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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 (0u(3(3) 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 0vf3f3 are > 1025 yr, providing 

a formidable experimental challenge. The Enriched Xenon Observatory (EXO) is a 

double beta decay experiment poised to improve upon this limit, using 136Xe as both 
a source and detector of this decay. Qv(5(5 of 136Xe produces a detectable energy de
position, in addition to a single 136Ba++ 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 [8], 
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 
(0v0P). The Enriched Xenon Observatory for neutrinoless double beta decay (EXO) 
is designed to search for this decay in 136Xe. In the standard version of this process 

(two neutrino double beta decay, or 2v(3(3), a 136Xe decays to a 136Ba++, 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 0v(3(3 
process emits two electrons and a neutrino which is reabsorbed during the decay.

Current limits on the half-life of this decay, > 1-6 x 1025 yr, yield neutrino
mass limits < 0.35 eV. Improving on this value requires substantially larger quantities 
of the target isotope, in addition to new techniques to further decrease radioactive 
backgrounds, which currently limit the experimental sensitivity to 0vf3j3. 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 0v/3/3 provides a means of 

eliminating all radioactive backgrounds [11]. 0is/3/3 of 136Xe, in particular, provides a 
unique opportunity in this sense, as the resulting 136Ba+ is observable via resonance 

fluorescence. The trapping and observation of single 136Ba+ 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 0v(3(3 is introduced, along with a basic description of the EXO-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 136Ba+ are discussed. The theory and measurements presented 
here, as well as in [3], lay the foundation for tagging of the decay daughter of 136Xe in 
the second generation EXO experiment. A single 136Ba+ 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 207Bi ( 3 ~ 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 EXO-200 and 

the second generation EXO experiment.
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Chapter 2

M assive neutrinos

The recent observation of flavor conversion of solar, atmospheric, and reactor neu

trinos naturally implies the existence of three massive neutrinos, labeled m i,m 2,m 3 

[9, 8 , 10, 13]. These mass eigenstates are related to the weak eigenstates, m e, mM, m T, 
via a mixing matrix, similar to to the CKM mixing matrix for quarks. In partic
ular, for the electron neutrino t/e,

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, Arriij =  m? — rrij, though much less is known about the absolute neutrino 
masses themselves. The measured mass splitting primarily responsible for atmo
spheric oscillations | Am]21 =  (2.4 ±  0.3) x 10-3  eV2 implies a lower limit on the 
heaviest neutrino mass, m t > 0.04 eV [13]. Whether or not this mass is m i,m 2, or 
m3 depends on the hierarchy of these three mass states. The current experimentally

N

(2 .1)

J

3
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4 CHAPTER 2. M ASSIVE NEUTRINOS

allowed hierarchy models are

normal : mi ~  m2 <§C m3 (2 .2 )

inverted : m3 <  m i ~  m 2 (2.3)

degenerate : mi ~  m 2 ~  m3 (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 /3-decay, cosmological observations, and neu
trinoless double beta decay (0is/3{3) yield complementary information in the neutrino 
sector. /3-decay is the simplest method of making an absolute neutrino mass mea

surement. The Mainz experiment [14] measures the /3-decay energy spectrum in the 

vicinity of the tritium /3-decay endpoint

3H —► 3He +  e~ +  i7e (2.5)

setting a limit m„e < 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 Y a =i m i < 
0.17 eV (95% C.L.) [16]. Combining cosmological and oscillation results, at least one 
neutrino mass should be in the range m v =  (0.04 - 0.10) eV. The cosmological limit, 
in addition, disfavors a strongly degenerate mass spectrum [13].

0u/3(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 Orz/3/3 is (m^g) < (0.35 - 0.50) eV, as measured 
by the Heidelberg-Moscow experiment using 76Ge as a source material [17]. In this 
case, (mpp) is the effective Majorana mass, described in §2.1. A portion of the 
Heidelberg-Moscow collaboration claims a positive signal at {mpp) ~  0.4 eV. If this 
positive signal is confirmed, and Qu(3(3 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 5

Figure 2.1: Feynman diagrams for (a) (standard) two-neutrino double beta decay 
(2v(3f3) and (b) neutrinoless double beta decay {Dufifi). N  and N ' are the initial and 
final nuclei.

2.1 D ouble b eta  decay

Two neutrino double beta decay (2vf3l3) 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 ) +  +  e2 +  vei +  ve2 (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 2v{3fi, 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 ~  (&V cos 6V:)4, where Gp is the Fermi coupling constant 
and 6 c  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 /3-decay to 136Cs is 
energetically disfavored over 2v/3[3 to 136Ba++. This is a common situation, though 
only a few nuclei exist with a decay endpoint large enough (Q >2 MeV) such that 
the decay occurs with an experimentally observable rate. 2vf3(3 has been observed in
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6 CHAPTER 2. M ASSIVE NEUTRINOS

<MeV)

Figure 2.2: Nuclei with A = 136. Parabolae connecting ”odd-odd” and ”even-even” 
nuclei are shown. Single /3-decay of 136Xe to 136Cs 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 e in 
fig. 2.3 at 5 % detector energy resolution). The electron energy spectrum of 2i//3/3 is 
continuous, as the neutrino can be emitted with a kinetic energy between 0 and Q. 
Current experimentally measured 2v(3(3 half-lives are listed in table 2.1 [1], 

Neutrinoless double beta decay,

(Z , A) —> (Z  +  2, A ) +  e1 +  e2 (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. 0vf3(3 
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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2.1. DOUBLE BETA DECAY 7

Isotope TtT N
48Ca (4.2 ±  1.2) x 1019
76 Ge (1.3 ±0.1) x 1021
82Se (9.2 ±  1.0) x 1019
96 Zr lA tH  x 1019
100Mo (8 .0  ±  0 .6 ) x 1018
116Cd (3.2 ±0.3) x 1019
128Te (7.2 ±  0.3) x 1024
130Te (2.7 ±0.1) x 1021
136Xe > 8.1 x 102° (90% CL)
150Nd 7 .0^ 138 x 1018
238 pj (2.0  ±  0 .6 ) x 1021

Table 2.1: Summary of experimentally measured 2v(3(3 half lives [1],

delta-function, centered at Q. The OufJfj sum electron spectrum is shown magnified 

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

If 0v(3/3 occurs, a superposition of the three mass eigenstates participate in the 
decay. The effective Majorana mass, (mpp), is defined as

(m w )  = £ ^ £ Ulj (2 ,8 )

The matrix elements Uej (see eqn. 2.1) contain Majorana phases, ctj, which are 

unknown. If CP is conserved, ctj =  &7T (where k is an integer) but generally any 

values of otj are allowed. Since the effective mass contains the term \U^\ (as opposed 
to |Uej\2), 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, T y 00,
via

(m „ } = M Ou/3/3
G T & M '2 1ViF

9 a
0uf}/3

-1

(2.9)

where GQv0 0 {Q, Z) is a phase-space factor depending on the endpoint energy Q and 
nuclear charge Z, M ^ ? 0  and M ^f0 0  are the Gamow-Teller and Fermi matrix elements,
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8 CHAPTER 2. M ASSIVE NEUTRINOS

30~i

20-

x lO

0.90 1.00 1.10 
Ke/Q

13

Z  1 0 " TJ

0 . 5 -

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Ke/Q

Figure 2.3: Spectra of the sum of electron energies, K e, from 2v(3(3 (dotted) and 
OvPP (solid) decay, normalized by the decay endpoint Q [1]. The 2v/3/3 spectrum 
is normalized to 1, and the 0u/3(3 spectrum is normalized to 10-2  (10~6 inset). All 
spectra are convolved with an energy resolution of 5 %.

and gv,A are the vector and axial-vector coupling constants [1]. Current experimental 
limits on are listed in table 2.2. The combination of /3-decay, cosmological
observation, oscillation, and 0uf3/3 results are required to elucidate the nature of 
these phases [1].

Whereas the effective Majorana mass {rnpp) depends on (currently) unknown Ma
jorana phases, the lower and upper bounds on this mass, {mpp)min and max are 
determined by absolute values of the mixing angles [19],

(™ /3 /3 > m a x  =  E l ^ l 2 ^  ( 2 - 1 0 )

3

=  max [(2 \Uej \2 rrij — {m f3p)max) ? 0] (2.11)

Therefore, if 0v(3j3 is observed and the value of (m ^) is measured, and at the same
time the mixing angles Uej  and mass-squared differences Am2 known from oscillation

experiments, a range of absolute neutrino masses can be deduced [1]. This range is
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2.2. EXPERIM ENTAL CONSIDERATIONS FOR Ouflfi 9

Isotope 7 ? ;'*  [xlO21 yr] Experiment
130Te >1800 CUORICINO

100Mo >460 NEMO-3
82Se > 1 0 0 NEMO-3

76 Ge 11900+2" 00 i iauu_50o0 Heidelberg-Moscow
48 Ca >14 ELEGANT VI

116Cd >170 Solotvina
76 Ge >15700 Heidelberg-Moscow

134Xe >58 DAMA
136Xe > 1 2 0 0 DAMA
160Gd >1.3 Solotvina

96Zr > 1.0 NEMO-2

Table 2.2: Summary of experimental limits on 0 decay half lives [2], Results are 
arranged according to publication data. All limits are 90 % CL.

illustrated in fig. 2.4, where the {mpp} 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 vT and 
are assumed. Evidently, 0u(3f3 experiments with a sensitivity in the 10 meV range 
are required to make a strong statement about the neutrino hierarchy question.

2.2 E xperim ental considerations for 0 v/3/3

Advances in low background experimental techniques over the last thirty years have 
allowed for the observation of the 2vf3(3 decay mode in various nuclei, as listed in 
table 2.1. 0u(3/3 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 0uj3(3 rate while miminizing 
all background rates (2v(3(3 decay, radioactive impurities, etc.) that can mimic a
0u/3/3 signal . Given the current limits on the 0vfifi half lives (see table 2.2), the
requirements to push the experimental sensitivity to (mpp) ~  50 meV, as indicated
by oscillation results, are challenging.
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10 CHAPTER 2. M ASSIVE NEUTRINOS

Normal

>1 0.010 0.100 
minimum neutrino mass mv (eV)

Figure 2.4: Effective mass {mpp) as a function of the smallest neutrino mass, m min, 
adapted from [3]. The solid region indicates the range of allowed 0v(3f3 masses, related 
to the unknown Majorana phases, while the dashed lines indicate the l a  errors from 
oscillation results.
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2.2. EXPERIMENTAL CONSIDERATIONS FOR Ov[I[i 11.

The effective Majorana mass sensitivity depends on experimental parameters as

(mpp) = (2.50 x 10“8eV) 

(mpp) =  (2.67 x 10“8eV)

J x e G 0v | M

J x e G 0v \M 0 u \ 2  _

(2 .12)

(2.13)

where W  is the molecular weight of the source material, /  is the isotopic abundance, 
x  is the number of double beta decay candidate atoms per molecule, e is the detector 
efficiency, b is the number of background events per (kg-yr-keV), AE  is the energy 
window for Qv/3(3 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(3(5 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 (mpp) 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, (m ^ ) oc y j oc (M T)-1/4. 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, (mpp) scales with the square root 
of the half-life, and hence the fourth root of the product M T.

If, on the other hand, backgrounds due to radioactive impurities are eliminated, 

the sensitivity is purely a function of the statistical fluctuations of the OvfiP count 
rate itself. In this case, (mpp) oc (M T ) ~ 1 ^ 2 . It is clear that background rate reduc
tion is one of the primary design criteria for all next-generation 0v(3(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 th ro u g h o u t co n stru c tio n  (m in im ization  of cosm ogenic ac tiva tion ), local d e tec to r 

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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12 CHAPTER 2. M ASSIVE NEUTRINOS

[1]. A large amount of source material is needed; approximately 1 ton is required 

to reach {mpp) ~  50 meV, whereas current experiments use ~  10 kg. High detector 

energy resolution is essential; this is required to be able to separate the 0 v/3(3 peak 
from the 2u(I(3 continuum (see fig. 2.3), or any other radioactive backgrounds present 
near the endpoint. An isotope with a large Q-value and matrix element is preferable; 

this improves the {mpp) sensitivity for a given half life. Finally, the magnitude of the 

2v(3fi rate must be considered; certain elements (e.g. 100Mo) have a high 2u(3(5 rate 
compared to the expected Ou/3/3 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, 0ufip of 150Nd is accompanied by a 30 keV X-ray, which can be de
tected in coincidence with the two electrons emitted. Second, 0vf3(3 of 136Xe produces 

136Ba++ (which becomes 136Ba+ by capturing an electron from the LXe conduction 
band) which can be identified via resonance fluorescence immediately after the decay. 

The EXO-200 and EXO experiments, described below, look for 0v(3(3 using 136Xe.

2.3 EXO -200

The first phase of the Enriched Xe Observatory (EXO-200) is a double beta decay 
experiment currently under construction, employing 200 kg of liquid Xe (LXe), iso- 
topically enriched to 80 % 136Xe. Xe is an ideal material for a large scale double beta 
decay experiment for the following reasons

•  it is one of the easiest isotopes to enrich

•  it serves as both the source and detector, with good energy resolution

• energy deposition creates electrons and scintillation photons, which can be used 
for event localization and energy determination

•  it has no long lived isotopes to activate

• it can be continuously purified while the experiment is running
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2.3. EXO-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.

•  it produces a final state, 136Ba++, which can be identified via optical spec
troscopy after conversion to 136 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, 
vacuum 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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14 CHAPTER 2. M ASSIVE NEUTRINOS

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 136Xe is < 10 %, requiring substantial enrichment. 
All next generation 0v/3/3 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 0 experiment. 136Xe 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, 136Xe is the heaviest Xe isotope, allowing the enrichment to be done in a 
single pass through cascaded centrifuges. In contrast, 76Ge and 130Te require complex 
chemistry during enrichment.

The LXe itself acts as both the source of 0vf3(3, and the detector, as shown 
schematically in fig. 2.6. A 0vf3(3 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 0v(3(3 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 EXO-200. EXO will 

employ 1-10 tons of enriched 136Xe to search for 0vf3(3. 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 0 uflfi event has
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— D> (7)
H >
I— >(8 )

H >

(4) (5) (6)

Figure 2.6: Event detection in EXO-200. (1) A Ov/SfJ 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 0v{3P, but will eliminate all 

radioactive backgrounds that do not produce a Ba ion in the detector. The 2v(3/3 
mode, in this case, is still a possible background.

Given the electronic band structure of LXe, the 136Ba++ should capture an elec
tron, and become 136Ba+. The lowest lying electronic levels of 136Ba+ are then easily 
accessible via resonance fluorescence (using 650 nm and 493 nm lasers) as described 
in ch. 3. The identification of 136Ba+, resulting from 0vj3j3, can be implemented 

in multiple ways. One possibility is to excite the 136Ba+ 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 136Ba+ ion must
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be observable in the trap, via resonance fluorescence. Various probes, used to extract 

a single 136Ba+ 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.
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Chapter 3

Resonance fluorescence

Laser fields, resonant with the 6S1/2 —>6P i /2 and 6P 1/2 -^5D3/ 2 transitions of a Ba+ 
(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 

136Ba+ produced by the QvPfJ of 136Xe.

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 R esonance fluorescence o f B a+

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 J 2, assuming that the eigenstates of Jz are de

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

17
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18 CHAPTER 3. RESONANCE FLUORESCENCE

1/2

650 nm
TJ2n  = 5.3 MHz

493 nm
TJ2n =15.2 MHz

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

the Jz eigenstates are non-degenerate [20], though the number of coupled differential 

equations to be solved increases as n2. The theory of resonance fluorescence presented 

here is taken from Corney [20].

3.1 .1  D en sity  m atrix  form alism

The quantum mechanical state of the ion at time t is a linear superposition of eigen
states with time-dependent coefficients

W )>  t3-1)
i

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

|1> =  |6S1/2) (3.2)

|2) =  J 6P !/2> (3.3)

|3) =  |5D3/2) (3-4)

The expectation value of an operator A4 is then

W t ) | . M | 'S ( t ) ) = 2 > j t <*|.M|>) (3.5)
j,k
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3.1. RESONANCE FLUORESCENCE OF BA+ 19

where

pjk = aj{t)ak(t)* = ( j\p  |fc) (3.6)

The state of the atomic system as a function of time is therefore encoded in the 
coefficients Pjk, which are the elements of the density matrix p. The elements pjj can 
be interpreted as the time dependent probability that an atom is in a state |j) .  The 

off-diagonal elements pjk, 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,

Tr p = 1 (3.7)

and Hermiticity

Pa =  P*ji (3-8)

3.1.2  T h e L iouville  eq u ation

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

at at ‘ 1 m 1 1

whereas the development of the atomic wavefunction |^ (t)) is determined by the
Schrodinger equation

is| |®(t))=H|<P(f)) (3.10)

once the Hamiltonian operator 7i is specified. Substituting eqn. 3.1 into the Schrodinger 
equation yields

(3-11)
daj
dt ih 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 Tt gives

dpjk
.t ^  ( (LijmPmk Pjmhtmk) (3.12)dt ih m

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



20 CHAPTER 3. RESONANCE FLUORESCENCE

This is the Liouville equation describing the time evolution of the density matrix, 
given a Hamiltonian TL. In operator form, eqn. 3.12 becomes

(3.13)

The theory of resonance fluorescence of 136Ba+ is described by the solutions of the 
Liouville equation, with an appropriate choice of Hamiltonian TL.

3 .1 .3  T he B a + sy stem

The wavefunction of the atom is initially represented in the time-independent basis 

{ |0 ) , |1) , |2 )} as
t  |i)N

\i>) = |2) 

|3>

(3.14)

where the basis states correspond to the the eigenstates of J 2  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,

H =

(

\

hwQ 
hn*Be~iuJBt

o

nnBeiu}Bt o
TkJi hORe - iojRt 

hQ*Reiu}Rt hu 2

\
(3.15)

The diagonal terms are the energies of the basis states {11), | 2) , |3)}, respectively, 
while the off-diagonal terms couple these states via laser fields at frequencies cob,r - 
Quantum mechanically, the exponential factors in these off diagonal entries represent 

the absorption/emission of a photon of energy Hlub,r - The amplitudes of the laser 
fields are proportional to Ob ,r , called the Rabi (after Isaac Isidor Rabi) frequencies. 
In addition, notice that p i3 =  0, as there is no dipole transition between |1) and |2) 

in the Ba+ system.

The Liouville equation (eqn. 3.13) involves p and TL, but not the atomic wave
function \ip). The mathematics of the Liouville equation are therefore simplified if TL
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is transformed to a time-independent form via some choice of unitary transformation 

U. By inspection,

(  giuiot

U =
0

V

0
q eit(o;i+AB) q

0 0 eit(AB-A R+uj2)

\

where AB r are the detunings of the lasers fields from resonance, defined as

(3.16)

A b — Mb — (t^i — to o) 

A r  =  ujr — (ui — L0 2 )

(3.17)

(3.18)

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

n ' =  UHU-

p' = UpU~

IV’)' = U\iP)

- 1 dU -1

dt
(3.19)

(3.20)

(3.21)

The time dependence is therefore entirely transferred from H  to p' and |ip)1. The 
Hamiltonian becomes

H' =
0 hOiB 0

—HNb tiOji
^ 0 nn*R h(a r - a b)

(3.22)

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

d p n

d t

dp33
d t

dpi3
d t

dp \ 2

d t

d p 3 2

d t

i ~ 2 ~ (P l2 — P21) +  r Bp 22

(P32 — P23) +  TflP22

=  I

=  I

= I

(AR — A b ) pis + ~^“ Pi2----

(P ll — P22) +  — & B P 12

(P33 — P22 ) +  ~ 2 ~ P Z 1  ~  A r P 3 2

Pl2

P32

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

where the spontaneous decay widths

r B =  2tt x 15.2MHz VR = 2tt x 5.28MHz (3.28)

have been added in by hand, and T = VR + TB [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 1/2 state, P22 is [21]

P22 —
4 ( a b -  A R)2 n 2Bn 2Rr

(3.29)

where,

Z = 8 (Ab — A R)2 fl 2B0 ,2RT + 4(Ab — AB)2r 2y  

+16(Ab — A r ) 2  (A 2bQ,2r T b +  ABf2BTR)

—8Ab (Ab — AB)flBr B +  8 A r (A r  — A B)flBr B 

+ (Q | +  ^ ) 2F

(3.30)

and
Y  = 0 2b Tr  + Q2rTb (3.31)

The blue and red fluorescence rates are given by Tb,rP2 2 - 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 6S1/2 

and 5D3/2 states, with no residence time in the 6P 1/2 state. The second feature of 
note is that the fluorescence width and peak height depend on the amplitude of the 

laser fields, proportional to f I b ,r - 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 1/2 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 1/2 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  =  fno0 

between two states |1) and |2). Using the density matrix methods presented in §3.1, 
the population density of the upper state, p2 2, in the presence of a laser field at 
frequency ui and intensity I  is

P22M  = -------- —  o (3.32)
y K J 1 +  s0 +  (2A/T) V 7

where P is the natural linewidth of the upper state, So =  I /h a t  is the saturation 
parameter, Isat is the saturation intensity of the transition and A =  ui — ujq 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

r P =  rVTTs^ (3.33)
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Figure 3.2: Lineshape, or blue fluorescence rate Tb P22, for the 136Ba+ 6P 1/2 6S1/2
transition at different blue detunings (fIr — 0 B = 27tx10 MHz).
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3.3. DOPPLER BROADENING 25

Figure 3.3: Doppler broadening of laser induced fluorescence due to distribution of 
ion velocity in the direction of the laser, v ■ j.

For this two-level atom, the fluorescence from the excited 
eqn. 3.32) is

r*><“*> = I  (ITS)
The two limiting cases are

r
So C  1 : T p 22 ( to 0 ) ~  —So

r
So ~̂> 1 : Lp2 2 (u0) ~  —

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].

state on resonance (from

(3.34)

(3.35)

3.3 D oppler B roadening

Consider an ion at rest emitting radiation at frequency u>o, driven by a resonant laser 
field incident in a direction, j .  If the ion is instead moving at an instantaneous velocity 

v, 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 u'0, given by the classical Doppler shift 
formula

u/ 0  =  wb (3-36)

assuming |n| <C c. This leads to a broadening of the ion’s absorption profile, and 
hence fluorescence emission profile. This broadening can then be calculated if the
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2 6 CHAPTER 3. RESONANCE FLUORESCENCE

ion’s velocity distribution in the j  direction, Vj, is known.

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

of mass m  with kinetic energy kBT, having a velocity between Vj and Vj +  dvj is

I TTl (  TfVtP- \

P(Vi)iV> =  V f  exp \ 2 k j f ) dV> (3'37)

Using eqn. 3.36, the absorption profile of the ion between cj'q and oj'0  +  du '0  is

P(vo)du/ 0  =  exp ^ - 4 ^  | doj'o (3.38)

where the Doppler linewidth parameter is

(3.39)
c V m

The full-width at half-max Doppler linewidth, r ^ ,  of this distribution is

Ct̂o / SkBT  In 2r D =  aDV ln 2  = — \ ------------  (3.40)
c V m

3.4 E xperim entally  m easured linew idth

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 
§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, C(u), and
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the Doppler velocity profile, P(oj), is then

roc
I (uj) = Iq P(u) q  — Uq )C(lo — u'ojdhj q (3-41)

Jo

where l 0  is an overall scaling of the fluorescence intensity and ojq 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, C(uj) 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, £(o>) can 

be approximated as a Lorentzian. In ch. 5, the fluorescence spectrum of a single Ba+ 
is measured. The ion’s Doppler temperature is calculated by fitting the measured 
spectrum to a Voigt profile.
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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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U 2z„

U

(a)

<Po

(b)

Figure 4.1: Three segments of a quadrupole linear ion trap. U is a DC potential, and 
<Po = U + V  cos Lit.

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 confinem ent by R F 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 re, 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 2-axis of the trap.
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3 0 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

U2 < U U U3  (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

<po f ,  , x 2  -  y 2

<42)
where

ipo = U + V  cos Qt (4.3)

and r 0 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

E =  —V $ =
To

X I  -  y j (4.4)

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

m * ^ ) = i <( / +'/cos!i i)( + » ]  (45)

The four dimensionless parameters ax, ay, qx, and qy,

4eU 4eU
ax ~  ay ~  ( }

2eV _  2 eV  
^x ^y mrpfl2

and a dimensionless time parameter

« =  y  +  0 (4-7)

where (f) 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 x  and y
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axes is described by the Mathieu equation,

d2u
2 +  (au +  2gu cos2£)w =  0 (4.8)

d£

where u represents either x or y, and the subscript u on any variable corresponds to 
either x 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 x  and y can be expressed as a series expansion,

u ( 0 = A ue ^  Cu,2 ne2i<  + B ue ~ ^  E  Cu,2 ne~2̂  (4.9)

In general, fiu is a complex number that can differ for x  and y,

Hu = OLu + i(3u (4-10)

The parameters fiu and C2n,u are functions of au and qu only, independent of initial 

conditions. If Hu is real or complex the amplitude increases exponentially and the ion 

is not stably bound. The motion is bound if and only if Hu is purely complex, and (3U 
is bound,

Hu = iPu 0 < p u < l  (4.11)

In this stable regime, the solution becomes

OO OO
« ( 0  =  4 .  E  Cu,2 ne ^ 2n+̂  + Bu Cu,2 ne - ^ 2n+̂  (4.12)

n = —oo n = —oo

E x p a n d in g  th e  e x p o n e n tia ls  a n d  g a th e r in g  like te rm s ,

oo oo

u(€) = A'u E  c u,2 n cos [f (2 n + Pu)] +  B'u E  C'u.-Jn sin (2n +/?„)] (4.13)
n = —oo n = —oo

where CUt2n are coefficients that can be calculated for arbitrary n using recursive
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q = 0 .1, a = 0

0.5

-0.5

-1

50 100 150 200

Figure 4.2: Numerical solution to eqn. 4.8 for a =  0, q =  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 au and qu only. A'u =  A u +  Bu and 
B'u = i (Au + B u) 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 x  and y at frequencies
uju = (2n +  pu) ^  (4.14)

This relation connects the parameter (3U to the oscillation frequencies of the ion. For 
small ftu, 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 amplitude, 
higher frequency motion of the ion. This is called the micromotion. A numerical 
solution to eqn. 4.8 is shown in fig. 4.2, for q = 0.1, a = 0. The micromotion is 
clearly visible on top of the larger scale macromotion.

The values of au and qu corresponding to experimental parameters such as mass,
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0.2

P = 0y ^
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<!»

Figure 4.3: Stability diagram for the Mathieu equation (eqn. 4.8). it(£) (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 f3u via eqn. 4.12. Since the stability criterion (eqn. 4.11) is given in terms of /3U, it 

is of practical importance to invert this relationship, so that the values of au and qu 
corresponding to stable solutions are known. This inversion is performed in detail in 
[37], and the result is a series expansion of the form

OO
au =  J ^ A  „(/?«)?£ (4-15)

n = 0

where An are functions of pu, 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 pu. Values of au and qu within the area bounded by the 
solid lines correspond to stable ion trajectories. For au =  0, the largest value of qu 
for which the ion’s orbit is stable is 0.908.
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4.2 RF trap depth  (the psuedopotentia l)

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
(x-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 x. For small values of /? and q, 
the ion’s displacement along x  can be separated into two components,

x = X  + 8  (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 5 is a fast small 
amplitude displacement (the micromotion, due to the n > 0 terms in eqn. 4.13), so 
that

* V d 5  d X  f A , ^S « X  g j  »  ^  (4.17)

Substituting eqn. 4.16 into eqn. 4.8 and applying these assumptions, the Mathieu 
equation becomes

—  = -  (a -2 q c o s 2 £ )x  (4.18)
£ 6  

d£

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

I U m d i ] d ( = 2 q X I [ J c M

Which yields for the small displacement,

(4.19)

<5 =  — cos2£ (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

^2 CLCJ
= —a X  H--- —  cos 2£ +  2qx cos 2£ — X  (q cos 2£ )2 (4-21)

tic Z

Whereas this is the instantaneous acceleration, the average acceleration of the ion 
over one RF cycle is

d2x\  i f  r  d2x  r  d2s a ,A .
de)~ir (/„ 5 +/„ d(dc 0  ( • )

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

^ \ d ^ }  = ~  J  ( ~ 4“ ^qx c o s^  ~  X  (5 c°s2^/)2̂  d£  (4.23)

which integrates to

or, in terms of time t,

= - ( a + £ ) X  (4.24)df2 /  V 2

d2 X \  (  q2 \ X D 2  / A .
a + \  —— (4.25)

\  dt 2  /  V 2 /  4 

This is the equation of a simple harmonic oscillator with frequency

wo =  f / ( a +  y ) x  (4-26)

For simplicity, assuming no DC field (a =  0), and substituting eqn. 4.6 into eqn. 
4.25, the average acceleration becomes

% ) - - & *

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

(4.28)

This RF pseudopotential formulation is valid in the transverse (x-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 DRF using the characteristic numbers of the Matheiu equation 

is presented in appendix A.

4.3 Effect o f a D C  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 Dz, analogous to DRF 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

VDC(r = 0 , z ) =  (4.29)

where U\ =  {/3 and Upc =  \U\ ~  Laplace’s equation in this region is

V 2 Vdc = 0 (4.30)

In cylindrical coordinates, Laplace’s equation becomes

1 d f  dV pc\  J _ ( d 2 Vpc\  d2Vpc 
r dr \  dr J  r 2 \  <902 )  d z 2

Vpc has no dependence on </>, so the second term vanishes.
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eqn. 4.29, becomes
d2Voc _  2Udc (4.32)

Laplace’s equation is then integrable. Integrating once,

(4.33)

Rearranging, and integrating again,

(4.34)

so that the radial component of the DC potential is

(4.35)

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 Dr has contributions from both the RF and DC fields 
(eqns. 4.28 and 4.35), while the longitudinal trap depth Dz is created by the DC 
fields only. The full expressions are

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 / >  m B

2 . rrii ~  mB

3. m i  <  m B

where rrij is the mass of the trapped ion, and m B 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/ m B.
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 mi  3> m B, 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 rrq ~  m B, the 

volume of heating phase space is larger. In addition, collisions tend to alter the ion’s
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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 j «  me, 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 

(mi m s)  and long storage time (mi  > m f l)  cannot be simultaneously satisfied. In 
the case of 136Ba+, 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 Ion-neutral scattering  k inem atics

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 N2 [41]). These models 
are discussed and compared to experiment in [41]. HS2 and RP are computationally 
intensive, and unnecessary in the case of ba+ in He or Ar. HS1 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 e z  r  S
V(r) = i (4.38)

oo r < b

where r  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 9(b,E) of the ion off a neutral atom in the center of mass coordinate 
system is

roc 1
9(b, E) = n - 2 b  -

J To ^ 3 T o t

2

dr (4.39)

where b is the impact parameter, r 0 is the distance of closest approach, and Ex0t 
is the total conserved energy of the system. The orbit of the ion is determined by 
two parameters, the relative initial velocity u and the impact parameter b. For these 
orbits, there is a critical value of b,

* ■ - ( $ ) '  '**)

where // is the ion-neutral reduced mass

r n i r n B  . . .fj, = ------------  (4.41)
m i  +  m B

If b < bo, the ion and atom form a short lived compound before scattering randomly
into 47T. If b > bo, the ion comes no closer to the atom center than bo/\/ 2 , and scatters
at an angle 6  given by eqn. 4.39. For the case b < b0, a hard-sphere depolarization
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u

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 < bo, the ion and atom 
form a short lived compound before scattering randomly. If b > b0, the ion scatters 
with at an angle 6  given by eqn. 4.39.

cross section is defined [6],

aL(u) = irb20 = y  J  (4.42)
LL 1/ fJ j

Assuming the buffer gas atoms have a Maxwellian velocity distribution with a tem
perature T,  and that the ion is thermalized with the buffer gas, the average relative

velocity is

“ =  (4,43)

The average time between randomizing collisions (i.e. when b < b0) is therefore

1 kBT  I n fA AÂ
T l ' w ' 2. P V » e I ( ]

where n is the number density of the buffer gas, P  is the pressure, and the ideal gas 
law has been assumed. Combining eqns. 4.43 and 4.44, the Langevin mean free path 
is
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Gas a  [A3] A /, [cm] tl [sec] A hs [cm]
Helium
Argon
Krypton
Xenon

0.205
1.64
2.48
4.04

7.7x l0 -3
2 .7x l0 -3
2 .2 x l 0~ 3
1.7x l0 -3

5.65xl0-8
5.64xl0-8
5.94xl0 -8
5.29xl0-8

11.3xl0 -3
8.4x l0 -3
7.4x l0 -3
6 .5x l0 -3

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

which is independent of the relative velocity u. Values of a  [3], AL, tl, and the stan

dard hard-sphere mean free paths, AHs, 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 Ba+. A full Monte Carlo implementation of 
the Langevin theory is presented in [41].
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Chapter 5 

Single ion trapping experim ental 
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 E xperim ental setup

The linear trap ion trap system consists of the following sub-systems:

•  Linear ion trap

• Ion 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 3  and observed at S'14 via resonance fluorescence.

• Vacuum system housing the trap

• Buffer gas system

• 493 nm and 650 nm lasers for creating resonance fluorescence

• Fluorescence collection system for observing trapped ions

5.1.1 T h e 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 Si, where i =  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 spacers1, as shown in a cutaway 
view in fig. 5.2. The electrodes interlock with each spacer as shown, which are held

1Vespel® polyimide, by DuPont
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4 mm

3 mm

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 2-axis of the trap transports and traps 

ions longitudinally at <Si4. The DC gradient is created by placing the following DC 
potentials on the segments

UDC =  {OV, -0.1V , -0 .2 V ,... -  1.3V, -1.4V , -8.0V , -1.4V , 0V} (5.1)

where the first element corresponds to Si in fig. 5.1. Ions are loaded at S 3  (see §5.1.3) 

and transported to S u  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 r e, and trap radius ro, (see fig. 4.1) such that

r e =  1.148r0 (5.2)

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

Trapping segment

Spherical mirror

Figure 5.3: Closeup of S 1 2  — Siq, including the spherical mirror used for increasing 
the fluorescence yield (see §5.1.6).

In this trap, re — 3 mm and r 0  = 2.61 mm. All electrodes have the same radial 
dimensions. The longitudinal dimension of each segment, in contrast, varies in length. 
Si —S'13,and S,| 5 —Sjg (transport segments) are each 40 mm long, whereas S u  (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. S u  cannot be made arbitrarily short, though, due 
to the constraint posed by eqn. 4.36: reducing z 0  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 S 1 4  are used 

for electrical connections.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5.1. EXPERIM ENTAL SETUP 47

Parameter Value
V r f 300 V pp

n 1.2 MHz
Dr 3.8 V
Dz 6.8 V
r0 2.61 mm
re 3 mm
zo 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 <Si will collide with enough buffer gas atoms 

(see §4.4) to thermalize at S u  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  E lectrica l sy stem

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 generator2, coupled 
to a high-power, wide-band RF amplifier3, Ai, which is internally back-terminated 
with 50 Q. The RF is run at at an amplitude of 150 V (300 Vpp), 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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RF Monitor

Vacuum system

RF+DCDAC
DC

RF+DC

DC

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

DC blocking capacitor Ci, and reduced for external monitoring through a capacitive 

divider formed by C2 and C3. Sixteen independent DC channels are supplied by a 
computer controlled 16-bit DAC. The DC is combined with the RF through resistors 
Ri, 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 Q at 1.2 MHz.

5.1 .3  Ion load ing sy stem

The ion loading system is composed of a Ta foil, a Ba wire, and an electron gun 
(e-gun). The 1 cm2 Ta foil, labelled Ba Oven in fig. 5.1, is oriented such that i t’s 
flat surface is visible through S 3 . 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 S 3 , 
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 S 3 , 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 pA emission current. For loading many ions, the 

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

5 .1 .4  V acuum  and buffer gas sy stem s

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 cm3. Conflat flanges allow for electrical, optical, and pumping 
access to the chamber. The trap is mounted vertically inside of the chamber, such 

that Si is at the top. The pressure is measured at the top and bottom of the system 
by two dual gauges4. A 8” all-metal gate valve separates the chamber from a 520 £/s 
turbo pump5, backed by a scroll pump6. 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. 0 2, C 0 2, N 0 2, 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 < 1CT9 torr (as measured 
on the RGA), with a total system base pressure < 3 x 10-9  torr.

A buffer gas is used to cool the ion into the trap minimum at S14. 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 10-9  — 760 Torr)

5Pfeiffer TM U-xxx
6Edwards XD-5
7Stanford Research Systems RGA-300
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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 pump8, mixing chambers, a gas purifier9, 
and a flowmeter with pressure-feedback control10. 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 valves11 (V1-V3). This manifold is connected to regulator Ri, 

which drops the upstream pressure down to < 760 Torr. The downstream pressure is 

read out on gauge G212. 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 Vi0. The gas is continuously pumped 
out by the 520 £/s turbo pump P2 on the main chamber. A specific buffer gas pressure 
is maintained in the linear trap vacuum system by flowmeter Fi, which adjusts the 

gas flow-rate according to the pressure at gauge G 3 .  Absolute pressure stability of < 
1 % is achieved.

In mixed buffer gas mode, mixing chambers Ti and T 2 are individually filled 

with different buffer gases while recording the pressure on gauge G3. 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 V7 and V9 are left closed. Pi 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  S p ectroscop y  lasers

Spectroscopy of the lowest lying states of 136Ba+ (see fig. 3.1) requires frequency 

stabilized lasers at 493 nm and 650 nm. External cavity diode lasers (ECDL) 13 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 xxxx

10 Pfeiffer RVC-300
11Nupro, bellows-sealed
12MKS baratron model xxx
13TOptica 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 lamp14, 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 s tay  locked for >  1 day  as long as th e re  are  no d ras tic  te m p e ra tu re  excursions 

in the room.
The laser systems shown in fig. 5.7 reside on an 10’x 4 ’ standard optics table on 

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

14Perkin-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%)15 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 AOM4 (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  F lu orescen ce d e tec tio n  and sca ttered  light redu ction

The resonance fluorescence at 493 nm and 650 nm produced by the ion at S14 is 
scattered into 47T. The fluorescence is read out by a microscope16 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 S u  as possible. A spherical mirror, placed 
behind S14 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 Su,  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) 17 

and read out by a computer. The EMCCD is mounted on an x-y-z stage for precise 

positioning. The camera is TEC cooled to -80 °C, with a back-illuminated CCD chip. 
Each pixel is 16 /xm2. 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

16Infinity Optics model xxx with a xxx objective
17Andor model iXonEM+
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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.

•  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)

• Blue filter on microscope to reduce all light except 493 nm

• 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)

• High quality cleave on fiber face

•  Iris just before quartz beam entrance window on vacuum system, to eliminate 
halos and back reflections

• High quality beam steering mirrors at linear ion trap 

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

5.2 Sim ulation o f 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
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Figure 5.9: Photo of linear ion trap vacuum system.
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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 m B, and buffer gas temperature TB. As the ion propagates through the 
trap, the probability that a collision occurs after a time t is given by the cumulative 

distribution function of an exponential distribution,

P(t) = 1 -  e~vt/x (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 t 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 TB.

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,

UDC = {+ 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 *Sj6. 
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 +4 with an initial kinetic energy of 10 
eV. 5 i4 is the trapping segment, and the high potentials 011 S 1-S 3  and +17 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 Phs =  1.0 x 10 2 torr, 

Pat — 3.7 x 10-3 torr, and P^T — 3.0 x 10 3 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 //s. 
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 eV 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 Ba+ 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 136Ba+ 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 Su,  though is still cooling to the buffer 
gas temperature. In (d), the z trajectory of the ion trapped in S u  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 eV 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 R esu lts

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 O bservation  o f  in d iv id ual 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 10-3 torr He. The ions thermalize with the He at 5i4, and their resonance 
fluorescence observed. The blue and red laser powers are set to 65 /iW and 200 /rW, 
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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4 mm

Figure 5.13: EMCCD false-color image of a single ion, taken with a 5 s integration 
in 4.4xlO-3 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 .4x l0 -3 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 y 2/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 y 2/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

S / N (S) -  (B )
ob

(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 erg is the Gaussian width of the background signal.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



66 CHAPTER 5. SINGLE ION TRAPPING EXPERIM ENTAL RESULTS

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 y 2/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 10-5 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  S ingle ion unload ing  rates in H e 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 y 2/dof =  0.06/2.
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n , in a time interval t is Poisson distributed with mean Rt. The probability of n 

unloading events after time t  is then

Va%R;n)=m ^ L  (5.6)

The probability of observing n =  0 unloading events in a time t is

V u ( t ,R \n  = 0) = e~m (5.7)

where i?-1 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 tmin — 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  = C0p  + C l  (5.8)

where C 0 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
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Figure 5.17: Measured average single Ba+ 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
X2/dof
Co
Ci

7.6/3 
0.8 ± 0 .3
(1.8 ±0 .3) x 10“3

4.1/4 
8 ±  2
(i.5 ± 0 .2 ) x io~2

Table 5.2: Fit results and x 2/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. C0 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 ou tgassing  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 ( rKj 10 x). 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 10-4 torr.

collision with buffer gas atoms of increasing mass.

5 .3 .3  S ingle ion u n load in g  rates in H e /X e  m ixtu res

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 10-4 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 
re s id u a l g as  an a ly z e r. T h e  u n lo a d in g  r a te  in c re a se s  w ith  h ig h e r  X e c o n c e n tra tio n s , 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 Ba+ and Xe atoms.

Given a single ion in a He/Xe buffer gas mixture with partial pressures Pue and
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Pxe, the time intervals between Ba+-He and Ba+-Xe collisions are each exponentially 

distributed with collision rate constants R He = Che The and Rxe = CxePxe, respec
tively. In both cases, the collision physics details are absorbed into the coefficients
C h e , x e -  The probability that a Ba+ collides once with a Xe atom in a time t is then

(see eqn. 5.3)

V$e(t) =  1 -  e~Rxet = 1 -  e~CxePxat (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 Ba+-Xe collision occurring that causes 

RF heating of the ion. Only a small fraction, a RF, of the total Ba+-Xe collisions 

are assumed to heat the ion. Therefore, the probability that a Ba+-Xe RF heating 
collision occurs after a time t  is

‘Pr f ®  =  1 -  exp {~aRFRxet) (5.10)

in terms of the Xe partial pressure, this becomes

P r f ^ )  =  1 -  exp ( - a RFCxePxet) (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 Ba+-Xe heating collisions on a .th n e s c a le  less than the Ba+-He collision 

time, Rftl- The probability of n Ba+-Xe heating collisions during a time t < R Hl is

i exp -otRF C x e P x e  

Che The
(5.12)

(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 4.5 ±0 .6

(1.8 ±0.3) x 1(T3 
30 ± 4
8.6/5___________

Table 5.3: Fit results and y 2/dof of collisional unloading model to He/Xe data.

function

—  C q ±  C i (5.14)

where Cq is the unloading rate due to He alone, C\ represents a combination of the

Ba+-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  T em perature m easurem ent o f  a  sin g le  ion

The Doppler temperature of a single ion in He is measured by scanning the red 
laser frequency over the Doppler broadened 6P i/2 5D3/2 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 i/2 5D3/2 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 
ta k e n  a t  8 .6  x  10-4  to r r  H e. T h is  cu rv e  is p re ssu re  in d e p e n d e n t. T h e  s a tu ra t io n  

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

(5.15)
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Figure 5.19: Single ion saturation curve of the 6P i/2 5D3/2 transition, at 8.6 x
10-4 torr He.

where P  is the red laser power in /zW, Psat is the fit saturation power, I0 is an 

overall scaling of the observed fluorescence intensity, and /3 is an offset due to camera 
baseline noise and scattered light (see eqn. 3.34). The fit value of the saturation 

power is Psat =  23 ±  8 /zW.
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- 
o rd c r  p o ly n o m ia l. T h is  is eq u iv a le n t to  c o m p u tin g  th e  av e rag e  o f a ll m e a su re m e n ts , 

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 A Rl at 
3.7 x 10-3 and 3.7 x 10-4 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 i t’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. 7 , X-rays, (3~, a, 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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• Incoming radiation scatters off Xe atoms, creating (5-electrons, holes (Xe+), and 
excited states (Xe*).

•  (5-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.

• The Xe* and Xe+ 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 -> Xe; (6.1)

Xe; -> 2 Xe + hu

The second process (recombination), involving Xe+ and ionization electrons from the 
cascade is

X e+ + X e -> Xe+ (6.2)

Xe+ +  e“ -»■ Xe** +  Xe 

Xe** -»■ Xe* +  heat 

Xe* +  Xe -»• Xe;

Xe; -»■ 2 Xe + hu

where heat is energy lost as an infrared photon, and his 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 £d is applied across the LXe volume, 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 E0, available for collection 

in the presence of a drift field, is then

E q =  E i  +  E g  +  E h  (6-3)

where Ei,  Eg,  and E h  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

E 0 =  E j  T  Eg  o c  N j  T  Ng  ( 6 -4 )

where N j  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 Ej,  Eg,  N r , and Ng  will fluctuate, event by event, about 
the average values (£ /) ,  ( E g ) , ( A T / ) ,  and (Ng).  It follows that for multiple ionizing 

events of energy E q ,

(.Eo) =  (Et) +  (Eg)  o c  (Nr) +  (Ns ) (6.5)

where (Ej),  (Eg)  are the average energy deposited as ionization and scintillation, and 
(Ni),  (Ng)  are the average numbers of ionization electrons and scintillation photons, 
after recombination has occurred. Ei,  Eg, N[,  Ng,  and their averages, are functions of 
E 0 , Ed , and the type of radiation. Increasing E q  will increase (Ni)  and (Ng),  whereas 
increasing Ed increases (IV/) and decreases (Ng)  by inhibiting recombination. Note 

that as Ed —■> oo, 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

The constants of proportionality, Wi  and Ws, are the average energy per ionization 

electron and scintillation photon produced [58, 59]. Usually, Ws  is measured at Ed =  0 
where it is maximum, and is different depending on the type of ionizing radiation. 

In contrast, Wi  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, Ed across the detector. Ed 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  E ffect o f  a  drift field  on  ion iza tion  and sc in tilla tion

When a drift field is applied across the LXe volume, a fraction of the ionization 
electrons (proportional to the magnitude of Ed ) 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 Ej, Es, Ni, 
N s 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

(Ei) = WriNj)  

{Es ) = W s { N s )

(6.6)

(6.7)
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the dependence of ionization and scintillation yields and fluctuations on Ed has been 
investigated, but does not appear to be successful at reproducing observed values [60].

6.2 .2  Effect o f  rad iation  ty p e  and en ergy  on  ion ization  and  

sc in tilla tion

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 y-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 136Xe. 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  Ion ization  and sc in tilla tion  tim e  stru ctu re

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), rR 
[65]. Second, the time constants for dimer singlet and triplet state de-excitation 

(both scintillation processes), denoted Tp and rfj, respectively. tr differs according 

to the type of radiation, and ionization density. In general, tr 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]

t\, — 4.3 ±  0.6 ns (6.8)

=  22 ±  2.0 ns (6.9)

The scintillation is therefore produced and collected on these timescales.

The ionization collection time constant tj is determined by the drift time from 

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

t ,  =  —  ( 6 . 1 0 )
V d

where
vd = £ M T , n )  (6.11)

is the electron drift velocity, fi(T, n) is the electron mobility as a function of tempera
ture T  and number density n, and A x  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 /./ and Vd for electrons in LXe, at 163 K and a density 
n  =  14.1 x 1019 atoms/cm3 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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£d 
[kV/cm] [cm2/(V  • s)]

V d

[105 • 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 ji and drift velocity Vd at dif
ferent drift fields [4]. These data are measured in LXe at 163 K, and n = 14.1 x 1019 
atoms/cm3.

For a drift field of 2 kV/cm and a drift distance A x  = 5 cm, the drift time is 

t j  =  19 fis. 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 E nergy 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 E0 and Ed , and affect the quantities (TV/) and (Ns) (i.e. the yields 
averaged over many energy deposition events). The third property affects the values 
of Ni  and Ns  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 E n ergy  lin earity

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 7  at energy E 0 will show up as a peak in the spectra
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of N j  and N s ,  with central values (N j ) and (N s ); increasing E0 will simultaneously 
increase both (AT/-) and { N s ) .  The ionization and scintillation yields, (N i ) and ( N s ) ,  

are therefore positively correlated with the energy E q  of incoming radiation. Note 

that different types of incident radiation (e.g. o-particles vs. 7 -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  M acroscopic ion iza tion -sc in tilla tion  an ti-correlation

A drift field So 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 Ed increases the average ionization electron yield ( N j ) ,  thereby decreasing 

the average scintillation yield ( N s ) 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 Ed- This property has been observed and measured in LAr 
and LXe [66], and in this work in §7.3 and [12].

6 .3 .3  M icroscop ic ion iza tion -sc in tilla tion  an ti-correlation

The values of AT/ and Ns,  produced by ionizing radiation at energy E(h fluctuate 

about ( N i )  and ( N s ),  respectively, in a correlated manner to keep E0 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 (eqns. 6.3- 

6.5). For a given event, if AT/ > (A T /)  then Ns < (Ns) to conserve energy; therefore 
the ionization and scintillation yields, N i  and N s ,  are anti-correlated with each other 
even t-by -even t.

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  E nergy  fluctu ations

Spectra of collected ionization electrons and/or scintillation photons (or the sum of 
the two) produced from multiple independent energy depositions at an energy Eq will 

be peaked at the values of (Nj)  or {Ns).  The production of ionization electrons and 
scintillation photons, due to incident radiation at energy E q ,  can be modeled as a 
Poisson process. Assuming that the yields are large,

{ N j ) ,  {Ns)  »  1 ( 6 . 1 2 )

and that all deposited energy is collected, a peak in either energy spectrum can be 
modeled by Gaussian distribution,

A (e- e0)2
G (E)  = - = = e ~ r  (6.13)

%/2no E

where aE =  \[E  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

<je  =  V  F E  (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 Ni  and Ns , 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

aE = y / F ^ j E  (6.15)

where Fef j  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 Nr 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 0) = ~  (6.16)
C/0

where a is the width of an energy peak created by ionizing radiation at energy E q 

(see eqn. 6.13). Using eqn. 6.5, the energy resolution can be written as

R(E„)  =  R({N)) = (6.17)

where {N} 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),
aN oc y/{N)  (6.18)

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

R ( E )  oc ^  =  -$=  oc -^=  (6.19)
N  y/N  \[E
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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 E0, the energy resolution at E'0 can then be extrapolated to be

R(E'0) = R ( E 0) J ^  (6,20)
V 0

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 R N$ at energy E0 is

R n s  ( E 0 ) =  ^ - < -  ( 6 . 2 1 )
Eq

where the noise fluctuations, crNoise, 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 

0ufi(3 and 2v(3f3 modes. Evidence of Qvfift 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 0v(3fl half 

life are ~10 25 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, 136Ba+, 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 LXe 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 O verview

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 207Bi source in LXe at 4 kV/cm drift field is 
a / E  =  3.4 % at 570 keV [7]. The best energy resolution reported, collecting only 
scintillation photons from a 122 keV 57Co source, is a / 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 E xperim ental 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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Macor
spacers

HV/signal
feedthroughs

Xe inlet

Anode

n 6 mmFnsch grid

12 mmCathode

Bi source

VTJV PMTQuartz
window

Figure 7.1: Schematic of the LXe cell used for energy resolution studies. Electrons 
and 7 s are produced by a 207Bi EC source plated on the cathode. Ionization is read 
out on the anode, and scintillation by the PMT below the source.

7.2.1 L X e cell

The LXe cell is 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 PMT1) 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.

1 Model EMI 9921Q
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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 207Bi 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  C ryogenic sy stem

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-71002 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 3.3 xlO9 fl-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

2 Methoxy-nonafluorobutane C4 F 9 OCH3 , 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  G as hand ling  sy stem  and liqu ification  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 standards4. 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 I / s  turbo pump5 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 (O2, CO2, etc) as measured by the
residual gas analyzer6 (RGA in fig. 7.2) are < 10-9 torr.

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

4Powderless gloves worn at all times, parts sonicated in alcohol, etc.
5Varian V-70LP
6Stanford 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 FI) are initially closed. VI is opened, followed by R1 

while monitoring the pressure on gauge Gl. Once the Xe pressure is ~  760 torr, V3 
and V4 are opened. The Xe passes through a filter7 cartridge for purification. FI is 
set to a flow rate of ~  100 torrT /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, FI is closed, and the chamber 
pressure is monitored continuously on G2.

In order to recover the Xe at the end of a run, cylinder C l is cooled in a LN2 
bath. All valves are closed, except for V5, V6, V7, VI, and R l. The Xe is slowly 
cryopumped from the LXe cell to cylinder C l, where it is frozen. Once this process 
is complete, VI is closed, and any residual gaseous Xe is pumped out of the system 
via pumps PI and P2. Cylinder C2 is used as an emergency “dump” bottle, in case 
of any failure of Cl.

7.2 .4  207B i (3~/'y source

Ionization in the LXe cell is created by a 207Bi 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 gm 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.

7Messer Griesheim Oxisorb®
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Energy (SE ) 
[keV]

Intensity (SI) 
(%}

328.12 (10) 
567.702 (2) 
897.80 (5) 

1063.662 (4) 
1442.20 (9) 

1770.237 (10)

0.00067 (8 ) 
97.74 (3) 
0.121  (8 ) 
74.5 (2) 

0.130 (3) 
6.87 (4)

Table 7.1: Gammas from 207Bi source used for energy resolution studies in LXe [5].

Figure 7.3: Photo of 207Bi-plated carbon fiber woven into cathode grid.
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7.2 .5  Ion ization  readout

Ionization, created by the 207Bi 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

Drifted electrons are collected at the anode, coupled to a low-noise charge sensitive 

preamplifier8 with a cooled FET9 (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 LXe chamber, but inside of the 
dewar so as to be kept cold. The integrated charge signal is sent through a double

output Gaussian shaper10 with a 50 /ts 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.

where A t = t  — t0 is the signal offset, and the term a = De~tj>T +  100 +  0.019t 
accounts for pileup, digitizer offset, and a small integral nonlinearity, respectively. 
The amplitude A, time offset t0, charge signal width crt , pileup offset D, and shaper 

fall-time constant r  are simultaneously fit, event by event. The fit fall time is ~  50 /v,s 
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 0 NOise =  381 e_ . The conversion 
factor between collected ionization electrons and digitizer channels is 196.95 ±  0.03 

e_ per digitizer channel.

8Amptek A250
9Sony Semiconductor 2SK152

10ORTEC 521

and the anode plane height-wise, and radially by the grid diameter (see fig. 7.1).

(7.1)
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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  S cin tilla tion  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
6.6  xlO6. The scintillation signal from the PMT is sent to a charge sensitive pream

plifier11, followed by a 50 Q splitter (see fig. 7.4). The first output is sent to a 
charge integrating ADC12. 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, Npe, is related to the actual emitted 
number of scintillation photons, As, by

Ns = aN pe (7.2)

where,
A , ,a = ---------------------------=  188.5 ±19.3  (7.3)

e QE e SA ^Quartz e Grid

11 Arnptek A250
12LeCroy 2249A QADC
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where cqE =  0.20 is the quantum efficiency of the PMT at 175 nm, csa == 0.1192±0.012 

is the solid angle (divided by 47r) seen by the PMT, eQuartz =  0.70 is the transparency 
of the quartz at 175 nm, ecrid =  0.90 is the optical transparency (fill factor) of the 

cathode grid, and A = 2-\/2 is an attenuation factor arising from a 50 Q splitter 
between the preamplifier and charge ADC. The uncertainty in a  comes primarily 
from the geometrical variation in solid angle (given as the error on csa) along the 
main axis of the detector, determined from simulation.

7.2 .7  C oin cid en ce 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 (7 7  in §6.2.3), and must be accounted for in the trigger 
system.

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 207Bi source). These quantities are simultaneously collected at drift fields, So, 
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  ID  en ergy  reso lu tion  an alysis

A set of one-dimensional ionization and scintillation spectra from the 207Bi source, at 

Ed =  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 7 -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 

Ed -, 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 7 - 
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 So =  1-0 kV/cm. The two peaks 
are from the 207Bi 570 keV and 1064 keV 7 -lines.
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Figure 7.6: Ionization (vertical) plotted against scintillation (horizontal) at £D =  
1.0 kV/cm. The two islands correspond to the 570 keV and 1064 keV 7 -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 _ 1 ( AN'}■ I ANVe 2pANeANev\
G 2 D {Ne, Npe) =  -1= — -e ) (7 4)

27T(Je (7pe \ / l  P

where Ne is the number of ionization electrons collected, Npe is the number scintilla
tion photoelectrons collected, ae is the width of the ionization electron distribution, 
<7pe 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 
channels13. Further, A N e =  Ne — (Ne), and A Npe = Npe — (Npe), where (Ne) and 

{N ^) 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

G2 D {Ne, Npe) dNedNpe =  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
AiVe2 | AiVpe 2PA N eA N ep

ae ° p e  Ve^pe

In the second step, events lying inside of the ellipse with a  =  -ln(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 G2 D (Ne, Npe), respectively.

13”Channel” is used to describe either the collected ionization or scintillation signals.
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Figure 7.7: The 570 keV 7 -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.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



7.3. RESULTS 1 0 1 .

570 KeV ionization 570 keV scintillation

340- 600

320

E300
500

280

450
260

400240

220c  I______ I______ I______ i_
31.5 32 32.5 33 33.5

x10 350
92 94 96 98 100 102 104

Ionization [electrons] Scintillation [photoelectrons]

Figure 7.8: One-dimensional projections of the 570 keV 7 -line at £jj = 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

where N  is the number of ionization electrons or scintillation photoelectrons (Ne or 

Npe), (N) is the average number of ionization electrons or scintillation photoelectrons 
((Ne) or (TVpe)), ctjv is the width of the distribution (ae or ape), and A  is an overall 
scaling factor. The x 2/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, R / and Rs  (see eqn. 6.17), are calculated using the fit values of 
(IV) and <T/v 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. Ed for the 570 keV 
7 -line.

is subtracted off in quadrature from the measured width, <re, in calculating the energy 
resolution. The noise subtracted width is

Noise

The electronic noise on the scintillation channel is negligible. This analysis is repeated 

at all drift fields, Ed , and plotted as a function of Ed 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 Ed 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 (Ne) in eqn. 7.7 and a'e in eqn. 7.8
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Figure 7.10: Ionization electron yield (from eqn. 6.13) vs. SD 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, {Nj) and (Ns) 

from eqn. 7.7, are plotted as a function of Ed in figs. 7.10 and 7.11. As Ed 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 a 2/  (N ) is plotted versus Ed , for the ionization 
and scintillation channels, respectively. This factor is a measure of how well the 
electron and photoelectron distributions match a Poisson distribution {a2 /  (N) =
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Figure 7.11: Scintillation photoelectron yield (from eqn. 6.13) vs. So 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 £q , 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 Ed , 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 Ed - Scintillation photoelectron production (and hence photon production) is 
nearly a Poisson process. The deviation of this factor from one at low Ed 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 7 -line 
is plotted versus Ed in fig. 7.14. p measures the strength of the correlation between
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Figure 7.12: a'^/ {Ne} vs. SD for the 570 keV 7 -line. The distribution of ionization 
electrons is non-Poisson, evident by the deviation of this parameter from 1.
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Figure 7.14: Correlation coefficient (dimensionless) p versus Ed for the 570 keV 7 - 
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 Ed is not well understood.

7.3 .2  2D  en ergy  reso lu tion  analysis

The ionization and scintillation energy resolutions calculated in §7.3.1 are derived 
from the projections of the 570 keV 7 -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 axe

(Tu —
' cr'2 cos2 9 — cr|e sin2 9 

cos2 9 — sin2 9
(7.9)

cr2 cos2 9 — cr'2 sin2 9
a« =  l /  —----- --------— a  (7-10)cos20 — sin 9

9 = \  arctan ( 3 — ^ -^  ) (7 -H)

where

ft =  .
2 W Pe ~ <

is the rotation angle of the elliptical contours of the Gaussian [2], In this analysis, a'e 
and <jpg have different units (electrons and photoelectrons, respectively), so unit-wise 
ou and av are not useful quantities. On the other hand, the rotated energy resolution 
is unit-less,

* = J R2,cosZ ~ Ri°7'* ( 7 - l 2 )V cos2 9' — sm 9

y cos2 9' — sin 9'

where

«' =  i  arctan (7  M)

and Ri and Rs  are the noise subtracted one-dimensional ionization and scintillation 
energy resolutions. R u and R v are calculated from the fit results in §7.3.1, and plotted 
versus £ 0  in fig. 7.15. R u is not useful as an energy resolution, since this corresponds 
to the width of the peaks along the major axis of the lcr ellipse. R v is the resolution 

computed along the minor axis of the la  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 Ru and Rj, derived from the fit values of 
eqn. 7.4. R u and R , are the energy resolutions along the major and minor axes of 
the 2D Gaussian, respectively.
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E d Rv R i Rs
[k V /  cm] [%] [%} [%}

0.1 5.97 ±  0.07 14.4 ±  0.3 11.0 ±  0.3
0.2 4.92 ±  0.08 9.9 ±  0.3 10.2 ±  0.3
0.5 4.03 ±  0.07 6.9 ±  0.3 9.5 ±  0.3
1.0 3.61 ±  0.06 4.9 ±  0.2 8.4 ±  0.2
2.0 3.07 ±  0.06 3.4 ±  0.1 8.5 ±  0.3
4.0 2.61 ±  0.06 3.1 ±  0.2 8.3 ±  0.4

Table 7.2: Noise subtracted one (R j and Rs) and two (Rv) dimensional energy res
olution results for the 570 keV 7 -line, including statistical errors, at different drift 
fields.
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7.3 .3  E nergy  reso lu tion  com parison

In §7.3.1 the one-dimensional ionization and scintillation energy resolutions are com

puted by isolating the 570 keV 7 -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 7 -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 a /E  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 7 -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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A ppendix A

A lternate derivation o f 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 (3 and q. From
[37], the characteristic numbers of the Mathieu equation, a(q, (3), can be expressed as 

a series expansion

a(q, P ) = P 2 + 2 (j p _  i f 2 +  °  (q4)

Expanding the first two terms for small (3, this becomes

a K- T + ( 1 - y ) /j2+0('s4) ( A -2 )

Rearranging terms,

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

P ~  ]Ja + j  (A.4)
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Taking the lowest frequency (n = 0) component of the ion’s oscillation (eqn. 4.14), 
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 u>o, for small values of ft and 

9-
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A ppendix B

Determ ining ion unloading rate

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

N

M ( R )  = logC{R) = log (B.l)

where N  is the number of measurements, tj is a single unloading time measurement
and Pi(ti, R) is the probability that an ion unloads in time U given an unloading rate
constant R,

R) = A ie- Rti (B.2)

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

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

/ OO
Pi(ti; R)dti = 1 (B.3)

- ,nin

so that
Ai = ReRtmin (B.4)

113
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In this case, the log-likelihood function becomes

N

M ( R )  = N R tmin +  IV log R  — R  ̂  L (B.5)
1 = 1

The value of R  that maximizes eqn. B.5, R, is easily found by solving dAA/dR  =  0, 
yielding

- l
(B.6)

The errors (68.27% CL) on R  are found by numerically solving for the values of R  that 
change A4(R) by 0.5 with respect to i t’s maximum value A4(R) [2]. This factor of 0.5 
is discussed in [2], and is dependent upon the desired CL and number of parameters 

in Pl. These errors are therefore given by the two solutions for R  in the following 
equation

M{ R )  = M { R ) -  0.5 (B.7)

Since A4(R) is log-normal, the upper error on R  will in general be larger than the 
lower error.

R train T  ^
2 = 1
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