ION CAPTURE IN HELIUM DROPLETS:
FORMATION OF COLD ION-NEUTRAL
CLUSTERS

Travis M. Falconer

A dissertation submitted to the faculty of the Uniwtgref North Carolina at Chapel Hill
in partial fulfilment of the requirements for the degrof Doctor of Philosophy in the
Department of Chemistry.

Chapel Hill
2008

Approved by:
Gary L. Glish

Royce W. Murray
Mark H. Schoenfisch
Christopher J. Fecko

Jeffrey S. Johnson



©2008

Travis M. Falconer

ALL RIGHTS RESERVED



ABSTRACT

TRAVIS M. FALCONER: lon Capture in Helium Droplets: faaation of
Cold lon-Neutral Clusters
(Under the direction of Roger E. Miller and Gary Li<B)

Superfluid helium nanodroplets are used to cool ions amd ifmn-neutral clusters
at a temperature of 0.37 K. A desolvation technique was @j@elthat allowed for the
study of captured ions by mass spectrometry. From the spassrometry results it was
determined that helium droplets may successfully captodais cations with kinetic
energy of ~200 eV. Clusters of the neutral moleculg3,H\;, and HCN with Nawere
observed. Based on binding strength considerations,atgised that the desolvation
process imparts little energy into the ion-neutral @rsstavoiding dissociation. This
result leads to the conclusion that ion-neutral clsséee formed within the droplet prior
to desolvation, indicating that the helium “snowbéiiat is assumed to form around Na
does not prevent ion-neutral cluster formation. Thisctusion is supported by ab initio
calculations, the results of which indicate the presedarrierless pathways for neutral
molecule insertion into the helium snowball surroundita).

The process of ion capture by helium droplets was studyedomparison of
measured ion-doped droplet size distributions to known prezapture droplet size
distributions. The measured ion-doped droplet size digtoibs were affected by nozzle

temperature, ion kinetic energy, and ion mass. Thasers primarily affect two



parameters of the ion-doped droplet size distributio® thinimum droplet size
threshold Nir, and the droplet size at maximum signal intendy,,. The effects of the
studied factors on the measured distributions cannot baieeg in terms of currently
accepted droplet cooling mechanisms.

Analysis of the results suggests that droplet doping efiigi€an be improved in
several ways, including a higher flux of lower-energys. An apparatus for the
production and focusing of alkali cations at high fluxes and dmergies is described.
This apparatus was able to produce higher ion currents at kingtic energies than

previous ion sources.
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CHAPTER 1

INTRODUCTION

1.1 Influence of lons

lons play a crucial role in many processes, from thgelst to smallest scales.
They are central to the chemistry that occurs in steédlar space, the atmospheres of
planets, and throughout biology. For example, in stedlar space, ions exert control
over the formation of stars.[1] lons are also presethe atmosphere of the planets and
moons of the solar system. These highly reactive @amsproduce or destroy neutral
molecules to affect the composition of the atmosploéra planet.[2] In Earth’s lower
atmosphere the number density of ions, *%a@’, is much lower than that of neutral
molecules, ~18/cn?, but the role of ions in atmospheric chemistry is ingat due to
the enhanced rates at which many ion-promoted reactiategu relative to neutral-
neutral reactions.[2] Similarly, ions are important iolbgy and medicine due to the
physiological roles that they play, such as maintainsmmatic equilibrium and exciting
nerves and muscles. Many of the biological functiohsions are determined by
competitive solvation processes. Due to the importaiddese processes, they have
been thoroughly investigated and constitute an area of exumardterest in ion

chemistry.



1.2 lon Solvation

Although ion solvation has been studied extensively,omtioues to receive
attention as the methods for studying such processesvepral the importance of these
fundamental interactions is realized. Systems aglsiras the solvated proton are the
focus of intense research.[3,4] Of coursé, isl not the only ion of interest. Alkali
cations have been the subject of many solvation studies.closed-shell nature of alkali
cations restrains the reactants to the ground electrstaie.[5] Thus, the primary
interaction between the ion and the solvent is edstdtic, which allows for detailed
examination of the relationship between ion-solvent awmldest-solvent interactions.
Such studies have revealed size-dependent solvation chrestacs. For example, the
relationship between catianinteractions and hydrogen-bonding of the solvent has bee
studied by binding of Naand K.[6,7] In this elegant work, it was found that water
molecules bound to Kcould be displaced by benzene molecules, whereas water
molecules bound to Naould not. These findings have led to the proposalaiécular
recognition methods based on size-dependent ion binding.

Size-dependent ion recognition based on catidnnading is thought to be the
means by which some selective ion channels operate.[8]suth a channel, ;B
molecules bound to Kwould be displaced by the interaction of the ion with #h
electrons of the aromatic side chain of a pore protesidue and the Kcould pass
through the channel. 2@ molecules bound to Navould not be displaced and in this

way the channel would not allow passage of the smisdér



1.3 Gas Phase lon Structure

The importance of ions in biological systems stemsftbe ability of a bound
ion to alter the structure of a molecule, which, imfutan alter the reactivity of that
molecule.[9,10] The binding of ions has been establisheddlg important as other
noncovalent forces, such as hydrogen bonds and g#delst in determining the structure
of peptides and proteins.[9,10] It has been found thatiprgeometry is stabilized by
interactions of cations with the aromatic side chahgarticular amino acids.[9,11]
Detailed evaluation of these interactions is difficuro access the specific interaction in
guestion, the large, complicated problem must be brokem diolw its constituent parts.
To study catiore interactions, the binding of a cation to a single anaiainl is analyzed.
This is simlar to the approach taken to study ion sawain which the binding of an ion
to a single solvent molecule is analyzed. Studyingtehs with additional solvent
molecules allows the examination of the relationshifwben ion-solvent and solvent-
solvent interactions. The desire to isolate ion-md&eclusters makes the use of gas
phase techniques the preferred approach.

The ability to isolate the ion cluster of interess&a on the mass-to-charge ratio
has made mass spectrometry a popular method for studyihgspacies. High-pressure
mass spectrometry was used to determine the enthalpgrémagpy of solvation of alkali
cations as a function of the number of solvent moés{d2,13] Advances in mass
spectrometric instrumentation led to the developmemntaihy techniques for studying
the chemistry of ions, such as collision-induced dissima, photoelectron-photonion
coincidence, and others.[14] However, the nature ointioeermation provided from these

methods is primarily thermodynamic. The role of ioins molecular recognition



processes, particularly in biological systems, hasltexsun the need to push beyond
thermodynamic studies into structural determinationAlthough very useful in
determining the sequence of large peptides and proteins, Spasgsometers alone are
limited in their ability to provide detailed structural infieation of small molecules, such
as differences between stereoisomers. Informatidhi® variety can be obtained using
infrared (IR) spectroscopy.[5]

Infrared spectroscopy of ions is inherently more difficthlan that of neutral
molecules. An IR spectrum of a neutral molecule psclly obtained by measuring the
difference in intensity between radiation from a lightirce and radiation passed through
a sample. A decrease in intensity of radiation padsedigh the sample is indicative of
absorption. Observation of decreased optical intgngguires a large number of
absorbing molecules. Unfortunately, the electric charfyéns results in Coulombic
repulsion, which places an upper limit on ion density of %et’.[15] Over the
pathlength of typical mass spectrometers, this numbesitgés a factor of 1ticnt lower
than the minimum necessary for detection of dirdztogption. Therefore, a highly
discriminating detection scheme is necessary forRhepectroscopy of ions. A scheme
often employed is action spectroscopy, in which the gitisor of photon(s) by a gas
phase ion results in an observable change, such atdhgecin mass that accompanies

dissociation.

1.4 Multiphoton Techniques

The most common form of action spectroscopy used udysions is infrared
multiphoton photodissociation (IRMPD). In IRMPD, thlesorption of infrared photons

causes dissociation of the ion. Plotting the waveledgpendent decrease of parent ion



abundance, or increase of product ion abundance, r@salts|R spectrum. This form of
spectroscopy has been used with success, but there larsigstificant challenges

associated with the spectroscopy of ions, many of whiehdae to the absorption of
multiple photons. Although many van der Waals complexefound weakly enough to
require absorption of only a single photon to effectsalisation, many require the
absorption of multiple photons. Such systems includeiadkéibnized biomolecules[16-
18] and tightly bound ion-solvent systems.[5]

The absorption of multiple photons by a limited densityons requires tunable
IR sources with extremely high fluences.[19] A high floe of tunable IR radiation is
achievable at dedicated facilities such as the free eftetdser for infrared experiments
at the FOM-Institute for Plasma Physics Rijnhuizen[20fhoough the use of two lasers.
In a two-laser experiment, one laser is a tunable $Br lvith low fluence and the other is
a non-tunable laser with high fluence. The frequenctheflow-power laser is scanned
and if a photon is absorbed the high-power laser canecadissociation of the
vibrationally-excited ion.[21]  Advances in optical pardnee oscillator (OPO)
technology have recently allowed for the implemeaatabf single lasers, although this
has largely been limited to pulsed OPOs.[22]

The IR spectra that result from the absorption oftiplel photons may be difficult
to interpret, as they can vary significantly from dhetical predictions. The ab initio
calculations used to assign vibrational bands yield liadsorption spectra whereas the
absorption of multiple photons resulting in dissdoiatis not linear, making the
comparison of predicted and experimental intensitidficdit.[4,15] Furthermore,

absorption at different wavelengths leads to differingerimal energy population



distributions; as the internal energy increases s& doe extent of red-shifting of the
absorption frequency. These differences in internal ggggrmean that dissociation
pathways with higher dissociation thresholds are redeshifo a greater extent, further
complicating spectral interpretation.

The internal energy of the ions being studied is not onportant for comparison
to theory, but also for the resolution of the IR spattobtained. High internal energies,
or temperatures, lead to the population of multiple issmehich in turn lead to broad
and featureless bands.[23] This effect is particulanhportant for thein-vacuo
formation of ion-neutral clusters, in which the nascehister ion has considerable
internal energy that is dissipated by the evaporatiosobfent molecules. In such an
evaporative ensemble the internal energy decreasefuast®n of time.[5] The amount
of internal energy also varies with size of the tdus An example of this is the ¥H,0),
system, where Mis an alkali metal cation. The large binding energies,O to alkali
cations lead to effective temperatures of 700-1000 K foHD).[23] Larger clusters,
M™(H20), have effective temperatures from ~500 Kricr 2 to ~280 K fon > 6. It was
observed that spectral linewidth decreases with incrgadster size, or decreasing

temperature.[5]

1.5 Messenger Techniques

A specific type of action spectroscopy, referred tonsssenger molecule, or
messenger atom, spectroscopy has served to overcomeo$timedifficulties associated
with multiple photon dissociation and high-temperatores. In this method, a weakly
interacting messenger species is bound to the clusterue to the inherent nature of

the evaporative ensemble, the internal energy of dluster ion depends on the



composition of the cluster.[23] Thus, a weakly intaractmessenger species leads to
lower ion temperatures. Additionally, the low bindingesgth of the messenger to the
cluster ion permits the absorption of a single phdtoeause the messenger species to
dissociate, which is readily observable:

[A*-B]-Z +hv — [A"-B] + Z, (1.1)
where [A'-B] represents a cluster ion and Z represents the nupmse The messenger
molecule initially used in this method was.|24] However, it was realized that the
binding energy of argon atoms to most ions is less th&calymol, which permits
evaporative cooling to even lower temperatures and mlhjirparturbs the structure of
the ion being studied.[23,25,26] The method of attaching argonsato ion clusters is
referred to as either argon-tagging or rare gas nanomgpaxtroscopy. The cooling
capabilities of the argon-tagging technique have been demmasirgth alkali cation-
water clusters. As stated above, the temperatures (¢4X2) clusters formedn-vacuo
were observed to be >700 K. However, the temperatditda’¢H,O)Ar and K (H.O)Ar
were observed to be only 175 K and 130 K, respectively. perexental arrangement
in which argon-tagging occurs by collisional cooling instead \w@perative cooling
routinely results in ion cluster temperatures of aboutk3[27] The argon-tagging
technique has been used to gain an improved understanding of iommysystems,

including the solvation of a proton[3,4] and differentiatafrcarbocation isomers.[28]

1.6 lons in Helium Droplets

Although the temperatures achieved by cooling with argonssmsubstantially
lower than those of the nascent ions, lower temperatare desirable. Recently,

superfluid helium nanodroplets have been shown to beeféygtive vessels for cooling



embedded species.[29-31] Helium droplets exhibit many desiradpenpies: they are a
very weakly interacting medium in which molecules retéteely and they have an
internal temperature of only 0.37 K. This temperature islyagactor of 18 lower than
the lowest temperatures achievable by argon-tagging.[27] &debrease in temperature
of ions would result in improved IR spectroscopy. Indételdas been demonstrated that
IR spectroscopy of neutral molecules in helium dropletsltg in sharper peaks than the
corresponding spectra obtained in either Ar erchisters.[32-34] Therefore, the goal of
this work was to embed ions in superfluid helium nanodrepdetd form ion-neutral
clusters cooled to 0.37 K.

A description of helium droplets, their relevant propsitieand previous
application to the study of ions will be discussed in@&éa2. In Chapter 3, the
apparatus and experimental considerations for the produztidroplets and ions to be
doped into the droplets are discussed. The capture of saditioms and formation of
Na'-neutral clusters in helium droplets is demonstrated hap@er 4. The process of
alkali cation capture by helium droplets is examined in Gitapt The design of an
alternative alkali cation source is described in Chapter Fanally, the outlook for

research in this field is discussed in Chapter 7.



CHAPTER 2

SUPERFLUID HELIUM NANODROPLETS
FOR THE COOLING OF IONS

2.1 Properties of Helium Droplets

Helium® is a unique element in that it is the only substancamient pressure,
expected to remain liquid at absolute zero. This phenomewbith is shown
graphically in the phase diagram of helium (Fig. 2.1), istdué&e high zero point energy
and weakly interacting nature of helium.[35] These properead to the existence of
He-Il, a superfluid that forms when the temperature absed below the-line. The
term superfluid describes any fluid that flows without v&tp[36] Similarly, and more
relevant to the work discussed here, objects are ableve thoough a superfluid without
friction, up to a velocity referred to as the Landau aitvelocity.

The low temperatures and superfluid nature of He-II makeanitappealing
spectroscopic matrix. Although superfluid, helium dropkts not the same as bulk
liquid He-Il. The droplets have an internal temperatfr8.37 K, which was predicted
by theory[37] and later confirmed by spectra ofs Sfbedded in droplets.[38,39]

Unfortunately, other thermodynamic quantities, which h&@esn measured for the

! The discussion of helium throughout this dissertatioraprestspecifically tdHe; no consideration will be
given to’He.
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Figure 2.1 Phase diagram“fe. Taken from ref. [35].

bulk superfluid, are not well-defined for droplets.[40] Balkperfluid helium exhibits a
continuum of excitations, which are assigned to phoand roton excitations.[41]
However, droplets have a finite radius, which resuitsdiscrete collective modes
corresponding to “bulk” and surface oscillations,[42] whéhe quotations indicate
modes that are analogous to those of the bulk superfllilte lowest-energy discrete
“bulk” excitation was calculated to hen, = 26N K, whereN is the droplet size in
number of helium atoms.[37] This equation yields a valuelo® K for a droplet of
5000 He atoms. Thus, for a droplet wkth= 5000, there are no thermally populated

“bulk” excitations at the temperature of the droplBbr such excitations to be thermally
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populated, the droplet size must be ~3.47 X HO atoms. This value is noteworthy
because droplets of this size are utilized in the worksgmed. However, the
contributions of such “bulk” excitations to the resuliscdssed are not known.

The discrete states of finite size droplets are giadsaccording to the number of
radial nodesn,, and the angular momentum quarntandm, for a spherical system.[42]
For the case af, = 1 and = m= 0, a compressional oscillation occurs. As theumdif
the droplet increases these states resemble the plaonbroton branches of the bulk
liquid excitation spectrum and propagate radially to theaserfof the droplet and are
reflected. Whem, =0 and > 2, the oscillations created are surface excitatigidarge
droplet radii, the surface excitations resemble the aipplobserved at the bulk liquid-
vapor interface. These surface modes are populated &ntiperature of the droplet and
are responsible for the rapid cooling of embedded maded@l7] It should be noted that,
despite being cooled by surface excitations, dopant moteamdelocated near the center
of the droplet due to a favorable potential,[43] whichtiglated to the decrease in free
energy for a molecule solvated by the helium droplet ugenemaining isolated in
vacuum. The coupling of rotational and vibrational degogddszedom of a molecule to
the modes of the droplet results in very efficient caplia the evaporation of helium
atoms from the surface of the droflefThe rate of evaporation is calculated to be®~10
He atoms/s, with each atom removing ~5'caf energy.[37] This rate of evaporation
results in a rapid cooling rate, nearly*18/s.

The weak interactions of helium are also responsibtettie ability to tailor

cluster formation within a droplet. Interactions ofpdat molecules with each other are

% Cooling of dopants by the evaporation of helium atormfthe surface of the droplet will be referred to
as the thermal cooling mechanism in subsequent sections.

11



stronger than they are with the surrounding helium aton¥hus, when multiple
molecules are doped into a droplet, a cluster of doparécmes is formed. The
combination of tailored cluster formation, extremelypica cooling rate, and low
temperature has enabled the formation and study of maéenesting species using the
helium droplet technique. These properties allow for‘fieezing-out” of molecules and
clusters into the first minimum sampled on the poa¢mnergy surface (Fig. 2.2). An
example of this phenomenon can be found in the formatfovater clusters in helium
droplets, for which the cyclic structure of {B)s was observed despite the fact that it is

not the lowest-energy arrangement of six water nuidec[44]

Energy

v

Isomerization Coordinate

Figure 2.2 Potential energy surface of a molecule (rBdpid cooling of molecules
from thermal energy (blue bar) to 0.37 K results in sargpdf local minima structures.
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2.2 lons in Helium Droplets

2.2.1 lonization in Helium Droplets

As described in Section 1.6, helium droplets are being usedoidons and form
cold ion-neutral clusters. Initial efforts to study ioinshelium droplets involved the
ionization of pure droplets. Electron ionization (El) mmotoionization of a helium
droplet results in the formation of HeThe charge can resonantly transfer to neighboring
atoms in a process referred to as charge-hopping.[45] [Baghoccurs on the
femtosecond time scale.[46] In a pure droplet, afteersévhops, the exothermic
formation of Hg" occurs.[47] The amount of energy released in formingethes
clusters, 2.35 eV for Hg for example, results in desolvation of the iomirthe droplet.

In the corresponding mass spectrum, ion cluster abuaddeureases exponentially with
increasingN, as shown in Figure 2.3. It should be noted that, for dioplemore than
10° He atoms, the positive charge can remain solvatedebgrtiplet.[48]

The peak atn/z 28 in the spectrum in Figure 2.3 is indicated as having intensity
contributed by N". It is interesting to consider whethep'Narises from ionization of
ambient N or from N, picked-up by a helium droplet. The answer depends on the
detection scheme implemented, as discussed in Chaptep®ever, it was discovered
that the charge-hopping process that ends in the formafi¢ie," in pure droplets can
also result in the ionization of dopant molecules.[4%isTprocess of charge-transfer
ionization is possible due to the difference in ion@atpotentials between helium and
the dopant species. Helium has the highest ionizatibenpal of any substance, 24.6

eV.[50] Most atoms and molecules have ionization potierigas than 13 eV, making
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Figure 2.3 El mass spectrum of pure helium droplets M/ith4000.
Electron energy = 70 eV. Adapted from ref. [47].

the transfer of charge from helium to the dopant fabta. Indeed, it was observed that
the appearance of dopant ions coincided with electromgiesenf at least 24 eV.[49] The
direct ionization of dopants by electrons or photonsoefer energy is possible;[51]

however, ionization of a helium atom of the droplet Has higher probability of

occurring, due to the large cross-section of the drop@f.course, the presence of a
dopant does not prevent the formation ofyHeather it is a competing channel. As
might be expected, the droplet size affects the likethof dopant ionization. It has
been observed that the probability of dopant ionizationeases as the droplet size is
decreased.[45,52,53] In the limit of very large droplets,zchidopants are rarely

observed.
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2.2.2 Cooling of lonized Dopants

From the ionization potentials given above, it can biuwated that charge-
transfer ionization of a dopant in a helium droplet ktes at least 12 eV of energy for
most dopants. Thus, dopant ions are desolvated from dipdetlin a similar fashion as
Hey". Furthermore, charge-transfer ionization is a valtiprocess, which typically
results in vibrationally excited ions and subsequent fragatien. The rate of
fragmentation varies widely between ions, but the dvend is that small molecules
fragment more rapidly than large ones.[54] To prew&agmentation, the rate of cooling
must be greater than the rate of fragmentation. Thexefstudying fragmentation
patterns of molecules for which a gas phase mass spead available provides
information on the ability of helium droplets to coohs. As expected, helium droplets
were observed to effectively dissipate energy froeibnization process. The ionization
of Sk resulted in the formation of $F but all further fragmentation was
suppressed.[49,55] lonization of N@esulted in fragmentation that was droplet size
dependent.[45] Large droplets quenched all fragmentatidnoaly the molecular ion,
NO,", was observed; however, at small droplet sizesnfeagation to NO occurred.
The extent to which helium droplets quench the fragntiemtanf the organic molecule
triphenylmethanol (TPM) is shown in Figure 2.4.[56] Cleatiig amount of molecular
ion present is greatly enhanced and the extent of fraigwiem is significantly reduced
when ionized in a helium droplet.

The study of TPM and a later study of the HCN molecudze the first to
guantitatively analyze the cooling of ions provided by helidraplets.[57] It was

discovered that helium droplets are able to dissipatextess energy of the ionization
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Molecular mass of TPM is 260.335 amu. Adapted from ref. [56].

process in a manner far more efficient than the théunooling mechanism described in
Section 2.1 (5 ciffatom). In the case of TPM, it was estimated thatfirst 5000 He

atoms lost from the droplet removed ~22ceach.[56] For the cooling of HCN, it was

observed that droplets with mean sixe,of 2200 He atoms removed ~19 Yatom, but
this value decreased with increasing droplet size.[57] [hesence of two cooling
regimes, non-thermal and thermal, was also observédw idea of two distinct cooling
mechanisms was recently explored through simulationsooized neon clusters in
helium droplets oN = 100. The simulations resulted in helium atoms thpaded from

the droplet with kinetic energies that fell into twotitist ranges: 3-7 cthand 28-45
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cm™.[58] These results strongly support the operation ot bleermal and non-thermal

cooling mechanisms for dissipation of energy after ioropat

2.2.3 Picking-Up Externally Generated lons

Despite the impressive cooling abilities of helium drapldéemonstrated in the
above experiments, the ionization process often egulkjection of a bare ion from the
droplet with energy that is not precisely known. dieato achieve the maximum
cooling afforded by the helium droplet, the ion must reneambedded within the droplet.
The solvation of ions other than fden a helium droplet has been accomplished by laser
ablation of magnesium near the droplet nozzle.[59] his way, Mg was proposed to
seed droplet formation and the resulting droplet sizeilolisions were determined using
time-of-flight mass spectrometry. Laser ablation #@ddally produces neutral and
radical species that are also embedded in droplets.e Bhegdies did not demonstrate the
ability to form clusters of neutral molecules with tioe. As described in Section 2.1,
one of the most powerful abilities of the helium dedptechnique is the controlled
formation of clusters of various sizes through the dopingas phase atoms or molecules
into the droplet. To accomplish the formation of-imeutral clusters in a helium droplet
an ion with a low ionization potential must be used toichebarge-transfer ionization
from the embedded ion to the neutral molecule, whichdcpoksibly result in ejection
from the droplet. Therefore, alkali cations, which harezation potentials below those
of other elements and molecules, are used in the wodustied in the subsequent
chapters.

Alkali cations are closed-shell species, which are masilye studied by

theoretical means than open-shell species. Thus, ali&dins are often the subject of
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computational studies of ion solvation. Such studies haeluded the solvation by
helium atoms in an effort to determine the strength atdra of binding of helium atoms
to a cation. Interest in theoretical investigatioresrst from observations of increased
local density of helium around cations in liquid helium.gd), The observed increase in
density is attributed to electrostriction of the heliatoms by the ion and results in a
solid-like shell of helium atoms around the cation, mefé¢ to as a “snowball.”[62,63]
The computational studies of such systems have receatigfirmed these
observations.[64-67] The formation of discrete solvatstwells has been suggested,
which are proposed to consist of 9-12 He atoms fof, Napending on the simulation
method, and exhibit regular structure analogous to a cddssitd. [65-67] It is hitherto
unknown whether neutral molecules picked-up by a droplét avitembedded cation will
form the desired ion-neutral cluster or if the snowlsdilsolid helium will prevent ion-
neutral cluster formation. The formation of suchstéus is the focus of the work
discussed in Chapter 4. The capture of alkali cationg;hwémables the subsequent ion-

neutral cluster formation, is examined more thoroughl€hapter 5.
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CHAPTER 3

EXPERIMENTAL CONCEPTS AND DESIGN

3.1 Helium Droplet Formation

As discovered in 1961,[68] helium droplets are produced by expans$ia high
pressure of helium through a cooled nozzle into vacudrhe mechanism by which
droplets are formed depends on the stagnation pressure omhelu and nozzle
temperature;To. All of the work discussed in this dissertation was qgrened with a
stagnation pressure of 50 bar; thus, all conceptual desagpiidl assumey = 50 bar.
When the nozzle temperature 344 K, the isentropic expansion of gas results in
condensation to droplets (Fig. 3.1a).[69] In this procesbyurh condenses into small
precursor clusters upon expansion from the nozzle. Suéstguthe pressure of the
expansion falls below the vapor pressure of the heliurplelrand the droplet is cooled
to 0.37 K by the evaporation of helium atoms from the sarfagelow this temperature,
the rate of evaporation of helium atoms from the drapleegligible on the time scale of

the experiment.[37] Production of droplets by the condensaif gas is referred to as

Regime | expansion. The mean droplet die,varies as a function of nozzle

temperature according to the equation

InN = 244+ 255InT, (3.1)
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Figure 3.1 (a) Regime | droplet formation. (b)gikee 11l droplet formation.
Adapted from [30].

wherel is a dimensionless parameter described by:[70]
[ =KK&?, (3.2)
whereq was empirically determined to be 0.K; andK; are kinetic and thermodynamic

parameters, respectively, and are defined
Kl = nov(do/ao)(zy/”m)llz(-rref /To )3/4 and (3-3)

Kz = (po/ AT /T (3.9)
whereng is the number density of He atomss the volume per He atom in the droplet,
do is the nozzle diameteay is the speed of soung,is the droplet surface tensiom,is
the mass of a He atom,is a vapor pressure constant, dpglis defined

Tret :VZISV/K (3.5)
where k is the Boltzmann constant. The surface tensiom afroplet also exhibits a
dependence on nozzle temperature:
y = 205(T, - T, )k/v?'?, (3.6)
where T is the critical temperature of helium. The nozdemeter used for all

experiments discussed here wagms. The dependence of mean droplet size on nozzle
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temperature apo = 50 bar is shown in Figure 3.2. Clearly, lowezrle temperatures
result in larger mean droplet sizes.

At nozzle temperaturesll K, the helium gas in the nozzle condenses into a
liquid and droplet formation results from the fragmbation of liquid upon expansion into
vacuum (Fig. 3.1b).[69] The droplets then coo0187 K by evaporation of atoms from
the surface. Production of droplets under thesaitions is referred to as Regime Il
expansion. Mean droplet sizes in Regime Il alsosyvas a function of nozzle

temperature according to

N :@l[d—(’}, (3.7)
3 mi a,

wherey, m, do, anda, are the same variables defined for Eq. 3.3.[7Hlu¥s oN >10°
He atoms result from Regime Il expansion condgi{fig. 3.2).

Between Regimes | and lll, 11 K& < 14 K, is Regime Il, in which droplet
formation is thought to result from a combinatio condensation of gas and
fragmentation of liquid.[69,72] Mean droplet sizeduced in these expansions are

estimated to be >?MHe atoms, but a quantitative expression has ren Heveloped.

3.2 Droplet Size Distributions

Helium droplet formation is a statistical procebattresults in a distribution of
droplet sizes. The distribution of droplet sizesduced in a Regime | expansion can be

described by the log-normal function:[73]

202

_ _ 2
P (N) = (Nov2z ) ex;{M} . (3.8)
Pn(N) is the probability of producing a droplet consigt of N helium atoms. The
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parameters andu are the standard deviation and the mean of thehkdison of In N,

and are defined by the following equations:

1 =In(N) —%In[(S/N)Z +1], (3.9)
o =+ IN[(S/N?)+1], (3.10)
N = explu +52/2), (3.11)

S:eX|o(;¢+az/2Nexp(a2 -1, (3.12)
ANy, = explu—o? |explov2in2)-expl-ov2in2),  (3.13)

whereS andAN;y, are the standard deviation and half-widthPQfN). Experiments have
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shown that the standard deviation and half-widtkhefdistributions vary approximately

linearly with mean droplet size, and were determiine beS = 0.65N and AN,,,=

0.87N, respectively.[74]

Using the mean droplet size values from Figure 8, distribution of droplet
sizes produced at a given set of nozzle conditicans be calculated (Fig 3.3). In
accordance with the log-normal function (Eq. 3d@plet size distributions with a larger
mean have a larger standard deviation. Indeedeffbet of increasing the mean droplet
size on the width and height of the distribution t@ seen in Figure 3.3. Warmer nozzle
temperatures, which correspond to smaller mean lelrogizes, result in narrower
distributions of droplet sizes, whereas colder t@zzmperatures result in broader
distributions. An important property of the dropproduction process is that, despite the
range of sizes, all droplets produced at a givemzleotemperature have a narrow
distribution of velocitiesAv/v = 0.01-0.03.[69]

Production of droplets via Regime Il expansion ditians results in a
distribution of droplet sizes (Fig. 3.4) that cae Hescribed by a linear-exponential

function:[71,75]
PN(N):%exp(— N/N). (3.14)

Regime Il expansions also result in a distributedndroplet sizes, but like the
mean droplet size, a quantitative description ef dnoplet size distribution produced at
these conditions has yet to be determined. THedaquantitative descriptions for mean
droplet size and droplet size distribution is raletvto the results discussed in Chapter 4,

as Regime Il expansion conditions were implemented.
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3.3 Dopant Pick-up

As mentioned in Section 2.1, there is a favoraldtemtial for gas phase neutral
molecules to be solvated by a helium droplet.[#3]a result of the favorable interaction
with helium versus vacuum, a helium droplet wiktlpup nearly all neutral molecules it
encounters during its flight. The number of molesuencountered by a droplet is
determined by the cross-sectional area of the dt@pld the number density of molecules
throughout the flight path of the droplet.

Assuming that the droplet has a uniform densityt thasimilar to that of bulk
liquid helium,p = 0.0218 A% [74] and is spherical in shape, the volume ofdiwplet can

be calculated as a function of droplet si¥e,

V= =2are, (3.15)

wherer is the radius of the droplet in A. Equation 3yiélds a useful expression for
droplet radius as a function of droplet size:

r=22%/N. (3.16)
Knowing the droplet radius permits calculationwd tross-sectional area(A?):

o =nar? =155N?"3. (3.17)
Multiplying the cross-sectional area by the patptenL (A), of the pick-up region
provides the volume of the cylindéfgy, (A3, traversed by the droplet:

V,, =oL =155N?"L. (3.18)
Multiplying V¢, by the number densityy (A3, yields g, the expected number of
molecules encountered by the droplet as it tragettse cylinder:

B =Vyn =155N*"Ly. (3.19)
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Once a molecule is picked-up, it is rapidly cootedthe temperature of the
droplet by the evaporation of surface atoms.[37Ahd# number density of molecules is
such that a second molecule is encountered, italgtl be picked-up and cooled down by
the same means. Due to the potential of the drapig the long-range interactions of the
picked-up molecules, the two dopants will form astér within the droplet. The
condensation energy associated with cluster foona#t rapidly dissipated through the
same evaporative mechanism. Thus, the rate ofingpdd such that, in the case of
multiple pick-ups, each molecule is completely edolbefore the next one is
encountered. This characteristic allows each pjglevent to be treated independently.
Therefore, the pick-up of dopant molecules by heldroplets can be described by the

Poisson distribution:[76]

P(k,N) =2 k:;_ﬁ , (3.20)

where P(k,N) is the probability that a droplet of si2¢ picks-upk molecules angs is
given by Eq. 3.19.

The dependence on droplet size for the pick-up-6fmolecules at a pressure of
2.0 x 10’ torr over a pathlength of 0.5 m is shown in FigBre. These values are similar
to the background pressure and pathlength of ttleyp chamber in the current studies.
Clearly, pick-up of multiple molecules for the fomtion of large clusters is most
probable at larger droplet sizes. At droplet sizgscally used for spectroscopy studies
(N = 3000), the most probable event is pick-up of zemdecules, that is, most droplets
of that size will not pick-up background impurities

In Section 3.2, the ability to calculate the distition of droplet sizes produced at

a given nozzle temperature was demonstrated. €perdlence of dopant pick-up on
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Figure 3.5 Dependence of the probability for pigkef 1-5 molecules on droplet size.
Calculated for pressure of 2.0 x 1rr over a pathlength of 0.5 m.

droplet size was demonstrated above. The conweoluf the droplet size distribution
(Eq. 3.8 or Eq. 3.14) with the Poisson distribut{&). 3.20) yields the probability that a
droplet of sizeN is produced and picks-upmolecules:

Pocc(K,N) = Py (N) x P(k, N), (3.21)
where Py Is referred to as the occupancy probability. @eacy probability

distributions calculated usifg= 16,500 (Regime ), and the same pressure and
pathlength parameters used above, are shown imé=8)6. Note that the curves for

3-5 are multiplied by factors of 10, 100, and 10@3pectively, to make them observable
on a linear y-axis with the curves for= 1 and 2. Clearly, the log-normal distributioh o
droplet sizes is the dominant factor in the occugaprobability distributions. The

occupancy probability distribution is relevant ke tdiscussion of results in Chapter 4.
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Figure 3.6 Occupany probability distributions éapture of 1-5 molecules.
N =16,500 He atoms, pressure = 2.0 ¥ 1drr over a pathlength of 0.5 m.

3.4 Helium Droplet Instrument

3.4.1 Droplet Source

The production of helium droplets is accomplishgdalcontinuous expansion of
a high pressure of helium through a cold nozzleo irbcuum. This concept is
straightforward, but there are several factors tietd to be taken into consideration.
Perhaps the most important aspect of droplet ptamiucs the nozzle. The same nozzle
was used for all experiments discussed in thisedigson.

The nozzle consists of a 3 mm o.d. x 0.25 mm tpiekinum disc with a um
aperture (Philips) crimped into a 1.5” long x 0.25d. custom copper tube. It is vital

that the disc be crimped into the tube in such & thiat there are no leaks around the
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circumference of the disc. The copper tube isquam a copper clamp. The copper
clamp is cooled by a closed cycle helium refriggrgSumitomo SRD-415D), which is
capable of supplying 1.5 W of cooling power at K.fb the second stage and 45 W at 50
K to the first stage. The thermal link from thediwad to the nozzle is provided by a
copper disc attached to the second stage of tlitheadl and strips of copper that run
from the copper disc to the copper clamp (Fig. .3.7he copper strips also serve to
minimize the impact of vibrations of the heliumrigérator on the nozzle position. In a
newer helium droplet instrument, the use of cofpard has been demonstrated as even
more effective at isolating the nozzle from viboat{77] Slight adjustments to the
nozzle position are made by a two-dimensional tatios stage, which allows for precise
alignment with the skimmer. The skimmer, which lasliameter of 40Qum and is
located 2 cm downstream from the nozzle, prevertess helium from reaching the
pick-up chamber and results in a collimated bearhadium droplets. The translation
mount is described briefly below.

To reach the lowest temperatures possible, the lbadton the nozzle must be
minimized. Therefore, the entire second stage h&f toldhead is shielded from
blackbody radiation by a 1/16” thick copper shiatlached to the first stage of the
coldhead. Additionally, the helium gas undergoes tsteps of pre-cooling before
reaching the nozzle. First, it is passed througlogper tube that is in thermal contact
with the first stage shield. Then, it is cooledlfier by wrapping the copper tube around
the copper disc attached to the second stage ebilbbead (Fig. 3.7). The nozzle mount
for the translation stage (Fig. 3.8) is also desiywith cooling in mind. The nozzle

clamp is held in an aluminum mounting bracket bipnyscrews, which limit the thermal
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contact between the nozzle clamp and the mountiagkbt. The aluminum bracket is

thermally linked to the first stage shield by coppgérips to minimize the amount of
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blackbody radiation it produces. The arm of theuntong bracket is then attached to a
two-dimensional translation stage by a Bakelite &g, which minimizes the thermal
connection between the mounting bracket and timslaon stage.

Nozzle temperature is measured with a silicon difidekeshore DT-471 SD)
placed on top of the nozzle clamp as near to tlxzleaperture as possible (Fig. 3.7).
The signal from the silicon diode is read by a tempure controller (Lakeshore 321),
which provides power to strip heaters (Minco HK5R@8.4L12A) that are used to
control the nozzle temperature. The heaters @eedl between the copper cooling strips
linking the coldhead and nozzle (Fig. 3.7). Thadkto the diode and heaters use fine
gauge wire and are placed in thermal contact Wiehfirst stage shield to minimize the
heat load that they introduce. With the descritsgparatus, measured nozzle
temperatures can reach a minimum of less than G0ds = 50 bar and a maximum of
over 30 K, with control of the nozzle temperatw®tl K precision.

Operation of the nozzle at low temperature and tpgéssure introduces an
additional factor to be considered: gas flux. Tlb& of droplets,F, depends upon nozzle
temperature, pressure, and diameter accordingeteetationship:[77]

F O p,diT, 2. (3.22)
Therefore, the amount of gas to be evacuated flmenchamber increases as nozzle
temperature decreases. To accommodate the highgimout of gas into the vacuum
chamber, a diffusion pump (Varian HS-20) with maximpumping speed of 21,000 L/s
is used to evacuate the source chamber. Thissaifiupump is backed by a high

throughput roots blower. This vacuum system ig ablmaintain a pressure <16orr at
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the highest gas loads produced by the nozzle, wiksidbw enough for the pump and
helium expansion to operate as intended.

The source of helium used in the production of &ispis 99.9999% purity gas.
This degree of purity is required to minimize thacaunt of impurities that freeze onto
nozzle surfaces, which would result in accumulatow clogging of the nozzle. The
helium gas is passed through a (b filter before reaching the coldhead and through a
second 0.qum filter that is press fit into the coupling unibatween the coldhead second

stage and the nozzle.

3.4.2 Droplet Doping

After passage through the skimmer cone, a collichésam of droplets proceeds
to travel through the pick-up chamber (Fig. 3.9heve droplet doping occurs. The
skimmer also serves as an interface for differéptienping between the source chamber
and pick-up chamber, which operate at typical pressof 5.0 x 18 torr and 2.0 x 10
torr, respectively.

Alkali cations are produced by thermionic emissiomm a resistively heated
tungsten filament coated with a zeolite paste. fHte of ion emission is temperature-

dependent:[78]

Ve _ [&J ex,{_(‘ﬂ - ‘D)} , (3.23)
Yo Jo KT

wherey. andyy are the emission rates of cations and neutrapestively,g. andgy are
the respective statistical weights of the ionic aedtral statesy is the work functiongd
is the ionization potentiak is the Boltzmann constant, afdis the temperature. The

preparation of the zeolite paste is adapted froah tiescribed by Draves et al.[79] The
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Figure 3.9 Schematic of helium droplet instrunmfent
doping of droplets with alkali cations.

zeolite matrix (Sigma-Aldrich Molecular sieves, 1,3asd[(AlO 2)s6(SiO2) 106 - XH20) is
rinsed with an excess of saturated NacCl or LiClisoh, to produce Naor Li*-enriched
paste, respectively. The wet zeolite is then adldwo dry. After performing the
rinse/dry cycle three times, the matrix is moisten® the point of a paste-like
consistency. The cation-enriched paste is therieappo a coiled tungsten filament
(Aldrich, 0.25 mm diameter) that has been repewtbdated to a light orange glow.
After application of the zeolite paste, the ioneeuis heated moderately for an hour to
drive off moisture before placement in the vacuumarober. In the vacuum chamber,
shortly after initial pump-down, the ion source hsated just below the temperature

necessary for thermionic emission, as determinednbyitoring ion current, for at least
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12 hours to drive off any residual moisture. Hwathe filament is briefly heated to a
bright glow and quickly returned to low temperatur€his annealing step improves the
consistency of the ion current emitted from therseu In the case of Lisources, an
additional 12 hour period at elevated temperatsiienplemented to emit remaining Na
from the zeolite matrix since the native zeoliteich in Na.

The ion source is located in the pick-up chamber niee source chamber. The
ion source is positioned on one side of the drop&am and a collector electrode is
positioned on the opposite side. The collectoctedele is made of 1/8” diameter copper
tube. A negative dc potential is applied to thikector electrode, which extracts the ions
in the region of the droplet beam and defines thetlc energy of the ions. The collector
electrode is also used to monitor the ion currdiiite measured ion current increases with
increasingly negative potentials applied to théecbbr electrode.

For the majority of the experiments discussed & shbsequent chapters, no gas
is added to the chamber. However, when additigaal is introduced to the pick-up
chamber, it is added through an effusive sourcke @ffusive source is quite simple: it
consists of a supply of gas that is regulated lfiyea metering valve (Parker) and enters
the vacuum chamber through a 50 diameter tube. This tube is positioned in the
chamber downstream of the ion source, so that yckf neutral molecules by helium

droplets likely occurs after an ion has been cagotur

3.4.3 Detection

The instrument is equipped with two means of detgdbn-doped droplets (Fig.
3.8). A translatable electron multiplier locatedthe pick-up chamber, downstream of

the ion source. The use of adjustable detectotipodor the determination charged
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droplet sizes is described in Chapter 5. The edactultiplier is useful for optimizing
the conditions used to produce charged dropletisptmvides no information about the
charged species other than their relative abundaioeexamine the composition of the
charged droplets a mass spectrometer is used.

A linear quadrupole mass spectrometer (Extrel CNES)located in a third
differentially pumped vacuum chamber (Fig. 3.8)heTpressure of this chamber in the
absence of the helium droplet beam is 4.0 X tbdr. The extremely low pressure in this
chamber is important because it nearly eliminatespossibility of droplet doping in this
region, enabling pressure values from the pick-n@ntber to be used accurately when
applying the pick-up statistics discussed in Sect®2. The mass filter is oriented
orthogonal to the droplet beam, effectively minim@ undesirable effects caused by
collisions with scattered helium atoms from the pled beam. This instrument is
equipped with an axial electron ionization sourod 80° bender. For analysis of the
composition of charged droplets, the El filamenswarned off to prevent ionization of
helium atoms and ensure that the source of ionslwited to those produced by the
thermionic emission source in the pick-up chamb&he ionization region is oriented
such that it is downstream of the 90° bender (B). In this configuration, the
ionization region is used as a desolvation regandn-doped droplets. The desolvation
process and other experimental details will be rlesd in subsequent sections as

appropriate.
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CHAPTER 4

CLUSTERS OF NEUTRAL MOLECULES
WITH SODIUM CATIONS

This chapter describes the first observation ofnentral clusters in superfluid
helium nanodroplets. Sodium cations generatedhbyntionic emission were directed
toward a beam of helium droplets. Downstream @& ihn source, the Nadoped
droplets encountered and picked-up neutral molscidgO, N, and HCN. The helium-
solvated ion-neutral clusters were desolvated amalyaed with a mass spectrometer.
The mass spectra contain peaks assigned to BI(H, [Na(H:0)N2]*, and
[Na(H.0)(HCN),]" complexes witm = 6-43 andm = 0-3. The results suggest that the
snowball of solid helium that presumably forms arduhe captured Nadoes not
prevent subsequently captured species from clagtewith the cation. Ab initio
calculations indicated that binding ob® and N with Na' occurs through barrierless

insertion into the snowball.

4.1 Experimental

For the work described in this chapter, the inseomwas configured as
illustrated in Figure 3.9. Helium droplets werenmfed by expanding helium @b = 50
bar. Upon entering the pick-up chamber, the diopéam was modulated by a chopper

(not shown) to allow for phase-sensitive detectiofthe sodium cation source was



prepared as described in Section 3.4.2. Produaimh transmission of Naloped
droplets was optimized using the electron multiplieated near the exit of the pick-up
chamber. The signal from the electron multiplieeswprocessed by a lock-in amplifier
referenced to the droplet beam chopper, eliminaéing contributions from stray ions.
The mean droplet size and bias potential of thedéélector electrode were then adjusted
to maximize the number of ion-doped droplets reaghihe electron multiplier.

In this geometry, there is an intrinsic trade-offJsing a large negative bias
potential increases the flux of Na&rossing the droplet beam. The resulting higher
kinetic energy of the Napresumably requires larger droplets for capturatger droplets
are also required to overcome the attractive pa@tewntf the collector. The nozzle
conditions that produce large droplets, howeveodpce them in low numbers. The
optimum nozzle temperature and bias potential W8r8 K and -200 V, respectively, and
these optimum parameters were used to collectasdl. dNozzle conditions dp = 13.0 K
andpo = 50 bar result in an expansion from a state closhe critical point of helium,
which corresponds to Regime Il expansion conditidiscussed in Section 3.2.[69]
Although the mean droplet size formed in such esjmars has been measured as>>10
atoms/droplet,[72] the distribution of droplet sizgenerated near the critical point is not
well-characterized.

As noted above, the configuration limited the expent to large droplets. The
use of a collector electrode biased at -200 V eeat potential well from which the
charged droplets must escape to be detected. Asguandroplet velocity of 350
m/s,[69,73] a charged droplet must consist of apprately 16 He atoms to have

sufficient kinetic energy to overcome this barriddroplets that do escape are deflected
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off-axis by the negative collector electrode paedntAssuming that all droplets start on
the beam axis and do not exhibit any divergenc®]IGN[80] simulations show that
only charged droplets with greater than “He atoms maintain trajectories that allow
passage into the mass spectrometer chamber. liy,rdee initial neutral droplet beam is
slightly divergent, so smaller charged droplets @tart off-axis may be steered toward
the axis. Nevertheless, a lower limit is placedtbe sizes of droplets that may be
detected by the mass spectrometer. Although tbplels used are too large to be useful
in spectroscopy experiments,[29] the goal of thiskwvas to demonstrate the capture of
Na" and the assembly of ion-neutral clusters in helilroplets.

After ion-doping, neutral dopants may be addech&droplet by introducing gas
molecules into the pick-up chamber in the volum¥ang the ion source, as described
in Section 3.4.2. The pressure of this chambéhnenabsence of the helium droplet beam

was 2.8 x 10 torr. Although this pressure is low enough to idveontamination of

spectroscopically interesting dropletdl € 5000 He atoms), the larger droplets used in
the current study encounter and pick-up ambientemoés in the absence of an
introduced gas.

Using only the electron multiplier, it is not pdssi to determine the identity of
the ion contained in the droplet. The ionizatiatemtial of helium is 24.6 eV,[50] so it is
possible that the impact of a 200 eV sodium catidh the neutral droplet could result in
charge transfer:

Na" + Hey — Na + He". (4.1)
For large helium droplets, 30° atoms, it has been shown that helium ions crelayed

electron ionization of the droplets can remain atéd.[48,55,81] To confirm the capture
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of Na" by helium droplets, the electron multiplier wasv@d out of the beam path and

the mass spectrometer was used to detect the edpturs after a desolvation step. In

the configuration described in Section 3.4.3 (Bi), the ionization region was used as a
desolvation region for ion-doped droplets since rtieess filter range (1-1000 Da) is not

large enough to analyze intact, ion-doped droplets.

The large difference between the mass of the daojpeplet and the mass of the
captured ion is exploited by applying potential$he ion optics such that the trajectories
of the incoming ion-doped droplets are perturbedy atightly. The large droplets
studied have kinetic energies on the order of 2 k&@suming 350 m/s velocity[69,73]),
so they are able to travel through the electritdfgenerated by the 90° bender without
significant changes in trajectory and reach thedptics on the opposite side (Fig. 4.1).
The ions are desolvated and extracted to the qpatirunass spectrometer for analysis.
A detailed view of the ion optics and the corresfping potentials applied to each
element is shown in Figure 4.1. SIMION modelinglu$ region is shown in Appendix
A.

Due to the divergence of the droplet beam, the besist at the desolvation
region is several millimeters larger than the inagmeter of the ion optics,[82] as
shown in Figure 4.1. This leads to several pldasdxplanations for the desolvation
mechanism. Based on the divergence and kinetigieseof the droplets in the beam, it
may be possible for ion-doped droplets to strike plositively-biased ion optic element
and break apart, from which the bare ion is repetl®wvard the 90° bender. Neutral
droplets may also collide with the ion optic eletsenThe scattered helium atoms could

provide a means for the collisional desolvatiortied ions from the droplets. Also, the
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Figure 4.1 Close-up view of 90° bender and ionosdroplet and cluster images not to
scale). Values are dc potentials applied to elrhent, in volts. The shaded region
represents the estimated divergence of the nedrivgalet beam.

electric field created by the ion optic elementsyrpeomote the ejection of ions from

droplets during these processes. Arguments majebeloped to support each of these
mechanisms and it is expected that the observedh@ti®n is caused by some

combination thereof. Concerning the results disedshere, it is sufficient to say that the
ions are desolvated from the droplets, directedht® bender, and extracted into the
guadrupole mass spectrometer for analysis. Thpubdtom the mass spectrometer is
processed by a lock-in amplifier to eliminate amgnals other than those resulting from

ion capture by the helium droplets.
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4.2 Results
4.2.1 [Na(HO)n]" and [Na(HO)nN,]" Clusters

A mass spectrum of ions desolvated from superfhgium droplets is shown in
Figure 4.2. Either blocking the helium droplet teapstream of the ion source or
ceasing Naemission from the source caused the mass spettruanish, confirming
that the signals were indeed due to thermionicatlyitted Na impacting the helium
droplets. The spectrum consists of an envelopevehly-spaced peaks, separated by 18
Da. Each peak is locatedrafz= 18 + 23, wheren is an integer value, indicating that
these signals arise from [Naf®l),]" clusters. This is perhaps not surprising, giveat t
the most abundant background gas present in thkeupichamber is HD, as measured
with El mass spectrometry.

From the masses of the cluster ions in Figure itcin be seen that the majority
of the desolvated ions contain 10-20 water moleculBecall that the droplets expected
to reach the mass spectrometer have at ledsatbéns/droplet. Using the background
pressure of water in the chamber with the picktapistics that were described in Section
3.3,[76] it can be estimated that a droplet df @ atoms is most likely to pick-up 13 or
14 water molecules during its flight through thetmment. This calculation assumes
that the pick-up statistics are unchanged fromnaédroplets. The pick-up calculation
also does not take into account the decrease iplelr@ross-section caused by the
evaporation of helium atoms that accompanies tbgiition of the condensation energy
for ion-neutral cluster formation as this decre@saegligible for droplets of the sizes
detected. It is important to note that this cadtioh represents the number of molecules a

droplet is expected to encountdter Na' capture, it does not address the loss of helium
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Figure 4.2 Mass spectrum of [Na{®),]" clusters formed
in superfluid helium nanodroplets.

atoms due to dissipation of the ion energy. Tdysctis discussed in Chapter 5.
Additionally, while droplets larger than 1&toms can make it downstream to the mass
spectrometer, smaller ones cannot. Since largglels tend to capture a greater number
of impurities, it is expected that the resultingtdbution of ion-neutral cluster sizes
would be asymmetric. That is, it is expected thatabundance of ion clusters with
fewer than 10 water molecules would drop off mdseugtly than those with a greater
number of water molecules. In fact, this is vamgikr to the observed results. In Figure
4.2 it can be seen that the ion intensities risekfjufrom n = 6 ton = 12 and then
decrease more slowly with increasimg

Further inspection of the spectrum in Figure 4\&&ds a low intensity envelope

of peaks starting an/z195. These peaks are marked in Figure 4.3 bynarand are
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shifted from the [Na(kD),]" peaks by 10 Da. Most likely, these peaks resolnf
clusters formed by pick-up of both,8 and N from the background, resulting in
assembly of [Na(kD).N2] " clusters. Indeed, the lower intensity of this &lope relative

to the [Na(HO),]" band correlates well with the relative abundarafeambient HO to

N> in the pick-up chamber, ~9:1 as measured by Ekmpsctrometry. The number of
water molecules in these clustenss: 8-11, also agrees with the relative abundanc¢es o
H,O and N. The possibility of a contribution from [NagB®),He;]" cannot be ruled out,
particularly since recent calculations show tha Ne-He binding energy in N&ley
clusters begins to drop off aboe= 6.[67] However, it seems very unlikely that the
desolvation process should exclusively favor thachiment of exactly seven He atoms,

when no other combinations are observed. The latioe of the masses, composition,
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Figure 4.3 Zoomed-in view oh/z173-301 from mass spectrum in Figure 4.2.
Arrows indicate low intensity peaks correspondingMa(H.O).N2]" clusters.
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and relative abundances of the observed ion clusterstigtiexpected pick-up statistics
suggests that the spectrum is at least qualitatively reqies/e of the composition of the

droplets before desolvation.

4.2.2 [Na(HO)n(HCN)mJ Clusters

Given that this experiment is limited to quite large drtgplehe low chamber
pressures required to avoid droplet contamination arecdliiffto achieve. However, in
addition to the background impurities picked-up by the ion-dopeplats) other species
can also be introduced for complexation with the embédiE. Shown in Figure 4.4 is
a mass spectrum collected with a small amount of H@por added to the pick-up
chamber. The pressure was such that, again assuminghéhaick-up statistics are
unchanged from neutral droplets, the droplets were miosly lto capture one or two
HCN molecules in addition to any background impurities.

The spectrum obtained with HEN in the pick-up chamber consists of an
envelope of peaks spaced by 9 Da (Fig. 4.4 inset), consigtémtithe masses of
[Na(H20)(HCN),]" clusters. It is noted that under these conditionis iho longer
possible to distinguish the low intensity envelope of pesen in Figure 4.3, since the
resolution (FWHM = 3 Da) of the spectrum is insuffitiga resolve them from the
[Na(H.0)(HCN),]" peaks. Although the pressure in the pick-up chamber wasiagti
to keep the number of captured HCN molecules small, unicassigning the identities
of these cluster ions is not possible due to mas<idences. For example, the peak at
m/z = 275 may contain contributions from [Na®)i4*, [Na(H.0)1(HCN);*, or
[Na(H20)s(HCN)4]", with the species containing 0 or 2 HCN molecules highest

abundance. Nevertheless, these results indicatetht@asequential pick-up of dopant
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Figure 4.4 Mass spectrum of [Naf®B),(HCN)y]* clusters formed in
superfluid helium nanodroplets when Highwdded to pick-up chamber.
Inset: zoomed-in view ah/z215-335.

species typically used to assemble neutral clusterslivmhéeroplets can analogously be
used for ion-neutral complexes as well.

One of the most desirable abilities of the helium droplethod is that of forming
tailor-made clusters in the droplet. From the abgwecsa it can be concluded that
tailored cluster composition is not achievable whenté&oito large droplets at the
experimental pressures. However, altering the pres$ufCnl in the pick-up chamber
should result in a change in the composition of clustemndd. Indeed, increasing the
pressure of HCN in the pick-up chamber results in the foomaf higher mass clusters,
as can be seen in Figure 4.5. The pressure of HCN waseagured, so differences

between the spectra can only be described qualitativelgsadting from either more or
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less HCN present in the pick-up chamber. It should adsmdied that the spectra in
Figure 4.5 were obtained with tuning parameters that bdésbieed the HCN pressure

dependence. These tuning parameters were different fiose tshown in Figure 4.1,

which resulted in spectra that are different in appeardahan those in Figures 4.2-4.4
and are not directly comparable. Nevertheless, itbeadetermined from the spectra in
Figure 4.5 that a limited degree of control over clustangosition is attainable at the
droplet sizes studied. By extension, it can be concluidgdtailored ion-neutral cluster
formation in small droplets is possible in the same thay neutral cluster formation has
been performed. Certainly, the capture of ions by smdheplets is highly desirable.

Considerable effort has been made in this directiorntlamske studies will be described in

the subsequent chapters.

4.3 Discussion

The fact that there are no helium *“tails” on the-ieutral cluster peaks implies
that the desolvation process heats the droplet suffigiem evaporate the helium atoms
from the ion-neutral complex. On the other hand faleéthat the number of background
impurities clustered with the Naseems to reflect the pick-up statistics prior to
evaporation suggests that the desolvation does notheairt-neutral cluster enough to
drive off HO, Ny, or HCN. This behavior is particularly interesting light of the
observation that Nan a helium droplet strongly binds the nearest helitmma, forming
a shell of solid helium, or snowball.[64,65,67] Sincenavgball presumably forms
around the Nain these experiments, it is reasonable to suspectthiaty assembly of
an ion-neutral cluster, the snowball might prevent intgumolecules from binding

directly to the ion. Instead, they could be forcedctmgulate around the existing
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Figure 4.5 Mass spectra of [Na@®),(HCN).] " clusters formed with
different HCNg) pressures in the pick-up chamber.

snowball. In contrast, the signals observed in taesspectra correspond to ions without
helium atoms (although a weak signal may be attribateb[Na(HO).He;]"). Hence,
either the neutral dopants are able to displace thenmeltoms constituting the snowball
during coagulation, or the cluster rearranges during desoivat that the helium atoms
of the snowball can be evaporated.

To displace the helium atoms in the snowball, th&iNgurity interaction must
be stronger than the interaction of the ion withgherounding helium atoms. To explore
this issue, the binding energies of HeOHN,, and HCN with N& have been calculated

at the MP2/6-311++G(3df,3pd) level of theory using the Gaus&iansuite of
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programs.[83] The respective binding energy calculatedefmh system is listed in
Table 4.1, along with the dipole moment and isotropic prdaiiity of each cluster
partner. The calculated K&le binding energy (263 chiis somewhat smaller than that
obtained at higher levels of theory (331 Brf67] Nevertheless, it is clear that the
binding energy of Nato Ny, H,O, or HCN is at least a factor of 10 greater than to a
helium atom. For Bl the stronger binding is likely related to the factttNa is more
polarizable than helium. In the case ofCHor HCN, these molecules also are more
polarizable than He, but have strong permanent dipoleentsnas well. Accordingly, it
is calculated that the binding of N&o these molecules is yet stronger. FeOHthe
interaction with N& is calculated to be approximately 30 times stronger tharNd-He
interaction. In light of the large difference in bindienergies for i H,O, and HCN
versus that for He, it seems reasonable to expectnit@ming impurities could displace
helium atoms in the snowball to interact directlymthe embedded Naon.

Although the binding energies of Naith the molecules studied are greater than

with helium, displacement of the helium snowbalha guaranteed. The temperature of

Table 4.1 Binding energies of various neutral molecudebsld calculated using MP2
level of theory and 6-311++G(3df,3pd) basis set.

Neutral Dipole Polarizability Calculated binding Experimental binding
molecule ?S;gnent (A%? energy to Na(cm®) energy to Na(cm*)°
He - 0.208 263

N2 - 1.710 2649 2868

H.O 1.85 1.501 7954 8569

HCN 2.98 2.494 8726

a) Values taken from NIST database;[84] all are experiahegxcept the polarizablity of HCN.
b) Values from Castleman et al.[85]
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the droplet is 0.37 K and the rate of cooling is such thatNgiesnowball cluster and
incoming neutral molecule are both cold upon complexatién.this temperature, the
thermal energy available to drive a reaction is extrgntelv. Thus, for a neutral
molecule to bind directly to the Nainsertion of the neutral molecule must be nearly
barrierless. To determine if barrierless insertiorthefse neutral molecules through the
helium snowball is possible, additional ab initio cddtions were performed.

Briefly, the calculations were performed as follows.shell of nine helium atoms
was placed around the sodium cation, as one group hadeephbis as the required
number of atoms to complete the first solvation slé&] The geometry of the [Nakjé
cluster was then optimized to its lowest energy stigct A water or nitrogen molecule
was placed at a distance from the [NgHeluster such that the total energy of the
system approximated that for infinite separation. Téathie initial position of the water
or nitrogen molecule was such that displacement oh#&tiem snowball was not forced
to occur. The geometry of these systems was themnizptl to its lowest energy
structure. The results of this type of calculation [fdaHe)]"-H,O are shown in Figure
4.6.

The initial geometry of the [NaHE-H,O cluster (top of Fig. 4.6) was defined as
having O crit of energy. The energies associated with subsequent gesmef the
cluster relative to the energy of the initial clrsgeometry are plotted in Figure 4.6.
Clearly, the geometry at each step of the calculasat a lower energy than the initial
geometry, finally achieving an arrangement with the ed@eigative oxygen atom of the
water molecule interacting directly with the sodigation (lower-right of Fig. 4.6). It

can be seen that the final state is approximately 60blewer in energy than the initial
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Figure 4.6 Optimization of [NaHE-H,O geometry. N3 blue; He, yellow; O, red; and
H, white. The N&He “bonds” are drawn for clarity and do not represematent bonds.

system was maintained at 0 K, that is, there is naggrnaut into the system. Therefore,
the result of the geometry optimization is taken tadpresentative of what occurs in a
helium droplet at 0.37 K. The results indicate thatehisr at least one barrierless
pathway for a water molecule to insert into the hmalgnowball. Results of an analogous
calculation for N are shown in Figure 4.7. Again, the results indicateeifigtence of at
least one barrierless pathway for the insertion afiteogen molecule into the helium
snowball surrounding Na The results of these calculations suggest thatoth@eutral
clusters observed in the mass spectra are formed dropdets before desolvation.

The above results have shown that helium dropletsbeagioped with Naions,
and that the pick-up processes associated with neutraletsoghn also be used to

assemble complexes in ion-doped droplets. Furthermorse tlesults have suggested
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Figure 4.7 [NaHe"-N, geometry optimization. Nablue; He, yellow; and N, pink.
The Nd-He “bonds” are drawn for clarity and do not represematent bonds.

that the desolvation process does not heat the ionahealtister sufficiently to cause
dissociation to small, thermodynamically stable chssia < 6). Consequently, these
results can be used to generate a fit to the distobubif ions seen in Figure 4.2.
Maintaining the assumption that the Poisson pick-up 8tati@re unchanged from
neutral droplets, the background pressure of the vacuum chaarbée used to calculate
the probability that a droplet of a given size will endeurpreciselyn water molecules.
The pick-up statistics must then be averaged over thebdisbn of droplet sizes in the
beam to calculate the probability of assembling eacl{Hp®),]* cluster, which is the
occupancy probabilityPoc,, described in Section 3.3. It is then assumed that the
distribution of ion-neutral clusters is unchanged by tasotlation process, that is, that

no dissociation of the ion-neutral clusters occurs.
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As mentioned above, the distribution of droplet sizgeduced by helium
expansion close to the critical point is not well chtgazed, although the mean size has
been measured as >18toms/droplet.[72] At higher temperatures, where drofitets
by condensation of helium gas,[69] the distribution ievikn to be log-normal.[73] At
lower temperatures, droplets are formed by fragmentadibra liquid jet, and the

distribution is a linear-exponential.[71,75] Regardle$s~vbich of these is used to

generate a fit, there are two adjustable parameterselpdhe mean droplet sizN,, and
the minimum droplet size required to reach the masstgpeeter,Nnin. The latter
parameter simply cuts-off the distribution below thiécal size. Plotted in Figure 4.8 is
the distribution of [Na(KHO),]" ions observed in Figure 4.2, along with the best ditshe
data for both log-normal and linear-exponential droplet digtributions. The details of
this calculation can be found in Appendix B. In eitherecdabe best fit is produced
assuming a mean droplet size of 8.00° He atoms and a cut-off of 9:010° He atoms.
The value used for mean droplet size was based on preestiusates at similar
expansion conditions and a SIMION calculation that éstiimated a minimum droplet
size of ~16 atoms for reaching the mass spectrometer. The fatthé fit is insensitive
to the functional form of the droplet size distributiess simply because the cut-off
threshold is much larger than the mean. Hence, onlytaiieof the respective
distributions, which exhibit similar behavior for eacts being sampled in this
experiment.

While the fit reproduces the data well frons 5-20, it deviates at high There
are several possible explanations for this behaviomal be caused by differences in the

trajectories of ion-doped droplets of differing sizes ingtike desolvation region. Since

52



1.0 1 o P

0] /P Or, o  Experimental

= ( "‘ - - - Log-normal

0.8 of oy |- Linear-exponential
) ] ! :
o 0.7 , o‘\
c ] , \
S 06 ! \
g 05 / )
Q

0.5+
5 ° ¢

‘ )

N 0.4- [ 3O
E d b
£ 0.3 / O
5 | o %o
Z 0.2 / %0900, o

0.1 /0 \ %

Yo
_ ,b \‘\s
0.04 eoee80 T
T T T T T T T T T T I T I I
0 5 10 15 20 25 30 35
# of H,O molecules, n

Figure 4.8 Normalized abundance of [Na{h] " clusters vs1. Open circles:
experimental intensities; dashed curve: log-noralfor N = 3.0x 10° He
atoms andNmi» = 9.0x 10° He atoms; dotted curve: linear-exponeniak
for N = 3.0x 10° He atoms anfil,i, = 9.0x 10° He atoms.

the trajectories of smaller droplets would be expectediterge from those of larger
ones, this might produce a weighting factor that fadetection of ions desolvated from
larger droplets (and hence a greater number of impurik-yps). Alternatively, the
observed deviations could be due to the dissociation gélaon-neutral complexes into
smaller ones upon desolvation. In this case, the unegeatensity at higim would be
due to large complexes that did not dissociate, and themmum in the distribution
would have been shifted to lowerby complexes that did dissociate. However, the
presence of pcontaining clusters suggests that cluster compositioltisignificantly

altered during the desolvation process. As shown in Tablele binding energy of N
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to N& is roughly three times weaker than that @EH~2650 crit vs ~7950 cril. Due to
the statistical nature of the pick-up process and the odtH,O:N, in the chamber and
the ion-neutral clusters, it is probable that theoRthe [Na(HO),N2]" cluster is bound to
water molecules instead of directly to NaThe binding energy of Nto H,O has been
calculated to be only 441 ¢hj86] Such a weakly bound species would require little
perturbation to cause dissociation. As discusseceaié@ 4.2.1, the ratios of:MH,0 in

the clusters and the relative intensities of the [N&JN:]" and [Na(HO),]* peaks
suggest that these clusters are not dissociating. TDhereit is suspected that the
discrepancy in the fit to the data at higfs not due to dissociation of clusters.

It is expected that a significant number of He atoneseaaporated during the
capture of the Naion and so the mean droplet size before captur&etylsubstantially
larger than afterward. Since droplet size distributiofith Warger mean sizes are also
broader,[71,73,75] simply using the log-normal (or linear-egdial) distribution with a
mean corresponding to the post-pickup size will produce a&dhat is too narrow. This
is entirely consistent with what is seen in Figure 4f8another adjustable parameter is
introduced to allow the width of the distribution tonease independent of its mean, the
fit could be improved since the cut-off value allows tihéo broaden preferentially on
the highn side. However, there are several reasons for hiegitett do so in the present
discussion. Primarily, the pre-pickup droplet size dhstion is not well-characterized
under these conditions.[72] Also, the ‘Naapture dynamics are not sufficiently
understood to predict the number of helium atoms evaporaigdthe droplet. Indeed,
ions created inside helium droplets have exhibited a Bmpighly non-linear cooling

process (Section 2.2.2).[56,57] Given these constraititsnpts to make a more detailed
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fit at the present time would be speculative. In argngvthe ion capture process is of

significance and is investigated in the next chapter.

4.4 Conclusions

The capture and solvation of externally generatetlibias by superfluid helium
droplets has been demonstrated. It was shown that iaftedoping, the pick-up
processes normally associated with uncharged dropletdbeamed to assemble ion-
neutral clusters inside the droplet. Using a novel dedoivdaechnique, [Na(kD),]",
[Na(H20).N2]*, and [Na(HO),(HCN)y]® complexes assembled inside the droplets have
been observed. The results suggest that the snowbsadilidf helium that presumably
forms around the captured Nimn does not prevent subsequently captured species from
binding to the cation. This conclusion has been reinforcectbynitio calculations
demonstrating barrierless insertion giCHand N into the helium snowball.

These preliminary studies open the door to many intagesivenues of research.
Sodium has a very low ionization potential: 5.14 eV.[5@wLonization potential allows
for cluster formation with neutral molecules withoundergoing charge transfer, thus
avoiding fragmentation. Preventing fragmentation cdadduseful in applications in
which only a single mass spectral peak per analyte is desiFeirthermore, because
helium droplets can pick-up any gas phase molecule, mamhgcales might be ionized
with equal efficiency by complexation with Naeffectively avoiding differences in
ionization cross-section associated with other methodsiform ionization efficiency
would set the current method apart from techniques sudthasr ion attachment mass
spectrometry, for which ionization efficiency depends dh affinity of the neutral

molecule.[87]
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lon-neutral clusters solvated in helium droplets coukb dle studied with IR
spectroscopy, which would be expected to exhibit betteslugsn than previously
achieved in the gas phase due to the very low temperatuhe afroplets (see Section
1.6). Of course, these pursuits require control overctimaposition of the clusters in
question, which requires the use of small dropléis<(5000 He atoms). The current
results were obtained using droplets estimated to cooiisi® He atoms, which are
large enough to pick-up many background impurities. Examinatidheofon capture

process using lower energy ions and smaller dropletthar®pic of the next chapter.
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CHAPTER 5

STUDY OF ION CAPTURE PROCESS

In Chapter 4, the ability of superfluid helium nanodroptetsapture high-energy
sodium cations was demonstrated. The formation of enral clusters within helium
droplets was also demonstrated. Unfortunately, the stadyexperimentally limited to
very large droplet size$y > 10 He atoms. The large cross-sections of such droplets
prevented fine control over the ion-neutral compositaanexperimentally accessible
pressures. The large droplet sizes also limited thehnhsigit could be gained into the
ion capture process. This chapter discusses experimeatsutilized lower energy
sodium and lithium cations and smaller droplets. Spedificthe size distributions of
droplets that were produced at Regime | conditions wergsuned after capture of an
ion. Since the neutral droplet size distributions produoceRegime | expansions have
been well characterized, comparison of the ion-dopeddsstebution to the neutral size
distribution provides information regarding the ion captprecess. The measured
distribution of ion-doped droplet sizes was found to dependoazle temperature, ion
kinetic energy, and ion mass. The ion-doped distribaticem be fit to a log-normal
function, however, the maximum in the ion-doped distrimg occurs at much larger
values of N than for the neutral distributions, and there appeardetoa non-zero

minimum droplet size necessary for ion capture. Theselts are discussed in



terms of previous studies of cooling by helium droplets podsible ion capture

mechanisms are contemplated.

5.1 Experimental

5.1.1 Charge-Steering Apparatus

The instrument used for these studies was the same @m®wé$e of Chapter 4, with
additional ion manipulation capabilities, as described vbeloThe nozzle conditions
implemented in this work werg, = 50 bar andlp, = 12.0-16.0 K. Again, after being
skimmed, the droplet beam was modulated by a chopper fomuaephase-sensitive
detection scheme. For the experiments described héheinpressure of the pick-up
chamber in the absence of the helium droplet beanmaagained below 3.0 x IQorr.

The ion source was identical to that used in Chapter 4hwhias described in
detail in Section 3.3.2. Briefly, the source consistedroenriched zeolite paste coated
onto a coiled tungsten filament that emits alkaliaaiupon heating. The current used
to heat the filament was kept constant throughout. Tiwerethe temperature of the
filament, and hence ion emission, was approximately aohstThe coated filament was
oriented vertically in the vacuum chamber on one sidin@thelium droplet beam (Fig.
5.1). On the other side of the droplet beam, oppositdildmaent, was a vertically-
oriented, cylindrical, collector electrode. The caiteclectrode was biased at a negative
potential, which focused the alkali cations in the regibthe droplet beam and defined
their kinetic energy. This collector electrode wa®alsed to monitor the ion current,
which increased as the potential applied to the colleetectrode was changed to

increasingly negative values. However, due to the incdeaslecities of higher kinetic
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energy ions, the number density of ions in the pick-uporegemained approximately
constant, ~5 x T0ons/cnt.

A custom charge-steering apparatus (Fig. 5.1) was useddatetiermination of
ion-doped droplet size distributions, similar in princigle that used in previously
published work by Farnik et al.[48] Applying a positive dc potéribaa steering
electrode alters the trajectories of positively-chargiedplets. In this experiment,
droplets of different sizes were deflected to variousades from the neutral droplet
beam axis, with smaller droplets steered farther xiffi-ahan larger ones. Therefore,
placing a detector at a fixed distance from the beam axid ramping the dc potential
applied to the steering electrode allowed for the separati charged droplets based on
size. The charge-steering apparatus consisted of twoaledylindrical, stainless steel
electrodes, which were located on opposite sides of thy@edrbeam. The electrode on
the same side of the beam as the collector electn@deheld at ground. A positive
potential was applied to the electrode on the same cfidee beam as the filament,
referred to as the steering electrode. The steermxcfirele was located between two
ground shields, which were parallel, stainless steel platé®gonal to, and centered
upon, the helium droplet beam. Each plate had a ciraplarture that was covered with
88% transmission nickel mesh to allow droplets to passigtr while minimizing stray
fields from the steering electrode that may have adtétte ion-doping region.

Detection of charged droplets was accomplished with laotren multiplier
downstream of the ion-doping region and charge-steempgratus. It was held in a
grounded housing with a 2.0 mm-wide entrance slit covered 88% transmission

nickel mesh. The output of the electron multipliesvmaeasured with a lock-in amplifier
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Figure 5.1 Top-down view of the apparatus for ion-doping &adged droplet steering.

for phase-sensitive detection. This detection schemewesnany contribution from
stray ions that were not picked-up by helium droplets. ddtector could be translated
orthogonally to the droplet beam. For the resulscussed here, the detector was
positioned 0, 5, or 10 mm from the axis. As describedvwgdloe position of the detector,
in combination with the collector and steering electrpdtentials, determined the sizes
of droplets that could be measured.

For determination of ion-doped droplet size distributiomgnad from the detector
was measured as a function of the steering electrode jdhtefihe potential applied to
the steering electrode was ramped from O to 2000 V aatheof 2.0 V/s. This was done
twice for each nozzle temperature, collector electrpoential, and detector position.
These steps resulted in two intensity vs voltage cufeeseach combination of

parameters, which were averaged and converted into ityterssdroplet size curves to
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yield droplet size distributions. The conversion fromltage to droplet size was
accomplished by convolution with simulated ion-doped dropitafedtories. The
simulations are discussed below. The details of th@ge-to-droplet size conversion

process are discussed in more detail in Appendix C.

5.1.2 Simulation of lon-Doped Droplet Trajectories

The effect of the charge-steering apparatus on thectoaes of ion-doped
droplets was modeled with SIMION[80] by a 1500 x 500 x 1 potemtiay with scaling
of 0.1 mm per grid unit (Fig. 5.2). The filament and alt&tedes were modeled by solid
electrodes, while the shields and detector entrance medeled as ideal grids, which are
surfaces that exhibit 100% ion transmission and no field ¢gakdhe ion-doped droplet
trajectories started at an x-position aligned with ¢baters of the filament and collector
electrode and at a y-position aligned with the axishef neutral helium droplet beam
(Fig. 5.2). The model droplets were assigned a massrgecbf +1, and a kinetic energy
in the x-direction that was determined by the droplet raasisvelocity. Droplet velocity
is a function ofpy andTy and was estimated from previous work.[69,88] Implicithis t
description is the fact that the model simulated ongytthjectory of a droplet that had
already captured an alkali cation; it did not simulatepick-up process.

Simulation parameters were varied in a grid-like fashidfor a given droplet
velocity, collector electrode potential, and potentgbleed to the steering electrode, the
trajectories of ion-doped droplets of six different sjzeanging from 200,000 to
2,000,000 He atoms, were simulated. This simulation was réygeated for increased

potentials applied to the steering electrode, in ste@00fV from 0 to 2000 V, while
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Figure 5.2 SIMION model and simulated trajectories ofdoped droplets of various
sizes with velocities correspondingTe= 14.0 K; collector electrode
potential = -40 V, steering electrode potential = +2000 V.

maintaining droplet velocity and collector electrode pt&d. The above steps were then
repeated with the same droplet velocity, but at 10 V stepsllector electrode potential
(-10 to -50 V). Finally, all of the aforementioned stepsre repeated for the droplet
velocities used, as determined by to experimentally measure ion-doped droplet size
distributions. These simulations resulted in grids ofptht size and position data as a
function of potential applied to the steering electrodaterpolation of the calculated
values was used to obtain the same data for other aolleleictrode potentials. These
values were then used to convert the experimentalirsjeelectrode potentials to droplet
sizes for a given nozzle temperature, collector eldetfmtential, and detector position.
An example of simulated ion-doped droplet trajectorieshswn in Figure 5.2. In
this example, the droplet velocities correspondigte 14.0 K, the collector electrode was
at -40 V, and the steering electrode was at 2000 V, the maxinalue used

experimentally. Since this simulation was performedhwthe maximum steering
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electrode potential, it was used to determine the maximatande that a given droplet
size can be deflected for the given collector electqoatential and nozzle temperature.
If the detector is positioned 5 or 10 mm from the neutraplgt beam axis, the largest
droplets that can be steered into the detector are apmt®tnY.5 x 10or 4.0 x 16 He
atoms, respectively, when the collector electrodeid at -40 V.

Conversely, from a simulation performed with the stegelectrode at 0 V, the
smallest droplets able to be detected at a given callettotrode potential and nozzle
temperature can be determined. For a -40 V collectotretk andT, = 14.0 K, the
smallest detectable droplet sizes are 160,000 and 80,000 Hefatae$ector positions
of 5 and 10 mm off-axis, respectively. The smallest dabde droplet sizes are so large
due to the fact that the potential well created by theecolr electrode serves to steer
smaller ion-doped droplets farther off-axis than the deteis positioned. Certainly,
reducing the magnitude of the collector electrode poteallalvs for smaller droplets to
be detected. Therefore, the collector electrode palgnketector position, and steering
electrode potential range combined to determine the sideopfets that were able to be

detected for a given nozzle temperature.

5.2 Results and Discussion

5.2.1 Detector On-Axis

lon-doped droplet signal resulting from Neapture was first measured without a
potential applied to the steering electrode, with the afetecentered on the neutral
droplet beam axis. In Figure 5.3, the signal is plotted &snetion of Ty for three
different collector electrode potentials: -15, -30, and -45 Vhe collector electrode

potentials defined the kinetic energies of the sodiuhors at the point they crossed the
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Figure 5.3 Charged droplet signal vs nozzle temperatuneafarus collector electrode
potentials (detector on-axis): squares, -15 V; circles, -38nd triangles, -45 V.

droplet beam path to be slightly less than 15, 30, and 4%esy@ectively. Subsequent
discussion will refer to ions of 15, 30, or 45 eV of kinetiergy for simplicity, but the
kinetic energy at the point of impact with a dropleslightly less than these values. For
collisions of alkali cations with noble gases, the heighthe potential at the critical
interatomic distance, at which electronic excitatioten occur, is 40-65 eV.[89]
Therefore, the probability of ionization of helium drefsl by collision with N& is
expected to be negligible at the kinetic energiesistudin fact, 15 eV is well below the
first ionization potential of He (24.59 eV).[50] Furtheelibm droplets have been shown
to capture Naat 200 eV kinetic energy (Chapter 4). Hence, it is assuimat the signals

measured were due to helium droplets that captured a scdiion.
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As can be seen in Figure 5.3, the signal exhibited a sttepgndence on nozzle
temperature for all collector electrode potentials. oAgistent terminology will be used
throughout when referring to relative collector eledi& potentials, in which going to
increasingly negative voltages (e.g. from -15 V to -30 M) vd referred to as increasing
the potential since related properties, such as eleatlid $trength and ion kinetic
energy, increase as well. Signal greater than tieemould not be measured beldw=
12.0 K or abovd, = 16.0 K, except for perhaps -15 V (noise is depicted bgtioe bars
in Fig. 5.3). Increasing the potential applied to the ctiie electrode resulted in a
decrease in signal at the warmer nozzle temperatur€se temperature at which
maximum signal was obtained decreases from 14.0 K for -tbM3.6 K for -45 V. The
shift in signal maximum to colder nozzle temperatures, colatger droplets, with
increasing collector electrode potential has two possialeses. The higher the kinetic
energy of an ion, the greater is the amount of gnéingt must be dissipated by the
droplet to capture that ion. Depending on the mechaniswhizzh the droplets dissipate
the kinetic energy of the ion, it is likely thataader droplet is necessary to capture an ion
with higher kinetic energy. If this is true, then ibwd be expected that the signal at
warmer nozzle temperatures decreased as the potentiedafgpthe collector electrode
increased. However, with the detector positioned os-#xé effect of ion kinetic energy
cannot be decoupled from the effect of the collectastedde potential on the trajectory
of a charged droplet. As described above, the potentidlonedted by the bias on the
collector electrode steers charged droplets away framndutral beam axis. Greater
potentials steer the droplets further off-axis. Thersfass the collector electrode

potential is increased, the droplet size required to rdaehi¢tector is increased. Thus,
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the observed decrease in signal at warmer nozzle tatopes, or smaller droplets, with
increasing collector electrode potential could be utedl@o the ion kinetic energy and
simply be an artifact of the charge-steering caused th®y collector electrode.
Nevertheless, the results suggest that an ample fllaweenergy ions in a low-field

region should lead to capture by smaller droplets.

5.2.2 Detector Off-Axis

To decouple the effect of the collector electrode paeftdm the effect of ion
kinetic energy, the charge-steering apparatus was usedceésure the distribution of
droplet sizes resulting from the capture of NeShown in Figure 5.4a are normalized
droplet size distributions measuredTat= 14.0 K and collector electrode potential of -15
V. This figure serves as an example of the differemcesbservable droplet sizes at
different detector positions. Positioning the detectoser to the neutral beam axis
allowed for detection of larger droplets compared to rdnege accessible when the
detector was farther off-axis. Furthermore, it cansben that changing the detector
position did not significantly alter the droplet sizstdbution measured, which is to be
expected since the position of the detector should ana# hffected the capture of ions by
droplets or the subsequent trajectories of ion-doped dropldt#owever, a slight
difference between the two measurements is noticeablarger droplet sizes. This
difference arises from the finite slit width (2.0 mat)the entrance to the detector, which
allows a range of droplet sizes to reach the detecmgaten steering electrode potential.
The precision in droplet size measurement due to thevglih was calculated to be
+21% at a detector position 5 mm off-axis and +10% at 10 mfvaxad. The

determination of these values is described in Appendix C.
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The manifestation of the slit width on the measuredridigions is shown in
Figures 5.4b and c. In Figure 5.4b, the measured distribudomsshown without
normalization. In Figure 5.4c, the precision of the meament has been superimposed
on the droplet size distributions from Figure 5.4a. Aslmaseen in Figure 5.4c, the less
precise measurement at 5 mm off-axis resulted in a wagye of droplet sizes detected
compared to 10 mm off-axis. A broader range of detected elrgpdes means that a
greater number of droplets reach the detector at any dive resulting in greater
signal. The result of greater signal at a detectsitipn of 5 mm can be seen in Figure
5.4b, in which the intensity of the distribution measua¢ 10 mm off-axis is about half
that measured at 5 mm. Due to the broader range of dsipést measured when the
detector was closer to the axis, as the potential raagpapplied to the steering electrode,
the signal changed more slowly for the distribution soeed with the detector 5 mm off-
axis. Accounting for the margin of error in dropletesineasurement, it can be seen in
Figure 5.4c that the distributions measured at differentecttat positions are

experimentally equivalent.

5.2.3 Nozzle Temperature Dependence

The first factor studied in the capture of ions by helidroplets was nozzle
temperature. Shown in Figures 5.5a and b are the measgatistributions for droplets
doped with N& at a collector electrode potential of -15 V. Distribns were measured
for To = 13.0, 14.0, 15.0, and 16.0 K. The most striking feature in Fig\b@ is the
similar shape of the observed distributionsTgpk 14.0 K. The observed distribution for

To = 13.0 K exhibits no similarity to the others.
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for capture of Nawith collector-electrode potential of -15 V.
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At a helium pressure of 50 bar, nozzle temperatifies K result in Regime |

expansions, for which the mean droplet site,can be calculated by published scaling
laws.[70] ForT, = 14.0 K, 15.0 K, and 16.0 K, the mean droplet sizes are 1.65, x 10
1.26 x 10, and 9.68 x 1DHe atoms, respectively (Fig. 3.2). The neutral dropigt si
distributions produced at these conditions are describetidbjog-normal function (Eq.
3.8) and were plotted in Figure 3.3. pg = 50 bar, a nozzle temperature of 13.0 K
corresponds to Regime Il expansion. Droplet formatidhigsregime is thought to occur
through a combination of Regime | and Ill mechanisms.[69A2mentioned in Section
3.2, the droplet sizes resulting from Regime Il expansieng been estimated be 310
He atoms, but a quantitative description of the distioloubf droplet sizes produced at
these conditions has yet to be determined.

The distributions in Figure 5.5a that exhibit similar bebgviy, = 14.0, 15.0, and
16.0 K, are the result of ion capture by droplets formed igirRe I. The increase in
intensity observed with decreasinly can be explained by the differences in the
corresponding neutral distributions. Lower nozzle tenapges result in larger mean
droplet sizes and broader distributions. Therefore, nhmber of neutral droplets
produced that are of the sizes observed in the ion-dopeddigins increases as is
decreased from 16.0 K to 14.0 K, which results in greater mezhson-doped droplet
intensities atTo = 14.0 K. The distribution in Figure 5.5a that exhibits azloos
behavior,Tp = 13.0 K, results from ion capture by droplets formed in Regil. The
measured distribution fofp = 13.0 K could be useful in describing the droplet sizes
produced in Regime Il. However, the ion capture procasst tme understood before

relating the charged droplet size distribution to the réudroplet size distribution.
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Insight into the ion capture process can be gained fesralyzing the measured
distributions for the Regime | droplets.

Like the neutral distributions, the measured ion-doped drgie distributions
can be fit with the log-normal function shown in Equat®@. In Figure 5.5, the black
curves correspond to log-normal distributions with theapwaaters listed in Table 5.1.
The log-normal curves in Figure 5.5a fit the experimediah with an agreement Bf >
0.99. The log-normal curves in Figure 5.5b fit the expertalesata with an agreement
of R? > 0.96 forTo = 14.0 and 15.0 K, an@® > 0.90 forT, = 16.0 K. As a frame of
reference, parameters obtained when fitting neutral drogistributions produced at
similar nozzle temperatures and a stagnation pressut@ bér are also shown in Table
5.1.[74] At the same nozzle temperatures, distributionslyred atp, = 40 bar are
slightly narrower and have slightly smaller mean debplzes than those producegat
50 bar. The ion-doped droplet size distributions reswtandard deviations) that are,
on average, smaller than those for the neutral drajdetibutions, while the values for
the mean () are significantly larger. The decrease dnrelative to the neutral
distributions is likely due to the presence of an appgarenimum droplet size threshold
(Fig. 5.5b), which serves to narrow the distribution. tThsalues are larger for the ion-
doped distributions is not surprising when considering the large of the droplets
observed. Also shown in Table 5.1 are values for thewndths, ANy, of Py(N).

Clearly, the half-widths for the ion-doped distributicer® much larger, which follows

directly from the much larger valuesNf. The large values ol and the presence of an
apparent minimum droplet size threshold indicate that ardynall portion of the neutral

droplet distribution is sampled, as discussed below.
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Table 5.1 Parameters resulting from fits of data in Edub to the log-normal function
in Equation 3.8.0 andu are the standard deviation and mean, respectively,Mf In

Collector- Detector position _
To (K) electrode (mm o fff)axi s) N o 7 ANy,
potential (V)
14.0 -15 5 352000 0.680 12.54 394000
15.0 -15 5 152000 0.470 11.82 142000
16.0 -15 5 129000 0.443 11.67 116000
14.0 -15 10 280000 0.569  12.38 292000
15.0 -15 10 126000 0.450 11.64 114000
16.0 -15 10 104000 0.388  11.48 85000
13.5Y - - 13000 0.612 9.29 11240
15.0° - - 8900 0.607 8.91 7719
16.07 - - 7741  0.662 8.74 6484

a) Log-normal parameters found by Harms et al. whndito neutral droplet distributions produced at
Po = 40 bar.[74]

— 140K
——15.0K
16.0 K
— Neutral
----- lon-doped

Relative abundance

—— .
0 1x10° 2x10° 3x10°
Droplet Size (He atoms)

Figure 5.6 Comparison of Regime | neutral droplet sizgibligions to measured ion-
doped droplet size distributions. Solid curves correspomeétitral distributions;
dotted curves correspond to log-normal fits to the dakagare 5.5a.

72



The log-normal curves resulting from the fits to theadatFigure 5.5a are plotted
with their corresponding neutral distributions in Figur6.5It can be seen that the ion-
doped distributions overlap the region of the neutral ibigtions that have near-zero
relative abundance. These results indicate thavdake majority of the neutral droplets
produced are not successful at capturing an ion. This eie@mplified when
considering that the ion-doped droplet sizes are indicatithe size of the dropletfter
dissipation of the kinetic energy of the ion. If {®cess of kinetic energy dissipation
requires the evaporation or cleavage of a significant ggortif the droplet, which is
discussed in the next section, then the droplet siee edipture would be much smaller
than the size of the neutral droplet before ion capturkerefore, it is possible that the
percentage of the neutral droplet distribution that succkgsfaptures an ion is even

lower than suggested by Figure 5.6.

5.2.4 Application of Previously Observed Cooling Rates

Another noteworthy feature of the observed*Mdaped distributions is the
presence of a minimum droplet size threshdlg;, of approximately 40,000 He atoms.
The measured signal increases from zerbzatto a maximum at droplet siéy., and
then decays in a fashion expected from the neutral dreet distributions. This
phenomenon is surprising when considering the various coaleghanisms that have
been observed in helium nanodroplets. To capture an impgaicm, the droplet must
dissipate enough of the kinetic energy of that iontftr be retained by the potential well
within the droplet.[90] For the capture of neutral molesuldissipation of energy is
accomplished by the thermal cooling mechanism discussedciio8 2.1, in which the

evaporation of helium atoms from the surface of theoletoremoves ~5 cthof energy

73



per atom.[37] The dissipation of 15 eV by this mechanismldveequire the evaporation
of >24,000 He atoms.

As discussed in Section 2.2.2, non-thermal cooling prosdssee been observed
upon vertical ionization of neutral molecules embedded liurhedroplets, indicating
that helium droplets are capable of even more efficieooling than previously
thought.[56,57] These findings have been supported by reoenitetical work, which
suggests that two distinct cooling mechanisms are at work wbeling embedded
species that undergo vertical ionization.[58] The sinmuattook into account both the
friction due to helium atoms on an ion moving at speedstgrehan the Landau critical
velocity[91,92] and the quantum nature of the helium dropstsuggested by results
from photodissociation experiments.[93-95] The conclussddértwo distinct cooling
mechanisms was drawn from the distribution of kinetiergies of the evaporated helium
atoms following ionization of embedded ;NeThe distribution of kinetic energies could
be described by a sum of two exponential distributions, having kinetic energies of 3-
7 cm® and the other having kinetic energies of 28-45"cmssuming the first 5000 He
atoms each remove 20 ¢mas observed experimentally,[56,57] and subsequent atoms
each remove 5 ¢ the loss of ~9400 He atoms would be required to dissipate 15 eV

The results of applying the above cooling mechanisms tonéhral droplet
distribution produced aly = 14.0 K andpy = 50 bar are shown in Figure 5.7. The
resulting distributions do not reproduce the shape ofitbasured Nadoped droplet size
distribution. The thermal and non-thermal cooling medrasi require the loss of
thousands of helium atoms, which serves to eliminate piwtion of the droplet

distribution smaller than these critical sizes andt she remaining distribution to the left.
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Figure 5.7 Comparison of various droplet size distributamgipated for capture of a
15 eV ion afTp = 14.0 K. Neutral distribution: dotted black curve. Thalroooling:
dash-dot-dot blue curve. Non-thermal cooling: dashed red ciwteasured distribution:
dash-dot light blue curve (plotted at arbitrary abundanceléoity). Occupancy

probability distribution: solid green curve, normalized dtarity.

These processes both predict Maped distributions witlfNi,r = Nmax = 0, followed by an

exponential decay with increasimg (Fig. 5.7).

It is due to the predicted outcomes of

these currently accepted cooling mechanisms that the peeeéa minimum droplet size

threshold is unexpected.

5.2.5 Probability of lon-Droplet Collision

It could be hypothesized that the shape of the measureddyad distribution is

due to the pick-up statistics associated with the lowbmrndensity of ions over a short
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pathlength. The number density in the pick-up region is aboutld ions/cni, over a
pathlength of only a few millimeters. This number denwstfar below that used in the
pick-up of neutral molecules, which is typically'#a0"* atoms/cm over a pathlength of
~2 cm. This point is worth emphasizing: the number dersityons used in this
experiment is a factor of roughly &@wer than that typically used in the pick-up of
neutral molecules, over a pick-up pathlength nearly 10 tishester. Larger droplets

have larger cross-sections, so they have the highebalgitbty of encountering an ion

and it may be expected thhl,., would be greater thad of the neutral distribution.
However, as can be seen in the shape of the neudtabdtion (Fig. 5.6), there are far
fewer of these large droplets produced.

The probability that a droplet of sidd is produced and encounters a dopant
species can be described by the occupancy probabBility(Eqg. 3.21). The calculation
of Pycc for the pick-up of neutral molecules is demonstratedppendix B. Using the
ion density given above, the maximum in g distribution for one ion occurs & =
16,000 He atoms witRocc = 6.5 x 10%, Compare this to the pick-up of a neutral gas at
typical conditions, for which the maximum in the occupamprobability distribution
occurs atN = 11,000 He atoms witRy.c = 1.5 x 10, a factor in excess of ¥bgreater
than that for the encounter of an ion. For neutral isgeat thermal energies, it is
assumed that every encounter results in capture; how#ve is likely not a valid
assumption for the capture of a dopant with 15 eV of lanetiergy since many of the
droplets are too small to dissipate this amount of ene@gnsidering the much lower
number densities, and resulting occupancy probabilitiescedsed with the ion-doping

experiment, it is remarkable that Nadoped droplets are able to be detected.
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Furthermore, the occupancy probability distribution resgltfrom the ion-doping

conditions, plotted in Figure 5.7, is qualitatively simiia the neutral droplet distribution.
This similarity is because the number of droplets prodatdargeN decreases extremely
rapidly with increasingN, as indicated by Equation 3.8. Therefore, despite incgas

cross-section with increasigj the much greater number of droplets produced with sizes

nearN dominates the shape Bf.. Thus, accounting for the pick-up statistics does not
predict the presence of a minimum droplet size threstadthough it does suggest that
vast improvements in the doping of droplets could be rbgdacreasing the ion density

and pathlength of the ion source.

5.2.6 Consideration of Experimental Artifacts

It is tempting to attribute the intensity increase fridm to Nmax in the measured
Na'-doped distributions to an experimental artifact relatethe finite slit width of the
detector entrance. In this case, it would be assuhadNi, = Nmax# 0. Then, as the
potential ramp applied to the steering electrode forcgsletof the siz&lnmaxtoward the
detector entrance, some of these droplets are deteefeck they should be, due to the
finite slit width at the detector entrance. This pheeaon would cause a rapid increase
from zero intensity to the intensity Bk, At first glance, the Nadoped droplet size
distributions measured fdlfy, = 14.0 K and collector electrode potential of -15 V appear
to fit this description (Fig. 5.4a). However, in thetdimition measured with the detector
10 mm off-axis,Nir =~ 40,000 He atoms anm¥ynax ~ 160,000 He atoms. As described
above, the precision associated with the slit widtthefdetector positioned 10 mm off-
axis is £10%, which indicates that when the steeringtrelde has an applied potential

corresponding to 160,000 He atoms, droplets as small as 144,00€bide may be
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detected. In reality, this number may be slightly $enalue to field leakage through the
88% transmission mesh across the detector entrancig,idstill significantly larger than
the maximum size able to reach the detector when tierisg electrode potential
corresponds ttN = 40,000. Therefore, the presence of a minimum dropletteizshold

is not attributed to the finite width of the detectotrance.

5.2.7 Kinetic Energy Dependence

To further probe the ion capture process, the effedhermeasured droplet size
distribution due to the kinetic energy of the ions waslisd. As mentioned previously,
the kinetic energy of the ions was defined by the pa@tlenf the collector electrode.
Through the use of the charge-steering apparatus, the effeioetic energy was isolated
from the effect of the collector electrode potential the trajectory of the charged
droplets. Therefore, measuring ion-doped droplet sizeilaisivns at varying collector
electrode potentials allowed for examination of theeaffof kinetic energy on ion
capture. Distributions measured for the capture dfwith collector electrode potentials
of -15, -30, and -45 V, or kinetic energies of nearly 15, 3@, 45 eV, are shown in
Figure 5.8. Each of these distributions can also bt fthe log-normal function (Eg.
3.8). The results of such fits are also plotted guFe 5.8, with the associated parameters
given in Table 5.2. It can be seen that there iggatsthift to larger values dfinax with
increasing kinetic energy.

The dependence of the measured droplet size distributiokmetic energy may
be indicative of the ion capture mechanism. If ion captugre to proceed through either
of the cooling processes described above, it would be tegdtat higher energy ions

would cause the loss of a greater number of helium satioom the droplet. Given the
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Figure 5.8 Droplet size distributions for capture of Wavarious kinetic energies: 15 eV
(red), 30 eV (green), and 45 eV (blue). Fits to log-normadtion shown in black.
Detector positioned 10 mm off-axi§ = 15.0 K.

Table 5.2 Parameters resulting from fits of the dat&igure 5.8 to the log-normal
function in Equation 3.8.

Na" kinetic Detector
To (K osition N N AN
0 ( ) energy (eV) (mfn off-axis) ma ’ a v
15.0 15 10 93000 126000 0.450 11.64 114000
15.0 30 10 104000 144000 0.466 11.77 134000
15.0 45 10 118000 145000 0.369 11.81 113000

same initial neutral droplet size distribution, whichtle case for data obtained at a
constant nozzle temperature, increasing kinetic enevgpesd result in lower intensities
at allN. This predicted result is shown in Figure 5.9, in whidgh tbn-thermal cooling

mechanism is applied using the same assumptions as alearly, the distributions
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Figure 5.9 Predicted ion-doped droplet size distribution¥der 15.0 K, using the
non-thermal cooling mechanism, as a function of ion kdrestergy. Dotted
red curve, 15 eV, dashed green curve, 30 eV; and solid blue dired/.

predicted by such a cooling process do not accurately moeleperimental results. In
fact, the observed distributions exhibit a nearly oppdséhavior. While higher kinetic
energies are expected to result in ion-doped dropletisiébutions that are increasingly
shifted to the left relative to the neutral distributitime experiment suggests that the ion-
doped distributions are either not shifted at all relatvethe neutral distribution or
shifted equally by all kinetic energies, as indicated byoerlap of the largé\ tails of
the distributions in Figure 5.8. The effect of increadimg kinetic energy appears to be
limited to a shift ofNmax and possiblyNy,, of the ion-doped distributions to the right (to

larger droplet sizes). The shift Mmaxis ~12,000 He atoms per 15 eV increase in kinetic
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energy. These values correspond to energy dissipattiohO cni per atom, which could
be interpreted as an observed average of thermal antheonal cooling.

Comparison of the measured ion-doped droplet size distimitio predictions
based on previously observed cooling mechanisms is tenliotisis experiment, atomic
ions were generated external to the droplet. Thesewers focused by an electric field,
which resulted in ions with high kinetic energy that thesilided with droplets.
Therefore, the ion-doping process shares features bfaahie aforementioned cooling
mechanisms, but none of the mechanisms possessestldisef features. The thermal
mechanism successfully describes the capture of neutnalsaand molecules.[37,76]
This process involves external species being captured layabpdéet, but these species are
not charged and have kinetic and internal energigsatieamuch lower than the kinetic
energies of the ions studied here. The non-thermalingp mechanism is used to
describe the fragmentation patterns of moleculesatetonized within the droplet.[56-
58] This process addresses the cooling of ions, but thenamsestion are formed from
neutral molecules already embedded in the droplet anédomI0.37 K.

Perhaps the most relevant studies are those on thedwsxciation of alkyl
iodides in helium nanodroplets.[94,95] These experiments tiamonstrated the ability
of the droplet to attenuate the velocities of photpfiants with 1.25 eV of recoil energy
produced by photodissociation. The attenuation of the plagioient kinetic energy was
dependent on droplet size, but independent of initial lanetergy. These phenomena
were accurately modeled by assuming a direct escape m&chani which the
photofragment undergoes a series of independent, hardedpihary collisions. Implicit

in this model are the following features: the mean relakivetic energy lost by the
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photofragment is determined by the number of collisions; larger droplets,

photofragments will undergo a greater number of coltisj the hard-sphere collision
cross-sections are independent of the relative spefette acollision partners; and the
mean relative kinetic energy lost by the photofragnpemtunit distance is independent of
the absolute kinetic energy of the fragment.[95] Apmdythese principles to dissipation
of the kinetic energy of an impacting ion, it would érpected that the capture of
increasingly energetic ions would require the loss gfeater number of helium atoms
from the droplet. The resulting distributions woul@rhbe qualitatively similar to those
predicted by the mechanisms described above (Fig. 5.9). Howehe experiments

leading to this model are also not completely analogouthé¢ present work. The
photodissociation experiment did study the motion of aderate velocity species
through a droplet, but the species in question was again eaheuwlecule that was

already embedded in the droplet.

5.2.8 lon Mass Dependence

Although the hard-sphere collision model cannot be usexkplain the observed
ion-doped droplet size distributions, the photodissociatib alkyl iodides yields other
results of relevance to the capture of an ion. Fils¢, majority of ejected iodine
fragments were observed with attached helium atomey, While bare alkyl fragments
were primarily observed. These effects were attribtivethe high internal energies of
the alkyl fragments and the strength of the He-¢rmttion.[96] The interaction energy
of He-I has been calculated to be ~27'd8¥77] much less than that calculated for N#e
(~330 cnt).[67] If an iodine radical with high kinetic energyasable to retain helium

atoms, it then seems reasonable that an alkali catioid remain solvated by helium
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atoms at the kinetic energies studied here. Alscerobs in the photodissociation
experiment was a mass dependence on kinetic energyaiten, with lighter fragments
cooled more efficiently than heavier ones. This efigeas also accurately described by
the hard-sphere collision model, for which the meargnloss per collision depends on
the ratio of fragment mass to helium mass.[95]

The mass dependence of kinetic energy dissipation bynmedroplets can be
probed in the current experiment by using ions other thdn Ribtted in Figure 5.10 are
droplet size distributions measured for the capture 6fdrid Na at equal kinetic
energies. Also plotted are fits to the data usingldbgenormal function. The plots are
normalized to clarify the effects of ion mass. Timest apparent feature of these
distributions is an increase My, with increased massNi,,(Na’) can be estimated from
the log-normal fit to be roughly 30,000 He atoms, &lag(Li*) can be estimated to be
approximately 13,000 He atoms. Similar to the kinetic gndegpendence of ion capture,
there does not appear to be a mass dependent effect disttifeution at droplet sizes
greater thaNmay as the distributions in this region overlap eactenthlrhe observation
of smaller droplet sizes with lower mass ions fitdwn the framework of the hard-sphere
collision model used to describe photodissociation ofladidides in helium droplets, in
which lighter species are cooled more efficiently thaavy ones.[95]

Unfortunately, mass is not the only parameter thangdmmhen changing ions.
The binding energy of a helium atom to an alkali cationalkulated to decrease with
increasing mass: approximately 700temd 300 cil for Li* and N4, respectively.[66]
Based on the observed binding of helium atoms taegeiodine photofragments in the

photodissociation work,[96] it is reasonable to beligvat the binding strengths of the
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Figure 5.10 Measured ion-doped droplet size distributions fandiNd. Detector
positioned 10 mm off-axis, collector electrode potentaswl5 V, and = 15.0 K.

ions could play a significant role in the measured dtapies. It must be noted here that
the ion source did not have mass-selection capabgitidshe preparation method cannot
completely eliminate the emission of Na Therefore, although the majority of ions
emitted from the source are the alkali cation choskght contributions from Namay

be present, but these are not expected to affect thieatjnalinterpretation of the results.
An alternative ion source adapted from a single-ended imz{98] is being developed

to overcome the mass-selection limitation and wiltbscribed in Chapter 6.
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5.3 Summary

The capture of alkali cations by superfluid helium nanptits was studied by
analyzing the size distributions of ion-doped dropletserdhare many parameters that
may affect the capture of ions by helium droplets. Tiree parameters studied here
were nozzle temperature, kinetic energy of the iod, rmass of the ion. Decreasing the
nozzle temperaturd,, did not result in a change in the minimum droplet siweshold,
Nir, but did result in an increase in the droplet size kichvmaximum intensity was
detectedNmax as well as increased intensity at larger droplet gEZ®s 5.5). This result
is to be expected, as the ion source conditions reaianstant and thus the ion capture
process should not have changed. The only differenagsedaby decreasingy are
broadening of the distribution of neutral droplets and arease in the mean droplet size
(Fig. 5.6). Therefore, beyond the apparent critical dtogie necessary for ion capture,
intensity should increase to some point at which im&éd by the number of droplets of
that size available and subsequently decay in accord Wweéhntumber of droplets
produced at increasing size. The data in Figure 5.5 refisctrend exactly: atp = 14.0
K there is a greater number of droplets produced at ldrged this results in a larger
value forNmaxand greater intensity at all values except thosegar

The distributions obtained for various kinetic enerdieg). 5.8) are consistent
with the nozzle temperature results. Again, a minintroplet size threshold is present
in the measured distributions, which appears to increaghtlgl with increasing ion
energy. There also appears to be a small increabkinwith increasing ion energy.
However, at droplet sizes larger thislfax the distributions overlap. The results indicate

that the kinetic energy of the ion plays a role in deteing the critical droplet size for
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successful captur®,. Then, as in the distributions obtained with varyiggintensity
increases to some point at which it is limited by thenber of droplets of that size
available and subsequently decays in accord with the nuafbéroplets produced at
increasing size. Since this experiment was performeld aviixed nozzle temperature,
the neutral distribution accessible was the sameaeth &inetic energy. Therefore, the
overlap in distributions al > Nmax indicates that changing the kinetic energy of the ion
either does not result in an effect on droplets inrdggon or results in the same effect at
all kinetic energies studied. These results are amkstontrast to the distributions
predicted by previously described cooling mechanisms, for whiehdissipation of
energy results in energy dependent loss of helium atfpomm the droplet. Such
mechanisms predict ion-doped droplet size distributions lth&e maximum intensity
nearN = 0 He atoms and non-overlapping tails (Fig. 5.9).

The distributions measured as a function of ion mdss display the same
behavior as those for nozzle temperature and kinekcgy dependence. That is, the
distributions exhibit a minimum droplet size threshold @wverlap atN > Nmnax In this
experiment, both nozzle temperature and ion energg Wwept constant, only the alkali
cation studied was changed. In a similar fashion tokihetic energy dependence,
changing the ion resulted in a shiftNi,, from which a slight shift ifNmnax follows. The
decrease i, observed with decreasing mass is in qualitative agreemehttiae
results of photodissociation of embedded alkyl iodides.[dbjvever, the cations studied
also have different binding strengths to helium atomsickv may play a role in their

ability to remain solvated by helium atoms.

86



Taken together, the results suggest that the mechaniswhicp high energy
alkali cations are trapped in helium droplets cannot Iserdeed by previous models.
The data indicate that there is a minimum droplet gizeshold for trapping these highly
energetic ions, which does not depend on the size distnibofineutral droplets before
ion capture. The temperature dependence data also shbwhéhabundance of ion-
doped droplets atl > Ny, is directly related to the abundance of neutral drogléthat
size, or greater, before ion capture. The data alsw shat changing either the kinetic
energy or mass of the ion causes a chand#yinand, as a result, iNmax However,
changing these parameters does not alter the relattemsities atN > Nyae The
presence oy, and the behavior 8 > Nhax as a function of kinetic energy and mass are
particularly problematic when applying the previously proposedlimg mechanisms.
Those models do not predict a critical droplet sizeida capture. They also predict that
Nmax Should occur neaX = 0. The measured ion-doped droplet size distributionsfibest
a model in which the success of ion capture is determinedopjetiisize, but the capture
process does not dramatically affect droplet size. Suatodel would describe the
presence oNy, and its decrease with decreasing ion kinetic energynaass. It would
also describe the overlap &t > Npyax for distributions measured at various kinetic
energies and ion masses. That an ion should be cdpfareexample, by a droplet of
50,000 He atoms and retain those helium atoms, but notjteired by a droplet of
30,000 He atoms, is not an intuitive result. A particalgument against this idea is the
rate of decay of the ion-doped droplet intensity at valdiéé greater thamNmax Which is

much less severe than for either the log-normal digioh or the occupancy probability
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distribution for neutral droplets of similar size. $lomparison suggests that the droplet
sizes do not go unchanged during the ion capture process.

Perhaps the formation of an ion-doped droplet does not iewbk capture of an
ion by a droplet, but the removal of helium atoms f@wiroplet by an ion. In this case,
the ion could form a snowball of solid helium aftempewxt with the droplet.[62,63] The
snowball would then move through the droplet, accummdatielium atoms in a fashion
similar to that described for the movement of a chérgartex ring through superfluid
liquid helium.[99] This concept raises an interesting pegarding whether the droplet
remains superfluid after collision with the ion. Iteigpected that the energy input would
raise the temperature of the droplet such that it idonger superfluid. The timescales
associated with these processes would need to be causistken determining if such a
mechanism is possible.

At this point a mechanistic description of the capturkigh energy alkali cations
is not possible. However, it can be stated thathetstudied conditions, the capture of
alkali cations requires droplets greater than ~20,000 Hmsatavhich results in the
majority of neutral droplets produced being discarded. Thkalte indicate that, as
expected, the efficiency of droplet doping with ions cannproved by providing a high
flux of low energy ions over a longer pathlength. Underding of the ion capture
process would benefit from a thorough theoretical treatnm which the effects due to
kinetic energy, velocity, momentum, and mass can meaelily be isolated from one
another. Furthermore, such work could either incorparai@void altogether the effects
of differing ion-helium binding energies. Of further entst are similar ion capture

experiments involving molecular ions. In the photodissonawork described
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above,[95,96] iodine radicals ejected from the dropletew@bserved to have helium
atoms attached, whereas the ejected alkyl radicals wete An experiment using
molecular ions might indicate the possibility of aam@nism in which the impacting ion
drags helium atoms with it. Another potential effacirth investigation is that of the
vibrational degrees of freedom of a molecular ion. & pihotodissociation work, the
lack of helium atoms attached to the alkyl radicals atributed to the internal energy of
these species. It is interesting to ponder whetherathailable degrees of freedom that
help neutral molecules couple to the surface modes ef difoplet, resulting in
evaporation of helium atoms (the thermal cooling raeedm), would result in more or

less efficient capture for molecular ions.
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CHAPTER 6

DEVELOPMENT OF ION-DOPING APPARATUS

The previous chapters have demonstrated that, at the meoeal conditions
employed, capture of an ion was limited to helium dreplatich larger than the mean
size produced by the nozzle. Very few droplets of teeses are produced, which results
in more stringent requirements for detector sensitivity aignal processing. Several
reasons for the inefficient doping of droplets with idre/e been discussed, including
very low number density and high kinetic energy of iofi® address these issues, an
apparatus incorporating ion-focusing elements has been désitpe focusing elements
were implemented for improved transmission of ions fridv@ source such that lower
kinetic energy ions could be used. Focusing elementsiralsroved the overlap of the
ion beam with the helium droplet beam, increasing thebar density of ions in the
interaction region. Maodifications to simplify theeetric field and ensure the emission of
a single type of ion were made. Finally, charactaomadf the performance of the final
version of the apparatus was carried out. The developera characterization results

are discussed, as well as some limitations encountetée icurrent design.



6.1 Initial Design of Apparatus

The primary goal of the apparatus was the production ajlafthix of low energy
alkali cations for efficient doping of superfluid heliunanodroplets. To achieve this
goal, a zeolite-coated filament was used in conjunctidh wiseries of stainless steel
electrodes for focusing of thermionically emitted cati¢iig). 6.1). The electrodes are
mounted on alumina tubes and separated from each ottrealwmina spacers, which
results in electrical isolation so that differentltages can be applied to each. The
assembly is held together by threaded stainless stée¢hat passes through the alumina
support tubes and has nuts on each end for tightening. Thisphenical-shaped
electrode is attached to an aluminum bracket withim alumina spacer and alumina
shoulder washers to maintain electrical isolati@tainless steel, alumina, and aluminum
components allow the use of elevated temperatures, whahiactor with the resistively
heated ion source. The aluminum bracket is mountedttanalation stage, which is
mounted to the inside of the top flange of the pick-up &gam The translation stage
allows fine adjustment of the ion-focusing apparatusiveldb the helium droplet beam.
The coated filament is placed in the hemisphericalathagectrode, as indicated in
Figure 6.1. Applying a positive potential to the hemisphertadtrode repels the alkali
cations emitted from the coated filament toward theftmusing elements. Applying a
negative potential to the nearest element extracteefhadled ions and the application of
various voltages to the subsequent elements focusesrthénithe region of the droplet
beam. Operation of the apparatus in this fashion resulisn trajectories that are

orthogonal to the droplet beam, which is directed inéogage in Figure 6.1 (depicted by
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Figure 6.1 Side-view of*igeneration ion-focusing apparatus (electrodes shaded blue).

red circle). This arrangement, however, is not manglaiad other possible geometries
are addressed below.

The focusing of cations was modeled using SIMION.[80] Amegxa of such a
simulation is shown in Figure 6.2. In the figure thecet®les are shaded brown and
labeled 1-7, example ion trajectories are depicted bylinlae, and the red contour lines
represent the electric field present in the device. 3Jihmlation is representative of

typical operation of the apparatus, in which elementadlL 2z are biased positively and

92



Element #

He beam
axis

Figure 6.2 Top-down, cross-sectional view of SIMION datian of ion focusing.

negatively, respectively, to direct the emitted catimvgard the droplet beam. Elements
3 and 4 are held at negative potentials that result mao#h potential gradient between
elements 2 and 5. Elements 5-7 function as an Einzg| Veith elements 5 and 7 held at
ground while element 6 is adjusted to optimize ion curreAt collector electrode is

positioned on the opposite side of the helium droplet b@ameasure ion current. The
collector electrode can also be biased to aid in theeidn of the ions to the region of
the droplet beam. However, applying such a bias is undisirab it results in the

steering of ion-doped droplets off-axis. If the colleatmctrode remains at ground, and
element 7 is also held at ground, the ion-doping regioeasly field-free and ion-doped

droplets are not steered off-axis, alleviating some efgioblems experienced in the

work described in previous chapters.
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As mentioned above, the ion-focusing apparatus need notargyed orthogonal
to the droplet beam. Simply placing a hole in elenfemind rotating the device 90°
would allow the droplet beam to travel lengthwise throtlgh apparatus. Operation of
the apparatus in this arrangement, in which the ion taajes would be roughly collinear
with the droplet beam, may be expected to result in ongat overlap and doping
efficiency. There are two possible collinear arrangeémeaan trajectories countercurrent
to the droplet beam, that is, the ions are directedhtd the droplet nozzle; or ion
trajectories concurrent with the droplet beam, thathis ions travel in the same direction
as the droplets. If the ions travel countercurrerthodroplets, the ion-doped droplets
would travel through the electric field that focused thwesj which may result in size-
dependent divergence of ion-doped droplets from the beanmernatively, if the ion
trajectories are concurrent with the droplet beam,dimplets would capture the ions
downstream of the apparatus, avoiding the electric fietheapparatus. Unfortunately,
the ions would be directed downstream toward the deteprenenting the phase-
sensitive detection scheme from differentiating betweardoped droplets and ions that
were not captured by droplets. Therefore, the orthalgonode of operation was

maintained.

6.2 Modifications for Improved Control

The ion-focusing apparatus depicted in Figures 6.1 and 6.2 masta dope
droplets with alkali cations, but the performance wassmnificantly enhanced relative
to the simple ion-doping arrangement employed in Chapdeand 5. The lack of
improvement was attributed to sub-optimal ion transimmssand imperfect alignment

with the droplet beam. The use of a hemisphericatrelée for element 1 was intended
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to improve ion focusing toward the center of the apparatb®wever, a non-linear
electric field is generated around the filament, whicdults in ion energies that are not
well-defined. A distribution of ion energies makes faegdifficult and limits accuracy
when studying kinetic energy dependence of ion capture byninelioplets. Therefore,
the first modification made was the replacemenhefliemispherical electrode with a flat
plate (Fig. 6.3). The use of a flat surface resultsnirelactric field that is linear in the
region of the ion source. Electric field linearityoals the ions to be emitted and repelled
with well-defined energy.

Improved control of the vertical alignment of the ibram with the helium
droplet beam was achieved by splitting the elementesedine droplet beam (element 7
in Fig. 6.2). The two halves of this element could thereHdifferent potentials applied
to each for control of the vertical position of tlo@ ibbeam to correct for any misalignment
introduced during assembly and installation. The simplethod of operation involved
holding one half of the split element at ground and adiggtie other half to maximize
the intensity of ion-doped droplet signal. In practite voltage applied was <0.5 V,
minimizing perturbation to the field-free ion-doping regiand maintaining the function
of the Einzel lens. Maximum control over the veitipasition of the ion beam was
achieved by attaching electrodes to each half of the $gpfitest that extend horizontally
(labeled “vertical steering electrode” in Fig. 6.3).

The trajectories of low-energy ions are easily pertdirbg electric fields. Since
one of the goals for this device is the transmissiolowfenergy ions, stray fields must
not be permitted to penetrate the region through whichoth travel. This problem is

largely addressed by the large outer diameter of the iousfng elements. However, in
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Figure 6.3 Side-view of"d generation ion-focusing apparatus.

the design depicted in Figures 6.1 and 6.2, there was ndisgigrovided in the region
where the focused ions collide with the helium droplet® prevent stray fields from
affecting the trajectories of the cations in the dregdt®ping region, a shield was mounted
to the vertical steering electrodes (Fig. 6.3). The dhiebts on a Tefldh sleeve
wrapped around the vertical steering electrodes to maietiactrical isolation and was

connected to ground. The effectiveness of the grounddsiva$ tested by placing an
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a) Without ground shield b) With ground shield
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Figure 6.4 Effect of downstream electrode voltage orciorent measured at element 2
and at the collector electrode. (a) No ground shield G¢(bund shield attached.
Differences in measured ion currents between (a) gnarébdue to non-identical

conditions and parameters used on different days.

electrode ~1.5 cm downstream of the ion-doping region angingathe voltage. As
illustrated in Fig. 6.4a, highly negative stray fields aidektraction of cations to the
collector. If the stray fields affect the ion &ejories they also affect the ion kinetic
energies, which prevent the doping of droplets with idnwedl-defined kinetic energy.
The ground shield was observed to be effective at pregethm interference of stray

fields on the current of ions measured at the colleslgmtrode, as shown in Figure 6.4b.

6.3 Modifications for Improved lon Flux and Seledy

The changes to the ion-focusing apparatus described in SécBoresulted in
improved control of the ion beam and reduced perturbaticsiray fields. However, the
measured ion current did not reach the desired leveld @A at low kinetic energies

(<20 eV). Another shortcoming associated with the desigesribed in Sections 6.1 and
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Figure 6.5 Diagram of a Q machine for producing a plasmaptaddrom [100].

6.2 is the inability to select a single type of ionheTzeolite matrix used to coat the
filament is naturally rich in Na Therefore, when using a‘Lsource a small amount of
Na" may possibly be emitted as well. To overcome theséaliions the ion-focusing
apparatus was modified in a manner inspired by the “Q mathine.

Originally described in 1960, a Q machine is a device used &raena highly-
ionized plasma.[101] Advancements in Q machine technologtinue to be made as
these devices see continued use in studies of plasma liis&afi02,103] A simplified
schematic of a Q machine is shown in Figure 6.5. An owdiidd with an alkali metal,
which emits vapor of the metal upon heating. The beameofral atoms emitted from
the oven is directed toward a hot plate. The hot plate maintained at temperatures in
excess of 2000 °C.[102] At this temperature electrons areehaind alkali metal atoms
are ionized, thus creating a plasma. The plasma igneohby electric and magnetic
fields. Typical plasma densities observed in a Q machire1§ —10* cm?®[102]

Certainly, the formation of a plasma, which considt®ns, electrons, and radicals, is not
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Figure 6.6 Copper oven for producing beam of neutral alkangt

desirable for the doping of helium droplets with ions. widger, operating the hot plates
at decreased temperatures prevents the emission ofoee@&nd formation of plasma,
while maintaining the ability to ionize alkali metals, kimg the incorporation of the

relevant components of a Q machine a natural extensiomthe device described in the
previous sections.

Conversion of the ion-focusing apparatus to a Q machpe-tyevice was
accomplished by making several changes, including the @ddifia copper oven. The
oven consists of two segments: a reservoir for atkatal and a scattering chamber (Fig.
6.6). Metal is placed in the reservoir and determinesatkali cations produced, which
overcomes the aforementioned ion selectivity issupontheating, metal vapor enters the
scattering chamber before exiting to the vacuum chamibbe scattering chamber acts
as a stage of differential pumping so that the alkgdovas aerodynamically focused and

minimizes the effect of spikes in pressure that mayuoevhile heating the metal. The
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Figure 6.7 Side-view of Q machine-inspired ion source and ifoga@pparatus.

entire oven is heated by a 100 W cartridge heater (Wailmse)yted into a cavity in the
bottom of the oven (Fig. 6.6). The length of the heatel the cavity are such that the
heater occupies about half the length of the cavitythacheater is inserted such that it
rests against the front of the cavity. This heateareyement allows for greater heating at
the front of the oven, which prevents the vapor examfrbecoming clogged with
condensed metal. The temperature of the oven is meabyra K-type thermocouple
near the vapor exit (Fig. 6.6), which provides an upper limitr@entemperature of the

metal due to the proximity to the cartridge heater.
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Figure 6.8 Top-down view of ion-doping with Q machine-type
ion source and ion focusing apparatus.

The oven is mounted to the ion-focusing apparatus by alestaisteel bracket
(Fig. 6.7), which orients the oven ~33° from parallel te Hack plate (Fig. 6.8). The
angle of orientation was primarily determined by thergewy of the focusing apparatus.
In fact, to accommodate the oven, the focusing elemeartest the back plate, element in
Figure 6.2, was removed and element 3 was beveled to prsiveriing to ground by
contact with the oven. Photographs of the apparatushanen in Figure 6.9, in which
the assembled components can be seen.

To improve the efficiency of ionization, a tantaluibbbon was installed in place
of the coiled tungsten filament. Use of a ribbon incsahe heated surface area for

alkali atoms to strike, increasing the probability tha Wapor emitted from the oven is
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Figure 6.9 Photographs of Q machine-type ion source andcgosifg apparatus.

Tantalum Vapor
ribon exit

Figure 6.10 Photograph of ion source displaying tantalum ribbon.

ionized. The position of the ribbon is shown in Figure 6.d ean also be seen in the
photograph in Figure 6.10. The ribbon has much lower resestdran the filament, so

higher currents are necessary to achieve resistivengeatherefore, custom copper lugs
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were fabricated for connection to the ribbon (Fig. 6r8) solid copper wire was used to
conduct the current. The power supply was floated by ansedc source, which
determined the potential bias at which the ribbon was agbratThis potential, in
combination with the potential of the collector eledepdetermines the kinetic energy of

ions colliding with the helium droplets.

6.4 Characterization of Q Machine-Type lon Source

6.4.1 Performance

Experiments to characterize the performance of thdiffred ion source and ion-
focusing apparatus were performed with sodium metal in¥ea reservoir. Sodium was
chosen for several reasons, which include ready compatesaoesults obtained using
zeolite-coated filaments and the vapor pressure cunsaadiim. A satisfactory vapor
pressure, 18-10* torr, is generated at oven temperatures of 150—-190 °C.[104]e Thes
temperatures are within the operating range of the dgerheater, but above the boiling
point of water and other substances that must be dmtydssm the metal. lon-doped
droplets were detected by the translatable electron rettidescribed previously,
positioned on the droplet beam axis (Fig. 6.8).

The dependence of ion current measured at the collectorroglecand the
corresponding Nadoped droplet signal on temperature of the copper oveplatted in
Figure 6.11. The ion current and doped droplet signal bottedse approximately
linearly at oven temperatures of 140-210 °C. This is expeetedncreased oven
temperature results in greater flux of sodium atontgckvresults in a greater number of

sodium cations. However, at oven temperatures above°@l@he ion current and
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Figure 6.11 Dependence of ion current (red circles, le§) axid N&-doped
droplet signal (blue square, right axis) on oven temperature.

droplet signal decrease. Initially, it was suspected tia increased flux of sodium
atoms at elevated temperature resulted in the formafienough ions to reach the space-
charge limit, at which Coulombic repulsions limit thenmber of ions capable of
occupying a given volume. This hypothesis was supported byotirdinear dependence
of sodium vapor pressure on temperature.[104] However, specge effects are not
likely to occur at the ion currents observed (Fig. 6.11).

Further examination revealed that the pressure of theypochamber increased
in a non-linear fashion with increased oven temperdfige 6.12). The dependence of
ion current and Nadoped droplet signal on chamber pressure is shown in Figure 6.13.
At pressures less than ~8.0 x‘1rr, the ion current and droplet signal cover a wide

range. These values correspond to the regions of Figliteahd 6.12 below 200 °C.
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Figure 6.12 Dependence of chamber pressure on oven temperature.
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Clearly, the rollover in ion current and droplet sigelabwn in Figure 6.11 are correlated
to increased chamber pressure. The non-linear dependescdiwin vapor pressure on
temperature made it a likely candidate to be the causthefincreased pressure.
However, EI mass spectrometry of the contents ofpibk-up chamber did not reveal
gaseous sodium. Instead, as the temperature of thexageincreased, an increase in the
intensity of several peaks was observed (Fig. 6.14). pEa&s aim/z28, 32, and 44 are
most likely due to N O,, and CQ degassing from various metallic parts. The peaks at
m/z 26, 27, 29, 39, 41-43, and 55-57 are attributed to fragments fralmodarbon
compounds.[105] No known sources of hydrocarbons were priestie chamber. The
most likely source was the sodium itself, which is etioin mineral oil. Before use, the
sodium was rinsed several times with hexane to remdvieoo the surface, but it is
possible that oil absorbed into the metal was released bapating to high enough
temperatures. Indeed, an oily substance was observesurfaces of the vacuum
chamber upon inspection.

Despite the limitation placed on ion current by eledatpressure at high
temperature, the ion source could be operated at temperaturesponding to the linear
region of Figure 6.11. The ability of the ion-focusing appas to efficiently transmit
ions was used to study the effect of kinetic energtherdependence of ion-doped signal
on nozzle temperature with the detector positioned am-aXhis was also discussed in
Section 5.2.1, however, in that experiment the kineterggnof the ions was defined by
the potential applied to the collector electrode. Thecebf ion kinetic energy could not
be decoupled from the collector electrode potential at dase. In the experiment

discussed here, the collector electrode was fixed at aid the tantalum ribbon was
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Figure 6.14 Mass spectra of the contents of the pick-uplodaat various copper oven
temperatures. Peaks attributed to hydrocarbons are marktedmasterisk (*).

positively biased to determine the kinetic energy. Thaif ithe tantalum ribbon was
floated at +15 V, the kinetic energy of the ions upeaching the helium droplet beam
was ~20 eV.

Shown in Figure 6.15 is the nozzle temperature dependenca -alolded droplet
signal at three kinetic energies. The potentials afpio the focusing elements were
adjusted at all energies to achieve maximum ion curfaut,the collector electrode
potential was kept constant. The measured signal isaliaed in the plot to emphasize
the effect of kinetic energy on nozzle temperature négece. Decreased kinetic energy
results in a relative increase in WNaoping of smaller helium droplets (high®s), as

expected. The lowest kinetic energy studied, 8 eV, wadother limit for achieving
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Figure 6.15 On-axis measurement of ddaped droplet signal
dependence on nozzle temperature at various kinetigieser

sufficient ion current. Sufficient ion current at lexvenergies will likely be achievable
through additional tuning of the apparatus or the ability tohigieer oven temperatures.
Nevertheless, the sustainable production of 8 eV iong improvement over the zeolite-
coated filament, which can produce either low-energsg ion a short time by using high

filament temperatures or high-energy ions for extended periods.

6.4.2 Focusing Low Kinetic Energy lons

Although achieving ion-doping with 8 eV ions was an improventer what
was previously accomplished, lower energy ions were desiréd. understand why

performance decreased at lower kinetic energies, simotatwere performed using
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Figure 6.16 SIMION simulation of 20 eV Naajectories. Brown areas represent
electrodes, blue lines are ion trajectories, and red ke electric field contours.

SIMION.[80] Shown in Figure 6.16 are the trajectories adism cations through the
ion-focusing apparatus toward the droplet beam. The impgqgrerameters are the bias
of the tantalum ribbon and the collector electrode, Wwhieere +19 V and -1 V,
respectively. These values define the kinetic energlgeofons at the droplet beam to be
~20 eV. A collector electrode potential of -1 V was @mm an effort to move closer to
a field-free droplet doping region but is also effectiveatracting low-energy ions for
measuring ion current. As can be seen in Figure 6.16rdjeetories of 20 eV ions are
such that there is good overlap with the helium dropdam.
Shown in Figure 6.17 is a simulation identical to thatxshan Figure 6.16, with

the exception of the tantalum ribbon bias, which isaset4 V, resulting in ion kinetic

energies of ~5 eV at the helium droplet beam. Thedrmactories are skewed to one side
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Figure 6.17 SIMION simulation of 5 eV N#rajectories.

due to the asymmetric electric field near the tantailotvon. It appears that most of the
ions still reach the droplet beam path, but the dshied pathlength of the droplets
through the ion beam results in reduced pick-up probabégydescribed in Section 3.2,
and misleadingly low ion current measured on the colleelectrode. The asymmetric
electric field is caused by the presence of the coppen ateground potential.
Apparently, at the potentials used for generating iorfSignre 6.16, the presence of the
oven at ground potential does not disturb the symmetityeoélectric field.

Simulations were performed to optimize the transmissib5 eV sodium cations
to the droplet beam and collector electrode. In Figure 6.déh be seen that applying -
10 V to the copper oven results in a symmetric field he tonization region. A

symmetric field in this region results in ion trajeatsrthat cover more of the droplet
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Figure 6.18 SIMION simulation of 5 eV N#rajectories with oven biased to -10 V.

beam path. The copper oven, as currently installed @2, cannot be floated because
it is in electrical contact with the mounting brackethich is electrically ground.
Therefore, experiments have not confirmed that trassion of low kinetic energy ions
is improved by biasing the oven. To do so, a spacer pldtslaulder washers made of
alumina would have to be fabricated so that the oveddoe electrically isolated from
the mounting bracket. Alumina is preferable to nylon efldi® because those materials

would degas, or possibly melt, at the temperatures used.

6.5 Conclusions

Several versions of an apparatus for the generatiorfaansing of low kinetic

energy alkali cations were discussed. The final appsyrainspired by the Q
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machine,[101] uses a copper oven to heat bulk metal to praatocsic vapor. The
gaseous atoms strike a resistively heated tantalum rifhd@are ionized. The tantalum
ribbon is biased at a positive potential, which repets itoward the focusing elements
and defines the kinetic energy of the ions. The fagusiement nearest the ionization
region is biased negatively to extract the cationse tfhihee elements nearest the droplet
beam function as an Einzel lens: the two outer efgmare held at ground while the
voltage applied to the center element is varied to aptirthe doping of droplets. The
element nearest the droplet beam is split into an ugpetdower half, which can be held
at individual potentials to steer the ions verticallg amaximize overlap with the droplet
beam. The collector electrode is held at a potensahear to ground as possible to
minimize the electric field in the region of dropletpiltg. Maintaining a low-field
droplet doping region reduces the problem of droplet-steerasgciated with the ion-
doping technigue employed in Chapters 4 and 5.

The method of ionization employed in the final apparaassdeveral advantages
over the zeolite-coated filament. The use of an deeremission of metallic vapor
avoids the issue of ion selectivity without the us@ ebmplicated mass filter. Although
the problem of emitting multiple species of ions froeolte matrices can be limited
through careful preparation and conditioning, it cannot bmireated completely.
Residual metal in the oven could be a concern for iontsatgqurposes, but cleaning
and baking the oven is not difficult. Furthermore,dlesign and construction of the oven
is very simple, so it is not cost-prohibitive to havifedent ovens for different metals.

Other advantages of the updated ion source are the lowatikienergies

achievable and the length of time over which this source pesdacconsistent flux of
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ions. The zeolite source can produce sufficient fluloafenergy ions if heated to high
temperatures. However, operation of the zeolite soatchigh temperatures greatly
reduces its lifetime. The Q machine-style ion souraeyees a flux of ions that is
proportional to the flux of atomic vapor from the ovehhe ability to load more than a
gram of metal into the oven reservoir allows foresxted periods of continuous
operation.

The advantages discussed in the preceding paragraph alkheedoping of
droplets with N& at kinetic energies as low as 8 eV, approximately Hadf Kinetic
energy at which operation of the zeolite source wasamable. The inability to
effectively transmit and dope droplets with ions < 8 e\$ wtributed to the asymmetric
electric field created in the ionization region by tivem which was at ground. Based on
the results of simulations, it was hypothesized th& problem can be resolved by
floating the oven at a small negative potential. Hseilts of doping droplets with ions at
8, 12, and 18 eV of kinetic energy indicate that the kiretergy of ions does play a role
in the relative efficiencies of doping droplets producedaaibus nozzle temperatures.

The use of the ion source and ion-focusing apparatus ignitetd to N&. Other
alkali cations can be produced as well” i& very easy to produce since potassium has
even higher vapor pressure than sodium.” ¢an also be generated in this source,
although the temperatures necessary to produce sufficgatr pressure of lithium will
likely require a more powerful cartridge heater. The &gpa can also be used to
transmit negatively charged species by reversing the polafrithe voltages applied to
the focusing elements. In fact, the back plate ha&n eodified to accommodate a

dispenser cathode, which emits a high flux of low-gpeelectrons. The ability to
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control the energy of a high current of electrons reagble direct ionization of dopant
molecules within the droplet at or near the dopant iolmagiotential. Depending on the
resulting internal energy of the ion, and the inis&e of the helium droplet, such an

ionization process may result in an ion that remaeoigated by the droplet.
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CHAPTER 7

SUMMARY AND OUTLOOK

The goal of cooling ions was achieved by doping alkali catiotws superfluid
helium droplets that have an internal temperature of 0.37Iitial efforts involved
sodium cations with kinetic energies of approximately 200as\efined by the collector
electrode potential used to extract the ions towardltbplet beam. The potential on this
electrode limited the size of charged droplets ableawetrdownstream to the detector to
roughly 10 He atoms or greater. The large droplet sizes wepbitad in a scheme to
desolvate the ions from the droplet so that the compositigdhe charged species within
the droplet could be identified by mass spectrometry. &kperiment revealed that the
charged species were indeed sodium cations, with sewarabhmolecules bound to the
ions. Specifically, the ion-neutral clusters obserwate [Na(HO),]*, [Na(HO).NJ]",
and [Na(HO),(HCN).]".

The presence of Ncontaining clusters with stoichiometries that correspto the
relative abundances of:NMind HO molecules in the pick-up chamber indicates that the
process of picking-up neutral molecules is not alteredhéyptesence of an ion within the
droplet. The composition of these clusters, as vgetha intensities relative to the®+
only clusters, suggest that the clusters do not dissociaiegydine desolvation process.

The N molecule is weakly bound to the ion-neutral clusterthe desolvation step must



be a low-energy process. Since desolvation impatie Energy to the ion-neutral
cluster, the clusters observed in the mass spectra wdilely to be rearrangement
products. This is an important result because it suggestshe observed ion-neutral
clusters are formed within the droplet prior to desolvatiéor these clusters to form, the
neutral molecules must insert into the snowball @idshelium that is known to form
around embedded cations. Such an insertion is not unedpeloés analyzed in terms of
relative binding strengths to Nawhich are ~5-30 times higher for the neutral molecules
studied than for He. It is necessary to note thapitieed-up neutral molecules are likely
cooled to 0.37 K prior to reaching the snowball, so therétis energy available to
rearrange the snowball for molecule insertion. Howewd initio calculations have
shown that insertion of 40 and N into the snowball surrounding Nanay proceed
barrierlessly. Therefore, the mass spectrometnyltedlustrate not only the successful
capture of externally generated sodium cations, but thlsoformation of ion-neutral
clusters in the helium droplets.

The ability of helium droplets to capture an ion travglivith 200 eV of kinetic
energy is impressive, but the study was experimentallyedro droplets on the order of
10° He atoms. One of the most powerful abilities & Helium droplet technique is the
controlled formation of small clusters, which is not gible when using large droplets at
the experimental pressures, <1@rr. Therefore, examination of the ion capture preces
was performed to study the ability to embed ions in snalfoplets. By comparing the
distributions of ion-doped droplet sizes to the drople slistributions before ion capture

it was possible to gain insight into the process of mpture by helium droplets.
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Nozzle conditions opo = 50 bar andl, = 14.0, 15.0, and 16.0 K were used to
produce distributions of neutral droplet sizes that can keritbed by published scaling
laws. The ion-doped droplet size distributions measureth@®capture of 15 eV Nat
these nozzle conditions exhibit two interesting featur@sminimum droplet size
necessary for ion capturdl,, of ~2 x 10 He atoms and a droplet size at maximum
intensity, Nmax greater than fOHe atoms. The observed dependence of the measured
ion-doped droplet size distributions on nozzle temperairexpected, that is, colder
nozzle temperatures result in broader distributions witlieased population at larger
droplet sizes.

The dependence of the measured ion-doped droplet size wtistn® on the
kinetic energy of the ions was studied. At a fixed al®zemperature, changing the
kinetic energy of the ion resulted in a shift to largalues ofNy,, andNmay but did not
affect the largeN tail of the distribution. A similar trend could be ebged by
maintaining a constant ion kinetic energy, but changiegitass. Decreasing the mass of
the ion resulted in a shift to smaller valuesNgf andNmax It is expected that increasing
the kinetic energy or the mass of the ion would nexquarger droplets for capture.
However, the general shape of the ion-doped droplet siggibdtions cannot be
explained by currently accepted cooling mechanisms.

Applying either the thermal or non-thermal cooling mecsisi that have been
discussed in the literature results in a predicted ion-dddbution that has maximum
intensity atN = 0 and exponentially decays with increasig That is, the predicted
distribution has the appearance of shifting the entitgrakdistribution to the left along

the x-axis by a given number of He atoms. Similarh® abserved nozzle temperature
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dependence, the cooling mechanisms predict that lowelen@zaperatures should result
in greater intensity at higN. However, the presence of non-zé&ig andNmax Observed
experimentally is not predicted. Similarly, the prediot for kinetic energy dependence
state that increasing the ion kinetic energy shouldltrés decreased intensity at &l
That is, increasing kinetic energy is predicted to shit ieutral distribution farther to
the left along the x-axis. Interestingly, since botie tthermal and non-thermal
mechanisms describe cooling in terms of the energypdiesl per helium atom, all ions
at the same energy are predicted to require the sambeanwf He atoms for capture.
Thus, the accepted cooling mechanisms do not predict adipsnon mass. A mass
dependence is, however, predicted by the model of binadydpdrere collisions. In this
model, the velocities of lighter objects are expectebet attenuated to a greater extent by
collisions. This prediction agrees with the measurednass dependence. However, the
hard sphere model also predicts that the capture of ashmud shift the neutral droplet
distribution to the left, resulting in qualitatively siam distributions as those predicted by
the thermal and non-thermal cooling mechanisms.

Several observations can be made from the measuredomed droplet size
distributions. There is a minimum droplet size thoddHor capturing alkali cations at
the energies studied, which does not depend on the sizéowtion of neutral droplets
before ion capture. The abundance of ion-doped dropl&tsdNi, is directly related to
the distribution of neutral droplets before ion captuby,, andNnax depend on kinetic
energy and ion mass, however, changing these parandetessnot affect the relative

intensities atN > Nnax Since the aforementioned cooling mechanisms cannotilmesc
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these observations, other cooling processes must be caadsidenis will likely be a rich
area for theoretical studies.

Although a mechanistic description of the ion capture @m®de not possible at
this time, the results suggest a number of ways in wioigimprove the efficiency of ion
capture by smaller droplets. Primarily, increasing ethemumber density of ions in the
droplet path or the pathlength of the ion-doping regiohnedult in an increased number
of droplets capturing an ion. The number density can lveased by increasing the flux
of ions crossing the droplet beam and/or decreasing tle¢éikenergy of the ions.

An apparatus for generating a high flux of low-energy ,dmssed on the Q
machine, was assembled and characterized. This ion sgascable to sustain fluxes of
8 eV ions that were higher than those sustainable Herzeolite-based ion sources.
Lower kinetic energies are desirable, and a schemamijproving the transmission of
low-energy ions was simulated. This ion source hasiaddltadvantages, such as long-
term continuous operation and elimination of the emmssiomultiple ionic species.

Although the key steps of ion capture and ion-neutral@uetmation have been
accomplished, improvement in the doping of small dropletst be made for helium
droplets to be a viable matrix in which to conduct infraneecroscopy. The necessity
of small droplets arises from the pick-up of background im@srithat occurs when
using large droplets at the experimental pressures, asomesh above. Thus, if lower
pressures are used, <ALéorr or lower for the instrument described in this ditst@n,
large droplets can also be used for spectroscopy. Achieuitly lew pressure is not
practical in pick-up chambers in which various atomic andeowar sources are

frequently interchanged. Thus, the use of small droedssirable. Droplets of the size

119



typically used in spectroscopi < 5000 He atoms, have small cross-sections and are
able to dissipate a limited amount of energy. Thuscémpture of ions by small droplets
will require even higher number densities and lower engrgigons than were attained
with the new ion source. The simulated scheme &msimitting low-energy ions with the
new ion source should be a step in the right direction.

Alternative ion sources should also be considered. liAdiedions were a good
choice for the initial studies because the'-Ne interaction has been modeled
extensively, including calculations of'Msolvated in small helium droplets, wheré M
Li*, Na, and K. Alkali cations are also interesting from a cherhigad biological
standpoint, making them relevant species for future spsipic studies. However,
many other species are also of interest and may berdasembed in a droplet. The
study of the ion capture process suggests that the captiié stiould be even more
efficient than for the alkali cations studied. Furthere, the use of helium droplets for
the cooling of ions is not limited to atomic ions andation of ion-neutral clusters. IR
spectroscopy of polyatomic ions could also be performetyuselium droplets, avoiding
the complications associated with photodissociatiochrigues. The capture of
externally generated polyatomic ions has yet to bereédeand could yield additional
information about the ion capture process. Small poiyat ions could be formed in the
chamber via photoionization, or larger ions could beoohtced by an electrospray
ionization interface. Both of these techniques presemuenchallenges for coupling to
the helium droplet method and ion density may yet béssue, but exploration in this

area could produce fascinating results.
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Appendix A

SIMION Modeling of Desolvation Region

A cross-sectional view of the 90° bender and ion optsesd for desolvation of
ion-neutral clusters from helium droplets and focusin@ itite mass spectrometer is
shown in Figure A.1. The electric fields resulting frtime potentials used in Figure 4.1
can be visualized using contours. In Figure A.2, contour liepsesenting 5 V steps in
potential are shown. The contours are plotted on a“8hbe” of the assembly that
corresponds to the left-most surface displayed in Figute Ahe electrode potentials are
as follows: A, -30 V; B, -40 V; C,-50V; D, +30 V; E, -10 ¥; -100 V; G, +30 V; and

H,0V.

Figure A.1 Cross-sectional view of 90° bender and ion aptics
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Figure A.2 Electric field in center of desolvation @yi
Contour lines represent 5 V increments.

The effect of the electric field on the trajectoreddon-doped droplets is shown in
Figure A.3. The simulation uses droplets of the $ize 1 He atoms (based on the
droplet size limitation was discussed in Section 4.1) aswliraes a velocity of 350
m/s[69,73] that is either along the beam axis or paradlel. Beam divergence is not
taken into account. It can be seen that the droplettaaies are perturbed only slightly,
with a net downward movement. Including beam divergenaeldvlikely result in a
small percentage of the droplet trajectories collidinthwlectrode G (using the labeling
convention in Fig. A.2).

Having determined that ion-doped droplets can reach the iomsoggion,

simulations were conducted to determine the plausibifityesolvated ions reaching the
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Figure A.4 Possible trajectories of desolvated ion-neatuaters.
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mass spectrometer (Fig. A.4). For ion-neutral cludietse desolvated and extracted to
the mass spectrometer, which would be positioned abev@hbender in these figures,
the ions must go through a turning point. By definitiom,0lject has zero velocity at a
turning point. Assuming that the turning point of the mautral clusters occurs upon
desolvation, the initial kinetic energy of the modehsoshould be zero. However,
SIMION requires that ions be given an initial kineticergy. To mimic a turning point,
very low initial kinetic energies were used. A rangealies were simulated, with little
difference in trajectories with initial kinetic energpglow 500 meV. The trajectories in
shown in Figure A.4 were started with 250 meV of kinetiergg in the —x direction (to
the left). Nearly identical results are obtained whtaring at this kinetic energy in the
+x direction and others in-between. The model ioesevassigned a mass of 239 and a
charge of +1, corresponding to the most intense petileinbserved mass spectrum (Fig.
4.2). The ions were started at various points in theldatson region in hopes of gaining
insight toward a specific desolvation mechanism.

As can be seen in Figure A.4, most of the simulatedctajes result in
successful extraction to the mass spectrometer. @Wsepsuccessful extraction from the
ion optics region does not imply successful transiors into the mass spectrometer.
Starting positions further to the left or right okthange displayed in Figure A.4 resulted
in lower transmission. While the results do not leadupport of a particular desolvation
mechanism, they do suggest that the individual steps edaped droplets entering the
ion optics region and desolvated ion-neutral clustershiegdhe mass spectrometer are

possible. It is important to note that these simutaticonfirm that the experiments
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discussed in Chapter 4 are possible, but a much more thotloemyietical investigation is

required to gain insight into the desolvation mechanism.
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Appendix B

Calculation of Occupancy Probability

As described in Section 3.3, the occupancy probabifdy, is the probability that
a droplet of a given sizd), is produced and captures a given number of dopant
molecules. In this case the number of dopant molecgsildenotech, corresponding to
the number of water molecules in the [NaChh]" clusters observed in Figure 4.2. From
Equation 3.21, it can be seen that the occupancy probabilibe product of the droplet
size distribution and the Poisson distribution of pugkprobability.

The first step in calculating..c was the calculation of the distribution of droplet
sizes produced at the nozzle. As stated in Section Be2,Regime Il expansion
conditions result in a distribution of droplet sizst is not well-understood, but are
known to be >10He atoms. Since the droplet size distribution ase¢heonditions has
not been quantitatively described, both the log-normdl larear-exponential functions
were modeled. The log-normal function that describegirR® | expansions and the
linear exponential function that describes Regime Xflamsions are shown in Equations
3.8 and 3.14, respectively. The droplet sizes detected bgnélss spectrometer were
estimated to be10® He atoms, with slightly smaller droplets possible duditergence
of the droplet beam. Therefore, when calculating tlveupancy probabilities, a
minimum droplet size cutoffNmin, was implemented. The contributions to the droplet

size distributions by droplets &f < Nmin» were removed. The droplet size distributions

resulting from a mean sizh,, of 3.0 x 16 andNmi» = 9.0 x 16, are compared to a log-

normal distribution without a minimum droplet size c@itof Figure B.1. The standard
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Figure B.1 Probabilities of producing droplets of dikzat experimental conditions.

log-normal distribution (red) corresponds to the y-axighenleft. The log-normal (blue)
and linear-exponential (green) distributions with droplsetsaller thanNmi, removed
correspond to the right y-axis. Note the dramaticlaNyer probabilities associated with
the production of droplets withl > Npjn.

The next step was the calculation of the Poissomilalisions (Eq. 3.20) for the
pick-up of various numbers of water molecules. The dason of the Poisson
distribution can also be found in Section 3.3. As casd®n from that description, the
number density of dopant molecules must be known. Thisdetermined from the

pressurep,, ,, and temperatur,, ,, of water vapor in the chamber:
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g=-o (A1)
kTHZO

wherek is the Boltzmann constant, pressure is in Pascadstemperature is in Kelvin.
This determination of gas density assumes ideal gas loehavwhich is valid for the
pressure and temperatures studied. The pressure of wasetalten as 90% of the
background pressure (based on EI mass spectra) in the chamibigre temperature was
taken as slightly above room temperature, based on tatnpemeasurements taken in

previous experiments. The resulting values wefg,= 3.73 X 10 Pa, Ty0= 300 K,

and7 = 9.01 x 16 m® The gas density was then used in the calculatiothef
parametey, which also depends on droplet size and pathlength. laxperiment, the
pathlength over which droplets may encounter water masoués roughly 0.63 m.

The above determination gfassumes that the dopant molecules are stationary on
the timescale of droplet flight. However, this isidiély not the case. In fact, the
dopant molecules have a greater average velocity thadrtpdets. As mentioned in
Section 4.1, the velocity of the droplets studied wasnaséid as 350 m/s. The mean

speed({v), of the dopant molecules was determined from the teatyrerand massy), of

the dopant molecules:

V) = [SkTJ . (A.2)

m
Water molecules at 300 K were calculated to have a npdf ~600 m/s, a factor of
1.7 greater than that of the helium droplets. Theeotion due to these relative
velocities was applied simply by multiplyingyby the ratio of the velocities, 1.7.[76] A

relative velocity ratio greater than 1, which is theeavhenever the dopant molecules
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have an average speed greater than the velocity of apéets, serves to increase pick-up
probability. This is a logical outcome because, atvargnumber density, increased
dopant velocity results in a greater number of dopaniecuates passing through the
droplet path during the time of flight.

The Poisson distributions calculated using the expetmh@arameters described
in Chapter 4 are shown in Figure B.2. As can be seemrtimbility of pick-up for low
numbers of dopants maximizes at smaller droplet sizesgek droplet sizes are more
likely to capture multiple dopants. This makes sense wéealling the dependence of
pick-up probability on the cross-sectional area of tloplét (Eq. 3.12-14). Shown in the
figure are distributions for the capture of 1-10 water mwlles. However, distributions

were calculated up to= 47 to emulate the size of clusters observed expetelly.
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Figure B.2 Poisson distributions for experimental cood# used in Chapter 4.

129



Having calculated the log-normal and linear-exponential ldtagize distributions
and the Poisson distributions for= 1-47 as a function of droplet size, occupancy
probability distributions were calculated. Multipliaatiof the Poisson distributions from
Figure B.2 by the droplet size distributions from Figure Be$utted in occupancy
probability distributions as a function of droplet sizé&xampleP,. distributions for
various values o are shown in Figure B.3. From these curves it can é&e that, at the
experimental conditions, the large droplets studied resulthe capture of multiple
dopant molecules.

The occupancy probabilities in Figure B.3 were not directlgngarable to the
mass spectrum in Figure 4.2. From those curves, the pribypalhgt a droplet of a given
size is formed and then picks-up molecules can be measured. To determine the
probability that a cluster of a given size is formed;heaf the occupancy probability
curves was integrated. The probability is plotted vsctaster sizen, as shown in Figure
B.4 To compare these distributions to the mass spectthen,probabilities were
normalized such that the maxima equal 1 and the clustenss converted to cluster
mass by the formulan/z= 23 + 1&. The end result is the plot shown in Figure 4.8.
Without the use of a minimum droplet size cutoff, thiegration of the curves in Figure
B.4 would yield a value of 1, as is the definition of a proligdistribution. However,
the presence of a minimum droplet size cutoff elimindkes majority of the droplets
produced. In fact, integration of the curves in Figure fedds values of 0.016 and
0.013 for the log-normal and linear-exponential distribigjaespectively. This means
that only ~1% of droplets are sampled. In reality,ahmunt is even lower than this, due

to the low number density of ions in the source.
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Figure B.3 Occupancy probability distributions as a fuumctif droplet size.
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Appendix C

Determination of lon-Doped Droplet Size

Chapter 5 describes the use of mass-dependent steeringsdbiodetermination
of the size distributions of ion-doped helium dropletd. qualitative picture of this
phenomenon is shown in Figure C.1. A more quantitative \8eshown in Figure 5.2.
Shown in both of these figures are trajectories ofdoped droplets predicted using
SIMION. These calculated trajectories allow for tbenversion of experimentally
measured signal vs steering electrode potential curtessignal vs droplet size curves,
which are droplet size distributions.

As described in Section 5.1.1, the signal of ion-doped dropésishing an
electron multiplier that was positioned either 5 or 1t mff of the beam axis was
recorded as a function of potential applied to the stgezlectrode. To model these
experiments, the trajectories of droplets of varying sind +1 charge were simulated at
varying droplet velocities (determined DY), collector electrode potentials, and steering
electrode potentials. The result of one such simulagoshown in Figs. 5.2 and C.1.
Alternatively, the droplet size can be plotted as ection of distance off-axis, as in
Figure C.2. For all combinations of parameters, plots oplét size vs distance off-axis
can be fit by the equation= ax*. Thus, Origin scripts were written to fit this equatton
the simulated trajectories produced at all combinationgdroplet velocity (orTo),
collector electrode potential, and steering electrodeniatl.

A different value was obtained far from the fit to the simulated trajectories at

each steering electrode potential. These values vednelated for a given droplet
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Figure C.1 SIMION model of ion-doped droplet steering.
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Figure C.2 Simulated trajectory data for droplet velocdyresponding td, = 14.0 K,
collector electrode = -20 V, and steering electrode = 2000 V.
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velocity and collector electrode potential. The depandeofa on steering electrode
potential is plotted in Figure C.3. Clearly,exhibits a linear dependence on steering
electrode potential, and interpolation at any potentidii/the range returns an accurate
value fora.

They-intercept,B, and slopeA, of the plot in Figure C.3 can be used in a simple
equation to determine droplet size from steering electrotenpal:

Ax SteeringElectrodePotentiak- B
DetectoDistanct Off - Axis

DropletSize= (C.1

Unit analysis of the plots clarifies the above equati The parametex determined from
Figure C.2 has units of He atoms x mm. Therefore,ytimercept determined from
Figure C.3 also has units of He atoms x mm. The sloendeted from Figure C.3 then
has units of (He atoms x mm)/V. Clearly, multiplyidgby the potential, in volts,
applied to the steering electrode results in units of ens x mm. Dividing the
numerator of Equation C.1 by the distance, in mm, thet#tector is positioned off-axis
results in units of He atoms. In this fashion, measargmaf ion-doped droplet signal as
a function of steering electrode potential can be cdegldn signal vs droplet size.

The conversion from steering voltage to droplet sizeletively straightforward.
However, the above description assumes that the deteatiance has an infinitesimal
width. In reality, the slit width of the detector emice is ~2 mm. The effect of this
finite slit width is examined in Figure C.4. If the centdrthe detector entrance is
positioned 5 mm off-axis, the entrance actually spanseiiien from 4 to 6 mm off-axis,
as illustrated by the vertical dashed lines in Figure C.Aterifling these lines from the

droplet size vs distance curve for the steering eldetmtential of 1000 V to theaxis
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Figure C.3 Dependence afvalues found in first step on steering electrode potentia
Droplet velocity forTo = 14.0 K and collector electrode potential = -20 V.

yields the range of ion-doped droplet sizes reaching thetdetgdhat steering electrode
potential. As can be seen, at 1000 V, the detector entaamitsN = 3.63 x 18to N =
5.45 x 10 when positioned 5 mm off-axis. With an infinitesimalljide detector
entrance, only droplets & = 4.54 x 18& He atoms would be admitted. The range of
droplet sizes admitted through the 2 mm wide entranc2l%«of the value predicted for
the infinitely narrow detector entrance. Looking atdheplet size vs distance curves for
steering voltages of 200 V and 2000 V, it can be seen tiygdrleanges of droplet sizes
pass through the detector entrance at higher steeringgeslt As a percentage of the
predicted droplet size, the range of droplet sizes reathendetector at a given position

off-axis remains constant over all steering electipatentials.
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Figure C.4 Droplet size vs distance curves for variowesisgp electrode
potentials. To = 14.0 K, collector electrode potential = -30 V.

Going through the same process as in the preceding paragmgitioning the
detector such that the entrance is centered 10 mm affyéedds a different result. As
can be seen by looking at the dotted lines in Figure Chénwhe detector is farther off-
axis, a narrower range of droplet sizes is able to gassigh the finite width of the
detector entrance. When the steering electrode pakéntLlO00 V, the range of droplet
sizes reaching the detectoNs= 1.98 x 16— 2.42 x 1B He atoms, which is +10% of the
predicted droplet size of 2.2 x’Ble atoms. The precision of droplet size measurement
is not only independent of steering electrode potentialit imialso independent of nozzle
temperature and collector electrode potential. Theeefdr can be ascertained that

positioning the detector farther off-axis results in impobdeoplet size resolution at all
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experimental conditions. However, as in analogouscalptexperiments, improved
resolution comes at the cost of signal, so the mlistaf the detector from the beam axis

is limited by the number of ion-doped droplets.

137



REFERENCES

Herbst, EChem. Soc. Re2001, 30, 168-176.
De Petris, GMass Spectrometry Revie@B03, 22, 251-271.

Headrick, J. M.; Diken, E. G.; Walters, R. S.; Hamne |.; Christie, R. A.; Cui,
J.; Myshakin, E. M.; Duncan, M. A.; Johnson, M. A.dajordan, K. D.
Science005, 308 1765-1769.

Roscioli, J. R.; McCunn, L. R.; and Johnson, MSAience2007, 316, 249-254.
Lisy, J. M.Int. Rev. Phys. Cherti997, 16, 267-289.

Cabarcos, O. M.; Weinheimer, C. J.; and Lisy, J.JMChem. Phys1998, 108
5151-5154.

Cabarcos, O. M.; Weinheimer, C. J.; and Lisy, J.JMChem. Phys1999, 110
8429-8435.

Ma, J. C. and Dougherty, D. Ehemical Review#997, 97, 1303-1324.
Ruan, C. and Rodgers, M.J.Am. Chem. So2004, 126 14600-14610.

Toney, M. D.; Hohenester, E.; Cowan, S. W.; andalans, J. NSciencel993,
261, 756-759.

Gallivan, J. P. and Dougherty, D. Rroceedings of the National Academy of
Sciences of the United States of Amerl€89, 96, 9459-9464.

Dzidic, I. and Kebarle, B. Phys. Chen1l970, 74, 1466-1474.

Nielsen, S. B.; Masella, M.; and Kebarle,JPPhys. Chem. A999, 103 9891-
9898.

Armentrout, P. B. and Baer, J.Phys. Chenl996, 100 12866-12877.

Oomens, J.; Sartakov, B. G.; Meijer, G.; and voldéte G.Int. J. Mass. Spec.
2006, 254 1-19.

Polfer, N. C.; Valle, J. J.; Moore, D. T.; Oomehs,Eyler, J. R.; and Bendiak, B.
Anal. Chem2006, 78, 670-679.

Armentrout, P. B.; Rodgers, M. T.; Oomens, J.; aed|Sl. D.J. Phys. Chem. A
2008, 112 2248-2257.

138



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Dunbar, R. C.; Polfer, N. C.; and Oomensl. Am. Chem. So2007, 129 14562-
14563.

Polfer, N. C.; Paizs, B.; Snoek, L. C.; CompagngrSuhai, S.; Meijer, G.; Von
Helden, G.; and Oomens,JJ.Am. Chem. So2005, 127, 8571-8579.

FOM Institute for Plasma Physics Rijnhuizen. FELIX#ee- FOM Institute for
Plasma Physics Rijnhuizen. http://www.rijnh.nl/felix/ (assed Mar 2008).

Watson, C. H.; Zimmerman, J. A.; Bruce, J. E.; Bytr, J. R.J. Phys. Chem.
1991, 95, 6081-6086.

Wwild, D. A.; Weiser, P. S.; and Bieske, EJ.JChem. Phy=001, 115 6394-6400.

Vaden, T. D.; Weinheimer, C. J.; and Lisy, J.OMChem. Phy2004, 121, 3102-
3107.

Okumura, M.; Yeh, L. I.; Myers, J. D.; and Lee, Y.JT Chem. Phys1986, 85,
2328-2329.

Nielsen, S. B.; Ayotte, P.; Kelley, J. A.; Wedd&, H.; and Johnson, M. Al
Chem. Physl1999, 111, 10464-10468.

Weber, J. M.; Kelley, J. A.; Nielsen, S. B.; AgptP.; and Johnson, M. &cience
2000, 287, 2461-2463.

Vaden, T. D.; Lisy, J. M.; Carnegie, P. D.; Pjl&i D.; and Duncan, M. Ahys.
Chem. Chem. Phy2006, 8, 3078-3082.

Douberly, G. E.; Ricks, A. M.; Schleyer, P.; and amcM. A.J. Chem. Phys.
2008, 128 021102/1-021102/4.

Choi, M. Y.; Douberly, G. E.; Falconer, T. M.; LlewW. K.; Lindsay, C. M,;
Merritt, J. M.; Stiles, P. L.; and Miller, R. Et. Rev. Phys. Chera006, 25,
15-75.

Toennies, J. P. and Vilesov, A.Anhgew. Chem., Int. Ed. Endl004, 43, 2622-
2648.

Stienkemeier, F. and Lehmann, K. X.Phys. B: At. Mol. Opt. Phy2006, 39,
R127-R166.

Goyal, S.; Schutt, D. L.; and Scoles,RBys. Rev. Letll992, 69, 933-936.

Goyal, S.; Robinson, G. N.; Schutt, D. L.; and S¢dkes. Phys. Chenil991, 95,
4186-4189.

Goyal, S.; Schutt, D. L.; and Scoles A8c. Chem. Re4993, 26, 123-130.

139



35.

36.

37.
38.

39.

40.
41.
42.
43.
44,

45,

46.

47.

48.

49.

50.

51.

52.

Physical Transformations of Pure SubstancesPhysical Chemistry 6th ed.;
Atkins, Peter W., Ed.; W. H. Freeman and Company: Nenk)y2000; 141-
162.

McGervey, J. D.Quantum Mechanics: Concepts and ApplicatioAsademic
Press, Inc.San Dieg9 1995.

Brink, D. M. and Stringari, &. Phys. D1990, 15, 257-263.

Hartmann, M.; Miller, R. E.; Toennies, J. P.; ance86lv, A. F.Phys. Rev. Lett.
1995, 75, 1566-1569.

Hartmann, M.; Miller, R. E.; Toennies, J. P.; ana$6lv, A. F.Sciencel996, 272,
1631-1634.

Kwon, Y. and Whaley, K. B2hys. Rev. Let2003, 89, 273401/1-273401/4.
Cowley, R. A. and Woods, A. D. Ban. J. Phys1971, 49, 177-200.
Dalfovo, F. and Stringari, 3. Chem. Phy<001, 115 1078-10089.
Lehmann, K. KMol. Phys.1999, 97, 645-666.

Nauta, K. and Miller, R. EScience2000, 287, 293-295.

Callicoatt, B. E.; Mar, D. D.; Apkarian, V. A.; addnda, K. CJ. Chem. Phys.
1996, 105 7872-7875.

Halberstadt, N. and Janda, K.Ghem. Phys. Letl998, 282 409-412.

Callicoatt, B. E.; Forde, K.; Jung, L. F.; Ruchti,and Janda, K. Q. Chem. Phys.
1998, 109 10195-10200.

Farnik, M.; Henne, U.; Samelin, B.; and Toennies, 4. Phys. D1997, 40, 93-98.

Scheidemann, A.; Schilling, B.; and Toennies, J. Phys. Cheml993, 97, 2128-
2138.

Atomic, Molecular, and Optical Physics. GRC Handbook of Chemistry and
Physics 77" ed.; Lide, D. R. and Frederikse, H. P. R., Eds.; CRGPre
New York, 1996; 214.

Doppner, T.; Diederich, T.; Tiggesbaumker, J.; and MeBvesr, K. H.Eur. Phys.
J. D.2001, 16, 13-16.

Ruchti, T.; Forde, K.; Callicoatt, B. E.; Ludwigs, ldnd Janda, K. CJ. Chem.
Phys.1998, 109 10679-10687.

140



53.

54.

55.

56.

S7.

58.

59.

60.
61.
62.
63.
64.
65.
66.

67.

68.
69.

70.

71.

Ruchti, T.; Callicoatt, B. E.; and Janda, K. Bhys. Chem. Chem. Phy§00, 2,
4075-4080.

Vekey, KJ. Mass. Spectrom996, 31, 445-463.

Frochtenicht, R.; Henne, U.; Toennies, J. P.; Ding,FReber-Erdmann, M.; and
Drewello, T.J. Chem. Phyd995, 104, 2548-2556.

Lewis, W. K.; Applegate, B. E.; Sztaray, J.; Satag; Baer, T.; Bemish, R. J.;
and Miller, R. EJ. Am. Chem. So2004, 126, 11283-11292.

Lewis, W. K.; Bemish, R. J.; and Miller, R. E.Chem. Phy005, 123 141103/1-
141103/4.

Bonhommeau, D.; Lewerenz, M.; and Halberstadt).NChem. Phys2008, 128,
054302/1-054302/17.

Claas, P.; Mende, S. O.; and StienkemeieRev. Sci. Instrum2003, 74, 4071-
4076.

Dahm, A. J. and Sanders, T. M.,Rinysical Review Lettek966, 17, 126-130.
Johnson, W. W. and Glaberson, WPlys. Rev. Letl972, 29, 214-217.

Atkins, K. R.Physical Review959, 116, 1339-1343.

Cole, M. W. and Bachman, R. Rhys. Rev. B977, 15, 1388-1394.

Nakayama, A. and Yamashita, K.Chem. Phy=000, 112 10966-10975.

Galli, D. E.; Buzzacchi, M.; and Reatto, JLChem. Phy=001, 115 10239-10247.

Buzzacchi, M.; Galli, D. E.; and Reatto,Rhysical Review B: Condensed Matter
and Materials Physic001, 64, 094512/1-094512/10.

Coccia, E.; Bodo, E.; Marinetti, F.; Gianturco,A; Yildrim, E.; Yurtsever, M.;
and Yurtsever, E]J. Chem. Phy=007, 126, 124319.

Becker, E. W.; Klingelhofer, R.; and LohseZPNaturforsch. A961, 16A 1259.

Buchenau, H.; Knuth, E. L.; Northby, J. A.; Toennies?.J.and Winkler, CJ.
Chem. Phys1990, 92, 6875-6889.

Knuth, E. L.; Schiling, B.; and Toennies, J. P. On 8galParameters for
Predicting Cluster Sizes in Free Jets. ProceedingeeolOth International
Symposium on Rarefied Gas Dynamics, Oxford, 1994; Oxford Uniyers
Press: Oxford, UK, 1995; 270-276.

Knuth, E. L. and Henne, U. Chem. Phyd999, 110 2664-2668.

141



72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Toennies, J. P.; Harms, J.; and Knuth, B. IChem. Phyd997, 106 3348-3357.

Lewerenz, M.; Schilling, B.; and Toennies, JCRem. Phys. Letll993, 206 381-
387.

Harms, J.; Toennies, J. P.; and DalfovdRItys. Rev. B998, 58, 3341-3350.
Jiang, T. and Northby, J. Rhys. Rev. Letfl992, 68, 2620-2623.

Lewerenz, M.; Schilling, B.; and Toennies, JJPChem. Phys1995, 102 8191-
8207.

Douberly, G. E. Infrared Laser Spectroscopy of Dopamt@nd On Helium
Nanodroplets: Rotational and Vibrational Dynamics. Ph.Dissertation,
University of North Carolina at Chapel Hill, ChapellHNC, 2006.

Dresser, M. Jl. Appl. Phys1968, 39, 338-339.

Draves, J. A.; Luthey-Schulten, Z.; Liu, W.-L.; abgy, J. M. J. Chem. Phys.
1990, 93, 4589-4602.

Dahl, D. A. SIMION 30 Idaho National Engineering and Environmental
Laboratory: Idaho Falls, 1D, 2000.

Buchenau, H.; Toennies, J. P.; and Northby, d. £hem. Physl991, 95, 8134-
8148.

Lewis, W. K. and Lindsay, C. M. University of NorthrGlama, Chapel Hill, NC.
Unpublished work, 2004.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; ScaseG. E.; Robb, M. A,
Cheeseman, J. R.; Montgomery, J. J. A.; Vreven, T.jiiKudl N.; Burant,
J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.r@e, V.; Mennucci, B.;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, GNakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; IsiNtdaNakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,.XKnox, J. E;
Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillg, Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; CamiRi, Pomelli, C,
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, & Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; DgnfelD.; Strain,
M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, &.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko,; ARiskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, TAl-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M..;Wohnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; and and Pople,. Iaussian 03
Gaussian, Inc., Pittsburgh PA: 2003.

142



84.

85.

86.

87.
88.

89.

90.
91.
92.
93.
94.
95.
96.
97.

98.

99.

National Institute of Standards and Technology CCCBDBBmputational
Chemistry Comeparison and Benchmark Database.
http://srdata.nist.gov/cccbdb/ (accessed Feb 2008).

Castleman, A. W.; Peterson, K. I.; Upschulte, B.dnd Schelling, F. dnt. J.
Mass. Spectrom. lon. Prot983, 47, 203-206.

Tulegenov, A. S.; Wheatley, R. J.; Hodges, M. P.;adrey, A. H.J. Chem.
Phys.2007, 126, 094305/1-094305/11.

Fujii, T.; Ogura, M.; and Jimba, KWnal. Chem1989, 61, 1026-1029.

Melissas, V. S.; Truhlar, D. G.; and Garrett, BJCChem. Physl992, 96, 5758-
5772.

Kita, S.; Gotoh, S.; Hasegawa, T.; and Shimakural. Chem. Phys1998, 109
9713-9718.

Lehmann, K. K. and Northby, J. Mol. Phys.1999, 97, 639-644.

Landau, L. DJ. Phys. Moscow®41, 5, 71-90.

Landau, L. DJ. Phys. MoscouR47, 11, 91-92.

Takayanagi, T. and Shiga, @hem. Phys. LetR003, 372 90-96.

Braun, A. and Drabbels, Nhysical Review Lette2004, 93, 253401.

Braun, A. and Drabbels, M. Chem. Phy<007, 127, 114303/1-114303/14.

Braun, A. and Drabbels, M. Chem. Phy007, 127, 114304/1-114304/9.

Buchachenko, A. A.; Tscherbul, T. V.; Klos, J.; $&tzak, M. M.; Chalasinski, G.;
Webb, R.; and Viehland, L. AJ. Chem. Phys2005, 122 194311/1-
194311/9.

Andersen, S. A.; Jensen, V. O.; and MichelseReW. Sci. Instrunll972, 43, 945-
947.

Bowley, R. M.; McClintock, P. V. E.; Moss, F. Bancolas, G. G.; and Stamp, P.
C. E.Philosophical Transactions of the Royal Societyafdon, Series A:
Mathematical, Physical and Engineering Scient@22, 307, 201-260.

100. Ridgeway, M. E.; Falconer, T. M.; Bemish, R. Jd &tish, G. L. lon Source For

Doping of Superfluid Helium Nanodroplets With a High Flok Low
Kinetic Energy Alkali Cations. Presented at th& 8MS Conference on
Mass Spectrometry and Allied Topics, Indianapolis, IN, 2007.

101. Rynn, N. and D'Angelo, RRev. Sci. Instrunml960, 31, 1326-1333.

143



102. Paris, P. J. and Rynn, Rev. Sci. Instruni990, 61, 1095-1100.

103. Kaneko, T.; Ishida, H.; Hatakeyama, R.; and Sat®&eN. Sci. Instrum2001, 72,
3854-3858.

104. Veeco Instruments. Veeco - Vapor Pressure Data fdect8d Elements.
http://www.veeco.com/library/Learning_Center/Growth_ Infotima/\VVapor
_Pressure_Data_For_Selected_Elements/index.aspx (access#iD3g).

105. Silverstein, R. M. and Webster, F. X. Mass Spectmymén Spectrometric
Identification of Organic Compoundéth Ed.; John Wiley & Sons, Inc.:
New York, 1997; 2-70.

144



