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Observation of a transition in the dynamics of strong-field atomic excitation
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The consensus on the mechanism of atomic excitation in an intense laser field has not been reached so far
because the proposed mechanisms may dominate in different regimes. In this paper, we show a clear transition
of the underlying physical mechanism of strong-field atomic excitation from multiphoton resonance to coherent
recapture by investigating the intensity dependence of the yields of neutral excited atoms (Ar*) and singly
charged ions (Ar™") of argon experimentally and theoretically. Our results indicate that, for 400 nm, the multipho-
ton resonance mechanism plays a significant role at low intensity and coherent recapture mechanism becomes
important at high intensity. While for 800 nm, distinctive out-of-phase oscillations of Ar* and Ar™" yields are
identified, implying that coherent recapture mechanism dominates. Our work provides a more comprehensive
understanding of the atomic excitation mechanism in an intense laser field.
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I. INTRODUCTION

For atoms subject to an intense laser field, the ioniza-
tion dynamics may be comprehended with either multiphoton
ionization (MPI) or tunneling ionization (TT) [1-5]. To indi-
cate the transition between these two limits, a pivotal role is
given to the Keldysh parameter y = (1,/2U,)"/? [6], where
I, is the atomic ionization potential and U, the ponderomo-
tive energy of the laser field. For y > 1, MPI dominates
and the ionization rate can be calculated by the perturbation
theory. For y <« 1, TI becomes important and the features
of photoelectron spectra can be largely understood by the
classical dynamics. The validity of the Keldysh picture in
describing the electron dynamics in strong laser field has
been well verified experimentally in both single- and double-
ionization processes by, e.g., investigating the evolution of
relevant photoelectron spectra from MPI to TI regimes [7-10].
In the former regime, a multitude of resonance structures and
distinct above-threshold ionization (ATI) peaks in the pho-
toelectron spectra are identified [8—11], while for the latter,
smooth spectra have been presented [12—-14].

In contrast to the above-mentioned atomic ionization dy-
namics in strong laser field, atomic excitation dynamics has
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not yet been well comprehended. In the 1990s, significant
yields of Rydberg atoms have been observed experimentally
for Kr and Xe [15,16], which is ascribed to the resonances
with ac-Stark-shifted Rydberg states. Additional experimental
investigations (see, e.g., [17-19]) show that, for noble-gas
atoms subject to strong laser fields, the structures on the
curves of singly charged ion yields versus laser intensity
can be attributed to the electron trapping in atomic excited
states. The mechanism of interference stabilization [20,21]
associated with the repopulation of the Rydberg states through
Raman transitions has been employed to analyze and compre-
hend the experimental data.

On the other hand, in a recent experimental work [22],
the measured neutral atoms of helium surviving the laser
pulse in excited states and the rapid decrease of the excitation
probability with the increase of laser ellipticity are com-
prehended with the proposed frustrated tunneling ionization
(FTI) mechanism. Note that a similar recapture picture has
also been proposed in a theoretical work by Wang et al. [23].
Further experimental evidences supporting the FTI (or re-
capture) mechanism have been documented recently [24-26].
Moreover, this mechanism has also been employed to compre-
hend the presence of atoms in very high-lying Rydberg states
with principal quantum number n ~ 120 [27] and coherent
extreme-ultraviolet emission from atoms exposed to a strong
laser field [28].

Very recently, Rydberg state excitation (RSE) in an intense
laser field has also been studied using numerical solution
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of time-dependent Schrodinger equation (TDSE) [29,30]. Li
et al. demonstrate that the presence of excited states in in-
tense laser field can be understood as continuation of ATI to
negative energies in the Rydberg quasicontinuum and their
stabilization due to the large orbital angular momenta [29].
Furthermore, it is predicted that the yields of both excitation
and ionization display strong modulations that are out of
phase in relation to each other as a consequence of channel
closing in multiphoton processes. Note that this phenomenon
has not been verified experimentally yet. On the other hand,
Piraux et al. show that the features of ionization and excita-
tion are compatible with the multiphoton excitation picture at
800 nm, where the ionization dynamics is in the nonadiabatic
regime [30].

As one can tell from the above discussions, consensus
on the mechanism of strong-field excitation has not been
achieved yet. More importantly, the formation of a complete
picture of this strong-field phenomenon is still hindered by the
limited experimental works and, especially, the rather coarse
measurement precision so far.

In this paper, we report the investigation of the atomic
excitation dynamics and unveil a distinct transition of the un-
derlying mechanisms from multiphoton resonance to coherent
recapture. Our observation relies on simultaneously measur-
ing and comparing the intensity dependence of the yields of
ions Art and excited neutral atoms Ar* at 400 and 800 nm.
Note that, to perform reliable intensity-dependent measure-
ments of the ion and neutral atom yields, it is of importance
to keep the laser intensity uncertainty as low as possible. In
our measurements, several special experimental efforts have
been taken to eliminate at utmost the intensity uncertainties,
which are usually induced by the laser power fluctuation and
notorious focusing averaging effect. With these experimental
efforts as discussed below in the experimental section, several
interesting experimental findings are observed. At 400 nm,
the yields of Ar* show two remarkable increasing steps. The
first step is accompanied by the increase of Ar™ yields, while
the second step is weaker and a local maximum of the Ar*
yields comes out at the intensity where the local minimum of
Art yields appears. At 800 nm, we observe that the yields of
Ar' and Ar* exhibit a series of out-of-phase oscillations with
the increasing of laser intensity. With a dedicated quantum
model based on a coherent recapture picture of the RSE in
intense laser field, the experimental result of 800 nm and high
intensity part of 400 nm can be well reproduced. While, the
calculation results are inconsistent with the measurements in
low-intensity regime for 400 nm. Our result implies that a
transition of the underlying mechanism from multiphoton res-
onance to coherent recapture occurs when the laser parameter
transits from MPI to TI regime.

II. EXPERIMENTAL METHOD

The experiments have been performed for Ar subject to
an intense linearly polarized laser field with a homemade
setup outlined in Fig. 1. The laser beam is generated from
a commercial Ti:sapphire femtosecond laser system (Legend,
Coherent Inc.) with a repetition rate of 1 kHz and a center
wavelength of 800 nm. The laser beam at 400 nm is produced
by frequency doubling of the fundamental beam with a beta
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FIG. 1. Sketch of the experimental setup. A focused linearly
polarized laser beam intersects a collimated supersonic beam of Ar
in-between the electrode plates 1 and 2. The electric voltages are
applied to the plates 1 and 2, as shown in (a), where #; = 1.2 us
and 7, = 9.0 us. Plate 3 is earthed. (b), (c) Show the typical time-of-
flight spectrum and the image of Ar" and excited atoms Ar* spatial
distributions on the detector.

barium borate crystal. The laser pulse energy is precisely
controlled with a combination of a broadband achromatic
A/2 plate and a thin-film polarizer. The pulse duration of the
laser beam before entering the velocity map imaging (VMI)
spectrometer is about 50 fs for both 400 and 800 nm. Be-
fore introduced into the spectrometer, the laser beam passes
through an optical aperture with a diameter D of 4.0 (5.4) mm
for 400 (800) nm to truncate the laser spot (with a diameter of
18 mm) near the focal lens.

The laser beam is directed into the vacuum chamber of
a spectrometer, which is built based on the VMI technique
[31]. In the interaction chamber of the spectrometer, the base
pressure is maintained around 1072 mbar. Inside this chamber,
as shown in Fig. 1, there are three copper electrodes evenly
spaced by 20 mm. Each electrode has a diameter of 90 mm
and a thickness of 2 mm. The inner holes of electrodes 2
and 3 are 30 mm in diameter, while that of electrode 1 is
2 mm. A collimated supersonic atomic beam of Ar crosses
with the laser beam at the spot midway between the centers of
electrodes 1 and 2, and a pulsed and a constant electric field
are applied to each of the electrodes, respectively. The pulsed
(constant) electric voltages applied to electrode 1 (2) is 50 (35)
V. The delay time (with respect to the laser pulse) and pulse
width of the pulsed electric voltage (applied to electrode 1) are
t; = 1.2 us and 1, = 9.0 us. Electrode 3 is earthed during the
experiments. Because the diameter of the supersonic beam is
smaller than the Rayleigh length of the laser beam, the volume
averaging effect can be suppressed significantly. Art and Ar*
produced by the laser field are detected by a position-sensitive
microchannel plates (MCP) detector equipped with delay-line
anode (DLD80 RoentDek Handels GmbH).

The geometry of the interaction volume has been deter-
mined carefully in our work. The beam waist wy can be
determined by the formula wy = A f/D [32], where the focal
lengths f of the convex lenses are 150 and 200 mm for
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FIG. 2. The measured transverse spatial distribution of laser in-
tensity at the laser focus (z = 0). The measurements have been fitted
by a super-Gaussian function with n = 2.45 [see Eq. (BS)] and a
Gaussian function, respectively.

wavelengths of 400 and 800 nm, respectively. The determined
beam waists are 15.0 and 29.6 um for the wavelengths of 400
and 800 nm, respectively. The laser intensity has been deter-
mined by the observed intensity dependence of the Freeman
resonance peaks in photoelectron energy spectra [11]. With a
commercial digital camera (WinCamD-LCM4, DataRay Inc.)
with spatial resolution of 5.5 um, we have measured the
spatial distribution of laser intensity at the focus and, as shown
in Fig. 2, it is found that the measured spatial distribution of
intensity can be well fitted by a super-Gaussian (SG) function
[33,34], instead of a Gaussian function. To determine the
Rayleigh length, the yields of Art have been measured when
the laser focus is moved along the propagation direction of the
laser beam. The results are shown in Fig. 3. In the meantime,
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FIG. 3. The measured laser focus position dependence of the
Ar* yields at (a) 400 nm and (b) 800 nm. The black solid squares in-
dicate the measurements and the red open circles indicate the results
calculated with a dedicated semiclassical model, where the spatial
distributions of Gaussian laser beam and the spatial and velocity
distributions of supersonic beam have been fully considered.

a semiclassical model has been applied to reproduce the mea-
surements, as shown in Fig. 3, where the spatial distributions
of the focused SG laser beam and the spatial and velocity dis-
tributions of supersonic beam [35] have been fully considered
(for the details, see below). In this model, to achieve laser
focus position dependence of the Ar™ yields, the ionization
rate of the single ionization event at each laser focus position
is given by the Ammosov-Delone-Krainov (ADK) formula
[36] and the Rayleigh length is the only free parameter left to
be determined. With a careful comparison of calculations and
measurements, the Rayleigh lengths in the laser beam focus
are determined to be zg = 1770 and 3450 um for 400 and
800 nm, respectively. Note that an aperture with a radius of
250 pum is applied to collimate the supersonic beam. Con-
sidering that the radius of the aperture and also the geometry
of the supersonic beam at the laser focus are much smaller
than the Rayleigh length of the laser beam, the peak intensity
along the laser propagation direction in the interaction area
keeps almost constant. Hence, the influence of the volume av-
eraging effect has been suppressed significantly in our work.
This is important to consider the focal-volume averaging ef-
fect in the simulation, as will be shown below.

With our homemade specific spectrometer, advantages are
obvious for investigation of excited atoms surviving the strong
laser field. With the specific electric field scheme employed
here, the light ions, e.g., H", H,O", OF, and NJ, etc., pro-
duced from the residual gases are pushed away and most of
these ions cannot arrive at the detector. In contrast, heavy
ions, e.g., Ar", and excited Ar atoms with quantum princi-
pal number n < 75 can be detected. This will significantly
increase the signal-over-noise ratio for the detection of excited
atoms, which is demonstrated in the typical time-of-flight
(TOF) spectrum of Ar™ and Ar*, as depicted in Fig. 1(b).
On the other hand, the typical spatial distributions of Ar™ and
Ar* acquired by the detector are shown in Fig. 1(c), where
the distribution of each particle can be well separated. Thus,
by combining the TOF spectrum and the spatial distributions
of Art and Ar*, we can extract the yields of each particle
more precisely. During the data acquisition, the laser pulse
energy is recorded shot by shot by a photodiode equipped
with a homemade integration circuit. This circuit can transfer
the measured energy signal to a delayed NIM pulse, which
will be recorded by a computer along with the ionization
and excitation yield signals for each laser pulse. To reduce
the influence of the pulse-to-pulse intensity fluctuations on
the measurements, in the off-line analysis, only the data with
pulse energies in a small range are chosen to produce the spec-
tra. In this way, the corresponding laser intensity fluctuation
can be controlled to be around 2.0% and 0.6% for the data at
400 and 800 nm, respectively.

III. QUANTUM MODEL BASED ON STRONG-FIELD
APPROXIMATION (SFA) THEORY

A quantum model based on the strong-field approximation
(SFA) theory [6,37] of the RSE in intense laser field has
been developed [38]. The advantage of this theoretical method
over TDSE is that a clear physical picture behind RSE can
be provided: first, the electron is pumped by the laser field
into a continuum state from the ground state. Subsequently, it
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evolves in the external field and, according to the calculation
with our model, a small portion of the liberated electrons may
be coherently captured into Rydberg states.

In our model [38], it is assumed that the electron is liber-
ated by the laser field, propagates under its influence, and is
captured into a Rydberg state at a later time. This is formalized
by the transition amplitude (atomic units m =h = |e| =1
are used)

o9} t
Mnlm = (_1)2/ dt/ dt,/d3k

x (@, (OIV (@)@ )@V (1) - Er)|i(r)),
(1)

where |®;(¢)) is the initial ground state, |d>f{v)(t)) the
Volkov state with asymptotic momentum k, and |<I>‘n’lm (1)) the
field-dressed Rydberg state with principal quantum number
n, angular momentum quantum number /, and magnetic quan-
tum number m (here m = 0 is assumed). V(r) = —1/r is the
binding potential and E(¢) = Ejsin wté, the 10-cycle laser
electric field with the vector potential A(r) = Ey/w cos wt &,
(&, is a unit polarization vector). The multiple integrals are
performed by numerical integration with respect to ¢ and ¢’
and by saddle-point integration with respect to k.

The wave function of the field-dressed Rydberg state can
be approximately described as

. . .ot 2
(1, 1) = G () F AT Lo AR (g

where ¢,;,,(r) corresponds to a field-free Rydberg state with
an energy E, = —1/(2n%) and can be given by

¢nlm(r) = anRnl(r)Ylm(Qs <ﬂ)7

N Q)% [T+1+1)
"I T+ 2\ 2T —1)

Ru(r) = Qipr)e ™ \Fi(—n+1+ 1,21 +2,2k,r), (3)

where «, = 1/n, Y;,,(6, ¢) is a spherical harmonic func-
tion, and {Fj(x,y, z) the confluent hypergeometric function.
More details of the derivations and calculations are given
in Ref. [38].

IV. RESULTS AND DISCUSSIONS

In Fig. 4, the measured intensity dependence of the yields
of Art and Ar* at 400 [Fig. 4(a)] and 800 nm [Fig. 4(b)]
are presented. At 400 nm, for Ar™, a rapid rising trend in
the low-intensity regime is clear. Meanwhile, a prominent
sequence of steps can be identified in the intensity dependence
of Ar* yields. The first rapid enhancement in the intensity
dependence of Ar* yields appears around 190 TW/cm?,
which closely resembles the rising trend of Ar" yields. In
fact, this enhancement has been also observed previously by
Zimmermann et al. [39] and was ascribed to the closing of
the six-photon ionization channel occurring at 190 TW /cm?.
Since channel closing occurs periodically at nhw = U, + 1,
where /fiw = 3.1 eV is the photon energy and /, = 15.76 eV
the ionization energy of Ar atom, more steps are expected.
Indeed, in our data, an additional second rapid enhance-
ment in the intensity dependence of Ar* yields comes out at
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FIG. 4. The measured intensity dependence of the yields of ions
Art and excited atoms Ar*, which are multiplied by 100. The
intensities, at which channel closings happen, are indicated by blue
arrows. The laser wavelengthes are (a) 400 nm and (b) 800 nm. The
data in the intensity interval of [280, 600 TW /cm?] in (a) are zoomed
out in the inset.

around 390 TW /cm?, which can be ascribed to the closing
of the seven-photon ionization channel. More interestingly, as
shown by a magenta dashed arrow in the inset of Fig. 4(a), a
clear local minimum of Ar" yields comes out at the intensity
where the local maximum of Ar* yields appears. Note that
this feature is in stark contrast to that at 190 TW/ cm?, where
synchronous increase of the Art and Ar* yield is observed.

In Fig. 4(b), the measured intensity dependence of the
yields of Art and Ar* at 800 nm are shown. Similar to
the appearance of local maximum of Ar* yields and local
minimum of Ar™ yields at around 450 TW /cm? at 400 nm,
both the Ar" and Ar* yields exhibit pronounced oscillations
with increasing laser intensity at 800 nm in Fig. 4(b), where
the number of photons associated with the ionization channel
closing are indicated with blue arrows at the corresponding
intensities. The oscillation of Ar* yields is out of phase in
relation to that of Ar™ yields, which is in accordance with
the TDSE calculations [29,30].

Figure 5(a) presents the intensity dependence of total ion-
ization (by SFA theory) and excitation yields calculated with
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FIG. 5. (a) The calculated intensity dependence of ionization and
excitation yields for Ar subject to a 400-nm laser field. Black lines:
ionization yields calculated by length gauge SFA theory with and
without focal averaging effect (FAE) included; red lines: intensity
dependence of the RSE yields calculated by our quantum model with
and without FAE included. The calculated excitation yield is a sum
of the contributions of Rydberg states from n = 5 to 16 and has been
multiplied by 200 for better visualization. (b) Ratio of excitation
yield to ionization yield at 400 nm. (c) The same as (b) except that
the wavelength of the laser field is 800 nm and the principal quantum
number is in the range of 4 < n < 20.

Eq. (1) for Ar subject to a 10-cycle laser field at 400 nm.
The simulation results without focal averaging effect clearly
show channel closing effect. At each channel closing inten-
sity, the ionization yield becomes a minimum while the RSE
probability increases very fast. This can be understood by
the physical picture of our model [Eq. (1)]: The electron
evolves in the external field after it is pumped into continuum;
at the intensity with the channel closing condition fulfilled,
part of the wave packet will be coherently captured into the
Rydberg state and the other part of the wave packet goes to
the detector as ATI, which results in out-of-phase oscillations
in the intensity dependence of the ionization and RSE yields.
With the focal averaging effect included, one finds that the
peak structures in both ionization and RSE yields are smeared
out to some extent. However, three steps corresponding to
the peaks in RSE without focal averaging can be seen in the
RSE probability and three local minima can be distinguished
at intensities corresponding to the ends of the steps in the
RSE (as indicated by vertical magenta dashed arrows). It is
noteworthy that the step in the RSE and corresponding min-
imum in the ionization at about 450 TW/cm? are in good
agreement with the experimental observations in Fig. 4(a)
(and also in the inset). While, the ones around or above 600
TW /cm? cannot be seen in the experimental data which can
be attributed to the saturation effect. Thus, with the good
agreement between the measurements and calculations, it is
revealed that the aforementioned coherent capture mechanism

plays a dominant role in the RSE in the high-intensity regime,
i.e., from 300 to 500 TW /cm? at 400 nm.

To further explore the mechanism of RSE at 800 nm,
in Fig. 5(c), the measured and calculated ratios of the RSE
to ionization yields at 800 nm are presented. Both curves
exhibit oscillations with a period of 25 TW /cm?, correspond-
ing to AU, = liw in the whole intensity regime considered.
The agreement between measurements and calculations im-
plies that the coherent capture mechanism also dominates at
800 nm.

In contrast, in the low-intensity regime (i.e., below
300 TW /cm?) for 400 nm, though there are also clear steps in
the calculated ionization and RSE curves [see Fig. 5(a)], this
feature is at variance with the measurement. In the calculation
results, the ionization rising trend ends at about 200 TW / cm?,
while the one for RSE just starts at this intensity and ends
at around 250 TW/cm?. On the other hand, the measured
ionization and RSE probabilities increase simultaneously in
this intensity regime [see Fig. 4(a)]. The discrepancy between
the simulations and measurements can be more clearly found
in Fig. 5(b), where the intensity dependence of the ratio of
the RSE to ionization probabilities is presented. The measured
and calculated curves show good agreement at high intensity
but exhibits significant discrepancy at low intensity, indicating
that the coherent capture picture is not important any longer
in the low-intensity regime.

In fact, the experimental results in this low-intensity regime
of Fig. 4(a) can be understood by considering the multiphoton
resonance with ac-Stark-shifted excited states. At the intensity
a little higher than the one of six-photon channel closing,
dense Rydberg states (below the ionization threshold) would
become resonance with the ac-Stark-shifted ground state. The
efficient resonance with the Rydberg states will give rise to
the sharp increase of the Ar* yield. As the atoms could be
populated to the Rydberg states with a broad range of angu-
lar momenta [29,30], the Rydberg states with lower angular
momenta may be able to absorb one more photon to be ion-
ized, resulting in the singly charged Ar™ via a resonant MPI
process. On the other hand, the Rydberg states with higher
angular momenta could survive the intense laser field and
give rise to the detected neutral atoms. The large probability
of six-plus-one resonant ionization process may explain the
in-phase enhancement of the Ar* and Ar*. It is worthwhile
mentioning that, considering its quantum feature of the RSE
process, both the multiphoton resonance and coherent capture
mechanisms should satisfy resonance condition and are thus
closely related to the channel closing effect as discussed in
previous works [29,30,39,40]. The main difference lies in that
the continuum states serve as the main intermediate states in
the latter one but play much less or no role in the former one.

V. CONCLUSION

In summary, the intensity dependence of Ar* and Art
yields in an intense laser field has been investigated experi-
mentally and theoretically. At 400 nm, the measured intensity
dependence of Ar* yields shows a prominent sequence of
steps. The first enhancement is accompanied by the increase
of Ar" yields and can be understood by multiphoton reso-
nance mechanism, while the second enhancement appears at
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the intensity where a local minimum of Ar™ yields comes
out. Moreover, at 800 nm, the yields of Ar* exhibit significant
modulations as a function of laser intensity, which are out of
phase with respect to the yields of Ar*. With the analysis
by a dedicated quantum model of RSE, it is shown that the
coherent recapture mechanism plays an important role in the
high-intensity regime at 400 nm and also the whole intensity
range explored in this work at 800 nm. Our results reveal
that the mechanism of RSE experiences a transition from
multiphoton resonance to coherent recapture mechanism. This
finding provides a comprehensive physical picture behind the
strong-field RSE process.

ACKNOWLEDGMENTS

We thank W. Becker for many useful discussions. We thank
Y. Q. Xu, H. Y. Sun, C. Z. Wan, and Q. F. Chen for technical
support of laser system and electronic devices. We thank U.
Eichmann for the helpful discussions on building the exper-
imental setup. This work is supported by the National Key
Research and Development Program of China (Grants No.
2019YFA0307700 and No. 2016YFA0401100), the National
Natural Science Foundation of China (Grants No. 11974383,
No. 11834015, No. 11847243, No. 11804374, No. 11874392,
No. 11774387), the Strategic Priority Research Program of the
Chinese Academy of Sciences (Grant No. XDB21010400),
the Science and Technology Department of Hubei Province
(Grant No. 2019CFA035), and the K. C. Wong Education
Foundation.

APPENDIX A: THE SPATIAL AND VELOCITY
DISTRIBUTIONS OF THE SUPERSONIC ATOMIC BEAM

Usually, the velocity distribution of a supersonic beam
can be described with the ellipsoidal drifting Maxwellian
model [35,41]

m : m
flpv) = ”(thT) (27TkBTJ.)

—— (v — D)’ —

2]{ T UL1|’ (Al)
where m is the mass of the atom in question (Ar here),
kg the Boltzmann’s constant, 7 and 7, the parallel and
perpendicular temperatures, v and v the parallel and perpen-
dicular components of the velocity, and v the most probable
velocity of the beam along the parallel direction, where
parallel (perpendicular) means the direction in question is
parallel (perpendicular) to the propagation direction of the
supersonic beam.

The parameters of v = 559 m/s and 7 = 36.2 K can be
determined by fitting the measured time-of-flight distribu-
tion of Ar* with the velocity distribution function f(v)
exp[—#jm(vu — 9)?]. T can be calculated by [35,42]

xexp[ 2T

T, = To(l n VT_le)fl, (A2)

where Tp = 300 K is the room temperature, y the ratio
of heat capacities, and M the Mach number, which can be

determined by [35]

. y—1 1yl
M=A<y y°> —M, <X>>z.5 (A3)
A

‘ () M

where A is a constant, d the nozzle diameter, y the distance
between the nozzle and the skimmer along the propagation
direction of the supersonic beam, and yy the coordinate of
the virtual source (see [35,43,44] for details) from which the
beam can be taken as a spherical expansion. For the super-
sonic beam of Ar in our experiments, these coefficients are
A=326y = g d =50 um, y = 1.5 cm, and yp = 3.75 um
[35]. The off-axis density correlation for axisymmetric flow is
p3.2)

) ) (710)
=cos“fcos“ [ — |,
0(0,y,0) 2¢

where tan 9 = +/x%2 +z%2/y, ¢ = 1.365 (a constant given in
[35]), and O the off-axis angle. The radial distance from the
centerline of the supersonic beam can be calculated by r,, =
~/x2 + z2. With all the parameters given above, 7| = 0.04
K can be determined. Therefore, the spatial distribution of
the atomic beam at the laser focus (y = 0.805 m) can be
described by

(A4)

(x,y,2)
Z p(();’y’z Sy, v1)

0
= Zc0529 cos? (;[—q))f(vn, vy).

Based on the above calculations, we can obtain the spatial
distribution of the atomic beam. With a collimation aperture
with a radius of 250 um, the radius of transverse spatial
distribution of the supersonic beam at the laser focus, which
locates 0.17 m away from the aperture, has been determined
to be 300 um. The determined radius is significantly smaller
than the Rayleigh length.

D(x,z) =

(A5)

APPENDIX B: SIMULATION WITH FOCAL-VOLUME
AVERAGING EFFECT CONSIDERED

To compare with the experimental data, focal-volume av-
eraging has been applied to the numerical calculations. Let
d*N/d*r = P(I) denotes the number of electrons generated
from unit volume at the intensity of /. Generally, the three-
dimensional spatial intensity distributions can be given by

2 n
1) =I( 24 ) exp| —2(——) |, @D
w(z) w(z)

where the order n determines the uniformity of the spatial
distribution of laser intensity at the focal point (i.e., n < 2
for sub-Gaussian function, n = 2 for the Gaussian function,
and n > 2 for the super-Gaussian function), r = \/x2 + y? the
radial distance to the laser beam axis, z the coordinate along
the laser propagation direction, and

w(z) = wo[l + (Z/ZR)Z]%,

wo the beam waist radius at the focus, zr =7tw§/k the
Rayleigh length, and A the wavelength of the radiation. The
radius r(Z, z) of an isointensity shell of intensity / is then

(B2)
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given by

2 2 ;
r(l,2) = wo |1+ Z—z{l[ln (1—0> —In (1 + %)“ :
R 12 1 7R

(B3)

In some cases, the geometry of the interaction volume is
closer to one-dimensional or two-dimensional case. In the
one-dimensional focal-volume averaging, let dN/dr = P(I)
and the yields achieved within the focal volume are

N —fP(I)drdI
1D — d[

n

.
o ()] o
nx2iJo 1 I '

In the two-dimensional case, let d2N, /dzr = P(I) and the spa-
tial intensity distribution can be given by

(B4)

1) = Iy exp [ - 2(i> . (B5)
Wo/ |
The two-dimensional area S is
2
1 INYE
S=mnr’= 1 B6
Tr nw0|:2 n(l)_ (B6)
The yields achieved within the focal volume are
Nop = /P(I)deI
2D = al
nwg b Sdl
= —— In| — —P(I) (B7)
nx2% Jo I

For the three-dimensional case, the isointensity shell vol-
ume can be analytically integrated for the Gaussian beam
(n = 2), which is given by

Zmax
Vimm=m /
—Zmax

r2(I,z)dz = nw(z)zR

X
|
Wl &
~| &

|

—_

+
O | N
7N
~| &

|

—_
N~
ol

4 Iy
— — arctan ——1]], (B8)
3 I
where znax can be calculated by
Iy
Zmax(I) = 2R 7 -1 (B9)

The yields achieved within the isointensity shell volume are

qu
Nip = / P(H—2g

0
_ TR d—f«/lo —1Q2I + Ip)P(I).
3 o Iz

In fact, as shown in Fig. 2, at the laser focus, the measured
spatial distribution of laser intensity can be well fitted by a SG
function [Eq. (B5)] with n = 2.45. Thus, the spatial intensity
distributions for the SG beam applied in our experiments can
be given by Eq. (B1). In this case, the yields achieved with

(B10)
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FIG. 6. (a), (c) The calculated intensity dependence of ionization
and excitation yields for Ar subject to the 400-nm (a) and 800-nm
(c) laser fields. Black lines: ionization yields calculated with 1D (thin
dashed lines), 2D (thin solid lines), and 3D (thick solid lines) focal
averaging effect (FAE) included. Red lines: RSE yields calculated
with 1D (thin dashed lines), 2D (thin solid lines), and 3D (thick solid
lines) FAE included. (b), (d) The measured and calculated intensity
dependence of the ratio of excitation yields to ionization yields for
Ar subject to a 400-nm (b) and 800-nm (d) laser fields. Solid red
circles: the measured intensity dependence of the ratio of excitation
yields to ionization yields. Open black square: the ratio calculated
with 1D FAE included. Open green circle: the ratio calculated with
2D FAE included. Open blue triangle: the ratio calculated with 3D
FAE included. Note that the influence of FAE is included in Eq. (B4)
for the 1D, Eq. (B7) for the 2D, and Eq. (B10) for the 3D cases. The
calculated excitation yield is a sum of the contributions of Rydberg
states from n = 5 to 16 and has been multiplied by 200 or 100 for
better visualization.

focal averaging effect included are given by

Nexpt = /D()C, Z)P(I(I", z))dV

To demonstrate the significance of the focal averaging ef-
fect, using Egs. (B4), (B7), and (B10), we have performed the
calculations for the one-dimensional, two-dimensional, and
three-dimensional focal-volume averaging cases for Gaussian
beam and the results are shown in Fig. 6. Apparently, the
oscillations are mostly prominent in the one-dimensional case
and still obvious in the two-dimensional case, while the oscil-
lations become less obvious in the three-dimensional case.

To compare the impact of the different target geometry in
the case of the SG beam and that of a Gaussian beam, the
numerical simulations of peak intensity dependence of the
isointensity volume of a chosen intensity range have been per-
formed and the results are shown in Fig. 7(a). Three cases have
been considered, i.e., one-dimensional, two-dimensional, and
three-dimensional cases. As shown in Fig. 7(a), the calculated
volume is smaller for SG beam in all three cases. Especially,
for the Gaussian beam, the calculated isointensity volume in
two-dimensional case is a constant with respect to the peak
intensity. On the contrary, for the SG beam, the isointensity
volume in two-dimensional case decreases with increasing

(B11)
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10' 10° , peak intensity. If the parameters of the target geometry have
@) s (b) been set according to the experimental configurations, the
AAA_A%‘f-‘_"'b"' SGbeam: | @ calculated peak intensity dependence of the isointensity vol-
A" "Gaussianbeam: o  Expt. Conf| &= . .

& R e ume almost matches that of the two-dimensional case for SG
 f e s ) beam. This result can be attributed to the fact that the width
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FIG. 7. (a) Calculated peak intensity dependence of the isointen-
sity volume of the intensity range of [90, 100 TW /cm?]. The black
open circle represents the result calculated with the parameters cho-
sen according to the experimental configurations, where the spatial
distribution of the intensity of the SG beam has been employed in
the focus. The curves with (without) symbols represent calculation
results for the Gaussian (SG) beam. The black (lower two), red
(middle two), and blue (upper two) curves represent the results for
the one-dimensional, two-dimensional, and three-dimensional target
geometries, respectively. (b) Calculated intensity dependence of Art
(black squares) and Ar* (red circles) yields with SG laser intensity
distributions at 800 nm. The latter has been multiplied by 100 for a
better visualization.

much smaller than the Rayleigh length (see Fig. 3 and the
discussions on supersonic beam above). The results, which
have been calculated with Eq. (B11) and the parameters cho-
sen according to the experimental configurations, are shown
in Figs. 5 and 7(b). The calculations can qualitatively repro-
duce the main features of the measurements. It is worthwhile
mentioning that there are still some quantitative discrepan-
cies between the theoretical and experimental results. For
example, the dips are more pronounced in the experimental
yields than that in the calculation. One possible reason for
these disagreements is that the spatial resolution of available
commercial digital camera is not good enough to resolve the
subtle spatial distribution of the focus (comparing resolution
of 5.5 um to the FWHM of the laser focus of about 30 to
40 pm shown in Fig. 2), which could be in fact more flat than
the fitted SG distribution near the center of the beam, leading
to faster decreasing isointensity volume than that shown in
Fig. 7(a) when the peak intensity increases.
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