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Phase-Matched High-Order Difference-Frequency Mixing in Plasmas
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The generation of coherent extreme ultraviolet radiation by phase-matched high-order difference-
frequency mixing in plasmas is reported. The plasmas are produced by optical field ionization of
atomic and molecular gases in an intense Ti:sapphire laser field. Phase matching for the high-
order two-color (w,2w) mixing process,9« = 6(2w) — 3w, is demonstrated for the first time.
[S0031-9007(96)00084-1]
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The generation of high-order harmonics of intense laseplasma has a definite positive dispersion (which means
radiation has been intensively studied during the last fevthat the index of refraction increases with increasing fre-
years [1]. It is of great importance to learn how to ma-quency) due to free electrons. It is well known [4] that in
nipulate the high-order harmonic signals. The solution ofa medium with positive dispersion phase matching can be
this problem can provide a way to an efficient generatiorfulfilled for difference-frequency mixing processes. There
of coherent extreme ultraviolet (XUV) radiation. are a few theoretical proposals [5—7] discussing this and

So far, most of the efforts have been concentrated onther possibilities for phase matching and high-order
studies of the nonlinear single-atom response. It has bedrarmonic generation in plasmas in detail. There also
shown that with increasing harmonic order the harmoni@xists one experimental indication that noncollinear
intensities, after an initial decrease, form a “plateau”’phase-matched difference-frequency mixing is probably
region of fairly constant intensities. The plateau has aesponsible for the anomalous growth of the fifth har-
well-defined cutoff from which the harmonic intensities monic of KrF laser radiation [8]. But, to our knowledge,
decrease rapidly. Recently, for more detailed studies of ththere has been no experimental demonstration of this
single-atom response, a few high-order frequency mixingffect up to now.
experiments [2,3] have been performed. Now the interest The experimental setup is shown in Fig. 1. The pump
has been moved to more complicated problems relateldser is a 150 fs Ti:sapphire (BMI ALPHA 10A) operating
to propagation effects (collective medium response, phasa& 770 nm. The laser radiation is sent through a 3 mm
matching, etc.). The motivation of the present Letter is toKDP crystal for frequency doubling. The energy of the
demonstrate the feasibility of phase-matched differencesecond harmonic is 5.5 mJ, and the remaining energy of
frequency mixing in plasmas which could allow for some
kind of “harmonic engineering.” The goal is to replace
the well-known plateau of harmonics by a single “peak” of KDP BS1 A2
one definite harmonic signal. Avitred =t — .

Unfortunately, available experimental and theoretical 770 nm) ) ;
data have already led to a very disappointing conclusion
[1] that in the strong laser field “the propagation effects
play no role or they affect all the harmonics in the same
way.”  Fortunately, this is only partially true. Two
trivial arguments can help to understand this. First, the
same laser field which is already “strong” for atoms (in
comparison with the atomic field strengtii,;) is no
longer strong for ions (in comparison with the ion field, j
E; = Z’E,, whereZ is ion charge+1). Second, there Vacuum 3 — Pulsed Nozzle
are several relatively old tricks (see, for example, [4])
which allow one to improve phase-matching conditions W
and increase the role of propagation effects. Mono-

A very promising medium for high-order harmonic chromator

generation is a low-charged plasma. The nonlinear polai|G. 1. Experimental setup. Beam splitters (BS) are highly
izability of low-charged ions is still high enough, and this reflective for 770 nm.
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the fundamental is 25 mJ. The fundamental is separatethe dispersive phase mismatch for the two-color 2w)
from the second harmonic by beam splitter BS1. Bothmixing processw, = qow = m(2w) — lw is given by
fields are linearly polarized in the same direction due to

the A/2 plate. After a variable delay the fundamental AkS =k, — mky + Ik,

and the second harmonic are recombined by beam splitter )

BS2. Each of the beams is focused wiffi12 lenses - [ﬁ — = 1 } “p )
(f =250 mm) into the gas jet of a pulsed nozzle close to 2 2m — 1] 2wc’

the nozzle exit. With this setup a good temporal and spatiavhereqg = 2m — [ >0, m,l = 0, =1, %2,..., andm +
overlap of the two beams in the focus can be obtained. is odd. This formula describes all possible mixing
The focus diameter of the fundamentahist0 um, which ~ processes; for example, when= 0 and! = —¢, Eq. (2)
corresponds to a laser intensity ©f 10'© W/cn?. coincides with Eq. (1). The factor in square brackets is
As nonlinear media oxygen, argon, and xenon gases aféustrated in Fig. 2 for high-order harmonics with =
used. The backing pressure can be varied in the rangs ... 17. The harmonic order is constant along the solid
of 100—3000 mbar. Note that the pressure in a gas jétnes. The transition along the dashed lines from one point
is 10—20 times lower than the backing pressure. Théo another corresponds to the transformator g + 1,
nozzle has three output holes, with a diametes@if um m — m + 1, andl — [ + 1. As can be clearly seen in
each. The distance between the centers of these hol&#g- 2, the most favorable conditions in terms of phase
is 500 wm. The holes can be opened and closed with anatching occur whenn = 21. In this case the phase
mechanical shutter. This provides a simple possibility formismatch is negative and is given by
a variation of the interaction length. Further details of the 1 w,z, e? A

d — _ - —
experimental setup can be found in [3,9]. Aky = g 2wc o2 N, 7’ 3)

The intensity of the fundamental laser radiation is wellyhere ) is the wavelength of fundamental laser radiation.
above the critical intensity necessary for fast optical fieldynenm = 27 the absolute value of the dispersive phase

ionization of the used gases. Therefore, at the front of thgyismatch for difference-frequency mixing is reduced by a
laser pulse a plasma is formed which serves as a nonlineg{cior of g2 in comparison to sum-frequency mixing.

medium for the rest of the laser radiation. The plasma assuming that the confocal parameters for all fields
production is clearly visible when the laser radiation isgg equal (which is approximately fulfilled in our exper-

focused into the gas jet. _ iments), the value of the geometrical phase mismatch for
At the level of analysis intended here, we give only

. s : .the case of weak focusing can be estimated frzbké =
simple qualitative explanations of our results on the baS|§(m —1—1)/b. This value is positive fom =2/ and
of perturbation theory. For sum-frequency mixing,(= '

. o f d
gw) in the case of weak focusing > L, whereb is the l > 1. Thus, thg total phase m'smat“*‘."q. = Akg + Akg,
confocal parameter and is the plasma length), the total in the case Of difference-frequency mixing erends on the
phase mismatch between the generatastder harmonic plasma density [see Eq. (3)], and there exists an optimum
f . L o RN d electron density where the mismatch is equal to zero,
ield and its driving polarization i\k, = Akg + Akg AL
(see [1,4]). The first positive terrr} originates due to the Nopt = a > Ak 49 _ g == (4)
focusing geometry and is equal Ay = 2(¢ — 1)/b for agA reA
a Gaussian beam. The second term is a dispersive phase

mismatch, which for sum-frequency mixing in a plasma is > ' ' T
4 .
equal to
Akd — & X g* — 1 wf, ,  4me’N, 2'— N o 150=10Q0)-50 ]
= - = bl w = 9 « N 7]
O AN% ]
wherek; andk, are the wave numbers of the fundamental~. | [ R, ]

Ak

andg-order harmonic), is the electron density, and,
is the plasma frequency. This phase mismatch is positiv¢
and grows with the harmonic order. The transition to

2F
3k

the tight-focusing geometry (for a beam focused into the ™[ . . . . TN 5
center of the plasma) results in a reduction and ther = 4 6 3 10 12 14
disappearance of high-order harmonic signals, because i m (number of 26 photons)

the tight-focusing limit p < L) the generation of high- _ _ _ o
order harmonics is possible only in media with negative /G- 2. Dispersive phase mismaich for two-color mixing
dispersion 8 k¢ < 0) [4]. processw, = m(2w) — lw, Where g =2m — [. The har-
P q L . monic order is constant along the solid lines. The transition
Difference-frequency mixing in plasmas is much morefrom one point to another along the dashed lines corresponds to
favorable in terms of phase matching (see also [6—8])the transformatioy — ¢ + 1, m — m + 1, andl — [ + 1.
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where ap=0.529 X 1078 cm is the Bohr radiusg = T T T T 1

¢2/lic=1/137, andr, = &*/m.c> —2.818 X 103 cm is T 0,

the classical electron radius. For this electron density 2| o 25ml
the corresponding harmonic signal should dominate the 7 100 | 20 55mJ
spectrum. = ol 1

In our experiments the measured confocal parameter &
is b=1.1 mm. These measurements were performed at ¢ [ o ]

atmospheric pressure with a strongly attenuated laser beam> 40 | * .
(see [9] for details). The length of the plasma for one ol e o ]
open hole id. = 0.3 mm. The total length for three open . o

holes (taking into account the space between the holes) 0 300 1000 "15'00 000 2500 30':)0

is L=13 mm. These parameters are somewhere in
between the weak- and tight-focusing limits. The energy
of the second harmonic radiatiox{) is only 5.5 mJ. The FIG. 3. Ratio of the 9-order harmonic signals generated in a
highest harmonic which can be generated by this radiatioﬁ'{‘gIe O gas jet by two-color §, 2w) laser radiation and by

. . . e fundamental radiation alone. Approximately 100 shots are
(see Fig. 4 below) is the 7tH4{w) harmonlc. The_refore, used for each experimental point.
we are not able to observe very high-order difference-
frequency mixing processes. We concentrate our
attention on the generation of the 9-order harmonic dueand two-color &, 2w) laser radiation are compared. For
to the process9w =6(2w)— 3w, Where m=2/=6. the fundamental radiation alone, the plasma is produced
Following the discussion above we expect that there existand the sum-frequency mixing processes are suppressed
an optimum electron density for the generation of thisdue to an unfavorable phase mismatch. For the second
harmonic due to the difference-frequency mixing processharmonic the generation of the fifth harmoni®{) and
This density, estimated from Eq. (4),A&, ~ 10" cm™3
(weak focusing). In our experimental conditions (transient 9) 1 hole
case) the value of the optimum electron density should be 2 '
lower. One of the reasons for this is that the defocusing
of laser radiation results in an effective increase of the
confocal parameter and a corresponding reduction of the

geometrical phase mismatchk'f;. To find the optimum
density, we have studied the ratio of the 9-order harmonic
signals generated in an,@as jet by two-color &, 2w)
laser radiation and by the fundamental radiation alone as a
function of the backing pressure. The real gas density in
the gas jet and the corresponding electron and plasma -
densities (produced due to optical field ionization) vary
approximately linearly with the backing pressure. Recall
that the intensity of the fundamental laser radiation is
~ 10" W/cn? and is well above the optical field ioniza-
tion threshold.

As can be seen in Fig. 3, at backing pressures of 300—
500 mbar, the ratido(w, 2w)/Is(w) has a sharp maxi-
mum. The estimated electron density for these backing
pressures iV, ~ 10'® —5 x 10'® cm™3. For this esti-
mate we take into account that the real pressure in a gas
jetis 10—20 times lower than the backing pressure and as-
sume 1-2 free electrons per molecule. Thus, the optimum
density does really exist for the generation of the 9-order
harmonic in the two-color laser field. This dependence on
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the backing pressure can be explained by the existence of 40 60 80 100 120

the phase-matching mechanism for the 9-order harmonic Wavelength [nm]

generatiow = 6(2w) — 3w. We have been unable to ) ) )

identify any other explanation. FIG. 4. Comparison of high-order harmonic spectra generated

in a single Q gas jet at a backing pressure of 330 mbar by

_ In Fig. 4 th_e high—order.harmonic spectra generated in @,,qamental radiationaf), by second harmonic2(), and by
single O gas jet at a backing pressure of 330 mbar by funtwo-color (@, 2w) laser radiation. The spectral sensitivity of
damental radiationd), second harmonic radiatio2®), the detection system has been taken into account.
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In conclusion, results presented in this Letter provide
a first clear demonstration of phase-matched high-order
difference-frequency mixing in plasmas. In the two-
color (w,2w) laser field, the 9-order harmonic signal
has a sharp maximum as a function of the backing
pressure. The intensity of the 9-order harmonic grows
with the plasma length and becomes dominating in the
spectrum. This is evidence that in the two-color laser
field the 9-order harmonic is generated by phase-matched
difference-frequency mixing9w = 6(2w) — 3w. We
observe the analogous behavior of the 9-order harmonic
signal with argon and xenon gases. We hope that the
results demonstrated in this Letter can in the near future
lead to a practical XUV radiation source.
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