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Plasma is a complex system involving diverse collisional proc-
esses and interactions, such as electron-impact excitation,
ionization, recombination, etc. One of the most important
methods for studying the properties and dynamics of plasma
is to analyze the radiations from plasma. Here, we demon-
strate the high-order harmonic (HH) spectroscopy for prob-
ing the complex electron–atom collision (EAC) dynamics in a
laser-induced gas plasma. These measurements were carried
out by using an elliptically polarized pump and a time-
delayed linearly polarized probe. TheHH spectra from argon
and krypton plasmas were recorded by scanning the time
delay up to hundreds of picoseconds. We found that the de-
lay-dependent HH yield contains three distinct regions, i.e.,
the first enhancement, the subsequent suppression, and the
final restoration regions. A qualitative analysis shows that
these features are clear signatures of the EAC processes
and interactions involved in the delay-dependent HH
spectroscopy. © 2018 Optical Society of America

OCIS codes: (020.2649) Strong field laser physics; (190.2620)
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Plasma [1–3] is one of the four fundamental states of matter
consisting of hot electrons, ions in ground or excited states,
and neutral atoms in ground or excited states. Unlike the other
three states of matter (i.e., gas, liquid, and solid), plasma rarely
exists on Earth under normal surface conditions, but can be
usually laser-induced from neutral gas and will spontaneously

evolve into neutral gas after being generated [4,5]. For example,
Mitryukovskiy et al. [5] investigated plasma luminescence from
femtosecond filaments in the air and presented the evidence for
impact excitation with circularly polarized light pulses. During
this process, various dynamics can occur, among which elec-
tron–atom collision (EAC) is one of the most fundamental proc-
esses. The EAC can lead to the electron-impact excitation [6–8]
or the electron-impact ionization [9–11]. Moreover, it has been
demonstrated that the excited/ionized medium can enhance/
suppress the high-order harmonic (HH) generation [12–15].
These characteristics provide a novel method for revealing
the EAC dynamics through the observation of the HH signal.
The deep understanding of EAC dynamics in plasma can not
only provide an insight into the complicated evolution of
plasma, but also help to find the optimum conditions for effi-
cient HH generation from plasma. Recently, HH spectroscopy
has been widely used in the study of ultrafast electron dynamics
in atoms [13,16], chemical reaction and electron dynamics in
molecules [17–20], and electron dynamics in solids [21].
Further extension of the HH spectroscopy to the plasma dy-
namics is a valuable contribution to the field of ultrafast mea-
surement, which has been rarely reported so far.

In this Letter, an elliptically polarized laser is introduced as a
pump pulse to produce a gas plasma, while a linearly polarized
laser is employed as a probe pulse to drive the HH emission.
The HH spectra as a function of the inter pulse time delay up
to hundreds of picoseconds reveal three distinct regions consist-
ing of the first enhancement region, the subsequent suppression
region, and the final restoration region, which are closely re-
lated to and well explained by the electron-impact excitation,
ionization, and recombination. Moreover, we found a quanti-
tative difference between the delay-dependent HH spectra
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from argon and krypton, which can be attributed to their differ-
ent collision cross sections. Our experiment successfully ex-
tends the application of HH spectroscopy to the plasma
phase, and demonstrates that the HH spectroscopy is a useful
tool to probe the EAC process in plasma.

In our experiment (the output beam of a laser system, 8 mJ/
45 fs/1 kHz at 800 nm, is split into two beams for this pump–
probe scheme; after a time-delay setup, the two beams are
focused by convex lenses with a focal length of 500 mm on
the center of a 25-mm long gas cell located in a high-vacuum
interaction chamber; more details are presented in Ref. [12]), to
ensure that the collected HHs are primarily generated by the
linearly polarized probe pulse, an ellipticity of 0.35 is intro-
duced into the pump pulse to suppress the HH generation
by the pump pulse itself [22]. According to the Ammosov–
Delone–Krainov (ADK) theory [23], the population of species
in the gas plasma generated by the pump laser pulse depends on
the pulse intensity. Hence, the HH signal from the gas plasma
also depends on the pump laser intensity. Accordingly, we car-
ried out a series of experiments for different intensities of the
pump laser. The pump laser intensity is varied from 0 W∕cm2

to 5 × 1014 W∕cm2, while the probe intensity is kept constant
to be about 2 × 1014 W∕cm2. At this proper intensity of the
probe pulse, only neutral atoms in the ground or excited states
generate the HH signal, while no significant HH signals are
generated from the ionized atoms. The delay of the probe pulse
with respect to the pump is fixed at 3 ps. At this large delay, the
pump pulse does not overlap with the probe pulse in time. This
ensures that the gas plasma is generated only by the interaction
with the pump pulse, and the HHs are emitted by the gas
plasma interacting with the probe pulse. Gas pressure for both
argon and krypton is chosen at 20 Torr in order to obtain the
optimal HH signal.

In Figs. 1(a) and 1(b), the measured HH spectra for pump
laser pulses of various intensities are presented for argon and
krypton gas plasma, respectively. One can notice three distinct
features in the spectra for both argon and krypton, i.e., normal
HH signals at a low pump intensity, enhanced HH signals at a
moderate pump intensity, and suppressed HH signals at a high
pump intensity. To analyze the behavior of the HHs, the in-
tegrated signals over the whole spectra (dotted black line), along
with the populations of neutral (solid black line), singly ionized
ion (dashed green line), and doubly ionized ion (dotted red
line), are presented as a function of the pump laser intensities
in Figs. 2(a) and 2(b) for argon and krypton, respectively. The
ionization rates of argon and krypton by the pump laser are
calculated based on the ADK theory [23]. As depicted by
the dotted black lines in Figs. 2(a) and 2(b), the integrated
HH signals of argon and krypton show the same behavior

as a single harmonic. For the case of argon shown in Fig. 2(a),
the normal signal is observed when the pump intensity is lower
than 2.0 × 1014 W∕cm2. For this range of intensity, the species
in the gas plasma generated by the pump laser are dominated by
the neutral argon, as shown by the solid black line. When the
pump laser intensity increases above 2.0 × 1014 W∕cm2, but is
lower than 4.3 × 1014 W∕cm2, the HH signal is enhanced. For
this range of moderate intensity, neutral argon, hot electron,
and singly ionized argon are dominant in the gas plasma.
Since the intensity of the probe laser is controlled to produce
HH from the neutral atoms in ground or excited states only, the
enhanced signal may come from the excited states [12–15] or
coherent superposition of states [24–27], which can be gener-
ated by the EAC [6–8]. When the pump intensity is higher
than 4.3 × 1014 W∕cm2, the gas plasma mainly consists
of hot electron and singly ionized argon, as shown by the solid
black line and the dashed green line in Fig. 2(a). Consequently,
HH emission is greatly suppressed, as shown by the dotted
black line in Fig. 2(a). As for the case of krypton, the
normal HH signal is observed below the intensity of
0.9 × 1014 W∕cm2, and the enhanced HH signal occurs for
the pump intensity ranging from 0.9 × 1014 W∕cm2 to
1.9 × 1014 W∕cm2, which is followed by an obvious suppres-
sion of HH generation. Similar to the case of argon, the nor-
mal, enhanced, and suppressed HH signals are associated with
the ground state, the excitation state, and the ionization state of
krypton, respectively, as demonstrated by the solid black line
and the dashed green line in Fig. 2(b). The major differences
between argon and krypton are the location and extent of the
enhancement. These may be due to the lower ionization energy
and the larger cross section of krypton. For a target with a lower
ionization energy, the intensity of the pump pulse required to
generate gas plasma is lower. Meanwhile, the excited state of a
target generated by the electron-impact excitation is easier to be
destructed by the electron-impact ionization, if the target has a
larger cross section. Hence, the enhancement of the HH signal
decays very quickly in the case of krypton, which leads to a
narrow region for the harmonic enhancement. From Figs. 2(a)
and 2(b), one can see that the maximum enhancement is ob-
served at the pump intensity of 3.1 × 1014 W∕cm2 for argon
and 1.5 × 1014 W∕cm2 for krypton. For these optimal inten-
sities of pump pulse, the effect of the excited state generated by
EAC is the strongest. Hence, we choose these pump intensities
to investigate the EAC dynamics occurring in the argon and
krypton gas plasma.

Fig. 1. HH signals measured as a function of pump intensity at a
time delay of about 3 ps for argon (a) and krypton (b).

Fig. 2. Calculated population (left axis) of neutrals (black line), sin-
gly ionized atoms (dashed green line), and doubly ionized atoms (dot-
ted red line) as a function of pump intensity for argon (a) and krypton
(b), together with the HH yield (dotted black line for right axis) ob-
tained by summing over all the HHs shown in Fig. 1.
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Using the optimal pump intensities discussed above, we have
recorded HH signals as a function of time delay between the
pump and probe pulses up to hundreds of picoseconds. The de-
lay dependences of the HH signal from the argon and krypton
plasma are shown in Figs. 3(a) and 3(b), respectively. Their cor-
responding integrations over all the HHs are shown in Fig. 4(a)
by the black triangles and the blue circles, respectively. For the
two targets, both the single [Figs. 3(a) and 3(b)] and the inte-
grated [Fig. 4(a)] HH signals present three distinct regions, i.e.,
the enhancement, the suppression, and the restoration regions.
As shown by the integrated HH signals in Fig. 4(a), there exist
four important delay timescales in the delay-dependent HH sig-
nal. The first one corresponds to the significant enhancement of
the HHs, i.e., the rise time of the HH enhancement. For the case
of argon, it occurs around 5.5 ps, while for the case of krypton, it
occurs around 3 ps. The second one represents the moment
when the enhancement of the HHs starts to decay. It occurs
around 25 ps for argon and 20 ps for krypton. The third cor-
responds to the beginning of the revival process for the HHs.
It occurs around 100 ps for argon and 60 ps for krypton.
The fourth one shows up when the HH signals fully revive.
It occurs around 400 ps for argon and 200 ps for krypton.

For the sake of simplicity, atoms are considered stationary
because they are much heavier than electrons. To show that
these four important delays are closely related to the EAC dy-
namics, the mean collision time between electrons and atoms is
estimated by

te–atom � λe–atom
νe

� �nσ�−1
�2Ek∕me�1∕2

� kBTm1∕2
effiffiffi

2
p

ηPσE1∕2
k

, (1)

where ve �
ffiffiffiffiffiffi
2Ek
me

q
is the velocity of the free electron, Ek is the

kinetic energy of the free electron, me is the mass of electron,
n � ηP

kBT
is the number density of the target atoms, kB is the

Boltzmann constant, T is the atom temperature (T � 300 K),
η is the population of the target atom, P is the gas pressure, and
σ is the cross section obtained from the experimental data
[28–30]. In our simulation, the total cross section σ, which
is related to all the interactions, is used to predict the first colli-
sional time corresponding to the rise time of harmonic en-
hancement; the ionization cross section σ is also used to
reveal the depletion time. At an experimental pump intensity
of 3.1 × 1014 W∕cm2 for argon and 1.5 × 1014 W∕cm2 for
krypton, the populations η of the remaining neutrals can be
estimated to be about 50% for argon and 85% for krypton
by ADK theory [23].

Using the experimental results, the maximum kinetic ener-
gies Ek of the free electrons are estimated to be about 60 eV for
argon and 30 eV for krypton, i.e., 3.24 Up for argon and
3.35 Up for krypton, where Up is the ponderomotive energy.
Since the value of σ varies with kinetic energy Ek of the impact
electron [28–30], mean collision time between electrons and
atoms for the above situations is presented as a function of elec-
tron kinetic energy, as shown in Fig. 4(b). The black triangles
and the blue circles correspond to the mean collision time for
the electron-impact excitation of argon and krypton, respec-
tively. The black crosses and the blue stars represent the mean
collision times for the electron-impact ionization of argon and
krypton, respectively. Since pump pulse intensity used in the
case of argon (3.1 × 1014 W∕cm2) is stronger than that for
krypton (1.5 × 1014 W∕cm2), the maximum kinetic energy
of the electron considered for argon is correspondingly higher
than that for krypton. As shown by the black triangles and the
blue circles in Fig. 4(b), the mean collision time for the impact
excitation by the fast electrons with a kinetic energy of >15 eV
is around 5.5 ps for argon and around 3 ps for krypton, respec-
tively. It indicates a significant population of the excited state by
the EAC at these delays. Hence, a significant enhancement of
the HH signal occurs around 5.5 ps for argon and around 3 ps
for krypton, as shown in Fig. 4(a). The collision times for the
electron-impact ionization of argon and krypton by the fast
electrons are around 25 ps and around 20 ps, as shown by
the black crosses and the blue stars, respectively. These values
are very close to the delay where the harmonic enhancement
starts to decay. This agreement indicates the electron-impact
ionization starts to take an important role in the EAC process.
The ionization due to the EAC not only decreases the popu-
lation of the excited state but also increases the population of
the ionized state, leading to the suppression of the HH emis-
sion. Consequently, the suppression region of the HHs is ob-
served afterwards. After the electron-impact excitation and
ionization, the fast electrons slow down to a very low kinetic
energy. For very slow electrons, it is more likely to be captured
by the ions than rescattered. Under this condition, the electron-
impact recombination becomes the main result of the EAC
process. Similarly, the HH signals start to revive after the delay
of 100 ps for argon and 60 ps for krypton, as shown by the
black triangles and blue circles in Fig. 4(a). After long enough
time, gas plasma finally evolves into a neutral gas.
Consequently, the HH signals are mostly emitted by the
neutral atoms. The full revival of the HH signal is

Fig. 3. HH signals measured for argon (a) and krypton (b) as a func-
tion of delay between the pump and probe pulses.

Fig. 4. (a) HH yield obtained by summing over all the HHs shown
in Fig. 3. (b) Mean collision time for the collision excitation and ion-
ization between electrons and atoms as a function of electron kinetic
energy. The time delay is in logarithmic coordinate.
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observed around 400 ps for argon and around 200 ps for kryp-
ton, as shown in Fig. 4(a). Hence, the lifetimes of the gas
plasma are 400 ps and 200 ps in the cases of argon and krypton,
respectively.

From the above discussion, one can conclude that the three
regions of the HH signal, i.e., the enhancement, the suppression,
and the restoration regions, are associated with three EAC proc-
esses. In particular, after the generation of gas plasma by the
pump pulse, atoms are initially excited by collisions between
the remaining neutrals and the fast free electrons on the time
scale of several picoseconds. Then a significant enhancement
of HH signal shows up when a reasonable degree of the excita-
tion is achieved, which lasts until the excited atoms are depleted
by the further collision between the excited atoms and the free
electrons on the time scale of a few tens of picoseconds. After the
frequent collisions, the hot electrons slow down to a very low
kinetic energy. Slow electrons are captured by the ions rather
than being rescattered. Hence, the electron-impact recombina-
tion plays an important role in the EAC process, when the HHs
start to revive. When the gas plasma dies out and the system
becomes neutral, the HH signal reaches a full restoration.
Accordingly, the lifetime of the generated gas plasma can be di-
rectly extracted from the HH spectroscopy. One can also note
that the enhancement regions of the HH signal are different for
argon and krypton. This may be attributed to their different col-
lision cross sections. The larger collision cross section of krypton
renders the excited states more easily disturbed by the free-
electron impact. Correspondingly, the enhancement signal com-
ing from its excited states dies out more rapidly.

It is worth noting that a very low gas pressure of about
20 Torr was used for both argon and krypton, and the probe
intensity is not high enough to drive HH generation from the
ionized state in our experiment. Under this low gas pressure,
the effect of the neutral atom dispersion and the free electron
dispersion is small when the ionization level is not too high.
Consequently, the phase-matching condition does not change
too much at different time delays. Hence, we neglect the role of
propagating and phase-matching effects in our simple EAC
model. Such a simple EAC model has already given a good
qualitative explanation of the experimental data. However, a
more comprehensive theory, considering the propagating and
phase-matching effects, is still necessary for fully account for
the underlying physics.

In conclusion, the EAC dynamics in argon and krypton gas
plasma have been comprehensively investigated through the
measurement of HH signals in a pump–probe scheme. The de-
lay-dependent HH signals are featured by the first enhancement,
the subsequent suppression, and the final restoration. We
demonstrated that these features are well related to the EAC dy-
namics (the electron-impact excitation, the electron-impact ion-
ization, and the electron-impact recombination). In short, the
excited atoms are first generated by the collision between the
neutrals with the early arriving electrons on the time scale of sev-
eral picoseconds. Then they are depleted into ions by the further
collisions with the later arriving electrons on the time scale of
dozens of picoseconds. Finally, the neutrals are restored by
the recombination of the ions with the latest arriving electrons
with the slow velocity on the time scale of hundreds of picosec-
onds. This demonstrates that HH spectroscopy can be utilized to
probe the EAC dynamics, and four important times during the
evolution of gas plasma can be directly extracted from the HH

spectra. Our method to probe the EAC dynamics is also appli-
cable to the study of other atoms or molecules.
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