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Phase-matched high-order harmonic generation in an ionized medium
using a buffer gas of exploding atomic clusters
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Calculations are presented of the time-dependent dispersion of a cluster medium interacting with an intense,
femtosecond laser, where the clusters are “exploding” on the time scale of the laser pulse. It is shown that the
dispersion of the clusters can transiently compen&atbuffer) the dispersion of free electrons to dramatically
improve the phase matching of water-window high-order harmonic generation in the presence of strong
ionization. A practical implementation of this phase-matching scheme is described.

PACS numbeps): 42.65.Ky, 36.40.Vz, 42.65.Re

The nonlinear interaction of intense laser pulses withing [7], and phase matching in gas-filled hollow fib¢&s,
gases can result in the production of very high odd harmonbut no scheme has been proposed that is applicable to har-
ics of the laser frequency, allowing coherent, short-pulsemonic wavelengths well below 10 nm, femtosecond lasers,
soft-x-ray generation using short-pulse, high-power, tableand high free-electron densities- (0" cm™3). A method is
top lasers. The fundamental obstacle for widespread applicgroposed here that is applicable to this difficult parameter
tion of this unique radiation source is the very low conver-regime using the dispersion of a gas of atomic clusters in a
sion efficiencyy of laser energy into harmonic energy for the manner reminiscent of the “buffer-gas” method, well
highest orders. Using sub-30-fs, mJ and sub-mJ laser pulsdghown to low-order nonlinear optid®].
high-order harmonic generatiofHHG) has been demon- Atomic clusters ¢ 10°—1@ atoms are a form of matter
strated in the 2—4-nm “water window” withnp~ 10" 1% lying between molecules and bulk solids. Their response to
harmonic order at~2.5 nm[1,2]. A very large increase in strong, short-pulse laser fields has been studied extensively
the efficiency is required in this wavelength range to enablén recent years, both experimenta]y0,11] and theoretically
applications. [12]. However, little has been published on their linear opti-

For maximum-efficiency HHG, the wave numbers of thecal properties at high laser intensity, properties that are im-
harmonic field and its source, the nonlinear polarization aportant in the understanding of short-pulse laser propagation
the harmonic frequency, must be equal. In practice, a numben cluster media and the phase matching of nonlinear optical
of factors result in a finite wave-number mismatohsimply ~ processes, such as HHG in clusters. Kémal. [13] have
phase mismatoh Ak, that prevents the achievement of this derived an expression for the refractive index of a partially
phase-matched condition. To achieve very high harmonic orionized cluster medium and shown theoretically that the
ders, a laser intensity close to the ionization saturation intertransverse distribution in the degree of cluster ionization that
sity for the nonlinear medium must be used. Under typicaloccurs in a laser focus can give rise to the guiding of an
experimental conditions\k then becomes large, dominated intense laser pulse over a distance of more than 6 Rayleigh
by the dispersion of free electrons in the interaction regionlengths. The present findings, concerning the potential for
Whether or notAk is the limiting factor in the efficiency of phase-matched HHG in a cluster medium, independently
HHG depends on the harmonic wavelength range and theorroborate the results of the only other work that examines
laser pulse duration. For wavelengths greater thd® nm, the optical properties of clusters at high intensity—the work
and ultrafast lasers<10-fs pulsey the process appears to be of Tajimaet al. [14]. They formulated a dispersion relation
limited by the reabsorption of the harmonic radiation in thefor the laser-cluster interaction, assumisigtic cluster pa-
generating mediurti.e., absorption length is less than coher-rameters. In contrast to the present work, they did not take
ence length as demonstrated experimentally in RE8].  into account the explosion of clusters that occurs at high
However, for wavelengths below 10 nm, including the im-laser intensity that gives rise to rapidly varying cluster pa-
portant water-window range, the free-electron dephasing isameters and a hence a dispersion for the cluster medium that
viewed as the fundamental limitation to the conversion effi-varies on the femtosecond time scale. The group velocity
ciency of HHG, since other known contributions Ak that ~ dispersion(GVD) of the cluster medium, which is not dis-
arise from focusing of the laser in the nonlinear medih  cussed by Tajimat al, is also considered here.
can, in principle, be reduced to an acceptable level by using A mixture of clusters and a collisionless monomer plasma
extremely weak focusing, or by choosing a focusing geomwith plasma frequency, is considered. The linear suscep-
etry that minimizes these contributiofs]. This Rapid Com- tibility of the mixture is x= x.+ xm, Where (in Gaussian
munication is therefore focused on the free-electron problendinits)
for harmonics below 10 nm, although the other contributions
to Ak are addressed. Xc= nc(

A great deal of work has been carried out in an attempt to
increase the intensity of harmonic radiation. A variety ofis the linear susceptibility of the cluster medijyd8] and
schemes to improve the phase matching have been explored, 5 5
such as quasi-phase-match(i6g, high-order frequency mix- Xm= —Qp/ (4T we) 2
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L R L L value ofn in this frequency range to achieve phase matching,

‘ using, e.g., the monomer plasma density as the adjustable
parameter. Ipr/\/§ lies in the ultraviolet or visible range,
between the laser and harmonic frequencies, then the spectral
region over whichn can be controlled covers near-infrared
laser wavelength&ncluding Ti:sapphire at-800 nm). Con-
sidering only the dispersion contribution to the phase mis-
match to begin with, the general phase-matching condition
for gth-order HHG is

Akgisp=2mq[n(qw;) —N(w4) /N1 =0, (6)
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wherew, and\, are the laser frequency and vacuum wave-
. . . . . : . length, respectively. For largg, n(qw.)~1, so for the
80 60 40 200 20 40 60 cluster/monomer mixture the phase-matching condition is
time (fs) 2 2 3
FIG. 1. Calculated time dependencies of the cluster nanoplasma % _ 477“’pr Ne
electron densityn, (solid line) and radiusr (dashed ling for a wi wE—Bwi

2-nm-radius Ar cluster interacting with a 30-fs, 800-nm laser pulse )
at a peak intensity of 6 W/cm 2. or, in terms of the monomer plasma density,

)

. o Ne 47Tr3nc(ne/ncrit)
is the free-electron susceptibility of the monomer plasma. In T TThn—3 (8)
Eqg. (1), n. is the density of clusters, is the cluster radius, crit el it

and ¢ is the dielectric functi_on_of the cluster. Assuming a The inclusion of collisions ¥+ 0) does not change this con-
nanoplasma model of the ionized clusfd], the Drude jtion significantly, even for the maximum expected colli-

model is used for the dielectric function: sion frequency in the nanoplasnia e [12]), provided w;
wg and qw, are far from resonancéHowever, collisions are
g=1-——", (3 included in the numerical dispersion model, described be-
w(w+iv) low.)

wherew is the laser frequency, and, and v are the plasma A practical implementation of the preceding ideas is now
frequency and the electron-ion collision frequency in thedescribed. A mixture of clusters and single atoms can be
cluster nanoplasma, respectively. It is assumed that the onlgroduced in the gas jet from the standard type of pulsed
source of free electrons is from the monomer medium, sincgalve used for HHG by backing the valve with a mixture of
numerical modeling shows that the cluster electrons argases, one that clusters readily and one that does not. Spe-
largely confined to the nanoplasma in the time interval ofcifically, the dispersion of a high-density medium compris-
interest here(In the general case, a free-electron density ofing argon clusters and monomer helium is examined. This
AN, from the clusters is compensated for by reducing thenix can be produced by backing the valve with argon at a
monomer plasma density given below BN,.) Ignoring  partial pressure high enough for argon cluster formation and
collisions to begin with(i.e., v=0), substituting Eq(3) into  using the partial pressure of the heliywhich does not clus-
Eq. (1), and adding to Eq(2) gives the complex refractive ter) as the control parameter. A single femtosecond laser
index of the mixture, pulse at a peak intensity of 10® W cm 2 is then used both
2.3 2\ 1/2 to ionize the media to create the required plasmas and to
Ad7wir’n, . .
n=(1+4my)Y2= ( 1- 5~ _5) , (4)  9generate high-order harmonics. o
Bw'-w, o During the interaction with the laser pulse, it is known
that the cluster parameters n., and v evolve on a time
scale considerably shorter than the laser pulse, as the cluster
plasma is heated and ionized in the laser field. Figure 1
) shows the calculated time evolutionmf (solid curve andr
(dashed curvefor a 2-nm Ar cluster interacting with a 30-fs,
where Ne, Ne are the electron densities of the monomergoo-nm laser pu|5e at a peak intensity Offﬂ_w Cm_z_ Ow-
plasma and the cluster nanoplasma, respectively, angg to the initial near solid density of the cluster, reaches
Ner €M™ °]=3.1X 10 *Yw[s™!])? is the critical electron 3 value of~60n,, near the peak of the laser pulse.f
density for the laser wavelength. Oniyw) =Re(#) is con- =1 7x 10?* cm™3atA=800 nm) before the cluster begins to
sidered, since the discussion here will be limited to casegxplode. According to EG8), this indicates that for realistic
Where Ne< ncm and to |asel’ and hal’monic frequencies Wellc|uster parametersr(zzx 10_7 cm, ncmzx 1016 Cm_3) a
away from the Mie resonance at= w,/\3 (Ne=3Ng). monomer electron density dfi,~2x10 3ng; is required
For frequencies above the Mie resonanae>w,/+3),  for phase matching, which is easily achieved in a gas jet.
both x. and x, are negative and sa<1. However, for Owing to the femtosecond time evolution of the free-electron
frequencies below the resonanee< wp/\/§), Xc IS positive  density and cluster parameters, the buffered region propa-
while x, is negative, so it becomes possible to control thegates through the nonlinear medium with the laser and har-
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when the electron density is zero. The dotted curve is the
normalized free-electron density arising from tunnel ioniza-
tion of He, while the dot-dashed curve is the laser pulse.
For He aloneL,(t) drops rapidly as the free-electron
density increases, flattening out at a value~df.0 um near
the peak of the laser pulse, much shorter than the mm-scale
interaction lengths available, highlighting the inefficiency of
HHG in a strongly ionized medium. For the Ar-cluster—He
mixture, L.,(t) exhibits two main peaks where the phase
matching is dramatically improved owing to the buffering
action of the clusters. To ensure a relatively uniform free-
electron density distribution in the focim r andz) direc-
time (fs) tions, the experimental parameters were chosen to synchro-
FIG. 2. Calculated coherence lengtteonsidering dispersion Niz€ the first phase-matching pea}ak with t_hze saturation of He
only) for the 265th harmonic generation driven by a 30-fs, 800-nmiOnization that occurs at-5x 10°W cm “ att~—15 fs.
laser pulse at a peak intensity of Xf0W/cm™2, for He alone This increases the volume of the region where the phase
(dashed line—refer to left axisand for the same density of He Matching is improvedthe cluster explosion dynamics are
mixed with Ar clusters(solid line—refer to left axis The dotted ~ relatively insensitive to intensity above-10">W cm™2
line (refer to right axi$ is the calculated free-electron density nor- [15]). The second phase-matching peak occurs after the satu-
malized to the initial He density. The dot-dashed line is the normal+ation of He" ionization (i.e., fully stripped Heg, and is thus
ized laser intensity profile. of no interest here. Three very narrdqw 1-fs duration sub-
peaks are visible where,,(t) reaches a maximum value of
monic pulses. This “traveling-wave phase matching” is be-several cm. Averaging over these, the width of the peak is
lieved to be a new scheme in the context of HHG. ~5 fs with a peak coherence length ofL. mm, comparable
These time-dependent cluster calculations were perto the maximum high-density interaction length possible in a
formed using a numerical code based on a nanoplasmstandard gas jet. During this peak, generation of the 265th
model of the laser-cluster interacti¢fO] which is able to  harmonic from the clusters and the Heons is phase-
reproduce accurately many experimentally observed featuraaatched over the interaction length, provided there is negli-
of the interaction 15]. This code is used to calculaig(t), gible group-velocity walkoff between the laser and harmonic
r(t), andw(t) for chosen laser pulse parameters. The calcupulses, which is a requirement of traveling-wave phase
lations are repeated for a number of cluster sizes within @anatching. While HHG has been observed in cluster media,
realistic log-normal distribution. These time-dependent datattention is focused on HHG from Hedons. He' has a pre-
are input into a dispersion code that calculatg$) for the  dicted cutoff[18] at aroundq=645 (1-keV harmonic pho-
cluster/monomer mixture at any desired frequensy,The  tons for an intensity of 5< 10> W cm 2, soq= 265 would
cluster linear susceptibility is obtained by integratjpgover  be in the plateau of the Heharmonic spectrum. For a given
a distribution of cluster sizes for a given preclustered atomidéntensity the ion polarizability is lower than for the atom;
density. Ng(t) is calculated for a chosen initial monomer however, the ionic dipole can be driven much harder before
(He) density (the control parametgusing tunnel-ionization ionizing, so the maximum dipole emission strength is ex-
rates[16]. From the dispersion ofy(t), Ak(t) and the co- pected to be comparable to neutral He, but extended to
herence length..o(t) = w/AK(t) can be calculated for any higher orderg19]. By buffering the interaction with clusters,
harmonic order. The coherence length is that length oveit thus seems that the previously intractable problem of free-
which the harmonic field grows coherently and so, for caseglectron dispersion may be overcome, and the potential of
where it is smaller than the absorption length, sets an uppéons for high-order HHG realized.
limit on the useful interaction length. The harmonic conver-  Figure 3 shows the dispersion curirefractive index ver-
sion efficiency, in the absence of saturation, scales as th&us vacuum wavelengthor the Ar-cluster—He mix during
square ofL . the phase-matching pedgolid curve, showing that the re-
Figure 2 shows the results of dispersion calculations for dractive index at the laser wavelength is near unity as re-
30-fs, 800-nm laser pulse at a peak intensity dfM cm 2  quired for phase matching the high-order harmonigs-
interacting with a mixture of He atoms and Ar clusters. The~101). The dashed line shows the strong free-electron dis-
He density is 3.8510'® cm™3 (chosen to optimize the persion of the Hé plasma without the clusters, while the
phase matching while the density of Ar clusters is.  dotted line represents the dispersion of the Ar clusters in the
=2.25x10% cm3 with a log-normal size distribution with absence of the Heplasma. GVD calculations for the buff-
a mean size of 840 atontér)=2x10"’ cm), which is also  ered case indicate that there is only a small amount of group-
the half-width of the distributiod17]. The time-dependent velocity walkoff between the laser and harmonic pulees
coherence length for the harmorte= 265 (wavelength of 3 fs over a 1-mm interaction lengthand negligible GVD
nm, which is in the middle of the water windgws plotted  broadening of the laser pul$ec0.1 f9.
for the Ar-cluster-He mix(solid curve and for He alone The other contributions tak arising from the focusing of
(dashed curve Note that since only the free-electron disper-the laser are now considered, namely, those from the Gouy
sion is included, the coherence lengths are initially infinitephase of the lasedKg,,y, and from the intensity-dependent
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T with laser intensity | according to ¢[radl~-—2

= 800nm X 10" [W/cm 2. Therefore, from the dependence df

Ar clusters for a Gaussian focus, in the loose-focusing lindik o0 has

1.002 - a value that varies along the interaction length according to
i T Akgipoie~8¢2z/b? (essentially independent o, and so can-

1.000 St T e + not be buffered effectively using the cluster dispersion. How-

Ho olasmiy ¥ clusters  ever, forb=5 mm and =5X 10" W cm™?, the correspond-
e plasma’, dipole

I \ ing coherence lengtfdefined asfgcoph Akgipoi2)dz= 7] is
0.996 | \ Ldirole~ 140 um. This is considerably smaller than the buff-
} ) ered coherence length aboye’l mm) in the absence of
0.994 |- : | Akgipole: but the overall coherence length is stilll20X the
L N unbuffered value. ObviouslyAKgiye could be reduced by
1 10 100 1000 using focusing looser thah=5 mm, laser energy permit-
wavelength (nm) ting_

FIG. 3. Calculated dispersion during the phase-matching peak In conclusion, these are, to our knowledge, the first cal-
occurring at—15 fs (see Fig. 2 for the Ar-cluster—He mixsolid  culations of the time-dependent dispersion of a cluster me-
line), for the Ar clusters alonédotted ling, and for the He plasma  dium at high laser intensity in which the individual clusters
alone(dashed ling are exploding on the time scale of the femtosecond laser

pulse. The time dependencies of the cluster parameters that
dipole phase AKgipoie [20]. Akgouy has the same sign as enter into the dispersion calculations are obtained from a
Akgisp (i.€., positivg and is much smaller thafikgs, for the  tested numerical nanoplasma code. The results of these dis-
parameter values considered here, and so it can be bufferg@rsion calculations predict that for an intense, femtosecond
by the cluster dispersion, provided it has an approximatelyaser pulse interacting with a mixture of a monomer and a
constant value along the interaction lengttaxis). This con-  cluster mediunwith a realistic cluster-size distributiprthe
dition is met if the laser waist is centered in the nonlineardispersion of the free electrorfand the Gouy phase mis-
medium (of length L) and b>~5L, whereb is the laser match in most casgsan be transiently compensated in cer-
confocal parameter. Then, the maximum Gouy phase misain spectral ranges by the dispersion of the cluster nano-
match isAkgouy~20/b~34m/mm forq=265 andb=5 mm  plasmas. Calculations were presented for a mix of Ar clusters
(corresponding to a diffraction-limited Gaussian focal spotand He, showing a large increadfactor of ~10%) in the
radiuswy=25 um atk ;=800 nm, so~3 mJ of laser energy coherence length for a water-window harmonic compared to
in a 30-fs pulse are required for a peak intensity ofthe unbuffered case. For the extended, high-density interac-
10" W cm~2) compared ta\ Ky~ 7307/mm for the unbuf-  tion lengths made possible, reabsorption of the harmonic ra-
fered case above. As expected, phase-matching simulatiowiation in the cluster medium may become the limiting fac-
with Ak= AKkgispt AKgouy Show an identical phase-matching tor. Cluster plasma x-ray absorption calculations are a topic
peak to Fig. 2 at a slightly reduced He density of 3.69for future work.
X 10" cm 3. Akgipole IS More difficult to quantify, since cal- The author was financially supported by EPSRC. Assis-
culations for ions at intensities around'$® cm 2 have not  tance with the nanoplasma simulations from E. Springate and
been made. But extrapolating exist-ing d@2d] to higher fruitful discussions with J. P. Marangos, R. A. Smith, and M.
intensity suggests a linear dependence of the dipole phas¢ R. Hutchinson are gratefully acknowledged.
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