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Abstract. We present the systematic experimental results of
photoelectron spectra ofAr, Ne, and He in a strongKrF
laser field. Above-threshold ionization (ATI) peaks up to the
6th order were clearly observed and the positions of ATI
peaks, including substructure, did not shift with laser intensi-
ty. These facts can be explained by the multiphoton resonance
with Rydberg states. At a higher intensity, the continuum
builds up but the ATI structure is still apparent. Eventually,
even this structure is buried in the continuum, implying the
tunneling regime.

PACS: 32.00

Ionization in a strong laser field has recently attracted inter-
est in field-driven X-ray lasers [1–3]. This has been investi-
gated extensively and, for various wavelengths, the intensity-
dependence of ion yield and electron-energy spectra have
been observed and compared with the calculation.

In general, ionization under a strong field is divided into
two regimes, multiphoton and tunneling ionization. These
two regimes are usually distinguished by the Keldysh param-
eterγ = (IP/2UP)0.5 , whereIP is the atom (or ion) ionization
potential andUP is the ponderomotive potential, given by
UP = e2E2/4mω2 (eandm are the electron charge and mass,
and E andω are the field strength and frequency) [4]. The
multiphoton regime corresponds toγ � 1, and the tunneling
regime toγ � 1. The multiphoton character is evident in the
photoelectron spectra as discrete peaks by the photon energy:
above-threshold ionization (ATI). Theγ parameter is actual-
ly a fairly good figure for discriminating two regimes in the
red wavelength region. Mevel et al. [5] observed the evolution
from multiphoton to tunneling ionization from the photoelec-
tron spectra by changing the laser intensity, which interacts
with atoms, effectively, over a wide range throughout all rare
gases. In the longer wavelength (1µm), ionization occurs by
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the suppression of the Coulomb potential rather than by tun-
neling [6].

In the UV wavelength region, ionization has been investi-
gated in the multiphoton regime [7, 8]. Luk et al. [9] reported
the photoelectron spectra using a short-pulse KrF laser. The
widths of ATI peaks increased with the laser intensity. They
explained the broadening of ATI peaks by the ponderomotive
shift combined with the dynamics of ion population. In this
case, they assumed that non-resonant ionization was domi-
nant. Gibson et al. [10] on the other hand, reported the res-
onant ionization inAr using a short-pulseXeCl laser. Some
resonances with the Rydberg series were observed, and the
position and width of the ATI peaks did not change in the
intensity range investigated. This fact was explained by the
three-photon resonance to thes states and the four-photon
resonance to thef states due to the ac-Stark effect which
occurred at a certain laser intensity, regardless of the peak in-
tensity. The two experimental reports contradict each other in
the ionization process.

In this paper, we present the systematic experimental re-
sults of photoelectron spectra in a strongKrF laser field with
Ar, Ne, andHe as target media. The ATI peaks were clear-
ly observed and the position of ATI peaks did not shift with
the laser intensity under investigation, although the positions
are offset from those ofNhν − IP (N is the absorbed pho-
ton andhν is the photon energy). These facts can also be
explained by the Stark-induced resonances [10]. At a high-
er intensity, the continuum builds up, but the ATI structure is
still apparent. Eventually, even this structure is buried in the
continuum. This observation shows that the evolution from
the multiphoton to the tunneling ionization occurs according
to theγ parameter in the UV wavelength as well as in the
longer wavelength.

1 Experiment

An ultrashort, high-powerKrF laser was used at 10 Hz. The
typical energy and the pulse width were20 mJand300 fs, re-
spectively. The laser system is similar to that used in [11]. The
KrF amplifier was replaced by a relatively compact one with
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a 5 cm aperture for this experiment. The laser pulse was fo-
cused by the two achromatic lenses with focal length of300
and150 mmin a vacuum chamber. The typical full width at
a half maximum (FWHM) of the spot was7µm, when we
used the f = 300 mmlens. In the high-intensity region, an
off-axis parabolic mirror (f = 125 mm) was used to avoid
chromatic and spherical aberrations. The typical spot size
(FWHM) was3.5µm. When a Gaussian spatial profile was
assumed, the peak intensity was estimated as 0.61E/(τπr 2),
whereE is the laser energy,τ is the pulse width (FWHM),
andr is the spot radius. This estimate, however, may contain
some uncertainties, because the full energy was not always
concentrated in the central part of the spatial and temporal
profiles. Therefore, the intensity was calibrated by the reson-
ance inAr as described later.

The ion yields ofHe+, Ne+, andAr+ were measured with
a time-of-flight (TOF) analyzer (R.M. Jordan Co.) in the set-
up described in [12, 13]. The rare gases were backfilled in the
target chamber to a pressure of4.7×10−7 torrafter the cham-
ber was evacuated below5.0×10−9 torr. The electron energy
spectra were measured with a TOF spectrometer in the setup
described in [14, 15]. The detection cone angle was deter-
mined from the geometry and the effective area of the MCP,
and was3.6◦. To decrease the background contamination,
the vacuum chamber was evacuated below8.0×10−9 torr
with baking. Each rare gas was backfilled to a pressure be-
tween1.0×10−7 and 3.7×10−6 torr. He, Ne, andAr were
used as target media, and the purity of these gases was bet-
ter than99.998% in this experiment. The temporal profile
of the electron yield, detected by a high-speed microchannel
plate (MCP: Hamamatsu Model F3654-21s), was recorded by
a digital signal analyzer (Tektronix DSA 602). The signals
were accumulated only when the laser intensity was within
±5% of the desired value and were averaged over the shot
number, above which the signal shape does not change any-
more. The typical shot number was32.

A typical TOF spectrum ofNe is shown in Fig. 1. The
numbers show the order of the ATI peaks. A signal appeared
even when no target gas was in the chamber. In particular, the
signals of theH2O-related electrons became stronger in the
KrF laser light than those in the longer-wavelength laser light
because the large photon energy (5 eV) of KrF laser light can

Fig. 1. TOF spectrum ofNe. The numbers show the orders of the ATI peaks.
The first peak is the scattering light of the laser. The solid line shows the
signal with the target gas. The dotted line shows the signal without the
target gas

easily dissociateH2O. We first recorded the signal without the
target gas and subtracted this value from the signal with the
target gas. The temporal profile was transformed to the energy
spectrum. With this procedure, we successfully obtained the
photoelectron energy spectra.

Fig. 2a–c.Photoelectron spectra for (a) 1.4×1014 Wcm−2, (b) 3.1×1014

Wcm−2, and (c) 5.7×1014 Wcm−2 in Ar. The numbers show the orders
of the ATI peaks (separated by5 eV). These data were obtained with an
achromatic lens (f = 300 mm) at a pressure of4.7×10−7 torr
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2 Experimental results

Fig. 2 shows the photoelectron spectra inAr, at peak intensi-
ties of (a)1.4×1014 Wcm−2, (b) 3.1×1014 Wcm−2 and (c)
5.7×1014Wcm−2. These data were obtained with an achro-
matic lens (f = 300 mm) at a pressure of4.7×10−7 torr. The
laser intensity was calibrated by measuring the short pulse
resonant photoelectron spectrum ofAr as described later. The
numbers show the order of the ATI peaks (separated by5 eV).
From the ion experiment, the saturation intensity is deter-
mined to be≈ 5×1014 Wcm−2 [13]. The γ parameters of
(a), (b), and (c) correspond to3.1, 2.1, and1.7 respective-
ly. In this paper, we used the saturation intensity to estimate
the γ parameter when the peak intensity exceeded the sat-
uration intensity. The ionization occured in the multiphoton
regime. Fig. 3 is replotted with the linear scale in the verti-
cal axis of Fig. 2. The data in Fig. 3 were taken by changing
the peak intensity by a factor of4. In this range, the posi-
tions of the ATI peaks shift by1.3 eV, at most, from what
would be at the zero intensity (Nhν − IP = 4.24 eV). How-
ever, these positions do not shift with increasing intensity.
This is consistent with the Stark-induced resonances picture
of multiphoton ionization [10]. As the peak intensity increas-
es beyond the appearance intensity, more resonances appear
at the lower energy region, but the spectra maintain their gen-
eral structure. Three photons will first come into resonance
with the high-lying Rydberg levels,nsandnd, because of the
ac Stark shift. Such resonances due to Rydberg series are the
most prominent feature of short-pulse electron spectra [16].
Multiphoton ionization in the rare gases tends to favor ioniza-
tion to the2P3/2 limit by more than what would be expected
from a statistical argument [17, 18]. In Fig. 3a, the lower and
higher energy peaks shift by0.69 eVand0.04 eV, respective-
ly, from 4.24 eV. These offset energies are equal to the ac
Stark shifts required for the resonances of the related levels.
We can, therefore, assign the peaks to the 5s and 6s Ryd-
berg levels, assuming that the high Rydberg levels have an ac
Stark shift equal to the ponderomotive energy [19, 20]. Each
of these peaks arise from the volume where the laser inten-
sities match exactly to those required for resonance [10, 21].
The behavior of the 5s and 6s peaks is the same as quoted
in [10] where the positions and the widths of the ATI peaks
did not change. In Fig. 3b, a new peak appears on the low
energy side. Because the ac Stark shift, required for the reson-
ance, is1.3 eV, we assigned the peak to the 3d state in good
agreement with the measurement. In this case, the ac Stark
shift is equal to the ponderomotive potential at the peak laser
intensity. Therefore, we can calibrate the peak intensity from
the appearance of the 3d peak. In Fig. 3c, the new distribution
on the low energy side appeared. This energy spread could be
due either to electrons fromAr+ or to unresolved peaks of
sublevels of the 3d and 3d′ states. Six sublevels are possibly
in resonance with three photons, assuming the selection rule
for the angular momentumJ [7]. The spacings between the
sublevels are smaller than the resolution (≈ 150 meV).

Fig. 4 shows the photoelectron spectra inNe, at intensi-
ties of (a)2.5×1014 Wcm−2, (b) 7.9×1014 Wcm−2 and (c)
4.0×1015Wcm−2. The results in Figs. 4a and 4b were ob-
tained with an achromatic lens (f = 300 mm), and in Fig. 4c
with an off-axis parabolic mirror (f = 125 mm) at a pressure
of 4.7×10−7 torr. From the ion experiment, the saturation
intensity is determined to be≈ 3×1015 Wcm−2 [13]. The

γ parameters of (a), (b), and (c) correspond to2.7, 1.5, and
0.79, respectively. The ionization occured in the multiphoton
regime except for Fig. 4c. Figure 5 is replotted with the linear
scale in the vertical axis of Fig. 4. The ATI peak (2.0 eV) in
Figs. 5a and 5b shifts by1.4 eV from the position of3.43 eV
at the zero intensity. We assigned this peak to the four-photon
resonance with the 3p Rydberg levels, assuming that thep

Fig. 3a–c.Replot with the linear scale from the vertical axis of Fig. 2 with
an emphasis on the first peak. These conditions are the same as those in
Fig. 2
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Fig. 4a–c.Photoelectron spectra for (a) 2.5×1014 Wcm−2, (b) 7.9×1014

Wcm−2, and (c) 4.0×1015 Wcm−2 in Ne. The data in (a) and (b) were
obtained with an achromatic lens (f = 300 mm), and (c) was obtained with
an off-axis parabolic mirror (f = 125 mm) at a pressure of4.7×10−7 torr

Rydberg series has an ac Stark shift equal to the ponderomo-
tive energy. The ac Stark shift, required for the resonance with
the 3p state series (1.3–1.4 eV), is in good agreement with the
observed value (1.4 eV).

The widths of the first peaks in (a) and (b) are0.40 eV
(FWHM) and0.65 eV (FWHM), respectively. This fact con-
tradicts the feature of resonance ionization described in [10]
where the widths are quite small and do not depend on laser

Fig. 5a–c.Replot using the linear scale from the vertical axis of Fig. 4 with
an emphasis on the first peak. These conditions are the same as those in
Fig. 4

intensity. The broad widths could be due to the four photon-
allowed sublevels of the 3p and 3p′ states. The intensity
broadening may arise from the onset of tunneling ionization.
The exact reason was not made clear from this experiment.

In Fig. 4b, the new peaks appear between the first and
second ATI peak. We assigned the4.9 eV peak to the three-
photon resonance with the 7d Rydberg levels. However, the
origin of the 6 eV peak is unclear because it does not cor-
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respond to the resonance, and the contribution fromNe+ is
ruled out in this intensity.

In Fig. 4c, the photoelectron energy spectrum shows the
continuum, while the feature of the discrete peaks barely re-
mains. The growth of the continuum is not due to ponderomo-
tive acceleration, collisions, or space-charge effects because
it was not observed inAr at the same intensity. This spec-
trum is strongly reminiscent of those in the long wavelength
limit, that is, of field or tunnel ionization. In the low frequency
limit, ionization is explained by a quasi-instantaneous pro-
cess leaving the free electron with zero velocity [1]. The final
kinetic energy of electrons is determined by the classical mo-
tion in the electromagnetic field and the time at which the
electron is created. For linearly polarized light, the residual
kinetic energy of photoelectrons is distributed from zero to
2UP continuously. In Fig. 4c, the calculation at an intensity
of 3.1×1015 Wcm−2 (UP = 18 eV) by the quasistatic model
is fitted to the data. This figure shows the evolution from the
multiphoton to tunneling regime asγ decreases, even in the
UV wavelength region.

Fig. 6 shows the photoelectron spectra inHe, at intensi-
ties of (a)6.8×1014 Wcm−2, (b) 1.6×1015 Wcm−2, and (c)
6.5×1015Wcm−2. The results in Figs. 6a and 6b were ob-
tained with an achromatic lens (f = 300 mm), and in Fig. 6c
with an off-axis parabolic mirror (f = 125 mm) at a pressure
of ≈ 4×10−7 torr. Hence, the saturation intensity of ioniza-
tion is 4.7×1015 Wcm−2 [12]. In He, the γ parameter of
(a), (b), and (c) correspond to1.8, 1.2, and0.73, respective-
ly. In Fig. 6a and b, the ATI peaks are not prominent even
thoughγ > 1. Some substructures still seem to be present in
the spectra. This may be because of the broad resonances;
that is, the five-photon resonance with then f and n p se-
ries and the four-photon resonance with the 2s state. The ac
Stark shifts are4.1–4.7 eV (4 f −7 f ), 1.4–4.7 eV (2p−7p),
and 0.23 eV (2s). If these resonances are allowed, the en-
ergy spread of the ATI peaks is enough to cover the energy
separation (5 eV). Another reason is that the contribution of
the tunneling ionization appears already. In Fig. 6c, the elec-
tron spectrum, which extends to30 eV, does not show the
ATI structure. The chaotic spikes are not reproducible. The
spectrum clearly shows the feature of tunneling ionization at
γ < 1. The calculation by the quasistatic model at an intensity
of 3.5×1015 Wcm−2 (UP = 20 eV) is shown in Fig. 6c.

3 Discussion

Luk et al. [9] explained the broadening of ATI peaks by the
ponderomotive shift combined with the dynamics of ion pop-
ulation. In their study, non-resonant ionization was assumed
and the linewidth was determined by the difference inUP
between the appearance intensity of ionization and the peak
laser intensity. Figure 3 shows a clear resonance structure.
Each peak does not shift as the laser intensity increases. The
results of this paper apparently contradict [9].

The positions and widths of the 5s and 6s peaks in
Ar agree well with those observed by a short-pulseXeCl
laser [10]. However, the width of the 3p peak in Ne is
quite broad and depends on laser intensity. This result dif-

Fig. 6a–c.Photoelectron spectra for (a) 6.8×1014 Wcm−2, (b) 1.6×1015

Wcm−2, and (c) 6.5×1015 Wcm−2 in He. Data in (a) and (b) were ob-
tained using an achromatic lens (f = 300 mm), and in (c) using an off-axis
parabolic mirror (f = 125 mm) at a pressure of4.7×10−7 torr

fers from [10]. This broadening is tentatively explained by the
contribution of the sublevels of the 3p state and by the onset
of tunneling ionization. The broad ATI peaks were observed
in He even whenγ > 1. This was attributed to the many pos-
sible resonances or the contribution of tunneling ionization.
In NeandHe, the evolution from ATI peaks to the continuum
was observed asγ decreases to less than 1.
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4 Summary

We observed the photoelectron spectra in a strongKrF laser
field. In Ar, the ATI peaks were observed clearly and their
positions did not shift with laser intensity. This fact can be ex-
plained by the Stark-induced resonances and we assigned the
peak to the 5s, 6s and 3d state. InNeandHe, these resonance
structures were broadened with increasing laser intensity. Fi-
nally, these resonance peaks merged into the continuum. Tun-
neling ionization is dominant atγ < 1 in the UV wavelength
as well as in the long wavelength.
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