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A multipass cell is described which allows efficient stimulated Raman frequency shifting for low pump laser intensities and low
gas pressures. The latter is important for Raman shifting of narrow-band Fourier-transform limited light pulses (Ay=75 MHz).
It is shown that frequency broadening of the Raman shifted light can be largely avoided in the Dicke narrowing regime at low
pressures. For 75 MHz pump pulses and an H density of 2.5 amagat we found a negligible broadening to 90 MHz of the stimulated
Stokes light. This is far below the value of 250 MHz expected from spontaneous emission. The narrow-band Stokes pulses achieved
in CO, enabled us to measure the pressure shift coefficient (~0.71X10~2cm™!/amagat) of this gas. It is demonstrated, for the
example of benzene, that our technique provides a very practical light source for high resolution molecular spectroscopy.

1. Introduction

The tuning range of narrow-band single-mode dye
laser systems is limited by the wavelength range and
efficiency of the dyes and the available pump laser
frequencies. Therefore it is highly desirable to de-
velop a technique for frequency shifting of narrow
frequency light without loss of spectral selectivity.
Stimulated Raman scattering (SRS) in high density
gases is known to be a convenient technique for fre-
quency converting tunable dye laser emission, but
has so far been used only for broader bandwidths.

Until 1990, no successful attempt had been made
to reduce the bandwidth of Raman shifted light to its
physical limits [1,2]. For a pump laser with negli-
gible linewidth, the bandwidth of the Raman shifted
light is determined by pressure broadening in the high
density regime of the gaseous Raman medium (H,:
p> 5 amagat) and by Doppler broadening in the low
density regime (H,: p<2 amagat).

Dicke narrowing [3] is expected to lead to a nar-
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rowing of the linewidth of the Raman transition be-
low these limits in a specific density regime. This has
been observed by stimulated Raman backward scat-
tering in H, [4], in spontaneous Raman forward
scattering [5], and with the method of stimulated
Raman gain spectroscopy [6-8]. In H, a minimum
spontaneous Stokes linewidth of 250 MHz was ob-
served at a density of 2.5 amagat. Another narrowing
process is caused by the Q-branch collapse (line
mixing) phenomenon [9]. In the Raman v, band of
CO,, both narrowing processes occur in same den-
sity regime of about 0.3 amagat [10,11].

Efficient Raman shifting of laser light in single-pass
cells requires pressures of several bar [12]. Due to
their increased interaction lengths, multi-pass cells
are advantageous because they reduce the SRS
threshold pump power [13] and allow the pressure
to be reduced to the narrowing regime. With this
technique and a low pressure of 900 Torr, Saint-Loup
et al. achieved a linewidth of 120 MHz (fwhm) at
a Stokes conversion efficiency of about 12% in the
Raman medium CO, [2]. However, no data are
available for the most common Raman medium H,.

In this work a new multipass cell that produces a
narrowing beyond the spontaneous linewidth in H,
and beyond the v, bandwidth in CO, [10,11] is de-
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scribed. For the first time a linewidth of the Raman
shifted light of less than 100 MHz is obtained in H,.

2. Experimental apparatus

Our experimental setup for narrow-band stimu-
lated Raman shifting is shown in fig. 1. A multipass
unit was designed and constructed for Stokes and
anti-Stokes shifting of the extremely narrow-band
light of a pulsed amplified cw single mode dye laser
in the Raman media H, (shift: 4155 cm~') and CO,
(shift: 1388 cm~!). The setup consists of a mode-
matching telescope [14], the multipass optics and
the gas cell. A lens is used to receive a collinear beam
at the exit of the optics, and a dispersion prism sep-
arates the fundamental and the frequency-shifted
light.

For the multipass optics the Herriot design [15]
was chosen. It combines a long optical path length
with periodic refocusing and therefore provides rea-
sonable conversion efficiency for the given pump
pulse energy of 4-5 mJ and the low gas densities nec-
essary for the narrowing. In previous works on Ra-
man shifting with multipass optics the mirrors were
positioned inside the gas cell containing the Raman
medium [2,13]. In this work we decided to place the
mirrors outside. This resulted in simple manufac-
turing and handling and enabled us to optimize the
operation parameters of the cell easily.

Mirror
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Fig. 1. Experimental setup for narrow-band Raman shifting. The
mirrors of the multipass unit are placed outside the cell contain-
ing the gaseous Raman medium,
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The inherent problems of this new design are ad-
ditional losses and depolarization of the light at the
windows of the intermediate gas cell [16]. In the
small signal limit, the gain G in the Stokes output
power due to the multipass arrangement is only de-
pendent on the losses and the number n of passes
through the gas cell [2,13]

1= (Teqrp)”
1= (Tewp) '

with Ty p=RspT ip. Here R and Rp are the mir-
ror reflectivity and 75 and 75 the transmission of one
cell window at the pump and Stokes wavelength, re-
spectively. T.¢s and T.zp represent the effective
transmission for a single pass. Highly reflecting mir-
rors (Rs~Rp>99.5%) and antireflex coated win-
dows with Tg~ Tp 2 99.3% yielded a multipass gain
of G=13 for n=26 passes through the cell. Theo-
retically, a total cell transmittance of 60% is ex-
pected after 26 passes through the cell. The second
inherent problem of our cell design is the strain bi-
refringence of the pressure vessel windows. This
causes a depolarization of the light, which strongly
decreases the efficiency of frequency doubling nec-
essary for an application in uv spectroscopy. The
strain was controlled and minimized in an optical
strain analyzing device.

Mode matching [14] fits the curvature of the
wavefronts of the beam to that of the mirrors. Thus
the spot radius on the mirrors (hwhm) w and the
beam waist w, follow the equations [17]

LA I+g LA / 1
2 _ 5 2_ 2
wg = - (=g’ wi= - g% (2)

with g=1-—L/R. L is the distance between the mir-
rors of curvature R and A the pump wavelength. Real
and finite solutions for the spot radius w exist only
if0<g< 1. From eq. (2) it can be seen that a nearly
concentric geometry (L/R <2) provides tightest fo-
cusing (thereby enhancing the Raman gain [13]).
From eq. (2) it is also recognized that maximum w
is obtained for (L/R<2) and large cell dimensions
(R, L), thus reducing the light intensity at the mir-
rors. Thus mirrors with R=500 mm (L~950 mm)
were chosen, leading to a reasonable and convenient
experimental setup and operating parameters well
below mirror and cell window damage thresholds.

G (Terrs)™! (1)
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The beam of the pump laser is injected from one
side of the multipass cell using a small adjustable right
angle prism and leaves the cell on the other side by
means of an identical prism (fig. 1). The light spots
on the mirrors resulting from the different passes
through the cell are located on a circle. Thus the
spacing d between two neighboring spots must be
larger than the size of the prism (d>3 mm). Mirror
substrates with 60 mm diameter are most suitable
for these conditions, since n=36 is the number of
passes that provides optimum gain in the small gain
limit (eq. (1)) and thus an upper limit for efficient
conversion in the high gain regime.

The gas cell was constructed to withstand pres-
sures up to 7 atm with fused silica windows of 10
mm thickness (& =50 mm). The cell length of 600
mm was chosen to be larger than twice the Rayleigh
range (zg=100 mm) [17], where most of the con-
version occurs.

The output of a single-mode cw dye laser (CR 699)
was amplified in a three-stage amplifier to produce
the narrow-band tunable pulsed laser light in the
wavelength range 470-520 nm. The three amplifiers
were pumped by the output of a XeCl excimer laser
(EMG 150). At a wavelength of about 510 nm, light
pulses of 5 mJ energy and 10 ns duration (fwhm)
are produced from pump pulses of 100 mJ. Their
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frequency width is about 75 MHz, and thus nearly
Fourier-transform limited [18,19].

3. Experimental results and discussion
3.1. General operation conditions

In fig. 2a the dependence of the Stokes pulse en-
ergy Es, measured for three different numbers of
passes in CO,, is plotted as a function of the gas pres-
sure. It may be seen that for a constant pump pulse
energy (Ep=4.4 mJ) the pressure needed to achieve
a reasonable conversion efficiency can be signifi-
cantly reduced for an increasing number of passes.
The dashed horizontal line indicates the 7.5% con-
version efficiency. For a pressure of 5 bar this con-
version efficiency was obtained with 8 passes, for a
lower pressure of 2 bar with 12 passes, and for the
lowest pressure of 1.2 bar with 24 passes. It should
be noted that the distance L between the mirrors has
to be readjusted for each number of passes [2].

In fig. 2b the pulse energy of the first Stokes emis-
sion, Ej, is plotted as a function of the pump pulse
energy, Ep, at a pressure of p=3 bar. Here it is rec-
ognized again that the required pump pulse energy
can be reduced when the number of passes through
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Fig. 2. Pulse energies Eg of first Stokes emission in CO, for various numbers of passes in the multipass cell as a function, (a) of the gas
pressure p (constant pump pulse energy Ep=4.4 mJ) and (b) of the pump pulse energy Ep (constant pressure p=3 bar).
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Table 1
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Typical data of Stokes (S) and anti-Stokes (AS) shifting in CO, and H; with the multipass cell at low pressures: Raman pulse energy
(ER), pump pulse energy (Ep), conversion efficiency (Eg/Ep), wavelength of pump light (45 ), wavelength of the Raman shifted light
(Agr) and its minimum linewidth (Avmi,, fwhm). The pump laser linewidth is 75 MHz (fwhm).

Ex Ex/Ep AViin Ar ip Number of
(W) (%) (MHz) (nm) (nm) passes
H, IstS 1000 27.2 90(6) 647 485 12
3.5 amagat Ist AS 38 1.0 100(20) 421 485 12
CO, IstS 455 16.0 117(21) 520 485 24
0.9 amagat 2nd S 418 12,5 220(21) 594 510 24
3rd S 327 9.8 - 647 510 26
Ist AS 64 2.8 146(23) 454 485 26
2nd AS 12 0.4 - 447 510 28

the cell is increased. This means conversely that for
a defined pump pulse energy the gain increases when
the number of passes is increased. It will be shown
below that this high gain is responsible for additional
narrowing of the Stokes linewidth.

In order to achieve maximum conversion effi-
ciency (table 1) of the Stokes and anti-Stokes shifted
components of different orders, the number of passes
had to be adjusted separately in each case. Typically,
for CO, at the required low density of 0.9 amagat
and a pump pulse energy of 3 mJ, conversion effi-
ciencies of 16% for the first Stokes emission (24
passes) and 2.8% for the first anti-Stokes emission
(26 passes) were achieved. Similarly, for an H, den-
sity of 3.5 amagat a high Stokes conversion effi-
ciency of 27% and an anti-Stokes conversion effi-
ciency of 1% were achieved in 12 passes.

3.2. Linewidth

The linewidth of the Raman Qo, (1) transition of
H, in the Dicke narrowing regime has been inves-
tigated by spontaneous measurements [5] and by
stimulated Raman gain spectroscopy [6-8]. The re-
sults [8] are in line with the relation

Dyk?

np
Here D, (1.39 cm? amagat/s) is the self-diffusion
constant, k the difference vector between the wave
vectors of the incident laser and emitted Stokes pho-

tons, and a (51.3 MHz/amagat) is the pressure-
broadening coefficient. This relation is represented

+ap. (3)

Ay Dicke =

by the solid line in the upper part of fig. 3a. It dis-
plays a minimum of the Raman linewidth of 250
MHz at a density of 2.5 amagat.

For comparison, in the lower part of the figure, the
experimental results of this work are shown. They
have been achieved by stimulated Stokes shifting in
the multipass cell. The linewidth of both the pump
and the Stokes light was measured with a high res-
olution confocal Fabry-Perot interferometer. Care
was taken to maximize the pulse length of the Stokes
light as to minimize its linewidth. Comparing the new
results with the curve in the upper part of the figure
reveals three striking differences.

(i) The minimum linewidth of 90 MHz achieved
in SRS is significantly lower than the value of 250
MHz of the Qq, (1) transition [8] and is close to the
exciting laser linewidth of 75 MHz; substraction of
the laser linewidth (assuming for simplification lor-
entzian lines) would result in a linewidth of 15 mHz
for the broadening caused by SRS in the multipass
cell.

(ii) The linewidth minimum is shifted to higher
densities (3.5-4 amagat).

(iii) The measured increase of the linewidth at
higher densities (due to pressure broadening) is less
than expected from spontaneous Raman data [5]
and from stimulated Raman gain spectroscopy [8].

The effects described above for H, are also found
for the Stokes-shifted SRS emission in CO, gas (fig.
3b, lower part). For comparison, the density depen-
dence of the », full bandwidth of CO, measured by
stimulated Raman gain spectroscopy [11] is shown
in the upper part. Recently, the additional narrowing
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Fig. 3. (a) Upper part: theoretical dependence of the linewidth of the Raman Qo (1) transition in H; (eq. (3)) in good agreement with
measurements of ref. [8]. Lower part: measured first Stokes linewidths for different gas densities in the multipass cell (this work). The
error bars represent the accuracy of the frequency measurements and three standard deviations of the average value of several measure-
ments. (b) Upper part: density dependence of the », full bandwidth of CO, measured by stimulated Raman gain spectroscopy (+) [11];
the solid line represents the linear pressure broadening. Lower part: measured first Stokes linewidths for different gas densities in the

multipass cell (this work).

(i) of SRS was observed in CO, at a density of 1.2
amagat [20].

The effects (i)—(iii) are caused by the nature of
the high gain stimulated Raman effect in the mul-
tipass cell leading to the well known gain narrowing
phenomenon. Assuming a simple amplification
model [17] the linewidths of the spontaneous and
stimulated signals (assuming for simplification lor-
entzian lines) are related by

In2
Avsps =AVgpEm /m, (4)

where Gsgs is the total Raman gain. For Ggps~€*®
and Av,, g, =250 MHz the minimum linewidth for
H, eq. (4) yields Avgrs~38 MHz. This is in rea-
sonable agreement with the value of 15 MHz in our
experiment. For broader laser linewidths and higher
densities stronger narrowing than predicted by eq.
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(4) has been observed in previous work [6,21]. With
eq. (4) the results (ii) and (iii) can be explained by
the higher gain expected for higher densities. Here
gain narrowing becomes even more evident.

From figs. 3a and 3b it is seen that narrow-band
Stokes—Raman shifting is possible at higher densities
than predicted by spontaneous linewidth measure-
ments (H, [5]) and stimulated Raman gain spec-
troscopy (H, [8], CO, [10,11]); similar results were
found for anti-Stokes shifting (table 1). This is of
great practical importance as it leads to a high con-
version efficiency for the Raman shifted light.

3.3. Pressure shift

For the narrow-band Raman shifted light of the
present work (Av=90-120 MHz, see table 1) the
pressure shift in the Raman medium has to be con-
sidered. Using the'multipass cell, the variation of the
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Fig. 4. Measured pressure shift of the Raman Stokes light of CO,.
The solid line represents a linear least-squares fit to the experi-
mental points, see eq. (5).

Raman frequency shift of the collapsed v, Q-branch
[10,11] as a function of the gas density was accu-
rately determined for CO; gas, as shown in fig. 4. For
absolute frequency calibration, the iodine absorp-
tion spectra were recorded [22] simultaneously, both
in the frequency range of the fundamental laser and
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the Stokes pulses. The measured Raman shift » dis-
plays a linear dependence on the gas pressure and
was found to follow the equation (solid line in fig.
4)

»=1388.177(5)—0.71(10) X 10~2p . - (5)

Here v is the Raman shift in cm ~! and p the density
in amagat.

4. Application to high resolution molecular uv
spectroscopy

The Raman Stokes light, shifted in CO, gas, was
frequency doubled and used for high resolution mo-
lecular spectroscopy in a supersonic beam. For dem-
onstration the 69 hot band of benzene molecules is
shown in fig. 5. It was measured with the technique
of mass selected two-photon ionization via a reso-
nant intermediate state [23]. Ionization was
achieved by a second delayed frequency-doubled
pulsed dye laser. For the experimental resolution of
160 MHz (see insert in fig. 5) most of the rotational
lines in the vibronic 69 transition are resolved.

0
CH, 6,

Vo = 37 477.682 (22) cm!

Av =160 MHz

lon Current 78 [amu]

1 T T T T T T

-100 -50

T T L T T T T _l_—r_"‘

0 50 Av [GHz]

Fig. 5. Rotationally resolved spectrum of the 67 hot band of benzene CsHy measured with the narrow-band Raman shifted Stokes light.
For demonstration of the experimental linewidth a portion of the spectrum is shown on an expanded scale. For details, see text.
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The high resolution and the good signal-to-noise
ratio in the spectrum enabled us to determine the ro-
tational constants Bg, Cg, B, and Cj, the Coriolis
coupling constant {7 and the band origin v, with high
precision on the basis of a symmetric top model [19].
A detailed description of this analysis will be given
elsewhere, here only the results will be summarized
briefly.

In a first step the ground state constant Bg was fit-
ted to combination differences of lines with constant
J', K’, and AK but differing AJ. Next the constant
C¢ was calculated from the theoretically known ro-
tational defect A=h/8n%c(1/C—-2/B)=0.0570 amu
A2 for the 6, state [24]. Lastly, a fit of the remaining
constants {7, By, and Cj to 81 unblended lines was
pexformed, yielding a standard deviation of 22.3
MHz. The results are

B,=0:.181721 cm~', C5=0.090889 cm~!,
2=0.189721 cm~!, CZ=0.094830cm™',

¢z =0.5829, v, =37477.68(2) cm™!

The' values of By and C; represent the first direct
determination of the rotational constants of the zero
point S, state in benzene. They agree quite well with
the values determined from the complex analysis of
combination states in the S, state reported recently
[25].
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