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Abstract. We have investigated the increase of efficiency
for high-order anti-Stokes Raman scattering using
a cryogenic Raman cell. By cooling the cell to liquid-
nitrogen temperature, output energies of the 9th-order
anti-Stokes wave at 133 nm in normal hydrogen were
enhanced by a factor of 10, and the 11th-order anti-Stokes
line at 141 nm in normal deuterium appeared, while no
output was observed at room temperature. No output
energy enhancement, however, was obtained using cooled
para-hydrogen as a result of multiple rotational Raman
scattering. For long-term operation, the output window
surface of the Raman cell was kept at above 200K in
order to protect it from deposition, the absorption of
which is detrimental to VUV transmission.

PACS: 42.65; 42.55; 07.60; 07.20

In wavelength conversion by stimulated Raman scatter-
ing, cooling of the Raman medium is a common effective
technique to improve the scattering efficiency. Especially
in a rotational Raman converter, such as the para-hydro-
gen Raman laser at 16 um [1-3], the increase of the
Raman gain coefficient is known to be remarkable. For
high-order Anti-Stokes (AS) Raman scattering, which has
also become an efficient method for VUV generation
[4-11], cooling will contribute to increase the scattering
efficiency. In contrast to the complicated design of a para-
hydrogen Raman cell with multiple-pass structure [ 3], the
cooling device of a VUV Raman cell seems to be much
simpler. So far, two types of straight-pass Raman cells
have been used with liquid nitrogen, but their perfor-
mances are still far from being satisfactory. One was
designed to cool only the central portion of the cell, and
the entrance window was blown with dry nitrogen to
prevent water-vapor condensation [4]. Even with this
simple design, it functioned for a certain period but suf-
fered from pointing instability of the beam due to gas
convection. The other one was set up in a concentric

configuration of three cylinders with vacuum insulation
for liquid nitrogen. By cooling the whole cell, the YUV
output was increased several times, but the improved
output could not be sustained for a long time. It was
pointed out that the contaminations observed on the
window might cause serious reduction in the VUV trans-
mission [11].

In this work, we developed a liquid-nitrogen-cooled
Raman cell the windows of which were protected from
deposition of contaminants. Using the cooled Raman cell,
the VUV anti-Stokes radiation enhancement was studied
in detail with normal hydrogen (n-H,), and also with
normal deuterium (n-D,) and para-hydrogen (p-H,) .

1 Design of the cryogenic Raman cell

A schematic diagram of the liquid-nitrogen-cooled
Raman cell is presented in Fig. 1 together with the VUV
monitoring system. The Raman cell has a threefold con-
centric-cylinder structure. The inner hydrogen cell is made
of a stainless steel tube 90 cm in length and 4cm in
diameter. The characteristic feature of the cell is the heat-
ing of the exit window by an electric heater which is coiled
and fixed to the window with a ceramic adhesive. The
10 cm long stem between the heater and the coolant
reservoir produces a temperature gradient to minimize
heat conduction and to achieve optical homogeneity in
the gas medium.

The input and output windows are made of SiO, and
MgF,, respectively, and are sealed with a spring-coil
O-ring coated with indium (Helicoflex HN-100). The tem-
perature of the output window is monitored with a cop-
per—constantan thermocouple attached onto its edge. The
Raman cell, which is directly connected to the VUV separ-
ator, is placed in a vacuum tube 10 cm in diameter. The
vacuum tube and the wavelength separator are evacuated
to a pressure of about 2 x 10~ ° Torr using a turbomolecu-
lar pump.

The temperature of the Raman-active gas was not
directly measured but estimated from the pressure
monitored with a vacuum gauge using the ideal gas
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Fig. 1. Schematic of the liguid-nitrogen-cooled Raman cell and the
monitoring system

equation. The estimation gave only approximate values
because no correction for the non-uniformity of temper-
ature in the gas container was carried out. Considering the
volume that is surrounded by the liquid-nitrogen coolant,
however, it is likely that the estimated values agree with
the gas temperature at the center of the cell.

2 Experimental

Experimental procedures of VUV generation and charac-
terization of output of the AS radiation have already been
described in a previous paper [9]. A fourth-harmonic
pulse from a Q-switched Nd: YAG laser (100 mJ, 8 ns) was
focused into the cooled Raman cell using a quartz lens
(f = 600 mm). The emitted beam was led directly to the
wavelength separator with a LiF Pellin-Broca prism. The
selected AS beam passing through the slit was divided into
two beams by a LiF plate. One was introduced to a VUV
monochromator (Minuteman 302-VM) and detected with
a biplanar phototube (Hamamatsu R1193U-04) or with
a solar-blind photomultiplier (Hamamatsu R972). The
second beam was used to monitor the beam profile with
a scintillator plate and a camera.

Pulse energies were measured with the following pro-
cedure. Radiation was introduced to the VUV mono-
chromator after being scattered through a sand-blasted
MgF, plate in order to minimize the influence of non-
uniformity in the VUV beam patterns. Detection with the
biplanar phototube (AS1-AS4) was calibrated to absolute
energies of AS1-AS3 with a pyroelectric joulemeter (Gen-
Tee ED-200). Combining the data detected with a photo-
multiplier using the sensitivity curves of the detector, the
calibration of anti-Stokes pulse energies was carried out
assuming that the spectral response of the VUV mono-
chromator is constant.

3 Results and discussion

It took about 30 min to fill the reservoir with liquid
nitrogen, as shown in Fig. 2. During filling, the beam
emitted from the Raman cell fluctuated and varied its
position. It was confirmed, however, that within half an
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Fig. 2. Time course of temperature change of gas (upper) and win-
dow and output energy changes when the Raman cell cooling starts.
Pulse energy variations of AS3 and AS9 pulses are shown, being
normalized to energies before the start of cooling (lower)

hour after the start of filling, the beam returned to the
position that it occupied before cooling. Such beam stabil-
ity guaranteed the ease of optical alignment as well as the
minimum change of the optical path during temperature
variation in the following experiment.

Figure 2 also shows the relation between output inten-
sities and exit-window temperature. Pulse energies are
plotted for AS3 and AS9. The record restarted at t =0
when the cell was stabilized at liquid-nitrogen temper-
ature. The vertical axis showing the output intensity is
scaled relative to values before cooling. For the first
200 min during which the temperature of the exit window
was kept at 293 K, VUV output appeared quite constant.
The output intensity of AS9 was enhanced by one order of
magnitude by cooling, while only a slight increase of 40%
was observed for the output intensity of AS3. The heater
was switched off at 180 min. Until the temperature drop-
ped to 220 K at 220 min, VUV output did not change. The
subsequent temperature drop of the window to 150 K,
however, caused serious signal reduction of 90% at
400 min for AS9Y. On the other hand, for AS3, the energies
were decreased slightly by 25% even at 420 min but cool-
ing enhancement was still noticeable. At 430 min, the
heater was switched on again, and the temperature of the
window as well as the output signals of AS3 and AS9
began to increase immediately. The exit-window temper-
ature returned to room temperature at 510 min. Energies
of AS3 recovered to the level before switching off the
heater but only a 70% recovery was obtained for AS9.
This finding suggests that the contamination on the win-
dow surface was more detrimental to the VUV wave of
AS9 than to the UV wave of AS3. The incomplete recov-
ery obtained by raising the temperature does not imply
permanent contaminant deposition on the surface but
insufficient evacuation, because the transmission re-
covered fully once the whole cell was heated to room
temperature. On the basis of these observations, we could
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Fig. 3. Density dependence of the 6th-order AS wave in n-H, at
77 K (filled circles) and 293 K (open squares)

operate the cell for more than 10 h by keeping the window
temperature at 250 K in the following experiments.

Figure 3 shows the dependence of output energies of
AS6 on n-H, density at 77K and 293 K. Filled circles
represent energies averaged over 10 pulses of AS6 at 77 K,
and open squares those at 293 K. Output energies were
maximized at a density of 3.3 amagat, which was lower
than the corresponding value at 293 K. In addition to the
gain increase due to cooling, the change of the optimum
density also affected the phase-matching condition, as
shown in Fig. 4, where the beam profiles at optimum
pressures for both temperatures are presented. The verti-
cal scale of the intensity obtained directly from a photo-
densitometer was not linearized; thus, the qualitative
changes were clearly observed. It is obvious that the
profile at 77 K is narrower and the center component is
more intense. A comparison of output energies at room
and liquid-nitrogen temperatures is presented in Fig. 5. As
expected from Fig. 3, enhancement effects became more
pronounced for higher orders of anti-Stokes lines.

Table 1 also presents the gain of n-D, and p-H, for
both room temperature and liquid-nitrogen temperature.
The Raman line-widths at room and liquid-nitrogen tem-
peratures are reported only for n-H,. We used estimated
values reported in [12-14] for p-H, and n-D,. VUV
output pulse characteristics obtained using these media
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Fig. 5. Output pulse energies of individual AS waves. Filled circles
and squares represent values for n-H, and'n-D; at 77 K, respective-
ly. Open circles and squares indicate values for n-H, and n-D, at
room temperature, respectively. Crosses show energies of p-H, at
77K

are shown in Fig. 5. Absolute energies for both gases were
small compared with those of n-H,. The cooling-enhance-
ment factors increased gradually for higher-order AS lines
as in n-H,. As for the factor itself, there is little difference
between n-D, and n-H,:

167%¢? AN <da>

Ir = n ha’ , Awg \dQ

(1)

where AN, w _ 1, 11, Awg, and (do/dQ) are the population
probability difference between the initial and final states
of the Raman transition, the angular frequency of the first
Stokes (S) wave, the refractive index at @w_,, the Raman
linewidth, and the differential cross section of Raman
scattering, respectively. Considering temperature-depen-
dent quantities, gx obtained by cooling to 77 K is esti-
mated to be 1.41 times of the value at 293 K, as shown in
Table 1.

The AS Stimulated Raman Scattering (SRS) is
a Raman-resonant four-wave-mixing process. Once the S1
field is created in SRS, AS1 generation starts by combina-
tion of the P and S1 waves. The AS2 field is produced by
coupling of P, S1, and AS1 waves. In this manner, the ASn
component is successively generated by the mixing of P,
S1, and AS, ;. In the simplest model with a plane-wave
approximation under the phase-matching condition, the
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Fig. 4a,b. Spatial intensity
distributions of the 6th-order AS
pulse in n-H, (a) for the density of
3.3 amagat at 77 K and (b) for the
density of 4.5 amagat at room
temperature
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Table 1. Comparison of the Raman gain coefficients

I'I-Hz p-Hz n'DZ
Branch  Q,, (1) Qy, (0 Qo; )
77K AN/NY 0.750 0.990 0.598
Av/Ng) 42 29 39
Ny 33 2.4 7.5
Branch  Q,, (1) Qo (0) Qy; (0
300K AN/NY 0.660 0.510 0.385
Av/Ng) 52 45 124
Ny 4.5 - 8
Ratio of gy at 1.41 3.01 4.94
77 K and gg at
300K

* AN denotes population difference between the initial and final
states associated with Raman transitions; N, is the number density
at the optimum operating condition

» Av is the Raman linewidth per unit density (MHz/amagat)

amplitude of the ASn field is expressed as

dA, n
Eon  On TR (g0 Ay Apey — AZ_ L A). 2)
dz  w_q 2

The first part on the right-hand side of (2) represents the
four-wave Raman mixing contributing to the n-th anti-
Stokes generation. The amplitude A, increases in the
phase-matching direction. The second part represents
stimulated Raman scattering of ASn as a pump.

In the small-signal limit that Ao(=P)>A_{, 4,1,
and A4,, we can neglect the second term in (2) and regard
A, as constant. Equation (2) can be solved for A, to give

y 2 G
Ay = —= e, 3
1 Oca)_lpoe ( )

gr 1 gr
h _ IRy _ " YR
where G 210 55

higher-order waves, the amplitude of ASx can be obtained
as

P2. Applying the calculation for

A= o", nlp! " @
Thus,
A, (77K)
e A A 5
M, 4,(300K) g, ®)

where B =exp(34grloz) and Agr =gz (77K) —gr
(300 K). Therefore, we can write

M,=BM,_ =.... = p My (6)

M, increases monotonically because f§ is larger than unity.
Thus, higher-order AS scattering might be enhanced com-
pared with lower-order AS scattering when the Raman
gas is cooled. Although the model is too simple to discuss
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Fig. 6. Spectrum of the AS4 wave in p-H,. The density was 2.3
amagat at 77 K. The arrow shows the center of the purely vibration-
ally scattered line of AS4 at 184.5 nm. Each subcomponent corres-
ponds to the rotational shift of 354 cm ™1

the intensity-variation dependence on AS orders, the
cooling-enhancement factor B, = M,/M,_, was investi-
gated to determine if it has a certain constant value. The
results are that 8, = 1.20 + 037 for ordersn =1ton =9

ofn-H, and 8, = 1.18 + 0.33 for orders n = 1 ton = 10 of
n-D,. In this model, the fact that the values of §, are similar
suggests that Agg values coincide for n-H, and n-D,.
Contrary to the expectation resulting from the in-
crease of gain, no enhanced output was obtained by using
p-H, instead of n-H,, as shown in Fig. 4. For p-H,, it was
found that each AS line spread to several rotational side
bands as shown in Fig. 6. Such rotational Raman compo-
nents would arise through the Raman mixing effect with
purely rotational and vibrational-rotational transitions.
Even with a linearly polarized pump beam, the ratio of
which was measured to be 1000: 1, the generation of such
rotational side bands was not suppressed. Accordingly,
p-H, was not adequate for VUV generation since in-
creased gains for purely rotational Raman transitions
degraded vibrational AS scattering for up-conversion.

4 Conclusion

Stable outputs of AS pulses in the VUV have been
obtained with a liquid-nitrogen-cooled Raman cell. De-

performance and long-term operation was accomplished
by keeping the temperature of the exit window at 250 K.
The enhancement by cooling was found to be more signifi-
cant for higher-order lines and an enhancement by a fac-
tor of 10 was obtained for n-H,.
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