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High harmonic radiation spectra up to 19th order in alkali metal vapors excited by an intense, picosec-
ond mid-infrared (=  m) laser are reported and compared to theory. The strong-field dynamics in 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 tons. This results in a strong coupling which can alter the
intense laser-atom interactions is of particular interestonization dynamics [5] and the high harmonic emission
because of its fundamental importance and practicahs compared to the rare gases.
applications. Most harmonic generation studies have Given the nature of HHG, we must be able to drive
been performed using pump lasers in the near-visible othe laser-atom interaction into the strongly nonperturba-
ultraviolet. This has meant that multiphoton processesive regime. The Keldysh parameter [6],
could be observed only in tightly bound systems such ag/hich compares a free electron’s cycle averaged kinetic
the rare gases. HHG in rare gases provides coherent, sheftergy (the ponderomotive energy [7]) to the ion-
pulse, tabletop XUV sources, with spectra extending intdzation potential ( ), provides a measure of the nec-
the water window. These sources have found applicationsssary strength of this interaction. As becomes less
in atomic [1] and condensed matter [2] physics. Theythan one, the ionization dynamics are dominated by tun-
may also provide a route toward the generation of veryeling and are well within the nonperturbative regime.
short duration XUV pulses [3]. However, experimental Since the ponderomotive energy is wavelength and inten-
progress has been limited, at least in part, by the lackity dependent, the Keldysh parameter suggests the pos-
of suitable materials for measuring VUV/XUV pulse sibility of scaling the atomic interaction with intensity
lengths. For example, standard second harmonic intensitynd wavelength. For instance, potassium atoms (
autocorrelation [4] requires frequency doubling materials  eV) interacting with a TW cm, m field will
which are not available at wavelengths below 400 nm. Tchave the same Keldysh parameter, implying similar ion-
more readily understand the physics of the HHG processzation dynamics, as the well studied case of xenon with
especially the temporal properties, it may be possible to TW cm , m pulses. The MIR source used in
use intense mid-infrared (MIR) light to generate HHG inthis experiment indeed provides ps pulses with peak in-
the UV/visible spectrum, where they can be characterize¢ensities of the order of— TW cm .
using conventional techniques. Though provides a guide for the scaling of the ion-

In this Letter we report the first experimental and theo-ization, the scaling of the continuum dynamics is set by
retical investigation of HHG by MIR (-~  m) excitation the ponderomotive energy . HHG in the long wave-
in alkali metal vapors, specifically potassium and rubid-length, strong-field regime is well described in a semi-
ium. Strong-field multiphoton processes, such as harmoniclassical model as a two-step process which is initiated by
generation, using long wavelength pump lasers have unttlnneling ionization [8,9]. The wave packet generated in
now been virtually unexplored. Harmonics extending tothis process gains kinetic energy in the laser field and part
the 19th order of the fundamental field are observed.  of it returns to the ion core with a maximum kinetic energy

The HHG process in alkali atoms using intense MIR ra-of approximately . Since  scales quadratically with
diation is also of fundamental interest as a strong-field phethe wavelength, even for the samethe MIR field can in
nomenon. For instance, the coupling between the groungrinciple drive a higher order process than the correspond-
and first excited state in MIR excitation of the alkali metalsing visible field. The longer MIR cycle time, however, also
presents significant differences from the near-visible exciimplies a larger spreading of the continuum wave packet
tation of the rare gases. For an 11 photon ionization prof8]. Consequently, scaling arguments based on any single
cess in the two systems (alkali atoms and rare gases), tiparameter are only approximately predictive. Indeed, the
first excited state is separated from the ground state byesults presented in this Letter show significant differences
8-10 near-visible photons in the rare gases. The corren the strong-field atomic dynamics as compared with all
sponding separation in the alkali metals is 4—5 MIR pho-previous studies.
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Tunable MIR light is generated by difference frequencyrecorded at a peak intensity ofTW cm . The measured
mixing the outputs of amplified titanium sapphire and saturation intensity is TW cm as determined by the
Nd:YLF (yttrium lithium fluoride) mode-locked (ML) intensity dependence of the total ion and harmonic yield.
lasers. The two ML lasers are synchronized against &he spectrum shows a clear odd-harmonic series extending
80 MHz reference rf-oscillator and regeneratively ampli-to the 19th order (190 nm) which is at the short wavelength
fied at a one kilohertz repetition rate. Autocorrelation oflimit of the optical detection system. The cutoff
the MIR idler beam yields a 1.9 ps pulse duration. Tuningaw [11] would give a maximum harmonic order of 23.
of the titanium sapphire laser between - m A few general features extracted from the experiment
produces a J pulse energy over the wavelength are as follows: (i) Depending on harmonic order, for the
range of — m in a near-Gaussian mode. same number density, , and intensity, Rb is 36 times

The linear polarized MIR light is focused by an4f  more efficient than K. (ii) At these low densities, the har-
lens into a vacuum chamber near the exit aperture of amonics show an scaling which implies macroscopic
alkali metal oven. The effective length,, of the alkali  coherence. (iii) The high harmonics show an intensity-
metal cos density profile is mm full width at half  dependent scaling which is nonperturbative, i.e., less than
maximum (FWHM). The oven temperature controls thean | power law, where is the harmonic order. (iv) Near
vapor pressure in the range of 82 torr. A 2times field images verify that the emission is confined within a
diffraction limited beam waist of m is measured beam waist of the interaction volume. (v) The harmonic
using a scanning pinhole procedure. The confocal paramefeld shows a weak dependence on the focal spot posi-
ter, ,is mm. The high harmonics are 1:1 imaged ontotion relative to the alkali vapor distribution. These last two
the entrance slit of a 0.18 m flat-field air monochromatorpoints illustrate that the harmonics originate from the in-
equipped with a gated, intensified charge-coupled devicéense region of a loosely focused beam () resulting
camera. The collection systésnabsolute efficiency at the in a optimized conversion geometry [12].
third and fifth harmonic is determined by comparison to a Figure 2(a) is a plot of the spectral linewidths as a func-
calibrated photodiode. The full spectral response of théion of harmonic order for Rb and K near the saturation
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 a typical composite low-resolution spec-
trum of rubidium atoms ( eV) excited by a 1.9 ps,

m 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

FIG. 2. (a) Linewidth as a function of harmonic order for Rb
and K. K () and Rb () experimental linewidths are at 3.6

and m, respectively. The calculated J K linewidths are

for m excitation. The solid line is calculated assuming
FIG. 1. High harmonic spectrum generated by excitation ofa perturbative scaling. A typical measured-Y and calculated
rubidium atoms with 1.9 ps, m pulses. The additional ( ) harmonic line shape are plotted in (b). The K

lines in the spectrum can be assigned to fluorescence of Rb. THkiorescence provides an situ calibration of the instrumental
spectrum is not corrected for the instrumental spectral responseesolution.
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intensity. The filled (Rb) and open (K) circles are the mea-wave function, , onto the field-free ground state at
sured FWHM linewidths for excitation at 3.2 and m, every time step. In potassium, where the ground state is
respectively. A high resolution spectrum of the 11th harthe , this approximate dipole is
monic (H11) of K at m 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- 1)

ICS shoyv a small increase n band\_md_th follqwed by.anwhere is the coordinate operator along the laser polariza-
gbrupt Increase near Hll which comc_u_jes with th_e blnd’[ion direction. In essence, we assume that the field-dressed
Ing energy. .Th's trend is further exemplified by_plottlng theground state is equivalent to the field-free ground state.
bandW'Ithl. Increase expecfted for a gerturll_)at_lv%scal- This approximation (triangles in Fig. 3) works very well
:cngd[sm mle Inl Flg.é(a)]l orha tL"’.‘nﬁ Oan Imitex 1.9h PS in the rare gases [11]. In potassium it exhibits significant
undamental pulse. Clearly, the higher harmonics SNOW G, iations from the full result in both strength and cutoff

strong deviation from the perturbative result and suggestenergy_ If the field-dressed ground state is assumed to be

in pri_rll)(lziple, that significant temporal pulse compression iSa linear combination of the ground and first excited state,
possible.

. - ._then the approximate dipole is
The harmonic results presented so far exhibit many simi- PP P

larities with the better-known near visible excitation of rare cc (2

gas atoms, in both the general form of the spectrum and the ) ] ) ]
large bandwidth of the higher order harmonics. This is al "€ Spectrum calculated in this manner (open circles in
reflection of the universality of the continuum rescatteringFig- 3) agrees perfectly with the full calculation, illustrat-
dynamics. However, as mentioned above, the alkali metal€9 the central role played by the first excited state in
present several interesting and potentially useful contrastgHG from alkali metals. _ _ _
to the rare gases. Chief among these is the strong coupling The experimental harmonics reflect the microscopic
between the ground state and the first excited () (atomic) and macroscopic (phase-matching and absorp-

state. Figure 3 shows single-atom harmonic spectra cafion) response of the nonlinear dipole. Therefore, we
culated for a potassium atom ina m, 80 cycle laser Calculate the response of an ensemble of atoms in the

pulse with a peak intensity of TW c¢m . The atomic re- nonlinear medium by solving the wave equation in the
sponse is calculated by numerical integration of the timeParaxial and slowly varying envelope approximations
dependent Schidinger equation using the single active [14]- The full intensity dependent SAE atomic dipole
electron (SAE) approximation [11] and thedependent moment discussed above is u.sed as the source term of the
pseudopotential of Steveret al.[13], which we have Nonlinear part of the polarization field [14].

modified slightly to give a better description of the Figures 2 and 4 display the calculated result for K
dipole matrix elements. and Rb. The parameters used in the calculation are those

Insight into the role of the lowest excited | state can determined from the experiment. The driving field is
be obtained by comparing the full result (line in Fig. 3)@ 1.9 ps (FWHM) sechpulse with a peak intensity of
with two approximate calculations. The first approximate ~ TW ¢m . The spatial mode of the fundamental is
dipole is calculated by projecting the full time-dependentTodeled as a Gaussian with a 3.5 mm confocal parameter.

ccC

FIG. 3. Calculated K single atom harmonic spectrum forFIG. 4. Absolute number of photons as a function of harmonic

m pulses. The full calculation—) is compared to order for m excitation. The K () and Rb () experimental
approximate dipoles calculated using the continuum wavevalues are compared to the calculated K)(and Rb ) dis-
packet plus the ( ) and () only. tributions. The calculated yields are scaled by a factor of .
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As seen in Fig. 2(a), the K spectral widths observed iramplitude and phase. This would probe both the poten-
theory ( ) and experiment () for a m fundamental tial for compression of single harmonics and the exciting
field are in good agreement. The widths of the lowest-possibility of synthesizing very short pulses by combining
order harmonics show a near perturbative scaling harmonics of different order [17].
harmonic order, whereas the bandwidth of the higher The experiments were carried out at Brookhaven
harmonics strongly deviates from this behavior. TheNational Laboratory under Contract No. DE-AC02-
calculated spectrum (dotted line) of the 11th harmonic©8CH10886 with the U.S. Department of Energy and
is compared to the experimental result in Fig. 2(b). Oursupported by its Division of Chemical Sciences, Office
calculations indicate that the broad spectral features assof Basic Energy Sciences and BNLDRD No. 99-56.
ciated with the harmonics above the ionization thresholdP. A. acknowledges travel support from NATO under
result from the intrinsic chirp that the harmonics posses€ontract No. SA.5-2-05(RG910678). K. J.S. and M. B. G.
due to the intensity dependence of the dipole phase [15].acknowledge support from the Louisiana State Board

In Fig. 4 we plot the measured (circles) and calculatedf Regents through Grant No. LEQSF96-99-RD-A-14,
(lines) number of photons for K and Rb at a pressure ofind from the Swedish National Science Research Coun-
0.42 torr. The shape of the harmonic spectrum and therelail. This work was also carried out in part under
tive efficiency of the two atoms are well reproduced in thethe auspices of the U.S. Department of Energy at the
calculation. The -dependent efficiency is a single-atom Lawrence Livermore National Laboratory under Contract
effect, and is consistent with harmonic [12] and electronNo. W-7405-ENG-48.
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