PHYSICAL REVIEW A, VOLUME 64, 013820
Enhancement of many high-order harmonics via a single multiphoton resonance
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In the strong-field regime a single multiphoton resonance can enhance many harmonics of the fundamental
laser frequency simultaneously. We demonstrate that an alkali-metal atom driven by an intense, ultrafast
midinfrared pulse is an ideal system for observing this effect by calculating the response of potassium atoms
to radiation that is nearly three or five photon resonant with tee4g transition. We find that all the
harmonics through at least the 17th are enhanced over a wide range of intensities, and that the resonance width
of the enhanced harmonics is governed by the lifetime of the multiphoton resonance.

DOI: 10.1103/PhysRevA.64.013820 PACS nuntber42.65.Ky, 31.90+s, 32.80.Rm

With the observation of high-order harmonic generationenhancement of low-order harmonics in alkali-metal atoms
in the late 1980s, nonlinear optics was expanded to includg4,5], in several ways: First, with the recent development of
the strong-field regim¢l]. This regime is characterized by intense MIR(2.5-4.5um) lasers[11] it is experimentally
the nonperturbative response of a medium to an intense drieasible to drive anultiphotonresonance between the 4nd
ing field, when the nonlinear polarization giving rise to the 4p states, which are separated by 1.5 eV. Second, with fem-
gth harmonic increases with the laser intensitpuch more  tosecond pulses one can efficiently drive a nonlinear process
slowly thanl9. The most striking manifestation of this non- without saturation or significant population redistribution. Fi-
perturbative behavior is the existence of a plateau in the hamally, in the strong-field regime, many harmonics can be
monic spectrum in which many harmonics up to a characterenhanced simultaneously.
istic cutoff energy all have approximately the same strength Our calculations also exhibit two effects that are charac-
[2,3]. A more traditional route to a nonperturbative nonlinearteristic of strong-field atom-laser interactions. In potassium,
optical response is the use of atomic resonances to enhana@ find that the 4-4p multiphoton resonance wavelength
harmonic generation and/or frequency-mixing processesncreases with intensity. This decrease in the relative energy
First explored in the 1970s by Miles and Har§ and oth-  spacing of the ground and first excited states is the opposite
ers, this has become a widely used means of generating cof what one would expect from a two-level model atom. In
herent vacuum ultravioldtuv) radiation[5]. However, with  addition, we find that the resonance width of the enhance-
the exception of a few cases in which a single harmonic wasnent can be smaller than the laser bandwidth. This is an
enhanced®6,7], atomic resonance effects have not been obexplicitly multiphoton effect.
served in the numerous studies of strong-field harmonic gen- In order to study in detail the origin and behavior of the
eration in the rare gases using visible and IR lasers. Thisesonant enhancement, we consider only the response of a
stands in stark contrast to studies of strong-field photoionizasingle atom to the intense field. Our single-atom results do
tion, where clear signatures ofphoton intermediate reso- allow us to make predictions about the macroscopic behavior
nances have been seen in many above-threshold ionizati@if the resonant harmonics, and hence their experimental ob-
peaks[8,9]. servability. A resonant third or fifth harmonic can be ex-

In this paper, we present a theoretical study of the resopected to undergo strong absorption as it propagates through
nant enhancement of high-order harmonics generated in &he nonlinear medium, and may therefore be difficult to ob-
alkali-metal atom, potassium, subject to intense 300-fs pulseserve directly in an experiment. However, all the harmonics
of mid-infrared (MIR) radiation. As we explain below, the above the resonance exhibit the same behavior with respect
alkali metals at MIR wavelengths are much better suited tgo the intensity and wavelength of the driving field as the
the observation of strong-field resonant enhancement thamsonant harmonic, and the behavior of the resonance could
the rare gases previously used. We calculate the atomic réherefore be studied in any of the enhanced harmonics. Fur-
sponse for wavelengths close to the three- or five-phototthermore, the phase of the enhanced single-atom harmonics
resonance between the strongly coupled grous@dd first  with respect to the driving laser intensity shows no marked
excited 4 states. We use intensities up to 1 TWfcnt  difference from the nonresonant case which was the subject
these intensities the atomic response is strongly nonperturbaf a previous experimental studg0]. We therefore do not
tive, and the harmonic spectrum extends to approximatelgxpect phase-matching effects to hinder the observation of
the 31st ordef10]. We find enhancement of the harmonics the enhancement.
through at least the 17th order. This enhancement of harmon- To calculate the full nonperturbative response of a potas-
ics far above the resonant ofig to 12 additional photons in sium atom to an intense laser field, we numerically integrate
our calculations is the primary difference between the the time-dependent Schtimger equation within the frame-
present study and previous work on resonant enhancement wbrk of the single active electron approximatid®,13. We
harmonic generation in the rare gases at IR wavelengths. Oteat the interaction between the valence electron and the
study also extends the large body of work on the resonarpotassium core using the pseudopotential of Steetnal.
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FIG. 1. Wavelength scans of several harmonics in potassium for Wavelength (um)

20-cycle FWHM Gaussian pulses with peak intensities of

0.35 TW/cnf. From above, on the left, we show the 3rd, 5th, 7th, FIG. 2. The 5th harmonic yield as a function of wavelength for

oth, 13th, and 17th harmonics. Every curve consists of 63 daténtensities of 0.2 TW/crh (white squares 0.35 TW/cn? (black

points, each representing the harmonic spectrum integrated oversguarey 0.65 TW/cnt (white circleg, and 0.95 TWicrh (black

one-photon-wide bin. circles. The lines in the figure are calculated fits to the data points;
see the text.

[14]. This potential reproduces the energy levels and transi-
tion matrix elements of the potassium atom well. The dipoleboth states are shifted toward lower energy with respect to
spectrum is proportional to the Fourier transform of the time-the ionization threshold in the strong field, the downward
dependent acceleration, calculated using the full Hamiltoniashift of the upper state is largédue to its interaction with
including the time-dependent laser field and the atomic pothe nearby § and 3 state$, resulting in a longer resonance
tential[13]. We window the acceleration by applying a Han- wavelength. At the five-photon resonance, the 5th harmonic
ning function of width equal to three times the full width at is 50 times stronger than the nonresonant 3rd harmonic. Note
half maximum (FWHM) pulse length of the driving field however, that there is a resonant pathway to the 3rd har-
[15]. The window is used to filter the laser-driven harmonic monic involving the absorption of five laser photons and the
response from a strong oscillatory signal at the field freeemission of two laser photons. Since the 5th harmonic is
4p-4s transition wavelength, caused kg small amount 9f  much stronger than the 3rd harmonic close to resonance, the
population transfer to the excited state. Using the window+ 3w, and the+5w; — 2w, contributions interfere and give
function we can eliminate this component, which gives riserise to the dispersionlike shape of the 3rd harmonic curve at
to a large background in the harmonic spectrum, withouthe five-photon resonance.
affecting the harmonic strength. Experimentally, this fluores- The resonant enhancement shown in Fig. 1 is built on the
cence signal is easily distinguished from the harmonic signastrong 4-4p coupling, which accounts for more than 99%
[10]. of the one-photon & np oscillator strength. We found no
We use a linearly polarized, transform limited Gaussiansign of a resonant enhancement at the much weakespt
laser pulse, with a FWHM pulse length of 20 optical cyclesfive photon resonancé.05 um). It is also possible to en-
and peak intensities between 0.2 and 1 TWicWe inte- hance odd harmonics of the driving laser field using an even-
grate in time from— 50 to 50 optical cycles, when the inten- parity resonancf4,6]. In potassium the $and 3 states are
sity has been reduced by more tharf €6mpared to the peak nearly degenerate, and have a six-photon ground- to excited-
intensity. We use wavelengths ranging between 2.5 and 4 .&tate field-free transition wavelength of 2u8n. We see the
pm. The bandwidthAX; of our pulses therefore varies be- effect of these resonances in Fig. 1 as a shifting and broad-
tween 55 and 90 nm, and the pulse length varies betweesning of the 7th and higher harmonics near the three photon
150 and 300 fs. 4s-4p resonance. We find that at lower intensipot
Figure 1 shows wavelength scans of the harmonishown, the effects of three- and six-photon resonances are
strength at a peak laser intensity of 0.35 TW/crfor se-  clearly separated, but the two resonances merge with increas-
lected harmonics between the 3rd and 17th. The wavelengtihg intensity.
scan includes 63 points, and each data point represents the We now examine the five photons#p resonance in
harmonic spectrum integrated over a one-photon-wide bimore detail. Figure 2 shows the strength of the 5th harmonic
around the harmonic. Resonant enhancement of harmonicsa3 a function of wavelength, for different peak intensities of
through 13 near 2.um, and 5 through 17 near 42m, is  the laser field. The resonant enhancement is very large, and
clearly seen in the figure, corresponding to the three- anib still an order of magnitude at the highest intensity. The
five-photon 4-4p resonances. Both resonances occur atesonance wavelength changes as the intensity increases, and
longer wavelengths than the field-free resonance wavemoves between 4095 and 4305 nm for the intensities shown.
lengths, which are 2.43 and 4.Q8n, respectively. Although The shift is linear in the intensity, and amounts to about 6%
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FIG. 3. Wavelength scans of the strength of the 11th harmonic, %0
at different intensities with symbols as in Fig. 2. The data points are & 107 . ) L
connected with thin lines. The thick line is the Lorentzian fit to the 02 04 06 08 1
5th harmonic at 0.65 TW/cfn scaled to match the peak of the 11th Intensity (TW/cm?)

harmonic at 0.65 TW/cf
) ) FIG. 4. In(a) the intensity dependences of the harmonics 5, 7, 9,

of the ponderomotive enerdy6]. The width of the enhance- ,n4 11 are shown using a wavelength of 4180 nm(binthe 5th
ment results from a combination of several factors. The life-harmonic is shown at 3800 nifwhite squares 4130 nm(white
time of the dressed excited state due to ionizatemd cou-  circles, and 4280 niiblack squares The thick solid line is pro-
pling to other statgswill give rise to a Lorentzian line shape portional tol®.
in the absence of other contributions. In general, however,
the lifetime must be deconvoluted from the broadening in-of 0.5 TW/cnt. Again, all the harmonics exhibit the same
duced by the laser bandwidth. Since we are considering mtensity dependence. The behavior of the harmonics is very
five-photon resonance, the bandwidth available to drive thiglifferent above and below the resonant intensity. At low in-
process is on the order af\;/\5. This reduction in the tensity they increase rapidly as a result of the intensity de-
effective bandwidth is clearly seen in the lowest intensitypendent shift of the resonant states—the detuning becomes
scan, which is significantly narrow¢the FWHM is approxi- gets smaller as the intensity increases toward the resonant
mately equal to 50 ninthan the 90-nm bandwidth of the value. Above the resonant intensity the harmonics become
laser pulse. The thick lines shown in Fig. 2 are fits to the datdlat due to a balance between the states moving out of reso-
points. For the two highest intensities (0.95 andnance, and the increase in strength of the nonlinear process
0.65 TW/cn?) the lifetime is short, and the results are well with intensity. In Fig. 40) we show the 5th harmonic as a
fit by Lorentzian line shapes with widths of 356 and 260 nm,function of peak intensity for three different laser wave-
respectively. For the lower intensities, the deconvolutedengths. At 3800 nm, thest4p transition is not resonant at
Lorentzian widths are 34 nm at 0.35 TW/grand approxi- any intensity, and the detuning from resonance becomes
mately 17 nm at 0.2 TW/cfa These correspond to lifetimes greater with increasing intensity. Not surprisingly, the fit to a
ranging from 27 to 500 fs. fifth-order power law(shown as the thick lineis excellent

The wavelengthand intensity dependence of the reso- [17]. The 4130- and 4280-nm curves again demonstrate the
nant harmonic is repeated in the higher harmonics. As atarge change in intensity dependence near resonance. The
example, in Fig. 3 we show wavelength scans of the 11thiesonant intensities inferred from the change of slope in the
harmonic for the same peak intensities as in Fig. 2. Thdigure, 0.35 TW/crA for 4130 nm and 0.65 TW/ctfor
strength of the enhancement, as well as its position and280 nm, are the same as were found from the wavelength
width, correspond well to the results found in the resonanscans in Fig. 2. We note that the 4280-nm intensity scan,
5th harmonic. For comparison, tiigcaled Lorentzian fit to ~ which is further from the field-free resonance than the
the 5th harmonic at 0.65 TW/chis superimposed as a thick 4130-nm scan at zero intensity, increasesaat low inten-
line. The broadening of the harmonic to the long-wavelengttsity and then steepens toward 0.65 TW#aonhere the reso-
side, and the additional structure, is a general trend seen imance condition is fulfilled.
all the harmonics above the 9th, and is counter to the usual The near absence of resonant enhancement of high-order
expectation that the harmonic efficiency decreases with inharmonics in previous strong-field studies can be understood
creasing wavelength. by considering the differences between potassium at MIR

Figure 4 explores the intensity dependence of the harmorwavelengths and the rare gases at IR and visible wave-
ics close to resonance. In Fig(a#the odd harmonics 5-11 lengths. The excited states in the rare gases are weakly
are shown as a function of peak intensity at 4180 nm. At thicoupled to the ground state, and lie within 1-2 photons of
wavelength, the five-photon resonance occurs at an intensitfe ionization threshold, which means that most harmonics
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that could be resonantly enhanced lie well above thresholdld, are crucial for obtaining the multiharmonic resonant en-
Both of these facts are problematic in terms of achievinghancement that we find here.
resonant enhancement of many harmonics, such as we haveIln summary, we have demonstrated that by driving potas-
described here. A laser field which is sufficiently strong tosium atoms with strong MIR radiation near resonant with the
couple two states in a rare-gas atom can also very efficientlsts-4p transition, harmonics at least through the l{ftiore
drive tunnel ionization, the nonresonant process which givethan two photons above threshplthn be enhanced by sev-
rise to the plateau harmonif$8]. Since in harmonic genera- eral orders of magnitude. Strongly coupled, low-lying states
tion resonant and nonresonant contributions add coherentlguch as we have considered are a feature of many atomic and
resonant enhancement of an above threshold harmonic molecular systems with ionization potentials substantially
easily obscured by the large nonresonant contribution due tlower than the rare gases. The use of long wavele(\gtR)
tunnel ionization. In resonant photoionization, on the othedasers in strong-field experiments can therefore be expected
hand, nonresonant processes contribute only a smooth badc- lead to the observation of new multiphoton resonance ef-
ground to the photoelectron spectr{]. fects (such as the counterintuitive increase of the resonance
In the alkali metals, the strong coupling between the twowavelength with intensityin a variety of systems.
lowest states means that one can efficiently drive a resonant
coupling of the two states at intensities belonging to the mul- ACKNOWLEDGMENTS
tiphoton ionization(MPI) regime. This regime is character-
ized by the nonperturbative behavior of the high-order non- We acknowledge useful discussions with J. L. Krause, K.
linear polarizations at intensities where tunnel ionization isC. Kulander, B. Sheehy, and L. F. DiMauro. This work was
still negligible. Both working in the MPI regimandusing a  supported by the National Science Foundation through Grant
wavelength and an atom such that there are many harmonid$. PHY-9733890. Computer time was provided by the Na-
above the resonant one that are still below or close to threstional Supercomputer Center in Sweden.

[1] A. McPherson, G. Gibson, H. Jara, U. Johann, T.S. Luk, I.[10] B. Sheehy, J.D.D. Martin, L.F. DiMauro, P. Agostini, K.J.

Mcintyre, K. Boyer, and C.K. Rhodes, J. Opt. Soc. Am4B Schafer, M.B. Gaarde, and K.C. Kulander, Phys. Rev. i88t.
595(1987; M. Ferray, A. L’Huillier, X.F. Li, L.A. Lompg, G. 5270(1999.
Mainfrey, and C. Manus, J. Phys. B, L31 (1988. [11] B. Sheehy, T.O. Clatterbuck, C. Lynga, J.D.D. Martin, D.W.
[2] C.-G. Wahlstion, J. Larsson, A. Persson, T. Starczewski, and  Kim, L.F. DiMauro, M.B. Gaarde, K.J. Schafer, P. Agostini,
S. Svanberg, Phys. Rev. 48, 4709(1993. and K.C. Kulander, Laser Physid4, 226 (2001).
[3] Z. Chang, A. Rundquist, H. Wang, M.M. Murnane, and H.C. [12] K.C. Kulander, K.J. Schafer, and J.L. Krause, Atoms in
Kapteyn, Phys. Rev. Lett79, 2967 (1997; R. Bartels, S. Intense Laser Fieldsedited by M. Gavrila(Academic Press,

San Diego, 199
[13] K.J. Schafer and K.C. Kulander, Phys. Rev. Létg 638
(1997).

Backus, E. Zeek, L. Misoguti, G. Vdovin, |.P. Christov, M.M.
Murnane, and H.C. Kapteyn, Naturd.ondon 406 164

(2000. .
[4] R.B. Miles and S.E. Harris, IEEE J. Quantum ElectrQiE-, [14] W.J. Stevens, M. Krauss, H. Basch, and P.G. Jasien, Can. J.
470(1973 Chem.70, 612(1992.
e ) ) . .. [15] W.H. Press, S.A. Tenkolsky, W.T. Vetterling, and B.P. Flan-
5]JF. R I O I P P L
(5] e einyesNonlinear 'ptlca arametric Processes in Lig- nery, Numerical RecipesCambridge University Press, New
uids and Gase¢Academic, Orlando, 1984 York, 1986.
[6]H. Xu, X. Tang, and P. Lambropoulos, Phys. Rev.48, |16 M.B. Gaarde and K.J. Schafer, Phys. Rev.68 053411
R2225(1992. (2000.
[7]E.S. Toma, Ph. Antoine, A. de Bohan, and H.G. Muller, J.[17] we note that even though the fifth harmonic behaves pertur-
Phys. B32, 5843(1999. _ batively at 3800 nm, the higher harmonics do not. The 11th
[8] R.R. Freeman, P.H. Bucksbaum, H. Milchberg, S. Darack, D.  harmonic, e.g., does not increasel&sfor the intensities we
Schumacher, and M.E. Geusic, Phys. Rev. LB&8, 1092 consider.
(1987. [18] K.J. Schafer, B. Yang, L.F. DiMauro, and K.C. Kulander,
[9] P. Agostini, P. Berger, A. L’Huillier, H.G. Muller, G. Petite, Phys. Rev. Lett70, 1599(1993; P.B. Corkum,ibid. 71, 1994
A. Antonetti, and A. Migus, Phys. Rev. Le&3, 2208(1989. (1993.

013820-4



