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Chapter 1
Introduction

1.1 Overview

Highly-charged ions (HCI) are of interest in the study of atomic structure,
astrophysics, and plasma diagnostics for fusion science [1]. The high nuclear charge,
7, tends to amplify relativistic effects in atoms, such as fine and hyperfine structure
splitting [2]. For example, the fine structure energy splitting, the energy difference
between atomic states in the same electronic manifold with differing total angular
momentum, is proportional to (Za)?*, where a & 1/137 is the fine structure constant.
Hence, the fine structure splitting of an electronic manifold can be so large for some
highly-charged ions that the transition energy can be increased from the microwave
to the visible domain of the electromagnetic spectrum [3] — a useful feature for
studying remote astrophysical objects.

Highly-charged ions are typically found in extreme environments containing
strong electric and magnetic fields and a range of temperatures. These include astro-
physical objects such as the solar corona [4] and a variety of laboratory light sources
including high current plasma discharges [5]. The temperature of the solar corona is
about one million K — hot enough to produce ions ranging from fully stripped light
atoms, such as C®T, to multiply charged metal atoms, like Fe'> [6]. Arc sources are

cooler, about 1000 — 10,000 K and generally produce lower (single, double, or triple)



ionized atoms. Spectroscopic measurements of the relative abundance of high charge
states of iron in the solar corona have been used to investigate the solar wind (see
Ref. [6] and references therein) while measurements of emission lines in discharge
lamps have been used to test the theory of atomic structure in plasmas [7].

Spectroscopic measurements of highly-charged ions are important for many
disciplines. Experiments typically involve the study of the radiation emitted when
an HCI beam collides with a metal or gas target. For example, hydrogen-like U1+
provides a system for testing quantum electrodynamics (QED) in the strong electric
field regime, and recent measurements of the Lamb shift in U?'* [8, 9] have been
carried out at the GSI accelerator in Darmstadt, Germany. Moreover, radioactive
ions have also been made available at the ISOLDE mass separator at CERN for the
purpose of precision mass measurements of heavy ions, cooled in a radio frequency
quadrupole (RFQ) Paul trap [10].

Isolation of highly-charged ions in precision traps is of wide interest. On-
going efforts at the Max-Planck-Institut fiir Kernphysik (MPI-K) in Heidelberg,
Germany seek to capture highly-charged ions in Penning traps [11] with meter-long
electrode structures surrounded by multi-tesla solenoid magnets [12, 13]. These
planned experiments for highly-charged ion capture will employ many of the tech-
niques developed at CERN for ISOLDE and the study of trapped antiprotons [14]
and antihydrogen (see Ref. [15] and references therein). Recently, an experiment at
the TITAN facility, located at TRIUMF in Canada demonstrated capture of high-
charge, short-lived nuclides in a high-field Penning trap [16]. A survey of trap types

and high energy ion sources, relevant to HCI capture, can be found in the review



article by Kluge, et. al. [17].

The advent of small-scale laboratory sources of highly-charged ions has enabled
a wider variety of experimental investigations. In particular, the electron beam ion
trap [18] or EBIT has enabled a tunable source of highly-charged ions by controlling
electron impact ionization, to optimize the production of a particular charge state
of interest [2]. The charge state tuning of EBIT sources has been exploited for in-
EBIT spectroscopy experiments [19], ion extraction for HCI-surface bombardment
[20] (and references therein), and charge-exchange (CX) experiments [21].

EBIT ion sources are roughly one meter in length, including the vacuum en-
velope, and can be housed in a single room of a laboratory. This reduction in size
allows for the deployment of a variety of spectrometers to observe the light source
[2] as well as the addition of ion transport elements for use in ion capture investi-
gations. Previous experiments to capture and isolate a particular charge state of
interest have been carried out using an EBIT source coupled to a high-field, cryo-
genic Penning trap (RETRAP) at the Lawrence Livermore National Laboratory
(LLNL) [22]. More recently, SMILETRAP II demonstrated capture and cooling of
Ar'®* in a Penning trap utilizing a room-temperature 1.1 T solenoid magnet [23].

Penning traps previously developed for ion capture from EBIT sources have
largely relied on designs with magnetic fields greater than 1 T for radial confine-
ment of ions. Due to the use of large, cryogenic, solenoid magnets surrounding
the trap electrodes, optical access to stored ions generally requires elaborate design
and construction of the apparatus. The work presented here addresses the chal-

lenge of optical and atomic beam access to stored ions using a new approach for



isolating highly-charged ions, which reduces the necessary space requirements. It
discusses the first capture of ions extracted from the NIST EBIT using a novel, uni-
tary Penning trap [24], and demonstrates the usefulness of this approach with the
observation of radiative decay of ions in metastable states. In contrast to high-field
solenoids, a unitary Penning trap occupies a volume of ~ 100 cm?, which is small
compared to high-field solenoid traps which typically occupy several m?® of space.
The demonstration of capture in such a compact trap offers a new tool for studying
isolated highly-charged ions, as well as for the development of miniaturized Penning
traps. Initial optical experiments have focused on observation of a forbidden mag-
netic dipole (M1) transition in the ground electronic manifold of Ar'3*. This ion
is of interest in benchmarking few electron atomic theory. The experimental tech-
niques employed, as well as measurements for a new determination of the lifetime
of the 1s*2s*2p ?P3 /5 metastable state, are the subject of Chapter 7.

The experimental breakthrough that has enabled new experiments with iso-
lated ions extracted from the NIST EBIT is the development of novel Penning traps
for the capture and isolation of highly-charged ions. The design of electric and
magnetic field structures in small traps with optical access to stored ions, as well
as the production of temporally narrow, HCI pulses for ion capture are addressed
in Chapter 2 and Chapter 3. Efficient ion capture depends upon the optimization
of the arrival time of ions at the Penning trap, and the slowing of incoming beams,
which are presented in Chapter 4. Characterization of the ion confinement, such
as ion number, temperature, and storage lifetime are discussed in Chapter 5. The
dynamics of stored ions affects fluorescence detection. A numerical model of the

4



stored ion cloud, obtained by solving Poisson’s equation for a thermalized ensemble
of ions, is used to address ion transport and explain time-of-flight data in Chapter
6. Moreover, a ray-tracing calculation of the optical detection is presented in Chap-
ter 7 to further constrain the parameters of the model. Chapter 7 also discusses
the “first light” experiment to measure the lifetime of the metastable 2P5 /2 state in
Art3*including a discussion of ion loss, systematic effects due to quenching of the
metastable state, and trap stability. Conclusions and suggestions for future work

are presented in Chapter 8.

1.2 Metastable States of Highly-Charged Ions

Forbidden transitions play important roles in atomic and particle physics [25],
frequency metrology [26], and laboratory astrophysics [27, 28]. An atomic configu-
ration of particular interest is the boronlike isoelectronic sequence (a set of atoms
with the same number of electrons and differing nuclear charge, Z). Boronlike atoms
have five electrons with a ground electronic configuration of 1s?2s?2p; consisting of
one valence electron and a core of two closed electronic s-shells. The ground con-
figuration is split into an upper *Pj, state and lower ?Py/, state. A forbidden,
spin-flipping, magnetic dipole (M1) transition can occur between these two states
and the theoretical wavelength [29] of this transition is shown in Fig. 1.1 for ions
ranging from neutral boron (B I) to Fe?!* (Fe XXII). Due to the high nuclear charge,
the transition wavelength for many of these ions is found in the optical domain, mak-

ing them accessible for spectroscopy using commercially available solid-state lasers.
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Figure 1.1: Calculated transition wavelength for the 2p 2P3/2 — 2P1/2 M1
transition in the B-like isoelectronic sequence. Data taken from [29].

An apparatus is currently being developed at the HITRAP facility to capture and
cool highly-charged B-like ions for the purpose of performing laser spectroscopy [12],
and recently, laser-induced fluorescence was demonstrated on Ar'3* (Ar XIV) ions
inside the Heidelberg EBIT [30], where the transition occurs at a wavelength of
A &~ 441 nm.

A recent measurement of the radiative lifetime of the 2P3/2 state in Ar'3t,

performed inside the Heidelberg EBIT in 2005 [31], has been reported to attain a



precision of 0.1 %. All other published results have at least 15 times larger uncer-
tainty [32]. To attain accuracies of order 0.1 %, theory must include, among other
corrections, QED effects such as the anomalous magnetic moment of the electron.
The 2Py, lifetime was first measured inside the NIST EBIT in 1998 [33]. Three
of the four reported measurements were performed inside EBIT sources. Until this
work, only a single measurement has been done on isolated ions, using an electro-
static Kingdon trap to capture ions created in an electron cyclotron resonance (ECR)
ion source [34]. A mild discrepancy of ~ 5 %, at the ~ 20 (combined uncertainty)
level exists among the published measurements [33, 34, 32, 31]. A new measurement
with different systematic effects is desirable to corroborate higher levels of precision
[35].

A new measurement of the radiative lifetime of the ?Py/, state in Ar'®* is
reported here, using a novel compact Penning trap. This is an important milestone,
by itself, towards precision measurements on isolated highly-charged ions in general.
The simpler dynamics of isolated ions, namely the presence of a single captured
charge state, in contrast to the plasma conditions inside an EBIT, should contribute
to better accuracy.

While the focus of this work is on a transition of interest in atomic structure
theory, metastable states of highly-charged ions are also of interest in astrophysics.
A classic example is the “green coronal line” arising from the forbidden electric
quadrupole (E2) transition in the ground electronic configuration of Fe!3*. This
transition occurs at a wavelength of A = 530 nm with a radiative lifetime of 7 ~ 17

ms [27]. Additional ions of interest with long lived metastable states are discussed
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in [28], many of which could potentially be studied in the newly deployed Penning

trap apparatus.

1.3 Precision Measurements in Single-electron Atoms

The most familiar single-electron atom is hydrogen with a single electron
bound to a single proton. It is neutral and the most abundant in nature. The iso-
electronic sequence of hydrogen also consist of single electron atoms. These systems
consist of atoms with one electron which make them candidates for high precision
measurements of atomic properties (transitions, masses, nuclear size effects, etc) and
determination of physical constants of nature. For instance, the current CODATA
recommended value for the Rydberg constant, R, [36] is determined by precision
spectroscopic measurements on atomic hydrogen and deuterium.

The determination of the Rydberg constant has reached such high precision
that it has been limited since 1997 by the uncertainty in the proton charge radius
[37]. Recently, a high precision measurement of the proton charge radius, using
muonic hydrogen [38] was carried out by a team from the Max-Planck-Institut fiir
Quantenoptik (MPQ), at the Paul Scherrer Institute (PSI) accelerator facility in
Switzerland. The team measured the Lamb shift in muonic hydrogen (a muon
bound to a proton) which was combined with state of the art QED calculations to
extract the proton rms charge radius, and subsequently, determine a new value for
the Rydberg constant. The surprising result from the muonic hydrogen experiment

is that the value extracted for the proton radius and Rydberg constant differs by



~ 7o (combined uncertainty) from the 2010 CODATA value.

In addition to the low-lying state measurements, hydrogen has been studied in
high angular momentum (high-L) circular states where the size of the proton plays
little role in the determination of the Rydberg constant [39]. This investigation
took place at MIT under the direction of Prof. D. Kleppner. Radio frequency
spectroscopy was used to probe the maximum angular momentum states, (where
[ =n — 1) and measure transition frequencies between adjacent Rydberg states. In
this regime finite nuclear size effects essentially disappear.

The recent discrepancy between the muonic hydrogen measurement and the
CODATA recommended value for the Rydberg constant has been a subject of much
discussion, as evidenced by the over 150 citations of the recent publication [38]. A
comparison of the Rydberg frequency, cR.,, from CODATA, muonic hydrogen, and
the previous circular state measurement in neutral hydrogen is shown in Fig. 1.2.
While the circular state measurement is less precise than both the CODATA value
and the new muonic hydrogen value, the assigned uncertainty is comparable to the
level of the discrepancy. To date, the precise value of the proton radius remains
an open question, and the discrepancy casts doubt on the current precision of the
Rydberg constant.

It has recently become possible to calculate the circular state energy levels of
any hydrogen-like ion to very high accuracy [3, 40, 41, 42]. In some cases, the accu-
racy of the calculated transitions between levels is now comparable to the precision
which can be obtained using commercial laser frequency combs. The great simplifi-

cation in the theory for Rydberg states is due to the low probability for the electron
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Figure 1.2: Discrepancy in the determinations of the Rydberg frequency.
Difference are with respect to the CODATA 2010 recommended value.
The two spectroscopic measurements presented are the recent Lamb shift
measurement in muonic hydrogen, and the circular state measurement

in atomic hydrogen.

10




to be found inside the radius of the nucleus. Consequently, the nuclear size effects
are very small compared to the QED effects in Rydberg states. The properties of
high angular momentum states can be illustrated by considering the hydrogen-like

wave functions [1]
wnlm(ea ¢: 71) = Yzm(e, ¢)Rnl(r) (11)

where the angular part, Yy, (0, ¢), are spherical harmonics and the radial part of the
wave function is R, (r). The familiar hydrogen wave functions are shown in Fig 1.3.
The low lying 1s (a), 2p (b), and 3d (c) states are shown for the case of low angular
momentum where [ = 0 and m; = 0. The circular state, n =10, 1 =9, m; = 9 in
Ne!?* is shown in Fig. 1.3 (d).

Laser excitation of hydrogen-like ions, starting from the ground state, for
Z > 1, is generally not feasible. Although the experimental details are beyond the
scope of this work, a few schemes are being considered. One method for preparing
cold hydrogen-like ions in Rydberg states is to charge exchange bare nuclei in a trap
with a neutral beam of atoms in high n states. Experimental studies with fast ion
beams [43, 44] demonstrated that charge exchange with excited atoms preferentially
results in a final state of the ion with large angular momentum. Recent theoretical
work [45] indicates that the main decay mechanism (E1 radiative cascade) popluates
circular states. This can be advantageous when trying to create cold hydrogen-like
ions in circular Rydberg states. This technique has proven to be successful in a
similar system involving anti-protons undergoing charge exchange with a cloud of

cool positronium [46]. Another possibility would involve three-body recombination
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Figure 1.3: Calculated H-like wave functions for the familiar 1s, 2p, and
3d states with m; = 0 in neutral hydrogen. The 1s state is shown in

(a), the 2p state is shown in (b), and the 3d state is shown in (c). The
circular state; n = 10,1 =9, m; =9 in Ne’T is shown in (d).

12



when bare nuclei in a trap overlap with a cloud of cool electrons.

1.4 Summary

Highly-charged ions are of interest for investigations in the areas of astronomy
and laboratory astrophysics, atomic structure theory, and tests of QED. Examples
include the study of high charge states of iron in the solar corona (the “coronal green
line” of Fe'?t), the atomic structure and metastable *Py/, state of B-like Ar'*.
Single-electron ions are of interest in QED, and may have important applications in
fundamental metrology and determination of the constants of nature.

This work presents the first experiments in a broader effort to study highly-
charged ions in an isolated environment. Novel ion trap architectures are designed
to facilitate ion capture from the NIST EBIT, with the potential for studying a
wide variety of atomic systems. The feasibility of extremely compact traps (unitary
Penning traps) for isolating highly-charged ions may be useful for the development
of ion cooling techniques and charge-exchange experiments that are difficult to do
in high temperature ion sources. The “first light” experiments on metastable Ar!3+
demonstrated in this work have proven the effectiveness of these novel, compact
Penning traps to carry out lifetime measurements with precision rivaling some pre-
vious experiments at high energy facilities and inside EBITs. The new ways enabled
by unitary Penning traps to control and investigate systematic effects in the radia-

tive lifetimes of metastable states are a major improvement over previous works

33, 34, 32, 31].
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The new tools and techniques developed here are useful for future experi-
ments investigating single-electron systems. Planned experiments to combine recent
improvements in frequency metrology with ion capture and storage techniques to
probe the structure of highly-charged ions in the high angular momentum regime
are motivated by the possibility of refining some constants of nature important in

fundamental metrology [3].

14



Chapter 2
Unitary Penning Traps

2.1 Overview

To enable better control and spectroscopic measurements on highly-charged
ions, this work has focused largely on capturing and confining ions extracted from
the NIST EBIT. Penning traps have been selected for the first demonstration of
ion capture at the NIST EBIT. A Penning trap consists of a stack of cylindrically
symmetric, coaxial electrodes which provide an electric potential well used for ion
confinement. Radial confinement is provided by a superimposed, axial magnetic
field. Traditionally, Penning traps consist of electric and magnetic field sources with
fully separable electrode and magnet structures; allowing for independent modifi-
cations of either system. The theory and operation of Penning traps is well under-
stood, with much experimental insight into the subtleties associated with high-field
(multi-Tesla) trapping [47].

It is experimentally advantageous to have easier access to the isolated ions
to facilitate the control or manipulation of stored ions by laser or atomic beams.
In addition, space constraints at the NIST EBIT, a multi-user facility, prevent the
immediate use of a high-field Penning trap. Therefore, compact, Penning trap de-
signs with non-traditional architecture employing rare-earth (NdFeB) axisymmetric

magnets have been explored [24]. These traps are referred to as unitary Penning
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traps. While previous work has relied on arrays of rare-earth magnets [48, 49], the
unitary architecture is characterized by the full integration of electric and magnetic
field sources; making it impossible to separate the electrode and magnet structures.
This novel architecture has lead to the development of extremely compact traps.
The simplest realization utilizes a single NdFeB (N42 grade) magnet to generate
the axial trapping magnetic field. A slightly more complex design has been devel-
oped which relies on two coaxial, separated magnets. Both the one-magnet Penning
trap and two-magnet Penning trap are conceptually similar to a traditional Pen-
ning trap [11]. Here, broad design challenges in unitary Penning trap development
are addressed including the generation of electric and magnetic fields for trapping,
optical and atomic beam access to stored ions, and numerical estimates of expected

trap performance.

2.2 One-magnet Penning trap design

A simple Penning ion trap has been developed using a single permanent magnet
to generate the axial magnetic field necessary for ion confinement. A schematic of the
one-magnet trap is shown in Fig. 2.1. The trap consists of three main electrodes;
a central ring electrode and two endcap electrodes. The central ring electrode is
made up of an axially magnetized rare-earth magnet with two oxygen-free-high-
conductivity (OFHC) copper discs which are press fit to the ends of the magnet.
The trap magnet has dimensions of length, inner diameter (I.D.), and outer diameter

(0.D.) of 38.10 mm, 19.05 mm, and 19.05 mm, respectively. These copper discs are
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Figure 2.1: Schematic of the one-magnet Penning trap. Dimensions are in mm.
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used to make electrical contacts for the ring magnet and provide structural support
for the trap assembly. The ring electrode is electrically isolated from the endcaps
via MACOR insulators which also provide the endcap alignment along the trap axis.
The trap endcaps are made of OFHC copper and are fit to the ring assembly using
compression discs. The characteristic dimensions for the one-magnet ion trap are
zo = 8.382 mm and ry = 9.525 mm.

Since the physics of the Penning trap has been well studied [47], it is convenient
to use its description to understand the permanent magnet Penning trap that has
been designed. A charged particle moving perpendicular to a uniform magnetic
field will undergo circular motion with a frequency, commonly called the cyclotron

frequency, given by

_ QelB]

— (2.1)

[

where Qe is the charge of the particle, |B| is the magnitude of the magnetic field,
and m is the mass of the particle. For a bare Ne nucleus in a magnetic field of ~
0.3 T, the cyclotron frequency w./2m ~ 2.3 MHz. Under the right circumstances,
(particle kinetic energy and magnetic field) the charged particle will orbit inside the
trapping volume without hitting the electrode wall, and is considered to be trapped
radially.

In order to trap the particle axially, an electrical potential is applied to the
endcaps. Near the center of the trap, ion motions approximate the ideal case in

which electrode surfaces are hyperboloids of revolution. Here the electric potential
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is given by

22 —1r?/2
‘/—)\‘/()72612 .

(2.2)
The field coordinates z and r are defined from the center of the trap; V4 is the
applied potential difference between the endcaps and the central ring electrode, and
d is a geometric factor

d> = (22 +12/2). (2.3)

N | —

The dimensionless parameter A (typically referred to as Cy) is of order unity. The
case of A = 1 corresponds to a perfect hyperbolic trap. The minimum distances rg
and zp are from the center of the trap to the ring, and to the endcap electrodes,
respectively. For small amplitudes, the ion motion in the trap approximates the
ideal case in which the radial and axial motions of the particle are independent.

The axial motion is described by a simple harmonic oscillator with frequency

QeVh
md?

2 _
w; = A

(2.4)

For example, with V; = 10 V, a 2°Ne'%" ion oscillates with w, /27 ~ 414.8 kHz. For
the trap described here \ ~ 0.814.

A third component of the ion motion, the magnetron motion, arises from the
E x B interaction inside the trap [47]. This mechanism gives rise to a slow precession

of the cyclotron orbit, with frequency given by

1
Wi = 5[% — Vw2 —2w?]. (2.5)

Considering a bare Ne nucleus with the trapping parameters described above, w,, /27 ~
38.03 kHz. Typically, w,, << w, << w,; the relative magnitudes within this hierar-
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chy of frequencies depend on trapping conditions, charge state of the ion, and trap
geometry.

The region of stable ion orbits in a trap is determined by the trap magnetic
field, ion charge, mass, and the axial potential well. As shown in [47], the condition

for stable ion orbits is given by

w? —2w? > 0. (2.6)

This condition translates to w,, being purely real. In the case of a hyperbolic trap
in a uniform magnetic field, if an ion orbit is stable in one location in the trap,
then it will be stable over the entire trap volume. However, in the case of the single
permanent magnet, spatial magnetic field variations lead to orbits being stable only
in certain locations within the trap. Hence, a narrower range of potential well depths

is available for ion confinement. This issue is addressed in §5.5.1.

2.2.1 Magnetic Field

To approximate an ideal Penning trap, the uniform magnetic field is typically
generated using a large superconducting solenoid magnet. The unitary architec-
ture presented here relies heavily on knowledge of the magnetic field produced by
permanent magnets. As shown in [50], the magnetic field produced by an axially
magnetized, cylindrical permanent magnet can be treated as a pair of solenoids
located at the inner and outer surfaces of the magnet with counter propagating
currents. While the two solenoid description is elegant, it is not practical for the

design of magnetic circuits which involving magnetically soft materials; such as the
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two-magnet Penning trap presented in §2.3. Therefore, numerical calculations of the
magnetic fields produced by the one and two-magnet traps have been carried out.
These calculations were done using QuickField, a commercially available software
package designed for magnetic circuit calculations [51]. The software employes a
finite-element method (FEM) [52] to calculate the magnetic field in regions con-
taining magnetic and non-magnetic materials, as well as free space. The calculated
magnetic flux density for a single N42 grade NdFeB magnet is shown in Fig. 2.2.

The magnetic field is calculated for a cylindrically symmetric model which
specifies the location of magnetic material and free space. The magnetic field has
a saddle-point at the center, decreasing on-axis, and increasing towards the magnet
walls. The field strength is 0.317 T at the magnet center and 0.381 T at the inner
wall. On-axis, the field decreases to zero at z = £ 12.94 mm and has a field-reversed,
local maximum of 0.089 T at z = £+ 20.75 mm.

The magnetization curve for the N42 material is an important input for the
calculation. Near room temperature, and near zero magnetizing field H, the mag-
netic field has the form

B = u,H + B, (2.7)

where B is the magnetic field, u, is the permeability of free space, and B, is the
remnant magnetization of the material. The grade of the magnet largely determines
the field produced. In the case of N42 grade, B, ~ 1.31 T. In addition to the
remnant magnetization, permanent magnets are also specified by a coercive force,

H,.. This is the field needed to de-magnetize a material. For N42 grade magnets,
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Figure 2.2: Calculated magnetic flux density for a single N42 neodymium
(NdFeB) magnet.
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H.~ 98 x 10> A/m. Typically, these values are determined by a statistical analysis
of many magnets, and have a precision of 5 % for B, and 8 % for H,. [53]. A linear

approximation for a particular grade of magnet has the form

B = i H + B, (2.8)

where i, is the slope of the operating line as is given by

Mo = (29)

|

Given the variation in production of sintered rare-earth magnets, it is necessary
to adjust the magnetization curve in order to optimize the agreement between the
calculated and measured magnetic field produced by a given trap magnet. In the
case of the one-magnet trap, the magnetization curve was scaled to 95 % of the
specified value in both B, and H.. The specified and optimized magnetization
curves are shown in Fig. 2.3.

A comparison of the calculated and measured magnetic field on-axis is shown
in Fig. 2.4. The magnetic field measurements were made using an axial Hall probe
with dimensions 1.9 mm wide, 2.3 mm long, and ~ 0.5 mm thick. The probe has
a calibration accuracy of 2 % and a magnetic field resolution of §B/B = 1/300.
Measurements of the a batch of trap magnets revealed that the magnetic field at
the center of the magnet ranged from 0.314 T — 0.320 T.

A comparison between the calculated and measured field at the center of the
magnet shows an agreement of ~ 0.3 %. Given this level of agreement, it is possible

to design a simple trap using FEM calculations to model the permanent magnets.
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Figure 2.3: Magnetization curves for a typical N42 grade magnet.

2.3 Two-magnet Penning trap design

While the one-magnet design is the simplest realization of a unitary Penning
trap, it is limited in beam access to the trapped ions. There is no direct line of
sight to the trap region, other than along the magnetic field axis. A slightly more
sophisticated trap design based on the use of two axially magnetized permanent
magnets was developed. Two magnets, separated by a common soft iron ring (yoke

piece) form a structure which allows holes to be cut in the central ring for beam
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Figure 2.4: Measured and calculated magnetic flux density along the
symmetry axis for a single N42 neodymium (NdFeB) magnet.

access. Asin the case of the one-magnet trap, near the center of the two-magnet trap,
the electric potential approximates a quadrupole with characteristic trap dimensions
of zg = 4.736 mm and ry = 8.500 mm. Consequently, in the example taken for the
one-magnet trap, with V5 = 10 V, a 2Ne'** ion oscillates with w, /27 ~ 597.04 kHz.

Here \ =~ 0.854.
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Figure 2.5: Schematic of the two-magnet Penning trap. Dimensions are
given in mm.
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2.3.1 Magnetic Field

The availability and low cost of N42 grade magnets makes them a logical choice
for initial trap designs and investigations. However, N42 grade magnets have a low
maximum operating temperature of ~ 80° C. It is desirable to obtain the lowest
possible vacuum pressure in the ion trap apparatus. The lowest possible pressure is
often achieved by raising the temperature of the vacuum chamber to greater than
100° C to accelerate the outgassing rate of elements in the apparatus. Water vapor
tends to adhere to electrode surfaces and porous glass insulators during assembly.
The constraint to keep the operating temperature below 100° C ultimately limits the
base pressure that can be achieved using room-temperature UHV pumps. Therefore,
in the two-magnet trap design, NAOUH (a high-temperature grade) magnets were
chosen for the trap design.

As in the case of the N42 grade magnets, within manufacturing tolerances,
the N40OUH grade magnetization curve has been scaled to achieve close agreement
between the measured and calculated magnetic field on-axis. The N40UH magne-
tization curve has been scaled to 97% of the specified value. A comparison of the
measured and calculated magnetic field on-axis for the NAOUH case is shown in Fig.
2.7, with an agreement of ~ 0.2 % at the center of the magnet.

The field produced by two magnets separated by a distance of 8 mm is plotted
in Fig. 2.8. It is assumed that the magnets could be kept separated by the use of a
copper electrode similar to the central iron electrode shown in Fig. 2.5. Copper, be-

ing non-magnetic, and a good electrical conductor, is a natural choice for structural
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Figure 2.6: Magnetization curves for a typical NAOUH grade magnet.

parts, as well as electrodes in the trap.

Sintered NdFeB magnets are brittle and easily corrode in high humidity. Com-
mercial magnets are formed in a mold to create the desired geometry. The tolerance
on custom-made magnet dimensions is typically & 0.010 in, which is not nearly
as precise as what can be achieved with modern CNC machines. The magnet sur-
faces are given three layers of plating (nickel-copper-nickel) to make them corrosion-
resistant. The fabrication process has a tendency to produce irregular surfaces,

which can lead to patch effects in the electric field produced by the surface when
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Figure 2.7: Measured and calculated on-axis magnetic flux density for a
single N4AOUH neodymium (NdFeB) magnet.

biased at high voltage. It is more desirable to have precision-machined electrodes
that conceal the two magnets, minimizing the role of the magnets in shaping the
electric potential in the trap region.

As shown in Fig 2.8, the field between the two magnets drops rapidly to well
below that of a single magnet, which is not useful for ion trapping. This calculation
represents the starting point for a trap design based on multiple magnets. We now

show that the introduction of “magnetically soft” electrical iron yoke pieces allows
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Figure 2.8: Magnetic field calculation of two-magnet trap with Cu spacer.
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Figure 2.9: Magnetic field calculation of two-magnet trap with Fe yoke
pieces shown in Fig. 2.5.

for the magnetic field to be re-directed towards the center of the assembly in such a
way that the central trap region will coincide with the region of strongest magnetic
field. The calculated magnetic field of the two-magnet trap with soft iron electrodes
is shown in Fig. 2.9. The influence of electrical iron in shaping the magnetic field
is evident when comparing the Cu spacer design (Fig. 2.8) and this final design.
The magnetization curve for the chosen electrical iron is shown in Fig. 2.10.
There are various grades of electrical iron commercially available. For the construc-

tion of the two-magnet trap we chose the Class 1 grade manufactured by Carpenter.
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Figure 2.10: Magnetization curves for a Class 1 electrical iron.

This class has the highest field permeability of available electrical iron. As in the
case of single magnet calculations, the magnetization curve of the electrical iron
has been adjusted within known tolerances to obtain the closest agreement possible
between measurement and calculation. The electrical iron magnetization curve has
been scaled by multiplying the magnetic field by a proportionality factor. As shown
in Fig. 2.10, the magnetic field has been scaled to 90% of the specified value. An
enlarged plot highlighting the lower H region is shown in Fig 2.11

A comparison between the calculated and measured magnetic field on-axis is
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Figure 2.11: Zoomed in view of magnetization curves for Class 1 electrical iron.
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shown in Fig. 2.12. A plot highlighting the trapping region is shown in Fig. 2.13.
Here we present measurements of the trap magnetic field for assemblies using both
N42 grade and N40UH grade magnets. The trap magnets were carefully selected
and matched so that the central field of each magnet is equal within the Hall probe

resolution of §B/B = 1/300. The uncertainties in the magnetic field measurements

0B, = \/(6Bm)2 + (6zddB;>2 (2.10)

where 0B, is the uncertainty in the magnetic field measurement, 2 is the uncer-

are estimated to be

tainty of the probe position ~ 0.1 mm, and dB,/dz is the derivative of the calculated
magnetic field on-axis. Based on these measurements, the field uniformity in the

trapping region within £+ 2 mm of the trap center is estimated to be better than

§B/B = 1/300.

2.3.2 Ion storage calculations

Ion trajectories in a unitary Penning trap were investigated in numerical cal-
culations to obtain the dynamical properties of the traps. In order to study trapping
dynamics, the electric field inside the trapping region must be calculated in addi-
tion to the magnetic field. The electric field in the trap is simulated numerically
using a commercial software package named Charged Particle Optics (CPO). This
software employs a Boundary Element Method (BEM) [54] originally developed for
calculating properties of electrostatic lenses. In relaxation methods, a three dimen-

sional grid is defined, upon which Laplace’s equation is solved numerically using
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Figure 2.12: Measured and calculated on-axis magnetic flux density for
the two-magnet Penning trap.
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Figure 2.13: Measured and calculated on-axis magnetic flux density for

the two-magnet Penning trap.

36



iterative algorithms. In contrast, BEM calculations are done by defining electrode
surfaces as a system of segments and then calculating the field in the space around
the electrode when a voltage is applied to the surface. The electric field around
the electrode is calculated by first dividing the electrode surface into many small
segments of electric charge and then summing the Coulomb field produced from the

charge residing on each segment. In a BEM calculation, the electric field is given as

E(r) = ZEi(r —r;). (2.11)

Here ¢ is each charge segment, N is the total number of charge segments, and

E;(r —r;) is given by

r 1 4d;
Eir—r)=——2 2.12
(r =) dmeg |r — 1;]? (2.12)

where ¢; is the charge on each electrode segment. An example of the numerically
calculated on-axis potential of the two-magnet trap is shown in Fig. 2.14. The
calculated BEM potential agrees with the quadrupole potential given in Eq. (2.2)
to within ~ 0.1 V for z = + 2 mm, and agrees to within ~ 0.01 V for z = + 1
mm. A detailed discussion of the electric potential during ion capture and storage
will be presented in Ch. 4. Given the calculated electric and magnetic fields, it is
possible to calculate an ion trajectory in the trap by integrating the equations of
motion using standard Runge-Kutta techniques [55]. An example of a calculated
ion trajectory is given in Fig. 2.15.

The ion trajectory (black) is shown in the mid-plane of the trap. The initial
conditions are chosen such that the ion orbits in the most uniform region of the
magnetic field. Here the ion exhibits a fast cyclotron motion due to the magnetic
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Figure 2.14: Calculated on-axis potential for the two-magnet trap. The
applied potential difference V, = 30V. Dashed lines show the position
of the endcap electrodes at z, = + 4.736 mm. Top: Comparison of full
BEM calculation (black) and approximate potential (V,,) calculated
using Eq. (2.2) (red). Bottom: AV =V,,, — Vggn shows agreement of
~ 0.1 V for z = + 2 mm and agreement of ~ 0.01 V for z = £ 1 mm.
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Figure 2.15: Calculated trajectory for a stored NeXI ion in the designed
operating conditions of the two-magnet Penning trap.

field, while the slow magnetron precession is shown with a radius of ~ Imm (red
dashed line). A fast Fourier transform (FFT) of the ion trajectory shown in Fig.
2.16 reveals the cyclotron (inset) and magnetron components of the motion. Since
the trap is azimuthally symmetric the x-component of the trajectory is sufficient for
the FFT. The cyclotron frequency and magnetron frequency are, w./2m ~ 2.3 MHz

and w,, /27 ~ 80 kHz.
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Figure 2.16: Fast Fourier Transform (FFT) spectrum of a calculated
trajectory for a NeXI ion in a unitary Penning trap.
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2.4  Discussion

Unitary Penning traps with fully integrated electric and magnetic components
have been developed for the purpose of capture and storage of highly-charged ions.
The use of rare-earth permanent magnets can be advantageous for applications with
severe space constraints. We shall demonstrate that the magnetic field produced
by small cylindrical magnets is sufficient for ion storage. Calculations using the
QuickField software of the magnetic field from both a single magnet trap and a two-
magnet design agree with measurements, within uncertainty. The field uniformity
in the two-magnet trap is better than 6B/B = 1/300. For small amplitude orbits,
frequencies of ion motions are in good agreement with estimates using an ideal
Penning trap.

The unitary traps presented here represent a limit in the compactization of
a Penning trap. The ability to fully integrate the magnets and electrodes into a
single structure opens a new possibility for miniaturized traps for a wide variety of

applications.

41



Chapter 3

Special Facilities, Tools, and Techniques

The previous chapter gives an account of the development of unitary Pen-
ning traps. Here we discuss the specialized facilities needed for the production
of highly-charged ions, ion extraction and transport, and the new apparatus for
slowing and capture of extracted ions is also described. In §3.1 the NIST EBIT
is introduced along with the ion beamline that serves to transport ions from the
source to the unitary Penning trap. The one-magnet Penning trap apparatus used
in the first experiments is described in §3.2, with details about the high vacuum
requirements and auxiliary electrode structure to optimize ion transport and cap-
ture. The two-magnet Penning trap apparatus employed in the second generation
experiments is introduced in §3.3. The two-magnet Penning trap apparatus replaced
the one-magnet apparatus, occupying the same region of space despite the increased
complexity and number of trap elements. The detection systems for both set-ups are
presented in §3.4, highlighting the improvements implemented in the two-magnet
Penning trap apparatus to overcome limitations in the one-magnet Penning trap.
These improvements include the addition of a faster ion detector, and a photon
counting system for observing light emitted from stored ions. Techniques used to

minimize residual gases in the vacuum chamber are described in §3.5.
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3.1 Electron Beam Ion Trap (EBIT)

The electron beam ion trap (EBIT) is an ion source capable of producing and
storing highly-charged ions. The ions can be stored in the trap as a light source for
atomic spectroscopy; or alternatively, selected ions can be extracted from the trap
and used in ion-surface and charge-exchange (CX) experiments. The EBIT is an
apparatus capable of producing plasma conditions typically found in astrophysical
sources, such as the solar corona, and Tokamak fusion reactors. Typical plasma
temperatures are on the order of 1-2 million Kelvin. Recently, the EBIT was used
to measure the familiar Dy and Dy lines in sodium-like heavy metal ions [56]. The

metals included tungsten (W), tantalum (Ta), hafnium (Hf), and gold (Au).

3.1.1 EBIT Operation

A review of the EBIT at NIST can be found in the article by Gillaspy et al.
[19]. The EBIT works by using a high energy, high current density electron beam
to both create and store highly-charged ions. A representation of the EBIT is given
in Fig. 3.1. Atoms undergo multiple collisions with the electron beam which ionizes
the atoms to high charge states. Three cylindrical electrodes, called drift tubes,
are positioned in a region with a strong axial magnetic field (= 3 T), generated
by a pair of superconducting Helmholtz coils. The electron beam comes from an
electron gun, is accelerated to high energies, and is steered through the drift tube
region where it ionizes neutral atoms and provides the radial trapping potential for

the ions. Ions can be loaded in the EBIT in two ways; either by electron impact
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Figure 3.1: A uniform axial magnetic field is used to compress the elec-
tron beam along the axis of the trap. A radial potential well is generated
by the space charge of the electron beam. The upper and lower drift
tubes are biased relative to the central drift tube to provide an axial
potential well. The combination of the axial and radial potential wells
provides the trapping volume for the ions.
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ionization of neutral gases injected through a gas nozzle, or low charge state metal
ions can be loaded into the trap from an external ion source. Subsequently, ions
become highly ionized through successive electron impact. The external ion source
is a metal vapor vacuum arc (MeVVA) type source [57] and is mounted above the
EBIT for loading along the axis of the trap.

The electron impact ionization rate is given by
I' =nov (3.1)

where n is the particle density, o is the ionization cross section, and v is the elec-
tron velocity. The ionization cross section is given as a function of energy in the
NIST data tables [58]. The particle density can be estimated from the measured

background pressure in the trap and is given by

Ny P
n=_——
Vmpatm

(3.2)

where N, is Avogadro’s number, V,, is the molar volume of the (ideal) target gas, P
is the measured pressure in the trap, and P, is atmospheric pressure. The speed

v is given in terms of energy by

(3.3)

where E and m, are the kinetic energy and mass of the electron, respectively. Given
the equations above, we can calculate the number of ionization events per second
per electron. Since we are interested in rates of production inside the trap for a
given electron beam current, we must include the trap size and number of electrons

in order to get to a rate that is useful. The time taken for one electron to pass
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through the trap is given by

22, 2me
t=— =2, 3.4
o =%\ g (3.4)

where z, is the typical distance from the trap center to the endcap. The number of

electrons passing through the trap during time ¢ is given by

N, =t =2,/ (3.5)

where I, is the measured electron beam current, and e is the charge of the electron.

Substituting Egs. (3.2) and (3.3) into Eq. (3.1) and multiply by N, we are left with

Ny P 1,
I'=— —22,0. 3.6
VmPatme o7 ( )

The NIST EBIT is capable of operating at an electron beam energy ranging
from a few hundred eV to =~ 30 keV. The electron beam current can be greater than
150 mA. For typical ion capture experiments, an electron beam energy of ~ 2.5 keV

and electron beam current of ~ 14.4 mA is used.

3.1.2 lon beam extraction

The EBIT facility at NIST has been used for a variety of investigations [59].
The ion extraction capability of the NIST EBIT enables ion-surface experiments [20]
and, most recently, ion capture experiments [24] that are the focus of this work. The
ion extraction can be operated in a steady-state mode and a pulsed mode. In the
case of ion-surface experiments, the EBIT is operated in a steady-state extraction
mode which produces a constant current of highly-charged ions for bombardment
of target surfaces. For the ion capture experiments, of interest here, the EBIT is
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Figure 3.2: Schematic of the NIST ion extraction beamline (not to scale).
Ions extracted from the EBIT are guided using electrostatic ion optics
to an analyzing magnet where the charge state of interest is selected for
capture or bombardment.

operated in the pulsed extraction mode which produces a periodic pulse train of
ions. This pulse width in time can range from =~ 100 ns - 1 us, depending on the
EBIT operating conditions. A schematic of the NIST ion beamline is shown in Fig.
3.2. The details of the ion beamline are presented in [60, 61].

The EBIT produces many charge states for a given electron beam energy,
current, and ionization (or “cooking”) time. In the case of pulsed extraction, the

ionization time is also the duration in which the EBIT is filled with ions before the
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extraction pulse is applied to the middle drift tube (MDT) electrode. As shown in
[60], the electrostatic ion optics in the NIST ion beamline are charge-to-mass insen-
sitive for all charge states accelerated through a common potential. Ions extracted
from the EBIT enter the ion beamline with an energy of E;,, ~ QU._peam, Where
@ is the ion charge state and U,_peam is the electron beam energy. Ions leave the
EBIT and undergo a 90° bend through an electrostatic bender and are transported
to an analyzing magnet. All ion charge states present in the EBIT are extracted
from the trap and are guided via electrostatic ion optics, which includes two einzel
lenses and two sets of four-quadrant deflectors before entering the analyzing magnet.
The analyzing magnetic field is tuned to allow a single ion charge to mass ratio to
make the 90° bend and pass through the magnet while all other charge states are
deflected to the chamber walls. After filtering out unwanted charge states, the ions
of interest are guided to a second electrostatic bender and either enter the ion cap-
ture apparatus, or proceed downwards to a Faraday cup located in the ion-surface

target chamber.

3.2 One-magnet Penning trap apparatus

The one-magnet Penning trap is the first ion capture apparatus to be deployed
at the NIST EBIT. Severe space constraints necessitated the compactization of the
Penning trap for integration with ion optics, and detection systems within the ~ 1
m space available at the ion extraction port. Experiments with this simple trap were

intended to demonstrate the basic principles and techniques employed in designing
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unitary Penning traps for capturing ions with high kinetic energy. As another result,
the EBIT and extraction beamline are optimized to produce ion pulses suitable for
slowing and capture. The details of the assembly and trap geometry are discussed

in §3.2.1 and §3.2.2.

3.2.1 Full assembly and vacuum chamber

The one-magnet trap apparatus was designed to be the simplest realization
of the unitary Penning trap presented in Ch. 2 and therefore consists of the bare
essential components for initial ion transport, capture, and detection. A simplified

schematic of the apparatus is shown in Fig. 3.3. The key components consist of

1D translator
1D translator

SPT SP2 SP1
/| { { ion

‘ ey = for pulse
MCP FC 5 o FC* B
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 —— Penning trap
F—10cm—

Figure 3.3: Simplified schematic of the one-magnet trap apparatus. The
vacuum chamber components are shown in light grey. The one-magnet
Penning trap is centered on the central six-way cross.

the one-magnet Penning trap, three sets of electrostatic steering plates, two faraday
cups (FC), and a position-sensitive micro-channel-plate (MCP) ion detector (PSD).
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As shown in Ch. 2, the one-magnet Penning trap is designed with open endcaps to
allow ions to enter along the trap axis of symmetry, coincident with the magnetic
field axis. The right-most set of steering plates (SP1) was used to guide incoming
ions towards the trap axis upon exiting the EBIT beamline. The second set of
short steering plates (SP2) is used to further correct the incoming ion trajectories
to ensure that ions enter the trap as close to the trap axis as possible.

As ions approach the trap and begin to slow down, if the initial velocity is
not along the trap axis, the ion pulse tends to scatter and is not trappable. The
sets of right-angle plates for beam steering have proven to be indispensable for ion
capture. The incoming ion beam is not guaranteed to be aligned with the Penning
trap axis. In fact initial tests revealed a significant misalignment. To correct the
misalignment, potentials on the order of 100 V needed to be applied to SP1; for
diagnostics, the ion beam was guided through the Penning trap and onto the PSD.
Without the ability to tune the ion beam through the trap, ion capture is nearly
impossible.

The vacuum chamber used for the one-magnet Penning trap assembly was
constructed from commercially available parts. The ion trap chamber was evacuated
using a turbomolecular pump (Varian V301) with a pumping speed of 250 1/s for
nitrogen, 220 1/s for helium, and 200 1/s for hydrogen gases and an ion pump (Varian
Vacion Plus 55) with a pumping speed of 50 1/s for nitrogen. The turbomolecular
pump was backed using a two-stage, oil-free, vacuum pump system (Varian TPS-
compact). The trap magnet, MACOR insulators, and structural parts were all air

baked prior to assembly in order to remove hydro-carbons and water-vapor. All
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copper electrodes were polished to near optical flatness and were not subjected to
air baking. After assembly, the chamber was baked, under vacuum, at an average
temperature of & 100° C for a total of 13 days to accelerate the overall outgassing
rate of the system and reduce the final achievable base pressure. The magnetic field
strength at the chamber wall closest to the trap was measured to be ~ 5 mT. This
field strength was monitored during the baking procedure and remained constant,
indicating no degradation of the trap magnet.

The minimum base vacuum pressure achieved in the one-magnet Penning trap
vacuum system was ~ 8.6 x 1071° torr measured with a hot filament ion gauge
(Granville-Phillips 274) while the ion extraction port gate valve was closed. During
EBIT operation, when gate valves between the ion source and the one-magnet Pen-
ning trap were opened and source gas was injected to the EBIT, the operating trap

base pressure was ~ 1.3 x 1079 torr.

3.2.2 Trap configuration and construction

The Penning trap was located at the center of an ultra-high vacuum (UHV)
chamber evacuated with a combination of turbomolecular and ion pumps as dis-
cussed above. A schematic of the trap electrodes and support structure is shown
in Fig. 3.4. The Penning trap is located in the center of the assembly, supported
by two compression plates connected with threaded rods (not shown in Fig. 3.4).
The ion trap is electrically isolated from the supporting structure using MACOR

rings. The short set of steering plates (SP2) is attached to the first (up-stream)
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compression plate on the entrance side of the trap. The long set of steering plates
(SP3) is attached to the second (down-stream) compression plate on the exit side of
the trap. This configuration was chosen to maximize the control of ion trajectories
both entering and exiting the trap. The dimensions of the short set of steering
plates (SP1 and SP2) are 31.75 mm long, and the plate separation is 31.75 mm.
All steering plate electrodes are made of 3.175 mm thick OFHC copper. The long
set of plates have dimensions of 63.5 mm long and a plate separation of 31.75 mm.
All sets of steering plates are designed to operate at voltages up to 5 kV. To en-
sure adequate protection against arcing, all steering plate electrodes are encased in
MACOR insulating supports as shown in Fig. 3.4. The insulating supports are at-
tached to aluminum alignment discs using alumina (Al,Os) insulating screws. The
alignment discs are in turn attached to the trap compression plates. To improve
axial symmetry and minimize patch effects, all electrodes have been polished on a
lathe to a near-mirror finish. The polishing of the electrodes also helps to keep the
copper surfaces clean before being vacuum baked in the full assembly.

All high voltage connections inside the vacuum were made by attaching copper
wires to tapped holes on the electrodes. As shown in Fig. 3.3, the trap electrode
structure was attached to a flange via 4 threaded rods at the down-stream end of
the chamber. The electrode alignment of the Penning trap was constrained during
assembly by using a jig that kept the trap endcaps coaxial with the magnet and
the compression plates. This jig also kept the trap centered on the assembly flange
and aligned coaxially with the chamber axis. The trap was centered along the

chamber axis using setup blocks that indexed the down-stream compression plate
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Figure 3.4: Cut-away schematic of the one-magnet trap electrode struc-
ture. The Penning trap is shown in the center of the assembly with the
entrance and exit sets of steering plates.
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to a distance of 92.0 mm from the inner flange surface. A centering ring was used
on the up-stream portion of the supporting four-rods, near SP2, to keep the trap
assembly from shifting in the chamber. This centering ring has four tapped holes
for set screws that are used to align the ring by adjusting the extents of these screws

to the inner chamber wall.

3.3 Two-magnet Penning trap apparatus

The two-magnet Penning trap apparatus was designed using the same basic
principles and techniques tested in the first generation one-magnet trap appara-
tus, with the added insight gained in the initial ion capture experiments. Several
improvements in the two-magnet trap design have been highlighted in §2.3: in par-
ticular, optical and atomic beam access. The ion optics is also refined to include
decelerating electrodes directly in front of the entrance endcap, two einzel lenses on
the exiting end of the trap, as well as the relocation of the one-magnet trap to serve
as an up-stream einzel lens for beam focusing into the new Penning trap. A fast, re-
tractable time-of-flight MCP detector is added to address pile-up issues experienced
in the one-magnet trap assembly. A lower base pressure is attained by adding more

vacuum pumps (§3.5) and increasing the bake out temperature and time.

3.3.1 Full assembly and vacuum chamber

The two-magnet Penning trap is the second generation realization of unitary

Penning traps. As shown in Ch. 2, the two-magnet trap has greater magnetic field

o4



uniformity than the one-magnet trap, even with holes for beam access to the trapped
ions. Beam access for lasers, light collection, and charge exchange experiments with
neutral atoms was a key consideration in the final configuration of the two-magnet

trap apparatus. A simplified schematic of the apparatus is shown in Fig. 3.5.

1D translator

SP2 SP1

PSD TOF

Einzel two-magnet 4 one-magnet
lens Penning trap trap/lens

[ L ]

[ 20 cm -

Figure 3.5: Simplified schematic of the two-magnet trap apparatus. A
light-collection system (lenses and photomultiplier) is inserted into the
re-entrant window above the two-magnet Penning trap.

The two-magnet Penning trap has enabled the first optical experiments with
isolated ions extracted from the NIST EBIT. The apparatus consists of the two-
magnet Penning trap at the center of the assembly with various ion optics on both
the entrance and exit sides of the trap. The up-stream ion optics include: steer-
ing plate set 1 (SP1), the one-magnet trap, configured as an einzel lens, and two
decelerating electrodes. Also, not shown in Fig. 3.5 is a Faraday cup between the

one-magnet trap and the two-magnet trap. The down-stream ion optics includes:
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an einzel lens, steering plate set 2 (SP2), a prototype radio frequency (RF) ion trap,
configured as an einzel lens, and steering plate set 3 (SP3). The two-magnet trap
apparatus uses a fast time-of-flight (TOF) MCP ion detector, in addition to the
position-sensitive MCP detector previously used in the one-magnet trap appara-
tus. To collect light emitted by stored ions, a photon counting system was installed
above the aspheric lens embedded in the trap; it consists of a lens assembly, optical
filter, and a photomultiplier (PMT) detector capable of performing single photon
counting. The details of the optical setup will be presented in §3.4.3.

The vacuum chamber used for the two-magnet Penning trap assembly was
constructed from commercially available parts. The ion trap chamber was evacu-
ated using two turbomolecular pumps, an ion pump, and a non-evaporative getter
(NEG) pump. The turbomolecular pumps, one (Varian V301) located near the main
trap region and another (Varian V81) located near the ion detectors have nominal
pumping speeds of 250 1/s and 77 1/s, respectively. An ion pump (Varian Vacion
Plus 55) with a nominal pumping speed of 50 1/s is located near the large turbo-
molecular pump. The turbomolecular pumps were backed simultaneously using a
two-stage, oil-free, vacuum pump system (Varian TPS-compact). The NEG pump
(SAES GP-50 ST-707) was heat activated under vacuum. It was operated at room
temperature and has a nominal pumping speed of 200 1/s for Hs.

The trap magnets, MACOR insulators, and structural parts were all air baked
prior to assembly. All copper electrodes were polished to near optical flatness and
were not subjected to air baking. After assembly, the chamber was baked, under vac-

uum, at an average temperature of =~ 110° C for a total of 18 days to accelerate the
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overall outgassing rate of the system and reduce the final achievable base pressure.
The magnetic field strength at the chamber wall closest to the trap was measured
to be &~ 4 mT. This field strength was monitored during the baking procedure and
remained constant, indicating no degradation of the trap magnets.

The minimum base vacuum pressure achieved in the two-magnet Penning trap
vacuum system was ~ 7.6 x 107'% torr measured with a cold-cathode, inverted
magnetron gauge (MKS 423-I-MAG), while the ion extraction port gate valve was
closed. During EBIT operation, when gate valves between the ion source and the
one-magnet Penning trap were opened, and source gas was injected to the EBIT,

the operating trap base pressure remained unchanged.

3.3.2 Trap configuration and construction

A schematic of the trap electrodes and support structure is shown in Fig.
3.6. The Penning trap is located in the center of the assembly, supported by two
compression plates fastened with threaded rods (not shown).  The ion trap is
electrically isolated from the supporting structure via MACOR rings. The up-stream
side of the trap features two decelerating electrodes designed to remove axial kinetic
energy from ions entering the trap. The decelerating electrodes are made of OFHC
copper. The geometry of the decelerating rings is chosen to minimize the transverse
kinetic energy of incoming ions by minimizing fringing fields and thus generating
equipotential surfaces as parallel as possible. Each of the decelerating electrodes

can be biased independently and the electrodes are insulated from each other and
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Figure 3.6: Cut-away schematic of the two-magnet trap electrode struc-
ture. The Penning trap is shown in the center of the assembly with the
entrance and exit ion optics.
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the rest of the trap and supporting structure by MACOR rings. On the down-
stream section of the trap assembly is an einzel lens for focusing and collimation of
the ejected ions from the trap traveling towards the hyperbolic einzel lens, which
focuses the ions onto ion detectors. The einzel lens electrodes are made of OFHC
copper. All OFHC copper electrodes are polished to near-mirror finish. As with
the one-magnet trap, MACOR and stainless steel components are air baked to a

temperature of ~ 230° C.

3.4  Detection Systems

A variety of detectors have been incorporated into the one-magnet and two-
magnet Penning trap experimental setups. Faraday cups are used in tuning the
ion extraction beamline. Micro-channel plate (MCP) detectors are ideal for small
signals and short pulses and are the primary diagnostic tool used in the Penning
traps. Micro-channel plates are charge amplifiers which rely on micro-capillaries
for electron multiplication initiated by an energetic or charged particle striking the
surface of the plate. The first operational MCP detectors were built in the 1960s
and reviews by Leskovar [62] and Wiza [63] discuss the details of MCP detector
operation.

MCP detectors have the useful feature of providing high gain (=~ 10° electrons
/ incident charge) in a wide variety of geometries. A particular type of MCP design,
the “chevron” [64], (sometimes referred to as a “V-stack”) has been chosen for the

ion detectors used here. The chevron design relies on a pair of micro-channel plates
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which are pressed together with the angle of the micro-capillaries opposing each
other, forming a “V” shape when shown in cross-section [64]. The main advantage
of this design over a single MCP, or parallel oriented plates, is that the secondary
electron gain is increased while secondary ion production from the electron avalanche
is suppressed. This leads to more accurate ion count rates.

In addition to ion detection, photon detection has been used to study ions
in the Penning trap. Charged particle detection relies on ions being ejected from
the Penning trap. However, detection of photons emitted from stored ions has the

advantage of making it possible to study ions while stored inside the Penning trap.

3.4.1 Position-sensitive detector

A position-sensitive micro-channel plate detector (PSD) has been used for
reliable beam diagnostics as the beamline optics are tuned to optimize ion capture.
The PSD ion detector (Quantar Technology 3395A) consists of three MCPs mounted
in a “chevron-plus-one” arrangement for charge amplification in front of a resistive
anode encoder (RAE) [65] for position measurements. This configuration provides
a gain of &~ 107 electrons/incident particle.

The PSD is operated in a fully saturated mode, in which an incident particle
creates an electron avalanche. The resulting electron pulse is then accelerated to-
wards the RAE. The RAE has a circular arc terminated geometry [65]. Each of the
four corners of the RAE are connected to independent current pre-amplifiers. When

the electron pulse strikes the RAE, the charge flows towards the four corners of the
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anode. The relative current measured at each corner is linearly proportional to the
incident position of the electron pulse on the RAE [65]. Therefore, it is possible to
reconstruct the spatial distribution of the incoming current pulse.

After each event, the electron pulse is shaped to produce a fast (=~ 500 ns)
transistor-transistor-logic (TTL) pulse that can easily be counted using a fast analog-
to-digital converting (ADC) counter. The active diameter of the PSD is 40 mm. The
spatial resolution of the PSD is dz/x ~ 1/320, or ~ 125um. The dark count rate

is ~ &8st

in continuous operation. When used in Penning trap ion detection, the
detector is gated in time such that the background count rate is essentially zero.

Due to the overhead associated with position calculations, ion count rates greater

than 10° s~! tend to cause detector pile-up leading to unreliable ion count data.

3.4.2 Time-of-flight MCP

Experiments revealed that ion capture efficiency is sufficiently high to cause
ion count rates on the PSD detector to exceed 10° s~! when ejected from the trap in a
pulse ~ 20—40 ns wide. The charge-state separation of ejected ions is = 100—500 ns
when a typical trap float voltage of 2.9 kV is used. To accommodate these features of
ion capture experiments, a fast time-of-flight (TOF) MCP detector has been added
to the two-magnet Penning trap apparatus. The TOF MCP is mounted on a linear
1D translator upstream from the PSD, allowing easy selection of each detector.

The time-of-flight MCP detector (Photonis AP-TOF 51003) is a chevron type

with a disc head and an 8 mm active diameter. It can be operated in either a
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proportional, charge-amplifying mode, or in a fully-saturated, event-counting mode.
In the event-counting mode, a pulse has a rise/fall time ~ 350 ps, with a gain
of > 10%. The applied detector bias voltage (between the front and back MCP)
is typically 1500 V in the proportional mode and 1700 V in the event-counting
mode. For ion detection, the front MCP is biased negative to allow the signal to
be measured near ground potential. The gain curve is shown in Fig. 3.7. The solid
black points are the gain specifications provided by the manufacturer. The red curve
is a fourth-order polynomial fit to the data. The use of the TOF detector for ion

beam tuning is discussed in §4.3.4; and for charge state evolution in §5.1.2.

3.4.3 Light collection setup

The two-magnet trap apparatus is equipped with an optical setup to allow
collection of light emitted by ions stored in the trap. The optical setup discussed here
is the initial configuration for studying fluorescence from weak forbidden transitions
in stored highly-charged ions. As shown in Fig. 2.5, there is an embedded aspheric
lens (Edmond Optics NT46-342) with a numerical aperture of NA = 0.18 and focal
length of FL = 13.9 mm to collect light emission from the ion cloud. A schematic
of the optical setup is shown in Fig. 3.8. Light from the aspheric lens is focused
towards the detector by two 50.8 mm concave lenses (Thorlabs LE1076-A) mounted
in a lens tube, followed by one 25.4 mm convex lens (Thorlabs LB1471-A) mounted in
a reducing lens tube. The fixed distance between the concave lenses is 110 mm, and

the distance from the second concave lens to the convex lens is 71 mm. An optical
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Figure 3.7: TOF micro-channel plate gain curve (Photonis).
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Figure 3.8: Schematic view of the optical setup. Distances are shown
in mm. The distance between the concave lenses is 110 mm and the
distance from the second concave lens to the convex lens is 71 mm. The
optical interference filter has a central wavelength of A\, = 440 + 2 nm
with a bandwidth of 10 nm (FWHM).
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interference filter is mounted in front of the photon counting detector (Hamamatsu
H7421-40). The photon detector is a solid-state GaAsP photocathode with a 5 mm
active diameter and a quantum efficiency (QE) of ~ 40 % at the peak wavelength
A = 580 nm. The lens tube assembly is mounted on an XYZ linear translator
with micrometer control to allow for the alignment and adjustment of the optical
setup. The lens tube is inserted into a re-entrant window on the top flange of
the ion trap vacuum chamber, with its axis aligned with the embedded aspheric
lens in the Penning trap ring electrode. The interference filter can be changed to
select a transition of interest. For example, a narrow band filter with a central
wavelength, A\, = 440 nm and a FWHM = 10 nm (Thorlabs FB440-10) was used
for fluorescence measurements of Ar'3* ions, where the transition of interest occurs
at A = 441.2556(1) nm [66].

Ray tracing calculations were performed to guide the optical design using a
commercial simulation package, OpticsLab. To illustrate, a ray tracing calculation
is shown in Fig. 3.9. Rays radiating from the source located at the center of the
trap are traced through the lens system, assuming BK7 glass for all elements. The
optical filter is not included due to limitations in the software, but is not thought to
greatly influence the path. However, the angle of incidence of the rays through the
filter can cause a shift in the transmission wavelength and has been investigated.
This effect is discussed in §7.5.1. Filters used in initial experiments have specified
operating lifetimes of ~ 2 years. The active surface of the photon detector is located

at the center of the image screen at the rightmost end of the model.
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Figure 3.9: Ray tracing calculation with a light source at the center of
the trap. The solid angle of the aspheric lens is the limiting factor for
transmission. The photon detector is located in the center of the image
screen. An interference filter located between the convex lens and image
screen is omitted.
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3.5 Data Acquisition Equipment

The data acquisition equipment used in ion capture experiments is discussed
here. All high voltage potentials applied to electrodes and detectors are controlled
via remote, low voltage input signals. These low voltage control signals are set using
digital-to-analog (D/A) boards (NI PCI-6703) which are adjusted using control
programs written in LabView. A variety of high-voltage power supplies have been
employed depending on voltage and current requirements. For example, the two-
magnet Penning trap ring electrode potential is set using a supply with a 5 mV
ripple at an output voltage of 5 kV (Canberra 3125).

Experiment timing is controlled using a set of gate / delay generators (Stanford
Model DG535, DG645) to arrange control signals for ion capture, storage, and
ejection to a detector. Timing control signals are referenced to the EBIT extraction
pulse signal and are sent to high-voltage pulse generators (Directed Energy PVX-—
4130), or a high-voltage amplifier (Trek 601B—2). The delay generators are also used
to gate ion and photon detectors.

Ion detection is the primary diagnostic tool used in ion capture experiments.
The PSD system relies on a commercial set of electronics and control programs
(Quantar Technology 2401B) to count ions and analyze spatial information during an
experiment. The PSD ion signal has been coupled to a multi-channel scalar (Ortec
- MCS-PCI) to provide ion count rate data. The TOF ion signal is capacitively
coupled to a pre-amp (Stanford SR445A) in order to detect the ion pulse while

protecting both the electronics and the detector form unintended electrical events.
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A schematic of the TOF detection scheme is shown in Fig. 3.10. In the event-
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Figure 3.10: Schematic of the TOF detection system.

counting mode, the TOF signal is coupled to an MCS (Stanford SR430) with a
minimum bin width of 5 ns and a timing accuracy of 1 ns + 20 ppm of the bin
width. In the proportional mode, the TOF signal is coupled to a digital oscilloscope
(Tektronix TDS5054) which is triggered using a gate / delay generator. The detected

ion number is given by

1 t2

N =
QGTOFRpTerTe t1

V(t) dt (3.7)

where V() is the detected ion signal, ¢, and ¢, are the limits of integration window,
@ is the ion charge, Gror is the gain of the TOF detector, and R,,. and G,,. are

the impedance and the gain of the pre-amplifier, respectively.
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3.6 Vacuum Production

Perturbations from collisions with background gas play an important role in
both ion storage performance and quenching of ion populations. Care has been taken
in the production of the vacuum environment for both the one-magnet and two-
magnet Penning traps to reduce the influence of such perturbations. As discussed
in §3.2.1 and §3.3.1, trap electrodes have been cleaned and baked to help produce
the best possible vacuum environment. Here the process of electrode preparation,
assembly construction, and vacuum production is addressed, with a focus on the

two-magnet Penning trap apparatus.

3.6.1 Cleaning process

Cleaning of parts inserted into the vacuum space is an important step in the
assembly of the two-magnet Penning trap. The vast majority of parts in the trap
assembly have been custom made. Following fabrication, each part is inspected for
use in the apparatus. In the case of electrodes, a procedure in which the electrode
is polished either by hand, or on a lathe is applied. The electrode surface is initially
polished using increasingly finer grains of sand / lapping paper (7 grades in all).
This helps to remove any gross irregularities and tool marks which remain after
fabrication. Next, the electrode is polished using two grades of lapping compound.
The compound helps to penetrate regions that are difficult to access using lapping
papers or cloths. This polishing procedure yields electrodes that have a mirror-like

finish. Electrodes are then inspected again to ensure a proper fit with each other
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and structural pieces. The polishing procedure has been applied to the NdFeB trap
magnets as well. Care has been taken not to remove the thin Ni-Cu-Ni plating that
is used to protect the magnet surface.

After inspection and polishing, the following cleaning process is applied. All
grease / oil is removed through hand washing using detergents. Next, each part
is inserted into a sonicating bath for further cleaning: first using detergent, then
acetone, and finally isopropanol to remove any residue left behind by the acetone.
For temporary storage before assembly, each part is placed in a container of clean

isopropanol. This procedure is repeated for all parts in the trap apparatus.

3.6.2 Vacuum system and bake-out method

The volume of the vacuum chamber (= 35,000 cc) and high number of elec-
trodes (26) requires a variety of vacuum pumps to create a suitable environment for
ion capture experiments. These include two turbomolecular pumps, an ion pump,
and a NEG pump. A schematic of the vacuum system and location of pumps is

shown in Fig. 3.11.

Specified Vacuum Pumping Speeds (1/s)
Pump H, | N, | He | CO

Varian V301 turbomolecular pump | 200 | 250 | 220 | —
Varian V81 turbomolecular pump 50 | 77 | 65 | —
Varian Vacion Plus 55 ion pump - 50 - =
SAES GP-50 ST-707 NEG getter | 200 | — - | 100

Table 3.1: Specified vacuum pumping speeds for the various pumps used in both
the one-magnet trap and two-magnet trap chambers.
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Figure 3.11: Schematic view of the two-magnet Penning trap vacuum
chamber. The locations of the two-magnet Penning trap, the optical
assembly, and the TOF detector are shown for reference. The locations
of the various pumps are also indicated. The highlighted gate valve
separates the ion extraction beamline from the two-magnet Penning trap
apparatus. The distance from the gate valve to the TOF detector is
approximately 80 cm.
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Just prior to assembly, parts are baked in air, when appropriate, at a tem-
perature of ~ 230° C for 30 — 60 minutes. Larger parts require a longer time to
reach full temperature. The trap magnets are rated to an operational temperature
of 180° C and are baked at a temperature of =~ 110° C for a similar duration. This
procedure leads to the formation of a thin oxide layer on the parts which reduces

the diffusion of hydrogen from the bulk material into the vacuum space [67].

3.7 Discussion

Some important details about special tools and facilities employed in exper-
iments with the one-magnet trap and the two-magnet trap, are presented in this
chapter. The main elements used in ion capture experiments are highlighted. Mod-
ifications, improvements, and additions as the apparatus evolved are noted. For
instance, initial tests with captured highly-charged ions have guided improvements
in the two-magnet trap assembly. In particular, the high ion count rates observed
in the one-magnet trap necessitated the addition of the fast TOF detector. Some
details about the vacuum production are also provided since perturbations from

residual background gas is an important consideration for some measurements.
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Chapter 4

Capture of Highly-Charged Ions

As discussed in Chapter 2, the stability condition for confinement of ions in
a unitary Penning trap is more stringent than high-field Penning traps. Efficient
ion capture and storage in such compact traps therefore requires careful choice of
design parameters, as well as optimization of ion pulse characteristics. Here the
techniques for ion extraction, slowing, and capture are presented for the case of
the two-magnet Penning trap because better diagnostics have been added following
initial experiments with the one-magnet trap.

The full system configuration, from the ion source through the extraction
beamline to the ion capture apparatus, are presented in §4.1. To guide the design of
the ion capture trap and beam conditioning components, numerical simulations are
presented in §4.2. An important issue is the electrostatic slowing of fast (= 40 keV)
beams of ions within an & 0.5 cm long region of space prior to entering the trap. The
necessary voltages and switching times for controlling electrodes have been guided
by these simulations, as well as the estimated radial size of a trappable incoming
ion pulse. Section 4.3 addresses charge state selection and ion pulse optimization,
with emphasis on the time width of the extracted ion pulse, and on matching of the
EBIT extraction energy with the Penning trap decelerating potential. Ion capture

timing, TOF pulse narrowing, and capture efficiency are discussed in §4.4.
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Figure 4.1: Schematic overview of the experimental set-up at the NIST
EBIT (NOTE: Not to scale). The main elements of the ion source in-
clude the EBIT and ion optics in the beamline including an analyzing
magnet (AMag). Elements labeled with (*) indicate mounting on re-
tractable translators. The experiment region containing the Penning
trap and detectors is also shown. Broken lines represent the boundary
of evacuated space; pumps are not shown.

4.1 System Configuration

The production of highly-charged ions and ion transport to the trapping appa-
ratus is schematically illustrated in Fig. 4.1. A brief overview of the EBIT is given
in §3.1.1; a more complete description of the capabilities and previous experiments
can be found in the review article by Gillaspy et al. [19]. The EBIT uses a high
energy, high current density electron beam to both create and store highly charged
ions. Ions are extracted from the EBIT by pulsing the voltage on the middle drift
tube (MDT) higher than the upper drift tube (UDT). The details of the NIST EBIT
ion beamline are presented in [59, 60, 68].

The EBIT in combination with the ion beamline is a source of highly-charged

ions. It is a set of electrostatic and magnetic ion optics for transport and analysis
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of continuous and pulsed ion beams. The elements in Fig. 4.1 are grouped into two
main sections of the ion beamline. Section (1), shown from right to left, consists
of the following elements: the first 90° electrostatic bender (EB1), the first set of
four-quadrant electrostatic deflectors (Defll), a retractable Faraday cup (FC1), the
second set of deflectors (Defl2), the first electrostatic einzel lens (BEL1), the second
einzel lens (BEL2), and the second Faraday cup (FC2). Section (2), shown from
top to bottom, consists of the analyzing electromagnet (AMag), the third set of
deflectors (Defl3), the third einzel lens (BEL3), the second 90° bender (EB2), and
the fourth einzel lens (BEL4). The ion beamline vacuum space is isolated from the
capture apparatus via a UHV gate valve and has a base pressure of 2.0 x 1079 torr.
The total path length from the center of the EBIT to the center of the two-magnet
Penning trap is ~ 8 meters.

The ion capture region consists of four main sections. Section (1) consists of
a set of four electrostatic steering plates (SP1), a one magnet trap/einzel lens, and
a retractable Faraday cup (FCA) for ion beam current measurements. Section (2)
makes up the main Penning trap region, and is described below. Section (3) consists
of quadrupole trap/lens (QL1,QL2, and QL3), and a long set of steering plates
(SP3) for focusing and deflection of ions extracted from the Penning trap. Section
(4) consists of a retractable, fast time-of-flight (TOF) micro-channel plate (MCP)
ion detector and a position-sensitive MCP ion detector (PSD). These detectors are
described in §3.4.

The trap electrode stack consists of two decelerating electrodes (DR 1 and
DR 2), and a two-magnet, unitary Penning trap (FEC, RING, and BEC), followed
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Figure 4.2: Simplified schematic diagram of ion capture trap. Ions enter
the trap from the right hand side of the diagram; they are slowed and
focused using the decelerating electrodes (DR1 and DR2) before entering
the Penning trap. Upon ejection, ions are transported through an einzel
lens (EL 1, EL 2, and EL 3) and a set of electrostatic steering plates
which guide toward a time-of-flight (TOF) detector.
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by an einzel lens consisting of three cylindrical electrodes (EL 1, EL 2, and EL 3),
as well as a set of electrostatic steering plates. A simplified schematic of the ion
trap electrode stack is shown in Fig. 4.2. The trap is designed based on a unitary
architecture utilizing rare-earth (NdFeB) permanent magnets and soft iron yoke
pieces to generate and shape the magnetic field required for radial ion confinement.

The details of the Penning trap, including broad design considerations are pre-
sented in [24]. Three trap electrodes, a front endcap (FEC) electrode, ring electrode,
and back endcap (BEC) electrode are used to generate the electrostatic potential
necessary for axial ion confinement. In the mid-plane of the ring electrode are four
equidistant holes to enable atomic and laser beam access. For example, an aspheric
lens is located in one of the holes of the ring electrode for collecting light from stored
lons.

The ion trap, ion optics, and associated support structures are housed in
a room-temperature ultra-high vacuum (UHV) chamber with an operating base
pressure of 7.6 x 1071° torr. High voltage connections are made via commercially
available SHV vacuum feedthroughs rated to 5 kV. All applied potentials, both
static and time-varying, are controlled through a computer interface, the details of

which are provided in §4.4.

4.2 Ton capture simulations

To aid trap construction and system optimization, numerical simulations have

been carried out for a variety of ions with a wide range of initial energies to investi-

7



gate the capability of a compact Penning trap apparatus to slow, capture, and store
ions extracted from the NIST EBIT. Ion capture simulations involve calculations of
the magnetic field in the trap as well as the electrostatic potential of the ion optics
and trap electrodes. The details of the magnetic field calculations, including com-
parisons with measured trap fields, are presented in §2.3.1 and [24]. The magnetic
field in the trap is calculated with QuickField [51], a commercial software package
which uses a finite element method (FEM) [52] commonly used for magnetic circuit
analysis. The measured magnetic field strength is ~ 310 mT in the trapping region
and is in good agreement with the calculated field. The electric field in the trap
assembly is calculated numerically using a Boundary Element Method (BEM), the
details of which are presented in [54]. Briefly, calculations using the CPO sofware
are done by defining electrode surfaces, dividing the surface into individual regions
of charge, and then summing the electric field from each charge segment. The re-
sulting electric field is given by Egs. (2.11) and (2.12). An example of the calculated
on-axis electrostatic potential for ion capture and storage is shown in Fig. 4.4. The
“open” condition is shown in (a) and the “closed” condition is shown in (b). The
applied voltages for each electrode and the critical EBIT parameters are listed in
Table 4.1. For comparison, the typical EBIT shield voltage and MDT high voltage
pulse levels are shown in Fig. 4.4a. An analytic quadrupole potential, shown in Fig.

4.4b, takes the form [47, 24]

2 2
2
TPy (4.1)
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The field coordinates z and r are defined from the center of the trap; V4 is the
applied potential difference between the endcaps and the central ring electrode, V¢
is the overall capture potential, and d is a geometric factor given by Eq. (2.3).
The minimum distances ry and 2, are from the center of the trap to the ring and
endcap electrodes, respectively. As discussed in §2.3, for the two-magnet Penning
trap, r, = 8.5 mm, z, = 4.736 mm, and A = 0.854. The on-axis potential defines
an axial well depth that is determined by the potential difference between the value
at the center of the trap and the axial maximum near the endcaps and is defined
as AV. The axial well depth can be determined in terms of the applied potential
difference V, by fitting the calculated value, AV as a function of V,,. An example of
the calculated on axis well depth is shown in Fig. 4.3.

The two decelerating electrodes, DR1 and DR2, provide a potential gradi-
ent which removes axial kinetic energy from ions entering the trap. In order to
capture ions extracted from the EBIT over a broad range of conditions and with
the lowest possible thermal energy after capture it is important to minimize the
amount of transverse energy added to injected ions. The geometry of the decelerat-
ing electrodes has been chosen to produce electrostatic equipotentials which are as
uniform as possible, minimizing fringing fields which tend to add transverse energy
to trapped ions. Figure 4.5 illustrates the equipotential surface in the decelerating
region. The ion capture apparatus is designed to operate at high voltage, compatible

with slowing and capturing ions entering with energy up to 5 keV/Q.
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Figure 4.3: Calculated on-axis potential as a function of the applied trap
potential V,,. Solid points show specific cases of calculated trap potential
wells. The green line is a linear fit to the calculations.
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Figure 4.4: Calculated on-axis electrostatic potential for the Penning
trap electrode stack. The locations of the electrodes are shown in the
upper most figure, the “open” trapping condition in (a) and the “closed”
condition in (b). The trap center is located at z = 0 mm. The applied
potentials for each electrode are given in Table 4.1. For reference, the
EBIT shield voltage and MDT pulse voltage are shown in (a) along with
the ion pulse entering the apparatus from the right. The BEM calcu-
lated “closed” potential (black) and an analytic quadrupole potential
(red) are shown in (b). The applied trap potential difference is 30 V;
corresponding to an axial well depth of 11.61 eV/Q.
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Trap Parameters

Trap Electrode | Applied Potential (V)

DR1 1300.0
DR2 1600.0
FEC (Low) 2610.0
(High) 2956.8
Ring 2926.8
BEC (Low) 2956.8
(High) 2460.0
EL1 500.0
EL2 1500.0
EL3 500.0

EBIT Parameters

e~ beam Energy 2.5 keV
e~ beam Current 14.4 mA
LDT 500 V
MDT Trap Dump = 400 V
UDT 220 V
Ionization Time 76.0 ms
Analyzing B-field 66.22 mT

Table 4.1: Typical applied trap potentials and corresponding EBIT parameters for
Ar'3* jon production and capture. The EBIT conditions have been chosen to both
maximize ion production and minimize the ion pulse width.
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Figure 4.5: Calculated electrostatic potential in the mid-plane of the
trap for the “open” state in Fig 4.4 (a). In the open state, the front
endcap potential is set below the trap ring electrode potential to allow
ions to enter the trap. The electric field used for slowing ions is shaped
by the decelerating rings to be as uniform as possible so as not to add
transverse energy to captured ions.
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The equation of motion is given by:

mit = QeE(r) + Qer x B(r) (4.2)

where r is the ion position from the center of the trap, Qe is the ion charge, m
is the ion mass, E(r) is the applied electric field and B(r) is the applied magnetic
field. Given the numerically calculated electric and magnetic fields, as well as initial
conditions for both the ion position and velocity, an ion trajectory is computed
by integrating the equations of motion using an adaptive step-size Runge-Kutta
technique [55].

An instructive example is presented in Fig. 4.6, wherein ion trajectories are
calculated as a function of impact parameter, a; (distance from trap axis). Ions are
given initial velocity entirely in the z direction (parallel to the trap axis), representing
the zero emittance beam condition. In this case, the initial transverse kinetic energy
equals zero. Calculated trajectories such as those shown in Fig. 4.6 have been used
to analyze the necessary ion beam conditions for successful ion capture. For example,
the ion kinetic energy after capture is an important quantity which will determine
if ion trajectories will be stable or unstable. The maximum ion kinetic energy after
capture is shown as a function of impact parameter in Fig. 4.7. It is clear that the
deceleration is most effective on-axis, where the initial ion kinetic energy is removed
more completely. As the impact parameter increases, the energy of the stored ion
increases. The potentials on DR1 and DR2 have been optimized to minimize stored
ion amplitudes.

Among the parameters optimized in simulation are: capture timing (f.apture),
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Figure 4.6: Calculated ion trajectories as a function of impact parameter,
a;. The ion trap center is located at z = 0 mm. For the case of a zero
emittance beam, captured ion orbits increase with increasing a;. The
trajectory in red corresponds to an impact parameter of 0.5 mm.
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Figure 4.7: Calculated maximum kinetic energy of captured Ar'3* ions
as a function of impact parameter, a;. The calculation assumes that ions
enter the capture apparatus with no transverse kinetic energy.
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stored ion kinetic energy, and axial and radial amplitudes of trapped ions. An
important calculated quantity is the acceptance range of arrival time for trapping
ions entering the capture apparatus along the trap axis. Ion capture relies on the
precise timing of pulsing up the voltage on the FEC electrode to close the trap. If
the FEC is closed too early, before ions enter the trapping region, they will scatter
off of the trap and not be captured. If the FEC is closed too late, ions will have
entered the trap, turned around, and exited out the FEC, and therefore not be
captured. For a given initial energy and trap well depth, there is a range of arrival
times wherein the trap FEC can be switched closed to confine the ions that have
entered the trap. This quantity is referred to here as the capture time width (CTW)
and can be estimated by calculating ion trajectories with equal initial kinetic energy
and different FEC switching times. For each ion, the capture time is varied in 10
ns steps, and the trajectory is calculated both before and after the FEC switching
occurs. If the ion orbit inside the trap is stable, bound within the trapping volume
for some time set in the calculation, then the ion is considered to be trapped. For
ions injected on-axis, the capture time profile is a flat-top function with a width
defined as the capture time width (CTW). For the case of ArXIV given above,
CTW = 80 ns. This is short compared to high-field Penning traps where the CTW
can range from & 300 ns [69] to ~ 2us [22], or RFQ traps, CTW ~ 100us [10].
Ions that arrive at the trap in a time spread within this time window have the
best chance of being captured and stored together. The calculated CTW imposes
the important constraint: the experimental time for switching the FEC potential

should be significantly less than the CTW. Therefore, the timing delay between the
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EBIT extraction pulse and the FEC switch should be well controlled. Otherwise,

ions arriving within the calculated CTW would be lost.

4.3 Ton Extraction from the EBIT

For the experiments in this work, highly-charged ions are created using an
electron beam ion trap (EBIT) operated at an electron beam energy, E._, ranging
from 2.0 keV to 4.0 keV and an electron beam current, I._, ranging from 6 mA to
150 mA. The NIST ion beamline is optimized for high ion flux [59], necessary in
ion-surface bombardment experiments [20]. In ion-surface experiments, the EBIT
is typically operated in a continuous, high-current mode with I, = 150 mA. In ion
capture experiments, on the other hand, it is very important to obtain tight bunching
of the extracted ions in both space and time; therefore, the EBIT is operated in a
low-current, pulsed extraction mode. The electron beam energy and current are
chosen to optimize the production and capture of the ion of interest. As an example
we now present the case of Ar'®* extracted at an electron beam energy of E,_ =
2.50 keV and electron beam current I, = 14.4 mA.

Ions of interest are created by injecting a gas into the EBIT. Electron-impact
ionization to proceeds for a specified ionization time, before the ions are ejected by
applying a fast voltage pulse. A commercial high voltage switch (Directed Energy
PVX — PVX-4140) is used to rapidly change the applied potential on the EBIT
middle drift tube (MDT) from 0 V to 400 V in = 50 ns of rise time. This voltage

pulse causes the ions to spill out of the trap entering the ion beamline. The EBIT

88



ionization time, the time between ion extraction pulses, also referred to as the
“cooking time”, is typically between 25 ms and 200 ms, depending on the charge
state of interest; lower charge states take less time to produce. The EBIT produces
all possible charge states for a given electron beam energy, current, and ionization
time. As shown in [60], the electrostatic ion optics in the NIST ion beamline are
charge-to-mass insensitive.

When the EBIT ion beam is operated in the continuous extraction mode, ions
enter the beamline with an energy of F;,, ~ QU._peam, where @ is the ion charge
and U, _peqm is the electron beam energy. However, during pulse extraction, the
extracted ions are given an additional ~ 400 eV/Q of kinetic energy due to the fast
switching of the EBIT MDT. Ions leave the EBIT and undergo a 90 degree bend
through an electrostatic bender above the EBIT. All ion charge states present in the
EBIT are extracted from the trap and are guided via electrostatic ion optics toward
an analyzing magnet.

Here, we focus on pulse extraction. Figure 4.8 (a) shows a typical signal
of the extracted ions striking FC2 immediately in front of the analyzing magnet.
The analyzing magnetic field is tuned to allow only a single ion charge state to
pass through the magnet while deflecting all other charge states to the chamber
walls. After filtering out unwanted charge states, the ions of interest are guided to a
second electrostatic bender below the analyzing magnet, which directs the ions into
the capture apparatus. A detailed schematic of the ion capture apparatus is given
in Fig. 3.5.

The ion capture apparatus is equipped with a set of 4 electrostatic steering
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Figure 4.8: Argon ion extraction pulse from the EBIT at NIST for elec-
tron beam energy (E._) and current I._ were 2.50 keV and 14.4 mA,
respectively: (a) before charge state selection, on FC2, and (b) after
ArXIV charge state selection on the fast TOF detector.
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plates and an einzel lens to fine tune the ion beam for the final approach into the trap.
With the remaining elements of the capture trap grounded, the extracted ion pulse
passes through the trap and is detected using a fast time-of-flight (TOF) micro-
channel plate detector. Using the ion signal on the TOF detector, the beamline
and EBIT settings are optimized to get both maximum ion number and minimum
pulse width (s). As illustrated in Fig 4.8 (b), the charge-state-selected ion signal
amplitude is &~ 1.3 V and has a full width at half maximum (FWHM) of ~ 120
ns, corresponding to ~ 1400 ions / extraction pulse passing through the trap. The
TOF signal amplitude and FWHM are optimized by tuning all of the electrostatic
elements in the ion beamline and capture apparatus, as well as by fine tuning the
analyzing magnetic field. It is also important to fine tune the ion optics to match
the EBIT ion extraction energy: this is necessary to get the narrowest possible ion

pulse while maintaining a large amplitude (> 0.5 V) ion signal.

4.3.1 Coarse ion beam tuning

Since all charge states produced in the EBIT are transported by the beamline,
it is necessary to optimize the extracted ion pulse prior to charge state selection. As
illustrate in Fig. 4.1, the EBIT beamline is equipped with multiple Faraday cups
which can be used for tuning the extracted ion beam. The tuning of the ion beam is
performed using the second Faraday cup (FC2) in the ion beamline. FC2 is located
approximately half way between the EBIT trap center and the ion capture trap.

FC2 is also located ~ 20 cm from the entrance aperture of the analyzing magnet.
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Figure 4.9: Signal on Faraday cup # 2 (*) during pulsed extraction of
argon ions created in the EBIT.

Since the distance from the EBIT to FC2 is long compared to the distance from
FC2 to the analyzing magnet, optimizing the ion signal on FC2 ensures that the
ion beam is aligned with the entrance of the analyzing magnet. The ion signal is
monitored using a low-noise current pre-amplifier (Stanford SR570) connected to
a digital oscilloscope (Tektronix TDS 2024B). In the pulsed extraction mode, the
current pre-amplifier is operated on the 2 pA/V scale, which has a bandwidth of 1
MHz, to avoid lineshape distortion from saturating the instrument. An example of
an FC2 ion signal is shown in Fig. 4.9

The signal on Faraday cup # 2 (*) is sensitive to the tuning of the ion optics
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Figure 4.10: EBIT ion extraction FC2 signal strength as a function of
the electron beam current

in the beamline, as well as the conditions inside the EBIT. The FC2 ion signal is
optimized for high signal amplitude (overall ion number) and narrow pulse width.
In particular, the signal amplitude is sensitive to the electron beam current. The
ion signal dependence on the EBIT electron beam current is shown in Fig. 4.10 for
argon ions extracted at an electron beam energy of ~ 4.0 keV/Q. As the electron
beam current is increased, the ion signal increases, which is to be expected since
the electron impact ionization rates are proportional to the electron current density.
However, given the fact that all ion charge states are transported to FC2, it is

important to note that the highest electron beam current regime is not necessarily
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the desired regime for ion production of a particular charge state. The issue of

charge state production inside the EBIT is addressed in [19, 1].

4.3.2 Single charge state selection: mass scan

After pulsed extraction, charge state selection is an the next step in isolating
a single charge state for storage in a trap. The ion pulse extracted from the EBIT is
guided to an analyzing magnet which bends the trajectory of an ion with a specific
charge-to-mass ratio (¢/m) around a 90° bend. A charged particle will undergo
uniform circular motion in a uniform magnetic field. For a given bend radius r, set
by the beamline geometry, ion beam velocity v, and charge state g/m, the magnetic

field is given by

B=—- 4.3
- (43)
where the ion velocity v is given by
2F
=1/—. 4.4
v=y/2 (14)

In the approximation that the ion energy E' = qU,._, where U,_ is the EBIT

shield potential, the analyzing magnetic field needed for ion transport through the

g1 2l (4.5)
r\ g

The magnetic bend radius is nominally 20.3 cm [59]. The magnetic field is fine

90° bend is given by

adjusted by either measuring the ion beam current on a faraday cup in the ion
capture apparatus, FCA, or by using the TOF detector down-stream from the two-
magnet trap (see Fig. 4.1. During the one-magnet trap experiments, FCA was
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Figure 4.11: Charge-state selection mass scan - Argon 4.5kV/Q.

primarily used for magnetic field tuning, because the fast TOF detector was not yet
installed. An example of a magnetic field “mass scan” is shown in Fig. 4.11.

The FCA signal has been measured in a pulse detection mode in order to
determine the number of ions entering the trap apparatus. The incident ion pulse
striking the Faraday cup (FCA) is measured using a fast transimpedance amplifier
(Femto HCA-200M-20K-C) with a gain of 20 kV/A and a frequency bandwidth
of 200 MHz. The output signal is further amplified by a factor of 5 before being
measured on a digital storage scope. An example of the detected Ar'®* signal is
shown in Fig. 4.12. The detected number of ions is ~ 5300 ions / EBIT pulse with

a pulse width of ~ 120 ns.
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Figure 4.12: ArXIV ion extraction pulse observed on the upstream Fara-
day cup FCA. The detected pulse converts to an extracted ion number
of Npca =~ 5300 ions / pulse.
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4.3.3 Ion beam imaging: minimizing spot size

The ion beam entering the Penning trap apparatus is not guaranteed to be
aligned with the trap axis. Given the three 90 degree turns and a total flight path
of nearly 8 m, small misalignment of the ion beam can become significant when
propagated to the Penning trap. In early tests with the one-magnet trap, ion beam
detection was performed using a position-sensitive MCP detector (PSD) on the
down-stream side of the trap. The details of the detector are presented in §3.4.1.
This beam imaging capability was useful in studying the beam conditioning by the
various beamline elements, including possible space charge effects that are not easily
modeled.

The one-magnet trap apparatus also served to optimize the extracted ion pulse
before entering the two magnet trap. An example of the ability of the one magnet
trap to act as an einzel lens is shown in Fig. 4.13. A tight focus is obtained by
applying 160 V on the ring electrode relative to the endcap electrodes. The spot
size in the focused condition is &~ 2 mm round. In the de-focused and over-focused
conditions, the ion beam spot has a diameter of ~ 10 mm, which is the size of the

endcap holes along the trap axis.

4.3.4 Optimizing the ion beam TOF signal

Prior to capture, in addition to minimizing the beam spot near the capture
trap, the ion signal on the TOF detector is optimized to obtain maximum ion number

and minimum pulse width (s). With the capture trap and neighboring electrodes
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Figure 4.13: Ion beam imaging using an MCP detector backed by a resis-
tive anode for X-Y position encoding (PSD). Bare neon nuclei (Ne!")
passing through the one-magnet ring electrode can be focused to a beam
diameter of ~ 2 mm (top). A larger spot size results if the ring potential
is too low (bottom left) or too high (bottom right).
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Figure 4.14: ArXIV ion extraction pulse passing through the Penning
trap observed on a TOF detector. The electron beam energy (E._) and
current (I._) were 2.50 keV and 14.4 mA, respectively.

grounded, the extracted ion pulse passes through the trap and is detected using a
fast time-of-flight (TOF) micro-channel plate detector. Figure 4.14 is an example
where the optimized ion pulse has a TOF pulse amplitude of ~ 1.2 V and a full width
at half maximum (FWHM) of ~ 120 ns. The ion signal amplitude and FWHM are
optimized by tuning all of the electrostatic elements in the ion beamline and capture
apparatus, as well as fine tuning the analyzing magnetic field. Significant pulse
degradation results if the ion optics are not matched to the EBIT ion extraction

energy. In order to obtain the narrowest possible ion pulse while maintaining a
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strong (> 0.5 V) ion signal, the capture trap electrodes must be floated to mach the
EBIT floating potential. Capture efficiency will be low if the ion TOF pulse width

is large compared to the transit time in the capture trap.

4.4 Capturing the ion pulse

Tons are captured by applying a time-varying potential (= 10 V/ns) to the
front endcap trap electrode, with magnitudes and timing guided by simulation as
discussed in §4.2. Table 4.1 lists the typical potentials applied to the front endcap
electrode before and after capturing Ar'3* ions. The timing sequence for ion extrac-
tion and capture is shown in Fig. 4.15. A schematic showing the triggers and high
voltage pulses for various electrodes is shown in Fig. 4.16.

Initially, the front endcap potential is set below the ring electrode (FECL) to
allow ions to enter the trap. As ions enter the trap, they are decelerated between the
ring and back endcap electrode. The back endcap is set at a potential greater than
the ring (BECH). Ions entering the trap will stop and then turn around, heading
towards the front endcap. As the ions slow in the trap, the front endcap potential is
switched from the low voltage (FECL) to the high voltage (FECH) with a slew rate
of = 10 V/ns. The “capture time,” the time at which the entrance endcap electrode
is switched to close the trap, is varied experimentally to maximize the amount of
ions captured per pulse. A measurement of the optimal ion capture time is shown
in Fig. 4.17. Tons are captured and stored for 1 ms before being counted by ejection

to the TOF detector.
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The shape of the ion capture time profile is largely attributed to the extracted
ion pulse. As described in §4.2; in the case of an infinitely narrow pulse of ions
entering the Penning trap on-axis, the capture profile takes the shape of a flat-top
function with a width of 50 ns to 110 ns depending on the trapping conditions.
Typically, the capture time is chosen at the peak of the profile. In the case of Ar'3+
at an electron beam energy of 2.50 keV, the optimal capture time occurs at 17.48
us after EBIT extraction.

The optimal capture time is related to the transit time between the EBIT and

the two-magnet Penning trap. An ion of charge ¢ and mass m, extracted through

the beamline, will move a distance L, in a time ¢ given by

L L
d d
[y e — o
o v(z) q Jo 2(V,=V(x))
where v(x) is the ion velocity and V' (z) is the electric potential at each position

along the flight path. Accept for close to beamline elements (lenses, etc.), V(x) =~ 0.
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Figure 4.17: Stored ion counts for various capture times obtained from
the integrated TOF signals. The associated TOF signals for the points
in red, (a), (b), and (c) are shown in Figure 4.18. Ions were stored for 1
ms. The data points represent the average of 64 trials each.

In this approximation, Eq. (4.6) reduces to

m
t=1Ly|—. 4.7
o (4.7)

The arrival time for a variety of captured charge states is shown in Fig. 4.19. Here

the expected dependance is observed and used as a confirmation of the captured ion
charge state at a given extraction energy.

Another important parameter for optimizing ion capture is the overall float
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before the optimal capture time, (b) at the optimal capture time, and
(c) after the optimal capture time.
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voltage, Vi, applied as an offset to all electrodes in the trap assembly. The float
voltage is used to match the incoming ion energy, setting the amount of energy that
is removed from the ion pulse during capture. The importance of energy matching
in ion capture is illustrated in Figures 4.20 and 4.21. The trap float voltage, V¢
is optimized to obtain a high capture rate and narrow TOF signal of ejected ions.
The number of ions stored, after 1 ms, is measured as a function of the trap float
voltage. There is a broad maximum between 2880 V and 2940 V wherein the number
of detected ions per EBIT ion pulse is greater than 350. However, the width of the
TOF signal drops steadily over that same voltage interval. The narrowing of the
TOF width as a function of the float voltage indicates that as V- is increased, the
energy matching is improving between the Penning trap and the energy distribution
of the incoming ion pulse. At a certain point, V- becomes too great and the number
of captured ions begins to decrease significantly. This decrease of captured ions
occurs simply because some of the incoming ions do not have enough kinetic energy
to reach the trapping region.

A comparison of the TOF signal for two float voltages in Fig. 4.21 further
illustrates the importance of energy matching in ion capture. In the case of low
float voltage, the ions enter with energy higher than the trap well minumum and
a double peak structure is observed in the TOF signal, with FWHM =~ 31 ns. In
contrast, when the floating voltage is optimized, the TOF signal is stronger by over
a factor of 3, single peaked, and narrower, with FWHM =~ 18.5 ns. The dramatic
difference depicted in Fig. 4.21, can be attributed to the ion pulse kinetic energy
relative to the potential responsible for slowing the ions. It is important for the TOF
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Figure 4.20: Penning trap float voltage, Vi, optimization. Figure (a)
shows the number of ions detected, per EBIT ion pulse, averaged over
64 pulses, after 1 ms of storage. Figure (b) shows the TOF width of the
ejected ion pulse. The applied trap well, V, = 30 V, and optimal capture
time teqprure = 17.43 8.
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Figure 4.21: TOF signal of stored ions ejected after 1 ms of storage in
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signal to be single peaked because if it is not, lower charge states detected after long
storage times [24] can be misinterpreted as being part of the initial captured charge
state. The narrower and higher amplitude TOF signal at optimal float voltage
suggests that the captured ions are colder than those captured with mismatched
float voltage. A hotter cloud will tend to have a broader axial spatial distribution
inside the trap. The ion cloud distribution will tend to be concentrated at the axial
turning points in the trap upon ejection. This effect can be large enough to observe
a double peak structure when the capture float voltage is mismatched. In addition,
there is a shift in the TOF arrival time between the optimized and mismatched
extraction pulse due to the kinematic energy imparted to ejected ions at different
float voltages. Ions ejected at a higher trap float voltage will arrive at the TOF
detector sooner than those ejected at a lower float voltage. Details of ion ejection

to the TOF detector are discussed in §6.3.

4.4.1 Ton capture efficiency

Simulations show that ions in a zero emittance beam entering the trap, ne-
glecting space-charge effects, and arriving at a common time, can be captured with
100 % efficiency provided the beam radius is less than 2 mm. Observed capture
efficiency is less than 100 % because ions are extracted from an EBIT in pulses
wherein the ions have a velocity spread. We have discussed some ways of reducing
the velocity spread to maximize capture efficiency.

The ion capture efficiency can be estimated from the detected number of ions
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after 1 ms of storage, compared with the number of ions in the extracted EBIT pulse
that entered the Penning trap. The number of extracted ions entering the trap can
be estimated using three numbers: (a) the number of extracted ions measured on
FCA, Npca; (b) the number of extracted ions measured on the TOF detector when
the trap is grounded, Nyy; and (c) the number of extracted ions measured when
the trap is biased statically with the front endcap set for capture, the ring set for
storage, and the back endcap set for extraction, Ngy. The measured ion number

from each of these methods is shown in Table 4.2.

Ar'3* jons detected per EBIT pulse
Method Measurement | Dectected Ion number
FCA (before trap) Nrca 5275
TOF, grounded trap Noy 1418
TOF, biased trap Nyvy 687

Table 4.2: Measurement of the number of Ar'3* jons in the EBIT extraction pulse
under three conditions. Npgca is the number of ions measured on a Faraday cup
before the trap. Ny, and Ngy are the number of ions measured on the TOF detector
when the Penning trap is fully grounded and biased for capture, respectively.

These measurements of ion transport can be compared with results of simula-
tions. Calculations of the ion beam transport have been carried out assuming both
a uniform spatial beam profile and a Gaussian spatial beam profile. Trajectories
have been calculated for ions entering the one magnet Penning trap lens and ter-
minating at the TOF detector. The case of a uniform incoming beam assumes a
sharp cutoff at the beam edge with a radius defined as Rp. The incoming beam is
assumed to have zero emittance, meaning that the ion’s velocity is entirely along the

Penning trap axis. The results of the uniform case are shown in Table 4.3.  Here
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Uniform beam: Calculated Ar'3* ions detected per EBIT pulse

Method Calculation Detected Ion number
TOF, grounded trap Noy 673
TOF, biased trap Nyy 282

Table 4.3: Calculation of the Ar'3* ion detection efficiency for the two through beam
cases. The incoming beam is uniform with a radius of Rz = 5.025 mm. The total
number of ions in the incoming beam calculation is 5275.

the calculated ion detection efficiency is lower than measured, indicating that the
EBIT beam profile is most likely non-uniform. There is experimental evidence for
the non-uniform profile shown in Fig. 4.13. In the case of a tightly focused beam,

the radial density profile is roughly Gaussian and takes the form

N, r?
= ° —— 4.8
o) = G, O ( 2323) (48)
where N, is the total number of ions and Rp is the half-width of the beam. The

number of ions in a particular section of the beam is given by

N = /T2 2mro(r) dr (4.9)

1
where r; and ry define the radial limits of the beam of interest and the 27r factor
accounts for azimuthal weighting. The Gaussian description assumes zero emittance,
and the results are presented in Table 4.4.

The Gaussian profile is in closer agreement with the measured ion throughput
in both the grounded and biased case. The effect of ion beam emittance has been
investigated and could account for the remaining discrepancy between measurement
and calculation. The number of detected ions is really a lower limit of the number
of ions in the trap because it is not guaranteed that the ion detection efficiency is
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Gaussian beam: Calculated Ar'3* ions detected per EBIT pulse

Method Calculation Detected Ion number
TOF, grounded trap Noy 1637
TOF, biased trap Nyvy 709

Table 4.4: Calculation of the Ar'3* ion detection efficiency for the two through beam
cases. The incoming beam is Gaussian with a radius of Rp = 2.0 mm. The total
number of ions in the incoming beam calculation is 5214.

100 %. This effect is discussed in detail in Ch. 6. Therefore, we estimate that the
number of captured Ar'3* ions is between 300 and 700 per EBIT cycle.

Based on comparisons between measurements (see Table 4.2) and calculations
(see Table 4.3 and Table 4.4) of the ion transport through the Penning trap, we
estimate that the number of ions entering the Penning trap is ~ 1500 per EBIT
cycle. The capture efficiency is estimated by taking the ratio of the number of
captured ions to the number of ions entering the Penning trap. The ion capture

efficiency is estimated to be ~ 20 — 45 % for a typical ion capture experiment.

4.5 Discussion

The capture of highly-charged ions in a compact Penning trap is demonstrated
for the first time, using a novel unitary architecture. This provides a new method
in the continuous effort to study atomic systems in a well controlled, isolated en-
vironment. The techniques developed and presented here are anticipated to make
possible other planned experiments. These techniques include the optimization of
extracted ion beams from the EBIT, capture timing, and energy matching to obtain

the lowest possible energy clouds.
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Ion capture simulations have guided the apparatus design and ion capture
operation. Specialized electrostatic lenses and decelerators near the unitary Penning
trap are used to focus and slow the incoming ion pulse. Simulations provide a good
approximation for the timing, energy, and radial extent of the incoming pulse that
can be captured. For example, incoming ion pulses with a diameter of < 5 mm,
and arriving within 80 ns of the front endcap closing time, can be captured in the
two-magnet trap.

The operation of the EBIT in a low electron beam current mode is crucial for
the optimization of the extracted ion pulse. With the lower electron beam current,
the space charge influence on the energy distribution is reduced significantly. This
produces a pulse that is more sensitive to energy matching of the ion beamline
optics. With greater sensitivity to the ion optics it has become possible to fine tune
the pulse alignment with the Penning trap axis and timing for capture.

Ion capture timing and energy matching of the Penning trap are the two
major parameters which determine the run-to-run performance of the ion capture
apparatus. The ability to select a narrow arrival time and kinetic energy of the
incoming ion pulse allows for the control of the captured ion number and ion cloud
temperature. Finally, the ion capture efficiency has been shown to depend not only
on the properties and control of the Penning trap, but also on the characteristics of

the incoming ion pulse.
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Chapter 5
Ion Confinement in a Unitary Penning Trap: Empirical

Characterization

Both the one-magnet and two-magnet Penning traps have proven to be ef-
fective in capturing highly-charged ions extracted from an EBIT. As discussed in
Chapter 2, the stability criterion for such compact architecture is more restrictive
than for multi-Tesla traps. In this chapter, observed behaviors of stored ions are
presented to characterize ion confinement and highlight salient features. The ion
confinement time, charge-state evolution, and the temperature of captured ions have
been investigated. Some factors affecting ion confinement, such as electron capture
from residual gas atoms, are discussed.

Fully stripped neon (Ne!%"), which could be used to synthesize one-electron
ions in Rydberg states, is used to study the one-magnet and two-magnet traps.
The ion confinement time in the one-magnet trap for Nel®t is presented in §5.1.1.
The ion confinement time in the two-magnet trap is presented in §5.1.2 using the
fully resolved TOF signal of Ne!®T ions; the unresolved TOF signal of Ar'3* is also
analyzed in §5.1.3. Charge exchange is an important loss mechanism. The charge-
state evolution is clearly observed without the need for lineshape fitting when the
TOF peaks for each charge state are fully resolved. For Ar'3*, for which the TOF

peaks are not fully resolved, it is necessary to fit the TOF lineshape to obtain an
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accurate ion count.

In §5.2 the temperature of captured ions is obtained by analyzing data from
a slow ion ejection technique similar to the technique used in previous high-field
Penning trap experiments [14], except that ion optics are needed where the magnetic
field is weak. The slow ion ejection measurements are presented in §5.2.1 for the

case of Ar'3t

ions. The ion cloud temperature is related to the ion mobility and
size of the plasma. The ion cloud temperature dependence on the storage time and
background gas pressure is investigated in §5.2.2 and §5.2.3, respectively. Initial
observations provide evidence for buffer gas cooling of the ion cloud, suggesting

that the ion cloud temperature obtained in the slow-ejection measurement can be

the starting point for experiments to further cool the highly-charged ions.

5.1 Ton Storage Lifetime

A variety of highly-charged ions have been captured and stored in both the
one-magnet and two-magnet Penning traps. The techniques used in ion capture
have been discussed in Ch. 4. In the interests of evaluating the trap design and
construction, and of evaluating the new Penning trap for precision measurement, a
study on the ion storage lifetime has been carried out for a variety of trapped ions.

The storage lifetime of an ion can be influenced by processes such as charge
exchange, as well as elastic and inelastic collisions with residual neutral gas molecules
that lead to loss from the trap. These effects are pressure-dependent and are related

to the neutral gas density in the trap. In addition, there are pressure-independent
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factors that influence the ion stability in general, such as trap imperfections and
the relative alignment of the electrode structure, as well as ion charge state and
trapping fields in a unitary Penning trap. The measurement technique and results
from ion capture and storage experiments are shown for select ions in the one-magnet
and two-magnet trap. Results revealing charge exchange in the two-magnet trap
are also presented to demonstrate the usefulness of the apparatus for ion collision

investigations.

5.1.1 Ton Storage in the One-magnet Trap

The measurement technique for determining the characteristic storage lifetime
is similar to that found in Suess et. al. [49]. In short, ions are captured in the
Penning trap, confined for a given “storage time”, and then ejected and counted on
an ion detector located downstream. An example of a measurement with captured
NeXT ions is shown in Fig. 5.1. Ions are counted using the position-sensitive detector
(PSD) discussed in §3.4.1.

The ion storage lifetime is determined by fitting a single exponential, with zero
background, to the ion count data as a function of the storage time. The number

of ions in the trap as a function of time is given by
N(t) = N,e /" (5.1)

where N, is the initial number of ions in the trap and 7 is the ion storage lifetime.
For the case of Nel®" capture, the characteristic storage lifetime is ~ 1 s at a

background pressure of 1.3 x 107 torr. The reduced chi-square goodness-of-fit,
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Figure 5.1: Storage lifetime measurement for NeXI ions captured in a
one-magnet Penning trap. lons are detected with the position-sensitive
MCP detector (PSD). Data before 500 ms is rejected due to detector
saturation effects caused by high ion count rates in the ion dump signal.
The background pressure in the system was 1.3 x10~? torr. The data is
fit using Eq. (5.1); here x?/v = 1.20.
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xX2/v = 1.20. A storage lifetime of order 1 s is sufficiently long to be useful in
spectroscopic experiments. In addition, the observed storage lifetime indicates that
the trap electrode structure is well aligned and co-axial with the magnetic field.
Misalignment of the trap electrode structure produces a torque on the ion cloud,
causing the ions to be driven out of the trap radially.

The ion storage lifetime can be affected not only by pressure-dependent loss
processes, but also by the trapping conditions used in a unitary Penning trap. In
order to investigate some of these pressure-independent effects, ion storage data
was taken at different trapping conditions. One example is the dependence on the
applied potential difference between the ring and endcap electrodes, V,. Results
from an ion storage measurement at two different well depths is shown in Fig. 5.2.

The two well-depth operating conditions used were V, = 40 V and V, = 120
V yielding storage lifetimes of 1.02 4+ 0.08 s and 0.58 £+ 0.02 s, respectively; the
reported uncertainties are purely statistical. The fitted storage lifetime results have
X?/v = 1.20 and x*/v = 0.9, respectively. This result is counter-intuitive when
contrasted to the traditional Penning trap in a uniform magnetic field, where one
would expect the storage lifetime to be longer for a deeper axial well depth and
shorter for a shallower well. One possible explanation arises from the non-uniform
magnetic field in a unitary Penning trap. In a uniform field trap, if the stability
condition (see Eq. (2.6)) is satisfied at one point, then an ion can be confined
anywhere in the trapping volume. However, in the case of the one-magnet trap,
the non-uniform magnetic field gives rise to a position dependence in the stability
condition.
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Figure 5.2: Storage lifetime measurement for NeXI ions captured in a
one-magnet trap, for two different well depths. Ions are detected with the
position-sensitive MCP detector (PSD). Data before 500 ms is rejected
due to detector saturation effects caused by high ion count rates in the
ion dump signal. The background pressure in the system was 1.3 x107°
torr.
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Figure 5.3: Stability diagram for a trap with hyperbolic electrodes and
an cylindrical magnet embedded in the ring electrode. The boundary of
stable ion orbits is shown for well depths of 45 V (blue) and 125 V (red).
Ion orbits where z is less than the boundary are stable.

A simple model wherein a single magnet trap embedded in a hyperbolic ring
electrode illustrates this dependence. Figure 5.3 shows a calculated stability bound-
ary for a single magnet trap embedded in a hyperbolic electrode geometry for well
depths of 45 V shown in blue and 125 V shown in red. When z is less than the value
of the boundary, an ion orbit can be stable in the trapping volume, and for V, = 45
V, the stability region is larger than for V, = 125 V.

Qualitatively, the stability region is pushed towards the ring electrode as V,

120



is increased. This occurs because the Lorentz force due to the magnetic field near
the center of the trap can not balance the radial outward push of a potential well
that is too steep. Since the magnetic field actually increases towards the magnet
walls, the trap is better able to support ion orbits that are farther from the center
of the trap. Another possible explanation for the improved storage at lower applied
potential well depths has to do with the ion energy and is addressed later in this

chapter using the two-magnet Penning trap.

5.1.2 Ton Storage in the Two-magnet Trap: Fully Resolved TOF

Simulations suggested that the two-magnet trap design should help improve
the capture and storage capabilities, compared to the one-magnet trap. The most
notable improvements are in electrode design and magnetic field uniformity, the
details of which are presented in Chapters 3 and 4 [24]. The storage capabilities of
the two-magnet trap were investigated by measuring the ion storage lifetime, using
the technique presented in the previous section. In the two-magnet apparatus, to
avoid saturation from high count rates, the ion detection was upgraded to include
a fast TOF detector that is capable of resolving different charge states ejected from
the trap. The ability to resolve individual charge states has enabled measurements
of the injected-ion loss rate, as well as the total ion loss rate in the trap.

Measurements of the ion storage lifetime reveal an improvement in the two-
magnet apparatus, in part due to lower vacuum base pressure and the better align-

ment of precision machined electrodes. Two charge states of interest are shown as

121



examples. In this section ion capture studies involve Nel%* | for which the TOF
signal is fully resolved. In §5.1.3 we study another interesting ion, Ar'3*, for which
the TOF is mostly, but not entirely resolved. It will be evident that the two-magnet
trap apparatus is very useful for investigating both trapping dynamics and charge
exchange (CX) reactions (charge state evolution) at low energies.

We briefly summarize the concept of time-of-flight (TOF) mass spectroscopy,
by considering the kinematic TOF for an ion transported from a trap at a high
potential, V| to a detector at ground potential. For a detector at a distance x from
the trap, the TOF, ¢, is given by

X
t="=.
v

(5.2)

For and ion of charge ) and mass m, v is given by

e 62

Substituting Eq. (5.3) into Eq. (5.2) the ion TOF for a given charge to mass is
given by
xr  [m
t=—,/—=. 5.4
Vv @ G4
Considering two ions of the same mass and different ionization, the charge state

separation for these 2 ions leaving the trap is given by

At:x\/g(\/lQ_Q—\/;_l), (5.5)

where (); is the first charge state to arrive at the detector and () is a lower charge

state, arriving at the detector later in time. Depending on the charge-to-mass ratio
and the applied trap potential, the charge state separation may or may not be large
enough for successive charge states to be fully resolved in time.

122



The case of Ne!®* illustrates the situation where ejected charge states are fully
resolved. As shown in Ch. 3, the TOF detector signal is capacitively coupled to
a pre-amplifier and then recorded on a digital storage scope. The TOF detector
is typically operated in the proportional mode wherein the detected ion number is
determined by integrating the voltage signal obtained on the storage scope over a
time window bracketing the charge state of interest. An example of the TOF signal
obtained 1 ms after capture of Ne'" is shown in Fig. 5.4. Here the EBIT was
operated at an electron beam energy E._ = 2.5 keV and the Penning trap applied
potential well V, =10 V.

The number of ions detected is calculated using Eq. (3.7). In the case shown in
Fig. 5.4, Q = 10e, where e is the elementary charge and the TOF gain was 1.3 x 10°.
The pre-amp has a fixed impedance R,,. = 50 € and a fixed gain Gp,. = 5. The
integration limits are ¢t; = 1.09 us and t; = 1.45 ps. This yields a detected ion
number of N ~ 85 ions.

The EBIT and Penning trap are operated in a pulsed extraction and capture
mode; therefore, the integrated ion number, N, is the “per shot” average in 64 shots.
To count ions of a different charge state, the integration window and ion charge are
adjusted such that the integration is performed over the arrival time of the charge
state of interest. An example of detected lower ion charge is shown in Fig 5.5. After
a storage time of 1 s, TOF peaks are observed for charge states as low as Ne™™.

The stored ions can capture electrons from the background gas atoms and
molecules. The charge state evolution in time can be studied by counting the number

of ions of each charge state as a function of the storage time. An example of the
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Figure 5.4: TOF ion signal average in 64 EBIT pulses. Bare neon nu-
clei (Nel") were ejected to the TOF detector 1 ms after capture. The
background pressure in the system was 1.3 x107Y torr. The integration
window for the arrival of Ne!®" is shown by the dashed vertical lines.
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Figure 5.5: Electron capture by Nel®" ions during 1 s confinement. The
background pressure in the system was 1.3 x107? torr. After 1 s of ion
storage, charge states as low as Ne™" are seen in the trap. TOF ion
signal average in 64 EBIT pulses.

charge state evolution in the trap is shown in Fig. 5.6. Shortly after capture, only
Ne!®* ions exist in the trap. However, since the background gas pressure is non-
zero, the bare neon has a probability of undergoing a collision or charge exchange
reaction with the residual neutral gas present in the trap region. See Chapter 3 for
a discussion of the vacuum production and background gas composition.

The dacay in the Ne'" ion number fits the exponential function shown in
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Figure 5.6: Charge state evolution upon capture of Nel®". Representa-
tive uncertainties are plotted on each charge state curve. Solid lines are
shown for clarity and are not fitted results. The background pressure in
the system was 1.3 x107? torr.

Eq. (5.1). As the Ne!'®" population decreases, the low charge state ion populations
increase, up to a point; but eventually, the lower charge state ions are also lost from
the trap. The total detected number of ions ejected from the trap is obtained by
adding the measured ion number from each charge state.

The ion stability in the trap has been studied for both the captured charge

state and the sum of charge states. The Ne!°t storage lifetime and the sum of
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Figure 5.7: Measured storage lifetime for Ne!%* and the sum of detected
charge states. The background pressure in the system was 1.3 x107°
torr.

charge states storage lifetime are shown in Fig. 5.7. The Ne!'%" storage lifetime
at a background pressure of 1.3 x107? torr is measured to be 7 = 1.09 £ 0.01 s
and the storage lifetime of the sum of charge states is 7 = 2.56 £ 0.03 s.! Here
x%/v = 0.95 for both exponential fits. The Ne!%" storage lifetime represents the
lifetime due to all collisional processes, including charge exchange, and any heating

(radial acceleration) due to trap imperfections in the electrode structure or magnets.

!Uncertainty shown is entirely statistical.
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Figure 5.8: Pressure dependent ion loss measurement for NeXI ions. An
applied potential well of V, = 10 V was used.

The ion storage lifetime of the sum of charge states is an estimate of the characteristic
ion cloud expansion rate at a given pressure.

The pressure dependence of the ion storage lifetime has been studied and a
linear relationship has been observed. The results of the pressure dependent ion
loss measurement at a potential well depth of V, = 10 V are shown in Fig. 5.8.
The Nelt ion loss rate is systematically higher at each pressure than loss due to

ion cloud expansion. The charge exchange rate is approximated by the difference
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between the total Ne!®" loss rate and the loss rate due to ion cloud expansion. At

the base pressure in this measurement of 9.2 x 10719 torr, the Ne!®*

storage lifetime
is 7 =1.62 4+ 0.02 s and the sum of charge states storage lifetime is 7 = 3.85 4+ 0.07

s. As shown in Chapter 7, ion storage lifetimes of order 1 s are useful for various

spectroscopic measurements.
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Figure 5.9: Pressure dependent ion loss measurement at two potential
wells. Ne'®* jons captured and stored in an applied potential well of V,, =
10 V and V, = 40 V. The results for Ne!®* include all loss mechanisms.
The results for the sum of charge states represent loss due to ion cloud
expansion.

As in the one-magnet trap, the applied potential well has significant influence

129



on the storage lifetime, due to change in the size of the stability region. The pres-
sure dependence suggests another mechanism. The results of a pressure dependent
measurement of the storage lifetime for the case of AV =10 V and AV =40V are
shown in Fig. 5.9. As in the case of the one-magnet trap, the ion storage lifetime
is longer in the lower axial well depth. One possible explanation, in addition to
the trap stability, is that ion energy is important, as suggested by Fig. 5.23 which
suggests that the ions in the 10 V axial well are colder. Here, the ion stability
region in the trap is important, but the non-uniform magnetic field dependence has
been significantly suppressed, by design, in the two-magnet trap. Also, the elec-
trode alignment is presumed to be improved because all indexing of the electrode

assembly has been done using precision machined components.

5.1.3 Ion Storage in the Two-magnet Trap: Unresolved TOF

13+ jllustrates the situation wherein

The case of capture and storage of Ar
ejected charge states are not fully resolved in time. The relative charge-to-mass
ratio in the case of Ar'®* and Ar'?T is smaller than the case of Ne'®* and Net,
which makes the charge state separation smaller in time for Argon ions. In fact, the
charge state separation is such that the Ar'3* TOF peaks can not be fully resolved
in time. Therefore, the technique for determining the ion number for each charge
state presented above yields results which underestimate the ion number at early

times. In the case of neon, it is possible to define a fixed integration window in

time, because any small changes in the TOF lineshape, for example, narrowing of
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the line due to a decrease in the axial ion temperature, is small compared to the
width of the peak and small compared to the charge state separation. However, in
the case of Argon, the TOF lineshape plays an important role in the determination
of the number of ions of each charge state, especially at short (< 100 ms) storage
times. An example of the evolution of the TOF lineshape for capture of Ar'** and
production of lower charge states is shown in Fig. 5.10. The first peak corresponds
to Ar'®*, and the successive peaks correspond to production of lower charge states
from Ar'?* to Ar'" by charge exchange with the residual background gas. As the
storage time is increased, the minimum between the Ar'3* and Ar'?* shifts to a

13+ peak becomes more narrow. In fact, at long storage times,

lower time as the Ar
the charge states become more resolved. This suggests that the deduced ion number
will be artificially low if a fixed time window is chosen based on an upper time limit
located at the minimum between the Ar'3* and Ar'?* for a storage time of ~ 1 s;
when this integration window is also applied to the early storage time signals, some
truncation of the longer time signal results.

The solution to the issue of overlapping charge states in the TOF signal is
to fit the lineshape to an analytic function and integrate the function in order to
get a better measurement of the actual detected number of ions for each charge
state. A variety of lineshapes, both symmetric and asymmetric, were considered
and tested; finally, a lineshape described in [70] was selected. The lineshape used

takes the form of an asymmetric Lorentzian and has been used to interpret molecular

ro-vibrational spectra [70]. The lineshape is obtained by starting with a symmetric
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Figure 5.10: Ar!3* ion capture and charge state separation for storage
times of 1 ms, 100 ms, 500 ms, and 1 s. Here the trap chamber pressure
was P = 8.1 x 10719 torr.
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Lorentzian function given by

A,
2 [(t — )2 + (72—0)2}

where A is the area under the function, ¢, is the location of the line center, 7, is the

L(t) = + B, (5.6)

full width at half maximum (FWHM), and B is a constant background level. The
symmetric lineshape assumes a time-independent width, which is not in agreement
with the observed lineshape on the TOF detector. The symmetric lineshape can
be modified by allowing the line width to be time-dependent. With the following

substitution for ~,,

2%

= (5.7)

v(t)

where v, is the symmetric linewidth and c is a parameter setting the degree of
asymmetry in the line. The time-dependent linewidth ranges from 0 to 2v,. For ¢
= 0, the symmetric linewidth is recovered. For ¢ — —oo, the linewidth becomes
shifted entirely towards long times; and for ¢ — +o0, the linewidth is shifted entirely
towards short times. The time-dependent linewidth for the case of ¢ = 0 and ¢ = +

0.4/, is shown in Fig. 5.11. The slope of the time-dependent linewidth is given by

dry ceclt=to)
T —WV@), (5.8)

and near the line center, t,, the slope can be expanded as

d’YN o 1 3 2 3
g STy TR (t—1t,)"+0O(t—1,). (5.9)

Here it is clear that the degree to which the line is asymmetric is determined by the

magnitude of c. The full form of the lineshape is obtained by substituting Eq. (5.7)
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Figure 5.11: Time-dependent linewidth for asymmetric Lorentzian line-
shapes for the case of ¢ =0, and ¢ = £ 0.4/7,.

into Eq. (5.6) and is given by
1 A,
(]_ + ec(t—to)) . 2
(t —1t,)* + (ﬁ)

An example of the full lineshape for the case of ¢ = 0 and ¢ = +0.4/7, is shown in

Lo(t) =

+ B. (5.10)

Fig. 5.12. For the case of ¢ = 0, the symmetric Lorentzian lineshape is recovered.
The case of ¢ < 0 is weighted heavily towards later time; and the case of ¢ > 0 is
weighted heavily towards earlier time.

The single asymmetric function, L,(t) is useful as a first approximation to
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the observed lineshape on the TOF detector. However, in the case of Ar'®* TOF
detection, there is sufficient structure in the early storage time signals that it is
necessary to fit the data with a sum of asymmetric Lorentzian functions. In later
storage times, the charge states are sufficiently overlapped that it is again necessary
to fit the TOF signal with multiple L, () functions in order to extract the fraction
of the signal that corresponds to a particular charge state.

An example of a short storage time TOF signal for Ar'®* is shown in Fig.
4.18b. This signal is obtained at a storage time of 1 ms, when the charge state is
entirely Ar'3t. Tt is possible to fit the data to a sum of three L,(¢) functions given
by

fa(t) = La1(t) + Laa(t) 4 Las(t) (5.11)

where L, (t) corresponds to the early arrival time component of the signal, Lgo(?)
corresponds to the mid-time arrival component, and L,3(t) corresponds to the late
time arrival component. Each function L (t), has a corresponding amplitude A;,
arrival time t,;, width ~,;, and asymmetry parameter ¢;; where the subscript ¢ refers
to component 1, 2, and 3.

The ion signal is fit using a commercial software package (IDL) which employs
a Levenberg-Marquardt non-linear least squares technique described in [55]. The
corresponding number of ions is obtained by integrating the fitted function, f3(¢),

where the expression is similar to Eq. (3.7) and is given as

1 b2
N = t)dt 5.12
QGTOFRprerre /tl f3( ) ( )

where the detector gain factors are determined by the hardware settings described
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in §3.4.2. An example of an Ar'*™ TOF signal and corresponding fit to f3(¢) is
shown in Fig. 5.13. The storage time here is 1 ms and the base pressure in the trap
is 8.1 x 10710 torr. The integrated ion number obtained from the fit is 294, which
is consistent with the number obtained using numerical integration with Eq. (3.7).

As the ion storage time increases, the lineshape changes such that the function
f3(t) no longer reliably fits the data. This condition occurs when the early arrival
peak amplitude drops to zero. Therefore, the TOF signal is fit with the sum of two
L, (t) functions,

fo(t) = Lo (t) + Laa(t) (5.13)

where L, (t) corresponds to the strong observed peak and Lgs () corresponds to the
long-time shoulder that continues to be observed.

An example of an Ar'** TOF signal and corresponding fit to f»(t) is shown
in Fig. 5.14. The storage time here is 50 ms and the base pressure in the trap
is 8.1 x 1071 torr. The integrated ion number obtained from the fit is 263, which
is consistent with the number obtained using numerical integration with Eq. (3.7).
One possible explanation for the observed change in the lineshape of the TOF peak
may be associated with the temperature and spatial distribution of the ion cloud
while in the trap. These issues will be addressed in the remaining sections of this
chapter.

The cases of 1 ms storage and 50 ms storage are chosen to illustrate the ability
of the asymmetric Lorentzian function to fit the observed TOF lineshape when there

is a single charge state present in the trap. As the storage time increases, Ar'3* ions
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Figure 5.13: Fit of the three asymmetric Lorentzian function, f3(t), to
an Ar'3* ion signal obtained after 1 ms of storage at a base pressure of
P = 8.1 x 107! torr. The integrated number of ions obtained from the
fit is 294 which is consistent with the number obtained via numerical
integration of 296.
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Figure 5.14: Fit of the two asymmetric Lorentzian function, f5(¢), to an
Ar'3* ion signal obtained after 50 ms of storage at a base pressure of
P = 8.1 x 107! torr. The integrated number of ions obtained from the
fit is 263 which is consistent with the number obtained via numerical
integration of 264.
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begin to undergo charge exchange reactions with the background gas in the chamber,
as shown in Fig. 5.10. Fitting the TOF signal is very important between 100 ms
and 1.25 s, when the background pressure is 8.1 x 10719 torr, where a significant
fraction of the ion signal is unresolved in time. An example of an ion signal with
charge exchange present and a fit to the data using fo(t) (see Eq. (5.13)) is shown
in Fig. 5.15. Here L, (t) corresponds to Ar'®*" ions and L,y (#) corresponds to Ar'**
ions. The ion storage time is 500 ms and the base pressure in the chamber is again

13+ peak is 114. At storage

8.1 x 10719 torr. The integrated number of ions in the Ar
times greater than 1.25 s, the TOF peaks become sufficiently separated and the
technique of integrating a fixed window in time becomes valid.

The ion storage lifetime has been measured for Ar'3* using the fitted peak
results from f3(t) and fo(t), as well as fixed width numerical integration, where
appropriate, to determine the detected ion number. An example of the ion storage

13+ at a base pressure of 8.1 x 10710 torr is shown in Fig. 5.16.

lifetime for Ar
The measured ion storage lifetime, 7,55 = 578(17)stat(10)syst ms, is obtained for an
applied potential difference of V, = 30 V and a capture float potential of V. = 2926
V; here x?/v = 0.92. The systematic uncertainty is estimated by performing the
TOF peak integration using a fixed time window (see method in §5.1.2) and using
the fitted lineshape and then comparing the results. Here the ion storage lifetime
obtained with the two methods differs by 10 ms.

The trap storage lifetime can be measured as a function of the background
trap pressure. An example of a measurement for Ar'®* is shown in Fig. 5.17.

Here the applied trapping potential is V, = 30 V and capture float potential is
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Figure 5.15: Fit of f5(t) containing two asymmetric Lorentzian functions
to an Ar'®* and Ar'?* ion signal. The storage time was 500 ms and the
chamber pressure was 8.1 x 107! torr. The integrated number of Ar3+
ions obtained from the component L, (t) fit result is 114.
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V. = 2926 V. The pressure-extrapolated ion loss lifetime is 7p—p = 1.18(5)stat (1)syst S;
here x?/v = 0.93. For comparison, a linear fit yields x*/v = 1.20. Again, the
systematic uncertainty is estimated by comparing the result obtained using the fixed
integration widow technique and the lineshape fitting technique. The inverse of the
zero-pressure storage lifetime is taken to be the inherent ion cloud expansion rate
due to trap instabilities that depend on ion charge-to-mass, trap imperfections, and
applied trapping potential. The expansion rate is also, in principle, a function to
the ion cloud temperature. The ion cloud temperature is addressed in the following

section.

5.2 Temperature of captured ions

The thermal energy of captured ions, stored in the Penning trap, is of general
interest for a wide range of measurements, including spectroscopic measurements
on isolated ions. For example, Doppler broadening due to thermal motion of an
ion can be an important source of uncertainty in precision measurements. The
thermal energy of the captured ion cloud is also important for investigating ion-ion
and ion-neutral collisions. In addition, the ion cloud shape and size is related to
the temperature. The cloud shape is important for interpretation of the time-of-
flight lineshape. This section examines the ion cloud temperature both immediately
after capture, as well as the temporal evolution as a result of collisions with neutral

background gas.
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5.2.1 Slow ion ejection energy measurements

We are interested in the thermal energy of stored ions; however, current lim-
itations do not allow non-destructive, in-trap measurements to be made. Since the
primary detection technique used is through ejection of the stored ions to the TOF
detector, we have adopted a technique developed in high-field Penning traps [14].
In high-field traps, the ion energy is measured by slowly lowering the axial potential
well and correlating the arrival of ions at a detector with the applied voltage on
the electrode. This method relies in part on the presence of a strong magnetic field,
along the long trap axis, to ensure ions are not lost to the electrode walls as they exit
the trap. In addition, in long traps made of stacks of many electrodes, the minimum
of the trapping well remains fairly fixed in space, along the trap axis. In the case of
the compact Penning trap, the axial magnetic field drops rapidly, inside the BEC
electrode; also the potential well minimum can shift by a significant fraction of z,
when the trap is biased asymmetrically.

The ion optics for ejected ions is optimized to maximize the detected ion signal.
In the interests of minimizing transport losses during the energy measurement, the
ring electrode has been used to allow the ions to escape from the trap. An example
of the ion arrival at the detector as a function of the ring ramp time is shown in
Fig. 5.18 The ion cloud energy, 1 ms after capture, has been measured by slowly
ramping the trap ring electrode voltage up, decreasing the axial potential well, and
allowing ions to spill out of the trap. The transit time for an ion leaving the trap

and arriving at the TOF detector is ~ 1.2 us. Since the ring electrode potential is
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Figure 5.18: ArXIV ion arrival measurement during a slow ramp extraction.
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slowly ramped at a rate of 0.1V / us it is possible to correlate the arrival time of
ions at the TOF detector with the applied voltage. The TOF detector was operated
in the fully saturated event-counting mode, with a detector bias voltage of -1700 V.
The detected ions were counted using a fast multichannel scalar (SRS-SR430) that
was triggered to begin acquisition when the ring electrode began ramping.

The applied potential ramp is shown in Fig. 5.19. To correlate the applied
potential well with the ion energy, the trap well depth is multiplied by the ion
charge, Q). As illustrated in Fig. 5.14, at a storage time of 1 ms, the ion population
is entirely Ar'3*. In order to get a reliable energy scale calibration it is necessary
to measure the temperature at short storage times before charge exchange reactions
take place.

The results of an ion energy measurement are shown in Fig. 5.20. Given
the applied voltage on the ring and endcap electrodes, the axial well depth was
calculated at each time step of the measurement. For the two-magnet trap, the

actual well depth is determined to be

AV = 0.388V, (5.14)

The calculated on-axis potential well is used to correlate the ion energy with the
number of ions arriving at the TOF detector. The observed ion energy distribution
has a thermal energy width of 5.5 4+ 0.5 eV. This captured ion energy represents
a factor of ~ 60 reduction in the ion temperature from inside the EBIT [31]. This
measurement gives the initial ion cloud temperature before any active cooling tech-

niques have been applied to the cloud. One can expect that much colder clouds can
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Figure 5.19: Applied axial potential V,(¢) employed in slow ramp extrac-
tion and the calculated axial potential well depth, AV () (Vyen(?)).

be achieved if evaporative or sympathetic cooling techniques are applied.

5.2.2 Buffer-gas narrowing of the TOF linewidth

The TOF linewidth contains information about the ion cloud shape and tem-
perature. The thermodynamics of an ionized gas that influence the ion cloud shape
and temperature are addressed in detail in §6.2. Intuitively, the ion cloud axial

size is essentially set by the thermal energy and the trapping fields. Due to the
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Figure 5.20: ArXVI ion temperature measurement after 1 ms of storage.
The measured ion energy width is 5.5(5) eV, corresponding to a trap
axial well depth of AV =0.42 V.
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Figure 5.21: Narrowing of the Ar'*™ TOF width as a function of time.
The background gas pressure was 8.2 x 1071? torr, with measured cooling
lifetime of 4.5+ 0.3 s.

trap axial potential well, an ion requires more energy to be located in a position
farther from the trap center. A narrowing in time of the TOF width implies a cloud
that is axially less extended than the captured cloud. Therefore, the narrower TOF
width suggests a lower ion cloud temperature. An example of narrowing of the TOF
linewidth of Ar'3* ions is shown in Fig. 5.21. The background gas pressure here is
8.2 x 1071 torr. The time variation of the TOF linewidth has been fit to a single

exponential function, yielding a time constant of 4.5 + 0.3 s.
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A similar phenomenon of TOF line narrowing has been observed in heavy-ion
experiments in an RFQ trap [10]. In RF(Q experiments, high pressure buffer gasses
have been used to cool incoming ion beams and stored ion clouds through collisions
with the buffer gas. If we interpret the TOF narrowing in Fig. 5.21 as buffer gas
cooling, with rate I'., then for the case of Ar'3*, I', = 0.22 & 0.01 s~. This cooling

rate depends on the mobility of the ion, which is discussed in §5.2.3.

5.2.3 Ion mobility data

Buffer-gas cooling of trapped ions depends upon the ion mobility [71]. The
ion mobility can be related to the drag force on ions in a Penning trap [72] which
in turn leads to an exponential radial ion expansion rate. lon transport theories
indicate that ion mobility improves with lower temperature [73]. For a swarm of
ions in the presence of a background gas with density N and temperature 7', the

mobility is given by [73]

3 MNP
K=Y _ 21 T m+ _ e (5.15)
E N kaBTeff M Q(l’l)(Teff)

where v, is the ion drift velocity, E is the electric field in which the ions move, ¢ is
the ion charge, kg is Boltzmann’s constant, m is the ion mass, M is the neutral par-
ticle mass, and QY (T') is the temperature-dependent momentum transfer collision

integral [74]. The effective ion temperature, T, is given by [73]
3/2kpT.;r = 3/2kpT + 1/2Mv3(1 + ) (5.16)

where a and § are correction terms which are typically smaller than 0.1 [73]. The
set of ion mobility equations are solved recursively; a theoretical treatment requires

151



knowledge of the initial conditions of the ion cloud.

Although we cannot measure the ion mobility directly, the ion cooling rate can
be inferred as shown in §5.2.2, which gives the observed buffer-gas cooling rate I'.
for Ar'3* as a function of injected Ny gas pressure. To investigate the effect of ion
mobility on the buffer gas cooling rate the background gas pressure has been varied
over two orders of magnitude. The pressure-dependent ion cooling rate for Art®* is
shown in Fig 5.22. It is obtained from the reciprocal of the fitted buffer-gas cooling

time at each Ny gas injection pressure. The pressure-dependent ion cooling rate has
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Figure 5.22: Ar'3* cooling rate as a function of pressure. The applied
axial potential was V, = 30 V.

been fit to both a linear and quadratic function, with the quadratic fit giving a more
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accurate description. Here x?/v = 1.1 for the quadratic fit and x*/v = 1.4 for the
linear fit. With the low buffer gas pressures, roughly four orders of magnitude lower
than those used in RFQ experiments [10], the ion cooling rates observed here for low
pressure are modest. Nevertheless, ion mobility improves with lower temperature,
as Eq. (5.16) indicates. This implies that ion cloud expansion should be slower at
lower temperatures. Our observations are consistent with this expectation. Figure
5.9 shows that ion cloud expansion is slower in a AV = 10 V well depth than in a
AV =40 V well depth; TOF analysis indicates that the ion cloud in the AV = 10
V well is colder. A comparison of the TOF width at these two well depths is shown
in Fig. 5.23. The AV = 10 V data shows a factor of ~ 2 reduction in the measured
TOF width compared to the AV = 40 V case. Ions in the deeper potential well
(AV = 40 V) exhibit narrowing of the TOF width similar to that shown in Fig.
5.21. Ions in the shallower potential well (AV = 10 V) exhibit a TOF width which

is essentially unchanged during storage.

5.3 Discussion

The storage lifetime, temperature, and charge state evolution have been char-
acterized here for some ions of interest, in both the one-magnet and two-magnet Pen-
ning traps. Confinement of ions is demonstrated for a range of trapping well depths
ranging from applied axial potentials of 10 V — 40 V. In these room-temperature
traps, ion confinement times of ~ 1 s have been achieved for a variety of ions, cap-

tured at beam energies ranging between 2.5 keV/Q and 4.0 keV/Q, where Q is the
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ion charge state.

Experiments with the one-magnet Penning trap indicate that the electrode
alignment is sufficient to provide long confinement times, limited by background gas
pressure. This is a major milestone for developing more sophisticated unitary Pen-
ning traps. Given the ease of construction, operation, and low cost of production,
the one-magnet unitary Penning trap may find other applications in both labora-
tory and field-deployed instrumentation. In general, ion capture tends to be more
resource intensive and technically challenging than in-trap loading of low charge
state ions. The deployment of the one-magnet Penning trap at the EBIT facility at
NIST has demonstrated the usefulness of unitary architecture in applications with
severe space constraints.

The two-magnet trap and apparatus incorporated new features and improve-
ments: in particular, the addition of the time-of-flight MCP detector to provide
accurate ion counting and facilitate studies of the charge-state evolution inside the
trap. The cases of ion capture of Nel" and Ar!'** have been presented in detail
to illustrate the fully-resolved and unresolved TOF signals. With the ability to
investigate charge-state evolution at low energy in a controlled environment, the
two-magnet Penning trap apparatus could be useful in studies of interest in astron-
omy, collision theory, and plasma diagnostics. With further technical improvements
in the high voltage control systems, operation at a lower extraction float voltage
may lead to higher TOF resolution.

Before the application of any cooling technique, the temperature of Ar'3*

ions captured in the two-Magnet Penning trap is & 5.5 eV, a significant reduction
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in thermal energy when compared to ~ 350 eV inside an EBIT ion source [31].
In short, the effective starting energy for measurements in the Penning trap has
been reduced by a factor of 60. In addition to the initial thermal energy reduction
from ion capture, a measurable buffer-gas cooling has been observed even for low
pressures in the form of narrowing of the TOF lineshape. Initial measurements
indicate collisions with residual background gas tend to narrow the TOF linewidth
at arate of I'. = 0.2 ns / s (FWHM / storage time). Further investigation into the

thermal evolution of the ion cloud is necessary to extract precise cooling rates.
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Chapter 6
Model of the Stored Ion Cloud

6.1 Overview

The dynamics of a single ion in a trap has been presented in Ch. 2; the
thermodynamical behavior of a collection of interacting ions stored in a trap is
presented in a model here. Numerical computations are compared with time-of-
flight data to develop a simple model. This model provides a rough understanding
of observed TOF features, a consistency check for temperature determinations, as
well as ion cloud characteristics of interest in some experiments. The long-time (=
1 s) ion cloud expansion, for example, is important in the measurement of radiative
lifetimes of metastable states. In particular, the ion cloud expansion rate is included
as a correction to the measured lifetime of the ?Pjs/o state in Ar'®*, presented in
Chapter 7.

Ions loaded into the two-magnet Penning trap will undergo collisions both
with each other (ion-ion) and with background gas particles (ion-neutral). The
effects of ion-neutral collisions (elastic collisions, charge-exchange, etc.) on the ion
storage lifetime have been investigated in Ch. 5. The ion-ion (Coulomb repulsion)
interaction upon capture brings about thermal equilibrium if sufficient time has

lapsed for collisions to thermalize the ion cloud. An estimate of the single species
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thermalization time in seconds, derived by Spitzer [75], is given by

11.4AY/2T3/2
tp=——— -
nZ4ln A

(6.1)
where T is the temperature of the ion cloud in Kelvin, A is the atomic mass number,
Z is the ion charge number, In A is the Coulomb logarithm, and n is the particle

density given in cm™3.

For ion densities of ~ 10* cm™3, corresponding to roughly
300 — 1000 trapped ions in the two-magnet trap, thermalization times ranging from
te. ~ 30 ms to t, ~ 9 ms are estimated for Ar'3* ion clouds with 7" ~ 64,000 K
(kgT = 5.5 eV). The thermalization time is short compared to the measured ion

cloud expansion times presented in §5.1.3. Therefore, a model assuming thermal

equilibrium can be useful for predicting ion cloud characteristics for long time scales.

6.2 Thermal Equilibrium

A numerical study of the ion cloud conditions has been carried out, to under-
stand the shape and density of ion clouds in the two-magnet Penning trap. The
analytic form of the ion cloud distribution inside the trap is not easily attainable,
if at all. Therefore, numerical computations using the EQUILSOR code [76], devel-
oped by Spencer, et. al. have been carried out to solve for the ion cloud density
distribution in the two-magnet Penning trap. The EQUILSOR code is based upon
Poisson’s equation

V3¢ = —?n(r, z) (6.2)

where Q is the charge of the ion, and the ion cloud spatial density, n(r, z) is a function
of the total potential ¢, in turn. Thus, Eq. (6.2) is a non-linear, partial differential
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equation for the electric potential ¢. The thermodynamic relation between the
density and the potential ¢(r, z) is discussed in §6.4.

Calculations for a single ion species have been performed, since ions extracted
from the NIST EBIT are charge-state selected before isolation in a Penning trap.
The trap electrodes are assumed to be cylindrically symmetric, coaxial, and posi-
tioned in a region of uniform magnetic field. The ion cloud is assumed to be in
thermal equilibrium. The code uses a finite difference Newton SOR (simultaneous
over-relaxation) method [55] to solve for the potential and the ion density distribu-
tion. Various tests of the code have been performed including a low-temperature
electron cloud calculation presented in §6.5.

When an ion cloud is in thermal equilibrim, the electrodynamics of the system
— whether it behaves as a gas or a plasma — depends upon the cloud size relative to
the Debye length (§6.4 Eq. (6.6)). A case of experimental interest is considered here.
Based on measurements of the ion cloud temperature and the number of detected

ions, Fig. 6.1 shows the computed ion distribution for Ar3*+

at a temperature of 5.5
eV and N = 300, with a central density n, ~ 4.6 x 10 m=3. At a temperature
of 5.5 eV, the Debye length, (See Eq. (6.6)) Ap ~ 2 mm, which is roughly the
size of the ion cloud itself. Since the density is not uniform, the ion cloud size
is characterized by the width of the distribution evaluated at the half height. The
radial and axial dimensions of the ion cloud are referred to as r, and z,, respectively.
The radial profile of the 300 ion cloud is shown in Fig. 6.2 (black), as well as the
cases of 500, 700, and 1000 ions. Due to the high temperature and low number

of particles in the ion cloud, the radial size is much smaller than the Debye length.
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Figure 6.1: EQUILSOR computation of Ar'®** ion cloud density n(r, z).
Given an ion number N = 300 and cloud temperature 7' = 5.5 eV, the

central density is n, ~ 4.6 x 10" m=3.
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Figure 6.2: Radial distribution of Ar!'3* ions in the two-magnet trap,
calculated using the EQUILSOR code. The number of ions ranges from
N = 300 to N = 1000, the central density, n, ~ 10" m~3, and the ion
cloud temperature is T'= 5.5 eV.

On the other hand, the corresponding axial density profile is shown in Fig. 6.3.

For an applied trap voltage of V, = 30 V computations yield an ion cloud aspect
ratio, & = z,/r, = 2.85. The axial size of the ion cloud is essentially set by the
temperature; for simplicity, only the case for N = 300 ions is shown. Here the axial

ion cloud size is not much smaller than the Debye length: A\p > z,.
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Figure 6.3: Axial distribution of Ar'3* ions in the two magnet trap,
calculated using the EQUILSOR code. The number of ions is N = 300,
the central density, n, ~ 4.6 x 10* m™3, and the ion cloud temperature

is T

= 5.5 eV. The axial size of the ion cloud is essentially set by the

temperature. Only the case for N = 300 ions is shown for simplicity.
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6.3 Ion transport: computations and TOF data

Information about the ion cloud shape, size and temperature can be obtained
by properly interpreting the TOF data obtained when ions are ejected from the
trap rapidly. In principle, when the BEC electrode (Fig. 4.2) is switched quickly
(= 50 ns), the spatial and velocity information about the stored ions dictates the
ion transport to the detector and hence can be extracted from the TOF lineshape.
Consider a static ion distribution in the trap, (71, 21,%1), it is possible to define a
transfer function, Fy(r : 1,2 : z1,t : t1), that maps the in-trap distribution to the
detector region (r, z,t); ions are detected at time ¢ if they arrive with coordinates
(r,z) within the active area of the TOF detector. Formally, the transfer function

can be written as

Np(r,z,t) = ZZ ZF[(T ir1, 20 21,t s t1)Ne(ry, 21, t) (6.3)
1

T1 21

where Np(r, z,t) is the number density of ions transported to a position, r and z
on the TOF detector at a time ¢, No(ry, 21,t1) is the ion number density in the trap
as a function of the initial position and time (71, 21,¢;) and can be specified by the
thermal density.

In practice, Fy(r : ri,z : z1,t : t1) is a matrix of calculated arrival times and
locations for a given initial location inside the trap. Numerical calculations of the ion
transport function from the trap to the TOF detector have been performed using the
BEM technique [54] and the details will be presented here. Much like the ion capture
calculations presented in Ch. 4, single particle trajectories have been calculated for
ions originating in the trap and being ejected to the TOF detector. Initially, the trap
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potentials are set in the storage condition with stored ions distributed at location
ry and z;. For the case of Ar'3*, the applied electrode potentials are specified in
Table 4.1: the applied trapping potential, V, = 30 V. At t = 0, a linear voltage
ramp is applied to the BEC electrode, with a rise time consistent with the measured
switching time of ~ 50 ns. The fast switching of the BEC electrode causes the
ions to leave the trap and move towards the TOF detector. The ion trajectory is
integrated through the space containing the trap einzel lens, steering plate sets 2
and 3 and the RF trap / einzel lens electrodes and the TOF detector. In this way,
it can be determined if an ion leaving the trap from an position r; and z; will strike
the TOF detector or not, and the arrival time is computed if it strikes the active
area of the detector.

A molecular dynamics (MD) type computation would provide the most de-
tailed treatment including velocity distributions. Although feasible, MD simulations
can be time-consuming even for 300 ions. To get a simple approximation, a heuris-
tic treatment of the velocity distribution is used here. The initial kinetic energy is

specified to be consistent with the measured ion temperature given by

KEy(r,z) =T. — QV(r,z2) (6.4)

where T, is a cut-off ion energy and V(r, z) is the trap potential. From this relation
the velocity is also a function of (r, z) unless QV (r, z) > T, for which K E,(r, z) is ill-
defined. In addition, the CPO software requires K E,(r, z) > 0; therefore, in the case
that QV (r, z) > T,, the initial kinetic energy is arbitrarily specified as K E,(r, z) <<

T, =~ 0 to allow the inclusion of points in the tail of the density function that require
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more energy than the fitting parameter 7, allows, while ensuring that ions located
near the mid-plane of the trap will have the expected kinetic energies approximated
by Eq. (6.4).

Tests have been carried out to find the radial range in which ions can be
detected when quickly ejected from the trap. Optimizations of the calculations
required the trap space to be divided into a grid of initial r» and z values ranging
from —2 < z < 2 mm and 0.025 < r < 1 mm with a step size of Ar = Az = 0.05
mm. For simplicity, the same spatial grid is used in the BEM and EQUILSOR
calculations.

An application of the calculated transfer function for the detected r; and z;
positions is shown in Fig. 6.4. It gives the TOF detection field of view. The trap
center is located at z = 0 mm and the TOF detector is located at z = 318.859
mm. Note that ions leaving the trap from positions closer to the BEC electrode are
detected for larger initial radial positions. This effect occurs because ions that start
near the BEC electrode essentially end up “riding” down the potential as the BEC
is switched. As the BEC potential is changed, ions are subjected to a potential
gradient across the trap which causes them to move towards the BEC electrode.
Ions initially near the FEC electrode are quickly accelerated towards the back of the
trap and can end up scattering outwards to the trap walls. However, ions initially
near the BEC electrode tend to be moving slower when exiting the trap because
the local potential is changing slowly, causing a smaller acceleration out of the trap.
These ions can actually end up leaving the trap close to the trap axis, where the

transport to the TOF detector is more efficient. In fact, the ions leaving the trap

165



r (mm)

1.0

0.8

0.6

0.4

0.2

0.0

PPC00000000000000000000000000000000000000000000000000000000000000000

0000000000000 00000000000000000000000000000000000000000000000000000000000000000000¢

—_:0000000000000000000000000000000000000000000000000000000000000000000000000000000:—
_000000000000000000000000000000000000000000000000000000000000000000000000000000000—
_000000000000000000000000000000000000000000000000000000000000000000000000000000000—
B 000000000000000000000000000000000000000000000000000000000000000000000000000000000 7]
'_000000000000000000000000000000000000000000000000000000000000000000000000000000000_'
B 0000000000000 00000000000000000000000000000000000000000000000000000000000000000000 7]
_000000000000000000000000000000000000000000000000000000000000000000000000000000000—

OFOTOTOr‘r.rOfOT‘TOtOTOT‘TOTOTOT‘TOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTOTO

-2 -1 0 1 2
Z (mm)

Figure 6.4: TOF detection field of view. Dots indicate initial positions
for calculated ion trajectories that hit the TOF detector with 7, = 10
eV and a BEC ramp time of 40 ns. The solid line shows the calculated
boundary of observable initial positions; a two-point running average is
applied to the boundary.
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from near the FEC “overtake” the ions leaving near the BEC and arrive at the
detector earlier.

The calculated arrival times for each initial z; position in the field of view are

shown in Fig. 6.5. lons leaving the trap at positions near z = —1 mm arrive
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Figure 6.5: Calculated arrival times as a function of the initial z; in the
TOF field of view, position for ions exiting the trap with 7, = 10 eV and
a BEC ramp time of 40 ns. The multiplicity at each z; position reflects
the radial spread.

some tens of ns earlier than those leaving from the center of the trap. The spread

in arrival times for each z; position is due to the spread in initial radial position in
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the field of view (Fig. 6.5). The spread near z = 0.7 mm compared to the spread
near z = 0 mm is a reflection of the effect described above and shown in Fig. 6.4.
Predicted TOF spectra have been obtained using the above model involving
the numerical transfer function F(r : 71,2 : 21, : t1) and an equilibrium ion density
distribution, n(r, z). In order to properly weight the ion distribution to account for

the cylindrical symmetry, a differential ion number, dN, given by

dN = n(r,2)2nrdrdz (6.5)

where dN represents the number of ions in an annular ring of height dz with inner
and outer radii r and r + dr, respectively. The factor of 27 is obtained from the
azimuthal integration over ¢. An example of the weighted ion distribution is shown
in Fig. 6.6. Convolving the weighted ion distribution with F(r : r,2 : z1,t : t;)
yields the number of ions arriving at a time t at the detector. A histogram of the
arrival times is performed to generate a computed TOF spectrum for comparison
with the observed TOF lineshape. An example of a calculated TOF spectra for
the case of Ar'®™ ions with a temperature of 7" = 5.5 eV is shown in Fig. 6.7.

The calculated TOF spectra uses the transfer function obtained for a 40 ns BEC
ramp time and an initial velocity distribution specified by Eq. (6.4), using a cut-
off parameter of T, = 10 eV. The only other adjustable parameter in the final
comparison is a time offset, t4;r, which is related to an offset in the HV pulse switch
used in the experiment. There is an offset between the input trigger for the BEC
dump pulse and the HV output of the pulser of ~ 150 ns. The measurement is

referenced to the TTL trigger pulse and not the actual switching of the HV output.
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Figure 6.6: Weighted density profile, dN = n(r

ion cloud in the two magnet trap,
The total number of ions is N
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Figure 6.7: Comparison of the calculated (red) and measured (black)
TOF spectra for an Ar'3* ion cloud in the two magnet trap, calculated
using the EQUILSOR code and a measurement at 30 ms storage time.
The total number of ions is N = 300, the ion cloud temperature is
T = 5.5 eV. The measured signal has been re-binned in order to allow a
direct comparison with the calculation.
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6.4 Conditions for non-neutral plasma behavior

The velocity distribution of ions captured in the two-magnet trap corresponds
to a thermal energy of =~ 5.5 eV, about two orders of magnitude lower than typically
found in an EBIT. As mentioned in §6.2, this is not sufficient for unambiguous
plasma behavior, although the axial extent of the ion cloud is roughly of the same
order as the Debye length. Here some general considerations are presented, with
illustration that may be relevant to experiments in the near future.

Non-neutral plasmas have been well studied previously, both experimentally
and theoretically. Experiments with clouds of Be™ ions in high-field cylindrical
Penning traps have seen correlated motion [77, 78]. An instructive review, by D.
Dubin, on the theory of non-neutral plasmas can be found in [79], as well as the
earlier work of Davison [80, 81]. The basic theoretical formalism, derived in the
above sources, is briefly summarized below in a general form. The zero temperature
limit is emphasized to provide a framework for future experiments in which applied
cooling techniques may lower the temperature of the stored ion cloud.

An ion cloud possesses characteristics of a non-neutral plasma when either the
ion density, n(r, z) is high, or the temperature 7" is low, such that all dimensions are
large compared to the Debye length Ap. Ions in a trap interact via the Coulomb
force reacting to the applied trapping fields in a way that makes the net electric
field vanish inside the plasma. The distance over which this cancellation occurs is

the Debye length and takes the form

EOkBT
Ap =/ - (6.6)
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where €, is the permittivity of free space (electric constant), kp is the Boltzmann
constant, () is the ion charge, and n, is the ion density at the center of the trap. As
described in Ch. 2, for a single ion in a Penning trap, the E x B interaction in the
trap gives rise to a magnetron motion characterized by the rotation frequency w,,.
When many ions equilibrate in the trap, the space charge interaction gives rise to a
“rigid” rotation of the entire cloud at a frequency w,.

For a single species isolated in a trap, the Hamiltonian which describes the

motion of the ions, each with charge @) and mass m, is given by [79]

mol + > Qé(r;) (6.7)

N | —

N
n-y
=1

where N is the total number of ions, v; is the velocity of each ion, and ¢(r;) is
the total electric potential at the location of each ion. The trap is assumed to
be cylindrically symmetric and cylindrical coordinates (r, 0, z) are used. The total
electric potential, ¢(r) is composed of the trap potential, ¢;(r,2), and the space

charge potential of the ion cloud, ¢,(r, z), and is written as
¢(T7 Z) = ¢t(r7 Z) + ¢p(r7 Z) (68)
The canonical angular momentum of the system is conserved and is given by
al 1
L = 20. + ~QBr? 6.9
; mr;6; + 2@ T (6.9)

where 6 is the velocity in the f direction. For an ion cloud in thermal equilibrium,

the single particle distribution function is given by [82]

3/2
m Hi +w,L
/ ﬂ()(zwg) e (‘W) (6.10)




where n, is the plasma density at the center of the trap; H; and L, are the single

particle Hamiltonian and angular momentum for an ion in the trap, given by
Lo
H, = g + Qo(r, 2), (6.11)
25 1 2
Ly =mr<0+ iQBT . (6.12)

Substituting Eqgs. (6.11) and (6.12) into Eq. (6.10), the distribution function is

given by
3/2 1\ 2
m 1 (v4+wrh)
_ — T 77 6.13
where
1 r Q - Wy 2
n(r, z) = n,exp _ng(?“, 2) + gmen o . (6.14)
kT

where €2 is the cyclotron frequency given in Eq. (2.1).

The single particle distribution function is valid when the correlated motion
of the ions is small. The Coulomb coupling constant, I', characterizes the nearest
neighbor ion-ion interaction, and is the dimensionless ratio of the Coulomb interac-

tion energy to the thermal energy; it is defined by

Q2

r=——— 6.15

dre,askpgT ( )
where a4 is the Wigner-Seitz radius, given by
31

a’ = -—— (6.16)

Adnn,
Plasmas with I' > 1 are considered to be strongly coupled and should exhibit cor-
relations due to nearest-neighbor interactions. It follows that, the total angular

momentum can be re-written as [79]
L=m(Q/2 —w,) /d3rn(r, 2)r? = m(Q/2 — w, )N (r?) (6.17)
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where the thermal distribution is accounted for in the density n(r,z), (r?) is the

mean-squared plasma radius, and the total number of particles, N, is given by

N = /dgrn(r, z). (6.18)

6.5 Zero temperature limit for a single species

The strong Coulomb interaction (o< Q%) between highly-charged ions allows
the plasma regime to be reached at relatively high temperatures. The highest density
attainable is in this regime. It is therefore instructive to consider the description
of a non-neutral plasma at very low temperatures, for which the system dimensions
are much larger than Ap. In the zero temperature limit, the density distribution of

Eq. (6.14) must remain finite. Therefore, the following condition is imposed:
1 2
Qo(r, z) + émwr(Q — w,)re = 0. (6.19)

When ¢(r, z) from Eq. (6.19) is substituted into Poisson’s equation (Eq. (6.2)),

n(r, z) becomes constant over the extent of the plasma with the relation

2 o T Q- T
n, = =< m“’c; “r). (6.20)
The plasma has a well-defined boundary, and is described as a spheroid with axial
and radial dimensions z, and 7, respectively. A schematic of the plasma dimensions
and relevant coordinates are shown in Fig. 6.8. The plasma has azimuthal symmetry

and cylindrical coordinates are used. The magnetic field is aligned along the z-axis,

and the plasma mid-plane is centered on the r axis.
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Figure 6.8: Schematic of the spheroidal plasma in the zero temperature
case. Here the plasma is defined by a sharp boundary with characteristic
dimensions 7, and z,.
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In addition to the rotation frequency, w,, the plasma can also be described by
the plasma frequency, w, which is given in terms of the density and is related to the

rotation frequency by

2 Q2no

ws =
€M

= 2w, (2 — w,). (6.21)

p

It is important to note that there are two allowed rotation frequencies corresponding
to the same plasma frequency. This also implies that the angular momentum of the
plasma is different for the two possible rotation frequencies. It is useful to define an
aspect ratio, & = z,/r,, which describes the shape of the plasma. The aspect ratio
of the plasma is related to the plasma frequency through the axial trap frequency,

w,, introduced in Eq. (2.4) and is obtained by solving

W _ L S e 6.22
. Q( (&2_1)>< ) (6.22)

where Q)" is the associated Legendre function of the second kind [83]. Two cases of
the plasma shape are considered. When the plasma spheroid is prolate (« > 1), Eq.

(6.22) takes the form [78]

w? 1 Uy u, + 1 «
£ = —1 P -1 — . 6.23
w2 oa?-1 [2 n(up—l) ] »Yip (a2 —1)1/2 (6.23)

When the plasma spheroid is oblate (o < 1), Eq. (6.22) takes the form

w? 1 (1 o
E = m |:U0 tan (u_o) - 1:| , Up m (624)

The calculated frequency ratio (w,/w,)? is shown as a function of the aspect ratio a
in Fig. 6.9. The plasma is spherical, « = 1, when (w,/w,)* ~ 0.332. The calculated

frequency ratio (w,/w,)? is also shown as a function of the rotation frequency ratio
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Figure 6.9: Calculated frequency ratio, @Y, as a function of the aspect ratio .

w,/Q in Fig. 6.10. The plasma spheroid is oblate (r, > z,) for applied trapping
potentials V,, > 15V, and prolate (r, < z,) when V, < 15V. Since the two-magnet
trap magnetic field is ~ 0.3 T, the range of V, which can support a symmetric,
a = 1 plasma is narrower than in the case of multi-tesla traps [78].

An interesting limit to consider is the case in which the rotation frequency is
equal to half the cyclotron frequency, w, = /2, for which the plasma reaches the

maximum possible density. This is referred to as the Brillion limit [80], and the
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Figure 6.10: Calculated frequency ratio, @Y, as a function of the rotation
frequency, w, for the case of ArXIV in the two magnet trap. The axial
potential limits the range of allowable rotation frequencies.
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Brillion density

e,m$)?

ST (6.25)

np =

describes the maximum plasma density that can be supported by the trap magnetic
field. From the Brillion density, the maximum number of trapped ions can be
estimated by assuming uniform density over the geometric volume of the trap. In

13+ jons that can be

the two-magnet Penning trap, the maximum number of Ar
loaded in the trap is ~ 14 million.

Various tests of the EQUILSOR code have been carried out and an example
of a case of an electron cloud described in [81] is shown in Fig. 6.11. The density is
fairly constant to about 5Ap and then gradually decreases over a few Debye lengths,
where the radial size is typically 2r, &~ 16\p, in agreement with the result of Davison
[81]. With Fig. 6.11 for comparison, it is interesting to consider Ar'*" ions stored
in the two magnet trap. At low temperature, the Ar'** ion cloud will behave much
like the electron cloud and have a fairly uniform density distribution over a radial
extent of many Ap. An example of a calculation of the ion cloud density for 1000
Ar'3+ jons at a temperature of T = 10 meV and an applied potential well of V,, = 30
V is shown in Fig 6.12. Here the temperature is sufficiently low that the Doppler

width of the 2p 2P, /2 - 2p 2P3/2 transition would be suppressed to the point that

the Zeeman sub-levels can be resolved in the two-magnet trap field.
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6.6 Discussion

A model of the stored ion cloud, assuming thermal equilibrium has been pre-
sented. In particular, the case of Ar'3* ions stored in the two-magnet Penning trap
has been examined. In Chapter 7, results from this model are combined with flu-
orescence measurements of the decay of the metastable 2p *P3/y state in Ar'** to
estimate the ion cloud expansion correction to the radiative lifetime.

Ion transport calculations have been presented to model the ejection of stored
ions to the detector. The ion cloud characteristics and the initial conditions used in
the transfer function calculation determine the level of agreement between the calcu-
lated TOF spectra and the measured TOF spectra. Improvements in the agreement,
and in the understanding of the ion cloud dynamics in the trap, could be achieved
by using Monte-Carlo [55] or molecular-dynamics (MD) [84] techniques to treat the
velocity spread of trapped ions more thoroughly, and to include additional ion-ion
and ion-neutral scattering effects.

Simple features of a zero-temperature limit have been presented which will
become important in experiments with colder highly-charged ions. At thermal en-
ergies of ~ 0.01 eV, for example, clouds of Ar'3* ions will exhibit the characteristics

of a non-neutral plasma.
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Chapter 7

First Light: Measuring the Decay of Metastable States

A unitary Penning trap with two NdFeB magnets has been built with optical
access in the mid-plane to facilitate spectroscopic measurements on captured highly-
charged ions. In this chapter, the first spectroscopic study of ions stored in a unitary
Penning trap is presented to demonstrate the potential of this new tool. Due to
the high nuclear charge, many highly-charged ions have strong electric-dipole (E1)
transitions in the UV and X-ray part of the electromagnetic spectrum; however, in
some instances, the transitions of interest are in the visible regime. Some of the
transitions in the visible and infrared (IR) domain are forbidden by E1 selection
rules, but can occur via higher order processes, such as spin-flipping magnetic-
dipole (M1) transitions. The lifetime of such metastable states are sufficiently long
to survive transport from the EBIT to the two-magnet Penning trap. Extraction
to a unitary Penning trap has some advantages such as the ability to capture a
single charge state, leading to a simpler analysis of atomic processes. In addition,
the background gas pressure can be adjusted over a range of greater than 2 orders
of magnitude, and can be measured directly, allowing detailed studies of pressure-
depending quenching effects and ion-neutral collision dynamics.

Observations of radiative decay from metastable states of highly-charged ions

demonstrates one application of the two-magnet trap apparatus. For a “first light”
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experiment in the new apparatus, the case of the M1 transition in the lowest lying
1s*2s*2p manifold of Ar'®* is presented. The upper metastable *P3/, state has a
radiative lifetime of ~ 10 ms and decays to the lower Py, by emitting a blue
(A & 441 nm) photon. An overview of the history and previous measurements is
presented in §7.1. The technique applied in the new Penning trap measurement
including the photon counting scheme is discussed in §7.2. The decay of the ?Pj/s
state is presented in §7.3. A detailed discussion of the major systematic corrections
to the observed fluorescence decay including pressure-dependent quenching effects,
and a model to address slow ion cloud expansion in the trap, is shown in §7.4.
Additional systematic considerations are discussed in §7.5. Finally, a preliminary

result for the lifetime of the ?P3, state is presented in §7.6.

7.1 Overview and history of measurements in Ar!3+

Boron-like Ar'3* is a simple atomic system that has been of interest for decades
[85] because with only five electrons and a high nuclear charge, high accuracy atomic
structure calculations become manageable [86]. The ground-state configuration of
Art3t is 1s22s22p, with the first two electronic shells closed, and a single electron
in the p orbital. In addition, since the “°Ar isotope has zero nuclear spin, the
atomic energy levels are free of hyper-fine structure. A simplified Grotrian diagram
(energy-level diagram) for the 2p state in Ar'®** is shown in Fig. 7.1. The 2p state
is split, through spin-orbit (L - S) coupling into the lower energy 2Py, state and

the higher energy, metastable ?P3 /5 state. A pedagogical diagram shows the orbital
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Figure 7.1: Simplified energy level diagram for the 1s*2s?2p state of
Ar'3*t showing the orbital angular momentum L, the spin angular mo-
mentum S, and the total angular momentum J = L + S. The J = 3/2
state is metastable and decays to the J = 1/2 state via a spin-flipping
M1 transition. The wavelength of the emitted photon is A ~ 441.25 nm.
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angular momentum L, spin angular momentum S, and the total angular momentum
J =L+ S for each state. The fine-structure splitting of the ground electronic state
is AE ~ 2.81 eV which is due largely to the Z-scaling, where AE o (Za)?.

A brief review of the theory of the Ar'3* transition rate follows. Fermi’s golden
rule, with the two parts: one proportional to the matrix element of the interaction
squared and the other a phase factor, proportional to the transition energy cubed
(1/X3), gives the general form of the transition rate. In CGS units, the transition

rate is given by [87]

647t 1 S,

Aip = —
3R M2 1

(7.1)

where h is Planck’s constant, A is the transition wavelength, J; is the total an-
gular momentum of the upper state, and S;; is the transition amplitude. For a
magnetic dipole (M1) transition, the transition amplitude is given in terms of the

non-relativistic magnetic moment operator p,, expressed as [86]

My = _:LLB(L + ges) (72)

where pp is the Bohr magneton (up = eh/mec), L is the orbital angular momentum
operator, S is the spin angular momentum operator, and g, is the electron g-factor.

Therefore, the non-relativistic transition amplitude, 577, is given as [86]
Sif = Bl {fIIL + geS|l) . (7.3)

Taking g. = 2, and evaluating the reduced matrix element for J; = J; — 1,

becomes [87]

2
?f’”ZZ—i(L+S+Ji+1>(L+S—JZ-+1)(Ji+S—L)(JZ-+L—5). (7.4)
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For the case of J; = 3/2, L =1, and S = 1/2, S}f = 4/3u3. Substituting the result
of Eq. (7.4) into Eq. (7.1) gives the non-relativistic *P3/5 - Py, transition rate

e 64Tt

and for Ar'®* A7 = 104.56 s~' [86]. This expression is a result of the angular
momentum algebra, with its Z dependence absorbed in the wavelength, A, of the
transition. Given an accurate experimental transition wavelength, an accuracy of
better than 1% for the transition rate has been estimated using Eq. (7.5) [86].

A number of corrections to the non-relativistic transition rate are considered
in [86]. These include the use of relativistic, one-electron Dirac wave functions,
AAp, as well as interelectronic-interaction corrections applied using a configuration-
interaction (CI) method, denoted as AAcgy, and a higher-order method, denoted as
AAjreq. These corrections to the transition rate are reported as AAp = —0.23 S
AAcr = 0.037 s, and AAy,., = 0.0005 s~! [86]. A correction for the negative-
energy excitation contribution to the transition rate is reported to be AA,. =
—0.0093 s7! [86]. Of these, the largest correction, ~ 0.2 %, is due to the use of
single-electron Dirac wave functions.

The largest reported theoretical correction to the transition rate arises from
the single-electron QED correction to the electron g-factor. The anomalous mag-
netic moment of the electron gives a g, value slightly greater than 2, and has been

measured to extremely high accuracy in a high-field Penning trap [88]. The correc-

tion for g. can be written as [86]

Je = 2(1 + /{e) (76)
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where k. ~ /27 and « &~ 1/137 is the fine structure constant. To leading order,

the QED corrected g, yields a magnetic moment operator of the form [86]
pr" = —pp[L+2(1 + Ke)S] (7.7)

where the notation p!" refers to the non-relativistic magnetic moment operator
corrected for the anomalous magnetic moment of the electron. Substituting Eq.

(7.7) into Eq. (7.2) gives the leading order QED corrected transition rate [86]
Ay = ———=(1+4ke) (7.8)

which for Ar'** yields a correction of 4k, A}y = 0.485 s~' [86]. A final theoretical
transition rate of A;; = 104.85(2) s~! is predicted in [86]. The QED correction due
to the anomalous magnetic moment of the electron is ~ 0.46 %, which is roughly
twice as large as the next largest reported correction.

The metastable lifetime of an excited state is related to the transition rate by

1_

- > Ay (7.9)
!

where the sum over final states f accounts for all possible decay channels of the
excited state. In the case of Ar'®* there is only a single decay channel from the
’p, /2 state to the ’p, /2. Therefore, the non-relativistic metastable radiative lifetime
is given by

1 9 h X 1

_ L A 1 7.10
T Ay T eAnt g 1+ Ak (7.10)

The radiative lifetime is proportional to the cube of the transition wavelength, in

principle allowing very long lived fine-structure states, even in highly-charged ions.
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In addition, given the high nuclear charge, transition energies are amplified to the
optical domain which makes the energy levels more robust against external pertur-
bations.

The ?Pj), state has been studied previously both theoretically and experimen-

tally. Previous calculations of the radiative lifetime are presented in Table 7.1.

Art3t 2422p 2Py
Year Method Arep (nm) | AN (nm) | 7 (ms) | Teor (mS)
1966 | HFSCF [85] 441.1 -0.1 9.300 9.309
1979 | MCDF [89 438.69 -2.563 9.407 9.573

]
1983 | MCBP [90] 441.31 0.0506 9.515 9.512
1986 | MCDF [91] 441.44 0.187 9.360 9.348
]
|

[
[
[
1986 | MCDF [92] | 441.6(4) | 0.343 9.620 9.598
1987 | MCDF [93] | 441.19 | -0.066 9.618 9.622
1998 | SS [94] 44144 | 0.187 9.569 9.557
2001 | RQDO [95] | 441.36 | 0.109 9.588 9.581
2001 | MCDF [96] | 441.77 | 0.519 9.606 9.572
2003 | MRCI [97] | 442.11 0.851 9.615 9.560
2004 | MCDF [98] | 441.661 | 0.405 | 9.6015 | 9.5751
2005 | MCDF [99] | 443.44 | 2.184 0.714 9.571
2005 | CIDFS [86] | 441.38 | 0.128 | 9.538(2) | 9.530
2008 | CIDFS [100] | 441.38 | 0.127 |9.5376(1) | 9.5294
2009 | MCDF [101] | 441.016 | -0.239 | 9.5565 | 9.5721
2009 | MRCI [102] | 441.297 | 0.0409 | 9.5384 | 9.5357
2012 | MCDF [103] | 441.151 | -0.105 9.565 9.572

Table 7.1: Calculated Lifetimes, 7 of Ar'** 2s°2p ?Py,. The reported theoreti-
cal transition wavelength, A,.,, the difference from the experimental wavelength,
AN = Nep — Aeap, and the wavelength-corrected lifetime, 7., are presented. The
calculation methods are listed as follows. HFSCF, Hartree-Fock Self-consistent
Field; MCDF, Multi-Configuration Dirac-Fock; MCBP, Multi-Configuration Breit-
Pauli; SS, SUPERSTRUCTURE code; RQDO, Relativistic Quantum Defect Or-
bital; MRCI, Mutireference Relativistic Configuration Interaction; CIDFS, Config-
uration Interaction Dirac-Fock-Sturm.

The year of publication, method, calculated transition wavelength, A, difference

in the wavelength from experiment, A\ = X, — Acyp, reported lifetime, 7, and
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wavelength-corrected lifetime, 7., are shown. Previous theoretical investigations
range from entirely non-relativistic calculations relying on the calculated transition
wavelength [85] to fully relativistic calculations including interelectronic-interaction
and radiative corrections [102]. The calculated lifetime has varied over ~ 5 % in
the last 40 years. This is due, in large part, to the uncertainty in the transition
wavelength. The most precise measurement of the transition wavelength was per-
formed at the Heidelberg EBIT in 2006 [66], resulting in A, = 441.2556(1) nm.
This wavelength value has been used to correct the reported lifetimes in Table 7.1.
The spread in wavelength-corrected preditions is & 3%.

Beginning in 1998, experimental investigations have produced four reported

measurements of the radiative lifetime of this state thus far. A summary of previous

lifetime measurements is presented in Table 7.2. The measured lifetime of the
Ar®t 2422p 2Py )0
Lifetime (ms) Trap Type Year
8.7+0.5 EBIT [33] 1998
9.124£0.18 ECR/Kingdon [34] | 1998
9.70 £0.15 EBIT [32] 2000
9.573(4)(5) (stat.) (syst.) EBIT [31] 2005

Table 7.2: Measured Lifetimes of Ar'3*. Three of the previous measurements have
been performed on EBIT ion sources, operated in the “magnetic trapping mode”,
and a single ion capture measurement has been done using an ECR ion source to
create Ar'®* ions and an electrostatic Kingdon trap to capture the ions.

*P3/y state, the ion trap type, and the year of publication are presented. Three

of the four previous measurements were done inside EBIT sources, while only one

previous experiment was done using extracted ions, which were captured in an elec-
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Figure 7.2: Comparison of previous measurements and theoretical values
for the 2Ps /2 radiative lifetime in Ar3t,

trostatic Kingdon trap connected to an ECR ion source. A comparison of previous
theoretical and experimental results are shown in Fig. 7.2. The locations of the
three previous in-EBIT measurements are indicated, namely: NIST (National In-
stitute of Standards and Technology) (1998), LLNL (Lawrence Livermore National
Laboratory) (2000), and MPI-K (Max Planck Institut fiir Kernphysik) (2005). The
Kingdon trap measurement took place at the ECR ion source at the University of

Nevada - Reno (USA) (1998).
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Previous measurements at EBIT facilities have employed the “magnetic trap-
ping mode” [104] in which the electron beam is turned on during a fill period to
build up the charge state of interest, and then rapidly shut off while ions remain
confined radially by the strong magnetic field and axially by the drift tube electric
potential. Operating the EBIT in this mode allows the observation of fluorescence
from trapped ions while the electron beam is off.

In contrast, an electrostatic Kingdon ion trap [105] stored ions using a nega-
tively biased wire which is inserted into a typically grounded mesh ring electrode
to create a radial potential for ion confinement. An axial potential well is super-
imposed via biased endcaps. The Kingdon trap used in the Ar'3* lifetime measure-
ments is described in [106]. This ECR/Kingdon measurement utilized an ECR ion
source which produced several pA beams of Ar'®* ions. The extracted ions were
guided into the Kingdon trap through the wire mesh ring electrode. Upon arrival of
the ions the central wire was switched quickly to apply the confining fields for ion

storage.

7.2 Lifetime measurement in a unitary Penning trap

This section describes the new measurements of the 2p 2Pj /2 state in Ar'3+

carried out using the recently developed permanent magnet Penning trap described
in Chapter 2 through Chapter 6. Details of the measurement technique and initial
results are presented. Also discussed are a host of systematic effects including,

pressure-dependent processes, such as charge exchange ion loss, as well as pressure-
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independent effects, such as inherent ion cloud expansion.

As illustrated in §3.4.3, the optical setup is designed to collect the photons
emitted by the trapped ion cloud, focusing them on a photon counting detector.
Figure 3.8 shows the details of the optical setup. An optical interference filter is
used to transmit only light within a bandpass centered at A\, = 440 & 2 nm with a
bandwidth of 10 nm (FWHM). The transmission of the optical interference filter is
~ 55 % at A = 441 nm. The specified optical transmission curve of the interference
filter is shown in Fig. 7.3. The strong transitions in Ar'3* are concentrated in the
UV and X-ray domain, and there are no identified lines in the bandwidth of the
filter that can be attributed to lower charge states of argon from Ar®t to Ar!?*
[107]. Therefore, the need for further filtering of the optical setup is unnecessary.

The photon detector head is made of GaAsP and is capable of performing
single photon counting. The detector quantum efficiency (QE) is ~ 40 % in the
spectral region of interest. The sensor head is cooled to -20° C using a Peltier
cooler, while the housing is cooled to ~ 19° via thermal contact with a water-cooled
aluminum mounting block. The combination of cooling the sensor head and the

1

housing results in a measured dark count rate of ~ 5.5 s7". The detector converts

the avalanche current to a TTL pulse which is counted by a gated multichannel

scalar (MCS).
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Figure 7.3: Optical transmission curve specified for the 440 nm narrow
bandpass filter (Thorlabs FB441-10) used in the Ar'3* lifetime measure-
ments.

7.3 Decay of the 2p 2P3/2 state

The use of the two-magnet Penning trap to measure the Ar'®* 2p ?Pj 5 radia-
tive lifetime is described here in some detail. First, Ar'3* ions are extracted from
the EBIT and captured in the Penning trap. Upon ion capture, the MCS is gated
to begin counting photons in 1 ms bins for a measurement duration (capture and
storage cycle) of up to 134 ms. At the end of each such MCS measurement cycle (or
“MCS pass”), ions are then ejected from the Penning trap, and the measurement
cycle is repeated. A large number of passes (= 140, 000) is required to observe the
fluorescence decay with useful signal-to-noise ratio. A representative radiative decay

curve at the base background pressure of 8.1 x 1071 torr is shown in Fig. 7.4.

194



Photon Counts (counts)

5000

LI I LI I LI

Trapping Conditions:

T

- P=81x 10 torr | -
V, =30V
Tops = 9.04 = 0.10 ms
1000_—
500 LL 1
0.00
%3_]]IIIIIIIIIIIIQIIIIIII’IQIIIII_
=) 2__ o © .' A 8 * ]
D 1l % o ed o, % . —
B gL eoeedh o0% "% e padlies ety e @t 1
] S A R A A YRR L
E T L @ 4o se o ¢ o “ . ]
5 -2 . 3
Z_3_111111?11111111111111111111_
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Time (s)

Figure 7.4: Radiative lifetime of the *P3/, state of Ar'®** for a base
background pressure of 8.1 x 107! torr. Top: observed fluorescence
decay signal. Bottom: normalized residuals (A;/oa), where A; is the
difference between the exponential fit result f(¢;), and the measured
photon data N;, and oa is the global standard deviation of the residuals;

here x?/v = 1.01.
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The data acquisition time was six hours, with the trapping potential V, = 30 V and
the trap float capture voltage V., = 2926 V. The EBIT was operated in the pulsed
extraction mode with an electron beam energy of 2.5 keV, electron beam current of
14.4 mA, ionization time of 76 ms, and a ballistic gas injection pressure of 5.0 x 10~°
torr. A complete list of the EBIT and Penning trap operation conditions are given
in Table 4.1.

The fluorescence decay has been fit to a single exponential function given by
N(t) = N,e "™ 1 B (7.11)

where N, is the number of detected photons at ¢t = 0, 7, is the observed fluorescence
decay constant, and B is the integrated background dark count level. At base
background pressure, the observed fluorescence decay constant is measured to be
Tops = 9.04 £ 0.10 ms; here y? /v = 1.01. An observed metastable decay rate is

obtained by taking the reciprocal of the lifetime given by

1

Tobs

Yobs = (7.12)

yielding, for the base pressure: 7, = 110.57 £ 1.19 s7*. The fitted background
of B = 616.6 £ 2.6 counts / time bin is consistent with the measured dark count
rate integrated for 140,000 passes. The uncertainty quoted on the low pressure
measurement is purely statistical. The systematic effects modifying the observed

radiative lifetime are addressed in the following sections.
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7.4 Major corrections

Several processes can affect the observed lifetime of the metastable ?Pj 5 state
of an isolated Ar'3* jon. A variety of corrections have been investigated and are
presented here. Quenching effects due to collisions with background gas tend to
make the observed radiative lifetime shorter than the actual lifetime. This effect
can be accounted for by measuring the lifetime in a series of pressures in order to
extrapolate the zero-pressure result. Pressure dependent shifts in the lifetime are
addressed in §7.4.1.

Ion cloud expansion and various ion loss mechanisms also tend to make the
observed lifetime shorter than the actual lifetime. When ions are lost from the trap
through charge-exchange, collisional losses, or cloud expansion due to trap instabil-
ities, the population of ions in the metastable state within the optical field of view
is decreased. During photon counting, it is difficult to de-couple the fluorescence
decay of interest and the loss of ions from the trap or from the field of view of
the detection optics. In addition, the optical field of view is generally not spatially
uniform; depending on the desired level of precision, this may introduce significant
sensitivity to the ion cloud shape, size, and number of ions in the trap. Therefore,
ion cloud expansion within the optical field of view itself can lead to an apparent
decay of the metastable state. Effects associated with ion cloud expansion and ion
loss are addressed in §7.4.2 and the spatial non-uniformity of the collection optics
is addressed in §7.4.3, with some consideration for the cloud shape, size, and ion

number effects.
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7.4.1 Pressure dependent shifts: Stern-Volmer analysis

The observed radiative lifetime can be affected by pressure-dependent quench-
ing mechanisms such as charge exchange, and ion loss due to elastic or inelastic
collisions with background gas. The principle of fluorescence quenching by back-
ground gas is discussed in detail in [108]. In the absence of quenching, the decay

rate of an upper-level state takes the form

dN;
dt

= _IYON’i (713)

where N; is the ion population in the excited state and 7, is the natural decay
rate. However, in the presence of a background gas (or quencher), the Stern-Volmer

description [109] yields a pressure dependent transition rate given by

V=" +Kn="+aP (7.14)

where n is the background particle density and k is the rate coefficient for the
quenching. Since the background gas particle density is proportional to the mea-
sured background gas pressure, 7 is a function of the pressure P, where « is its
rate coefficient. This relation applies to any pressure dependent process which con-
tributes to observed fluorescence decay. The decay rate is proportional to the back-
ground gas pressure and therefore, a measurement of the decay rate as a function
of pressure can be used to extract the natural decay width ~,.
An example of the pressure-dependent transition rate is shown in Fig. 7.5.

The background pressure of the two-magnet Penning trap apparatus was varied by

leaking a small amount of Ny gas into the chamber through a variable leak valve
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Figure 7.5: Pressure-dependence in observed radiative lifetime of the
*P3/o state of Ar'®*. Here the transition rate, v is shown as a function
of the trap background pressure. The transition rate is fitted to the
linear function given in Eq. (7.14). The goodness of fit is indicated by
x?/v = 1.04. The quoted uncertainty (1 o) in the pressure-extrapolated
lifetime is entirely statistical.
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with a sapphire seal. The pressure was measured using a cold-cathode, inverted
magnetron gauge calibrated for Ny. The cold-cathode gauge was chosen because
it does not emit light in the optical filter bandwidth and therefore does not con-
taminate the fluorescence signal. This was checked by measuring the PMT dark
count rate with the gauge both on and off, to ensure that no change was observed.
The background pressure was varied over two orders of magnitude in order to fully
investigate pressure dependent effects. A fit of the data to Eq. (7.14) results in a

!, corresponding to a pressure-

zero-pressure transition rate of 7, = 108.97 + 0.58 s~
extrapolated lifetime of

7=29.18 £ 0.05 ms. (7.15)

The goodness of fit is indicated by x?/v = 1.04. While the *P3,, radiative lifetime
has been previously measured, and the Stern-Volmer technique has been widely used
on other argon ions including charge states as high as Ar'%" [110], the result pre-
sented here is the first extrapolation using measurements with Ar'3* under various

background pressures.

7.4.2 Effects due to ion cloud expansion and ion loss

Ion cloud expansion and ion loss during fluorescence measurements tend to
yield a shorter than expected lifetime. Ion loss mechanisms include charge exchange
and ion-neutral scattering which can alter a stable ion’s trajectory causing it to leave
the trap. These effects can be minimized through the pressure-dependent lifetime

measurement. In addition, the inherent stability of the trap can cause ion cloud
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expansion leading to eventual ion loss or reduced light collection due to ion motion
in the non-uniform field of view.
In various earlier experiments using a Kingdon trap [34], an ion loss correction

was applied to the observed radiative lifetime given by

111
= - = (7.16)

T Tobs Tst

where 7 is the true radiative lifetime, and 74 is an average ion storage lifetime, at
the background pressure measured during the fluorescence observations. As already
mentioned, this correction is pressure-dependent, and the storage lifetime includes
both collisional ion loss processes, and ion loss due to inherent trap stability. In fact,
in many earlier experiments with lower charge states of argon, an ion loss correction
at zero pressure was applied to the pressure-extrapolated lifetime measurement.
Here, the pressure-dependent ion storage lifetime was measured and extrapolated
to get the zero-pressure ion-storage liftetime. A correction using the zero-pressure

ion storage lifetime was applied as follows

1 1 1
Z = — 1
- (7.17)

TP=0 Tist

where T7p_g is the pressure-extrapolated radiative lifetime and 7;,; is the zero-pressure
ion storage lifetime.

The situation in the two-magnet Penning trap measurement is similar. Here
T;st 18 related to trap misalignments which can cause ion cloud heating. The ion
heating leads to radial expansion of the ion cloud which can in turn lead to ions
moving out of the field of view of the PMT. If the ion cloud expands beyond the
field of view of the PMT, then it can cause an apparent shortening of the radiative

201



lifetime which is purely geometrical and independent of collisional effects. Great
care has been taken to investigate the ion cloud expansion in the two magnet trap.
As presented in Ch. 5, (Fig. 5.17), the Ar’3* ion loss has been measured as a
function of the trap background pressure with a zero-pressure storage lifetime of
Tist = 1.18 £ 0.05 s.

Equation (7.17) gives accurate results to the extent that the field of view of
the PMT coincides with the field of view of the TOF detector. In other words, if
the optical detection and the ion detection are sensitive to the same changes in the
ion cloud shape and size, then applying a correction obtained by TOF detection is
appropriate. However, if the PMT detection and TOF detection are not equally
sensitive to ion cloud expansion, then this technique can lead to an over-correction

of the measured radiative lifetime.

7.4.3 Optical Transfer Function

Similar to the ion transfer function presented in Ch. 6, an optical transfer
function can also be defined for the optical setup. The definition is analogous to
Eq. (6.3)

Np(r,z,t) = ZZZFP(T 11,2 21, t1)Np(ry, 21, t1) (7.18)
t1

rooz
where Np(r, z,t) is the number of photons hitting the coordinates r and z near the
detector at a time t; Np(ry, 21, 1) is the number of photons emitted from position
and time (71, 21,%;) and is specified by the ion density and fraction of ions in the

’p, 2 metastable state. In the ideal case, the optical transfer function is spatially
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uniform, the detector subtends a solid angle of 47, and the detection efficiency of
all optical elements is 100 %. However, in actual experimental setups the detection
solid angle is typically much less than 47, the PMT detection efficiency is closer to
40 %, and the transfer function has spatial variation.

Ray tracing calculations have been carried out to evaluate the optical transfer
function, which can be used to check the validity of the ion expansion correction
to the measured radiative lifetime. The results of these calculations are presented
in Fig. 7.6. It is clear that the optical transfer function is non-uniform over the
trapping volume. Non-uniformity of the optical transfer function causes the photon
detection to be sensitive to the ion cloud shape and size. Numerical computations
of the kind introduced in Ch. 6 have been carried out to investigate the influ-
ence of both the non-uniform photon transfer function and the TOF ion expansion
measurements.

Assuming that the ion density is known and that 1/2 of the trapped ions
are initially in the metastable state, the photon count rate can be calculated as a
function of the ion storage time. For a cloud of 500 Ar'3* ions, with a temperature
of 5.5 eV, simulated TOF spectra have been calculated and compared with observed
TOF spectra after 1 ms ion storage, taken during measurements of radiative decay
at the lowest attained pressure. At such temperature, the axial size of the cloud is
essentially set by the thermal energy of the ions. By adjusting the plasma radius 7,
and central plasma density n,, it is possible to generate an estimated initial cloud
size. The initial cloud size corresponding to agreement with the TOF measurements
is given by r, = 0.703 mm, where the detected number of ions is N, = 296. A
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Figure 7.6: Optical transfer function for the absolute number of detected
photons per MCS pass. The calculations are performed in a coordinate
system which is aligned with the optical axis.
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comparison of the detected photons per EBIT shot shows good agreement between
the calculation and measurement at low pressure.

The EQUILSOR code can be used to estimate the ion cloud radius expansion if
the zero-pressure ion loss rate has been determined. The total ion number is fixed at
500, the ion cloud radius is increased and the number of detected ions is calculated.
This yields the detected ion number as a function of the ion cloud radius, Np(r,).
On the other hand, if the zero-pressure extrapolated ion loss is attributed to ion

cloud expansion, then the corresponding time is calculated using

t = 7y In (N?é:”)) (7.19)

where Np(r,) is identified as the number of detected ions and 7 is the zero-pressure
extrapolated ion-loss time constant. In this way, the plasma radius as a function of
time 7,(t) is obtained together with the photon counts per EBIT pulse as a function
of time. For the case of 500 stored ions, the calculated photon counts in the initial
cloud, where r,, = 0.703 mm, agrees nearly exactly with the observed photon counts
/ EBIT cycle.

In the “small cloud” limit, meaning that the cloud size is much smaller than
the PMT field of view, the photon count rate would be constant. In addition, in
the “large cloud” limit, wherein the cloud size is much larger than the PMT field
of view, it is expected that the resulting photon-count decay rate would agree with
the measured intrinsic ion-loss rate, interpreted as due to cloud expansion.

The comparison of the calculated and measured expansion rate allows for a

more rigorous evaluation of the ion cloud size effects that could potentially shift the
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measured lifetime. The initial cloud size, number of ions, and fraction of ions in
the metastable level have all been adjusted in order to obtain agreement with the
TOF measurements and the measured photon counts per EBIT cycle of 0.27. This
has been done for 300 — 1000 stored ions. The results from these calculations are

presented in Table 7.3.  Varying the initial size of the cloud and the fraction of ions

Calculated Ar'3* ion cloud expansion time in the optical field of view

Trapped ions (N,) | Initial cloud radius (r,,) (mm) | Ay | Expansion time (s)
300 0.287 0.75 5.65
200 0.703 0.50 3.50
700 0.919 0.40 2.08
1000 1.15 0.30 1.45

Table 7.3: Calculated ion cloud expansion time for a given number of trapped ions
and fraction in the metastable 2P3/2 state, Ayp.

in the metastable level allows for a constraint of the magnitude of the correction
that can be applied to the zero pressure radiative lifetime. Since the metastable
fraction of ions is determined by the plasma conditions inside the EBIT, it is not
realistic to assume that all captured ions are initially in the excited metastable
state. In fact, =~ 300 ions are detected at a storage time of 1 ms which means
that at least that many ions are stored in the trap. This lower limit ion number
of 300, corresponds to a metastable fraction Ay, = 0.75. For comparison, in the
earlier Kingdon trap measurement [34], the metastable fraction of ions exiting the
ECR source was estimated to be 2/3, not much different from the 0.75 required for
the case of 300 stored ions. On the other hand, the calculated ion expansion time

constant of 5.65 s is longer than the measured 7;;; = 1.18 s. This suggests that the

206



ion cloud may be larger than the 300 ion case. As the ion number is increased, the
plasma radius must be increased in order to preserve the agreement between the
calculated and measured TOF signal. Adjusting the metastable fraction in order
to achieve agreement with the measured photon counts gives probable ion cloud
conditions that agree with experiment. The last column of Table 7.3 shows that as
the number of stored ions increases, the calculated expansion rate comes into closer
agreement with the measured intrinsic ion-loss rate, taken to be due to expansion.

Based on ion capture efficiency measurements and calculations presented in
§4.4.1, it seems unlikely that more than 700 ions are present in the trap during
lifetime measurements. An ion capture efficiency of ~ 45% would set the limit on
the number of ions at close to 700 per EBIT pulse. Ion numbers greater than 1000
would require the capture efficiency to approach 65%. The narrow timing pulse
used for capture and the broad arrival pulse from the EBIT, suggest that capture

efficiency greater than 45% would be rather unlikely.

7.5 Additional Systematics

A variety of additional systematic effects influencing the radiative lifetime mea-
surement can be estimated, as discussed in the most recent in-EBIT measurement
[87]. The issue of radial ion expansion and loss has been addressed in the previous
section; however, axial ion losses are also possible. As shown in [87], the axial ion

loss rate can be expressed as



where N; is the number of ions of a given charge state and 4y is given by

- %% (% — Jarerf(w) — 1]) | (7.21)

where erf(w;) is the error function given by [83]

2 Yo
erf(w;) = \/—7?/ e " dt, (7.22)
0

and w; is related to the ion charge state ();, axial potential V| and ion temperature,

T; and is given by

s — QZGV
" ksT

(7.23)

The quantity v;; is the ion-ion Coulomb collision rate and for ions of the same mass

is given by

Z 471]\/% Q2Q2 4
3v/M;(4me,)? (kpT;)>/?

where n; is the ion density of a given charge state and In A;; is the Coulomb logarithm

In Ay (7.24)

for ion-ion collisions [111]; for only Ar'®* ions present in the trap, In A;; ~ 11. The

axial ion loss rate is estimated to be ~ 1079 s~!

, and therefore has no significance
in estimating the radiative lifetime uncertainty.

A shift in the pressure-extrapolated lifetime could occur if the pressure inside
the trap has an offset from the measured chamber pressure during injection of Nj.
This can occur if the residual gas composition is dominated by a gas other than
Ny. This shift is estimated by considering the ion loss rate data presented in §5.1.3.
Since the Penning trap is a room-temperature device, it is not probable that the
pressure inside the trap is lower than the measured chamber pressure. However,

due to differential pumping effects and the small holes in the Penning trap it is
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possible that the pressure inside the trapping region is greater than the measured
pressure. A positive pressure shift would cause the extrapolated ion loss rate to
decrease, compared to the measured value of 1.18 & 0.05 s. However, a pressure
shift that causes an ion loss rate less than zero is not physically possible. Thus,
the maximum pressure offset has be estimated from the fitted results of the ion loss
data. A pressure offset of 7.98 x 1071° torr would cause the measured ion loss rate
to be consistent with zero; in this case, there would be no radial expansion of the
ion cloud and no ions would be lost from the trap at zero pressure.

When a pressure offset of this size is added to the transition rate data, the
resulting pressure-extrapolated lifetime is found to be 7 = 9.24 + 0.05 ms. This
lifetime is consistent with the result when no pressure offset is assumed and an
ion expansion correction is applied using either the TOF measured rate or the rate

deduced from ion cloud modeling. A comparison of estimates for a range of pressure

offsets are shown in Table 7.4. It shows that the effect of a pressure offset
Ar'3t 2522p 2P3 ), Pressure offset estimates
Pressure offset (torr) | 7p—¢ (ms) | d7p—g (ms) | 75 (S) | 75 (s) | 7 (ms)

—0.89 x 10710 9.17 0.05 1.06 0.04 9.25

Z€ero 9.18 0.05 1.18 0.05 9.25

2.86 x 10710 9.20 0.05 1.84 0.14 9.25

5.0 x 10710 9.21 0.05 3.16 0.44 9.24

6.0 x 10710 9.22 0.05 4.75 1.04 9.24

7.98 x 10710 9.24 0.05 N/A | N/A | 9.24

9.48 x 1071 9.25 0.05 N/A | N/A | 925

Table 7.4: Radiative lifetime and ion storage lifetime estimates for a range of poten-
tial pressure offsets. Ion storage lifetimes that are less than zero are un-physical and
are indicated with (N/A). The estimated offsets: —0.89 x 107'% torr, 2.86 x 107
torr, and 9.48 x 10719 torr correspond to residual gas compositions: pure H,O, equal
parts HoO, Ny, Hy, and pure H,, respectively.
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in the Penning trap can shift the lifetime by no more that 0.06 ms, for offsets
of order the measured base pressure, of either sign. As shown in Table 7.4, an
increase in the radiative lifetime due to a pressure offset would be accompanied by a
decrease in the measured ion loss correction that would be applied to the radiative
lifetime. In addition, when a scaling factor of 10%, which is twice the specified
gauge reproducibility, is introduced to each pressure measurement, the extrapolated
radiative lifetime does not change. Any proportional shift in the pressure reading
should not influence the final result; only a pressure offset is thought to have a

measurable affect.

7.5.1 Angular dependence of optical transmission filter

Optical transmission filters are designed to transmit light of a specified wave-
length by interference. The transmission efficiency of a filter is specified for colli-
mated rays striking the filter front surface at normal incidence. For rays striking the
filter at an angle greater than normal (0°), the peak transmission shifts to a lower
wavelength [112]. We have measured the angular dependence of the peak transmis-
sion wavelength for the filters used here (Thorlabs FB440-10). An observed shift
of -7.5 nm over 15° is consistent with previous measurements of dielectric optical
filters [112].

The shift in the peak transmission wavelength leads to an angular dependence
in the transmission efficiency at 441 nm. This angular dependence has been included

in the optical model by adjusting the transmission efficiency at each incident angle.

210



The resulting optical transfer function is shown in Fig. 7.7. The most dramatic
differences between the calculation including angular effects (Fig. 7.7) and the
idealized calculation (Fig. 7.6) are the overall reduction in the photon collection
efficiency, and the reduction in the effective optical field of view. This occurs because
the transmission of the filter at 441 nm drops significantly as rays enter at an angle
other than normal.

Interestingly, the inclusion of angular effects brings the effective optical field-
of-view into closer agreement with the TOF field-of-view. This leads to calculated
ion expansion times between 1.86 s for 300 stored ions and 2.63 s for 700 stored
ions. These calculated expansion times are in closer agreement with the measured
ion expansion time, obtained using TOF analysis, of 1.18 s. Applying the angular
dependent ion cloud expansion rates to the pressure-extrapolated radiative lifetime
leads to a range in the 2P3/2 lifetime of 9.21 ms to 9.23 ms.

However, while the initial inclusion of angular effects appears to bring the
ion cloud expansion rate into a narrower range than suggested in §7.4, the overall
reduction of the detection efficiency introduces a new uncertainty in the calculation.
The inclusion of angular effects seems to require a metastable fraction of ~ 1 for a
cloud 700 ions. In other words, all captured ions would need to be in the metastable
2p, /2 state upon leaving the EBIT. For clouds with less than 700 ions, the metastable
fraction is calculated to be greater than 1, implying that the number of ions in
the trap has been underestimated. However, as mentioned earlier, this is unlikely
given the number of ions entering the trap per EBIT cycle ~ 1500 and ion capture
efficiency of ~ 40% for capture of 700 ions (see §4.4.1 for details).

211



Non-optical axis (mm)

-2 -1 0 1 2
Optical axis (mm)

0.0 0.005 0.010 0.015
Photons / EBIT cycle

Figure 7.7: Optical transfer function for the absolute number of detected
photons per MCS pass, including the angular dependence of the optical
filter. The calculations are performed in a coordinate system which is
aligned with the optical axis.
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This lack of concordance may be due to uncertainty in the treatment of the
angular dependence in the optical filter. To check the filter specification, an LED
source, emitting between ~ 400 nm and ~ 500 nm, was imaged through a 150 um
pinhole and collimated using a 25 mm focal length lens. This approach produced a
beam that was collimated over ~ 10 cm, with a spot diameter of ~ 1 mm. This light
source was then passed through the filter and the transmitted light was collected on
a fiber-fed grating spectrometer (Ocean Optics USB4000). The filter was mounted
on a rotation stage, and a spectrum was taken at 1° intervals.

Due to the uncertainty in the source collimation and optical alignment, we esti-
mate that the uncertainty in the measured angle is ~ 1°. In addition, an uncertainty
of &~ 2° comes from the numerical approximation in treating the angular spread of
light rays passing through the filter and impinging upon the finite size of the photon
counting head (5 mm diam). These uncertainties can cause shifts in the calculated
ion cloud expansion time, thus generating uncertainty in the corrected ?Ps s, lifetime
determination. The influence of these uncertainties has been estimated by adjusting
the transmission curve to reflect a range of angles. The estimated systematic un-
certainty in the *P3/, lifetime associated with the rough inclusion of angular effects

1s 0.09 ms.

7.6 Discussion: Error Budget

The radiative lifetime measurement presented here demonstrates the use of the

two-magnet Penning trap in studying metastable states of isolated, highly-charged

213



ions. The preliminary result includes corrections due to systematic effects associated
with the ion cloud size, radial expansion based on the ion loss rate measurements,
and properties of optical components modeled above. The various systematic effects

and their contribution to the total uncertainty are presented in Table 7.5.

Art?t 2422p 2Py 5 lifetime uncertainty budget
Statistical effects: Uncertainty (ms)
Statistics 0.05
Measured ion cloud expansion 0.003
Total statistical uncertainty 0.05
Systematic effects: Uncertainty (ms)
Angular dependence of interference filter 0.09
Ion cloud and optical modeling 0.07
Residual gas composition and pressure offset 0.06
Measured ion cloud expansion 0.001
Axial ion loss N/A
Cascade repopulation N/A
Electron-impact excitation N/A
Total systematic error estimate 0.13

Table 7.5: Uncertainty and error budget for this determination of the radiative
lifetime of the Ar'®* 2P/, metastable state.

Currently, the largest uncertainty for this determination of the Ar'** 2P
radiative lifetime comes from the angular depndence of the interference filter in the
optical setup, followed by uncertainties due to the ion cloud and photon collection
model, which largely determines the ion expansion rate correction. The statistics of
the raw data, the fitted lifetime at each pressure, and pressure inside the trap also
contribute at a similar level of precision. The ion expansion rate measured using the
TOF signal alone tends to lead to a larger correction than is predicted by the optical
and non-neutral plasma modeling of the ion cloud in the trap. The radiative lifetime
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determined using the measured TOF ion cloud expansion rate is 777, = 9.254+0.05 ms.
The radiative lifetime determined using the smallest calculated ion cloud expansion
rate, without angular effects, is 7;pp = 9.20 £ 0.05 ms. When angular effects are
included, the model predicts a corrected radiative lifetime between 9.21 ms and 9.23
ms. However, uncertainties associated with parameters of the optical setup used
in these calculations suggest that the systematic uncertainty due to angular effects
may be as large as 0.09 ms. These include the uncertainty of the transmission curve
of the optical filter, as well as the uncertainties in the angular spread of incoming
rays. In addition, a potential pressure offset consistent with a positive ion expansion
rate sets a range on the lifetime between 9.18 ms in the case of no pressure offset and
9.24 ms in the case of a maximum allowable pressure offset. The total systematic
uncertainty is determined to be 0.13 ms.

Therefore, taking the above considerations together with the uncertainties

summarized in Table 7.5, the 2p ?Pj/, lifetime has been determined to be
7 = 9.25(5)sat (73" )syse MS. (7.25)

A comparison of this preliminary measurement with the previous experimental re-
sults and the current theory is shown in Fig. 7.8. Previous in-EBIT measurements
have varied by ~ 20 (combined uncertainty), and with the exception of the first
NIST in-EBIT measurement, have also differed from the Kingdon trap measure-
ment by & 20 (combined).

The most precise reported result comes from the in-EBIT measurement per-

formed at the Heidelberg EBIT in 2005 [31], reporting a precision of 0.1 %, which is
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roughly an order of magnitude more precise than all previous measurements. There,
a variety of systematic investigations have been carried out in order to estimate the
effect of processes such as charge-exchange ion loss, dump-induced losses, and the
potential presence of “slow electrons” in the plasma [87, 113]. The in-EBIT mea-
surement relies on a model of the plasma conditions which takes into account the
presence of residual trapped electrons created in the plasma after the electron beam
is turned off and the fluorescence observation begins. These trapped electrons give
rise to a long-time component in the observed fluorescence decay which enters into
the fitting function used to determine the radiative lifetime.

The result of using the two-magnet, unitary Penning trap to measure the
Ar'3t 2Py 5 lifetime presented here is in mild disagreement with some of the earlier
measurements and the most current theory. This preliminary result is in agreement
with both the Kingdon trap measurement [34] and the NIST in-EBIT measurement
[33]; it differs from the LLNL in-EBIT measurement [32] by ~ 2.40 (combined).
The current result differs from the Heidelberg measurement by ~ 2.90 (combined)
and =~ 2.60 (combined) from theory.

A unique feature of this new experiment is the application of Stern-Volmer
analysis to deal with pressure-dependent quenching. Techniques applied here are
similar to those which have been utilized on low charge state lifetime determinations
[114]. This Stern-Volmer technique is not typically applied to measurements on
highly-charged ions inside an EBIT, and has not been applied previously to the
P53/ state in Ar'®*. Since charge-exchange and ion-neutral collisions are usually
the dominant sources of systematic error in determining radiative lifetimes, the
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Figure 7.8: Comparison of previous measurements and theoretical values
for the %P4 /2 Tadiative lifetime in Ar'3* including the recent result from
the EBIT-Penning trap experiments.
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extrapolation to zero-pressure is a useful technique for experimentally accounting
for these effects in a largely model-independent way.

It may be difficult to measure the radiative lifetime as a function of pressure
inside an EBIT. Previously, pressure-dependent effects were investigated inside the
NIST EBIT [33] by varying the gas-injection pressure. Despite changing the injec-
tion pressure over an order of magnitude, no measurable dependence in the lifetime
was observed [33]. This is due in part to the fact that even though the gas injection
pressure was varied widely, at the level of precision in that work, the neutral gas
density in the EBIT was most likely not varied enough to produce a meaningful
pressure dependence.

The current atomic structure theory [102] predicts a radiative lifetime of 9.5384
ms which is & 0.4 % shorter than the Heidelberg result and =~ 3 % longer than the
preliminary result from the two-magnet Penning trap. It should be noted that while
the one-electron QED corrections have been accounted for and the reported frac-
tional uncertainty is 2 x 10~ [86], the scatter in the wavelength-corrected theoretical
predictions is ~ 3 %.

Although studies of the systematic effects in the new Penning trap result are
ongoing, there is sufficient evidence that a mild discrepancy in the value of the
Py lifetime may persist. The measurement capabilities demonstrated using the
two-magnet, unitary Penning trap apparatus can be useful in enabling precision
measurements on highly-charged ions. The simplicity of the unitary architecture
may lead to improved measurements to provide needed corroboration of recently
reported high precision lifetime measurements [35]. The ability to confine a single
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high charge state in a trap with easy optical access presents an opportunity to
perform not only passive spectroscopic measurements, but also laser excitation to

probe the physics of highly-charged ions with even greater precision.
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Chapter 8

Conclusions

Unitary Penning traps, with extremely compact architecture, have been de-
veloped for capturing and storing highly-charged ions. A one-magnet Penning trap,
the simplest realization using a single rare-earth magnet, has proven to be useful
for capturing ions extracted at high energies from the NIST EBIT. By fully inte-
grating the electrostatic and magnetic components, unitary Penning traps depart
dramatically from the traditional architecture of a Penning trap that is typically
used in conjunction with a high-field solenoid magnet operated at cryogenic tem-
peratures. The extreme compactness and room-temperature operation of a unitary
Penning trap lends itself to small instrument design for applications wherein space
constraints preclude the use of high-field solenoids. Moreover, the measured trap
stability resulting from the simplicity of construction illustrates the usefulness of
such small traps.

A two-magnet Penning trap, with more elaborate architecture to house two
NdFeB magnets that are yoked by electrical iron electrodes, was designed and built
to shape the magnetic field in the trapping region and provide optical /atomic beam
access to stored ions. This trap has been shown to be useful for investigations of
trapped ion dynamics, collisional processes with highly-charged ions, and atomic

properties of simple atoms. Notwithstanding holes for beam access, the two-magnet

220



Penning trap can confine ions with long storage times (of order seconds), limited
primarily by collisions with the background gas. Possible future improvements to
the trap include the introduction of “rotating-wall” electrodes [115, 116] to improve
the intrinsic stability further.

The isolation of highly-charged ions is an important first step towards more
control of atomic processes, such as synthesis of simple atomic structures for preci-
sion measurements. In fact, the new apparatus has enabled initial investigation of
ion cloud dynamics, as well as a detailed characterization of the trap and ion source
capabilities. The early studies presented here indicate that unitary Penning traps
can open new opportunities to study highly-charged ions at lower temperatures
which are rarely achievable in more traditional laboratory ion sources.

The radiative lifetime of the *P3/, state in B-like Ar'®* has been studied as
the “first light” experiment using the new apparatus. A unique feature of this
experiment is the measurement of the radiative lifetime as a function of background
gas pressure in the apparatus. The radiative lifetime has long been in dispute,
with disagreements among previous reported measurements of ~ 5 %. In the new
measurement, systematic effects including the ion cloud size and non-uniform optical
field of view have been investigated using numerical models. An elaborate model
was developed to estimate the uncertainty due to the ion cloud expansion in the
optical field of view, an important correction to the observed radiative lifetime.
Experiments with Ar'3* ions isolated in the two-magnet Penning trap yield a value
for the 2P3 /o radiative lifetime of 7 = 9.25(5)stat (T3 )syse ms. This preliminary result
is in agreement with the previous ion capture experiment using an ECR ion source
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and electrostatic Kingdon trap [34], as well as the previous in-EBIT measurement
at NIST [33]. This preliminary result is in mild disagreement with the recent in-
EBIT result from LLNL [32] by ~ 2.40, combined uncertainty; it is also in mild
disagreement with the recent in-EBIT result from MPI-K [31] by ~ 2.9, combined
uncertainty, and with the current theory [102] by ~ 2.60, combined uncertainty.
Improvements to the optical setup could reduce uncertainty associated with the
angular dependence of the interference filter.

Future studies will also include the production and spectroscopic interrogation
of hydrogen-like ions in circular Rydberg states, as well as other atomic systems of
interest in astrophysics, atomic theory, and fundamental metrology. These inves-
tigations will be facilitated by the advances in ion capture and storage presented

here.
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