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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 to 1.51mm with 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 generation~HHG! provides a unique
way to produce coherent ultrafast soft x rays@1,2# and can be
used in many applications such as ultrafast spectroscopy
microscopy@3,4#. While the highest photon energy ever pr
duced is;0.5 keV @5,6#, great effort has been devoted
extend HHG into the keV x-ray regime, which will enab
femtosecond time-resolved x-ray experiments to be p
formed by measuring x-ray diffraction from solids@7#. For
spectroscopy applications, it is highly desirable to find
technique that can easily tune the x-ray wavelength to co
the range between adjacent orders. In this paper, we re
that high-order harmonic generation pumped by an inte
optical parametric amplifier is a promising way for develo
ing an ultrafast, tunable, keV x-ray source.

Several methods have been proposed to extend the c
of high-order harmonic generation, for example, HHG fro
ions @8,9# or from core electrons@10#, which are yet to be
confirmed by experiments. In the tunneling regime, the
pendence of cutoff photon energy on laser and atomic par
eters is described explicitly as@5,11#,

hncutoff5I p1
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whereI p is the ionization potential,Dt andl are the duration
and the wavelength of the laser pulse, respectively.Glm

5(2l 11)(l 1umu)!/6umuumu!( l 2umu)!, and Cn* l*
2

522n* /
n* G(n* 1 l * 11)G(n* 2 l * ). l and m are the orbital and
magnetic quantum number.n* is the effective principal
quantum number,l * 5 l 2n* @12#. p598% is the ionization
probability at the peak of the pulse.a50.5 is a correction of
the analytical approximation. The results calculated with t
formula agree well with the experimental results obtained
an 0.8-mm laser interacting with various atomic species.

Previously, extension of the cutoff photon energy h
been successfully achieved by interacting atoms with
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trashort driving pulses, as indicated by Eq.~1!. Pulses as
short as 5–7 fs have been employed@4# and 0.5-keV x-ray
emission was successfully generated. However, since s
pulses are already approaching the one optical cycle,
very hard to push the cutoff significantly by reducing t
laser pulse further. According to Eq.~1!, the cutoff photon
energy strongly depends on the ionization potential, in fa
the record cutoff was achieved with helium, which has t
largest ionization potential among all atoms. Ions can g
even larger ionization potential, which offers another pos
bility to significantly extend the cutoff as shown by seve
simulations@8,9#.

Another significant parameter in Eq.~1! is the wavelength
of the driving pulse. Numerical simulations have been do
on the dependence of cutoff on a driving-field waveleng
with a 1053-nm laser and its second harmonic~526 nm! @13#.
They found that the cutoff photon energy of HHG can
described byEmax5Ip13Up , whereUp is the ponderomotive
energy. It is clear in Eq.~1! that the cutoff photon energy fo
a given atomic state is proportional to the square of
wavelength. Figure 1 shows the calculation results of
relationship between the single-atom cutoff with the drivin
field wavelength. The figure shows that by changing
driving-field wavelength from 0.8 to 1.6mm, the cutoff of
helium is extended from;0.5 to 2 keV. This can be under
stood easily with the semiclassical three-step model@14,15#.
First, the bound electrons of atoms tunnel through the C

ll,
FIG. 1. Calculated relationship between single-atom HHG c

off photon energy and the driving wavelength.
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lomb barrier suppressed by the light field, then the free e
trons move in the light field. When the light field revers
direction, some electrons move back towards their pa
ions and are accelerated by the light field. Finally, when
electrons meet the parent ions, a portion of them recomb
with the ions and emit photons. The photon energy is
sum of the kinetic energy that electrons acquired from
light field and the ionization potential of the electrons in t
atom. In order to produce most energetic x rays, one ha
let the electrons gain as much energy as possible from
light field in one optical cycle.

In the tunneling ionization process, the ionization rate
independent of the laser wavelength. Therefore, the sat
tion intensity is the same for pulses with the same dura
but different wavelengths. As a result, electrons experie
the same field strength at saturation intensities for pu
with different wavelengths. From Newton’s laws of mecha
ics, we know the kinetic energy of an electron acquired i
given potential field is proportional to the square of the tra
time in the field. Therefore, the electrons can gain more
ergy in the longer optical period field, i.e., longer-waveleng
field, to generate higher-order harmonics.

Until now, the most common lasers for high-order h
monic generation are Ti sapphire, Nd:YAG, and Nd:/gla
lasers. Their center wavelengths are 0.8, 1.06, and 1.05mm,
respectively. Early work with different laser wavelengt
~fundamental and its second harmonic! also suggested tha
using long-wavelength pump is favorable for reaching hig
HHG photon energies@16#. But high-order harmonic genera
tion using a pump laser with wavelength longer than 1
mm has rarely been explored. Using a picosecond midin
red ~3–4 mm! laser, Sheehyet al. produced 19th-order har
monics~;6 eV photon! from alkali-metal vapors@17#. Har-
monic generation in the 1.2 to 1.55mm range has been trie
before at low intensity, which produced harmonics up to
9th order~;8 eV photon! @18#.

We performed the long-wavelength-driven experime
with a tabletop Ti:sapphire laser system@19# and an optical
parametric amplifier~OPA!. The generated HHG signal i
measured by a transmission grating based x-ray spectrom
@20#, as shown in Fig. 2. The OPA is pumped by the 25
1.2 mJ sub-kilohertz laser pulses centered at 0.8mm, gener-
ates tunable 1.1 to 1.6-mm IR laser pulses with pulse ene
gies ranging from 30 to 100mJ. The OPA pulse duration i
also 25 fs measured by an autocorrelator. The output of O
is focused by an 88.3-mm lens onto the pulsed gas jet form
by a gas nozzle synchronized with the laser signal. The fo
spot size is;20 mm full width at half maximum~FWHM!.
The gas density from the pulsed jet is;131018atoms/cm3

FIG. 2. Experimental setup for generating HHG with lon
wavelength pump.
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in a 200mm interaction region. The harmonics from the g
are imaged by a focusing mirror at grazing incidence ont
chevron MCP imaging detector, which has a good sensitiv
to wavelength below 140 nm. A 2000 l /mm transmissi
grating is employed to disperse the spectrum. Finally,
x-ray spectrum on the phosphor screen is recorded by a
bits cooled charge-coupled device camera. In experimen
takes 105– 106 shots to get a spectrum.

Figure 3 shows experimental results with argon gas. T
OPA pulse energy for this experiment was measured to
100 mJ before the interaction chamber. In the measurem
0.2-mm Al or B filters were used to suppress the noise fro
the low-order harmonics. Results with the Al filter~thin line!
and B filter ~thick line! are both illustrated in Fig. 3~c!. We
can see the cutoff is at;160 eV with the B filter. The har-
monic peaks above 70 eV are not resolved due to the r
lution of our x-ray spectrometer. This portion of radiatio
can be blocked by the Al filter as shown in the figure.

For comparison, we measured the HHG with an 0.8-mm
laser under the same conditions. The focal spot size is ke
20 mm and pulse energy;100 mJ. The result is shown in
Fig. 3~a!, in which the cutoff is located at;64 eV, much
lower than that produced by the 1.51-mm laser. We noticed
that the spacing between each adjacent harmonic peak
the 1.51-mm driving field is about half that of the 0.8-mm
pump laser, as it should be. This makes the full tunabi
easier for the long-wavelength driving field.

The measured cutoffs with the 0.8- and 1.51-mm pumps
are both lower than the single-atom calculation results in F
1. This can be accounted for by the macroscopic effect of
harmonic generation process. It is well known that the m
sured harmonic signal is strongly affected by phase ma
ing. In the ionized medium the phase match length is de
mined by the focusing, dispersion, and intensity-depend
phase. The Rayleigh range of the focused pump beam is
than ten times of the gas medium length. Therefore, the
fect of the Guoy phase shift and intensity-dependent ph

FIG. 3. HHG produced by 100-mJ, 25-fs laser pulses in argo
gas. Focal point size;20 mm ~FWHM!. Laser intensity;4
31014 W/cm2; ~a! 0.8-mm pump laser, cutoff at;64 eV. The spec-
trum was measured with a 0.2-mm B filter; ~b! pumped by 1.51mm
from OPA, cutoff at;160 eV. The two spectra were measured w
a 0.2-mm B filter ~thick line! and an Al filter ~thin line!, respec-
tively.
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should be significant. At our gas pressure and laser inten
the dispersion and defocusing of plasma will definitely aff
the harmonic yield. In general, these effects are stronger
higher orders, which limited the observed cutoff order.

To evaluate the macroscopic effects on the harmonic g
eration with long-wavelength light, we simulated the h
monic spectra using parameters that mimic our experime
conditions. First the single-atom response is calculated u
the method developed by Becker, Long, and McIver@21#.
The result is then put into a three-dimensional wave equa
to calculate the harmonic signal from the gas. The simula
was done for argon gas with 2mm and 200mm medium
lengths by a 1.51-mm pump. The result is shown in Fig. 4
We find that the cutoff reaches as high as 225 eV under
short-medium length~2 mm! case, where the phase mismat
is not a big problem. However, when the medium leng
increases to 200mm, the cutoff dropped to;180 eV, much
lower than in the 2mm case. This phenomenon has also be
discussed by L’Huillieret al. @22#. It implies that the phase
matching plays an important role under our experimen
conditions. This can be improved by loose focusing
pump beam and running the experiments at low pressur
by using the hollow-core fiber technique@23#.

Experiments also have been done with xenon gas. Fig
5 shows the results with xenon gas at several waveleng
Figure 5~a! is the result produced by the fundamental 0.8-mm
laser. Figures 5~b!–~d! are the results produced by the outp
from OPA tuned at 1.51, 1.37, and 1.22mm, respectively.
This figure also clearly illustrates the cutoff dependence
the driving-field wavelength.

At a given harmonic order, the intensity of the harmon
signal decreases with an increase of pump wavelength.
estimated the intensities of the 37th HHG peaks in Fi
5~b!–~d!. The relative intensity ratio of the spectral line fo
the 1.22, 1.37, and 1.51-mm pump is roughly 1:0.69:0.25
This can be accounted for by the effect of the quantum
fusion of the wave packet. As described by the semicla
three-step model, the harmonics are generated by the re
bination of the previously ionized electrons. Then the HH

FIG. 4. Simulation of HHG intensity by 1.51-mm pump laser
interacting with 2-mm and 200-mm argon gas. Laser intensity54
31014 W/cm2. The cutoffs of the two cases are at 225 and 180
respectively.
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field is proportional to the probability of the recombinatio
which is strongly affected by the overlap of the returni
wave packet and the Coulomb potential well. A longe
wavelength driving field causes a longer propagation tim
which leads to a bigger wave packet because of quan
diffusion. The wave packet spreads with its propagation ti
t ast3/2, and harmonic intensity decreases by the square
this factor@24#. Calculations based on this relationship ind
cate that the intensity ratio is 1:0.71: 0.53 for same or
HHG peaks produced by the 1.22-, 1.37-, and 1.51-mm
pumps. The first ratio 1:0.71 for 1.22- and 1.37-mm pump is
close to the measured value~1:0.69!. However, the calcu-
lated relative intensity for the 1.51-mm pump is almost twice
as large as the measured value. The discrepancy betwee
measured and calculated results is likely caused by both
precision of our experiments and the calculation since
analytical calculation neglects the real Coulomb potentia
atoms. Compared to the measurements of harmonic
ciency and nonsequential ionization with elliptically pola
ized light @25#, the method demonstrated here provides
powerful way to study quantum diffusion of the wave pack
in the strong field.

Another advantage of using an OPA is its tunabili
which consequently gives the tunability of the genera
HHG emission. It is well known that high-order harmon
generation produces only odd harmonics except when
pump pulses are close to single cycle. For spectroscopic
plications, it is highly desirable to tune the harmonic pe
positions to hit the resonance of the matter to be studied@26#.
In Fig. 5, the photon-energy range covered by the 37th h
monic of 1.22mm and the same harmonic order of the 1.
mm is much larger than the gap between the adjacent
harmonic orders of either driving field. That means one c

,

FIG. 5. HHG by 50-mJ, 25-fs laser pulses of different wave
lengths in xenon gas. Focal point size;20 mm ~FWHM!. Laser
intensity ;231014 W/cm2. ~a! 0.8 mm, cutoff at 42 eV ~27th
HHG!; ~b! 1.51 mm from OPA, cutoff at;75 eV ~91st HHG!; ~c!
1.37 mm from OPA cutoff at;67 eV ~77th HHG!; ~d! 1.22 mm
from OPA, cutoff at;58 eV ~49th HHG!. The HHG wavelength is
also tuned by the driving wavelength from OPA.
4-3
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tune the harmonic to any position in the gap. In fact, f
tunability can be realized at much lower harmonic ord
@18#.

Assume the OPA output can be tuned betweenl1 andl2 .
If the qth harmonic ofl1 can be tuned to the adjacent ha
monic of l2 , i.e., l1 /q5l2 /(q12), the HHG spectrum
abovel1 /q will be fully tunable. Our OPA can be tune
between 1.1 and 1.6mm, thus the above equation givesq
55. Therefore, the HHG source pumped by this OPA is co
pletely tunable from 1.1/550.22mm up to the cutoff. This is
the first demonstration of full tunability in the soft x-ra
range with an OPA. Compared to the previously propo
tuning scheme with wave mixing that requires precise te
poral and spatial overlap of the strong fixed-wavelen
pulses and the tunable weak OPA pulses@27,28#, the method
demonstrated here is much simpler. It also should be no
that the wave mixing experiment so far shows only par
tuning, e.g.,,70% of the gap between the adjacent orde

In conclusion, high-order harmonic generation is stud
in the 1.2–1.5-mm pump wavelength range using an ultrafa
high intensity optical parametric amplifier. This type of OP
also can be used to study other nonperturbative respons
matter to the long-wavelength field. Our results show t
using a long-wavelength pump is a very effective way
extend the cutoff of harmonic radiation, as predicted by
existing theories. Based on this work, we predict that
, I
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trafast coherent keV x-rays can be generated by further
creasing the intensity of the OPA and interacting with ato
with larger ionization potential. Even longer-waveleng
driving field will also lead to further extension of harmon
cutoff, which can be done with the idler of the OPA. How
ever, compromise must be searched between harmonic in
sity and wavelength range. Our experiments show that
harmonic signal is weaker for longer-wavelength drivi
fields, which is consistent with the semiclassical theory. T
intensity difference of the same order harmonics produced
several wavelength pumps is attributed to the effect of qu
tum diffusion. The harmonic radiation generated by OPA
fully tunable from vacuum ultraviolet to x ray. Just like OP
is currently significant to spectroscopy studied in the UV
IR range, the tunable x-ray source will have a big impact
applications of ultrafast coherent x ray.
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