




























































































































































(a) Front view of
straight metal tip
configuration

(b) Front view of of
3D model of straight
metal tip configuration
in SIMION

(c) Side view of straight
metal tip configuration

(d) Side view of of
3D model of straight
metal tip configuration
in SIMION

(e) Front view of tilted
metal tip configuration

(f) Front view of of 3D
model of tilted metal
tip configuration in
SIMION

(g) Side view of tilted
metal tip configuration

(h) Side view of of 3D
model of tilted metal
tip configuration in
SIMION

(i) Front view of BaAl
getters configuration

(j) Front view of of
3D model of BaAl
getters configuration in
SIMION

(k) Side view of BaAl
getters configuration

(l) Side view of of
3D model of BaAl
getters configuration in
SIMION

Figure 3.32: Electrode configuration with barium metal and BaAl getters
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was tilted about 15 degrees (3.32e-3.32h), and in the third case three BaAl getters were spot

welded to the Target plate (3.32i-3.32l).

The spacing between the plates for mobility measurements is listed in Table 3.2. The

length of the metal tip varied every time a new piece was installed, but the distance between

the Accelerator plate and the lower end of the metal tip was usually around 2 mm.

Table 3.2: Configuration of distances between plates for mobility experiments

Distance between plates

Accelerator to Target 9 mm

Grid 2 to Accelerator 8 mm

Grid 1 to Grid 2 1 mm

Collector to Grid 1 4 mm

The configurations of some of the voltages used for the mobility experiments are listed in

Table 3.3. The voltage on the Target, Accelerator and Grid 2 plate were varied proportionaly

to keep d2
eff the same, the Collector plate was grounded to a 50 Ω resistor, and the Grid 1

plate was connected to the electrometer.

Table 3.3: Configuration of voltages applied to the electrode plates for mobility experiments

VG1 VG2 VA VT

0 V 501 V 1839 V 2173 V

0 V 411 V 1509 V 1783 V

0 V 360 V 1320 V 1560 V

0 V 309 V 1131 V 1337 V

0 V 257 V 943 V 1114 V

0 V 206 V 754 V 891 V

0 V 180 V 660 V 780 V

0 V 154 V 566 V 669 V

0 V 129 V 471 V 557 V

0 V 103 V 377 V 446 V

72



As in the case of the electron transmission through the grids, it is important to have an

appropriate ratio of the electric fields between the grids to ensure the maximum transmission

of barium ions. The adequate ratio is found experimentally by varying the ratio of the electric

field on top to the electric field below Grid 2 plate and measuring the total ion charge at the

G1 plate. Figure 3.33 shows the total amount of charge going through Grid 2 as a function

of the ratio of the electric fields. From the fit it was found that with a ratio of electric fields

equal to 3, the transmission of barium ion charge is already greater than 90%. A ratio of

electric fields equal to 3 was used in the mobility and fluorescence experiments of barium

ions in xenon gas both at the accelerator plate grid and the Grid 2 grid.
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Figure 3.33: Charge transmitted through Grid 2 as a function of the ratio of electric fields.

According to Paschen’s law for high pressures, the breakdown voltage decreases as the

pressure is reduced. For the range of pressures at which the mobility experiments are per-

formed, between 50 Torr to 700 Torr, the voltage that can be applied to the electrode plates

is quite limited at low pressure. Breakdown also prevents doing experiments at very low

pressures, typically below 50 Torr, because at low voltages the electric field is not strong

enough to pull most of the ions from the barium tip to the G1 plate.

The location of the ablation spot is determined by taking pictures of the metal tip before

and after the experiments. A spot on the metal tip can be clearly seen after several ablation

pulses hit the metal tip. Two pictures of the metal tip are shown in Figure 3.34. One of

the pictures shows the metal tip at the beginning of the experiment, and the second picture
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Spot before 
ablation

9 mm

(a) Picture of barium metal tip at the begin-
ing of a mobility experiment.

9 mm

Spot after 
ablation

(b) Picture of the barium metal tip at end of
a mobilty experiment, after several ablation
shots.

Figure 3.34: Pictures of metal tip used to determine the ablation spot.

shows the metal tip at the end of the experiment, in which the ablation spot can be observed.

The spacing between the plates and the length of the metal tip are known and are used as

a reference to calculate the position of the ablation spot. The resolution of the pictures is

high enough to locate the center of the ablation spot with an accuracy of ±0.1 mm. In the

case of the BaAl getter, the location of the ablation spot is determined by taking a video

while the laser light hits the getter; the accuracy in the location of the center of the ablation

spot for the getter is ±0.5 mm

3.4.2 Gas handling for mobility experiments

The gas handling system used for the mobility experiments of Ba+ in Xe gas is the same

as that in experiments with liquid xenon, including purity measurements [20]. The principle

of operation of the gas handling system is the same as discussed in section 3.1.3, except that

the mobility experiments are performed with the copper cell at room temperature. Then the

xenon gas flows through the SAES MonoTorr purifier, as illustrated in Figure 3.4. A small
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portion of the transfer line is first filled with xenon before the purifier, and the cell is slowly

filled with xenon gas until the desired pressure is reached. A Wallace & Tiernan absolute

pressure gauge model FA-160 PP12079 is used to read the gas pressure inside the copper

cell. The pressure gauge has a range from 0 to 800 Torr. The gauge is mounted at the top

of the vacuum chamber, on a 3-3/8 inch flange 6-way cross, which connects to the top of the

copper cell. After a set of experiments is completed, the xenon gas is pumped away and the

copper cell is evacuated.

The mobility of Ba+ ions was also measured in Ar gas. The Ar gas was accumulated

in the copper cell without going through the SAES MonoTorr purifier. The transfer line

between the Ar bottle and the vacuum chamber was filled with Ar gas, and then it was

added to the copper cell by slowly opening a swagelok valve between the transfer line and

the chamber. The purity of the argon gas used for the experiments, according to the supplier,

is 99.9999%. The Ar gas was pumped out of the copper cell after a set of experiments was

completed.

3.5 Fluorescence Detection

In the fluorescence experiments, barium ions are created by laser ablation of the barium

metal target and then drawn to the Grid 1 plate by electric fields. The ions are excited

with a 493 nm tunable dye laser beam that passes between the accelerator and the Grid 2

electrode plates. The laser is a Coherent CR599 tunable dye laser, pumped by a Coherent

Innova 200 UV Krypton laser. The typical power of the pump laser is between 1.0 W and

2.0 W and the output power of the dye laser is a few mW. The dye laser can be tuned from

450 nm to 510 nm using Coumarin 480 dye. The wavelength is adjusted with a birefringent

filter mounted inside the dye laser cavity. The dye is mixed with ethylene glycol (EG) and

benzyl alcohol (BzOH) using a proportion EG/BzOH of 7/2. At optimum concentration,

the dye absorbs 70% to 80% of the pump laser. During operation, the dye solution tends to
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be chemically degraded. Therefore, the dye solution is replaced from time to time, typically

after 40 W · hr of use.

3.5.1 Light Collection Setup

A simplified schematic diagram of the light collection setup is shown in Figure 3.35.

Fluorescence light is collected by a 10 cm focal length lens, which makes the collected light

rays approximately parallel. This light was focused by a 50 mm Nikon camera lens, with

the focus set to infinity, onto the input slit of the spectrometer. The spectrometer has an

f-number of f/4, which limits the amount of light that can be collected. The combination

of the two lenses gives a total magnification of 1
2
.

CCD
lens

Collection 

Barium 
Metal

Cu Cell with 
Xenon Gas

Raman filter 

Ba+ ions Spectrometer

Nikon lens 

Figure 3.35: Schematic diagram of the fluorescence detection setup

A 514 Semrock Raman edge filter placed before the Nikon lens is used to block the

scattered light at the excitation wavelength 493.4 nm and pass the emission light at 650 nm.

The transmission curve for the Raman edge filter, provided by the manufacturer, is shown

in Figure 3.36. It blocks wavelengths below 514 nm at normal incidence with an attenuation

greater than OD6 and it has a transmission greater than 98 % above the cutoff wavelength.
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Figure 3.36: Transmission of Raman filter

The Ba+ fluorescence light is spectrally dispersed in an Acton SP-2150i spectrometer, and

then it is detected at the output focus of the spectrometer by a Spec-10 liquid nitrogen cooled

CCD camera from Princeton Instruments. The spectrometer has two different gratings, one

of them with 300 lines/millimeter (l/mm) and the other with 600 l/mm, with an approximate

wavelength resolution of 0.4 nm and 0.2 nm respectively. The gratings can be easily switched

with the use of WinSpec software interface for the Spec-10 system. Most of the fluorescence

experiments of Ba+ in xenon gas were done with the 600 l/mm to achieve better resolution.

The CCD chip is a 2 dimensional array of 1340x400 pixels with dimensions of 26.8 mm

by 8 mm. It was cryogenically cooled with liquid nitrogen and operated at temperatures

in the range of -100◦C to -120◦C. By lowering the temperature of the CCD array the dark

current is reduced to essentially zero, and greater sensitivity is achieved. The camera can

be operated in imaging or spectroscopy mode. In imaging mode the camera collects real
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image data. This mode is useful for the initial setup of the experiment and the alignment

of the camera. In spectroscopy mode pixels in a column are grouped together, and the data

is displayed as a spectrum. This mode is used to detect the fluorescence of barium ions in

xenon gas. In this mode the readout noise is greatly reduced.

The Rayleigh scattered light from the xenon gas was used to align the camera. The

alignment was done with the camera in imaging mode, the Raman filter and the spectrometer

grating acting as a mirror by setting it for zero-order diffraction. The scattered light from

excitation beam was imaged at the input slit of the spectrometer. An adjustable slit with

setting between 100 µm to 150 µm allows only the region of the excitation laser to be imaged.

This eliminates scattering from plates and insulators. Once the camera was aligned and the

excitation laser image was centered, the Raman filter was placed in front of the Nikon camera

before starting to take spectroscopy data.

3.5.2 Single mode operation of excitation laser

Unlike fluorescence spectra of Ba+ in solid and liquid xenon where the absorption spec-

trum is broad, on the order of a few nanometers, the absorption spectrum of Ba+ in xenon

gas is much narrower, on the order of a few GHz. Thus, it is important to have a laser with

a narrow bandwidth to obtain an excitation spectrum of Ba+ in xenon gas. The excitation

spectrum Ba+ in xenon gas was recorded by scanning the frequency of the dye laser across

the spectral region near the known resonant frequency of the 6s 2S1/2 to 6p 2P1/2 transition

in vacuum (20261.56 cm−1).

A diagram of the laser system and monitoring equipment is shown Figure 3.37 .The

frequency was measured with a Burleigh WA-20VIS wavemeter, which can read the laser

frequency with a resolution of 0.01 cm−1. The laser frequency could be measured while

simultaneously doing experiments by splitting off a small portion of the laser beam with a

glass microscope slide. The alignment of the dye laser to the wavemeter was accomplished

relatively easily with the use of a trace beam from a He-Ne laser inside the wavemeter. Once
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the alignment is completed, the trace beam was blocked with a blue color filter to prevent

it from reaching the Xe gas region.

The dye laser was operated in single frequency mode with the use of a thin etalon and

thick etalon that have a free spectral range of 225 GHz and 10 GHz respectively. The thin

etalon reduces the laser bandwidth to approximately 1.2 GHz in 3 axial modes, and the

thick etalon in conjunction with the thin etalon provide operation at single frequency. The

frequency was first adjusted with the birefringent filter, and the finer adjustments were done

by tilting the angles of the thin and thick etalon. The excitation spectra scans were done in

steps of about 500 MHz, by mode hopping the laser with small tilts in the angle of the thick

etalon for small frequency shifts and tilting the angle of the thin etalon for larger frequency

shifts.

The frequency shift of the dye laser was monitored with a Tropel Model 240 Spectrum

analyzer with a Free Spectral Range (FSR) of 7.5 GHz with 1 cm mirrors. It consists of

a Fabry-Perot interferometer with two confocal mirrors. When the frequency modes of a

stable laser are measured with a the spectrum analyzer, the modes drift less than 30 MHz

over 200 seconds.

3.5.3 Light Detection Efficiency

The efficiency of the fluorescence light collection and detection, in counts per photon

emitted εtotal, depends on a number of factors listed in Table 3.4 and discussed below. One

of the most important factors is the collection efficiency εCE, which is determined by the solid

angle Ω of the light rays from the barium ions that pass through the detector. According

to Figure 3.38 a lens of effective diameter D and object distance approximately equal to the

focal length f

εCE =
Ω

4π
≈ πD2/4

4πf 2
=

D2

16f 2
(3.16)
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Figure 3.37: Schematic diagram of the laser system

The limiting factor for rays in the system is the f-number of the spectrometer, f/4.

This reducess the effective diameter of the cone of light rays collected by the collection lens

as can be seen in Figure 3.39. The effective diameter Deff is related to the f-number of

the spectrometer, f/#=f2/Deff , where f2 is the focal length of the camera lens. Using

Deff = f2/4, the collection efficiency using (3.16):

εCE =
f 2

2

256f 2
1

(3.17)

For f1=10 cm, and f2= 50 mm, εCE=9.8×10−4.

The transmission of different optical parts of the detection system are also important.

One uncoated lens has 88% transmission and a coated lens 92% transmission. The window

of the copper cell and the window of the vacuum chamber have 96% transmission each. The

three mirrors used to direct the fluorescence light to the spectrometer have a reflectance

of 88% each. The transmission of the Raman filter is 98%. The listed efficiencies of the

spectrometer and the CCD camera are for 650 nm light, which is the wavelength detected
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Figure 3.38: Solid angle of the collection lens.
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Figure 3.39: The solid angle of the collection lens is reduced due to the limitation in the
f-number of the spectrometer.

during the fluorescence experiments of barium ions in xenon gas. The manufacturers of the

CCD and spectrometer specify a quantum efficiency of the CCD, εQE, of 90% at 650 nm,

or 0.90 photoelectrons/photon and a grating transmission, εgrating, of 60% in first order.

The CCD camera has a digitization factor, εdigitization, of 0.5 counts per photoelectron when

operating in slow ADC (Analog-to-digital converter) mode. This means that two detected

photons are required to generate one count in the CCD detector.

The total detection efficiency including all of the factors contributing to the fluorescence

detection efficiency in Table 3.4 is estimated to be 1.31×10−4 counts per fluorescence photon

emitted. It can be used to estimate the total number of fluorescence counts per ion and
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the ion fluorescence efficiency. The predicted number of counts calculations is discussed and

compared to the experimental results in Chapter 4.

Table 3.4: Detection efficiency

Collection Efficiency εCE 9.8E-4

Uncoated Lens Transmission Tlens uncoat 0.88

Coated Lens Transmission Tlens coat 0.92

Window Transmission Twindow 0.92

Mirrors Reflection Rmirror 0.68

Raman Filter Transmission Traman 0.98

CCD Quantum Efficiency εQE 0.90

Grating Transmission εgrating 0.60

Digitization Factor εdigitization 0.50

Total Detection Efficiency εtotal 1.31E-4

The detection efficiency was experimentally measured by detecting scattered light from a

633 nm He-Ne laser on a white card, using the same setup that was used for the fluorescence

experiments. A diagram of the setup for the measurement of the detection efficiency is

shown in Figure 3.40. An aperture was placed between the white card and the collection

lens created an effective diameter of 1.25 cm at the 10 cm lens collection lens. The detection

efficiency was calculated by measuring the total number of counts detected by the CCD and

comparing them to the power read by a powermeter placed right after the aperture.

The detection efficiency was measured as a function of the distance between the white

card and the collection lens to take into account the differing depth of fluorescence sites from

the lens. The results are shown in Figure 3.41. The peak value of the detection efficiency is

0.109 counts/photon. The peak total detection efficiency, including the collection efficiency

and the transmission of the windows and the raman filter, is then 0.96×10−4. This is not

too different from the estimate in Table 3.4.
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Figure 3.40: Diagram of experiment to determine the detection efficiency.

Figure 3.41: Detection efficiency versus distance between white card and collection lens.
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The detection efficiency was also measured as a function of horizontal position. This

was done by moving the position at which the laser hit the white card and detecting the

scattered light at different horizontal positions. A plot of the horizontal variation of the

detection efficiency is shown in Figure 3.42. It is fairly narrow. The data is fit to a Gaussian

function of the form A exp(−(x− b)2/2σ2).

Figure 3.42: Variation of the detection efficiency with the collection lens 10.5 cm away from
the white card.

The horizontal variation of the detection efficiency was measured for different distances

between the collection lens and the white card. The width σ of the Gaussian fit is plotted

versus the distance between the lens and the withe card in Figure 3.43. The width σ of

the Gaussian fit is nearly constant across the region of interest. The average of the width

parameter σ is 0.070 cm.
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Figure 3.43: Width of the horizontal detection efficiency as a function of distance between
the collection lens and the white card.
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4 Results

In this chapter the results and analysis of experiments to measure the purity of liquid

xenon and the mobility and fluorescence of Ba+ in xenon gas are discussed. Results from

purity measurements in liquid xenon are presented in section 4.1. The effects on purity of

condensing xenon going through the purifier versus bypassing the purifier and of using the

recirculation system are discussed. The effects on the purity of liquid xenon of ablation of

a barium metal tip is also discussed. The results of the mobility of barium ions in xenon

gas are presented in section 4.2. The dependence of the measured mobility of barium ions

in xenon on pressure is discussed, and compared with results of mobility of barium ions in

argon gas. The results are interpreted in terms of a molecular association and dissociation

model. Finally, in section 4.3, measurements of the pressure broadening and fluorescence

efficiency of barium ions in xenon gas are reported.

4.1 Purity Measurements

As discussed in Chapter 2, the electron lifetime τe in LXe is a function of the concentration

of electronegative impurities in liquid xenon. The electron lifetime is found by measuring

the electron transmission in liquid xenon. The determination of the electron lifetime after

purification and recirculation of liquid xenon is presented in this section, as well as the effect

of ablation of a barium metal target on the electron lifetime.

4.1.1 Electron Lifetime Measurements

The relationship between the electron lifetime and the electron transmission was discussed

in section 3.2.3. The electron transmission R can be written in terms of the electron lifetime

τe as

R = e−Td/τe (4.1)
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where Td is the electron drift time defined in section 3.2.3 that can be found from the current

on the signal plates. The electron lifetime is therefore

τe = Td/(− lnR) (4.2)

The electron transmission as a function of the electron lifetime is plotted in Figure 4.1.

The plot is for the electric fields and drift times given in Table 4.1. From this plot it can be

seen that the purity monitor has a high sensitivity from 2 µs to 200 µs. Measurements of

transmissions greater than 95% are needed to determine lifetimes greater than 100 µs.

Figure 4.1: Electron transmission versus electron lifetime.

Table 4.1: Typical voltages configuration, electric fields and drift times.

VC= 0 V E1= 50 V/cm TC = 3.3 µs ks = 1.7× 1011M−1s−1

VG1= 20 V E2= 150 V/cm TG = 2.6 µs ks = 1.2× 1011M−1s−1

VG2= 35 V E3= 406 V/cm TA = 3.1 µs ks = 1.1× 1011M−1s−1

VA= 360 V

The sensitivity of the electron lifetime can be improved by increasing the drift time. This

can be done by increasing the length of the purity monitor. However, the purity monitor at

Colorado State University is limited to the current dimension of the liquid xenon cell. In
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larger detectors like in EXO-200 or nEXO, where the electrons drift tens of centimeters, the

drift time is increased by 1-2 orders of magnitude.

The electron lifetime is related to the oxygen equivalent concentration of impurities [X]

by

τe =
1

ks[X]
(4.3)

where the attachment rate constant for O2 at 100 V/cm is ks = 1.6 × 1011 M−1s−1 and

7 × 1011 M−1s−1 at 1000 V/cm [30]. The weighted average of ks for the voltages listed in

Table 4.1 is ks = 1.35 × 1011 M−1s−1. An oxygen equivalent impurity concentration is an

impurity number density scaled by the relative attachment rates of that species and oxygen.

The relationship between electron transmission and concentration of impurities in part

per billion (ppb) for the voltage configuration and drift times from Table 4.1 is given in

Figure 4.2. There is a high sensitivity to impurity concentrations in the 2-200 ppb range in

this purity monitor.

Figure 4.2: Electron transmission versus impurity concentration for voltages listed in Table 4.1

4.1.2 Effects of Recirculation on the Electron Lifetime

The recirculation system removes impurities in the liquid xenon in the copper cell by

evaporating liquid xenon in the recirculation pipe, flowing it through the SAES purifier and

then recondensing it in the cell. The flow of xenon is proportional to the heat applied to the
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recirculation pipe, as can be seen in Figure 4.3. There is a gradual response of the flow to a

change in heat applied to the recirculation pipe, and after some time it becomes stable.
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Figure 4.3: Xenon flow and heat applied to the recirculation pipe. The temperature of the
copper cell was kept constant at 170 K while doing this experiment.

The flow can be steady for several hours; this allows spectroscopy experiments and purity

measurements to be performed while recirculating. Steady recirculation for a period of more

than 16 hours at a flow rate of approximately 65 sccm is shown in Figure 4.4. Since the

copper cell is filled with approximately 86 standard liters of xenon, a complete recirculation

takes about 22 hours.

Figure 4.4: Steady recirculation
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One way to test if the recirculation of xenon actually helps to remove impurities is by

measuring the electron lifetime before and after recirculation. Figure 4.5 shows the electron

transmission before and after recirculation. Xenon was purified with the SAES purifier

before it was condensed in the copper cell. After the liquid xenon was condensed, purity

measurements were taken for about 85 minutes. Then xenon was recirculated for about

three hours while taking purity measurements at the same time. The average transmission

after condensation though the purifier and before recirculation was very high is 0.976(0.003).

After starting recirculation the average transmission was also high 0.983(0.002). The slight

increase in transmission is smaller than the systematic error. The initial created charge was

170 fC on average, which would give a systematic error of about 3%, according to the fit

obtained in Chapter 3 that relates the transmission to the initial charge. This transmission

level corresponds to an electron lifetime of approximately 300 µs, according to Figure 4.1.

Figure 4.5: Electron transmission before and after recirculation. The liquid xenon was initially
condensed by going through the SAES purifier. Error bars are statistical only.

In a different experiment, the effects of recirculation on the electron life time were tested

with xenon initially condensed bypassing the purifier. The results are shown in Figure 4.6.

The experiment was done using electrode plate Configuration A from table 3.1 and voltages

VC = 0V , VG1 = 45V , VG2 = 112.5V , and VA = 1750. The purity right after condensing

the xenon (t=0) was noticeably lower, with an electron transmission of less than 0.5, which

corresponds an electron lifetime of < 8 µs and an impurity levels of ∼ 40 ppb from Figure 4.2.
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Purity measurements were taken approximately every minute. The electron transmis-

sion increased for the first three hours from 0.5 to about 0.8 without recirculating. Then,

the electron transmission stayed constant around 0.8. Recirculation at a flow rate of ap-

proximately 60 sccm was started approximately 12 hours after condensation. The electron

transmission decreased right after the recirculation started, from 0.8 to roughly the same

initial transmission measured after condensation. The recirculation continued and it took

more than 45 hours to increase the electron transmission from 0.5 to more than 0.8, which

corresponds to an electron lifetime of approximately 26 µs.
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Figure 4.6: Electron transmission ( QA
QC+G1

) before and after recirculation. The liquid xenon
was initially condensed bypassing the SAES purifier.

Three main conclusions can be drawn from these experiments: (1) condensing the liquid

xenon through the purifier results in a high purity; (2) condensing liquid xenon bypassing

the purifier results in a lower electron lifetime; (3) recirculating liquid xenon is effective in

increasing the electron lifetime when the concentration of impurities is substantial.

4.1.3 Effects of Ablation on the Electron Lifetime

The electron lifetime was measured after some spectroscopy experiments on barium ions

in liquid xenon in which a barium target was ablated to find out if the ablation process
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introduced impurities into the liquid. The measurements shown in Figure 4.7 were performed

with the electrode plates in the Configuration A of Table 3.1. Various combination of voltages

on the plates were used which produced different ratios of electric fields that are shown in

Table 4.2.

Table 4.2: Configuration of voltages for purity measurements.

E Field Ratio VC VG1 VG2 VA

E3

E2
= E2

E1
= 3 0 V 20 V 35 V 360 V

E3

E2
= E2

E1
= 4 0 V 20 V 40 V 690 V

E3

E2
= E2

E1
= 5 0 V 20 V 45 V 1050 V

E3

E2
= E2

E1
= 6 0 V 20 V 50 V 1500 V

For results of purity experiments shown in Figure 4.7, xenon was always condensed be-

fore ablation using the purifier and there was no recirculation. The purity measurements

were performed a few minutes after the last laser ablation was done. The purpose of these

measurements is to show the effect of ablation on the purity of liquid xenon, as well as seeing

the effect of varying the ratio of electric fields between the plates. In all cases, even after

hundreds of ablation shots, the electron transmission was close to 1. For transmission >

98% a lower limit for the electron lifetime after hundreds of ablation shots is τ >300 µs, and

oxygen equivalent impurities <1 ppb.

The purity measurements shown in Figure 4.7 were done at an average initial charge of

approximately 50 fC. From Chapter 3, the electron transmission R depends on the initial

charge Q as R = a+bQ+cQ2, with a=1.004±0.006, b=-1.58±1.02×10−4, and c=-7.98 ±41×

10−8, with the charge Q in fC. Using this charge dependence, the value of R at 50 fC is 0.992,

which is off by 1.2% from the value of R at zero charge, it can be used as an estimate for the

systematic error due to charge for these measurements. There is not noticeable change in

the transmission when the ratio of electric fields between plates is increased. Increasing the

ratios to values greater than 3 should not have a large effect in the electron transmission, as

it was shown in section 3.2.5. In summary, the purity of liquid xenon remains high, with a
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Figure 4.7: Purity measurements in liquid xenon after performing on the order of hundreds
of ablation shots. The x axis shows the number of each purity measurements in the sequence
taken.
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transmission higher than 98%, even after hundreds of ablation shots. Purity measurements

taken with ratio of electric fields higher than 3 give consistent results.

A plot of purity measurements before and after ablation is shown in Figure 4.8. The

xenon was purified before being condensed. Purity measurements were taken for about 40

minutes before any ablation shot. The cause of the small decrease in transmission from 98%

to 97% is not known. A few ablation shots were done, and then the purity was measured

about 80 minutes later. No noticeable change in the electron transmission after ablation

was observed. The observation that the ablation process does not introduce impurities in
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Figure 4.8: Measurements of the purity of liquid xenon before and after ablation.

the liquid is important for Ba+ spectroscopy experiments in liquid xenon and solid frozen

xenon from liquid xenon because attachment of barium ions to electronegative impurities

could make them non interacting with the laser beam.

4.2 Mobility Experiments

The original motivation for making mobility measurements of Ba+ in xenon gas was to

know how fast the ions travel during the fluorescence experiments. However, the results of

the mobility experiments turned out to be interesting in themselves. The mobility of Ba+
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in xenon gas was measured first at a pressure of 1 atmosphere. However, the experimental

result obtained did not agree with the theoretical value reported by M. F. McGuirk et al. [33].

There were no other experimental data for the mobility of Ba+ in xenon gas. The mobility

of Ba+ in argon was also measured at 1 atmosphere of pressure to verify if the measurements

with the CSU apparatus were consistent with the predicted theoretical values [33], and

with a previous experimental result reported by S. M. Penn et al. [41] at an argon pressure

of 0.2 Torr. Contrary to the mobility measurements of Ba+ in xenon gas, the measured

mobility of Ba+ in argon gas was consistent with the predicted theoretical value and with

a previous experimental result, although there was a large systematic error in those initial

measurements. To resolve this discrepancy, measurements at a range of pressures were made

and the formation of molecular ions in argon and xenon gas was considered. Details of these

measurements and the molecular model are discussed in the following sections.

4.2.1 Charge Dependence of Ionic Mobility

The mobility measurement can be affected by induced fluid motion resulting from friction

forces with the moving ion charge cloud. The larger the charge, the larger is the fluid motion

and its effect on the mobility measurement. A method was developed to eliminate this effect

in measurements of the mobility of alkaline earth ions in liquid xenon by Jeng et. al. [34].

The true mobility is calculated with the use of equation 2.30, µapp = µtrue + cQn(E). The

n power is related to the electric field, which in turn depends on the voltage applied to the

Target plate. The values of µtrue and n can be found by fitting the mobility data of Ba+ in

gaseous xenon as a function of charge to equation 2.30.

Mobility measurements of Ba+ in Xe gas, at 660 Torr and 296 K with different applied

voltages on the Target plate using a BaAl getter, are shown in Figure 4.9. The mobility is

constant at low charge and increases at high charge. This experiment was performed using

the longest of the three BaAl getters as ablation target from Figure 3.32i. The value of d2
eff
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was 1.7 cm2. The solid lines are fits of the data to equation 2.30. Each fit gives a value of

the intercept, µtrue, and a value of the power n.
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Figure 4.9: Charge dependence of the mobility of Ba+ in xenon gas at a pressure of 660 Torr
using a BaAl getter.

The intercept of the fits is plotted as a function of the applied voltage on the Target

plate in Figure 4.10. It is seen that the intercept is independent of the applied voltage on

the Target plate. The red line in Figure 4.10 represents the value of the weighted average of

the intercept from the fits in Figure 4.9.

The power of charge dependence is plotted as a function of the Target voltage in In

Figure 4.11. For high applied voltages on the Target plate, the uncertainty in the n power

is large because the measured mobility is almost independent of charge for high voltages, as

seen in Figure 4.9. In Figure 4.11, the red line represents a weighted fit of the n power as a

function the voltage on the Target plate. The data points with voltages 1337 V and higher

are excluded from the fit due to the large uncertainty. From Figure 4.11, a constant value

of n= 1.5 is a reasonable choice. The data in Figure 4.9 fit with a fixed value of n = 1.5 are

shown in Figure 4.12. By eye, the fit looks good.
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Figure 4.10: Intercept of the mobility as a function of voltage applied on the Target plate
with xenon gas pressure of 660 Torr

A plot of the intercept as a function of applied voltage on the Target plate for n=1.5

is shown in Figure 4.13. Again, the value of the intercept is seen to be independent of

the voltage. The errors are reduced compared to Figure 4.10. The red line represents the

weighted average of the reduced mobility. It can be seen that the both approaches produce

similar average values, 0.591 cm2/Vs in Figure 4.10 and 0.587 cm2/Vs in Figure 4.13.

Figure 4.11: Power of charge dependence as a function of voltage applied on the Target plate
with xenon gas pressure of 660 Torr

Mobility data of Ba+ were also taken using a metal tip as ablation target, for the config-

uration shown in Figure 3.32e. The charge dependence of the mobility of Ba+ in xenon at a
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Figure 4.12: Charge dependence of the mobility of Ba+ in xenon gas at a pressure of 660
Torr. The fits were done with a power of n = 1.5

Figure 4.13: Intercept of the mobility as a function of voltage applied on the Target plate
with xenon gas pressure of 660 Torr using a BaAl getter. The intercepts were obtained by
fitting the data with a power of n = 1.5
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pressure of 670 Torr is shown in Figure 4.14. The fits to find the intercept were done using

n = 1.5. A plot of the intercepts as a function of the applied voltage is shown in Figure 4.15

with an average value of 0.530(0.004) cm2/Vs.

The mobility of Ba+ in argon at a pressure of 620 Torr was recorded as a function

of charge. The configuration used was the barium metal tip shown in Figure 3.32e. The

data is shown in Figure 4.16 and the intercept as a function of applied voltage is shown

in Figure 4.17. The mobility of barium ions in argon also has a similar dependence on the

charge, thus the same method to find the intercept can be applied. The value of the intercept

is 1.808(0.004) cm2/Vs.

Figure 4.14: Charge dependence of the mobility of Ba+ in xenon gas at a pressure of 670
Torr using a barium metal tip.

The parameter with the largest fractional systematic uncertainty in these mobility mea-

surements is d2
eff . In order to assess the accuracy of the calculated d2

eff , the mobility of Ba+

in xenon was measured hitting two different spots on the metal tip. The applied voltage and

the xenon pressure were the same. In one case the metal tip was ablated 0.5 mm above the

lower end of the tip. The calculation of d2
eff with SIMION was d2

eff1 =1.84 cm2 for this case.
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Figure 4.15: Intercept of the mobility as a function of voltage applied on the Target plate
with xenon gas pressure of 670 Torr using a barium metal tip.

Figure 4.16: Charge dependence of the mobility of Ba+ in argon gas at a pressure of 620
Torr using a barium metal tip
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Figure 4.17: Intercept of the mobility as a function of voltage applied on the Target plate
with argon gas pressure of 620 Torr using a barium metal tip.

The second ablation spot was 0.9 mm above the lower end of the tip. The calculated value

for this position was was d2
eff2 =2.24 cm2.

A plot of the mobility as a function of charge for these two ablation positions is shown in

Figure 4.18. It is seen that the charge has more effect at higher positions, where the electric

field near the tip is lower. The values of the intercepts are µ0 = 0.667±0.005 cm2/Vs when

the metal tip is ablated at the low position, with d2
eff1 =1.84 cm2, and µ0 = 0.675±0.006

cm2/Vs when the ablation spot is high, d2
eff2 =2.24 cm2. Although the d2

eff values were

substantially different for these two ablation position, the true mobility values were almost

identical within statistical uncertainties. These results may be used to asses the accuracy of

SIMION calculations of d2
eff . The largest uncertainty is in the location of the center of the

spot from photographs to ±0.1 mm. The systematic error in d2
eff due to the spot position

can then be estimated as ∆d2
eff = 0.1mm

0.4mm
(2.24cm2 − 1.84cm2)=0.10 cm2. Thus a systematic

error limit for d2
eff is set at ± 0.10 cm2 for experiments using the metal tip. In the case of

the experiments with the getter, the uncertainty in the center of the spot is larger, about 0.5

mm because the ablation spot left on the getter is not as easy to distinguish as in the barium

metal. Then, the systematic error is five times larger when the getter is used, ∆d2
eff=0.50

cm2.
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Figure 4.18: Plot of reduced mobility versus charge hitting two different positions on the
barium metal tip.

4.2.2 Mobility Results

The mobility at different pressures was measured using the method described above ex-

cept with fewer voltages. Some examples of the mobility measurements at different pressures

are shown in Figure 4.19. The experiments were performed using a metal tip as ablation tar-

get, and d2
eff =1.84 cm2. The plots of mobility versus charge were done at different voltages

on the Target plate. The value of the mobility at each pressure was calculated by taking a

weighted average of the intercept at different voltages.

The measured mobilities at different pressures of barium ions in xenon using a tilted bar-

ium metal tip are summarized and compared with predicted theoretical values in Table 4.3.

Some samples of mobility measurements listed in Table 4.3 are shown in Figure 4.19. The

reduced mobility of Ba+ in xenon is close to the theoretical value at low pressures, but at

pressures higher than 600 Torr it decreases and differs from the predicted value by more

than 20%.

The reduced mobility of Ba+ in argon gas was measured the same way, using a tilted

barium metal tip. The measured reduced mobility for Ba+ in Ar gas at different pressures
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(a) Mobility measurements in Xe gas at 46 Torr. (b) Mobility measurements in Xe gas at 170 Torr.

(c) Mobility measurements in Xe gas at 315 Torr. (d) Mobility measurements in Xe gas at 680 Torr.

Figure 4.19: Sample of mobility measurements in xenon gas at different pressures using a
tilted barium metal tip.
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is listed at the end of Table 4.3. It is close to the predicted theoretical values and consistent

within error limits of the previous measurements.

Table 4.3: Comparison of mobility measurements of Ba+ in xenon, and argon with predicted
theoretical values. All of the measurements shown were done with a tilted barium metal tip.
Errors shown for these results is statistical only.

Gas Pressure (Torr) Experimental
µ0 (cm2/Vs)

Theoretical
µ0 (cm2/Vs)
[33]

Previous
results
at 0.2 Torr
µ0 (cm2/Vs)
[41]

Xe 46 0.725 (0.018) 0.785

Xe 46 0.697 (0.006) 0.785

Xe 107 0.681 (0.004) 0.785

Xe 110 0.652 (0.003) 0.785

Xe 110 0.666 (0.005) 0.785

Xe 110 0.654 (0.012) 0.785

Xe 165 0.638 (0.011) 0.785

Xe 170 0.641 (0.003) 0.785

Xe 170 0.662 (0.003) 0.785

Xe 315 0.599 (0.003) 0.785

Xe 324 0.623 (0.014) 0.785

Xe 344 0.603 (0.004) 0.785

Xe 664 0.565 (0.003) 0.785

Xe 665 0.600 (0.065) 0.785

Xe 680 0.579 (0.003) 0.785

Ar 87 1.726 (0.013) 1.88 1.80(0.16)

Ar 167 1.723 (0.020) 1.88 1.80(0.16)

Ar 332 1.716 (0.016) 1.88 1.80(0.16)

Ar 662 1.673 (0.027) 1.88 1.80(0.16)

4.2.3 Molecular Ion Formation

The variation of the measured mobility of Ba+ in xenon gas with pressure and the dis-

agreement with the predicted theoretical values at high pressures suggest that there may
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be more than one species of ions traveling through gas. As mentioned in the Chapter 2,

termolecular association of Ba+ with two Xe atoms can form BaXe+, and collisional dissoci-

ation can break up the molecular ions in collisions to atomic species. The apparent measured

mobility is then an average of the mobility of the two different species weighted by the species

fractions. The apparent mobility then can be written as follows:

µmeasured = f(Ba+)µ(Ba+) + f(BaXe+)µ(BaXe+) (4.4)

where f(Ba+) and f(BaXe+) are the percentages of the travel time that ions are Ba+ and BaXe+,

respectively, and µ(Ba+) and µ(BaXe+) are the mobilities Ba+ and BaXe+, respectively. Using

equation 2.39 which relates the percentage of Ba+ to the gas pressure p, and the fact that

f(Ba+) + f(BaXe+) = 1, equation 4.4 can be written as

µmeasured =
1

1 + bp
(µ(Ba+) − µ(BaXe+)) + µ(BaXe+) , (4.5)

where b is a constant defined in (2.40) that depends on the the ratio of the association to

the dissociation rate constants, and p is the gas pressure in Torr.

A plot of mobility versus pressure is shown in Figure 4.20. Because all measurements

were made with the same ablation spot position, the common systematic error in d2
eff due to

ablation spot position is omitted from this graph. The model fits the data well. The fit value

of b is 0.0039(7) Torr−1. The reduced mobility of Ba+ in xenon gas obtained from the fit is

µ0Ba+=0.734±0.010(stat)±0.040(syst) cm2/Vs. The statistical errors in these fits are 1 sigma

values. The systematic error in µ0Ba+ is calculated using ∆µsyst = µ(∆d2
eff )syst/d

2
eff . This

result is within the error limit to the theoretical value of 0.784 cm2/Vs. The value of the mo-

bility of BaXe+ in xenon calculated from the fit is µ0BaXe+=0.508±0.010(stat)±0.028(syst)

cm2/Vs. There is no reported theoretical mobility of BaXe+ in xenon gas to compare to.

Since the molecular ion is larger than the atomic ion, it might be expected to have lower

mobility.
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Figure 4.20: Reduced mobility in xenon gas as a function of pressure. Errors shown are
statistical only, as common ablation spot was used.

An additional systematic error from the position of the ablation spot due to the varia-

tion in the laser position. The beam position is stabel and fluctuations in position might be

as large as a few percent. This variation produces a systematic error of ∆d2
eff=0.02 cm2,

which is about 1% of d2
eff=1.84 cm2. This systematic error can be added in quadrature

to the statistical error of the individual measurements of the mobilities at different pres-

sures. Figure 4.21 shows the a fit of mobility versus pressure and the percentage of Ba+

and BaXe+ ions as a function of pressure when 1% systematic error in d2
eff is used. The

values obtained from this fit are b=0.0043(15) Torr−1, µ0Ba+=0.739±0.018(stat)±0.040(syst)

cm2/Vs, and µ0BaXe+=0.513±0.019(stat)±0.028(syst) cm2/Vs. This results are comparable

to those obtained using only statistical errors.

The percentage of Ba+ ions as a function of pressure is calculated as

[Ba+]

[Ba+] + [BaXe+]
=

1

1 + bp
(4.6)
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Figure 4.21: Reduced mobility in xenon gas as a function of pressure. Errors shown are the
sum of statistical and 1% systematic error.

Using the derived b, the extracted percentage of Ba+ is shown in Figure 4.22. At a pressure

of 1 atmosphere the percentage of Ba+ is about 25%. Figure 4.23 shows the percentage of

Ba+ and BaXe+ ions as a function of pressure when 1% systematic error in d2
eff is used.

The ratio of the association rate constant to the dissociation rate constant kassoc/kdissoc

can be calculated from the value of the constant b with

b =
kassoc
kdissoc

(
2.69× 1019cm−3

760 Torr

)(
273.15 K

T

)
(4.7)

The result is kassoc/kdissoc =1.3(0.4)×10−19 cm3, using b=0.0043(15) Torr−1. For comparison,

using estimated values of the association and dissociation rate constants of kassoc = 10−31

cm6/s and kdissoc =6.1×10−13 cm3/s given in Table 2.4, a ratio of kassoc/kdissoc =1.6×10−19

cm3 is obtained. The rough order of magnitude estimate agrees remarkably well with the

experimental ratio.
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Figure 4.22: Percentage of Ba+ and BaXe+ions in xenon gas as a function of xenon pressure.

Figure 4.23: Percentage of Ba+ and BaXe+ ions in xenon gas as a function of xenon pressure
when 1% systematic error is used in the fit of mobility versus pressure.
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Measurements of the mobility of barium ions in argon gas at different pressures are

shown in Figure 4.24. There is much less variation of the mobility with pressure in argon

than in xenon. In the case of Ba+ in argon gas, the estimated ratio of the association to

the dissociation rate constant, using the values from Table 2.4, is kassoc/kdissoc =2×10−21

cm3. The estimated ratio is 2 orders of magnitude smaller for argon gas than for xenon gas.

The consequence of the ratio being smaller in argon gas is that even at 1 atmosphere, the

mobility is expected to remain about almost constant since the percentage of molecular ions

is small in the pressure range from 0 to 700 Torr of pressure.

Figure 4.24: Reduced mobility in argon gas as a function of pressure with the percentage of
atomic ions denoted for each pressure.

The mobility of barium ions in argon at zero pressure found from the fit is µBa+=1.736

±0.028(stat)±0.094(syst) cm2/Vs. The measured mobility of Ba+ in argon gas at zero pres-

sure is about 1.2 error limit below the predicted value, 1.88 cm2/Vs, [33] and are consistent

with a previous measurement, 1.80(16) cm2/Vs, [41], within error limits.

4.3 Fluorescence Experiments

In this section, results from the fluorescence of Ba+ ions in xenon gas are presented.

The fluorescence of Ba+ ions in vacuum is well known. When Ba+ ions are surrounded by

xenon gas, the excitation spectrum broadens as the pressure increases. Measurements of the

linewidth of the excitation spectrum in the pressure range of 40 to 200 Torr are presented
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in section 4.3.2. The fluorescence count rate per ion as a function of pressure is discussed

in section 4.3.3. A model that includes nonradiative decays is discussed, and limits on

nonradiative decay rates are estimated using the model.

4.3.1 Fluorescence Spectra

The barium ions are excited from the ground state, 6s 2S1/2 to the excited state 6p 2P1/2

with the use of a tunable dye laser. The ions can decay back to the ground state emitting

493.4 nm light or to the metastable state 5d 2D3/2 emitting 649.7 nm light. In this experi-

ment, fluorescence is detected at 649.7 nm wavelength so that the scattered light from the

excitation laser can be blocked with a Raman filter. In vacuum the Ba+ ions decay about one

fourth of the time to the metastable state 5d 2D3/2. In order to measure the pressure broad-

ening of this transition, the dye laser is scanned around the resonant wavelength in vacuum,

which is 493.4 nm. In analyzing the results, the buildup of population in the metastable

state must be taken into account.

There are two backgrounds that must be subtracted from the fluorescence spectra. One

is the background from scattered light produced by the excitation laser when it goes though

the system. A spectrum is shown in Figure 4.25. This background spectrum is almost flat

at the fluorescence wavelength. The other source of background comes from the scattered

emission light from the plasma due to the laser ablation. Even though the ablation and the

excitation of the ions with the dye laser occur at different times, the CCD camera is not

fast enough to differentiate these two events since it takes about 0.25 seconds to process

information in between frames, and the drift time of the ions in xenon gas in the range of

pressures at which the experiments were performed is on the order of a few milliseconds.

A plasma emission spectra taken by imaging the ablation spot is shown in Figure 4.26.

Most of the largest peaks correspond to Ba+ emission lines, which are labeled in the figure.

The rest of the major peaks correspond to Ba+ and Ba neutral transitions. The integrated
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Figure 4.25: Background scattered light from dye laser laser going through the system.

plasma emission depends on the amount of charge created during ablation; the larger the

charge, the larger the total plasma emission, as can be seen in Figure 4.27.
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Figure 4.26: Plasma Spectra.

The amount of scattered plasma light collected is much less than the light collected by

directly imaging the plasma since the scattered plasma light is mostly out of the field of

view and out of focus in the configuration for fluorescence collection. The background due

to the plasma emission can be reduced by decreasing the charge created during ablation;

however, the fluorescence signal also decreases since it is proportional to the charge. Sample

background signals with different average charge per shot are shown in Figure 4.28. Each
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Figure 4.27: Plasma counts of the 650 nm peak versus ion charge.

frame includes the signal from 5 ablation shots in each frame to get higher signal to noise

ratio. Since plasma background increases greater than linearly with the charge, using a lower

charge gives a higher fluorescence to background ratio. By trying different average charge

per shot it was determined that ablation shots creating an average charge between 1 and 5

pC generate a background low enough to separate the fluorescence signal from the scattered

emission light of the plasma.
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Figure 4.28: Background spectrum from scattered ablation light.

Figure 4.29 shows an example of fluorescence signal after the backgrounds are subtracted.

The fluorescence spectrum is narrower than the background from the scattered light of the
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ablation plasma, which also helps to distinguish it from the background. The fluorescence

signal is fitted to a gaussian, and the total fluorescence counts are calculated by taking the

integral of the gaussian fit. A slit size of 150 µm is wide enough to pass all of the fluorescence

light while maintaining good spectral resolution.

Figure 4.29: Background subtracted fluorescence spectrum of Ba+ in xenon gas from the
transition (6p 2P1/2 – 5d 2D3/2 ) with excitation at 493.4 nm. The average charge per shot is
3 pC and the xenon gas pressure is 55 Torr.

4.3.2 Pressure Broadening

The excitation spectrum of Ba+ in xenon gas at different pressures was measured by

scanning the dye laser frequency between 20261.20 cm−1 and 20262.00 cm−1. The resonant

frequency of the transition ( 6s 2S1/2 – 6p 2P1/2 ) in vacuum is 20261.56 cm−1 . The change

in frequency during the scans was measured by determining the shift in the fringe pattern

in the spectrum analyzer. Two spectrum analyzer transmission curves are shown in Fig-

ure 4.30. The blue signal corresponds to the initial frequency spectrum, and the green signal

correspond to the frequency spectrum after shifting the frequency of the dye laser by 0.034

cm−1. The peaks were fit to gaussians in order to calculate the shift of the peaks relative to

the mode spacing.

To measure the fluorescence signal of Ba+ ions at a specific wavelength, the dye laser

was set at the desired frequency. Then the ablation laser was triggered at a frequency rate
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Figure 4.30: Shift in laser frequency detected by spectrum analyzer.

of 2.5 Hz; the ions produced by laser ablation drifted to the excitation laser and then to the

Grid 1 plate, where the ion current was detected. As the ions passed through the excitation

laser they fluoresced, and the emitted fluorescence light at 650 nm was measured through

the spectrometer on the CCD chip. The shutter of the CCD camera was open for 2 seconds;

thus one frame included the fluorescence signal from five Ba+ ion clouds. Five frames were

taken for each wavelength. Fluorescence signals in the five frames were averaged as well

as the current signals from the ions. The laser power was measured during each frame and

then averaged. One data point in a pressure broadened spectrum is the averaged fluorescence

signal at that particular laser wavelength. An attempt was made to keep the total ion charge

constant through the whole scan of the dye laser frequencies, but there were variations. The

laser power also varied as the laser was scanned. In order to correct for these two variations,

the total number of fluorescence counts was divided by the average charge and the average

laser power for each measurement.

The broadening of the excitation spectra is a combination of pressure and Doppler broad-

ening. The line shape due to the Doppler broadening is a Gaussian profile and its full width
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at half maximum (FWHM) is given by

∆νD = 2ν0

(
2kT ln 2

Mc2

)1/2

(4.8)

The temperature of the xenon gas during the experiment was 296 K, M is the mass of

a barium ion and ν0 is the resonant frequency of the transition ( 6s 2S1/2 – 6p 2P1/2 ) in

vacuum. Using these numbers, the Doppler width is ∆νD =639 MHz or ∆νD =0.0213 cm−1

At relatively high pressures, higher than 100 Torr, the broadening due to the gas pressure

is expected to dominate, since typical values for pressure broadening are around 10 to 20

MHz/Torr. At pressures around 100 Torr, the pressure broadening will be comparable to the

Doppler broadening. As discussed in Chapter 2, when the pressure broadening dominates,

the excitation spectrum has a Lorentzian line shape. At the pressures used in this work,

the line shape is a Voigt profile, which is a combination of a Gaussian and a Lorentzian

distribution. However, to simplify the analysis, experimental spectra were fit to a Lorentzian

function and a correction for the Voigt profile was made later. The Lorentzian function is of

the form

g(ν) =
C(∆ν/2)2

(ν0 − ν)2 + (∆ν/2)2
(4.9)

where C is the amplitude of the Lorentzian, and ∆ν is the FWHM of the Lorentzian.

Some plots of the excitation spectra and their fit are shown in Figure 4.31. It can be

seen that the peak broadens as the pressure increases. The raw FWHM of the excitation

spectra is plotted as a function of pressure in Figure 4.32. The y intercept of a linear fit to

the data should be roughly the Doppler broadening, since it will be the dominant broadening

mechanism when the pressure approaches zero. The value of the intercept obtained from the

fit is 1230 ± 190 MHz. This value is twice as large the estimated value using equation 4.8.

This discrepancy can be explained because this model does not take optical pumping into

account. At the peak of the excitation spectra the cross section is higher, which translates in
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(a) Excitation spectrum at 40 Torr
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(b) Excitation spectrum at 55 Torr
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(c) Excitation spectrum at 100 Torr
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(d) Excitation spectrum at 125 Torr

20261.20 20261.40 20261.60 20261.80 20262.00
0

5

10

15

20

25

30

35

40

45

50

Wavelength (cm
1
)

R
e
la

ti
v
e
 N

u
m

b
e
r 

o
f 

C
o
u
n
ts

Data Points

Lorentzian Fit

(e) Excitation spectrum at 150 Torr
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(f) Excitation spectrum at 200 Torr

Figure 4.31: Excitation spectra of Ba+ in xenon gas at different pressures
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a higher excitation rate and thus more optical pumping. At the wings of excitation spectra

the cross section is smaller; thus there is less optical pumping. The net effect of optical

pumping is that the width of the Lorentzian fit to the raw data is wider than the width of

the actual excitation spectrum since near the peak there is more loss of fluorescence due to

optical pumping than in the wings.

Figure 4.32: Pressure broadening of the uncorrected excitation spectra of Ba+ in xenon gas.

The number of counts as a function of laser power can be predicted using the model

described below in section 4.3.3. Figure 4.33 shows a plot of predicted number of counts on

resonance versus laser power P for different pressures. The cross sections used were those

determined from the raw spectral widths of the fits in Figure 4.32. If there were no optical

pumping, the plot of counts versus laser power would be a straight line. From the bending

of the curves, it is observed that there is significant optical pumping. The number of counts

versus laser power is fit to a function of the form y = m1P/(1 + P/m2).

The correction factor, i. e., the factor by which the fluorescence on resonance is reduced

by optical pumping, is m1

m1/(1+P/m2)
. This is calculated for some laser powers and the plotted

versus relative signal y, a normalized value from the y axis of the Figure 4.33. Figure 4.34

shows fits of the correction factor as a function of relative signal for different pressures. The
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Figure 4.33: Predicted number of counts versus laser power.

resulting curve is fitted to a polynomial of order 3 of the form a0 + a1y + a2y
2 + a3y

3. Since

a reduction in laser power is equivalent to corresponding reduction in cross section when

the frequency is off resonance, this polynomial fit can be used to correct the counts from

the raw excitation spectra. The correction is expected to be small at low relative signal (far

off resonance), and larger at high relative signal (near resonance). The data in Figure 4.33

and 4.34 represents the corrections for the first iteration step in optical pumping corrections.

Figure 4.34: Correction factor versus relative signal.
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The correction factor for each frequency ν was obtained by evaluating the cubic fit equa-

tion at the relative signal obtained from the normalized Lorentzian fit to uncorrected spec-

trum at frequency ν. Each data point from the uncorrected spectrum is multiplied by the

corresponding correction factor, and then the corrected data points are obtained. A plot

comparing the fit of an uncorrected excitation spectrum at 40 Torr with a fit from a cor-

rected excitation spectrum is shown in Figure 4.35. The data points near the peak have

a larger correction factor, while the points at the wings have a smaller correction factor.

Therefore, the corrected spectrum has a higher peak and is narrower. It represents a first

guess at the signal that would have been obtained had there been no optical pumping.

Figure 4.35: Comparison of an uncorrected excitation spectrum with the first iteration cor-
rected spectrum at 40 Torr.

The cross sections used for the first estimates of optical pumping corrections were based on

raw spectral widths and therefore were not quite correct. Thus the process must be iterated

until the correct widths without optical pumping are obtained. For the next iterations,

the corrected spectra spectra are fit again to a Lorentzian. Since the corrected spectra are

narrower, the new calculated cross sections are higher, which in turns affects the predicted

number of counts. Figures 4.34 and 4.35 are recalculated using the new correction factors

obtained from the predicted number of counts calculated with the new cross sections. This
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process was iterated four times. The corrected spectrum at 55 Torr for five iterations is

shown in Figure 4.36. After the first correction, the width of the spectrum decreases by

Figure 4.36: Corrected excitation spectra at 55 Torr for five iterations.

about a factor of two. Subsequent iterations continue to reduce the width but by a smaller

factor. The difference in the width between the third and fourth correction is less than 10%.

A plot of the cross section versus iteration number is shown in Figure 4.37. It can

be seen that after 5 iterations the cross section value still does not converge, specially for

high pressures, meaning that more iterations are needed. The cross section versus iteration

number is fit to a function of the form m1 −m2exp(−x/m3). The value of the cross section

extrapolated to an infinite number of iterations is equal to the parameter m1 obtained from

the fit.

It is expected that the values of sigma do not change with subsequent iterations after the

excitation spectra are corrected with the extrapolated cross sections. In order to check if

the cross section values converge, two more iterations to correct the excitation spectra were

done. Figure 4.38 shows the cross section after using the extrapolation to infinite number

of iterations. The first value of the cross section is the value after the extrapolation, and

the next two are values after subsequent iterations. For low pressures the cross section stays
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Figure 4.37: Calculated cross section versus number of iterative corrections.

about the same after the extrapolation; at 150 and 200 Torr the cross section decreases after

the first iteration but for the second iteration the variation is less. This means that the

extrapolation gave a good correction factor for low pressures but over corrected the cross

section values for high pressures.

Figure 4.38: Calculated cross section after extrapolating to infinite number of iterations.

After this work errors in the ion interaction time ∆t and the in value of σ0 were discovered.

The correction was iterated two more times with the correct ∆t and σ0 to find the corrected

widths of the spectra and the cross sections. Figure 4.39 shows the calculated cross sections
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for different pressures for 2 iterations. The last cross section is an extrapolation using an

exponential to find the best estimate. The final corrected widths of the spectra are plotted

versus xenon pressure in Figure 4.40. It can be seen that the correct widths are a factor of

2-3 less than the raw widths in Figure 4.32.
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Figure 4.39: Calculated cross section using the correct interaction time and σ0.

To determine the pressure broadening coefficients, corrections for the Gaussian compo-

nent in the Voigt profile and the effect of using a Lorentzian fit must be accounted for. A

fairly accurate simple expression relates the Voigt width ∆νV to the Gaussian width ∆νG

and the Lorentzian width ∆νL as [42]

∆νV ≈ 0.5346∆νL +
√

0.2166(∆νL)2 + ∆νG (4.10)

Since the natural linewidth is negligible the pressure broadening width can be written as

∆νL = Cp where C is the pressure broadening coefficient in MHz/Torr, and p is the gas

pressure. Then equation 4.10 is

∆νV ≈ 0.5346Cp+
√

0.2166(Cp)2 + ∆νG (4.11)
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Figure 4.40: Final corrected excitation spectra width versus xenon pressure.

Since the excitation spectra are fit to a Lorentzian, the value of the Doppler width in

equation 4.11 may need to be adjusted since a Lorentzian function does not fit a Gaussian

very well. A pure Gaussian with FWHM of 639 MHz fit to a Lorentzian is shown in Fig-

ure 4.41. The Lorentzian fit has a width 503 MHz. This value used as the Doppler width

∆νG in the Voigt approximation in equation 4.11 will give the correct limit at low pressure

in equation 4.11.

In order to verify that using ∆νG = 503 MHz equation 4.11 is correct for higher pressures,

a pseudo-Voigt function [43] that has a Gaussian width of 639 MHz and Lorentzian widths

varying 50-10000 MHz is fit to a Lorentzian. Then the width of the Lorentzian fit is compared

to equation 4.10 with a Gaussian component of width of 503 MHz.

Figure 4.42 shows an example of a Lorentzian fit to a pseudo-Voigt function. It can be

seen the Lorentzian fit is a fairly good approximation to a Voigt function. The Lorentzian

fit width in this case is 948 MHz, whereas the Voigt width is 1042 MHz.
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Figure 4.41: Lorentzian fit to a pure Gaussian.

Figure 4.42: Lorentzian fit to a pseudo-Voigt function with ∆νG=639 MHz and ∆νL=700
MHz.
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The width of the Lorentzian fit ∆νfit to the Voigt function and the width from equa-

tion 4.10, with ∆νG=503MHz, both normalized to the actual Voigt width ∆νV calculated

using ∆νG=639 MHz are plotted in Figure 4.43. The error on the red points comes from

the uncertainty in the Lorentzian fit. It is seen that there is a very good agreement between

these two ratios, within 2%. This proves that equation 4.10 with Gaussian width of 503

MHz corrects fairly well for the effects of using a Lorentzian fit function rather than a Voigt

function.

Figure 4.43: Measured ∆ν/p versus pressure.

The fit of the excitation spectra versus pressure to equation 4.11 with ∆νG=503MHz

is shown in Figure 4.40. It fits the data well and gives a pressure broadening coefficient

of 6.69±0.14 MHz. Another way to calculate the pressure broadening coefficient C is by

calculating C for each measurement using the quadratic solution to equation 4.11 and then

taking a weighted average of the result, as shown in Figure 4.44. The weighted average gives a

value of 6.73±0.81 MHz/Torr. This value is very similar to the value obtained from the fit to

equation 4.11. However, the error from the fit in Figure 4.40 assumes purely statistical errors,

while the error from the weighted average takes into account actual weighted deviations from

the average, which are clearly non-statistical.
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Figure 4.44: Measured ∆ν/p versus pressure.

The measured pressure broadening coefficient of Ba+ in xenon gas is compared with some

pressure broadening coefficients of different atoms and ions with one valence electron in noble

gases in Table 4.4. The literature values have been converted from broadening per density

Table 4.4: Pressure broadening coefficients in MHz/Torr scaled to 295 K for various atoms
and ions in rare gases.

Atom He Ne Ar Kr Xe
Na 7.79(17) 6.27(8) 12.71(9) 11.07(17) 13.40(26) [45]
Na 8.46(8) 4.38(11) 11.16(9) 12.45(35) 13.66(61) [46]
K 7.07(14) 3.94(9) 11.56(18) 10.94(27) 13.07(18) [47]

Ca+ 3.92(21) 5.56(14) [48]
Rb 9.69(1.81) 4.96(67) 9.58(1.25) 9.58(86) 11.02(1.25) [49]
Cs 9.62(69) 5.01(39) 9.82(1.08) 9.91(1.18) 10.70(1.28) [50]

Ba+ 9.68(44) 13.97(67) [44]
Ba+ 6.73(81) (this work)

values with an additional scaling of T 0.4 for He, T 0.35 for Ne and T 0.3 for Ar-Xe. This is

the first reported measurement of the pressure broadening coefficient of Ba+ in Xe gas. It

is interesting to compare the measurements of pressure broadening coefficients of ions with

measurements of atoms that have the same number of electrons, for example Ca+ and K. The

pressure broadening coefficient of Ca+ is about half the value of the coefficient of Cs in He

and in Ar. Another example is Ba+ and Cs. The measurements by Zokai et. al. [44] of Ba+

in He and Ar have equal or larger pressure broadening coefficients as Cs. The measurement

of pressure broadening coefficient of Ba+ in Xe presented in this work, compared with the
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measurement of Cs in Xe, is in between the other two cases, between half the value and

equal to the measurement of Cs in Xe.

A plot of the center frequency of the raw Lorentzian fit versus pressure is shown in

Figure 4.45. The error bars on each point are obtained by adding in quadrature the error

obtained from the Lorentzian fit and the systematic error of the wavemeter, which is ±0.01

cm−1. The pressure shift is the slope of a weighted linear fit to the data. The calculated

value of the pressure shift is -7±30 MHz/Torr. Clearly the scatter of the points is too large

to determine the pressure shift.

Figure 4.45: Pressure shift of the excitation spectra of Ba+ in xenon gas.

4.3.3 Predicted Fluorescence Counts and Nonradiative Decays

The total excitation rate W12 for an ion at low power can be calculated as

W12 = σ12(ν)
I

hν
(4.12)
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where σ12(ν) is the cross section of the excitation transition, I is the intensity of the excitation

laser, and hν is the photon energy. In the case of Ba+ in xenon gas the peak cross section

varies with pressure according to

σ12(ν0) ≈ σ0
∆νN
∆νp

(4.13)

where σ0=2.92×10−10 cm2 is the peak cross section for the transition ( 6s 2S1/2 – 6p 2P1/2 )

in vacuum. ∆νN is the natural width, 20.1 MHz, and ∆νp is the pressure broadening

width determined in the previous section. This model is valid at high pressures, but at

lower pressures in this experiment, the Doppler broadening complicates the analysis. To

approximately account for effects of ∆νD, the Lorentzian fit widths in the spectra are used

in place of ∆νp in equation 4.13.

The excitation laser was focused in the vertical dimension (z−axis) into an elliptical

cross section using a cylindrical lens with f=25 cm. The width of the laser in the horizontal

dimension (x− axis) remains the same throughout the excitation region. The dimensions

of the excitation beam were measured by taking beam profiles with a razor blade. A plot

of the beam size wz as a function of the distance from the cylindrical lens is shown in

Figure 4.46. The minimum spot size is w0z=0.0015±0.0001 cm; it is found by fitting the

data to wz(y) = w0z

√
1 + (y/y0)2, where y0 = πw2

0z/λ, and λ=493.4 nm. The position of the

focus is 25.88±0.07 cm from the lens. The measured beam size in the horizontal direction is

wx=0.25 cm.

The total fluorescence counts/pC/mW at the resonant frequency is obtained from the

amplitude of the Lorentzian fit to the uncorrected excitation spectra. The predicted number

of emitted photons by one ion is calculated by integrating N2A23rad over the time that the

ion interacts with the laser. The population N2(t) for a three level system, is given in

equation 2.10, and A23rad= 3.1×107 s−1.
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Figure 4.46: Laser beam profile in the vertical direction after focusing with a cylindrical lens.

As seen in Chapter 2, the population N2(t) depends on the excitation rate W12, which in

turn depends on the intensity. The intensity as a function of x, y and z is given as

I(x, y, z) = I0e−2x2/w2
xe−2z2/wz(y)2 (4.14)

where x is along the direction of the lens, y is along the laser beam and z is vertical, along

the ion path. The peak intensity is related to the laser power P by

I0 =
2P

πwxwz(y)
(4.15)

To simplify calculations with the optical pumping model, the exponential term in equa-

tion 4.14 that depends on z is substituted by a box of constant intensity with width 2wz(y)

and intensity hI(x, y, 0) where h=0.62. Then the intensity becomes

I(x, y) = I0e−2x2/w2
xh (4.16)
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and the z-dependence of the intensity is eliminated. The interaction time ∆t that the ion

interact with the laser is

∆t(y) =
2wz(y)

v
=

2wz(y)

µE
(4.17)

wz(y) is the 1/e2 radius of the laser beam along the ion path at the position y along the

focused beam, µ is the measured mobility of the ion from section 4.2, and E is the electric

field in the region where the ion is excited.

The ion cloud is modeled as a uniform sphere of charge of radius R. The number of ions

per area that go through the excitation laser at a position (x, y) is given by

2N
√
R2 − x2 − y2/(4πR3/3) (4.18)

where N is the total number of ions.

The total number of counts is obtained by calculating the following integral.

#Counts =

R∫
−R

∆t(y)∫
0

√
R2−y2∫

−
√
R2−y2

NN2A23rad
2
√
R2 − x2 − y2

4
3
πR3

ε(y)f dydtdx (4.19)

where N2 is the population in state 2, f is the fraction of atomic ions at a given pressure

calculated from Section 4.2.3, and ε(y) is the light detection efficiency as a function of y

reported in Section 3.5.3.

The radius of the ion cloud at the time when it goes through the excitation laser was not

specifically measured. It can be estimated by considering the expansion of the ion cloud due

to Coulomb repulsion as it travels through xenon gas. The electric field Es at the surface of

the sphere is

Es =
Q

4πε0R2
(4.20)
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The rate of variation of the radius of the ion cloud is

dR

dt
= µEs = µ

Q

4πε0R2
(4.21)

After integrating, the radius of the ion cloud at time t is

R = 3

√
µQ

4πε0
t+R3

0 (4.22)

where R0 is the cloud radius at t=0. The radius of the ion cloud depends on the mobility

of the ions µ, the total charge Q, and the time that the ion cloud travels through xenon

gas. The time that the ions travel through xenon gas depends on how fast the ions move,

and it can be estimated using the mobility of the ions at each pressure. The total drift time

from the tip to the Grid 1 plate is td = deff/µVT . A straight barium metal tip was used for

the fluorescence experiments. The calculated value of deff for the position at which the tip

was hit during the fluorescence experiments is deff=2.2 cm2. Most of the expansion of the

ion cloud is going to occur in the region between the barium metal tip and the accelerator,

where the ions travel slower since the electric field is weaker in that region. The radius of

the ion cloud at the laser region then can be estimated using the time it expands as the

total drift time. Table 4.5 shows a summary of drift times and ion cloud radius at different

pressures for an initial charge of 2.5 pC. Due to the roughness of this model assigning a 30%

systematic uncertainty on R seems reasonable.

A summary of measured fluorescence counts, expected fluorescence counts, and exper-

imental parameters at different pressures is given in Table 4.6. The expected fluorescence

counts/pC/mW is calculated from the integral(equation 4.19) with N=(10−12/1.6×10−19),

and then dividing it by the laser power. The measured counts are obtained from the peak of

the Lorentzian fit to the uncorrected excitation spectra. The cross sections used to predict

the number of fluorescence counts were obtained in section 4.3.2. It is seen that the measured

counts are a factor of 3-4 smaller than the predicted counts.
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Table 4.5: Summary of drift times and estimated radius of ion cloud for different xenon
pressures.

Pressure (Torr) 40 55 100 150 200

d2
eff (cm2) 2.2 2.2 2.2 2.2 2.2

Voltage target VT (V) 400 446 669 780 891

µ (cm2/Vs) 14.4 10.3 5.5 3.5 2.6

Charge (pC) 2.5 2.5 2.5 2.5 2.5

td (ms) 0.38 0.48 0.60 0.81 0.95

R (cm) 0.33(10) 0.32(10) 0.28(9) 0.27(8) 0.26(8)

Nonradiative decay rates A23nonrad from state 2 to state 3 affect the total number of

fluorescence counts detected. The larger A23nonrad is, the smaller the number of fluorescence

counts at 650 nm are. Figure 4.47 shows the predicted fluorescence counts with A31=0 and

different rate constants for A23nonrad. For rate constants up to 104 s−1/Torr, there is not much

effect on the predicted counts. For higher rate constants, it can be seen that the fluorescence

counts decrease as the rate constant for A23nonrad increases. For rates constants greater than

106 s−1/Torr the predicted number of counts becomes smaller than the measured number of

counts.
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Figure 4.47: Predicted number of counts with A31=0 and varying A23nonrad.
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Table 4.6: Summary of measured and predicted 650 nm fluorescence counts/pC/mW at the
resonant frequency, without nonradiative decays.

Pressure (Torr) 40 55 100 150 200

µ0 (cm2/Vs) 0.71 0.70 0.67 0.65 0.63

Electric field V/cm 307.5 342.5 515 600 685

Ion cloud radius (cm) 0.33 0.32 0.28 0.27 0.26

Photon energy hν (mJ) 4.03E-16 4.03E-16 4.03E-16 4.03E-16 4.03E-16

∆νp (MHz) 822 899 1152 1465 1801

σ (cm2) 7.96E-12 7.56E-12 6.54E-12 5.65E-12 4.94E-12

W12 (s−1) at laser focus 4.16E7 3.95E7 3.42E7 2.95E7 2.58E7

Max Detection efficiency ε0 0.96E-04 0.96E-04 0.96E-04 0.96E-04 0.96E-04

Percentage of Ba+ 0.81 0.76 0.64 0.54 0.47

Predicted counts
pC · mW 116.9 112.6 97.7 85.5 75.7

Measured counts
pC · mW 39.1(12.3) 33.1(10.5) 28.2(9.8) 25.5(9.8) 17.3(6.5)

Nonradiative decays out of the metastable state at rate A31 can also affect the number of

fluorescence counts detected. Figure 4.48 shows a plot of predicted number of counts with

A23nonrad=0, and different rate constants for A31. By increasing the rate constant A31/p,

more ions will decay from the 3 state to the ground state. This causes the fluorescence

counts to increase because more ions are available to excite in the ground state. As can be

seen in Figure 4.48, the effect is more pronounced at higher pressures.

Figure 4.49 shows different combinations of rate constants for A23nonrad and A31 that give

predicted values within the uncertainties of the measured counts. The uncertainty of the

measured counts is calculated by adding the statistical error from the peak of the Lorentzian

fit, and the systematic error due to detection efficiency. This systematic error is estimated

from the the difference between the measured detected efficiency and the estimated detection

efficiency calculated in Chapter 3.
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Figure 4.48: Predicted number of counts with A23nonrad=0 and varying A31.
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Figure 4.49: Different combinations of rate constants for A23nonrad for A31 that give predicted
values within the uncertainty of the measured counts.
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A summary of combination of rate constants for A23nonrad and A31 that give predicted

number of counts within the uncertainty limits are shown in Figure 4.50 . The red dots

represent the combinations of values of A23nonrad for A31 with predicted number of counts

within the uncertainty limits, while the crosses represent predictions that are outside the

uncertainty limits. The plot shows a that A23nonrad is between 2×106 and 3×107 s−1/Torr,

and A31 is between 4000 and 3×106 s−1/Torr. For comparison the measured rate constant

for collisional de-excitation of D states of Ba+ in helium is 9.7×103 s−1/Torr [26].

Figure 4.50: Plot of region allowed in Anonrad space.

The uncertainty in the radius of the ion cloud adds additional uncertainty in the predicted

number of counts. Figure 4.51 shows the predicted number of counts using the ion cloud

radius and its upper and lower limits given in Table 4.5, with A23nonrad=0 and A31=0. It is

seen that for the lower limit of radius the predicted counts increase. This is expected since

more ions will go through the laser and through the region where the detection efficiency is

higher. For the upper limit of the radius the effect is the opposite. Thus less correction by

nonradiative rates is needed for the ion radius and the upper limit, and more corrections is

needed at the lower limit.

Plots of the allowed region for the rate constants A23nonrad and A31 for the lower and

upper limit of the ion cloud radius are shown in Figure 4.52 and Figure 4.53, respectively.
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Figure 4.51: Comparison of predicted number of counts for the upper and lower limit of the
radius of the ion cloud.

The allowed region for the lower limit is about the same as the region in Figure 4.50. It shifts

to slightly higher A23nonrad values and slightly lower A31 values, as expected. For the upper

limit on ion radius, the range of allowed values of A31 and A23nonrad increases. The allowed

values in this case are 6×105 to 2×107 s−1/Torr for A23nonrad, and 0 to 1×107 s−1/Torr for

A31.

Figure 4.52: Plot of region allowed in Anonrad space with 30% smaller ion cloud radius.

The range of allowed values are plotted in the Anonrad space, and fit to a to a function of

the form y = m
√
x. The allowed values and the fits are shown in Figure 4.54. From the fits,
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Figure 4.53: Plot of region allowed in Anonrad space with 30% larger ion cloud radius.

a ratio A23nonrad/p/
√
A31/p is obtained for each ion cloud radius. For the central value of

the ion cloud radius A23nonrad/p/
√
A31/p=3.14(12)×104 MHz1/2/Torr1/2. For the lower and

upper limit of the ion cloud radius, the ratios obtained are 4.49(12)×104 and 2.36(7)×104

MHz1/2/Torr1/2, respectively.

Figure 4.54: Plot of allowed values of Anonrad.

In conclusion, a decrease in the fluorescence with increasing pressure was observed. It

is due to the combination of three effects: a decrease in the cross section due to pressure
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broadening, a decrease on the number of atomic ions, and an increase in non radiative decays.

The predicted number of counts agree with the measured counts for various combinations

of A23nonrad and A31, and a range of possible values was given. Radiative decays in the

fluorescence of Ba+ in xenon gas are comparable to the nonradiative decays at the range of

pressures measured. The plots of the allowed values of A23nonrad suggest that the nonradiative

decay rate constant for A23nonrad is between 6×105 and 4×107 s−1/Torr.

4.3.4 Single Ion Detection at High Pressure Xenon Gas

A single Ba+ ion in high pressure xenon gas, e.g. in an EXO gas TPC, could be detected

using the photon burst detector technique used for counting Mg+ atoms [51]. The number

of photons emitted is N2A23rad∆tfBa+ , where N2 is the probability that the ion is state 2,

A23rad the radiative decay rate from state 2 to state 3, ∆t is the time that the ion interacts

with the laser, and fBa+ the fraction of time that the ion is in atomic state. To overcome

optical pumping a repump laser might be used to pump out atoms out of the metastable

state 3 (2D3/2).

In steady state N2 is given by solution of the rate equations for a three level system

N2 =
W12(A31 +W32)

(A21 + A23 +W12)(A31 +W32)− A23W32 +W12A23

(4.23)

where W12 and W32 are the excitation rates from state 1 to 2, and from state 3 to 2,

respectively and Aij are the decay rates from state i to state j.

Figure 4.55 shows a a simple diagram of a possible detection scheme of Ba+ in high

pressure xenon gas. A laser going parallel to the plane of the photomultiplier (or APD)

front face, and passing along the line focus of an elliptical cylinder, excites a barium ion

moving along the laser at a speed v. The fluorescence emitted by the ion is detected by the

photomultiplier (PMT).

A list of parameters needed for the calculation of the number of counts detected by a

photon burst detector is shown in Table 4.7. The expected number of fluorescence counts
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Figure 4.55: Schematic diagram of a photon burst detector used to detect Ba+ in high
pressure xenon gas.

using a 2” diameter end window photomultiplier, with a quantum efficiency of 0.15 and

a collection efficiency of 0.6, and using a pumping laser is given in Table 4.8 for sample

constants spanning the allowed range and P=10 mW for both lasers. The ion is assumed

to drift in a constant electric field of 100 V/cm. Predicted photons emitted and the burst

detected at different pressures are shown for two cases: when a repumping laser is used, and

when no repumping laser is used. Since the exact value of the rate constants is not known,

calculations for different allowable values of A23nonrad and A31 are shown. Table 4.9 shows

the predicted photons emitted when no pumping laser is used.

Figure 4.56 shows a plot of excitation laser power versus photon counts withA23nonrad=107p

and A31=105p. For these intermediate decay rate constants, increasing the repumping laser

power does not increase the number of counts significantly. Increasing the excitation laser

power has a larger effect in increasing the number of counts. Figure 4.57 shows a plot of exci-

tation laser power versus photon counts for the lowest allowed constants, A23nonrad=6×105p

and A31=0. In this case increasing the excitation laser power does not significantly increase

the number of counts, but increasing the repump laser power has a larger effect in this case.
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Figure 4.56: Burst counts versus laser power using different pumping laser power with
A23nonrad=107p and A31=105p at 5 atm pressure.

Figure 4.57: Burst counts versus laser power using different pumping laser power with
A23nonrad=6×105p and A31=0 at 5atm pressure.
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Table 4.7: Summary of parameters used in the calculation of the counts of a photon burst
detector.

Pressure (Torr) 40 100 200 760 3800 7600

σ12 (cm2) 7.96E-12 6.54E-12 4.94E-12 1.14E-12 2.29E-13 1.15E-13

σ32 (cm2) 2.25E-12 1.85E-12 1.40E-12 3.21E-13 6.49E-14 3.24E-14

µ (cm2/Vs) 14.71 5.59 2.64 0.62 0.12 0.06

∆t(s) 3.40E-3 8.94E-3 1.89E-2 8.06E-2 4.34E-1 8.78E-1

Percentage of Ba+ 0.85 0.70 0.54 0.23 0.06 0.03

Table 4.8: Predicted number of photons and burst detected from fluorescence of Ba+ in Xe
gas using a pumping laser with 10 mW of power for both the excitation and pumping laser and
radius w= 1 mm.

Pressure (Torr) 40 100 200 760 3800 7600

A23nonrad=107p, A31=105p
Burst detected

109 129 128 78 23 11

A23nonrad=2×106p, A31=104p
Burst detected

260 333 340 249 96 54

A23nonrad=3×107p, A31=106p
Burst detected

65 65 56 28 8 4

A23nonrad=6×105p, A31=0
Burst detected

398 623 695 468 139 73

The calculations show that it may be possible to get large photon burst from a single

Ba+ ion in xenon gas at pressures between 1 and 10 atm. Even with no pumping laser it may

be possible to detect Ba+ if the decay rate constant A31/p is on the order of 104 s−1/Torr or

higher. If A31 is close to zero, then a repump laser will be needed.

141



Table 4.9: Predicted number of photons and burst detected from fluorescence of Ba+ in Xe
gas with no pumping laser. Using 10 mW of power for the excitation laser

Pressure (Torr) 40 100 200 760 3800 7600

A23nonrad=107p, A31=105p
Burst detected

53 87 98 66 19 10

A23nonrad=2×106p, A31=104p
Burst detected

27 65 103 140 74 44

A23nonrad=3×107p, A31=106p
Burst detected

58 60 52 26 7 3

A23nonrad=6×105p, A31=0
Burst detected

0 0 0 0 0 0
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5 Conclusion

The mobility of barium ions in xenon gas and the pressure broadening of Ba+ in xenon

gas at pressures between 40 to 200 Torr mobility was measured for the first time. A liquid

xenon purity monitoring scheme was also implemented using the existing electrodes in our

liquid xenon test apparatus, and purity measurements were made for various experimental

conditions. These results have importance for ongoing work on barium tagging for the EXO

collaboration. Some of these impacts are discussed in the following paragraphs.

Through electron lifetime measurements in liquid xenon, it was determined that after

passing Xe gas through a commercial purifier, the electron lifetime in liquid xenon was

greater than 300 µs. This corresponds to impurity concentrations of less than 1 ppb. An

important finding was that the ablation of a barium metal tip does not noticeably affect

the purity of liquid xenon at this level. This is significant for future experiments in our

research group. The liquid xenon system is currently being adapted for extraction of Ba+

ions by capture in frozen xenon on the end of a cryotip. The plan is to detect the ions on

the frozen tip using the spectroscopy methods for detection of barium atoms and ions in

solid xenon developed by Brian Mong and Shon Cook [19, 21]. For initial tests, barium ions

will be implanted in liquid xenon by laser ablation. Having pure xenon is of considerable

importance for the detection of barium in solid xenon. Previous work reported in Shon

Cook’s thesis [52] suggests that impurities in solid xenon at the percent level may reduce the

fluorescence efficiency. Having concentration of impurities of less than 2 ppb in liquid xenon

should remove any impurity effect on the fluorescence efficiency.

The mobility measurements of barium ions in xenon gas are significant for the EXO

collaboration because one possibility for the next generation 0νββ decay experiment is to

use a xenon gas detector. The measured mobility is close to theoretical calculations. It

was also concluded from mobility measurements as a function of xenon gas pressure that

Ba+ reacts with xenon atoms to form BaXe+, and molecular ions become dominant at high
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pressures. The results indicate that at 1 atmosphere only 1/5 of ions will be Ba+ at a

given time. The proposed EXO gas detector is expected to run at pressures around 5 to

10 atmospheres. At such high pressures only a few percent of ions are expected to be Ba+

at a time. Alternatively, if the ion is to be extracted from the high pressure chamber to a

low pressure chamber and then to a vacuum chamber for detection, the relevant mobility at

high pressure will be mainly that measured for BaXe+. The ion is planned to be extracted

through the nozzle using an RF carpet. It is desired that the ion comes out as atomic since

it is planned to capture and detect it as Ba+ in a trap. In equilibrium the ion is Ba+ at low

pressure. However, if the ion is initially in the molecular state and it travels faster though

the nozzle than the dissociation rate, the ion will be extracted in the molecular state. If the

ion moves more slowly, then the final state is expected to be Ba+. Integration of velocity

and gas density in nozzle simulations and using the results of this thesis indicate that Ba+

is the likely extracted ion. This is good news for this proposed barium tagging scheme.

The pressure broadening of the excitation spectra of Ba+ in xenon gas was reported in

this thesis. The measured pressured broadening coefficient is 6.73±0.81 MHz/Torr. A model

that takes into account the collection efficiency, the time that the ions interact with the laser,

the percentage of atomic ions in xenon gas, which were calculated using the mobility results,

and optical pumping was developed to predict the number of fluorescence counts. The main

conclusion from the model is that nonradiative decays from the 2P1/2 state 2 to the 2D3/2

and from the 2D3/2 state to the 2S1/2 state in the range of pressures between 40 and 200 Torr

may be comparable to or larger than the radiative decays. From the data and the optical

pumping model, a range of possible values for the rate constants A23nonrad/p and A31/p were

determined. It may be possible to detect Ba+ directly in a high pressure xenon gas TPC.

The main factors that decrease the fluorescence counts are the percentage of the time the

barium ion will be in atomic state, only a few percent at TPC pressures, and nonradiative

decays. From the model used to predict the number of fluorescence counts it was observed

that to some degree the fluorescence gain from D → S nonradiative decays at high pressures
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compensates for fluorescence loss due to P → D non radiative decays. A predicted burst

of hundreds to thousands of counts of fluorescence from a single Ba+ ion in high pressure

xenon gas in a photon burst detector suggests that it may be feasible to detect single 136Ba+

daughters of 136Xe double beta decay in 5 atm xenon gas by this method.

145



References

[1] S. M. Bilenky. Neutrino. History of a unique particle. The European Physical Journal

H, 38(3). 1, 6

[2] B. Pontecorvo. Mesonium and antimesonium. J. Exptl. Theort. Phys., 34(247), 1958. 2

[3] R. Davis Jr, D. Harmer, and K. Hoffman. Search for neutrinos from the sun. Physical

Review Letters, 20(21), 1968. 2

[4] K. Zuber. Neutrino Physics. Institute of Physics Publishing, 2004. 2, 4

[5] J. M. Levy. On the derivation of the neutrino oscillation length formula. arXiv:hep-

ph/0004221, 2000. 3

[6] S. M. Bilenky and Carlo Giunti. Neutrinoless double-beta decay:A brief review. Mod.

Phys. Lett., A27(1230015), 2012. 4, 8, 13

[7] F.P. An et. al. Spectral measurement of electron antineutrino oscillation amplitude and

frequency at Daya Bay. arXiv:1310.6732, 2013. 4

[8] C. P. Burgess and G. D. Moore. The Standard Model: A Primer. Institute of Physics

Publishing, 2004. 6

[9] S. R. Elliot and P. Vogel. Double Beta Decay. Ann. Rev. Nucl. Part. Sci., 52(115),

2002. 7

[10] H.V. Klapdor-Kleingrothaus et. al. Latest results from the HEIDELBERG-MOSCOW

double beta decay experiment. The European Physical Journal A, 12, 2001. 8

[11] M. Agostini et. al. Results on neutrinoless double-β decay of 76Ge from phase I of the

GERDA experiment. Physical Review Letters, 111(122503), 2013. 8

146



[12] A. Gando et. al. Limit on neutrinoless ββ decay of 136Xe from the first phase of the

KamLAND-Zen an comparison with the positive claim in 76Ge. Physical Review Letters,

110(062502), 2013. 9

[13] M. et. al. M. Auger. Search for neutrinoless double-beta decay in 136Xe with EXO-200.

Phys. Rev. Lett., 109:032505, Jul 2012. 9

[14] M. K. Moe. Detection of neutrinoless double-beta decay. Phys. Rev. C, 44(3), 1991. 9,

12

[15] N. Ackerman et. al. Observation of Two-Neutrino Double-Beta Decay in 136Xe with the

EXO-200 Detector. Physical Review Letters, 107, 2011. 9, 11

[16] M. Auger et. al. The EXO-200 detector, part I: detector design and construction.

Journal of Instrumentation, 7(05), 2012. 11, 12

[17] A. Gando et. al. Measurement of the double-β decay half-life of 136Xe with the

KamLAND-Zen experiment. Phys. Rev. C, 85:045504, 2012. 11

[18] M. Danilov, R. DeVoe, A. Dolgolenko, G. Giannini, G. Gratta, P. Picchi, A. Piepke, and

F. Detection of very small neutrino masses in double-beta decay using laser tagging.

Physics Letters B, 480(12), 2000. 12, 13

[19] B. Mong. Barium tagging in solid xenon for the EXO experiment. PhD thesis, Colorado

State University, 2011. 13, 143

[20] Kendy Hall. In-situ laser tagging of barium ions in liquid xenon for the EXO experiment.

PhD thesis, Colorado State University, 2012. 13, 31, 43, 61, 74

[21] S. Cook. Detection of small numbers of barium ions implanted in solid xenon for the

EXO experiment. PhD thesis, Colorado State University, 2012. 13, 143

[22] E. Rollin. Barium Ion Extraction and Identification from Laser Induced Fluorescence

in Gas for the Enriched Xenon Observatory. PhD thesis, Carleton University, 2011. 13

147



[23] J. Curry. Compilation of wavelengths, energy levels, and transition probabilities for Ba

I and Ba II. Journal of Physical and Chemical Reference Data, 33(3):725–746, 2004. 15

[24] W. Nagourney, J. Sandberg, and H. Dehmelt. Shelved optical electron amplifier: Ob-

servation of quantum jumps. Physical Review Letters, 56(26):2797–2799, 1986. 16

[25] N. Yu, W. Nagourney, and H. Dehmelt. Radiative lifetime measurement of the Ba+

metastable D3/2 state. Physical Review Letters, 78(26):4898–4901, 1997. 16

[26] M. Hermanni and G. Werth. Collisional de-excitation of the metastable d-states of Ba+

by He, Ne, N2, and N2. Zeitschrift fr Physik D Atoms, Molecules and Clusters, 11(4),

1989. 17, 135

[27] J. T. Verdeyen. Laser Electronics. Prentice Hall, 3rd edition, 1995. 20, 22, 23

[28] O. Svelto. Principles of Lasers. Plenum Press, 1998. 21

[29] E. Aprile, R. Mukherjee, and M. Suzuki. Measurements of the lifetime of conduction

electrons in liquid xenon. Nuclear Instruments and Methods in Physics Research A,

300:343–350, 1991. 24

[30] G. Bakale, U. Sowada, and W. Schmidt. Effect of an electric field on electron attach-

ment to SF6, N2O, and O2 in liquid argon and xenon. Journal of Physical Chemistry,

80(23):2556–2559, 1976. 24, 88

[31] A. Bettini et al. A study of the factors affecting the electron lifetime in ultra-pure liquid

argon. Nuclear Instruments and Methods in Physics Research A, 305:177–186, 1991. 25,

51

[32] E. A. Mason and E. W. McDaniel. Transport properties of ions in gases. Wiley, 1988.

26

[33] M. F. McGuirk et al. Theoretical study of Ban+-RG complexes and transport of Ban+

through RG. The Journal of Chemical Physics, 130(194305), 2009. 26, 28, 95, 104, 109

148



[34] S. C. Jeng, W. M. Fairbank Jr, and M. Miyajima. Measurements of the mobility of

alkaline earth ions in liquid xenon. Journal of Physics D: Applied Physics, 42(3):035302,

2009. 26, 31, 95

[35] P. N. B. Neves, C.A.N. Conde, and L.M.N. Tavora. The X+ +2X −→ X+
2 +X reaction

rate constant for Ar, Kr and Xe, at 300 K. Nuclear Instruments and Methods in Physics

Research A, 619:75–77, 2010. 27, 28

[36] S. Petrie and R. C. Dunbar. Main group metal ion chemistry in planetary atmospheres.

In R. I. Kaiser et al., editor, Astrochemistry, From Laboratory Studies to Astronomical

Observations. American Institute of Physics, 2006. 28

[37] S. C. Jeng. New Fluorescence technique to search for neutrino masses by identification

of 0νββ decay 136Ba+ ion daughters in liquid xenon. PhD thesis, Colorado State

University, 2004. 31, 69

[38] C. C. Lim. Far-infrared high density polyethylene windows for low-temperature and

moderate pressure applications. Review of Scientific Instruments, 57(1419):1419–1421,

1986. 33

[39] E. Buckley et al. A study of ionization electrons drifting over large distances in liquid

argon. Nuclear Instruments and Methods in Physics Research A, 275:364–372, 1989. 51,

63

[40] W. Shockley. Currents to conductors induced by a moving point charge. Journal of

Applied Physics, 9(635), 1938. 53

[41] S. M. Penn, J. P. M. Beijers, and R. A. Dressler. Laser-induced fluorescence mea-

surements of drift-velocity distributions for Ba+ in Ar: Moment analysis and a direct

measure of skewness. The Journal of Chemical Physics, 93(5118), 1990. 95, 104, 109

[42] J.J. Olivero and R.L. Longbothum. Empirical fits to the voigt line width: A brief review.

Journal of Quantitative Spectroscopy and Radiative Transfer, 17”(2), 1977. 122

149



[43] S. Thompson, D. E. Cox, and J. B. Hastings. Rietveld refinement of Debye-Scherer

synchrotron X-ray data from Al2O3. J. Appl. Cryst., 20:79–83, 1987. 123

[44] M. Zokai, M. Harris, I. Shannon, D. Szebesta, D. McHugh, and E. L. Lewis. Pressure

broadening of the Ba+ resonance doublet by helium and argon. Journal of Physics B:

Atomic and Molecular Physics, 20(17), 1987. 126

[45] R. H. Chatham, A. Gallagher, and E. L. Lewis. Broadening of the sodium D lines by

rare gases. Journal of Physics B: Atomic and Molecular Physics, 13(1), 1980. 126

[46] N. Allard and J. Kielkopf. The effect of neutral nonresonant collisions on atomic spectral

lines. Rev. Mod. Phys., 54, 1982. 126

[47] N. Lwin and D. G. McCartan. Collision broadening of the potassium resonance lines by

noble gases. Journal of Physics B: Atomic and Molecular Physics, 11(22), 1978. 126

[48] N. J. Bowman and E. L. Lewis. Collision broadening and shifts in the spectra of neutral

and singly ionised calcium. Journal of Physics B: Atomic and Molecular Physics, 11(10),

1978. 126

[49] Ch. Ottinger, R. Scheps, G. W. York, and A. Gallagher. Broadening of the Rb resonance

lines by the noble gases. Phys. Rev. A, 11, 1975. 126

[50] E. Bernabeu and J. M. Alvarez. Shift and broadening of hyperfine components of the

first doublet of cesium perturbed by foreign gases. Phys. Rev. A, 22, 1980. 126

[51] R. D. LaBelle, C. S. Hansen, M. M. Mankowski, and W. M. Fairbank. Isotopically

selective atom countin using photn burst detection. Physical Review A, 54(5), 1996.

138

[52] S. Cook. Detection of small number of barium ions implanted in solid xenon for the

EXO experiment. PhD thesis, Colorado State University, 2012. 143

150


	Abstract
	Acknowledgments
	1 Introduction
	1.1 Neutrino Physics
	1.2 Neutrino Oscillations
	1.3 Neutrinoless Double Deta Decay
	1.4 EXO Eperiment
	1.4.1 EXO 200
	1.4.2 Barium Tagging in EXO


	2 Theory
	2.1 Energy Levels of Ba+ in Vacuum
	2.2 Atomic Radiation
	2.3 Three Level Model
	2.4 Broadening of Spectral Lines
	2.4.1 Natural Line Broadening
	2.4.2 Pressure Broadening
	2.4.3 Doppler Broadening

	2.5 Theory of Liquid Xenon Purity Monitor
	2.5.1 ICARUS Purity Monitor

	2.6 Ion Mobility
	2.7 Molecular Ion Formation
	2.7.1 Termolecular Association
	2.7.2 Collisional Dissociation
	2.7.3 Fraction of Atomic Ions


	3 Apparatus
	3.1 Xenon System
	3.1.1 Xenon Cell
	3.1.2 Cryogenic System
	3.1.3 Gas Handling and Recirculation System

	3.2 CSU Purity Monitor
	3.2.1 Electron charge detection
	3.2.2 Detection of Ba+ ion current
	3.2.3 Determination of electron lifetime
	3.2.4 Electron transmission
	3.2.5 Transparency of grids

	3.3 Ba+ Ion Creation by Laser Ablation
	3.4 Mobility of Ions in Gas
	3.4.1 Calculation of deff2
	3.4.2 Gas handling for mobility experiments

	3.5 Fluorescence Detection
	3.5.1 Light Collection Setup
	3.5.2 Single mode operation of excitation laser
	3.5.3 Light Detection Efficiency


	4 Results
	4.1 Purity Measurements
	4.1.1 Electron Lifetime Measurements
	4.1.2 Effects of Recirculation on the Electron Lifetime
	4.1.3 Effects of Ablation on the Electron Lifetime

	4.2 Mobility Experiments
	4.2.1 Charge Dependence of Ionic Mobility
	4.2.2 Mobility Results
	4.2.3 Molecular Ion Formation

	4.3 Fluorescence Experiments
	4.3.1 Fluorescence Spectra
	4.3.2 Pressure Broadening
	4.3.3 Predicted Fluorescence Counts and Nonradiative Decays
	4.3.4 Single Ion Detection at High Pressure Xenon Gas


	5 Conclusion
	References
	Benitez_repl_tp.pdf
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	

	
	

	
	
	
	
	


	
	
	
	
	

	
	
	
	
	
	

	
	
	
	

	
	
	
	


	
	
	
	
	

	
	
	
	

	
	
	
	
	


	
	


