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Generation of vacuum-ultraviolet radiation in Hz by nonlinear optical processes
near the EI'- and B-state resonances
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We report on the observation of several nonlinear optical processes in connection with two-photon ex-
citation of H~ by 193-nm radiation generated by a narrow-bandwidth ArF laser system: stimulated elec-
tronic hyper-Raman scattering, parametric four-wave mixing (PFWM), and stimulated resonant Raman
scattering (SRRS). These processes lead to the generation of several intense lines in the ir and vacuum
ultraviolet (vuv). vuv generation occurs by two interconnected schemes: first, a. vuv wave at k-109 nm
is generated by PFWM (power up to 16 kW). This wave subsequently generates Stokes lines around
A, -150 nm by SRRS. The frequencies of these waves are tunable over spectral intervals of -20 cm ' by
phase matching with admixture of various gases (e.g. , noble gases, N„D2). With additional irradiation
of ir laser radiation, four-wave mixing (FWM) takes place. In this case, continuously tunable vuv radia-
tion (tuning range -600 cm ') can be generated with power in the 10- and 100-kW range. The tuning
ranges are localized around the rovibronic resonances X-8. FWM is not possible on resonance. As in
the case of PFWM, Stokes lines are generated by SRRS, tunable over intervals up to —60 cm '. The
susceptibilities governing the processes involved are calculated. The agreement between the theoretical
expectations and the experimental results is very good with respect to the frequency dependence. The
calculated absolute values of the vuv intensities, however, turn out to be by far too high. This is due to
the neglect of several limiting processes which will be discussed together with the experimental results.
In addition to the processes mentioned above, several 8-X resonance transitions exhibit a limited tuna-
bility ( —10 cm ). It is proposed to explain this tunability in terms of stimulated two-photon emission.

PACS number(s): 42.6S.Ky, 33.80.Rv, 42.65.Dr

I. INTRODUCTION

Methods of nonlinear optics like difFerence and sum-
frequency mixing or frequency tripling in gases and va-
pors have been successfully applied to the generation of
coherent vacuum-ultraviolet (vuv) radiation since the
1970s. Metal vapors as well as noble gases were found to
have excellent characteristics as nonlinear media [1—4].
Molecular hydrogen, however, was mainly used in con-
nection with stimulated Raman scattering (SRS), where-
by generation of tunable radiation down to A, = 116 nm by
high-order anti-Stokes scattering has been reported [5].
With the potential of the Arp laser to generate high-
power, tunable narrow-bandwidth radiation around
A, = 193 nm, two-photon excitation of ground-state
Hz(X 'X ) into the EF 'X+ state was realized several
years ago [6—11]. The two-photon absorption cross sec-
tion turned out to be large enough to allow a substantial
inversion to be built up in several rovibronic levels of the
EF state with respect to the energetically lower 8 'X„+

state [Fig. 1(a)]. This leads to amplified spontaneous
emission (ASE) in the near ir (750—920 nm). Due to this
radiation process, 8-state levels are populated and a pop-
ulation inversion relative to higher rovibronic levels of
the electronic ground state is created. Strong ASE radia-
tion in the so-called Lyman band is subsequently ob-
served. This radiation is in the vuv spectral range
(A, = 130—160 nm). It was also shown that, taking advan-
tage of this two-photon resonance in H2, radiation in the
spectral range around 79 nm can be generated by sum-

frequency mixing [12].
We have communicated in an earlier paper that in case

of two-photon excitation of H2 in parallel to the ASE ra-
diation, a tunable Stokes component in the transition
EF-B develops due to stimulated electronic hyper-Raman
scattering (SEHRS) [10] [Fig. 1(b)]. Besides these ASE
and SEHRS lines, additional lines were observed in the
near ir that do not match the energy level scheme of H2.
These additional lines are redshifted with respect to the
known transitions and are tunable with variation of the
frequency of the exciting uv source. Correlated with
these lines we find corresponding lines in the vuv which
are spectrally blueshifted by the same amount with
respect to the Lyman lines. It was further found that
with additional irradiation in the ir strong vuv lines are
generated which terminate on para-Hz (p-H2) ground-
state levels, whereas the two-photon excitation by the uv
laser takes place at ortho-Hz (o-H2) (and vice versa) [11].

We will show in the following that the phenomena ob-
served are due to the combined action of parametric
four-wave mixing (PFWM) or —with irradiation of addi-
tional radiation in the ir —of four-wave mixing (FWM)
and stimulated resonant Raman scattering (SRRS) [13]
[Figs. 1(c) and 1(d)]. To our knowledge, comparable
efFects have been observed only in Na vapor at substan-
tially longer wavelengths [14].

In the case of parametric four-wave mixing, two pho-
tons of the uv pump laser decay into an ir and a vuv pho-
ton [Fig. 1(c)], similarly to the three-photon process in
crystals [called optical parametric fluorescence (OPF)

1991 The American Physical Society



GENERATION OF VACUUM-ULTRAVIOLET RADIATION IN H2. . . 7531

SEHRS
FF(v)

(c)
PFWM or FWM

EF(v)
SRRS YPE

EF( )

e(v') w B(v') la

x(v")

x(o) x(o) x(o)
A or B

x(v-) x(v")

x(o)

FIG. 1. Simplified energy-level diagram explaining the nonlinear processes (to simplify the situation no rotational levels are indi-
cated): (a) Amplified spontaneous emission (ASE) at fixed frequencies in the IR (EF-B) and the vuv (B-X) subsequent to resonant
two-photon excitation with co„„. (b) Stimulated electronic hyper-Raman scattering (SEHRS) leading to tunable ir radiation at coHR.

(c) Parametric four-wave mixing (PFWM) generating tunable ir and vuv radiation. With additional irradiation of ir radiation tunable
vuv radiation is generated by four-wave mixing (FWM). (d) Stimulated resonant Raman scattering of vuv radiation generated by
PFWM or FWM with Stokes radiation co„ in the near vuv. While PFWM or FWM takes place in molecules of type A (e.g. , 0-H2) the
subsequent SRRS occurs in type A or in type 8 molecules (e.g.,p-H2 or 02). {e) Stimulated two-photon emission (TPE) subsequent to
resonance two-photon excitation and additional irradiation of co;,. A tunable output at co„„„is generated.

[15]]. The frequencies of the ir and vuv waves are deter-
mined by the phase-matching condition Ak =0. The ir
lines were observed in our earlier experiments as the red-
shifted satellites mentioned above, whereas the related
vuv lines, being fundamental for the understanding of the
process, could not be detected due to the short wave-
length (108—111 nm) where the transmission of the opti-
cal components used was insu%cient. In order to satisfy
the phase-matching condition, anomalous dispersion at
the frequency of the vuv line is required. This condition
can be fulfilled with the frequency slightly exceeding the
resonance frequency of a X-B transition. The vuv wave
of frequency close to a X-B resonance exhibits a very
large Raman cross section. In contrast to common SRS
where we have the selection rule Av =+1, the Stokes
transitions in a quasiresonant situation are governed by
the Franck-Condon coefficients (FCC) for a transition of
the intermediate Raman level back to rovibronic levels of
the electronic ground state. We observed these Stokes
components as blueshifted satellites in the Lyman band in
our earlier experiments [11]. The ir radiation generated
by PFWM and Stokes radiation generated by SRRS of
the PFWM vuv wave have the same properties as if they
"use" a common level in the range of the 8 states [Figs.
1(c) and 1(d)]. This puzzling behavior misguided us to
the hypothesis that the B-state levels might be shifted due
to the formation of collisional complexes [11].

Irradiation of additional ir laser radiation allows very
efticient four-wave mixing with almost continuous tuning
ranges of -600 cm ' around the various vibrational B-
state levels. Ortho-para transitions result from SRRS at
p-Hz subsequent to the generation of a vuv wave by
FWM in o-Hz [Figs. 1(c) and 1(d)]. The related Stokes ra-
diation is also tunable. The tuning range is considerably
narrower (20—60 cm '), however, than the tuning range
of the FWM vuv radiation.

We observe in addition that not only the Stokes lines
but also the vuv B-X lines are tunable over a range of
—10 cm ' with irradiation of the ir laser. The e6'ect may

be due to stimulated two-photon emission (TPE) [16]
[Fig. 1(e)] as we will discuss below.

The rest of the paper is organized as follows. In Sec. II
the phase mismatch Ak, the vuv absorption cross section
o.,„„the nonlinear susceptibility y„'wM responsible for
the four-wave mixing process, the Raman gain factor g„
and the small-signal gain factor gTpE fol stimulated TPE
will be calculated. The small-signal gain coefficient for
PFWM in case of phase matching as well as the intensity
of the vuv wave in case of FWM as a function of the irra-
diated ir laser frequency will be calculated using these
quantities. In Sec. III the experimental setup is de-
scribed. The experiments and the results are outlined in
Sec. IV, and a comparison is made with the theoretical
results obtained in Sec. II. This section is subdivided into
part A, where experiments are described with irradiation
of the vuv laser solely, and section 8, with additional ir-
radiation of ir laser radiation. In Sec. V, special aspects
of the experimental results are discussed and an outlook
to possible future experiments is given. Section VI gives
a brief summary of the results.

II. THEORY

Several nonlinear processes are connected with two-
photon excitation of Hz (FWM, PFWM, SRRS, SEHRS,
and possibly TPE). Theoretical aspects of these processes
have been extensively discussed in the literature and can
be found in standard textbooks [17—19], so that we can
restrict ourselves to the calculation of the linear and
nonlinear quantities involved. In contrast to the majority
of the references, we will use SI units throughout. We
start with a calculation of quantities related to paramet-
ric four-wave mixing and four-wave mixing.

In the case of FWM co„, and co;, are irradiated and co,„,
is generated (Fig. 1). With the assumption of negligible
attenuation of the irradiated waves, one obtains in the ap-
proximation of plane waves for the intensity of the vuv
radiation the following expression [17]:



7532 U. CZARNETZKI AND H. F. DOBELE

with

2 +2 2I2

(2c) n,„„n„„n;,
Xexp( o—„„„XI.),

sinh (al/2)+sin (bkl/2)
b,kl, al = exp —al

(al/2) +(Akl/2)

o.,„,are connected with the real and the imaginary part,
respectively, of the first-order susceptibility
y(1) y (&)+gy (1).

~(i er~f ) ~'

'A(

coaly

co l 1' (//2 )

and 2a=o,„,X.
Here, ~,„, is the frequency of the vuv wave; yF'wM is

the nonlinear susceptibility per molecule for difference
frequency mixing convolved with the 13oppler profile of
the gas and the autocorrelation function of the spectral
profile of the irradiated uv wave; o.,„, is the absorption
cross section for the vuv wave; X is the particle density; l
is the interaction length; L is the path length through the
absorbing medium between the interaction zone and
detector, and Ak =2k„,—k;, —k,„, is the phase
mismatch. It is assumed that the interaction takes place
over a short range of length I localized at the focus of the
irradiated waves, whereas the vuv wave has to travel a
considerably larger distance L through the medium to
the detector. For I «L or a « 1, F can be approximated
by F=sine (b,kl/2).

In the case of parametric four-wave mixing, the ir and
vuv waves build up from quantum noise. The generation
of both waves is immediately coupled. The situation is
analogous to the well-known effect of optical parametric
fluorescence in solids. The results for the OPF process
can be directly invoked (in the case of negligible absorp-
tion of the uv pump wave) by replacing X' ' with the cor-
responding quantity gFwM multiplied by the amplitude of
the irradiated uv wave. The resulting equations are iden-
tical to the results for PFWM calculations [20]. For the
small-signal gain coeS.cients of the coupled ir and vuv
waves one finds

2 = 2 2
g PFWM 0

with

(2)

(3)

Equation (2) shows that efficient amplification through
parametric four-wave mixing is only possible for frequen-
cies with Ak =0. Also, in the case of four-wave mixing,
e%cient vuv generation will not be possible —due to the
sine (b,kl/2) dependence —unless hk is small. For the
calculation of hk the refractive indices n (co) at the vari-
ous frequencies are required since we have
k (cu) =con (cu)/c. Whereas for uv and ir frequencies data
for the refractive index (which is only weakly frequency
dependent) are available [21], the strongly frequency-
dependent refractive index in the vuv has to be calculat-
ed.

The vuv frequencies involved are close to X-B absorp-
tion resonances, and one can expect a strong depletion of
the generated vuv wave. Therefore the absorption cross
section has to be calculated in addition.

The refractive index n and the absorption cross section

VUV pg(])/
~n vuv

In these expressions, p; is the relative population of the
rotational ground states j;, co;& is the single-photon reso-
nance frequency for the transition i ~f, and y& is the
homogeneous linewidth —full width at half maximum
(FWHM) —of this transition. This linewidth has a sub-
stantial inhuence on the value of o.,„,. Various broaden-
ing mechanisms may be effective (e.g., collisions of neu-
tral Hz molecules, Stark broadening by photoelectrons).
A value of y;I, =y =3X 10 s ' —this is nearly twice the
natural linewidth —was chosen from comparison with
the experimental results. The transition matrix elements
can be derived from the absorption oscillator strengths
f,i of the vibrational transitions between two electronic
levels [22]:

In order to take account of the rotational structure, these
values have to be weighted with the Honl-London factors
for absorption. In Eq. (4) the sum has to be extended
over all rovibronic transitions. Measured oscillator
strengths have been communicated in Refs. [23—25]. Un-
fortunately, these data are not complete so that theoreti-
cal oscillator strengths and FCC have to be used in. the
calculation [26—29]. The FCC are proportional to the os-
cillator strengths. The proportionality factor was found
by comparing the calculated FCC with the measured os-
cillator strengths.

The following hydrogenic states were included: the B
state (including the rotational structure) up to u = 17, the
C, B', and D states with vibrational levels up to u =13,
and the B"and D' states through an effective level locat-
ed at 15 eV. In view of the lack of more detailed data,
the effective level at 15 eV is assigned an oscillator
strength of f =0.139 on the basis of the Thomas-
Reiche-Kuhn sum rule [22]. The population in the vari-
ous rotational levels was taken into account up to j =4 at
a temperature of 300 K. The resonance frequencies were
taken from Refs. [30 and 46]. The values calculated ac-
cording to Eq. (4) were convolved with a normalized
Doppler profile for 300 K.

Figure 2 shows the normalized phase mismatch per
particle as a function of the vuv frequency and the ir fre-
quency for resonant Q(1) two-photon excitation from X(0)
to EF(6) (103487.08 cm ') in the vuv frequency range
between 91200 and 91 850 cm '. [For simplicity we will
use the notation X(0) instead of X(u =0) throughout in
this paper. ] Table I gives a list of the zeros of hk. Six
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FIG. 2. Calculated Ak distribution, normalized per particle.
The zeros of the vertical lines correspond to single-photon reso-
nances; the adjacent zeros located at slightly higher vuv fre-

quencies lead to phase matching. These frequencies are indicat-
ed by points on the abscissa. The scale on top of the figure indi-

cates the corresponding ir frequency for FWM or PFWM with
resonant Q(1) excitation to EF(61.

X(0)-B(l) resonances are within the spectral range shown
in Fig. 2: R(0), R(1), P(1), R(2), and P(2). The P(4) reso-
nance of the X(0)-B(2) transition is rather weak.

The result of the calculation of the absorption cross
section is represented in Fig. 3 for the same frequency in-
terval. The resonances mentioned are obvious. We note

FIG. 3. Calculated absorption cross section as a function of
frequency. The frequency scales are the same as in Fig. 2.

that the absorption coe%cient at the zero of Ak at
91540.5 cm ' (or at 11946.6 cm ' in the IR) amounts to
o.,„,=0.117X 10 ' cm . For the situation of our experi-
ment (namely, a pressure of 300 mbar and an optical path
length L =190 cm), a transmission of 1.7X10 results.
Nevertheless, absorption is negligible at this frequency
over the interaction length of approximately 1 cm. We
can therefore expect this vuv radiation to be detectable
only at pressures below several 10 mbar, although this
wave can propagate over the interaction range practically
unabsorbed even far beyond this pressure.

TABLE I. Comparison of calculated and measured phase-matching frequencies. The calculated frequencies are independent of
the specific two-photon excitation. For the measured frequencies the superscript a indicates the observation of the PFWM line in the
ir and b the observation of SRRS lines in the vuv in connection with FWM.

Resonance
transition Calculated

v,„, (cm ')
Measured after Q(j) excitation

Q (01 Q(1) Q(2) Q(3)

X(0)-B(0)
F(0)
F(1)
P(1)
R (2)
P(2)
R (3)
P(3)

90 249.8
90 215.7
90 093.5
90 081.3
89 890.1

89 882.4
89 615.8

90247 8'
90209 8

from X(0) to EF(6)
90 248. 8"
90 213.4'"
90 092.5
90081.4 9OO81.2'b

X(O)-B (1)
R (0)
R (1)
P(1)
R (2)
P(2)
R (3)
P(3)

91 588.8
91 540.5
91 419.0
91 389.6
91 208.5
91 148.1
90 930.3

91 588.4'
91541 0'
91 421.0

from X(0) to EF(6)
91 589.3
91 540. 1'"
91 418.3
91389 9

91539 7
91419 3
91 389 4

91183.6'

X(0)-B(2)
R (0)
R (1)
P(1)
R (2)
P(2)
R (3)
P(3)

92 919.7
92 824.4
92 706.7
92 662.8
92 490.7
92 451.9
92 209.5

from X(0) to EF(7)

92 662. 5'

92 451.4'
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For the calculation of gF~M, the two-photon resonance
X-EF and a series of X-B resonances have to be taken into
account. We expect these resonances to dominate and
consider therefore only the resonant part of g„'wM. Fol-
lowing Ref. [17] we obtain for the present case of two-
photon resonance the following expression for

(3)
XFWM(~ u 2~u ~ir)'

(3) (Mhg )*,(Mfg )ki

2jg+1 i)i(Oh —2ni„„—iI h /2)

and

&h~er, , ~n) &ner, „„~g)
hg )ij =&

n ~vuv ~ng

(h ~er„„~n ) ( n )er„,~g )
(Mhg )kl =&

In these equations, p describes the relative thermal pop-
ulation of the ground-state rotational level j from which
the two-photon excitation starts; g refers to the sum-
mation over all 2j + 1 degenerate states of this rotational
level; g„ indicates summation over all rotational-
vibrational levels of all electronic molecular states; Qh is
the resonance frequency for two-photon excitation into
the rotational vibrational level h of the electronic EI'"

state; and I h is the homogeneous linewidth of this tran-
sition. cu„g refers to the corresponding single-photon res-
onances. (M f,g )k& describes the "two-photon absorption"
and (Mhg ); the corresponding "emission. " The equation
for (Mf,g )k& takes into account that both uv waves are
supplied by one single pump source. The subscripts ijkl
designate the various directions of polarizations of the
four waves. We will consider only the cases zzzz and
zzxx, since in the present case both the uv and ir radia-
tion are linearly polarized. Furthermore, we will consid-
er only Q transitions between states X(0) and EF(v). In
the general case one would have to sum up the various
contributions of the two-photon transitions. In case of
resonant or quasiresonant pumping of a two-photon tran-
sition, however, the contributions of the nonresonant
gz~M components lead to a substantial value only if there
is a single-photon resonance in the vuv that can compen-
sate for the lack of the two-photon resonance. The ab-
sorption connected with single-photon resonances would
prohibit the propagation of the vuv wave, however, so
that we will not include those contributions in the calcu-
lation of the vuv intensity.

Since the uv wavelength at 193 nm is far below any
single-photon resonance, the frequency denominators for
the various rotational branches within a single electronic
vibrational transition in (Mh )ki are approximately equal.
In this case the rotational transition moments can be
separated from electronic vibrational moments:

(Mfg )„=g g ((Ajm)„~e, ~(Ajm)„)
A (jm)„

X ((Ajm)„~e, ~(Ajm) )Mh . (9)

A stands for the quantum number describing the projec-
tion of the electronic angular momentum onto the molec-
ular axis, Mhg is the sum over all vibrational states of all
electronic states of the same quantum number A, and e,
is the z component of the unit vector. The representation
of the rotational matrix elements leads, in general, to a
complicated expression depending on A, j, and rn. In
case of the H2 molecule, one has to include only X and H
states. The matrix elements MEFx and MEFz have been
calculated in Ref. [31] for the transition X(0)-EF(6). We
note that the values given in Table 2 of Ref. [31] contain
a degeneracy factor of 2 that does not apply here. Fur-
thermore, all matrix elements in Ref. [31]are too large by
a factor of 2—as was already pointed out in Ref. [32].
Thus we obtain M&&& /ep = —2.02 X 10 cm and
Mgy~ /6'p: 2.095 X 10 cm, respectively. These two
matrix elements are almost equal, and we approximate
them by Mz+& =M&+z =MEF& = —2.06X 10 cm E'p.

In this case the summation over the rotational matrix ele-
ments for X and II transitions yields the value 1, and
therefore no j or m dependence remains. The two-
photon transition matrix elements have been calculated
in Ref. [31] for various values of j, and the same result is
obtained throughout. Our values calculated with the ap-
proxirnation mentioned differ from these results by less
than 1%.

In view of the lack of an m dependence, all (2j + 1) de-
generate sublevels are equally populated and we have an
isotropic situation with yF~M independent of the direc-
tion of polarization of the ir laser. It is therefore
sufficient to calculate (Mhg) for an arbitrary direction
(e.g. , zz). One obtains

r

j+1
i)i(co —ni„+ )

g (Mh )=—,
' g

fi(rv co,)— (10)

Only the lower rovibrational states of the electronic 8
state have to be taken into account as intermediate levels
for the calculation of (Mh ), since only these yield a reso-
nant contribution. The vibrational transition moments
M, cannot be taken as given in Ref. [31],however, since
they were calculated for the uv frequency of the pump
laser and not for the vuv frequencies. We therefore have
to single out the frequency denominator:
M, =M, A'(co —ni, ) with ni being the uv frequency of the

Vg

MV /eO

{10 cm J)

2.83
—7.45
—1.97

1.73
2.45
9.45

11.55
4.54
2.10

&tr

{10'cm-')

13.3
12.0
10.7
9.5
8.3
7.1

6.0

3.8

+vuv

(10 cm ')

90.2
91.5
92.8
94.0
95.2
96.4
97.6
98.7
99.8

TABLE II. Transition moments M, calculated after Ref. [31]
and corresponding ir and vuv frequencies [FF(6) B(v) and-
8 ( v )-X(0), respectively].
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G =32 1n(2)I (2/r)tan '(r)(1+u2/4)

+(u /2)/(1+r ) u[m/(I+r —)]'y
I

u =v'81n(2)I
& /Aced, r =[I+(2hcu„„/Aced) ]'~

had = 1.7 X 10" s ' is the Doppler linewidth and
b,co„„=5.6X10' s ' the uv laser linewidth (FWHM).
We choose I „=2X 10' s ' in accordance with Ref. [31]
and obtain 6 =26.4. The resulting dependence of y„'~M
is represented in Fig. 4 for the case of resonant Q(1) exci-
tation to EF(6) (Qh =103487.08 cm ') and transitions
involving 8(1).

With these parameters the vuv intensity can be calcu-
lated as a function of the ir laser frequency. The result is
shown in Fig. 5 for I„,= 1 X 10" W cm and

I;,=1X10 Wcm . The resulting vuv intensity of the
order of —10" Wcm exceeds by far the meaningful
range since for these intensities more vuv photons would

'l 2237
100

C4

10-
O

1-
C3

0.1-

11937 11637

~ 0.01
91 200 91 500 91 800

frequency (crn ")

FIG. 4. Calculation of the nonlinear molecular susceptibility
for ditference frequency mixing with resonance Q (1) two-
photon excitation to EF(6) in the frequency range of the X(0)-
8 (1) resonances. Doppler broadening and finite laser linewidth
are taken into account. For the frequency scale see Fig. 2.

two-photon excitation and ~, the resonance frequency
for the transition X(0)-8 (u). The values calculated in this
manner are given in Table II together with the corre-
sponding ir and vuv frequencies of EI"-B and B-X transi-
tions. The frequencies ~,+ and ru, designate the reso-
nance frequencies X(0j ) 8(-u, j+1).

In order to calculate the absolute intensity, it is neces-
sary to convolve the expression for y'„~M with the
Doppler profile and the autocorrelation function of the
uv laser. This leads to an expression which, in general,
cannot be treated analytically. In Ref. [33], however, an
approximation is given that is valid for the case of a
Gaussian spectral profile of the uv laser and the Doppler
width exceeding by far the homogeneous linewidth. The
convolution involves only the frequency denominator of
Eq. (6). Therefore, for exact two-photon resonance and
the condition mentioned above, the following substitution
applies in the expression for ~g'„wM~ [Eq. (6)]:

~1/(II„2'—il „—/2)~ ~G/b, cpu,

with

intensity
(1 0' Wcrn )

0.3-

x(o) —e(1)

R(

R(2) P(1)

Cg

2.5 I

91200
I I

9]500 91800
frequency (crn ')

FIG. 5. Calculated vuv intensity in the case of FWM as a
function of the vuv frequency for various pressures. The calcu-
lation applies to resonant Q(1) excitation to EF(6). The spec-
tral position of the X-8 single-photon absorptions are indicated.
For details see text.

TABLE III. Selected small-signal gain factors (in crn ') for
PFWM for the case of exact phase matching and resonant Q(1)
excitation X(0) to EF(6). The corresponding ir and vuv fre-
quencies are indicated. (100 mbar H2, I„,=1.0X 10"W cm .)

+vuv go

11 898.3
11 946.6
12 068.1

12 097.5

91 588.8
91 540.5
91 419.0
91 389.6

43.1

110.2
57.5

119.7

be emitted than ir photons are irradiated. This contra-
diction is a consequence of the neglect of saturation
effects (e.g. , two-photon cancellation [20], self-defocusing,
and pump depletion [34]) and of various efficient loss
mechanisms (e.g. , losses by emission processes like ASE
and SEHRS, losses by SRRS, photoionization and disso-
ciation, and depletion of the ground-state population).
These limiting processes will be discussed together with
the experimental results in Sec. V.

In Eq. (3), go gives the small-signal gain for parametric
four-wave mixing for the case of exact phase matching,
neglecting absorption, and the limiting effects mentioned.
Note that go depends only linearly on X and ~y'3'~. In
Table III small-signal gain coefficients go are given for
the case of resonant Q(1) excitation. It is therefore
reasonable to expect gain values in excess of e at pres-
sures above 100 mbar, where the factor of 30 is an order
of magnitude argument for the detection of a signal to
build up from noise [18].

Next, we want to study the effect of stimulated reso-
nant Raman scattering. We have shown that the vuv ra-
diation generated by PFWM is slightly above X-B reso-
nance transitions. This leads to both a strong increase of
the Raman-scattering cross section and a change of the
usual Raman selection rules. In the usual case of SRS,
i.e., far away from resonances, we have AU =+1. In the
resonant case, however, the FCC of the resonant inter-
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mediate level determine the vibrational ground levels
where the scattering processes terminate. We will there-
fore observe stokes lines to several vibrational ground-
state levels (U =5—8). Another diff'erence with respect to
SRS is the fact that, due to the large value of the scatter-
ing cross section, various vibrational as well as rotational
transitions will be observed in general (e.g., Q and S tran-
sitions). Due to the distant resonances the SRS cross sec-
tion is largely wavelength independent, whereas in the
case of SRRS strong variations with the various rovib-
ronic resonances occur. The Raman gain coeKcient is
calculated according to [17]

6
I

Eo 4-
CV

C)

2-

0
9'I 200

x(o)-s(~ )-x(7)

9180091500
frequency (cm ')

with

Im(XsRRs ~e0)
2c

mpg (fler, ln )(n er g )
(XSRRS )

n

(12)

FIG. 6. Calculated small-signal gain coefficient of Q and S
transitions for SRRS in the X(0)-B(1)-X(7) transition path and
linearly polarized light. The corresponding R- and P-
absorption resonances are indicated. The solid curves refer to
scattering at the j =1 state and the dashed lines to scattering at
molecules in the j =0 state.

S ~jik
A'(rp —cp )

(13)

with

S,,„=(kle, li)(ile lj) .

In these expressions, p(R)~x is the electronic transition
moment, qo and q, are the FCC for the transitions
X(0)-B(w) and B (w)-X(U) as given in Ref. [26]; j is the
rotational initial state and k the final state with k =j+2
or 0; S;k is the rotational transition moment containing
the polarization directions e and e, of the pump and
Stokes waves, respectively. The electronic transition mo-
ment shows a weak linear dependence on the internuclear
distance R. Since in our consideration X(0) and B(0 and
1) are possible initial and intermediate states, a value of
lP(R)eel /co=1. 37X10 ' cm J (aPPlying for a mean
internuclear distance of R =0. 1 nm) has been chosen ac-
cording to Ref. [23]. For the Raman linewidth we chose
Ace„=4.6X10' s ', according to the Doppler width of
the Raman transition. In view of the very large Raman
shift of -25.000 cm ' it seems reasonable to assume
that the Doppler width is dominant in this case. Figure 6
shows the results for the transitions Q(0), Q(l), S(0), and
S(1) starting at X(0) via B(1) to X(7) for the spectral inter-
val indicated above and for the situation of linear and
parallel polarization of the pump and Stokes waves. We

Here, I and co& stand for the intensity and the frequency
of the pump wave; co, is the frequency of the Stokes wave,
and Ace, is the linewidth of the Raman transition. As a
consequence of the resonant situation only the two
dipole-allowed rotational states of a given vibrational lev-
el in the electronic 8 state have to be summed up. The
expression has to be calculated separately for 0, Q, and S
transitions and for a special combination of initial and
final states. The polarization of the waves considered is
also of importance. We find

Im(XSRRs)=
&&

lP(R)goal gp g 2. +1
&Pj

AAco„ 2j+1

deduce from this figure that at a pressure of 300 mbar
and an interaction length of 1 cm an intensity of the vuv
wave at 91 540. 5 cm ', generated by PFWM, of
—1 X 10 W cm is necessary to yield a small-signal gain
of e . In our experimental situation, where the beam
cross section in the focal range is —10 cm, this leads
to a vuv power of —1 kW. We will show in Sec. IV that
this value is reasonable for the PFWM vuv wave.

If the vuv frequency is tuned, generation of a Stokes
wave tunable over a certain spectral interval results. As
can be seen from Fig. 6, a change in the scattering reso-
nance can occur. In the example given, the Raman cross
section decreases rapidly for the Q(1) and S(1) transitions
with increasing frequency, whereas an increase for the
Q(0) and S(0) transitions is observed. As a consequence,
Stokes lines are generated that terminate on 0-H2 levels.
These disappear with increasing frequency and lines are
generated that terminate on p-H2 levels. With the fre-
quency increasing further —beyond the Q(0) and S(0)
resonance —the process is again reversed since, accord-
ing to Fig. 6, the Q(1) and S(1) gain coeKcients become
dominant again.

We learn, in addition, from Fig. 6 that in the case of
scattering from the j=0 level the Q transition dominates
slightly over the S transition. In the case of scattering
from the j = 1 state and frequencies in excess of 91 450
cm ' the situation is reversed. If we have circular polar-
ization there is only a small change for j =1 scattering,
whereas the intensity situation is reversed for j =0
scattering.

The Stokes lines under discussion are clearly different
in frequency from the resonance transitions B-X, the so-
called Lyman lines. As will be shown in Sec. IV, these
Lyman transitions also show tunability over a certain fre-
quency range. On resonance no four-wave mixing is ex-
pected due to rapidly rising absorption and large phase
mismatch. The tunability of these lines can therefore not
be explained by the SRRS process. Stimulated two-
photon emission [16] is a possible explanation. The
small-signal gain coeKcient for this process is calculated
in analogy to g„as
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The same small-signal gain of e is obtained for the P(2)
transition EF(6)-B(1) (g S&, ~

=—', ) with a linewidth of
the ASE radiation of hco~sE=1. 9X10' s ' (Doppler
width) at a density N' =9 X 10' cm, i.e., a similar den-
sity in the excited state. With irradiation of infrared ra-
diation several wave numbers off resonance, stimulated
two-photon emission and amplified spontaneous emission
are processes of comparable efficiency and should there-
fore both be observable.

III. EXPERIMENT

The experimental setup comprises two laser systems to
supply the uv and ir radiation fields, a hydrogen cell, and
a spectrograph followed by the detection system (Fig. 7).
The first laser system generates uv radiation around
A, -193 nm necessary for the two-photon excitation. It
consists of a XeC1 excimer laser (Lambda Physik, EMG
200 MSC), a three-stage dye laser (Lambda Physik, FL
3002 with dye QUI), which yields pulses of approximate-
ly 15-ns duration containing —35 mJ at X-370 nm and
an ArF amplifier (Lambda Physik, EMG 200 MSC). The
dye-laser output beam is expanded 1:2 and is focused into
a LN2-cooled Hz-filled Raman cell (p =700 mbar) with af =60-cm lens. The sixth anti-Stokes component at

co„„„stands for the vuv wave generated in the TPE pro-
cess, and S;k is again the corresponding rotational transi-
tion moment. The summation over various rotational
levels can be omitted in this case, since only frequencies
in close vicinity of the resonance co; are of interest. The
quantity ~p(R)EFii~ q6ileo=1. 18X10 "' cm J was

determined on the basis of transition probabilities given
in Ref. [35]. The Doppler width yields a linewidth of the
transition of A~TpE= 1.3 X 10" s '; X* designates the
population of the EF state. For the Q(1) transition from
EF(6) to X(7) via B(1,2), we obtain gTPE/N*=1. 1X10
cm for a detuning from the B-X resonance of
~co;

—co„„„~=5.0X10" s ' (corresponding to 2.7 cm ')
and an irradiated infrared intensity of I;,= 1.0 X 10
W cm . A small-signal gain of e is therefore obtained
with an interaction length of 1 cm at a density in the ex-
cited state of 3X10' cm . In view of the large value of
the two-photon absorption coefficient and particle densi-
ties of several 10' cm in the ground state, this value
sounds realistic. If we compare this value with the
coefficient for the small-signal gain of ASE radiation in
the EF-8 transition, we obtain

RC1

EL3

H2 —Cell

L" cp I

OMA
4 ~

SP1
-I pcI

T2

T3 mm F

CU

LLI

FIG. 7. Scheme of experimental setup. Legend: DL1 and

DL2: dye lasers; EL1 and EL2: XeCl excimer lasers; EL3: ArF
excirner laser; RC1 and RC2: Raman cells; SP1 Czerny-Turner
spectrograph; OMA: optical multichannel analyzer; T1,T2,T3:
beam expanders; I': color filter; M: dielectric mirror; BS: beam
splitter; I; LiF lens; PD1,PD2: photodiodes.

I,—193 nm (E-20 pJ) is singled out by dielectric mir-
rors. The beam diameter is reduced by an inverse tele-
scope by a factor of 2 down to approximately 3 mm. The
radiation passes the discharge channel of the ArF
amplifier and meets the convex surface of a MgFz lens
(r =0.8 m) acting at the same time as a window of the
discharge chamber of the laser. The rejected diverging
radiation is amplified in a second pass, and is collimated
by a quartz lens after reflexion from a dielectric mirror.
After amplification the rnaximurn energy amounts to
E-50 mJ at a spectral width of bv„,-0.3 cm '. The
radiation is linearly polarized and is tunable over a spec-
tral range of approximately b,v-450 cm '. About 40%
of the energy is contained in a short spike of A~-1 ns
(FWHM) at the leading edge of the 10-ns pulses. Time-
resolved measurements show that all observed nonlinear
eftects are connected to the radiation contained in this
short spike. The beam cross section is 2X1 cm, and a
beam divergence D-50 prad is measured. All optical
components are mounted in evacuable chambers connect-
ed by tubes in order to avoid absorption in the
Schumann-Runge bands of atmospheric O2.

The second laser system generates ir radiation. It con-
sists of the same type of excirner laser and dye-laser com-
bination as mentioned above and generates radiation at
k-560 nm (iluoresceine 27) or A, —620 nm (sulforhodam-
ine B). This visible radiation is Stokes shifted in a H2-
filled high-pressure Raman cell (f =80 cm, 40 bar). The
first Stokes component is singled out by a color filter
(Schott, RG 645) and dielectric mirrors and is expanded
(1:4) to a beam diameter of —1 cm. At A, -750 and 840
nm, respectively, pulses of duration A~;, -10 ns with
pulse energies of E-5 mJ, a spectral width of Av;, -0.3
cm ', and a beam divergence of D —50 prad are ob-
tained. In contrast to direct generation of radiation in
the spectral range mentioned with dye lasers [where a
broadband background contribution (ASE) is practically
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FIG. 8. Section of the ir spectrum for resonant Q( 1 l excita-
tion to EF(6) as a function of the H~ pressure (wavelengths in
air).

unavoidable] this method has the advantage that, due to
the nonlinear step, no background is present. This is im-
portant especially for the selective study of processes
where excitation takes place in spectrally neighboring in-
tervals, e.g. , resonant ASE transitions and four-wave mix-
ing with phase matching only a few wave numbers
separated from the resonance. The ir radiation generated
is linearly polarized transverse to the direction of polar-
ization of the uv radiation.

Both laser beams —the uv pump beam at k-193 nm
and the ir radiation —are combined by a dielectric mirror
and are focused by a quartz lens (f =90 cm) into the
stainless-steel hydrogen cell. The beam expanding tele-
scope of the ir source is used to warrant the spatial over-
lap of the two laser foci. The beam waist at the focus is
2wp =2fD =0.01 cm and an interaction length of
2zp —2Df Iwpt —1 cm is estimated. Taking into account
reAexion losses at the various optical components, focal
intensities (in the center of the tuning curves of the laser
output) of I„,=l.SX10" Wcm and I;,=3.5X10"
Wcm are calculated. Two vacuum photodiodes (Val-
vo, XA 1003 and UVHC 20) measure the pulse shapes in
the ir and uv and are used to monitor the temporal over-
lap in connection with a 1-GHz oscilloscope (Tektronix
7104).

The radiation leaving the focal range is partially
rejected from a glass plate under 45' and is focused by a
LiF lens (R =10 cm) onto the entrance slit of a 0.75-m
Czerny-Turner vacuum spectrograph (Spex, SP1500,
grating 1200 mm '). The partial reflexion from the glass
plate avoids focusing of the full uv power onto the spec-
trograph slit. A homemade optical multichannel
analyzer with a fiber-optical image intensifier follows the
exit slit of the spectrograph. A 25-pm plastic scintillator
foil (NE 102A) is attached to the fiber-optic entrance
plate of the image intensifier so that this detector is sensi-
tive from vuv to near ir wavelengths. For the measure-
ments in the near vuv (130—160 nm) the spectrograph is
set to second, third, or fourth order to increase the
effective resolution. A different arrangement is used to
detect the short-wavelength vuv radiation around 109
nm. This became necessary because the transmission of
the LiF optical component is completely insufhcient, and,
in addition, the Czerny-Turner spectrograph exhibits
substantial reflexion losses for wavelengths below 130

nm. In the modified arrangement the vuv radiation gen-
erated in the focus is imaged by a concave glass plate
(r =50 cm) under 90' onto the entrance slit of a f =20-
cm vuv double monochromator (2XMinuteman 302VM,
grating 600 mm '). This method of imaging entails a
large astigmatism and leads to a large focal spot at the
entrance slit so that only part of the available optical
power is detected. A sodium salicylate-coated glass plate
follows the exit slit of the monochromator. The Auores-
cence light generated in the sodium salicylate layer is
detected by a photomultiplier (Hamamatsu QB 9634).
The entire optical path between the focus in the hydrogen
cell to the scintillator is kept in H2, so that no window is
necessary. The optical path from the focus to the scintil-
lator amounts to 190 cm.

IV. MEASUREMENTS AND RESULTS

A. Self-induced effects

We start with the description of measurements per-
formed without irradiation of additional ir laser radia-
tion. In this case only the PFWM lines (ir) and the
Stokes lines generated by SRRS (near vuv) are observed.
The detection of the vuv counterpart of the ir PFWM
line is not possible since PFWM develops only at pres-
sures in excess of several hundred mbar. In this pressure
range (see Sec. II) the H2 absorption along the optical
path to the detector ( —190 cm) is very effective.

ASE transitions EI'-B are observed already at H2 pres-
sures as low as 1 mbar. In parallel to the observation of
these ir transitions in the spectral range between 750 and
950 nm, additional redshifted lines are observed at pres-
sures in excess of 100 mbar. The most intense of these
additional lines is close to the EF(6)-8(1)P(2) transition
and exhibits a shift of b,v= —26. 7 cm ' (see Fig. 8). In
the following we will mainly refer to this line. The inten-
sity in these additional lines stays almost constant with
increasing pressure, whereas the intensity of the ASE
lines decreases. At high pressures ( ) 1 bar) the intensity
of the additional lines can even exceed that of the regular
transitions. We observe such satellites for each regular
Hz line. They are present only in the direction of propa-
gation of the irradiated uv radiation but cannot be ob-
served in backward direction. The regular lines are ob-
served in both directions, with the backward intensity in-
creasing, however, in contrast to the forward intensity
with increasing pressure over a large pressure range up to
-700 mbar. If the backward intensity is maximum, it
exceeds the maximum of the forward intensity by approx-
imately one order of magnitude.

The oberved ir satellite lines and the correspondi. ng
vuv waves in the spectral range between 108 and 111 nm
are generated by parametric four-wave mixing. The
phase-matching frequencies of the vuv lines are several
wave numbers higher than the frequencies of the regular
X-B transitions. The good agreement between the calcu-
lated and the measured frequencies is demonstrated in
Table I. For the X(0)-B(1) and X(0)-B(2) transitions the
agreement is clearly better than 1 cm ', but for the X(0)-
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FIG. 9. ir frequency shift hv;, of the SEHRS line correspond-
ing to the transition EF(6)-8(1) P(2) and of the adjacent
PFWM line as a function of the detuning Av„„of the pump laser
from the Q(1) two-photon resonance to EF(6) at 1000-mbar
H2. In the lower section the corresponding line intensities are
displayed. In the case of SEHRS in the vicinity of the reso-
nance ASE and SEHRS are superimposed. An ASE-SEHRS
double line, observed at Av„„=1 crn ' (the corresponding point
in the tuning curve is marked by a dark dot), is shown in the in-
set. The measured separation of the two lines is 1.9 crn

B(0) resonance the calculated values are slightly too high
throughout. In case of the X(0)-B(0) transitions the devi-
ations clearly exceed our estimated experimental error
( (+1 cm '). Assigning the oscillator strength a numer-
ical value increased by 50% leads to good agreement be-
tween calculation and measurement. It seems, however,
very unlikely that the oscillator strength is in error by
such an amount, because the experimental and theoreti-
cal values known from literature [23,28,47] agree all very
well.

With tuning of the uv pump laser both the frequencies
of the regular and the PFWM lines vary with the factor 2
of the uv frequency change (see Fig. 9). In the first case
there is a transition from ASE to SEHRS emission. ASE
and SEHRS are generated in parallel within the Doppler
width of the two-photon resonance (0.9 cm '). The spec-
tral separation of both lines is difficult to observe, and a
superposition of both contributions is measured close to
the resonance. Therefore we find a "saddle" in the vicini-
ty of the resonance insted of the linear dependence ex-
pected. Maximum intensity is obtained on resonance of
the two-photon transition. In the case of PFWM, the
phase-matching condition Ak =0 is almost independent
of the uv and ir frequencies over the tuning intervals
mentioned, but it is extremely sensitive with respect to
changes in the vuv frequency. The vuv frequency, there-
fore, stays almost fixed with a change of the uv frequency
so that this leads to a change in the observed ir frequen-
cy. The intensity exhibits a clear minimum at the two-
photon resonance. Losses by other radiative processes
seem to quench the buildup of PFWM.

The energy of the various EF-B vibrational transitions
was mesued by a pyroelectric detector (Laser precision
RJ7200 and RJP735) following an interference filter. The
measurements were performed for the transitions EF(6)-
B(1) with Q(1) excitation. The detector is located behind
the beam splitter at the exit of the hydrogen cell, and
-90% of ir radiation emitted in forward direction is

100
rn ASE: B(1)-X(?)
'2 BQ. SRRS X(0) B(1)
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FIG. 10. Section of the vuv spectrum in the case of resonant
Q(1) excitation to EF(6) at 400-mbar H2. The vuv lines shown
are generated as a consequence of the ir lines shown in Fig. 8 by
ASE starting at 8 (1) or by SRRS of the PFWM vuv wave.

detected. The comparison of the energy measurements
with the ir spectra measured simultaneously yields for the
PFWM line at 11 946.6 cm ' (A. =836.830 nm) a fraction
of —10% of the total ir energy at 200 mbar or approxi-
mately 1 pJ. The pulse duration b~ is found to be ~ 1 ns
so that a radiation power I';, ~ 1 kW results. Due to the
fact that with the emission of an ir photon by PFWM the
emission of a vuv photon is connected, the vuv power can
be estimated to be I',„,~ 8 kW. With increasing pressure
the total energy decreases, but the energy of the PFWM
line rises by an additional factor -2 to a saturation value
(see Fig. 8). We conclude therefore that the maximum
power in the PFWM vuv line is P,„,+ 16 kW.

Satellite lines are also detected in connection with the
Lyman bands B(U'=1)—X(U"=7 and 8) (see Fig. 10).
They are found blueshifted by the same amount as known
from the ir lines. These vuv lines are Stokes lines gen-
erated by SRRS of the vuv radiation generated in the
PFWM process. The transitions close to the regular ir
lines are Q transitions and the ones close to P lines are S
transitions. In the example mentioned above, both
PFWM and SRRS take place at o-H2 in the X(0,1) state.
The intensity of the PFWM vuv wave field in the focal
range ( A —10 cm ) is deduced from the above-
mentioned energy measurements to be —1 X 10 W cm
This is approximately an order of magnitude above the
calculated threshold intensity for the onset of SRRS. In
the case of the frequencies considered in Fig. 10, the gain
factor for j =1 scattering from o-H2 is considerably
higher than for j=0 scattering from p-H2 (Fig. 6). The
Franck-Condon factors are clearly higher for the transi-
tions B(1)-X(7 and 8) than to the neighboring vibrational
levels of the electronic ground state [28]. This explains
why these SRRS transitions are generated especially in
connection with these levels.

Admixture of other gases (rare gases, Nz and D2) al-
lows us to shift the frequencies of the PFWM 1ines due to
changes of the refractive index. The change in freqency
depends only on the concentration of the admixed gas in
hydrogen and does not depend on the absolute pressure.
This is in agreement with the prediction that the PFWM
freuqencies are determined by the ratio of refractive-
index difFerences according to
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With the exception of He and Kr, all gases investigated
(He, Ne, Ar, Kr, Xe,Nz, Dz) lead to a frequency shift to-
wards the neighboring Hz resonances. In case of He al-
ready very small amounts of admixed gas lead to com-
plete quenching of the output. One can speculate on the
formation of Hz-He complexes from 8-state Hz molecules
[36]. The influence of admixed Kr is to shift the emission
frequency away from resonance. Figure 11 shows the
spectral shift Av of two PFWM transitions —normalized
to the situation of pure hydrogen Avo —as a function of
the ratio of the admixed gas Xz to the total density
(Ax+AH ), where X stands for Ar or Kr. The ir lines

and the vuv frequencies of the Q and S Stokes lines ter-
minating at X(7) were measured with the spectrograph
grating used in first and fourth order, respectively. The
Stokes lines reAect indirectly the tuning behavior of the
PFWM vuv wave. The solid lines correspond to theory.

The values for the refractive indices of Ar and Xe are
taken from Refs. [21,37].

With increasing concentration of admixed gas (with
the exception of He and Kr) the intensity of the PFWM
line initially increases but goes to zero at still higher con-
centrations [Fig. 11(b)], whereas the intensity of the regu-

(3)lar lines decreases monotonically. The value of y„~M in-
creases if the frequency approaches the resonance. This
leads to an increased PFWM signal. The absorption
cross section, however, is increased too, and therefore
beyond a certain frequency a rapid decrease of the signal
amplitude results. In the case of optical parametric
fluorescence one can show (with some simplifying as-
sumptions) that the intensities of both generated waves
are proportional to ~X' ' I [19]. Applying this result to
the PFWM process shows that this expression has to be
replaced by ~X' '~ I„„. Multiplying by exp( cr„„„—NI) in
order to take absorption into account leads to the curves
of Fig. 11(b). Except for normalization of intensity, no
other fits are used to arrive at these curves.

B. EB'ects induced by additional ir laser radiation
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If the output of the additional ir laser is focused into
the Hz cell, vuv radiation is no longer generated starting
from quantum noise, but is stimulated by the laser radia-
tion. The process of four-wave mixing results in a
significant increase of the vuv intensity. It is therefore
possible to study effects at considerably smaller particle
concentrations (typically 10 mbar). This results in advan-
tages with respect to phase mismatch and absorption
losses, the latter being reduced by several orders of mag-
nitude (see Sec. II). It is therefore possible to detect vuv
radiation in spite of the long path to the detector. In Fig.
12, vuv lines are shown which result in the case of reso-
nant Q(l) excitation to EF(6) at a Hz pressure of 10 mbar
for various ir laser frequencies. Although these lines are
separated by —100 cm ', their wavelength separation is
only -0. 1 nm. The small dispersion of the short focal-
length monochromator (4 nm/mm) complicates a precise
wavelength measurement, but the tuning behavior of the
vuv frequency with the frequency of the infrared laser is
obvious, however.

FIG. 11. (a} Tuning behavior of the PFWM lines with admix-
ture of other gases (Kr and Ar) for various H& pressures
(10—600 mbar}. The spectral distance of the lines from the cor-
responding Hz resonance is shown, normalized to the case of
pure hydrogen, as a function of the fraction of the admixed gas
N„ to the total particle density. o: PFWM ir line adjacent to
the transition EF(6)-B(1)P(2); X: vuv Stokes lines connected
with SRRS X(1)-B(1)-X(7)of the corresponding PFWM vuv
line; : PFWM ir line adjacent to the EF(6)-B(1)P(1) transi-
tion; +: vuv Stokes lines connected with SRRS X(1)-B(1)-
X(7) of the corresponding PFWM vuv line. The solid lines
represent the calculated dependence. (b) Normalized intensity
of the PFWM ir wave adjacent to the EF(6)-B(1) P (2) transi-
tion as a function of a normalized distance from the resonance
in case of tuning by admixture of argon at 200 mbar (O) and 400
mbar (0) of H&. The dashed (200 mbar) and solid (400 mbar)
curves correspond to the dependence described in the text.

12069

c 11953 c

11845 c

107 109
wavelength (nm)

FIG. 12. FWM vuv line for resonant g(11 excitation to
EF(6) for 10-mbar H& for various frequencies of the irradiated
ir laser. The intensity of the line in the center of the figure has
been multiplied by 0.5.



GENERATION OF VACUUM-ULTRAVIOLET RADIATION IN H 7541

intensity
(orb. units)

x(o) — e(&)

R(1} R(0)

R(2) P(1)
I I'l I

'JL

Cy

2e5
91 200

I I

91500 91800
frequency (crn -~ )

FIG. 13. vuv intensity in the case of four-wave mixing for
various pressures as a function of the vuv frequency in the case
of resonant Q {1) excitation to EF(6). The vuv frequency is cal-
culated from the frequency of the irradiated waves. The posi-
tions of the X-8 single-photon absorptions are indicated.

By setting the monochromator slits to a rather wide
spacing (0.3 mm), it is possible to record the intensity of
the vuv radiation over a substantial spectral interval
(1000 cm ') without readjusting the monochromator set-
ting. The monochromator serves as a narrow-bandwidth
spectral filter in this case. The frequency of the vuv radi-
ation is determined from the laser frequencies. In Fig. 13
vuv intensities are shown for various H2 pressures at res-
onant Q(1) excitation to EF(6) and the ir laser tuned cor-
respondingly. A comparison of Fig. 13 with the theoreti-
cal curves in Fig. 5 shows good agreement, so that the as-
sumptions made in the calculation, e.g. , concerning I and
o.,„„,seem to be justified. The values for l and o.,„„are
very sensitive and can be varied only in an interval of not
more than +10%%uo to yield good agreement with the ex-
periment. Intensity fluctuations in the measured spectra
are mainly due to intensity fluctuations of the uv laser.
The largest tuning range amounting to approximately
600 cm ' results at a pressure of 10 mbar. FWM is not
possible directly on the resonances shown in Fig. 13.
Also in the neighborhood of these resonances, even at
low pressure, absorption is clearly still effective. Consid-
ering, e.g. , the two peaks on the left- and right-hand sides
of the R(0) resonance (b,k has zeros here, see Fig. 2), one
notices that the intensity ratio is inverted when going
from 10 to 20 mbar. This is in agreement with the calcu-
lations displayed in Fig. 5 and leads to the conclusion
that the absorption cross section calculated on the basis
of an assumed linewidth of @=3X 10 s ' is probably
quite reasonable.

No attempt was made so far to measure the energy of
the FWM vuv wave directly. It is likely, however, that,
due to various limiting processes, a value below that cal-
culated in Sec. II does apply. Possible candidates for
such processes will be discussed in Sec. V. The energy is
expected to be clearly above the value mesured for
PFWM, because the intensity of the SRRS lines is consid-
erably increased with irradiation of the ir laser. We
therefore expect energies in excess of 10 pJ and power
above 10 kW in the vuv for the case of FWM at frequen-
cies where phase matching is effective.

Stimulated resonant Raman scattering, discussed so far

in connection with PFWM, is also present in case of
FWM with even higher amplitudes due to the expected
higher intensity of the vuv wave. Besides the Stokes tran-
sitions already reported in connection with PFWM,
several other new lines can be observed in this case. At
the appropriate frequency setting of the ir laser it is possi-
ble, e.g. , to observe four-wave mixing in o-H2 and subse-
quent SRRS in p-Hz (and vice versa). The parallel oc-
currence of SRRS from various rotational ground levels
and scattering of different vuv waves, generated by FWM
as well as by PFWM, can lead —together with the ASE
lines —to rather complex spectra as can be seen from Fig.
14(a). A vuv wave is generated by FWM in o-H2 at
91592.8 cm ' by resonant Q(1) two-photon excitation
and ir irradiation at 11894.3 cm . vuv radiation at
91 540. 5 cm ' is generated by PFWM. In addition, reso-
nant ASE transitions in the ir and near vuv occur. These
lines are indicated by R(l), P(1), and P(3) referring to the
transition 8(1)-X(7) in Fig. 14(a). The FWM- and
PFWM-generated vuv waves are responsible for the sub-
sequent generation of SRRS Stokes waves by scattering
from H2 in the ground state j=0 (p-H2) and j = 1 (o-Hz).
The Raman gain factor at the FWM frequency is almost
the same for both scattering processes (Fig. 6). Q and S
transitions are present in each case so that, in addition to
the three regular ASE lines, eight Stokes lines can be ob-
served; not all of them are resolved, however, in Fig.
14(a).

With admixture of D2, additional phase-matching fre-
quencies for FWM in Hz result. These frequencies are
close to D2 resonances (bv-2 cm '). The vuv waves are
preferentially scattered at D2 resonances and therefore
Stokes lines from D2 are observed subsequent to two-
photon excitation of Hz [Fig. 14(b)]. The observed SRRS
processes are connected with Dz X(0,j =0, 1, and 2)
ground-state levels. With the ir laser set at different fre-
quencies, besides these D2 lines also Q and S Stokes lines
from HD with scattering at X(0,j =0 and 1) states are
present [see Fig. 14(c)]. The corresponding rotational
levels of 8(1) act as resonant intermediate levels in case of
D2 as well as for HD. Due to different FCC scattering in
D2 terminates at X(9 and 10) and at X(8) in case of HD.
For HD, the frequencies of the vuv waves generated by
FWM (frequencies calculated from the laser frequencies)
are very close to the HD resonances (-0.1 cm ') which
is below our measuring precision ( -0.3 cm ') and
within the Doppler width of the I-8 transitions. Reso-
nant excitation of HD with subsequent ASE emission is
therefore also possible. Because the reaction cross sec-
tions for reaction of H2 with Dz are negligible at room
temperature, HD is generated probably by the following
processes [38—41]:

(i) H++Dz~D++HD ( —1X10 cm s '),
(ii) H2++D~~H2D++H ( -2 X 10 cm3 s '),
(iii) Hz++H2 —+H3++H ( -2. 1 X 10 cm3 s '),

H3++D~ —+H~D++HD (-2X10 ' cm s ') .

The values in parenthesis correspond to the reaction rates
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FIG. 14. (a) vuv lines close to the B(1)-X(7) transition for
resonant Q(1) two-photon excitation to EF(6) and irradiation
of an ir wave at 11894.3 cm '. The H, pressure is 400 mbar
(for details see text). (b) vuv lines for the same excitation as in

(a), but for a mixture of 160-mbar H& and 65-mbar D2. The ir
laser frequency is 11 916.2 cm '. ASE lines from H~ and SRRS
lines from D2 are observed. In the case of SRRS the vibrational
levels corresponding to the initial, intermediate, and final states
are indicated. (c) Same conditions as in (b), but with the irradi-
ated ir frequency at 11945.3 cm '. The vuv lines refer to H2
and HD.

at room temperature. These rates are large enough to
lead to reaction times for the formation of HD from ionic
hydrogen of substantially less than 1 ns at neutral particle
densities of several 10' cm . As shown above, tuning
of the ir laser with the frequency of the uv laser fixed
leads to tunable vuv radiation by FWM. The corre-
sponding vuv radiation at longer wavelengths generated
by SRRS also shows tunability over limited spectral in-
tervals. In Fig. 15 the tuning of the S(0) and S(1) lines be-
longing to the transition X(0)-B(1)-X(7)around 149 nm at
200-mbar H2 is shown as a function of the vuv frequency
(calculated from the ir and uv laser frequencies) at
quasiresonant ( —1.5 cm ') Q(1) two-photon excitation
to EF(6). The slight detuning off resonance inhibits the

94530 91S70 91610
&vuv(em )

94'500 91530 91560
uvuv(crn )

FIG. 15. Tuning behavior of the 5 (0) and S ( 1) SRRS Stokes
lines X(0)-B(1)-X(7) in the case of quasiresonant gi 1) two-
photon excitation to EF(6) (detuning —1.5 crn ) as a function
of the vuv frequency (calculated from the frequency of the uv
laser and the tuned ir laser) at 300 mbar H~. The ir laser is
tuned in 0.5-crn steps. The variation of the intensities and po-
sitions of the corresponding X(0)-B(1) single-photon reso-
nances are displayed in the lower half of the figures. The
dashed line in the case of the S(1) tuning curve indicates that in
this range no precise wavelength determination was possible be-
cause the weak Stokes line connected with FWM and the weak
Stokes line connects with PFWM are superimposed.

development of strong ASE radiation in the ir and, as a
consequence, the eKcient population of B-state levels un-
less the ir laser drives the transition. Therefore, also in
the longer wavelength part of the vuv no ASE lines devel-
op.

The Raman cross section for S(0) scattering is max-
imum at the R(0) resonance and falls olf quickly to both
sides (Fig. 6). The observation of two maxima is surpris-
ing at first, but is explained by the strong absorption of
the FWM vuv wave at the R(0) resonance (Fig. 3).
Whereas with increasing spectral distance from reso-
nance the cross section decreases, the vuv intensity ini-
tially increases (Figs. 5 and 12). The maxima correspond
to positions with phase matching (Fig. 2). The intensity
at the left maximum is smaller than that of the right
since, in addition to the scattering from j =0, scattering
from j =1, which is dominant in this frequency interval,
occurs (Fig. 6). The main maximum of the S(1) wave
occurs therefore at the same frequency as the left max-
imum of the S(0) wave and the intensity at this position
exceeds that of the S(0) wave. Almost continuous tuning
of the S(0) Stokes wave is possible over an interval of 60
crn

The S(1) wave is also tunable over several 10 cm ' and
exhibits another maximum at 91 513 cm ', which is close
to the resonance frequency of the transition to B(1,2)
(91514 cm '). This maximum is surprising since one
would rather expect an on-resonance minimum in analo-
gy to the situation with S(0) scattering. We do not expect
any FWM due to the large absorption on resonance and
therefore there should be no observable Stokes wave. If,
in contrast, the maximum were the consequence of reso-
nant population of the B(1,2) state through the ir laser,
with subsequent ASE radiation, no tuning of the
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corresonding R(1) and P(3) lines would result. This point
will be discussed in more detail in the following section.

V. DISCUSSION

P,„„,=+co„„„leo;,iM'/M'iP„„. (17)

For the strongest transition observed at v„„„=91540.5
cm ', we obtain P„„„,=60 kW and P;„=7kW (the addi-
tional s in the subscript stands for "saturation"). This
exceeds the measured power (containing uncertainties in
the pulse duration) by a factor of —4 and demonstrates
the possibility of generating vuv power of several 10 kW.

A series of PFWM transition with power in the vuv up
to 16 kW is observed in the forward direction with
respect to the propagation of the uv pump laser light.
The intensities of these lines saturate at H2 pressures in
excess of several hundred mbar, whereas the intensities of
the regular transitions decrease monotonically in the for-
ward direction and increase initially in the backward
direction. In the case of regular transitions with pres-
sures in excess of 100 mbar, a transition from ASE to
SEHRS is observed.

The saturation behavior, i.e., the decrease of the inten-
sities in the forward direction and the observed
forward/backward asymmetry, is probably due to in-
terference effects in the polarization driving the corre-
sponding processes. Such effects have been investigated
both theoretically and experimentally for Na [42,43,20].
The effects discussed for Na are in good agreement with
our observations at H2. The underlying idea assumes
that at high intensities the wave fields generated by
PFWM may be strong enough to cause excitations of the
nonlinear medium and to drive additional strong polar-
ization waves. This leads to interference effects between
the polaizations generated by the irradiated and the
secondary waves with the consequence that the ampli-
tude of the driving polarizations can be reduced. Both
the vuv wave generated by PFWM and the SEHRS and
irradiated uv waves lead to excitation of the intermediate
B state. Interference of these two processes leads to a
reduction of the amplitude of this state in the polariza-
tion term. The polarization connected with the SEHRS
process is proportional to this amplitude so that in the
forward direction SEHRS is suppressed. The polariza-
tion propagating in the opposite direction is not affected
by these interference effects, so that in this direction
SEHRS may develop mainly uninfluenced [42].

A similar effect leads to saturation of the PFWM
waves and to suppression of ASE. At sufficiently high in-

tensities of the ir and vuv waves generated by PFWM,
these waves can lead to substantial pumping of the EF
state by two-photon absorption. This leads to interfer-
ence with the two-photon excitation by the uv pump laser
and, as a consequence, the amplitude of this state and the
polarization driving the PFWM process is reduced. The
PFWM intensities saturate and the ASE radiation from
the EF state is suppressed. This effect is called "two-
photon cancellation effect" [20]. Saturation is expected
as soon as we have ~M'~ I„„=~M'~I;, I,„,. The satura-
tion power is therefore (with I,, =(co;,leo„„,)I„„,)

It should be noticed that the saturation power depends
only linearly on the uv pump power. It is, in addition,
dependent on the spectral distance of the PFWM waves
from B-state resonances so that with approaching the res-
onance the effect increases strongly and the saturation
power decreases. This is probably the reason for the de-
crease of the ASE intensities with increasing gas admix-
ture. The PFWM frequencies approach the resonances as
an effect of the admixture so that the two-photon cancel-
lation effect has a stronger inhuence. It is dificult to dis-
tinguish experientally between the different effects. The
similarity of the phenomena observed in case of Na and
the behavior in our experiment suggests, however, that
interference effects in the polarization play a substantial
role at higher H2 pressures of several hundred mbar.

In the case of four-wave mixing experiments at smaller
particle densities a limitation of the vuv intensity through
interference effects does not seem to be likely. Interfer-
ence effects would be efficient especially for vuv processes
close to resonances and would therefore led to a Aatten-
ing of the tuning profile. The agreement between the cal-
culations in Fig. 5 (not including such effects) and the ex-
perimental result in Fig. 13 indicates that in this case sat-
uration is not an important effect. The fact, however,
that the calculated intensities are obviously by far too
high demands that other limiting processes have to be
considered. One possibility is the depletion of the ground
state through processes other than FWM and PFWM.
This suspicion is supported by the behavior represented
in Fig. 9(b) concerning the PFWM ir wave with variation
of the uv frequency. Neglecting the inhuence of the
FWM, the high intensity of the pump radiation in con-
nection with the lage cross section for two-photon ab-
sorption of oo '=1.74X10 cm s [32] leads to an al-

most complete depletion of the ground-state population.
Hz molecules are either excited into higher vibrational
levels by radiative processes (ASE, SEHRS in backward
and forward directions), or are ionized or dissociated, re-
spectively. At a pressure of 600 mbar the energy of the ir
transitions in the backward direction at resonant Q(1) ex-
citation is found to be up to 100 pJ. This corresponds to
0.4 X 10' photons emitted by 1 X 10' particles in the

j =1 state in the focal range. Therefore, about 40% of
the particles are accumulated in higher metastable vibra-
tional ground state levels by the ASE radiation. We as-
sume, in addition, that the very large absorption cross
section connected with the EF state of o-,„,=6.4X 10
cm (including ionization and dissociation at A, = 193 nm

[32]) causes a substantial reduction of the particle num-
ber available for radiation processes. Since the processes
governing the depletion of the ground state and the vari-
ous raditive processes as well as processes of recombina-
tion are highly dynamical, ground-state depletion is very
dificult to predict quantitatively. If we make the simpli-
fying assumption (in the frame of an order of magnitude
estimate) that loss mechanisms prohibit molecules excited
into the EE state to return back into the ground state-
i.e., neglecting the inhuence of four-wave mixing and of
recombination —the population of the ground state may
be described by a simple rate equation. The quantity
[N(t)I„„(t)] in Eq. (1) can then be replaced by a mean
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value (NoI, ) defined over the time interval from the on-
set of the laser pulse to the complete depletion of the
ground state. For a bell-shaped laser pulse of maximum
intensity 10" W cm and a duration of 1 ns (FWHM),
we obtain for the depletion of the ground state from an
initial density Np to 10% of this value after -0.3 ns a
value of I, —10' Wcm and the ratio (I, /I„„) —10
The maximum vuv intensity is now reduced to —10
W cm (as compared to 10" W cm ) corresponding to
a more realistic power of —100 kW or a maximum con-
version ir to vuv of —10'7o. Values of the power in the
range of 10 to 100 kW seem realistic also in view of the
considerably increased SRRS at pressures of several hun-
dred mbar with irradiation of ir laser radiation as com-
pared to the PFWM case. An assumed reduction of the
ground-state population and connected with this the de-
pletion of the intensity of the vuv wave could also
represent an explanation for the two-photon cancellation
effect obviously not effective at the small particle densi-
ties investigated.

The observation of HD in connection with four-wave
mixing and SRRS in H2/D2 mixtures yields a clear indi-
cation that a high concentration of hydrogenic ions is
present. The formation of HD occurs, as outlined in Sec.
IV, along the reaction paths formulated there. HD has
to be generated to a substantial degree not only in order
to be relevant for phase matching in four-wave mixing,
but also to guarantee a sufficient gain factor for stimulat-
ed resonant Raman scattering. We learn from the mea-
surements in H2 and D2 that at least several 10 mbar of
D2 have to be present at the basic pressure of some 100-
mbar H2 in order to allow the observation of SRRS. A
similar result is obtained from the calculations of the Ra-
man gain coefficient outlined in Sec. II. The HD lines of
Fig. 14(c) were measured at 160-mbar H2 and 65-mbar
D2, respectively. If we assume that similar rules apply
for scattering from HD, we are led to the conclusion that
roughly 10% of H2 and D2 have reacted to HD. This is
only possible if at least a corresponding amount of H2 has
been ionized or dissociated. It follows that ionization
and dissociation are indeed important mechanisms lead-
ing to a depletion of the ground state. Another argument
that supports the same conclusion is the observation that
ir signals are only obtained from the leading peak of the
uv pulse and not from the following portion that still con-
tains --', of the uv energy.

The existence of additional tunable lines in the spectral
range of the longer-wavelength B-X transition is ex-
plained satisfactorily by stimulated resonant Raman
scattering subsequent to the vuv wave generated by four-
wave mixing. The origin of the tunability of the lines
around the resonances B(1)-X(7) is not readily explained.
At hydrogen pressures of several hundred mbar, genera-
tion of a vuv wave by four-wave mixing directly on or in
immediate proximity of the resonance does not seem pos-
sible. Following arguments given in Sec. II, we speculate
that this effect is stimulated two-photon emission. In this
case the R(1) and P(3) lines would correspond to Q(1) and
S(1) transitions from EF(6,1). The fact that in this experi-
ment the uv laser was not spectrally at the two-photon
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resonance with the EE state and therefore could not gen-
erate directly a high population in the EF state seems to
oppose this concept. With resonant Q(1) excitation to
EF(6) the parallel ASE processes are too strong to allow
the observation of a possible tunability induced by ir laser
irradiation. The maximum of the tuning curve is found
to be shifted by —1.5 cm ' relative to the R(1) reso-
nance. In spite of the detuning of the two-photon excita-
tion by —1.5 cm, this indicates that in the maximum
the frequency of the ir laser corresponds exactly to the
resonance frequency of the transition EE(6)-B(1) P(2).
Also in case of other choices of detuning of the uv laser
( —2.4 and +1.2 cm ) the maximum intensity is always
found exactly for the frequency of the ir laser correspond-
ing to this resonance frequency (see Fig. 16). This sug-
gests that this tuning efFect is connected with fast parti-
cles in the Maxwell distribution that are resonantly two-
photon excited. The Doppler shift of the ir transition of
these particles amounts to a much lower value of only 0.2
cm ' (this is clearly smaller than the laser linewidth) and
therefore the ir resonance frequency appears to be
unaffected. In the present case of p =300 mbar, room
temperature, and with a two-photon excitation at —1.5
cm ', approximately 2.5X10' cm can therefore be
excited resonantly from X(0,1) into EF(6,1). Due to the
ionization/dissociation from the EF state, one cannot ex-
pect an excited population of more than a few percent of
the ground-state population. But this fraction clearly
exceeds the threshold population density in the EF state
for stimulated TPE as estimated in Sec. II (3X10'
cm ). Although this is a strong argument for the inter-
pretation of the observed tunability as stimulated TPE,
more detailed investigations seem to be necessary.

HD can be used as a medium for FWM alternatively to
Hz. As shown in Ref. [44] two-photon excitation of HD
with subsequent ASE emission in the ir and vuv is possi-
ble also in case of HD. In view of the resonance frequen-
cies slightly shifted in HD, the possibility of generating
tunable coherent radiation of high power in the vicinity
of H2 X-B resonance frequencies is opened. Such a
source of radiation could, e.g. , be useful for the detection
of ground-state H2. A possible limiting mechanism is the
generation of molecular hyrogen in the focal region
through the reaction of HD with hyrogenic ions. It is
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not possible, however, to use D2 alternatively to HD,
since D2 does not have two-photon resonances in the tun-
ing range of ArF [45].

As can be seen from Table II, the transition EF(6) B(-v)
exhibits several transitions in the range 101—111 nm in
the case of H2, with large values of the transition mo-
ments M in parallel to those investigated up to now. This
is especially the case for u~ =6. This transition could al-
low very efficient generation of vuv radiation at the
Lyman-P wavelength (A,&=102. 6nm). The ir radiation
necessary for FWM could be supplied by SRS in H2. It is
an open question, however, whether atomic hydrogen
generated by photodissociation would limit the four-wave
mixing at Lyman P.

Application of a pulsed H2 nozzle should lead to
higher vuv intensities through the connected reduction of
absorption losses. It can be expected that the vuv radia-
tion generated by PFWM could be extracted so that no
additional ir laser irradiation would be necessary. We
have shown in an earlier experiment that satellite lines,
i.e., corresponding to PFWM, can be seen also with exci-
tation by a simple oscillator-amplifier excimer laser sys-
tem [9] so that the generation of short-wavelength vuv ra-
diation (tunable by gas admixture) seems possible with a
single laser system.

VI. CONCLUSIONS

We have shown that subsequent to two-photon excita-
tion of H2 several nonlinear optical processes take place.
Besides ASE and SEHRS this is mainly PFWM and
SRRS. These processes lead to the generation of several
intense lines in the ir and vuv. vuv generation occurs
along two paths: First, a vuv wave at —109 nm is gen-
erated by PFWM. This wave generates SRRS, wich leads
to Stokes waves at wavelengths around 150 nm. The cor-

responding frequencies can be tuned over small spectral
intervals of the order of -20 cm ' by admixture of other
gases (noble gases, N2, Dz). The vuv intensities generated
by PFWM reach —16 kW.

Second, PFWM is replaced by FWM in the case of ad-
ditional irradiation of intense ir laser light. In this case
almost continuous tuning ranges of the vuv radiation
over approximately 600 cm ' can be realized. The tun-
ing ranges are localized around the respective rovibronic
resonances X-B. Exactly on resonance no FWM is possi-
ble. No measurements of the vuv power have been made
so far. As discussed earlier, we assume that the power
amounts to 10—100 kW. As in the case of PFWM,
Stokes lines are also generated subsequent to FWM via
SRRS. The tunability reaches 60cm in this case.

The susceptibilities governing the processes mentioned
have been calculated. Very good agreement is observed
between theoretical expectations and experimental obser-
vations. Furthermore, these calculations predict four-
wave difference frequency mixing in hydrogen to be
e%cient in the range 101—111 nm. The calculated abso-
lute values of the vuv intensities turn out to be by far too
high. This is connected with the neglect of various limit-
ing processes that have been discussed in connection with
the experimental results. The mechanism of tunability of
the vuv lines around the resonances B(1)-X(7) still leaves
some open questions. We speculate that this can be due
to stimulated two-photon emission. Further clarification
is needed.
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