation,

2n b
Ay = Ne(2)dz, 4
@ /12Nc/o e(2)dz “
where the domain of integration d,, = 2r}, is the diameter of the plasma column, which means that
the phase shift is the result of the probe light passing through the plasma column with distance of
dp. In the longitudinal diffraction mode [11, 22], the diameter of the plasma column should be
replaced by the length of the plasma column. N, is the critical plasma density, which can be
expressed as,

4% eome
Ne = =, 5)
where c is the speed of light in vacuum, & is the dielectric constant, m, is the mass of the electron,
e is the electron charge. According to Eq. (4), the average electron density can be expressed as,

ANy

Ne = (6)

2rrp ’
In order to obtain the change of the refractive index An in the plasma region, the real part of the
refractive index of the plasma can be estimated by the plasma density. The expression can be
written as [25],

An ~ ——— 7

Thus, the dynamics of the probe light phase shift and the corresponding physical parameters of
the plasma column within a single-shot measurement can be obtained through a single calculation
by the developed method.

3. Results and discussion
3.1. Temporal-spatial diffraction spectrum

The excitation and detection of air ionization is accomplished by the device shown in Fig. 1(a),
that is, a femtosecond pulse is used for pumping and a chirped picosecond pulse is used as a probe.
The experimental environment is in a thousand-level clean room. The width of the entrance slit
of the imaging spectrometer is set as 0.016 mm. Before the measurement, the delay line has been
adjusted to ensure that the beginning of air ionization is within the spectrum measurement range.
The static (with no pump pulse) and the dynamic (with pump pulse) spectrum recorded on the
CCD camera are shown in Fig. 3(a) and (b), respectively. Through differential processing, a 2D
diffraction spectrum can be obtained, as shown in Fig. 3(c). The horizontal and vertical axes of
the spectrum represent the wavelength dimension and the spatial dimension. It can be observed
in the wavelength direction that the spectrum covers the changes before and after the plasma is
formed. The demarcation point is at A =792 nm. Figure 3(d) shows the ionization start stage of
the spectrum in Fig. 3(c), where the spatial domain has been converted into the actual size and
the wavelength dimension has been mapped into the time domain. It should be noted that the
moment ¢ =0 in the spectrum is determined by the position where the diffraction fringes appear.
The process of the excitation of the gas plasma and its expansion to a quasi-steady state can be
demonstrated clearly from the measured spectrum. It takes about 7 ps from the beginning of air
ionization to the formation of a quasi-stable plasma column.

3.2. Phase shift extraction

When the probe light passes through the ionization zone, it carries the physical information of
the plasma into the CCD detector and generates diffraction fringes. Through the inverse solution
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Fig. 3. Spectral images of the probe beam recorded by CCD in the case of (a) without pump
pulse and (b) with pump pulse. (c) The difference spectrum of (a) and (b) reflects the onset
and the evolution of air ionization. (d) The area in the red box of (c) whose spatial domain
has been converted to the actual size and the wavelength has been mapped into the time
domain. The pump pulse energy Ej, =1 mJ.

of the diffraction fringes, some physical parameter changes of the gas in the ionization region can
be acquired. Figure 4 shows the measured spatial diffraction fringe (blue balls) extracted from
the spectrum at ¢ = 86 ps since the ionization started and the corresponding fitting curve (red line)
using Eq. (2). It can be seen from the result in Fig. 4 that the fitted curve is in good agreement
with the measured data, except for the slight difference in peak values at few locations (such as
r =60 um). These differences may be due to the oscillation in spatial shape of the probe beam,
which has negligible influence on the extraction of fitting parameters. As a result, the radius of
the plasma column r;, =40 um and the phase shift 4¢ =0.185 of the probe light induced by the
plasma were obtained by the fitting process.

Comparing the diffraction fringes at different times, as shown in Fig. 5(a), it can be found that
only the amplitude at the peaks has changed. The peaks on both sides show a slight asymmetry,
which may be caused by the deviation of the spectrum. It can be seen that  =-23 ps, the spectral
line is not a horizontal straight line, but has a slight degree of fluctuation. Here we focus on the
change of the central peak of the diffraction fringe, because the prerequisite for deriving Eq. (3)
is r=0. Closer inspection of Fig. 5(a) shows that the amplitude of the peak at the central position
gradually decreases with time, as shown in Fig. 5(b). Considering that only the phase shift of the
probe light is time-varying during this time period. Therefore, the relationship between the peak
value at the center of the diffraction fringes and the phase shift is established, as shown in Eq. (3).
Under the premise of determining the size of the plasma column, the evolution of the phase shift
can be obtained by a single calculation.

As shown in Fig. 6(a), the diameter of the plasma column gradually increases with time in the
expansion stage (0 ~ 7 ps) of the plasma since the start of the ionization. The size of the plasma
is an essential condition for solving the phase shift evolution. The acquired plasma size data
were fitted by the Boltzmann function, and the results are shown as the red curve in Fig. 6(a).
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Fig. 4. The diffraction fringe at t = 86 ps since the ionization extracted from the measured
spectrum (the blue balls) and the fitted curve (red line) obtained by Eq. (2). The fitting
results of the parameters (i.e. the plasma radius and the phase shift) are shown in the figure.
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Fig. 5. (a) The spatial distribution of diffraction fringes at different times extracted from the
measured spectrum and (b) evolution of the central peak of the fringes. The amplitude of
the central peak gradually decreases with time.

Within the stage of O ~ 7 ps, the plasma column diameter gradually increases from 0 to 80 um,
and then, the plasma column diameter remains at ~80 pum.

As shown in Fig. 6(b), the black curve depicts the phase shift evolution of the probe light
calculated by Eq. (3) i.e. the developed method, the red balls show the results obtained by
multiple fitting process using Eq. (2). The consistency of the results proves the correctness and
effectiveness of the derived equation and the developed method. From the results, it can be seen
that the evolution of the phase shift can be divided into two stages. At first, the phase shift rapidly
increases from 0 to 0.62 rad within ~7 ps, and then followed by a decrease stage, as shown in
the inset of Fig. 6(b), which depicts a slow linear change. It is worth mentioning that the phase
change of the probe light is caused by the change of the plasma density in the ionization region.
Therefore, the evolution of the phase shift will reflect the evolution of the plasma density.

3.3. Evolution of the average plasma density and the refractive index

The phase shift of the probe light can directly reflect the changes of some physical parameters
of the plasma column in the ionization region, such as the average plasma density N. and
the refractive index n. Correspondingly, the relationship between the plasma density and the
phase shift was established, as shown in Eq. (4) and Eq. (6). The result of the average plasma
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Fig. 6. (a) The diameter of the plasma column extracted from the diffraction fringe at the
expansion stage of ionized plasma (black balls) and the Boltzmann function fitting curve; (b)
the black curve shows the phase shift evolution calculated by Eq. (3) and the red balls show

the results obtained by multiple fitting process using Eq. (2). The inset shows the phase shift
evolution at the steady state of the plasma (black line) and the linear fitted curve (red line).

density calculated by Eq. (6) was shown by the black curve in Fig. 7. It can be seen from this
plot that the free electron density increases rapidly and reaches the maximum within 7 ~ 8 ps,
which is consistent with the results obtained by the interferometry as reported in Ref. [26].
Subsequently, the electron density decreases slowly over a long period of time. The whole
evolution process presented here are in good agreement with the numerical results reported by A.
Chen et al. [30], where the multiphoton ionization process, the avalanche ionization and the
electron recombination were considered in the calculation model. The calculation model in [30]
can explain the evolution of the plasma density in a consistent manner. When the fs laser pulse is
focused in air, the optical breakdown process happens once the intensity exceeds the breakdown
threshold [31]. The air molecules in the focal area absorb the laser energy and ionized in the form
of multiphoton ionization and avalanche ionization in an ultra-short time to generate a plasma
column containing a large number of free electrons, holes and ions. The ionization resulted in a
shining light spot and accompanied by a popping sound during the experiment. Then, when the
recombination of electrons and holes plays a dominant role, the free electron density no longer
increases, but shows a slow decreasing trend.
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Fig. 7. The calculated free electron density (black) and refractive index evolution (red) by
the corresponding models shown in Eq. (6) and Eq. (7), respectively.
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The relationship between the free electron density and the refractive index change was shown
as Eq. (7). The refractive index evolution profile of the ionization region was shown by the
red curve in Fig. 7. The curve exhibits the opposite trend to the electron density changes. The
refractive index drops to the minimum of about 0.999 while the electron density reaches its
maximum. Then, as the electron density decreases, the refractive index gradually increases. The
refractive index of the plasma region is lower than that of air, which can be attributed to the
large number of free electrons inside the plasma column [32]. It can be seen from Eq. (7) that
the contribution of free electrons to the plasma refractive index in negative, which means that
when the number of the free electrons dominates in the plasma, it will lead to n < 1, as shown in
Fig. 7. And correspondingly, the increase in refractive index is due to the recombination of free
electrons.

4. Conclusion

In conclusion, a single-shot diffraction method has been proposed to detect the dynamics of the
femtosecond pulse-induced air ionization from the transverse direction. It has been demonstrated
that with the configuration proposed in this work, the dynamic evolution of air ionization can
be captured in a single measurement, including the formation, expansion and stabilization of
the plasma. A sharply increase time of ~7 ps of the plasma expansion and a diameter of ~80
um of the plasma column have been depicted in the results with the pump pulse energy of 1 mJ.
The temporal profile of the phase shift of the probe light has been extracted by the developed
method. Follows the change of phase shift, the evolution of the free electron density and the
refractive index of the plasma has been calculated. The proposed method is not only suitable for
the dynamic measurement of laser-induced air ionization, but also can be expected to be used for
the dynamic detection of the ablated plasma and internal damages in transparent materials.
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