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ABSTRACT

Charge Transfer Between N?T and N; at Low Energies
by
Wayn K. Ward

Dr. Victor H. S. Kwong, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas

The measurement of charge transfer rate coefficients between multiply charged ions
and‘neutral atoms and molecules is important in the areas of plasma physics and astro-
physics. Such a measurement is also essential in verifying various theoretical electron cap-
ture processes. N2 is of particular interest since it is abundant in astrophysical nebulas and
interstellar molecular clouds. The charge transfer rate coefficient for the charge exchange
reaction between N?* [2522p (2P°)] and N, is measured using ion trap techniques. N** ions
are produced by electron impact ionization of N, and stored inside a cylindrical rf trap.
The charge transfer rate coefficient is determined by measuring the decay rate of stored N**
ions in the ion trap. The measured charge transfer rate coefficient between N** and Nj is
1.95 £ 0.27 x 107° cm?® 71 at Teguiy = 9.1 x 10® K. The estimated uncertainty of +14% is
mainly due to the statistical fluctuations of the ion signal and the Ny particle density mea-
surements. The charge transfer rate coefficient is within one standard deviation of previously

published results.
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CHAPTER 1

INTRODUCTION

A charge transfer reaction occurs when charge is passed between one atomic or molecular
system and another. In some reactions this charge may involve a single electron, while in
others it may involve multiple electrons. Charge transfer reactions between multiply charged
ions and neutral molecules at eV energies have proven to be one of the most difficult basic
collision processes to predict reliably. This is due to the complicated electronic, rotational,
and vibrational configurations of the particles in question and the accuracy of the potential
surfaces of the quasi-molecule formed [1].

Noteworthy applications of charge transfer reactions between multiply charged ions and

neutral molecules at low energies include:

1. Astrophysics:

In the insterstellar cloud, multiply charged ions are formed and coexist with neu-
tral atoms and molecules. Electron capture during collisions plays a crucial role in
the charge state balance and the characterization of cosmic plasmas and astronomi-
cal objects [2]. Charge transfer processes involving carbon ions, for example, are of

particular interest since carbon ions are abundant in astrophysical objects [2].

2. Thermonuclear fusion research:

Investigating certain charge transfer rates will help develop an understanding of
the interactions between hydrogen and impurity ions at the edge and core of tokamak
fusion plasmas. A large amount Qf the impurity ions are generated when hot plasma
ions strike the limiter and the wall of the tokamak. Therefore, the edge plasma has

the highest concentration of impurities and charge transfer between those ions and
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neutrals can occur rapidly [3]. The properties of the edge plasma have a significant
impact on plasma energy confinement as well [3]. This is due to the fact that the edge
plasma dictates the boundary conditions for the system and the impurities in the edge

plasma may travel to the center plasma and radiate away energy in the process [4].

3. Short wavelength lasers:

Charge transfer may provide a possible pumping mechanism for population in-
version in short wavelength lasers. Therefore, understanding certain charge transfer

processes would prove valuable in the creation of x-ray or vacuum ultraviolet laser light
[5].
4. Verifying theoretical calculations:

Measurement of charge transfer processes is important for verifying theoretical
models of the electron capture process. The quantal calculation of charge transfer
processes at low energies is far from exact. Although the theory’s accuracy has in-
creased in recent years, many discrepancies still exist not only between individual
calculations, but also between the experimentally measured values and the calculated
ones. The experimentally measured charge transfer‘rate coefficient between O?* and
He [6], for example, disagrees with the quantal calculations [7] by up to three orders of
magnitude. The quantal calculations, however, vary by up to five orders of magnitude
themselves [7], [8]. Therefore, actually measuring charge transfer rate coefficients helps

to refine existing theoretical calculations.

There are quite a few methods used to study charge transfer collisions between multiply
charged ions and neutrals. The ion trap methodology was used for the results presented in
this thesis since it is known to accommodate energies well below 1 eV/amu [9]. The ion
source in this approach utilizes electron impact dissociative ionization of a molecular gas, or
electron impact ionization of an atomic gas [10], [11].

The focus of this work is on the measurement of the charge transfer rate coefficient

between N2* and Nj at low energies. Since N2 is only 44 eV above its neutral ground
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state, it can easily be produced by the electron impact ionization technique'of the ion trap
approach. N2 is of particular interest, as it is present in significant amounts in astrophysical
nebulae, nova shells, and interstellar molecular clouds [12], | 13] These ions may also play
an important role‘ in the production of N* [1]. Furthermore, molecular nitrogen might
contribute to impurities found at the edge of fusion reactors [1].

This thesis will be presented in the following manner. Chapter 2 addresses the physics
behind charge transfer. Chapter 3 describes the experimental facilities that were used to
take the measurements. Chapter 4 covers the experimental methods and procedures utilized
to carry out the measurements. Finally, in Chapter 5, the experimental results are presented
and a discussion on the possible sources of error and how the results compare with previous

measuremernts are given.
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CHAPTER 2

THEORETICAL BACKGROUND

The discovery of charge transfer is credited to G.H. Henderson in 1923. As he passed alpha
particles through absorbing screens of mica, he observed numerous He? ions and neutral He
atoms exiting the far side of his experimental Setup [14]. Henderson surmised that the He
atoms and ions were being created because the alpha particles were capturing electrons from
within the mica screens. This belief was later confirmed in 1924 by Rutherford [15].

In 1927, Thomas used classical mechanics to generate the first theoretical model explain-
ing charge transfer [16]. The following year Oppenheimer [17] and Brinkman and Kramers
[18] developed a theoretical model that used quantum mechanics and perturbation tech-
niques. Utilizing quantum mechanics to explain charge transfer is rather diflicult since it
involves finding the stationary states of the nuclei and electrons involved in the reaction
process and it is impossible to solve the Schrodinger equation exactly for such a system.
There are, however, approximation techniques available to solve this problem [15]. Those
methods will not be covered in this thesis since they are beyond the scope of this work.

Since low energies (less than 1 eV /amu) were used in this experiment, a quasi-molecular
model of charge transfer was used to describe the interactions that take place between the
N+ and N, particles [3]. A quasi-molecule is formed when the nuclei of two colliding
atoms/molecules or ions approach each other so closely that the electron to be captured
is simultaneously shared by the two nuclei [19]. The idea of a quasi-molecule was first
‘proposed in 1933 by Massey and Smith [20].

The charge transfer process that takes place in this experiment is of the form
AT 4 B — Ale-U+ L Bt » (2.1)
where A7t ig a multiply charged ion and B is a neutral molecule. A quasi-molecule is formed

4
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when A% approaches B. This approach is symbolized by an attractive potential curve as
seen in Fig.(1). When the multiply charged ion and neutral begin to separate, there is a finite
probability that an electron will be transferred from the multiply charged ion to the neutral
molecule. If this happens, the particles will then follow the repulsive Coulomb potential
curve designated as AW~U* + BT in Fig.(1) [3]. If the charge transfer reaction is exothermic,
or releases energy, then the curves described in Fig.(1) will cross and charge transfer is likely

to occur [21].

The Classical Approach

When an ion with charge ¢ approaches an atom/molecule, the collision dynamics be-
tween the two particles become dominated by the ion induced polarization of the target
atom/molecule [22]. At low energies this leads to an attractive polarization force between
the atom/molecule and the ion and the trajectory of the incoming ion deviates from its
original path [Fig.(2)]. This is the basis of the Langevin model. According to this simple

classical model, the interaction potential (V' (R)) is defined in cgs units as

ag?

V(R) = —‘Zﬁ,

(2.2)

where R is the internuclear distance between the ion and atom/molecule and « is the po-
larizability of the target atom/molecule [3]. The polarizability is the tendency of a charge
distribution, such as the electron cloud of an atom or molecule, to become distorted from its
normal shape by the electric field of a nearby ion or dipole [15].

The total energy (Ep) of the ion-atom/molecule pair is defined to be
Ey =T(R) + V(R). (2.3)

Here T(R) is the kinetic energy of the atom/molecule ion pair as a function of the internuclear

separation between them. Combining Eq.(2.2) and Eq.(2.3),

By =T(R) — 7iz.
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Figure 2 Classical Orbiting Model of a Charge Transfer Process
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When the atom/molecule and the ion reach the point of closest approach, R = Ry and
the ion will orbit the atom/molecule only if the attractive dipole force (Fp) balances the
centripetal force (F) [3]. When that happens, the atom/molecule and ion will remain close

to one another long enough for electron exchange to take place. In other words,

B _ 2a¢® _ B p?
Fo=~VV(R) = ¢ = Fo = i (2.5)
and
1
T(Ro) = 5,“;2, (2.6)

where p is the reduced mass of the atom/molecule and ion system. Therefore,

204> 2T(Ry)

= ) 2.7
Solving Eq.(2.7) for T(Ry),
T(Ro) = 4L 28)
0) — Ré ) '
and inserting the result into Eq.(2.4),
2
aq
By = —. 2.

Upon rearranging Eq.(2.9), the radius of closest approach can be defined in terms of the
ionization state (g) of the ion, the polarizability («) of the target atom/molecule, and the

total energy (Ejp) of the atom/molecule ion pair:

[

2713
_ |
n-[2] o0
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Next, the scattering cross section can be calculated by employing the conservation of

angular momentum since in general,

L=rxp=rpsin® =rp. (2.11)
and
P’
E=X i
5 (2.12)

Therefore, combining Eq.(2.11) and Eq.(2.12) yields
L? = E2mr?., (2.13)

Upon using Eq.(2.13) and comparing the initial angular momentum of the atom/molecule

and ion system to its final angular momentum,
T(Ro)R: = Eob*. (2.14)

Thus, the impact parameter (b) is of the form .

1
2aq2 1
b= . 2.1
k= 2.15)
The cross section (o) is defined to be
o = 7b°. (2.16)
Substituting Eq.(2.15) into Eq.(2.16),
20q?]?
a:w{gﬂ . (2.17)

According to Eq.(2.17), the charge transfer cross section is dependent on the ionization
state (g) of the ion, the polarizability («) of the atom/molecule, and the total energy (Ep)
of the atom/molecule and ion system. Fj is calculated from the estimated relative velocity
between the ion and atom/molecule pair. For the charge transfer reaction between N?* and

Ny, the upper bound of the cross section is estimated to be 4.04 x1071° cm?.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3

EXPERIMENTAL FACILITIES

The experimental facilities used to measure the charge transfer rate coefficient between
NZ* and N at low energies include an ultra-high vacuum system, a cylindrical rf quadrupole
ion trap, an ion creation system, an ion detection system, a gas delivery system, a timing
control system, and .a data acquisition and analysis system. A schematic of the facilities

used is shown in Fig.(3).

The Vacuum System

The vacuum system used in this experiment produces a high vacuum environment with
a background pressure of 5 x 107" Torr. As Fig.(4) shows, the stainless steel (304) vacuum
chamber consists of a main compartment that houses the ion trap assembly. This assembly,
which is mounted to one of the chamber’s six ports, is composed of an ion trap and an
electron gun. The vacuum chamber is pumped by a Varian Turbo V-550 turbomolecular
pump that is backed by a Varian SD-450 mechanical pump. A foreline trap located on
the mechanical pump’s intake is used to pre\}ent pump oil from back streaming into the
turbomolecular pump [Fig.(5)].

The vacuum system and the turbomolecular pump are protected by an automatic shut-
down system. This system is controlled by an electronic switching circuit. It consists of a
cooling water flow sensor switch and a pneumatic valve with a thermocouple (TC) vacuum
gauge. The cooling water flow sensor monitors the rate at which water is flowing through the
turbomolecular pump. In ordef for the pump to operate at a certain temperature, it needs
to dissipate the frictional heat buildup generated by its high rotation speeds. To accomplish

that, water has to flow through the pump at a minimum rate. The switch will turn the

10
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turbomolecular pump off and isolate the vacuum chamber if the water flow rate falls below
an acceptable level. The pneumatic valve is located between the mechanical pump and the
turbomolecular pump. It is driven by high pressure nitrogen gas. If for some reason the
foreline pressure measured by the thermocouple gauge exceeds the preset threshold of 100
mTorr, the valve automatically isolates the vacuum chamber and the turbomolecular pump
from the mechanical pump. This prevents mechanical pump oil and other contaminates from
reaching the vacuum chamber in the event of a foreline vacuum failure.

The configuration of the six port stainless steel ultra-high vacuum chamber used in the
experiment is shown in Fig.(4). The bottom port is connected to the turbomolecular pump.
Attached to the back port are a residual gas analyzer (Masstorr DX100) and a leak valve used
in the gas delivery system. The ion trap assembly and electrical feedthrough are mounted on
the left port of the vacuum chamber. The time of flight (TOF) tube and the multichannel
plate (MCP) are attached to the right port. The top and front ports are equipped with
quartz viewing windows and sealed by 20 cm flanges. The top port also features a leak valve
through which helium can be introduced into the system. Helium is used to improve ion
peak signal resolution when measurements of the residual background of the vacuum system
are taken.

With this vacuum system setup, a residual background pressure of 5 x 10™!* Torr can be
obtained without baking. This residual pressure can be attributed to the H,, Hx0, and CO

~ molecules that attach themselves to the_ vacuum chamber walls. The pressure in the vacuum

chamber can be measured by the ion gauge (Masstorr DX100) in total mode.

Cylindrical RF Quadrupole Ion Trap

The most important aspect of the facility used in this experiment is its ability to confine
specific ions to a particular volume for an extended period of time with minimal perturbation.
This feat is achieved by using a cylindrical rf quadrupole ion trap. The trap utilizes a
relatively weak (~ 50 V/cm) radio frequency field to create a pseudopotential for storing
ions. Further information about this process can be found in Dehmelts review articles [23].

Detailed discussions on ion traps can also be found in numerous other publications and

14
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papers (23], [24].

The rf quadrupole ion trap is a three dimensional evolution of the quadrupole mass filter
developed by Paul [25]. Its feasibility was first demonstrated by Berkling [26] and Fischer
[27]. Since then, several studies have been conducted on the properties of the quadrupole
ion trap. Most notable among these are Dawson et al. [28] — [40] and Todd et al. [37],
[41] —[45]. They carried out extensive investigations on ion traps with hyperbolic electrodes.
Th(_e first theoretical study of a cylindrical ion trap was performed by Benilar and Audion in
1973 [46].

Unlike an ion trap with hyperbolic electrodes, there is no simple solution for the potential
distribution of an ion trap with a cylindrical electrode. Fortunately, it has been shown that
the potential surfaces near the center of a cylindrical ion trap approximate those produced
by ideal hyperbolic electrodes [46]. Since the ions are stored near the center of the trap in
this experiment, the theoretical description of the potential distribution for the hyperbolic
ion trap can be used as a guide to describe the potential distribution inside the cylindrical
ion trap.

The form of the hyperbolic potential distribution inside the cylindrical ion trap is given
by the following equation:

U(t)

d(r,z) = o [r? —2(2* = 2%)], (3.1)

where

U(t) = Up + VocosSit (3.2)

is the time dependent potential being applied to the ring electrode of the ion trap [47].
When a charged ion is located within such a potential distribution, it will see an electric
field of the form

E=-Vo(r,z2), (3.3)
and experience a radial and axial force given by
F.=eE, =mf (3.4)

15
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and

F,=¢E, =mz (3.5)

respectively.
As a result, the equations of motion for an ion with a mass m with a charge e located

within the ion trap become

. + e 2Uo 4 € 2%
P+ — T+ —
m o2 + 222 mre? + 2252

reosQt = 0, (3.6)

e 4U, -
_ £ o —
mry2 + 222 mre? + 2252

zcosSit = 0. (3.7)

If one defines

s = 20 &%)
g = —2¢, = ﬁ;@)ﬁﬁ, (3.9)

and sets
v % (3.10)

it can be shown through algebraic manipulation that both the r and z equations of motion

have the form

d%u

o2 + (a — 2gcos2v)u = 0. (3.11)

This is the Mathieu equation. Its solutions are known to possess well defined regions

that result in bounded stable motion [24]. The two parameters a and ¢ determine an ion’s

16
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trajectory within the trap. They are related to an ion’s charge state (e) and mass (m), the
ion'trap’s length (229) and radius (ro), and the rf frequency (f = &), rf amplitude (Vp),
and DC bias (Up) applied to the ring electrode [Eq.(3.8) and Eq.(3.9)]. Figure 6 illustrates
the stability diagram obtained when the values of a,, a., ¢,, and g, are such that motion is
stable in both the axial and radial directions. Selecting the voltages (Vg, Up) and frequency
(f) that are applied to the ring electrode determines the location (a., g,) of an ion with a
certain charge to mass ratio on this diagram. An ion will be stored only if it lies within the
region marked stable.

The potential well depths in the axial and radial direction can also be obtained from the

Mathieu equation [24]. They are defined as

r 46V2 2Uo |
D, = 9 — 2 12
| m(rg +222)202  (rg + 222)] “0» (3.12)

[ 6%2 U() | 2
EGETE R rs) M (319

These potential well depths help determine the mean energy of the ions stored within
the trap. It has been experimentally shown that the mean energy of ions located within the
trap is approximately one tenth of the shallowest potential well depth (D, of D,) [48]. Since
the velocity distribution of the ions in a rf trap with hyperbolic electrodes is Maxwellian,
the velocity of the stored ions can be characterized by a temperature (7;) [49]. The ion

temperature is related to the mean energy of the stored ions through the following equation

fol ng (3.14)

Because the temperature of the neutral reactant gas is at room temperature (300 K),
an equivalent temperature of the collisional system corresponding to the mean relative ve-
locity of N2+ and the reactant N, gas molecules needs to be introduced. This equivalent

temperature (Tpqy) is given by

17
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Tequi’v _ 2 + _7_1’!1 (315)

K my mp

where the ion temperature is T; and the reactant gas temperature is T}, [50]. The masses of
the ion and the neutral are m; and m,, respectively, while y is their reduced mass.

The optimum trapping parameters were investigated both theoretically and experimen-
tally. Mathematica was used to solve the Mathieu equation and produce an interactive
stability diagram of the ion trap pbtential as shown in Fig.(6) [51]. This was used to identify
values of the rf amplitude (V4), DC bias (Uy), and rf frequency (f) needed to trap ions of a
particular mass to charge ratio. These values (V4, Uy, and f) were then tested on the actual
cylindrical trap.

The physical configuration of the cylindrical rf quadrupole ion trap used in this experi-
ment is shown in Fig.(7) and Fig.(8). The trap is comprised of a cylindrical ring electrode
and two flat end caps. The ring electrode has a radius of 1.67 cm and a léngth of 3.34 cm.
Both the ring electrode and the end caps are constructed from 30 gauge 304 stainless steel
mesh. Stainless steel mesh was used because of its ability to maintain a rigid structure and
its inherent high conduction. Four symmetric holes (each 5 mm in diameter) are cut into
the ring electrode. This was done to allow laser beams clear passage through the trap. No
lasers were used in this measurement.

The cylindrical geometry was chosen for three main reasons:
1. It was easy to machine and assemble compared to a hyperbolic trap.

2. It was felt that the four symmetric holes that had to be cut in the ring electrode would
perturb the electric fields within a cylindrical trap to a smaller degree than a hyperbolic

trap [52].

3. It provided a straightforward and non-invasive means of ion extraction when compared

to a hyperbolic trap.

18
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Electron Gun

The Spectra-Mat BaO-based electron gun is the main component of the ion creation
system used for this experiment. It produces electrons which in turn generate ions by means
of electron impact ionization of atomic and molecular gases. The electron gun is attached
to a ceramic standoff and mounted in close vicinity to the ion trap [Fig.(4)]. The electron
gun filament is comprised of tungsten and barium oxide. This combination of materials was
chosen because it allows higher emission current densities at lower operating temperatures
[53]. During the experiment, the cathode was heated by passing a current of ~ 1.0 A through
it and applying a potential difference of +4.8 V across it.

In order to generate the N?* ions needed for the experiment, the electron gun was given
a bias voltage of —150 V while the end caps of the ion trap were grounded. With these
parameters, the electrons produced by the electron gun were accelerated into the ion trap
and created N?*. In addition, the electrons can be confined to the region around the electron
gun when necessary by providing the electron gun with a bias of 4210 V. This prevents un-
wanted electrons from reaching the ion trap and disturbing the charge transfer rate coeflicient

measurement.

Ion Detection System

A pair of high gain Burle 25 mm microchannel plates (MCPs) is used to sample ions that
were stored in the cylindrical rf ion trap. The plates, which operate in vacuum, are oriented
in a chevron configuration and mounted at the end of the time of flight (TOF) tube [Fig.(4)].

Each MCP is made up of an array of miniature channel electron multipliers that have
been fused together in the form of a thin disc. These multipliers, which are oriented parallel
to one another in a honeycomb configuration, are 5 microns in diameter and consist of a
hollow glass tube with an internal resistive surface processed for high secondary emission.
In order to promote secondary emission, the MCP has a large potential difference (+1850
V) applied across it. When a positively charged ion encounters the low potential end of the

plate it enters a channel and collides with the channel wall. This collision produces several
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secondary electrons. These secondary electrons are accelerated down the channel by the
potential difference across the MCP and produce even more electrons by colliding with the
channel walls along the way. This process is repeated numerous times along the channel, and
a large number of electrons (a minimum of 107 at +2400 V) finally leave the high potential
output.

From there, the signal is sent through an amplifier and ultimately displayed as a time
of flight spectrum on a Tektronix TDS 680C oscilloscope. The spectrum is digitized by the
oscilloscope and sent directly to a Gateway E-4200 computer for storage and analysis. All
the data used in the final analysis of the charge transfer rate coefficient between N2+ and Nj
was obtained with a MCP detector.

For this experiment, two methods of ion identification are used. They are the time of
flight method and the stability region method. The time of flight method simply uses the
experimentally verified mass to charge ratio and time of flight value associated with a known
ion to determine the mass to charge ratio or time of flight value of another ion. Since all
the ions removed from the rf trap see the same extraction potential, the time of flight of an
ion observed on the oscilloscope (t2) can be related to its mass to charge ratio (%2) by the

following equation

My _ (fz)z (3.16)

q2 g1 \t1

where %% and ?; are the mass to charge ratio and the time of flight of a known ion respectively. '
Using this relation, one can determine the mass to charge ratio of an ion signal displayed on
the oscilloscope simply by using its time of flight value.

Solving Eq.(3.16) for 5, one gets

|

m 1/2
ty = {Jﬂ} . (3.17)
g2 Ty

With this relation, one can solve for the value of ¢5 at which the ion signal should be displayed
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on the oscilloscope. This method is used for this experiment. Since the mass to charge ratio
of N2* is already known (%‘- = 7) it is just a matter of locating the ion signal corresponding
to the correct time of flight value for N?*. In order to do that, C*, with a known mass to
charge ratio of 12 and time of flight value of 4.65 us is used. Using Eq.(3.17) then, it can be
shown that Nt should have a time of flight of around 3.60 us. Figure 9a shows the TOF
spectrum of N2*.

The second technique used to identify ions is the stability diagram method. As previously
discussed, the stability diagram is generated by using Mathematica to solve the Mathieu
equation. Adjusting the DC bias (Us) and the rf amplitude (V5) inputs shift the position
of ions in the stability diagram. Higher mass to charge ratio ions can be excluded from the
trap by adjusting the trapping parameters (f, Vo, Uo) until the ions fall below the edge of
the stable region. As seen in Fig.(9a), the experimentally obtained time of flight spectrum
is consistent with the rf ion trap settings and behavior suggested by the stability diagram in

Fig.(9b).

Gas Delivery System

During the period of time that the charge transfer rate coefficient measurement was
carried out, the vacuum system was filled with ultrahigh purity molecular nitrogen gas. The
N, gas pressure ranged from 3.60 x 1078 to 2.44 x 1077 Torr. This was much larger than the
normal vacuum system background pressure of 5 x 10~ Torr.

The copper gas lines and gas reservoir were first pumped down to less than 30 mTorr
by a mechanical pump equipped with a cold trap. This was done to remove impurities that
may have been left over from previous measurements. The reservoir was then filled with
molecular nitrogen gas.' From there, the Ny gas was introduced into the system through a
leak valve located on the back port of the vacuum chamber. The level of purity of the Ny
gas was then checked by using the ion gauge (Masstorr DX100).

The rate at which the Ny gas was introduced into the system through the leak valve
over the course of the measurement was comparable to the rate at which the turbomolecular

pump removed the Ny gas from the system. This ensured that the N, gas pressure stayed
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relatively constant. The Masstorr DX100 was used to determine the pressure of the N gas in
the vacuum chamber before and after each measurement. It was turned off for the duration
of each measurement. This was due to the fact that the jon gauge was observed to produce

ions that were captured by the ion trap.

Experimental Timing Electronics

The driving force behind the experimental timing electronics is the Ion Storage Pulse
Interval Controller (IS-PIC). It contains logic circuitry that generates four transistor to
transistor logic (TTL) timing pulses. A diagram of these pulses is outlined in Fig.(10).

Starting from t = 0, the first pulse created by the IS-PIC controls the ionization period.
The length of this pulse determines how long the electron gun will be allowed to pulse
electrons into the trap. The falling edge of this first pulse triggers the relaxation pulse. The
duration of this second pulse is defined as the period of time from when the electron gun
is shut off to the generation of the detection pulse. The detection pulse, which is the third
pulse created by the IS-PIC, is turned on by the falling edge of the relaxation pulse. The
rising edge of the detection pulse also turns on the MCP. The fourth pulse, triggered by the
falling edge of the detection pulse, initiates the extraction of the ions from the trap. This
extraction is caused by temporarily terminating the rf Wavefofm (f, Vo, Up) being applied
to the ring electrode of the ion trap and placing a positive (+236 V) and negative (—225 V)
potential on opposite end caps of the trap in order to push/pull the ions from the trap.

The rising edge of the fourth pulse, or dump pulse, is synchronized to a specific phase of
the rf waveform. It has been experimentally shown that the location at which the rf
waveform is terminated plays a crucial role in the stored ion clouds shape and size [54].

When the rf potential is terminated as the falling edge of the sinosoidal waveform crosses
the zero point [Fig.(11a)], the resulting ion time of flight signal that is observed on the
oscilloscope has broad peaks with poor resolution. This is due to the direction that the rf
field lines are pointing within the trap as the ion cloud is ejected. As Fig.(11b) illustrates,
the field lines progress from the ring electrode to the grounded endcaps. Therefore, as the

positively charged ion cloud is ejected from the ion trap, it is compressed in the x direction
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and elongated in the z direction. As this orientation of the ion cloud encounters the MCP,
an output with broad peaks is produced.

When the rf potential is terminated as the rising edge of the sinusoidal waveform crosses
the zero point [Fig.(12a)], however, the resulting ion time of flight signal that is observed on
the oscilloscope has narrow peaks and sharp resolution. As Fig.(12b) illustrates, the rf field
lines progress from the grounded endcap to the ring electrode. This is the opposite direction
of the previous case. Therefore, as the positively charged ion cloud is ejected from the ion
trap, it is elongated in the x direction and compressed in the z diréction as it is attracted
to the negatively charged ring electrode. As this orientation of the ion cloud encounters the

MCP, an output with narrow peaks is produced. This approach was used in this experiment.

Data Acquisition/Analysis System

Figure 13 shows the data acquisition system used in this experiment. The output from
the anode of the MCP is first sent to an amplifier that increases the signal output by a factor
of 50. From there, the signal is sent to a Tektronix TDS 680C oscilloscope. The scope sweep
is triggered by the rising edge of the ion dump pulse created by the IS-PIC. Since all the ions
that are released from the trap see the same extraction potential, the time of flight of the
ion is simply a function of its mass to charge ratio. The TOF spectrum is digitized by the
oscilloscope and sent directly to a Gateway E-4200 computer for storage and data analysis.

Measurements of the ion signal intensity were made for a single dump delay at a specific
N, pressure. These measurements were averaged with an automated data acquisition control
software program and stored on the computers hard drive for future analysis. Measurements
were then repeated for additional dump delays that spanned six different Ny, pressures. Origin
was then used to analyze the data and extract the decay rates of N2t and the charge transfer
rate coefficient between N** and N;. A more in depth analysis of these processes will be

presented in the following chapter.
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CHAPTER 4

EXPERIMENTAL METHODS AND PROCEDURES
Experimental Method and General Procedure

In this experiment, the charge transfer rate coefficient between N** and N, is determined
by measuring the relative number of N2* ions remaining in the ion trap as a function of
time after production and particle density of the Ny target gas. The number of N2t jons
present in the ion trap is determined by extracting them from the trap and detecting them
with a multichannel plate (MCP). The time dependent profile of the ion signals amplitude
is digitized by an oscilloscope and stored on a computer for subsequent data analysis.

The charge transfer rate coefficient is dependent on the energy states of the N?* ions
[1]. After N** ions are created by electron impact ionization, they can be found in both the
ground and metastable states [53]. N2+ has a single low lying 2s2p?(“P) metastable state
with three fine structure levels (*Pyjs, *Psjo, and *Psjp). All three levels decay by means
of electric dipole spin-changing transitions to the 2s?2p(*P°) ground state. Their lifetimes
are 0.98 ms, 13.4 ms, and 3.2 ms respectively [50]. Therefore, during the measurement time
frame used in this experiment (29 ms to 189 ms after ion creation) any stored metastable
N2* ions should have decayed to the 25?2p(?P°) ground state.

When the N2* ions are in the ground state, the resulting decay curve can be described

by a simple exponential function [9]:

I = Iie (4.1)
where
C=n<Qu>+» n'<QVv>. (4.2)
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I, and I are the N2+ ion signal intensities at time zero and time ¢ respectively. < Qu >
and < Qv' > are the charge transfer rate coefficients of N** with the N, target gas and
N?* with the residual background gases in the vacuum system. @ and Q' are the charge
transfer cross sections of N?* with the reactant N, gas and the residual background gas in
the system respectively, while v and v’ are the relative velocities of the interacting multiply
charged ions with reactant gas molecules and residual gas molecules respectively. Finally, n
is the particle density of the reactant N, gas and n’ is the particle density of the residual
backgroung gas in the ultrahigh vacuum chamber.

Solving Eq.(4.1) for the decay constant (C), one gets
In(I) = -Ct+In(lp). (4.3)

Since the relationship is now linear, the decay constant (C') can be obtained by performing
a least-squares fit to the time dependent N2' ion signal intensity [Fig.(14)]. Six decay
constants were obtained for six different No target gas densities. According to Eq.(4.2), the
charge transfer rate coefficient (< Qu >) between N?* and N is obtained from the slope of
the decay constants (C') versus the corresponding particle densities (n). The intercept gives
the value of 3. n' < Q'v' >, the charge transfer rate of N** with the residual background
gases in the vacuum system. From this value, the charge transfer rate coefficient between N2+
and the main component of the residual background gas can be determined. The particle
densities (n and n’) can accurately be determined using the Masstorr DX100.

Several steps have to be carried out before the measurement of the charge transfer rate
coefficient between N?* and N, can be made. First, a detectable amount of N** jons needs
to be created. Next, the N** ions need to be stored in the ion trap. Subsequently, the
stored N2* ions need to be detected. After the measurements are made, the final step is

data analysis.

Creation of N2+

The N7 ions needed for this experiment are created by the electron impact ionization

of ultrahigh purity (99.9999%) N, gas within the confines of the ion trap. As mentioned in
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Chapter 3, the electrons are supplied by an electron gun located just outside one of the end
caps of the ion trap. The electron gun is outfitted with a negative and positive potential
bias whose switching time from —150 V to +123 V is controlled by the IS-PIC generated
TTL timing signal. The period of time that the electron gun is allowed to stream electrons
into the trap (9 ms) is long enough to create a sufficient number of N* ions.

In order to ensure that the influence of contaminants on the measurement was negligible,
a high vacuum of around 5 x 10~ Torr was maintained in the vacuum chamber when the
system was not in use. The composition of the residual background gas is shown in Fig.(15).

It is mainly comprised of C, CH;, H,O, and CO.

Ion Selection and Storage

Ions created by electron impact ionization can reside in a variety of charge states. In
this experiment, electron bombardment of the N, target gas predominantly results in the
creation of both N* (7 = 14) and N2+ (% = 7). The rf quadrupole ion trap, however, can
be used to select a particular ion charge state for study. Specific ion charge states can be
stored in the ion trap by carefully choosing the trapping parameters (f, Vo, Up).

The locations of the N* and N?* charge states on the ion trap stability diagram were

investigated at various trapping parameters (f, Vi, Us). The results showed that:
1. f=144MHz, Vu =350V, Uy =29 V;
N?* lies within the stable region as shown in Fig.(16a). This will result in N**
being stored within the ion trap. As a result of these trapping parameters, however, N*
will also be confined within the ion trap [Fig.(16a)]. Since N* has a lower ionization
energy (14.5 eV) than N2t (44 eV), large qliantities of N* can be created through
electron bombardment and stored within the trap.
9. f=144 MHz, V, =370 V, Uy = 42 V;

N7 is out of the stability region and cannot be trapped. N?* is located at the edge

of the stable region, so it can be trapped [Fig.(17a)].

In order to test the physical system, the trapping parameters (f, Vo, Uy) were set to the
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values mentioned in 1 and 2. A push/pull voltage, which is gated on by the rising edge of the
dump pulse, is applied to the trap’s end caps. This will drive the N** ions out of the trap
and toward the TOF tube and the MCP, which is gated on by the rising edge of the detection
pulse. The ion signals obtained are shown in Fig.(16b) and Fig.(17b). N®* can easily be
identified using the time of flight technique [Eq.(3.17)]. When the trap parameters are set
to confine both N?* and N, two ion peaks can be observed. But when the parameters are
changed to store just N, only one ion peak is present. Therefore, the experimental results
and the stability diagram method are in agreement. When the Ny gas supply is valved off,
no signal is observed.

For the duration of the experiment the trapping parameters were set as follows: f =1.44
MHz, Vo =370 V, Uy = 42 V. These parameters were chosen because when combined, they
resulted in only N?* ions being stored within the ion trap. Therefore, any contamination
from Nt can be ruled out. In addition, these parameters generate a pseudopotential well
for N?* with an axial well depth of D, = 17.5 eV and a radial well depth of D, = 46.4
eV. Therefore, the probability of N** being kicked out of the trap due to elastic collisions
with reactant N gas at room temperature (0.04 eV) is very small. The pseudopotential
also facilitates the storage of N2* ions with a mean energy of 1.7 eV. This mean energy
corresponds to an ion temperature of about 1.3 x 10* K [Eq.(3.14)]. According to Eq.(3.15),

the equivalent temperature for each measurement is estimated to be 9.1 x 10® K.

Ion Detection

In order to detect the N?T ions that are contained within the ion trap, the IS-PIC first
has to create the ion ejection, or dump, pulse. The rising edge of this 1 ms pulse triggers
the momentary shut off of the rf frequency (f), rf amplitude (5), and DC bias (Up) being
applied to the ring electrode of the ion trap in order to confine the N?* jons. Simultaneously,
the rising edge of the dump pulse triggers a 1 ms —225 V negative bias pulse that is applied
to the end cap electrode of the trap facing the TOF tube and a 4236 V positive bias pulse
that is applied to the end cap electrode facing the electron gun. All this is done to ensure

that the entire population of stored N?T ions is extracted from the ion trap.
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While the N2* ions are being extracted from the tfap, a —1400 V potential difference
is applied to the time of flight tube. This accelerates the N** ions down the time of flight
tube where they are eventually focused by an electrostatic lens potential of +730 V. After
being focused, the N?* ions encounter the multichannel plate (MCP). The MCP is gated on
by the rising edge of the detection pulse and has a potential difference of 41850 V across
it in order to accelerate the secondary electrons through its channels to the cathobde. The
output of the MCP is sent to and displayed on an oscilloscope which is also triggered by the
rising edge of the dump pulse. Here the time of flight method [Eq.(3.17)] is once again used

to identify that N®* ions are indeed being stored within the ion trap [Fig.(17b)].

Pressure Calibration

For this experiment, a Masstorr DX100 ion gauge was used to determine the pressure of
the N; target gas inside the vacuum chamber. Due to the different ionization potentials and
cross sections of different gas molecules, the Masstorr DX100’s filament has different ioniza-
tion efficiencies for different gases. Thus, the pressure that is displayed on its digital readout
is not an accurate representation of the pressure inside the vacuum chamber. Therefore,
careful calibration of the Masstorr DX100 is required. Calibration is important because the
particle density (n) of the Ny target gas inside the vacuum chamber, in conjunction with the
Boltzmann constant (k) and the temperature (7') of the Ny target gas is used to determine
the charge transfer rate coefficient between N?* and N,. The particle density is directly

proportional to the chamber pressure through the following correlation

. Pchamber
n=-— (4.4)

The relationship between the pressure read from the Masstorr DX100 display and the

actual pressure in the vacuum chamber is given by

Penamper = APpx100- (4.5)

Pepamper is the pressure inside the vacuum chamber, Ppxigo is the pressure displayed by the
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Masstorr DX100 (filament #2) in total mode, and A is the conversion factor for a particular
gas. A calibration of the filament used to measure the pressure of Ny in this experiment was
performed previously [53]. The absolute N, pressure in the vacuum chamber is 1.16 4 6%

times the pressure read from the Masstorr DX100 display (A = 1.16 £ 6%).

Data Analysis

First, one hundred individual measurements of the N?* signal intensity were taken at a
specific dump delay (e.g. 29 ms) and N, target gas pressure (e.g. 3.60 x 10~® Torr). The
average and standard deviation of these one hundred measurements were calculated by an
automated data acquisition program and stored in a computer’s memory for future use [55].
This process of measuring, calculating, and storing was repeated for sixteen additional dump
delays (39 ms, 49 ms, 59 ms, 69 ms, 79 ms, 89 ms, 95 ms, 119 ms, 122 ms, 129 ms, 139 ms,
149 ms, 159 ms, 169 ms, 179 ms, 189 ms) at the same N, target gas pressure (3.60 x 1078
Torr). Next, five additional N, target gas pressures (5.80 x 108 Torr, 8.12 x 10~® Torr,
1.04 x 1077 Torr, 1.28 x 1077 Torr, 2.44 x 10~7 Torr) were chosen. Measurements were then
repeated for the same seventeen dump delays at each of the five additional N, target gas
pressures. In the end, a total of 10,200 individual measurements were taken.

The automated data acquistion program uses the trapezoid rule to determine the area of
the N?* jon signal. The trapezoid rule works by approximating the region under the graph
of a particular function by a trapezoid and calculating its area. In order to calculate the
integral accurately, the interval of integration is first split into n smaller subintervals. The
trapezoid rule is then applied to each of the smaller subintervals and those results are added
together to determine the total N?* ion signal area. In this experiment, the width of the
N2+ jon signals were approximately 300 ns while each trapezoid was 4 ns wide.

Once the software program has calculated the area of each of the one hundred N?* ion
signal intensity measurements, it determines the average N?T ion singal area and calculates

the standard deviation (o) with the following equation:
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oy = | —= >~ 7). (4.6)

Here n is the total number of measurements taken, y; is the N?* ion signal area from a given
(ziy, ;) (1 =1,2,..n) dataset, and ¥ is the average Né+ ion signal area. Fach data point in
Fig.(18) is the average of one hundred N** ion signal area measurements, and the standard
deviation of those one hundred measurements is the uncertainty associated with that data
point. Even though every point in Fig.(18) has an uncertainty associated with it, only a few
are displayed to illustrate the general trend.

Next, Origin was used to perform linear fits to the data in Fig.(18) in order to obtain
values for the N** decay constants (C'). The uncertainties (o,) associated with the data
points on the normalized semi-log (natural logarithm) plots [Fig.(20)-Fig.(25)] are a direct

result of error propagation and are defined as

_ldz| o (4.7)

since z is of the form In(I) [Eq.(4.1)]. Here y; is the value of the N?* ion signal intensity for
a given data set (z;, y;) and o, is the standard deviation defined by Eq.(4.7) at that point.

Assuming a linear fit of the following form

the slope (B) is calculated as follows

B = Z?:l Wy Zz’nzl WiZiYs — Z?:l WL 22;1 WiY; 49
- A ) (4.9)

where

n n n 2
A= w; wiTs — (Z wz»xi) (4.10)
i=1

=1 i=1
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and

2 (4.11)

{

Wy

The uncertainty (og) in the slope (B) of the fit is determined by

o = \/Z—%ﬂ. (4.12)

Once the decay rates (C) and statistical uncertainties (op) Wére obtained, they were
graphed against their respective particle densities (n) [Fig.(19)]. Another linear fit was then
performed to determine the charge transfer rate coefficient (< QV >) and associated uncer-
tainty (0p/) [Eq.(4.2)]. In this case, the slope (B’) of the fit and its estimated uncertainty
(op') were calculated using Eq.(4.10), Eq.(4.11), and Eq.(4.12) with

(4.13)

1
Wi = —5 .
o%
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CHAPTER 5

DISCUSSION OF RESULTS AND CONCLUSIONS

To determine the charge transfer rate coefficient between N** and N, six sets of measure-
ments were taken at different N5 pressures ranging from 3.60 x 10~8 Torr to 2.44 x 1077 Torr.
All of the other parameters (f, Vi, Uy) were fixed. Figure 18 is a plot of the N** ion signal
intensity as a function of time for the six different N, pressures used in this experiment. The
data points on each curve represent the mean of one hundred individual runs.

A typical normalized N?* decay curve is shown in Fig.(14). A linear least-squares routine
with a function of the form y; = A + Bz; was used to fit the data and determine the decay
constant (C). This was done for each of the six Ny pressures [Fig.(20)-Fig.(25)]. The results

of the fits are shown below in Table 1.

Table 1
N, Pressure (Torr) | Decay Constant (s7!)
3.60 x 1078  3.44+1.16
5.80 x 1078 5.49 = 0.98
8.12x 1078 6.84 £+ 0.66
1.04 x 1077 8.61£0.76
1.28 x 1077 9.74£0.70
2.44 % 1077 17.19 £0.76
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Figure 18 Decay Curves of N2¥
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The decay constants were then plotted against their respective Na particle densities
[Fig.(19)]. The slope of the straight line obtained from a least-squares fit to these six points
is the charge transfer rate coefficient between N?* and N,. In this experiment, the charge

transfer rate coefficient between N2 and N, is determined to be

< Qu>=1.9540.27 x 10" %em3s7". (5.1)

This result is consistent with the previously measured result of 2.0 + 0.2 x 107% cm® 7!

obtained by Fang and Kwong using laser ablation techniques and the same experimental
facilities as this experiment [1]. It is also consistent with the value of 2.6 & 0.3 x 10™% cm?
s~! obtained by Wang and Church [56], and in agreement with the result of 2.8 + 0.6 x 107°
cm?® s7! acquired by Church and Holzscheiter [57]. In both cases Church used a, Penning
trap and electron-impact ionization techniques.

The systematic and statistical sources of error in this experiment and the amount they

contribute to the estimated uncertainty of the charge transfer rate coefficient are listed below

in Table 2.
Table 2
Source of Error % of Final Uncertainty in < Qu >
Determination of Baseline +1%
Calculation of Average N** Ion Signal Intensity +10%
Decay Constant Fit (C) +4%
Pressure Calibration +6%
Charge Transfer Rate Coefficient Fit (< Qu >) +7%

Compared with the systematic error, the statistical error was dominant in this experi-
ment. The estimated uncertainty of the charge transfer rate coefficient (+14%) is a quadratic

sum of the uncertainty due to the systematic error associated with base line selections in
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calculating the N?* ion signal intensities and the statistical fluctuations present within the ion
signal intensity, the data fitting, and the Ny particle density measurements. It is calculated

with the following equation

5¢ = /(8a)2 + (0b)2 1 (3c)? + (6d)2 + (d€)?, (5.2)

where 6¢ is the total uncertainty associated with the experimentally measured charge transfer
rate coefficient and éa, db, dc, dd, 5ebare the uncertainties listed in Table 2 respectively.

A number of conclusions can be drawn from this experiment. First off, it can be concluded
that the ion gauge used in the experiment is calibrated since the experimentally determined
value of the charge transfer rate coefficient is in agreement with the previously measured
value that was obtained using the same experimental setup but a different ion source. Next,
it can be concluded that Langevin theory gives a reasonable estimate on the charge transfer
rate coefficient and cross section. The upper bound charge transfer rate coefficient from

Langevin theory is given by

[SIEeg

k= 27q [%J (5.3)

where « is the polarizability of Ny, ¢ is the ionization state of Nt and p is the reduced mass
of the N** and N; system [56]. Using a(N?*) = 1.7 x 1072* cm?, a theoretical upper bound
value of k7, (N?*, Ny) = 2.0 x 107° cm® s7! is obtained for the charge transfer rate coefficient.
This value is consistent with the charge transfer rate coefficient of 1.95 #+ 0.27 x 10™% cm?
5! obtained in this experiment.

The charge transfer reaction between N** and N, can be represented by the following

two reactions:

N £ Ny — Nt + N + AE;(14eV) (5.4)
N2t + Ny — N +2NT + AE,(5.3¢V) (5.5)
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Eq.(5.4) represents a single electron capture, while Eq.(5.5) represents a double electron
capture. In the experiments performed in this thesis, the ion trap does not store the parent
and product ions of the reactions listed in Eq.(5.4) and Eq.(5.5) at the same time due to the
selection of the trapping parameters (f, Vo, Ug) and the form of the pseudopotential they
generate within the trap. In addition, since only the decay rate of the stored N?T ions was
measured in this experiment, there is no way to accurately determine the likelihood of single
electron capture occuring instead of double electron capture even though double electron
capture is much slower since it involves the transfer of two electrons at the same time.

Therefore, it is beneficial to examine the energy levels of the products listed in Eq.(5.4)
and Eq.(5.5). Upon doing so, it becomes obvious that the product ions may not be located in
their respective ground states since both reactions are exothermic and AE; > 0, AE, > 0. In
Eq.(5.4), for example, a N* ion is formed when a N>+ ion captures an electron from Ny. When
this happens, the N ion can be in either its 25*2p*(® P, ; o) ground state or one of its excited
states. These excited states include: 2s°2p*(* D), 25%2p°(*Sy), 252p%(°S3), 2s2p°(*DY, ),
252p3(3P20,1’0). The last two energy terms can decay to the ground state term by dipole
transitions. Fortunately, each of these excited states is characterized by the wavelength of
the photon emitted. The wavelength of the emitted photon can be identified with a narrow
band interference filter. Therefore, a particular reaction process can be identified by looking
for photons with specific wavelengths.

The merit of these excited states is questionable. Their presence inside tokamak fusion
plasmas can ultimately be detrimental to the efliciency of the reactor itself. On the other
hand, emission from these product ions or neutrals after they have undergone charge transfer
provide invaluable information about the Ny partjcle density and population ratios of a

variety of ionization states of N9t in astrophysical areas such as the interstellar medium.
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