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Dramatic extension of the high-order harmonic cutoff by using a long-wavelength driving field
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We present an experimental demonstration of extending the high-order harmonic cutoff photon energy more
than a factor of 2 when the driving-field wavelength is changed from 0.8 todnbvith an optical parametric
amplifier. With argon gas, the cutoff has been extended from 64 to 160 eV. We predict that coherent keV x rays
can be generated by exciting helium gas with the long-wavelength driving pulses. Experiments on xenon gas
with several pump wavelengths also showed the dramatic cutoff extension, as well as full tunability of the
generated XUV wavelengths.
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High-order harmonic generatidhiHG) provides a unique trashort driving pulses, as indicated by H@). Pulses as
way to produce coherent ultrafast soft x ra§s?] and can be short as 5-7 fs have been employdd and 0.5-keV x-ray
used in many applications such as ultrafast spectroscopy aramission was successfully generated. However, since such
microscopy{ 3,4]. While the highest photon energy ever pro- pulses are already approaching the one optical cycle, it is
duced is~0.5 keV [5,6], great effort has been devoted to very hard to push the cutoff significantly by reducing the
extend HHG into the keV x-ray regime, which will enable laser pulse further. According to E{L), the cutoff photon
femtosecond time-resolved x-ray experiments to be perenergy strongly depends on the ionization potential, in fact,
formed by measuring x-ray diffraction from solifi]. For  the record cutoff was achieved with helium, which has the
spectroscopy applications, it is highly desirable to find alargest ionization potential among all atoms. lons can give
technique that can easily tune the x-ray wavelength to coveeven larger ionization potential, which offers another possi-
the range between adjacent orders. In this paper, we repdstlity to significantly extend the cutoff as shown by several
that high-order harmonic generation pumped by an intenssimulations|8,9].
optical parametric amplifier is a promising way for develop-  Another significant parameter in E() is the wavelength
ing an ultrafast, tunable, keV x-ray source. of the driving pulse. Numerical simulations have been done

Several methods have been proposed to extend the cutadh the dependence of cutoff on a driving-field wavelength
of high-order harmonic generation, for example, HHG fromwith a 1053-nm laser and its second harmdsiz6 nmm) [13].
ions [8,9] or from core electron§l10], which are yet to be They found that the cutoff photon energy of HHG can be
confirmed by experiments. In the tunneling regime, the dedescribed byE .,=1,+3U,, whereU,, is the ponderomotive
pendence of cutoff photon energy on laser and atomic paranenergy. It is clear in Eq(1) that the cutoff photon energy for

eters is described explicitly 45,11], a given atomic state is proportional to the square of the
wavelength. Figure 1 shows the calculation results of the
0.5 Ef a2 relationship between the single-atom cutoff with the driving-
hveuor=1pt " 5 (1) field wavelength. The figure shows that by changing the
0.88At3%" 16, Copul driving-field wavelength from 0.8 to 1.@m, the cutoff of
In helium is extended from-0.5 to 2 keV. This can be under-
—In(1-p) stood easily with the semiclassical three-step motié)15.

) o ) ) First, the bound electrons of atoms tunnel through the Cou-
wherel ; is the ionization potentialdt and\ are the duration

and the wavelength of the laser pulse, respectivEly, [
_ [m| 2 _s2n* //
=21+ 21)(I+|m)/6e™|m|I(I=[m[)!, and C;..=2""/ 10° He
n*I'(n*+1*+1)I'(n*—1*). | and m are the orbital and // P
magnetic quantum numben* is the effective principal S — Ne —7
guantum numbel* =1—n* [12]. p=98% is the ionization ° // ]
probability at the peak of the pulsa= 0.5 is a correction of 5 L A ////
the analytical approximation. The results calculated with this 3 /r/ L
formula agree well with the experimental results obtained by & e ] L L]
an 0.8um laser interacting with various atomic species. /// |t

Previously, extension of the cutoff photon energy has ol }/ Xe
been successfully achieved by interacting atoms with ul- L
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*Present address: Department of Physics, 116 Cardwell Hall,

Kansas State University, Manhattan, KS 66506. FIG. 1. Calculated relationship between single-atom HHG cut-
TEmail address: chang@phys.ksu.edu off photon energy and the driving wavelength.

1050-2947/2001/68)/0118044)/$20.00 65011804-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

BING SHAN AND ZENGHU CHANG PHYSICAL REVIEW A65 011804R)
Ti:Sapphire MCP & Phosphor . ! I ]

1.2mJ, 25fs Bratl (a) A=0.8 pm

rating
Gas ﬁzz'esm 2000 ljmm ﬁ ccb
OPA Tk toff

1.1 ~1.6um 3%:2 — Cutol — —

80-100w) | FL=gg.am  Fiter (pore pZgmBH elj

FIG. 2. Experimental setup for generating HHG with long- Ffiflf— | 0.2 um B Filter |——{(p) 1=1.51 um
wavelength pump. NN A— s j

gt pump o/ Al Edge N | |

lomb barrier suppressed by the light field, then the free elec- 0.2 um Al Filter ;
trons move in the light field. When the light field reverses » | ! ‘ A~ A

direction, some electrons move back towards their paren o 60 80 100 120 140 160 180 200
ions and are accelerated by the light field. Finally, when the HHG Photon Energy (eV)
electrons meet the parent ions, a portion of them recombine _
with the ions and emit photons. The photon energy is the FIG- 3. HHG produced by 10pJ, 25-fs laser pulses in argon
sum of the kinetic energy that electrons acquired from thé3S: 4F0C&| point size~20 um (FWHM). Laser intensity~4
light field and the ionization potential of the electrons in the X 10" W/en?; (a) 0.8:um pump laser, cutoff at-64 eV. The spec-
atom. In order to produce most energetic x rays, one has tiUm was measured with a 0/ B filter; (b) pumped by 1.5um
. . om OPA, cutoff at~160 eV. The two spectra were measured with

let the electrons gain as much energy as possible from the ; e . A
. . . . a 0.2.um B filter (thick line) and an Al filter (thin line), respec-
light field in one optical cycle. tivel

In the tunneling ionization process, the ionization rate is
independent of the laser wavelength. Therefore, the saturém a 200um interaction region. The harmonics from the gas
tion intensity is the same for pulses with the same duratiorare imaged by a focusing mirror at grazing incidence onto a
but different wavelengths. As a result, electrons experiencehevron MCP imaging detector, which has a good sensitivity
the same field strength at saturation intensities for pulse® wavelength below 140 nm. A 2000 I/mm transmission
with different wavelengths. From Newton's laws of mechan-grating is employed to disperse the spectrum. Finally, the
ics, we know the kinetic energy of an electron acquired in ax-ray spectrum on the phosphor screen is recorded by a 16
given potential field is proportional to the square of the travelbits cooled charge-coupled device camera. In experiments, it
time in the field. Therefore, the electrons can gain more entakes 16— 1@ shots to get a spectrum.
ergy in the longer optical period field, i.e., longer-wavelength  Figure 3 shows experimental results with argon gas. The
field, to generate higher-order harmonics. OPA pulse energy for this experiment was measured to be

Until now, the most common lasers for high-order har-100 uJ before the interaction chamber. In the measurement,
monic generation are Ti sapphire, Nd:YAG, and Nd:/glass0.2-um Al or B filters were used to suppress the noise from
lasers. Their center wavelengths are 0.8, 1.06, and 405  the low-order harmonics. Results with the Al filt@hin line)
respectively. Early work with different laser wavelengthsand B filter (thick line) are both illustrated in Fig.(8). We
(fundamental and its second harmgnaso suggested that can see the cutoff is at160 eV with the B filter. The har-
using long-wavelength pump is favorable for reaching highemonic peaks above 70 eV are not resolved due to the reso-
HHG photon energiefl6]. But high-order harmonic genera- |ution of our x-ray spectrometer. This portion of radiation
tion using a pump laser with wavelength longer than 1.06can be blocked by the Al filter as shown in the figure.
um has rarely been explored. Using a picosecond midinfra- For comparison, we measured the HHG with an @8-
red (3—4 um) laser, Sheehgt al. produced 19th-order har- laser under the same conditions. The focal spot size is kept at
monics(~6 eV photon from alkali-metal vapor§17]. Har- 20 um and pulse energy-100 uJ. The result is shown in
monic generation in the 1.2 to 1.56n range has been tried Fig. 3(a), in which the cutoff is located at-64 eV, much
before at low intensity, which produced harmonics up to thdower than that produced by the 1.5dn laser. We noticed
9th order(~8 eV photon [18]. that the spacing between each adjacent harmonic peaks by

We performed the long-wavelength-driven experimentthe 1.51um driving field is about half that of the 0,8m
with a tabletop Ti:sapphire laser syst¢f] and an optical pump laser, as it should be. This makes the full tunability
parametric amplifie(OPA). The generated HHG signal is easier for the long-wavelength driving field.
measured by a transmission grating based x-ray spectrometer The measured cutoffs with the 0.8- and 1 &t pumps
[20], as shown in Fig. 2. The OPA is pumped by the 25 fs,are both lower than the single-atom calculation results in Fig.
1.2 mJ sub-kilohertz laser pulses centered atdr§ gener- 1. This can be accounted for by the macroscopic effect of the
ates tunable 1.1 to 1.6m IR laser pulses with pulse ener- harmonic generation process. It is well known that the mea-
gies ranging from 30 to 10@.J. The OPA pulse duration is sured harmonic signal is strongly affected by phase match-
also 25 fs measured by an autocorrelator. The output of OPfng. In the ionized medium the phase match length is deter-
is focused by an 88.3-mm lens onto the pulsed gas jet formeghined by the focusing, dispersion, and intensity-dependent
by a gas nozzle synchronized with the laser signal. The focgdhase. The Rayleigh range of the focused pump beam is less
spot size is~20 um full width at half maximum(FWHM).  than ten times of the gas medium length. Therefore, the ef-
The gas density from the pulsed jet-isl X 10'%atoms/cmd  fect of the Guoy phase shift and intensity-dependent phase
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FIG. 4. Simulation of HHG intensity by 1.5&m pump laser
interacting with 2um and 200um argon gas. Laser intensity4
X 10" W/cn?. The cutoffs of the two cases are at 225 and 180 eV,

respectively. FIG. 5. HHG by 50uJ, 25-fs laser pulses of different wave-
lengths in xenon gas. Focal point siz&20 um (FWHM). Laser

should be significant. At our gas pressure and laser intensityatensity ~2x 10" w/cn? (a) 0.8 um, cutoff at 42 eV (27th
the dispersion and defocusing of plasma will definitely affectHHG); (b) 1.51 um from OPA, cutoff at~75 eV (91st HHG: (c)
the harmonic yield. In general, these effects are stronger for.37 um from OPA cutoff at~67 eV (77th HHG; (d) 1.22 um
higher orders, which limited the observed cutoff order. from OPA, cutoff at~58 eV (49th HHG. The HHG wavelength is

To evaluate the macroscopic effects on the harmonic geralso tuned by the driving wavelength from OPA.
eration with long-wavelength light, we simulated the har-
monic spectra using parameters that mimic our experimentdield is proportional to the probability of the recombination,
conditions. First the single-atom response is calculated usingrhich is strongly affected by the overlap of the returning
the method developed by Becker, Long, and Mclj2t]. = wave packet and the Coulomb potential well. A longer-
The result is then put into a three-dimensional wave equatiowavelength driving field causes a longer propagation time,
to calculate the harmonic signal from the gas. The simulationvhich leads to a bigger wave packet because of quantum
was done for argon gas with 2m and 200um medium  diffusion. The wave packet spreads with its propagation time
lengths by a 1.5Jsm pump. The result is shown in Fig. 4. ras 72 and harmonic intensity decreases by the square of
We find that the cutoff reaches as high as 225 eV under ththis factor[24]. Calculations based on this relationship indi-
short-medium lengtk2 xm) case, where the phase mismatchcate that the intensity ratio is 1:0.71: 0.53 for same order
is not a big problem. However, when the medium lengthHHG peaks produced by the 1.22-, 1.37-, and 1ubi-
increases to 20@m, the cutoff dropped te-180 eV, much  pumps. The first ratio 1:0.71 for 1.22- and 1.8 pump is
lower than in the Zum case. This phenomenon has also beertlose to the measured val{&:0.69. However, the calcu-
discussed by L'Huillieret al. [22]. It implies that the phase lated relative intensity for the 1.5&m pump is almost twice
matching plays an important role under our experimentahs large as the measured value. The discrepancy between the
conditions. This can be improved by loose focusing themeasured and calculated results is likely caused by both the
pump beam and running the experiments at low pressure qrecision of our experiments and the calculation since the
by using the hollow-core fiber techniqyi23]. analytical calculation neglects the real Coulomb potential of

Experiments also have been done with xenon gas. Figuratoms. Compared to the measurements of harmonic effi-
5 shows the results with xenon gas at several wavelengthsiency and nonsequential ionization with elliptically polar-
Figure Ja) is the result produced by the fundamental 18-  ized light [25], the method demonstrated here provides a
laser. Figures ®)—(d) are the results produced by the output powerful way to study quantum diffusion of the wave packet
from OPA tuned at 1.51, 1.37, and 1.2&n, respectively. in the strong field.

This figure also clearly illustrates the cutoff dependence on Another advantage of using an OPA is its tunability,
the driving-field wavelength. which consequently gives the tunability of the generated
At a given harmonic order, the intensity of the harmonicHHG emission. It is well known that high-order harmonic
signal decreases with an increase of pump wavelength. Wgeneration produces only odd harmonics except when the
estimated the intensities of the 37th HHG peaks in Figspump pulses are close to single cycle. For spectroscopic ap-
5(b)—(d). The relative intensity ratio of the spectral line for plications, it is highly desirable to tune the harmonic peak

the 1.22, 1.37, and 1.5&m pump is roughly 1:0.69:0.25. positions to hit the resonance of the matter to be stul@é
This can be accounted for by the effect of the quantum difin Fig. 5, the photon-energy range covered by the 37th har-
fusion of the wave packet. As described by the semiclassimonic of 1.22um and the same harmonic order of the 1.51
three-step model, the harmonics are generated by the recomm is much larger than the gap between the adjacent odd
bination of the previously ionized electrons. Then the HHGharmonic orders of either driving field. That means one can
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tune the harmonic to any position in the gap. In fact, fulltrafast coherent keV x-rays can be generated by further in-
tunability can be realized at much lower harmonic orderscreasing the intensity of the OPA and interacting with atoms
[18]. with larger ionization potential. Even longer-wavelength

Assume the OPA output can be tuned betwkeand\,.  driving field will also lead to further extension of harmonic
If the gth harmonic of\; can be tuned to the adjacent har- cutoff, which can be done with the idler of the OPA. How-
monic of \,, i.e,, N\;/q=\,/(q+2), the HHG spectrum ever, compromise must be searched between harmonic inten-
above /g will be fully tunable. Our OPA can be tuned sity and wavelength range. Our experiments show that the
between 1.1 and 1.@m, thus the above equation gives harmonic signal is weaker for longer-wavelength driving
=5. Therefore, the HHG source pumped by this OPA is comfields, which is consistent with the semiclassical theory. The
pletely tunable from 1.1/50.22um up to the cutoff. Thisis intensity difference of the same order harmonics produced by
the first demonstration of full tunability in the soft x-ray several wavelength pumps is attributed to the effect of quan-
range with an OPA. Compared to the previously proposedum diffusion. The harmonic radiation generated by OPA is
tuning scheme with wave mixing that requires precise temfully tunable from vacuum ultraviolet to x ray. Just like OPA
poral and spatial overlap of the strong fixed-wavelengthis currently significant to spectroscopy studied in the UV to
pulses and the tunable weak OPA pulg28,2g, the method IR range, the tunable x-ray source will have a big impact on
demonstrated here is much simpler. It also should be notedpplications of ultrafast coherent x ray.
that the wave mixing experiment so far shows only partial
tuning, e.g.,<70% of the gap between the adjacent orders.

In conclusion, high-order harmonic generation is studied The authors gratefully acknowledge support from the Na-
in the 1.2—1.52m pump wavelength range using an ultrafasttional Science Foundation through the STC Center for Ul-
high intensity optical parametric amplifier. This type of OPA trafast Optical Science. This work was also supported by the
also can be used to study other nonperturbative responses Office of Basic Energy Science, Division of Chemical Sci-
matter to the long-wavelength field. Our results show thatnce, U.S. Department of Energy under Grant No. DE-FG02-
using a long-wavelength pump is a very effective way toOOER15082. We acknowledge Dr. P. Heimann, Lawrence
extend the cutoff of harmonic radiation, as predicted by theBerkeley National Laboratory, for loaning us the x-ray spec-
existing theories. Based on this work, we predict that ul-trometer.
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