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A pulsed nozzle source has been developed for electron diffraction studies of molecular clusters.
Disturbances of the electron beam by the field actuating the pulser have been reduced toa
negligible magnitude by introducing magnetic shielding and by carefulty timing the electron
shutter. Advantages of pulsed operation in diffraction experiments with a Laval nozzle source are
considerable. In the Michigan unit stagnation pressures can be increased by an order of
magnitude, and pumping requirements are greatly reduced. Moreover, cleaner diffraction
patterns can be obtained because exposures can be adjusted to probe a freshly developed jet before
gas scattered from the walls can reach the region of sampling. Timing works so effectively that
good diffraction patterns can be recorded even when the skimmer isolatin g the diffraction
chamber from the nozzle chamber is removed. Indeed, patterns from unskimmed jetscanbe
particularly informative when cluster beams are composed of mixed structural forms. An
unorthodex “‘vee” skimmer has proven to be useful for examining narrow regions in a jet.
Moreover, the vee skimmer makes it possible to measure the diffraction geometry much more
precisely than has been the case with conventional skimming configurations. Pulsed operation
also facilitates an accurate characterization of the density and velocity distributions in the
supersonic jet. The principal design features of a puised apparatus are presented together with

characteristic results.

INTRODUCTION

Pulsed nozzles offer several atiractive potentialities, not the
least of which is a means of generating intense supersonic jets
without the requirement of large and expensive pumping
systems. Although research workers in several areas, espe-
cially spectroscopy, have long taken advantage of the desir-
able features of pulsed jets,' electron diffractionists have
avoided their use because the electromagnetic triggering of
their pulsed valves was perceived to be incompatible with the
required stability of electron beams. [t is true that unshielded
pulsers produce unacceptable disturbances in nearby elec-
tron beams. Nevertheless, we have found it to be not only
entirely feasible but also highly advantageous to carry out
electron diffraction studies on pulsed supersonic jets. Ad-
vantages and the experimental means to exploit them are
described in the following sections.

i. DESIGN CONSIDERATIONS

Before presenting details of the components of the appa-
ratus, it is helpful first to give a brief overview of the proce-
dures which make it possible to circumvent the undesirable
side effects of operating a pulsed nozzle in diffraction stud-
ies. First, the electromagnetic disturbance from the pulser
can be reduced considerably by magnetic shielding. Second,
there is a significant time delay between the strong puise
actuating the nozzle and the emergence of a well-developed
jet from the nozzle. This lag is sufficient for the strong pulse
to decay almost completely. The weak holding field that re-
mains gives a constant and almost negligible deflection of an
electron beam. Therefore, care in the timing of the fast shut-
ter controlling the electron beam can eliminate the principal
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disturbance. Moreover, it is possible, by keeping electron
exposures short, to probe the jet before it can scatter from the
walls of the apparatus and return to the probing electron
beam as an undesirable background. Consequently, effective
timing can lead to diffraction patterns free from the spurious
background effects encountered in prior studies in this labo-
ratory of skimmed, continuous jets.” Indeed, pulsed oper-
ation works so effectively that it is possible to obtain service-
able diffraction patterns even when the skimmer isolating
the diffraction chamber from the nozzle chamber is removed
altogether. Not only is such operation now possible, it will be
seen to be beneficial under certain circumstances.

li. APPARATUS

A schematic diagram of the pulsed diffraction appara-
tus is given in Fig. 1. Electronic timers in the delay box open
the electronic shuiter a preset time after energizing the
pulser valve and allow a 40-keV beam of electrons to probe
the supersonic jet issuing from a Laval nozzle downstream of
the pulser. Electrons scattered by clusters in the jet pass
through a conventional “rotating sector” before being re-
corded on a photographic plate. The rotating sector differen-
tially masks the inner part of the diffraction pattern relative
to the outer part in order to even out the radial exposure of
the photographic plate. Angular evening comes from the
averaging of a great many exposures from the periodic
pulses. Mot shown are a chopper and flight tube which can be
introduced to measure velocity distributions in jets and clus-
ter beams.

Details of the diffraction apparatus® and supersonic
nozzle* have been described elsewhere. What distinguishes
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F1G. 1. Schematic diagram of electron diffraction apparatus with pulsed
nozzle cluster source. In the most useful configurations either no skimmer
at all is introduced or a “vee skimmer™ is placed, as shown, with its sharp
vertex toward the supersonic jet. Leeward of the jet the skimmer is open
along its entire length.

the present configuration from prior configorations is the
pulsed valve and its power supply, both of which are conven-
tional components designed for spectroscopic studies by the
General Valve Corporation. An Jota-One system was select-
ed because its light weight and small size ( ~2.5-cm diame-
ter, 5-cm length ) allowed it to be introduced into the existing
diffraction apparatus without major changes. A minor
modification of the outlet of the valve made it possible to
attach a glass Laval nozzle (throat, 0.012-cm diameter),
cushioned at both ends by Teflon pads, and sealed by an ©
ring around the neck. Gas samples are exposed only to Tef-
lon, stainless steel, and Viton. Gas in the 107 %cm® dead
space between the valve and the nozzle is exhausted between
pulses through the narrow nozzle throat. Because the half-
life for emptying after the valve is closed is very short ( <1
ms) compared with the usual times between pulses, the dead
space contributes no unwanted background gas during the
active phases of the cycles.

The pulser is designed to operate at pressures up to 86
bar, increasing the allowable stagnation pressure by an order
of magnitude in comparison with previous experiments in
this laboratory. This considerably enhances the possibility of
nucleating and growing certain condensed phases that could
not be produced in prior studies under milder expansion
conditions. Valve characteristics of G.2-ms opening time,
0.4-ms minimum pulse width, and repetition rates in excess
of 250 Hz for short pulses offer a convenient range for dif-
fraction experiments. The valve is opened by a 280-V pulse,
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0.15-ms FWHM, and is held open for the desired time by a
sustained application of 8 V. Three layers of high-permeabil-

ity alloy (Co-netic AA from the Perfection Mica Company)

were wrapped around the body of the pulser to provide mag-
netic shielding. This reduced the deflection of the electron
beam at the strongest part of the pulse to a few hundredths of
an s unit in scattering angle. During the brief, reproducibly
timed period that the electron beam is normally switched on,
any deflection is so small and static that ne degradation of
the diffraction patterns has been detected.

The shutter conirolling the electron beam consists of a
pair of circular, parallel plates 5.1 cm in diameter and 0.6 cm
apart. Between exposures the beam is deflected away from
the 0.02-cm limiting aperture in the magnetic lens by a po-
tential difference of 360 V. Exposures are made by shorting
the deflector plates through a transistor for the desired time.
Shorting takes less than 1 us, and recharging to interrupt
exposures requires 36 s to achieve 90% of the tinal voltage.
Termination of exposures occurs more abruptly, however.
Satisfactorily timed exposures as short as 0.2 ms are readily
obtained. Coordination between the pulser valve and elec-
tron beam is achieved by means of a delay box which receives
a rectangular timing pulse from the valve driver and pro-
duces an output pulse for a preset beam duration after the
desired delay. Timers are based on 74L.8221 chips. Charac-
teristic times for a gas pulse to pass a probing electron beam
or ion gauge, rebound from a wall, and return to the probe
are about 0.5 ms. Electron diffraction exposures or measure-
ments of pulse densities can be eastly made before this source
of interference becomes serious. Therefore, neither cryo-
pumping nor fast diffusion pumps are required to climinate
background gas.

1. SKIMMING CONFIGURATIONS

An ideal skimmer for electron diffraction would serve
two purposes. First, it would produce a narrow jet at the
electron beam and thereby define the point of scattering.
Second, it would divert most of the large throughput nor-
mally exiting a supersonic nozzle away from the diffraction
chamber and thereby prevent the accumaulation of an unde-
sirable background of gas. Molecular beams produced by
free jet expansion can be skimmed by appropriate skimmers
cleanly enough for the above requirements to be met.>” Re-
search in our laboratory, however, indicates that clusters
with the propertics we seek are produced more readily by
expansion in a Laval nozzle than in free jet expansion.® Un-
fortunately, because gas flux from a Laval nozzle is much
more highly directed in the forward direction than that of
free jets, Laval jets can be more troublesome to skim cleanly.
This is true even when X /D ratios are large compared with
those that are well skimmed in the case of free jets. Deleteri-
ous skimmer interactions™’ characteristically degraded the
gas jets transmitted through the skimmer in experiments in
this laboratory.” Compensating in part for this deterioration
of beam quality has been the large size of the clusters pro-
duced. Such clusters appear to be able to penetrate the stag-
nant gas in the skimmer without suffering appreciable
change. Nevertheless, velocity profiles of gas jets transmit-
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ted through the skimmer have been disrupted too severely
for satisfactory inferences to be made about the original gas
cxpansion.

For the above reasons several radical departures from
the conventional skimming configuration were tested. First,
as explained in Sec. 1, a careful timing of electron exposures
makes it feasible to dispense with a skimmer entirely. Cluster
beams tend to be much narrower than the accompanying jets
of carrier gas.” This consequence of mass fractionation
makes it possible 1o register quite serviceable electron dif-
fraction patterns in the interval before the gas scattering
from walls invades the region of electron scattering. Results
are especially favorable when the carrier atoms have a smail
cross section for scattering electrons. Results of such tests
are reviewed in the next section.

An even more promising departure is to introduce a
“vee” skimmer, illustrated schematically in Fig. 1. This
skimmer, fabricated from brass shim stock in the shape of a
V when viewed from the source of the electron beam, is
placed as shown with its orifice close to the electron beam.
The main body of the skimmer prevents the bulk of the inci-
dent jet from intercepting and scattering the electron beam.
Skimming is carried out more cleanly in a region of much
lower gas density (for a given distance from nozzle to elec-
tron beam) than i1s the case when a standard skimmer, of
length 2.5 cm, is used. Moreover, the scattering geometry is
much better defined and can be measured an order of magni-
tude more precisely than with the conventional conical
skirnmer. An additional bonus is that the orifice can serve to
select and sample the clusters in different regions of the clus-
ter beam. This ability has proven to be fruitful, as demon-
strated in the next section.

In operation without a skimmer to diminish flow from
the nozzle into the diffraction chamber, timing is critical, as
indicated above. Hlustrated in Fig. 2 ts an oscilloscope trace
of the development of & neon jet as detected by a fast ion
gauge"'® at a typical nozzle-to-electron beam distance
{ ~4.6 cm}. For a period after the valve opens, no signal is
seen. Then gas density builds up and reaches a platcau. In
longer exposures than shown, the pressure can be observed
gradually to increase again after gas reflected from the
chamber walls returns to the region of the electron beam.
The plateau, which is absent when measurements are made
close to the back wall of the chamber, identifies the period
during which optimum diffraction patterns can be recorded.
In the Michigan apparatus this period begins when the mag-
netic pulse from the solenoid has almost fallen to its holding
value. Records of the time profiles of the voltage to the sole-
noid and the magnetic distiirbance from the solenoid are
shown in the upper two traces of Fig. 2. Although the tempo-
ral sequence of events depicted permits the acquisition of
excellent diffraction data, timing would have been rendered
less critical if the diffraction chamber had been larger.

V. CHARACTERISTIC RESULTS

One of the advantages of operating in the pulsed mode s
that the density distribution of the supersonic jet can be mea-
sured directly in the diffraction chamber by a fast ion gauge,
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1. 2. Oscilloscope traces depicting the timing of the electric, magnetic,
and gas pulses associated with the operation of the solenoid valve. The top
trace is the “monitor” output from the power supptly; it is proportional to
the voltage applied to open the valve. The middle trace is the voitage in-
duced in a 1300-turn coil and 500-() Ioad resistance placed around the noez-
7le to measure the rate of change of magnetic field from the pulser (increas-
ing fields, negative signal; decreasing, positive ). The bottom trace shows the
arrival of a gas pulse at a fast ionization gauge placed at the normal position
of the electron beam 4.7 cm from the nozzle exit. Neon at a stagnation pres-
sure of 3.2 bars was the source. Two small spikes before the gas signal are
artifacts arising from actuating the valve.

even when the skimmer is removed. Readings can be made as
soon as the flow develops, before background gas distorts the
picture. This can be useful in the characterization of the gas
dynamics associated with the miniature Laval nozzles
adopted in cluster studies. Hiustrating the narrowing of su-
personic jets of neon as the stagnation pressure increases are
the profiles of gas density plotted in Fig. 3. Measurements
were madein a plane 7.2 cm from the nozzle tip. No skimmer
was present. Argon jets were found to be significantly nar-
rower than those of neon. Shown for comparison with neon
is the distribution corresponding to free jet expansion ac-
cording to the representation of Ashkenas and Sherman.'' It
is the same for any monatomic gas and, for small Knudsen
nurnbers, is independent of stagnation pressure.

O 25 50 75
y/mm

F1G. 3. Density profile ratios p{y}/p,..x of neon in a plane 7.2 cm from the
nozzle exit, plotted to compare relative breadths as a function of stagnation
pressure £, identified in right margin. The maximum gas density p., in-
creases faster than P,. Solid lines, observed profile from a Laval nozzie 3.0
cm long, with a 0.012-cm throat and 0.19-cm exit diameter; dashed line,
calculated profile from free jet expansion according to Ashkenas and Sher-
man (Ref. 12). Abscissa y is reckoned from an arbitrary reference position
of the gauge.
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In order to provide llustrations of the efficacies of the
various configurations of skimming when operating with
pulsed or continuous jets, a sample of SF,,, mole fraction 0.06
in argon carrier, was selected. This substance is of special
interest because the complexity of its low-temperature be-
havior can aid in the diagnosis of conditions in the super-
sonic flow. Above 93 K, SF, crystallizes in a body-centered
cubic (bee) form. 2 Below that temperature, it is monoclinic
in the bulk,'? although selected area diffraction studies of
microcrystals'? and molecular dynamic computer simula-
tions'* have indicated the existence of a trigonal phase over
an appreciable thermali range between 93 K and the tempera-
ture at which the monoclinic form becomes stable. The tem-
peratures of interest are accessible in supersonic flow. A rule
of thumb discovered empiricaily,'® and later rationalized by
unimolecular reaction theory for an evaporative ensem-
ble,'®"” suggests that the temperatures of clusters generated
in supersonic flow are proportional to their condensation
energies. Applied by Klots,'” and by Magnera, David, and
Michl'® to SF,, these considerations predict a cluster tem-
perature of about 120 K, well above the transition tempera-
ture. On the other hand, it has been proposed® that addi-
tional cooling beyond that provided by evaporation may
occur in a medium of expanding carrier gas. Observations
bear this out, as small concentraticns of monoclinic clusters
of SF, have been observed.” It will be demonstrated below
that a judicious choice of skimming can aid in the selection of
the type of cluster to be examined and can even reveal forms
of clusters eluding previous observations.

In experiments to be described, the diffraction patterns
were screened by an 7' rotating sector. For typical cluster
beams, satisfactory patterns could be accumulated with a 40-
nA electron beam in 0.5-s net exposure times. Tests in the
pulsed mode used pulse parameters of 0.8-ms electron-beam
delay, 0.3-ms electron-beam on time, 0.5-ms valve on time,
and 10-Hz repetition rate. During individual pulses, expo-
sures through the slowly rotating sector (10-20 Hz) are
highly “spoked” snapshots of the two-leafed sector, itself.
During the 900-4800 shots corresponding to net exposures
of 0.27-1.4 s, sector orientations are averaged, giving circu-
larly symmetric patterns. These patterns suffer negligible
degradation from the superposition process because the reci-
procity law for photographic emulsions is well obeyed for
fast electrons.'® Control experiments in the orthodox mode
used a continuous 0.4-s exposure in conjunction with a con-
ventional Beam Dynamics conical skimmer, 1-mm orifice,
which isolated the diffraction chamber from the nozzle
chamber. In all runs the tip of the Laval nozzle (glass No. §,
characterized elsewhere*) was 4.7 cm from the electron
beam.

Typical results of the diagnostic tests are displayed in
Fig. 4. When the stagnation pressure of the SF,/Ar mixture
was as low as 2.7 bars, the clusters generated were of the
high-temperature bec phase. The diffraction pattern dis-
played for such clusters in Fig. 4 was taken with an un-
skimmed jet. It illustrates that quite satisfactory results can
be secured in the absence of a skimmer if attention is paid to
timing, even when the net scattering by the relatively heavy
carrier exceeds that of the subject vapor (SF,) by an order of
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FiG. 4. Electron diffraction patterns of clusters of SF, in argon carrier, 0.06
initial mole fraction of SF,. Skimming configurations and stagnation pres-
sures are identified near left margin. At the lower pressure clusters have bec
structures irrespective of skimmer, and skimmerless conditions produce
patterns little degraded in quality from those of skimmed jets. At 4.8 bars
the vee skimmer transmits the nearly pure monoclinic form preferentially
distributed ajong the centerline of the jet, while the less selective conven-
tional conical skimmer passes a mixture of monoclinic and bee. The un-
skimmed jet allows electrons to probe the full diameter of the cluster beam,
disclosing new intensity distributions (identified by arrows) that appear to
correspond to trigonal microcrystals.

magnitude in the original mixture. This favorable outcome is
due in part to the substantial mass fractionation which con-
centrates the cluster jet into a beam which is much narrower
than that of the carrier jet by the time the nozzle effluent
reaches the electron beam.” Even better patterns can be ob-
tained with lighter carrier gases which scatter electrons less
strongly. Moreover, jets of light carriers are more diffuse and
tend to scatter cluster beams less heavily than do heavy carri-
ers, thereby yielding more concentrated clusters.

When the stagnation pressure was increased to 4.7 bars,
substantial concentrations of monoclinic clusters appeared.
In this case quite different results were obtained with differ-
ent skimming configurations, as ilustrated in Fig. 4. Results
reveal that the colder phase is preferentially formed near the
center line of the cluster beam, while the warmer phase is to
be found at the periphery. Consequently, patterns of the un-
skimmed jet are a composite of several forms of clusters. A
conventionai conical skimmer tends to select the central por-
tion of the jet and gives patterns richer in the colder phase.
The vee skimmer, intercepting an even narrower zone of the
diverging jet, yields a pattern of nearly pure monoclinic clus-
ters. Its capacity for sampling selectively makes it particular-
ly valuable. We conjecture that it affords another advantage
in an apparatus limited by pumping constraints similar to
those of the Michigan unit (originally designed to study gas
molecules, not clusters). It has been shown in Orsay that
when the extremely small clusters of monoclinic SF, pro-
duced in free jet expansion are passed through a shock wave
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(Mach disk), they are transformed to bee microcrystals.™
The clusters responsible for the patterns in Fig. 4 are more
than tenfold larger in bulk. Had they been as small as the
Orsay clusters, they would very likely have suffered a sub-
stantial modification while traversing the conical skimmer
under the poor skimming conditions used in the present ex-
periments with continucus flow. As explained earlier, skim-
ming at the vee skimmer is considerably cleaner.

The most striking result of all, visible in the unskimmed
pattern at 4.8 bars, is the appearance of intensity distribu-
tions never seen in the many prior studies of SF, clusters in
three different laboratories.” These features are identified by
arrows and coincide closely with expected positions for dif-
fraction rings of trigonal 8F,.?' Gther rings of the trigonal
form are obscured by those of the other phases. Further tests
exploiting the ability of the vee skimmer to isolate individual
zones of cluster beams should ascertain the nature of the
newly observed clusters.

It may be that the diverse trajectories (and, hence, di-
verse cluster histories) sampled in unskimmed jets will offer
a broad perspective of processes in the jet that have been
difficult to detect in prior, narrowly focused investigations.
It is certainly true that the selectivity of the vee skimmer in
sampling supersonic jets makes it a valuable new tool in clus-
ter studies. Both of these skimming configurations are made
possible by operating in the pulsed mode. Augmenting the
utility of such studies is the monitoring of the jet density
distribution and velocity distribution. These measurements,
which are greatly facilitated by pulsed operation, are essen-
tial in diagnoses of the characteristics of the gas dynamics. It
is evident from the foregoing that in electron diffraction
studies of clusters generated in supersonic flow, it is not only
possible but also highly advantageous fo study jets that are
pulsed.
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