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High harmonic radiation spectra up to 19th order in alkali metal vapors excited by an intense, picosec-
ond mid-infrared (3—4 wm) laser are reported and compared to theory. The strong-field dynamicsin the
alkali metal atoms exhibit significant differences from all previously studied systems due to the strong
coupling between their ground and first excited states.

PACS numbers: 42.65.Ky, 31.90.+s, 32.80.Fb, 32.80.Rm

High harmonic generation (HHG) resulting from
intense laser-atom interactions is of particular interest
because of its fundamental importance and practical
applications. Most harmonic generation studies have
been performed using pump lasers in the near-visible or
ultraviolet. This has meant that multiphoton processes
could be observed only in tightly bound systems such as
the rare gases. HHG in rare gases provides coherent, short
pulse, tabletop XUV sources, with spectra extending into
the water window. These sources have found applications
in atomic [1] and condensed matter [2] physics. They
may aso provide a route toward the generation of very
short duration XUV pulses [3]. However, experimental
progress has been limited, at least in part, by the lack
of suitable materials for measuring VUV/XUV pulse
lengths. For example, standard second harmonic intensity
autocorrelation [4] requires frequency doubling materials
which are not available at wavelengths below 400 nm. To
more readily understand the physics of the HHG process,
especially the temporal properties, it may be possible to
use intense mid-infrared (MIR) light to generate HHG in
the UV visible spectrum, where they can be characterized
using conventiona techniques.

In this Letter we report the first experimental and theo-
retical investigation of HHG by MIR (3—-4 wm) excitation
in alkali metal vapors, specifically potassium and rubid-
ium. Strong-field multiphoton processes, such as harmonic
generation, using long wavelength pump lasers have until
now been virtually unexplored. Harmonics extending to
the 19th order of the fundamental field are observed.

The HHG processin alkali atoms using intense MIR ra-
diation isalso of fundamental interest as astrong-field phe-
nomenon. For instance, the coupling between the ground
and first excited statein MIR excitation of the alkali metals
presents significant differences from the near-visible exci-
tation of the rare gases. For an 11 photon ionization pro-
cess in the two systems (alkali atoms and rare gases), the
first excited state is separated from the ground state by
8-10 near-visible photons in the rare gases. The corre-
sponding separation in the alkali metals is 4-5 MIR pho-
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tons. This results in a strong coupling which can alter the
ionization dynamics [5] and the high harmonic emission
as compared to the rare gases.

Given the nature of HHG, we must be able to drive
the laser-atom interaction into the strongly nonperturba-
tive regime. The Keldysh parameter y = +/1,,/2U, [6],
which compares a free electron’s cycle averaged kinetic
energy (the ponderomotive energy U, [7]) to the ion-
ization potential (/,), provides a measure of the nec-
essary strength of this interaction. As y becomes less
than one, the ionization dynamics are dominated by tun-
neling and are well within the nonperturbative regime.
Since the ponderomoative energy is wavelength and inten-
sity dependent, the Keldysh parameter suggests the pos-
sibility of scaling the atomic interaction with intensity
and wavelength. For instance, potassium atoms (I, =
4.3 eV) interacting with a 1 TW/cm?, 4 um field will
have the same Keldysh parameter, implying similar ion-
ization dynamics, as the well studied case of xenon with
70 TW/cm?, 0.8 um pulses. The MIR source used in
this experiment indeed provides ps pulses with peak in-
tensities of the order of 1-2 TW/cm?.

Though y provides a guide for the scaling of the ion-
ization, the scaling of the continuum dynamics is set by
the ponderomotive energy U,. HHG in the long wave-
length, strong-field regime is well described in a semi-
classical model as a two-step process which is initiated by
tunneling ionization [8,9]. The wave packet generated in
this process gains kinetic energy in the laser field and part
of it returns to the ion core with a maximum kinetic energy
of approximately 3U,,. Since U, scales quadratically with
the wavelength, even for the same y the MIR field can in
principle drive a higher order process than the correspond-
ing visiblefield. Thelonger MIR cycletime, however, also
implies a larger spreading of the continuum wave packet
[8]. Conseguently, scaling arguments based on any single
parameter are only approximately predictive. Indeed, the
results presented in this Letter show significant differences
in the strong-field atomic dynamics as compared with al
previous studies.
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Tunable MIR light is generated by difference frequency
mixing the outputs of amplified titanium sapphire and
Nd:YLF (yttrium lithium fluoride) mode-locked (ML)
lasers. The two ML lasers are synchronized against a
80 MHz reference rf-oscillator and regeneratively ampli-
fied at a one kilohertz repetition rate. Autocorrelation of
the MIR idler beam yields a 1.9 ps pulse duration. Tuning
of the titanium sapphire laser between 0.78-0.83 um
produces a 100 uJ pulse energy over the wavelength
range of 3—4 um in a near-Gaussian mode.

The linear polarized MIR light is focused by an /4
lens into a vacuum chamber near the exit aperture of an
alkali metal oven. The effective length, £, of the akali
metal cos’d density profile is = 1 mm full width at half
maximum (FWHM). The oven temperature controls the
vapor pressure in the range of 0.1-2torr. A 2times
diffraction limited beam waist of 40 = 5 um is measured
using a scanning pinhole procedure. The confocal parame-
ter, b, is~3 mm. The high harmonics are 1.1 imaged onto
the entrance dlit of a 0.18 m flat-field air monochromator
equipped with a gated, intensified charge-coupled device
camera. The collection system'’s absolute efficiency at the
third and fifth harmonic is determined by comparison to a
calibrated photodiode. The full spectral response of the
system is further refined using the emission spectrum of a
Hg lamp [10]. The resulting uncertainty in the number of
photons is 30% for the low harmonics and 50% for those
higher than seventh order.

Figure 1 shows atypical composite low-resolution spec-
trum of rubidium atoms (7, = 4.2 €V) excited by a1.9 ps,
3.6 um pulse. The distribution spans 9 orders of magni-
tude in photon counting and is not adjusted for the spec-
tral response of the collection system. The spectrum is
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FIG. 1. High harmonic spectrum generated by excitation of
rubidium atoms with 1.9 ps, 3.6 um pulses. The additiona
lines in the spectrum can be assigned to fluorescence of Rb. The
spectrum is not corrected for the instrumental spectral response.

recorded at a peak intensity of 2 TW/cm?. The measured
saturation intensity is 1.1(4) TW/cm? asdetermined by the
intensity dependence of the total ion and harmonic yield.
The spectrum shows a clear odd-harmonic series extending
to the 19th order (190 nm) which is at the short wavelength
limit of the optical detection system. The3U, + I, cutoff
law [11] would give a maximum harmonic order of 23.

A few genera features extracted from the experiment
are as follows: (i) Depending on harmonic order, for the
same number density, N, and intensity, Rb is 3—6 times
more efficient than K. (ii) At these low densities, the har-
monics show an N2 scaling which implies macroscopic
coherence. (iii) The high harmonics show an intensity-
dependent scaling which is nonperturbative, i.e., less than
an |4 power law, where ¢ is the harmonic order. (iv) Near
field images verify that the emission is confined within a
beam waist of the interaction volume. (v) The harmonic
yield shows a weak dependence on the focal spot posi-
tion relative to the alkali vapor distribution. These last two
points illustrate that the harmonics originate from the in-
tense region of aloosely focused beam (b = L) resulting
in a optimized conversion geometry [12].

Figure 2(a) is aplot of the spectral linewidths as a func-
tion of harmonic order for Rb and K near the saturation
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FIG. 2. (@) Linewidth as a function of harmonic order for Rb

and K. K (o) and Rb (e) experimental linewidths are a 3.6
and 3.2 um, respectively. The calculated ((J) K linewidths are
for 3.6 um excitation. The solid line is calculated assuming
a perturbative scaling. A typica measured (—) and calculated
(---) harmonic line shape are plotted in (b). The 6p — 4s K
fluorescence provides an in situ calibration of the instrumental
resol ution.
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intensity. Thefilled (Rb) and open (K) circles are the mea-
sured FWHM linewidths for excitation at 3.2 and 3.6 um,
respectively. A high resolution spectrum of the 11th har-
monic (H11) of K at 3.6 um is shown in Fig. 2(b). The
H11 bandwidth has nearly 4 times the instrumental width
and a complex line shape. In fact, the low order harmon-
ics show a small increase in bandwidth followed by an
abrupt increase near H11 which coincides with the bind-
ing energy. Thistrendisfurther exemplified by plotting the
bandwidth increase expected for a perturbative /g scal-
ing [solid line in Fig. 2(a)] for a transform limited 1.9 ps
fundamental pulse. Clearly, the higher harmonics show a
strong deviation from the perturbative result and suggest,
in principle, that significant temporal pulse compression is
possible.

The harmonic results presented so far exhibit many simi-
laritieswith the better-known near visible excitation of rare
gasatoms, in both the general form of the spectrum and the
large bandwidth of the higher order harmonics. Thisis a
reflection of the universality of the continuum rescattering
dynamics. However, as mentioned above, the alkali metals
present several interesting and potentially useful contrasts
to the rare gases. Chief among theseis the strong coupling
between the ns ground state and the first excited (np)
state. Figure 3 shows single-atom harmonic spectra cal-
culated for a potassium atom in a 3.2 um, 80 cycle laser
pulse with a pesk intensity of 1 TW/cm?. The atomic re-
sponse is calculated by numerical integration of the time-
dependent Schrodinger equation using the single active
electron (SAE) approximation [11] and the ¢-dependent
pseudopotential of Stevens et al. [13], which we have
modified dlightly to give a better description of the
4s — np dipole matrix elements.

Insight into the role of the lowest excited ( p) state can
be obtained by comparing the full result (line in Fig. 3)
with two approximate calculations. The first approximate
dipole is calculated by projecting the full time-dependent
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FIG. 3. Cadlculated K single atom harmonic spectrum for
32 um pulses. The full caculation (—) is compared to
approximate dipoles calculated using the continuum wave
packet plus the 4s (A) and 45 + 4p (O) only.
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wave function, (), onto the field-free ground state at
every time step. In potassium, where the ground state is
the 4s, this approximate dipole is

d(t) = (@)lzlyp() = P (0)l4s) @Eslzlp (1)) + cc.,
)

where z isthe coordinate operator along the laser polariza-
tion direction. In essence, we assume that the field-dressed
ground state is equivalent to the field-free ground state.
This approximation (triangles in Fig. 3) works very well
in the rare gases [11]. In potassium it exhibits significant
deviations from the full result in both strength and cutoff
energy. If the field-dressed ground state is assumed to be
alinear combination of the ground and first excited state,
then the approximate dipole is

d(t) = (P @) [14s)¢4s| + 14p)@Epllzly () + cc. (2)

The spectrum calculated in this manner (open circles in
Fig. 3) agrees perfectly with the full calculation, illustrat-
ing the central role played by the first excited np state in
HHG from akali metals.

The experimental harmonics reflect the microscopic
(atomic) and macroscopic (phase-matching and absorp-
tion) response of the nonlinear dipole. Therefore, we
calculate the response of an ensemble of atoms in the
nonlinear medium by solving the wave equation in the
paraxia and sowly varying envelope approximations
[14]. The full intensity dependent SAE atomic dipole
moment discussed above is used as the source term of the
nonlinear part of the polarization field [14].

Figures 2 and 4 display the calculated result for K
and Rb. The parameters used in the calculation are those
determined from the experiment. The driving field is
a 1.9 ps (FWHM) sech? pulse with a pesk intensity of
1.2 TW/cm?. The spatid mode of the fundamental is
modeled as a Gaussian with a 3.5 mm confocal parameter.
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FIG. 4. Absolute number of photons as a function of harmonic
order for 3.2 um excitation. TheK (o) and Rb (e) experimental
values are compared to the calculated K (---) and Rb (—) dis-
tributions. The calculated yields are scaled by a factor of 1073,



VOLUME 83, NUMBER 25

PHYSICAL REVIEW LETTERS

20 DECEMBER 1999

As seen in Fig. 2(a), the K spectral widths observed in
theory ((J) and experiment (o) for a 3.6 uwm fundamental
field are in good agreement. The widths of the lowest-
order harmonics show a near perturbative /g scaing
harmonic order, whereas the bandwidth of the higher
harmonics strongly deviates from this behavior. The
calculated spectrum (dotted line) of the 11th harmonic
is compared to the experimental result in Fig. 2(b). Our
calculations indicate that the broad spectral features asso-
ciated with the harmonics above the ionization threshold
result from the intrinsic chirp that the harmonics possess
due to the intensity dependence of the dipole phase [15].

In Fig. 4 we plot the measured (circles) and calculated
(lines) number of photons for K and Rb at a pressure of
0.42 torr. The shape of the harmonic spectrum and therela-
tive efficiency of the two atoms are well reproduced in the
calculation. The Z-dependent efficiency is a single-atom
effect, and is consistent with harmonic [12] and electron
[16] distributions in rare gases. Although the qualitative
behavior of the distribution of linewidths and harmonics
for both atomsis good, alarge discrepancy (roughly afac-
tor of 1000) exists between the experimental and calculated
absolute photon yields. Our calculations suggest imperfec-
tionsin spatial mode of the focused MIR driving field can
reduce the observed yield. Shot-averaged analysis does
show a dight deviation from Gaussian of the MIR mode
caused by the parametric process but not enough to com-
pletely explain this difference.

In summary, we have observe HHG from mid-infrared
excitation of akali vapors up to the 19th order. This in-
vestigation validates the Keldysh scaling of the laser-atom
interaction at long wavelength and opens the possibility
of studying nonperturbative strong-field interactions in a
broad class of atomic systems with small binding energies.
The coupling of the first excited np state is shown to play
a mgjor role in the HHG production, which provides an
interesting and potentially useful contrast with the rare gas
case. For example, it may be possibleto use asecond “ cou-
pling” laser as a means for achieving active control over
the HHG process by altering either the ns — np or the
np — continuum coupling. Furthermore, the realization
of HHG spanning the visible/near-UV portion of the spec-
trum allows the application of frequency resolved optical
gating [4] for complete characterization of the harmonic’s

amplitude and phase. This would probe both the poten-
tial for compression of single harmonics and the exciting
possibility of synthesizing very short pulses by combining
harmonics of different order [17].
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