JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 22 8 DECEMBER 2001

SPECIAL TOPIC: HELIUM NANODROPLETS

Experimental studies of helium droplets

J. A. Northby®
Physics Department, University of Rhode Island, Kingston, Rhode Island 02881

(Received 5 July 2001; accepted 24 September 001

In this report | will review experimental studies of free helium droplets, with the exception of
spectroscopic studies of helium droplets that contain impurities. This particular topic, as well as
theoretical studies of helium droplets, will be reviewed separately elsewhere in this iss@801©
American Institute of Physics[DOI: 10.1063/1.1418249

I. INTRODUCTION My objective in this report is to review the evolution of
o ) experimental studies of helium droplets, with the exception
There are at least as many statedriori motives for  of spectroscopic studies of captured impurities, which are the
generating and studying helium droplets as there are experiypject of separate reviews elsewhere in this issue. The ap-
menters who have tried to do so. | would guess that moroach will be relatively noncritical. | will attempt to provide
often than not, however, the underlying idea has been simply gyide to past and present literature in the field rather than a
“let's see what happens—it's certain to be interesting, andjigactic presentation of our present understanding of the sub-
probably surprising.” The system surely has not disappointegect. Most of these studies, particularly the earlier ones, were
us in that regard. In the present context, by “droplet” | meanyngertaken with the goal of discovering the kinds of experi-
any condensed helium system characterized by the lack Qhental questions that could be asked of this very difficult
contact with any material body other than possibly its OWNsystem, rather than of answering questions that were well
vapor. The sizes accessible by various experimental techsosed in advance of the experiment. As a consequence, find-
nigues range continuously from levitated centimeter scalqﬁ,ng the threads which connect these experiments is not easy,
droplets containing yatoms to helium dimers in a molecu- pecause several of them are pretty short! | have chosen to
lar beam. Their description as a droplet is appropriate begjyvide them into three groups: First, there are those experi-
cause helium, unique among materials, has no triple pointyents designed to study droplets whose size is large enough
The liquid can coexist with its vapor all the way to absolutesg that in principle they could be seen in an optical micro-
zero. Therefore cooling by evaporation in a vacuum muskcope. Second, at the other end of the size range, there are
result in a liquid rather than a solid structure. Of course.experiments in which charged nanodroplets and clusters con-
there is the interesting question of what it means to be faining fewer than 100 atoms are produced by inhomoge-
liquid when the number of atoms in the system becomes venjequs nucleation in low temperature helium vapor. Finally,
small. It is an even more challenging question when thepere are experiments in which droplets are produced by ho-
droplet is charged and thus has a solid core. mogeneous nucleation in helium nozzle expansions. These
The problems in the case of helium are made even morgynge in size from dimer molecules up to micron scale clus-
interesting by the fact that there are two stable isotopes, on@ys. Most current interest appears to lie in this area, and the
a boson {He) and the other a fermior’ifie). These tWo  major part of this review will involve describing these ex-
systems have completely different characteristics at low temperiments. Within this latter group, | have divided the dis-
peratures. In the temperature range accessible by evaporati¥gssion by the particular techniques used to study the sys-
cooling, °He behaves in most ways as an ordinary fluid butiem_ Since in many cases several techniques are combined in
He enters a macroscopically ordered liquid state which ig single experiment this means that often a particular report
characterized by the property of superfluidity. This propertyj pe cited in several categories. | hope that this will prove
historically has been operationally defined by various relahe|pfu| to others who are contemplating the application of
tively macroscopic measurements. It will be very instructivegne of these methods in a future experiment. Finally, while
to learn what superfluidity means in a system so small thaghe words nanodroplet and cluster have been used often to
these conventional definitions cannot apply. The propertiegescribe particularly the smaller helium droplet systems, |

of superfluid helium are strongly influenced by the existenceyjj make no distinction among these terms in what follows.
of solid boundaries even for macroscopic systems, however.

This is particularly evident in the case of rotating systems.
Some of these and other related questions are beginning tb VERY LARGE HELIUM DROPLETS

be answered by experiment, but others remain wide open. | is highly likely that the earliest observation of helium

droplets was one described by Kamerlingh Onnes. In a Joule
dElectronic mail: jnorthby@uri.edu “free expansion” experiment which he perfornfeih 1908,
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several months before he first liquefied helium by the Joule-Hl. SMALL CLUSTERS FORMED ABOUT CHARGES IN
Kelvin process, he noted that when he carefully removegd H HELIUM VAPOR

impurities before expanding the gas, “a thin cloud appeared At the other end of the size range, nanodroplets have
and vanished extremely rapidlyn 1 [s] nearly. The mist  peen created by inhomogeneous nucleation about positively
now had another aspect.” charged particles in low temperature helium vapor, directly
Helium droplets large enough to be observed by opticaforming Herj , or (I)Heﬁ ions, wherel is an impurity.
means have continued to be a subject of active investigatioRattersol? first reported the existence of the Heon in
in recent years. In most cases the objective has been to levirobility studies at low temperatures and determined its dis-
tate the drops in electric and magnetic fields. In experimentagociation energy. He and Hg ions were found in mass
studies of the magnetic levitation of nominally neutral super-spectrometric studies of plasmas in isotopic mixtures of he-
fluid droplets by Maris, Seidel, and their collaboratdré, lium by deVries and Oskahi (at 80 K) and by Gusinow

formation has been accomplished by several methods. H&L al* (at 300 K. Dahm and Sandefsmeasured the effec-

lium mists were generated by rapid cooling of the experi-tive mass of the positive ion in He vapor at 4.2 K by ac-
mobility techniques and found a value of about 7m

mental cell, or by rapid pumping on the liquid below the o . et
Y Tapid pumping q Hensori® also found qualitative evidence for clustering in

trapping volume, and larger droplets were formed through - . .
bping 9 P g_dc-moblllty measurements in the saturated vapor. In a series

coalescence. Most of the time, droplets were introduced dl(—)f experiments, Akinci and Northby Pstudied the pressure

rectly through capi!laries, however. The size of the Qroplets(Plpsat: 0.1-1) and temperaturéi.3—4.2 K dependence
under study in their experiments was rather large, in the bt the jon droplet mobility. By modeling the scattering of
mm to 1 cm range, and they directed their interest primarily\,apor atoms from the charged droplet they showed that the
to visual studies of the oscillation dynanfidsand to the radius of the droplet ranged from 70t9 A (N
recombination of larger droplefs® Studies were also made ~32-68 atoms) and could be calculated correctly by the
of the laser levitation of helium droplets in the 10n size  classical thermodynamic formula of Thompsdn.

range® In this case the droplets were produced by using a  Kobayashi and collaborators have studied the formation
focused hemispherical piezoelectric transducer driver®f single shell cluster ionsN=<15) in a liquid helium cooled
strongly a few millimeters below the surface. A fine mist of drift tube at low pressures. They examined condensation
microscopic droplets was ejected from the liquid. Some werébout He ,?? other rare gas impurities, and various mo-
captured by the laser trap, where studies were made of thefgcular impurities:*#*They have made qualitative studies of
evaporation rate. They also mentioned that when the drivEe stability of these ions and, in the case of pure helium
voltage was further increased, it was possible to produce lons, have shown that there are large reductions in the stabil-

fountain of larger droplet$~500 xm) emerging from the ity between_N=3 and 4,N=10 and 11, and=14 and 15.
S : - The reduction between 3 and 4 also has been observed by
liquid at the acoustic focus. Most recently, Williams and

: . Hiraoka and Mor?® They suggested that these small single
coIIab_orator% have described a method of generatmg 2 SUshell clusters are solid, and proposed a geometric explanation
pgrflwd fog over a several cgnUmeter region py plrlvmg aof the special stability aN=10 and 14.
piezoelectric transducer plate immersed under liquid helium.
The particle size could be controlled by the acoustic fre-
guency, and ranged from 10 to 1@®n in their experiments.
The fog density ranged from i@p to 16 droplets/cr. The most common method used to produce helium drop-
Charged helium surfaces in a strong electric field carlets is through homogeneous nucleation in supersonic nozzle
become unstable and emit multiply charged droplets, as okexpansions’ Helium gas, initially at rest in a stagnation re-
served by Dahm and Boyf@.The characteristic size of these gion at a temperatur, and pressur®,, expands through
positively charged drops was believed to4800-600um,  an orifice into a differentially pumped vacuum system. The
although the droplets were not directly observed. Charge@xpanding gas accelerates and cools adiabatically. If its local
superfluid helium droplets with a characteristic size of 100thermodynamic state passes into the coexistence region be-
um also have been generated and dynamically levitated ugg_re internal coIhspns efft_ectlvely cease, phase separation
ing electric fields by Niemel& He utilized a method of will take place leaving a mixture of droplets and vapor. The

producing positively charged droplets for these experimentgnixture Is co!limated by a conical S_ki”?mer a_lnd a helium
. . . . cluster beam is forme® Beam formation is straightforward,
in which they fell from a sharp electrode which was supplied

e . but because helium is especially inert, the search for suitable
with liquid in a controlled way by a fountain pump. He also P y

ioned hod of produc o i of ch dexperimental methods of learning about this system has been
mentioned a method of producing a “fountain” of charge anything but straightforward. Early experiments were explor-

droplets by operating a field emission point just below theaiory and more often determined by what the experimenters
liquid surface. could measure, rather than what themntedto measuré®=°
While most of the above-described studies have inq phave organized this part of the review about the experimen-
volved droplets in the size range above 1Am  tal methods used to date, and will try to illustrate the devel-
(~10"atoms), this may not represent limitations inherent inopment of the use of each of them. It is safe to say that, with
the methods of droplet production, but instead, in the opticatwo exceptions, all studies involve causing the droplet to
methods that have been used to observe them. interact with one or more local probe particles or excitations,

IV. DROPLET NUCLEATION IN NOZZLE EXPANSIONS
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and then(usually studying the behavior of the combined isentrope and the nature of the phase separated system which
system. The exceptions involve experiments in which theaesults should depend strongly on where that isentrope
beam is modulated, temporally and spatially, by interactiorcrosses into the coexistence region. In particular, since the
with surfaces, and are otherwise nondestructive in naturestagnation entropy can be below the critical point entropy at
These have involved chopped beam time-of-fligh®OF) ex-  low temperatures, the system before separation is described
periments to measure beam velocity distributions, and morenore appropriately as @éuperheatedliquid than as asu-
recently, in combination with transmission diffraction grat- percooled vapor. The separation process then is better de-
ings, to measure the mass distribution of the smallest clusscribed as flashing or cavitation than condensatibmwill

ters. | will treat these methods first. Other methods all in-refer to clusters formed in this way as “fragmentation clus-
volve interaction of droplets with atoms and molecules, withters” in what follows) They divided the phase diagram into
electrons! or with photons, or with various combinations of three regimes:(I) where the isentropes cross the phase
them. As noted previously, this review explicitly excludes theboundary from the gas phas#l,) where the isentropes pass
method of spectroscopy of captured particles. The othetnear” the critical point, and(lll') where the isentropes cross

methods will be discussed in turn. from the liquid phase. They also pointed out the significance
of whether the phase boundary is crossed befsubsoni¢
A. Chopped beam time-of-flight measurements or after(supersonigthe system passes the nozzle. They dis-

&ussed their results in terms of this separation of the phase
diagram, but the boundaries were not sharp and the detailed
nections are a bit murky.

Harmset al*! extended these measurements to stagna-

The first experiment which detected condensation in
helium nozzle expansion, by Becker and collabordtoréin
1961, involved a mechanically chopped TOF measurement®"

Th ded heli th h i . " . . . . o
ey expanded helium gas through a converging £50 tion conditions which were in the immediate vicinity of the

diameter nozzle fromT(=4.2K andP,=0.98 bar and ob- itical boint. Th in obiecti f thi K find
tained a very narrow velocity distribution peaked at 165 m/sCritical point. The main objective of this work was 1o fin

The narrowness of the observed distribution could be ex—SUitabIe conditions for producing large slow droplets. They
plained only by cluster formatio® reported finding speeds as low as 45 m/sHge= 1.5 bar and

While several experiments have included provision forTo=3-5K. They also observed that there was a single cluster

measurement of the velocity, the only systematic studies O-‘FOF. p?ta" n thlst_reglon,ﬂl]) ut tthat tht(_ere V\;e;e demdzd almoma-
the velocity distribution in condensing nozzle beams over Ales In IS properties as the stagnation staté moved aiong an

wide range of source conditions have been those of Toennié§Obar pgssingl Very near the critigal point. In pqrticula_r, there
and collaborator&3036-4¥The central references are the pa- was a discontinuity in the velocity and a minimum in the

pers by Buchenaet al® and Harmset al*! In Ref. 30, the speed ratio at the critical point. They also mentionedéma} size
condensed nozzle beam was mechanically chopped and, anrép]easurements, Of. the type described by Lewgmrgl.,
a flight path of over a meter, the beam was crossed by an O.WGd that for this '§Ob&2'3 bay the cluster size increased
electron beam. The Hgions produced were mass analyzed rapidly with decreasingT, from ~10%atoms at 6.5 K to
and their separate time-dependent signals were correlate>ol105 atoms at 5.3 K.
with the chopper. The nozzle was in most casesuarssonic
nozzle which permitted using significantly higher pressures ) _ o
than noted previousl§8—20 bay. Temperatures were varied 5 'Ntéraction of cluster beams with transmission
between 5 and 20 K. At 20 bar and 20 K only one TOF peakgratlngs and surfaces
was observed, but as the temperature was decreased the TOF Schdlkopf and Toennie®* were the first to use nano-
distribution measured with He split into four separate structured transmission gratings to study the diffraction of a
peaks. These subsequently were interpreted as derived fronelium nozzle beam. They recognized that since the velocity
a beam consisting of an atomic componéht fastest and  distribution of nozzle beams containing atoms and small
two separate coexisting cluster components. The slowesfusters is very narrow, the deBroglie wavelength of a cluster
component consisted of the largest clusters, and was respowill be inversely proportional to the number of atoms it con-
sible for two of the observed TOF peaks in the detectedains. Thus each cluster size will diffract at different angles
signal. One involved charged and the other metastable excwhen it passes through the grating. They studied diffraction
tations. The intermediate TOF peak was assigned to Ay a grating with 200 nm period and clearly identified dif-
smaller cluster component. They presented measurements fofiction peaks corresponding to JHand He clusters. This
the pressure and temperature dependence of the mean speegk the first unambiguous proof of the existence of the ex-
and speed ratio of the separate peaks, where they could bemely weakly bound Hecluster/moleculgsee, however,
identified. In their data at 20 bar they identified three quali-Refs. 47—-49
tatively different experimental regimes: a high temperature  Luo, Giese, and Gentfy studied the transmission of
regime where only one TOF peak was present, a secontheams containing atoms and dimers through various nanos-
where a slower cluster peak could be identified, and a thirdcale sieves, whose hole sizes ranged from 98 to 410 nm. The
where two cluster peaks could be seen. The boundaries bdimers were presumed destroyed by contacting the surface
tween these regimes were not sharply defined, however. and since they were much larger than individual atoms they
The phase diagrathof bulk helium plays a very impor- were less likely to be transmitted by the sieve. By observing
tant role in their interpretation of the results. The local statethe relative transmission coefficients of the atomic and dimer
of the adiabatically expanding gas is expected to follow arcomponents they found the mean internuclear distance in
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He, to be 6210 A. This may be only an upper limit, could be made for the first time. They found, for both types
howeveprt52 of clusters, that the momentum of the scattering atoms geo-
Grisentiet al>35*carefully modeled the velocity depen- metrically intercepted by the clusters was not completely
dence of the effective He and Kslit widths found in dif-  transferred to them. They argued that this could be explained
fraction experiments from a 100 nm period grating. Theyby deep penetration of the impurity followed by anisotropic
extracted a value of 524 A for the molecular bond length, ejection of helium atoms. They also examined the possibility
and a binding energy of about 1.1 mK. that the low momentum transfer is a signature of the vanish-
Most recently, these diffraction studies have been exing viscosity associated with superfluidi/This is a bit of a
tended to study the tetramer cluster as W&tP The authors  puzzle, however, since there appears to be no major experi-
are now able to study the way concentrations of the threenental difference between the different isotofeShe final
smallest clusters evolve in a nozzle beam as a function of theet of experimenfs®® again involved Cs scattering from
source conditions. This essentially nondestructive methodlusters, but in this case they included a second surface ion-
opens up the possibility of making truly detailed studies ofization detector which allowed them to detect Cs anywhere
the onset of condensation and of providing experimentain the scattering plane. The only Cs they found, other than
tests of classical theories of homogeneous nucleation. that in the direct Cs beam, was in the precise direction of the
In another related use of their diffraction grating, cluster beam. Further experimetitmdicated that the cesium
Schdlkopf et al®® have shown that by rotating the grating moving in the direction of the clusters also had their precise
about an axis parallel to the slits, they could make a variableelocity. Thus they argued that the incident cesium was ac-
size cluster nanofilter which was capable of selecting andually bound in or on the clusters. A good overview of these
manipulating large helium clusters in the size range fromexperiments is given in the review by Gspann.
~10* to ~10° atoms. The results agreed well with previous The next series of particle bombardment studies has
mass distribution measurements at high and low temperdseen carried out by Toennies and collaboratoré®67-72
tures, but showed deviations to larger sizes for expansionshe evolving apparatus permitted several types of measure-
which pass near to the critical point. ments in a single device, but not all were used in each ex-
Finally, in the general context of surface interactions, theperiment. There was a standard helium cluster beam source
early surface reflection experiments by Gspann and Kfieg containing a 5um sonic nozzle(with an aspect ratio of
and the recent studies of the surface ionization of alkali=4%1%9 with T, andP, variable over a wide range. Beams
doped clusters by Stienkemeiet al*® also should be men-  of both isotopes of helium could be produced and mechani-
tioned. cally chopped for TOF studies. There were fmethods by
which the beam could interact with scattering atoms and
. molecules: there was a scattering chamber with collimating
C. Particle bombardment of pure clusters apertures through which the clusters passed, and which could

In principle, one of the most direct ways to probe themaintain a locally increased pressure of a scattering gas, and
structure and properties of helium clusters is to scatter atorrf§iere was a room temperature collimated atomic or molecu-
from them and observe the results. In actuality, it is quitelar beam which intersected the cluster beam at a fixed angle
difficult to extract the kind of information about the clusters in an interaction region 60 cm from the source. The detector
that one might wish from such experiments. The result isassembly could be rotated about this point, and had provision
invariably a convolution, involvinga priori unknown size for electron bombardment of either the cluster beam with
distributions, as well as unknown capture and detection promass analysis of the fragments, or of the gas particles when
cesses, which are all simultaneously under investigatiorthe detector was operated as a stagnatfmartia) pressure
Nonetheless, much effort has been expended on such studiggge. The first experiments, reported by Scheidemann
and much progress has been made. These studies have betal.®”®® described conclusive evidence of the stable cap-
carried out by Gspann and collaborators in Karlsruhe, and byure of several atomic and molecular species. In an experi-
Toennies and collaborators in @agen. mental study of the pickup of neon atoms tiyey clusters

The earliest studies of particle bombardment of heliumthey studied the dependence on stagnation conditions of the
clusters were those of Gspaehal>*~®® These studies have capture and detection of atomic Ne. There was a strong cor-
also been the subject of a more recent revigWhe first  relation with the stagnation entropy, which indicated that the
experiments®involved measuring the depletion of a beam process peaked strongly in the vicinity of the critical
of cesium atoms when it crossed a helium cluster beam. Gsentrope’? They suggested that clusters formed by expand-
had the advantage that it could be detected with a surfaceg through the critical point had different properties than
ionization detector. The extinction cross section for theothers’> The next experiment, by Lewereret al.*’ mea-
crossed beam was strongly influenced by the atomic backsured the deflection dHey clusters associated with capture
ground, however, and no detailed conclusions were drawrfrom the crossed beam of §kparticles with well-defined
These extinction experiments were later revisitedith momentum. The studied moderate sized2(x 10%) clusters
much improved collimation. The results led them to con-formed by condensation, and operated under single collision
clude that the incident atoms did not pass through the cluszonditions. By detecting the signal of the Sfn fragment,
ters. The next experimefit£254involved measurement of they were assured that all its momentum was captured by the
the deflection of the He clusters by a cross jet of Xe o,CO droplet’® Thus they could infer the droplet size distribution
Comparative measurements wifidey and 3Hey clusters  directly from the angular distribution of the deflected clus-
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ters. The size distributions measured in this way were logbombarding their neutral cluster beam with 190 eV electrons.
normal, with a half width comparable to the average sizeHe foundN/Z~1x 10° for his source conditions of4.2 K
Since they were not affected by the major fragmentation unand ~0.9 bar. The nozzle used in these experiments was
certainties associated with ionized cluster mass measureylindrical, with an aperture of 10@m and an aspect ratio
ments, they provide the best information about the size obf 5. Becker, Gspann, and Krighalso quote a size of 6.5
condensation clusters presently availaiflén a second pa- % 10f atoms measured by the same technique. The source
per, Lewerenzt al*® (see also commerits’) concentrated  contained a converging-diverging nozzle but no other infor-
on the process of multiple capture of foreign atoms as thenation was included about stagnation conditions.

cluster beam passed through the scattering chamber, and on The next description of positive helium cluster ions was
their subsequent coagulation inside the clusters. One maj(@ﬁven by van Deursen and RetsThey used a magnetic
conclusion(that of negligible fragmentation of embedded mass spectrometer to detect small charged clusters and stud-
foreign atom clusters upon ionizatipfollowed from their  jeq primarily the pressure dependence of their appearance in
observation that the size distribution of pure foreign atomye condensation threshold region. They measured sizes up
fragment ions agreed with the predicted Poisson distribution, He', at 7K and 1.5 bar with a @&m nozzle, but it seems

for multlple capturg. Another copclusmp was 'that only alikely that these fragment ions came from even larger neutral
fraction of the foreign atoms which collided with clusters parents

were captured and delivered to the detet@yen though all Gspann and collaborators, in a further series of
their energy and momentum had been delivered to the ClUSt%rublicationsf);g’gl_84 described measurements of Iarge,GHe

in the collision. Harmset al.”” have utilized scattering mea cluster ions of bottfHe and®He, whose sizes were in the

surements to determine the average densitiHaf, clusters. N~ 10°— 10 range. Evidence of large multiply charged clus-
The mean number of atoms in a cluster was measured b | B3Th q ing—di .
deflection experiments, as was done earlier. The integra{\érS was aiso presen “eySl:se ' a converging—-diverging
cross section for clusters was measured by the attenuation 8r zzle with a~100 um orifice,” which was typically held at
the direct cluster beam caused by secondary beam scatteri _te_mperature of 4.2 K fdtHe and 3.2 K for3He_. No _mfor— .
The cross section was calculated to be geometrical, with §'2tion about source pressure was given. It is quite certain
radius equal to the point at which the density has dropped tgwat'these cluste'rs' were formgd by condensation, however.
1% of the central density. The average density extracted fron} N MOst surprising observation was that there was a pre-
these data was significantly less than the bulk liquid density/€ed size of ‘minicluster ion” which was present after elec-
This density defect results from the diffuse surface profile 'on bombardment of large clusters. The mean size Was
and can be used as a measure of the thickness of the surfag@8 atoms for'He and 85 atoms fofHe. They ascribed the
layer. The results agreed well with theory, and suggested &jection of these ions to the release of electrostrictive polar-
surface thickness of 6-8 A. In a second pafehese stud- ization energy in the vicinity of an ion which formed near the
ies have been extended 3sle, clusters. Finally, Harms and droplet's surface, and they accounted for the sizes quantita-
Toennie$®”* have studied the transmission of quite largetively in an equilibrium model. While double ionization of
(N=1.5x10°) and slowly moving(=75 m/9 “Hey clusters the parent cluster had an effect on the yield, they rejected the
through a scattering chamber filled with eittiéte or “He  idea that Coulomb repulsion between charges in a doubly
gas.®He atoms were found to transfer a significantly smallerionized cluster played a fundamental role in their
fraction of their momentum and energy to the cluster tharformation®* More recently, Gspann and Ri&shave ex-
“He atoms. This was consistent with the idea that lower entended these experiments to study the formation of clusters
ergy *He atoms did not satisfy the Landau criterion for cre-as the source temperature passes through thant. In this
ation of excitations in the superfluitHey droplet and thus case, clusters are formed by condensation directly into the
were transmitted without loss of momentum and energy. superfluid phase. Most properties of the beam are continuous
at the transition. The sole exception is the total beam flux,
D. Electron bombardment of pure clusters which exhibits an anomalous behavior. The authors attribute

. L .. this to the formation of dmobile) film in the nozzle below
As noted previously, ionization of cluster beams is in-

volved in the detection process in the overwhelming majority **
of experiments which we will describe. In the following I

will discuss primarily those experiments which attempt to
learn about the nature of these charged particles and cluste
and not those that simply use them to detect the presence
neutral clusters.

Stephens and Kirfg formed cluster beams from both
isotopes of helium by expanding from 4.2 K and 0.53 bar
(for “He) and from 3.2 K and 0.73 bdfor He) through a 5

M pinhole. The beam was ionized by electron impact, and
the resulting H§ mass distribution was studied with a quad-
rupole spectrometer. They observed “magic number” struc-
1. Positively charged cluster ions ture in the mass range up k=50, with locally strong peaks

One of the earliest publications which describes the siz&t N=7,10,14, and 30 for both isotopes, which they attrib-

of helium droplets charged by electron bombardment is byuted to relative ionic stability. They also studied the region of
Gspanret al>’ In experiments involving reflection of helium condensation onset and found very significant isotopic differ-
clusters from surfaces, Gspaanhal. used an in-line acceler- ences. They suggested these differences originated in the fact
ating field TOF technique to characterize the mean size-tothat *He dimers are stable while smdlHe clusters are not.
charge ratio of the positively charged clusters produced byimilar studies of the small cluster ions formed from beams
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near threshold have recently been reported by Pedemontermination of their mass distribution as a function of source
et al® as well. conditions. They found that there was a sharp threshold for
The next experiments involvindHey, ions were de- the onset of large positive cluster ions, and that the mass
scribed in a series of papers by Toennies andlistribution at lower temperatures fell off exponentially at
collaboratorg?30:36-38.40.8%yhich have been mentioned al- large masses, extending to beyoNg10°. The threshold
ready in the discussion of TOF measurements. These expeorrelated well with a value of the source entropy of 6.4
ments permitted studies of the mass distribution and the agJ/kg K They also observed that the size distribution was
pearance potential of various separate small chargebimodal in the vicinity of threshold. The two coexisting
fragments as a function of the source conditions. If verygroups were assigned to condensation clustsrs 4 x 10%)
large charged fragments were present, however, they couknd fragmentation clusterd\(>4x 10%). The low mass cut-
not have been observed. When condensation clusters wee of the fragmentation group was unexplairiéd.
formed® by expanding along the same isentrope used by Fanik et al®® have compared the production of large
Stephens and Kin®, they observed a very similar “magic charged positive and negative ions from beams which were
number” structure. It also was comparable to the ion stabili-near or beyond the threshold for fragmentation cluster for-
ties found by Kobayashét al?> When ions were produced mation. By studying the electron current dependence of the
by bombarding fragmentation clusters, the;Hsignal (and ~ signal in a deflection energy analyzer they determined that
to a lesser extent |-Ie rose sharply from obscurity in the the measured size distributions were affected by multiple
mass spectrum. Appearance potential stdfflisiowed that charging of positive clusters, and most interestingly, that
He" and Hg were produced from fragmentation clusters atthere was a threshold size below which a doubly positive
a bombarding energy of about 20 eV, which was near th&harged cluster was unstable. They modeled this effect and
threshold for producing metastable helium atdie*). He; concluded that the observed thresholck Z0°, implied that
ions, on the other hand, required roughly twice that energysuch a cluster fragmented asymmetrically, with the smaller
lons produced from condensation clusters, however, requiregharged fragment having a size of roughly 50 atoms. The
an energy slightly greater than the atomic ionization thresheorrespondence of this size to that of Gspann's minicluster
old. Buchenauet al*® suggested that, when bombarding i0nS was noted, even though he explicitly argued against
fragmentation clusters, metastable excitonic states could agtich @ modet! _ _ B
as an energy storage mechanism and permit ionization by Theé most recent discussions of positively charged clus-
multiple electron impacts. Multiple collisions would be less (€S is that of Henne and collaboratdfs™ They described
likely for smaller condensation clusters, so energy storag€areful measurements of the size distribution of positive
would be irrelevant. HE production seemed to require two cluster ions produced from fragmentation clusters by com-

excitations produced by the same electron. It was suggestdtined deflection energy analysis and TOF measurements.
that the ion evolved from the combination of two excitons, or | "€ Most essential difference between these measurements

from a quartet hole—exciton pair which might lead to the@nd those carried out previouSty® was that increased de-
ejection of a metastably excited EHé fragment. The later tector sensitivity permitted orders of magnitude lower ioniz-
model was supported by optical fragmentation studies ping currents. This in turn eliminated multiple charging ef-

von Issendorffet al,” which showed that this ejected jon '€CtS: By assuming negligible mass loss upon ionization,
was indeed metastable together with an overall ionization and detection efficiency

Callicoattet al® have carried out very careful measure- proportional to the area of the cluster, they could extract the

ments of the small cluster ions formed by bombardment of same precursor neutral cluster distribution from both positive
beam condensation clusters. The mean size of the precurs@?d negative cluster ion distributions. They proposed a scal-
clusters was controlled and varied fra=600 to 15000 ing relation and use it to correlate the temperature and pres-

They observedHe;; ions out toN=135. They confirmed the sure dependence of the mean neutral fragmentation cluster
smaller “magic numbers” 7, 10, and 1'4 found by others andsize. The distribution itself decayed exponentially at large

emphasized the importance of thezHﬁEagment ion as well. masses, in contrast to condensation clusters whose distribu-

Additional structure was observed out to higher masses bdton 1 log-normat*
they did not indicate any significant peak ldt= 68, the lo- ) )
cation of Gspann® minicluster ion. They found that relative 2- Metastably excited cluster ions
ion yields became insensitive to the cluster size for larger Metastable excitation ofHe and®He nanodroplets by
clusters, and also found the electron energy appearanagectron bombardment was first described by Gsjafit.®
threshold for most small ions to be close to the ionizationExcited droplets were identified by their ability to release
potential for bare helium. The mechanism of formation ofsecondary electrons at the first dynode of an electron multi-
these cluster ions was discussed at length and it was argu@tier when incident at thermal speeds, and after a flight time
that they were ejected by a nonthermal process. Largesf about a millisecond after excitation. His principal method
charged fragments, if they were present at all, could not havef measurement was an in-line ion time-of-flight mass spec-
been seen. trometer. He was able to show that under his source condi-
Northby and co-workef&°° were the first to study the tions, clusters which were simultaneously positively charged
large cluster ions produced when bombarding fragmentatioand metastably excited had an average mass of 2.4
clusters. They utilized a stopping potential method which,x 10° atoms. He studied the dependence of these signals on
when combined with velocity measurements, permitted dethe electron current and energfrom 40 to 100 eV and
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extrapolated to find a threshold of about 26 eV for this speby the excitation and the charged fragments would be ejected
cies. The threshold seemed to imply that multiple electrorand not reach the detector.
impacts were required, but this assumption was insufficient A second apparatus described by Marghial>® permit-
to explain the experimental ratio of charged to neutral metated measurements of the angular distribution of the meta-
stables. He argued from experiment that the metastable strustable atoms and clusters created by bombarding a cluster
ture did not consist of widely separated oppositely chargedeam by electrons. They could see the expected deflection of
carriers but instead that the initial step in their formation washe metastably excited atomic component, and could resolve
the creation of an atomic 35 excitation in the liquid droplet. the undeflected metastable excitations associated with large
This precursor state was expected to evolve todai& clusters. An observed shift in the appearance threshold for
molecular state as observed in the bulk ligtfidHe proposed excitation of large clusters compared to that for excitation of
a model with which he could explain the electron energythe atomic component was attributed to the existence of a
dependence of the excitation probability of both charged andensity dependent barrier to inject electrons into the conduc-
neutral metastable clusters. tion band of heliun?®*°°For large clusters corresponding to
The next experiments which bear on the question ofupercritical expansions, the barrier was 1.03 eV, which cor-
metastable excitations of helium droplets were by Toenniesesponds closely to that measured in the bulk at ordinary
and collaborator&®*"3840%These experiments were largely density. For smaller clusters formed at higher source tem-
mechanical chopper based time-of-flight measurements of peratures, the shift was smaller. The authors suggested that
neutral*He cluster beam, followed by electron bombardmentthis indicated a lower density for these clusters.
and mass analysis of the resulting small charged fragments. Optical studies of metastably excited clusters have been
Their earliest experimentsshowed evidence for the exis- carried out by Northby and collaboratdf€ 1% Jiang
tence of a signal at their off-axis electron multiplier detectoret al!** formed a beam of long-lived metastably excited
which was unaffected by electric fields and apparently travclusters which, after a flight time of about 4 ms, passed
eled at the same velocity as the charged clusters. This wabove an electron multiplier. A background signal was ob-
attributed to a neutral electronically excited metastable clusserved which came from metastable molecules which entered
ter species. The reason that the signal was seen by the offie detector attached to clusters and then were spontaneously
axis detector was initially thought to involve light emission released. Next an infrared light beam from a tungsten fila-
as the excited clusters passed in front of the detectoment was passed through a monochromator and intersected
Later’®%0jt was suggested that detection was via surface ionthe excited cluster beam above the detector. The release rate
ization when excited clusters struck apertures near the deteicreased at certain IR wavelengths, which corresponded to
tor, or else via evaporating metastable fragments which coulthe rotationally broadenetk—a andb«a transitions of the
reach the detector directly. The bulk of the information ob-triplet helium molecule 433 ) in its lowest vibrational
tained in these experiments came from the study of the bonstate. Northbyet al1®® improved the resolution and found
barding electron energy required for the appearance of théhat both transitions could be quantitatively understood in
various cluster fragment peaks. One of the clearest but verierms of a highly nonthermal distribution of rotational states
puzzling results was that the appearance threshold foof the molecule(J=3-11 were missing One “mystery”
charged clusters occurred at about 20 eV, which correspongseak could not be fit by this assignment. It proved to have a
closely to the threshold for producing tH&, metastable different appearance threshold than the others, which was 1.3
atom, while the clusters identified as metastable did not apeV above the threshold for producing free atorf; exci-
pear until 26 eV, which is about the ionization threshold fortations. It was suggested that this was a measure of the extra
free helium atoms. This indicated that while metastablesnergy required one to leave the bombarding electron in the
atomic excitations were being produced in clusters at loweconduction bantf'*%° so that it could escape after creating
energies, this was not the production path for metastabléhe excitation. The threshold for the remaining signal was 0.8
clusters, which were evidently of a qualitatively different eV higher and indicated that the low vibrational states of the
nature. Based on results from studies in bulk helfiitwas  molecule have a different precursor excitation. Kémal 192
suggested that thtS, excitation evolved to a highly vibrat- next studied the photodetachment process by using a pulsed
ing He& molecule which was not trapped in the cluster. Onlaser diode to measure the energy with which the particles
the other hand, if an electron created an ion but did notvere released. They found that particles were emitted with
escape from the cluster and they subsequently recombinetiyo different characteristic energies, one thertaal K) and
the resulting excitation probably would not have been vibra-one much large(=0.1 eV). They suggested that the low
tionally excited and thus be easier to bind stably to the clusenergy group came from molecules directly detached from
ter. One other significant source of information was a studythe cluster in the excitation event and the energetic group
of the attenuation of the metastable cluster signal by passingom those which first entered a bound excited state with
the cluster beam through a scattering box containing lowother particles before decaying. Measurements with a sepa-
pressure argon gas before ionization. Even though these werate temperature tunable laser diode permitted one to resolve
very large clusters, the metastable signal was strongly attentwo of the rotational lines. They indicated that the peaks
ated. It was suggested that the argon atoms were captured laere only slightly blueshifted~0.3 nn) from their vacuum
the clusters, and that the impurity then “poisoned” the clus-values but were asymmetric with significant high energy
ter with respect to its ability to carry a long-lived metastabletails. This suggested strongly that the molecules reside on the
excitation. The impurity would be quickly Penning ionized surface.

|98
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Henne and Toenni&have studied the energy threshold however, and corresponded closely to the entropy at the bulk
for metastable production in their high resolution electroncritical point. This and other experiments showed that nega-
bombardment apparatus. They have identified three threshive cluster ions were formed preferentially from larger clus-
olds: that for creating’S; excitations from bare atoms at ters. In fact, the ion current proved to be an approximately
19.82 eV, that for creatingS, excitations near the surface of universal function ofS,. It was suggested further that this
a cluster(in which the electron’s final state is outside the was a characteristic of the mass distribution itself, but later
cluste) at 20.07 eV, and that for creating the same excitatiorstudies by Knuth and Henfreindicated that this was an
in the interior (in which the electron’s final state is in the artifact. The deflection method showed that the mass distri-
conduction bandat 21.22 eV. The latter threshold was in bution decayed roughly exponentially for large masses, and
reasonable agreement with earlier measuren€nfé.The  most importantly, had a threshold size M&5x 10° below
difference between the last two thresholds, 1.15 eV, wasvhich no negative clusters were seen. While this threshold
taken as the energy barrier for injecting electrons into hewas about the size predicted for binding a surface electron,
lium. It was in excellent agreement with measurements irfurther experiments showed that the ions were much more
bulk helium?**°° which indicates that the density of large stable in electric fields than expected for a surface electron
clusters is essentially the same as that of the bulk. Theistate!'? Consequently they suggested that the structure was
electron attachment measurements indicated that sharp ian electron in a bubble state, bound in the interior of the
creases were associated with thresholds for creation of vargjuster by the polarization force.
ous other singlet and triplet excitons in the cluster, which  The next experiments by Jiareg al1% involved a de-
allowed them to study these higher energy neutral excitationgection energy analyzer combined with a TOF velocity mea-
as well. surement which enabled them to study the threshold behav-

Most recently, Northby and collaborato?$'®have car-  jor in more detail. They found that with a flight time after
ried out detachment spectroscopy measurements with a cajgnization of~4 ms, the threshold size of the observed nega-
ity tunable diode laser which permitted complete resolutioniye clusters was somewhat less thax 20°, but most inter-
of the various rotational lines and the associated structurgsting was the fact that there was a sharp mass peak at
induced by the interaction of the metastable molecule With:hreshmd whose SiZG,>Q105, was independent of the source
the helium surface. All peaks were uniformly asymmetricconditions. They interpreted this in terms of a model involv-
and blueshifted by 2.7 citt from their vacuum values with  jng the dynamics of the conduction band instability leading
the exception of°(1) andR(1) at~2.4 cm *. The latter o capture and bubble formation. Alternative explanations
peak was also split into three resolved components by thgroposed by othe?$ will be discussed in the following.
surface interaction. The previously noted nonthermal initial sjnce the binding of an electron in a bubble state to a
state distributiof® was confirmed, as was the shift in ap- groplet must be at best metastable, it is important to show
pearance potential for these lines. They argued that the prenat the lifetime of such a state can be longer than the dura-

cursor state is the %, atomic excitation. tion of the experiments described aboive4 ms, and that
. . the stability in applied fields should be high enough to ex-
3. Negatively charged cluster ions plain the observed lifetin® in excess of 0.1 ms in 1000

The existence of negatively chargéHie clusters was V/cm. Such a model was proposed by Northétyal,'% in
first reported by Gspant?® He utilized an in-line time-of- which it was shown how one could extrapolate measure-
flight method and found that negatively charged clusters witiinents of the escape of electrons through a plane surface as a
masses greater thanx2L0° atoms could be detected in his function of field and temperature to the case of liquid drop-
apparatus. The mechanism which binds an electron to sudgts. Their conclusion was that the structure should be very
structures is not obvious, however. There is no stable He stable at the expected cluster temperature, and that it would
ion, and thus the attraction must be a many particle effectrequire a field of several kV/cm to detach the electron on the
There is a weak binding of an electron to a planar heliumexperimental time scale of a few milliseconds.
surface which is well known from studies on bulk helium, It had been recognized from the start®®1%that if the
and it had been predicted that similar surface states shouldterior bubble electron model were correct for the structure
exist on clusters, as long as they were large endfigh. of the negative ion, the ion should be optically active and
Gspann interpreted his observations in terms of this exterioreadily detectable by electron detachment spectroscopy. Con-
electron model. sequently an infrared light beam froa 1 kWtungsten bulb,

The next observations concerning negatively chargedestricted in wavelength by optical filters, was arranged to
clusters were reported by Northby and cross a negative cluster beam above a channel multiplier
co-workerg?®90108-111 Their first experiments, by Jiang which was biased to detect detached electrons. It was seen by
et al.¥¥%%involved the measurement of the energy of largeKim et al!'° that even with the light turned off, there was a
charged clusters, both by an in-line stopping potentiakignificant spontaneous detachment signal, however. This
method and by a deflection method. They found by the firstvas consistent with the idea that the structure was meta-
method that, as for positive clusters, the threshold for thestable, but in retrospect it was certainly to large to be ac-
production of negative helium clusters depended on the stagiounted for by the above-described motf8When the light
nation conditions only through the stagnation entr@@y  was turned on and restricted by a filter to wavelengths longer
and not onP, andT, separately. The threshold entrof®5 than 800 nm, the counting rate almost doubled. This was
kJ/kg K) was somewhat lower than for the positive clusters,consistent with the idea that IR optical transitions in the
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bubble potential could lead to detachment of the electromld of 1.29+0.05 eV was discussed in terms of the energy
from the cluster. above the conduction band necessary to form a “proto-

A more detailed study of the electron detachment specbubble,” which has been proposedas the precursor to lo-
troscopy of negative cluster ions was reported by Kimcalization of the electron in a bubble state. These
et al*** Among the results found using filters were that theexperiments'® further supported the structural model of the
spontaneous signal came preferentially from small clusters)egative cluster as an electron trapped in a bubble inside a
while the light induced signal came predominantly from droplet(which the authors characterize as an electron “bal-
larger ones. Further, it was found that the optically detachetbon”!). The size distributions found here have been dis-
electrons were more energetic than the spontaneously reussed further in additional papers by Knuthal*>®° (see
leased ones. Finally, it was found that while there was somelso references Refs. 49 and 117
optical signal for wavelengths between 2.5 anguf, the One of the most fascinating studies of negative cluster
majority of the signal lies between 0.8 and 6. An at-  behavior has been reported recently byrrfia et a3
tempt to measure the wavelength dependence in more detdihey studiedf® the rate of electron detachment from both
by use of a monochromator indicated that the optical signafHe and*He as a function of both cluster size and applied
had a broad peak at 1/6m. These results are all understand- electric field and found huge differences between the behav-
able in terms of the electron bubble model and strongly supior of the two isotopes. The thermal equilibrium model dis-
port that identification, but detailed understanding of thecussed previoust)® would not predict any such qualitative
peak at 1.5um is lacking. It was noted that the transition to isotopic differences in the stability. They found, for example,
the conduction band for an electron confined to a well ofthat the lifetime for small clusters drops precipitously in the
radius 18.7 A and a depth of 0.7 eV would peak at ars,  observed threshold region, making it highly likely that these
but other bound state transitions could equally well play ahresholds result from stability considerations and not forma-
role. tion dynamics. They also found that, in the absence of an

The next and most recent generation of experiments inapplied field,*Hey cluster lifetimes lie in the range 1-200
volving the negative ion were performed by Toennies andns while®Hey cluster lifetimes were>2 s. In a field, how-
collaborators 94113114 he first paper by Falk et al®3dis- ~ ever, in some circumstancébley was the more stable spe-
cussed the electron impact charging of both positive an@ies. They attributed this asymmetry to the idea thattie
negative ions. Their principa| observations Concerning negdjl'oplets the electron bubble was unable to thermalize, while
tive ions were that the measured size distributions fit a login *He droplets it could, and they presented a lifetime model
normal curve, that in contrast to positive ions the shape opased on this hypothesis. Since a charged particle should
the curve was independent of bombarding electron curren€ouple strongly to the surface mod€swhich are the domi-
and that this and other observations indicated that in th@ant excitations at the expected cluster temper&tdt it is
range from threshold up to about®toms the clusters were Very hard to understand why they are unable to equilibrate
singly charged. They applied the above-mentioned lifetiméVhile the more weakly interacting captured impurities
modef to argue that in this size range, if two electrons areclearly can'?® There is one case, well known from bulk he-
in a single drop one will detach rapidly on experimental timelium studiest?!in which charged particles in helium are slow
scales. to thermalize, and that is when they are attached to quantized

Undoubtedly the most detailed experiments concernin%ortidty- Perhaps the origin of this asymmetry lies in a simi-

. . in4 22

electron capture by clusters were described in an excellef@’ effect in“He droplets:
paper by Henne and Toenni¥sTheir apparatus contained a
well-calibrated high resolution energy source for electron
bombardment studies, with provision for detection of posi-
tive, negative, and metastably excited clusters. It also con- The earliest experiments that studied the capture of im-
tained a deflection energy analyzer and TOF capabilitypurities by helium clusters and the ion fragments produced
which permitted measurement of cluster mass spectra. Thelty electron bombardment were described by Scheideman
measured negative cluster ion size distributions were clearlgt al.®”*?3and by Toennieé’ They crossed a room tempera-
exponential for large masses. They fouifidr a 1 msflight ~ ture Ne atomic beam with a chopped helium cluster beam
time after ionization a threshold size oN=0.75<10° be- (24 bar, 10 K and observed Ng Nej, Nej, NeHg|,
low which no negative clusters were seen. They also found &le,Hey; , NesHey , etc., synchronous with the cluster beam
mass peak in the threshold region as noted previdd8ly. fragments, in their mass analyzer. This provided the first un-
They reported seeing a similar peak in the positive ion disambiguous evidence of stable capt@@ad multiple capture
tribution, however, and thus they attribute it to a bimodalof foreign atoms by helium droplets, as well as for clustering
distribution of the precursor neutral cluster masses. Evidencef foreign atoms within the droplet. The ease with which
for two kinds of clusters was found in earlier measurementsnany other particles also could be captured in various ex-
of cluster velocity distribution® in which case the velocity perimental configurations was also mentioned. They moni-
distribution was bimodal as well. Henne and Toennies studtored the easily resolvetfNe" signal as function of source
ied the bombarding electron energy dependence of the chargenditions @,,Ty) and found a highly structured depen-
ing process and found several peaks, the higher ones corrdence. For fixed  they found no observable signal for low
lating well with the simultaneous production of metastablepressures. The signal then increased rapidly, passed through
excitations in the cluster. The lowest energy capture thresta maximum, and then dropped to a much lower value and

E. Electron bombardment of doped clusters

Downloaded 10 Oct 2007 to 131.128.120.114. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



10074  J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 J. A. Northby

leveled out. The maximum in thePg,T,) plane coincided Janda, Callicoatt, and collaborators have studied experi-
rather closely with the critical isentrope. The initial interpre- mentally and modeled the ionization process for NO,
tation was that thé’Ne™ signal was a measure of the capture Ar,*?® Ne,'?° and X&*%in helium clusters whose mean size
probability, and that clusters formed in expansions thawvas varied in theN\~10°~10* range. Their central measure-
passed through the critical point were better able to capturenent was of the pickup cell pressure dependence of the vari-
foreign atoms than others. As was soon realiZédhe pro- ous ion fragment currentéincluding the pure Hg frag-
cess is much more complex, and the overall probability thamen). They found that the above-presented picture is correct
an impurity ion will appear at the detector also dependsn its general form, but significantly different and more com-
strongly on the details of the ion—molecule reactions whichplex in its details. The hole hopping takes place over a much
lead to the ejection of the impurity fragment. Toenffes shorter distancéfewer hop$ than supposed previously, be-
notes, for example, that if one assumes ionization of an imfore localizing as a He ion and ejecting a He fragment. If
purity in a cluster is the same as if it were free and calculatethe impurity is encountered before this, the probability of
the sticking coefficient implied by the data, it 381! This  charge transfer, as well as the resulting fragmentation distri-
clearly implies that the ionization is enhanced by the presbution, depends strongly on the particular impurity. For ex-
ence of the cluster. He suggested that ionization or excitatioample, charge exchange to a Ne atom is quite efficient, but
of helium atoms, followed by either Penning ionization of fragmentation always leads to NeHeand never to Ng,
the impurity by metastable excitations or charge transfewhich appeargonly weakly as a fragment of a cluster con-
from helium ions, could be responsible. taining several Ne atonts: They also not¥® that the “cag-
Scheidemaet al'?*made the first major effort to under- ing” effect indicated by the appearance of the;SfFagment
stand the ionization process in detail. They utilized electrorion in earlier experiment$* may have been an artifat¥
bombarded SEdoped clusters which produced SeveraﬁSF While it is not directly relevant to the formation of posi-
and S$,F. ion fragments in their detector. Most interestingly, tive fragments, it is worth noting that captured impurities
they observed the %’Fion' which is not norma”y produced also have been shown to affect the abl'lty of a droplet to
from electron bombarded free SFnolecules. By studying Carry metastable excitatiotfsand easily detached negative
the electron energy appearance threshold, they showed theharges”
the ionization mechanism corresponded almost entirely to
charge transfer from positive holes. While some indications
of excitonic Penning or direct ionization processes wered- Photon bombardment of pure clusters
found, they were 1Dtimes smaller. They argued that the  |n order for photons to interact with pure clusters, it is
motion of the hole after its creation was initially by a reso- necessary for them to have sufficient energy to create a lo-
nant “hole hopping” process first discussed by AtkifS. calized electronic excitation of some sort. Given the tightly
They estimated that the hole will travel a distances<00  pound ground state of the helium atom, this implies energies
A, corresponding to>10* hops, before localizing and form- in excess of~20 eV, and thus synchrotron radiation is ap-
ing a He ion. If it finds the impurity before this, the charge propriate. Such studies have been undertaken at HASYLAB
should transfer and ionize it. The hole and the impurity parby Moller and collaborators, and at BESSY by Ding, Toen-
ticle(s) are both driven toward each other and toward thenjes, and their collaborators. The work carried out by the
cluster center by polarization forces, making their meetingHASYLAB group >*~**"involved the study of the fluores-
more likely. They also discussed the ionization process, andence radiation emitted after excitation by a photon in the
looked for an explanation for the matrix, or cage, effect20—-30 eV range. The first experiments, reported by Joppien
thought to be responsible for the anomalous appearance ef al,'*****concentrated on the fluorescence excitation spec-
SF; . They suggested that the ionization process in clustersum of *Hey clusters formed in a nozzle expansion. In an
may be particularly “gentle.” apparatus described by Karnbaehal,'** they crossed the
Lewerenzet al*® also provide further discussion of the synchrotron radiation beamline with a cluster beam and mea-
ionization process as a part of their study of the process cdured the total luminescence as a function of the incident
impurity capture by helium clusters. They make and supporphoton energy. This was taken to be identical to the cluster
the assumption that there is negligible fragmentation of theabsorption coefficient, and was studied as a function of clus-
neutral impurity clusters coagulated inside the helium dropier size. Two rather broad and shifted peaks arising out of the
lets upon ionization by a positive hole. atomic 1s—2p and the(forbidden 1s— 2s transitions were
More recently, Scheideman, Kresin, and Hé%studied identified, as well as a broad feature above 23 eV of unclear
the ionization of captured lithium impurities in electron bom- parentage. They conclude that the normal exciton descrip-
barded helium clusters. They determined, by a study of thé&on, which works in other rare gas solids, appears to fail in
electron energy threshold for the appearance ¢f hhd the case of helium. In the next series of experimghts®
LiHe*, that in contrast to the above-studied species, the ionthey studied primarily the spectrum of the visible and IR
were formed primarily by Penning ionization by metastableluminescence that followed cluster excitation by the incident
helium atoms. Since alkali atoms are expected to be in suphoton. Most emission lines observed correspond exactly to
face states, and metastable excitations are also expectedhelium atomic and molecular lines measured in the gas
migrate toward the surfacén contrast to holes which are phase. Thus they must arise from atoms and molecules which
driven toward the centgthe difference seemed quite reason-are ejected from clusters as a relatively prompt product of the
able. excitonic relaxation process. As the clusters increased in size,
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the molecular lines predominated over the atomic lines, angrobably from the TOF measurements described in the pa-
there was also evidence for nonsharp luminescence from irpers by Buchenaat al3® Scaling arguments to relate cluster
terior states. For higher excitation energy they observedsizes produced in different size nozzles have been presented
quite unexpectedly, atomic and molecular lines from the tripby Knuth4°
let system as well. These could not have been created di- When the stagnation entropy lies at or below the entropy
rectly, but evidently when the initial excitonic state permitsat the bulk critical point, a new mechanism for cluster for-
autoionization, nonradiative recombination processes camation becomes possible. In this case the thermodynamic
lead to system crossing. trajectory crosses into the two phase region from the liquid
The group at BESSY? has studied the photoionization side, and it becomes possible to form clusters by fragmenta-
of clusters illuminated by synchrotron radiation as a functiontion of the liquid phasé*' After fragmentation, the vapor
of photon energy and cluster size. They measured the madsction (fed by evaporation from the fragmentation clusters
spectrum of small cluster ions produced by photons whoseontinues to expand and eventually another group of clusters
energy exceeded the bare atom ionization threshold. Thegre formed by condensation from this component. Whether
found distributiongincluding magic numbers 7, 10, and)14 the properties of these secondary condensation clusters join
which were nearly identical to those obtained by electroncontinuously to those formed in subcritical expansions is an
bombardment. They also observed the production of smalbpen question. There is a significant region in which the two
cluster ions(with the exception of bare He even for ener-  kinds of clusters coexist. The best experimental information
gies below threshold. This must follow from excitation of about the velocities in supercritical expansions is again con-
autoionizing excited states. The observed threshold for thigained in the papers by Buchenatial®® The most recent
process was equal to the energy required to excite thexperimental information about the size of fragmentation
(3p)P state of the free atom, which agreed well with ex- clusters is contained in the papers by Henne and
pectations. Much larger cluster ions were also observed, antbllaborators*9
proved to be the principal charged component originating It is clear that there is a sharp distinction between con-
from large neutral clusters. Finally, they were able to showdensation clusters and fragmentation clusters. Under circum-
experimentally that the dominant decay process followingstances in which they coexist, they are clearly distinguish-
excitation was fluorescence emission, in agreement with thable by their average size, and usually their mean velocity. It
assumption made by Joppienal*® and noted previously. is also clear, however, that their size ranges overlap. | think it
is a valid question whether clusters of the same size, but
V. CONCLUSIONS formed through two very different processes, are in the same
internal state by the time they are available for study on the
typical experimental time scale of a few milliseconds after
rmation. At first glance it would seem that they have to
Ejg—cooling is certainly by evaporation, and the temperature

While the picture is not totally clear, let me summarize
my present understanding of the properties of nedirs,
cluster beams formed through homogeneous nucleation i
nozzle expansions. As the source pressure increases or t

temperature decreases for a fixed nozzle geometry, the Ong(%ached by evaporative cooling is expected to be indepen-

of condensation proceeds through the growth of small clus- nt of the initial size and intemal state on this time

62,119,142 4 H
ters includingN=2 as a precursor. The best current informa- le:- The conditions under which they are formed

tion about the onset region comes from the transmission grat?hre really qm:e different, howevir, i ||nternal state ?S
ing interference  experiments of Toennies and ey evaporaleé may remain so. AS an examplé, Suppose clus-

collaborator$*55 As the source entropy continues to de- ters formed by fragmentation have a different angular mo-

crease, one may consider that the gas accelerates and CodLgentum distribution than those formed by condensation, so

with its local single phase state following a line of constantt at they are more likely to contain vortex fragments after

entropy until well after the state crosses the equilibrium co-the.y COOI. throu'gh the Iampda point. Itis known t'hat. in bulk
I%ehum with solid boundaries vortex states are ubiquitous and

existence curve into the metastable two phase region. Th difficult to cl ¢ Perh th " ist i
thermodynamic trajectory in this case crosses the phas\éery imcult to clear out. Ferhaps they will persist in evapo-

boundary from the vapor side. At this point, nucleation andratiyely coo_led dropl_ets as well. There is no clear ex_perimen-
growth of clusters takes place. These clusters can be charatt()é’l-I |n_format|on on this point, to my knowledge, and it would

terized by their size distribution, and by their velocity distri- e nice ta have some.
bution, which is very narrow. The velocity is determined by
the initial enthalpy in the stagnation volume and by the in-ACKNOWLEDGMENTS
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