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The effect of cluster formation on mass separation in binary
molecular beams
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The downstream composition of a skimmed supersonic binary molecular beam originally consisting
of a 20% neon/80% xenon mixture before expansion has been studied as a function of nozzle
stagnation pressure. We have found that the neon to xenon ratio dropped dramatically as the
stagnation pressure was increased at low nozzle tempefaBe<), a drop which cannot be well
described by existing theory. Time-of-fligflkOF) measurements indicate that Xe clustering occurs

as the stagnation pressure is increased. This clustering coincides with the additional Ne depletion we
observe. At a higher nozzle temperature where Xe clustering does not(6Z8uK), this measured

mass separation phenomenon is absent. Similar experiments have been done for another binary
mixture, 20% Q/80% Xe. Similar anomalous mass separation is observed with this mixture,
confirming the attribution of this phenomenon to clustering of the more massive component of the
mixture. These findings have implications for novel methods of gas-dynamics-based mass
separation potentially including isotope enrichment. 2@00 American Institute of Physics.
[S0021-960600)01806-1

I. INTRODUCTION Il. EXPERIMENT

Supersonic molecular beam techniques are widely used ] ) ]

in the study of gas-phase and gas—surface collision phenom- The experiments were carried out in a two level ultra-
ena. In many applications, one uses mixed, i.e., seedefligh vacuum(UHV) chamber, coupled to a triply differen-
beams to accelerate or decelerate a species in order to tuH@!ly Pumped moIeCLiloar beam lingig. 1), which has been

its energy over a rather wide ranblt has been well docu- described prew_ousl?/. Briefly, the upper level of the UHV
mented that a variety of factors contribute to mass separatioffl@mber contains an Auger spectrometer equipped with a
in such skimmed and seeded beams, which can lead to sugguble_-pass cyImdrlch mirror analyzer, _Iow energy electron
stantial differences between the starting composition of théiffraction (LEED) optics, and a sputter ion gun. The lower

expansion gas and the characteristics of the downstreaffVe! contains a high resolution electron energy loss spec-
“sampled” beam®~® This composition distortion becomes frometer(HREELS, model LK 200§ and a mass spectrom-

of crucial concern whenever a quantitative measurement i§ter (Balzers, model QMAL1psituated in line-of-sight with
needed. Much effort has been made to understand and quaif€ molecular beam from the threefold differentially pumped
tify such mass separation phenomena which arise duringUPersonic molecula_rl beam source. The UHV chamber is
expansior?-® Unfortunately, some confusion still exists due PUmped by a 300”s™" ion pump, a I'q‘ﬂf nitrogen cooled

to the complexity of the problem, as well as the variation offitanium sublimation pump, and a 60s turbonlwlolecular
measurement configurations used in these stddies. pump, and has a base pressure of less thad® “"Torr.

In this paper, we have examined the composition The molecular beam line consists of three stages. The
changes which arise for an “antiseeded” binary mixture, inSCUrce chamber contains a laser drilled s(iam nozzle
which the minority species is lighter than the carrier gas. IlEAM Optics) and a 0.5 mm diam GentBeam Dynamicg
particular, we have examined the downstream depletion ofkimmer, and is evacuated by a 10 in. diffusion pump. The
the seed gas as a function of stagnation pressure and nozsgcond differential stage of the beamline, pumpgd g in.
temperature. Neon/xenon and oxygen/xenon mixtures wer@lfusion pump, contains a mechanical chopper with two 0.5
used in these studies. Strong evidence is herein reportd@™m slits for time-of-flight(TOF) measurements and a 50%
which implicates cluster formation in the heavier carrier gadUty cycle square wave pattern which was used for phase
as inducing downstream seed gas depletion which exceed§nsitive detection. The flight path from the chopper to the
the levels commonly seen. Existing theories of mass separ&€nter of the mass spectrometer ionizer is $£.0®1 m. The

. . . 71
tion in binary supersonic flows do not adequately account fofhird differential stage, pumped by a 160~ turbomolecu-
this striking phenomenon. lar pump, further reduces the sequential effusion from the

source chamber before coupling to the UHV chamber.
Y . . o The two component mixtures had initial xenon to neon
b)Present address: Lucent/Bell Laboratories, Napervnle_, I|I|r_10|s. or xenon to oxygen ratios of 4:1. Two detection methods
Present address: Seagate Technology, Fremont, California. . .
9Author to whom correspondence should be addressed. Electronic maiVe€re Us_ed for the measurement of the_ Comp03_|t|0n r._’:ltIOS of
s-sibener@uchicago.edu these binary molecular beams. Lock-in detection using the
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FIG. 1. Schematic side-view of the mass spectrometer containing UHV
chamber coupled with the triply-differentially pumped supersonic molecular
beamline. Chamber 2 of the beamline contains the multipatterned rotating
disk chopper used for time-of-flight modulation.
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optically detected signal from the rotating chopper as the
reference signal was done with the beam directed directly
into the mass spectrometer ionizer. This modulated bearniG. 3. TOF beam profiles for 20% Ne/80% Xe binary gas mixtures as a
procedure was chosen to eliminate possible variations ifunction of nozzle stagnation pressure with a nozzle temperature of 573 K.
background intensities due to different pumping speeds of°!d lines are fits to the data using E@): () Ne component(b) Xe

" . component. In contrast to the lower nozzle temperature data of Fig. 1, note
the two components. In addition, component ratios were alsRere the absence of bimodality in the higher pressure Xe profiles.
detected by monitoring the background intensities in the

UHV chamber with the beam intentionally colliding with a

metal beam stopeforeionization; this latter procedure Was jnoduced to eliminate any systematic detection biases dur-
ing ionization due to cluster formatiofi.e., surface colli-
sions serve to break up clusters in the incident beam prior to
detection. Calibration of the initial mixture was accom-
plished by direct admission of the mixture gas to the UHV
chamber at pressures sufficient to give comparable signals to
those obtained with the line-of-sight beam. The concentra-
tion of xenon was monitored using th#' e peak at 131 amu,
and the neon concentration by the peak at 20 amu. TOF
measurements were done using an Ortec mutichannel scaler
to detect the amplified and discriminated signal from the
mass spectrometer in pulse counting mode. A skimmer-to-
nozzle distance of 7.7 mm was used in the current study.
Closer distances resulted in beam attenuation, while at larger
distances a marked flight time difference between xenon and
neon was observed, an indication of velocity slip between
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T Ry T | 3346 Tom ,f :\'.-.,. A series of TOF profiles of the neon and xenon compo-
7 Byl | P nents of the binary molecular beam as a function of stagna-
505 Tom f A tion pressure and nozzle temperature are shown in Figs. 2

and 3. Inspection of these data reveal some general trends. At
the higher nozzle temperatu¢gig. 3 the TOF peaks show

the expected behavior, i.e., a decreasing peak width with an
FIG. 2. TOF beam profiles for 20% Ne/80% Xe binary gas mixtures as gncrease in stagnation pressure. However, for the molecular
function of nozzle stagnation pressure with a nozzle temperature of 303 Kbeam formed from the nozzle held at 303 K. it was observed
Solid lines are fits to the data using E@): (@) Ne componentib) Xe . ’ .
component. The bimodal Xe profiles at higher pressures are indicative ofhat the TOF peak width of the neon component first de-

cluster formation. creased, and then increadédg. 2(a)]. Also, the TOF peak
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time distribution for stagnation pressures abe¥@000 Torr
[Fig. 2(b)]. FIG. 5. (a) Terminal beam expansion temperatures calculated using2Eq.

A more detailed analysis of the TOF data was done witf 2 Uheien o 1072 Sanaton pessure o He Ne componen of e
a velocity distribution widely used to characterize molecularor the Xe component of the mixture.

beams,

f(v) ~v3. e—[m(v—vo)Z]IZkT'

)

wherek is Boltzmann’s constantn is the molecular mass of
either the neon or xenon atomsg, is beam flow velocity,
andT is the beam temperature. Equatidn was transformed

two different nozzle temperatures. At a nozzle temperature
of 573 K, we see a monotonically decreasing beam tempera-
ture as a function of stagnation pressure for both compo-
nents, as expected for an increasingly supersonic expansion.
into a function of flight time, using the Jacobi&f; dv |t has been shown that the temperature of a supersonic ex-

= —(L/t?)dt, and corrected for the fact that we used a denpansion can be well described by the simple relationship
sity sensitive detectdf, to yield Eq.(2), Twp-2 3
oC

3

f(t)~ L—4 - (ML) —volH2KT, whereP is the stagnation pressure ami a constant close to

t one!? Equation(3) was used to fit the data for expansions at

We found that Eq(2) afforded a good fit to the experimental 573 K in Fig. 5, and good fits were obtained wail+1.11
TOF data, as shown by solid lines in Figs. 2 and 3. These fitand 0.82 for the neon and xenon components, respectively
allowed us to extract two parameters characteristic of oufsolid lineg. However, at a nozzle temperature of 303 K, the
beams, the beam flow velocity, and the beam temperature extracted beam temperature as a function of stagnation pres-
T. Figure 4 shows the extracted beam temperatures as a funsdre first decreases, then goes through a minimum before
tion of nozzle stagnation pressure for both neon and xenon atarting to increase again. This anomalous behavior corre-
nozzle temperatures of 573 K and 303 K. At a nozzle temsponds to the decrease in beam velocity observed for higher
perature of 573 K, the flow velocity shows expected behavstagnation pressures at a nozzle temperature of 303 K. We
ior for both neon and xenon. There is an initial increase inwould like to note that, due to the appearance of double
the flow velocity as the stagnation pressure is increased, irpeaks in the TOF distribution of the xenon component at 303
dicating the onset of a supersonic expansion, followed by & nozzle temperature, the fitted beam temperature should be
region of nearly constant flow velocity. However, different considered only as a parameter describing the expansion
results were obtained for the beam expanded from the nozzlguality, and not a true measure of the beam temperature.
held at 303 K. For the neon component, we again observed In Fig. 6, we have plotted the measured beam intensities
an initial increase in the flow velocity with increasing stag-for the two beam components as a function of stagnation
nation pressure, but the flow velocity then decreased as thgressure for nozzle temperatures of 573 K and 303 K. These
stagnation pressure was further increased. For the xenadata were taken using the modulated beam and lock-in de-
component, Eq(2) could be used to extract the flow velocity tection method described in the experimental section. This
only up to a stagnation pressure of 2570 Torr, due to thdigure again demonstrates that there is a substantial differ-
appearance of the bimodal TOF distribution above this pointence in the behavior of the beam for the two different nozzle

Figure 5 shows the beam temperatures extracted frorremperatures. At 573 K, the intensity of both the xenon and
the TOF analysis as a function of stagnation pressure for theeon components increases almost linearly as the stagnation

)
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FIG. 6. Downstream Ne and Xe intensities vs stagnation pressure, using th . ) .
lock-in detection methodia Nozzle at 573 K. These data increase essen—FeIG' 7. Downstream Ne/Xe composition ratiteata corrected for differ-

tially in a linear manner with increasing pressure, as expected for a nonchﬁ?nces in detectivity using a calibrated gas leak into the UHV chamber which

tering expansion(b) Nozzle at 303 K. These data deviate from ideal behav- 4f31d the |dent|ca_l composition a; ol biam g9as Cyl;ndsrf "Z" Xe:_Ne raftlohof
ior near 700 Torr due to cluster formation. :1) vs stagnation pressure. Data taken using lock-in detection of the

chopped(modulategl beam. (a) Nozzle at 573 K; good agreement with
extant theory[solid line calculated using Eq4) for Xe monomers (b)

o . Nozzle at 303 K; marked depletion of Ne and disagreement with theory
pressure is increasedAt stagnation pressures 6£3000  (solid line calculated as above with=1) after the onset of Xgcluster
Torr and above, the intensity of the molecular beam is atformation. Solid lines marked as X@=2-5) give calculated depletions
tenuated due to the finite pumping speed of our source Chanq,ssuming)ure beams of each clqster sizsee text Inset shows details of
. . . the data in the low pressure regime.
ber, which results in decreased mean-free flight path and

scattering of the beam componept#/ith the nozzle tem-

perature held at 303 KFig. 6 (b)], however, we observe a intensity vs stagnation pressure was repeated using a second
maximum in the intensity of the neon component at aboufyrocedure based on measuring background intensities as de-
700 Torr stagnation pressure. Also, the.ln.tensny of the XeNOWcribed in the experimental sectidie., clusters broken up
component vs stagnation pressure exhibits a sharp change iy syrface collisions prior to mass spectrometric detection of
slope in the region where neon intensity begins to decreasgne seed and carrier gas intensities; this method is similar to
Somewhat more informative is the measured neon to Xxenoge “stagnation detection mode” of Ref. L4These data are
ratio in the beam as a function of the stagnation pressure foﬁlotted in Fig. 8, and although the absolute intensities are

the two nozzle temperatures, which was calibrated againgfncajibrated, they show that this detection method yields
the intensities as measured with direct admission of the MiXgrands similar to those shown in Fig. 6.

ture gas to the UHV chambéFig. 7). At both nozzle tem-

peratures, there is an initial decrease in the ratio of neon t

xenon at low stagnation pressur@s-300 Torj. This effect V. piscussion

has been ascribed to pressure gradients in the rapidly ex- The neon to xenon ratios plotted in Fig. 7 show a marked
panding gas jet in the stagnation pressure region before fredepletion of neon in our binary molecular beam relative to
molecular flow is achieveti*?'3 This so-called diffusive the starting ratio of 0.20, especially in the case of expansion
separation results in a concentration of the heavier specidsom the room temperature nozzle. Even at a stagnation pres-
near the center line of the beam. Following this region theresure of 50 Torr, the lowest pressure where we could obtain a
is an increase in the ratio of neon to xenon up to a stagnatioreliable signal, the neon to xenon ratio near the beam center-
pressure of about 700 Torr. At 573 K nozzle temperature, théine is significantly different than that of the starting mixture.
component ratio levels off at this point, until stagnation pres-As mentioned earlier, the initial drop in the neon to xenon
sures in the region of 3000 Torr are reached, at which pointatio can be attributed to diffusive separation, an effect which
the component ratio again begins to drop. At a nozzle temeisappears as the beam becomes supersonic. For supersonic
perature of 303 K, however, the component ratio goesnolecular beams, several authors have reported the separa-
through a well defined maximum in this region, followed by tion effect of Mach number focusing. Mach number focusing

a sharp decrease in the ratio of neon to xenon. To rule owtauses depletion of the lighter species along the centerline of
experimental artifacts due to the phase sensitive detectiothe beam due to the fact that the lighter components have
method employed, the measurement of the beam componehigher velocities perpendicular to the beam direction than the
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FIG. 8. Ne and Xe intensities vs stagnation pressure, using the backgrour'gIG. 9. O, and Xe intensities vs stagnation pressure, obtained using lock-in

detection methodsee text which breaks up clusters in the incident beam detection of the modulated beata) Nozzle at 643 Ki(b) nozzle at 303 K
via collisional dissociation prior to mass spectrometric detection of compo-o ., : : - P '

- . Solid lines included for clarity are polynomial fits to the data.
nent intensities(a) Nozzle at 573 K;(b) nozzle at 303 K. vy poly!

of only a specific value ofh. The effective collision diam-
_ ) o _ _ eters of the Xe clusters were calculated assuming closest-
heavier co_mpc_)nenfsl. An expression is denyed in Ref. 6 packed geometries of the clusteds: (2, 2.16, 2.23, or 2.29
for determination of the extent of this depletion, x4.3A for n=2,3,4,5, respectively. A trend is seen, with
n(Ne); n(Ne), 1—exp —S(Ne)?,£2.) clusters of systematically largerleading to monotonically
n(Xe)1: n(Xe)o 1—exp—SXeP,E2.)’ (4 Iarger depletions of Ne. From 'FhIS we conclgde that a
L15ma weighted average of these depletion factors, which properly
wheren is the number densityg, is the hydrodynamic speed accounted for the continuously changing®mposition of
divided by the most-probable random speed perpendicular tthe beam as a function of stagnation pressure, would clearly
the hydrodynamic velocityé.y iS the angle between the be capable of quantitatively fitting the pressure dependent
beam centerline and the line from the source nozzle to theepletion data of Fig. (b). This strongly supports the main
skimmer lip, and the subscripts 0 and 1 refer to conditions afinding of this paper, namely, that the unexpectedly large
the source and the detector, respectivEliXe), , is givenin  light-species depletion is due to the onset of cluster forma-
Eqg. (17) of Ref. 6, andS(Ne), 4, is related toS(Xe), ;, with tion.
Eq. (21) of Ref. 6. Using the above equation, we carried out ~ We recall that we have observed anomalies in param-
a simple calculation with known parameters, plus assumingters extracted from the beam TOF profiles for the room
the effective collision diameters for collision between xenontemperature expansion, in particular the flow velocities of the
atoms as being 4.3 A, and for collision between xenon andgomponents and the temperature of the bégigs. 4 and 5
neon atoms as being 3.5’AThe solid lines in Figs. @ and  These anomalies begin to be evident in the region of 500—
7(b) with n=1, wheren is the number of Xe atoms in the 700 Torr stagnation pressures, and we believe these observa-
Xe, cluster, are the results of this calculation. For the expantions are a result of the onset of substantial xenon cluster
sion from the nozzle at 573 K, the scaled calculation agreeformation in the room temperature expansion. This is sup-
with the data reasonably well in the region of 1000—3000ported by a simple calculation for our system and similar
Torr stagnation pressure. However, in the case of expansiariustering effects observed in other systémishe formation
from the nozzle at 303 K, the scaled calculation agrees witlof xenon clusters at around 700 Torr would substantially
the data only at the maximum of the neon to xenon ratio athange the components of the original beam and thus we
about 700 Torr stagnation pressure. The depletion of thattribute the dramatic mass separation above these stagnation
neon component above this stagnation pressure is mugiressures in the 303 K beam to the effect of these xenon
greater than that predicted by Mach number focusing withclusters.
n=1 alone. We have done further calculations to demon-  To test the hypothesis we carried out similar experiments
strate that the presence of relatively small Xe clusters cansing a xenon/oxygen binary molecular beam initially
account for this discrepancy. The calculated lines labeledomposed of a 4:1 xenon to oxygen ratio. Figure 9 shows
Xe, with n=2,3,4,5 in Fig. Tb) show the expected effect for that the measured component intensities as a function
pure beams of these cluster sizes, i.e., for beams consistirgg stagnation pressure are very similar in this case as for the
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i nent along the centerline of the beam above a certain stag-
03 nation pressure. The extent of this mass separation is not
L T - explainable by existing theories of Mach number focusing.
/\ We believe that this depletion is due to the onset of the

6K formation of xenon clusters at these stagnation pressures.
, noazte This phenomenon is robust; the precise characteristics for a
01 L given expansion will likely depend on the physical details of
the nozzle/skimmer assembly used to make the measure-
ments. Further evidence for the formation of xenon clusters
is given by the anomalous behavior of the beam flow veloc-
ity and beam temperature in the same stagnation pressure
region, which were extracted from beam TOF profiles. These
findings have implications for novel methods of gas-
dynamics-based mass separation potentially including iso-
tope enrichment.
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