





B. Electronics

The electronics controlling the actuation of the
solenoid and the triggering of the laser were built
in our laboratory. Tﬁe control box is essentially a
dual pulse generator. The two pulsed outputs may
be adjusied independently for pulse duration and
pulse delay (botﬁ 5us - 5 ms) from a reference
trigger, either internal or exlernal. The repetition
rate may be set from 0.1 - 50 Hz. These quantities,
as well as total number of pulses, may all be
displayed on a digital readout with a variable sam-

pling time.
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One of the pulsed outputs is amplified from 5 V
(TTL) to 15 V (CMOS) and used to trigger the laser
system. The other pulsed outpul is passed
t ou§h an optloisolator and triggers the pulsed
emplifier. A diagram of the pulsed amplifier circu-
itry is given in Fig. 1. A DC power supply is used to
charge large capacitors which are then rapidly
discharged by a series of transistors. The higf]
peak power pulse {100V, ~ 100 A) actuates the Jow
Inductance solenoid in the valve. The MJ10002 and
MJ10100 high power swilching transistors provide
the maﬂ"or current amplification. The 2N2222
boosts the current of the o&toisolated TTL pulse to
an acceptable level for the MJ10002.
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Fig. 2: Schematic of the nanosecond laser pulsed molecular beam
apparatus. The configuration of the detection optics is illustrated
for recording both excitation and dispersed fluorescence spectra.
Abbreviations: L = lens; F = filter; M = mirror; 8 = slit; BS = beam
splitter; DBS = dichroic beam splitter; DW = diffusing window; MC =
monochromator; COMP = compensator; DMM = digital multimeter;
BD = beam dump; PMT = photomultiplier tube.



High speed circuits protect against the backlash
induced by the magnetic core returning to its ini-
tial position. A fast diode (ECG506) and a 135 VAC
source, rectified with a capacitor and 1N4005
diode, generates a 200 VDC clamp on the reverse
voltage. If the reverse voltage does exceed this
value, the diode becomes reverse biased, passes
current, and thereby prevents excessive voltage
from being applied to the MJ10100. Additional pro-
tection is offerred by the V250LA20A varistor. The
MJ10002 and MJ10100 power transistors and the 50
), 50 W resistor assembly (lwo parallel 1000, 25 W
elements) are mounted on heat sinks. A fan and
vent provide circulation of air over all the com-
ponents.

111, Generation of Tunable Radiation
A. Lasers

Tunability is most readily achieved in the visible
re%ion, using dye lasers. Our pulsed dye laser
(PDL) is pumped by a frequency-doubled YAG laser
at 532 nm, producing 540 - 800 nm radiation. This
is frequency-doubled to generate 270 - 400 nm UV,
At 10 Hz, the PDL output can be as high as 25
ml/pulse (peak power 5 MW).

Frequency-doubling of the YAG is effected by
passing the laser beamn through a KDP crystal cut
to the proper phase-matching angle. KDP is
preferable to LilO, due to its much higher damage
threshold. The crystal mount may be rotated
about three mutually orthogonal axes to enable
fine tuning of the orientation. The phase-matching
angle is very sensitive to temperature changes,
which can produce substantial long term power
fluctuations. It is necessary to separate the 75 %
of the 1064 nm which is not frequency-doubled
from the 532 nm before dye-pumping. This is
eflected by a series of two high damage threshold
45° dichroic mirrors which transmit 1064 nm but
reflect 532 nm. These are mounted in x-y mounts
to facilitate alignment of the beam into the PDL.
The ~ 2 W of 1064 nm passing through the first di-
chroic is dumped into a 10 cm water cell encased
in a protective box just outside the PDL.

B. Prequency-doubling of PDL Output
1t will be helpful in this and the following subsec-

tions to refer to Fig. 2. Parenthetical abbrevia-
tions pertain to that figure.

The PDL output is steered by two antirefiection-

coated 90° turning prisms. The beam diameter is
then reduced by a ?actor of ® 3 by a simple two
lens telescope (L1, L2). This increases the light in-
tensity by nearly an order of magnitude, with a
corresponding increase in frequency-doubling
efficiency. The beam divergence is increased by
the reduction factor, preventing the use of even
higher reduction factors.

The lilght is then doubled by an ?propriately-
cut KDP crystal with up to 5§ % efliciency. The
effective phase-matching angle of the crystal can
be varied by tilting the crystal. A fixed angle will
typically frequency-double wavelengths spanning
only a few nm in the UV but tilting the crystal can
result in a tuning range of ~ 100 nm. This, howev-

" er, introduces a variable displacement in the

beam path which would necessitate frequent
realignment of the optics if not corrected. To el-
iminate this displacement we have constructed a
compensator, utilizing a liquid cell (COMP) with
the same index of relraction and path length as
the KDP crystal assembly. The crystal and cell are
mounted on counter-rotating wheels which may be
disengaged for initial synchronization. The liquid
cell has quartz windows and is filled with CCl, . We
have found the liquid cell superior to a solid
quartz cube compensating element both in terms
of UV transmission and beam quality.

The beam is then directed to one of two high
damage threshold 45° dichroic mirrors (D%v)
which transmit PDL output but refiect
Transmitted PDL may be beam-dumped, used for
triggering, etc. The two dichroics, which cover
dif?erent wavelength regions, are attached to a
translati stage, and can be interchan%gd
without affecting the alignment of the system. The
dichroics are mounted in x-y mounts, facilitating
steering of the beam into the vacuum chamber.

The entire optics assembly described above is
covered by a removable 2.5 optical density plexig-
las box to reduce scattered light. When the laser is
operating, it is possible to distinguish each optical
component but no intense light escapes. As plexig-
las with 2.5 optical density is available only by spe-
cial order in bulk, the plexiglas for this application
was fabricated by laminating three 1/8 " thick
sheets of 12 % transmitting gray with (1,2)-
dichloroethane. An entrance port was drilled out
for PDL input; because of its location, escape of
scattered light from this port is minimal. The exit
port is a removable -transmitting visible-
absorbing filter (F2) which eliminates the small
amount of PDL output refiected by the UV dichroic
mirror.

C. Monitoring of Ultraviolet Radiation

The UV beam propagates from the laser table to
a second stee] teble and passes through two an-

led quartz windows acting as 10 % beamsplitters
fBSl, BS2). One beamsplitter directs light to a
1P28 photomultiplier tube (PMT), which is used to
monitor the UV intensity. The output of the power
meter is used by the boxcar integrator to normal-
ize the fluorescence signal. This eliminates two po-
tential sources of error in the signal: shot-to-shot
variation in the laser power, and variation of dye
efficiency with wavelength in an excitation scan.
Before reaching the PMT, the UV beam is passed
through a diverging lens (L3), a diffusing window
(DW), a slit (S), and a second diffusing window to
avoid saturation and produce uniform light inten-
sity across the active surface.

The other beamsplitter directs light onto an x-y
adjustable aluminum-coated mirror which is used
to accurately align the beam between two
matched photodiodes, the active surfaces of which
are » 3 mm apart. The beam is slightly dispersed
using a doubly concave lens so that if the UV beam
angle changes slightly, one photodiode will receive
more UV than the other. This serves as the basis
for a feedback system, described in Sec. IV A,
which continuously adjusts the KDP crystal angle
as the PDL wavelength is scanned.



The UV which passes through both beamsplitters
is reflected upward by an antireflection-coated 80°
turning prism. The beam, properly polarized, en-
counters a Brewster angle quartz window, passes
through the molecular beam chamber, encounters
a complementary Brewster angle quartz window,
exits from the chamber, and is finally terminated
on a fluorescent card to allow visual monitoring of
the UV intensity and beam quality. In the vacuum
chamber the laser beam intersects the molecular
beamn, excites the molecules under study, and
causes them to fluoresce. Detlectlion of this
fluorescent signal is discussed in Sec. V.

1V. Computer Control
A Stepping Motors

A microcomputer is used to control two stepping
motors which scan the wavelength on the dye
laser or monochromator and adjust the angle of
the PDL frequency-doubling KDP crystal. 1'Erimi-
tive commands sent from the keyboard of the host
computer are used to grogram two CY500 step-
ing motor controllers. These devices are special-
ized peripheral control chips that generate four
square wave signals, the frequencies and relative
phases of which determine the stepping motor
rate and direction. The CY500 output must be
amplified prior to driving the stepping motor. In
addition to host computer programming, the
CY500 accepts external contro{) signals which are
used to trigger steps and change motor direction.
This feature is used by the frequency-doubling
feedback circuit, described below, to continuously
adjust the angle of the KDP crystal.

A stepping motor step corresponds to an incre-
ment of 0.005 nm on the monochromator or PDL
at grating order 5). The motor used to turn the

P crystal is geared down so that one motor step
changes the crystal's orientation by 0.03°, allowing
sufficiently fine adjustment of the angle to achieve
high frequency-doubling efliciency.

B. Frequency-doubling Feedback System

The process of frequency doubling requires a
condition of index matching of fundamental and
second harmonic waves in a birefringent crystal.
For a given wavelength this occurs when the fun-
damental ray is incident at a specific angle,
termed the phase-rpatching angle, from the
relevant crystal axis.© At the phase-matching an-
gle, the harmonic ray propagates on the same axis

as the fundamental. Small deviations from the

phase-matching angle (a few tenths of a degree)
produce a marked decrease in frequency-doubling
efliciency. This is accompanied by an angular
divergence of the harmonic ray from the funda-
menlal axis.

As the PDL wavelength is scanned, the UV ra
displacement (severaF mm per meter of pat
length) is used to activate a feedback circuit,
which corrects the angle of the crystal. The sensi-
tivity of the circuit is sufficient to prevent any
significant decrease in UV intensity at normal
laser scan rates. This circuit allows continuous
scanning of the entire wavelength range of a PDL
dye without adjustment of any optics.

A block diagram of the feedback circuit is
presented in Fig. 3. During initial system adjust-
ment, the UV beam is centered between two
matched photodiodes so that they generate equal
currents (the diameter of the beam is slightl
i;eat.er than the distance between photodiodes{

ghift in the UV beam position produces a
difference in photocurrents, which is used to ac-
tivate the feedback loop.

Photocurrents generated bf{ a laser pulse are
converted to voltages and held by peak detector
circuits (see Fig. 3). These circuits, like others in
the feedback system, are described in Ref. 3. The
two peak detectors are resel before each laser
pulse so that they sample shot-to-shot changes in
the UV beam position. The output voltage of each
detector is sent to three circuits designated as
cw/ccw, |diff], and sum in Fig. 3. The first of these
is a comparator that determines which photodiode
produces the largest current. This is used to
determine whether the stepping motor needs to
turn clockwise or counterclockwise in order to
correct the crystal angle. The latter two circuits
take the sum, V, , and absolute value of the
difference, V3 , between the two peak detector vol-
tages, respectively.

v, and V4 are used in a rate selecting circuit to
determine how rapidly the stepping motor should
move. V, is dropped in steps by a series of resis-
tors. Each divided voltage is compared to Vg4 . If v,
< 0.15 V, the motor is slationary as this indicates
nearly perfect adjustment of the crystal. If 0.15V,
<Vy <040V, or 0.40 Vv, < V4 € 0.70 V, , the motor
adjusts the crystal angle at a stepping rate of 10
or 33 Hz, respectively. We have found that when
UV intensity is low, shot-to-shot fluctuations in the
beam introduce spatial inhomogeneities that can
disrupt the tracking of the feedback system. For
this reason the rate selecting circuit disables the
motor when vy > 0.70V, .

The output of the rate selector is sent to a latch
that prevents the motor from stepping during the
reset sequence, as circujt noise during this inter-
val was found to produce spurious stepping. The
timing of the reset sequence is illustrated at the
bottom of Fig. 3. A pulse synchronized with the
laser triggers a delay timer. At the end of its
period the delay circuit activates two other timed
pulses, designated as reset and hold. The first
clears the peak detectors and prepares them to
sample the next laser pulse. The second activates
the latch and prevents stepping motor movement.
Between the trailing edges of the reset and hold
pulses there is a "timing window" during which the
next laser pulse occurs. The position of the timing
window is adjusted to the laser frequency using a
potentiometer in the delay timer circuit. In
rapidly-pulsed or continuous laser systems, the
two pe detectors could be replaced by time-
averaging circuits and the timing circuits elim-
inated.
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Fig. 3: Frequency-doubling feedback circuitry. During a laser pulse,

the photocurrents generated by two matched photodiodes are
monitored by two peak detectors. The fractional difference gabso-
lute diflerence divided by sum) of the peak values is used to deter-
mine the stepping rate, while the relative sizes of the peak values
are used to determine the steppjnﬁ direction (cw or cew). The peak
detectors are resetl just prior to the next laser pulse. The steppi
motor is disabled during the resetting of the peak detectors arr:s
the laser pulse Lo avoid spurious stepping instructions resulting
from noise.




Rate and direction information are conveyed to
a CY500 stepping motor control chip through a
switch. The switch also provides the oplion of
manually adjusting the crystal angle at stepping
rates of 10, 33 and 100 llz. The CY500 is pro-
grammed initially by the microcomputer to re-
ceive the rate and direction signals from the feed-
baclk circuit and step the crystal motor appropri-
ately.

V. Detection and Signal Processing

The lens properties and arrangement described
below were optimized using a ray-tracing program
writlen in our laboratory. A useful discussion of
the use of field lenses is given in Refl. 4. It will be
useful in this section to refer to Fig. 2. Parentheti-
cal abbreviations pertain to that figure.

The fluorescence is collected by an {/1 lens (14)
mounted in the chamber and imaged into an op-
tics housing configured to collect either total or
dispersed fluorescence. In both cases, two
translatable lenses (L5, L6) allow proper matching
of the effective {/ number of the combined three
lens system to the monochromator and PMT. The
lens system allows variation of the imaged f/
number without changing the image plane, which
is coincident with the monochromator entrance
slit or the PMT surface, depending on the housing
configuration. L5 is a field lens which contains
light collected by 14 which would otherwise be lost
by divergence in a two lens system. L6 acts as an
aperture or "stop” in the excitation region of the
jet so that light originating outside of a 5 - 10 mm
diameter collection area is not detected. This
lstri;)ngly discriminates egainst scattered laser
ight.

For excitation spectra, the imaged light is
reflected by a mirror S)M) through a choice of
filters (F) and an adjustable slit (Sfbefore imping-
ing on the PMT. e slit further reduces the
fluorescence collection zone and is used onl?l when
the leve] of scattered light becomes problemati-
cal. For recording dispersed fluorescence spectra,
the slit and filters are removed and the mirror re-
located as shown in the figure. The {/8 half-meter
monochromator has a dispersion of 1.6 nm/mm.

The output of the EMI 8256B PMT is fed into the
boxcar inlegrator A channel (a preamp is required
for dispersed fluorescence spectra). As stated ear-
lier, the output of a PMT, monitoring laser pulse
intensity, is fed into the boxcar B channel. The
fluorescence signal is then normalized by using
the A/B ratio mode of the gated integrator. An os-
cilloscope is used to monilor the A and B boxcar
inputs, and a digital multimeter (DMM) and strip
chartl recorder the integrated A/B output. Special
care was taken to insure that the T outputs
were linear with incident photon flux and that the
molecular transitions were not saturated by ex-
cessive laser power.

The A/B output voltage of the boxcar is fed into
a variable gain circuit and then into a voltage-to-
frequency converter. A counting circuit digitizes
the frequency ou(tiput. The count is read by the mi-
crocomputer and reset each time the PDL or
monochromator steps. The digitized voltage is
sent to the main computer where the scan is
stored on floppy disk and may later be plotted or
analyzed for peak positions and intensities.
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Figs. 4: Representative excitation spectrum of anthracene from Ref.
5. Sample temperature: 405 K; carrier gas: 50 psi N, . The rotation-
al bandshape of the 0-0 is illustrated under two different cooling
conditions. The numbers above bands are the energies relative to

the 0-0 in wavenumbers.



VI. Representative Spectra

Typical excitation and dispersed fluorescence
spectra obtained with our apparatus are shown in
Figs. 4 and 5 respectively.” The signal Lo noise ra-
tio in our experiments is usually one hundred
(dispersed fluorescence) to severa]yhundred (exci-
tation). Vibrational cooling is sufficiently complete
that less than 1 7% of the molecules are inv > 0
states, so hot bands are effectively eliminated.
Despite the large size of the molecules studied,
bandwidihs (FWﬁM) as narrow as 1 cm "' have been
observed in excitgtion scans, indicating eflective
rotational cooling.

(b) 0,0

It should be noted that the sytem is somewhat
more versatile than has been indicated in this pa-
per. The two-photon excitation spectroscopy of di-
phenylbutadiene has been invegli ated by remov-
ing the UV-generating optlics. y scanning the
boxcar gates, time-resolved fluorescence spectra
have been obtained. > Finally, addition of a
differentially-pumped electron-multiplier to the
vacuum chamber has a]]%wed jion detection in
pump-probe experiments.® In total, the perfor-
marnce of the system has proved quite satisfactory
with respect to ease of operation, versatility, and
reproducibility of spectra.
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Fig. 5: Dispersed fluorescence spectrum following 0-0 excitation of
9—%3—( ara—(N,N-dimethy]ani]ine)s)propyl)anthracene from Ref. 5.
Samps)e temperature: 435 K; carrier gas: 50 psi Ne. (a) Survey scan.
Monochromator resolution: 0.2 nm. (b) High resolution scan of the
0-0 region. Monochromator resolution: 0.05 nm. The numbers above
bands are the energies relative to the 0-0 in wavenumbers.






