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Side-view density profiles of a laser-induced plasma were measured by a home-built, time-resolved, Mach—
Zehnder-like interferometer. Due to the pump-probe femtosecond resolution of the measurements, the plasma
dynamics was observed, along with the pump pulse propagation. The effects of impact ionization and recombina-
tion were evidenced during the plasma evolution up to hundreds of picoseconds. This measurement system will
integrate our laboratory infrastructure as a key tool for diagnosing gas targets and laser-target interaction in laser
wakefield acceleration experiments.  © 2023 Optica Publishing Group
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1. INTRODUCTION

Opver the last few decades, the ongoing development of com-
pact particle accelerators based on laser wakefield acceleration
(LWFA) has been promoting contributions in fundamental
and applied research [1,2], including a possible future use in
the production of radioisotopes for nuclear medicine [3,4], and
in proton therapy and hadron therapy [5,6]. This approach
uses high-intensity laser pulses focused on a gas target to create
a plasma wave in which longitudinal electric fields efficiently
accelerate electrons [7,8]. The advances in high-peak-power
tabletop lasers in the last decades, together with the high longi-
tudinal electric fields (up to ~1TV/m) supported by plasma
waves, attracted attention to LIWFA as a compact alternative
for RF conventional accelerators [9], which can support only
~100 MV/m due to the accelerator materials breakdown [10].
Recent experiments demonstrated the acceleration of electrons
to a few gigaelectron volts in distances as short as 20 cm using
lasers with peak powers from 0.3 to 0.85 PW [11,12], in a labo-
ratory room scale. This result represents a significant reduction
in the accelerator size and cost, as well as a promising outlook for
LWFA.

In light of this encouraging scenario, many groups world-
wide have been pursuing advances in the IWFA field and other
plasma acceleration schemes, from institutions across North
America, Europe, and Asia [2]. In Latin America, our research
group has worked to pioneer the implementation of a laser-
plasma accelerator at the Nuclear and Energy Research Institute
(IPEN) [13]. The main goal of this proposal is to produce elec-
tron bunches with energy up to tens of megaelectron volts by
LWFA. Those electrons would be used to generate y-radiation
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by bremsstrahlung, with enough energy to induce the photonu-
clear reaction '®Mo (y, 7) **Mo as a future application [14].
For this aim, we are currently focusing efforts on several develop-
ments required for a IWFA installation, such as computational
simulation support [15-17], a source of high-peak-power laser
pulses [18], proper gaseous and plasma target creation [19,20],
and development and implementation of diagnostic tools to
assist and monitor the experiments [21,22]. This last require-
ment is crucial because instabilities in both the targets and
the laser pulses can result in low reproducibility of the LWFA
processes and impair the accelerated electron bunches quality
[23]. These diagnostics also are of major importance to a better
understanding of the laser-plasma interaction. Therefore, the
need for diagnostic tools, especially those that respond in the
timeframe of the pulse duration (tens of femtoseconds), has
been drawing increasing attention [24-26]. Furthermore, a
large part of the effort to have a IWFA infrastructure running is
directed to diagnostic systems, which consume approximately
10% of the installation budget [27].

Several non-disturbing optical methods can be used to diag-
nose the gaseous target, laser-induced plasma, and electron
bunches, such as interferometry [28], Schlieren imaging [29],
spectroscopy [30], and fluorescence techniques [31]. Among
them, interferometry is a very accurate technique capable of
quantifying very small optical path differences and therefore
suitable for measuring density variations in IWFA targets
[32,33]. From an interferometry measurement (interfero-
gram), the phase shift accumulated by a laser beam propagating
through a gaseous target or plasma can be extracted and, conse-
quently, their density distributions can be determined. While
a continuously flowing gaseous target can be diagnosed by
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CW interferometry, analyzing a plasma created by ultrashort
laser pulses requires time-resolved techniques [27] due to the
short plasma formation time and fast decay of the excited ions
[34], which would fade the signal in CW techniques due to the
extremely small duty cycle. In this scope, the interferometry
made with femtosecond temporal resolution is a powerful
diagnostic tool for LWFA, since this technique can characterize
the gaseous target (continuous or pulsed flow) [35] and laser-
induced plasmas [32,36,37] during the wakefield formation and
electron acceleration process [38].

We developed a new time-resolved Mach—Zehnder-like
interferometer (MZI) coupled to a pump-probe setup capa-
ble of diagnosing transient phenomena in gaseous targets and
laser-induced plasmas on the femtosecond scale [21]. This
setup allows a side view of the plasma temporal evolution dur-
ing its formation and subsequent evolution, and was initially
tested in atmosphere, where measurements of the laser-induced
plasma dynamics in air were investigated and are presented
here. Although this interferometer is intended to operate in
vacuum, where the LWFA will occur, in this work, we discuss
the operation of the pump-probe MZI setup in atmosphere
as a preliminary characterization of the device. This step aims
to establish a permanent diagnostic setup in the future laser
electron acceleration installation at IPEN.

2. EXPERIMENTAL SETUP

The experiments used ultrashort pulses from a Ti:sapphire
multipass CPA system (Femtolasers Femtopower Compact
Pro HR/HP). These pulses have a duration of 25 fs (FWHM),
are centered at 785 nm with 35 nm of bandwidth (FWHM),
energy up to 650 W] at 4 kHz repetition rate in a laser beam with
M? & 1.2. The pump-probe setup is shown in Fig. 1. Initially, a
beam sampler (BSa) extracts a fraction of the pulse energy, which
is sent through a delay line (delay 1) and focused in a BBO crys-
tal to generate second-harmonic pulses at 392 nm; these probe
pulses are collimated into a ~5 mm diameter beam, which
enters the MZI to transversely diagnose the plasma formed
by the high-energy pulses (pump) focused in atmosphere to a
~4 pm beam waist by a 90°, 50 mm off-axis parabolic mirror
(OAP) [22]. The second-harmonic pulses are used as a probe
due to intrinsic advantages when compared to the fundamental
wavelength: they offer double spatial phase resolution, can
measure higher density plasmas due to the associated higher
plasma frequency, and can be isolated from laser scatterings by
the use of optical filters. The temporal delay between the pump
and probe pulses is controlled by a micrometric positioning
system (Newport UTS100C) with a range of 200 mm and a
minimum step of 1 um, which corresponds to a double-pass
minimum delay of 6.6 fs. However, the temporal resolution of
the technique is limited by the duration of the probe pulses.

In the interferometer, the probe pulses are divided by a
beam splitter (BS1) into reference (REF) and diagnostic
(DIAG) beams. The DIAG pulses propagate through the
target (plasma), and the accumulated phase can be retrieved
by interference with the REF pulses, after recombination in
the BS2 beam splitter. The temporal overlap between REF
and DIAG pulses is obtained by adjusting the REF arm delay
(delay 2) by a translation stage supporting two mirrors in a roof
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Fig. 1. (a) Schematic pump-probe setup containing the MZIL.
M, mirror; L, lens; E filter; B, polarizer; BS, beam splitter; BSa, beam
sampler; OAP, off-axis parabolic mirror; HWDP half-wave plate;
BBO, beta barium borate crystal; CCD, charge-coupled device; and
spec., spectrometer. (b) Photo of the setup.

configuration. After the BS2, the recombined pulses propagate
through a 150 mm convergent lens that produces a three-fold
magnified interferogram (spatial interference) at the CCD,
from which the side-view plasma density can be retrieved. BS2
also directs other recombined beams to a spectrometer, creating
a spectral fringe pattern (spectral interference). This spectral
interference pattern is easier to find than the spatial one when
adjusting the delay 2, and it is used to set the two arms with the
same optical length; once this “zero-delay” position is found,
the interferogram is seen on the CCD. The interferometer also
allows small adjustments in the REF arm mirrors to define the
fringe spatial frequency and direction.

The relevance of using a spectral interference pattern (fringes)
becomes clear when comparing the pulses spatial and spectral
coherence lengths. To estimate the spatial coherence length
of the MZI, the contrast of the spatial interferogram fringes
was plotted as a function of small displacements around the
“zero-delay” position. Figure 2(a) presents a set of those interfer-
ograms, with the displacements from the “zero-delay” position
indicated, and Fig. 2(b) shows the fringe contrast dependence
on this displacement, and it can be clearly seen that for displace-
ments above ~15 pm the fringes disappear. The FWHM of the
fitted Gaussian function, 14.3 pm, was taken as the MZI spatial
coherence length. In practice, finding the “zero-delay” position
requires adjusting delay 2 within a few tens of micrometers of it,
and a few micrometers are required to optimize the fringe con-
trast. We observe that it is very difficult to find these interference
patterns experimentally.

Regarding the spectral coherence length, Fig. 3 presents the
REF and DIAG beam spectral interference as a function of the
displacement around the “zero-delay” position (indicated in
each spectrum). These spectra plainly show that the spectral
coherence length is over 200 pm, more than an order of mag-
nitude longer than the spatial one. This happens because the
spectral interference occurs even before the pulses overlap tem-
porally [39,40] since the pulse replicas, which are apart by a time
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Fig. 2. Spatial-domain  coherence  length  estimative.

(a) Interferograms measured for different displacements around
the “zero-delay” position. (b) Fringe contrast dependence on the
displacement measured from a common line of the interferograms and
fitted Gaussian.

7 in the time domain print a spectral fringe with the period of
1/t over the pulse spectra in the frequency domain. Using this
concept, we have enhanced the handling of the setup, making
it easier to find the “zero-delay” position for the REF arm to
measure the interferograms at the CCD.

3. INTERFEROGRAM ANALYSIS

The inset in Fig. 1 shows a typical interferogram of the plasma
side view recorded by the MZI. The phase shift accumulated
by the DIAG pulses propagating through the plasma shifts
the interferogram fringes [33], and a mathematical process is
used to retrieve the plasma density profile. A workflow com-
monly used to retrieve plasma density consists of (1) obtaining
an interferogram of the background (bg) and another of the
background+target (bg+ t), the laser-induced plasma in this
case; (2) transforming both interferograms to the frequency
domain by 2D Fourier transforms; (3) applying a filter over the
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region that contains the target phase-shift information [41] in
both frequency domain maps; (4) performing an inverse Fourier
transform to the filtered frequency domain maps, generating the
bg and bg + t phase-shift maps; (5) subtracting the bg phase-
shift map from the bg + t map, to obtain the target integrated
phase-shift map [41,42], or simply A¢, map. This map con-
tains the integrated phase along the DIAG beam propagation
direction (x direction), and assuming an axisymmetric plasma,
the integrated information along x is sufficient to reconstruct
the radial information A¢, using inversion techniques, such as
the Abel inversion method [42,43]:

A,
x \/7'2—)6‘2

which is generally used, considering that imperfections in the
cylindrical symmetry of real targets are second-order corrections
and can be neglected. Although the Abel inversion method is
also recommended to reconstruct the plasma density profile,
we decided not to use it for the analysis of our interferograms,
and to present and discuss the raw data. Due to the small plasma
length and radial distribution (both in the tens of micrometer
scale), we believe that this procedure will not significantly affect
our final analyses and conclusions.

Starting from the A¢,. map, the x-direction integrated refrac-
tive index of the plasma, 7, can be obtained by

Ap, =2 dr, (1)

Ad’x)\l,

2nl @

n,=1+

where A is the wavelength of the laser inspecting the plasma,
and/is the 1/¢? diameter of the plasma, which is estimated from
the phase-shift map assuminga cylindrical symmetry. Moreover,
the plasma electronic density, 7,, can be evaluated from the
plasma refractive index by [44]

47'[2(‘2807’}1f 2
n, = —82)% (1 — np)
412 c2eom, Ad A\
S Py O 0 Y
oy 2ml

where e and 7, are the electron charge and mass, ¢ is the speed of
lightinavacuum, and &g is the vacuum permittivity. This simple
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Spectral-domain coherence length performed from the spectra measured with different values of delay 2. The spectral interference pattern

appears for delay times by an order of magnitude greater than that for spatial interference.
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model assumes that there is no variation of 7, across the plasma
diameter due to differences in the local number of ionizations.

The plasma densities were calculated by (3) from
interferograms obtained with A; =(392£2)nm and
/= (20 £2) um. These uncertainties were obtained con-
sidering that the laser wavelength is the mean value of a Gaussian
spectrum with ~25 nm of bandwidth, and the CCD pixel size
calibration for the plasma diameter. Additionally, from different
interferograms obtained for the same plasma, we estimated
the phase-shift uncertainty to be ooy, = 0.05A¢, (5% of the
retrieved phase), also impacting the results from (3).

4. LASER-INDUCED PLASMA
CHARACTERIZATION

A. Plasma Formation in Air

Plasma was formed in air by focusing 200 uJ, 25 fs pulses to
intensities above 10'® W/cm? [22]. The interferogram fringes
were adjusted to be perpendicular to the laser propagation direc-
tion, and with a spatial frequency sufficiently high to make the
plasma shifted fringes clearly visible.

Figure 4 presents the plasma density temporal evolution for
six different delays after the plasma formation (100, 300, 500,
700, 900, and 1100 fs). The zero-time was defined, with an
uncertainty of tens of femtoseconds, when the interferogram
displayed small fringe shifts near the expected plasma region.
Figure 4(a) presents the plasma size and position, retrieved
from the interferograms, as a function of time (shown in the
labels), which can be correlated to the laser pulse propagation
(also in labels). Figure 4(b) presents the plasma 1/¢? length and
maximum density obtained from the maps shown in (a), where
it can be observed that the plasma peak density increases up to
a maximum of (3.2 & 0.4) x 10! cm™, and its longitudinal
length reaches a (225 £ 23) pm maximum, close to the OAP
defined confocal parameter.

Assuming that air is composed of 80% N, and 20% O, and
that its number density at room temperature (300 K) and 1 atm
is 2.5 x 102 cm™3, we can estimate its expected ionization for
the applied laser intensity. At the temporal scales and intensities
explored in Fig. 4, ionization occurs for atoms that are not reso-
nant with the laser wavelength mainly through three nonlinear
processes, presented in increasing intensity order: multiphoton
ionization, tunneling ionization [45], and barrier suppression
ionization (BSI) [46]. We consider here, in a simplified way, that
ionization occurs only when the intensity overcomes the BSI
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Table 1. lonization Energies (Ej,,) and BSI Intensity
Thresholds (ly,) for Nitrogen and Oxygen Atoms
Nitrogen Oxygen
Ionization State Eion (CV) Itl: (W/ sz) Eion (CV) Ith (W/ sz)
+1 1453  1.8x10%  13.62 1.4 x10%
+2 29.60 7.7 x10% 3512  1.5x 10"
+3 4745 23 %10 5494  4.0x 10"
+4 7748  9.0x 10  77.41 9.0 x 105
+5 97.89  1.5x10'® 11390 2.7 x 10'°
+6 552.1 1.0x 10" 1382 4.0 x 10%
+7 667.1 1.6 x 10Y 73928 2.4 x 10"
+8 - - 871.41 3.6 x 10"

threshold, /i, given by [46,47]

W EX (eV
I <—2> — 4,00 x 10° Zion (V) (4)
cm

R
where Ejo, is the atom ionization energy in eV, and Z is its
ionization state; Table 1 presents the intensity thresholds for all
nitrogen and oxygen ionizations.

Considering that the laser pulses are in a TEMgy Gaussian
beam, the intensity at the focus is (1.2 4 0.3) x 10! W/cm?,
enough to dissociate the N, and O, molecules, and to ionize
their atoms four times, creating a plasma with an electronic
density of 2 x 102 cm™3. The peak intensity of the pulses is
(2.3£0.5) x 10! W/cm? sufficient to ionize the nitrogen,
but not the oxygen, to the 5+ state; taking the air composition
into consideration, the plasma peak density can be as high as
2.4 x 10 cm ™. These predicted density values are 6.3 and
7.5 times higher than the (3.2 4 0.4) x 10" cm™ measured.
Similar discrepancies are reported in the literature when using
interferometry [48,49], and the most probable causes for this
disagreementare related to the expected electron density and the
density recovery algorithm. Regarding the theoretical expected
density, our simple estimate may have overestimated its value,
since we assumed a constant intensity (apart from the peak
intensity) and did not consider the laser intensity spatial profile,
which would decrease the air ionization state in the beam wings
due to lower intensities, resulting in a smaller integrated density
[33]. Additionally, processes that mitigate the laser intensity,
such as plasma defocusing near the focus [50,51], could impair
the ionization processes, reducing the free electron density.
Additionally, our retrieval algorithm returned the integrated
electronic density, but not its spatial profile, which would
increase the peak value. We are currently working to implement
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a reliable Abel inversion algorithm to obtain the density spatial
distribution. Finally, we are still devising ways to overcome diffi-
culties associated with loss of contrast in the interferogram due
to the modulations caused by the plasma. This effect causes an
effective decrease in the measured phase shift, since the resultant
fringes are normalized by the lower ionization states that occupy
a larger plasma region [32]. Although these problems must be
overcome to allow absolute measurements of plasma density,
the interferometer described here has good characteristics and is
already in use for the characterization of relative density changes
in generated plasmas as a function of time.

B. Plasma Evolution in Air

Another application of the MZI is to explore the laser-induced
plasma evolution after its formation. In this investigation, the
experimental conditions were the same as previously described.
The maximum plasma density was measured after the plasma
formation for delays ranging from 50 fs to 0.8 ns (maximum
delay in our setup). At this time interval, the plasma thermal
effects are present, as well as possible recombination dynamics,
since femtosecond laser-induced plasmas in the air have a life-
time of a few nanoseconds [52], and it is possible to estimate the
plasma temperature. To be able to do this, a local thermal equi-
librium (LTE) has to exist attending the McWhirter criterion
[53,54]:

ne > 1.6 x 102V T(AE;), (5)

where 7is the plasma temperature in K, and A E; is the energy
difference between the transition levels 7 and j, with7 > j,in
eV. This criterion establishes a minimum local density to attain
the LTE by collisional processes and can be used for ultrashort
pulses originated plasmas [55]. As discussed in the previous sec-
tion, since is estimated that nitrogen is fully ionized to the state
~+4 and, when close to the laser peak, it can reach the state +5,
these two states were considered, resulting in A E = 20.4 eV.
For temperatures under 100,000 K, (5) states that the electronic
density must be greater than ~4.3 x 10'8 cm™3, asis the case.

With these considerations, it is possible to estimate the
plasma temperature from the maximum plasma density
by applying the Saha equation [56]:

e 2(2ﬂmle7')3/2U(7) (‘AE’Y) (6)
j b3 AGEANGTA

n
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where 7, is the plasma electrons density, 7; and 7; are the ionic
densities in states 7 and j, respectively, 7 is the plasma temper-
ature, 4 is the Planck constant, £ is the Boltzmann constant,
and U;(T) and U;(T) are the ionic partition functions for the
states 7 and j in the LTE. To estimate the plasma temperature,
the nitrogen population on the 45 state was assumed to be 20%
of the +4 population (7, /7 ; = 0.2), and the partition functions
were obtained from the NIST Atomic Spectra Database [57],
assuming 7= 30, 000 K. The estimated temperature evolution
was obtained from the plasma maximum electronic density
evolution, and the results are shown in Fig. 5.

The results presented in Fig. 5 show an increasing trend in
the maximum plasma density up to (6.1 £0.7) x 10! cm™3
at about 15 ps, a much longer time than the pulse propagation
period through the confocal region of the laser beam. This
~90% increase over the maximum plasma density reported
in Fig. 4 indicates plasma formation by a process other than
photoionization, since the laser pulse is not at the plasma region
at these times. Therefore, impact ionization (collisional ioniza-
tion) should be investigated [58,59]. In addition, beyond 15 ps,
the maximum plasma density decreases, which indicates that
electron-ion recombination effects begin to be predominant
[52,60].

The estimated plasma temperature evolution follows
the same behavior as the plasma density, with a peak of
(33,700 £ 400) K at ~15 ps. Regarding the ionic popula-
tion ratio, its value was assumed to be ni/n; =02, but it could
vary from 0.1 up to 0.4, changing the estimated temperature by
less than 10%. Additionally, the partition functions could have
been taken at any temperature between 10,000 and 50,000 K,
and the estimated plasma temperature would change by no
more than 3%, so after a few interactions we choose to use the
partition functions at 30,000 K because this value is closer to
the estimated plasma temperature along its evolution. Despite
all this, the plasma temperature obtained is only an estimate,
and it was calculated considering exclusively the nitrogen atoms
because, in the simple BSI model adopted, all oxygen atoms
are ionized to the final +4 state, with no population on the +5
state, so the Saha equation cannot be applied to this species. To
consider the oxygen, better population estimates, based on more
complex ionization models and spatial distributions, would
have to be used, but the values obtained give us an assessment of
the temperatures reached by the plasma.

Although time delays longer than 0.8 ns could not be
explored in this experimental setup, the density and temper-
ature decreasing trends should become more evident, as longer
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Fig.5. Temporal evolution of laser-induced plasma maximum densities (blue) and temperatures (red).
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times allow for more electron recombinations and cooling to the
surrounding environment.

5. CONCLUSION

We developed and built a time-resolved MZI that was used to
diagnose laser-induced plasmas, allowing side-view interfero-
grams with micrometric and femtosecond resolutions. Using
this setup, we investigated the plasma evolution in air, where
the MZDs characteristics could be explored during plasma
formation (nonthermal dynamics) and evolution to longer
times (thermal dynamics). Although discrepancies in the plasma
density values between theoretical predictions and experi-
mental measurements were observed, the findings exhibited
in this work demonstrate the suitability of this instrumenta-
tion to diagnose plasma dimensions and density gradients.
Measurements of plasma in air are important to provide a better
understanding of the plasma dynamics when generated by ultra-
short laser pulses, aiming to establish a permanent diagnostic
setup for further CWFA experiments at IPEN.
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