CHAPTER III

EXPERIMENTAL TECHNIQUE AND APPARATUS

Introduction

Van der Waals or hydrogen-bonded complexes are formed in
a free-jet expansion from the pulsed valve described in Chapter
II. The complexes are observed by monitoring the absorption of
a tunable, continuous wave (CW) laser beam which is passed
through the expansion. Infrared, visible, or ultraviolet lasers
could in principle be employed depending on the nature of the
atom or molecule which is studied. For the experiments
described in this thesis the chromophore is the HF, DF, or HCl
vibrational fundamental in a rare-gas hydrogen halide
bimolecular cluster, which occurs in the near-infrared between
2.5-3.5 um.

A schematic diagram of the experimental apparatus is
shown in Figure 3.1. Tunable infrared laser light is generated
by nonlinear difference frequency mixing of frequency-stabilized
Art and dye lasers. The laser light is split into reference and
sample beams for a dual-beam measurement which reduces the
effects of laser amplitude noise. The sample beam enters the

vacuum chamber and passes two or more times through the free jet
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Figure 3.1 Schematic diagram of experimental apparatus.
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expansion; sample and reference beams are focused onto matched
detectors and the signals subtracted. Transient absorption
synchronous with the valve opening is detected as an imbalance
of the two beams, which is amplified and averaged with a
transient digitizer. Spectra are obtained by recording the
absorption as a function of laser frequency. Alternately,
individual transition frequencies may be obtained by tuning to
the peak of a transition, and measuring simultaneously the art
and dye laser frequencies with a traveling Michelson
interferometer (\A-meter) referenced to known molecular
transition frequencies. The experiment is controlled by a
computer, which also records and stores the data.

The remainder of this chapter is divided into three
sections. First, the infrared laser spectrometer is described.
Second, details of the gas handling system are presented.
Finally, the important area of frequency measurement is covered

in some detail.

Infrared Laser Spectrometer

Infrared laser Source

A difference frequency laser, similar to that developed
t Pine! generates CW infrared light tunable from 2.2-4.2 um.
i3 shown schematicallv in Figure 3.2. The outputs of
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laser are combined with polarization beam combiner BC, and made
collinear by ensuring that both beams are transmitted through
jrises I1 and I2. The two beams are focused with a 20 cm focal
length achromatic lens L1 into a temperature-controlled oven
(Chromatix CMX4-1IR) containing a 5> cm long LiNbOs crystal. The
LiNbOs is cut and aligned for 90° phase-matching of the

horizontally polarized dye and vertically polarized art lasers.

The oven temperature is controlled to +0.05° to maintain the
phase-matching conditions, and a flow of oxygen at ~0.8 standard
cubic feet per hour is added to maintain an oxidizing atmosphere
which reduces absorption of the visible lasers by contaminants
(mostly ferrous iron) in the LiNbOs.

The dye laser is a Spectra Physics 384, which generates
0.10-0.25 W on Rhodamine 6G when pumped by a 4 W Spectra Physics
2020 Ar' laser. The Art laser is a Spectra Physics 2020, 0.40-
0.80 W on either the blue-green (488 nm oY 20486.8 cm™!) or
green (514.5 nm or 19429.9 cm™ 1) transitions. The nonlinear
mixing produces approximately 20 pW of horizontally polarized

coherent infrared (IR) light at the difference between the Art

and dye laser frequencies ws and w2
wp = W3 -~ w2 (31)

as described by Boyd and coworkers?: 3. The IR is collimated to &

1.4 mm diameter by a 10 cm focal length CaF2 lens L2 and
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separated from the visible beams by an anti-reflection-coated Ge
window BS3. The IR and visible beams are nearly collinear,
permitting the use of permanently mounted irises (I2 and others
not shown) for convenient alignment.

The infrared frequency is tuned by scanning the dye
laser; the Art frequency is fixed and stabilized by a
temperature-stabilized intracavity etalon. A computer-based
data acquisition system scans the infrared frequency by sending
a digitally generated voltage ramp to the dye laser scan input
and to the oven controller.

The infrared laser has frequency noise characteristic of

the uncorrelated sum of the dye laser and Art laser frequency

noise,
(Awpp)? = (Bw1)? + (Aw2) 2. (3.2)

The Ar' and dye laser frequency noise arises from both
mechanical and electrical sources (e.g. vibrations due to
cooling water flow, variations in power supply current, etc.).
As obtained from the manufacturer, the dye laser frequency
varies =50 MHz peak—to-peak (P-P) and the Art laser = 2 MHz P-P,
on msec or faster timescales.

Figure 3.3 shows the technique used to measure the

frequency stability of both the dye and Art lasers, and also
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demonstrates how the dye laser frequency is controlled. A high
finesse (= 100) etalon (Spectra Physics Model 450 Laser Spectrum
Analyzer) is used as a frequency-to-amplitude converter. The
laser frequency is tuned to the side of a transmission fringe,
so that frequency excursions about the nominal frequency either
increase or decrease the transmitted power. As shown in the
figure, the transmitted power P(t) is readily converted to
frequency w(t) by reference to the profile of a transmission
fringe. 1In the particular example from which the figure was
drawn, the transmitted power fluctuates = 50% of full scale P-P,
equivalent to = 14.4 MHz P-P or = 3.8 MHz rms.

This diagnostic may be adapted to stabilize the laser

frequency, by adding a feedback loop which stabilizes the power
transmitted by the etalon. The laser frequency is controlled by
mounting one of the cavity mirrors on a piezoelectric transducer
(PZT), and varying the voltage applied to the PZT. Increasing
voltage lengthens the PZT, shortening the laser cavity. A
decrease in the power transmitted by the external etalon is
interpreted as a decrease in the laser frequency, and the laser
cavity length is decreased to counter this trend. Similarly, an
increase in the transmitted power is countered by increasing the
laser cavity length. By thus locking the laser frequency to an
etalon transmission fringe the infrared frequency excursions are

decreased to as low as = 2.5 MHz rms, although Figure 3.3
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demonstrates a slightly higher value (3.8 MHz). This is
approximately 1/16 of the narrowest absorption features observed
with the slit nozzle described in Chapter 11, and so represents
adequate frequency stability for the present experiment.
However, other workers have used this etalon fringe locking
technique to decrease laser frequency noise to < 1 Hz!

With the dye laser frequency locked to an etalon
transmission fringe, it is necessary to change the etalon
spacing to scan the laser frequency. The commercial "spectrum
analyzer" to which the laser is locked has a cavity spacing
controlled by an internal PZT. This is scanned by applying a
computer—generated digital ramp which is separately amplified to
0-1 KVDC.

The scan rate 1s monitored by recording the
transmission fringes of a second etalon. A 46.5 cm long quartz-
spaced etalon provides a closely spaced grid (322 MHz, or
0.01074 cm™1!) of transmission fringes for frequency
interpolation, which are recorded simultaneously with the
absorption spectrum. Typical scanning step sizes range from 20
MHz (for rapid survey scans) to 4 MHz (for careful lineshape
analysis) which provides 15-75 steps between fringes. Due to
nonlinear response of the laser PZT the step size varies by =15%
over a 3 cm~! scan, as determined by counting the number of

steps between adjacent etalon fringes. However, the spacing
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between adjacent fringes changes very slowly, so the separation

between two points on a scan may be interpolated to = 0.001-

,0002 cm™}.

Infrared Optical Path

A dual-beam absorption measurement is performed in order
to reduce the effect of laser amplitude noise. The IR light
from the difference frequency source is split into a sample and
reference beam with a CaF, substrate, 50% beamsplitter. The
sample beam passes two or more times through the jet; both beams
are subsequently focused onto matched infrared detectors. The
detectors and subsequent electronics are described below.

The beamsplitter which divides the IR light also splits
the collinear visible dye laser light, which facilitates the
optical alignment described in this section. The entire optical
path, from crystal oven to sample chamber to detectors, is
enclosed in a plexiglass box which can be purged with dry
nitrogen to eliminate or reduce atmospheric water absorption
which reduces the transmitted laser power. In general, this is
necessary only for the HF complexes, since no significant
atmospheric water absorption occurs in the HCl and DF region
near =3000 cm™?!.

A 45 degree, gold coated flat mirror reflects the sample

beam into the vacuum chamber containing the slit expansion.

Figure 3.4 shows two optical arrangements used to multipass the
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sample beam through the expansion. In the first case, the laser
beam passes througﬁ the expansion once, is reflected off a flat
return mirror, passes through the expansion again nearly
parallel to the input beam, exits the vacuum can and is focused
onto an infrared detector as described below. The 4 cm long
slit nozzle is centered = 8 cm from the return mirror. The
small included angle (=0.5 cm/70cm = 0.0071 rad = 0.41 degrees)
between the first and second pass ensures that the two passes
nearly overlap; the 1.4 mm diameter beams are separated by only
0.4-0.7 mm. The beams thus sample nearly identical regions of
the expansion. This has particular advantages when observing
"hot bands" or spectra arising from vibrationally excited
states, since both beams can probe very close to the nozzle exit
plane where relatively warm conditions are found. Rotational
temperatures up to 269 K have been observed in this fashion.
However, for general purposes the 8 cm total pathlength does not
provide optimal sensitivity.

In the second arrangement the sample beam enters a 12-
pass White? cell with a 48 cm total absorption pathlength. The
White cell consists of three, 30 cm radius gold mirrors
separated by 30 cm and arranged as shown in Fig. 3.4. The beam
path is also indicated; for the single mirror on the right the
multiple reflections are labeled with numbers (1-5) denoting the

order in which the reflections occur, while for the two mirrors
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on the left the reflections alternately strike the lower and
upper mirror. The 12th pass of the laser through the expansion
exits the vacuum can.

Although the 12-pass configuration does provide a long
pathlength, this is obtained in conjunction with two undesirable
side-effects. First, the zig-zag path samples different regions
of the expansion, i.e. a region = 0.9 cm along the direction of
flow. The gas temperature may differ by as much as a factor of
two between the upstream (#12) and downstream (#1) passes if the
upstream pass is close to the nozzle exit plane. The
intensities might therefore reveal non-equilibrium ro-
vibrational distributions. 1In fact, several examples of non-
equilibrium intensity distributions have been observed for the
12-pass geometry (i.e. see Figure 2.23), although not with the
two-pass configuration.

Second, as suggested in Fig. 3.4 each pass of the laser
through the expansion occurs at a slightly different angle with

respect to the jet of gas flowing from the valve. The non-

orthogonal crossings produce a Doppler frequency shift Aw

relative to the laboratory frame wo

ro = wo—% cos () (3.3)

where vy is the velocity of the jet (vo = 5.59x10*% cm/sec for

argon diluent), and ¢ is the speed of light. For the two-pass




104
on the left the reflections alternately strike the lower and
upper mirror. The 12th pass of the laser through the expansion
exits the vacuum can.

Although the 12-pass configuration does provide a long
pathlength, this is obtained in conjunction with two undesirable
cide-effects. First, the zig-zag path samples different regions
of the expansion, j.e. a region = 0.9 cm along the direction of
flow. The gas temperature may differ by as much as a factor of
two between the upstream (#12) and downstream (#1) passes if the
upstream pass is close to the nozzle exit plane. The
intensities might therefore reveal non-equilibrium ro-
vibrational distributions. In fact, several examples of mon-
equilibrium intensity distributions have been observed for the
12-pass geometry (i.e. see Figure 2.23%, although not with the
two-pass configuration.

Second, as suggested in Fig. 3.4 each pass of the laser
through the expansion occurs at a slightly different angle with
respect to the jet of gas flowing from the valve. The non-
orthogonal crossings produce a Doppler freguency shift Aw

relative to the laboratory frame o

Ao = wo—lé& cos(8) (3.3)

where Vo is the velocity of the jet (Vo ® 5.59x10¢ cm/sec for

argon diluent), and ¢ is the speed of light. For the two-pass
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configuration, cos(#)= 3.5x10-3, consequently the shift Aw =
0.78 MHz for argon diluent is smaller than the laser linewidth,
and can be ignored. However, for the multipass configuration
shifts of up to +8.56 MHz for argon diluent are calculated for
some of the passes. Table 3.1 summarizes the frequency shifts
calculated for each of the 12 optical passes, and the average
frequency shift for Ar, Ne, and He diluents. For Ne and
particularly for He diluent the absolute shift of the center of
the absorption line may be large enough to cause a measurable,
systematic frequency shift relative to the laboratory frame of
reference. However, since our practice is to measure

frequencies relative to references in the free jet expansion,

both unknown and reference are shifted by the same amount SO no
error is introduced. For all three diluents considered below,
the different frequency shifts for each pass are also expected
to contribute an asymmetry to the lineshape which, however, has

not yet been observed experimentally.

Sipnal Acquisition

A 50% beamsplitter divides the IR output into a
reference beam and a sample beam; only the latter passes through
the expansion. Subsequently, the two beams are focused with 2.5
cm focal length CaF, lenses onto matched 0.04 mm? InSb

photovoltaic detectors. IR-induced photocurrents ( = 1




Table 3.1 Frequency shifts for 12-pass White cell
configuration.
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Optical Pass

Ar diluent

Frequency shift (MHz)

Ne diluent

He diluent

+5.
+8.
-4,
-5.
+0.
+2.

+1

96
57
10
40
93
24

.37

+ +

+
W~

43
.11
.80
.64
.32
.16

.93

+18.
+27.
-12.
-17.
+ 2.
+ 7.

+ 4.

85
08
96
08
95
07

32
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ampere/watt at A = 2.5 pm) are amplified in matched, home-built
amplifiers shown in Figure 3.5, which provide an effective 10°
volts/watt responsivity (100 KQ transimpedence). The sample
signal is subtracted from the reference in a high common-mode
rejection amplifier; the reference channel gain is manually
adjusted to minimize the difference between the two inputs.
Transient absorption due to complexes formed in the pulsed
expansion causes an imbalance of signal and reference beams,
which is amplified, signal averaged, and integrated. The data
are transferred to a computer for subsequent processing and
recording.

The population of an absorbing species is proportional

to the absorbance A, defined as

|H

A = -1n [ ] (3.4)

=

[

where I, is the incident light intensity and I = Io-Al is the

transmitted light. Equivalently,

A= -1ln [ lgfl—él ] (3.5a)

- -ln [1 - ] (3.5b)
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