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High-order harmonic generation with KrF and Ti:sapphire lasers is analyzed with an emphasis on the
contribution of multiply charged ions. It is confirmed that the intensity dependence of strong optical
field ionization is explained by the Ammosov-Delone-Krainov (ADK) theory or by the barrier suppres-
sion ionization model regardless of the wavelength. The harmonic distributions are compared with the
single-atom responses calculated using the short-range potential model with the effective interaction in-
tensity determined by the ADK theory. From this analysis, we propose that for the KrF laser the har-
monics above the 21st in Ne and above the 13th in Ar may be due to doubly charged ions.

PACS number(s): 32.80.Rm, 51.70.+f, 42.65.Ky

I. INTRODUCTION

The finding of a plateau in the harmonic distribution
[1,2] made it possible to generate coherent soft x rays
with a table-top high-power laser. Sarukura et al. ob-
served the 25th harmonic (9.9 nm) of a terawatt KrF
laser in Ne [3]. Miyazaki and Sakai observed the 41st
harmonic (15 nm) of 616 nm in He [4]. Recently, Mack-
lin, Kmetec, and Gordon observed the 109th harmonic
(7.4 nm) of a 0.5-TW Ti:sapphire laser in Ne [5], and
L’Huillier and Balcou observed the 135th harmonic (7.8
nm) of 1.05 um in Ne [6]. In these experiments, harmon-
ic radiation was generated in a gaseous target. Akiyama
et al. observed the 13th harmonic (19.1 nm) of 248 nm in
K*, which was produced in laser plasmas [7]. As for the
harmonic plateau, Krause, Schafer, and Kulander
showed that the cutoff energy of the plateau was equal to
1,+3U,, where I, is the atom (or ion) ionization poten-
tial and U, is the ponderomotive potential [8], given by
U,=e’E*/4m o (e and m are the electron’s charge and
mass, and E and o are the field’s strength and frequency).
This relationship was empirically obtained through calcu-
lations of the harmonic spectra using a nonperturbative
theory. Recently, Schafer et al., explained the physical
meaning of 3U, using a “two-step” semiclassical model
for the high field ionization [9]. Corkum also explained
3U, in the same way [10]. He expanded this model to an
explanation of multiphoton two-electron ejection from
He [11] and the high-energy tail in the above-threshold
ionization spectrum [12].

This relationship predicts the low cutoff order for
short-wavelength lasers if neutral atoms alone are con-
sidered. However, the highest order observed experimen-
tally for KrF lasers was much higher than the cutoff es-
timated for neutral atoms [1,3,7]. This means that
higher-order harmonics for KrF are emitted from multi-
ply charged ions. Krause, Schafer, and Kulander [8]
pointed out the contribution of He™ to the harmonics
above the 13th observed by Sarukura et al. [3]. Xu,
Tang, and Lambropoulos also pointed out the contribu-
tion of ions by comparing the harmonic distribution in
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Ref. [3] with the calculated single-atom response [13].
Obviously, multiply charged ions can emit shorter-
wavelength harmonics because they have a larger ioniza-
tion potential and a higher ionization intensity.

Usually, the numerical calculation of the single-atom
response is not so simple when applied to a wide range of
experimental conditions, including atom type, laser wave-
length, and laser intensity. Becker, Long, and Mclver
proposed an analytical formula for the single-atom
response, including the above-mentioned parameters.
They assumed only the continuum and the ground state
of a single electron with a three-dimensional §-function
potential [14]. In spite of this simplification, this model
has been verified to explain many aspects of harmonic
generation [5].

Our previous paper [15] reported experimental results
for high-order harmonic generation using KrF and
Ti:sapphire lasers. For KrF, self-phase-modulation
(SPM) was induced, so higher-order harmonics disap-
peared with a shorter pulse (100 fs). For Ti:sapphire, the
harmonic distribution did not depend on the pulse width
of 120-730 fs at a fixed peak intensity. And there was a
clear plateau in the harmonic distributions for
Ti:sapphire in contrast with those for KrF. If we express
the maximum harmonic orders in various rare gases by
I,+kU,, the values of k are between 1 and 2 for
Ti:sapphire, as far as U, was estimated by the experimen-
tal value of the saturation intensity of a neutral atom.

This paper reports on harmonic generation and ioniza-
tion experiments using KrF (248 nm) and Ti:sapphire
(800 and 745 nm) lasers. For KrF, the pulse width was
chosen to be 300 fs to prevent SPM in harmonic genera-
tion. The experimental results for Ti:sapphire were ana-
lyzed in more detail than in our previous study [15]. We
analyzed the results of harmonic generation, emphasizing
the contributions of multiply charged ions to higher-
order harmonics for KrF. The high-field ionization
characteristics show the same tendencies for both KrF
and Ti:sapphire lasers. The intensity dependences of the
ion yield were fitted using Ammosov-Delone-Krainov
(ADK) theory [16] and the barrier suppression ionization
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(BSI) model [17], which have no wavelength dependence.
The harmonic distributions obtained using the KrF and
Ti:sapphire lasers were then compared with the single-
atom responses calculated using the short-range potential
model [14]. In this calculation, the effective intensity was
determined by ADK theory in contrast with the previous
paper [15], taking into account the inevitable uncertainty
in absolute intensity. The calculated harmonic distribu-
tions explain many aspects of the rare-gas experiments.
Our analysis shows that, using KrF, the harmonics above
the 13th in He, between the 11th and 19th in Ne, and be-
tween the 9th and 11th in Ar are due to singly charged
ions. And we propose that the harmonics above the 21st
in Ne and above the 13th in Ar may be due to doubly
charged ions.

This paper is organized as follows. The experimental
setup and results of harmonic generation are described in
Sec. II. Next, the experimental results for strong optical
field ionization are analyzed in Sec. III. The analysis was
used to provide an intensity calibration for harmonic gen-
eration. In Sec. IV the experimental results for harmonic
generation are analyzed and discussed. Finally, we sum-
marize this paper in Sec. V.

II. HARMONIC GENERATION

Two kinds of ultrashort lasers were used for harmonic
generation in this study. One was a KrF laser whose typ-
ical energy and pulse width were 200 mJ and 300 fs, re-
spectively. Details of this laser system are given in Refs.
[18] and [19]. The other was a Ti:sapphire laser whose
typical energy and pulse width were 33 mJ and 110 fs, re-
spectively. Details of this system are reported in Ref.
[20]. The Ti:sapphire laser was operated at either 800 or
745 nm and the KrF laser was operated at 248 nm. The
spot sizes were typically 4.5 umX6.5 um for KrF when
an off-axis parabolic mirror (f: 275 mm) was used and 42
um in diameter for Ti:sapphire when a planoconvex lens
(f: 150 mm) was used.

Figure 1 shows our experimental setup for harmonic
generation using KrF. For Tisapphire, a planoconvex
lens was used instead of the off-axis parabolic mirror, be-
cause the pulse-front distortion is neglected for
Ti:sapphire. The laser light was focused near the nozzle
of a pulsed gas jet. Two types of pulsed gas jet were used.
A magnetically driven one was used in the Ti:sapphire
experiment and an electrically driven one was used in the
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FIG. 1. Experimental setup for harmonic generation using a
KrF laser. TPM means a turbomolecular pump.

KrF experiment. The measured density of the magneti-
cally driven jet was 1.9 X 10'® cm ™2 at a backing pressure
of 7 atm and that of the electrically driven jet was
1.2X 10" ¢cm™? at a backing pressure of 9 atm [21]. The
generated harmonics went through the 100-um-wide slit.
For KrF, a thin-film filter made of boron was inserted
after this slit to cover all harmonics within the dynamic
range of the detector. For Ti:sapphire, this filter was not
needed because the harmonic distribution has a plateau.
When a higher signal level was necessary, the slit was
broadened to 500 um, or eliminated by setting the focal
point of the grating just under the nozzle tip. The har-
monics were separated by a flat-yield gold-coated grating,
which covered the shorter-wavelength region (5-40 nm).
For the longer-wavelength region (25-250 nm), a 0.2-m
focal-length monochromator (A-Minuteman Model 302-
VM) was used by modifying it to use a microchannel
plate (MCP). The separated harmonics were detected by
a two-stage MCP (Hamamatsu Model F3490-21px). The
spectrum image on the MCP phosphorous screen was
captured by a silicon intensifier target (SIT) camera. The
image data were analyzed using a frame memory
(Hamamatsu Model C1330). The frame memory is a
two-dimensional image analyzer. The absolute photon
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FIG. 2. Harmonic distributions above 35 eV for various tar-
get gases using KrF and Ti:sapphire lasers. KrF data were tak-
en from Ref. [3]. In Tisapphire, the peak intensities are
3.2X 10" W/cm? for He, 3.1X10"® W/cm? for Ne, and
3.3X 10" W/cm? for Ar. Gas densities are 1.9X 10'"® cm™3 for
Ti:sapphire and 1.2 X 10'® cm ~? for KrF.
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FIG. 3. Harmonic distributions below 55 eV for various tar-
get gases using a Tiisapphire laser. The peak intensities are
5.8X10"* W/cm? for Xe, 1.3X10"” W/cm? for Kr, and
2.4X 10" W/cm? for Ar.

number was estimated by measuring the 7th-harmonic in-
tensity for KrF with a high-speed MCP (Hamamatsu
Model F3654-21s). The setup for this experiment is also
described in Refs. [3] and [15].

The harmonic distributions for Ti:sapphire and KrF in
the shorter-wavelength region are summarized in Fig. 2,
which shows a clear plateau up to the 65th harmonic in
Ne and up to the 69th in He for Ti:sapphire. However,
the harmonic distribution gradually decreases to the 25th
harmonic in Ne and to the 23rd in He for KrF with some
recoveries. In the lower orders, much more harmonic in-
tensity was detected using KrF than using Ti:sapphire,
while it was almost equal in the higher orders. The har-
monic distributions for Tiisapphire in the longer-
wavelength region are shown in Fig. 3. The absolute
photon numbers are slightly corrected to those at a gas
density of 1.9X10'® cm™3, assuming N? dependence.
The maximum harmonic orders observed using
Ti:sapphire were 17th for Xe, 29th for Kr, 33rd for Ar,
71st for Ne, and 69th for He.

These maximum orders were far below the cutoff-order
relation of I, +3U, even for Ti:sapphire when the satura-
tion intensity obtained in experiment was used. Usually
an uncertainty factor of 2 would be inevitable to deter-
mine the absolute intensity. Therefore, we introduce the
“effective intensity” in the next section by calibrating the
absolute intensity using the comparison between ioniza-
tion experiments and theories.

III. MEASUREMENT AND ANALYSIS
OF IONIZATION

The effective interaction intensity, where emitting
atoms or ions can interact before ionizing to the next
charge state, determines the cutoff order of the harmonic
plateau. Therefore, the ionization dynamics must be ex-
amined to understand the mechanism of high-order har-
monic generation. We measured the ion yield for each
charge state by varying the peak intensity with a time-of-
flight analyzer (R. M. Jordan Company). A target gas
(He, Ne, Ar, Kr, or Xe) backfilled the target chamber to
a pressure of 3X 107 Torr for all gases in Ti:sapphire
and for He in KrF. Except for He, the backing pressure

was 4.7X 1077 Torr for KrF. A turbomolecular pump
was used to evacuate the chamber to below 5X107°
Torr. The acceleration field was 900 V/cm and the field-
free drift length was 1.4 m. The ions were detected with
a two-stage MCP, which has a total gain of approximate-
ly 10%. The time resolution was good enough to resolve
H; from He?*. The ion spectra were recorded with a di-
gital signal analyzer (Tektronix DSA 602). The laser
beam was focused by an achromatic lens for KrF and a
planoconvex lens for Ti:sapphire. The focal lengths were
300 and 150 mm, respectively.

For KIrF, the scattered light and the spectrum of H,O-
related ions (H', Hy, 0**, and H,0") are too strong.
Therefore, the signals of the relevant rare-gas ions are
suppressed because of the MCP saturation. Thus a gate
voltage of 800 V, with a 1-us duration, was applied to one
stage of the MCP. An appropriate delay selected the
charge states of the rare gases.

In general, ionization under an intense laser field is di-
vided into two regimes, multiphoton and tunneling.
These two regimes are usually distinguished by the Kel-
dysh parameter y=(1,/2U, )%, where the multiphoton
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FIG. 4. Ne ion-production rate as a function of peak intensi-
ty using a Tiisapphire laser (800 nm). Theoretical curves are
from ADK theory. The upper and lower horizontal axes show
the intensity fitted to ADK theory and the raw experimental
values, respectively. The shift between them has a factor of 1.8.
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regime corresponds to ¥ >>1 and the tunneling regime to
¥ <<1, although the full range of y is covered by the Kel-
dysh theory [22]. Therefore, ionization by a Ti:sapphire
laser is thought to be within the tunneling region. For
example, ¥ =0.45 for a neutral Ne at 8.8X10'* W/cm?
using Ti:sapphire. However, using KrF, U, is one-tenth
that using Ti:sapphire at the same intensity. In fact,
y=1.4 for neutral Ne at 8.8X10'* W/cm? for KrF.
Thus ionization by a KrF laser is usually classified into
the multiphoton region. Recently, for the picosecond or
subpicosecond regimes, the tunneling theories, or more
extremely the BSI model, have been verified [17,23] to ex-
plain well the appearance intensities for ¥ > 1. Gibson,
Luk, and Rhodes compared the appearance intensity for
a subpicosecond KrF laser using various ionization mod-
els [23], for the range from ¥ =1 to 8. They showed that
ADK theory gave uniformly better quantitative agree-
ment over the entire range of gases and charge states.

To understand the ionization mechanism in this experi-
ment, we also compared the experimental results for vari-
ous rare gases at the wavelengths of Ti:sapphire and KrF
lasers using the BSI model [17], ADK theory [16],
Keldysh-Faisal-Reise (KFR) theory [24], and the
modified KFR theory [25]. Typical intensity depen-
dences of ionization are shown in Figs. 4-6. Figure 4 is
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for Ne using Ti:sapphire (800 nm). Figures 5 and 6 are
for Ne and Ar, respectively, using KrF (248 nm). The
peak intensity was estimated using I,,.,, =0.61E /( rr?),
where E is the laser energy, 7 is the pulse width (full
width at half maximum), and r is the spot radius (half
width at half maximum). In Figs. 5(a) and 6(a), the ex-
perimental results are compared using the BSI model. In
this comparison, there is no intensity shift between them.
Thus this model gives the correct appearance intensity
for the singly charged state. However, this model pre-
dicts a rather narrow separation between each ionization
curve. In Figs. 4, 5(b), and 6(b), the experimental results
are compared using ADK theory. All the experimental
curves fit the ADK theory better than the BSI model.
The upper and lower horizontal axes show the intensity
fit to ADK theory and measured intensity, respectively.
The intensity shifts that give the best fits are a factor of
1.8 in Fig. 4 and a factor of 2 in Figs. 5(b) and 6(b). This
overestimation of the measured intensity comes from the
incompleteness and/or the underestimation of the focal
spot size. The full measured energy does not concentrate
on the central Gaussian profile. Usually an uncertainty
factor of 2 would be inevitable in determining the abso-
lute intensity. Slight deviations from the theory for Ne*
and Ne**t at 248 nm are observed at higher intensities.
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FIG. 5. Ne ion-production rate as a function of peak intensity using a KrF laser (248 nm). Experimental results are compared us-
ing the BSI model and ADK theory. (a) Theoretical curves from the BSI model. There is no intensity shift between theory and ex-
periment. (b) Theoretical curves from ADK theory. The intensity shift has a factor of 2.
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The reason for this is not clear, but could be due to the
expanding spot size and/or beam breakup. For Ar,
ADK theory predicts quite well up to Ar**. The Ar’”*
signal is mixed with that of O?* and therefore raised.
The intensity dependence of high field ionization for He
can be also explained by ADK theory and the BSI model,
although the enhancement of He?* due to two-electron
ejection was observed using Ti:sapphire (745 nm), but not
in KrF. The details are reported in Ref. [26]. The KRF
theory does not give the correct separation and the
modified KRF theory needs an anomalous shift (factor of
8) in the intensity. Throughout the experiments, there
was no wavelength dependence, which is the feature of
the BSI model and ADK theory. The question is now
what is the basic mechanism of ionization. In the regime
of a very short pulse at a high intensity, BSI seems more
probable than the multiphoton scheme. The Coulomb
barrier of the atom is suppressed so fast that an electron
can be released from the atom within the laser duration,
whereas the laser duration is too short to ionize an atom
in the multiphoton regime. In the BSI model, the time
for tunneling through the Coulomb barrier is zero above
the threshold intensity. Therefore, the BSI model is
thought to give the limit of tunneling ionization at a high
intensity. Unfortunately the BSI model, which includes
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only the ionization potential and the ionic charge, is too
simple to explain the details of ionization. In contrast to
this, ADK theory takes into account the effect of tunnel-
ing around the appearance intensity and the wave func-
tion of the ion core in each ionization stage. Actually,
ADK theory can explain the intensity dependence
around the appearance intensity and the separation of
curves for each charge state better than the BSI model,
although an appropriate intensity shift is necessary for
fitting with experimental results.

As the result of these discussions, we selected ADK
theory to explain the high field ionization by a subpi-
cosecond laser pulse and used the intensity corrected by
ADK theory in the following analysis, rather than the
raw experimental value.

IV. ANALYSIS OF HARMONIC DISTRIBUTION

The harmonic distributions are determined mainly by
peak intensity for a given confocal parameter and atom
when peak intensity is below the ionization level. The in-
tensity of each harmonic is calculated by the spatial and
temporal integration of the atomic response combined
with propagation and phase-matching effects [27]. When
peak intensity is well above the ionization level, as in Ref.
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FIG. 6. Ar ion-production rate as a function of peak intensity using a KrF laser (248 nm). Experimental results are compared
with the BSI model and ADK theory. (a) Theoretical curves from the BSI model. There is no intensity shift between theory and ex-
periment. (b) Theoretical curves from ADK theory. The intensity shift has a factor of 2.
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[3], however, the calculation is complicated because suc-
cessive charge states occur and the phase mismatch due
to free electrons is added. In the plateau region, the
shape of the harmonic distribution is determined by the
atomic response [27], although the absolute photon num-
ber is affected by phase matching. Our previous paper
[15] described that the phase mismatch was dominated by
free electrons assuming full ionization. That description
should be corrected because harmonics are generated a
long time before full ionization. This paper calculated
the single-atom responses [|d (qgw)|?] using the effective
intensities (1) of each charge state, instead of spatial
and temporal integration. This simplification means that
the temporal and spatial regions above I both contrib-
ute in the same way to the harmonic distribution.

The dynamics of Ne charge states within a pulse at the
center of the focal spot are calculated using ADK theory
for a peak intensity of 1.72X10"” W/cm? using
Ti:sapphire in Fig. 7. The ionization rates for 3% and
50% ionization of a neutral atom correspond to 4 X 10'?
and 6 X 1013 s7!, respectively. Of course, the relationship
between the percentage of ionization and the ionization
rate depends on the pulse width and the peak intensity.

In order to calculate the single-atom response using the
short-range potential model, the effective interaction in-
tensity must be determined. The question is now how to
estimate the effective intensity. We determined the
effective intensities by the fits to all of the experimental
data for Ti:sapphire and KrF taking into account the
maximum harmonic orders and relative heights among
rare gases. The effective intensity can be defined by both
the instantaneous ionization rate, which does not depend
on the pulse width or the peak intensity, and by the in-
tegrated fraction of ionization. This paper used the frac-
tion of ionization at the center of the focal spot, because
it can be compared with the experiment. Of course, the
effective intensities should correspond to the same ioniza-
tion level among rare gases. In Fig. 8, the harmonic dis-
tributions of all rare gases for Ti:sapphire are compared
with those calculated using the short-range potential
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FIG. 7. Calculation of ion dynamics in Ne using ADK
theory. The peak intensity is 1.72X 10'®> W/cm?, with a pulse
width of 120 fs. Neutral Ne atoms are ionized at a 3% level at
an intensity of 5 X 10'* W/cm? and at a 50% level at an intensity
of 9 X 10'* W/cm?.
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FIG. 8. Harmonic distributions for all rare gases using a
Ti:sapphire laser compared with the single-atom responses
|d (gw)|?, which were calculated using the short-range potential
model. For all gases, the effective intensities are estimated to be
3% ionization of neutral atoms.

model. The experimental plots were taken from Figs. 2
and 3, which overlap at the 27th harmonic in Ar as ob-
served by both spectrometers. As a result, the estimated
interaction intensity corresponded to 3% ionization. The
calculation explains fairly well the cutoff orders and rela-
tive height of the plateau among rare gases, although or-
ders above the 61st were not calculated for He or Ne.
The cutoff orders from I, +3U, were the 101st and 71st
for He and Ne, respectively. As mentioned later, this
effective intensity also gives a good fit to the experiment
using KrF.

This effective intensity should be compared with other
studies. For He, Krause, Schafer, and Kulander estimat-
ed the harmonic spectra at the intensity that produced an
ionization rate of ~2X10'2 s™!, which corresponds to
~6X 10" W/cm? at 800 nm and 4 X 10" W/cm? at 248
nm [8]. The effective intensity in the present paper was
7.5X 10" W/cm? regardless of the wavelength, corre-
sponding to an ionization rate of 3X10'? s~!. For He™
in KrF, the effective intensity in this paper (4.8X 10"
W/cm?) is comparable with 4.4 X 10'* W/cm? estimated
from the ionization rate of 3X10'? s~! [8] and with
5.5X10'> W/cm? [13]. Our estimates agree reasonably
well with other studies for He. For Ne using Ti:sapphire,
Macklin, Kmetec, and Gordon observed the fractional
ionization from the blueshift of the fundamental spec-
trum [5]. At the effective intensity in the present paper
(5% 10'"* W/cm?), the measured fractional ionization of
Ref. [5] was 2%, in good agreement with a 3% ionization
level. But they estimated an ionization rate of ~7X 102
s~ ! from the I° law and observed 30-40 % ionization at
10'> W/cm?. At this intensity, our calculation gives 10
s~ ! and 70% ionization. The reason for these discrepan-
cies is not clear. As a whole, the validity and physical
meaning of a 3% ionization level is still unclear and
should be open to discussion.

In harmonic generation using a KrF laser, the peak in-
tensity is above 10!7 W/cm?. Figure 9 shows the dynam-
ics of the Ne charged state at an earlier stage of the laser
pulse for a peak intensity of 4 X 107 W/cm? with a 300-fs
pulse. The neutral Ne has already vanished 600 fs before
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FIG. 9. Calculation of ion dynamics in Ne using ADK
theory. The peak intensity is 4X 107 W/cm? with a pulse
width of 300 fs. Dynamics are shown only at an early stage of
the laser pulse (from ¢t = —750 to —450 fs; t =0 fs corresponds
to the laser peak).

the laser peak. Various charge states appear and vanish
one after another up to the 8th charge state, which ap-
pears 130 fs before the peak. Therefore, the high-order
harmonics for a KrF laser are probably emitted from
multiply charged ions.

Xu, Tang, and Lambropoulos [13] have pointed out the
contribution of ions to our experiment in Ref. [3], as
shown in Fig. 10. Krause, Schafer, and Kulander also
pointed out this contribution [8]. Higher-order harmon-
ics for He using KrF were attributed to the singly
charged ion. In Fig. 10, curves calculated from the
short-range potential model are shown for He and He ™,
along with the calculation of Ref. [13]. The intensities in
Ref. [13] were used for the calculation. Both calcula-
tions clearly explain the contribution of the ion, although
there are some differences in the detailed shapes. This
comparison shows the range of validity for the short-
range potential model. In Ref. [13], the intensities of
6Xx10'* W/cm? for He and 5.5X10" W/cm?* for He™
were used to explain the harmonic distribution of KrF.
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FIG. 10. Comparison between the calculated single-atom
response using the short-range potential model and the numeri-
cal calculation by Xu, Tang, and Lambropoulos [13] for He and
He™ using a KrF laser. The effective intensities are 6.0X 10'*
W/cm? for He and 5.5X 10" W/cm? for He™. Experimental
plots are also shown using squares.
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These values are almost the same as our effective intensi-
ties of 7.0X 10'* and 4.8 X 10'* W/cm?.

In Fig. 11(a), the experimental data are compared with
the short-range potential model for Ne using KrF. The
effective intensity for successive charge states was also
determined by ADK theory. The recovery at the 13th
and 21st harmonics can be explained by the contributions
of Ne* and Ne?*, respectively. Of course, the uncertain-
ty in effective intensity should also be considered. Figure
11(b) tries to explain the harmonic distributions in Ne in
terms of Ne* at the double intensity (3.5X 10'* W/cm?),
which corresponds to 50% ionization, and is very close to
the appearance intensity of Ne?* as shown in Fig. 5(b).
Above the 11th harmonic, the double intensity for Ne™
might explain the distribution only with the weight of 0.1
or 0.01 for Ne™ relative to Ne. We think that it would be
natural to take our effective intensity and to attribute the
harmonics above the 21st to doubly charged neon.

The contribution of Ar** is more probable than that of
Ne?*, as shown in Fig. 12(a). In Fig. 12(b) the calculated
harmonic distributions for Ar™ at the double intensity
(9.2 X 10" W/cm?) are shown with the weights of 1, 0.1,
and 0.01. Even the double intensity cannot explain the
15th harmonic. This is verified by the ionization experi-
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FIG. 11. Comparison between the observed harmonic distri-
bution of Ne using a KrF laser and the single-atom responses of
Ne, Ne™*, and Ne?* calculated using the short-range potential
model. (a) The effective intensities are 4.5 X 10'* W/cm? for Ne,
1.8X 10" W/cm? for Ne™, and 4.8 X 10'* W/cm? for Ne?*. All
of the effective intensities are determined at 3% ionization for
each charge state. All of the curves are superposed with an
equal weight. (b) The effective intensity is double (3.5X 10"
W/cm?) the 3% ionization for Ne*. Calculated curves of Ne*
are shown with the weights of 1, 0.1, and 0.01 relative to Ne.
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FIG. 12. Comparison between the observed harmonic distri-
bution of Ar using a KrF laser and the single-atom responses of
Ar, Ar", and Ar’* calculated using the short-range potential
model. (a) The effective intensities are 1.4 X 10'* W/cm? for Ar,
4.6X 10" W/cm? for Art, and 1.1X 10" W/cm? for Ar*t. All
of the effective intensities are determined at 3% ionization for
each charge state. All of the curves are superposed with an
equal weight. (b) The effective intensity is double (9.2X 10"
W/cm?) the 3% ionization for Ar*. Calculated curves of Ar*
are shown with the weights of 1, 0.1, and 0.01 relative to Ar.

ment results shown in Fig. 6. At 9.2X 10 W/cm?, no
Ar" remains in the central region at the focal point, ei-
ther in ADK theory or in the experiment, because Ar’**
has already appeared. Note that the relationship between
the atomic response and the absolute photon number is
conserved among Figs. 10-12. These figures therefore
explain fairly well the relative harmonic intensity among
He, Ne, and Ar.

In the above analysis, the contribution of the singly
charged state of He is clear because the doubly charged
state has no electron. The question is the contribution of
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the doubly charged states of Ne and Ar. Calculated and
experimental harmonic spectra often show strange
features (anomalous peaks and/or recoveries) in a plateau
region. Whether the second recovery in Ne comes from a
plateau region or from after the cutoff of a single charge
state is still debatable.

The 3% ionization level is of course empirical and does
not have much physical meaning. The ionization level at
a given intensity depends strongly on the ionization mod-
el. Therefore, it is quite unclear how many atoms or ions
survive at the effective intensity for harmonic generation.
Furthermore the short-range potential model is not a per-
fect theory for explaining the experiment. To discuss the
experimental results in more detail, it is necessary to per-
form a computer simulation for solving a time-dependent
Schrodinger equation.

To obtain higher-order harmonics, we need to use ions
with a larger ionization potential at higher laser intensi-
ties. This would be possible with double-pulse excitation,
where the first pulse is used for ionizing an atom to the
desired charge state and the second pulse is used for gen-
erating harmonics. For example, the ionization poten-
tials are 125 and 223 eV for Ne*t and Ne*™, respectively.
If these ions are exposed to an intensity above 5X10'°
and 2X10'® W/cm?, respectively, which is the 3% ion-
ization level for each ion, cutoff orders up to the 41st and
113th harmonics would be possible, although the har-
monic intensity would be low.

V. SUMMARY

Multiply charged ions may play an important role in
harmonic generation using an ultrashort KrF laser, while
only the neutral atoms contribute for a Ti:sapphire laser.
There is some recovery and/or inversion along the har-
monic order for the KrF harmonic distributions. The in-
tensity dependence of the ion yields can be explained by
ADK theory, with an intensity shift of around 2, regard-
less of the wavelength.

We calculated the dynamics of successive charge states
using ADK theory. The short-range potential model,
with effective intensities for each charge state, explains
the harmonic distributions obtained using both
Ti:sapphire and KrF, where ADK theory is assumed.
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