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‘khelium, carbon dioxide or sulfur hexafluoride). A continuous development ot i
several types of cluster sources has been carried out and includes frec ‘
jets, very small hypersonic laval nozeles, and a sceries ol metal ovens

with carrier gas mixing. Aay one, of these sources, constitutes the first
stage of a differentially pumped, molecular beam system which then producces
a continuous beam of clusters. The density in the beam is so low that it
is collisionless and thus the clusters do not interact with each other

or with any other foreign molecule or surface. The study of these isolated
clusters is carried out primarily using high energy electron beams (40 to
75 KeV). The resulting diffraction patterns are obtained either on film
or through use of a single channel, scintillation, pulse counting system
employing synchronous detection.--The diffraction patterns after
interpretation, provide information on the structure of the clusters, as
well as an estimate of their size and temperature. The size raunge studied
extends from 50,000 down to 50 atoms per cluster. The goal is always

to push toward the smallest size possible and to ascertain whether changes
| in structure ovccur. 1t there is a change in structure ther-the nature ]
of the change and the size range at which it occurs is determined. It ‘
is found that as cluster size is reduced there were indeed structural
changes such as, the transition from face centered tetragonal to face
centered cubic (fec) in indium, the appearance of icosahedral structure
in noble gas clusters and the appearance of d new ‘amorphous’ phase in
metal clusters such as lead and silver, Computer programs were written
to determine the extent and magnitude of changes to the diffraction
patterns due to the possibility of electrun multiple scattering within
the cluster. These effects are significant tor clusters of high atomic
weight species and, of course, for very large sizes, Finally, an
investigation was undertaken (but not yet completed) to examine the ‘
similarities and differences in the structural changes that occur in |
the noble gas clusters Ar, Kr and Xe, and in the metals Pb and Ag; all i
of which have f.c.c¢. bulk structure,
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ATOMS AND MOLECULES IN SMALL AGGREGATES:
THE FIFTH STATE OF MATTER

G. D. Stein

The Physics Teacher, 17, pp. 503-512




Atoms and molecules in

small aggregates

The fifth state of matter”

|n our carliest encounters with the study of physics we were told that
uiatter could be subdivided into three phases: solid, liquid, and gaseous, with
physieal teatures that made them distinet. As time went on we encountered a
tourth state of matter: that of plasmas existing naturslly in stellar and inter
stellar wiedia and artificiadly in nunerous research laboyatories. Plasmas consist
of & mintwe of positively and negatively charged particles which indeed exhibit
properhies very distinet from those of the more familiar three states ol matter.
Now there s a Gifth possibility . Those of us who have been pursuing the study
ot atoms and mofecules in small sofated aggregates or clusters have made physi-
cal measiwements on these systems revealing propertics significantly different
fro those of the bulk phase, so much so that one might deem it appropriate to
designate matier in this domain as the fitth state of matter. Even when clusters
or patticles are not in isolation their properties may stll vary appreciably from
bulk as i the case of celloids of sufficiently small size.

TC will become apparent as we pursue the subgect at hand that the physics
ot the bonndary between the three traditional phases (1.e., interfacial phenom-
cnad witl become an omnipresent feature in the study of small clusters. When
one considers clusters small enough so that they are essentially all surface, one
should not be surprised to encounter physicat phenomena which are at least
aty el ot the bulk phase and hard to caleulate.

Sundt clusters arise naturally as an important entity in the treatment ot
the hnciaos of phiase change and monearly all cases clusters are formed ds the
tesult ol g phase change. Thus an mteresting interdependonce anses i which
the phy sical propertios of sagll clasters are mportent o teotetical predictions
tor the hinctios of phase change and conversely an unctorstunding ot the kinetios
ol phase hange s important for the production of clusters of a given mean size
tor use i the mcasurement of then properties. For examiple the predicted rate
ol tommabon of water droplets in a condensiang vapor fie., its nucleation rate)
may vary by as mach as @ factor of ten billion (10'%) tor a 307 variation in
droplet surtace tension, Understanding how  the kineties of water pucleation
tahes place provides the insight necessary to produce high concentrations ot
lusters of specihic mean size and as narrow a size distribution as possible. This
onnpottant torany experiment designed to study cluster properties,

Neathy every technigue for the formation of small clusters necessitates
the creation of an environnient where the species 1o be clustered is highly super-
saturaded  This s the single most important parameter tor the production of
beh concentrations of clusters of very soiall size. Small cluster samples whether
i the pascous, furd . or sohid state, or on substrates Gupporting surfaces) have
been exanimed with photons as a probe. sach as hight scattering and ahsorption
A tew of These techngues melude such tings as absorption spectroscopy . iyl
soattorimgy, both chstic (Ray teigh seattenngd and snckistic tRaman scatiening)
AL the waden techngues of tunable continuous wive (CWy and pulsed dllu
mhnation sl baser pudse Thanes as short as nanosecom! to proosccond it 1
107 10 10t sed) are currently beng brought 1o hear e the study ab thew
siall Clusters. T addition. photons are being used 1o onze the daster speanes
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Fig. 1. the deasity chappe across @ siple mtertace s shown on the fott The solid one
represents a mathematical intertace while the dotted Tine shows the density vartateon g
actual intertace. The characteristic leagth, v ~ na. where a s the sverage distance heiwoen
atots or molecules in the condensed phase. The case 1o twao ntertaces close Lo e
tarming a one~dimensional thin {ikn s shown on the right

Yot sbsequent omass analy sis using mass spectrometers.
Chisters e abso being examined with electrons as a probe
sty hoth Jowe and hagh-enerpy electron diftfraction and a
virrehv o ob cledtron microscope techigues. Very short-
wavctength photons (x-tay s) have abso been used (o study
the structnre o sigdl clusters Magnetic and clectne telds
fave afso been used for examination with micthods such as
nuclea magnetic tesonance and electron span resonance.
Fonally peutrons have been used as probe particles to study
the structure of small clusters,

Small cluster formation

At the outset one might ask how simall does the
pattncle have to be before it is considered to be a cluster
having properties distinet from the bulk material? And why
are small clusters important for the understanding of the
dyanues of phase change? Let us began by recalling a few
teatures from classical or bulk macroscopic therimaody nam-
s We recall that a single component  thermody namic
sstem could be completely described by the specification
ot thiee properties. For example, the volume of the system
could he considered as a function of pressure, temperature,
and nass, o= V20T, my ) Now if this sy stem s cot in
halt. cach half may be desenibed by 4y = 1,00 T'oma )
wherte my = /20 and we see that the system s sull
speaitied wath three variables. However, of one continues
this process of cutting the system i halt, we wall see that
aosore pomnt the system begms to display some adds-
tonal properties which were not notieed previousty . For
caatapie when the system size begins to get small we
nobee that the componeats begin 1o stick topether of
Fik te sohd surfaces or pearby walls. Clearly sonie other
thermody name property is connng into plyy 1 oone were
toocontmue this halving process even tinther there would
e g poat at which the simall particles would begin to
fovitate o tlogt about e the medim, he i hguid ot gase-
s displas g Brownian motion Again, we are bepimng
'

coohserve anather physical phenomenon that was not
wpstent e the lege systems Inorder to debime unquely
the classical thermodynamie state ot the sy stem additionad
propeities must be speafied, tor exampic. size, o suttace
hoaee or sarface free enciey Typioadly when particles
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approach the 10 to 100 gm (3 gm = 107 m) swve tany.
they will begin to extubit the shove mentioned 1eatures

Let us now consider another process treated
mtroductory  physios or thermody namices Tmgpine 4 vas
enclosed (i o cylinder where a piston s tree to move and 1
subject to canstant pressure As heat s ramoved tron the
pas the piston slowly descends untul at some pont pliss
change begins and hquid gppears o the bottom ot the
cylimder. But if one actually pertorms this cxpeniment o
ts seen that the gusd phase may not appear at the vapog
liquid  equilibrnom  temperature and the gas will nstead
supcrsaturate. Severdl unphoit conditions are sequites in
ordet to realize the idealized phase change

1o order for the phase change o occm and e
Hiquud to form, a surtace onto which the hquid wall colleot
is required  H the walls of the oyhinder are smitable they Can
provide the needed surface

201 the surface is not avalable that ts, not etteo
as an active site tor the tommation ol the new phase. thee
the new phase will have to begin homagencoushy ot o
1wl huve to form aponaatselt Classical theomody naei -
tells us that i order to have a droplet of tite radios in
cquiiboium with the gas, the pas must be supersatutated
T fact, the smallest possible 1ades of sach o sphcind
drop s inversely  proportionat to the naturad lop ot th,
saturation ratio. Onee the droplet excecds this rados
will grow without Limit and produce suttwent comdensed
phase to estabhbsh a stable thetmody namie equitbram

30 bhe reason the gas supeisaturates s hevause i
cooled at a fimte cooling rate as opposed toan bt ch
stow  cooling rate tequined tor g quasistatee frrocess o
classical thermody namics Tyen when o pas s sapeisatng g
ted the new phase may not form W an appiecahle ot
because there as a positive amount o caciey 1equire) 1o
torm the droplet o1 the mmumuam cadias e b ssentaliy the
reason for thas s due to the eneeey ot Tormation ot the
sutface Ameea where aoas the swtace tension 1 hos i
hipher the supetsatmation b the gas the smaller 1o
the smafler s the encrpy barner fo the tapmatoam ot ih
dropiet of cntcal szes and the e apaid ot
tormation of the deoplets or sty Thos we e that i

further out ot caquiibrigm e thenmody e -y s s




TABLE {
Cluster size for bulk density
24
No. of interatomic = g - (2ne 1)’
{hstances, n a
3 6 343
4 8 729
) 10 1331

the greater s the rate process which drives the sy stem back
fowand vquiihniam

for virtaally every type of actual phase change,
whether tormed homogeneously as pure droplets or hetero-
.u\'nc«’»usl) as 4 droplet growing on a surface or a forvign
site. whether a phase change between gas and liquid. gas
and solid, or solid and liquid, the starting or critical size
imvolves 4 cluster or aggregate whose size g s less (han
10D molecules tatoms 1 monatomic species) per cluster
Beyond the cnitiwcal size the new phase can grow
without tunit. How does this size range compare with the
stze Lt at wlhich bulk properties are valid? In order to
esttinate this size et uys consider properties st an inferface
hetween two phases. For exampie. consider the density as
A function of position across an intertace as shown in Fig.
1 Fypwally the density change from gas to condensed
phase s of order 1000:1. Mathematically we might con-
sider that the interface oceurs at a plane of zero thickness.
Mctosopreally . when one considers that a phase is made
up of discrete atoms or molecules, the density change will
occrr across some namber n of mean  intermolecular
Gnteratomie) distances 3. Thus the characteristic length
over which the density goes from bulk liquid to bulk gasis
A na where nowoudd be no smaller than 3 and perhaps as
high as 10 or more. Now consider a sfab of condensed
phase with gas phase on two sides as shown in Fig. 1B.
Fhie nanenum charactenstic length at which bulk properties
wauld obtmn at the center of the condensed phase would
be roughly 2A 1 we consider @ three-dimensional con-
densed phase (re., a droplet-like entity) we can estimate
the number of atoms or molecules required in order to have
bulk propertics even though only at the center of the
droplet. The results of this estimate are shown in Table |
where  the number of interatomic  or intermolecular
distances required for the density change from that of gas
to condensed phase is varied from 3 to 5. We see that a
cluster must have more than 343 (1,331) molecules or
atoms in the cluster, if n = 3(5). before there is enough
material in the droplet so that there is bulk property any-
where i the cluster. Note that if a = S then virtually all
the cntical size clusters for the formation or nucleation of
4 new phase fall within the region wherein bulk phy sical
properties will not be present anywhere in the droplet.

Fhe above estimate was made with density as the
property that was vasicd. There are many physical proper-
tws other than density that may be considered and numer-
ous estimates have been made in the literature of the cluster
size at which these other properties begin to deviale from

those ot the bulk  These estumates are based on appron
mate models and are theretore subpect to challenue Lo
crample, 1t has been estimrated that only 3 1o 4 atams ane
Bevessaty  toapprosimate the clecttonn shinctose ot s
metal Custer wheredas othien estunates tor propertic: such o
the fatent hedat on surface tension requite sevetal thoasnd
Htoms or molecales g custer betore batk vafoes an
approached

Clusters are everywhere

From the foregomg discussion o s cvident that
clusters are important wherever there is @ physical phias
change involved. This one phenomenon alone van mvolye o
tremendous scope of gpplications. For example the nuckes
tion and prowth of small metal particles on substpates
very important tor thm-tim and sold-state devices Mans
atmospheric phase changes such us the formagion ot ol
acrosols. water condensation, and hal Tonmation .ol
simall nuclet to initate tie processes Physicsl propesie ot
metals are determined mpart by the duster concentration
and therefore the metad gram sive Many chicaicsd copmed
ing processes require the condensation nf crystalites o
formation of liguid droplets that imnate the tormation of
a new phase. The products of combustion such s wales
or carbon dioxide and steam i niany types ol cimunes 4!
turbines van condense mto dioplets and cause subscgueni
damage to patts downstream of the condensation process
Performance of hotlers and condensers m farge cogpmons
depend on nucleation phenoimena

Cloud chambers and bubble chambers tar wse
highcnergy  physics are examples ot laditionnduce!
nucleation.  Numerous  geologiv and  cosmolopic plias
changes are amportant within the carth and beyond fhe
list can go on and on. One very important applicabion foy
small clusters s in the fiedd of catalysis where 1o sonn
chemical reactions it has been found that snvall nietat and
metal-oxide clusters are much maore eftective than bulk
material in promoting chemical reactions Other dwvers
arcas, such as the study ot the theory of higqunds, mmvadie o
madel which is essentially that ot a cluster The use ot
heterogeneous cloud seeding agents i the atmosphere fod
the control of ramfall, incredsing snow pack momonsbae
and the suppression of hal damage Toocrops i e
examples ot the ase of sl clustens

Clusters are systems which are small o thiee dones
sions but there are examples of systems that e small
one and two  dimensions which also extuibit behavior not
typical of balk material. For example, thin tilms are suiall
in only one dimension and once they become thinner thar
about 1000A (100 nm) their propertics begm to how
deviation. Fxamples of systems which ave small i twe
dinmensions are those of fibers or whiskers Thew propetties
atso are different from bulk In particudar for ory stathig
materials, due to the small volume mvolved  the probalahis
for imperfections or dislocations s reduced thereby tosalt
ing in materials with unusually high strength Is it posable
that some materials in small cluster form might be deal 1oy
superconducting matenads? This prospedt wauhd fave proat
ceonomie imphicahions

Examples of property changes of small aggregates
The problem of companson between a cluster and o
bulk phase of the same materad may be consdered
terms of a4 two step change  Fhe tist step woukd anvodve
Wentitymg o certin number (e of motecales o the buld
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Fig. 2. Theoretical veray diffraction patterns are shown tor g body-centered vubie Litteee an
a tunction of the number of umit cells i the cluster. The y courdimate 18 g relative seale 1.9
peak heights whale for x, 1is a4 function ot the angle ot scattenng 1or the vrav Thus the
changes in ditfraction pattern occur even tor perfect unit cells as the chuster size vets smalley
with dramatic changes below 20 celbs per cluster. (From ¢ Morczumy and 1 C R

Fig. 3. The annimuny energy configuration for van der Waals type
atomic clusters with g <55 atoms is that ot the weosahedral packing.
A complete ) 3-atom wosahedral is shown here.
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phase and imagine them removed or solated trom the buls
with exactly the same structure tie o dtomie posttions
The finiteness of the new systeny alone will cause o chanpe
in some physical measurements, tor example diffraction
patterns. The second stage of the process then would be 1o
allow the cluster to relax into ity cquibtbrivm position as an
isolated entity. [his then would result i tarther varanon-
of some physical properties.

Consider the case of x-tay or clection diftiacr
from a crystal which s perfect but of timite extent Cow
plete constryciive interference at the Bragg aneles and
destructive mterference at the angles m-hetween, resulting
in infinitely narrow diffraction peaks, require a ony stal ot
infinite extent. As the orystal hecomes hinite sz the
peaks are broadened and peak heghts reduced. but with
little additional changes as the size goes trom mmtimily dJown
to micron diameter. The broadening occurs tor biate
crystals because at angles shightly oft the Brage anpgle
tsay A0) there are not enough scatterers o the cryatal
lattice for complete destructive anterterence The tewe
atoms (molecules) in the lattice the poorer is the destiug
tive interference for a given A0, Hence the peaks are e
creasingly broadened as the size decreases tThis phenom
cnon s analogous to the resolving power ot g ditfraction
prating like those used in spectrographs and monochyom-
eters. The greater the extent of the grating the betler v ils
resolution.) Below this size (1 i diameter) the pedks begin
to ilter more tapidhy ' and, as the number of umt cells
dectease below about 100, the pattemns take on substantnd
changes as seenan Frgo 2 Thas even with pestect umit ool
(hody-cenitered  cubic-BCC, m this case) which have no
mteratlomic vartions in distance, no thermal vibration oo
the atoms about cquibtbrum pasthions and no cry il
defects, the dattraction pattern s drastically diterent trosn
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Fag. 4. A molecular beam is shown on the left hand side ot the tigure with N-
nogzle, Sshaimmer, C-coliimator, 1G-ionization gauge, and LN;-liquid nitrogen. TO THIRD

the molecular beam travels to the right into a scattering chamber. The electron
beam trap s B and P denotes the film plate in the cassette. Typical energies tor

the clectron beam are in the neighborhood of 40 000 e V.

that ot the bulk tor the small clusters, In order to model
successively more realistic clusters tor comparison to ex-
perunent, one must add to the perfect model the above
mentioned ettects.

Argon clusters

Lot us consider the structure and properties of 2
“smple’” monatomic species which exhibits httle or no
chenmcal bonding but only the much weaker van der Waals
attraction. Argon is the most common of this family and
s bulk crystalhine structure is faceventered cubice (FCC,
1e L g cube with atoms at the corners and centered on the
st tacesy  Fhe mteraction potential between two argon
atoms, that s, the attractive or repulsive foree which s @
tunchion ot the distance between them, operates between
any two argon atoms in a simple additive manner. Using a
simple potential function, which fits experimental measure-
ments, mimmum energy  configurations for clusters as a
tunction of size have been computed  These soalled static
calculations have been made by numerous researchers. It
was toumd® that for clusters up through size §§ the equilib-
tum contiguration s not FCC but tends toward the wo-
saliedra) packing shown in Fig. 3. With single atoms being
added sequentially the wosahedral structure cannot propa-
pate atselt and at some point the minimum encrgy con-
Lpuration for the growing cluster will
centered cubae

revert to face-

Lhere 1s experimental evidence tor the postulated
woosahiedial structure tor cry stalline argon obtained using o
noszle molecular beam techmique by o research group gt
the University of Paris l()rsuy),""‘ A typical molecular
heam contigutation s shown in Fig. 4 and has been used
over the Last 20 years for a great vaniety of research invest-

pations © B consists of a gas source which s cither o small

STAGE PUMPS

\:u:cuon v
g

nozele or anorifice tree jet Grea pan hole m a thin et
disc) and s operdated at pressures hugh cnough so that the
expanston through the bole formy a tree jet or plume in the
evacuated first stage ot the beam. As the pas expands ot
cools adiabatically, becomes supersaturated, and clusters
begin to nucleate The pressure in the first stage of pumping
is low enough so that the density in the tree jet becomes so
iow that the expansion hecomes essentially  collisonless
Somewhere near this poimnt in the expansion an aperture i
used to defme g bearnr s formed as @ cone with o hole i
1t to mimmize gerodynaniic mterference with the hearo thoan
passes through 1t and a8 called & shanmer
second

Fregquentls
pumping s used inoorder Lo ke 1h
pressure 1 the scattening chamber as low as possible Ton

stage of

g given gasot the gasanlet pressuie pooas dows chusteng o
progressively increased, more and more custers wali tor:
resulting g cluster beam For structure analysis ot th.
cluster beam, a hugh-cnergy clectron gun s placed at npht
angles to the cluster beam just downstream ot the collim
ater n this scattening chamber. Ditfiaction patterns aie
taken. usually on tilm, with o beam stop to catch the
primary  undittracted clectron beam. The cluster bear
intensity s monitored using an wonZalion gauge of 1ot
spectrometer

Flectron diffraction patterns trom Jdustered apon
beams have been obtained dand compared to theoretioal
structure  calculations.  The patterns for Lape dlusteas
(2 > S00) compare well to FCC bulk stiucture Where the
size ranges from g - S0 the data sreproduced well usimg a
madel which s 4 combimation ot wosahedralclusters
gas. * The traction which is wosabedial poes trom S0 to
0 as g roes hrom S0 10 20 Fven though one may expecta
simall range of sizes i the closter Beame dhe comparyam

nevertheless very poad and thus provades the copaenme nt!
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Fig. 5. Vheoretieat molecular dynamics caleulations tor arpon clusters
can be presenied on 3 temperature versus energy pet atom plot asa
tunction ot cluster size. The so-called van der Waals loop is shown

with [, the melung pont temperature and Uy, the enerey of

vaporization Phe results show evidence o avan der Waals loop and
thus a phase chanpe even tor the size $ o tetranter

Fig, 6. Indiadual snapshot pictures trom 13-atom and 4 3atom
viusters were obtamed  from Maonte Carlo simulation at various
temperatures Note the weosahedial packing at very low temperature
amd evrdenee ot transttion

verification for the appearance of these mmmmtm enerngen
icosahedral argon structures under proper maolecutar bean
operating conditions.

In addition to static structure contipniations, Jdy nam
ic calealations have been carned out by o mumber ot
researchers i whach there s hinetic and potentigl cncrpy
interaction wathin the cluster Basically  two theoretoat
techmgues bave been employed  The hirst s calied moleou
lar dynamics in which each paricle s iven an il
position and velocity and the evolution ot the duster s
followed with ordinary Newtoman mechanics The secont
technique s called Monte Carlo with the caleulations
initiated using an ensemble of g atoms focated witfn some
arbitrary  spherical volume. Using a4 given anteratomn.
potentil, the potential energy of the imtial configaraton
1s calculated. Fhen one of the atoms s chiosen at randon
and given a random displacement. A new potential enery,
is then calculated followed by o second tandom dinplaos
ment. After o large number ol these steps the potentid
energy Is ensemble avergged and o uster cqubbrnm ot
determuned Al of the thermody namic properties can ther
be calculated trom these or subsequent contiguostons

Results obtained using molecular dy namies show
trplevalued van der Waalsiype foop an the cncigy po
atom as a tunction ot temperature as the cluster size
increased. The structure of the cluster passes trom sohd t
liguid in the loop region as temperature s ancreased
analogous to a van der Waals loop tor an saothes i
pressure-volume  dugram tor o bulh phase chanpee o
g, S)

Several mteresting features aie predicted ©

1. The melting point of a cluster s dependent oo s
stze, that s, the smalfer the cluster the lower the el

& lypnd-lhe or amorphous o
sttuctute s the tempetature :
ange of 30 600K i agreement ‘
with the molecular dy naniies |
Calcabattons 7 (Reprnnted with ‘
petmission ttom b0 Abras |
bt !
|
0.01 Deg. (K} 60 Deg. (K} ’ 0.01 Dey. (K) 60 Dey. (K)
) .
l
' |
| .
20 Deg. (K) 80 Deg. (K} 20 Oey. (K) 80 Dey. (K)
40 Deg. (K} 100 Dey. (K) ‘ 40 Dey. (K) 100 Dey. (K)
13 - Atom Cluster — 43 AtomCluster —— |
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temperature Fven tor the 100-atom cluster, & mefting pomnt
temperatate of about 40 K oas mote than a factor of 2 lower
than the 84 K melting point temperature of bulk sohid
Jdrpon

2 The atom cluster, whach s a complete wcosahe
dran, has a “heat of fusion™ (U m g S) whichas larger
than the chusters above and below it This aginn points to
the nanunum n potential energy tor this configuration or
an optinnan g van der Waals bonding, thus requinng more
cnctey pet atom torats phase change

Uobor the larger size clusters, as then temperature
mereases toward  the melting pomnt, other calculations
predict that the cluster s partially hgued and partully sohd.
11 has been postulated elsewhere that clusters m this regune
wonld be hquad Bhe near the surtace with the core temam-
mye sotid

An cvample of the results that can be obloned using
Monte Calo calculations gre shown m Pig o Here siple
conlpuration spapshiots are shown fora L3 atom and a 43
atomn Cluster at temperatiees between .01 K oand 104 K.
Wo osee that as the temperature nears O K the stracture s
very closwe o that of the wosahiedral mmimum energy
conhipunation It s also noted that as the temperature
mareases 1o the range of 40-60 K the structure s dehnitely
moving away  trom cosahedral i qualitative agreement
with the molecular dy nanues caleubations.
Water clusters

Fhe above section dealt wath simple monatomae
woetems possessed o weak anteraction due to the van der
Woabs attiactive torce. Hlere we will consider a0 case ut
hydsopen bonding which i much stronger than van der
Wordls attraction by a tactor of about 20

\nomveshigation ol the stracture of water clusters m
the pas phase ssing high -energy clectron diftraction was
undertaken moow l.lhnr;llnrys a few years ago using the
molecubn beany appacatus shown i Fig. 4. The structure of
thewe Chusters was not the usual bexagonal torm ot we but
stead was Jiwamond cubie. The diffraction patierns are

A

shown o b with stronger patterns occurring at ingher

B 1 1 T

X/0 = 392

o P,= 7 bar
o~
o~
M :
~
<
., N e

331

P, = 5 bar

DAV

P = 3 bar

AM_A&

] 1 1 |

2 3 4 5

S = (4ll/\)sin(8/2)

Eaw. 7. Flectron diftraction pattesns tor water with the background subtracted out
e shown i A as obtained from the molecular beam apparatus shown in Fy. 4
tor three beam starting pressures. The average size for these clusters is in the ranee

o o 2000 10 330 and is characteristic of the bulk diamond cubic structure ot

we o The dumond cubic structure is shown

m 3 with the water molecules shown only
as ciddes o sumplify the presentation which
wobasieally that of FCC with 4 molecules
micror o the umit cell tocated as shown,

| TN
b 8
O ’
ot
~
1 a,
a4
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Fig. 8 Sttic, minmmum encrgy  caleulations tor water clusters
predsct o fivessided dodecahedran clathrate structure shown here
with o hollow antenor. A foren atom or water molecule may e
tapped within the clathrate. This structure s drastically Jdetfterent
tront those of the ordimary condensed phases ot ice. (Repomted with
petmission trom 11, Kassner, Jro)

beam source pressages. Fhe salfest averape cluster aze
tor which patterns were obtaned mothis work was 30
miolecules per cluster. Caretud examation of this sto turs
reveals that cach water molecule has the tetravonal co
ordimation charactenstic of maximmum bonding o e
energy configuration Bulk ace structure ot this form b
been obtained provided it s condensed trons the vapor
phase on a substrate in the neighborhood ot 150 K

Lven more unusual structural torms than duinond
cubie are predicted for water when the dluster sz sty
staller  Just as with argon, where cettam szes prodaogce
mimunum - energy  contigurations Gn o that case wosane
drab), so water also s predicted to have certan m nneam
energy  contigirations with the fiveesided peodesie e
type ot dodecahedian contipuration Yothey e ot
Clathirate stractares wad gre crther completely voad o o
MUCHor or sometimes enclose cither another water moke
or d toren atom The clathrate stracture s shown o
Fag, 8 and contans 20 molecutes i the vape Clathirate
structures stabilized with xenon atoms have been tog
via crystalhizaton trom the hiqud state but have never boon
observed until recently to have tormed from the vapaoe
phase. Fhe evidence tor the vapor pliase clathiate strac tare
Is based on the relative abundance of vanous size dhusters
sampled o molecular beams with mass spoctronrtees
Ihiese have been produced trom homogencous (e o pane
water clusters” and also, by g oproap at Yale Uoneran
Using protons as nuelel o

A, these structares aie radhically ditterent trom
the usual bulk orvstalhine phases of aoe and they cannot
propagate themsehes wath the dodecahediad sy ety by

z
¢
P2l
p
e
X

Fig. 9. The shematic arrangement of an oven tor the tarmation of metal clustens s shown
the symbols stand toc TC-thermocouple, W-prign atrror window, H-heater 1o metad sapon
zation, §) and Sy -sets of serews for confipuration adjustments, Arargon canmer pas, Ny
and Np-flow orifices or nozzles In this device the metal i vapornized by restsdine heanm,
and the metal nucleates downstream ol the heater The sample s pulled throurh the arntic
Ny and part ot it forms a supersonie molecobar beam throuph Ny e mietal Lo be evapaota
ted oy esther placed disectly on the heater o a cracible wath the heater coled atound it
The election diftraction s cartied out pust downsticam of the onbice Ny
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the addition of gas-phase molecules condensing. Just as
with argon, as the size gets larger the minimum energy
vonfiguration reverts to one of the more usual bulk forms

Metal clusters

For a number of years in our laboratory we have
cantied oot a systematic study of the structure of small
clusters formed in the vapor phase. Due to the relatively
low vapor pressure of metals, plus their relatively strong
honding (a factor of about 20 greater than the hydrogen
bonding 1n water), and high surface tension, the design
critera tor a cluster molecular beam is much different from
that for gascous spccics.“ The most important design
cntenion tor a metal cluster beam source which will pro-
duce small size clusters wativ sufficient cluster concentration
lo conduct experiments, is that the supersaturation be very
hieh (s produces an cnormous cluster nucleation or
lormation rate so that, on the time scale of the experi-
ment. Juster concentrations of 10'° o !l)”,-’cm‘ are
produced With that many clusters competing tor the re-
matning mctal vapor, the average size remains quite small.

A mictal cluster oven design used 1in our laboratory is
shown i baig 9 The metal is vaporized in an inert atimo-
sphere pressure at about 1 Torr (1/760 of an atmosphere)
anddthe pas tlowng slowly over either a vapor heater
tihament or crucible toward the first oritice Ny Part ol the
sample passing through Ny is pumped by mechanical pumps
and the remamder passes through a supersonic orifice N»
and ~hecomes the cluster beam to be examined using high
cnergy clectron ditfraction. Fhas source replaces the pas
molecular beam in Figo 4 and is connected directly into the
watteting chamber. A number of metals have been studied
using this source, resulting in some surprising and exciting
tesufts

Consuder the case of indium. lts bulk structure is
tace centered tetragonal (that s, face centered but with a
heht o wineh s greater than its square base a). Figure 10
idicties that when the indwm clusters have S 000 atoms
pot dduster o Larger they exhibit the butk structures just
menttoned However, as they  are made  progressively
wialfer, we can osee that the heght dimension ¢ decreases
wihnfe the size ot the base g increases with the result that at
2000, ¢ = a and the structure becomes tace-
centered cobhie (FCC)  The structure appears to be more
compact  (Are the surface tension forces which create
hipher pressures an smalf droplets the motivating force
here?) However an examination of the density of the small
size BCC structure shows that it s within 19 of the bulk
deasity. Nevertheless we feel that the structural rearranges
ment s siphcant and occurs at a cluster size ina range ot
> 000 to 4 000 stoms per cluster which can be considered
as telanively Lirge Ge contaming 500 1o 1 000 unit celis).

abhout g

As g secomd example consider the case of ead.
Fipure TOB shows the vanation of the umit-cell parameter
twhah s FCCY wath size. Note the very siall vanation i
ut cell dimension with size tobserve that the y coondimate
s orreathy expanded over that ol part A) so that on first
coannmabion the data tor lead does not appedr interesting
Caretub exammation ol the data shows that at as consist-
ent with o maodel of a cluster which has a core which s
cryshallized, plus g surface layer which becomes progres-
sively more disordered or hquiddike as the cluster gets
analler

.
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Fig. 10. The unit cell lattice parameters height ¢, base a4, and then
ratio, for indium microchusters are plotted oy a funcnon ot the
number atoms m the cluster, g, and the average cluster dumeter, 1
Broken lines indicate the corresponding values in bulkh crystatling
maternls at vanious temperatures. Typical expermental crror b
are shown by vertical lines. Deviation fram bulk structure bepins
the diamceter approaches S000 atoms per cluster avenipe sire In s
the unit cell parameter for lead is plotted as a function ot p Non
the expanded scale for unit cell parameter with very httle chunye i
the lead unit cell with size. The indium, on the other hand, has
undergone a structural change from face-centered tetraponal to faee
centered cubie as the size is decreased to the 2 000 aton per clustes
range.

Because the atomie weight ot Jead s so large the
possibility of multiple clectron scattermyg within the cry stal
hte s of some concern Therefore another FFCC monatom,
structure, that ot argon mentioned above (p > S b
been examned and the same ctfect seen Thas with de
creasig stze a targer fraction of the cluster becomes surtace
with the erystallime center becoming progressively o smalle
traction of the atoms in the cluster Presumably | then, the
structure of the clusters i the 100 1o 1000 atom par
cluster range would be completely amorphous or Tigun)
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lke as suggested by the argon data refenied to carlier for
R > SO But then again we may be surprised by the small
cluster structure as with the previous examples,

Cluster studies with the laser

With the advent of tunable, laghly monochromatic,
haeh power, and very short-pulsed lasers many traditional
and new research areas are blossomang forth. The study of
small clusters s one of these, and recent advances have
occurred at g very rapid rate. Some beautiful spectroscopic
studies have been carned out by soientists at the University
of Clacago ' Fhey employ highly cooled, free-pet expan-
sions of helm contuming a very small quantity of the
spraies of interest (suvh as wodine) and have obtamed highly
1esohed spectrowopie data on vibrational and rotational
stiucture ot very small clusters tmpressive progress on the
study of metal clusters has been made using matnin sola-
ton teclunques tmetal clusters condensed o a matrix of
sohd aigon tor example) with Laser spectroscopy, particu-
latly at the Unwersity of Totonto '

Very recently liser spectroscopic studies ot small
metal clusters e the gas phase have been undertaken m a
nearly wdeal expenimental configuratton at the Umiversity in
Been, Switzerland.'® This techmque involves the formation
of aometal cluster beam and selective electrone excitation
by cluster size using a tunable laser. A second highaintensity
laser pulse then stnkes the sample wonizing only  those
species which have been electroncally exeited  The enfire
capetiment s pertorimed o the neghborhood of the inlet
opts o g quadrapole mass spectrometer. This extra-
ondinary techmqgue provides spectroscopmic data tor clusters
ot a wingle size Inasense, it represents the ultimate cluster
cypetinent

The additional ability  to use sub-nanosecond and
preosecortd (that s less than 107 10 10 12 sec) laser pulses
ot known and of variable frequency 1s being used in the
study of the dynamics of many systems, including cluster
systems  (fus very  powerful technique will provide the
abihty o study the dynamic, state-to-state changes in
clusters
Summary and prospects for the near future

e existence of matter in small aggregates or clusters
voseen 1o anise in a greal varicty of important soentific
studies and engineering applications. With the advent of
new quantum theoretical methods to calculate the physi-
Cal properties of sy stems with up to 30 atoms, the extreme-
Iy rapud advance m laser physics and optics, the recent
meotporation  of  micro-processers  into multi-channel

1 P THIE PHIYSICS T ACHE R NOVEMHE 1t 1979

detection instrumentation with the capability tor single
photon or single particle pulse counting, and the pro
gressively casier and less expensive gecess Lo computers for
both theoretical and experimental uses, a near cxplosion of
activity in this fasainating and impostant drca ot small
cluster rescarch has begun,
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ABSTRACT

Silver is evaporated into an inert gas flowing at pressures
between 0.1 to 3 torr and nucleates to form clusters in a size
range of 40 to 110 ®. This two-phase mixture flows through a
two stage molecular beam into a modified electron microscope.
Electron diffraction patterns are taken in the cluster beam
and analyzed using the bulk, face center cubic unit cell in
conjunction with a twelve beam multiple scattering program.
Deviations from the bulk structure are seen and are larger

for smaller cluster size. Several possible interpretations are
discussed. The effect of different carrier gases on oven per-

formance and cluster size is also presented.
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+ present address : GTE Products Corp. 60 Boston St., Salem,
MA 01970




INTRODUCTION

The objective of this study is to obtain information on
the structure of small clusters of metal atoms, prepared by
evaporation into a low pressure inert gas, by analysis of their
electron diffraction patterns. Potentially large effects of
supporting substrates upon the clusters' structures were avoided
by employing the guenching gas as a carrier to transport the
clusters through a differentially pumped gasdynamic system
{forming a "molecular" beam) into a high vacuum region where

(1)

the electron diffraction pattern can be recorded A neces-
sary subsidiary goal is to discover conditions which producce
sufficiently dense metal cluster beams so that electron dif-

fraction patterns can be observed

EXPERIMENTAL

The metal cluster generator has been described previous-
ly(]) and is schematically illustrated in Fig. 1. This oven
cluster source has been mounted into one part of the "diffrac-
tion chamber"” of an Hitachi HU-11A/B which is operated as an
electron beam source {(condenser lenses only used). The elecc-
tron microscope has been modified with the addition of a coarse
aperture just above the cluster source and additional pumping
capacity from a 15 cm diffusion pump with 1,000 /sec. It is

connected to the diffraction chamber directly opposite the




oven. Electron diffraction patterns are recorded on glass

photographic plates.

The metal vapor source used was a small helix, hand-wound

tungsten wire (0.38 mm diameter) into which one or more small

ingots, formed from 99.999 % silver, are inserted. The amount

of silver in each charge is estimated to be in the range 0.1 -

0.25 g. The gas inlet tubing was shortened so that it now

discharges through the heater rather than between heater and

Nl as shown in Fig. 1., Pressures measured at various points,

with gas flow on but power oven off, are recorded in Table I

together with the pressure ratios across the copper inlet

tube and across nozzles N1 and N2. Except for the lowest “

pressure with helium, which is outside the range of operating

conditions actually used, these pressure ratios are low enouch

to cause "choked", sonic, constant mass flow rate through

both Nl and N2. However, even though there is a low pressure

ratio across the inlet gas tube, the flow is everywhere sub-

sonic. For steady isentropic flow from the tube exit to N1

; the larger tube exit area (1.5 mm diameter vs. 0.81 mm for Nl)

} requires svhsonic flow at the tube exit with a Mach number
I'2tween 0.14 and 0.2. With viscous effects this Mach number
is even lower. The flow transit time for a monatomic gas is

calculated to be ca. 0.5 sec for the oven chamber. The secocnd

. orifice, N2, measures (.51 mr in diameter. With both

orifices choked only one-fifth to one-eighth of the carrier




gas exits via NZ' A somewhat higher proportion of the metal

clusters ought to pass through N2 and the electron beam, be-

cause of their much greater "molecular" weight (4 x 104 to

2 x 106).

Diffraction patterns, if observed at all, are commonly
visible for only about 10 seconds, and never for more than
about 90 seconds. We were clearly not operating the oven under
steady-state conditions, although they were constant over the
time span of an exposure for film recording of a pattern (i.e.,
fraction of a second). The oven gas pressure and temperature,
Po and To’ along with other experimental information, are "

summarized in Table II. "

Exposed plates are developed in the usual manner and

their degree of blackening is quantified by scanning across

a diameter of the diffraction pattern with a recording
microdensitometer. Patterns from three plates are presented

in Fig. 2. Peak spacings (diffraction ring diameters), peak
widths, and peak heights are all measured from these densito-
meter records. Calibration of spacings and minimum peak widths
is obtained by tracing the patterns obtained from a commercial
aluminum diffraction standard. Unit cell dimensions are de-

rived from ring radii using the expression




a=w/n2 k2 + 22 ; (ra - 3c2eL?) ) (1)

where L\ is a "camera constant" determined from the aluminum

0.053551 R for the 50 Kev electrons, and L =

standard, X
47.13 cm. The term in (r/L)2 is a small flat-plate correction.

Cluster diameters, D, are estimated from peak widths using
D=LA//W2-W(ZJ (2)

where W is the observed peak width and wo is the "instrument
broadening" taken to be the peak width found for the aluminum
standard. Peak heights were taken to be proportional to the
diffracted power in each peak and are corrected for the non-
linear response of the plates. Estimated standard deviations

are assigned to each intensity, o , and multiplied by the

obs
same correction factors. It should be emphasized that only
diffraction patterns strong enough to be seen by eye on the

phosphor screen were recorded.

RESULTS AND DISCUSSION

Source performance

In addition to varying gas pressures and filament tempe-
ratures, in search of optimum conditions for the production
of high densities of smaller clusters, we also explored the
effect of changing the carrier gas. Argon and helium show dif-
ferences reflecting their differing atomic masses and colli-

(2, 3)

sion cross sections . Past experience with nucleation

studies indicate that a larger number of smaller clusters




should result from a more rapid cooling of the hot metal

vapor(l). The chemically inert molecular gas, sulfur hexa-

fluoride SF6, with its many internal degrees of freedom, i.e.,
its much larger heat capacity per molecule should be a more

effective third body in the early stages of cluster formations.
Since silver has a relatively small affinity for oxygen, CO

2

was also successfully used as a carrier gas.

A greatly increased production of silver clusters is ob-
served using molecular gases. This occurs at substantially
lower filament temperatures (i.e., lower vapor pressures) as
indicated in Table II. Silver deposits on the oven liner
were collected on microscope grids. Electron diffraction pat-
terns for these samples verified the metallicsilver structure
with no evidence for compounding due to possible molecular
gas decomposition.

(1)

An argument was made in an earlier paper for a rela-
tinnship between cluster size and the product of oven pressure,
Po, times the temperature of the evaporating metal sample, Tom’

The results are presented in Fig. 3.

Both employed the same cluster generator seen in Fig. 1
and, whereas the prior investigation used one carrier gas (Ar)

and several metals (In, Bi, and Pb), this work is for one metal

(Ag) and several carrier gases (Ar, He, CO, and SFS)‘ It is

2




seen that all the results with the filament source are self-
consistent with the heavier gases producing a given cluster
size as progressively lower PoTom' The results for Pb in a
boron nitride crucible required a greater POTom for a given
cluster size, but operated for a longer time before the metal

sample was depleted.

Diffraction Analysis

From the electron diffraction patterns, one easily obtains
crystalline unit cell dimensions and crystallite sizes from
the diffracted rings' diameters and breadths, respectively.
However, more detailed atomic scale information is contained
in the relative intensities of the rings. This information may
be extracted by matching the intensities calculated from a
model to the observed intensities. However, the calculations
leading from model to diffracted intensities are more complex
in the case of electron scattering than for X-rays or neutrons
because of multiple scattering or "dynamical" effects. These
effects are large enough to cast doubt upon any such analysis
based upon simpler kinematic (or the first-approximation,

(4) (5).

Blackman-formula ) calculations Accordingly, a computer
program has been written which calculates the diffracted in-

tensities in as complete and correct a manner as time and bud-
get permitted. An example for silver is shown in Fig. 4, nor-
malized to the (311)reflection. If the scattering were kinema-

tical the curves would all be horizontal with the value at




Dt = 0. Variations from(311) (also varying) by a factor of 2

to 3 can be seen at large Dt'

The corrected peak-height data obtained from the plates
listed in Table II are used as imput to the computer program.
The best fitting cluster diameter Dt and root mean square
amplitude of thermal vibration U are included in Table II.

Also listed are the (dis)agreement factors RM and R for the

KI
multislice and kinematic calculations respectively. These
are defined as

5. %

_ _ 2 2
R = (X(Iob I Yo/ Sob / z(Iobs/oobs) ] (3)

s calc s

In every case R, is an improvement over RK' but it must be

M

pointed out that R

K is calculated using the value of U opti-

mized for RM'

If this model and calculation are to be deemed success-
ful, strong correlation between several guantities in Table
IT should be seen. For example higher temperatutre clusters
should have greater U and a for a given size, and Dt and De
should agree. The above do not seem to correlate, although
the goodness of fit RM does vary with size De in a systematic

way as shown in Fig. 5. The best agreement occurs for the

largest clusters.




The variation, between the experimental and theoretical,
12-beam multiple scattering calculations, for each diffraction

peak is seen in Fig. 6. The goodness of fit is clearly better

as cluster size increased from top to bottom (these three
experiments lie on the upper dotted curve in Fig. 5). The
most prominent and consistant features are the larger(11l1)peak

and smaller(400)similiar to Ref. 5 (Pb clusters).

A variety of interpretations, other than the bulk fcc
structure, have been considered qualitatively but have one
or more features that do not fit the observations. They include
the combined fcc plus liquid model(s), stacking faults and
twinning between fcc regions, decahedral (pentagonal bipyra- ‘;
(6,7)

mid) and icosahedral sphere packing models , and the pre-

sence of vacancies.

We have obtained improved agrecement between observed and
calculated intensities, but it appears that a simple cubic-
closest-packing model of the silver metal clusters studied

- here is not correct. It may be that a partially liquid or
amorphous structure is correct, but this has not been demons-
tratced conclusively. Single-phase (homogenecous) models other
than fcc can be tested with the multi-beam computer program

by replacing one subroutine.
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‘ TABLE I
a)
Oven Operating Pressures
b) .
Inlet Oven First Second
Gas P P /P P P_/P | Pumping P_/P " Pumping
oo © o0 © 1o Chamber€) 21 Chamberd)®)
torr torr p p
1 2
torr torr
-5 . -5
He 2.99 0.10 0.30 0.53 0.16 < 5x10 < 1.6x10
-5
He 7.22 0.14 1.01 0.36 0.36 < 5x10
-5
He 9.92 0.16 1.56 0.32 0.51 < 5x10
-5
Ar 3.07 0.14 0.44 0.40 0.18 < 5x10
-5
Ar 5.62 0.18 1.03 0.30 0.31 < 5x10
co, | 2.88 0.17 0.48 | 0.38 | 0.19 < 5x107° '
a) Gas supply at room temperature (22°C) and oven power off,
b} Measured at inlet of supply tube 10 cm load and 1.5 mm inside diameter.

c) The opening or nozzle between the oven and the first pumping chamber
. has Nl = 0.81 mm.
d) The opening between the first and second pumping chambers has N2 = 0.5] mm
with a separation between nozzles of 4.3 mm (see Ref. 1 for additional
details]).

e) Measured over the 15 cm baffle and diffusion pump.
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Fig. 1.

Fig. 2.

Fig. 3

Fig. 4

Fig. 5

FIGURES

Schematic diagram is shown for the metal cluster gene-
rator with TC - thermocouple, W -~ prism mirror window,
H - heater for metal vaporization, Sy and 52 - sets of

screws for confiquration adjustments, CG carrier gas,

Nl and N, - flow orifices or nozzles.

2
Microdensitometer tracings of Experiments 16, 22 and
30 (see Table II) are plotted with 0.D. the optical
density, loglo(I/Io) and § = 4nk—lsin (6/2). Plate 30
is displaced 0.5 0.D. for clarity with Miller indices

shown.

Experimental cluster size De, as a function of oven
pressurec and temperature is determined using Eg. (2)
for several metals and carrier gases with F-filament

source and C-crucible source.

Theoretical Ag cluster Pcak intensities are normalized

to the(311l)lpeak and plotted as a function of Diameter D

The goodness of fit RM is seen to improve as size n

increases.
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Fig. 6 A detailed comparison, peak by peak, for the observed

and calculated Intensities is plotted vs. 52 with

Milleyr indices indicated.
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EVIDENCE FOR MIXED CLUSTERS FORMED DURING
SULFUR HEXAFLUORIDE EXPANSIONS IN AN ARGON CARRIER GAS

by

a
Sang Soo Kim and Gilbert D. Stein )

April 19, 1980

ABSTRACT

Nucleation of sulfur hexafluoride in an argon carrier zas has been
studied in verv small, supersonic, adiabatic nozzle expansions. Light
scattering is used to detect the onset of condensation and higzh energyv
electron diffraction is used to ascertain cluster structure for a ranse
of operating conditions where mixed clusters and/or »inarv nucleation can
sccur. For the limited range in SF

)
both the thermodvnamic and cluster diffraction data indicate that the SF

mole fraction. Ny = 0.01 to 0.03,

nucleates homogeneouslv with Ar accruing ont: the condensed SFﬁ after the

Ar supersaturates,




Studies ol sulfur hexafluoride (SFé) cooled in adiabatic expansions
have been undertaken in numcrous rescarch laboratories due to its relevance
with regard to isotope separation schemes cemploving UF6 and as the now-
standard example for the study and illustration of multi-photon absorption
phenomena. We have evolved a multi-faceted approach to the studv of SF
phase change invelving gasdynamic studies and theoretical comparisons using
the governing cquations ol motionl

Al
nucleation and growth™ |, molecular beam investipacions to ascertain the

, laser scattering cxperiments to monitor

important operating parameters with resard to making intense cluster beams ™,
and hizh cnerayv clectron diffraction for probing cluster size, temperature

and structure. The purpose of this communication is to relate an unusual
difrraction vxperiment and the conditions under which we believe that mixed
clusters of SFh and Ar arc formed.

The experimental apparatus consists of a conventional, three-stage,
differentially pumped molecular beam which enters a scattering chamber where
it is crossed bv a <) KeV clectron beam, The diffraction patterns are ob-
tained using film in a variable shutter arrangement known as a rotating
However small Laval nozzles are used in place of the usual ori-
fice free jet source, Nozzle 7 is made from glass capillarv tubing and has
a throat diamecer D* = 0,13 mm, exit diameter Do = 2.0 nm, and a length of
2.5 cm (see Ref, 1 for details). Previous cxperimcu[ss were used to ascertain
the range of operating parameters required to produce 3¢, cluster beams.

Thev showed that SFé mole tractions in the range -

= 3,03-0,125 were bhese
kth © t [

suited tor these studies,

Diffraction patterns are shown in Fia, 1A tor = 0,0 (pure Ar), ©.0138,

g
2,032, and 0.123 and denoted as Exps. A throuch D resp%c'ivelv. The Ar pattern
~ 3

is face centered cubic (FCC) having a unit cell parameter a = 5.4 A. The
Miller indices for body centered cubic (BCC) SFh are shown in Exp, D vielding

A unit cell dimension of a = 5.8 . All these experiments are conducted with
the same nozzle and operating conditions with oniv mole traction varied., The
scattering parameter is 3 = (4 /\)sin(e/2) where V is the electron wavelenath
and 2 is the scattering anglie.  The pattern for Hxp, B has onlv the 110 neik
terosi vhils Exn, € has seme features of 1 superve«ition or linear combina®iocn
A EXP. A and D, especially ac small 4, However 10 Sther anvles this does o

near ta he the case.

woarder o npderstacd the preces: o7 ctoarmat: n tor the condensed
cones e condi Tons vy the onset v nucledatson teor S0 cac g svmnol
- —




and Ar (open symbols) are shown in phase diagram Fig. 1B. The ASFg = 0.01

to 0.03 onsets are shown here for comparison with Exp. B and C. The cooling
rate, for nozzle expansions, increases with decreasing throat size, Onsets

of condensation plotted here for both large6and small nozzles1 (e.g. Nozzle 7)
have been obtained using light scattering. Note that two of the small nozzle
onsets for SF6 cross the Ar vapor-solid equilibrium line, The corresponding
Ar partial pressures reveal that the Ar is also supersaturated, S > 1 (S =
(pv/pn)T where py 1is partial pressure of the species in question and p, is

the equilibrium pressure at the same temperature T),

Lines of comstant undercooling (ATp = ('I:m-T)p where T is the temperature
of the gas and T, the vapor-solid equilibrium temperature at the same pressure)
are included for the Ar equilibrium line. The onsets of Ar nucleation are for
a large nozzle’ in a helium carrier gas having xpy = 0.01 to 0.06, plus one
pure Ar. Note that they all fall along the line ATP = 20.

The conditions at the exit of Nozzle 7 for Exp. A-D are shown as the
partially solid symbols and corresponding open symbols for theoretical solutions
of the equations of motion with phase change and viscous effects.] Note that
exit conditions for Exp. B and C occur near the line AT_ = 20, but this is not
an onset condition since the clusters have grown to a size large enough to
produce strong diffraction patterns., The theoretical solution for Exp. C

W

predicts nearly all of the SF, to be condensed at the nozzle exit (g, o

or C, = 1.0, see Table I). Within the nozzle at SFg onset the Ar is un-
saturated (SAr = 0,042) and thus the nucleation process is homogeneous, i.e.
pure SF6 clusters., By the time the expansion has reached the ATP = 20 line,
Ar has condensed onto the SF6 clusters to such an extent that it is visible
in the diffraction pattern. The homogeneous nucleation of Ar, as distinct
cluster species from that of the SFg, must approach or exceed the ATP = 20
line before its nucleation rate can rise to a value high enough to provide
enough surface for efficient depletion of the Ar vapor phase. Heterogeneous
nucleation of Ar onto the SF6 can potentially begin shortly after the Exp. C
expansion crosses p_ for Ar. (The energy of formation for a cluster on a
heterogeneous site is always lower than that for homogeneous nucleation.?
The situation is similar for Exp. B except that it has a lower mole fraction
o' lower fraction condensed C, = 0,379 and theretfore an even smaller mass
fraction condensed at the exit, g, = 0.0244 compared to 0.1075 of Exp. C.

A closer examination of Exp. C shows that the strongest reflection !or

37, . the 110 peak, is still verv prominent suggesting that the SF, crvs:a:




structure is still largely intact. The strongest Ar reflection, 111, is

easily discernible although unresolved from the SF, 200 and is substantially

6
smaller than the pure Ar 111 peak of Exp. A. Manv peaks from Exp. A and D
seem to appear in C as well but not as complete peaks or as linear super-
positions. In particular the 220 peaks do not superimpose well. Thus there
are some differences between that of pure Ar and pure SF6 crystalline
structures. Since the unit cell parameters typical of the pure species do
not match up closelv one mav not expect epitaxial growth of the Ar onto
the SFo' Perhaps there is a transition laver, amorphous in nature, sepa-
rating the two. The diffraction pattern for Exp. B shows only one small
3F, peak (110) with perhaps just a hint ot the SFb 200 unresolved with the
Ar 200 and 111. This is consistent with the other patterns since the SF,
mass fraction condensed is much lower than Exp. C. .
One feature of these expansions which will in general discourage the
formation of Ar condensate onto the SF¢ clusters is due to the SFy latent
heat which must be carried away bv Ar collisions before the cluster temper-
dture can approach that of the gas. Estimates of cluster temperature ob-
tained from electron ditfraction data3 are higher than that of the gas bv
30 to 50°C. The higher the mole fraction the greater this difference is
expected to be. Thus even though the Ar can supersaturate at some point
in these expansions, its condensation onto the SF_ clusters is not insured.
Perhaps this is the reason that these mixed clusters are seen so seldomlv
in these experiments.
The results of the work presented here mav “e summarized as follows:
(1> The mixed cluster diffraction patcern, Exp. Y, shows some
features of the crvstalline structure from both pure Ar and
nure SF6 and some features which can he ascribed to neither.

Exp. B shows only one SF, peak.

¢2)  The thermodvnamic historv for these supersonic adiabatic
expansions reveals that the SF_ clustered homesenecusly at
some point within the nozzle, crossed the Ar —rapor-solid
equilivrium line and most oprobable condensed Ar onte the
surtace of the 3F  clusters, An undercooling ;TP < Ji
reaiired or the on=et ot homogeneous Ar nnrlu&tinu.

3 The SE clusters are warmer than the artient sv:,. and <ance
Vosroniticant fraction o0 the condensed oo otk e Aot
Pis o dltrraction oeaks e o A tges aneue oo o e 3
the ranue vt ocemd i ror . cete L o the e o 1 mixe .

Laters Limicaed Lo, . 1. .
- - iy




(4) For the case of the small nozzles, in which their operating
conditions are adjusted so as to produce SF nucleation near
the exit, it is possible to have the Ar in the range ATP = 20
at which point Ar nucleation could also be initiated. Thus
the possibility of a binary nucleation process arises. The
growth of this heterogeneous cluster could produce diffraction
patterns radically different from those reported in this

investigation.
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CAPTLONG

Fisure 1. Electron diffraction patterns are taken in a molecular beam
from clusters tormed in SF -Ar mixture expansions with mole
fractions that varv from 0.0-0.125, The molecular beam
configuration (DS the skimmer diameter, Dc the collimator
diameter, stagnation pressure Py and temperature TO) is the

same for all these experiments. The vertical lines with

t, arrows up locate the SFb BCC peuaks and arrows down those of
Ar FCC structure. In the phase diagram py i3 the partial

pressure ot either the SFg or Ar as appropriate. The solid

svmbols are for SF, onsets of nucleation and the open symbols
tor Ar onsets. The $F, data is for $S¥g = 0.01 to 0.03 for

a varietv of nozzles having different throat areas. The Ar
partial pressure for the lower three SF, onsets(ﬁn) indicate
that the Ar is also supersaturated., The adiabatic expansion
line is shown for Exp. A-D with the experimental and theoretical
exit conditions indicated. Lines of constant undercooling,

AT

p = 10 and 20°C are shown for the Ar vapor-solid equilibrium

line. The two solid lines with T = 1 and

-

= 10S are theoretical SI
9
onsets computed for the small nozzles™, using the classical “

nucleation theoryv with 4 couvection factor,
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ABSTRACT

The condensation of SF6 in Ar and He carrier gases has been studied in
diverging Laval nozzles with throat diameters in the range of 0.1 to 0,2 mm.
The clustering is detected using laser scattering, molecular beam intensitv
measurements and high energy electron diffraction, Although the nozzles have
cooling rates in the 10’ oC/sec range, the correction for nucleation lag time
results in changes which are less than 157 from the steadv state rate theorw.
For the 3% SF

6 in Ar the onset mav enter the Ar supersaturation region with H
- the attendant possibilitv for binarv nucleation. Even though these exparsions i
are not isentropic, due to nozzle wall boundarv laver<, thev are nevertheless
much more effective cluster sources than the "isentropic" free jet expansions,

The onset of condensation is consistent with earlier results for much larucr

nozzles and agrees with the classical Volmer theor-,




INTRODUCTION

The study and use of Laval nozzles for adiabatic, supersonic expansion
ot a condensable vapor is important both for many technological applications
and tundamental investigations into the dvnamics of condensation via homo-
veneous nucleation. Systematic i vestigations date back 60 vears to the

. . . . . , ) B
studies bv Stodola of steam condensation in turbine nozzles. Since then
manv other investigators have made contributions to this field for a wide

range of condensable vapors. Recently there has been particular interest

in condensing sulphur hexatluoride, SFé, expansions due teo its similarities

. . 8 . . . 7
with UF6 and a varietv of proposed methods for cas phase isotope separation.

The use of verv small Laval nozzles (throat diameter D* in the range 0.025-
0.25 mm) as cluster sources for molecular heams huar hbeen picneered by the
Karlsruhe group with current applications includine fueling and heating of

12,13 14-106 . .
’ and cluster research. Investigations

Tokamak fusion machines
into the design and use of small Laval sources has been undertaken in our
17 . . . X . .

laboratorv in order to understand and optimize their design for studies

of the phvsical properties of small clusters using both high energy electron

diffraction and tunable laser spectroscopv. The use of free jet sources

. , . ) . 18-20

tor the above menticned research techniques has been well established.

The purpose of the research reported here is to explore the SFb nucleatien

) . the rate .

process in these small nozzles and compare WKLo che Yheoretical pre-

lictions of the nucleation theory as incorporated into the governing equations
in these small nozzles

of cuperscnic, adiabatic flow. The Sxﬁxcooling rates are in an interesting

ranse, intermediate tetween those of larse Laval nozzles in which the srteade

state nacleation theorvy iz valid, and those or free det welecular heam source

ir which the cocline rate {s considered v manv researchers to o sc ripid

thor the suclestion theors 15 o lonezer wal:d, P ortocrs or nnclearion

11




time on the steady state nucleation theory and its impact on measurable

properties will be discussed.

DESCRIPTION OF EXPERIMENT
The experimental arrangement is shown schematically in Fig. 1. The
SFb is supplied from high pressure bottles of known mole fraction X in

either an argon or a helium carrier gas. (The SF, mole fractions required

6

. . 10 . .
have previously been determined” ). With measurement of the stagnation pressure

p , temperature T and mass fraction @ the initial state of the gas
) o

v

T

before expansion is thus determined. The nozzle is installed in the

stagnation chamber with a static pressure tap at the nozzle exit. The

nozzle contours have been measured and the data fitted to a seventh order
polynomial, see Table I for details, An argon-ion laser tuned to 514.5 nm
with a 0,1 watt CW beam is focused over the nozzle centerline about 1.25 mm
bevond the nozzle exit, A tube with 2 apertures of 1 mm diameter is con-
nected to a fiber optic which exits the vacuum chamber and is terminated

at an RCA 7850 photomultiplier tube., The nozzle exit diameter is 2.5 mm

(2 mm for Nozzle 7) and the two apertures are located so as to cut off a
scattering volume from the laser beam of about 1 mm length, i.e. a volume
well within the nozzle exit flow field., When light scattering is not being
used the double aperture is moved out of the way and the molecular beam
skimmer moved up near the light scattering position thus skimming off the
centerline flow., After a second stage of differential pumping the cluster
beam enters a scattering chamber where it is crossed bv a 40 KeV electron
heam for diffraction studies. The cluster bSeam intensitv is monitored with
an {nnization cage detector., The electron diffraction patterns are measnred

Yy sinwle chapnel, eleerron scintillator, pulse-countineg detection swaren,

Lo clnerer heam i moadulared with a chepper located netween skimmer and




collimator and synchronous detection (i.e. up-down counting) is used

to eliminate background scattering. The single channel detector is
programmed to accumulate signal for a given number of chopper cycles and

is then stepped to the next increment in scattering angle 4 and the process
repeated until the entire diffraction pattern is taken. The total electron
beam flux or current is monitored continuously using a Faraday cup inside
the beam trap. The primary function of the diffraction apparatus is to
record patterns for structure analysis of clusters, however in the work

reported here it is used to estimate mean cluster size and temperature.

LIGHT SCATTERING AND MOLECULAR BEAM MEASUREMENTS
With the incoming laser beam polarized perpendicular to the 90°
scattering detector (i.e. its electric field along the flow direction)
the Rayleigh scattering intensitv has been measured as the function of Po
for a range of SF6 mole fractions in Ar, 12,57 SF6 in He, and pure Ar.
This experimental sequence has been used for several nozzles, three of which
are reported here and two are shown in Fig. 2. The differential scattering
cross section per unit volume (dc/dZ‘.)V is defined 2s the average differential
scattering cross section per particle ?EE7EET times the cluster concentration
per cm3, N:
S— o
(dc/dﬂ)v =N (de/d) = N ; (de/dY £ {)dr (1)
o
where the averagze differential scattering cross section is obtained by
integrating over a normalized size distribution f(r). The cross section
per unit volume is related to the incoming and scattered lizht intensitie:
I“ and I9“ respectivelv and the scatterinz geometr: bv

D 2

- IE3 . & . -
] Yo - -

1 10 4R, da)

(d=.d7)  where 4  is the diameter of the aperture farthes: from the laser hear

/

and R is the distance from this aperture to the centerline, The ditrerent :!
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scattering cross section per cluster is the usual Rayleigh or dipole
expression (do/d) = ezka=(r3(m2-1)/(m2+2)]Z(Zﬂ/\)h where @ is the

polarizability, k is the wave number (2r/A), m is the index refraction,
and \ is the light wavelength. The operational detiniticn for the onset
of condensation is taken as the intensity as it rises above the background
by 0.1 na, which translates to a value for (dc/df“.)V of 2.8 x 1()_6 cm-l.
This condition for onset is shown in Fig. 2.

With the light scattering apparatus moved out of the way, the nozzle
can then be moved toward the skimmer such that the molecular beam intensicy
is a maximum and the relative distance is close to that for the light
scattering (3.25 mm from the exit). The unclustered beam intensities for
this molecular beam geometric configuration is just discernible above the
measured background ionization gage pressure. As Py is increased beyond
1.5 bar (1 bar = 105 Pa ~ 1 atm) the intensity rises dramatically as a

result of clustering in the nozzle.zl‘22

Since these intensity curves are ‘
nearlv linear (See Fig. 3) the criteria for onset is taken as that pressure
obtained from a linear extrapolation back to zero intensitv. This criteria
is virtually the same as taking a small intensity rise ahove background as
forne with the light scattering.
It should be noted however that the unclustered beam intensity can

he seen anove the nackeround izrel ilthensy rthe signal-to-noise level is

low. In the lucer derfection methos e anclustered Jlow, i.e. molecular
ot terine, cdnnoer o desociod ae ooy che Ltrar licht intensity seen by
Ceoob v emaltinlre ., M b enls cplgr cenm o method 18 more sensitive
[T T S T A A FCIIUN RS o SN B o SRR R dJetectiny che initial cluster
H 1*1 .
AT ' UMb 101 i
e e e et e ; coarcs s onre.sure s in the ranse
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of 1-8 bar (high densities, really) the collision mean free path A is

fp

much less than the nozzle diameter  with the Knudsen number Kn = Xfp/D

. - -3 -4 . _

in the range of 10 “-10 even at the nozzle exit. Thus these flows are
continuum or collision dominated. Typical Revnolds numbers rfor these

- . 4 17

flows are in the 10 range so that boundary layers are expected to be
thin. Nevertheless since these nozzles have very small inlets of the order
of 0.1 mm and very gradual divergence angles, the viscous boundary layer
can extend to the centerline thus resulting in tully developed flow. (Only

- . . . . - . . 1
in the case of pure SF, expansions is there evidence of an isentropic core. )

)
Although isentropic flows are far simpler to deal with analytically,the
importance of a more complete understanding of these small nozzle flows
necessitates a non-isentropic analysis including the effects of viscosity
and heat conductivity, Sufficient gasdynamic measurements have been made
so that this more complicated analysis can be made and compared to experiment.

The details of the nozzle geometries used here are given in Table I and ‘
tvpical ranges in nozzle exit properties are shown in Fig. 4 for Nozzle 7.

SFy

Two sets of curves are presented spanning the range of/mole fraction from
12.5% to 0% in Ar. The exit Mach number MR increases with Py leveling out
for argon to a value of 5.5. At the same time the exit temperature drops
with increasing P, to values as low as 30°K and exit static pressures are
in the range of 1-2 torr (133-266 Pa).

Cooling rates in geometrically similar nozzles scale with the nozzle
throat diameter. For a given throat size the cooling rate is dependent on

the variation in nozzle cross sectional area with position. The larger

the spacial gradient in area the more rapid is the coolina rate. Tvpical

cooling rates are shown in Fig. 3 for these cases: a nozzle with 1 ¢m
diameter |
shroat BEEERE . Nezzle T otrom this work haviae o throat diameter of 0,17

’

s, ad o tree et expansion with

its rhroat diaweter 210 00125 mm. b




maximum cooling rate always occurs near the nozzle throat, x = 0, and is

denoted by an asterisk, A typical onset of condensation is also noted.

The thermodynamic conditions at onset are most important with regard to

the nucleation process since it is near maximum here. The cooling rate at

onset for the small Laval nozzle is about an order of magnitude higher than

the larger nozzle. (There is some variation with specific heat ratio Y

but it is not significant for the purposes of this discussion.) The free

jet expansion 1s not controlled by solid boundaries as are those of the

Laval nozzles and it thus represents a maximum cooling rate for a given gas

and throat size. 1In Fiz. 5 onset occurs at a cooling rate 40 times that of

the Laval nozzle with the same size throat. If the cooling rate gets too

high a variety of non-equilibrium processes set in, For example in free jet

expansions studies have been made of non-equilibrium rotational, vibrational,

and even translational effects.23 Thus it is not surprising that there may

be non-steady state effects for the nucleation process. For most nozzle

flows with throats 2 1 cm and starting conditions 2 STP the steady state

nucleation theory obtains, and there are negligible effects due to nucleation
small used in the present experiments

lag time. The /nozzles /MAHE have cooling rates high enough that a time-

dependent nucleation rate must be considered.

These flows mav be assumed to be adiabatic with regard to the inter-
face between the gas flow and the solid nozzle walls. However, from one
point to another within the flow the temperature zradients mav be high enoush
that heat conductivity from one part to another is not negligible, The
effects of viscositv, for all of the experiments reported here reach to the
centerline of the {low at some point in the nozzle. These combined effects
result in exit Mach numbers which are lower than the ideal case, with pressure

and temperatures which are hicher than tor isentropic expansions, The crolin

21 the aas is nevertheless quite substantial, producine verwe hivh super=atuci on

Ao |



and resulting in efricient cluster nucleation and growth, i.e. compared

to an isentropic free jet source at the same p and D=,
o

THEORETICAL CLUSTER FORMATION AND GROWTH
The effects of boundarv lavers and their growth to the centerline
has been treated in a previous paper with the comparison to a varietv of
. 7 ) . . e
pasdvnamic measurements. The governing equations for tluid flow, conser-
vation of mass, momentum and energy; coupled with an equation of state: a
nucleation rate law:; and a droplet prowth cguation are used to predict all
the thermodynamic praperties throughout the nozzle including cluster size
and concentration as nucleation proceeds. The nucleation ruate expression
employed is that of the so called classical theorv,
(pv 2 ZU)K G*’k 23
J =T7G2) (&) v exp(-A <T 2
ss kT) (vm ¢ p( /kT) (
. . - . - 3
where J is the uumber of critical size clusters formed per second per cm™,
* . - s 3
and AG the Gibbs free energy of formation of the critical size cluster

* *2
AG = 4r7r "g/3. The critical radius is given bv the Gibbs-Thompson-Helmholt:

equation r* = chc/szn(pv/pu). The saturation ratio is defined as pv/pm.
P, is the partial pressure of the condensable vapor, T is the temperature,
o_ is the vapor-liquid (or vapor-solid) equilibrium pre<sure at the same T,
k is Boltzmann's constant, o is the surrace tension, m is the mass of a
single vapor molecule, V. is the volume of a condensable molecule in the
condensed phase and T i3 1 correction factor used to match theorv to
euperiment,  The magnitude of the nucleativon rate is very sensitive to

v

suriace tension (cubic in (he exponential expressicn) witich i< unknown

‘e osolid rewime below the SF. triple point (222 Ko but has been estimated

s . v 3y 3
trom puolished data above the trinle peoint 72 A oapprezimarels 20 (ers. o,

te temperature dependence tor the duarta abeve the cronle point 18 incornorite!




into the extrapolation below 222 K giving: o(t) = 6.77(4-T/80). The
value of T is approximately 105.

The theoretical predictions for the nucleation rate in Nozzle 7 is
shown in Fig. 6 for a range of starting pressures and a4 mole fraction of
0.03 SFb in Ar. The time-dependent nucleation theory is shown as the solid
lines. As P, is increased the point of maximum nucleation moves upstream
in the supersonic portion of the nozzle and rises to a higher maximum value
and falls off more quickly. As Py is decreased the maximum nucleation rate
decreases by more than two orders of magnitude and spreads out in time or
position through the nozzle by about one order of magnitude, thus resulting
in a net cluster production or concentration which is down by an order ot
magnitude. The calculations are carried out for one value of boundary
layer displacement thickness at the nozzle exit and a constant viscous
dissipation factor (A = 0.6 and Fu = ,0002 in Ref. 17). Thus the familvy
of curves do not follow the exact process in the nozzle as a function of Py
although it is close, but does illustrate the trends qualitatively, if not
completely quantativelyv.

The mass fraction condensed is ¢ in grams SFO/anm of mixture, and
is plotted in Fig, 7 for the same flow conditions as Fia., ¢. When all o1
the SF6 is condensed out fhax - W, T 0.09%7 and this limit is reached
hefore the exit of the nozzle when P, = 4. Note the verv rapid rise in » at
hizh Py with the onset of condensation occurring sooner in nozzle (lower x)
as p_is increased. For the growth of the clusters bevond the critical

O

<ize the vapor condensation coefficient is taken as unitwv as usually done

tor condensation when the vapor is a small mole traction in a carrier i,
1 one detines the onuet of condensation for theve calenlations as that peine
where ooo1s equal to 17 o o = ¢ then the onse! o condensation at the
max o
cosste exit o will occur tor pomst below 1.2 bar.
[
- - ~—
it At i ini it s e -




The two most useful features of a droplet size distribution are the mean

size and the droplet concentration. These quantities, designated ;e and Ne

at the nozzle exit, are shown plotted in Fig. 8. As expected the droplet

concentration increases with Ps due to the much higher peak nucleation rate

as seen in Fig, 6. As P, increases past 1.5 bar, nucleation at the nozzle

exit rises to a value where it begins to significantly deplete the vapor

phase and the concentration N XﬁXX§§kbegins to increase. The concentration

e

Ne increases with SF6 mole fraction as seen in previous reSUICS.S The

concentration Ne is the meaningful quantity when comparing to light scatterins

data since the detector views the scattering from a fixed volume of gas,

independent of the pressure or density in the flow at that point.

The cluster concentration for 3% SF6 is also shown plotted as a function ot

clusters per gram of mixture, Nge' Bevond P, = 4 bar Nge decreases even though the peak

nucleation rate increases by a factor of 4 as P, Zoes from 4 to 7 bar. The

nucleation rate is shut off more quicklv at higher densities due to more

re

efficient droplet growth., The total number of clusters formed per cubic
centimeter (the area under the J vs. x Figure) still increases with pO Hut
not 4s rapidly as the flow densitv increases. Thus Nge decreases. The

maximum in Nge occurs at the approximate pressure for which all of the St

i: predicted to condense from the vapor.

The mean cluster radius at the exit increases with i1ncreasing P aud
1lso with increasine mole fraction o SE Note alse that even while ‘i
Sinsrers erow (0 sisniticant size hetore *he onset o condensdation, concer-
- - -
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trations in this early part of the flow are so low that they are not seen

in the light scattering apparatus. From the electron diffraction experiments
it has been determined that the cluster structure, like the bulk, is body-
centered cubic with two molecules per unit cell and a4 unit cell dimensiou ot
about 5.8 Angstroms. Thus the droplet radius can be converted to number of
molecules per cluster, G, and is also shown in Fig. 8A. ©Notice at the higher
values of P, the cluster size varies from 5 x 104 for 37 SF6 up to 1.2 x 10h
tor the 12.5%. These are very large clusters se that if clusters in the
range of 50 to 500 molecules per cluster are to be studied P, must be near

2 bar.

NON-STEADY STATE NUCLEATION EFFECTS
As mentioned above most condensation experiments in Laval nozzles with

. ~ . . b oo,
throat diameters = 1 cm have cooling rates in the 10 “¢/sec range where

) . o 2
corrections to the steady state nucleation theory are negligible, The
problem of nucleation lag time arises when the change of state of the gas
becomes sufficiently fast that the cluster size distribution does not adjust

gquicklv enough to establish a local equilibrium distribution (it being a

metastable equilibrium for the supersaturated state). Therefore the steadv

N

state nucleation rate, (Eq. 2) must be modified to account for this phenomena.”

32 . . , .
Abrabham carried out detailed numerical solutions tfor supersaturiated water

28 30 .
and tound that the treatment bv Collins and Andres and Boudart give the
slosest predictions to his computer solutions. <Collins' prescription is used
in this analvsis. The nucleation rate therefore becomes time-dependent .and,

cxnressed in rerms of the steadv state rate, is

J =1 (Q-exp(-t/~ M (3
t S\\(l exp n

wtere © is time and - is the nucleation law time viven bv the expression
n

4=

N
\

Bl
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1
* > P N2
= (rrr 2) (2rmk T) < c) kT (4)
P, m- g

where Pe is the density of the condensed SF Solutions to the equations

6°
of motion including nucleation and growth, described in the section above,
have been carried out using both rates, Eq. 2 and Eq. 3. Computer solutions
using the steady state nucleation theory only are shown in Figs. 6-8 as

dotted lines. The time-dependent nucleation rate (Fig. &) rises more slowly

than the steady state by a factor of two, peaks out slightly downstream,

rises to a higher maximum value, and falls off further downstream. The
increase in maximum rate for the time-dependent theory varies from 12 to 15
to 07 as P, varies from 7 to 3 to 1.8 bar. At P, = 1.8 bar, there is so
little mass condensed (g = 0.001 at the nozzle exit) that the two nucleation
rates coincide past the peak. The physical explanation for the qualitative
to be that

differences between the two rate expressions is believed XOEXEGREODERIU
XU DL X B SO R X X S SO RSEE R EECRRRETEX X R DFRGEX XCORGEY ‘
as the nucleation rate is building up, the steadv state rate is higher at
each position and clusters grow more rapidlv than if thev were nucleated furtlicer
downstream via the time-dependent rate, This increase in cluster
growth rate depletes the vapor quicker and thus shuts off the nucleation more
rapidly than in the time-dependent case. This results in a peak nucleation
rate which occurs earlier in the nozzle and at lower maximum values.

This effect can also be seen when examining theoretical predictions
for ¢ as shown in Fig. 7. For the steadv state anucleation case g is somewhat
hizher than for the time-dependent case in agreement with the relative ditter-
ences cluster growth rate, The differences are largest where 2 changes mes!

rapidly and this occurs at hivh flow densities, i.¢. hivher pos However.

tor p = 3 bar the theorv predic:s complete vapor condensation bv the tim




o

PR

-12-

the flow reaches the nozzle exit and thus the difference between the two
nucleation theories would not appear in any measurement at this point.
About the largest difference at the exit for the two theories will appear
for those Py where 8, is increasing most rapidly, i.e., in the range of
2.4 to 2.6 bar. The difference in g, for 2,6 bar is 0,70 versus 0.675, a
difference of about 3.5%. This is not considered a significant difference.

The theoretical solutions can also be used to predict mean cluster size
(there is always a size distribution) and cluster concentration throughout
the nozzle and in particular at the exit. Several cases are shown in Fig. 8.
The droplet radius increases rapidly from 1 to 3 bar because 2, also rises
rapidly in this region. Beyond that point the peak nucleation rate still
increases with po providing a net increase in Ne. As 8e approaches w the
higher cluster concentration tends to make the average cluster size smaller.
However, vapor density also increases with Py providing more vapor to
condense on the existing clusters. For the 3% case, the two tendencies .I
nearly cancel out, resulting in first a small decrease in size and then a
net increase. In the case of the higher mole fractions Ne levels out beyond
4 bar. The slight drop and rise in mean radius is also seen for these mole
fractions, however bevond 4 bar the droplet radius grows more rapidly than
the 3% case due to the leveling off of Ne' Two things should be noted at
this point. First, the cluster concentration for the steady state nucleation
case is lower than for the time-dependent case as seen for 3%, and the mean
cluster size is larger. This is completelw consistent with the picture

when discussing

described for this phenomena M¥/ Figs., 6 and 7. Secondly, Nge decreases
bevond 4 »ar since Re = w,. even though Ne is increasing in this ranwe.
This shows that the density of the gas is increasing taster than the increa:e

in cluster concentration, Here again N for the steadw state rate is lower
“e

‘e time-dependent case abhove 2,2 har, thev c¢ross over below this peioe

10
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as does Ne. The greatest difference between the two theories results in
a 7% difference {n ;e and a 12% difference in Ne' The difference in light
scattering cross sections (dc/dQ)v, is also 12% or less, all of which can

be considered as relatively minor changes.

ONSET OF NUCLEATION
The onset of condensation using light scattering and the molecular 1

beam measurements are presented in Fig. 9. The vapor-solid equilibrium

line for SF6 is denoted as p, and provides an indication of the amount of
undercooling attained. The equilibrium line for Ar has been included to
indicate where it is possible to supersaturate the carrier gas in addition
to the SF6 vapor. Data from two larger nozzles, with cooling rates as shown
in Fig. 5 and throat dimensions of 1.16 x 1.10 cm2 and 0.70 x 0.40 cm% are
included. 1In contrast, the nozzles for this work with typical throat areas
of 10-4 cm2 and higher cooling rates, have nucleation onsets which overlap.
The undercooling, on average, increases with decreasing pv as expected,

although the scatter is larger. The detectable onset of nucleation,using

light scattering, depends to some extent on the vapor pressure at onset,

Puk’ (on vapor density, really) but translates to a condensate mass frac- y
tion of T 0.0 .
B h”o
Two theoretical onset curves, based on computer solutions and onset
condition 3 ¥ 0.01 w,, are shown for comparison to the data. The left-most ‘
curve was calculated using the time-dependent nucleation theorv, i.c¢. the
classical theory, Eq. 2 substituted into Eq. 3. This theoretical curve
moves away from the vapor-solid equilibrium line as P, decreases in
35 . L : .
acreement with earlier results and is due primarily to the increase in
- with T but also reflects an increase in nucleation lag as seen in Fig, »,

As p becomes less than 0.1 torr,the theoretical onset curves awav trom
v
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the SF6 e¢quilibrium line more rapidly and eventually crosses the Ar
vapor-solid equilbrium line. Using the correction factor [’ = 105 the

onset curve is seen to be moved to the right closer to the equilibrium line
and passing through the data at higher pressure. The data are seen to
follow the theoretical curve as P, is lowered although there are a

few data points further from the theory on each side. The two lowest
onsets occur in the supersaturated region for Ar and so could in principle
be formed in a binary nucleation process involving both SF6 and Ar,

The uncertainty in the points of onset derive primarily from two
features, both of which are less severe as onset P, increases., The first
is an error in temperature resulting from the adiabatic assumption for the
centerline flow due to wall boundary layer effects. The second is due to
some additional expansion beyond the nozzle exit. The first affects both

the light scattering and molecular beam measurements. The second feature

a‘fects the molecular beam measurements only since the light scattering .)

volume is within the exit '"Mach cone" at all times (1.25 mm from exit) and
thus does not sense the expansion occurring beyond the end of the nozzle.2
The centerline core sampled by the molecular beam skimmer (located
3.25 mm bevond the nozzle exit) falls outside the Mach cone and thus the
flow expands as the free jet, bevond the nozzle exit, adjusts to the lower
ambient pressure (0,965 + 0.010 Torr). Gasdynamic measurements in the
nozzle and the free jet reveal that the centerline flow has completely
expanded to the ambient pressure by the time it reaches the skimmer, Thus
the cxpansion for the molecular beam measurements, occurs first in the
nozzle and ther in the free expansion from nozzle =xit to skimmer entrance,

™

the skimmer interforince with the flow is expected to be small (i,e,

within the c¢rrar bars of the resulets shown in Fiz. 9) and the {low i
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assumed "trozen'" beyond the skimmer encranc036, The nozzle exit condi-
tions (as with the light scattering) are determined with measured proper-
ties listed in Table II. However, the onset of condensation for the
molecular beam experiments occurs at the skimmer entrance. An isentrope,
obtained with the specific heat ratio, vy, for the gas mixture using room
temperature properties, is fitted through the exit state to determine

both the conditions for onset and for crossing the vapor-solid equilibrium
line. Since the pressures at exit and skimmer are known, the temperature
determination requires only that the flow be adiabatic, not reversible
adiabatic (i.c., isentropic). Here again the incertainty in assuming
adiabatic flow is within the error bars., Recall, however, that the molec-
ular beam detection of onset is more sensitive than the light scattering
experiments, Thus the mass fraction condensed at onset may be considerably

lower than the 8, =~ O.Olwo condition for the light scattering data and the

theoretical curves in Fig. 9. Therefore comparison of the molecular beam
onscets to an extrapolation of the theoretical curves would not be warranted,
and their location slightly "to the right'" of such an extension is qualita-

tively expected,
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CONCLUS IONS

The following are our conclusions derived from this investigation of
small nozzle gasdvnamics and cluster nucleation:

1. The onset of SF, nucleation in these small nozzles, having an order

6
magnitude or more increase in cooling rates, is virtually the same as

for the larger nozzles in the region where their onset pressures

overlap.

2. As the onsets move to vapor pressures below 1 torr it is possible
for the nucleation process to occur in the supersaturated region
of the carrier argon gas thus introducing the possibility of
binary condensation.

3., Theoretical calculations on the effect ot nucleation lag times

8 o .
C/sec range is not

. . 7
for nozzle cooling rates in the 10" to 10
an overriding feature for these flows, Estimated variation in
physical properties between the time-dependent and steady state

nucleation processes range from 0 to 15%.

4. Prediction of the onset of condensation with experimental measure-
. - - . . - 5

ments is satistfactory if a nucleation correction factor T ~ 10
is used in the computer solutions, along with previously estimated

parameters to account for boundary laver effects as determined

frem gasdvnamic measurements.

wi

. The onset o7 condensation of SFH in 3 helium carrier gas is
greatly delaved (i.e. higher po) over that in argon. This is caused
(i.e. higher kinematic viscositv)
primarily bv the greater viscous dissipation/occurriae in these
nozzles due to wall etftects, 1In spite of thiis hizher entropv
sroduaction these nozzles can still produce cepious amounts of
Larse SF sluster: ard ia thiis sense are much more eifticient than
cree et molecular neam source:,  The improvement in nozzle desiun

cascested o~ thiis wors, ror case with helium ewparnsions. has been

-1h-




incorporated into a series of new nozzles. Investigations into

noble gas clustering in helium carrier gas expansions will be
reported soon.

6. These beam sources are capable of producing clusters in a size
range all the way from dimers and trimers up to values in excess
of 106 molecules per cluster, with cluster densities at the nozzle

exit in a range of 1 to 4 x 1011 cm_3

7. The experimental measurements for SF6 onset using both moleculer
beam and light scattering techniques are consistent. The
molecular beam measurements are more sensitive in the sense that
they reveal the clustering process XXXXXXXK sooner than the
particular arrangement for the light scattering as used here.
The ionization gage measurements show the clustering emerging

from unclustered beam measurements as P, is increased, whereas

molecular light scattering is not observed above the background

stray light level.
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FIGURE CAPTIONS

The experimental arrangement is shown in which the incoming flow
contains a fixed mole fraction of SFo supplied from high pressure
bottles. Flow enters a stagnation chamber containing nozzle N

from which Py To and nozzle exit pressure p, are measured. The
laser beam-LB crosses the flow centerline normal to the page and
light scattering is measured at right angles through a double slit,
fiber optic-FO connection to a photomultiplier tube-PMT. A skimmer
Sc and Collimator C sample the flow in a standard molecular beam
configuration. The molecular beam-MB is collected in an ionization
gzage-1G. The molecular beam with clusters is crossed with a 40

KeV electron beam-EB which is collected in a Faradav cup-FC which
is housed within a beam trap-BT. The total beam current is moni-
tored with an ammeter-A and the electrons scattered at an angle ©
which is adjustable is collected through a slit onto a scintillator
coupled to a fiber optic, photomultiplier and pulse counting
electronics.

The differential light scattering cross section per unit volume

at the laser 1ocation-(d:’d?)v for 90 degree scattering is shown

as a function of stagnation pressure Py for a variety of SF, mixtures.

Pure argon expansion is included here as a lower limic (O SF6 mole

fraction). Figure A is for Nozzle 6 and B tor Nozzle 7. Note the

scale change in the ordinate.

The nuclearion experiments usine the molecnlar beam ionization
cace detector are plotted as a tunction of p o and converted 1o an
melecalar finx ar e electron heam intersection,
- [
~——
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Tvpical flow properties at the exit of Nozzle 7 are shown plotted
as a function of P, They include the static pressure pe, temper-
ature Te and Mach number MR. They cover the span in mole fractions
from 0% to 12.57. Note that the exit pressures are in the 1-2 torr
range while temperature approaches 30 K.

Characteristic cooling rates are shown for Laval nozzles with throat
diameter equal to 1 and .0125 cm and for a free jet of the same
diameter as the small Laval nozzle. The cooling rate at the throat
is denoted with * and tvpical onset cooling rates indicated bv an
arrow. The steady state nucleation theorv is satisfactory for the
lower cooling rate but must be modified for the upper two.

The nucleation rate J has been calculated for 3% SF. in Ar for

6
Nozzle 7 using appropriate boundary laver parameters as determined
from gasdynamic measurements. The steady state Jss is compared to
the time-dependent rate Jt' Due to the nucleation lag time the time-
dependent rate builds up more slowlv than the steadv state, rises to
a higher peak value and decreases downstream of the steadv state.
Also as Py is decreased J begins further down the nozzle and is
spread out over a longer flow length,

The mass fraction condensed g (2rams condensed per gram of mixture)
is plotted as a function of position in the nozzle for the same

rlow ronditions as Fig. 6. For Py > 3 bar virtuallv all the vapor

is nredicred to be condensed out,

The mean par:icle radius at the exit - r plns cluster concentriti
2

et per npit celume - N‘ and per uni* oram o7 mixtare - oo
€ H
piarred Yor several SFh mole fractiors as a fuancrion of p . o
(B
M1 cter mole fractions the onse:r of tuclearion ocerrs at lower p
oy
- Gl
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and the clusters grow to larger mean sizes while the number

density per unit volume is inversely proportional to mole fraction.

The steady state nucleation theorv predicts a slightly larger size
and smaller concentration for the 3% mixtures. Note that cluster
concentration per gram of mixture goes through a maximum at P, =
4 bar.

The onset of SF6 nucleation has been plotted in a phase diagram
where P, is the partial pressure of the SF6. The equilibrium
lines for both SF6 and Ar are shown. Previous data from "large"
nozzleg are compared with these results and the theoretical pre-
dictions are shown as the two solid lines T = 1 and 105. The
svmbols with cdrcles around them denote the molecular beam data.

Note that three of the lower onset points cross the Ar equili-

brium line,
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LB EB

The experimental arrangement i{s shown in which the incoming flow
contains a fixed mole fraction of SFy supplied from high pressure
bottles, Flow enters a stagnation chamber containing nozzle N

from which p,, T, and nozzle exit pressure p, are measured. The
laser beam-LB crosses the flow centerline normal to the page and
light scattering is measured at right angles through a double slit,
fiber optic-FO connection to a photomultiplier tube~PMT. A skimmer
Sc and Collimator C sample the flow in a standard molecular beam
configuration. The molecular beam-MB is collected in an ionization
gage-I1G. The molecular beam with clusters is crossed with a 40

KeV electron beam-EB which is collected in a Faradawv cup~tC which
is housed within a beam trap-BT. The total beam current is
monitored with an ammeter-A and the electrons scattered at an
angle § which is adjustable is collected through a slit onto a
scintillator-S5i coupled to a fiber optic, photomultiplier and

pulse counting electronics,
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Fig. 3 The nucleation experiments using the molecular beam ionization

gage detector are plotted as a function of Po and converted to an

S§Fg molecular flux at the electron beam intersection.
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diameter equal to 1 and .0125 cm and for a free jet of the same

diameter as the small Laval nozzle.
is denoted with * and typical onset cooling rates indicated by an arrow.
The steadv state nucleation theorv is sacistfactorv ror the lower

cooling rate but must be modified for the upper two.

Characteristic cooling rates are shown for Laval nozzles with throat

he covoling rate at the throat
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The nucleation rate J has been calculated for 3% SFg in Ar for Nozzle
7 using appropriate boundarv layer parameters as determined Ircm
gasdvnamic measurements., The steady state J,. is compared to the
time-dependent rate J . Due to the nucleation lag time the time-
dependent rate bSuilds up more slowly than the steadv state, rises <o
a hizher peak value and decreases downstream of the steady state.
Also,as %5 is decreased Irom 7 Bar, J begins further down the nozzle
anc is spread out over a longer flow lencth.
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Fige. 7 The mass fraction condensed g (grams condensed per gram of

mixture) is plotted as a function of position in the nozzle for
the same flow conditions as Fig. 6. For p, > 3 bar virtually
all the vapor is predicted to be condensed out.
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where p, is the partial pressure of the 5F,. The equilibrium
lines tor both SF6 and Ar are shown. Previous data from "laruge"”
nozzles’' are compared with these results and the theoretical
predictions are shown as the two solid line<x 7 = 1 and 10%.  The
svmbols with circles around them denote the molecular beam data,
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ABSTRACT

An investigation of diverging supersonic nozzles with throat diameters
in the range of 0.025 to 0.25 mm has been carried out using gasdynamic
measurements for a variety of gases and mixtures with sulfur hexafluoride,

Due to the small nozzle size, boundary layers, although thin, may consitute a

major fraction of the flow or, indeed at low pressures, may be fully developed.

Nevertheless these nozzles have been shown to be very efficient for production
of clusters condensed from the expanding gas. They produce orders of magni-
tude increases in molecular beam intensities, relative to the conventional,
"isentropic" free jet sources. The effects of gas properties and nozzle
design on performance have been analyzed and compared to theoretical solutions
to the governing equations of motion including condensation due to cluster

nucleation and growth.
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T 1NTRODUCTION

The study of small Laval nozzles has been undertzken in our laboratory
as part of a research investigation into the propertics of microscopic
atomic or wolecular particles. These nozzles constitute the source or
first stage of a molecular beam apparatus which will provide a continuous
stream of clusters in a high vacuum enviromment. It is well known that

when a gas supersaturates in an adiabatic expansion the amount of under-

cooling that occurs before the onset of condensation depends on the cooling
rate in the expansion. The slower the expansion, the smaller the amount
of undercooling for cases where the expansion is continuum or collision
dominated., TFor supersonic expansions the cooling rate scales with the
throat dimension. Thus larger nozzles will form droplets carlier in the
expansion (i.e. at lower supersaturations and higher temperatures) than for
small nczzles. Free jet or uncontrolled expansions into a high vacuum
covironment represent the most rapid, in fact the upper limit, cooling
rate attainable in an adiabatic gas expansion. Thus it is expected that
a free jet expansion will produce far less condensate than a controlled
Laval nozzle expansion of the same size, This is in fact the case as
has been demonstrated pz‘eviously.l-5

The use of small nozzles has become attractive for a number of im-
portant tecanoclcgical applications, One mechod of uranium isotope sepa-

ration involves the adiabatic cooling of UF, to as cold a temperature as

6 -

possible for use of tunable spectroscopic selection of isotopes.e’/ There-

fore small nozzles are potentially useful in that thev delay nucleation

due to their rapid cooling rates and yet maintain relatively high cluster densities
comparad /Wiige uncintrolled free jet expansions. Another application
which i5 being implemented in Germany involves & small Laval nozzl. ex-
pansion tr produce ciusters of hydreogen 1o be used for fusion machine

9 -

. , 8
tuclice and heating.

A prototype ol this scheme is currently under




evaluation. A third use for these small nozzles in conjunction with a

high vacuum, molecular beam type of configuration, would be to form small
metal or semiconductor clusters for production of thin film devices.10

The prospect of producing thin films with unusual or more uniform properties

is the goal here. Finally, there are a number of applications for small

nozzles in basic research. Primarily they can be used as an efficient source

of small clusters in order to study the physical properties of the

clusters themselves or to use them in the study of atoms or molecules adsorbed

onto them.

It is perhaps ironic that the developuent of molecular beam sources has
gone through a couple of full circles. The initial sources in the 1930's
were orifice or free jet expansioTi’Egt at such low pressures that they were
effusive in nature. Then in 1951 it was suggested that the source pressure
be increased and that the orifice be replaced with a hypersonic nozzle to
make use of the so-called Mach focusing in order to increase beam intensity,
to some problems with regard to viscous effects and flow blockage, in the
particular configuration considered, this technique was dropped in favor
of high pressure free jet expansions which eliminated the viscous effects
but retained the advantages of Mach focusing. This method has been used
up to the present time as a beam source for a great variety of basic and
applied 1:'esea:'<:h.13.15 Recently with the advent of greatly increased
interest in the study of small aggregates in the gas phase, the Laval
nozzle has reemerged as an important device. The design, however, is
substantially different from that originally proposed.

As an example, consider the enormous increase in cluster beam intensity
from a Laval nozzle as compared /w%fh%ree jet source (with the same throuat
diameter), The relative beam intensity of a pure argon cluster beam is
shown in Fig. 1. By the time the source pressure is raised to P, = 3 bar

(1 bar = 10°Pa

2 - - .
Newton/m~ = 0.99 atmosphere = 760 torr) the beam intensity
is oft{ scale for the ionization gage detector used in this experiment. On

the other hand, vven at Py = 11 bar the tree jet veam intensity is so low

that it was not usable for our ¢lectron beam diffraction experiments. Thus

it hecomes obvious, both from theoretical consideration a5 well as oxperi-

mental evidence, that the controlled expansion ot a small Laval nozzle 1.

far superior to that of the tfree jet with respuct o making cluster veams.
a4
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That this great enhancement in beam intensity exists has been
demonstrated in several laboratories.l-A However, in order to understand
the dynamics of the expansion in some detail, to be able to predict when
condensation will begin for a given gas or gas mixture, and to determine
how to design nozzles for future applications, a series of gasdynamic
studies has been undertaken. For example, it is known that solid bounda-
ries will grow boundary layers which for normal flow situations would be
thin at these pressures. However even thin boundary layers (of the order
of 0.1 mm) can constitute a significant fraction of the nozzle radius or
cven the entire radius (i.e.,fully developed flow). Nevertheless, even
though there are viscous effects in small nozzles, there are conditions
in which the clustering is still far superior to the "inviscid” free jet
expansions, How important and under what flow conditions are viscous
effects important or dominant in the small nozzle expansions? Is there
an isentropic core in these expansions and if so under what circumstances?
Is it possible to design nozzles which use helium as a coolant or carrier
gas when the viscous effects in helium flows are much greater than for
heavier species, that is,species with much greater collision cross sections?
Is it possible to optimize the design parameters such as throat size,
divergence angle, nozzle length and contour to produce clusters of given
concentrations and/or size? Since pumping capacity in high vacuum systems
is alwavs a problem, how small a nozzle can one use and still get sufficient

beam densities?

PXPERIMENTAL CONFIGURATION

The apparatus built to test nozzles is shown in Fig. 2. It is
connected to the laboratory foreline manifold which is pumped by two
mechanical pumps in series with a large enough capacitv so that the
pressure downstream of the nozzle exit,pA,is in the ranee ot 0,01-0.1 torr,
the nozzles are axisvmmetric and made from glass capillarv tubing with
catrance diameters Do = 0,025-0.3 mm with exit diameters DU = 3~4 mm.
deveral ditferent nozzle extensions are used to test the effect of nozxle

tTenerh on pertormance. A static pressure tap is installed in these vx-

reions in order to aveid drilling holes in the wlass., The sratic pressure
torhe nezzle exit, Pys 1is measured using 1 10 {nrr capacitance manometor.
- _ -~




stagnation chamber pressure Po and temperature T are also measured,
o

Gas is supplied from bottles either as pure vapor or as mixtures of known
mole fraction. Downstream of the nozzle exit a Pitot tube is mounted on
a pressure transducer and manipulated with x-y-z motion capability. Thus
the total pressure, p02’ can be measured as a function of position either
along the flow direction or normal to it, To is always near room temper-
ature and Po is varied from 1 to 11 bar. Since it is known from the
molecular beam experiments that condensation will occur in these nozzles
as p0 is increased, an argon ion laser and associated optics are included in
order to detect the onset of nucleation just beyond the exit of the nozzle.
Results from four nozzles will be discussed in this paper and their
contours are shown in Fig. 3. The diameter has been expanded by a factor
of 8 to highlight the differences. Nozzle 7 looks like a cut-off version
of nozzle number 4 with respect to the downstream contour but has a larger
throat diameter. Nozzle 1 has the lowest divergence angle near the throat,
eT’ and Nozzle 6 the greatest. Nozzle 1 opens up more rapidly than the
others toward the exit. Nozzle 7 has the smallest exit diameter, 2 mm,
and Nozzle 6 is the shortest. In order to get an idea of the actual
contour Nozzle 7 is also plotted on a 1:1 scale showing that the expansion
is indeed very gentle. Two angles are used to characterize each nozzle

defined as follows:

= ran ! (4D
eT tan de/x=o L
D -D
- .-1’ [ o\, "
9N = tan =, 2)

where L is nozzle length.

Note that none of these nozzles has a converging section. This is
done mainlv to eliminate boundary laver growth through the minimum section
(shiroat) of the nozzle, Also, since thev have relativelwv high exit Mach
numbers, conditions at the entrance up to Mach 1 will not sienificantly
influeance conditions at the exit, Three different exit contisurations are
shown in Fiz. 3. They have the effect of reducing nozzle length going
trom A to €, with the additional length being 5 mm, 0.5 mm, and 0. The
womerrical contours of the nozzles are measured using precision drill rod.
as pluz caues. These data are used in a computer program to provide a best

t1t usine 1 seventb-order polvnomial
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7 i
D(x) = T ax, (3)
i=o
where the coefficient a, and other pertinent dimensions for the nozzles

are given in Table I.

MEASUREMENTS AND GASDYNAMIC INTERPRETATIONS
The basic experimental procedure is as follows:
(1) Install a particular nozzle and nozzle exit extension.

(2) Choose a particular gas mixture to be used for a complete
set of measurements.

(3) Run at constant pressure, measure Py To, Py Pga OO centerline.

(4) Record Pitot pressure traces as a function of x, y, or z.

(5) Take intermittent measurements of light scattering at nozzle exit.

(6) Change Py and repeat 3-5 above.

(7) Change gas or gas mixture and repeat 2-6.

(8) Change nozzle and/or nozzle exit extension and repeat 2-7.

It would, of course, be desirable to have measurements along the complete
nozzle contour, but this would have entailed an enormous design and in-
strumentation program. Also since the primary interest is in the flow
out of the nozzle exit, it is the properties at this point which are of
greatest concern. The data are summarized in Table II.

The first level of analvsis makes use of the above listed measurements
in conjunction with straightforward one-dimensional gasdynamic analysis.
The single most important parameter for characterizing flow conditions is
the Mach number at the nozzle exit. The Mach number is calculated in three
wavs. If ore assumes that there is an isentropic core then Py and P will

vield a Mach number via the well known relation

N4
P L Ly-1
p-l = "1+ 12—1 Mi/’ , (%)

where v is the ratio of specific heats and Mg is the Mach number at the exit

using static pressure measurement. The second method of calculating an exit

Mach number is to use the Pitot pressure measurement. Here the tlow must
also me assumcd to he isentropic fon the conterlined so that the total
prosaure thead of th. Pitot probe is the same as D, With this assumption
the Machk number can e obtained with the supersonic Pitot equation:

- B o ——— *
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The third method for calculating exit Mach number is to make use of the
so called Pitot-Rayleigh equation. This requires only local measurements,
that is, the static pressure at the exit Py and the centerline Pitot
pressure pg, at the same location in the nozzle as the static pressure tap.
This method does not rely on any previous history of the centerline flow,

that is, it does not have to be isentropic. Since the nozzle angular

gradients are very small, treating the flow as one dimensional is a good

assumption and thus Pq is also the centerline static pressure. The Pitot-
Ravleigh Mach number MR is obtained using:
1 1
2 yv-1 v-1
P, (2(MR ﬁl) (—2 2\, ) 6
Po2 ¢+ 1 NOE

The exit Mach number calculated in the three ways described here are
shown plotted in Fig. 4 for Nozzle 7 as a function of P, for argon expansions.
Results for the long nozzle extension A /aﬁ§1m~n as the dotted curves and

the short nozzle extension B as solid lines. First of all note that both M

and Mp are greater than the Pitot-Rayleigh
reflection of the fact that the centerline
When comparing the results of the long and
that the static Mach numbers agree but the

not., [t it is assumed that the additional

creasved viscous dissipation, then the larger values for M

values of MR are qualitativelv comsistent. It is interesting that the

Mach number M; is the same in both cases.
results using the same nozzle for
numbers computed in all three wavs
v ointerpreted to mean that there

o the conterline or core 1:10\‘.', i.L‘.. that

[

ice o cearle tlat hewond o= 7 har.,

Sourdare 1oee b cessle are

vod b ot indeed an

static ,
In Fig. 4 (b) we see the l
sulphur hexafluoride, SF@' Here the Mach {
are in frirlv ¢lose aercement. This can

is relatively little viscous dissipaticon
che
aleo noteworths to point out thiat all of

This 1.

ILentropic o

Mach number MR' This is a

or core flow is not isentropic.

short nozzle extensions we

Se t_‘)
Pitot and the Pitot-Ravleigh do
nozzle length results in in-

and the smaller

core tlow i: isentropic,

the Mach number curwv

normally internreted to mean

ot chano with 1ncreasine

nre with size ot ‘
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varying appreciably with pressure. However, since the three Mach

numbers do not agree, except in the case of SF6, there must have been

some entropy production bhetween the stagnation chamber and the nozzle
exit. Bevond P, = 3 bar there is some entropy increase in the flow due
to latent heat release due to condensation, except in the case of pure SF¢

and He. The discrepancy between the Mach number based on geometric area

e ittt ot it

ratio, MG and the other Mach numbers is due, of course, to the boundary

layer.

In order to obtain a more complete picture of the nozzle flow, N
Pitot traverses perpendicular and parallel to the flow direction are taken.
Pitot traverses across the flow just beyond the nozzle exit (i.e. along
the v directions with the z = 0, see Fig. 3) are shown in Fig. 5 for two
of the nozzles fitted with the long nozzle cxtension A. The Pitot tube )
has an OD of 0.5 mm and an ID of 0.25 mm and is set 0.76 o~ from the l
nozzle exit. Figure 5A shows the results for both helium and argon
expanded through Nozzle 6. The first thing to be noticed is that wherever L

there are flat sections of the profile, they constitute relatively small

fractions of the exit diameter, For the argon the first evidence for a
flat part of the Pitot (and therefore the velocity) profile appears at
P, = 2,5 bar. The helium on the other hand must be expanded from a stagnation pressure
of nearly 8 bar before a level part of the Pitot trace is seen. The level
section is interpreted as a flat velocity profile, i.e. & region outside
the boundary laver. It is also seen that the flat velocity profile disap-
pears for the argon at higher pressures. This is believed due to the massive
condensation occurring at these pressures and the possibility that the droplets
are large enough to traverse the stand-off shock wave and enter the probe
before complete cvaporation.

The Piret traverse measurements at the exit for Nozzle 4 are
shown in Fig. 5B. The most important differcnce between Nozzle 4 and the
others is that {ts throat diameter is smaller bv a factor vf 2 or more.
Thus viscous effects can reach the centerline from the wall more readily.
Here it is seon that cven starting pressures as high cs 10 bar prodnce no
fl:t profile. Also notice thgt the magnitude of the Pitot pressure i:s
around 9 torr as compared /wﬁ%h torr in Nozzle ¢, in enormous difforerce.
Poen the areor must be expanded up to nearly 8 har before 3 {lat velocitey

protile §5 obtaianed. Pecall that the downstream onbic~t pressure, Py in

Tro. 2, i3 i the ranue of 0,1-9.01 torr and so taete is an additional
expansis o bevond the pozizle exit. Also, as the free jet continues down-
*rorn ot the nozzle exit, there will Do a ~ixing “one wish the ambient rac

re . ; .
Priot traces along tho nozzle certorline show a vari.tior in pressure

o o)

0 lowe = va g :
: i Yt a0weD Pres o arec gor creon and 2t all pressuros fav b lium,
B Tiep v Pitor propid it shawn at severil g locaticrs rrer e
- - ——
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oxit of the nuzzle downstream. The flow is argon through Nozzle 1,
exit configuration 3 (i.e.,Nozzle 1-B) with the exit definedlas 0.5 mm
beyond the end of the glass nozzle (see Fig, 3). Many of the Pitot
profiles with this configuration show pressure bumps or "horns" on

cither side of the ceaterline. This type of feature has been

observed in supersonic boundary layer flow as the Pitot probe
approaches the solid boundary.16 Under these circumstances the shock
wave standing off the Pitot probe can interact with the boundary layer
causing separation upstream of the probe thus changing the flow field
seen by the Pitot tube, This explanation is consistent with all of the
Pitot traverses that we have made in the course of these studies. The
horns have been seen only when the probe is within the nozzle or in the
neighborhood of the exit, i.e.,close to solid boundaries. It also disap-
pears in nozzle flows where P, < 3 bar. As the prohe moves out of the
nozzle the horns get smaller and then disappear by the time the probe is
1.5 mm downstream (i.e.,x/De = 0,.6). Notice also that the centerline Pitot
pressure 1s dropping as the probe is moved further downstream.

The symmetry of the horns is related to the direction the probe is
moving, that is away from or toward the solid boundary, When the probe
direction is reversed the asymmetry of the Pitot profile is reversed.

The Pitot profiles are not taken as continuous traverses across the flows
but as discrete points waiting a sufficient time at each point to insure

that no time lag appears in the measurements.

An extensive set of Pitot profiles has hCeen taken for a great
variety of flows in several of the nozzles. An example is provided in
Fig. 7 for Ar and Ar-SF6 mixtures in Nozzle 7-B., The Pitot probe 1is
lecated 0.5 mm into the nozzle, at the plane between the glass nozzle and
the exit extension. ({See Fig. 2 or 3). The effect of the SF6 on the
boundary layver growth can be seen. At P, = 3 bar the flat portion of the
profile is quite zmall in the Ar flow and gects larger as the percentage
of SFh is increased, Thus the SFﬁ reduces the boundaryv laver thickness.
(Although the flews presented here were all steady, under some circumstances,

cepecially with hish ¥, mole fractions, the flow Lecame unsteadv when

probed by the Pitot rubel)  As expected, the increase in the size of the cor-
tlow with sturtina pressures is eviderced in all threo <cts oY daga.

Jecanse the Potot probes must be smaller chan b - cnarzcteriszic filov
doametor and sines the tengitc i the flow near the exit is tiliing rapidis
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} there 15 some concern as to whether there might be significant corrections

to the one-dimensional Pitot probe theory assumed for kqns. (5) and (6).
It is known that due to viscous effects Pitot tube measurements in the flow
field will be different than that of the true total pressure if the Reynolds
17 .
number of the probe Rep is less than 100 (based on probe diameter and
properties just ahead of the probe but behind the detached shockwave). 1In the
range 100 >Re >10 the measured value falls to about 85% of the theoretical
%

value and then rises above the theory for Rep< 10. In order to test this effect it

is necessary to probe a flow of known prcperties., The obvious choice
for this investigation is the use of free jet orifices. The theory for )
free jet expansions has been verified many times and with a variety of
diftferent types of measurement.lsPitoc data have been taken with two
different orifices by different investigators more than a year apart.
They are converted to Mach number using Eqn. (5) and compared {n Fig. 8

to the theoretical Mach number given by Ashkenas and Shorman:19

X-x \y-1 RN X-X \y-1-
= a(—2) Loy [T 0N T
M - AK D /'} 2\"('1///’_AK D / _A' (7)

where A and xo/D are constants dependent on vy with the following values:

for v = 5/3, A = 3,26, xo/D = 0,075; for v = 1.4, A = 3,65, xolD = 0,40.

The carlier data are from an orifice yith threoat size was 0.155 mm for
argon, helium and nitrogen while the later data are for argon only using an
orifice of 0.A5 mm diameter. The error bars on the ecarlier data are due to
an uncertainty in the probe location with regard to the exit of the orifice.
I- is seen however thar the data fit the theory quite well,but are slighely
lower than the theory except for the helium data without error bars (i.e.,
large orificr experiments.) This small deviation mav be due to condensation
effects. All data presented in Fig. 8 are for high enough starting pressures
p_ SO that Rep > 100, i.e. no pressure corrections dare required. At lower Py

the daviation between measurements and theory can be recoaciled with the Pitot
correction.l7 Thus the Pitot-Rayleigh Egqn. (0) can be used with confidence if
Rep > 100 and all cf the results presented in this paper meet this criterion.

The exit Mach number has been determined for numercus gases and nozules,
The two most important factors affecting the value of the Mach number arc Jdyvnamic

viscosity u and specific heat ratio . Iacreasicx 2 apd decroasing v will

lower the Mach number. Also as o is increased, larent hear due to cendon-
o)

sation will decreasethe Mach nunter slishtly., The roowulrs for Nozzle
are ~rosented in Fiv. YA and shee a Mach number platean with increasioe

{ pressure tor Av, Ar-$r6 mixtures, and SF‘. At the higher osressures th
Mach nuibo2r for Ar, 3 and &7 SF, -Ar muztures all occur at a walue o
about .5, Thus in this ranyc the counreractin: vifoe s of decrea: .o
and decroasing viscosity with 1vereasine F  mole iraciior, plus o e
ot heat addition juss cancel out. The puros SE,weuld Piveo b g

. - - —
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lower Mach number on the basis of ¥y reduction only, but the reduced
viscous effects in these flows result in a thinner boundary layer thus
raising the Mach number, The net result is a decrease in Mach number

to about 5.0. The 12.5% SF6-Ar appears to be dominated more by the
y and heat addition effect than by the effects of lower viscosity, resulting
in an exit Mach number of 4. The increased viscous effects in the helium
flows are evident by their much reduced Mach numbers in spite of the fact

that helium has a high y¥. Neither the He nor the 12% SF,-He mixture

reaches a plateau.

Consider now the results of Nozzle 1 relative to Nozzle 7. Careful
inspection of the contours in Fig. 3 reveal that Nozzle 1 has a slower
area expansion near the throat but a more rapid increase in the latter part.
Thus small changes in viscous effects between Ar and the 3 and 6% Ar-SF6
mixtures produce larger differences in Nozzle 1 due to the slower opening
throat area. This results in higher exit Mach numbers with increased mole
fraction of SF6 up to 67 (See Fig. 9B). However, the helium mixtures perform
consistently better in Nozzle 1. The small section near the throat is about as
detrimental as it is in Nozzle 7, however the downstream section with a more rapid
opening will reduce the viscous dissipation in this region. The viscous effects in
the argon expansions are minimal in this section for both nozzles. The
12.5% SF6-He mixture reaches a Mach number plateau above 4 bar. Thus the
data provide some indication of what nozzle features influence gas ex-
pansions with different viscous effects (i.e. Reynolds number Re = puD/y where
¢ is density) and specific heat ratios.

In addition to the Mach number, other dimensionless parameters are
calculacted. Reynolds number is used to characterize viscous effects,
Knudsen number (and its inverse Kn-l) is an indication if and when
rarefied gasdynamics is of importance, and Prandtl aumber Pr indicates the
relative importance of thermal to viscous boundary layers. Prandtl number
is Pr = 4cp/k where cp is the constant pressure specific heat and k is the
thermal conductivity and does not vary greatly through the nozzle or with
changes in Py Typical values for Ar are 0.65 to 0,7 and for SF6 0.44
ro 0,48, Representative values for Re and Kn-l as a function of P for
Yozzl 7-B are shown in Fig, 10, Revnolds and Knudsen numbers (Kn =
D where A is the mean free path) range over two orders of

macnituds, This is true for all SFA-Ar,buc He and SFF-He have about an
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order of magnitude greater variation. There is less than a factor of
2 change with pressure.

If relationships can be established for boundary layer effects, they could then
be used to predict many of the nozzle characteristics without having to
conduct gasdynamic experiments. One such correlation is given in Fig. 11.
The boundary layer thickness § is estimated here using the Pitot pressure
traverses across the exit of the nozzle. Core flow is taken as that part
of the profile which is flat and the remainder is assumed to be boundary
laver. The displacement thickness 6d is estimatced using MR to get an
isentropic area AI and AG/AI = rz/(r-éd)z. The results provide the
magnitude of the boundary thickness, with § > 5d as it should be, and
5 = r (fully developed flow at the exit) for Re < 4,000. Pitot and static
pressure data for several nozzles and gases are converted to Mach number
which, when ccmpared to geometric Mach number, is related to the displace-
ment thickness. When plotted as a function of Re’5 (related to laminar
boundary layer growth) times Pr (ratio of thermal to viscous boundary layer
thickness) the results fall along lines having a monotcnic variation with

kinematic viscosity, v = p/p (see Fig. 12).

COMPARISON TO 30LUTION OF GOVERMING EQUATIONS

A complete two-dimensional solution to the equations of motion with
viscosity and heat conduction along with nucleation and growth of the
condensed phase, with its attendant latent heat release, would constitute an
enormous undertaking both in terms of man-vears and computer funds. The
authors feel this is not warranted in terms of the goals of this work
which require an understending primarily of the centerline flow. A one-
dimensicnal approach, incorporating some of the two-dimensional features
ior momentum and energy transport, has been developed. It includes the
important phvsical phenomena for the flow process but this compromise
requires that several features be characterized by parameters. They are
adiustable but must be chosen in a self-consistent and physically meaningrul
wdayv. The narticular approach chosen here is not unique in the sense that
it js the only wav to pursue a simplified description of this process. It
has, however, provided some theoreticdal guidance and in<ipht with modest

1ac 0f computer tire.




i - a been
Detailed computations for the case of 3% SF6 Ar expansions h.ve »
carried out for Nozzle 7. The one-dimensional steady state equations for conservatior
of mass, momentum and energy have bcen employed with an additional
term for viscous effects in the momentum equation and a term for heat

conductivity within the gas in the energy cquation

pAu = i Continuity, (8)
dptpudu = dP,, Momentum, 9)
2
d (h%) = dq+dPj Energy, (10)

where p is density, A is nozzle cross sectional area, u is velocity, m is
mass flow rate and is constant for steady flow, p is pressure, h is enthalpy 1
and q is the latent heat release per unit mass due to phase change, i.e.
dq=Ldg where L is the latent heat for the condensibile (SFg here) and g is ‘
the mass condensed per mass of mixture (carrier gas, condensible vapor and
condensate). The quantities de in the momentum equation (9) and de in the
energy equation (10) are "Production'" terms due to the transport of momentum
(viscous effects) and energy (heat conduction) to the centerline flow. H
Density and enthalpy are for the mixture including the condensed phase if
present, i.e. p=p;+p,+py and h=h;+h +hy = cp;T+cp T+cT. The subscript i is
for the inert carrier gas (Ar or He), v is for the condensible vapor (SF6)
and k for the condensed phase. Tre specific heat at corstant pressure is '
p and c is the condensed phase specific heat. The perfect gas equation
of state is

p = (l-g)pRT/”é State, an
where T is tempera‘ture andlmg is the molecular weight of the gas mixture
which changes as condensation begins due to vapor depletion, thus (1—g),=pg.

The boundary conditions at tine solid wall are the no slip velocity

condition and no heat exchange, i.e. an adiabatic wall. However, due to
temperature gradients in the boundary layer, energy transport occurs within
the gas resulting in heat flow from the periphecry inwards. For those
situations where the boundar~ luyers grow together makiig a fully develope!l
flow, the two trarsport terms are brought into use in the goveruing equations.

The terw dP., in Eqn. (9) is tuen

. _."J "

dP, = u —% dx (12

gl
(see e.eg. Rei. 20 [gn. I-24a) and dPy in Egn. /Trd hocones
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(see e.g. Ref. 20 Eqn. 7-5) where y is the dynamic viscosity and k is the

thermal conductivity.

Since only the centerline flow is of interest in molecular beam
applications, solutions of the entire two dimensional flow field are not
desired and would represent a substantial effort to attain. The viscous
and heat conduction "production" terms of Eqns. (12) and (13) are essential
for a physically meaningful description of the centerline flow. An integral
approach is used16 in which the production term in each volume element
dV = 2rrdrdx is summed over the flow volume cross section slice between x
and x + dx (see Fig. 3) and divided by the slice volume to give an average
value (for either dPV or de)

¢

r [aTy

—_— rTw
dP = | 2prdPdrdx ' 2nrdrdx . (14)
A L
In order to evaluate Eqn., (14) the functions u=u(r), T=T(r), pu=3(T) and

k=k(T) must be specified.

Data for the temperature dependence of the viscosity and the thermal
conductivity of Ar?l and SF622 are fitted with linear functions. The
velocity distribution is assumed to be parabolic, where fully developed,

going from zero at the wall to a maximum at the centerline (subscript c):
u(x,t) = u (x)(1-r2/rd) (15)

where r, is the radial distance to the wall, The temperature profile is also
assumed to be parabolic rising from the value at the centerline Tc(x) to

an adiabatic wall temperature T,,. The use of a temperature recovery factor
of the form r = (Taw-T,)/(T,~T.) is frequently used in viscous £10we? where

T, is the stagnation temperature = 295k, For a Prandtl number near unity (0.7)

~

r = §0.86 giving Taw = 0.14 T (x) + 258. The temperature distribution then

becomes
T(x,1) = T(x) + 8T(2/cd), (16)
where AT = Tyy-T,.

The average value of the transport or "Production" term, Egn, (14),

for viscosity and heat conduction can now be evaluated and thev are

-2u dx
(Mo

P =

0

(10

rojw

Q-IQ-
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and

2

w= _dx 72T/ _3dk N Yo s dy pm”

W = [kt m T S (ur B AT (18)
S T,

where du/dT and dk/dT are obtained from the straight line curves fitted
through the temperature dependent y and k and averaged for the particular
mole fraction of Ar and SFg at that x position.

Since the radial gradients dT/dr and du/dr are small near the flow
centerline, the production terms dP, and dPy in Egns. (9) and (10) should be
Thus

a small fraction, call it Fu of the volume averaged term over all r,

we can write
de = F\J- dp\) ’

and (19)
de = FLL .d_ﬁk ’

The use of the integral technique eliminates the need for the actual velocity
profiles so that E$§(EFk) is not sensitive to the details of the velocity
(temperature) distribution, Typical values of Fu used to calculate the
transport properties on the centerline are in the range 0.0001 to 0.0005.
The point at which fully developed flow begins and ends can be varied in
the program.

It should be stressed here that the radial distribution of properties
are used only to compute the value of the production terms dP,, and JPy
(Eqns., (17) and (18) substituted into Eqn.
and (10).

(19)) which appear in Egns. (9)
The solution to the governing cquations of motion, Eqns. (8),
(9, (10)are carried out with the use of an ecquation of state, Egn. (11),

by (21) and

They are solved as a closed set of one-dimensional (x) tlow cquations

plus dreplet nucleation and growth equations described

(2,

Eqns.

with phase change and transport terms for viscosity and heat conduction.
. . 23 . :
The boundarv laver cffects are handled in the usual wav-- with a displacement

thickness ¢g which arows from zero thickness at the nozile entrance to a value

at the exit, ¢4, characterized hv a non-dimensional thickness A = T T

2-4/0 00 The values tfor the centerline propertics uscd in caleulatine dJP and
.

¢Peoave taken as those obtained from the one-dimensional solutions,

the variation ot disnlacement thickness with v is provided for using an

cxpounential arowth cquation giving the cquivalent neccole diameter as

v

Diwy o= v

gy = e ) TL . (20

©
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where x, is the distance from nozzle entrance to exit and N is varied
tvpically from 1 (i.e, linear) to 2.

In addition to the gasdynamics, equations to describe the droplet
nucleation and growth are also 1nc1uded.23'25 Due to the relatively hipgh
cooling rates for gases passing through these small nozzles, a correction

. 9
26-32 ;¢ incorporated.'9 The stcady

to the steady state nucleation theory
state nucleatiou theory is applicable for nozzle cooling rates of up to
106 ®c/sec. Cooling rates of 109 9¢/sec, tvpical of free jet expansions,
are thought to be too high to be dealt with using the nucleation rate theory.
The nozzles in this paper have cooling rates in the range of 107-108 where
adjustments to the steady state theory are expected to apply (Correction-
by a factor of 2-4 at most).

The steady state nucleation theory is a tunction of the thermodynamic
variables obtained in conjunction with the solution to the governing

equations (8)-(11),

P
TN /200 A A
J = 5T (ﬁm)vc expk-AG /KT @D

J 15 the number of critical size (*) clusters formed cm™3 sec™! and AG* =
&wr*23/3 is the Ggibbs free energy of formation of a critical size cluster,
i.e. the size which is large enough to become a stable droplet of condensed
SFg. Here P, is the SFg vapor pressure, k is Boltzmann's constant, ¢ is the
Sty surface tension, m is the mass of an SFg molecule and Y 1is the velume
of one SFy molecule in the condensed phase. The critical radius is ¥ =
254 /kT Ln S where S is the SFg saturation ratio, S$=(p./Pyg)y with pg, the
SF vapor-liquid equilibrium pressure at temperature T.

since the cluster size is small compared to the mean free path
of the gas and since the condensate (SFO) is a small rraction (3%) of
the argen carrier gas,che droplet growth law is that obtained from cle-
mentary kinetic theory with a condensation coetf:icient & near 1.0.

Thus the growth law iy

d0/de = ato (2o
where O is the droplet area O=i4mre and 2 is the SE imprinaenent rate pe:
anit o area c=p. (kY L Taking proper acvourt o't nwrter of dronled
rorzed Gtk vwrdx.plus the growth of previcuslv cucleated clusters the nes
traction condeaset can be ocomputed, cEvom cand sioce dg=ids Fgns, (21Y

i : - : -
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(22) provide dq and g in Eqns. (3) and (4).

To summarize: Eqn. (19) provides the production or transport terms
when boundary laver effects penetrate to the flow centerline, Eqn. (20)
provides the effective nozzle area A, Eqns. (21) and (22) provide dq and
g, and h=h(T). Therefore Eqns. (8)-(11) cun be considered, after the above

substitutions as & cquations in 4 unknowns, p, P, T and u.

Due to the hi:h cooling rates in these nozzles ,and densities typically falling t
less than 17 of the starting density, vibrational relaxation for the SFb
33
molecule is included using published relaxation times. The program

calculates all the thermodynamic variables, gasdynamic properties including

velocity and Mach number, details of the phase change including nucleation
rate, number of droplets formed, and size. The primary concern here is

to match the gasdynamic properties, i.,e, p1 and Pyoe These data for the

YA SFb-\r in Nozzle 7 are plotted as the circles in Fig. 13. As po is increased
the boundary layer thickness §, the displacement thickness 84, the centerline
production dPy and dP,, and the length of centerline viscous effects <*

arce all changing. The calculation procedure holds these parameters constant
while P, is varied and thus the theorctical results represent "planes”
crossing the plane of the experimental daca in a hvperspace,

Upen examining many sets of computer results using a4 systematic

variation in pavameters a reasonable and consistent picture of the no.zle

tlow is obtained. The Pitot pressure data seen in fFig., 13 (b) are intersected
wirh lines of constaanat A, It is found that variation of N, Fp and x* all
have virtually ne effect on pyp. Thus Pitot pressure is determined ouce 3

is fixed fovr a given inlet P The variation of 4 from J.65 to 0.5 as P,
ipcresses from 3 te 8 bar, shown indirectly in Fig., 13(b) and explicitly in
Fig. 14(4), is qualizatively correct since as the density increases the
transport of momertun and energv from the nozzle wall is decreased giving
thinner boundarv lavers. Below 3 bar viscous eftects (F) are important as

well as y for the calues o

Po2-
static pressure Py 1s much lower than pys and chances i most ot the
listed parareters produce small fractional chanves 1n the static
pressute,  Cihe accuracy ol the experimental Jdats is - .02 teore,)

variation in osoundary liacer arcvth, N odn Fom, (07, results inoa

chanee ctoslope ter pe oy p i ELL LY oY he best matehl to tae slope o the
1
dara oveears Ter N=100 vhaich was ther used tor Al tie cacculalions presen: d
—
- -

o adahan PP il i ke




here. The magnitude of Py for a given p, is then determined by fixing Fu.

The Pitot data below 2 bar fall below the calculated values. This is believed

to be due in part to a drop in measured Pitot pressure from that of the
true Pitot pressure at low probe Reynolds numbers (i.e. less than 100) which
are encountered in the flows at low p,. Even when corrected they fall below
the curves for § = 0,5-0.6 Tyee In this range the viscous effects are quite
prevalent since boundary layers get thicker at lower Ke and at 1 bar an
increase of ﬂ‘ to 0.0008 still does not match the Pitot data. An upper
value for ﬁ; used here is set at that value which drives the Mach number
subsonic.

In addition to the theoretical compariscn to pressure measurements
shown in Fig. 13 the results for A and M; are summarized in Fig. 14. Dis-
placement thickness A varies from 0.5 to 0.65 with exit Mach number leveliag
off at 5.4. The computed results are numbered, with the conditions for the
program gsiven in Table III., Since the program is run with discrete choices
for parameters, the fit, although close, is not expected to be perfect in
every case. The somewhat lower values of A, compared to those obtained from

measurement, 1s qualitatively correct since A is based on boundary laver

displacement thickness while the measurements in Fig. 11 are velocity boundary

lzyers and thus 8 > 54 as expected.

DISCUSSION

Flows at higher pressures have thinner boundary lavers, and smaller
centerline viscous dissipation occurring onlv in the carly parc of the
expansion. The toundary layer becomes fully developed shortly inside

the nozzle entrance where the diameters and eT are voryv small. Further

downstream where the uozzle angle opens up more rapidlywe assume that a soundar

laver edge reappears, leaving a core flow with verv little viscous dissipation,

i.e.,nearly iseatropic but with a value of entropy greater than the
starring value., This is consistent with the Pitot traverses nocrmal to

the tlow at hish pressures wiich have flat profiles nrar the center,

indicatina flat velocity profiles and thus little viscous effects in

this cegiun., A the prossure decreases the Revnolds nunber will decrean
ried foe bouandary laver increascs.  Thus the point ac whici a soundary laver
cdLeoreferme i1l ocenr pcrogrecsively further down tie aozole,

rosultine in0 a2 profile with a flat scctivn that .o 4 sme.ler portion of the

o P, % 2 bar the tlow remains tully doveloped alone Y0 ontire noza!
N

eRCOPL tor g o very chovt o inlet rocion, Yere ot theeretical caleulan
- _ ~——
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allow the possibility for the flow actually to go from supersonic

to subsonic again due to viscous effects. This is similar to heat addition
in condensing supersonic flows. As the nozzle opens up downstream the

flow can again become supersoric.

It should again be emphasized that the amount of dissipation seen in
these flows is relatively small, that is,in the range of 0.02-0.1% of the
average dissipation at any given nozzle crossection where the flow is
“ully doveloped. This picture is consistent with all of the gasdynamic
data. In addition the phase change droplet nucleation and growth calcu-
latious in this program predict condensacion in agreement with both
measurement of laser light scattering and ionization gage beam detection
in the molecular beam configuration.34(There is experimeutal and theoretical
cvvidence for condenmsation approaching 1007% of the condensable species in
the higher pressure runs.3)

However for some flow conditions and especially with light carrier
2ases such as helium, viscous dissipation can be prevalent to such an
oxtent that rozzles become less efficient than free jet expansions.35
Nozzles have been designed so that nucleation of small mole fractions ot
noble gases in a helium carrier gas can be used for beam cxperiments.35
In pure SF6 cxpansions the boundary lavers remain thin even in the very
small entrance sections of several of the nozzles so that an isentropic
core wdas maintained all the way to the exit. Analysis of the data using
one-dimensional gasdynamics, along with the calculation of thermodynamic
properties and dimensionless quantities, has provided a means for desizning

small nozzle sources to encourage or indced discourage condensation.
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“secanse v Ser SF, is M function of temperiture the first iteration for Y,
is anrained using v(Ty) which is then used to estimate oXit temperatur.
ind (T then used to zet the final wvalue of My,.

i
: TABLE II
!‘ Gasdynamic Data
Nozzle Gas Py Pq Py2 MR
Bar Torr Torr
1 Ar 3 1.459 53.84 4.98
4 1.663 60.65 4.95
5 1.866 68.93 4.98
6 2.067 75.40 4.95
7 2.27 81.87 4.92
0.125 SF, 2.13 20.78 2.69
~He 2.54 80.43 4.94
5 2.92 93.37 4.96
SF, 3 1.244 34.79 4.88"
4 1.562 43.06 4,84
5 1.82 51.68 4.87
6 2.121 58.87 4.86
7 2.421 66.78 4.84
0.125 SF, 2 1.31 23.65 3.71
-Ar 3 1.584 33.15 4.12
4 1.866 45.93 4.35
5 2.113 56.0 4,51
6 2.303 63.18 4.60
7 2.63 66.78 4.42
0.03 SFg 2 1.236 36.99 4.58
-Ar 3 1.452 56.43 5.23
4 1.743 68.53 5.26
5 1.881 75.0 5.30
6 2.107 82.47 5.25
7 2.332 87.42 5.1-
0.0625 2 1.235 25.68 311
3P 3 1.487 5168 .04
4 1.690 6,06 3.3

e




Gasdynamic Data (Cont.)

Nozzle Gas P Po2 MR

Torr Torr
5 1.922 79.00 5.49
6 2.174 87.62 AN

7

8 2.655 92.85 .06
9 2.898 102.0 .08
He 3 2.80 10.92 .50
4 3.18 29.11 43
5 3.43 79.0 .91
6 3.62 158.6 a2
7 3.82 255.55 .72
8 4.03 352.09 69
4 Ar 2 0.485 1.37 25
3 0.683 1.97 .27
4 0.870 2,66 .32
5 0.959 3.44 a5
6 1.008 7.12 .12
7 1.06 10.83 .57
8 1.11 153.00 03
9 1.138 19.28 28
10 1.24 22.93 50
SF 0.575 4.82 b3
5 0.630 8.27 38
0.713 12.30 3.8e
7 0.749 14.60 10
8 0.865 15.05 24

0.063 ST C.8s0 .52
TAr 5 0.935 e82 ‘.

1.010

|8
.

oo




Gasdynamic Data (Cont.)

TABLE II

Nozzle

Cas P P Po2 MR

Bar Torx Torr

7 1.095 10.57 2.61

8 1.170 13.45 2.86

6 Ar 2 0.939 33.0 4,86

3 1.093 44,5 5.23

4 1.215 55.28 5.53

5 1.326 59.59 5.50

6 1.422 65.34 5.56

7 1.501 71.09 5.65

SFg 2 0.694 22,21 5.19

3 0.789 31.56 5.76

4 0.900 38.75 5.97

5 6.03

6 6.02

7 6.17

4.95

5.35

5.70

5.84

6.00

5.93

3.57

4.95

5.75

5.79

6.04

b.17

3.93




TABLE II
Gasdynamic Data (Cont.)

Nozzle Gas P, Py Po2 MR
Bar Torr Torr

4 1.275 38.75 4,84
5 1.410 48.81 5.17
6 1.475 56.0 5.42
7 1.608 63.18 5.52
He 2 1.581 5.68 1.45
3 2,115 10.0 1.70
4 2.376 21.50 2.41
5 2,527 47.37 3.52
6 2.666 90.50 L,77
7 2,775 127.87 5.57
0.125 SF, 2 1.190 7.12 2.07
“He 3 1.458 27.25 3.78
4 1.739 45.93 4.51
5 1.990 55.28 4,63
6 2.130 61.75 4.73
7 2,314 67.50 4,74
7 Ar 2 1.401 36.40 4.16
3 1.753 76.12 5,40
4 1.873 80.43 5.37
5 2.083 37.02 5.32
6 2.288 102.0 5.48
7 2.490 109,15 5,43
0.125 Stg 3 2,344 18,02 2,42
e 4 2.83 33,71 2,00

» 5,272 B A 3.0

g 361 110 oy

TR 2 1.-33 T Vo
TAT ) 1.:01 Caed 3.1

- - . e d .
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TABLE II

r Gasdynamic Data (Cont.)
Nozzle Gas Py Py P2 MR
Bar Torr Torr
4 1.947 80.43 5.40
5 2.169 89.06 5.38
6 2.365 96.25 5.36
7 2.572 105.59 5.38
8 2.764 113,30 5.38
0.063 SF6 2 1.402 25.09 3.59
“Ar 3 1.751 51.68 4.6b
4 2.003 73.25 5.17
5 2.231 89.06 5.41
6 2,423 102.00 5.56
7 2.658 112,06 5.56
SF6 2 1.106 27.96 4,65
3 1.41 39.46 4.88
4 1.728 48.09 4,56
5 2.066 56.0 4,80
6 2.437 64.62 4,75
7 2.868 71.09 4,60
8 3.220 79.0 4,58
He 4 3.641 20.06 1.85
5 4,000 44,5 2.69
6 4,245 90.5 3,77
7 4,467 162,37 4.94
- 0.125 SF¢ 2 1.409 24,37 3.63
TAr 1.790 37.31 3.99

\




TABLE III
COMPUTER SOLUTIONS FOR NOZZLE 7-B, 3% SF6-Ar
Run No. P 4 F x‘r P p M
) " W 1 02
torr torr  torr
1 1 0.6 0.0006 0.88 1.03 20.4 3.64
2 0.6 0.0008 0.88 1.15 20.2 3.44
3 2.2 0.6 0.0002 0,37 1.46 n.c 4,62
4 2,5 0.58 0.0002 0,37 1,63 46.7 4.39
5 3 0.6 0.0001 0.37 1.57 60,9 5.10
6 3.5 0.6 0,0001 0.37 1,72 71.2 5.28
7 4 0.6 0.0001 0.37 1.88 n.c. 5.40
8 5 0.6 0.0001 0.37 2,21  n.c. 5.58
9 6 0.55 0.,0003 0,37 2.16 98,3 5.19
10 7 0.52 0.0004 0.37 2,57 101.8 5.16
11 8 0.52 0.0004 0.37 2.78 116.6 5.31
n.c. - not calculated,

-2g.
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r FIGURE CAPTIONS

Fig. 1  Nozzle 7 is compared to a free jet source in a molecular beam
configuration. The relative beam intensity,IB, primarily measures
cluster intensity and shows the enormous advantage of the nozzle
over the free jet. (Values of Iz greater than 100 are intense
enough for experimental use.)

Fig. 2 The experimental arrangement permits nozzles and exit sectioms

‘ to be interchanged. Light scattering is used to detect conden-

sation, M - mirror, L - lens, S - slit, FO - fiber optic, PMT -
photomultiplier and BT - beam trap. The Pitot probe has x-y-z
motion capability.

Fig. 3  The four glass nozzles discussed in this paper are shown ecxpanded

: 8:1 in diameter in order to see the qualitative differences. A
1:1 contour of Nozzle 7 shows the actual geometry. Three exit
sections A, B, and C were attached to the nozzles to test the
effect of nozzle length and to provide a static pressure tap in
the case of exit sections A and B (See Table I for additional
details,) The upper part of the figure shows the coordinates ‘V
for the solution to the equations of motion plus the boundary
layer displacement thickness,

Fig. 4 The exit Mach number for Nozzl: 7 is plotted as dash lines for
exit A and solid lines for exit B. The Mach number MS is based
on the static pressure measurement, Egqn. (4), Mp is based on the
Pitot measurements and Eqn. (5), and MR is based on both measure-

ments at the exit and Egn. (6)., The geometric Mach number MC

is based on area ratio onlv, i.,e., no viscous ecffects, and is the
upper limit, The correct Mach number is Mg and the deviation
trom the other Mach numbers is due to viscous effects, Note the
closeness of the three Mach numbers in the case of SF indicating
little or no viscous dissipation in the "isentropic" core. The

data provide increasing Mach numbers in the order MR, M

M
. and A\p

at anv given p o although the svmbols coverlap tor the SFg case,

- (V-
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Pitot traverses, for varying stagnation pressure, are shown for
Nozzle 6 (relatively large throat size) and Nozzle 4 (small throat
size) for helium and argon flows both using exit configuration A
shown in Fig. 1. A larger diameter nozzle provides more intense
beams or higher exit Mach numbers. Nozzle 4 is virtually of no
use with helium. (The nozzle exit diameter is De‘)
Pitot traverses across the flow beyond the exit of Nozzle 1,
Exit B, for argon are shown as a function of position downstream
of the exit. Note the flat core section close to the nozzle exit
which disappears progressively downstream. Here x is measured
from 0.5 mm beyond the exit plane of the glass nozzle.
Pitot profiles for Nozzle 7-B as a function of p, are shown for ]
argon, 3%,and 6.3% SFg in argon. For one gas the decrease in the
core size with decreasing pressure is due to progressively thicker
boundary layers, i.e. lower Reynolds numbers. The variation in core
size and centerline Pitot pressure from one mixture to another is

due to a combination of variation in ¥ and §. The measurements F |

were made in the exit plane of the glass nozzle (i.e., x/De = -0.25
in Fig. 6).

Pitot measurements are shown for two free jets with a factor

of 25 difference in throat area and several gases. Mach number
from Eqn. (5) is compared to the theoretical values given by

Eqn. (7). This theory has been verified with numerous types of
measurements and is applicable for the x/D > 2.

Mach numbers are plotted with properties based on the initial mole
fractions for mixtures and are nearly independent of P above 3
bar, except for He and He-SF., while SF6 is constant over the
entire range. Nozzle 1 shows a slightly larger variation in exit
Mach numbers for the Ar and Ar-SF¢ mixtures. The He-SF¢ mixture.
turns over toward a flat value in this nozzle but the pure helium
dors not.

Tvpicai wzlues of Revnold: number Re and inverse Knudsen nuriber
Kn-! for Ar and SF6 in Mozzle 7 arc shown with * - the throa:
propertias and ¢ - the exit. The characteristic dimension for
poth parameters is the noz.:le diameter and shows that the fiow

are still collision dominated cven at the lower pressures.,

wider variation exists for 1o,
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The exit boundary layer thickness, 5, divided by nozzle radius

r is plotted as a function of exit Reynolds number. Pitct
traverses provide § using exit B or C. The upper limit of
(6/r)e = 1.0 represents a fully developed flow. The lower curve
is the displacement thickness (6d/r)c obtained from Mp.

The ratio MR/MG is an indication of the boundary {fyer displace-

1.
ment thickness and is shown as a function of Re? Pr.

The static and the Pitot pressure data for 3% SF¢-Ar in Nozzle 7
are compared with theoretical solutions shown as solid lines.

The parameters for the theoretical solutions of Fig. 14 are

shown in part A. Part B compares the exit Mach number from the
computer calculations, that include the variation of properties
with temperature and condensation, to that obtained from the data
and one-dimensional gasdynamics using isentropic exit properties

and no phase change.
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The experimental arrangement permits nozzles and exit sectiuns
to be interchanged., ULight scatterinz is used tc detect condun-
satior.,, M - mirror, L - lens, § - slit, FO - fiber optic, PUT -
photomultiplier and BT - beam trap. The Pitot probe has x-v-2z
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FIG. 3 The four glass nozzles discussed in this paper are shcwn expanded
8:1 in diameter in order to see the qualitative differences. A
1:1 contour of Nozzle 7 shows the actual geometry. Three exit
secticns A, B, and C were attached to the nozzles to test the
effect of nozzle length and to provide a static pressure tod in
the c1se of exit sections A and B (See Tabla 1 fer additional
details), The upper part ol the figure shows the coordinates

tor tne solution to the equations of motior,plus the boundarv
laver displacement thickness.
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Pitot traverses, for varving staznation preszure, are shrwn for

Nozzle # (r-olatively large throat sizc) and Nozzle 4 (small raroac
size) for nelium and argon tlows hoth using exit configuratica &

snewn in Fig. 1.
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Note the flat core section close te the nozzle exit wiiich d7 sap-

pears progressivelv downstream. Herc x is measured irom O.> mm hevond
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FIG, 3 Pitot measurements are shown for two free jets with a factor
of 25 difference ir throat area and several gases. Mach number
trom Eqn. (5) is comparcd to the theorctical values given by
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measurements and is applicable tor the x/D > 2.
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The eoxit boundary layer thickness, §, divided by nozzle radins
r is plotted as a function of exit Revnolds number. Pitot
traverses provide £ using exit B or C. The upper limit of
(9/r\t = 1,0 represents a fullv develepid flow. The lower curvy.
is5 the displacement cthickness (£4/r),. obrained :rom ¥y .
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Part B compares the exit Mach nurover Irom the

computer calculations, that include the variation of properties

with roemperuture and condensation,
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NOBLF GAS CONDENSATION IN CONTROLLED-CXPANSLON BEAM SOURCLS
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Abstract

Over the past several years an investigation into the
gasdvnamic and nucleation properties of very small Laval
nozzles has been undertaken in our laboratory due to their
great potential use as sources in cluster molecular beams. A
serics of nozzles designed specifically for helium carrier gas
expansions has been tested in our molecular beam apparatus and
used to studv the condensation of the noble gases, Ar, Kr, and
Xe. 7The goal of producing cluster beams with densities high
enough to carry out high energy electron diffraction experi-
ments has been attained for these gases with mean cluster
sizes in the range of 100-400 ator:c per clustor, The onset of
nucleation appears to correlate with the product of nozzle
diameter, starting pressure, and atomic potential well depth:
t.e., pD, e/k.

Introduction

It is well known that supersonic nozzles can have their
contours designed to control, within limits, the rate of
expansion and that they can be very much more efficient in
nucleating a particular gas than uncontrolled, free-jet
expansions having the same throat diameter.l'“ hozzles made of
varying throat diameter, exit diameter, and nozzle length iave

Presented as Paper 145 at the Twelfth Intvrnational
i Symposium on Rarefied Gas Dynamics, Charlottesville, Va.,
July 7-12, 1980. Copyright American Institutc of Aerondutics
and As-ronautics, Inc., 1980. All rights reserved.
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Nuclear Engincering.

PR




been built and tested. They have been instrumented so that the
following data can be obtatned: stagnation pressure p_,
temperature and T,» nozzle exit static pressure p,, pitot
pressure measurcments p,, near the nozzle exit, and pitot
traverses parallel and normal to the flow direction.

The experimental arrangement 1s shown in Fig. la. The
nozzle source is mounted with xyz motion capability and is
shown with a divergiag Laval nozzle installed. If pitot (i.e.
impact) measurements arc to be made, the skimmer S is removed
and a probe and pressure transducer mounted so as to separate
the first and second pumping chambers. Replacement of the
skimmer re-establishes the standard molecular beam configu-
ration, The cluster beam is crossed by a 40 keV electron beam
for diffraction studies and Debye-Scherrer patterns are taken
with a single channel, electron scintillator, photon counting
detcccion system using phase-sensftive detection and a chopped’
molecular beam,

The contours for the nozzles used in this work are shown
in Fig. 1b. The throat diameters vary from 0.05 to 0.1 mm
and exit diameters range from 2 to 5 mm. The nozzles are
diverging with the minimum diameter at the entrance. The sub-
sonic flow ahead of the entrance is not important for the
nucleation process. Their contours have been measured and
fitted to a tenth order polynomial 1s shown in Table I.
Nozzle 4 has the smallest divergence angle (<1° total included
angle) and is longer than the other nozzles. The noble gzas
experiments discussed here were obtained using nozzles 11, 12
and 13, They were designed to determine the effect of throat
diameter D, and nozzle contour on their performance as cluster
sources. Nozzles 12 and 13 have the same contour except neart
the nozzle entrance. Nozzle 11 diverges more rapidlv than 12
and 13 near the inlet.

Gasdynamics

Extensive gasdyvnamic measurements using a varlety of gascs
and gas mixtures reveal that a large fraction of the nozzle
flow lies within a boundary layer with some vissogs dissi-
pation occurring all the way to the centerlire.”’ Thus, in
order to correctly determine the local Mach number at any point
in the nozzle, cne must measure both static and pitot pressure
since the total pressure in the flow will decrease due to




viscous effects. The only point where both pressures are
measured in this work is; at the nozzle exit. The Mach number

is obtained using the so-called Rayleigh supersonic pitot
gquation,

>

1
. y-1 -1
L2y 2 yelY! <iil Mi\ ‘ (1)
Po2 Wl T y+1/ 2 ’

where v {s the local value of the specific heat ratic, The
exit Mach number Mg is shown in Fig. 2 for several gas
mixtures, all of which are 6 mole % in a helium carrier gas
(xo = 0,06). This Mach number is seen to increase mona-
tonically with p,, to values as high as 10. The three solid
curves are for nvzzle 12 but with different condensable
spectewi” Por p, < &°bar the Mach numbers afeé nearly the same
but increase with molecular weight, i.e., from Ar to Kr to Xe.
Above 4 bar the curves reverse with Ar having the highest Mach
numbers for a given p_. For Xe a comparison for the three
nozzles 11-13 is shown. Nozzle 12 gives the highest Mach
number for a given p_ and nozzle 11 (same throat size but more
rapid expansion) is second highest. Nozzle 13 (same contour

as 12 but smaller entrance diameter Do) exhibits the lowest
Mach numbers.

With the system arranged in its molecular beam
configuration, beam intensities were measured using an ioni-
zation gage (IG in Fig. 1). The nozzle-to-skimmer distance, *g
was varied to determine its effect on beam intensity. Pure
irgon expansions are shown in Fig. 3. Note that intensity
variations with x_D, are not large. There is an interesting
variation in maximum beam intensity going from a downstream
peak location, double peak, and upstream lycation as Po Is
increased, analogous to some free jet cluster source data.b,’
All beam experiments were carried out with X = 2.5 om. This
gives a value of xs/De = 0,5 for nozzle 13 which is optimum for
the high p, beams as seen in Fig. 3.

Although Laval nozzles are much more efficient cluster
sources than free jets for most flows, care must be taken in
their design or they can actually produce beam intensities
lower than a free jet source. Consider for example the
expansion of SFg (xo = 0.125) through nozzle 4 shown in Fig. 4.
When expanded in an argon carrier gas the beam intensity




increases dramatically near p, = 2.5 bar due to clustering.
However, for helium carrier gas (same specific heat ratio v)
the beam intensities remain quite low even out to p, = 8 bar.
Thus this nozzle is of little use for helium carrier gas,
condensation experiments with T, near room temperature.

Because a high y carrier gas is required for condensation
of a low vy gas in an adiabatic expansion, and because the Laval
nozzles control the rate of expansion but cannot limit the
maximum Mach number in these expensions, He is desirable since
it is unlikely to supersaturate and cause mixed condensable-
carrier gas clusters. The use of pure gas expansions is also
an option, provided y is not too near 1, but dves not allow for
the possibility of controlling the cluster size distribution
or temperature that is potentially available using a carrier
gas. In addition there is the problem of the high cost of some
pure gases such as Xe. As a result of these criteria and
prior experience with nozzles having long, small divergence
inlets, e.g., nozzle 4, several shorter nozzles that diverge
more rapidly have beenm comstructed.. ., . __ .. __.

There are, however, a number of problems using He rather
than other commonly used carrier gases such as Ar or N,.
Boundary layer effects are more severe due to its higher kine-
matic viscosity. In addition there is the problem of reduced
high vacuum diffusion pump performance. (i.e., for nozzles
with Dy > 0.1 mm pressure fluctuations of an order of magnitude
or more occurred in the second and third stage pumping chambers
when p_ > 2 bar.) Thus in order to operate at sufficiently
high pg for cluster beam generation, it is necessary to
decrzase the nozzle throat size below 0.1 mm., This exacerbates
the problem of helium boundary layer growth so that nozzle
design must be carefully considered.

Nucleation

Measured molecular beam intensities for He-carried Ar, Kr,
and Xe with x, = 0.06 are shown in Fig. 5 for nozzle 12 and
Ty = 295. As one might expect, condensation occurs in the ordr
Xe, Kr, and Ar as p_ is increased. All the molecular beam
intensity data are given in fixed, arbitrary units (a.u. in
Figs. 3-7) with 10 approximately equal to 2 x 1018 atoms/
(cm2 s) at the electron beam location. Once the beam intensity,
I,, exceeds unity (a.u.) the beam density is sufficient for
electron diffraction measurements. Because all three of these
gases are noble gases, one is tempted to look for some universal
behavior. Thus normalizing to Xe, these three curves are
replotted as dotted lines with the ordinate equal to p, e/k




where ¢ is the interatomic potential well depthd and k ‘
Boltzmann's constant. When replotted the onset of condensation
occurs at the same value of p, ¢/k for the three gases.

A plot of these data as a function of a nondimensional

or reduced pressure pol(e/a3) or pv/(§/c3), where ¢ is the
radius for zero interaction potential® and p, is the conden-
sable vapor partial pressure, provided no unification of the
onset point.

For a given species and mole fraction nucleaticn results
from one nozzle to another will be compared. The results for
Ar, Xo = 0.25, for nozzles 11-13 are shown in Fig. 6. The
solid lines are for the data plotted as a function of Py in
which the cnset of nucleatiou, for the nozzles with the two
largest diameters, occurs first. Nozzle 12, with a lower
expamsion~Yate than nozzle 11, exhibit3'more rapid srowth of
the condensed phase after the point of onset since the
measured beam intensity beyond onset is due entirely to the
condensed phase. As with free jet cluster sources, these data
have also been plotted vs Po Dy (dashed lines) such that the
curve for nozzle 12 is unchanged. Recall that p D, is
proportional to the total number of binary collisions per atom
for a given expansion. Here again it {ig interesting to note
that detectable condensation onset occurs at a single point on
the pODo scale. Note, however, that the three curves would
a)so converge to a common onset point were they plotted versus
Po D, which is proportional to the three-body collision
frequency required to form a stable dimer in the initial
cluster formation process. These results, although interesting
are not universal, as seen in Fig. 7 for Xe, x_. = 0.06
gxpansions. In this case the onset of nucleation in nozzle 11
occurs at lower Pe than that of nozzle 12 and their growth
curves cross over at a pressure above onset. When replotted as
a function of poDo the results from nozzles 12 and 13 (which
have the same nozzle contour but different D,) fall nicely on
top of one another whereas the results from nozzle 11 move
slightly further away (see Fig. 7). Thus the correlation with
binary or trimolecular collision frequency is not perfect, but
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thena the various nozcsles have flow histories which ave not ax
universal ae those of the free jet expansions.

Electron Diffraction

Llectren diffraction patterns have been taken with our
single channcl detection system for all three condensable
noble wuses under 2 varicty of conditions and using several
nozzles. An average cluster >ize can be estimated from the
measured hroadening of the diffraction rings., Knowing the
density of the condensed phase, the number of atoms per
cluster may then be calculated. The results for Xe, = 0.06
are shown in Fig. 8. The sizas are in the g = 100- 1008 atoms
per cluster range. The sizes of Fig. 8 correlate with the
relative intensities of Fig. 7 in that a given I, and ¥ occur
for progressively higher p, in the order nozzle 11, 12, and 13.
Tecall thar 2 comes from a diffraction peak which is a sum of
the diffraction from a large number of clusters that cross the
electron beam, There is always a distribution of sizes in
thie heam, and since the scattering intemsity at a diffracticen
peak zoes s the square of the mumber of atoms in a cluster,
the larger clusters scatter more electrons. Thus ¢ is weizhted
toward the hich end of the size distributions. Theoretical
mode!l: for the neoble gas clusters in this size regime predic
the possibility of lcosahedral packing in contrast to the bull
FCC structure.”’ The comparisons we have made hetween datu
and cluster models have so far shown better agreement using
icosahedral rather than the bulk structure.

Conclusions

We have arrived at the folluwing conclusfons with :opard
to small Laval nozzle, noble gas clustering:

) Noble gases, even when a small mole {raction expanlcid
ir helium, readily nucleate.

2) Because of the high kinematic viscosity of helium tiwe
nozzle contour must be carefullv designed to balance of?f tho>
effects of increased boundarv laver growth and the requirerent
that throot diameter be small to avold pumping problems.

3) _There is tantalizinpg evidence that a parameter p 7
¢/k o pgd 2/ 111 provide correlation or scalirng wi h
revard to the onset of noble zas nucleation in Lival rocotle
;OUrcey .

“)  Cluster beam intensities (sctually cluster densities)
Yih cnowch to conduct clectron diffraction can be attaived in
4 size regzime of preat irtercot for study of the structure o
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the condensed phase and possible deviations from bulk matter.
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Table 1 Nozzle Geometrva

Jozzle

Mumber 4 11 12 13
Dy-cn 0.0053 0.0089 0.0089 0.0056
Dp-om 0.256 0.47 0.47 CLa?
L-cm o3 A.176 0 ¢ o, 1.3%6 1.283 .,
1, 0.00635 0.0058 0.009 0.0055
a, -0.0248 -0.0150 0.015C -.15102
as 0.1488 64,6518 -1.62C8 2,473
anq -0.1156 -43.562 23.0<2 -13.23182
13 0.0450 +130.334 -120.408 39.233 ‘
ag -0.,006137 -361.3%4 337.06 -63.936
a, 0 +378.88 -561.0 59.02¢
F ¢ -201.50 579,44 29,722
aj 0 43,006 -366, 6.0812
dn 0 0 129.404 0

3410 0 0 -19.6 0

a)

A best fit polvnomial equation of the form,

10
D{x) r‘iT;-o aix '

1o titted to measured contours with D and x in cm.
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Fig. 1 The experimental arrangement shows the nozzle and
stagnation chamber movable in xyz space with either a skimmer-
S or a pitot probe and transducer located downstream cf the
nozzle exit. With the skimmer in place and collimator C a | ]
molecular beam is crossed with a 40 keV electron beam which is F
trapped in a beam trap BT, Diffraction patterns are taken with
: a detector Det. The nozzle contours are shown in 1b with ,.r
additifonal details in Table I,
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Fig. 2 Typical nozzle exit Mach n.wbers obrained using Eq. (1)
are shown for nozzle 12 as the solid lines for Ar, Kr, and \e
and as dashed lines for Xe in nozzles 11 and 13. All
expansions begin from room temperature To = 295 K and Xo = .06
in a He carrier gas,
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Fig. 3 Molecular beam intensities Iy, are shown as a function of
distance from the nozzle exit to the skimmer, The location of
meximum beam intensity is indicated with an arrow.
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Fig. 5 Beam intensities as a function of p_ are shown as the
solid lines for nozzle 12 with x, = 0.06 and a lle carrier gas.
With a scale change to P, Pe/k, normalized to Xe, thc curves
for Ar and Kr move to the dashed lines as indicated by the
arrows,
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Fig. 6 Beam intensities as a functioen of Py are <own as tin
solid lines and as the dashed lines [.c¢ p D, normalized

nozzle 12 for Ar, Xy * 0.25 in a lle carrier nas,
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Fig. 7 Beam intensities as a function of p, are shown as solid
lines with the dashed curves shifted for the ordinate pyD,
normalized to nozzle 12 for Xe, y, = 0.06 in a He carrier gas.
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Fig. 8 The averauwe number of atoms per cluster g is shown a: a ‘
function of p_ for Xe, y, = 0.06 in a He carrier ras for
nozzles 11-13,
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