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Phase-Matched High-Order Difference-Frequency Mixing in Plasmas

S. Meyer, H. Eichmann, T. Menzel, S. Nolte, and B. Wellegehausen
Institut für Quantenoptik, Universität Hannover Welfengarten 1, D-30167 Hannover, Germany

B. N. Chichkov* and C. Momma
Laser Zentrum Hannover e.V., Hollerithallee 8, D-30419 Hannover, Germany

(Received 24 October 1995)

The generation of coherent extreme ultraviolet radiation by phase-matched high-order differ
frequency mixing in plasmas is reported. The plasmas are produced by optical field ionizati
atomic and molecular gases in an intense Ti:sapphire laser field. Phase matching for the
order two-color sv, 2vd mixing process,9v  6s2vd 2 3v, is demonstrated for the first time
[S0031-9007(96)00084-1]
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The generation of high-order harmonics of intense la
radiation has been intensively studied during the last f
years [1]. It is of great importance to learn how to m
nipulate the high-order harmonic signals. The solution
this problem can provide a way to an efficient generat
of coherent extreme ultraviolet (XUV) radiation.

So far, most of the efforts have been concentrated
studies of the nonlinear single-atom response. It has b
shown that with increasing harmonic order the harmo
intensities, after an initial decrease, form a “platea
region of fairly constant intensities. The plateau has
well-defined cutoff from which the harmonic intensitie
decrease rapidly. Recently, for more detailed studies of
single-atom response, a few high-order frequency mix
experiments [2,3] have been performed. Now the inter
has been moved to more complicated problems rela
to propagation effects (collective medium response, ph
matching, etc.). The motivation of the present Letter is
demonstrate the feasibility of phase-matched differen
frequency mixing in plasmas which could allow for som
kind of “harmonic engineering.” The goal is to replac
the well-known plateau of harmonics by a single “peak”
one definite harmonic signal.

Unfortunately, available experimental and theoretic
data have already led to a very disappointing conclus
[1] that in the strong laser field “the propagation effec
play no role or they affect all the harmonics in the sam
way.” Fortunately, this is only partially true. Two
trivial arguments can help to understand this. First,
same laser field which is already “strong” for atoms (
comparison with the atomic field strength,Eat) is no
longer strong for ions (in comparison with the ion fiel
Ei . Z3Eat, whereZ is ion charge11). Second, there
are several relatively old tricks (see, for example, [4
which allow one to improve phase-matching conditio
and increase the role of propagation effects.

A very promising medium for high-order harmoni
generation is a low-charged plasma. The nonlinear po
izability of low-charged ions is still high enough, and th
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plasma has a definite positive dispersion (which me
that the index of refraction increases with increasing f
quency) due to free electrons. It is well known [4] that
a medium with positive dispersion phase matching can
fulfilled for difference-frequency mixing processes. The
are a few theoretical proposals [5–7] discussing this
other possibilities for phase matching and high-ord
harmonic generation in plasmas in detail. There a
exists one experimental indication that noncolline
phase-matched difference-frequency mixing is proba
responsible for the anomalous growth of the fifth h
monic of KrF laser radiation [8]. But, to our knowledg
there has been no experimental demonstration of
effect up to now.

The experimental setup is shown in Fig. 1. The pu
laser is a 150 fs Ti:sapphire (BMI ALPHA 10A) operatin
at 770 nm. The laser radiation is sent through a 3 m
KDP crystal for frequency doubling. The energy of t
second harmonic is 5.5 mJ, and the remaining energ

FIG. 1. Experimental setup. Beam splitters (BS) are hig
reflective for 770 nm.
© 1996 The American Physical Society
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the fundamental is 25 mJ. The fundamental is separ
from the second harmonic by beam splitter BS1. Bo
fields are linearly polarized in the same direction due
the ly2 plate. After a variable delay the fundamen
and the second harmonic are recombined by beam sp
BS2. Each of the beams is focused withfy12 lenses
(f  250 mm) into the gas jet of a pulsed nozzle close
the nozzle exit. With this setup a good temporal and spa
overlap of the two beams in the focus can be obtain
The focus diameter of the fundamental is, 40 mm, which
corresponds to a laser intensity of, 1016 W/cm2.

As nonlinear media oxygen, argon, and xenon gases
used. The backing pressure can be varied in the ra
of 100–3000 mbar. Note that the pressure in a gas
is 10–20 times lower than the backing pressure. T
nozzle has three output holes, with a diameter of300 mm
each. The distance between the centers of these h
is 500 mm. The holes can be opened and closed wit
mechanical shutter. This provides a simple possibility
a variation of the interaction length. Further details of t
experimental setup can be found in [3,9].

The intensity of the fundamental laser radiation is w
above the critical intensity necessary for fast optical fi
ionization of the used gases. Therefore, at the front of
laser pulse a plasma is formed which serves as a nonli
medium for the rest of the laser radiation. The plas
production is clearly visible when the laser radiation
focused into the gas jet.

At the level of analysis intended here, we give on
simple qualitative explanations of our results on the ba
of perturbation theory. For sum-frequency mixing (vq 
qv) in the case of weak focusing (b ¿ L, whereb is the
confocal parameter andL is the plasma length), the tota
phase mismatch between the generatedq-order harmonic
field and its driving polarization isDkq  Dk

f
q 1 Dkd

q
(see [1,4]). The first positive term originates due to t
focusing geometry and is equal toDk

f
q . 2sq 2 1dyb for

a Gaussian beam. The second term is a dispersive p
mismatch, which for sum-frequency mixing in a plasma
equal to

Dkd
q  kq 2 qk1 

q2 2 1
q

v2
p

2vc
, v2

p 
4pe2Ne

me
,

(1)

wherek1 andkq are the wave numbers of the fundamen
andq-order harmonic,Ne is the electron density, andvp

is the plasma frequency. This phase mismatch is pos
and grows with the harmonic order. The transition
the tight-focusing geometry (for a beam focused into
center of the plasma) results in a reduction and th
disappearance of high-order harmonic signals, becaus
the tight-focusing limit (b ø L) the generation of high-
order harmonics is possible only in media with negat
dispersion (Dkd

q , 0) [4].
Difference-frequency mixing in plasmas is much mo

favorable in terms of phase matching (see also [6–
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The dispersive phase mismatch for the two-color (v, 2v)
mixing processvq  qv  ms2vd 2 lv is given by

Dkd
q  kq 2 mk2 1 lk1



∑
m
2

2 l 2
1

2m 2 l

∏
v2

p

2vc
, (2)

whereq  2m 2 l . 0, m, l  0, 61, 62, ..., and m 1

l is odd. This formula describes all possible mixin
processes; for example, whenm  0 andl  2q, Eq. (2)
coincides with Eq. (1). The factor in square brackets
illustrated in Fig. 2 for high-order harmonics withq 
7, ..., 17. The harmonic order is constant along the sol
lines. The transition along the dashed lines from one po
to another corresponds to the transformationq ! q 1 1,
m ! m 1 1, andl ! l 1 1. As can be clearly seen in
Fig. 2, the most favorable conditions in terms of pha
matching occur whenm  2l. In this case the phase
mismatch is negative and is given by

Dkd
q  2

1
q

v2
p

2vc
 2

e2

mec2
Ne

l

q
, (3)

wherel is the wavelength of fundamental laser radiatio
Whenm  2l, the absolute value of the dispersive pha
mismatch for difference-frequency mixing is reduced by
factor ofq22 in comparison to sum-frequency mixing.

Assuming that the confocal parameters for all field
are equal (which is approximately fulfilled in our expe
iments), the value of the geometrical phase mismatch
the case of weak focusing can be estimated fromDk

f
q .

2sm 2 l 2 1dyb. This value is positive form  2l and
l . 1. Thus, the total phase mismatch,Dkq  Dk

f
q 1 Dkd

q ,
in the case of difference-frequency mixing depends on
plasma density [see Eq. (3)], and there exists an optim
electron density where the mismatch is equal to zero,

Nopt  a22 Dkf
q

q
a0l

 q
Dk

f
q

rel
, (4)

FIG. 2. Dispersive phase mismatch for two-color mixin
processvq  ms2vd 2 lv, where q  2m 2 l. The har-
monic order is constant along the solid lines. The transiti
from one point to another along the dashed lines correspond
the transformationq ! q 1 1, m ! m 1 1, andl ! l 1 1.
3337
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where a0  0.529 3 1028 cm is the Bohr radius,a 
e2yh̄c . 1y137, andre  e2ymec2  2.818 3 10213 cm is
the classical electron radius. For this electron dens
the corresponding harmonic signal should dominate
spectrum.

In our experiments the measured confocal parame
is b . 1.1 mm. These measurements were performed
atmospheric pressure with a strongly attenuated laser be
(see [9] for details). The length of the plasma for on
open hole isL . 0.3 mm. The total length for three open
holes (taking into account the space between the ho
is L . 1.3 mm. These parameters are somewhere
between the weak- and tight-focusing limits. The ener
of the second harmonic radiation (2v) is only 5.5 mJ. The
highest harmonic which can be generated by this radiat
(see Fig. 4 below) is the 7th (14v) harmonic. Therefore,
we are not able to observe very high-order differenc
frequency mixing processes. We concentrate o
attention on the generation of the 9-order harmonic d
to the process9v  6s2vd 2 3v, where m  2l  6.
Following the discussion above we expect that there ex
an optimum electron density for the generation of th
harmonic due to the difference-frequency mixing proce
This density, estimated from Eq. (4), isNopt , 1019 cm23

(weak focusing). In our experimental conditions (transie
case) the value of the optimum electron density should
lower. One of the reasons for this is that the defocusi
of laser radiation results in an effective increase of t
confocal parameter and a corresponding reduction of
geometrical phase mismatch,Dk

f
q . To find the optimum

density, we have studied the ratio of the 9-order harmo
signals generated in an O2 gas jet by two-color (v, 2v)
laser radiation and by the fundamental radiation alone a
function of the backing pressure. The real gas density
the gas jet and the corresponding electron and plas
densities (produced due to optical field ionization) va
approximately linearly with the backing pressure. Rec
that the intensity of the fundamental laser radiation
, 1016 W/cm2 and is well above the optical field ioniza
tion threshold.

As can be seen in Fig. 3, at backing pressures of 30
500 mbar, the ratioI9sv, 2vdyI9svd has a sharp maxi-
mum. The estimated electron density for these back
pressures isNe , 1018 2 5 3 1018 cm23. For this esti-
mate we take into account that the real pressure in a
jet is 10–20 times lower than the backing pressure and
sume 1–2 free electrons per molecule. Thus, the optim
density does really exist for the generation of the 9-ord
harmonic in the two-color laser field. This dependence
the backing pressure can be explained by the existenc
the phase-matching mechanism for the 9-order harmo
generation9v  6s2vd 2 3v. We have been unable to
identify any other explanation.

In Fig. 4 the high-order harmonic spectra generated i
single O2 gas jet at a backing pressure of 330 mbar by fu
damental radiation (v), second harmonic radiation (2v),
3338
ity
he

ter
at
am
e

es)
in

gy

ion

e-
ur
ue

sts
is
s.

nt
be
ng
e

the

ic

s a
in
ma
ry
ll
is

0–

ng

gas
as-
um
er
on

of
nic

a
n-

FIG. 3. Ratio of the 9-order harmonic signals generated in
single O2 gas jet by two-color (v, 2v) laser radiation and by
the fundamental radiation alone. Approximately 100 shots
used for each experimental point.

and two-color (v, 2v) laser radiation are compared. Fo
the fundamental radiation alone, the plasma is produ
and the sum-frequency mixing processes are suppre
due to an unfavorable phase mismatch. For the sec
harmonic the generation of the fifth harmonic (10v) and

FIG. 4. Comparison of high-order harmonic spectra genera
in a single O2 gas jet at a backing pressure of 330 mbar
fundamental radiation (v), by second harmonic (2v), and by
two-color (v, 2v) laser radiation. The spectral sensitivity o
the detection system has been taken into account.
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FIG. 5. Comparison of high-order harmonic spectra genera
in three O2 gas jets (three open holes) at a backing pressure
330 mbar.

seventh harmonic (14v) can be seen. With the two-colo
laser radiation, the intensity of the 9-order harmonic
much stronger than in the case of the fundamental ra
ation. The appearance of a strong 8-order harmonic s
nal in the two-color spectrum can be explained by t
8v  5s2vd 2 2v process, which has a small positiv
dispersion (see Fig. 2).

In Fig. 5 the same spectra as in Fig. 4 are show
for three open holes. Note that the harmonic intensit
can be quantitatively compared. As can be seen,
the two-color case the 9-order harmonic is dominati
the spectrum. This behavior of the 9-order harmon
with the plasma length provides additional eviden
for phase-matched difference-frequency mixing,9v 
6s2vd 2 3v, in the two-color laser field. The intensity
of the 8-order harmonic signal reduces with the plasm
length as should be expected for a process with a posi
dispersion.
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In conclusion, results presented in this Letter provid
a first clear demonstration of phase-matched high-ord
difference-frequency mixing in plasmas. In the two
color (v,2v) laser field, the 9-order harmonic signal
has a sharp maximum as a function of the backin
pressure. The intensity of the 9-order harmonic grow
with the plasma length and becomes dominating in th
spectrum. This is evidence that in the two-color lase
field the 9-order harmonic is generated by phase-match
difference-frequency mixing,9v  6s2vd 2 3v. We
observe the analogous behavior of the 9-order harmon
signal with argon and xenon gases. We hope that t
results demonstrated in this Letter can in the near futu
lead to a practical XUV radiation source.
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