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Abstract

Recent neutrino oscillation results provide experimental proof that neutrinos are mas-
sive particles. These measurements, however, reveal information about neutrino mass
differences, as opposed to the absolute mass values themselves. Observation of a rare
nuclear transition called neutrinoless double beta decay (0v83) would constitute an
absolute neutrino mass measurement. This decay requires that neutrinos are massive
Majorana particles, and that lepton number conservation is violated. Observation
of this decay will undoubtedly reveal physics beyond the current Standard Model
of particle physics. Current limits on the half-life of 033 are > 10% yr, providing
a formidable experimental challenge. The Enriched Xenon Observatory (EXO) is a
double beta decay experiment poised to improve upon this limit, using 3¢Xe as both
a source and detector of this decay. 0v3f3 of 3Xe produces a detectable energy de-
position, in addition to a single '3Bat* decay daughter which can be used to tag this
rare process. This thesis deals with the details of energy deposition in liquid Xenon

(LXe), as well as the first observation of single Ba ions in a high pressure buffer-gas
filled RF Paul trap.
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Chapter 1
Introduction

Results of recent pioneering neutrino oscillation experiments, such as SuperK [§],
SNO [9], and KamLAND [10], provide evidence that neutrinos are massive particles.
The Standard Model (SM) of particle physics had assumed, until this discovery, that
neutrinos were massless particles. This discovery therefore offers new possibilities to
explore physics beyond the SM. In particular a measurement of the absolute neu-
trino mass, which cannot be measured by oscillation experiments, will have profound
implications for fields such as particle physics, cosmology, astrophysics, and string

theory.

One possible method of measuring the neutrino mass is by observation of a rare, as
of yet unseen, second-order electroweak process called neutrinoless double beta decay
(OvBB). The Enriched Xenon Observatory for neutrinoless double beta decay (EXO)
is designed to search for this decay in '*Xe. In the standard version of this process
(two neutrino double beta decay, or 2v303), a 135Xe decays to a 13*Ba*™, emitting two
electrons and two electron anti-neutrinos. This process has been observed in various
nuclei, but does not allow for a measurement of absolute neutrino mass. The 0vG3

process emits two electrons and a neutrino which is reabsorbed during the decay.

OvBp
T /2

mass limits < 0.35 eV. Improving on this value requires substantially larger quantities

Current limits on the half-life of this decay, > 1.6 x 10% yr, yield neutrino

of the target isotope, in addition to new techniques to further decrease radioactive

backgrounds, which currently limit the experimental sensitivity to Ov33. Enhancing

1
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2 CHAPTER 1. INTRODUCTION

the ability to detect these decays, by maximizing the experimental energy resolution,
is one key goal. In addition, tagging the decay daughter of Ov3( provides a means of
eliminating all radioactive backgrounds [11]. 0v88 of 13¢Xe, in particular, provides a
unique opportunity in this sense, as the resulting *Ba™ is observable via resonance
fluorescence. The trapping and observation of single 3*Ba™* is described in the first
half of this thesis. The second half of this thesis studies energy resolution enhancement
in a liquid Xe detector.

In ch. 2, the current status of neutrino mass measurements is briefly reviewed.
The physics of Ov34 is introduced, along with a basic description of the EX0-200 and
second generation EXO experiments. The EXO-200 experiment is under construction
as of the writing of this thesis. In ch. 3-4, the physics of resonance fluorescence and
trapping of a single **Bat are discussed. The theory and measurements presented
here, as well as in [3], lay the foundation for tagging of the decay daughter of 1*¢Xe in
the second generation EXO experiment. A single **Ba™ is trapped and observed in a
buffer-gas filled RF Paul trap, for the first time to the author’s knowledge. In ch. 5-6,
the detection of energy deposition in a liquid Xe detector is studied, by simultaneously
collecting ionization and scintillation signals produced by a 2"Bi 3~ /v source. This
leads to an enhancement in the energy resolution [12], with respect to previously
published results, and plays an important role in the design of both EX0-200 and

the second generation EXO experiment.
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Chapter 2
Massive neutrinos

The recent observation of flavor conversion of solar, atmospheric, and reactor neu-
trinos naturally implies the existence of three massive neutrinos, labeled my, mo, m3
[9, 8, 10, 13]. These mass eigenstates are related to the weak eigenstates, me, m,, m.,
via a mixing matrix, Uj;, similar to to the CKM mixing matrix for quarks. In partic-

ular, for the electron neutrino v,,

N
Ve = ZUejmj (21)
J

where N is the number of light neutrinos. The Standard Model of particle physics
(SM) does not require neutrinos to be massive particles, implying that mixing is

explained by new physics beyond the SM.

Measurements of flavor oscillations reveals information about neutrino mass dif-
ferences, Am;; = m; — m?, though much less is known about the absolute neutrino
masses themselves. The measured mass splitting primarily responsible for atmo-
spheric oscillations |Am2,| = (2.4 £ 0.3) x 1073 eV? implies a lower limit on the
heaviest neutrino mass, my > 0.04 eV [13]. Whether or not this mass is m;, ms, or

mg depends on the hierarchy of these three mass states. The current experimentally

3
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4 CHAPTER 2. MASSIVE NEUTRINOS

allowed hierarchy models are

normal : m;~my K mg (2.2)
inverted : mg << My ~ My (23)
degenerate : m; ~ mgy ~ mg3 (2.4)

Given each of these models, other limits can be set from solar and reactor experiments,

such as SNO, Super-Kamiokande and KamLand [2].

Non-oscillation experiments, such as #-decay, cosmological observations, and neu-
trinoless double beta decay (0v(3() yield complementary information in the neutrino
sector. (-decay is the simplest method of making an absolute neutrino mass mea-
surement. The Mainz experiment [14] measures the [§-decay energy spectrum in the

vicinity of the tritium (-decay endpoint
H—*He+e + 7, (2.5)

setting a limit m,, < 2.0 — 2.2 eV [13]. The KATRIN experiment plans to improve
on this kinematic method, with a planned sensitivity of ~ 0.2 eV [15]. Cosmological
observations, such as WMAP, put a bound on the sum of neutrino masses Zi’:l m; <
0.17 eV (95% C.L.) [16]. Combining cosmological and oscillation results, at least one
neutrino mass should be in the range m, = (0.04 - 0.10) eV. The cosmological limit,

in addition, disfavors a strongly degenerate mass spectrum [13].

Ov 3 has the potential to probe mass limits in the meV range, provided neutrinos
are Majorana particles, and lepton number conservation is violated. Currently, the
best limit on the Majorana mass due to OvG03 is (mgg) < (0.35 - 0.50) eV, as measured
by the Heidelberg-Moscow experiment using “®Ge as a source material [17]. In this
case, (mgp) is the effective Majorana mass, described in §2.1. A portion of the
Heidelberg-Moscow collaboration claims a positive signal at (mgg) ~ 0.4 eV. If this
positive signal is confirmed, and Ov(@( is due to the exchange of light Majorana

neutrinos, the neutrino mass spectrum is strongly degenerate [18].
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2.1. DOUBLE BETA DECAY 3

Figure 2.1: Feynman diagrams for (a) (standard) two-neutrino double beta decay
(2v(8) and (b) neutrinoless double beta decay (Ov33). N and N’ are the initial and
final nuclei.

2.1 Double beta decay

Two neutrino double beta decay (2v373) is a standard second-order electroweak pro-
cess, whereby a nucleus with charge Z and mass number A decays to a nucleus with

charge Z + 2 and mass A,
(Z,A) > (Z+2,A)+ e +e5 +Ter+ Ue2 (2.6)

where both Z and A are even. In this process, two neutrons decay to two protons, two
electrons, and two electron antineutrinos, shown schematically in fig. 2.1a. The total
energy difference (usu. just mass) between the initial and final nuclei is called the
Q-value. In 2030, this energy is distributed among the emitted electrons, neutrinos,
and nuclear recoil of the daughter nucleus. This process occurs in various “even-
even” nuclei, with a rate ~ (Ggcosfc)?, where Gp is the Fermi coupling constant
and fc is the Cabbibo angle. This rate would be dwarfed by the single 3-decay
rate, if it were not for a peculiarity in the nuclear mass function of certain even-even
nuclei. This is shown for the case of 136Xe in fig. 2.2 where single S-decay to 3°Cs is
energetically disfavored over 2v33 to *Ba**. This is a common situation, though
only a few nuclei exist with a decay endpoint large enough (@ >2 MeV) such that

the decay occurs with an experimentally observable rate. 2v3( has been observed in

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



6 « CHAPTER 2. MASSIVE NEUTRINOS

A=136

¥ Ce

L, ..

(MeV) 3Ba

Figure 2.2: Nuclei with A = 136. Parabolae connecting ”odd-odd” and ”even-even”
nuclei are shown. Single S-decay of 36Xe to '3%Cs is energetically forbidden.

10 nuclei, and is useful in verifying second-order nuclear matrix element calculations.
This process is observed experimentally via the sum electron energy spectrum (K, in
fig. 2.3 at 5 % detector energy resolution). The electron energy spectrum of 2v343 is
continuous, as the neutrino can be emitted with a kinetic energy between 0 and Q).

Current experimentally measured 2v3 half-lives are listed in table 2.1 [1].

Neutrinoless double beta decay,
(Z,A) > (Z+2,A)+e] +e; (2.7)

violates lepton number conservation, and is therefore forbidden in the standard elec-
troweak theory. The Feynman diagram for this process is shown in fig. 2.1b. 0v33
requires that neutrinos are both massive and equivalent to their own antiparticles
(Majorana, as opposed to Dirac neutinos), since the right-handed antineutrino emit-
ted at vertex A in fig. 2.1b must become a left-handed neutrino to be absorbed at
vertex B. This assumes standard electroweak interactions at both vertices, requiring

left-handed neutrino currents. In this case, the sum electron energy spectrum is a
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Isotope Tf/"f B Tyr]
8 Ca (4.2 +1.2) x 10"
6Ge (1.3 +£0.1) x 10%
82Ge (9.2 +£1.0) x 10
97y 1.4733 x 10%

100Mo (8.0+0.6) x 108

116Cd (3.240.3) x 10%°

128Te (7.240.3) x 10
(

1307 2.740.1) x 10
138X | > 8.1 x 10 (90% CL)
150Nd 7.01358 x 1018
287y (2.0 £ 0.6) x 102

Table 2.1: Summary of experimentally measured 2v3( half lives [1].

delta-function, centered at ). The OvF( sum electron spectrum is shown magnified

and convolved with a 5 % detector energy resolution in fig. 2.3.

If OvB6 occurs, a superposition of the three mass eigenstates participate in the

decay. The effective Majorana mass, (mgg), is defined as

2

(mgp) = (2.8)

§ : 2
J

E 2 | %
|Ue]-| e®m;
J

The matrix elements Ug; (see eqn. 2.1) contain Majorana phases, «;, which are
unknown. If CP is conserved, a; = km (where k is an integer) but generally any
values of a; are allowed. Since the effective mass contains the term |UZ| (as opposed
to |Ue;|?), these phases can cause cancellations in the sum, leading to an uncertainty

in the neutrino mass.

The effective Majorana neutrino mass is related to the half-life of the decay, Tf/"f A ,

) 29

where G®PP(Q, Z) is a phase-space factor depending on the endpoint energy @ and

via

2
v, v Ov, g v
(mgg) = <T10/2ﬁﬂG0 Q. 2) MGTﬂﬂ - g_‘szzg o
A

nuclear charge Z, Mov?? and M’®” are the Gamow-Teller and Fermi matrix elements,
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Figure 2.3: Spectra of the sum of electron energies, K., from 2v33 (dotted) and
OvBg (solid) decay, normalized by the decay endpoint @ [1]. The 2v33 spectrum
is normalized to 1, and the Ov383 spectrum is normalized to 1072 (107° inset). All
spectra are convolved with an energy resolution of 5 %.

and gy, 4 are the vector and axial-vector coupling constants [1]. Current experimental
limits on Tf/"f # are listed in table 2.2. The combination of (-decay, cosmological
observation, oscillation, and Ovf33 results are required to elucidate the nature of

these phases [1].

Whereas the effective Majorana mass (mgg) depends on (currently) unknown Ma-
jorana phases, the lower and upper bounds on this mass, (mgg) .. and (mgg) . are

determined by absolute values of the mixing angles [19],

(Mp8) max = ZIUejIQm,' (2.10)
(Mmpg)n = max [(2|Ug|* m; — (mgp) ) 0] (2.11)

Therefore, if Ov30 is observed and the value of (mgg) is measured, and at the same
experiments, a range of absolute neutrino masses can be deduced [1]. This range is

time the mixing angles U,; and mass-squared differences Am;,; known from oscillation
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Isotope | T: 10/"2[3 P [x10% yr] Experiment
130Te >1800 CUORICINO
100Mo >460 NEMO-3
82Ge >100 NEMO-3
6Ge 119007235° | Heidelberg-Moscow
®Ca >14 ELEGANT VI
16Cd >170 Solotvina
Ge >15700 | Heidelberg-Moscow
134X e >58 DAMA
136X e >1200 DAMA
100Gd >1.3 Solotvina
%Zr >1.0 NEMO-2

Table 2.2: Summary of experimental limits on Ov33 decay half lives [2]. Results are
arranged according to publication data. All limits are 90 % CL.

illustrated in fig. 2.4, where the (mgg) is plotted against the lightest neutrino mass.
In this figure, N = 3 massive interacting neutrinos, large solar neutrino mixing (LMA
oscillation solution), and maximal atmospheric neutrinos mixing between v, and v,
arc;, assumed. Evidently, Ov33 experiments with a sensitivity in the 10 meV range

are required to make a strong statement about the neutrino hierarchy question.

2.2 Experimental considerations for OvG3

Advances in low background experimental techniques over the last thirty years have
allowed for the observation of the 2v3(3 decay mode in various nuclei, as listed in
table 2.1. Ov(3g0 is the next challenge, identified by the sum electron energy spectrum
at the decay endpoint (see fig. 2.3). Experimentally, this search is reduced to a
counting experiment, where the goal is to maximize the Ov33 rate while miminizing
all background rates (2vf3(3 decay, radioactive impurities, etc.) that can mimic a
Ov(3p signal . Given the current limits on the OvS3 half lives (see table 2.2), the
requirements to push the experimental sensitivity to (mgs) ~ 50 meV, as indicated

by oscillation results, are challenging.
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Figure 2.4: Effective mass (mgg) as a function of the smallest neutrino mass, Mmyin,
adapted from [3]. The solid region indicates the range of allowed 0v33 masses, related
to the unknown Majorana phases, while the dashed lines indicate the 1o errors from
oscillation results.

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



2.2. EXPERIMENTAL CONSIDERATIONS FOR 0v@g 11

The effective Majorana mass sensitivity depends on experimental parameters as

B . W 12 rpARTYA
(mﬂg> = (2.50 x 10 eV) [fxeGOV |M0u|2 —MT (2.12)
1174 1/2 1
= (2.67 x 1078V X —— 2.13
(mas) = ( N\ mmamr| <Am @

where W is the molecular weight of the source material, f is the isotopic abundance,
x is the number of double beta decay candidate atoms per molecule, € is the detector
efficiency, b is the number of background events per (kg-yr-keV), AE is the energy
window for Ov33 decay in keV, M is the mass of isotope in kg, T is the live time
of the experiment in yr., and |M?%| represents the 0v 33 nuclear matrix elements [1].
The first case is for a background-rate limited experiment, whereas the second is for

a background-free experiment.

In the first case, the (mgg) sensitivity is determined by the statistical fluctuations
in the background rate, where a simple Poisson scaling with the detector mass and
exposure time is assumed. In this case, (mgg) Tlo/"f P & (MT)~'/4. This is
the case for an experiment with trace radioactive impurities present in the source
material and detector housing, for example. The count rate due to these impurities
will increase linearly with time and source mass. (mgg) scales with the square root

of the half-life, and hence the fourth root of the product MT.

If, on the other hand, backgrounds due to radioactive impurities are eliminated,
the sensitivity is purely a function of the statistical fluctuations of the Ov33 count
rate itself. In this case, (mgg) o< (MT) ™2 Tt is clear that background rate reduc-
tion is one of the primary design criteria for all next-generation Ovg@3 experiments.
This requires a high degree of source material radio-purity, low-background handling
techniques of all materials close to the detector, special material selection and shield-
ing throughout construction (minimization of cosmogenic activation), local detector
shielding during data-taking (e.g. a lead shield between the detector and all other
components), and a deep experimental site (cosmic-ray shielding), to name just a few

considerations.

A few criteria other than background reduction are obvious from eqns. 2.12-2.13
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[1]. A large amount of source material is needed; approximately 1 ton is required
to reach (mgg) ~ 50 meV, whereas current experiments use ~ 10 kg. High detector
energy resolution is essential; this is required to be able to separate the OvG3 peak
from the 2v3( continuum (see fig. 2.3), or any other radioactive backgrounds present
near the endpoint. An isotope with a large )-value and matrix element is preferable;
this improves the (mgg) sensitivity for a given half life. Finally, the magnitude of the
2v(33 rate must be considered; certain elements (e.g. 'Mo) have a high 2v38 rate
compared to the expected Ov34 rate, which can bleed counts into the energy window
around the Q-value.

Satisfying all of these criteria reduces backgrounds, but cannot eliminate them
entirely. Two isotopes in particular provide a means of eliminating radioactive back-
grounds. First, Ov80 of %°Nd is accompanied by a 30 keV X-ray, which can be de-
tected in coincidence with the two electrons emitted. Second, Ov3f3 of 3¢Xe produces
136Ba++ (which becomes **Ba™ by capturing an electron from the LXe conduction

band) which can be identified via resonance fluorescence immediately after the decay.
The EX0-200 and EXO experiments, described below, look for Ov38 using '*Xe.

2.3 EXO0-200

The first phase of the Enriched Xe Observatory (EX0-200) is a double beta decay
experiment currently under construction, employing 200 kg of liquid Xe (LXe), iso-
topically enriched to 80 % 36Xe. Xe is an ideal material for a large scale double beta

decay experiment for the following reasons
e it is one of the easiest isotopes to enrich
e it serves as both the source and detector, with good energy resolution

e energy deposition creates electrons and scintillation photons, which can be used

for event localization and energy determination
e it has no long lived isotopes to activate

e it can be continuously purified while the experiment is running
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2.3. EX0O-200 13

Figure 2.5: Schematic of the EXO-200 detector assembly. (1) Ultra-low activity
copper LXe chamber. (2) HFE volume. (3) Double-walled, vacuum insulated cryostat.
(4) Pb shielding. (5) Plumbing/instrumentation feedthroughs.

e it produces a final state, **Ba**, which can be identified via optical spec-

troscopy after conversion to *Ba*

The EXO-200 detector is shown in fig. 2.5. The LXe will be housed in a low-
background copper cryostat (1), shielded by a low-background, high-density heat
transfer fluid (2) used to keep the LXe at a nominal temperature of 160 K. This fluid
also serves as radiation shielding, from any radioactive contaminates in the outer
layers of the detector. The heat transfer fluid is in turn housed in a double-walled,
vacuuin insulated cryostat (3). Refrigerators (not shown), circulate 160 K refriger-
ant through heat exchangers, which are welded onto the outside of the cryostat. The
cryostat is housed in a 25 cm thick, low-background lead shielding structure (4), again
used for radiation shielding. A 6 ft. schematic person is shown in the figure for refer-

ence. This entire apparatus is housed in a class 100 clean room, which will be installed
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at a the Waste Isolation Pilot Plant (WIPP), under ~ 1700 meters water-equivalent
of rock. This serves as the primary shielding against cosmic rays. All materials used
in the detector construction are put through a low-background approval process, in-
volving neutron activation at the MIT nuclear reactor, and subsequent Monte-Carlo
studies.

The natural abundance of 3®Xe is < 10 %, requiring substantial enrichment.
All next generation Ov3[3 experiments will require enrichment, which will be the
largest single cost item in all cases. Hence, the ease and cost of enrichment should
be considered in a 0v33 experiment. '*¢Xe enrichment is particularly suited to ultra-
centrifuge separation, and is a relatively simple process for two reasons. First, Xe is an
inert gas at the standard operating temperatures and pressures of ultra-centrifuges.
Second, '3%Xe is the heaviest Xe isotope, allowing the enrichment to be done in a
single pass through cascaded centrifuges. In contrast, "®Ge and '3°Te require complex
chemistry during enrichment.

The LXe itself acts as both the source of Ov33, and the detector, as shown
schematically in fig. 2.6. A Ov@0 decay (item (1) in fig. 2.6) produces a cloud
of ionization electrons (2) in the LXe. Recombination of these electrons with Xe
ions produces scintillation (3), which is collected by avalanche photodiodes (6). A
drift field is set up by grids (4) and (5), which drifts electrons across the LXe vol-
ume for collection. The energy and spatial position of the event is determined by
pulse height/shape/timing analysis on the electron and scintillation photon signals,
as described in ch. 6-7 of this thesis. The physics of the ionization and scintillation
processes in LXe is therefore central to measuring Ov33 in this detector, and is the
subject of the second half of this thesis.

2.4 EXO

EXO is the second generation experiment, proposed to follow EX0-200. EXO will
employ 1-10 tons of enriched !3¢Xe to search for Ov33. The general principles de-
scribed in §2.3 are the same, with one exception: in EXO, the Ba daughter (item (1)
in fig. 2.6) will be spectroscopically identified, immediately after a Ov30 event has
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6) Q)

Figure 2.6: Event detection in EX0-200. (1) A 0v(38 decay event, producing ion-
ization electrons, (2), and scintillation photons (3). (4) Center grid (-75 kV). (5)
Ionization collection wires. (6) APD plane for scintillation collection. (7) Ionization
readout electronics. (8) Scintillation readout electronics.

occurred. This requires knowledge of the location of the Ov33, but will eliminate all
radioactive backgrounds that do not produce a Ba ion in the detector. The 2v303
mode, in this case, is still a possible background.

Given the electronic band structure of LXe, the *Bat* should capture an elec-
tron, and become 3*Ba®. The lowest lying electronic levels of ¥6Ba™ are then easily
accessible via resonance fluorescence (using 650 nm and 493 nm lasers) as described
in ch. 3. The identification of *Ba™, resulting from Ov33, can be implemented
in multiple ways. One possibility is to excite the 3Ba™ in the LXe with resonant
lasers, and observe the fluorescence of the single Ba ion. It is possible, in this case,
that the interaction between the ion and the LXe will broaden the ion’s resonances
to the point where it cannot be detected reliably. This method is currently under
development. Another possibility is to extract the ion with a probe, and inject it into
an ion trap (a separate entity from the detector shown in fig. 2.6) for spectroscopic
observation. The ion trap must be able to accept ions injected from an external source

(the probe) and trap them with high efficiency. In addition, a single **Ba™ ion must
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be observable in the trap, via resonance fluorescence. Various probes, used to extract
a single ¥*Ba™ from the detector, are currently under development. Details of these
probes are out of the scope of this work. However, one promising design utilizes a
small amount of Xe ice as the tip of the probe. This method, in particular, requires
that an ion trap function in the presence of a small amount of Xe. Ch. 3-4 present the
theory and construction of a single-ion trap, designed to satisfy these criteria. Single
136Ba* ions are trapped and observed with high signal to noise in the presence of He,

Ar, and He/Xe mixtures as buffer gases.

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



Chapter 3
Resonance fluorescence

Laser fields, resonant with the 6S;/2 —6P1/, and 6P/, —5D3/5 transitions of a Ba't
(fig. 3.1), are used to induce fluorescence at 493 nm and 650 nm. The fluorescence
intensity is proportional to the number of ions under interrogation, for low ion number.
This allows for the detection of individual Ba ions via quantization of the fluorescence
rate. This technique is presented here as a means of spectroscopically tagging the
136Bat produced by the 0v383 of 3¢Xe.

The interaction of an ion with a laser field is described using the density matrix
formulation, leading to the optical Bloch equations. These equations are solved in
the steady state case, and the fluorescence spectra are derived. The effects of power
broadening and ion motion due to collisions with a buffer gas on the fluorescence

spectrum are also discussed.

3.1 Resonance fluorescence of Ba*

The lowest lying Ba* electronic levels are shown in fig. 3.1. The experiments pre-
sented in this work involve a single trapped Ba™ in a buffer gas, with a negligible
external magnetic field. Therefore, any optical pumping between magnetic sublevels
is undone by gas collsions. For this reason, the density matrix formulation described
here only involves the eigenstates of J2, assuming that the eigenstates of J, are de-

generate. This analysis is in principle easily extended to an n-level system where

17
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6P,

172 —

650 nm
I'./2mt=5.3 MHz

5D,

493 nm
I,/2n=152MHz

6S

172 e—

Figure 3.1: Ba™ level diagram. Only the lowest lying levels used in this experiment
are shown.

the J, eigenstates are non-degenerate [20], though the number of coupled differential
' equations to be solved increases as n?. The theory of resonance fluorescence presented

here is taken from Corney [20].

3.1.1 Density matrix formalism

The quantum mechanical state of the ion at time ¢ is a linear superposition of eigen-

states with time-dependent coefficients
() = > a;(®) 1) (3.1)
J

where the index j = 1,2, 3 and the following identification is made

1) = |6SI/2> (3.2)
|2) = |6P1/2) (3.3)
3) = |5Ds,2) (3.4)

The expectation value of an operator M is then

(V@I M|¥(@)) = ijk (k| M3) (3-5)
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where
pik = a;j(t)ar(t)” = (j| p|k) (3.6)

The state of the atomic system as a function of time is therefore encoded in the
coefficients p;i, which are the elements of the density matrix p. The elements p;; can
be interpreted as the time dependent probability that an atom is in a state |j). The
off-diagonal elements pjx, where j # k, are the probabilities of the atom being in a
linear superposition of states |j) and |k). These are called coherences.

Two important additional properties of the density matrix are conservation of

probability,
Trp=1 (3.7)

and Hermiticity

Pij = Pji (3.8)

3.1.2 The Liouville equation

The time derivative of the density matrix, from eqn. 3.6, is evidently

O _ 09y 0, 0%

whereas the development of the atomic wavefunction |¥(t)) is determined by the

Schrodinger equation 5
iha |W(t)) =H|¥(t)) (3.10)

once the Hamiltonian operator H is specified. Substituting eqn. 3.1 into the Schrodinger
equation yields
8aj 1 s
o EZ (1 H |k) ax (3.11)
k
Inserting this result into eqn. 3.9, and using the definition of the density matrix
elements (eqn. 3.6), as well as the Hermitian property of H gives

(9pjk 1
ot ik Xm: (HijmpPmk — PjmHmk) (3.12)

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



20 CHAPTER 3. RESONANCE FLUORESCENCE

This is the Liouville equation describing the time evolution of the density matrix,

given a Hamiltonian H. In operator form, eqn. 3.12 becomes

op 1
5 =ik [, o] (3.13)

The theory of resonance fluorescence of *Bat is described by the solutions of the

Liouville equation, with an appropriate choice of Hamiltonian H.

3.1.3 The Ba' system

The wavefunction of the atom is initially represented in the time-independent basis
{10),11),12)} as
1)
vy =1 |2) (3.14)
3)
where the basis states correspond to the the eigenstates of J? as depicted in fig. 3.1

and §3.1.1. The time-dependent Hamiltonian for a three level system coupled with

resonant laser fields is,

hu)o hQB Gint 0
H=| hQje st Fuwy hQpe Rt (3.15)
0 hQ}}Gint hu.)g

The diagonal terms are the energies of the basis states {|1),]2),[3)}, respectively,
while the off-diagonal terms couple these states via laser fields at frequencies wg g.
Quantum mechanically, the exponential factors in these off diagonal entries represent
the absorption/emission of a photon of energy fuvg . The amplitudes of the laser
fields are proportional to g g, called the Rabi (after Isaac Isidor Rabi) frequencies.
In addition, notice that pi3 = 0, as there is no dipole transition between |1) and |2)
in the Ba™ system.

The Liouville equation (eqn. 3.13) involves p and H, but not the atomic wave-

function |¢)). The mathematics of the Liouville equation are therefore simplified if H
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is transformed to a time-independent form via some choice of unitary transformation

U. By inspection,

giot 0 0
U= 0 eitlwr+Ap) 0 (3.16)
0 0 eit(AB—AR+wz)

where Ap g are the detunings of the lasers fields from resonance, defined as

Ap = wp — (w1 — wp) (3.17)
AR = WRr — (wl — CUQ) (318)

To preserve the equations of motion, the Hamiltonian, density matrix, and wavefunc-

tion are transformed

Ut

H = UHU'—ih 5 (3.19)
pf = UpU™? (3.20)
) = Ulyp) * (3.21)

The time dependence is therefore entirely transferred from M to o' and |¢)". The

Hamiltonian becomes

0  hQp 0
0 A, R(ArR—Ap)

At this point, eqn. 3.13 can be evaluated, which gives five independent equations for
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the time derivatives of the density matrix elements, called the optical Bloch equations

o) Q
% = ZTB (p12 — p21) + T'gp2eo (3.23)
0 KY)
s 2R (ps2 — pa3) + Urpae (3.24)
ot 2
) N Q )
% = 4 L(AR — Apg) p1s + 7R012 - —2£P23} (3.25)
o) REY) Q r
% = 1 _‘22 (p11 — pa2) + TRPIB - ABpm] — 5P (3.26)
0 REY Q r
_gjz = 1 _TR (P33 — pa2) + TBPM — A11,032] 3P (3.27)
where the spontaneous decay widths
I's =27 x 15.2MHz I'r = 27 x 5.28MHz (3.28)

have been added in by hand, and I' = 'y + I'p [21]. Using eqns. 3.7-3.8, the steady-
state population density is found by setting the optical Bloch equations equal to zero.

The population density in the 6P/, state, pgo is [21]

A(Ap — AR)PEQET

= .2
P22 7 (3.29)
where,
Z= 8(Ap— Ap)*QE304T +4(Ap — AR)’T?Y (3.30)
+16(Ap — AR)*(A%ZQAT s + A%O%TR)
—SAB(AB - AR)QKEFB + SAR(AB - AR)Q‘}BFR
Q% + Q%)Y
and
Y = Q4T+ Q4T3 (3.31)

The blue and red fluorescence rates are given by I'g gp2e. The blue fluorescence

rates at various fixed blue detunings, as a function of red detuning, are plotted in fig.
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3.2. Though the expression governing these lineshapes is complicated, a few features
are worth mentioning. First, the two-photon resonance (the dip in the fluorescence
to zero, close to the resonance peak) occurs when the detunings of both transitions
are equal. In this case, the population is coherently transferred between the 6S; /o
and 5Dj/, states, with no residence time in the 6P/, state. The second feature of
note is that the fluorescence width and peak height depend on the amplitude of the
laser fields, proportional to {2 g. The scaling of the width of the distribution with
the laser intensities is called power broadening. In practice, the fluorescence yield
as a function of laser power is measured, from which the power broadening can be

deduced. This phenomenon is described in detail in §3.2.

3.2 Power Broadening

The steady-state 6P,/ population density will increase as a function of both laser
powers, but cannot exceed 50% occupation (assuming no stimulated emission). As
either laser intensity is increased, the peak fluorescence rate will saturate. At this
point, the wings of the 6P;/, spectral distribution will grow as the laser power is
further increased, leading to a broadening of the natural linewidth T

Consider the simple case of a two level atom with an energy splitting AE = hwy
between two states |1) and |2). Using the density matrix methods presented in §3.1,
the population density of the upper state, ps, in the presence of a laser field at

frequency w and intensity I is

. 80/2
1+ s+ (2A/T)?

paa(w) (3.32)

where T' is the natural linewidth of the upper state, so = I/l is the saturation
parameter, Iy, is the saturation intensity of the transition and A = w — wy is the
detuning of the laser frequency from resonance [22]. Evidently, the spectral profile of

the emitted radiation is a Lorentzian with a broadened linewidth

Fp = F\/ 1 =+ So (333)
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Figure 3.2: Lineshape, or blue fluorescence rate I'gpsg, for the **Ba® 6P;/5 <> 6S1/9
transition at different blue detunings (g = Qp = 27x10 MHz).
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Figure 3.3: Doppler broadening of laser induced fluorescence due to distribution of
ion velocity in the direction of the laser, ¥ - ;.

For this two-level atom, the fluorescence from the excited state on resonance (from

eqn. 3.32) is
r S0
Ipos(wp) = =—— 3.34
paz(wo) 2 (1 + s0) ( )
The two limiting cases are
Sy K 1: Fpgg(tdo) ~ —S8g (335)

o o]

So > 1: FpQQ(CL)O) ~

The fluorescence is linear in laser intensity for low powers, and saturates for high
powers. It can be shown that this behavior applies to the individual Ba* transitions
as well [23].

3.3 Doppler Broadening

Consider an ion at rest emitting radiation at frequency wy, driven by a resonant laser
field incident in a direction, 7. If the ion is instead moving at an instantaneous velocity
U, as in fig. 3.3, the laser field appears Doppler shifted to the ion. In the ion’s rest
frame, the laser field is shifted to a frequency wy, given by the classical Doppler shift

wh = wo (1 - %) (3.36)

assuming |0| < ¢. This leads to a broadening of the ion’s absorption profile, and

formula

hence fluorescence emission profile. This broadening can then be calculated if the
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ion’s velocity distribution in the j direction, v;, is known.

In the case of a Maxwell-Boltzman velocity distribution, the probability of an ion

of mass m with kinetic energy kpT’, having a velocity between v; and v; + dv; is

2
m muvy
Plv)dv: = , | ——— — J ) .
(v;)dv; ’/27rkBT exp< 2k3T>dU’ (3.37)

Using eqn. 3.36, the absorption profile of the ion between wj and w( + dwy is

Pluh)duy = —— ex e —w) ) (3.38)
0/ ="~ Nz p ) 0 .
where the Doppler linewidth parameter is
op = 20, BFeT (3.39)
c m

The full-width at half-max Doppler linewidth, I'p, of this distribution is

1 :
FDZO'DVIDQZ% W—HZ (340)

m

3.4 Experimentally measured linewidth

The experimentally observed fluorescence intensity spectrum of a trapped ion is a
convolution of the ion’s natural linewidth and any other processes that affect the
ion’s absorption (and hence emission) profile. In the specific case of an ion in thermal
equilibrium with a 293 K buffer gas, the dominant process affecting the absorption
of resonant laser photons is the ion’s Doppler velocity profile along the laser axis (see
8§3.3). A 293 K (~ 0.03 eV) ion, for example, has a broadened absorption profile of
~ 500 MHz. Other effects, such as collisional broadening, are small perturbations

compared to this broadening. The convolution of the natural lineshape, £(w), and
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3.4. EXPERIMENTALLY MEASURED LINEWIDTH 27

the Doppler velocity profile, P(w), is then
I(w) = Io / Pl — wo) C{w — w)du (3.41)
0

where Ij is an overall scaling of the fluorescence intensity and wyq is the frequency of
the observed transition.

If the natural lineshape is a Lorentzian, and the velocity profile is Maxwellian
(see eqn. 3.38), then eqn. 3.41 is called a Voigt profile, which can be expressed in
terms of the real part of the complex error function with a complex argument [20].
In practice this function is available in most numerical packages, so performing the
actual convolution is unnecessary. In a 3-level system, £(w) is a complicated function
(see eqn. 3.29). However, if the width of the velocity profile is much larger than the
natural linewidth (as is the case here), and the power broadening is small, £(w) can
be approximated as a Lorentzian. In ch. 5, the fluorescence spectrum of a single Ba*t
is measured. The ion’s Doppler temperature is calculated by fitting the measured

spectrum to a Voigt profile.

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



Chapter 4
The theory of single ion trapping

Ion traps were invented and tested by multiple groups in the early 1950s [24, 25].
According to W. Paul [26], ion traps “grew out of molecular beam physics, mass
spectrometry, and particle accelerator physics” during the early to mid 1950s. Ac-
cording to Wuerker, Shelton, and Langmuir [27], the idea of containing charged par-
ticles with RF (radio-frequency) fields grew out of “studies in the laboratory on the
electrical charging in vacuum of small dust particles.” All authors emphasize the early
connection between the strong focusing principle and ion trapping as a fundamental
starting point. The trapping of ion clouds in RF Paul traps, and later single ions
[28, 29, 30], laid the groundwork for such modern fields as laser cooling {29], quantum
computation [31], mass spectrometry [32], and improved atomic frequency standards
[33], to name a few. Ultra-high vacuum (UHV) linear ion traps are currently being
pursued as a means of confining laser cooled ions for quantum computing [34]. Buffer
gas cooled linear ion traps, a specific type of RF Paul trap, have proven useful as
ion coolers and bunchers for heavy ion accelerator facilities [35], and as microwave
frequency standards [36].

RF Paul traps confine ions in a quadrupole (or higher order) RF field [26]. Hyper-
bolic Paul traps have a closed geometry, and use this principle to confine ions in three
dimensions by creating a potential minimum at the center of the trap. Linear ion
traps, on the other hand, are cylindrical structures that allow ion injection/ejection

access from either end of the trap. The RF field confines ions radially only, whereas a

28
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Figure 4.1: Three segments of a quadrupole linear ion trap. U is a DC potential, and
o =U+Vcost.

DC potential gradient applied along the cylindrical axis of the trap is used to confine
or transport ions.

The linear ion trap used in this work is a buffer gas cooled, segmented linear RF
Paul trap. Single ions are created at one end of the trap, and transported along a
DC gradient to a trapping region for spectroscopic observation. The ion is trapped
radially along the entire length of the trap via an RF field, while the longitudinal
trapping region corresponds to the minimum of the DC gradient. During transport,
the ion is cooled via collisions with a light buffer gas (e.g. He, Ar), such that it will
settle at the DC minimum. The dynamics of a single ion in a linear ion trap, including

both the electrodynamics and buffer gas cooling, are reviewed.

4.1 Ion confinement by RF and DC fields

The linear ion trap used in this work is described in detail in ch. 5. The trap consists
of sixteen segments, each electrically isolated from each other. A segment, in turn,
consists of four cylindrical electrodes with radius 7., as shown in fig. 4.1a. Ions are
confined radially at the center of the four electrodes (the “trapping region”) by an
RF field applied to two opposing electrodes, while the other two electrodes are held
at RF ground. A longitudinal DC field, U, confines ions along the z-axis of the trap.
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30 CHAPTER 4. THE THEORY OF SINGLE ION TRAPPING

For example, to trap an ion in the middle segment in fig. 4.1b, the DC potentials

must satisfy

Uy < Uy, Us (4.1)

In order to understand the radial trapping by the RF, consider the case of no
longitudinal DC field. The potential inside the electrodes is then independent of z,
and given by

2 2
%o -y
d="-1(1 4.2
> 1+ %) (42)
where
wo =U~+Vcost (4.3)

and 7y is the distance from the center of the segment to the inner edge of an electrode
in fig. 4.1a. The electric field E in the trapping region is the gradient of the potential
b, '

E=-vo=_%2 [m - yj'] (4.4)
To

The equations of motion, in the z-y plane, of an ion of mass m and charge e are then

m(%)=e—(p2—0<_m>=%(U+Vcoth)<_I> (4.5)
Y To +y To +y

The four dimensionless parameters a, ay, ¢, and gy,

4eU 4eU

_ = 4.6
Gz +mr(2)Q2 by mriQ)? (4.6)
_ 2eV _ 2eV
O = mriQ)2 W= mriQ?
and a dimensionless time parameter
Qt
§= o + ¢ (4.7)

where ¢ is an arbitrary RF phase, are introduced do simplify (and symmetrize) eqn.

4.5. Substituting these parameters in eqn. 4.5, the ion’s motion along the z and y
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4.1. ION CONFINEMENT BY RF AND DC FIELDS 31

dg

where u represents either  or y, and the subscript u on any variable corresponds to

either z or y. This notation is used from this point onwards.

General properties and solutions to the Mathieu equation are described in detail
in many books [37]. There is no general closed-form solution to this equation. Rather,

the equations of motion along = and y can be expressed as a series expansion,
x> 0
’U,(g) — Aueﬂuﬁ Z CquneZan + Bue—MuE Z Cu,2n€_2m5 (49)
n=-—00 n=—o0

In general, p, is a complex number that can differ for z and y,
Py = Oy + 15y (4.10)

The parameters u, and Ca,,, are functions of a, and ¢, only, independent of initial
conditions. If u, is real or complex the amplitude increases exponentially and the ion
is not stably bound. The motion is bound if and only if y, is purely complex, and 3,

is bound,

In this stable regime, the solution becomes
o x>
w(é) =Ay Y Cuzne®®P) 4 B, Y~ Oy gpem@nt8) (4.12)
n=—oo n=—00

Expanding the exponentials and gzithering like terms,

u(€) = A, Y Cugmcoslé@n+F)]+ B, D Cupesin[€(2n+0,)]  (4.13)

n=—oo n=—oo

where C, o, are coefficients that can be calculated for arbitrary n using recursive

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



32 CHAPTER 4. THE THEORY OF SINGLE ION TRAPPING
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Figure 4.2: Numerical solution to eqn. 4.8 for a = 0, ¢ = 0.1 in terms of the
dimensionless time parameter £&. The large, slow oscillation is the macromotion of
the ion (due to the n = 0 term in eqn. 4.13), while the small fast oscillation is the
micromotion (due to the n > 0 terms in eqn. 4.13).

relations derived in [37], and are functions of a, and ¢, only. A = A, + B, and
B!, =i(A, + B,) are integration constants that depend on the initial conditions (ion
position, ion velocity, and the RF phase at t = 0).

By inspection of eqn. 4.13, the ion trajectories are a superposition of oscillations

in z and y at frequencies

wa = (20 + ) % (4.14)

This relation connects the parameter 3, to the oscillation frequencies of the ion. For
small 3,, it can be shown that the n = 0,1 terms dominate [37] . The n = 0 term
is responsible for the large scale oscillation of the ion, called the macromotion. The
n = 1 term, as well as the higher order terms, are responsible for the small ampliﬁude,
higher frequency motion of the ion. This is called the micromotion. A numerical
solution to egqn. 4.8 is shown in fig. 4.2, for ¢ = 0.1, a = 0. The micromotion is
clearly visible on top of the larger scale macromotion.

The values of a, and ¢, corresponding to experimental parameters such as mass,
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Figure 4.3: Stability diagram for the Mathieu equation (eqn. 4.8). u(£) (eqn. 4.9) is
stable for values of a and q inside the region defined by the solid curves.

charge, and voltage (eqn. 4.6), along with initial conditions fully determine the value
of f, via eqn. 4.12. Since the stability criterion (eqn. 4.11) is given in terms of 3, it
is of practical importance to invert this relationship, so that the values of a, and g,
corresponding to stable solutions are known. This inversion is performed in detail in

[37], and the result is a series expansion of the form

[ o]

a = M (Bu)d} (4.15)
n=0
where A, are functions of 3,, calculable from a series expansion in [37]. These func-
tions are called the characteristic numbers of the Mathieu equation, and are plotted
in fig. 4.3 for a few values of 3,. Values of a, and ¢, within the area bounded by the
solid lines correspond to stable ion trajectories. For a, = 0, the largest value of g,
for which the ion’s orbit is stable is 0.908.
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34 CHAPTER 4. THE THEORY OF SINGLE ION TRAPPING

4.2 RF trap depth (the psuedopotential)

The psuedopotential formulation, found in [28, 38, 27|, utilizes a set of simplifying
assumptions in order to qualitatively understand the motion of a single ion in an RF
trap. This derivation is valid for the axes in which the ion is confined by the RF
(z-y plane, in a linear trap). It is shown that to first order, a trapped ion undergoes

simple harmonic motion in a parabolic potential.

Consider the ion’s motion along one axis, such as z. For small values of 4 and gq,

the ion’s displacement along x can be separated into two components,
r=X+9 (4.16)

Where X is the average value of the displacement over a complete period of the RF
drive (the macromotion, due to the n = 0 term in eqn. 4.13), and ¢ is a fast small
amplitude displacement (the micromotion, due to the n > 0 terms in eqn. 4.13), so
that

§< X Z—g > fld% (4.17)
Substituting eqn. 4.16 into eqn. 4.8 and applying these assumptions, the Mathieu

equation becomes
d*s
dg?

Assuming there is no DC field (a = 0, for simplicity), eqn. 4.18 becomes integrable

/ { / dcgsgdﬂ dg = 29X / { / cos 2§’dg'] d¢ (4.19)

Which yields for the small displacement,

=—(a—2qcos2)z (4.18)

6= —% cos 2§ (4.20)

Note that due to the minus sign, the micromotion of the ion is 180° out of phase with

the driving RF field when the particle is stably bound. Plugging eqns. 4.16 and 4.20
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back into the Mathieu equation (eqn. 4.8), the acceleration of the ion is

d? X
d—; =—aX + % cos 26 + 2qz cos 26 — X (g cos 26)? (4.21)

Whereas this is the instantaneous acceleration, the average acceleration of the ion

d%z 1 T d2X d25
<d_f2>:%( ) deae ™ * / dEdE ) (4.22)

The micromotion averages to zero over one RF cycle, so that the average acceleration

over one RF cycle is

becomes

2X i
<(fl?> = l/ (—aX + %Zzﬁcos 2¢' + 2qz cos 28’ — X (g cos 25')2) d¢’ (4.23)
0

()= ()

d’X 7\ X2

This is the equation of a simple harmonic oscillator with frequency

which integrates to

or, in terms of time ¢,

wo = (a+ 2) 22 (4.26)

For simplicity, assuming no DC field (a = 0), and substituting eqn. 4.6 into eqn.

4.25, the average acceleration becomes

d?X e2V?
(@) =~ (gormm) X (420

By mechanical analogy, this corresponds to simple harmonic motion in a parabolic
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well, with a characteristic depth

2
V. _ v (4.28)

Dpp = ———
BE™ 4mQ2r2 ~ 8

This RF pseudopotential formulation is valid in the transverse (z-y) plane only (see
fig. 5.1a). Eqn. 4.28 is the radial trap depth, but is altered by the presence of a
DC potential applied along the z-axis of the trap. The complete trap depth, in the
presence of both RF and DC fields, is derived in the next section. In addition, an
alternate derivation of Dy using the characteristic numbers of the Matheiu equation

is presented in appendix A.

4.3 Effect of a DC field on trap depth

In a linear trap, a DC field U applied as described in §4.1 creates a longitudinal
confining potential (see eqn. 4.1). Whereas this potential has a longitudinal trap
depth D,, analogous to Dgp derived in §4.2, U also contributes to the radial trap
depth by Laplace’s equation.

Assuming the longitudinal confinement criterion (eqn. 4.1), the DC potential

along z at r = 0 for the three segments shown in fig. 4.1b can be approximated by a

potential well

U
Voo (r=0,z2) = (%) 22 (4.29)
0

where U; = Us and Upc = |U; — Us,|. Laplace’s equation in this region is
V2Vpe =0 (4.30)

In cylindrical coordinates, Laplace’s equation becomes

10 8VDC 1 82VDC 82VDC
i i - = 4.31
ror (T or > T2 ( Op? 022 0 (4:31)

Vbe has no dependence on ¢, so the second term vanishes. The third term, using
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eqn. 4.29, becomes

0*Vpe 2Upc
= 4.32
az 2 r=0 Z(Q) ( )
Laplace’s equation is then integrable. Integrating once,
8 8VDC 2U DC
— dr = — d 4.33
/67"(T8r>r /ng (4:33)
Rearranging, and integrating again,
8VDCdr = —/ UDfrdr (4.34)
or 25
so that the radial component of the DC potential is
U
Ve (1) = —=2242 (4.35)

2
225

Laplace’s equation therefore requires that the DC potential given by eqn. 4.29 has
a radial component. Physically, this is because the electric field lines originating on
the inside faces of the center electrodes in fig. 4.1b cannot converge at the center of

the trapping region; rather, they must curve outwards.

The full trap depth, in the case of a linear trap, has two components: radial and
longitudinal. The radial depth D, has contributions from both the RF and DC fields
(eqns. 4.28 and 4.35), while the longitudinal trap depth D, is created by the DC

fields only. The full expressions are

2

p, = ¥ Uncro (4.36)
8 2z}

D, = Upc (4.37)

Increasing the DC trap depth for stronger confinement in z necessarily decreases the

radial confinement.
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4.4 Buffer gas cooling

In the absence of any collisions between a trapped ion and any other species (neutral or
charged), the ion’s motion is completely described by the Mathieu equation (eqn. 4.8).
In this case, the ion is neither heated nor cooled (assuming no external influences, such
as laser heating or cooling). Collisions between the ion and a background (buffer) gas,
on the other hand, can either heat or cool the ion, possibly leading to ejection from
the trap. The interaction of a trapped ion with a neutral buffer gas was first treated
in detail analytically by Major and Dehmelt [38], and subsequently by many others
[39, 40, 35, 41, 42, 3]. This problem has also been treated numerically {43, 40, 41, 44, 3]

to name a few places. In general, the following cases are examined,
1. m;>mp
2. my ~mpg
3. mr K< mpg

where my is the mass of the trapped ion, and mg is the mass of the neutral buffer gas
atom. Though the methods and assumptions vary in these studies, the qualitative re-
sults are consistent with each other: in the first case, ion-neutral collisions thermalize
the ion with the buffer gas (cooling), while in the second and third case, ion-neutral
collisions tend to heat the ion such that it is ejected from the trap. For this reason,
buffer-gas cooled ion traps are usually operated with m; > mpg.

A fairly complete explanation of cooling and heating is presented in [28, 40, 41].
Briefly, there always exists a region of phase space (defined in terms of the ion’s
secular phase and the RF phase) such that a buffer gas collision will cause an ion
to absorb energy from the RF field, thereby heating it. This process is called RF
heating, and is one of the main reasons responsible for an ion leaving the trap.

If m; > mp, the volume of ”heating” phase space as compared to ”cooling” phase
space is very small. In addition, each collision can only add or subtract a small amount
of energy (purely from kinematic arguments) from the ion, so on average the ion loses
energy with each collision until it thermalizes with the buffer gas. If m; ~ mp, the

volume of heating phase space is larger. In addition, collisions tend to alter the ion’s
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4.5. ION-NEUTRAL SCATTERING KINEMATICS 39

energy by a substantial amount, in contrast to the first case. Combining these two
effects, this case exhibits optimal cooling , at the expense of a higher probability (per
collision) of an ion ejecting from the trap [40]. If m; < mp, the heating phase space
is substantial. Collisions therefore cause the ion to absorb energy from the RF field,
which heats and ejects the ion quickly. In general, the conditions for optimal cooling
(mr ~ mp) and long storage time (m; > mp) cannot be simultaneously satisfied. In
the case of 13Ba™, Ar is a good compromise between these two cases.

In practice, collisional cooling under a specific set of experimental circumstances
needs to be simulated in order to find the optimal operating parameters (RF fre-
quency, RF amplitude, DC voltages, buffer gas pressure, buffer gas type, etc.). There-
fore, the basic scattering kinematics required for Monte Carlo simulation of a single

ion in this linear trap, as developed in [41, 3] are briefly reviewed.

4.5 lIon-neutral scattering kinematics

Kim [41] discusses four models for collisions between trapped ions and neutral atoms
for Monte Carlo purposes: classic hard sphere (HS); hard sphere variable size 1 (HS1),
hard sphere variable size 2 (HS2), and realistic potential (RP). HS1 is shown [41] to
be applicable in the case of noble buffer gases, and is used in this work.

HS is the simplest and most commonly used model, consisting of hard sphere
scattering with a classical collisional cross section computed from the atomic radii
of the ion and buffer gas atoms. This method reproduces the qualitative results
discussed in §4.4 for a noble buffer gas, but fails to produce the correct scattering angle
distribution when compared to other methods. HS predicts a flat angular distribution
of scattering angles in the center of mass frame of the ion-neutral collision due to the
“hard-wall” interaction potential assumed, whereas this is explicitly not true.

HS2 and RP use realistic scattering potentials for ion-neutral scattering, and are
useful when the buffer gas is non-inert (such as cooling with Ny [41]). These models
are discussed and compared to experiment in [41]. HS2 and RP are computationally
intensive, and unnecessary in the case of bat in He or Ar. HSI1 is based on the

Langevin collision theory for inert gases, which uses a velocity dependent cross section
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to account for the induced electric dipole moment in the neutral atom [45]. This
results in a net attractive force between the ion and the neutral buffer gas atom. The

basic results of this theory are presented here.

Langevin uses the interaction potential

—a—ef r>39
Vir) = 2r 4.38
(r) { o r<S (4.38)

where 7 is the distance between the atom and the ion, a is the polarizability of the
buffer gas, e is the charge of the ion, and S is the “hard sphere” radius of the atom.
The three dimensional scattering of an ion with a neutral atom, given the interaction
potential V(r) is solved in [6, 46], so only the relevant results are given here. The

scattering angle 0(b, E) of the ion off a neutral atom in the center of mass coordinate

om-r-nfT5]-() -5

where b is the impact parameter, ro is the distance of closest approach, and Er

system is

1
Z

dr (4.39)

is the total conserved energy of the system. The orbit of the ion is determined by
two parameters, the relative initial velocity v and the impact parameter b. For these

orbits, there is a critical value of b,

by = 40 ) 4.40
(%2) (4.40)

pu?

where p is the ion-neutral reduced mass

mpmpg
o=

= — (4.41)
mr+mp

If b < by, the ion and atom form a short lived compound before scattering randomly
into 4m. If b > by, the ion comes no closer to the atom center than by/ V2, and scatters

at an angle 6 given by eqn. 4.39. For the case b < by, a hard-sphere depolarization
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Figure 4.4: A typical family of trajectories of an ion scattering off of a neutral atom,
assuming the Langevin collision theory described here [6]. If b < by, the ion and atom
form a short lived compound before scattering randomly. If b > by, the ion scatters
with at an angle 6 given by eqn. 4.39.

cross section is defined [6],

(4.42)

Assuming the buffer gas atoms have a Maxwellian velocity distribution with a tem-

perature 7', and that the ion is thermalized with the buffer gas, the average relative

w2k (4.43)
W

The average time between randomizing collisions (i.e. when b < bg) is therefore

1 kBT H
= = 4.44
L nogu 2wP \/ ae? ( )

where n is the number density of the buffer gas, P is the pressure, and the ideal gas

velocity is

law has been assumed. Combining eqns. 4.43 and 4.44, the Langevin mean free path
is
1 3K3T3

)\L = UuTy, = 2’7T_P W (445)
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Gas a [A3] | Ap [cm] 71 [sec] | Ams [cm]
Helium | 0.205 | 7.7x107° | 5.65x1078 | 11.3x 1073
Argon 1.64 | 2.7x1073 | 5.64x1078 | 8.4x1073
Krypton | 2.48 |2.2x107% | 5.94x1078 | 7.4x1073
Xenon 4.04 | 1.7x1073 | 5.29x107% | 6.5x1073

Table 4.1: Table of polarizability [3], Langevin mean free path A, and average time
between collisions 77, calculated for a Ba™ interacting with noble gases listed. The
values of Ay, and 7, are calculated using eqns. 4.44 and 4.45 at T = 239.15 K and
P =1 torr. The hard-sphere mean free path, Ayg is shown for comparison.

which is independent of the relative velocity u. Values of « [3], Ar, 77, and the stan-
dard hard-sphere mean free paths, Apg, are listed in table 4.1. These values are used
in a hard-sphere scattering Monte Carlo in ch. 5 in order to qualitatively understand
heating and cooling of a single trapped Bat. A full Monte Carlo implementation of

the Langevin theory is presented in [41].

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



Chapter 5

Single ion trapping experimental

results

A linear ion trap, optimized for external ion loading, and the trapping/observation
of individual ions via resonance fluorescence is described. This ion trap is based on
the principles discussed in ch. 4, utilizing buffer gas cooling to thermalize ions into
a potential well for observation. First, the construction and experimental details of
the trap are discussed. Second, individual ions are trapped in He, Ar, and He/Xe
mixtures, and their quantized fluorescence observed. Third, the temperature of sin-
gle trapped ions cooled by He is measured via spectroscopic techniques (see §3.3).
Finally, the unloading rate of individual ions cooled by He, in the presence of small
concentrations of Xe, is measured. A model explaining this behavior is presented and
fit to experimental data. This system fulfills the major design goals of a future EXO

ion trap, as discussed in ch. 1.

5.1 Experimental setup
The linear trap ion trap system consists of the following sub-systems:
e Linear ion trap

¢ Jon loading system

43
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Figure 5.1: Schematic of the linear ion trap used in this work to observe single ions.
Ions are loaded at S; and observed at S;4 via resonance fluorescence.

e Vacuum system housing the trap
e Buffer gas system
e 493 nm and 650 nm lasers for creating resonance fluorescence

e Fluorescence collection system for observing trapped ions

5.1.1 The linear ion trap

The linear ion trap, shown schematically in fig. 5.1, consists of sixteen segments
placed back to back as described in §4.1. Segments are labeled S;, where 7 = 1 is the
first segment. Each segment consists of four stainless steel electrodes in a quadrupole
configuration, as in fig. 4.1. Ions are confined inside the trap by applying a sinusoidial
voltage with a DC offset (eqn. 4.3) to two diagonal electrodes, while keeping the other
two electrodes at RF ground, with the same DC offset. Each segment is electrically
isolated from all other segments by small insulating spacers!, as shown in a cutaway

view in fig. 5.2. The electrodes interlock with each spacer as shown, which are held

Vespel® polyimide, by DuPont
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Insulating spacer

Transport electrode

Trapping electrode Central rod

Figure 5.2: Cutaway view of electrodes 12-14, showing internal construction and
electrical isolation by insulating spacers.

in place on a central rod. The central rod is structural, minimizing sagging along the
length of the trap. A DC gradient along the z-axis of the trap transports and traps
ions longitudinally at Sy4. The DC gradient is created by placing the following DC

potentials on the segments
Upc ={0V,—0.1V,-0.2V,... — 1.3V, —-1.4V,—8.0V,—-1.4V,0V} (5.1)

where the first element corresponds to S; in fig. 5.1. Ions are loaded at S3 (see §5.1.3)

and transported to Si4 for observation via resonance fluorescence.

The ideal RF trapping potential is hyperbolic (eqn. 4.2). Creating a purely hyper-
bolic potential requires hyperbolically shaped electrodes, whereas the rods used in this
trap have a circular cross section for ease of construction. In this case, constraining

the electrode radius re, and trap radius o, (see fig. 4.1) such that
re = 1.148r¢ (5.2)

yields the best approxifnation to an ideal quadrupole field at the trap center [47].
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Insulators

Trapping segment

T~

Spherical mirror

Figure 5.3: Closeup of Sj2 — Si6, including the spherical mirror used for increasing
the fluorescence yield (see §5.1.6).

In this trap, 7. = 3 mm and ry = 2.61 mm. All electrodes have the same radial
dimensions. The longitudinal dimension of each segment, in contrast, varies in length.
S1—S13,and Sy5—Si6 (transport segments) are each 40 mm long, whereas S14 (trapping
segment) is 4 mm long, as illustrated in figs. 5.1-5.3.

Whereas the transport segments are used to move an ion along the trap, the trap-
ping segment confines an ion to as small a spatial region possible. This concentrates
the single ion fluorescence signal, while minimizing the scattered light accepted by
the fluorescence collection optics. Si; cannot be made arbitrarily short, though, due
to the constraint posed by eqn. 4.36: reducing z; simultaneously decreases the lon-
gitudinal potential well size and radial potential well depth. This defocusing is a
consequence of Laplace’s equation, and cannot be avoided. The trapping segment
is chosen to be 4 mm in length, which is a compromise between these factors. The
trapping and neighboring segments are shown in fig. 5.3. The tabs on Si4 are used

for electrical connections.
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Parameter | Value
Ver 300 Vi
Q 1.2 MHz
D, 3.8V
D, 6.8V

70 2.61 mm
Te 3mm -
29 2 mm

q 0.52

a 0.05

" Table 5.1: Linear ion trap standard operating and geometric parameters.

The total trap length is 604 mm. This is chosen such that an ion with ~ eV
of kinetic energy, entering the trap at S; will collide with enough buffer gas atoms
(see §4.4) to thermalize at Sy4 without ejecting back out of the trap entrance. The
trap can be made arbitrarily longer or shorter by adding or removing segments. In
addition, an aperture mount (see fig. 5.5) can be used to separate a high pressure
section of the trap from a low pressure section, if necessary. This can be used to slow
down a high energy ion. ‘

The standard operating and essential geometric parameters of the linear ion trap
described here are listed in table 5.1.

5.1.2 Electrical system

Diagonal electrodes in each segment are shorted to each other inside of the vacuum |
system, as illustrated in fig. 5.4, in order to create the electrical configuration shown
in fig. 4.1. Each segment therefore requires two external electrical feeds: RF+DC
and DC only. The RF is supplied by a programmable function generator?, coupled
to a high-power, wide-band RF amplifier®, A;, which is internally back-terminated
with 50 2. The RF is run at at an amplitude of 150 V (300 V,,), at 1.2 MHz, which
is attainable directly out of this amplifier. The amplified RF is sent through the

2HP-8656B
3ENI-A150
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1
1 I i L RF Monitor

RF gq

DAC Ry
. : : : [ DG,

Vacuum system

Sy

Bk

R, =1MQ .

Cy=1nF AE:X DC, S,
C,=5pF T

Cy=1pF

C,=100 nF %

C5;=100 nF

Figure 5.4: Linear ion trap RF and DC electrical system. Only two of sixteen identical
segments are shown.

DC blocking capacitor C;, and reduced for external monitoring through a capacitive
divider formed by Cs and Cz. Sixteen independent DC channels are supplied by a
computer controlled 16-bit DAC. The DC is combined with the RF through resistors
R1, which form bias-tees. These resistors have a precision of 0.1%, and are chosen
to be large to prevent the RF from passing backwards into the DAC. The RF power
flows through the trap, which is purely capacitive (~ 18 pF per segment), and to
ground through C4. This circuit is repeated for each segment. The total capacitive
load on the amplifier is measured to be ~ 600 pF, or 221 2 at 1.2 MHz.

5.1.3 Ion loading system

The ion loading system is composed of a Ta foil, a Ba wire, and an electron gun
(e-gun). The 1 cm? Ta foil, labelled Ba Oven in fig. 5.1, is oriented such that it’s
flat surface is visible through S3. It is placed ~ 1 cm from the edge of the electrodes,
and is outfitted with electrical leads at each end for heating, as well as a K-type
thermocouple for temperature readout. The e-gun is placed on the other side of 53,

also pointing inwards. The Ba wire, not shown, faces the Ta oven. After the vacuum
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system is pumped down and baked, a current of 6 A is run through the Ba wire which
plates the Ta oven with atomic Ba. Ohmically heating the Ta foil produces a neutral
Ba vapor in the region of S3, which is ionized by CW or pulsed e~ emission from the
e-gun. For loading a small number of ions (< 10), the oven is run at ~ 100 °C, and
the e-gun is pulsed for ~ 10 s at 5 uA emission current. For loading many ions, the

oven is run at ~ 300 °C and the e-gun is run CW at 5 pA emission current.

5.1.4 Vacuum and buffer gas systems

The linear ion trap is housed in a rectangular, electropolished UHV vacuum chamber,
shown in fig. 5.5. The internal dimensions of the chamber are 83.82 cm x 15.24 cm
x 22.86 cm, or 29202 cm®. Conflat flanges allow for electrical, optical, and pumping
access to the chamber. The trap is mounted vertically inside of the chamber, such
that S is at the top. The pressure is measured at the top and bottom of the system
by two dual gauges*. A 8” all-metal gate valve separates the chamber from a 520 £/s
turbo pump®, backed by a scroll pump®. An RGA7 is attached to the system, which
serves two purposes. First, it is used to measure the quality of the vacuum after a
bakeout. Second, it is used to measure partial pressures of buffer gases, used in §5.3.
The entire system shown in fig. 5.5 is bakeable up to 150 °C in an external oven that
fits over the vacuum chamber. This is necessary after the system has been exposed
to air, in order to get rid of any electronegative impurities (e.g. Og, COa, NOs, oils,
etc.). These impurities react with Ba and Ba™, causing neutralization or a molecule
to form which cannot be trapped and observed in this system. A three day bakeout
is sufficient to remove these impurities to partial pressures < 107° torr (as measured
on the RGA), with a total system base pressure < 3 x 107° torr.

A buffer gas is used to cool the ion into the trap minimum at Si4. The buffer

gas system, shown in fig. 5.6 connected to the main vacuum system, is composed of

4Pfeiffer Dual Gauge model PKR-251 (combination Pirani gauge and cold cathode gauge, with
an accessible pressure range 3 x 1072 — 760 Torr)

5Pfeiffer TMU-xxx

6Edwards XD-5

7Stanford Research Systems RGA-300
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Gate valve

RGA and gauges

Turbo pump

Ba oven
Aperture mount

Linear ion trap

Spherical mirror Reentrant window (ion

.. fluorescence observation)
Trapping segment )]
S,

AR coated window
(laser entrance)

Figure 5.5: Cutaway view of the linear ion trap housed inside the vacuum system.
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gas bottles, pressure gauges, a 70 £/s turbo pump?®, mixing chambers, a gas purifier?,
and a flowmeter with pressure-feedback control!’. All components are all-metal, and
bakeable to 150 °C. Three gas bottles (He, Ar, Xe) are plumbed together along a
manifold via all-metal valves'! (V;-V3). This manifold is connected to regulator R,
which drops the upstream pressure down to < 760 Torr. The downstream pressure is
read out on gauge G,'2. At this point, the system can be run in one of two modes:
single buffer gas injection or mixed buffer gas injection. In the first mode, a single
buffer gas (e.g. He only) is passed through the gas purifier (labelled “Getter” in fig.
5.6) and into the main vacuum system via valve Viy. The gas is continuously pumped
out by the 520 £/s turbo pump P on the main chamber. A specific buffer gas pressure
is maintained in the linear trap vacuum system by flowmeter F;, which adjusts the
gas flow-rate according to the pressure at gauge Gs. Absolute pressure stability of <
1 % is achieved.

In mixed buffer gas mode, mixing chambers T; and T, are individually filled
with different buffer gases while recording the pressure on gauge Gs. In this manner,
various buffer gas mixtures can be created before injection into the main vacuum
system. The same procedure outlined above is then followed for injecting the gas into
the system. In all of these procedures, valves V; and Vg are left closed. P; is used
for pumping the system down during bakeout, or for removing excess gas from the

system after a mixture has been made.

5.1.5 Spectroscopy lasers

Spectroscopy of the lowest lying states of 3¢Bat (see fig. 3.1) requires frequency
stabilized lasers at 493 nm and 650 nm. External cavity diode lasers (ECDL)'® are
used for both of these wavelengths. The details of ECDL construction are beyond the

scope of this thesis, and are discussed elsewhere [3]. The 650 nm laser is a TEC cooled

8Varian V70-LP

9SAES hot Zr alloy getter, model xoxx
10Ppfeiffer RVC-300

1Nupro, bellows-sealed

12MKS baratron model xxx

3TOptica Photonics
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Figure 5.6: Schematic view of the buffer gas injection and control system.

20 mW diode, and the 493 nm laser is a TEC cooled, second harmonic generation
986 nm diode system. Both lasers are stabilized to < 20 MHz, with 10 mW of 650 nm
light and 20 mW of 493 nm light, available for spectroscopy. These systems are shown
schematically in fig. 5.7.

Both lasers are subject to absolute frequency drift, due to temperature variations
in the room, diode aging, etc. To counteract these effects, both lasers are opto-
galvanically locked to a Ba hollow cathode lamp'4, which provides a temperature
independent 1 GHz resonance [48] (see fig. 5.7). The lasers are locked to the side
of this resonance, which gives an absolute frequency reference good to < 100 MHz,
though this has not been explicitly measured and is suspected to be even better. Both
lasers stay locked for > 1 day as long as there are no drastic temperature excursions
in the room.

The laser systems shown in fig. 5.7 reside on an 10’x4’ standard optics table on

air actuated vibration isolation mounts. The table is enclosed in a drape, and filtered

14Pparkin-Elmer model xxx
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Figure 5.7: Schematic view of 493 nm and 650 nm laser systems including optogalvanic
lock. Solid lines are laser paths and dashed lines are electrical paths.
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Figure 5.8: Schematic view of spectroscopy laser output optics at linear ion trap.
Solid lines are laser beam paths.

air is continuously fed from above to minimize dust. The beams are combined and
launched onto a single mode fiber, which completely decouples the laser and the
linear ion trap systems. The beams exit the fiber on the output optics breadboard
beneath the vacuum system as shown in fig. 5.8, and are focused by a microscope
objective through an iris and AR coated (99.9%)'® vacuum window on the bottom
of the vacuum tank. The iris removes any beam halo or stray reflections that could
enter the trap and cause an increase in scattered light. An additional aperture inside

the vacuum system, at the bottom of the trap assists in beam alignment and further

15Standard quartz Conflat vacuum window, Super-V® AR coating by OptoSigma
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scattered light reduction.

Both the red and blue lasers powers are controlled by feedback to the laser table
from photodiodes at the linear ion trap. A small component of the beams is split off
after the fiber launch before entering the trap, as shown in fig. 5.8. The power of
each beam is read out on photodiodes PD4 and PD5, which is fed-back through a
computer to acousto-optic modulators AOM1 and AOMA4 (see fig. 5.7) on the optics

table. The power of each laser at the trap is kept stable to a few percent.

5.1.6 Fluorescence detection and scattered light reduction

The resonance fluorescence at 493 nm and 650 nm produced by the ion at Sy, is
scattered into 47. The fluorescence is read out by a microscope'® whose first lens
is placed 64 mm from the central plane of the trap, as shown in fig. 5.8. This is
accomplished by positioning the microscope inside a reentrant vacuum window (see
fig. 5.5), specially designed to be as close to Sy4 as possible. A spherical mirror, placed
behind Si4 inside the vacuum tank (see figs. 5.3 and 5.5), allows for the collection
of fluorescence light by reflection that would otherwise be lost. This doubles this
fluorescence rate, and improves the signal to noise ratio for single ion detection.

The microscope is outfitted with a blue filter in order to reject 650 nm light. Some
background from scattered light is due to the fact that the lasers co-propagate out
of the fiber through the same collimating lens, so either the blue or the red can be
focused at Si4, but not both. If the blue is focused, the red beam causes scattered
light, and vice versa. The loss of the 650 nm fluorescence signal due to this filter is
more than compensated for by the reduction of scattered 493 nm laser light.

Individual ions are imaged on an electron multiplied CCD camera (EMCCD)
and read out by a computer. The EMCCD is mounted on an z-y-z stage for precise
positioning. The camera is TEC cooled to -80 °C, with a back-illuminated CCD chip.
Each pixel is 16 um2. The TEC cooling reduces the shot noise, while the electron
multiplication effectively eliminates the read noise. This allows for single photon/pixel

sensitivity, with a quantum efficiency > 90% at 493 nm. In order to further reduce

1nfinity Optics model xxx with a xxx objective
17 Andor model iXonPM+4
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readout noise, the pixels are binned together before digitization in 8x8 groupings.
While this reduces the readout noise by a factor of 64, it also decreases the resolution
by the same amount. Finally, the entire trapping region, including the electrodes, is
imaged onto the EMCCD. Only a small region of interest (ROI) containing the ion is
recorded, which drastically reduces the background rate when observing a single ion.
The camera is read out every 5 s, during standard running conditions. The major

technical efforts involved in scattered light reduction are listed here.

e AR coated fused silica vacuum window to reduce intensity of multiple 493 nm

laser beam foci in the trap (from multiple reflections off of the input window

and other optics faces)
e Blue filter on microscope to reduce all light except 493 nm

e Optical mounts with small lever arms for all mirrors and components on the out-
put optics breadboard (breadboard mounted below the trap with beam focusing

and power measurement, shown in fig. 5.8)
e High quality cleave on fiber face

e Iris just before quartz beam entrance window on vacuum system, to eliminate

halos and back reflections
e High quality beam steering mirrors at linear ion trap

A photo of the entire system is shown in fig. 5.9.

5.2 Simulation of a single trapped ion in a buffer

gas

A single Ba™ interacting with a buffer gas in the linear trap is simulated in order to
determine the optimal operating parameters, as well as the type and pressure of buffer
gas needed to isolate a single ion for spectroscopy. This Monte Carlo is implemented

using the software package SIMION 7.0 [49], which propagates the ion in RF and DC

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



5.2. SIMULATION OF A SINGLE TRAPPED ION IN A BUFFER GAS o7

Figure 5.9: Photo of linear ion trap vacuum system.

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



58 CHAPTER 5. SINGLE ION TRAPPING EXPERIMENTAL RESULTS

fields created by user generated electrode geometries. The full geometry of the linear
ion trap is built in SIMION, and buffer gas collisions are implemented using an HS1
model (see §4.5) [50].

Buffer gas collisions are implemented by specifying a mean free path A, buffer
gas mass mp, and buffer gas temperature T5. As the ion propagates through the
trap, the probability that a collision occurs after a time ¢ is given by the cumulative

distribution function of an exponential distribution,
P(t)=1— /A (5.3)

where v is the ion’s instantaneous velocity. After each time step At, a random number
between zero and one is chosen. This number is compared to P(t), where ¢ is the
time since the last collision. If this number is greater than P(t) a collision occurs,
otherwise the ion trajectory is stepped forward by At. When a collision occurs, the
ion’s velocity is adjusted assuming an elastic collision between the ion and a buffer
gas atom. The velocity of the buffer gas atom is chosen randomly from a Maxwell-
Boltzmann distribution with temperature T'z.

The mean free path used in the simulation is calculated using the Langevin scatter-
ing model (eqn. 4.45), and is kept constant throughout the simulation. The following

DC potentials, in volts, are set,
Upc = {+10,+10,+10, —0.4, —0.5, 0.6, ... — 1.3, 1.4, -8, —1.4,+10}  (5.4)

where the first element corresponds to Si, and the last element corresponds to Sis.
The first few potentials are set to +10 V due to a constraint in the number of ad-
justable electrodes in SIMION. This has no effect on the cooling of an ion to the
potential minimum. A single ion is created in S; with an initial kinetic energy of 10
eV. Sy4 is the trapping segment, and the high potentials on 5;-53 and 517 are chosen
to confine the ion along the z-axis as it cools. The buffer gas temperature is 293.15
K.

In figs. 5.10-5.12, the ion trajectory is plotted as a function of time for three
different buffer gases: He, Ar, and Kr. In each of these plots, the mean free path is
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chosen to be 7.5 mm, corresponding to buffer gas pressures Py, = 1.0 x 1072 torr,
Par = 3.7 x 1073 torr, and Py, = 3.0 x 1073 torr. In each case, (a) and (c) are time
series of the ion’s kinetic energy, whereas (b) and (d) are the ion’s longitudinal (z)
coordinate. Horizontal dotted lines are drawn at the DC walls of the trap, and at
the trap minimum. In the case of He buffer gas cooling, the momentum transfer per
collision is very small. The cooling is inefficient and slow (~ 10 ms for a 10 eV ion
cooled to 1 eV) compared to other buffer gases, but still fast on the time scales of
interest in this experiment (> 1 sec). At this pressure of He, the ion bounces back
and forth along the longitudinal axis of the trap before finally cooling into the trap
minimum. Cooling collisions are visible in both 5.10a and 5.10c as downward steps

in the kinetic energy.

In Ar, an ion with the same initial kinetic energy is cooled to 1 eV in ~ 500 us.
The average momentum change of the ion per collision is larger than for He. This
allows for more efficient cooling, as well as more RF heating than for He. Many more
heating collisions are visible in fig. 5.11c, increasing the probability of unloading per

collision from the trap. This is why He is most often used as a cooling gas.

In Kr, as single collision initially cools the ion from 10 ¢V to 1 eV. The ion
subsequently traverses the trap minimum and is caught in the flat potential of a
neighboring trap segment. Eventually, collisions cool the ion into the trap minimum,
where a heating collision causes unloading from the trap. Whereas Kr is efficient at

cooling the ion, unloading is much more likely compared to He or Ar.

In addition to these cases, Ba' in a Xe buffer gas is simulated. This case exhibits
behavior similar to that of Bat in Kr, except that the average time to unloading is
much shorter. Xe alone evidently cannot be used as a cooling gas due to the large
average ion-neutral momentum transfer, which causes RF heating and unloading from
the trap.

The buffer gas cooling processes described here occur on time-scales < 1 s. He
is the least efficient cooling gas, but allows for long residence times due to the very
small average momentum transfer per ion-neutral collision. Ar is a much more efficient
cooling gas, though individual collisions perturb the ion’s momentum more than in

the case of He. This likely leads to a higher unloading rate when compared to He,
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Figure 5.10: Simulation of a single 1*Ba™ in He (A = 7.5 mm). The collisional cooling
of the ion immediately after release is shown in (a). The z trajectory of the ion is
shown in (b); this pressure of He is not high enough to cool the ion enough to be
trapped at the DC minimum on the first pass, so the ion bounces longitudinally. In
(c), the ion has cooled into the DC well at Sy4, though is still cooling to the buffer
gas temperature. In (d), the 2 trajectory of the ion trapped in Sy4 is shown.
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Figure 5.11: Same as figure 5.10, but for Ar (A = 7.5 mm). The ion cools much faster
into the DC well compared to He, without bouncing. The trajectory and energy
excursions due to collisions are also larger.
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Figure 5.12: Same as figure 5.10, but for Kr (A = 7.5 mm). The ion is initially cooled
from 10 ¢V to 1 eV in a single collision. Eventually, the ion is heated by a collision,
causing it to eject from the trap at t = 2.675 ms.
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though computational constraints only allow for simulations of ~ 1 s of real time.
Unloading of the Ba* in He or Ar is not observed in these simulations. Kr and Xe
cannot be used to trap Ba*, though mixtures of He and Xe, at low Xe concentration,

are shown to work in §5.3.

5.3 Results

Individual ions are trapped and observed via resonance fluorescence. The average
lifetime of single ions in He, Ar, and He/Xe mixtures is measured as a function of
pressure. A simple model describing the unloading behavior of ions in He/Xe mixtures
is presented and fit to experimental data. In addition, the red laser frequency is
scanned over the resonance of a single ion at different He pressures to measure the

Doppler temperature of a single ion.

5.3.1 Observation of individual ions in a buffer gas

A few ions (< 10) are loaded into the trap with the methods presented in §5.1 at
4.4 x 1072 torr He. The ions thermalize with the He at Si4, and their resonance
fluorescence observed. The blue and red laser powers are set to 65 yW and 200 uW,
respectively. A 5 s EMCCD false color image of the resonance fluorescence from one
ion is shown in fig. 5.13. In this image, the brightness of each pixel is proportional to
the number of incident blue photons. The ion is evident from the grouping of bright
pixels in the central ROI. The bright vertical bars on either side of the image are
due to scattered 493 nm laser light off the electrodes. The vertical size of the region
imaged is 4 mm.

The 493 nm fluorescence signal, defined as the sum of the pixels in the ROI shown
in fig. 5.13, is recorded in 5 s intervals as the ions eject from the trap over time,
shown in fig. 5.14. The y-axis of the plot is fluorescence rate in arbitrary units of
EMCCD counts, zero-supressed since these values change depending on the scattered
light conditions due to laser alignment in a given experiment. Zero (background

light level), one, two, three, and four ions are clearly visible in the time series. The
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Figure 5.13: EMCCD false-color image of a single ion, taken with a 5 s integration
in 4.4x1073 torr He. The ion fluorescence signal is evident by the grouping of lighter
pixels in the central ROI.
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Figure 5.14: 493 nm ion fluorescence rate time series of individual ions in the trap
at 4.4x1072 torr He. Ions unload, causing quantized drops in the fluorescence rate.
Each point represents 5 s of integration with the EMCCD.

background rate is due to scattered laser light and the camera baseline noise.

This fluorescence time series is histogrammed, and fit to a sum of four Gaussians
with no fixed parameters in fig. 5.15. The three ion peak is excluded from the fit, due
to lack of statistics. The x?/dof of the fit is 62/54, indicating the distributions are
well described by Gaussian distributions. The best fit central values and statistical
errors are plotted versus ion number in fig. 5.16. The errors are all smaller than the
actual drawn circles in the plot. This data is fit to a line, with a x2/dof = 0.06/2.
The fluorescence is linear with the number of ions in the trap, as expected.

The single ion fluorescence signal to noise (S/N) is defined naively as

sy = =B

— (5.5)

where (S) is the average single ion fluorescence rate (central value of second peak in
fig. 5.15), (B) is the average background rate with no ion in the trap (central value

of first peak in fig. 5.15), and op is the Gaussian width of the background signal.

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



66 CHAPTER 5. SINGLE ION TRAPPING EXPERIMENTAL RESULTS

Number of observations

-t
(2]
IIII]IIIIIIIIIII|Illllllllllll

Fluorescence [au]

Figure 5.15: Projection of time quantized ion fluorescence time series in fig. 5.14.
The spectrum is fit to four Gaussians, with a x?/dof = 62/54. The three ion peak is
not fit, due to a lack of statistics.

This quantity is found to depend heavily on the scattered light conditions during data
taking, whereas the dependence upon buffer gas is a minor effect and has not been
studied. The S/N for the data shown in fig. 5.14 is 10.6, for integration times of 5 s
per sample. The single ion S/N in all buffer gasses, and at all pressures studied is
> 1. Fluorescence quantization is also observed at pressures between 1073 and 1 torr
He, with no significant change in the signal to noise ratio. Similarly, quantization is

observed in Ar and He/Xe mixtures.

5.3.2 Single ion unloading rates in He and Ar

Individual ions unload from the trap spontaneously, as shown in fig. 5.14. This is
most likely due to a collisional process, such as RF heating or capture on an impurity
(see §4.4 and §5.2). For a given set of experimental conditions (e.g. buffer gas type,
pressure, etc.), unloading occurs at a uniform rate R and the probability of unloading

per buffer gas collision is constant. It follows that the number of unloading events,
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Figure 5.16: Linearity of the observed fluorescence rate for the data shown in figs.
5.14-5.15 with the number of ions stored in the trap. Statistical errors are included
only, and are smaller than the data points (open circles). The data is fit to a line,
with a x?/dof = 0.06/2.
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n, in a time interval ¢ is Poisson distributed with mean Rt. The probability of n

unloading events after time ¢ is then

Rt n,—Rt
Py(t, Ryn) = % (5.6)
The probability of observing n = 0 unloading events in a time ¢ is
Pult, Rin =0) = e ™ (5.7)

where R~! is the exponential decay time constant. The probability of a single ion

surviving in the trap therefore decreases exponentially as a function of time.

Using this model, the average unloading rate (inverse of the lifetime), of a single
ion is measured in different buffer gases as a function of pressure. A few (< 10) ions
are loaded into the trap, and their ejection observed in real time, as in fig. 5.14.
Once a single ion is left in the trap, its residence time is measured until it unloads.
This sequence is repeated multiple times for each buffer gas, at different pressures. In
order to attain good fluorescence signal to noise, the EMCCD integration time is set
to 5 s. This sets the minimum lifetime measurement t,,;, = 5 s. This lower cutoff is
easily accounted for by using a log-likelihood method to determine the most probable
value of R given a set of lifetime measurements, as explained in appendix B.

This analysis is performed in He, Ar, and He/Xe mixtures at different pressures.
The He/Xe data is described in §5.3.3. The measured unloading rates R of a single
ion in He and Ar as a function of pressure are shown in fig. 5.17. Each data point
consists of approximately 25 measurements of the lifetime of one ion.

These data are fit to a linear model
R=CyP+C, (5.8)

where Cy and C; are coefficients, and P is the buffer gas pressure in torr. This
model assumes the single ion unloading rate, R, scales linearly with pressure. This
is physically motivated for the following reasons. First, if the the ion ejects due

to RF heating collisions (see §4.4), the frequency of these collisions will scale with

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



5.3. RESULTS 69

- Argon
—~Helium

-
<

lIIIIl1I

-t
e
N

llllllll

T

Average unloading rate R [s"]

10-3 el ) 1 1o el 1 1 L1141
10" 10° 10
Pressure [Torr]

Figure 5.17: Measured average single Bat unloading rates, R, in He and Ar buffer
gases as a function of pressure. The data are fit to a model described in the text.

Parameter | He Ar

x?/dof 7.6/3 4.1/4

Co 0.8+0.3 8+2

¢ (1.8+£0.3) x 10~% | (1.540.2) x 102

Table 5.2: Fit results and x2/dof of linear model to He and Ar unloading rate data.

the buffer gas pressure. Second, the ion can unload due interactions with impurities
(charge transfer, momentum transfer, molecule formation, etc.). If these impurities
are contained within the buffer gas, the frequency of these collisions will scale with
the buffer gas pressure. Cy therefore contains information about the cross-section of
these processes. It is also possible that these impurities are due to some other source
(e.g. ion gauges or outgassing from the walls of the vacuum system). The unloading
rate due to this source of impurities is independent of the buffer gas pressure. C)
accounts for this second effect. The fit results for He and Ar are shown in table 5.2.
It is evident from this data that the unloading rate in He is significantly lower

than in Ar (~ 10x). This is consistent with a higher probability of unloading per
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Figure 5.18: Measured average single ion unloading rates, R, in He/Xe mixtures at
various Xe concentrations. The data are fit to a model, described in the text. The
total pressure is 3.7 x 1074 torr.

collision with buffer gas atoms of increasing mass.

5.3.3 Single ion unloading rates in He/Xe mixtures

The same measurement procedure described in §5.3.2 is used to measure single ion
unloading rates in He/Xe mixtures, at low Xe concentrations. This is a way of
investigating the destabilizing effects of Ba™-Xe collisions, while retaining the ability
to observe a single ion. The total pressure is kept constant at 3.7 x 10~ torr, and the
Xe concentration is varied. The measured unloading rates versus Xe concentration are
shown in fig. 5.18. The concentration of Xe is measured by a cold cathode gauge and
residual gas analyzer. The unloading rate increases with higher Xe concentrations, as
expected if the unloading mechanism is RF heating, or some other kinematic effect
(see §4.4). The data are fit to a model assuming the unloading is due to multiple

consecutive RF heating collisions between the Bat and Xe atoms.

Given a single ion in a He/Xe buffer gas mixture with partial pressures Py, and
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Pxe, the time intervals between Bat-He and Ba*-Xe collisions are each exponentially
distributed with collision rate constants Rp. = ChePie and Rxe = CxePxe, respec-
tively. In both cases, the collision physics details are absorbed into the coefficients
Chiexe- The probability that a Bat collides once with a Xe atom in a time ¢ is then
(see eqn. 5.3)

PE(t) = 1 — e Fxet = 1 — o= CxePxet (5.9)

The distinction is now made between the probability of any Ba™-Xe collision occur-
ring (eqn. 5.9), versus the probability of a Bat-Xe collision occurring that causes
RF heating of the ion. Only a small fraction, agrr, of the total Bat-Xe collisions
are assumed to heat the ion. Therefore, the probability that a Ba™-Xe RF heating

collision occurs after a time ¢ is
Pre(t) =1 — exp (—ogr Rxet) (5.10)
in terms of the Xe partial pressure, this becomes

Pre(t) =1 — exp (—aprCxePxet) (5.11)

As evident from the magnitude of the ejection rates in fig. 5.18, compared to
the Ba™-Xe collision frequency (~ kHz), a single Ba™-Xe RF heating collision is not
sufficient, on average, to unload an ion. Instead, unloading may require multiple
consecutive Bat-Xe heating collisions on a_ timescale less than the Bat-He collision

time, Rﬁé- The probability of n Bat-Xe heating collisions during a time ¢ < Rﬁé is

CxePxe \ "
< 1-— — 12
I IP (t RHe) [ exp( aRFCHePHe)] (5.12)
For Px. < Pye,
arrChie Pxe "
< _ .
I I ’P (t RHe ( Crco Pros ) (5.13)

The rate of this process occurring is proportional to the n-th power of the Xe con-

centration. The ejection rate data in fig. 5.18 is fit to the following three parameter
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Parameter | Value

n 45106
Co (1.84+0.3) x 1073
C 30 &+ 4

x?/dof 8.6/5

Table 5.3: Fit results and x2/dof of collisional unloading model to He/Xe data.

function,

Px, Pxe.\"
= .14
R(PHe) CO+CI (PHe) (5 )

where Cj is the unloading rate due to He alone, C represents a combination of the
Bat-Xe and Ba*-He RF heating collision physics, and n is the average number of RF

heating collisions required to unload an ion. The fit results are listed in table 5.3.

5.3.4 Temperature measurement of a single ion

The Doppler temperature of a single ion in He is measured by scanning the red
laser frequency over the Doppler broadened 6P;/, <> 5Dg/s resonance. The 493 nm
fluorescence is monitored, while the blue frequency is kept locked on resonance. This
procedure is repeated at different He pressures. The ion’s temperature is extracted
by fitting the measured fluorescence intensity spectrum to a Voigt profile (eqn. 3.41).
This fit assumes that the lineshape is a power broadened Lorentzian profile (see §3.2),
convolved with a Maxwellian velocity distribution along the laser axis (see §3.4).
Before the spectra can be fit to a Voigt profile, the power broadening of the
6P/ < 5Ds/y transition due to the red laser must be measured (see §3.2). This is
accomplished by measuring the saturation curve of a single ion, shown in fig. 5.19
taken at 8.6 x 10~* torr He. This curve is pressure independent. The saturation
curve is measured by monitoring the 493 nm fluorescence, with both lasers locked on

resonance, while sweeping the red laser power. The curve is fit to

I(P) = I (%) + 8 (5.15)
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Figure 5.19: Single ion saturation curve of the 6P,/ < 5D3/, transition, at 8.6 X
10~ torr He.

where P is the red laser power in uW, P, is the fit saturation power, Iy is an
overall scaling of the observed fluorescence intensity, and § is an offset due to camera
baseline noise and scattered light (see eqn. 3.34). The fit value of the saturation
power is Py = 23 £ 8 uW.

A few spectra and fits to Voigt profiles at different He pressures are shown in fig.
5.20. The fit Doppler temperature is plotted versus He pressure in fig. 5.21. The two
data sets are temperature measurements made on different days, at different laser laser
power settings. This was done to investigate any possible systematic effects, such as
higher-than-expected power broadening, dependence on the lock-points of either laser,
buffer gas purity, etc. No large systematic effect, compared to the statistical errors, are
visible. The average temperature is found by fitting all of the data shown to a zeroth-
order polynomial. This is equivalent to computing the average of all measurements,

weighted by each measurement’s statistical error. The average temperature is 256 +
10 K.
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Figure 5.20: Single ion fluorescence spectra as a function of red detuning Apg, at
3.7 x 1072 and 3.7 x 10~ torr He.
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Figure 5.21: Fit ion temperatures assuming a Maxwell-Boltzman velocity distribution
along the laser axis. The mean temperature is 256 + 10 K, including only statistical

errors. The two data sets are from different days, with different laser lock-points and
red laser powers.
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Chapter 6
Ionizing radiation in liquid Xe

Liquid Xe (LXe) was first investigated in the 1960s as a detector of ionizing radiation.
This was motivated by the problem of poor spatial resolution in spark chambers and
multiwire proportional counters [51]. It is useful as a detector in this manner because
of it’s high atomic number, density, electron mobility, and ionization/scintillation
yields [52]. Xe becomes liquid at ~ 170 K, at a vapor pressure of ~ 1100 torr. Details
of the interactions of ionizing radiation with LXe are out of ‘the scope of this work,
but much progress has been made in understanding the multiple physical processes
that produce the two fundamental measurable quantities: ionization electrons and
scintillation photons. Thorough theoretical and experimental discussions and can be
found in [53], and references therein. An exhaustive review of the calorimetric and
optical properties of LXe can be found in [54]. The basic properties of LXe relevant

to the detection of ionizing radiation at the keV energy scale are discussed here.

6.1 Energy deposition

Ionizing radiation (e.g. <y, X-rays, 7, o, etc.) with an energy in the keV range,
passing through a LXe volume, deposits energy predominantly by producing electron-
hole pairs and excited Xe states. Some energy is also deposited as Cerenkov radiation,
phonons, etc., however at this energy scale, these effects are negligible. This process

OCCUrs as

75
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e Incoming radiation scatters off Xe atoms, creating é-electrons, holes (Xe*), and
excited states (Xe*).

e J-electrons further ionize, creating more daughter electrons, Xe™, and Xe*, re-
peating the process described in the first step. This creates a cascade of electrons

with decreasing kinetic energy.

e The Xe* and Xet combine with neutral Xe and ionization electrons from the first
two steps, forming excited dimer states (Xe}). These states promptly de-excite

(~ ns), emitting 175 nm scintillation photons and heat (infrared photons).

The scintillation process described in the last step occurs in two ways [55]. The first

process (exciton de-excitation) involving Xe* is

Xe*+Xe — Xej ' (6.1)
Xe; — 2Xe+ hv

The second process (recombination), involving Xe*t and ionization electrons from the

cascade is

Xet +Xe — Xej (6.2)
Xes +e- — Xe™ +Xe
Xe*™ — Xe* + heat
Xe*+Xe — Xe
Xey; — 2Xe+ hv

where heat is energy lost as an infrared photon, and hv is a 175 nm scintillation
photon. Ordinarily, all electrons will recombine or thermalize in the LXe. If, on the
other hand, a static drift field £p is applied across the LXe volumne, the recombination
process (eqn. 6.2) is inhibited as ionization electrons are swept out of the event region.
This process is used to help spatially locate an energy deposition event in a LXe
detector. In the case of an applied drift field, the quantities available for collection

from these processes are ionization electrons from the cascade (those which do not
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recombine), scintillation photons, and infrared photons. A drift field does not effect

the excitonic scintillation component (eqn. 6.1).

The energy deposited by an ionizing particle at energy Fy, available for collection

in the presence of a drift field, is then

where E;, Fg, and Ey are the energy contributions of ionization, scintillation, and
heat. In this work, only ionization and UV scintillation processes are studied. Recent
investigations have shown that the infrared photon energy channel may contribute a
significant number of detectable photons [56, 57]. The deposited ionization can be

collected in the form of electrons and scintillation photons, neglecting heat, so that
Ey=FE;+ Eg x Nf 4+ Ng (64)

where N; and Ng are the numbers of ionization electrons and scintillation photons
produced, respectively. It is assumed, in this case, that one scintillation photon is
produced per e -ion pair not collected as ionization. This is the ideal case; no losses
such as impurities are assumed. Due to the statistical nature of energy deposition in a
dense medium, the values of E;, Eg, N;, and Ng will fluctuate, event by event, about
the average values (Er), (Es), (Ny), and (Ng). It follows that for multiple ionizing
events of energy FEy,

(Eo) = (Er) + (Es) o (N7) + (Ns) (6.5)

where (Fy), (Es) are the average energy deposited as ionization and scintillation, and
(N1), (Ng) are the average numbers of ionization electrons and scintillation photons,
after recombination has occurred. Ej, Es, Ny, Ng, and their averages, are functions of
Ey, €p, and the type of radiation. Increasing Fy will increase (N;) and (Ng), whereas
increasing £p increases (Ny) and decreases (Ng) by inhibiting recombination. Note

that as £p — 00, excitonic scintillation photons are still produced.
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The deposited energy is related to to the average ionization electron and scintil-

lation photon yields by

(Er) = Wi (Nr) (6.6)
(Es) = Ws (Ns) (6.7)

The constants of proportionality, W; and Wg, are the average energy per ionization
electron and scintillation photon produced [58, 59]. Usually, Wy is measured at £p = 0
where it is maximum, and is different depending on the type of ionizing radiation.
In contrast, Wy is measured at high fields in order to minimize electron loss due to

recombination.

6.2 Energy collection

In EXO, scintillation photons are collected by surrounding the LXe volume with
photodetectors sensitive to 175 nm photons. Ionization electrons are collected by
applying a static drift field, £p across the detector. £p drifts electrons from the energy
deposition region to an anode, coupled to a charge amplifier. The time difference
between the scintillation photon pulse and the collected ionization electron signal
allows for the localization of an energy deposition event in the detector. The event

cannot be localized with collection of scintillation photons alone.

6.2.1 Effect of a drift field on ionization and scintillation

When a drift field is applied across the LXe volume, a fraction of the ionization
electrons (proportional to the magnitude of £p) from the initial cascade are drifted
outside of the region containing Xe* and Xe*. The amount of recombination and,
consequently, scintillation is reduced. This is how the dependence of E;, Es, Ny,
Ng and their averages on drift field arises. At high fields, recombination scintillation
is suppressed (eqn. 6.2). At low or zero field, all of the electrons recombine or

thermalize, producing a maximal scintillation photon yield. A functional form for
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the dependence of ionization and scintillation yields and fluctuations on £p has been

investigated, but does not appear to be successful at reproducing observed values [60].

6.2.2 Effect of radiation type and energy on ionization and

scintillation

The microscopic energy loss processes of ionizing radiation are described by the Bethe-
Bloch model [2]. This model statistically describes energy loss via Coulomb scattering
of an incoming particle on electrons in a medium (orbital e, in the case of Xe),
but does not include scintillation processes such as electron-ion recombination. The
Bethe-Bloch model is non-linear in energy, and varies according to the type of incident
radiation. While conservation of energy (eqns. 6.5-6.4) must always be satisfied,
the individual ionization and scintillation yields will differ according to energy and
radiation type.

For example, a-particles, nuclear recoils, and fission fragments produce a very
high local ionization density, enhancing recombination and producing a much larger
scintillation yield than electrons or vy-rays of the same energy [61, 58]. Also, the indi-
vidual ionization and scintillation yields for a 2.5 MeV electron versus two 1.25 MeV
electrons will differ, though the integral of all collected energy should be the same in
either case. This provides a powerful discrimination method (e.g. being able to tell
the difference between a 2.5 MeV electron, and two 1.25 MeV electrons) in the search
for double beta decay of 1**Xe. The details of these physical processes are extensive,

and far beyond the scope of this work. A detailed discussion can be found in [2].

6.2.3 Ionization and scintillation time structure

If both ionization and scintillation signals are collected from an energy deposition
event in the presence of a drift field, the scintillation signal is prompt, followed by
the ionization signal. The scintillation photons are produced (and collected) on a
timescale of the processes described in eqns. 6.1 and 6.2, whereas the ionization
electrons must drift across the LXe volume for collection. It is assumed that the

energy deposition time is much shorter than these processes, which is the case in a
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small detector.

The scintillation processes have multiple time constants associated with them
[62, 63, 64]. First, the time required for electron-ion recombination (eqn. 6.2), 7
[65]. Second, the time constants for dimer singlet and triplet state de-excitation
(both scintillation processes), denoted 7}, and 73, respectively. 7g differs according
to the type of radiation, and ionization density. In general, 7 is on the order of the
energy deposition time (< ns), but can be long in certain circumstances [58]. The
experimentally measured dimer de-excitation time constants (found to be independent

of both ionization density and drift field) in LXe are [64]

75, = 4.3+0.6 ns (6.8)
73 = 22+20ns (6.9)

The scintillation is therefore produced and collected on these timescales.

The ionization collection time constant 7; is determined by the drift time from

the ionization event to the collection point. This drift time is

Az
= — 1
Tr v (6 0)
where
Vd = SD,U,(T, n) (6.11)

is the electron drift velocity, u(T, n) is the electron mobility as a function of tempera-
ture T' and number density n, and Az is the physical distance between the ionization
event and the detector anode. In the case of electrons as the impinging radiation (as
in double beta decay), the energy deposition can be thought of as a point source.
As the resulting ionization electrons drift towards the anode, the electrons diffuse,
becoming a cloud. In this case, the drift time is smeared with the diffusion time.
For small detectors, the diffusion time is large compared to the drift time, so it can
be neglected. Some values of i and vy for electrons in LXe, at 163 K and a density
n = 14.1 x 10" atoms/cm?® are listed in table 6.1 [4]. The errors on these numbers

are below the resolution of the plotted data in [4].
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81

&p % Vg
[kV/cm] | [em?/(V -s)] | [10° - cm/s]
1.0 241 2.41
2.0 135 2.69
4.0 72 2.87
8.0 38 3.02

Table 6.1: Experimentally measured electron mobility p and drift velocity v, at dif-
ferent drift fields [4]. These data are measured in LXe at 163 K, and n = 14.1 x 10*
atoms/cm?.

For a drift field of 2 kV/cm and a drift distance Az = 5 cm, the drift time is
71 = 19 ps. This time delay between the ionization and scintillation signals for a
given event can be used to determine the position of the event with respect to the

ionization collection plane.

6.3 Energy correlations and fluctuations

The physics of energy deposition and collection in LXe exhibits three distinct prop-
erties: linearity of ionization and scintillation yield with the energy of the incident
radiation, a macroscopic ionization-scintillation anti-correlation, and a microscopic
ionization-scintillation anti-correlation. The first two properties depend on the macro-
scopic parameters Fy and £p, and affect the quantities (Ny) and (Ng) (i.e. the yields
averaged over many energy deposition events). The third property affects the values
of Ny and Ngs for each energy deposition. The first two properties are used in the
analysis presented in ch. 7 as energy cuts, whereas the third property leads to an

enhancement in LXe energy resolution.

6.3.1 Energy linearity

According to eqn. 6.5, the sum of the average ionization and scintillation yields is
proportional to the amount of energy deposited by ionizing radiation. For example,

the energy deposition from a -y at energy Fy will show up as a peak in the spectra
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of Ny and Ng, with central values (N;) and (Ng); increasing E, will simultaneously
increase both (N;) and (Ng). The ionization and scintillation yields, (N;) and (Ns),
are therefore positively correlated with the energy Fy of incoming radiation. Note
that different types of incident radiation (e.g. a-particles vs. ~-rays) at the same
energy produce different amounts of ionization electrons and scintillation photons,
due to the microscopic physics of energy deposition. This property is primarily useful

as a means of making analysis cuts on energy deposition peaks.

6.3.2 Macroscopic ionization-scintillation anti-correlation

A drift field £p applied across a LXe volume controls the sharing of energy (via
electron-ion recombination) between ionization and scintillation, as discussed in §6.2.1.
Increasing £p increases the average ionization electron yield (Ny), thereby decreasing
the average scintillation yield (Ng) by conservation of energy (eqns. 6.3-6.5). The
ionization and scintillation yields are therefore anti-correlated as a function of the
macroscopic parameter £p. This property has been observed and measured in LAr
and LXe [66], and in this work in §7.3 and [12].

6.3.3 Microscopic ionization-scintillation anti-correlation

The values of N; and Ng, produced by ionizing radiation at energy Ey, fluctuate
about (Ny) and (Ng), respectively, in a correlated manner to keep Ey constant. The
fluctuations are due to the statistical nature of energy deposition and electron-ion
recombination, whereas the correlation is due to conservation of energy (equs. 6.3-
6.5). For a given event, if Ny > (N;) then Ng < (Ng) to conserve energy; therefore
the ionization and scintillation yields, N; and Ng, are anti-correlated with each other
event-by-event.

This property suggests that an improvement in energy resolution is possible by
simultaneously collecting ionization and scintillation signals, in contrast to collecting
either one alone. This has been shown in LAr [67], and is shown to be the case
experimentally in LXe (see §7.3 and [12]).
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6.3.4 Energy fluctuations

Spectra of collected ionization electrons and/or scintillation photons (or the sum of
the two) produced from multiple independent energy depositions at an energy E; will
be peaked at the values of () or (Ng). The production of ionization electrons and
scintillation photons, due to incident radiation at energy Ej, can be modeled as a

Poisson process. Assuming that the yields are large,
(N7), (Ns) > 1 (6.12)

and that all deposited energy is collected, a peak in either energy spectrum can be

modeled by Gaussian distribution,

_(E-Eg)?
G(E) = —A ¢ ot (6.13)

V2mo?,

where 0 = VE is the energy distribution width for a purely Poisson process. If

conservation of energy is imposed as a constraint in each individual energy deposition
event, the production of an ionization electron in the cascade becomes correlated to
the previous electron. This correlation, first described by U. Fano [68], alters the
distribution width by a factor F' (the Fano factor), so that

og=VFE (6.14)

For LXe, F' = 0.04 (calculated, [7]), whereas the experimental value is > 1 [12]. This

indicates that there are fluctuations that are unaccounted for in this theory.

In any real system, some energy is always lost (e.g. heat, finite fiducial volume,
another energy channel, etc.) and the energy quanta production process may not
be purely Poissonian. This is the case for Ny and Ng, as each of these quantities
is an incomplete measure of the total amount of energy deposited in a LXe volume.
Regardless, the energy peaks in these channels can still be modeled using eqn. 6.13,

where the constraint on the width (eqn. 6.14) becomes the theoretical lower limit.
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The actual width can be written as

O = \/FeffE (615)

where Fg;; is an effective Fano factor. This is an important scaling relation that has

been observed experimentally in energy resolution studies in LXe [7].

The empirical width of N; has been measured to be much larger than the Poisson
limit [7, 12, 59], leading to a poor ionization energy resolution (see §6.4). The im-
provement in LXe energy resolution shown in this work is accomplished by collecting

both ionization electrons and scintillation photons simultaneously.

6.4 Energy resolution

Energy resolution is a dimensionless metric used to determine how accurately energy

deposition can be measured in a detector. The energy resolution is defined as

R(E,) = Eio (6.16)

where o is the width of an energy peak created by ionizing radiation at energy Eq
(see eqn. 6.13). Using eqn. 6.5, the energy resolution can be written as

R(Es) = R(N)) = 735 (6.17)

where (V) refers to ionization electrons, scintillation photons, or the sum of the two.
The width scales with the number of ionization electrons or scintillation photons (see
eqn. 6.15),

on o< v/ (N) (6.18)

The energy resolution therefore scales with energy E, or number of quanta N, as

1 1
R(E) x N :\/NOC\/E

(6.19)
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This energy scaling law has two implications. First, energy resolution improves with
increasing energy deposition, or number of quanta collected. Therefore, maximizing
the number of collected ionization electrons and/or scintillation photons is an impor-
tant detector requirement. Second, if an empirical energy resolution is measured at

energy Ey, the energy resolution at Ej can then be extrapolated to be

R(Ej) = R (Eo) @ (6.20)

In addition, if uncorrelated gaussian noise is present (e.g. electronic noise from
a charge amplifier used to integrate the ionization signal) in the measurement of N,

the noise subtracted energy resolution Ryg at energy Ej is

2 2

g% — Ona
Rys (Eo) = TNOISG (6.21)

where the noise fluctuations, onoise, are subtracted off in quadrature from the mea-
sured distribution width. In ch. 7, this framework is used to analyze and evaluate

the energy resolution performance of a LXe detector.
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Chapter 7

Energy resolution studies in liquid
Xe |

The energy resolution of the EXO detector determines the sensitivity to both the
OvBps and 2v(BF modes. Evidence of Ov@33 will show up as a peak in the energy
spectrum of events measured in the EXO detector. This peak will occur at the Q-
value (2457.83+0.37 keV, see [69]) of the decay, and will have a width given primarily
by the energy resolution of the detector. Since current lower limits on the Ov3( half
life are ~10 ?® yr., the ability to distinguish this peak from all other backgrounds is
crucial. Background elimination is accomplished in the EXO detector in two ways.
First, by determining the energy of a candidate event with good energy resolution.
Second, by determining the spatial location of the candidate event in the detector.

The decay daughter, 13Ba™, can then be extracted and tagged in real time [11].

In order to simultaneously satisfy both of these requirements, ionization and scin-
tillation signals are collected from an energy deposition event (see ch. 6). The time
delay between the ionization and scintillation signals, in addition to the spatial dis-
tribution of the drifted ionization electrons on the anode of the detector, allows for
the reconstruction of the candidate decay vertex position. This technique degrades
the energy resolution, compared to collecting scintillation only in the absence of an
applied drift field. This is due to the detailed physics of electron-ion recombination.
A method of enhancing L.Xe energy resolution, in the presence of a drift field, by

86
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collecting both ionization and scintillation signals event-by-event is presented in this

chapter.

7.1 Overview

The best ionization energy resolution (i.e. collecting ionization electrons only by
applying a drift field across the detector, ignoring scintillation photons) reported for
energy deposition by electrons from a 27Bi source in LXe at 4 kV/cm drift field is
o/E = 34 % at 570 keV [7]. The best energy resolution reported, collecting only
scintillation photons from a 122 keV 57Co source, is 0/E = (8.8 £ 0.6) %, at zero
drift field [70]. Assuming a Poisson scaling of the energy resolution (eqn. 6.19), this
becomes (4.1 +0.3) % at 570 keV. In this work, the energy resolution is improved to
2.7 % at 4 kV/cm by combining the ionization and scintillation signals at 570 keV.
This is an improvement by a factor of 1.3 with respect to the ionization alone [12]. The
improvement is more dramatic at lower drift fields, where electron-ion recombination
is dominant. At 0.2 kV/cm drift field, the resolution improves from 10.7 % to 4.9 %,
or a factor of 2.2 from ionization alone. These numbers are dependent upon such
factors as the geometry of the detector, the light collection efficiency, and the Xe
purity. Optimizing a detector with respect to these factors will lead to the best

energy resolution.

7.2 Experimental setup

The system used to study LXe energy resolution by simultaneously collecting ion-
ization electrons and scintillation photons is described here. The major components
of the system are the LXe cell, cryogenic system, gas handling system, high voltage

system, and analog/digital data acquisition system.
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HV/signal Xe inlet
Macor feedthroughs
spacers

BN

] 1

m6mm

12 mm

Quartz ‘_] VUV PMT
window

Figure 7.1: Schematic of the LXe cell used for energy resolution studies. Electrons
and 4s are produced by a 2°"Bi EC source plated on the cathode. Ionization is read
out on the anode, and scintillation by the PMT below the source.

7.2.1 LXe cell

The LXe cellis a 1.5 £ UHV grade stainless steel cylindrical chamber, shown schemat-
ically in fig. 7.1. The top of the chamber has a 1.5” diameter tube for Xe injection,
as well as a SHV feedthrough for application of high voltage to the grids, and for
acquiring the charge signal from the anode. A specially selected 8” diameter quartz
vacuum window, with 80 % transmission at the LXe scintillation wavelength (175 nm),
is mounted on the bottom of the chamber . A vacuum ultraviolet photomultiplier
tube (VUV PMT!) with a 6” diameter face and a quantum efficiency of 20 % at 175

nm is coupled to the outer face of the the quartz cell to collect scintillation light.

Model EMI 9921Q

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



7.2. EXPERIMENTAL SETUP 89

The cathode and Frisch grid (referred to as grid) are made of a stretched, nickel
electroformed mesh with 90 % optical transparency. All other components are stain-
less steel or macor. Ionization and scintillation are created by a 2"Bi EC source,
deposited on the cathode (see §7.2.4). Positive high voltages are applied to the grid
and cathode, while the ring surrounding the anode is kept at ground. The anode
itself is coupled to a charge amplifier, and is therefore kept at virtual ground. This
field configuration causes ionization electrons to drift through the LXe for collection
at the anode. The grid shields the anode from the electric field of the ionization cloud
as it drifts upwards, until it passes through the grid plane. The ionization is then
collected as a single fast pulse, independent of the drift length below the grid. The
electric field between the anode and grid is kept at a factor of two higher than the
field between the cathode and the grid, in order to maximize the transfer of ionization

electrons across the grid [71].

7.2.2 Cryogenic system

The cryogenic system serves two purposes. First, if liquifies the Xe in the LXe cell.
Second, it keeps the LXe cold and minimizes the temperature gradient across the cell.
The cell is cooled by immersion in a bath of HFE-7100? which in turn is cooled by
a liquid nitrogen heat exchange loop (see fig. 7.2). HFE-7100 is a commercial heat
transfer fluid with two convenient properties. First, it has a wide liquid range (-135°C
to 61°C), which allows for convective heat transfer at LXe temperature (—104°C)
and therefore good temperature uniformity over then entire chamber body. Second,
it has a volume resistivity of 3.3x10° Q-cm. This minimizes leakage currents at the
feedthroughs and electronics immersed in the bath, though all electrical connections
are potted with low temperature silicone rubber. The chamber and fluid bath are
contained in a vacuum insulated dewar3, as shown in fig. 7.2. The temperature of
the system is monitored and regulated by an external PID controller, which monitors
RTDs placed on the chamber and controls a liquid nitrogen valve. The chamber is

kept at —104 +0.2 °C, and the temperature gradient across the chamber is measured

2Methoxy-nonafluorobutane C4,FgOCH3, produced commercially by 3M
3Cryofab
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Figure 7.2: Schematic view of full LXe system, including LXe cell and gas handling
system. The boxed region is enclosed in an oven for bakeout. The chamber is also
bakeable, when the PMT and dewar are removed.

to be < 0.2 °C. The pressure of Xe above the liquid is kept at 990 =+ 30 torr.

7.2.3 Gas handling system and liquification procedure

The xenon handling system is shown in fig. 7.2. Hardware components are all-metal
UHV compliant, and are cleaned and handled according to UHV standards®. The
boxed area in fig. 7.2 containing most of the vacuum hardware is enclosed in an oven
for bakeout after the system has been opened to air. The bakeout procedure consists
of a 3-4 day pump down with a 70 £/s turbo pump® backed by a diaphragm pump,
while the system is baked at 150 °C. After bakeout, the system is considered clean if
the partial pressures of electronegative impurities (Oy, CO,, etc) as measured by the
residual gas analyzer® (RGA in fig. 7.2) are < 107° torr.

During bakeout, or when the system is not in use, the Xe is stored in cylinder C1.

4Powderless gloves worn at all times, parts sonicated in alcohol, etc.
5Varian V-70LP
8Stanford Research Systems model SRS RGA300
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Liquifaction begins by cooling the LXe cell down to —104 °C. All valves (including
regulator R1 and flowmeter F1) are initially closed. V1 is opened, followed by R1
while monitoring the pressure on gauge G1. Once the Xe pressure is ~ 760 torr, V3
and V4 are opened. The Xe passes through a filter” cartridge for purification. F1 is
set to a flow rate of ~ 100 torr-¢/s, V5 opened, and the chamber pressure monitored
on gauge G2. The Xe gas is cryopumped and condensed into the chamber over a
period of ~ 2 hrs. Once this process is complete, F1 is closed, and the chamber

pressure is monitored continuously on G2.

In order to recover the Xe at the end of a run, cylinder C1 is cooled in a LN,
bath. All valves are closed, except for V5, V6, V7, V1, and R1. The Xe is slowly
cryopumped from the LXe cell to cylinder C1, where it is frozen. Once this process
is complete, V1 is closed, and any residual gaseous Xe is pumped out of the system
via pumps P1 and P2. Cylinder C2 is used as an emergency “dump” bottle, in case

of any failure of C1.

7.2.4 27Bi 3~ /v source

Ionization in the LXe cell is created by a 2°’Bi EC source. The major decay channels
[5] and their intensities are listed in table 7.1. In addition to these lines, there are K-
and L-shell internal conversion electrons at 481, 554, 976, and 1048 keV [7]. 207Bi is
a standard calibration used in liquid noble gas ionization and scintillation systems,
due to the large number of monoenergetic lines. It is also useful for comparing data
from different sets of published results. The source is prepared as a monatomic layer,
electroplated on a 3 um diameter carbon fiber. The fiber is woven into the cathode
mesh, as shown in fig. 7.3. The thin source minimizes the effects of self-shadowing
of the scintillation light, and is essential to obtaining high scintillation resolution.
This effect is observed in simulation, as well as experimentally by altering the source

thickness.

"Messer Griesheim Oxisorb®
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Energy (0F) | Intensity (81)
keV] (7]
328.12 (10) | 0.00067 (8)
567.702 (2) 97.74 (3)
897.80 (5) 0.121 (8)
1063.662 (4) | 745 (2)
1442.20 (9) | 0.130 (3)
1770.237 (10) | 6.87 (4)

Table 7.1: Gammas from *’Bi source used for energy resolution studies in LXe [5].

Figure 7.3: Photo of 2"Bi-plated carbon fiber woven into cathode grid.
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7.2.5 Ionization readout

Ionization, created by the 27Bi source, is collected in a cylindrical fiducial volume
with a 10 mm radius and 18 mm height. This region is defined by the cathode grid
and the anode plane height-wise, and radially by the grid diameter (see fig. 7.1).
Drifted electrons are collected at the anode, coupled to a low-noise charge sensitive
preamplifier® with a cooled FET? (see fig. 7.4). This FET is chosen to minimize
electronic noise, due to the finite capacitance between the anode and ground. The
FET stage is in a grounded box placed outside of the L.Xe chamber, but inside of the
dewar so as to be kept cold. The integrated charge signal is sent through a double-
output Gaussian shaper!® with a 50 us shaping time, and one output is recorded to
disk using a waveform digitizer. The integrated signal is fit to a model assuming the

ionization is a Gaussian-distributed cloud.

fe)=A {1+erf (t;to)} e+ (7.1)
t
where At = t — ty is the signal offset, and the term a = De " + 100 + 0.019¢
accounts for pileup, digitizer offset, and a small integral nonlinearity, respectively.
The amplitude A, time offset ¢y, charge signal width oy, pileup offset D, and shaper
fall-time constant 7 are simultaneously fit, event by event. The fit fall time is ~ 50 us
for all the data, as expected. The full ionization readout chain is calibrated in units
of electron charge by injecting a sawtooth signal into the input FET through a 2 pF
calibrated capacitor. The noise of the ionization preamplifier-shaper chain, including
all gains, is measured to be Gaussian with a width oneise = 381 €~. The conversion
factor between collected ionization electrons and digitizer channels is 196.95 + 0.03

e~ per digitizer channel.

8 Amptek A250
9Sony Semiconductor 2SK152
ISORTEC 521
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lonization FET > 1 Shaper Digitizer

(from anode) A250 50Q Coincidence
splitter trigger
Scintillation J j’
O P
QADC
(from PMT) [{50 50 Q
splitter

Figure 7.4: Schematic of LXe ionization and scintillation trigger and readout. Ion-
ization and scintillation signals are sent into a coincidence trigger, which causes dig-
itization of the ionization and scintillation signals.

7.2.6 Scintillation readout

Scintillation light produced by the LXe is read out by a PMT operated in photon-
counting mode. The PMT high voltage is 1.48 kV, chosen such that the response is
linear at all light levels in this study. The measured gain (at LXe temperature) is
6.6x10%. The scintillation signal from the PMT is sent to a charge sensitive pream-
plifier'!, followed by a 50 Q splitter (see fig. 7.4). The first output is sent to a
charge integrating ADC'2. The second output is used for the coincidence trigger, as
described in §7.2.7. The conversion between ADC channels and single photoelectrons
is calibrated using a flashing LED inside the dewar, and is 3.91 ADC channels per
photoelectron. The electronic noise of the preamplifier chain is calibrated in the same
fashion as the ionization channel, and is found to be negligible.

The observed number of photoelectrons, N, is related to the actual emitted

number of scintillation photons, Ng, by
Ns = aNp, (7.2)

where,
A
o= = 188.5 +19.3 (7.3)
€QE €SA €Quartz €Grid

11 Amptek A250
12] 6Croy 2249A QADC

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



7.3. RESULTS . 95.

where eqr = 0.20 is the quantum efficiency of the PMT at 175 nm, ega = 0.1192+0.012
is the solid angle (divided by 47) seen by the PMT, equariz = 0.70 is the transparency
of the quartz at 175 nm, egrq = 0.90 is the optical transparency (fill factor) of the
cathode grid, and A = 2v/2 is an attenuation factor arising from a 50 € splitter
between the preamplifier and charge ADC. The uncertainty in o comes primarily
from the geometrical variation in solid angle (given as the error on ega) along the

main axis of the detector, determined from simulation.

7.2.7 Coincidence trigger

Ionization and scintillation signals are recorded when they occur in delayed coinci-
dence. Given the size of the fiducial volume (see fig. 7.1), the ionization signal from
an ionization event reaches the anode a few microseconds after the scintillation sig-
nal reaches the PMT. This is due to the drift time of the ionization cloud from the
production point to the anode (77 in §6.2.3), and must be accounted for in the trigger

systern.

7.3 Results

The ionization and scintillation correlations described in ch. 5 are observed in this
experiment. This analysis uses all correlations to examine the behavior of the energy
resolution in LXe at different drift fields, and demonstrate an improvement in energy
resolution over previous results [12].

The energy resolution (see §6.4) is determined in two separate ways from the
collection of ionization electrons and scintillation photons produced at 570 keV (by
the 2°/Bi source). These quantities are simultaneously collected at drift fields, &p,
of 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 kV/cm. In the first method (§7.3.1), separate one-
dimensional ionization and scintillation energy resolutions at 570 keV are calculated.
This one-dimensional analysis is performed as follows. A fiducial cut (in the 2D
ionization-scintillation parameter space) is made using the energy correlation prop-

erty, described in §6.3.1, to isolate the 570 keV energy peak. The one-dimensional
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ionization and scintillation resolutions are each determined from this subset of events
by projecting the data onto the ionization and scintillation axes, and fitting the
peaks to Gaussian distribution functions. In the second method (§7.3.2), a combined
two-dimensional energy resolution is calculated from the fit to the two-dimensional
distribution of events found in §7.3.1. In §7.3.3, the results of these methods are
compared to published results [7]. All of the analysis is presented in units of collected
ionization electrons, and collected scintillation photoelectrons. The conversion from

photoelectrons to photons is given by eqn. 7.2.

7.3.1 1D energy resolution analysis

A set of one-dimensional ionization and scintillation spectra from the 2°7Bi source, at
Ep = 1.0 kV/cm are shown in fig. 7.5. The two peaks and their associated Compton
shoulders in the top spectrum are from ionization electrons collected from the 570 keV
and 1064 keV ~-lines. The two peaks in the bottom spectrum are from the same
lines, but collected from scintillation photons. In previous works [7, 72], the detector
energy resolution is determined by fitting the two ionization peaks to gaussians plus
a background function (either a first-order polynomial, or an exponential). At higher
Ep, the 976 keV electron peak becomes discernible from the 1064 keV peak. In this
case, these peaks are fit to two gaussians. The choice of fitting range varies from
paper to paper, though the energy resolution results are consistent with each other
(see fig. 7.16). In the analyses presented here, only the 570 keV peak is considered,
due to the widening of the 1064 keV peak by the lower energy 976 keV and 1048 keV

lines.

In fig. 7.6, the ionization yield is plotted against the scintillation yield, event by
event at 1.0 kV/cm. The two islands correspond to the 570 keV and 1064 keV ~-
lines. The linearity of ionization electron and scintillation photon yields (see §6.3.1)
is evident in the discrete islands visible along the diagonal axis passing through the
origin. The microscopic anti-correlation (§6.3.3) is evident in the negative diagonal
tilt of each peak. For a given energy, events with a higher ionization yield tend to

have lower scintillation yield, and vice versa.
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Figure 7.5: Ionization and scintillation spectra at £, = 1.0 kV/cm. The two peaks
are from the 2°’Bi 570 keV and 1064 keV +-lines.
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Figure 7.6: Ionization (vertical) plotted against scintillation (horizontal) at £, =

1.0 kV/cm. The two islands correspond to the 570 keV and 1064 keV ~-lines.
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In order to calculate ionization and scintillation energy resolutions at 570 keV,
events are selected from the spectrum in a three step process. In the first step, the
peak is isolated with independent cuts along the ionization and scintillation axes, as
shown at 1.0 kV/cm in the top row of fig. 7.7. This subset of events is then fit to a

two-dimensional gaussian

A a1 AN2  ANZ.  2pANeANep
G2D (Ne7 Npe) = [& 2(1-p j (_Ug&+_ag;L 7epe ) (74)

2MOeOpe/1 — p?

Whe_re N, is the number of ionization electrons collected, N, is the number scintilla-
tion photoelectrons collected, o, is the width of the ionization electron distribution,
0pe is the width of the scintillation photoelectron distribution, and p is the correla-
tion coefficient that that describes the strength of the correlation between the two
channels'®. Further, AN, = N, — (N.), and AN, = N, — (Npe), where {N,) and
(Npe) are the average numbers of electrons and photoelectrons in the peak. A is an

overall scaling to account for the actual peak height, such that

% / / Gap (Ney Npe) AN.AN,, = 1 - (7.5)

This model describes both the widths of each channel (the first two terms in the
exponential), as well as the anti-correlated energy sharing between the two channels

(the third term in the exponential). The contours of this surface are ellipses, given
by
AN? + ANI?e 2pAN.AN,,

2 2
of Tpe TeOpe

=q (7.6)

In the second step, events lying inside of the ellipse with @ = -In(0.5) are selected.
This choice of a corresponds to the ellipse at the FWHM of the two-dimensional
gaussian. This subset of events are refit to a new gaussian, giving a new FWHM
ellipse. This selection and refit are repeated again, giving a third FWHM ellipse.
The second and third rows of fig. 7.7 show the final selection of events in the 570 keV
peak, and the fit value of Gop (Ne, Npe), respectively.

137 Channel” is used to describe either the collected ionization or scintillation signals.
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Figure 7.7: The 570 keV ~-line at 1 kV/cm. Top row: before any cuts. Middle

row: after two iterations of fitting and cutting (see text for details). Bottom row:
two-dimensional fit to data with elliptical cut.
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Figure 7.8: One-dimensional projections of the 570 keV ~-line at £€p = 1.0 kV/cm
after multiple two-dimensional elliptical cuts. Gaussian fits to the data are overlaid,
used to compute the one-dimensional ionization and scintillation energy resolutions.

In the third step, events in this final ellipse are used to determine one-dimensional
ionization and scintillation energy resolutions. The data are projected onto the ion-
ization and scintillation axes, as shown for 1.0 kV/cm in fig. 7.8. Each peak is fit to

a one-dimensional gaussian

Grp (V) = J%exp (—W—;U%V—”) (7.7

where N is the number of ionization electrons or scintillation photoelectrons (N, or
Npe), (N) is the average number of ionization electrons or scintillation photoelectrons
((INe) or (Npe)), on is the width of the distribution (0. or o,), and A is an overall
scaling factor. The x?/dof of these fits at 1.0 kV/cm are 73.85/97 and 70.39/55 for
the ionization and scintillation channels, respectively. The ionization and scintillation
energy resolutions, Ry and Rg (see eqn. 6.17), are calculated using the fit values of

(N) and oy from eqn. 7.7. The electronic noise (see §7.2.5) on the ionization channel
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Figure 7.9: Ionization and scintillation energy resolutions vs. &p for the 570 keV
v-line.

is subtracted off in quadrature from the measured width, o, in calculating the energy

resolution. The noise subtracted width is
0'2 = O'g - 012\Ioise (78)

The electronic noise on the scintillation channel is negligible. This analysis is repeated
at all drift fields, £p, and plotted as a function of £p in fig. 7.9. These data are also
tabulated in table 7.2. In general, all quantities presented from here on are noise

subtracted in this manner.

As &p increases, electron-ion recombination is suppressed (see chapter 6), and
more ionization electrons are available for collection. In this analysis, a high collec-
tion efficiency of the available ionization electrons (after scintillation processes have
occurred) is assumed, as there are no solid angle issues as with the collection of scin-

tillation photons. Therefore, the fit values of (IVe) in eqn. 7.7 and o, in eqn. 7.8
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Figure 7.10: Ionization electron yield (from eqn. 6.13) vs. £p for the 570 keV peak.
The statistical errors are smaller than the markers.

represent the actual yields and fluctuations of ionization electrons available for col-
lection. As more electrons are collected, the resolution improves, as expected (see
eqn. 6.19).

In the case of scintillation, on the other hand, the number of collected photoelec-
trons corresponds to a small fraction of the total number of photons produced (see
eqn. 7.2). The relatively poor scintillation resolution in fig. 7.9 is likely due to the
very low solid angle coverage (and quantum efficiency, etc.) of this detector, since
this decreases the number of scintillation photons collected (see eqn. 6.19).

The fit ionization electron and scintillation photoelectron yields, (N;) and (Ns)
from eqn. 7.7, are plotted as a function of £p in figs. 7.10 and 7.11. As &p increases
the ionization electron yield increases whereas the scintillation photoelectron yield
decreases, as expected (see §6.3.1).

In figs. 7.12 and 7.13, the factor o2/ (N} is plotted versus Ep, for the ionization
and scintillation channels, respectively. This factor is a measure of how well the

electron and photoelectron distributions match a Poisson distribution (o2/(N) =
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Figure 7.11: Scintillation photoelectron yield (from eqn. 6.13) vs. £p for the 570 keV
peak.

1 for Poisson fluctuations). In the case of ionization, the fluctuations are highly
non-Poisson at all drift fields. At high &p, a large fraction of the deposited energy
is collected as ionization electrons, with the remaining going into the scintillation
processes and heat. In this case, the process(es) governing electron production in LXe
are primarily responsible for the fluctuations in the yield. At low £p, the statistics of
electron-ion recombination dominate. Evidently, recombination statistics are a highly
non-Poisson process. In the case of scintillation, this Poisson factor is close to one
for all £p. Scintillation photoelectron production (and hence photon production) is
nearly a Poisson process. The deviation of this factor from one at low £p may be
due to the fluctuations of electron-ion recombination, which are large in this region.
Additionally, it should be noted that the actual number of collected scintillation
photoelectrons is small compared with the number of collected ionization electrons
at all drift fields.

The fit value of the correlation coefficient, p, in eqn. 7.4 for the 570 keV ~-line

is plotted versus &p in fig. 7.14. p measures the strength of the correlation between
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Figure 7.12: 072/ (N,) vs. Ep for the 570 keV v-line. The distribution of ionization
electrons is non-Poisson, evident by the deviation of this parameter from 1.
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Figure 7.13: 07,/ (Npe) vs. Ep for the 570 keV ~-line.
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Figure 7.14: Correlation coefficient (dimensionless) p versus £p for the 570 keV ~-
line. The correlation coefficient is negative, which means that the ionization and
scintillation channels are anticorrelated.

ionization and scintillation, which has to do with the microscopic physics involved in
the energy sharing between the two channels. Note that the highly non-Poissonian
behavior of the ionization yield may affect the value of p as well. The behavior of p

with respect £p is not well understood.

7.3.2 2D energy resolution analysis

The ionization and scintillation energy resolutions calculated in §7.3.1 are derived
from the projections of the 570 keV ~-line onto the ionization and scintillation axes.
This does not take advantage of the microscopic anticorrelation between the two
signals, as described in §6.3.3. Instead, a single energy resolution using both ionization
and scintillation simultaneously can be calculated directly from the fit values of eqn.
7.4. This is done by taking the width of the two-dimensional Gaussian along its minor
axis.

The distribution widths along the major and minor axes of a rotated two-dimensional
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Gaussian given by eqn. 7.4 are

0”2 cos? 6 — o2 sin’6
Uv = \/ e pe (7.9)

cos2f — sin? 6

02 cos20 — g2sin? 6
oy = 1| 22 < (7.10)
cos2 0 — sin“ 60
where )
1 2p0pe0,,
0 = § arctan (m) (711)

is the rotation angle of the elliptical contours of the Gaussian [2]. In this analysis, o,
and oy have different units (electrons and photoelectrons, respectively), so unit-wise

o, and o, are not useful quantities. On the other hand, the rotated energy resolution

is unit-less,

R2cos? ¢ — R%sin® ¢/
= \/ cos2 @ — sin? ¢’ (7.12)
R%cos®¢ — Rsin ¢
B = \/ cos? @ — sin? ¢’ (7.13)
where PR
1 2pRs Ry
¢’ = = arctan (—) (7.14)
2 R% - R

and R; and Rg are the noise subtracted one-dimensional ionization and scintillation
energy resolutions. R, and R, are calculated from the fit results in §7.3.1, and plotted
versus &p in fig. 7.15. R, is not useful as an energy resolution, since this corresponds
to the width of the peaks along the major axis of the 1o ellipse. R, is the resolution
computed along the minor axis of the 1o ellipse, and constitutes an improvement over

one-dimensional ionization and scintillation resolutions. These results are tabulated
in table 7.2.
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Figure 7.15: Two-dimensional resolutions R, and R, derived from the fit values of

eqn. 7.4. R, and R, are the energy resolutions along the major and minor axes of
the 2D Gaussian, respectively.

Ep R, R, Rg
[kV/cm] (%] (%] (%]
0.1 597+ 0.07| 144+ 03| 11.0 £ 0.3
0.2 4924+ 008 994+£0.3 | 10.2+£0.3
0.5 403+007| 69+03 | 9.54+0.3
1.0 3.61 £0.06 | 49+02 | 84 +02
2.0 307006 3401 | 854+0.3
4.0 261 +006| 3.1 +£02 | 83+04

Table 7.2: Noise subtracted one (R; and Rg) and two (R,) dimensional energy res-

olution results for the 570 keV ~-line, including statistical errors, at different drift
fields.
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7.3.3 Energy resolution comparison

In §7.3.1 the one-dimensional ionization and scintillation energy resolutions are com-
puted by isolating the 570 keV ~-line in two dimensions, projecting the peak onto the
ionization and scintillation axes, and fitting the distributions to Gaussians. This two-
dimensional event isolation constitutes an energy cut on 570 keV events. The method
used by previous authors (fitting the ionization peaks to Gaussians plus a polynomial
background) is not explicitly carried out in this work, though this analysis has been
carried out on this data and published in [12]. The results of this one-dimensional
plus background ionization analysis are consistent with previous authors’ published
values [7].

In §7.3.2, a two-dimensional energy resolution is computed from the results of
fitting eqn. 7.4 to the 570 keV ~-line in §7.3.1. These results are published in [12]. In
the writing of this work, it was found that the results presented therein are erroneous,
in that the energy resolutions quoted in [12] are not noise subtracted. This was an
oversight by the authors. The energy resolution presented here is ~ 10 % better than
the values published in [12]. All data in this work is noise subtracted, and should be
considered a correction to the results in [12].

The one- and two-dimensional energy resolution results are plotted in fig. 7.16,
along with results from other authors for comparison [7]. The results from other
authors use ionization only, computed by fitting peaks to Gaussians plus background
functions (see §7.3.1). The data shown here are all scaled to 570 keV assuming an
energy scaling given by eqn. 6.20, and when necessary, converted from a FWHM
resolution to the o/FE standard used in this work. The two-dimensional resolution
shows a significant improvement over all other methods, especially at lower drift field
where a larger fraction of the deposited energy goes into scintillation photons. This
is the first use of simultaneous ionization and scintillation signals to improve energy
resolution in LXe, published in [12]. This result has since been verified for y-rays and

nuclear recoils by other authors [73].
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Figure 7.16: Comparison of energy resolutions from other authors (7], as well as
those computed in this work. The two-dimensional energy resolutions computed in
§7.3.2 show significant improvement over all other methods. All resolutions are noise
subtracted, and scaled to 570 keV.
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Appendix A

Alternate derivation of RF trap
depth

The RF trap depth, derived using physically motivated approximations in §4.2, can
also be derived from the properties of the Mathieu equation for small 5 and ¢. From
[37], the characteristic numbers of the Mathieu equation, a(g, 3), can be expressed as

a series expansion

2 1 2 4
a(g,08) = 3 E ¢ +0(¢%) (A1)

Expanding the first two terms for small 3, this becomes

v L (12 g .
ar -+ |1-3 B2+ 0 (8% (A.2)
Rearranging terms,
p? 1+q—2 =a+f (A.3)
2 2

If ¢ is small compared to 1 (though not necessarily small compared to a),

2
B~ a+%— (A.4)

111
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112 APPENDIX A. ALTERNATE DERIVATION OF RF TRAP DEPTH
Taking the lowest frequency (n = 0) component of the ion’s oscillation (eqn. 4.14),

N q2 QQ
0~ (a + 5) v (A.5)

eqn. A.4 becomes

which is the same as equation 4.26. The trapping can therefore be qualitatively

understood as simple harmonic motion with frequency wy, for small values of 3 and

q.
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Appendix B
Determining ion unloading rate

The average unloading rate, R, is determined by maximizing the following log-
likelihood function [2]

N
M(R) = log £(R) = log (H Pyt R)) (B.1)
i=1
where N is the number of measurements, ¢; is a single unloading time measurement
and P;(t;, R) is the probability that an ion unloads in time ¢; given an unloading rate
constant R,

The minimum measurement time t,,;, = 5 s, is due to the integration time of the

EMCCD. In order to account for this, eqn. B.2 is normalized

/ Pi(ts; R)dt: = 1 (B.3)
t'min
so that
A; = Refttmin (B.4)
113
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In this case, the log-likelihood function becomes

N
M(R) = NRtpin + NlogR— R t; (B.5)

=1

The value of R that maximizes eqn. B.5, R, is easily found by solving OM JOR = 0,
yielding

A
+ 5 Z:; ] (B.6)
The errors (68.27% CL) on R are found by numerically solving for the values of R that
change M(R) by 0.5 with respect to it’s maximum value M(R) [2]. This factor of 0.5

is discussed in [2], and is dependent upon the desired CL and number of parameters

in P;. These errors are therefore given by the two solutions for R in the following

equation

M(R) = M(R) — 0.5 (B.7)

Since M(R) is log-normal, the upper error on R will in general be larger than the

lower error.
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