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Very-high-order harmonic generation from Ar atoms and Ar* ions in superintense pulsed laser
fields: An ab initio self-interaction-free time-dependent density-functional approach
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We present amb initio nonpertubative investigation of the mechanisms responsible for the production of
very-high-order harmonic generatiHHG) from Ar atoms and Af ions by means of the self-interaction-free
time-dependent density-functional theory recently developed. Further, by introducing an effective charge con-
cept, we can study at which laser intensity the contribution to the high-energy HHG frériois precede
over the Ar atoms. Comparing the HHG behavior from Ar atoms andidas in the superintense laser field,
we conclude that the high-energy HHG observed in the recent experiment originated from the ionized Ar
atoms.
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Multiple high-order harmonic generatidlHG) is one of  of the HHG cutoff energy. However, the emission intensity
the most rapidly developing topics in the field of laser-atomfrom the ions was found to be several orders of magnitude
(moleculg interactions. When an intense laser field pulse isyeaker than that from the neutral atof@). Thus it was
focused normally into an array of gas composed of eithegjfficult to realize the generation of very-high-order harmon-
atoms or molecules, a highly nonlinear optical process cafyg from the ions in the past. However, a recent experiment

take place, producing a unique source of coherent light in thfg] has achieved the realization of this process by using a

extreme ultravioletxuv) and soft x-ray regions of the spec- . limit ol . |
tra[1-3]. This coherent light is known as high-order harmon-Wavegu'de geometry to limit plasma-induced laser beam de-

ics. The physical origin of the HHG from linearly polarized focusing and demonstrated the generation of very high-or_der
(LP) laser field can be qualitatively understood by means oharmonics from the Ar gas, up to 250 eV. The authors attrib-
the rescattering modél]: (1) the electron tunnels out the uted the higher-energy photon to be the emission from the
potential barrier when the laser field reaches the pgakhe  ionizedAr atoms. The experimental results are in qualitative
tunneled electron is bounced back to the parent ionic core @&greement with the prediction from the Ammosov-Delone-
a later time when the laser field changes to the opposit&rainov (ADK) model[10]. However, the ADK model does
direction; (3) the returning electron emits a photon by the not take into account the effect of detailed electron structure
radiative recombination process. Based on this simple modeand ac Stark shift, etc., on the strong-field electron dynamics.
the highest photon enerdgutoff) is 1,+3.2J,, wherel,is  Thus a more accurate theoretical formalism is required and
the ionization potential of the working material),  desirable for quantitative exploration of this highly interest-
=1/(4w?) is the ponderomotive or quiver energy of electroning multiphoton phenomenon.

in an oscillating electric field| is the laser peak intensity,  To investigate the detailed mechanisms responsible for the
andw is the laser frequency. Due to the ionization depletion,production of the high-energy HHG, we perform an initio

the HHG cutoff position in a superintense laser field is de-gng systematic study of the HHG from Ar and*An intense
pendent upon the saturation intensity when the saturatiopgser fields by means of the self-interaction-correction
intensity is lower than the laser peak intensity. The iO”izationself-interaction-fre}a time-dependent  density-functional
depletion will limit the highest HHG one can obtain. The theory (SIC-TDDFT) recently developefi7,11]. By compar-
shortest wavelength generated by the HHG processes derﬁ]fg the HHG from Ar and Af as well as the survival prob-
onstrated today is taken place from He atoms and close tgbilities of Ar and At in the superintense laser field, we

500 eV[5,6], achieved by using ultrafast pulsg25 fs pulse establish that the high-energy photon comes from thé Ar

duration from a Ti:sapphire laser centered at 800 nm. He. : - )
. L : ions. Our predicted HHG cutoff positions are in good agree-
atom has the highest saturation intensity among all the neu- . )
ent with the recent experimental dd€d. Furthermore, we

tral rare-gas atoms. However, the HHG yield from He atom ) . ;
is several orders of magnitude lower than from other rare—gagemOnStrate that in a single calculation, the SIC-TDDFT ap-

atoms[7]. proach can be used to describe .the creatioq ofidms from
Comparing with the neutral Ar atom, the saturation inten-Ag atoms and the HHG from Arions dynamically.
sity for each successive stage of ionization is progressively The central equations of the SIC-TDDFT approach, for
higher. This can in principle lead to considerable extensiothe nonperturbative treatment of multiphoton processes of
many-electron atomic systems in an intense laser field, can
be expressed g atomic unitg
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iﬁmr,t) = H(r, ) gho(r,b) = {— %V2+vglii<r,t>] (T 1),

1

where V&, (r 1) is the time-depender(D) optimized ef-
fective potential(OEP with SIC [7,11]. The TD-OEP-SIC
equations can be solved for the individual time-dependent
spin-orbital wave function in a self-consistent manner. More-
over, the single-particle time-dependent OEP-SIC is local
(for every time stepand has the correct long-rangel/r)
Coulombic potential behavior. The time evolution of the
spin-orbital wave functions can be calculated by means of 0 10 20 30 40 50
the time-dependent generalized pseudospedfAIGPS Energy (eV)

method[12]. The TDGPS method consists of the following
two essential stepga) the spatial coordinates are optimally
discretized in anonuniformspatial grid by means of the gen-
eralized pseudospectral techniddég] with the use of only a
modest number of grid points. This mesh is characterized by ) ) ) )
denser grids near the origin and sparser grids for large gdi<ontributes to the total effective potential and multiphoton
tances(b) A second-order split-operator technique in #re ~ PrOCesses. _ _
ergy representation which allows the explicit elimination of ~ Baséd on the SIC-TDDFT method, we shall investigate
undesirable fast-oscillating high-energy components is useffl€ HHG process from the Ar atontand the Af ions) in

for the time propagation of the wave function. The TDGPSImeaﬂy po!anzgd intense laser fields. An 18-fs laser pulse
technique has been shown to be both computationally corfiuration with sift pulse shape was used throughout the cal-
siderably more efficient and accurate than the conventiondulations. In the time propagation, the radial grid extends up
time-dependent techniques using equal-spacing grid discreff® @ minimum of 100 a.u. V‘éh'Ch is almost twice the maxi-
zation. Detailed procedure for the constructionV@fe’ (r,t) ~ Mum quiver radiuR=2y1/w". To avoid unphysical reflec-

and the solution of the above TD-OEP-SIC equations can plions and oscillations of the wave function due to the finite
found in our recent workE7, 11] radius size in the simulation, an absorp&2] is specifically

Once the individual time-dependent spin-orbital wavePlaced at 60 a.u. Furthermore, up to 1000 radial grid points

functions{y,(r ,t)} are obtained, we can determine the time- 0" €ach partial waveand 70 partial waves were used to
dependent induced dipole moment as ensure full convergence of the time-dependent wave func-

tions and HHG power spectra.

10g1o[P(w)]

FIG. 1. (Color onling The HHG spectra of Ar atomghin line)
and Ar" ions (thick line) in a laser field with sif pulse shape, peak
intensity 1 =5.0x 103 W/cn?, and wavelengtih =800 nm.

In a weak laser field, the HHG’s from Ar atoms and*"Ar
d(t) =f2p(l’,t)dl’ =2 dio(t), ions are significantly different as presented in Fig. 1. The
o cutoff position of HHG from Af ions is higher than that
where from Ar atoms, but the HHG yield from Aris significantly
lower (by several orders of magnitudthan that of Ar. This
dio(t) = i (r, 0|2 6(r 1) indicates that the smaller the ionization potent&y.,, for

Ar* is 27.6 eV and for Ar is 15.8 e) the larger the HHG
ield, but the shorter the harmonic cutoff frequency. On the
ther hand, the effective charges are close to 0 for Ar and 1
or Ar*, which means that the ionization is negligible in a
relatively weak field and the HHG’s from Ar and Acan be
2 well differentiated. In stronger laser peak intensities but be-
(2 low the saturation intensity of Ar, the latter occurs at about
7.7x10% W/cn? and substantial ionization of the atom is
To facilitate the detailed analysis of the relative contribu-0PServed. As we move to the superstrong laser field intensity

. 5 . ,
tion of Ar and AF to HHG, we introduce a time-dependent "€9ime(such as 1. 10 YV/an), the high-energy HHG's
effective chargd TDEC) as (>180 e\ from Ar and Ar" are close to each other as shown

in Fig. 2@). To show more clearly the HHG from the Ar
B ) ions and Ar atoms near the cut off regime, we plot them in
Zeff(t)‘z_z Nig | [#ie(r, D], () Fig. 2b). In the lower-energy part<180 eV, the HHG
7 from Ar atoms are higher than that from*Aipns. The results
which characterizes the dynamic ionization processes. Thghown in Fig. 2a) can be understood as follow. The Ar at-
partial time-dependent ionization probabilities of Ar atomoms are first ionized to Ar During the ionization process,
and Ar ion are computed from its individual valence elec- they can also emit the lower-energy HHG. The ionized Ar
tron orbital (3s, 3p.4, and Jg). It is imperative to mention atoms can survive in a superintense laser field and emit the
that all the valence electrons are treated explicitly and eachigher-energy HHG as well as the lower-energy HHG, but

is the induced dipole moment of tih spin orbital and;, is
its electron occupation number. The power spectrum of th%
HHG is then acquired by taking the Fourier transform of the]c
total time-dependent induced dipole momdft:

t
P(w) = it J d(t)e“dt

t—tiJy
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200 250 300 350 strong if not almost complete ionization of Ar.
Energy (eV) Figure 3 shows the time-dependent effective charge of Ar
) and Ar in the supperintense laser fields. The laser peak field
FIG. 2. (Color onling (a) The HHG spectra of Ar atoms and Ar used is 1.%10%W/cm? with center wavelength

ions in a laser field with sthpulse shape, peak intensity=1.3 =800 nm. Clearly we discern that the effective charge for
?ﬁieﬂﬂf’aﬁgdAﬁvﬁZZIre&gle}ggorQTr'n(b) ';I' heth:iG POW‘T.r ) Ar* increases slowly from 1 to about 1.7 when the field is
P . gime. For bEter VIsualiza- 4\ er. The effective charge of Ar atoms increases dramatically
tion, we upshift the Ar HHG spectra by five orders. - - -

from three optical cycles before the peak laser intensity and
the HHG vyield is lower than that from neutral Ar atoms. In approaches the Areffective charge around one optical cycle
the high-energy regime, the calculated HHG from Ar andbefore the peak laser intensity is reached. This means that the
Ar* are closer to each other, but not identical. This is due téAr is ionized to Af within two optical cycles. Then, the
the fact that HHG’s directly from Arions and HHG from effective charge of Ar follows the effective charge of*An
ionized Ar are different. The HHG from Arstarts from the the later time. The effective charge of both the Ar atom and
Ar* ground state; one electron from the neutral atom is alAr* ion at the end of the pulse is very similar, indicating that
ready gone to start with. The HHG from the ionized Ar startsthe final states of both systems are similar. Therefore, we can
from the Ar ground state, and the ionized electron is stillconclude that the HHG in the high-energy regime is from the
around the parent ionic core. The calculated cutoff positiorionized Ar atoms, which is consistent with our conclusion
around 280 eM(both from Ar and Af curves as shown in  from comparison of the HHG from Ar and ArWe also have
Fig. 2b) is in reasonable agreement with the experimentabtudied the HHG from Ar and Arat peak laser intensity 9
data(250 e\) [9]. The experimental cutoff is probably low- X 10*W/cn?. The predicted cutoff positiori130 eV) is
ered by the propagation effects which we ignored in thealso in good agreement with the recent experiment at the
present simulation. This clearly shows that the extendeg@ame peak intensity9]. Note that the difference of HHG in
HHG is due to the contribution from the ionized Ar atoms.

The HHG spectra from the higher intensityig. 2) are al- 10l T T
most continuous instead of individual HHG peaks observed f ]
in the lower laser intensityFig. 1). 08 L ]

In addition, the Ar atom’s power spectrum features impor- L ]
tant and salient characteristics. First, a second plateau be- 06 . E
comes clearly discerned about 180 eV. The harmonic yield ¢ [ ]
for the second plateau is at least two orders of magnitinde < 0.4 3 ]
logarithmic scalg smaller than the first plateau. The nature T ]
of the second plateau can be well correlated to the notion that Y ]
the contribution to the high-frequency harmonics is evidently T ]
not due to Ar but rather to Ar As a result, the harmonics Eo D - ]
produced by both systems, again at the high-frequency re- 0'00 5 10 15 2'0_'_
gime, mimic each other rather well. Therefore, the extension Peak Laser Intensity (10" W/om?)

of the cutoff in laser intensities above the saturation intensity

is explicitly due to the argon ions as it was well observed in  FIG. 4. (Color onling The difference of the effective charge for
the experiment. Hence, the importance of the TDDFT calcuAr and Ar* as a function of peak laser intensity when the field is
lations is paramount in this calculation since a single-activeever. The dotted vertical line marks the saturation intensity of Ar
electron model would fail for the present case due to th&=7.7x 10 W/cn?).
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the high-energy regime from Ar atoms and*Aons is larger  when the laser intensity is higher than the saturation inten-
than that at higher laser intensities. The difference of thesity. On the other hand, the HHG is contributed mainly from
effective charge for Ar atoms and Aions when the field is  the neutral atoms when the laser intensity is lower than the
over is also larger than that at a higher intensity. This impliessaturation intensity. All these findings and the predicted cut-
that the contribution from the ionized Ar atom decreases asff positions are in good agreement with the recent experi-
the laser intensity decreases. o ment[9]. Furthermore, our study shows that the SIC-TDDFT
To fu_rthgr explore .the contribution from the ionized Ar, cgn provide a powerful nonpertubative approach for the de-
we plot in Fig. 4 the difference of the effective charge of Ar gcription of the creation of the Arions from Ar atoms and
ions and Ar atoms at the end of the laser pulse as a functiog,eq generation of very high-order harmonics front Asns
of the laser intensity. The difference of the effective charges;ithin a single calculation. Of course, the present simulation
decreases as the laser intensity increases. Before it reachg@sented the state-of-the-art calculation of the single-atom
the saturation intensity, the HHG mainly comes from theegponse. To compare with the experiment in detail, we have

neutral atoms. When the laser intensity is stronger than thg, consider the propagation effects and the volume effects.
saturation intensity, the HHG is mainly contributed from the

ionized Ar. Figures 1 and 2 show the behavior of these two This work was supported by the Chemical Sciences, Geo-
limits (weak- and superintense-field cases sciences and Biosciences Division of the Office of Basic En-
Based on the SIC-TDDFT formalism, we have studied theergy Sciences, Office of Science, U.S. Department of Energy.
mechanism of HHG from ionized Ar atoms. The HHG in the We acknowledge the Kansas Center for Advanced Scientific
high-energy regime mainly comes from the ionized Ar atomsComputing for the support of supercomputer time.
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