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Chapter 1 Introduction

1.1 Motivation

Structural properties and folding dynamics of biological molecules are of
central importance to the understanding of their physiological functions, pertaining to
health, aging, disease, and healing. For example, more than 50% of all modern drugs
have been developed based on knowledge of three-dimensional (3D) structures of
membrane proteins.! Although with the progress in the field of proteomics and
genomics, the primary structure of almost all biological molecules can be determined,
we still do not possess the knowledge of calculating the 3D structures of most
proteins based on their primary structure. On the other hand, misfolding is
considered a key step in a series of neurodegenerative diseases, including the mad

. . . . . 2
cow disease, Parkinson’s disease, and Alzheimer’s disease.

Experimental measurements of protein 3D structures constitute a major
branch of research activities in biological research. To date, of all the proteins in a
human body, about 6% has been structurally determined using a gamut of techniques,
and the lion’s share, more than 88% of the structures deposited in the protein
databank, are determined by X-ray diffraction (XRD) of three-dimensional crystals.®
Other methods suffer considerably more constraints and are hence less productive.
For example, cryo-electron microscopy (cryo-EM) has been rapidly developed in
recent years. However, it still suffers from severe radiation damage and hence offers

limited resolution.* As a spectroscopic technique, nuclear magnetic resonance (NMR)



is advantageous in several ways, but ultimately, it has limited usage for large sized
proteins due to the difficulty in data interpretation. Currently, the molecular weight

limit of NMR is about 100 kDa.

The technique of X-ray crystallography has had a history of over half a
century. It relies on the Bragg diffraction of single crystals for structure
determination. Although conceptually the technique is still burdened with the “phase
problem”,” with the advent of computers, the introduction of synchrotron radiation
sources, and the invention of many experimental approaches, this problem is
practically solved. The remaining issue that limits the progress of XRD is the
availability of single crystals. This problem is particularly salient for proteins
because crystallization is unpredictable if possible at all for many large fragile

biological molecules.

To fundamentally circumvent the crystallization problem, to achieve
crystallography without crystals, researchers have explored two general methods,
relying on coherent diffraction of non-periodical systems — single molecules.®” Non-
crystalline samples generate speckled continuous Fraunhofer diffraction patterns
instead of discrete Bragg diffraction patterns. In the early 1980s, methods to
reconstruct the sample structure, including the algorithm of phase retrieval via
oversampling, have been developed.®® In 1999, Miao et al'® investigated the X-ray
diffraction pattern of a non-crystalline gold nanoparticle by using this oversampling

method, demonstrating for the first time the possibility of this general approach.



Following the work by Miao et al, in 2000, Neutze et al’ proposed the
“diffract and destroy” approach for single molecules by relying on intense X-ray
sources such as X-ray free electron lasers (XFEL). The authors proposed that
sufficient diffraction information can be obtained from a single femtosecond X-ray
pulse before the protein molecules or small assemblies are destroyed in the radiation
field. Compared with a conventional light source, an XFEL produces a larger number
of photons focused on a sample and squeezes time into a few femtoseconds, which
efficiently assists with the study of dynamics of atomic and molecular processes.
Later, Fratalocchi and Ruocco™ showed that given the current level of radiation from

a contemporary XFEL, attosecond pulses are required for single molecule diffraction.

Another method has been proposed by Spence and Doak® in 2004, similar to
the idea of serial crystallography. They proposed to store single biological molecules
within vitreous ice jackets. The molecules can then be aligned by a polarized laser,
and electron diffraction patterns can be accumulated from a stream of identically
aligned molecules. A key feature of this method® is sample alignment or orientation.
In conventional crystallography, a single crystal is placed onto a substrate and
oriented by a rotating sample stage (goniometer). However, if the sample is a single
molecule, diffraction from the substrate is likely to be stronger than that from the
molecule. Therefore, substrate free sample orientation and reorientation are required

for this type of single molecule serial crystallography.

The method of using uniform electric and magnetic fields to control the

orientation of molecule has been developed in the last two decades.*** For



clarification, in this thesis, orientation means a distinction between the head and tail
of a molecule, while alignment makes no such distinction. In DC field induced
orientation, the interaction between the permanent dipole of a polar molecule and a
strong static field has to be larger than the rotational energy of the molecule. Our
research group and the Miller group have pioneered this technique in the gas phase
and later in superfluid helium droplets.™>™" We have also developed the technique of
linear dichroism spectroscopy of oriented gas phase molecules for investigations of
electronic and vibrational transitions in DC electric fields.™ ***° Similarly, in laser
induced alignment, the polarizability anisotropy of the molecule interacts with the
electric field of a laser and generates an induced dipole. Different from DC fields, a
laser field oscillates at the optical frequency of the laser and hence only the outer
layer electrons of a molecule are capable of following the fast oscillating electric field.
It is therefore the interaction of the induced dipole with the laser field that contributes
to the alignment of the molecular frame.** % Kumarappan et al*® reported
alignment of both linear and asymmetric top molecules with long (nanosecond) and
short pulses (femtosecond). In the experiment operated by Larsen et al*, 3,4-
dibromothiophene has been aligned with an intense nanosecond elliptically polarized
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laser pulse. More recently, Yang et al™* have demonstrated electron diffraction of

laser-aligned molecules in the gas phase.

The key in field induced alignment/orientation is the rotational temperature,
and one of the most effective methods of cryogenic cooling is superfluid helium
droplets. The internal equilibrium temperature of 0.38 K and the superfluidity of the

helium environment are both beneficial for field induced alignment. Helium droplets



are also transparent from the far infrared to the vacuum ultraviolet, ensuring
penetration of the laser field for alignment of doped species.”® The low temperature
of helium droplets, even lower than that of liquid helium used in cryo-EM, can also
act as a heat sink for the embedded protein, protecting it from radiation damage.
Cooling of the internal degrees of freedom of a protein ion can quench the molecular
conformation to some degree, although given the high rate of evaporative cooling
upon doping, large conformational change during cooling should be minimal. Hence
conformational changes in superfluid helium droplets can be safely ignored, and as
long as the protein ions can be frozen in their near native conformation upon doping,

there should be no further denaturation in superfluid helium droplets.

Based on the above consideration, different from the initial idea of Spence and
Doak,® we plan to avoid the use of vitreous ice. Instead, we plan to dope the protein
ions from an electrospray ionization (ESI) source into superfluid helium droplets, to
preserve the conformation of the protein ion and to assist with field induced
orientation and alignment. The following is an outline of our approach. Our ultimate
goal is to build a functional instrument for coherent electron diffraction from an

oriented single macromolecule for structure determination at the atomic resolution.

1.2 Approach
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Fig. 1.1. Schematic of the project. Protein ions are generated by an ESI source and doped in superfluid
helium droplets. In the orientation/diffraction chamber, all doped droplets are oriented in three
dimensions with an elliptically polarized laser and exposed to a high energy electron beam to produce
the continuous diffraction patterns. The image is accumulated for the necessary number of repeats until
a satisfactory signal-to-noise ratio is obtained. The diffraction pattern on the top right is a simulated

result of superoxide dismutase 1(SOD1).

The schematic of our project is shown in Fig. 1.1. macromolecular ions,
generated from an standard electrospray ionization source, are introduced into the
doping region after passing through a quadrupole mass spectrometer and a collisional
ion trap. A pulsed superfluid helium droplet beam is released from a pulsed valve and
collides with the packet of ions. The ions can be slowed down and or returned to the
droplet beam for increased doping efficiency. The doped droplets are focused into the
diffraction region where it overlaps with an elliptically polarized laser for field

induced alignment. A high energy electron beam, 40 — 60 eV, is directed to the



overlapping region of the two beams, and the thus generated electron diffraction
patterns are accumulated with a phosphorous screen and a CCD camera. This cycle of
data acquisition repeats until a sufficiently high quality image from one orientation is
obtained, and then the polarization of the laser will be changed for a different
orientation. Oversampling of the resulting images generates sufficient data for the

iterative algorithm to determine the molecular structure.

From a biophysics point of view, a major concern of this approach is the
folding condition of the protein ions from the ESI source. In recent years, extensive
efforts have been devoted to the control of the spray process,?* and evidence of native
or near native protein ions has been documented based on ion mobility measurements
and hydrogen-deuterium exchange®>?. Wyttenbach et al*® have reviewed the gas-
phase conformations analyzed by measuring the collision cross section in a high
pressure drift tube filled with helium and comparing it to model structure obtained by
various theoretical methods such as molecular modeling. By combining ion mobility
spectrometry with hydrogen-deuterium exchange-tandem mass spectrometry,
Khakinejad et al® have also determined the structure of a model peptide ion that is
KKDDDDIIKIIK. They have observed [M+4H]*" ions with two conformers and
[M+3H]** ions with a predominate conformer as well as an unresolved conformer. To
limit unfolding from electrostatic repulsion of bare protein ions, methods of charge

reduction have also been developed.?*?’

Once the macromolecular ions are sprayed into vacuum, further sample

purification can be achieved via a quadrupole mass spectrometer as shown in the



2829 or electrostatic deflection ° for conformation

figure, and/or an ion mobility
selection. This feature of in-situ purification has the advantage of eliminating the
need of high concentration pure proteins, thus superior to other techniques including

crystallography, NMR, and cryo-EM.

In 1998, Toennies et al** reported spectroscopy of doped particles inside
superfluid helium droplets produced by supersonic expansion of precooled helium gas
(1-20 K) at high pressures (30-60 bar). This work opened a new field of investigation
under ultracold temperatures (0.38 K). After colliding with a superfluid helium
droplet, a dopant molecule can be trapped inside, transferring its internal and
translational energy to the droplet and reaching the same temperature of the droplet
via evaporation of surface helium atoms.?® Bierau et al*? have since further
demonstrated that mass selected cations from an ESI source of peptides and proteins
can also be doped in superfluid helium droplets. Hence experimental investigations of

ultracold cations have become a reality.

In laser induced orientation, the induced dipole, proportional to the
polarizability anisotropy Aa’, determines the degree of alignment. When the laser
intensity is sufficiently strong, the angular deviation <A0%>Y2 of a sample can be

described as,

kgTc

< AG? >= ‘
4AtAa 1

(1.1)

where Kg is the Boltzmann constant, T is the rotational temperature of the sample, and

| is the intensity of the laser. For a given laser intensity, reducing the sample’s



temperature is an effective way to improve the degree of alignment. For example, a
small protein such as myoglobin (Mb) or green fluorescent protein can have a
polarizability volume on the order 50 nm®, in a laser field of 10® W/cm®, the
corresponding angular deviation is ~37° at room temperature and ~1° at 0.38 K. This
value is to be compared with that of a small molecule, which has a typical
polarizability volume several orders of magnitude smaller than that of proteins, and
thus to obtain the same angular deviation, the required laser intensity is several orders
of magnitude larger. Although proteins rotate 100 times more slowly than small
molecules, the required time for alignment is still only on the order of nanoseconds.

Consequently, it is easier to align large proteins than small gas phase molecules.

In the diffraction chamber, a coherent high energy electron beam is
synchronized with the laser beam and the helium droplet beam. The resulting electron
diffraction pattern is recorded on a phosphorus screen and an EMCCD camera. In
conventional gas phase electron diffraction (GED), the intrinsic cylindrical symmetry
of the experimental apparatus and the random orientation of the molecules result in
diffraction patterns consisting of concentric interference rings. For small molecules,
bond lengths can be determined with a precision better than 0.01 A, thanks to the
short wavelength (0.05A at 60 keV) of the high energy electron beam and the large
area of image detectors. For oriented samples, speckles of Fraunhofer diffraction are

expected.

In addition to the short wavelength, electrons are more advantageous than x-

ray photons for single molecule diffraction because of their larger diffraction cross
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sections; by five orders of magnitude! Photons of x-ray sources can only interact
with the nuclei, while electrons are affected by both electrons and nuclei of the
scattering object. Based on one calculation!, single molecule diffraction of X-ray
photons is unrealistic not because of the flux limit of the radiation source, but because
of the extreme intensity of the associated radiation field: distortion of the molecular
frame occurs in the attosecond regime, exceeding the duration of femtosecond XFEL
pulses. Electron diffraction is therefore the one and only remaining option for single
molecule diffraction. However, the high scattering efficiency also limits the
penetration depth of the electron beam, and in an electron transmission microscope
(TEM), only samples less than 100 nm in thickness can be studied. In addition,
radiation damage of electrons is also more severe for TEM than for XRD. Fortunately
in our approach, neither of these limits are of any concern, since the dimension of
single molecules is only on the order of a few nanometers, and each molecule is only

exposed to the electron beam for a few microseconds.

From the resulting continuous electron diffraction pattern, using the
oversampling and iterative phase retrieval method, high resolution electron density
map can be obtained. Further structure refinement will be the same as that established

for conventional crystallography.
1.3 Mission of this thesis

The scope of the overall project is divided into two separate branches, one on

the protein source, and the other on diffraction. This thesis is dedicated to the
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preparation of protein ions in superfluid helium droplets. Specifically, my mission is
to explore the conditions of doping protein ions from an ESI source, characterizing
the resulting doped droplets in terms of flux and size, and if necessary, re-

conditioning the doped ions for diffraction.

In the framework of this thesis, two major experiments have been performed,
although many side projects and iterations, including many failed attempts, have been
explored within and outside the work presented here. In the first experiment, we used
a continuous cesium ion source from thermionic emission for doping, so to avoid the
difficulty in timing a pulsed ESI ion source with a limited ion flux. In the second
experiment, we improved by introducing the ESI source but relied on the stable and
abundant samples of reserpine and substance P for doping. To our pleasant surprise,
the simplest approach of slowing down the ions using just an electrostatic electrode
was successful to produce thousands of doped ions. Unfortunately, size measurements
from these experiments revealed a high helium content of doped droplets, and hence

size reduction became necessary prior to electron diffraction.

At the conclusion of the experimental work of this thesis, the basic idea of
protein doping and size control is established. Continuation of this branch of effort
will involve doping of a variety of protein ions and perhaps testing of the laser
induced alignment effect using spectroscopic techniques. Ultimately, the protein
source will be combined with the diffraction chamber for electron diffraction of

aligned biomolecules.
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Chapter 2 Superfluid Helium droplets

2.1 Properties of helium

Helium is unique among all chemical substances in that it exists in the liquid
state even when its temperature is reduced to near absolute zero Kelvin, as long as the
pressure is below 25 bar. In nature, bosonic *He and fermionic *He are two stable
isotopes of helium, both of which and their mixture can exist in the form of bulk
liquids and in finite systems as droplets. The interaction between helium atoms is van
der Waals in nature and it is relatively weak: in bulk liquid, the binding energy of “He
is 7.17 K and of *He is 2.5 K. The binding energies are even smaller in finite sized
droplets.! The natural abundance of the isotope “He is 99.999863%, and hence in

most helium related experiments, only *He is considered.

The weak interaction between helium atoms and the high zero point energy of
the light element result in a superfluid liquid phase, He-11, at temperatures below 2.17
K, as shown in the phase diagram of Fig. 2.1. The A line separates the two liquid
phases into a normal liquid and a superfluid liquid. In the superfluid phase, heat is
transferred by a second sound wave rather than through diffusion, thus superfluid
helium has the highest heat conductivity, so high that no temperature gradient is
possible while transporting a large amount of heat. Because of the existence of these
two liquid phases, Landau introduced a two-fluid model to describe a liquid helium
system. The ratio of the respective components depends on the temperature: the

fraction of the superfluid fluid phase increases with decreasing temperature.
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Fig. 2.1. Phase diagram of “He.

2.2 Superfluidity

A superfluid has zero viscosity. Based on Landau’s theory of superfluidity, if

a particle moves at a velocity below the critical velocity v, = (S) , it would fail to
min

excite the fluid via collisions, hence the particle would experience no viscosity from
the fluid.® The origin of superfluidity can be traced to the dispersion relation obtained
from inelastic neutron scattering.” Fig. 2.2 shows the relation of collective energy E
and momentum p for bulk helium. At low energies, only sound waves -- phonons --
are accessible with a linear dispersion relation E = pv, where vs is the velocity of

sound. However, at higher energies and momenta, above minimum thresholds A and
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Po, “rotons” can contribute to the heat capacity and participate in excitation. The

dispersion relation can then be written in the form of

E=A4 2P0 2.1)
2p

where W is an effective mass that defines the curvature in the region of the threshold

minimum. In the measurement by Henshaw and Woods,* the excitation energy is

about kA = 8.65 K (kg is the Boltzmann constant) and the momentum % =
B

19.1 nm~1. The Landau critical velocity is given approximately by v, = pA ~

o

60 m/s.* That means motion without viscosity will exist only when the relative
velocity between the particle and the fluid is below the Landau critical velocity of 60

m/s.

>

Po P

Fig. 2.2.The dispersion relation of helium.®
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2.3 Structure of helium droplets

A helium cluster is called a droplet when it contains more than 1000 helium
atoms. According to the liquid drop model (LDM), the core of a helium droplet forms
a sphere with a sharp outer boundary when it is in the ground state. The particle
density in the center of a helium droplet is uniform and is close to the bulk liquid

value of p = 0.022 atoms/A®. The radius Ry of a droplet core can be calculated by the
1 o - -
equation of Ry =° /% = 2.22N3A, where N is the number of helium atoms of a

droplet. For a droplet with N = 1000 atoms, its radius is about 22 A, so helium
droplets are also called nanodroplets. In addition, the density of a helium droplet
reduces from 90% to 10% of its bulk value in the surface region, which has a
thickness of approximately 10 A.%" This surface region is typically ignored in most

discussions of droplet related properties.
2.4 Collective elementary excitations in a helium droplet

In a helium droplet with a finite size, elementary excitation can be classified
as compression modes with higher energies and surface vibrational modes with lower
energies, and both are dependent on the size of the droplet.® These collective modes
are observed when the size of a helium droplet is bigger than 80 atoms. Excitation of
these modes is further limited by the evaporation energy, i. e., the binding energy. In
Fig. 2.3, the lowest fundamental frequencies of these two types of vibrational modes

for different sized droplets are compared with the binding energy of a helium atom
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from the surface of a helium cluster (the curve labeled “Evaporation”). At an internal
temperature of 0.37 K and within the size range of N = 10%-10°, only the surface
vibrational mode, the “ripplons”, are accessible for excitation. This surface excitation
mode plays an important role in the evaporative cooling process of pure droplets and
doped droplets.® ® Fig. 2.3 also indicates that with increasing droplet sizes (N > 10°),

the compression mode can also be excited at the same low temperature.

/=0

Evaporation

lowest
compression
modes

lowest
surface
modes

Fig. 2.3. Energies of elementary excitations of a helium droplet as a function of the number of helium

atoms in a droplet.®

2.5 Terminal temperature of a superfluid helium droplet

beam
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The terminal temperature of helium droplets is determined by the evaporative
cooling kinetics on the droplet surface. In 1990, Brink and Stringari® developed a
statistical description of helium clusters, and they determined that the internal
temperature of a droplet is about 0.4 K. The result is proven by several
experiments.'®™ For example, Hartmann et al'® obtained a rotationally resolved
infrared spectrum of SFg doped in superfluid helium droplets, and the resulting

internal temperature was derived to be around 0.37 K + 0.05 K.

Brink and Stringari® calculated the rate of evaporation of helium droplets at low
temperatures by using the Weisskopf formula, which describes the probability per
unit time for a cluster Hey with energy Ey to emit an atom with a kinetic energy &,
yielding a cluster of size N-1 with Ey_; = Ey — E, — €. Here Eq (> 0) is the binding
energy of the emitted particle. Evaporation terminates when En.; = Eo. Based on the

density of states of surface ripplons, the energy of a droplet containing N helium

7 2 4
atoms can be written as: Ey = a8 3N3, where @ = 0.39K 3, and 8 = ﬁ The
B

1
binding energy E, can be expressed as: E, = —a,, — gaSN‘E with a,, = —7.15K and

a, = 6.95K. For a cluster with size of 1000 atoms, the internal temperature will reach

t0 0.45 K .°

2.6 Droplet formation

2.6.1 Formation



20

Helium droplets are produced by free-jet expansion into vacuum under high
pressure and low temperature conditions, and the resulting cluster beam has a high
mass flow rate and a high uniform velocity."* The gas plume emerging from the high
pressure source is divergent during expansion, thus the center of the gas plume is
more or less adiabatic, experiencing no energy exchange with the environment. For
this reason, the interaction between helium atoms plays a more important role than
the collision between helium atoms and the environment. Although theoretically free
jet expansion into vacuum is irreversible, in any realistic expansion, a pressure
gradient is inevitably formed near the nozzle, and hence the effusing gas from the
nozzle experiences a gradual pressure reduction. We can therefore assume that the
expansion is reversible, and that the evolution of the gas plume follows an expansion
isentrope.™ The gas plume from the nozzle, first forms a viscous flow at
thermodynamic equilibrium, and after condensation and pressure reduction, the
plume reaches a quitting surface and forms a free molecular flow. Condensation into
helium droplets occurs primarily in the viscous flow region. As the gas plume moves
further into the vacuum, a decrease in particle density results in a decrease in the
frequency of collision, and eventually all collisions cease.'® In this region, the beam
contains a mix of helium atoms and droplets, and the droplets will be cooled down by

evaporation of helium atoms from the surface.®
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Fig. 2.4..Expansion isentropes plotted on the phase diagram of “He. There are three different regions

for droplet formation depending on the nozzle temperature.’

The mechanism of droplet formation in a free jet is critically affected by the
nozzle temperature To. Depending on Tpand hence the resulting isentrope, three
different regimes of droplet formation are typically discussed, as shown in Fig. 2.4.
When the nozzle temperature is higher than 12 K (regime 1), the expansion isentrope
stays in the gas phase, and condensation is the only path for droplet formation. In this
regime, small clusters form after passing the sonic point of the nozzle.!” At
temperatures below 8 K (regime I11), helium in the source is already in the liquid
phase, and helium clusters are formed by fragmentation of liquid helium. At even
lower temperatures below 4.2 K, Rayleigh oscillations can break up the liquid into

large (N =~ 10*°) uniform sized droplets.®* Regime Il is called supercritical expansion
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with source temperatures ranging from 8 K to 12 K. During the expansion, there is no
clear separation of liquid and gas, and the expansion is characterized by large density

fluctuations.!” The expansion isentrope passes through or close to the critical point.™
2.6.2 Theoretical modeling of regime |

Limited by the available cooling capacity of our cryostat, all of our
experiments in this thesis were performed in regime 1. In this regime, the mechanism
of condensation and cluster formation can be described from both a macroscopic and
a microscopic point of view.*® The phase diagram of Fig. 2.5 illustrates the
macroscopic process. Gas expansion starts at a certain point A (Po,To), and with
decreasing pressure and temperature, the system follows the isentropic line to point B,
which is located on the vapor pressure curve Py(T). After passing through point B, the
gas beam either condenses into normal liquid or remains as supersaturated gas.
Supersaturation reaches its limit at point C and all gaseous molecules condense into
droplets. The energy released from condensation heats the newly formed clusters and
returns the system back to the vapor pressure curve.® With continuous decrease in P
and T, the mixture of normal cluster and gas moves down to the He Il region
following the vapor pressure curve. Finally, superfluid droplets appear at the point of

A transition.
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Fig. 2.5. Scheme of the expansion curve P(T) and the vapor pressure curve P,(T) in a double

logarithmic diagram.®

The microscopic treatment centers on the nucleation process of gaseous helium.
At the very beginning of expansion, or maybe even in the reservoir, dimers are
formed by three-body collisions. During the expansion, the preformed dimers serve as
condensation nuclei, and as long as the number density of monomers is higher than
the number density of clusters, cluster-monomer collision dominates. Hence, clusters
just grow successively via accumulation of monomers. With increasing cluster
concentration, collisions between clusters start to play an increasingly important
role.*® Eventually, particle collisions will diminish and clusters reach their final sizes.
The formation of clusters is related to the rate of three-body collisions Z3 following
Po2lITo?,™ where | is the length of the nozzle. Thus the formation and growth of
clusters will be efficiently improved by a higher initial pressure and a lower initial

temperature. The internal temperature of this normal helium cluster continues to go
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down via evaporation of surface helium atoms until it passes the Lambda line and

reaches the terminal temperature of 0.38 K.

2.7 Velocity of droplet beam

2.7.1 General equation

For a pure helium beam, the condensation process should comply with the law

of energy conservation, which yields the equation®®
E =U+PV+-mNv?, (2.2)

where U is the thermal molar energy (translational and internal motions), and P and VV
are pressure and volume of the gas. The pressure-volume work PV is included due to
the change in molar volume V of the fluid, and the kinetic energy term results from
the center-of-mass motion at a mean velocity v for Na particles each with a mass m.
Introducing enthalpy H = U + PV, the center-of-mass motion velocity of the beam is

given by™

_ ’Z(Ho—Hf)
'Uf = NA—m + Ug , (23)

where Hy is the enthalpy of fluid. Since the center-of-mass motion in the valve vy is

zero, the final beam velocity can be written as

. ’2(}1 —Hf)
vp = N‘;—m. (2.4)



25

During condensation, the enthalpy of vaporization 4,H is released, therefore, the final
beam velocity depends on both the initial conditions determined by Py and Ty, and the
initial and final status of helium. This means that a cold liquid beam may be faster

than a cold gaseous beam.***°

The full-width-at-half-maximum (FWHM) spread of the atomic velocity A4v

scales with the final beam temperature, and in general, a helium beam has a sharp

velocity distribution with =~ ~ 0.01 — 0.03.% **

2.7.2 Beam velocities under different expansion conditions

The terminal beam velocities are different for expansions from three different

regimes in Fig.2.4. In regime 1, assuming ideal gas properties for helium, the enthalpy
iISHy = ngTO. Since the final temperature is much lower than the initial temperature

To, the final average beam velocity, without condensation correction, can be written

as

5kgTo

Mye

(2.5)

Vave =

This average beam velocity is thus only determined by the nozzle temperature and

helium atomic mass, not the initial pressure.

The beam velocity in regime I1I can be derived from hydrodynamics.
Assuming the fluid is incompressible and the loss from fluid friction is negligible at

any point along the direction of axial flow, the total energy including the internal
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energy, Kinetic energy and potential energy is conserved. Then, the liquid beam

velocity can be derived from the Bernoulli equation,?

v, =C : (2.6)

where pwm o IS the mass density and C is the discharge coefficient related to the friction
exerted by the orifice. For a smooth orifice, C is equal to 1. In the temperature range
from 1.5 K to 4.2 K, the velocity of a liquid beam has been measured by Grisenti et
al*®. The authors found that at Po = 0.5 bar and To = 1.6 K, the measured lowest beam
velocity is 15 m/s, in general agreement with the above equation. The authors have

also reported that with decreasing temperature and increasing pressure, the velocity

distribution becomes increasingly narrow, resulting in 7” <1%.518

Unfortunately for regime 11, no analytical expression for the beam velocity has

been derived in the literature.
2.8 Size and size distribution of a droplet beam

Studies of size and size distribution of helium droplet beams are particularly
relevant for doping of droplets. Under different source conditions, the formation
mechanism of helium droplets changes from condensation of gas to fragmentation of
liquid. As a result, helium droplets can have a wide range of sizes. Unfortunately
direct size measurement of bare helium droplets is difficult since a helium droplet is

neutral and any collisions with the droplet beam leads to evaporation and hence loss
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in mass and size. Nevertheless, several methods of measuring bare droplet sizes and

size distributions have been reported in the literature.” 222

In regime | of Fig. 2.4, a statistical analysis results in a log-normal function:*

Py(N) = (Nov2Zm)™ exp [ 7] 2.7

202

Here Pn(N) is the probability of a droplet consisting N helium atoms, and ¢ and p are
the standard deviation and the mean of the distribution of InN. The average size of a

helium droplet beam N and the standard deviation S can be derived as:
N = exp(u + %2), S = N./exp(c?) — 1. (2.8)

Assuming a value of 0.63 for o, the relation between the average size and standard

deviation is®*
S = 0.69N. (2.9)

The mean size of a droplet beam and the size distribution parameters ¢ and p can be
obtained from fittings of experimental results or from theoretical modeling. In the

22
P

work of Lewerenz et al % size distributions obtained from 3x10° to 10* have been

successfully fitted to the log-normal model at source temperatures from 14 K to 24 K.

Based on thermodynamic and kinetic parameters of the expansion nozzle, a

theoretical model has resulted in an average size of:%

InN = 2.4Inl’ — 3.9, (2.10)

where I' is a dimensionless parameter:?°
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= KK, . (2.11)

Here K is the kinetic parameter, K; is the thermodynamic parameter, and the value q

is variable between 0.6 and 0.8.%% These parameters are defined as:

1

Ky = ngv() (L) (b3 (2.12)
0 TT@ E
Ky = CHD:. (2.13)

where ng is the number density, v is the volume per helium atom, d is the diameter of
the source-orifice, ay is the speed of sound at the source, y is the droplet surface

tension, A is a vapor pressure constant, and Ty is defined as:

2

v3y

As a reference, for a nozzle of 500 um in diameter at a stagnation pressure of 50 bar
and a source temperature of 14 K, a cluster contains about 4.8x10* atoms at I =
450.%° The corresponding parameters of ¢ and p can be obtained from Eq. 2.8. In

most cases, o is a constant in the range of 0.55 to 0.75.%2%

In regime 111 with Ty < 8 K, the average size and size distribution of droplets
formed by fragmentation of a liquid beam is found to be dependent on the surface

tension, the nozzle diameter and a characteristic flow speed:

N=22Y dy (2.15)

3 m “ag

The size distribution can be theoretically derived as an exponential distribution:*’
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Py(N) = S exp(=3). (2.16)

Single exponential distributions from regime 111 have been generally confirmed from
experimental measurements.?” However, when size-dependent detection efficiency is
included in the analysis of the experimental data, including the different ionization
cross sections of different sized droplets, slight deviations from single exponential

functions are observable.?’

Typical average sizes increase from regime | (< 10%) to 11 (10° - 10°) to III (>
10°). However, the size distribution with a detailed quantitative description for regime

Il is still unavailable.
2.9 Beam flux

In a continuous beam, the theoretical total beam flux | can be calculated from

the flow rate through a nozzle with a diameter d:***

d
I= T[(E)vapn’ (2.17)

Where vy is the axial velocity of the beam, and p, is the number density of helium. At
a stagnation pressure of Py =50 bar and a source temperature To = 14 K, a nozzle with
500 pm dia. can have a total beam flux of 4.8x10% atoms/s. For a pulsed beam, the

flux needs to be modified by the duty cycle D, which is determined by

D=7 =8t (2.18)
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where ot is the duration of an ideal rectangular shaped pulse, 4t is the time interval
between two successive pulses, and v is the repetition rate.™® In our case, the pulse
valve is operated at a repetition rate of v =10 Hz with a duration ¢¢ =145 ps, and the

resulting flux is 7x10%° atoms/s.

In practice, the real beam flux of a pulsed valve can be derived from the
pressure change AP and the available pumping speed of the vacuum system Z, (in
units of m® per second). In a chamber of volume V at an ambient temperature T, the

resulting beam flux I’ can be written as,

AP

I’=k57' ):B (219)

Typical ionization gauges have response times on the order of seconds, and at
a repetition rate of 10 Hz, only an average value for the pressure of the system can be
read. Hence in Eq. 2.19, 4P is the average pressure change between the pulsed valve

on and off.

In our experiment, the pressure in the source chamber is changed from 4 x 10
"Torr to 4 x 10 Torr when the pulsed valve is turned on. The absolute change in
pressure AP is 3.6 x10° Torr. The source chamber with an ambient temperature of T
=300 K is evacuated by two pumps with a total pumping speed of Z,= 4.2 m®/s. The
resulting flux is about 5x10" atoms/s, which is only 0.05% of the theoretical value.
Several factors contribute to this discrepancy. First, the gas pulse is not an ideal
square function with clear on and off, and the actual opening time is likely to be

shorter than the duration of the electrical pulse of 145 ps. Secondly, due to the conical
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tip of the poppet, the real cross section for gas flow is slightly smaller than the
diameter of the channel of 500 um. Both reasons can result in a much lower flux than
that from the theoretical calculation of Eq. 2.17. During the experiment, the pressure
of the source chamber is read from an ionization gauge mounted far away from the
pulsed valve. When the pulsed valve is on, a pressure gradient between the region of
the pulsed valve and the ionization gauge develops. Therefore, the pressure change
from the ion gauge is probably below the actual value. This means that the
calculation of Eq. 2.19 is probably lower than the actual flux. Considering all these
factors, a difference of a factor of 20 based on calculations from Eq. 2.17 and 2.19 is

still reasonable.
2.10 Doping of helium droplets

Doping of superfluid helium droplets offers the advantage of investigating
isolated particles under cryogenic temperatures in a non-perturbing medium. Both
neutral particles and ions have been successfully doped in many laboratories.?®! The
top panel of Fig. 2.6a shows the experimental setup for doping neutral gas-phase
particles.®* A beam of helium droplets produced by supersonic expansion and
collimated by a skimmer enters into a pickup cell to collide with gaseous neutral
particles. Since the gaseous molecules are neutral, doping of multiple particles may
happen and the probability follows Poisson statistics.?> After collision, the particles
are quickly cooled down to the droplet’s interior temperature of 0.38 K by
transferring their internal energy to the droplets. The doped droplets, largely

maintaining their velocity from supersonic expansion and condensation, can be



32

investigated by several experimental methods, including mass-spectroscopy and laser

spectroscopy.
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Fig. 2.6 (a) Standard setup for picking up neutral molecules from a gas cell by a passing beam of
helium droplets.® (b1) Illustration of the experimental setup for doping sodium ions into helium
droplets.* (b2) An ion trap is used to store ions for pickup.** (b3) Experimental apparatus of doping

ESI ions directly into superfluid helium droplets without an ion trap.
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Generally, two experimental approaches have been reported to obtain ion-
doped helium droplets. One way is to ionize doped neutral species inside a droplet,®
% and the other method is to dope ions directly into helium droplets.®*3* The bottom
three panels of Fig.2.6 show the three experimental setups for ion doping. In Fig.
2.6b1, sodium ions are generated from a heated tungsten filament coated with a
zeolite paste,® and opposite to the filament, a cylindrical collector electrode is biased
at a negative voltage to confine the ions in the doping region. We have also adopted
the thermionic emission method to generate cesium ions for doping. Instead of the
straight filament and the cylindrical collector, we shaped the filament into a coil and
bent it into a semicircle surrounding the droplet beam. The collector was made into a
grid and was concentric with the filament (see chapter 5.4). Under a negative voltage
on the collector, cesium ions would oscillate in the region of the droplet beam for

effective doping. Fig. 2.6b2 shows the concept of Bierau et al**

In using an ion trap to
store ions for pickup. In their experiment, ions are produced from electrospray
ionization and are trapped in a hexapole ion trap. The trap consists of six rods that are
placed in a 14.1 mm diameter circle and are applied with a radio frequency field of
200 Vyppand 1.7 MHz. At each end, a stopping electrode biased at 1-3 V above the
DC voltage on the rods is used for longitudinal trapping. After picking up an ion,
doped droplets can escape from the ion trap only when their kinetic energy exceeds
the longitudinal trapping potential energy. In practice, when the stopping voltage is
set at 30 V and the velocity of droplet beam is 300 m/s, the minimum size of a droplet

passing through the ion trap is about 1.6x10* helium atoms. Fig. 2.6b3 shows our

experimental apparatus of doping ESI ions directly into helium droplets without an
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ion trap. In the doping region, ions were slowed down and even returned by the
stopping electrode biased at a positive voltage. This simple design eliminated the
need of trap filling and collision gas pumping, and it was also much easier to integrate

this doping process with future experiments.
2.11 Structure of doped droplets

In theory, the chemical potential of doping u, largely determined by the
binding energy between the dopant and helium atoms, can be used to determine the
position of a dopant, either on the surface or inside the droplet. At u <0, the free
energy is decreased when a particle is immersed completely inside helium, and the
particle prefers to stay in the center of a helium droplet — a heliophilic particle.® The
dopant attracts the surrounding helium atoms and forces them to be localized, which
in turn forms a considerable radial solvation structure of compressed helium atoms.*”
%8 This structure is called a “snowball”. For positively charged ions, this snowball
effect is particularly strong due the large solvation energy and the strong ion-induced

dipole interaction. Hence positive ions almost invariably reside inside a droplet.

At p > 0, a particle only attaches to the surface of a droplet, hence it is called
heliophobic. The local repulsion related to the Pauli exclusion principle further
induces a spatial separation between the electrons on helium atoms. Ultimately, at the
surface of the droplet, a deformation in the form of a dimple is formed, and this
structure is called a “bubble”.® *? This situation exists for electrons, anions, alkali

metal atoms and some alkaline atoms.
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Ancilotto et al*® further constructed a simple model of the interaction between
the dopant and the surrounding helium via a Lennard-Jones pair potential. The
potential is characterized by a well depth € and an equilibrium distance Ry. They use
a dimensionless parameter A to express the tendency of an impurity to be solvated

inside a helium droplet:

A = EEmin (2.20)

26 0

with p denoting the number density of helium, and o the surface tension. When A >
1.9, the dopant molecule will be solvated in the interior of a helium droplet to form a
snowball, and all closed shell atoms and molecules belong to this category. In the
snowball structure of SFg, there are two layers of helium atoms containing 22 and 50
helium atoms each, with a number density of 4 and 1.3 times more than that of the
bulk.* Path integral Monte Carlo simulation further reveals that the first shell
exhibits considerable exchange with the surrounding helium.** When A < 1.9, the
43-44

dopant stays on the surface, and alkali-metal atoms*? and their small clusters

belong to this category.

For charged particles, the effects are much more extreme: some positively
ions can be so strongly localized that they move within the helium droplet as a solid

entity. In the work of Buzzacchi et al®®

, the first layer helium atoms surrounding Na*
and K" are completely localized so the snowball can be considered a solid, while

those surrounding Li* and Cs* exhibit multiparticle permutational exchange. Negative
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ions and electrons form bubbles on the surface of helium droplets. An electron can

produce a large bubble with a void about 34 A in diameter.*
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Chapter 3 Characterization of helium droplets

In this chapter, some characterization experiments of our helium droplet
source are presented. In section 3.1, | will present two experimental methods to
confirm the existence of helium droplets. In the next section, the velocities of the
helium droplet beam at different source temperatures are presented in a table and are
compared with theoretical calculations. Lastly, simulation results of size distributions
of pure helium droplets are presented, and two methods of measuring the sizes of ion

doped droplets are introduced.

3.1 Detection of pure droplets

In our experiments, superfluid helium droplets are formed by free-jet
expansion of ultrahigh purity helium gas through a small nozzle of 500 um under a
high pressure of Py = 50 - 65 bar and a low temperature of To= 13 - 20 K According
to the phase diagram of helium, when the pulsed valve is operated under room
temperature, only pure helium gas can be obtained from the isentropic expansion.
Helium droplets can be produced when the temperature of the helium reservoir drops
below 20 K. To detect and distinguish pure helium gas from helium droplets, we use

a commercial fast ionization gauge (FIG) as shown in Fig. 3.1.
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Fig.3.1. Schematic diagram of a commercial fast ionization gauge.

In this fast ion gauge, electrons are emitted from a heated filament and are
attracted to the grid by a DC voltage of +150 V. Most electrons oscillate in and out of
the grid, and during this oscillatory motion, they collide with and ionize any neutral
molecule in the vicinity. The resulting charged particles are then collected by a
central needle detector. The ion current, directly proportional to the concentration of

neutral species in the vicinity, is amplified and converted into a voltage signal in-situ.

The response time of the ionization gauge is important in determining the
intensity of a neutral molecular beam. Otherwise, only an average pressure rise in the
vacuum chamber can be measured. The FIG uses a smaller grid than regular
ionization gauges, and the amplifier for the ion signal is located directly underneath
the ionization region. With both features, the response time of the FIG is on the order

of microseconds.

During the experiment, we observed that when the source temperature was

varied from 300 K to 13 K, the signal was delayed by 2.3 ms, as shown in Fig. 3.2.
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Knowing the distance between the detector and the pulsed valve, and the response
time of the FIG, we can then calculate the velocity difference under the two different

conditions.

Pulsed Valve Trigger

© W
-
D | 300 K
0‘) .
2.3 ms | 13K
< >
Time

Fig.3.2. When the source temperature varied from 300 K to 13 K, the pulsed gas signal was delayed by

2.3 ms

Another method of investigating the formation of helium droplets is to use ion
doped droplets. Without any droplet, there would be no pickup hence no signal from
ion doped droplets. Only in the presence of droplet can ions be absorbed and carried
into the detector region. This method is also used to measure the velocity of the

droplet beam, as will be explained in the next section and in Chapter 5.
3.2 Velocity measurements

To measure the average velocity of a droplet beam, we can vary the location

of the ion source-detector assembly and monitor the arrival time of the droplets. For
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this method, we have to assume that the pickup process does not affect the speed of
the droplet beam. The correlation between the position and arrival time is sufficient

for velocity determination:

_ 515
<v>==2, (3.1)

where S; (37 cm) is the distance from the nozzle to the first position of the ion
source-detector assembly, S, (74 cm) is the distance from the nozzle to the second
position, and ATy, is the difference in arrival time of the doped droplets on the target.
The flight time of the doped droplet from the ion source to the detector is neglected
because this gap is much smaller than the distance between the pulsed valve and the
ion detector. The range of initial temperatures in our experiment is from 13 K to 20 K,
which means that the droplets are formed by gas condensation. The theoretical
velocity can be calculated by Eq. 2.11, which only depends on the initial source
temperature. Table 3.1 shows the comparison between measured velocity and

theoretical velocity of the pure droplet beam.

Table.3.1. The arrival times of doped droplets at two positions in the source temperature range from

13.2 K to 17 K. The measured velocity and theoretical velocity are calculated based on Eq. 3.1 and Eq.

2.11

Nozzle Arrival time at | Arrival time at | Measured Theoretical

temperature(K) P1 P2 velocity velocity (m/s)
(ms) (ms) (m/s)

13.2 1.405 2.402 371 375

14 1.360 2.300 388 380

15 1.325 2.23 400 393

16 1.290 2.178 411 406

17 1.250 2.114 422 419
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At a fixed pressure of 50 bar, the measured velocity ranges from 371 m/s at
13.2 Kto 422 m/s at 17 K. In comparison, the theoretical value based on Eq. 2.11 is
from 375 m/s to 419 m/s. By changing the initial pressure from 35 to 65 bar, the
velocity of the droplet beam has no detectable change. The agreement between theory

and experiment is quite satisfactory.
3.3 Droplet size distribution

It is difficult to directly measure the size of helium droplets because the
droplets are not charged and the atoms are loosely bound in a droplet. For droplets
with less than 100 helium atoms, diffraction through a nano-scale transmission
grating has been used based on the wave nature of any particle.*? To analyze larger
droplets containing more than 1000 helium atoms, deflection due to scattering by a
monoenergetic atomic beam has been reported.®>* For doped droplets in some cases,
the average size can be deduced by the pickup statistics based on the dopant
concentration obtained from electron impact ionization® or laser-induced
fluorescence.” For example, in the work of Yang et al,® droplet sizes have been
deduced by exploiting the distribution of doped water clusters in droplets based on
mass spectrometry. In the work of Slipchenko et al,’ the average droplet size has been
studied from the dependence of the LIF intensity on the pressure of a clustering agent
argon in the doping chamber. Additional pick-up of Ar atoms causes formation of
complexes of Ar and phthalocyanine, resulting in a frequency shift for absorption.
Hence, the LIF intensity due to pure phthalocyanine embedded in droplets decreases

with increasing Ar pressure.
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In our project, we did not directly measure the size and size distribution of
pure helium droplets. Instead, we simulated the size distribution in the temperature
range of 14 K to 20 K according to the scaling parameter and the log-normal
distribution (see chapter 2). Table 3.2 lists the parameters used in the simulation
based on the experimental conditions, and Fig.3.3 shows the resulting distribution at
each temperature. With decreasing nozzle temperature, the distribution gets narrower

with larger sized droplets.

Table.3.2. Parameters in the simulation of helium droplet size distribution

Q No v d do Y M Tref Po A G

(A% | (cm®mol) | (um) | (m/s) | (N/m) | (kg) (K) | (bar) | (bar)

0.6 | 0.022 | 27.37 500 |340 |3.5x10” |6.68x10%" [3.23 | 55 |7.8 0.77
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Fig.3.3. Simulation results of size distribution of pure helium droplets with varying source

temperatures.

Experimentally, we only attempted to characterize the size distribution of ion
doped droplets, since ion doped droplets are charged, and electrostatic manipulation
becomes viable. Two direct methods have been used, including beam deflection and
beam retardation. In the deflection experiment, we installed a set of deflectors
parallel to the doped beam, and a small area charge detector perpendicular to the
beam. As shown in Fig.3.4, with voltage U applied on the top deflector, a transverse
velocity vy is gained by the traversing ions. Depending on the mass-to-charge ratio,
smaller ion doped droplets are deflected away from the detector. Thus a correlation

between the detected doped droplets and a lower size limit can be established at each
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deflection voltage. In our setup, the deflector electrodes are L; = 40 mm long and are
separated by a distance D = 40 mm. The detector of S =4 mm long is located L, = 60
mm downstream from the end of the deflectors. The bottom deflector electrode is
grounded, while the top one is biased from -2200 V to +2200 V. The total deflection

S1+ S, depends on the original beam velocity Vy, the droplet mass m and charge Z:

ZqU(L? +2L,L,)
2DmV2

~S=51+52= (3.2)

Eq.3.2 provides a lower size limit for the detected ion doped droplets. For example, at

U = +500 V, the corresponding lower size limit is about 6.7x10° helium/droplet.

x
3
¥

L+ Lo

Fig.3.4. Setup of the electrostatic deflection experiment.

The second method to measure the size of doped droplets is to use a biased
mesh as an energy filter. The kinetic energy of doped droplets depends on the droplet
mass (size) and velocity. Since the droplets move at a constant group velocity after
doping, only those with sufficient mass can pass through the biased retardation

electrode. In this setup, the retardation electrode is made of a copper plate with a
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central circular hole of 38 mm in diameter. The hole is covered with a fine mesh of 50
x 50 mesh plain and 0.025 mm in wire diameter. The current generated by the larger
ions passing through the mesh can be measured by a copper target. To prevent the
electric field of the retardation electrode from affecting the detection efficiency of the
copper target for different sized ions, a coarse mesh of 16x16 mesh plain and 0.25
mm in wire diameter is placed 2 mm in front of the copper target. At a nozzle
temperature of 14 K, each helium atom in the droplet has a kinetic energy of about
3.01 meV. To pass through the retardation electrode of 1000 V, the corresponding

size of the doped droplet is about 3.3x 10° helium/droplet.

The average size from the doping experiment of cesium (chapter 6) is 100
times larger than that of the pure droplets from calculation (Fig. 3.3) at a source
temperature of 14 K. The difference is related to evaporation of helium atoms upon
ion pickup and size dependent pickup efficiencies. An ion with a kinetic energy of
100 V requires 6.5x10° helium atoms to be cooled down to 0.38 K. This means that
for droplets smaller than 6.5x10°, all helium atoms will be evaporated in the cooling
process, and only for droplets larger than 6.5x10°, they can pass through the grid and
be detected. In addition, smaller droplets have smaller pickup cross sections and
hence are more likely to fail in picking up any dopant molecules. Moreover, the
experimental setup is intrinsically discriminatory against smaller sized ion doped
droplets because of the trapping potential for ions in the ion source: the trapping
potential is also effective in preventing smaller doped droplets from escaping the
doping region. When the grid is applied with a voltage of -200 V, only doped droplets

containing more than 10° atoms can efficiently pass through the doping region and
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arrive at the detector. All these factors tend to shift the average size of the doped

droplets to a larger value.
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Chapter 4 ESI source

Doping of protein ions requires an electrospray ionization source. For this
purpose, we have taken and modified a surplus mass spectrometer (BioTOF, Bruker
Daltonics). The time-of-flight segment of the BioTOF is replaced by our own
detection and analysis components for doped droplets, and a new interface is created
between the ESI source and our droplet source. The Fig. 4.1 is a schematic
description of the ESI system including the ion source and the downstream

quadrupole system.
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Fig.4.1. Left side: a schematic description of the ESI system including the ion source and the
downstream quadrupole system. Right side: time sequence. (a) the original pulse sequence of the
source gate, collision entrance gate and collision exit gate. (b) the source gate and the collision
entrance gate are kept the same, but the collision exit gate is about 1.8 ms after the trigger of the pulsed

valve.

4.1 Electrospray ionization

Electrospray ionization is a soft ionization technique for generating and
transferring ions from solution into the gas phase. The mechanism of electrospray

ionization is shown in Figure 4.2.
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Fig.4.2. Schematic of electrospray ionization.

The sample of interest was dissolved in an appropriate solvent and then pushed
into a metal capillary (needle) by a glass syringe (SGE Analytical Science, 500R-GT-
LC), which was driven by a syringe pump (Kd Scientific, 781100). Typically, the
optimal speed of sample spray in our experiment was about 100-200 pl/hour. In our
instrument, the needle was biased at ground, and the endplate and capillary were set
to a voltage of about -4 kV to -5 kV. As a result of the potential gradient between the
needle and the endplate, partial separation between positive and negative electrolyte
ions occurred at the tip of the needle. In the positive ion mode, when the sum of the
repulsive forces between the positive ions at the surface and the attraction from the
electric field was larger than the surface tension, the liquid will form into a cone -- the
Taylor cone.* Highly charged droplets were then released from the Taylor cone and
continued to reduce their sizes by solvent evaporation during flight toward the

analyzer region of the mass spectrometer. Concurrent with the flow of the solution
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droplet, a nebulizer gas (N,) at a pressure of ~35 psi was applied to assist with droplet
release from the Taylor cone. In the opposite direction, a stream of nitrogen drying
gas with a temperature of 200°C was added to aid with the size reduction of the liquid
droplet. Solvent evaporation led to increased surface charge density. When the
droplet radius was decreased close to the Rayleigh limit, Coulombic repulsion
between charges on the surface would overcome the surface tension and induce

fission:
qs = 8m(gyR?)1/? (4.1)

where g is the surface charge, g is the vacuum permittivity, v is the surface tension
and R is the droplet radius. For example, when the droplet radius for an electrolyte
NaCl was 0.28 um, the number of charge on the surface was 1.3 x10*.* This process
of size reduction and Coulomb fission repeated in cascade, until bare ions were left.
The emitted ions were then collimated by a skimmer cone and then were accelerated

into the hexapole ion guide.

4.2 Quadrupole mass filter and/or ion trap
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Fig.4.3. Schematic of a linear quadrupole mass filter. Resonant ions (blue trace) pass through the
quadrupole, while nonresonant ions (green trace) are eliminated by either colliding with the poles or

escaping from the gap between the poles.

A gquadrupole mass selector is widely used in mass spectrometry. It consists of
4 parallel metal rods arranged in a circle separated by a specific distance as shown in
Fig. 4.3, and each pair of rods is connected with a DC and a RF power supply. One
pair of rods has a potential of U+Vcos(wt) and the other has a potential of opposite
polarity —(U+Vcos(wt)), where U is the DC voltage and VVcos(wt) is the AC voltage
with an amplitude V and a frequency . In the x-z plane of Fig.4.3, the movement of
the ions varies with the electric field and can be determined from Mathieu’s

differential equation,
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2
ZTi + (a, + 2q,c0s2T)x =0 4.2)

. t 4eU 2eV
where we define parameters t, a and ¢ such that T = “’7 a=— = —=_and

w?rém’ q w2rém

a/q = 2U/V. Here, m is the mass of an ion, e is the charge of an ion, rq is the distance
from the center axis (z axis) to the surface of any electrode. For an ion with a mass-
to-charge ratio determined by m/e, in a fixed frequency RF field, solutions of the
Mathieu’s differential equation contain both bound (stable traces within the spaced
confined by the rods with x < rp,) and unbound traces (unstable traces with ions
hitting the electrodes or escapes from the space between the rods, x > ro) depending
on the biases on the rods. The bound solutions form a region of stability, as shown in
Fig.4.4. As long as the voltage settings on the rods for the chosen ion are within the

stable region (shaded area), the chosen ions can pass through the mass selector.

A

alq=2U/V

Stable lon Trajectory

q

>

Fig.4.4. Stability diagram of a quadrupole mass selector. A mass scan line is also shown.
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The region of stability is dependent on the mass-to-charge ratio of an ion,

hence different ions are stable at different a or g values forming different shaded areas

on the figure. The slope of the mass scan line is defined as % = % By scanning the

values of a or g while maintaining the same a/q ratio, only ions with a specific mass-
to-charge ratio (point B on the mass scan line in Fig. 4.4) trace a stable path within
the volume of the quadruple and pass through the quadrupole without hitting the rods
or escaping the confines of the rods. Hence only these ions are guided out of the

quadruple and are detected.*?

On the other hand, when only RF bias is supplied to the quadrupole, all ions
with stability regions containing the corresponding g value of the RF field can pass
through the quadrupole. This is the basic principle of a quadrupole ion guide. Itis
important to note that in this mode of operation, not all ions can pass through the ion
guide, since the RF field defines the value of g, and ions with stability regions outside

the value of q are still going to be terminated inside the ion guide.

The same design is also used to trap ions inside the volume of a quadrupole
set. This is achieved by adding two gate electrodes usually a few Volts above the DC
voltage on the rods for longitudinal trapping. However, as the ions move inside the
space confined by the rods powered by RF fields, they can escape the confinement of
the rods by gaining kinetic energies from the RF field over time. For this reason,
operations of a quadrupole ion trap require the presence of a collision gas to reduce

the kinetic energy of the trapped ions.>*
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In the BioTOF, a quadrupole mass analyzer is located downstream from the
ESI source, and three tandem quadrupoles (triple quad) are located further
downstream. These quadrupoles can be used as traps, for ion storage or for collision-
induced dissociation. These quadrupoles are shown as CQ1, CQ2 and CQ3 in Fig.4.1.
During operation, the vacuum level of the triple quad changes from 2x107 torr to
2x107 torr when the nitrogen collision gas is introduced. Typically the quadrupoles
are driven with an RF voltage of 200 V., at 1.0 MHz and a DC voltage of 20 — 50 V

for the mass range between 400 — 2000 Dalton.

The BioTOF can be operated in two different modes: MS and MS/MS. In the
MS mode, the analyzer quadrupole operates with RF only, i. e. as an ion guide for
transmission. Then the ions are stored in the triple quad cooled by dry nitrogen.
Collisions with room temperature gas reduce the divergence in the velocity of the
trapped ions, which improves the resolution of the Time-of-Flight analyzer of the
original mass spectrometer. This feature is also beneficial to our own ion doping
experiment, for synchronization with the pulsed droplet beam, and for efficient
control of trajectories and energies during doping. In the MS/MS mode, the analyzer
quadrupole functions as a mass filter to select a specific precursor ion. Then the ions
are introduced into the triple quad for collisional fragmentation, and the resulting
fragments are analyzed by the original TOF analyzer. For our application, this mode
of operation could be used to choose a particular charged state of a protein from the
ESI source, although at the present stage with small peptides and other molecules,

this feature is not being used.
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4.3 Electrostatic focusing with an Einzel lens

To focus or collimate a diverging ion beam, Einzel lenses are typically used.
An Einzel lens consists of three or more coaxial cylinders with the same opening. In
most cases, the two end cylinders are biased at the same potential, generating a
symmetric electric field in the ion path. Therefore, this lens set has no net acceleration
and is hence named “Einzel lens”.” The focusing effect of an einzel lens depends on

the combination of cylinder lengths, voltages and openings.

In the BioTOF, an Einzel lens containing two plate electrodes (collimator lens)
set at the same voltage of -35 V and a cylindrical metal tube (cylinder lens) at -250 V
sandwiched in between, as shown in Fig.4.1, is located downstream from the triple
quad. By tuning both voltages, ions with different energies can be collimated and/or
focused to provide the most efficient overlapping with helium droplets, resulting in

most efficient doping.

ESlion
Gate source
Valve I
—— g | Einzel
: E Lens
Helium Gas___:_‘ J :
' ™SN —— . intoAnalysis
Chamber
Pulsed Skimmer 1 Skimmer 2  Stopping
Valve Electrode

Fig.4.5. The interface region between the droplet source and the ESI ion source.
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Fig. 4.5 shows the interface region between the droplet source and the ESI ion
source. A gate valve separates the droplet source from the ion source for independent
diagnosis. Helium droplets generated from the pulsed valve and collimated by
skimmers 1 and 2 are directed into the doping region. Skimmer 2 has the additional
effect of limiting the gas load of the doping region for ion pickup. Mass selected ions
from the ESI source are focused into the doping region by the Einzel lens. The ion
beam can be stopped and/or slowed down by a biased stopping electrode. The doping
chamber and the analysis chamber are separated by a grounded ring electrode covered
with a mesh. After doping, the ion-doped droplet passes through the mesh into the

analysis chamber.

In our adaption, released ions from the ion trap passed through the Einzel lens
into the path of the droplet beam. In Fig.4.1(a), the original control program of the
BioTOF limited the repetition rate to be above 30 Hz. However, to synchronize with
the pulsed valve of the helium droplet source at 10 Hz, the exit gate with an opening
duration of 150~200 us was now triggered by a delay generator (EG&G Princeton
applied research, 9650A) 1 - 2 ms after the trigger of the pulsed valve, as shown in
Fig.4.1(b). The exact timing of the exit gate was dependent on the temperature of the

pulsed valve, and at 15 K, the delay time was 1.8 ms.

4.4 Characterization of the ESI source: absolute ion count

In the doping region, a collector electrode of 36 mm x 36 mm made of

stainless steel was placed 4 mm off the path of the droplet beam and aligned with the



60

ion beam, as shown in Fig.4.1. Two methods with different degrees of amplification
were used to measure the total number of ions outside the ESI assembly: one was to
use a charge sensitive amplifier (CoolFET, A250CF), and the other was to use an
oscilloscope through a DC blocking capacitor of 3000 pF. The circuit diagram for the
latter is shown in Fig.4.6. The capacitor allowed the oscilloscope to watch voltage
variations on the target independent of the bias voltage. The pulsed ion current
coming from the target was shared unequally between the oscilloscope and the bias
power supply. Because the impedance of the blocking capacitor and the oscilloscope
was much less than that of the bias circuit (44 megaOhms), most of the pulsed current

arrived at the scope for measurement.

0~200 V

Targeto—— _ F—1 1 Bias

22 MQ 22 MQ

—T— 3000 pF T 1T uF

Scope

Fig.4.6. Circuit diagram for measuring the number of ions from the ESI source.

During the experiment, the charge amplifier was typically used first when
optimizing the conditions for generating ions, because of its higher amplification
capability and better signal-to-noise ratio. However, when the voltage signal from the
charge amplifier reached 4 V, the charge amplifier was saturated, and the oscilloscope

had to be used. Bias on the stopper electrode was typically applied during the doping
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experiment: the voltage was to slow down, stop and even return the incoming ions

hence to increase the doping efficiency (chapter 7).
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Chapter 5 Experimental setup

The technique of generating superfluid helium droplets doped with various
charged particles has recently been developed for many research applications. We
began our pursuit with the ultimate goal of chilling protein ions for laser induced
alignment and then electron diffraction. To minimize the technical barrier, we started
with a continuous ion source of cesium ions from a thermionic source (chapter 6), and
then progressed to the pulsed ion source of our electrospray ionization mass
spectrometer (chapter 7). Along this quest, we have learned the key factors in
affecting the doping efficiency of helium droplets, and we have also measured the
size distribution of the resulting ion doped droplets. After learning that the doped
droplets contain too many helium atoms, we have also devised a method to size-

reduce the doped droplets (chapter 8).

This chapter starts with a general description of the fundamental idea of our
experimental setup, followed by a detailed description of our pulsed superfluid
helium droplet source and the two types of detectors for measuring pure cesium ions
and doped droplets. At the end of the chapter, an introduction to the two experiments

of doping cesium ions and doping ions from the ESI source will be given.

5.1 General description
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Fig.5.1. Experimental setup for doping cesium cations and ions from an ESI source. The

characterization methods including deflection and retardation are also illustrated.

Figure 5.1 shows the general setup of the experiment, including two different
ion sources: the continuous thermionic cesium ion source in the inset, and the ESI
source. In the experiment of cesium ions, the electrospray ionization source only
offered a vacuum chamber for the cesium ion source, and the Daly-type dynode
detector was replaced by a copper target wired to an operational amplifier and a giga-
Ohm resistor. The abundant number of doped ions generated voltage pulses on the
copper target of more than several milliVolts, sufficient for an oscilloscope and
computer to digitize and record. For the doping experiment of ESI ions, the cesium
ion source was removed and the Daly-type dynode detector was mounted downstream
from the deflection electrodes. The gain of the Daly-type dynode detector was
necessary to record less than 10,000 doped ions. In both experiments, after picking

up the species of interest, all internal and kinetic energies of the charged particles
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would be released into the helium droplet and ultimately removed by evaporation of
helium atoms on the surface of the droplet. Therefore, compared with the pure helium

droplet, the size and the size distribution of doped droplet should change.

To investigate the size distribution of the doped droplets, two different setups
were used. The first one was a deflection experiment as shown in Figure.5.1. A set of
deflection electrodes was positioned downstream from the doping region but
upstream from the detectors. One of the electrodes was grounded, while the other was
biased from -3 kV to +3 kV. With increasing voltage on the second deflector, small
doped droplets with small Kinetic energies were driven away from the detector.
Therefore, we can set up a correlation between the detected doped droplets and a
lower size limit at each deflection voltage. The second experiment of determining the
size distribution of doped droplets was an energy filter experiment where a mesh-
covered retardation electrode is biased. Similar to the principle of the deflection
experiment, different sized droplets would have different kinetic energies assuming
all doped droplets have a constant group velocity. Only those ions with sufficient

kinetic energies can pass through the biased retardation electrode and hit the target.
5.2 Pulsed superfluid helium droplet source

We used a highly pressurized pulsed valve cooled down by a cryogenic
cryostat to produce superfluid helium droplets. Six major components constitute the
droplet source: a cryogenic pulsed valve, a closed-cycle helium cryocooler, a

temperature sensing and regulating system including a heater that can actively
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stabilize the temperature of the pulsed valve, a skimmer which collimates the droplet
beam, high purity (99.999%) high pressure (60 bar) helium (Airgas, UHP 300) with a
pressure regulator (Airgas, Y11-N114G), and a high vacuum system evacuated by

appropriate pumps.

We used a solenoid pulsed valve (Parker Hannifin Corp, Series 99) to
generate superfluid helium droplets. The cross sectional schematic drawing of the
valve is shown in Fig.5.2. Unique to this valve is the poppet made of PCTFE
(Polychlorotrifluoroethylene), which had a low coefficient of thermal expansion and
was able to satisfy repetitive use at extreme low temperatures. In addition, a copper
gasket (instead of an O-ring) was used for sealing between the face plate and the
valve body. Generally, the pulsed valve was operated at 10 Hz with a duration of 130-
145 ps driven by its own controller (Parker Hannifin Corp, IOTA One), and the

controller provided a voltage of 12 VVdc and a current of 1000 mA.
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Fig.5.2. Interior of a solenoid pulsed valve series 99. (1) poppet, (2) valve body, (3) armature, (4) VCR
fitting, (5) coil assembly, (6) main spring, (7) buffer spring, (8) gasket, (9) orifice in the nozzle.

The faceplate of the pulsed valve was home-made. One configuration of the
commercial nozzle had a channel of 0.5 mm dia. that tapers to a constriction of 0.25
mm dia. on the exit side, as shown in Fig. 5.3(a). The straight channel constricted the
acceleration of the subsonic flow into the sonic beam before the free-jet expansion,
which also limited the control of the droplet size, particularly for large sizes droplets.
This design would cause destruction of droplets and limit droplet sizes by heating.
Slipchenko et al* used a 3 mm long cone shaped hole with a short conical opening
toward the poppet and a ~90° opening for the exit, shown in Fig. 5.3(b). This
modification increased the intensity of their fluorescence signal by a factor of 10 and
also allowed for operation in temperatures between 12 and 20 K. Yang et al® further

flattened the sharp junction into a short constriction as shown in Fig. 5.3(c), and the
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result was more efficient control of the droplet size and size distribution. We took the
original faceplate from Parker Hannifin and machined a ~90° 2 mm long conical
opening on the exit side of the faceplate, starting from the 0.5 mm dia. channel, as
shown in Fig. 5.3(d). The resulting droplet beam had been stable and intense enough

for doping of cations, as will be shown in the following chapters.
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Fig.5.3. Four different shapes of the nozzle of pulsed valves. (a) Original face plate from Parker
Hannifin, General valve, series 99. (b) Nozzle with a 3 mm long conical cone of 90°.* (c) Conical

entrance and exit openings with a short constriction.? (d) Nozzle with a 0.5 mm dia. constriction and 2
mm long 90° conical cone.

Figure 5.4 shows the pulsed valve mounted on a cold head (DE-204SL, APF
cryogenics). A homemade U-shaped copper adaptor with an internally sealed channel
was mounted on the bottom of cold head. One end of the sealed channel was
connected to a 1/8”copper tube which was coiled around the cold head, and the other

end of the channel was connected to the entrance of the pulsed valve by a short 1/16”
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stainless steel tube. Helium gas was routed into the coiled tube around the cold head
for precooling before being sent to the pulsed valve. Both the cold head and the
pulsed valve were encased inside a heat shield to reduce the heat exchange with the
environment. In order to improve the thermal contact between the pulsed valve and
the cold head, indium sheets were applied among copper supporting plates and

holders for the pulsed valve body and faceplate.

Temperature
Sensor 1

Pulsed Valve Temperature
Sensor 2

Fig.5.4. Pulsed valve assembly attached to a cold head to generate superfluid helium droplets.

In Fig. 5.5, the cold head was mounted on a flange that can be adjusted in one

direction, and this smaller flange was sitting on a larger 12” flange of the vacuum
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chamber. The distance between nozzle and skimmer can be adjusted by shifting the

smaller flange along the direction of the droplet beam.

Fig.5.5. The cold head is mounted on a smaller flange whose position can be adjusted by shifting its

position on top of the larger 12” flange.

A two-stage cryogenic refrigerator (compressor model: HC-4 MK1, APF
cryogenics) with a cooling capacity of 17 W at 77 K for the first stage and of 9 W at
20 K for the second stage was used for cooling of the pulsed valve. The specified
total cool-down time for the second stage from room temperature to 20 K was

approximately 30 minutes. However, because of the heat load of the pulsed valve and
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heat loss in the chamber, the actual cool-down time was about 3 hours to obtain a

final temperature of 13 K.

In Fig. 5.4, two silicon diode temperature sensors (Lake Shore, DT-470 SD)
were used to monitor the performance of the cryostat, one attached to the faceplate of
the pulsed valve and the other inserted into the bottom of the second stage of the cold
head. A heater (Lakeshore, H712-25) was mounted on the top of the supporting plate
to adjust the nozzle temperature between 13 K and 20 K. The temperature sensors and
heater were driven by a temperature controller (CryoCon, 32 B). When set at a
temperature between 13 K and 20 K on the controller, the temperature fluctuation
read from the controller was up to 0.5 K. Although the two sensors should read about
the same temperature, occasionally a difference of up to 10 K between the two
sensors had been observed. Insufficient thermal contact might be a reason for the
difference. In our experiment, the source temperature Ty was read from the sensor

attached to the second stage of the cold head.

A commercial skimmer (Beam Dynamics) of 5 cm length and 2 mm diameter
was located 12 cm downstream from the nozzle for collimation of the helium droplet
beam. The skimmer sat in a short aluminum tube and its position was adjusted by two
vacuum compatible picomotor actuators (Newport, 8302-V) which were driven by a
picomotor ethernet controller (New Focus, 8752-kit). The skimmer assembly is

shown in Figure 5.6.
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Fig.5.6. The skimmer sits inside a short tube and its position in the plane perpendicular to the beam

can be controlled by two picomotors.

The source chamber of the droplet beam consisted of two interconnected high
vacuum chambers pumped by two diffusion pumps (VHS-6 and Edwards-160)
backed up by two mechanical pumps (Edwards, E2M28 and Alcatel, M2012A). One
chamber (connected to the VHS-6 pump) housed the pulsed valve assembly, while
the other was equipped with a hot cathode high vacuum gauge, and its function was
only to offer an extra volume for the released gas load. The pumping speed of the
VHS-6 for helium was ~3000 I/s, while the pumping speed of the Edwards-160 was
700 I/s for nitrogen and 1300 I/s for hydrogen. At a foreline pressure of 10 Torr, we

turned on both diffusion pumps and after 4 hours, the source chamber reached a
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pressure of 4 x 107 Torr. When the pulsed valve was on, the vacuum level read from
the ionization gauge in the adjacent chamber dropped to 4 x 10°® Torr. Although the

opening time of the pulsed valve at different source temperatures can be modified to
optimize the properties of the droplet beam, we typically limited the vacuum level in

the source chamber to be better than 2 x 107 Torr.

5.3 lon detectors

Our experiment required absolute ion counts, and our charged species have
large masses, on the order of megaDaltons and higher. These two special conditions
rendered typical microchannel plate or channeltron detectors inadequate, because
these detectors had unknown magnifications, and their sensitivities diminish with
increasing particle masses. A specially designed high mass detector from Ardara
Technologies failed to detect any doped droplets, and no other commercial detectors
were readily available. We had used two different types of detectors for our
application, and detailed operational principles of these detectors are explained in the

following sections.
5.3.1 A metal target for absolute ion count

The absolute number of ions or ion doped droplets hitting a conductor can be
measured by wiring it to a home-made circuit including resistors and operational
amplifiers (op-amp). Throughout the work of this thesis, we used two different
versions of this type of detectors, and Fig. 5.7 shows the version with a lower gain.

This circuit had been used to measure the number of cesium ions hitting the grid in
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the ion source (Fig. 5.10), or the number of ions from an ESI source. During
operation, when cations hit the target, the corresponding current would flow through
the 1.0 megaOhm resistor, generating an input voltage Vi,. Since the op-amp was
connected as an output-follower, its output voltage Vo, was equal to V. If the ion
source was continuous, the output from the op-amp should be a DC voltage, and it

can be directly measured using a digital voltmeter.

During the experiment, the conductor can be biased to any negative voltage up
to -400 V to attract cations. The switchable 68 kOhm resistor allowed the
measurement of higher target currents due to the limited output swing of the op-amp.
The +/-6V power supply powered the op-amp, and it also floated at the bias voltage.
The 100 kOhm resistor on the positive input of the op-amp was to prevent accidental

damage to the op-amp.

The total absolute number of cesium ions can be derived from V.. For
example, when Vs Was -100 V and Vo, wasl.5 V, the target current was 1.5x10° A,

which equals to 10™ ions/second.

100kQ
Target LMC6001  v/_ Jourd J_—+
i S e =2
4.7kQ T-
Output
(to DVM)
MO |:] 68kQ ana | L
;“_\_ E 6v
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Fig.5.7. Circuit diagram for measuring the absolute number of cations hitting a conductor.
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For doped droplets, a higher detection sensitivity was needed because of the
lower number of ions. We therefore use a bigger resistor with an amplification circuit,
as shown in Fig. 5.8. lon-doped droplets hitting the copper target create a current
which flows through the 1.0 gigaOhm resistor. The positive input of the LMC6001
op-amp was grounded and the negative input allowed the copper target to be held at
virtual ground. The output buffers the voltage drop due to the current going through

the 1.0 gigaOhm resistor. Hence, the voltage at output_1 was 1.0 VVolt/nanoA.

The middle part of the circuit was a DC filter, which amplified only the time-
varying component of the signal. The two integrated circuits on the right side of the
diagram used op-amp LF353 to achieve an inverted amplification of 100 fold. The

output voltage at Output_2 can be described as

R
Vout = _R_j: “Vin . (3.1)
+6V
10°0 B
/"\I
D 0.1pFd 10pFd
| I
+_1MC6001 Vou [T
Copper 1MO A
Target q

Output_2 |.
(-?ooxT 10pFd

Output_1
(1X)

Fig.5.8. Circuit diagram for detecting ion pulses with a gain of x100.

Advantages of this type of detectors included adjustable sensitivity, absolute

ion number reading, and mass-independent detection. Since the number of doped-



75

droplets was much smaller than the number of pure cesium ions, we can use a bigger
resistor (1.0 gigaOhm instead of 1 megaOhm) to improve the sensitivity of the
detector. The detector directly provided the ion current, without any calibration.
Lastly but not the least, the detector was compact and portable, and it can be easily
located anywhere suitable in the vacuum chamber. However, a major drawback of
this type of detectors was their slow time response, limited by the large resistors.
Consequently, the magnitude of the voltage pulse was limited, and the calculation of
total ions required integration of the whole trace, and the time resolution was on the
order of milliseconds, a far cry from the typical microsecond time scale of ion

movements.
5.3.2 Daly-type dynode detector

For even lower ion counts, more magnification was needed. The Daly-type
dynode detector offered a much higher magnification capability than our own circuit,
and it was the only known detector that could potentially detect megaDalton ions. It
consisted of an off-axis stainless steel (SS) block with a concave cutting on the
bottom biased at a high voltage, and a channeltron detector opposite the SS block as
shown in Fig. 5.9. The detector was typically shielded by a half can fabricated in
stainless steel to prevent the ion beam from being deflected too quickly by the high
voltage, and all metal parts inside the shield were highly polished to prevent electrical
discharge. During operation, doped droplets passing through the circular aperture of
12 mm in diameter on the shield were accelerated and deflected toward the SS block,

and secondary electrons were emitted and detected by the channeltron. The bias
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voltage on the SS block, typically set to -20 kV, was introduced into the detection
chamber by a HV power feedthrough. The bias on the channeltron was typically at
+2500 V. This detector had a higher detection sensitivity with a better signal-to-noise
ratio than the copper target with an op-amp. However, the detector assembly was
bulky and requires several inches of space perpendicular to the beam path. In our
system, it was mounted in the center of a six-way cross, which meant that its location
was not easily changeable. Most importantly, the response of the dynode to the mass
of the ions was unknown and probably decreases with increasing mass, and the gain

of the whole detector also required calibration.

Shield

SS Block

Doped Droplet
Beam

Channeltron
Detector

Fig.5.9. Schematic drawing of a Daly-type dynode detector.
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5.4 Cesium ion sources

Paste coated
filament

Fig. 5.10. Pictures of the homebuilt cesium ion source.

To generate a continuous supply of cesium ions, we heated a tungsten
filament coated with a zeolite paste as describe by Draves et al.*> The homebuilt
cesium ion source was shown in Figure 5.10. We started with a commercial zeolite

matrix (Sigma-Aldrich Molecular sieves, 13X,

1 Nay0: 1 Al,O3: 2.8 SiO,: x H,0 ) containing both abundant Na and K ions, and
enriched the cesium content via an ion exchange reaction. This was achieved by
grinding the zeolite into powder, rinsing the powder with a saturated solution of CsClI
(18.6g/ml), and stirring the wet zeolite overnight. A tungsten filament of 0.25 mm dia.
was shaped into a coil of 3.0 cm in length and 2.0 mm in diameter, bent into a
semicircle, and mounted on a ceramic bar by tightening two screws. The filament was

then wiped thoroughly with methanol before the wet paste was applied. Once the
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filament was coated completely, the ion source was to sit in the air for one day to
drive away any moisture before being placed in the doping chamber. To eliminate
impurities and to improve the intensity and consistency of the ion source, a current of
2 A was passed through the filament to heat it into a bright glow in a vacuum
chamber. After baking for 8 - 10 hours, the filament with paste was ready for use.
Under normal working conditions, a current of ~2.8 A was applied to the filament,
but slight variations were possible because of the different length of the filament wire

and the different amount of paste on the filament.

The ion collector was another copper grid of 2 cm long and 1 cm in diameter,
which was roughly concentric with the semi-circular filament coil (Fig. 5.10). It was
wired according to Fig. 5.7, hence the absolute number of ions hitting the grid can be
measured. When the grid was biased negative relative to the filament, cesium ions
would be extracted into and oscillate through the space inside the grid at a constant
and defined kinetic energy. In Fig. 6.1, a simulation trace of a cesium ion in the

vicinity of the filament and grid is shown
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Fig. 5.11. Current on grid increased with grid voltage.

At a fixed heating condition for the filament, the total cesium ion emission
current should be constant. When the grid was grounded, cesium ions were emitted in
all directions. With increased grid voltage, more ions were attracted to the grid and
we could detect an increased current on the grid. Fig. 5.11 shows the variation of the
detected grid current as a function of the grid bias. Limited by the range of the power
supply of -400 V, the measurement did not reach saturation — when all the emitted
ions were attracted to the grid. However, based on Fig. 5.11, the emission current

should be above 6 PA.
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Abstract

We present an experimental investigation of the effect of kinetic energy on the ion
doping efficiency of superfluid helium droplets using cesium cations from a
thermionic emission source. The kinetic energy of Cs* is controlled by the bias
voltage of a collection grid collinearly arranged with the droplet beam. Efficient
doping from ions with Kinetic energies from 20 eV up to 480 V has been observed in
different sized helium droplets. The relative ion doping efficiency is determined by
both the Kkinetic energy of the ions and the average size of the droplet beam. At a
fixed source temperature, the number of doped droplets increases with increasing grid
voltage, while the relative ion doping efficiency decreases. This result implies that not
all ions are captured upon encountering with a sufficiently large droplet, a deviation
from the near unity doping efficiency for closed shell neutral molecules. We propose
that this drop in ion doping efficiency with Kkinetic energy is related to the limited
deceleration rate inside a helium droplet. When the source temperature changes from
14 K to 17 K, the relative ion doping efficiency decreases rapidly, perhaps due to the
lack of viable sized droplets. The size distribution of the Cs*-doped droplet beam can
be measured by deflection and by energy filtering. The observed doped droplet size is

about 5 x 10° helium atoms when the source temperature is between 14 K and 17 K.
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6.1 Introduction

Doping of superfluid helium droplets offers the advantage of investigating
isolated particles under cryogenic temperatures in a non-perturbing medium.*® The
technology of doping neutral particles has evolved from volatile molecules to
thermally labile biomolecules to radicals and clusters.”** The superfluid environment
and the unique properties of the quantum fluid have also inspired generation and
investigation of esoteric species.’** Even the possibility of producing nanomaterials
with controlled properties in superfluid helium droplets has been explored.™ " 2% %
For example, in the mass spectrum of metal vapor-doped droplets, silver clusters are

observed to contain up to 100 Ag atoms,™ '

and magnesium clusters can even reach
several thousands of atoms.'® The photoabsorption of Ag clusters in helium droplets
shows that the transition from compact to multicenter aggregates increases with the
growth of droplet sizes.” In the work of Gomez et al,? silver clusters desolvated
from helium droplets have been captured and imaged via electron microscopy. The
authors have observed evidence of single and multiple vortices longer than 300 nm.
To explore the dynamic properties of individual droplets, recently, Gomez et al®

have further recorded Bragg diffractions of neat and xenon-doped droplets via x-ray

scattering from a free-electron laser.

Efforts have also been devoted in doping cations in helium droplets, partly
motivated by studies of helium snowballs.?**® Direct ionization of helium atoms or
h 16, 28-29, 32,

embedded neutral molecules has proven the most straightforward approac

%38 5chobel et al*” have reported the mass spectrometry of pure helium droplets and
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droplets doped with krypton using electron impact ionization. Doppner et al** have
ionized metal clusters embedded in helium droplets using a femtosecond laser and
studied the size distribution of metal ion-helium clusters. For Mg*Hey, the first
solvation shell closes at N = 19 - 20, and for Ag'Hey N = 10 and 12. Using
synchrotron radiation, Kim at al?® have reported an indirect mechanism of dopant
ionization via excitation transfer or charge transfer from the surrounding helium
atoms. Subsequently, the same group® has reported efficient cooling of fragments
from photoionization and fragmentation of SFg in helium droplets. Following the
lead of Ghazarian, Eloranta, and Apkarian in using laser ablation in the presence of
cold helium vapor for injection of molecular species into a liquid helium beam,*
Claas, Mende, and Stienkemeier have reported doping of alkali and alkaline metal
ions from the plasma produced by a focused laser beam on a rotating and translating
metal rod.*® Since the ablation spot is close to the expansion and nucleation region of
the droplet beam, the authors have attributed the unusually large size of the doped
droplets and the temperature dependence of the droplet size to the nucleation effect of
the ablated atomic and ionic species. Direct doping of cations in helium droplets has

been reported by Bierau et al.*

using an electrospray ionization (ESI) source.
Biological ions stored in a quadrupole ion trap have been doped in helium droplets
when a pulsed droplet beam traverses the trap. Only heavy doped droplets with high
kinetic energies can escape the trap to hit the detector. In the work of Falconer et al,**
sodium cations from a thermionic emission source have been introduced into the path

of a helium droplet beam via an electric field, and [Na(H,0),]" cluster-doped helium

droplets have been confirmed.
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Most results of ion-doped droplets have focused on the size distribution of the
ion-doped droplet beam. The deflection and acceleration experiments of Bierau et al*
have demonstrated that doped droplets containing the protein cytochrome C (CytC)
have on average 10* helium atoms per ion, and when the charge of CytC shifts from
+9 to +17, the droplet size slightly increases. In the work of Falconer et al,*!
although no direct measurement of doped droplets has been observed, based on

simulation and mass spectrometry, the authors have estimated a mean size of 3 x 10°

helium atoms per droplet.

An open question related to doping of charged species in superfluid helium
droplets is the effect of kinetic energy on the ion doping efficiency. Superfluid
helium droplets have been considered scavengers for neutral closed shell species with
a pickup efficiency of near unity.*> In many experiments involving doping of neutral
molecules, the thermal energy of the gaseous molecules is below 0.1 eV with a
velocity less than 500 m/s. lons on the other hand typically have kinetic energies
over 10 eV with velocities over 5000 m/s, and many head-on collisions with helium
atoms inside a droplet are probably necessary to decelerate and stall the fast moving
ions. In this work, we present our investigation of the effect of kinetic energy on the
ion doping efficiency of superfluid helium droplets. We use a thermionic source of
cesium cations Cs* as dopant because of its high ion abundance and its ease in
operation; both factors contribute to the reproducibility and high signal-to-noise (S/N)
ratios of the experimental result. We introduce a relative ion doping efficiency to

reveal the anti-correlation between the kinetic energy of bare ions and the number of
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doped droplets, and we offer a tentative model for the observed effect. Within the
temperature range of 14 K to 17 K (limited by our experimental apparatus), we have
also discovered that the final size distribution of the doped droplets is independent of
the source temperature, although the ion doping efficiency decreases with increasing

source temperature.
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6.2 Experimental setup

Position 1 Position 2
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Fig.6.1. Experimental setup. In part (1), (A) Droplet source chamber: superfluid helium droplets were
generated by a pulsed valve and collimated by a skimmer. (B) Doping Region: Cesium ions were
produced from a thermionic emission source and were accumulated in the coil shaped grid to overlap
with the droplet beam for doping. (C) Analysis region: a metal target was directly in-line with the
droplet beam for detection of only charged (doped) droplets. We placed the ion source and the detector
in two different positions (Position 1 and Position 2) to determine the velocity of the pure droplet
beam. Light blue dots/drops represent pure helium droplets, the dark purple dots represent cesium
cation, and dark centered light blue drops represent doped droplets. Part (11) shows the end view of the
ion source/doping region, part (I11) shows a simulated trajectory of one ion emitted from the top of the
filament traversing the doping region multiple times, and part (IV) is the side view of the same

trajectory. The starting position of the ion is noted by a dark purple dot in part (I11).
The experimental setup is shown in Fig.6.1. Superfluid helium droplets were
generated in the source chamber labeled A, and the droplet beam passed through the

ion source region and arrived ultimately at a copper target detector. The droplet
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source chamber and the chamber for regions B and C were separated by a skimmer,
while the two regions B and C were separated by a copper plate with a 1 cm central
hole. The droplet source chamber was pumped by two diffusion pumps (Varian VHS-
6 and Edwards Diffstack 160 mm) and was usually at 4 x 107/4 x 10°® Torr when the
pulsed valve was off/on. The ion source and analysis chamber (regions B and C) were
pumped by a turbo molecular pump (Varian VV551) and was typically at 7 x 107/4 x

10°® Torr when the pulsed valve was off/on.

We used a pulsed valve (Parker Hannifin Corp, Series 99) to produce
superfluid helium droplets by supersonic expansion of ultrapure (99.999%) helium at
about 30 - 50 bar into vacuum. The pulsed valve had a homemade nozzle with a
diameter of 500 um. It operated at 10 Hz with a duration of 130 - 145 pus powered by
its own driver (Parker Hannifin Corp, IOTA One). The nozzle was cooled by a
closed-cycle helium cryocooler (APF cryogenics, HC-4 MK1), and it could be set at
any temperature above 13 K. The helium droplet beam was further collimated by a 5
cm long skimmer of 2 mm in diameter (Beam Dynamics) located 12 cm downstream

from the nozzle.

Cesium ions were produced by heating a tungsten filament coated with a
zeolite paste as detailed by Draves et al.** The filament was a tungsten coil of 3.0 cm
in length and 2.0 mm in diameter, and the wire itself was 0.25 mm in diameter. The
coil was shaped into a semicircle surrounding the droplet beam, and its side view is
shown in Fig.6.1(1) and the end view in Fig.6.1(ll). For illustration, the light blue

dots/drops represent pure helium droplets, the dark purple dots represent cesium
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cation, and dark centered light blue drops represent doped droplets. Under normal
working conditions, a current of about 2.8 A was passed through the filament, and the
total emission current was 2.8 PHA. Concentric with the filament on the end view
(Fig.6.1(11)) is the ion collector, a copper grid (referred to as the grid in the following)
of 2 cm long and 1 cm in diameter, and its side view is shown in Fig.6.1(1). The grid
was biased negative relative to the filament, thereby facilitating the oscillation of
cesium ions through the space inside the grid at a constant and defined kinetic energy.
In Fig.6.1(I1I), a simulated trajectory of one ion emitted from the top of the filament
(the initial position of the emitted ion is indicated by a dark purple dot) is shown
viewed from the end, and in Fig.6.1(1V), the same trajectory is shown from the side.
The grid was connected to an operational amplifier and a megaOhm resistor, which
converted the ion current into a voltage signal. We could treat this current to be
representative of the total number of available ions for doping, although the true
number of ions inside the grid was unknown. Both the grid and the filament could be
independently biased, and the current on the grid increased with the bias voltage on
the grid. Typically when the grid was at -100 V and the filament was at 10 V, the
voltage signal was about 1.5 V, corresponding to an ion count of 10" ions/second on

the grid.

The copper target detector measuring 4 mm x 10 mm was not biased
intentionally and was directly attached to an operational amplifier and a gigaOhm
resistor, converting a single charge into a voltage pulse. The copper target was only

sensitive to charged species; hence neutral undoped droplets generated no detectable
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signal. The ion source and the detector could be placed in two different positions as
labeled “Position 1” and “Position 2” in the figure, so the group velocity of the
droplet beam could be determined by monitoring the different arrival times of the
doped droplets on the target. In the analysis region C, a set of electrodes could be
used to deflect the charged particles away from the detector, with the intention of
resolving the kinetic energy of the charged species. For this purpose, the copper

target was placed at Position 2 while the ion source remained at Position 1.

6.3 Experimental results

6.3.1 Doping of cesium ions into helium droplets

Doping of cesium ions into helium droplets was confirmed by varying the
experimental conditions. When only the filament and the grid were in operational
conditions, no ions could be detected on the copper target. When the pulsed valve was
turned on but was kept at room temperature, there were still no ions arriving at the
detector. Only when we cooled down the nozzle below 20 K could there be any

observable ion signal. The ion signal disappeared when the ion source was turned off.
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Fig.6.2. Arrival times of doped helium droplets with varying nozzle temperatures, from 13.2 K to 17.0
K. With increasing nozzle temperature, the ion signal decreases and shifts to an earlier time. Shoulder
peaks are visible under all different nozzle temperatures; they were results of the rebound of the pulsed

valve. The ion detector was in position 2 during this experiment.

Figure 6.2 shows the time profile of the detected doped droplet signal under
different nozzle temperatures recorded at Position 2 in Fig.6.1. Both the magnitude
and timing of the ion signal depend on the temperature of the droplet source. From
13.2 K to 17.0 K, the arrival time of the ion signal shifts by 0.24 ms and the total

signal decreases by over 50%.

Without any acceleration field along the flight path, the arrival time of the
doped droplets was determined by the group velocity of the neutral droplet beam.

Although the response time of our gigaOhm resister was limited, with sufficient



92

distance between the two measuring points (Positions 1 and 2 in Fig.6.1), we could
still use the onset of the ion signal to measure the velocity of the droplet beam. In
Fig.6.1, Position 1 was 37 cm away from the pulsed valve, and Position 2 was 74 cm
away from the pulsed valve. From the difference in the arrival time between the two
positions, we determined that the droplet speed was 371 m/s at 13.2 K and 422 m/s at
17.0 K. In comparison, the theoretical speed of an ideal helium gas from a supersonic
expansion should be 375 m/s at 13.2 K and 419 m/s at 17.0 K, in general agreement

with our measurements.

6.3.2 Effects of fringe fields and space charges
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Fig.6.3. Dependence of both the number of doped droplets (left axis, filled symbols) and the number of

ions hitting the grid (right axis, open squares) on the grid voltage at different source temperatures.
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Fig.6.3 shows the total number of ion-doped droplets and the total number of
ions hitting the grid at different grid voltages. In calculating the number of ions
hitting the grid, we took the duty cycle of the droplet beam into consideration, so the
DC ion current on the gird was chopped to 140 ps to match the duration of the pure
droplet beam. We calculated the total number of ion-doped droplets by changing the
voltage signal from Fig.6.2 to a current through the gigaOhm resister and then
integrating the peak area for the number of charges. While the number of bare ions
hitting the grid grows with the grid voltage following a power law-like behavior, the
number of doped droplets also increases but with a clear “bend” — an abrupt change in
the rate of increase — when the grid voltage reaches -150 V. Fig.6.3 also shows that
with increasing source temperature, the number of doped droplets also drops. At 16 K
when the grid voltage is -100 V, the number of doped droplets is less than half of that

at 14 K.

The bias on the grid in the ion source affected not only the number and
movement of bare ions, but also those of doped droplets, both as a trapping field and
in terms of fringe fields at the exit of the grid downstream from the doping region.
The group velocity of the pure droplet beam was 388 m/s at a source temperature of
14 K, and at a grid voltage of -180 V, a doped droplet had to consist of at least 5.7 x
10* helium atoms to have enough kinetic energy to escape from the negative trapping
field of the grid. Downstream, some escaped doped droplets would be affected by the
fringe field of the grid thereby veering too far off-axis along the path to the target.

Using Lorentz-EM (Integrated Engineering Software, Winnipeg, Manitoba, Canada),
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a software package specially designed for magnetic analysis and for analysis of
charged particle trajectories in the presence of electric and magnetic fields, we
simulated this fringe effect and obtained a cutoff size of ~10° helium atoms per
droplet, below which a doped droplet would fail to arrive at the target.
Experimentally, the actual cutoff size was probably even bigger, at ~10°
atoms/droplet, because of unaccounted loss mechanisms in the simulation, such as the
non-ideal vacuum level and stray fields due to other electrodes or even
turbomolecular pumps. As the grid voltage increases, the cutoff size also increases.
In the meantime, from Fig.6.3, the number of bare ions traveling into the grid seems
to also increase. The increase in the number of doped droplets, however, slows down
at the “bend” when the grid voltage is more than -150 V.

One possible explanation of the “bend”, i.e. the change in slope for the doped
droplets at -150 V, is the space charge limit. In Fig.6.3, the number of ions hitting the
grid is on the order of 10'°, and given the fact that the volume inside the grid is a few
cubic centimeters, this value is way above the space charge limit of 10"/cm®* The
actual number of ions inside the grid should then be much smaller, at most on the
order of 10’. Once the space charge limit is reached, further increase in the negative
bias of the grid has the effect of expanding the retention region, determined by the
negative potential of the grid, further out to the vacuum chamber (fixed at ground
potential). The ultimate effect is therefore an increase in the volume of the “ion trap”,
determined by the dimension of the grid and its extended field upstream and
downstream along the droplet beam. However, this effect should be rather limited

given the available physical space for expansion, so the increase in the number of
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bare ions for doping with increasingly more negative bias on the grid would be at a
much lower rate after the system reaches the space charge limit. On the other hand,
the cutoff size will increase with increasing bias, preventing small doped droplets
from reaching the detector. The change in the number of doped droplets is then
determined by the balanced effect of the cutoff size and the doping volume. The
“bend” in Fig.6.3 could be the point where the space charge limit is reached, and the
slow rise after -150 V is the predominant effect of the increasing doping volume with
increasing grid bias.

If we assume that the total number of bare ions in the doping region is limited
by the space charge at a grid bias of -150 V to 10’ ions, the absolute ion doping
efficiency, defined as the ratio of the number of ion-doped droplets and the number of
total ions available for doping, should be on the order of 5%o at a source temperature
of 14 K when the number of doped droplets is 5 x 10*. On the other hand, if the
“bend” is not representative of the space charge limit, then the actual ion doping
efficiency should be higher since the number of ions inside the doping region is

smaller.
6.3.3 Droplet size distribution

6.3.3.1Deflector test
To determine the size distribution of the doped droplets, we first used a set of
deflectors to steer the doped droplet beam away from the detector, similar to the

method of Bierau et al.**

As the voltage on the deflector increases, small doped
droplets are driven away from the detector, thus a correlation between the detected

doped droplets and a lower size limit can be established at each deflection voltage. In
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Fig.6.1, the deflector electrodes were 40 mm long and were separated by 40 mm.
These electrodes were positioned 38 cm downstream from the ion source, and the
detector (4 mm along the deflection direction) was located 60 mm downstream from
the deflectors. These geometric parameters and the voltage on the deflector determine
a lower size limit for the detected doped droplets. During the experiment, one of the
deflector electrodes was grounded, while the other was biased from -2200 V to 2200
V. The left of Fig.6.4 shows the number of doped droplets arriving at the target under
different deflection voltages (bottom axis), and the top axis shows the corresponding
lower size limit for the detected droplets. At -300 V, the signal drops to 54% of that
without the deflection voltage. The corresponding lower size limit for the doped

droplets arriving at the detector is 4.3 x 10° helium/droplet.
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Fig.6.4. Deflection of doped droplets. Left panel: absolute number of doped droplets arriving at the
target under different deflection voltages. Right panel: normalized ion signal by setting the maximum
ion intensity under a fixed nozzle temperature to unity. The black dashed line is the integrated result

from a log-normal distribution of pure droplets at 14 K using parameters obtained from Fig.6.5.

The source temperature of the pulsed valve determines the average size of the
droplet beam, which in turn affects the doping efficiency. After doping, we anticipate
that perhaps the size distribution of the resulting doped droplet should also reflect this
difference. To emphasize the size distribution at different source temperatures, on the
right of Fig.6.4, we plotted the normalized ion signal by setting the maximum ion
intensity under a fixed nozzle temperature to unity. Surprisingly, all traces overlap.
We therefore conclude that within the temperature range of 14 and 17 K, the doped

droplets had a similar size distribution, independent of the initial nozzle temperature.
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According to reference *, the size distribution from a continuous superfluid
helium droplet source can be modeled using a log-normal function when the nozzle

temperature is higher than 14 K,

—(InN-p)?
202

Py(N) = (Nov2m) texp| 1, (6.1)

where Py (N) is the probability of a droplet consisting of N helium atoms, and the
parameters ¢ and | are the standard deviation and the mean of InN. The size
distribution of the doped droplets could be obtained by differentiating the number of
doped droplets arriving at the detector by the corresponding minimum droplet size
(the top axis of Fig.6.4). In Fig.6.5, black squares represent the resulting
differentiation from the experimental data at 14 K (Fig.6.4), and the continuous trace
is a log-normal fit to the experimental data. The mean size from this fitting was 7 x
10° helium/droplet. Similar treatments of data from other source temperatures also
resulted in similar size distributions and mean sizes. The resulting values of ¢ and p
were about 0.77 and 15.45. These values were then used to calculate the number of
doped droplets at each deflection voltage by integrating Eq.6.1 from the lower size
limit determined from the experimental geometry to infinity, and the result is shown
by the dashed line of Fig.6.4 labeled as “Int. 14 K”. This trace overlaps with our
experimental data. Although it is known that in the range of the current source
temperatures (> 14 K), neutral helium droplets follow a log-normal function,
apparently the doping process did not alter this size distribution substantially.
However, the consistency in size and distribution within our temperature range also

implies that the size distribution of the doped droplets was insensitive to the initial
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size distribution of the neutral droplet beam. This could be due to the small limited

temperature range of our cryostat, and the fact that we were only fitting the tail part of

46
I,

a log-normal distribution. In the work of Filsinger et al,™ a similar conclusion was

obtained within the temperature range of 14 K to 18 K.
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Fig.6.5. Size distribution of doped droplets at a source temperature of 14 K.

6.3.3.2 Energy filter experiment

Another possible approach to determine the size distribution of doped droplets
is to introduce an energy filter using a biased mesh. If the doped droplets move at a
constant group velocity, different sizes will have different kinetic energies, and only
ions with sufficient kinetic energies can pass through the biased retardation electrode.
For this purpose, we replaced the deflector electrodes with a planar electrode that had

a circular hole of 38 mm in diameter. The hole was covered with a fine mesh of 50 x
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50 mesh plain and 0.025 mm in wire diameter. To further shield the copper target
from the field of the retardation electrode, another coarse mesh of 16 x 16 mesh plain
and 0.25 mm in wire diameter was placed 2 mm in front of the copper target. The
planar electrode and detector were positioned 142 cm downstream from the ion

source.
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Fig.6.6. Doped droplets passing through a retardation electrode. The trace with open circles was
obtained with a grid voltage of -200 V, and the trace with open squares was with a grid voltage of -100

V.

Fig.6.6 shows the variation of the ion signal as a function of the voltage on the
retardation electrode when the source temperature was 14.5 K. We performed the
experiment under two different voltages on the grid of the ion source, -200 V and -

100 V, and in both cases, the trend was the same. The uncertainty of each data point
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is about 10%, so the “bend” in the experimental data at a retardation voltage of 1500
V when the grid voltage was -200 V is most likely due to a variation in the
experimental condition. From Fig.6.6, even when the retardation voltage reaches
3500 V, there are still more than 28% of the doped droplets reaching the target, and

the corresponding droplet size is 1.1 x 10° helium/droplet.

A mean size of doped droplets can be obtained from Fig.6.6. When the grid in
the ion source was biased at -200 V, the ion signal dropped to 54% of its peak value
at a retardation voltage of 1500 V. Assuming a group velocity of 390 m/s for each
droplet, each helium atom in the droplet has a kinetic energy of 3.18 meV, and to
obtain a total kinetic energy of 1500 V, the corresponding size of the doped droplet is
4.4 x 10° helium/droplet. Thus we conclude that about 54% of the doped droplets

were larger than 4.4 x 10° helium/droplet.

The average size of doped droplets from this retardation experiment was about
one tenth of that from the deflector experiment (Fig.6.4). One factor for this
discrepancy could be the position of the detector: in this experiment, the detector was
placed 68 cm further downstream from the ion source. Continued evaporation due to
collisions with ambient molecules in the flight path would result in a decreased
droplet size. At a vacuum level of 4 x 10 Torr and a source temperature of 14 K, the
average radius of a droplet was about 17 nm, and the average collision rate was 3 x
10° /s. If each collision consumed about 42 helium atoms by evaporation, the total
loss of helium atoms after a path length of 68 cm was 2.2 x 10 This value was too

small to account for the one order of magnitude decrease in droplet size from this
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energy filter experiment. Another possibility was the additional collisions between
the small doped droplets stopped in the path of the larger droplets at the retardation
electrode (the fine mesh). Since this effect was size dependent, particularly
detrimental to large sized droplets, it could play a significant role in reducing the

average size of the droplet beam from this retardation experiment.

6.4 Discussion

6.4.1 Size distribution of doped droplets

The size distribution of ion-doped droplets has been measured by Bierau et
al* in 2010. The authors used a pulsed helium droplet beam to catch a protein
cytochrome C in different charge states and singly charged protonated phenylalanine
(Phe) produced by electrospray ionization. The ions were trapped in a linear
hexapole ion trap coaxial with the droplet beam. The authors reported 10* ion-doped
droplets per pulse with a duration of 200 us. Using electrostatic deflection, they fitted
a log-normal distribution for the resulting doped droplets, with mean sizes 10*
helium atoms for CytC +17, and 10° for Phe. These unusually large sizes, compared

with those from Slipchenko et al,*’

were attributed to the large nozzle diameter of 800
um of the pulsed valve. Subsequently, the group replaced the pulsed valve with a
different model and measured the size distribution of hemin*-doped droplets via an
acceleration experiment.*® The resulting median size of the doped droplet was

reported to range from 1.6 x 10° to 8.3 x 10* helium atoms when the source

temperature was varied from 6 K to 18 K.
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Falconer et al'! employed a different approach to dope cations into superfluid
helium droplets, although no direct characterization of the size distribution of the
doped droplets was reported. After traversing a pickup chamber filled with sodium
cations generated from a thermionic source, a droplet would pick up a Na* ion and
several neutral H,O molecules to form a [Na(H,O).]" cluster inside. The doped
droplet was desolvated along the flight path before the bare cation was deflected into
a mass spectrometer. Based on the mass distribution of [Na(H.0),]" and pickup
statistics, the authors derived a mean droplet size by fitting the probability curve
using a log-normal and linear-exponential distribution function. At 13.2 K, the
resulting mean droplet size was about 3 x 10° helium atoms. They also pointed out
that based on their simulation; only doped droplets with greater than 10° helium
atoms would be able to escape the potential well of the grid at -200 V. This cutoff
size was one order of magnitude bigger than the mean droplet size, so the explanation

was that only the tail of the droplet distribution was being sampled in the experiment.

Using laser vaporization of alkali and alkaline metal rods near a cryogenic
nozzle, Claas, Mende, and Stienkemeier have observed ion-doped droplets due to
surface plasma formation.”> However, the authors proposed that the formation
mechanism of ion-doped droplets was related more to the seeding of ions as a
nucleation center during condensation of helium atoms near the exit of the nozzle
than to the migration of ions into already formed droplets. For this reason, the
authors observed a variation in droplet size when the source temperature changed

from 19.6 K to 23 K. Moreover, the observed size of nearly 5 x 10* atoms/droplet at
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a source temperature of 19.6 K was substantially larger than the corresponding

theoretical value.

Our droplet size is in general agreement with those from Bierau et al and

Falconer et al.t* %

Limited by the capacity of our cryostat, we can only vary the
source temperature in the range of 14 K to 17 K, and our resulting doped droplet sizes
are similar in all cases, with an average value of 7 x 10° helium atoms. The
discrepancy of our value from that of Claas, Mende, and Stienkemeier can be
attributed to the different mechanisms of droplet formation.*® On the other hand, our
observation of the decrease of doped droplets with increasing nozzle temperature as
shown in Fig.6.3 agrees with that of Claas, Mende, and Stienkemeier. Our design of
the ion source is the same as that of Falconer et al™, but the additional grid in the
doping region has been observed to triple the doping signal. More importantly, the

bias on the grid offers control over the kinetic energy of the incident ions, which

allows observation of the effect of kinetic energy on the ion doping efficiency.

6.4.2 Relative ion doping efficiency

To determine the absolute ion doping efficiency, we need to take the ratio of
the total number of doped droplets and the total number of ions in the doping region.
The absolute number of doped droplets is affected by the temperature of the droplet
source and by the grid voltage of the ion source. Without a bias voltage on the grid of
the ion source, only thermal ions were present around the region of the filament, and
no doping was observable when the source temperature of the droplet beam was

above 14 K. As the bias on the grid increased, more ions were pulled into the region
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of the droplet for doping, and more doped droplets were observable. However, the
number of ions in the doping region was limited by the space charge effect while the

measured current on the grid was not.
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Fig.6.7. Relative ion doping efficiency at different Kinetic energies and source temperatures. The left
panel is normalized relative to the efficiency at a source temperature of 14 K and a kinetic energy of -
20 V, and the right panel is normalized for each source temperature. The solid line on the left panel is
a fitting result assuming an inverse relation between the ion doping efficiency and the velocity of the

incident ions.

To avoid the above difficulties, we define a relative ion doping efficiency by

setting the ratio of doped droplets to the ions on the grid to unity at a kinetic energy
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(grid voltage) of -20 V and a source temperature of 14 K. This choice of the kinetic
energy corresponds to the lowest bias when doped droplets were observable at all
source temperatures between 14 K and 17 K. The left side of Fig. 7 shows the relative
ion doping efficiency at different kinetic energies and different source temperatures.
At a fixed source temperature, the size distribution of the droplet beam is fixed. With
the increase in grid voltage, the absolute number of doped droplets increases, but the
relative ion doping efficiency actually decreases. With the increase in source
temperature, the droplet distribution shifts to smaller sizes, and the relative ion doping
efficiency also decreases. However, if we renormalize the maximum of each trace, as
shown on the right side of Fig.6.7, all traces overlap. This result implies that
lowering the source temperature uniformly increases the ion doping efficiency in the
temperature range of 14 K and 17 K, with no effect on the final size distribution of

the doped droplets.

The decrease in the relative ion doping efficiency from 14 K to 17 K can be
explained from the following numerical analysis. The binding energy of each helium
atom is about 5 cm™ in a droplet. To cool down a single Cs* ion with a kinetic energy
of 400 eV, it would take more than 10° helium atoms with a minimum droplet radius
of 20 nm. To further escape the potential well of the grid at -400 V, the cooled ion has
to retain another10® helium atoms (see discussions of Fig.6.3). The total number of
droplets in this size range from a pure droplet beam can be obtained by integrating
Eg. 1 in the appropriate size range. If we assume the same gas flux, the theoretical

number of droplets at 17 K is about 1.8 times of that at 14 K. This means that if all
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droplets larger than 10° have the same probability of doping, we should observe 1.8
times more doped droplets at 17 K than at 14 K. Even if we take into consideration
the higher gas flux at lower nozzle temperatures, based on the ideal gas law, the
~20% increase in gas flux at 14 K can only reduce the ratio to 1.4. On the other hand,
if we change the lower limit of integration from 10° to 10, the calculation reveals that
the total number of droplets for pickup at 17 K is only ¥ of that at 14 K. This value
agrees with our experimental observation where the number of doped droplets at 17 K
is about 1/3 of that at 14 K. We thus conclude that the actual pickup cross section of
a droplet is probably less than half (10%*)of its geometrical cross section, and that the
lower relative ion doping efficiency at higher nozzle temperatures is most likely due

to the lack of viable sized droplets.

6.4.3. Effect of kinetic energy on ion doping efficiency

The decrease in ion doping efficiency with increasing grid voltage shown in
Fig.6.7 demonstrates the adverse effect of kinetic energy of the bare ions for doping.
However, the situation is complicated by the fact that bare ions can oscillate in and
out of the grid during the doping process. In Fig.6.1, the grid of the ion source
attracts the emitted Cs* ions into the field free central region where the droplet beam
traverses. Without collision with a droplet, a cation can pass through the grid and
move towards the chamber wall before turning back. We have simulated this
oscillatory motion under different grid voltages using Lorentz-EM, and parts (I11) and
(1V) in Fig.6.1 show a typical trajectory of one ion emitted from the top of the

filament. Within the duration of the droplet beam (140 ps), the number of round trips
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of a Cs™ ion passing through the centre of the grid is 15, a value essentially
independent of the grid voltage. Upon further inspection, we realize that higher
energy ions are more prone to be affected by fringe fields because of their deeper
penetration into the outside region of the grid. Even though they have a higher
frequency of oscillation, their stable oscillatory periods are limited. We therefore
conclude that the rapid decrease in the relative ion doping efficiency with grid voltage

on the left of Fig.6.7 is indeed the adverse effect of kinetic energy.

The decrease in ion doping efficiency with increasing kinetic energy is a clear
indication that the capture rate of cations upon collision with a sufficiently large
helium droplet can be much lower than unity. If we assume the “bend” in Fig.6.3 at a
bias of -150 V is related to the space charge effect, we could ignore the drop in the
ion doping efficiency beyond -150 V, because the number of available ions for
doping remains more or less constant instead of increasing as shown in Fig.6.3.
However, a clear drop between -20 V and -150 V is still evident. When the kinetic
energy varies from 20 eV to 100 eV, the velocity of the cesium ions varies from 5000

m/s to 10000 m/s, and the ion doping efficiency drops by 60%.

A detailed modeling of the ion doping efficiency is beyond the scope of our
current work. However, we propose a crude qualitative interpretation of the
experimental observation. When an approaching ion has a sufficiently high velocity,
its trajectory can be considered ballistic, and the charge-induced dipole interaction
can be ignored at first. The helium atoms inside the droplet can be considered

stationary in a lattice separated by an interatomic distance of 3.5 A. In a head-on



109

collision between a cesium ion (atomic mass = 133) and a free helium atom, the Cs”
loses 6% of its velocity. It thus takes nearly 40 such collisions to reduce the velocity
of a Cs* from 5000 to 500 m/s — a velocity in the range of thermal neutral molecules
for doping. If the mean free path of a Cs* is 3.5 A, the overall time of the 40
collisions for speed reduction is about 13 ps and the overall distance travelled by the
ion is 14 nm — almost halfway through a droplet of 10° atoms. If side-on collisions are
included and we average over the whole range of impact parameters, the effect of
deceleration is even less effective: each collision results in a loss of energy (instead of
velocity) of 6%. We therefore suspect that many fast ions can directly penetrate
through the droplet simply because of the slow deceleration of helium atoms inside
the droplet. Following this logic, the ion doping efficiency should be inversely
proportional to the velocity of the incident ions. The solid line in the left panel of

Fig.6.7 shows a fitting of all the data at 14 K using the function:
y=-+b, (6.2)

where y represents the relative ion doping efficiency, E is the kinetic energy of the
ions, and a and b are fitting coefficients. The agreement between the fitting and
experimental data is quite remarkable considering the simplicity of the model. Given
the possibility of reaching the space charge limit when the grid voltage reaches 150

V, the minor discrepancy in the high energy range is surprisingly small.

Doping of closed shell neutral molecules has been considered to follow the

Poisson distribution determined by the geometric cross sections of the helium
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droplets.”” However, studies on refractory metal atoms and the open shell oxygen
molecules have revealed much lower pick up efficiencies or smaller pickup cross
sections of helium droplets.***®  Although atoms of refractory metals and alkali and
alkaline metals are all open shell, refractory metals are typically heated to much
higher temperatures thereby having much higher thermal energies for doping. We
suspect that perhaps the high velocity of refractory metal atoms is partially
responsible for the lower sticking probability with helium droplets. In several
photofragmentation studies of doped droplets, the inability of the helium droplet in
trapping the newly formed energetic fragments has also been documented and
simulated using a ballistic model.?® ***! Effect of the kinetic energy on the trapping
efficiency has also been explored based on the same principle as our current work
with ions. Different from our case of ion doping, on the other hand, neutral molecules
have a much weaker interaction with the helium environment. It is therefore
surprising that even with the strong ion-neutral interaction, the ballistic model is still

qualitatively acceptable, under the current experimental conditions.

Our proposal of a fast ion directly passing through a droplet upon collision is
unrelated to the superfluidity of the droplet and unrelated to the ion-neutral attraction
inside the droplet. This crude model is therefore only applicable to fast ions; at some
point along the deceleration path, the intermolecular interactions will become too
important to ignore. More importantly, our simple model only includes head-on
collisions, while a more complete model with varying impact parameters would

predict an inverse relation with the energy of the cesium ions instead of the velocity
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as implied in Eq.6.2. However, fitting using an inverse relation with energy was
statistically unacceptable. Our current investigation is limited to kinetic energies
above 20 eV due to practical issues with the thermionic source and the temperature
range of our cryostat. In an ongoing experiment, we have used an electrospray
ionization source to extend the investigation to essentially zero kinetic energies, and
the results will be reported in the future. Unlike the doping process of neutral
species, with special care in the experimental design, the doping process of ions has
advantages in controlling the kinetic energy and in measuring the absolute number of
ions and ion-doped droplets. Hence studies of ion doping are of a particular value in

revealing the detailed physics inside superfluid helium droplets.

6.5 Conclusions

We have characterized the cation doping process into superfluid helium
droplets using cesium cations from a thermionic emission source. By performing two
different types of measurements including deflection and energy filtering, the size
distribution of Cs*-doped droplet beam was measured. Our experimental data could
be fitted by a log-normal distribution, with a mean size of 5 x 10° helium atoms, more
or less independent of the source temperature between 14 K and 17 K. At a fixed
source temperature, we observed increased number of doped droplets with increasing
grid voltage, but the rate of increase had a sudden drop at a grid voltage of -150 V,
perhaps due to the space charge effect. The absolute ion doping efficiency was
difficult to measure, but it should be on the order of 5%o based on the space charge

limit in the doping region and the number of doped droplets. When the source
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temperature was changed from 14 K to 17 K, a rapid decrease in the relative ion
doping efficiency was observed, and the reason was attributed to the lack of viable
sized droplets in the droplet beam. The relative ion doping efficiency decreased with
increasing Kinetic energies of the bare ions, and the decrease was inversely
proportional to the velocity of the incident ions. We suggest that for fast moving ions,
the ion doping efficiency was far from unity, and many ions simply penetrated
through the droplet without being captured due to insufficient deceleration inside the
droplet.
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Abstract

We report a facile method of doping cations from an electrospray ionization (ESI)
source into superfluid helium droplets. By decelerating and stopping the ion pulse of
reserpine and substance P from an ESI source in the path of the droplet beam, about
10* ion-doped droplets (one ion per droplet) can be recorded, corresponding to a
pickup efficiency of nearly 1 out 1000 ions. We attribute the success of this simple
approach to the long residence time of the cations in the droplet beam. The resulting
size of the doped droplets, on the order of 10°/droplet, are measured using deflection
and retardation methods. Our method does not require an ion trap in the doping
region, which significantly simplifies the experimental setup and procedure for future

spectroscopic and diffraction studies.
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7.1 Introduction

The invention of the superfluid helium droplet beam has triggered an
avalanche of research activities involving microscopic superfluidity, optical
spectroscopy, and ultrafast dynamics at cryogenic temperatures.*® Unfortunately, the
superior advantages of superfluid helium droplets cannot be easily transferred to the
investigation of ions, both negatively and positively charged. A particular concern
for cations is the possible strong matrix effect due to the heavy snowballs — a term
used to describe tightly bound many helium layers to a cation dopant.’® Studies of
small cations formed upon ionization of neutral dopants have found evidence of
metastable cluster ions,™™* but upon electronic or even vibrational excitation of the
putatively doped droplets, non-thermal ejection of a free cation from the droplets has
been reported.*®?! Spectroscopic analysis has further revealed that for aniline, the
helium matrix exerts minimal interference to the lineshape and linewidth of the cation
in the infrared.® More recently, Filsinger et al have embedded hemin* from an
electrospray ionization source (ESI) in superfluid helium droplets and reported non-
thermal ejection of the dopant upon resonant excitation of the chromophore.*® In this
case, the helium environment has caused a slight blue shift in the electronic transition,
and the linewidth of the transition is narrower than that from the gas phase. Filsinger
et al have also reported that ejection involves more than one photon and the yield
depends on the size of the droplet.*® So far one can conclude that the bonding

structure of a cation inside a droplet is far from uniform and simple, and that perhaps
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there is a complete spectrum of variations in bonding structure and strength

depending on the nature of the cation.

We have been interested in doping of cations in superfluid helium droplets not
for spectroscopic studies but for electron diffraction of laser aligned protein ions.?
Our idea involves embedding protein ions into superfluid helium droplets for laser
induced alignment and then electron diffraction of aligned molecules for
oversampling, phase retrieval, and structural refinement. The ultracold rotational
temperature inside a droplet is ideal for effective field induced orientation.”*%
However, a unique requirement of our experiment is the size of the doped droplets:
although as a light atom, helium has a small diffraction cross section, when more than
1000 helium atoms surround a dopant, diffraction from the helium atoms can
overwhelm the signal from the dopant. For this reason, we need to not only

maximize the number of cation doped droplets but also minimize the resulting size of

the doped droplets for diffraction.

An advantage offered by ion doped droplets, as compared with neutral doped
droplets, is the net charge of the doped droplets: one can use electric fields to
manipulate and measure charged particles. In a previous study, we have generated
cesium cations from a thermionic emission source and measured the size distribution
of the resulting doped droplets.”® An anticorrelation between the doping efficiency
and the kinetic energy of the incident ions has been observed. Based on the
calculation of the droplet size distribution under different nozzle temperatures, we

have attributed the increase in doping efficiency at low nozzle temperatures to the
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increase in the number of viable sized droplets. The adverse effect of the kinetic
energy on doping was attributed to the limited deceleration of a fast moving ion

inside a droplet, resulting in many fast ions directly penetrating through the droplet.

In this report, we describe a simple approach of doping ions from an
electrospray ionization source into superfluid helium droplets. Compared with
literature reports, our method does not require an ion trap to enhance the interaction
between the droplet beam and the incident ions. Instead, a stopper electrode
decelerates the incident ions to maximize the doping efficiency. This unique design
extends our investigation of doping efficiency to the extremely low kinetic energy
regime for the incident ions, below the lower limit of 20 eV from our previous work
on cesium cations.”® We report similar numbers of doped droplets and similar size
distributions as those reported from an experiment with an ion trap.'® The simplicity
of our setup, on the other hand, makes it straightforward to integrate with future
spectroscopic or diffraction experiments. More importantly, the simple geometry

allows qualitative modeling of the doping process.

7.2 Experiment
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Fig.7.1. Experimental setup showing the arrangement of the electrospray ionization source, the
superfluid helium droplet source, and the analysis region of the doped droplets including the Daly
dynode detector. The cesium source was temporarily used to calibrate the gain of the Daly dynode,
and it was removed for the doping experiment of the ions from the ESI source.

Figure 7.1 shows the schematic of the experimental setup. The droplet source
was described in detail in a previous publication.?® It consisted of a pulsed valve
(Parker Hannifin Corp, Series 99) with a nozzle diameter of 500 microns cooled
down to a minimum of 15 K using a closed-cycle helium cryostat (APF cryogenics,
HC-4 MK1). The helium droplet beam was collimated by a 5 cm long skimmer of 2
mm in diameter (Beam Dynamics) located 12 cm downstream from the nozzle.
Ultrapure (99.999%) helium at about 30 - 50 atm was released into vacuum to
generate the superfluid helium droplets. The ion source was adapted from a
reflectron mass spectrometer with electrospray ionization (Bruker Daltonics,
BioTOF), and the reflectron component was removed for this experiment. In addition

to the ESI source, the apparatus also included a quadrupole mass selector and a
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collisional cooling ion trap with nitrogen as the cooling gas. A pulsed voltage gate at
the exit of the ion trap released the ions into the path of the droplet beam. The
average kinetic energy of the released ions was controlled by the bias of the ion trap,

and it was mostly in the range between 25 — 30 eV.

In the doping region, the ion beam passed through the droplet beam just once,
but the ions were slowed down, stopped, and perhaps even returned by the bias
voltage on the collector/stopper electrode. The electrode was wired to an operational
amplifier and a mega-Ohm resistor, so that the absolute ion count from the ion trap
could be obtained when the electrode was not intentionally biased. During the
experiment, the bias on the electrode was adjusted to maximize the number of doped

droplets.

Downstream from the droplet source, two different setups were used for two
different types of measurements, similar to our previous report on cesium cations.”®
In the first experiment, two planar electrodes with one grounded and the other biased
between -3 and +3 kV were used to deflect the doped droplets away from the detector.
In the second experiment, a retardation electrode was used instead of the deflectors,
with the intension of stopping low energy (small doped droplets) thereby resolving
the size of the doped droplets.

Further downstream from the analysis region is a Daly dynode detector,

similar to the one used by Filsinger et al.*®

A ground shield protected the high
voltage dynode biased at -20 kV, and a channeltron facing the dynode recorded the

secondary electrons emitted from the dynode. The system functioned in an analogue
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mode, and a voltage signal was representative of the number of charged particles
hitting the dynode. To obtain the absolute number of doped droplets, we calibrated
the gain of the Daly detector using a copper target wired with an operational amplifier
and a giga-Ohm resistor. Unfortunately, the ion count from the current experiment
with an ESI source was too low to be observable on the copper target, so we resorted
to cesium doped droplets using our thermionic source. Also shown in the source
region of Fig.7.1 is the thermionic emission ion source for cesium used in a previous
experiment.”® The huge number of cesium ions from this source was sufficient to
generate more than 10* doped droplets per pulse, large enough for the copper target to
respond with voltage pulses in the milliVolt range. We first recorded the voltage
pulse, for example 183 mV, from the Daly dynode, and then replaced the dynode
assembly by the copper target and recorded a voltage trace on a calibrated
oscilloscope. The voltage trace was then converted into a current trace, and
integration of the current trace yielded the number of ion-doped droplets of 10*. We
then assumed that a voltage pulse of 183 mV on the Daly dynode should correspond
to 10* ion-doped droplets. The linearity of the correlation was checked throughout
the response range of the copper target. We also tried the integrated peak from the
pulse of the Daly dynode and concluded that the peak area was directly proportional
to the peak intensity throughout the response range of the dynode. Although we took
the liberty of extending the linear conversion between the voltage pulse of the Daly
dynode and the number of doped ions to a lower range in the cases of reserpine and
substance P, we believe that our numbers should be trustworthy within an order of

magnitude.
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It is worth noting that in all cases of direct ion doping,** %’

including our own,
the probability of picking up more than one ion is negligible. This is because of the
space charge limit of 10’ions/cm?, which is equivalent to a doping pressure of 10
Torr. For droplets with sizes of 10° atoms/droplet, the probability for a first

encounter with one ion is less than 0.1%, hence a second encounter is statistically

impossible.

Two standard samples in mass spectrometry from Sigma Aldrich were used,
with molecular weights of 609 g/mol for reserpine and 1348 g/mol for substance P.
Reserpine is an indole alkaloid used as an antipsychotic and antihypertensive drug,
and substance P is a neuropeptide containing a chain of 11 amino acid residues. The
former only ionizes into a singly charged cation (denoted as R™ in the following), but
the latter has two possible ions, and only the doubly charged ion (denoted as sP**)
was chosen because of its higher abundance from the ESI source. Both samples were
dissolved in 1:1 water acetonitrile solution with a final concentration 1.8 x 10 M,
and to increase the ionization yield, we also added two drops (~ 0.1 ml in total) of 1%
formic acid into the ~2 ml solution, with a resulting pH value between 4 and 5. Ata
flow rate of 200 - 700 ul/hour, the total number of ions released from the ion trap

arriving at the collector electrode was ~10” ions/pulse.
7.3 Results

With this relatively simple setup for doping, we were surprised when we first
released the reserpine ions from the ESI source and directly observed doped droplet

signal on the Daly detector. The source temperature of the droplet beam was kept at
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15 K. The collector/stopper electrode was unbiased, and the connected resistor was
showing a total ion count of ~10” ions/pulse. The signal on the Daly dynode showed a
dependence on the relative timing of the droplet beam and the ion exit gate, and no
signal could be detected when the relative timing was shifted by +£150 pus away from
the optimal condition. We then varied the voltage on the stopper electrode, and
Fig.7.2 shows the change in the number of doped droplets with the voltage on the
stopper electrode. Fast increase in the number of doped droplets is observable when
the voltage on the stopper electrode is increased from 40 to 50 V, after which the rise
slows down and reaches a peak value. Above 60 V, the doped droplet signal drops
precipitously, and no doped signal is observable when the voltage reaches 80 V.
Overall, the addition of a deceleration voltage on the stopper electrode has an effect
of more than doubling the count of doped droplets, from less than 4000 at no bias to

over 10000 doped droplets at 60 V.
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Fig.7.2. Dependence of the number of reserpine doped droplets on the voltage of the stopper electrode.
The diamonds represent the experimental data, and the lines are calculations proportional to the
residence time of the ions inside the droplet beam (see Discussion): the dashed lines correspond to ions
with initial kinetic energies of 28 and 32 eV passing through the droplet beam once, and the dotted line
corresponds to an initial kinetic energy of 40 eV and the ions are deflected back inside the droplet

beam.

Fig.7.3 shows the results from the deflector experiment where doped droplets
were driven out of the system by an increasing deflection voltage. The two types of
ions R* and sP?* have similar mass-to-charge ratios, but substance P is about twice as
heavy as reserpine with twice the number of atoms and twice the heat capacity. At 15
K, the total number of doped droplets of R* is almost twice of that of sP**, both on the

order of thousands per pulse. Based on the ion count recorded at the stopper
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electrode, the resulting doping efficiency is just below 1%o. This value is about a
fraction of that (5%o) from our previous work on doping of cesium ions at a source
temperature of 14 K.?° Limited by the deteriorating performance of the cryostat,
unfortunately, we could not consistently lower the source temperature to below 15 K
for more measurements, as we did in the cesium experiment. At this stage, we can
only qualitatively state that from cesium to reserpine to substance P, with the increase
in the complexity and weight of the dopant, the doping efficiency seems to be

decreasing.

000 + —e— Reserpine
4000 - —a— Substance P

Number of Doped Droplets

15 2.0
Deflector Voltage (kV)

! I 1
0.0 0.5 1.0
Fig.7.3. Change in the number of doped helium droplets with increasing deflection field.

The voltage on the deflectors determines a lower size limit for the detectable

ions if all droplets travel with the same velocity, hence the horizontal axis of Fig.7.3
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can be converted to the size limit based on the experimental geometry.
Differentiation of the ion signal vs. the droplet size limit should produce the size
distribution of the doped droplets. In Fig.7.4, we have fitted the resulting size

distribution using the log-normal function,?®

—(InN-p)*
202

Py(N) = (Nov2m) texp| ], (7.1)

where Py (N) is the probability of a droplet consisting of N helium atoms, and the
parameters o and [ are the standard deviation and the mean of InN. The fitting results
are similar for both ions, on the order of 10° for the mean and 2 x 10° atoms/droplet
for the most probable size. These sizes are about 1/10 of those from the experiment

on cesium.?®
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Fig.7.4. Log-normal fitting of the droplet size distributions of R* and sP** doped droplets. The fitting

parameters using Eq.7.1 is also shown in the figure.

In another effort, we grounded the deflection electrodes and biased the
retardation electrode. The retardation electrode was made of a copper sheet with a
central mesh (50 x 50 mesh plain and 0.001 inch in wire diameter) for ion
transmission. Only doped droplets with sufficient kinetic energy can overcome the
retardation field and reach the detector. Fig.7.5 shows the change in the ion count as

a function of the retardation voltage. The smaller initial ion count than that from the
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previous deflection experiment (Fig.7.3) is reflective of the fluctuation level of the

ESI source on a day-to-day basis.
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Fig.7.5. Retardation experiment showing the change in the number of doped droplets as a function of a

retardation field. A single exponential fitting of the experimental data is also shown.

Although in theory, both the retardation and the deflection experiments should
reveal the same size distribution, attempts to fit the data from the retardation
experiment to a log-normal distribution were unsuccessful. Instead, we used a single
exponential function to fit the experimental data, and the resulting average size from
the fitting was on the order of 10°/droplet . This value is about half to a third of that
from the deflection experiment. The discrepancy, as we speculated in the experiment

of cesium,? is probably related to the different functional modes of the deflection and
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the retardation experiment. In the deflection experiment, smaller droplets were
steered away from the path of the larger droplets, while in the retardation experiment
smaller droplets were turned back towards the incoming larger droplets. At this stage,

however, we do not have a good explanation for the discrepancy.

The average droplet sizes from this experiment and that from our previous
experiment with cesium ions®® are more than one order of magnitude larger than those
from typical subcritical supersonic expansions.”® One reason is probably related to
the design of the pulsed valve, which has been considered to generate unusually large
droplets based on reports from Bierau et al and Filsinger et al."*?’ Another reason,
which applies to all types of sources, is that smaller droplets do not have a high
enough pickup efficiency to be doped and hence detected. The resulting
measurement based only on charged droplets necessarily shifts to larger sizes. At 15
K and 50 atm for the pulsed valve, the source is close to the isentrope dividing
subcritical and supercritical expansions, hence the final fitting result for the droplet
size using log-normal and exponential functions could go awry. In fact, the profiles
of Fig.7.5 are statistically better represented by bi-exponential functions, and the
slower decay component dominates both profiles, corresponding to an average size of
~5 x 10° atoms/droplet for both reserpine and substance P. Attempts to fit the
profiles of Fig.7.4 using exponential functions have also been successful, resulting in
an average size of 9 x 10° and 6 x 10° atoms/droplet for reserpine and substance P.
Although numerically different, these fitting results are in reasonable agreement, and
the basic conclusion from this experiment remains the same, i. e., the average size of

ion doped droplets is on the order of 10° atoms/droplet for reserpine and substance P.
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Unfortunately, limited by the much lower level of signal at higher source
temperatures and the achievable lowest temperature of the cryostat (15 K),
experiments in other temperature ranges were unsuccessful. Variations in the
stagnation pressure from 10 atm to 50 atm did not produce substantial improvements
at any of the achievable temperatures, since unlike temperature, pressure for a pulsed
valve plays a complicated role, and its effect on the droplet size was limited in our

case.

7.4 Discussion

A major difference of the current experiment from the work of Bierau et al
and Filsinger et al is the missing ion trap for doping.’**" Our experiment
demonstrates that even without a trap, we can generate doped droplets near 10*/pulse,
comparable with that from Bierau et a1>’. An ion trap typically ensures a high ion
concentration -- close to the space charge limit -- for doping, thereby it is favored for
increasing the number of doped droplets. However, the operation of an ion trap
requires filling of the trap with ions and collision gas and pumping of the collision
gas prior to droplet doping. This filling and pumping procedure interrupts the
continuity of the experiment. Moreover, depending on the trajectories and the kinetic
energies of the ions in the trap, the number of crossings between an ion and the

droplet beam and the overall effective interaction time are difficult to model.

The lack of any type of ion trap in the doping region of the current design
does not allow oscillatory trajectories of the incident ions in and out of the droplet

beam. In the meantime, it also eliminates any potential trap for doped droplets along
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the path of the droplet beam. Falconer et al used a biased ion collector to pull the
sodium ions into the path of the droplet beam for doping.*® In our own work on
doping of cesium ions, a biased grid was used to trap the ions in the doping region,
and the incident ions were able to traverse the region ~15 times.?® However, the
biased ion collector or grid can also trap small doped droplets, as discussed in both
previous publications.”® * The effect of a potential trap at 20 eV is elimination of
doped droplets with less than 10* helium atoms from reaching the detector. In our
current experiment with the doping region biased slightly positive for the incoming
cations, essentially all doped droplets can reach the detector. Upon doping, about 10*
helium atoms need to be evaporated to absorb a kinetic energy of 25 eV. If half the
momentum of the incident ions is transferred to the doped droplet along the same
transverse direction perpendicular to the droplet beam — an over exaggeration, the
maximum gain in transverse velocity is 30 m/s. Given the distance between the
doping region and the detector of 20 cm, the exit ions in the most extreme case would
be off axis by 1.5 cm. The diameter of the hole on the shield for the Daly detector is
2.5 cm, thus almost all doped droplets can be detected, without discrimination against

small droplets.
7.4.1 Effect of residence time on doping efficiency

A possible reason for the success of this simple setup is the low kinetic energy
of the incident ions for doping. We simulated the electrostatic potential of the doping
region using Lorentz-EM (Integrated Engineering Software, Winnipeg, Manitoba,

Canada), a software package specially designed for magnetic analysis and for analysis
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of charged particle trajectories in the presence of electric and magnetic fields. When
the voltage on the stopper electrode was 60 V, given the geometry of the doping
region, ions with a kinetic energy of 30 eV would be returned near or just pass the
center of the doping region. We therefore suspect that perhaps the doping efficiency
was related to the residence time of the ions in the droplet beam. Our droplet beam
had a duration of 200 — 300 us, and the ion beam from the exit electrode of the ion
trap was ~150 ps. It is therefore reasonable to assume that to the incident ions, the
droplet beam was pseudo-continuous. We then performed a crude calculation on the
residence time of the ions in the path of the droplet beam based on the geometry

shown in Fig.7.6.
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Fig.7.6. A simplified geometry of the experimental setup for modeling the residence time of ions from
the ion trap in the droplet beam. The arrows labeled a — d represent four different possible ion

trajectories depending on the initial kinetic energy of the ions and the bias on the stopper electrode.
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For simplicity, we assumed that the droplet beam was in the midpoint between
the stopper electrode and the exit electrode of the ion trap (a slight deviation from our
true experimental setup), and the distance between the two electrodes was | = 18 cm.
The width of the droplet beam was assumed to be d =5 mm. By further assuming
that when the exit gate opened (grounded), the electric field across the doping region
was uniformly determined by the voltage on the stopper electrode Vs, we can
calculate the residence time t; of the ion beam passing through the droplet beam with

an initial kinetic energy Eq:

_ L [ [ _dy,  [E i
tl—VS/q(Jq Ly - [ty (7.2)

where m and q are the mass and charge of the ions. As the stopper voltage increases,

some ions will be stopped and returned and perhaps even reenter the region of the
droplet beam, as shown by traces b — d in Fig.7.6. If the turning point is outside the
droplet beam and the ion reenters the droplet beam (trace b), then the residence time
should be simply twice of t;. If the turning point is within the width of the droplet

beam (trace c), the residence time of the ion inside the droplet beam can be calculated

by

_2 fom( e _i=d
2 =5, q( qa 2 VS)' (73)

In a simple-minded approach, we can assume that the number of doped droplets is
directly proportional to the residence time of the ions in the droplet beam. We then

introduce two adjustable parameters a; and S, to represent the scaling of the ion
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signal (1) with the residence time and a base line. Scenarios a and b can then be fitted

using
I == altl + ,81. (74)

The dashed lines in Fig.7.2 show the result obtained when a3 = 7.7 108 and pr=
2500. The short dashed line was obtained by assuming Eq = 28 eV, while the long
dashed line was by assuming Eo = 32 eV. As the stopper voltage increases from 40 to
50 V, ions with higher and higher kinetic energies begin to spend more time in the
doping region, resulting in increased signal. This simple model has reproduced the
rise edge of the doped droplet, and it also demonstrates that with only 4 eV of extra
kinetic energy from 28 to 32 eV, the position of the sharp rise shifts by 8 V. We can
therefore deduce that the width of the peak is related to the energy spread of the ion

beam.

It is worth noting that this crude fitting made no distinction between traces a
and b (Fig.7.6), and it should only be treated as a qualitative interpretation of the
experimental result. When the kinetic energy is reduced close to zero at the turning
point, stray fields start to play an overwhelming role, and intrinsic divergence of the
ion beam will also diminish the number of returned ions. The effective resident time
of the returned ions should be much smaller than that of the entering ions. In fact, the
agreement between calculation and experiment seems to imply that perhaps none of

the returned ions had a chance to interact with the droplet beam.



137

A similar argument can be used for the calculation of traces ¢ and d: we used
az =% ap but a different S, value (-12500) to simulate the effect of deflection of the

stopper electrode using the modified formula:
I = aztz + ﬁz. (75)

The dotted line in Fig.7.2 was obtained by assuming Eq =40 eV. This value can be
considered the cutoff energy when all ions are deflected away from the droplet beam,
as shown by trace d (Fig.7.6). Although the majority of the ions released from the
ESI source have energies in the range of 28 and 32 eV, a high energy tail up to 40 eV
is not totally out of reason. We therefore consider that 40 eV is the upper limit in the

energy distribution for the ions released from the ion trap.

Crude as it is, this calculation has reproduced all the essential features of
Fig.7.2. When the stopper voltage rises to above 50 eV, the residence time of low
energy incident ions dramatically increases, resulting in much more effective doping
and a sharp rise in the resulting number of doped droplets. As the stopper voltage
further increases to 60 eV, lower energy ions can no longer penetrate into the droplet
beam, resulting in a fast drop in the doped droplet signal, but in the meantime, higher
energy ions begin to have longer resident times in the droplet beam, causing a
moderate increase in the total number of doped ions. At even higher voltages on the
stopper electrode, even the high energy tail of the bare ions can no longer penetrate
into the droplet beam, and no more doped droplets can be generated. The net result of

the above process is the peak of Fig.7.2. The width of the peak is determined by both



138

the energy spread of the droplet beam and the intrinsic rise and fall of even a mono-

energetic ion beam within the finite width of the droplet beam.

The implications of the fitting parameters in Egs.7.4 and 7.5 are worth
considering. In Eq.7.4, the value of ; corresponds to the existence of doped droplets
without any residence time (t; = 0), i. e., when the droplet beam is infinitely thin (d =
0 mm). This signal accounts for 2/3 of the overall number of doped droplets when
the stopper electrode is grounded. Increase in residence time further increases the
number of doped droplets, to a degree that it almost quadruples the final yield. This
enhancement effect should be intimately related to the pseudo-continuous nature of
the droplet beam. In Eq.7.3 for t,, the factor two implies that the residence time for
the return trip is considered to be identical as that of the incoming trip, hence it is an
over estimation of the overall residence time. In Eq.7.5, this overestimate is
eliminated by using a; =% a1. In essence, this approach is assuming that the return
trip does not contribute to further doping, regardless of the position of the turning
points as represented by traces b or c. The negative £, value, on the other hand,
represents other unaccounted loss mechanisms when the turning point is inside (trace
c) or prior to encountering the droplet beam (trace d). This is somewhat
understandable since in the cases of traces ¢ and d, the velocities of the ions are
dramatically reduced once outside the ion trap. Stray fields and collisions with
ambient residual gases and helium from the droplet beam can steer the ions away

from the droplet beam.
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In our previous work on doping of cesium cations,?® we reported that the
doping efficiency of Cs* rose dramatically with decreasing kinetic energy of incident
ions. However, the conditions of the cesium experiment prevented us from
investigating the doping efficiency below 20 eV. Since the cesium ion source was
continuous, the residence time of the ion beam inside the droplet beam was not a
parameter in affecting the doping efficiency. Instead, the resident time of a fast ion
inside a droplet was limited because of the high velocity of the incident ion. The
small mass of a helium atom is ineffective in slowing down a fast moving cesium ion.
The doping efficiency was therefore discovered to be inversely related to the energy
of the ions. In essence, the two scenarios of doping, either with a continuous or a
pulsed ion source, demonstrate the same common factor in determining the doping
efficiency: ions have to be decelerated inside the droplet or the droplet beam to be

captured.
7.4.2 lon size and droplet size

A major motivation of the current experiment is to prepare droplet cooled
protein ions for laser alignment and electron diffraction. Our previous work has
concluded that for phthalocyanine gallium chloride, there can be no more than 1000
helium atoms surrounding the neutral molecule during diffraction.?? Otherwise, the
background from the helium atoms would overwhelm the diffraction signal of the
embedded molecules. Although reserpine and substance P both have more atoms to

contribute to the diffraction signal, the current size of doped droplets is still too large.
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Methods of size reduction or non-thermal ejection will be necessary to strip the

helium atoms before diffraction.

On the other hand, the most probable size from the current experiment at
10°/droplet is an order of magnitude smaller than that from cesium.”® Compared with
cesium, reserpine and substance P have ~100 times more atoms, which require 10°
helium atoms to remove the thermal energy of these ions. This amount of helium
atoms is negligible compared to that required to absorb the kinetic energy of 25 eV of
the bare ions. In this sense, the extra heat capacity of the compound ions is not the
reason for the one order of magnitude decrease in size compared with droplets doped
with Cs*. On the other hand, compound ions have larger collisional cross sections
and lower velocities than light atomic ions, which could be beneficial for doping of
smaller sized droplets. This argument would lead to increased ion count for doped R”
and sP?* than for doped Cs* under the same source temperature and the same number
of bare ions. The number of Cs ions in the doping region of our previous experiment
was difficult to measure, but the actual numbers of doped droplets from this
experiment using an ESI source are lower than that from the experiment with a
thermionic cesium source under the same temperatures for the pulsed valve.*® More

investigations using a wider variety of ions are necessary to resolve this issue.

In summary, we have demonstrated a simple approach to effectively dope ions
from an electrospray ionization source into superfluid helium droplets. Without
employing an ion trap in the doping region, we eliminate the need of trap filling and

collision gas pumping, making the setup much simpler to be integrated with
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subsequent experiments. The success of this simple approach can be attributed to the
low Kkinetic energy of the incident ions. Using a crude model, we have calculated the
residence time of the incident ions in the droplet beam and discovered a direct
correlation between the residence time and the doping signal. The resulting doped
droplets of R* and sP?* are smaller than those of Cs*, but they are still too big for
electron diffraction. The reason for the smaller sized droplets with the compound

ions R* and sP** from an ESI source warrants further investigation.
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Chapter 8 Getting the right sized droplets

To achieve electron diffraction of macromolecular ions doped in superfluid
helium droplets, two conflicting requirements on the droplets size have to be
compromised. Due to the background from helium atoms, electron diffraction of
doped droplets is only observed in small sized droplets." However, to successfully
dope protein ions and to cool them down to 0.38 K via helium evaporation, large
droplets are required. In this chapter, we test one possible resolution to this conflict
by first producing large droplets for doping and then by collisional size reduction for
diffraction. Unfortunately, limited by the available temperature range of the cryostat,
only small sized droplets can be produced for this exploratory work. More
quantitative experiments are required for a conclusive assessment. A unintended
consequence of size reduction via collision is the loss of small droplets, and the net
effect of size reduction has to be evaluated against the initial abundance of small

sized droplets.

8.1 Simulation of collisional size reduction

The idea of collisional size reduction was initially based on two previous
reports. In the work of Gomez et al?, the authors measured the size distributions of
helium droplets by “titrating” the droplet beam. Room temperature helium gas was
introduced into a droplet beam, and from the disappearance of droplet related signal
and the pressure dependence of the signal, they derived the size distribution of the

droplet beam. One caveat of this experiment was the low transmission rate of small
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sized clusters, since with the exception of collisions along the direction of the flight
path, all other collisions introduce a velocity perpendicular to the flight axis. Smaller
droplets are more prone to deviate from the flight path simply because of their smaller
masses and hence higher velocity gains due to momentum conservation. To alleviate
this problem and to take advantage of the charges of ion doped droplets, we turned to
ion mobility spectroscopy (IMS)2. In a typical IMS experiment, a short flight region
with a uniform field is generated by a stack of electrodes biased at increasing (or
decreasing) voltages. lons with larger cross sections experience more collisions and
hence are slowed down by the colliding gas, and the flight time through the drift tube
is indicative of the cross section. The uniform acceleration field is to increase the

transmission of ions colliding with neutral gaseous species.

To design an effective collision cell and to understand the behavior of ion
collisions with neutral particles, we built up a collision model as shown in Fig. 8.1
and analyzed the ion mobility in two different scenarios: a uniform field or a uniform
potential inside the cell. The former setting is to imitate an ion mobility experiment,

but the latter is experimentally simpler to achieve.
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Fig.8.1. Simulation model of the collision cell. Two different scenarios are modeled: a uniform pulling

field E through the collision cell or a uniform potential bias (free field) at potential U on the cell.

In Fig.8.1, a helium droplet with an original size Ny travels through a collision cell of

L in length filled with neutral particles (helium or other inert gases). Assuming the

collision gas is an ideal gas, its number density p is determined by,

P=17 (8.1)

where P is the pressure and T is the ambient temperature of the collision cell. In our
simulation, multiple collisions are considered sequentially, and each step removes a
fixed number of helium atoms N, from the droplet. Initially, the mean free path of a

droplet is Ag:

o = , (8.2)

TR3p
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where Ry is the radius of the droplet. After the first collision with a neutral atom, the
droplet evaporates a number of helium atoms and its radius reduces to R, =

1
nRip

1
2.22 (N, — N,)3 A. Consequently, the new mean free path is increased to A; =

The process continues for a number of times s before the droplet leaves the collision
cell; hence, the sum of the mean free path of each step should be the same as the

length of the cell. The final size of the droplet becomes Nina:

m:2.22%p-N,L

Npinat(No) = Ny = 1= (N = (N = T222270)3), (8.3)

In Eq. 8.3, the net effect of collisions is determined by p-L. However, to limit the
spatial spread due to velocity slip, a shorter collision cell with a higher internal

pressure should be beneficial.

To limit the loss of small ions (<10°) from collisions, we use electric fields for
acceleration through the collision cell. Two different schemes are considered: the
first involves accelerating the doped droplets before they enter the collision cell, but
inside the cell there is no acceleration field — the uniform potential scenario. The
other is to create a uniform field inside the cell and accelerate the droplets during
collision. In this latter case, the final speed of a droplet coming out of the collision

cell is:

2 2
3

3-qE - (_N;E + Nf_i;al(Nx))]%_ (8.4)

-2.222-p'Mye-Ng

Vfinal(Nx) = [VO2 (Ny) +
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with Vo(Ny) the initial speed. In the case of uniform potential where doped droplets
are accelerated by a negative voltage V before entering the collision cell, the final

speed is written as:

Vina(Ny) = (VE(N) + 2223 (8.5)

Mmpge Ny

A particularly important requirement for the next phase of the experiment, i. e.
electron diffraction in a laser field, is spatial and temporal focusing of the ion doped
droplets. For this, we have also simulated the speed distribution in the two different
scenarios assuming L = 10 cm, P = Imbar, and V(Ny) = 400 m/s. To compare the
effect of the two different scenarios, we chose a uniform field E = 100 VV/cm and
hence an acceleration voltage U = 1000 V. The resulting speed distributions are
shown in Fig. 8.2. In the case of a uniform potential, the speed range is from 2271.6
m/s to 406.2 m/s for droplets with sizes between 10* and 107, while in the same size
range, the speed distribution in a uniform field is about twice as large. Increasing both
E and U increases the difference in speed distribution between these two scenarios.
Therefore, for our purpose, we used the simpler approach of biasing the collision cell

at a uniform potential.
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Fig.8.2. Velocity distributions under two different scenarios: uniform field and uniform potential

We have also simulated the trajectories of ion doped droplets using Lorentz-
EM (Integrated Engineering Software, Winnipeg, Manitoba, Canada), and the result
is shown in Fig.8.3. In the simulation, the collision cell and the acceleration
electrodes are set at -2000 V and the flight tube at -4000 V. Unfortunately, we could
not vary the size of the droplets in Lorentz, so we set the size to 10° with a constant
kinetic energy of 100 eV. We assumed a diverging angle of 5° and after passing

through the flight tube, the droplet beam was observed to converge to the detector.
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Fig.8.3. Simulation of the ion trajectories from Lorentz shows the focusing effect of the second

acceleration electrode and flight tube.

Not considered in our calculation is the effect of collisions on the trajectories
of the ion doped droplets. Side-on collisions not along the flight path introduce a
velocity component perpendicular to the flight path. To minimize the deviation from
this velocity component, we can accelerate the ions and reduce their overall flight
time. In general, we expect that with increased bias on the collision cell and the flight
tube, more ions should be transmitted into the detector. With increasing collisions,

however, the ion count should demonstrate a monotonic decay.

8.2 Experimental setup

Pulling Collision Retardation
Electrode,.  Gas Electrode

ISP —

Pulsed Valve Skimmer Cesium lon Collision Flight Tube Detector
Source Cell

Fig. 8.4. Experimental setup of the size reduction experiment.
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Fig.8.4 shows the setup of this collision experiment. Limited by the
performance of our cryostat and the resulting low number of peptide doped droplets,
we have resorted to cesium ions as our dopant. Further experiments with peptides
will be performed after the upgrade of the cryostat. In this experiment, cesium ion
doped droplets enter into a collision cell filled with a low pressure room temperature
collision gas. Two extra large acceleration (pulling) electrodes separated by 130 mm
with diameters of 90 mm and central openings of 7 mm are used to sandwich the cell.
These plates are electrically connected with the collision cell to create uniform
electric fields into and out of the collision cell, thereby minimizing the fringe fields
from the collision cell. The collision cell and the two pulling electrodes are biased at
0 VV~-5000 V to attract doped droplets into the collision region. Between the ion
source and the first pulling electrode, a ground electrode is used to prevent the
negative voltage from the collision chamber into the ion source chamber. To
characterize the resulting size of the doped droplet, a flight tube with a Daly-type

dynode detector is arranged downstream from the collision cell.

The collision cell is housed in a six-way cross directly connected to the ion
source. It is made of a copper tube of 28 mm in diameter and 50 mm in length. Both
ends of the cell are sealed by a copper plate: the entrance plate has a central opening
of 7. mm in diameter and the exit plate has a central opening of 9 mm diameter. For
the convenience of physical support and supply of the collision gas, a copper tube of
28 mm in diameter and 76 mm in length is welded onto the collision cell in the
perpendicular direction, and it is inserted into a PVVC tube mounted on a 6” conflat

flange with a central opening. A pressure transducer (MKS, 631) is mounted on the
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other side of the same flange and can measure the pressure in the collision cell
through the PVC tube as shown in Fig. 8.5. The collision cell is hermetically sealed
from the ambient via the pressure transducer and the vacuum flange, but it is not
sealed from the collision chamber because of the non-hermetic seal between the PVC

tube and the copper tube.

Pressure
Transducer Needle
Valve
Flange I I |0"_EZ D
[ ] Collision
® . Gas
° [ ]
PVC ©
Tube | *
[ ]
[ ]

:I' I: Collision
e o Cell
el © &

[ ]

Doped |J"J"J |

Droplets
Fig.8.5. Schematic of the collision cell with the pressure transducer.

The collision gas is introduced through a plastic tube into the PVC tube to fill
the collision cell. The flow rate of the collision gas can be controlled by a needle
valve (Swagelok, B-S34-VH). The collision chamber is pumped by a Turbo
molecular pump (Agilent, TV551NAV) and the internal pressure is indicated by an
ionization gauge (Varian, 0571-K247-304). We used three different collision gases:

helium (99.999%), nitrogen, and argon (99.5%~99.7%), and depending on the
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response of the ion gauge for each gas, the pressure reading from the ionization gauge
has to be corrected individually. During the experiment, the pressure inside the
collision cell can be directly measured by the MKS pressure transducer, but the
response range of the transducer is limited to 2x10™ — 2 torr. Therefore, to read into
the high vacuum range from 107 torr to 107 torr in the collision cell, we need to
correlate the Varian ion gauge Pio, mounted inside the collision chamber but outside
the collision cell to the readings of the MKS pressure transducer Pyks. For this
purpose, we performed a calibration experiment by adding different amounts of
helium collision gas in the cell and recorded the corresponding pressures from the
pressure transducer and the ion gauge. A linear relation between these two gauges has

been established as:
PMKS = SOO(Pion + 2 X 10_7) (86)

in units of Torr. For example, when the chamber pressure is 3x10°® Torr from the
ionization gauge, the inside pressure of the collision cell is 1.6x10° Torr from the

pressure transducer.

A flight tube is used to transport the size reduced ion doped droplets to the
Daly-type dynode detector and to provide some size information. The flight tube is
made of copper of 28 mm in diameter and 145 mm in length, and both ends of the
tube are covered by fine meshes. Bias voltages from 0 V to -5000 V can be applied to
the tube during the experiment. We also placed a retardation electrode before the
detector (see chapter 6) to obtain more information on the size of the resulting

droplets.
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Fig.8.6. The number of doped droplets varied with both voltages applied on the collision cell and the

flight tube at different collision pressures. In the annotation, the first voltage represents the bias on the

collision cell and the second voltage shows the bias on the flight tube. The experimental uncertainty is

about 5%.
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Fig. 8.6 shows the variation of the number of doped droplets with the voltages
on the collision cell and the flight tube under different pressures of helium in the
collision cell. Panel (a) shows the results when the collision cell and the flight tube
have the same voltage, panel (b) shows the results when there is a 1000 V difference
between them, and panel (c) represents this voltage difference reaches 2000 V. When
the collision cell is grounded, the number of doped droplets does not vary consistently
with increasing pressure in the cell: without additional collisions, the signal in panel
(c) with a bias of 2000 V on the flight tube is only one third of that in panel (a) with
the flight tube grounded. While the fast decay of the ion count with increasing
collisions in panel (a) is expected, the much smaller number of ions and its
independence on the pressure of the collision cell in panels (b) and (c) with a biased
flight tube are puzzling. The focusing effect from the flight tube predicted by the
simulation of Fig. 8.3 is not obvious. On the contrary, the experimental data seem to
suggest that the voltages on the flight tube are diverging the ion beam. Moreover, this
divergence effect seems to diminish with increasing collision pressures, resulting in
the seemingly independence of the ion signal on the collision pressure. Perhaps the
increased transmission under higher bias voltages is largely canceled out by the

divergence effect of the accelerating field.

The pulling effect of the bias voltage on the collision cell and the TOF tube is
observable with the exception of panel (a) at a bias of 1000 V: the rest of the profiles
consistently display increased number of doped droplets with increasing bias on the
collision cell in the low pressure region. At the highest bias in panel (c), the ion count

is 60% more than that under no bias without any added collision gas. In addition,
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panel (c) with a higher bias on the flight tube does show a consistent higher ion count
than that from panel (b) when the collision cell is biased below 3000 V (the highest

bias achievable with our power supply under this setting).

In panels (b) and (c), the ion count increases with increased collision pressures
from 2.0 x 10" Torr to 8.0 x 10" Torr. Our only plausible explanation for this
surprising result is that the detection efficiency of our Daly detector is more sensitive

to smaller masses.

These results reveal a complex situation in performing collisional size
reduction. Simulations based on the same mass-to-charge ratio are clearly inadequate
to capture the essence of the ion movement, as revealed by the surprising effect of the
electric field on the collision cell and the flight tube. Moreover, the non-uniform
sensitivity of the ion detector also adds another layer of complication. A more
detailed calibration of the Daly detector, particularly its dependence on the mass of
the incident ions, is necessary to fully interpret the experimental results. During the
experiment, we have also discovered that some details of the result are dependent on
the exact condition of the ion source, since after recoating the filament with a new
paste, some of the profiles are shifted. At this stage, we hesitate to make quantitative

statements about the results.

8.3.2 Size characterization of doped droplets after collision
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Fig.8.7. Size distribution of doped droplets from the retardation experiment. Without added collisions,
the experimental data is fitted by a bi-exponential function. After collision, the data can be fitted by a
single exponential function. The average sizes of the droplets are calculated based on the experimental

data range only (no extrapolation to smaller and larger sized regions).

To measure the average size and size distribution of the doped droplets after
collision, we performed the retardation experiment (Chapter 6 and 7). Since the bias
voltages on both the collision cell and the flight tube are not fully understood, in this
work, we grounded both to just observe the effect of collision. Fig. 8.7 shows the
change in the number of doped droplets with the retardation voltage at different
pressures in the collision cell. This experiment was performed with a new paste for
the ion source, hence the number of doped droplets without added collision is now
increased to 5500. After adding helium for collisions, this number decreases to 2400
at 3 x 10° Torr and 2000 at 5 x 10° Torr. Under all three conditions, the numbers of

doped droplets decrease with increasing retardation voltages.
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To evaluate the effectiveness of size reduction, we calculate the number of
doped droplets in the size region below 1.2 x 10° atoms/droplet — the desired size for
electron diffraction. Without the collision gas, the size distribution can be fitted by a
bi-exponential function with an average size of 3.4 x 10* atoms/droplet. At 3x10°®
Torr and 5107 Torr, both distributions can be fitted by a single exponential decay,
with average sizes 1.1 x 10* atoms/droplet and 2.0 x 10° atoms/droplet. Table 8.1 lists
the number of droplets within the desired size region for diffraction. Without added
collisions, this number is about 3930, which accounts for 70% of total doped droplets.
With increasing collision pressures, the fraction of the number of doped droplets in
the desired size increases, but the actual number decreases. Similar results have also

been obtained using either nitrogen or argon as collision partners.
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Table.8.1 Total number of doped droplets and the number of doped droplets within the desired size

range of < 1.2 x 10° atoms under different conditions.

No added 1.6x10° Torr | 2.6x10” Torr
collision
Total number of doped 5536 2304 1994
droplets
Droplets in the desired range | 3930 1912 1961
Experimental Ratio 71% 83% 98%
Calculated upper limit 1.2x10° 2.8x10° 4.8x10°
Fitted lower limit 0 1.0x10° 1.2x10°
Calculated ratio 65% 78% 93%
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Fig. 8.8. Simulation results under three different pressures in the collision chamber.

The above results can be qualitatively reproduced by considering the physical
parameters of the experiment. Without collision, the doped droplet beam could be
fitted by a bi-exponential decay function as shown in Fig. 8.8. The red shaded region
represents the doped droplets in the size range from 0 to 1.2x10°, which accounts for
65% of total doped droplet. In the experiment, this ratio is about 70% as listed in
Table 8.1. At a collision pressure of 1.6 x 10 Torr, some smaller sized droplets will
be deflected and lost by collision, while some bigger sized droplets will shrink into
the desired size range due to collisions. This upper size limit, “Calculated upper limit”
in Table 8.1, can be obtained by solving Eq. 8.3. To find the lower limit, “Fitted
lower limit” in Table 8.1, we used the ratio of the total number of transmitted droplets

under the same collision pressure and the number of droplets with no added collisions

(2™ row of Table 8.1). From the experiment, only 42% (= 2304/5536) of the ion
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doped droplets survived the collision process. Assuming 100% transmission for the
doped droplets above the lower size limit, we should be able to reproduce this ratio by
varying the lower size limit. We then calculated the number of droplets between the
two limits and compared it with the total number of transmitted ions under the same
collision pressure. The resulting ratios are about 78% at 1.6 x 10” Torr and 93% at
2.6 x 10° Torr, both of which are in qualitative agreement with those of the

experimental data.

8.4 Conclusion and future work

In trying to reach a conclusion from the results of Table 8.1, we need to take
into consideration the limited data and the limited scope of the experiment. From Fig.
8.7, the average sizes of the ion doped droplets in all three cases are below the desired
upper limit, hence most of the ions from the current experiment are acceptable for
electron diffraction. In this sense, the experiment can only serve as a guide for future
tests with larger droplets after upgrading the cryostat. From Table 8.1, the fraction of
small sized droplets can be substantially increased with increasing collisions,
although the absolute number of ion doped droplets is reduced by ~50%. Based on
this result, under the current setting, we should be better off by just selecting the
small sized droplets in the original beam without any size reduction. However, based
on the work of Chapter 6, the current setting of the droplet source (16 K) is not
optimal for doping, and lower source temperatures and hence larger droplets are

required for larger ions. It is therefore unclear at this stage how much larger the
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droplets have to be for a green fluorescing protein, and if size reduction is necessary

under optimal doping conditions.

We are currently in the process of updating the cryostat, the ion source, and
the experimental design to further improve the ion count. A more powerful cryostat
can produce larger droplets, and with the much improved range of sizes available
from the upgrade, implementation of the collision cell with peptide ions and protein
ions will be straightforward. In the meantime, we are also upgrading the ion source
for a higher ion throughput under milder spraying processes. This upgrade is
necessary for the introduction of proteins, the next step along the path of progress.
Another concern of the current experimental design is the divergent effect of the
system, which seems to have eliminated any enhancement by the bias voltage on the
collision cell. Adding meshes on the entrance and exit apertures of the collision cell
should remove any focusing or defocusing effect of the electrodes, simplifying the

interpretation of the experimental data.

In collaboration with the Pacific Northwest National Laboratory, our next plan
for the collision cell is to introduce an ion funnel as a means of size reduction.* An
ion funnel consists of a stack of equally spaced ring electrodes with decreasing
internal diameters. The electrodes are biased both with DC and RF voltages, and the
net effect is focusing of the ion beam for efficient ion transmission. The operation of
the ion funnel also requires buffer gases, which simultaneously functions as the
collision. The exit gate of the ion funnel will be triggered by a pulsed signal for

synchronization with the subsequent laser alignment and electron diffraction.
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The result from this experiment needs to be interpreted in the context of
electron diffraction. At a space charge limit of 10 ions/cm?® and for an effective
diffraction volume of 10°® cm?®, only 10 ions are needed for diffraction. The current
result, with and without the collisional size reduction, provides a sufficient platform
for electron diffraction. On the other hand, more ions allow for more stringent size
selection and focusing, hence more favorable conditions for electron diffraction.

Hence the need for a strong ion source remains highly desired at this stage.
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Chapter 9 Conclusion and Outlook

9.1 Conclusion

This thesis presents experiments on investigations of doping metal ions and
mass-to-charge selected molecules into superfluid helium droplets. The goal is to
embed much bigger species such as proteins or macromolecule assemblies into
droplets for cryogenic cooling and thereby field induced alignment and orientation.
Ultimately, the supercooled field aligned isolated molecules will be used in electron

diffraction for structural determination.

The experimental setup involves a pulsed superfluid helium droplet source,
two different types of ion sources, and two different types of size analyzers with two
different detectors for ion doped droplets. Compared with the design of Falconer et
al’., our system has tripled the ion count of the doped droplets, thanks to the grid
surrounding the droplet beam. This multipass doping region has further enabled
studies of the relation between kinetic energy and doping efficiency. Instead of
storing ions in an ion trap,® our electrospray ionization source with the mass-selective
capability has delivered extremely low energy ions of reserpine and substance P into
helium droplets via a stopper electrode. By wiring a copper target to a big resistor of
megaOhm or gigaOhm with an amplification circuit, we can measure the absolute
number of ions independent of the mass of the charged species. For further
amplification, we have also used a Daly-type dynode detector. The high sensitivities

of these detectors have further enabled us to characterize the size of the doped
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droplets by electrostatic deflection and reflection. This information is crucial in

preparing the doping droplets for electron diffraction.

Throughout these exercises, we have developed models to interpret the
experimental results and predict outcomes of future experiments with larger heavier
species. Our ballistic model for the high speed cesium ions emphasizes the
importance of decreasing the kinetic energy and increasing the droplet size for
effective doping. Further extensions of this model to the extremely low energy ions
from the ESI source have established a direct correlation between the residence time
of the ions in the droplet beam and the doping efficiency. We therefore conclude that
to maximize the production of ion doped droplets, large droplets and slow ions are the

most preferred conditions.

Unfortunately, the above result is not ideal for the ultimate goal of electron
diffraction since too many helium atoms surrounding a single dopant molecule could
mask the diffraction signal from the dopant molecule. To obtain small size doped
droplets (<10° helium atoms), we have devised a collisional control experiment.
Limited by the deteriorating performance of our cryostat, the result from this
experiment is still inconclusive. However, our preliminary data have indeed

confirmed our calculation model.

9.2 Outlook

The logical step forward is to dope protein ions, such as green fluorescing

proteins, into superfluid helium droplets for characterization. Composed of 238 amino
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acids with a B barrel structure, GFP is much bigger and more complicated than
reserpine and substance P. To accommodate the much larger heat capacity of GFP
ions, we need to update our cyrostat therefore to cool down the droplet source to

much lower temperatures for much larger droplets.

Once GFP is successfully doped into superfluid helium droplets, more
experiments will ensue. A unique property of GFP is its green fluorescence after
exposure to ultraviolet light. Therefore, observation of fluorescence after laser
excitation is an indication of the conformation of GFP after ESI. The answer to this
experiment bears extreme importance to this project and other relative fields

including native protein mass spectrometry.®

Further effort is to use the fluorescence of GFP as an indicator of laser
alignment. The principle of this experiment is linear dichroism in the gas phase.> A
polarized laser can align the B barrel, and excitation by another UV laser should have
different yields depending on the relative orientation between the transition dipole of
the chromophore and the polarization direction of the laser. Consequently, after the
alignment laser is off, the GFP ions should still remain largely aligned for the next
few nanoseconds when the probe laser excites the chromophore. The yield of LIF
should therefore be reflective of the degree of alignment in the alignment field. We
try to avoid temporal overlap between the alignment laser and the probeo laser to

avoid potential complications of mulitphoton effects between the two laser beams.

To further the experiment of collisional size reduction, we need to perform

more measurements with larger sized clusters. In addition, we have also explored the
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idea of implementing an ion funnel in place of the collision cell. An ion funnel
consists of a stack of equally spaced ring electrodes with decreasing internal
diameters. A voltage divider introduces a linear DC voltage gradient between
electrodes and a RF voltage of equal amplitude but opposite phase is added to
adjacent electrodes. The funnel is typically operated at a relatively higher pressure
than an ion trap, and collisions with the ambient gas remove possible gains in kinetic
energy during the transport through the funnel. Fig. 9.1 shows the results of 50
simulated ion trajectories through an ion funnel from Julian et al.° In the ring
electrodes system with RF field, the ion confinement region can be divided into an
effective field-free region and a strong field region. Most ions remain within the
confines of the field-free region (inside the dash lines), because in this region, field
contributions from each lens can be canceled out by the two adjacent lens. Ata
pressure range from several torr to ~50 millitorr, the calculated transmission
efficiency is about 94%. The last two thick lines work as an exit of ion funnel and
show the DC extraction region without RF field. To interface with the electron
diffraction experiment, a trigger pulse can be applied on the exit electrode of the ion

funnel, to synchronize with the alignment laser and electron beam.
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Fig.9.1. Simulation of ion trajectories through an ion funnel.®
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