









































































































































































































































(a) Front view of
straight metal tip
configuration

(e) Front view of tilted
metal tip configuration

(i) Front view of BaAl
getters configuration

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

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

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

(c) Side view of straight
metal tip configuration

(g) Side view of tilted
metal tip configuration

(k) Side view of BaAl
getters configuration

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

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

(1) 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-3.321).

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 dgf s the same, the Collector plate was grounded to a 50 {2 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

Vo1 | Va2 | Va Vr
OV | 501V | 1839V | 2173V
OV | 411V | 1509V | 1783 V
0V | 360V | 1320 V | 1560 V
OV [ 309V | 1131V | 1337V
OV | 257V | 943V |1114V
OV [ 206V | 754V | 891V
OV [ 180V | 660V | 780V
OV | 154V | 566 V | 669 V
OV [ 129V [ 471V | 557V
OV [ 103V | 37TV | 446V
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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.

Charge (pC)

+ Data points
—Fit

3 s 5 s
Ratio of Electric Fields

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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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/s 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 Bat 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 %

Bariun%
Metal

>‘Bé+ ions
/

CCD Collection
lens ﬁ

Cu Cell with
Xenon Gas

Nikon lens
\Raman filter I I

Spectrometer

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 ODG6 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 (I/mm) and the other with 600 1/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 1/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 pm to 150 um 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 Bat 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 25 o to 6p >P; /» transition
in vacuum (20261.56 cm™').

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™!.

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 €447, depends on a number of factors listed in Table 3.4 and discussed below. One
of the most important factors is the collection efficiency ecg, which is determined by the solid
angle € 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

QO xD*/4 D’

— ~

L= qr 4mf2 162 (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 D.y; is related to the f-number of
the spectrometer, f/#=fs/D.ss, where f, is the focal length of the camera lens. Using

D.ss = fo/4, the collection efficiency using (3.16):

f22
= - 3- 17

For fi=10 cm, and fo= 50 mm, ecp=9.8x107*.

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, egg, of 90% at 650 nm,
or 0.90 photoelectrons/photon and a grating transmission, €yqting, of 60% in first order.
The CCD camera has a digitization factor, €gigitization, 0f 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 1.31x10~% 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 €CE 9.8E-4
Uncoated Lens Transmission | Tjens uncoat | 0.88
Coated Lens Transmission Tiens.coat 0.92
Window Transmission T vindow 0.92
Mirrors Reflection Roirror 0.68
Raman Filter Transmission T aman 0.98
CCD Quantum Efficiency €QE 0.90
Grating Transmission €grating 0.60
Digitization Factor €digitization | 0.90
Total Detection Efficiency | €;0ta 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 ¢m 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 0.96x10~*. 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.
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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 Aexp(—(x — b)?/20?).
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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 o of the Gaussian fit is plotted
versus the distance between the lens and the withe card in Figure 3.43. The width o of
the Gaussian fit is nearly constant across the region of interest. The average of the width

parameter o 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 7, 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
Te as

R = ¢ Talme (4.1)
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where Ty 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

7. =Ty/(—InR) (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 ps to 200 pus. Measurements of

transmissions greater than 95% are needed to determine lifetimes greater than 100 us.
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Figure 4.1: Electron transmission versus electron lifetime.

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

Ve=0V  E=50V/em Tp=33pus ky=17x10"M1s7!
Vai=20V  Ey;=150 V/em Tg =26 pus k,=12x104M1s7?
Vao=35V E3=406 V/em T4 =31pus k,=11x10"M1s™!
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
1
ko[ X]

(4.3)

Te =

where the attachment rate constant for O, at 100 V/cm is k, = 1.6 x 10 M~!s7! and
7 x 10" M~!s71 at 1000 V/cm [30]. The weighted average of k, for the voltages listed in
Table 4.1 is k, = 1.35 x 10* M~!s7!. 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.
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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.
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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 us, according to Figure 4.1.
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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
Vo =0V, Vg = 45V, Vg = 1125V, and V4 = 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 us 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 us.
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Figure 4.6: Electron transmission (ngcl) 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 VGl VG2 VA

%:%:3 OV |20V |35V |360V
2 1

%:%:4 OV |20V |40V | 690 V

%:%:5 OV |20V |45V | 1050V
2 1

%:%:6 0OV |20V |50V | 1500V
2 1

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 7 >300 s, 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 +cQ?, with a=1.00440.006, b=-1.58+1.02x10~*, and ¢=-7.98 +41x
10~8, with the charge @ 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

0.94

0.021 Laser Ablation |

Electron transmission

09 1 1
0 50 _ 100 150
time (minutes)

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 Bat 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, ftapp = ftrue + Q™). The
n power is related to the electric field, which in turn depends on the voltage applied to the
Target plate. The values of ji44 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 d? Y
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was 1.7 cm?. The solid lines are fits of the data to

the intercept, e, and a value of the power n.

equation 2.30. Each fit gives a value of
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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 cm?/Vs in Figure 4.10 and 0.587 cm?/Vs in Figure 4.13.
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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 Bat 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

0.8

0.751 b

o
3
T

.

I

o2}

3y
.

o
18]
3]
.
|

Reduced Mobility i, (cm/Vs)
o o
91 »

o

'S

(&)
L

0.4 : : :
0 500 1000 1500 2000

Voltage (V)

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) cm?/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) cm?/Vs.
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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 d? - Inorder to assess the accuracy of the calculated dgf s» 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 dZ;, with SIMION was dZ;;, =1.84 cm? 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.
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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 d?;, =2.24 cm?.

A plot of the mobility as a function of charge for these two ablation positions is shown in
Figure 4.18. Tt 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 po = 0.667+0.005 cm?/Vs when
the metal tip is ablated at the low position, with d?;;; =1.84 cm?, and p = 0.675+0.006
cm?/Vs when the ablation spot is high, d?;;, =2.24 cm®. Although the d?;, 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 dZ;;. The largest uncertainty is in the location of the center of the

spot from photographs to £0.1 mm. The systematic error in dgf s due to the spot position

can then be estimated as AdZ;, = §722(2.24cm? — 1.84cm?)=0.10 cm?. Thus a systematic
error limit for dgf s is set at £ 0.10 cm? 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, Adzf #=0.50

cm?.
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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 d?;; =1.84 cm®. 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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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 | Theoretical | Previous
po (cm?/Vs) po (cm?/Vs) | results
[33] at 0.2 Torr
o (em?/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:

Hmeasured = f(Ba‘*'),u(Ba‘*') + f(BaXe+)M(BaXe+) (44)

where f(pq+) and f(gaxe+) are the percentages of the travel time that ions are Ba™ and BaXe™,
respectively, and pipq+) and p(pqxe+) 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(Bat) + f(Baxet) = 1, equation 4.4 can be written as

1

PR a - aXe aXe ) 45
1+bp(M(B +) = W(BaXet)) T H(Baxet) (4.5)

Hmeasured =

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 dzf s 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~!. The reduced mobility of Ba™ in xenon gas obtained from the fit is
HoBa+=0.73440.010(stat)£0.040(syst) cm?/Vs. The statistical errors in these fits are 1 sigma
values. The systematic error in piop,+ is calculated using Apgyse = ,U(Adgff)syst / dgf - This
result is within the error limit to the theoretical value of 0.784 ¢cm?/Vs. The value of the mo-
bility of BaXe™ in xenon calculated from the fit is pgpqxe+=0.508+0.010(stat)+0.028(syst)
cm?/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. FErrors 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 Adzf 7=0.02 cm?,
which is about 1% of dgff:1.84 cm?. 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 dgf s is used. The
values obtained from this fit are 5=0.0043(15) Torr !, popa+=0.73940.018(stat)40.040(syst)
cm?/Vs, and pigpaxe+=0.513+0.019(stat)£0.028(syst) cm?/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™| 1

[Ba'] + [BaXet] 1+ 0bp (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
Bat and BaXe" ions as a function of pressure when 1% systematic error in dZ;; is used.
The ratio of the association rate constant to the dissociation rate constant kgssoc/Kaissoc

can be calculated from the value of the constant b with

19, -3
- kassoe {2.69 x 10 cm 273.15 K (@)
Kdissoc 760 Torr T

The result is kqssoc/Kaissoe =1.3(0.4)x 10719 em3, using b=0.0043(15) Torr~!. For comparison,
using estimated values of the association and dissociation rate constants of kgseoe = 10731
cm®/s and kgissoe =6.1x1071% cm? /s given in Table 2.4, a ratio of kussoc/Kaissoc =1.6x10719
cm? 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.
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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 kyssoc/Kdissoc =2x10~2
cm?®. 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.
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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 ug,+=1.736
+0.028(stat)+0.094(syst) cm?/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 cm?/Vs, [33] and are consistent

with a previous measurement, 1.80(16) cm?/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 2S; /2 to the excited state 6p 2p /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 D3/, 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 2Ds /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 Bat 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 pum is wide enough to pass all of the fluorescence

light while maintaining good spectral resolution.
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Figure 4.29: Background subtracted fluorescence spectrum of Bat in xenon gas from the
transition (6p 2P, /2 —od 2Dy /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 Bat in xenon gas at different pressures was measured by
scanning the dye laser frequency between 20261.20 cm™! and 20262.00 cm™!. The resonant
frequency of the transition ( 6s 2S;/2 — 6p 2P 2 ) in vacuum is 20261.56 cm ™' . 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~!. 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

2sz1n2)1/2

AVD = 21/0 (M—02 (48)

The temperature of the xenon gas during the experiment was 296 K, M is the mass of
a barium ion and vq is the resonant frequency of the transition ( 6s 2Sis —6p 2Py ) in
vacuum. Using these numbers, the Doppler width is Avp =639 MHz or Avp =0.0213 cm~!
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

B C(Av/2)?
V)= Tt (a2

(4.9)

where C' is the amplitude of the Lorentzian, and Av 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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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.
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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 = myP/(1 + P/m2).

The correction factor, i. e., the factor by which the fluorescence on resonance is reduced
by optical pumping, is m. 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 ag + a1y + asy® + asy®. 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.
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Figure 4.34: Correction factor versus relative signal.
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The correction factor for each frequency v 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 v. 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.
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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
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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 m; — mqexp(—x/m3). The value of the cross section
extrapolated to an infinite number of iterations is equal to the parameter m, 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.
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Figure 4.38: Calculated cross section after extrapolating to infinite number of iterations.

After this work errors in the ion interaction time At and the in value of oy were discovered.
The correction was iterated two more times with the correct At and o 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 og.

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 Avy to the Gaussian width Avg

and the Lorentzian width Ay as [42]

Avy = 0.5346 Ay + 1/0.2166(Avg)? + Avg (4.10)

Since the natural linewidth is negligible the pressure broadening width can be written as
Avy, = Cp where C' is the pressure broadening coefficient in MHz/Torr, and p is the gas

pressure. Then equation 4.10 is

Avy 22 0.5346Cp + 1/0.2166(Cp)? + Avg (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
Avg 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 Avg = 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.
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Figure 4.42: Lorentzian fit to a pseudo-Voigt function with Avg=639 MHz and Avy=700
MHz.
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The width of the Lorentzian fit Avy; to the Voigt function and the width from equa-
tion 4.10, with Avg=503MHz, both normalized to the actual Voigt width Ay calculated
using Avg=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.
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Figure 4.43: Measured Av/p versus pressure.

The fit of the excitation spectra versus pressure to equation 4.11 with Avg=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 Av/p versus pressure.

The measured pressure broadening coefficient of Ba™t 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]
Bat | 9.68(44) 13.97(67) [44]
Ba™ 6.73(81) (this work)

values with an additional scaling of T%4 for He, T3 for Ne and 7% 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~!. The pressure shift is the slope of a weighted linear fit to the data. The calculated
value of the pressure shift is -7430 MHz/Torr. Clearly the scatter of the points is too large

to determine the pressure shift.
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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 Wiy, for an ion at low power can be calculated as

1
W12 = Ulg(V)E (412)
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where 015(v) is the cross section of the excitation transition, I is the intensity of the excitation
laser, and hv is the photon energy. In the case of Ba' in xenon gas the peak cross section

varies with pressure according to

AVN
Ay,

o12(M) = 00 (4.13)

where 09=2.92x107' cm? is the peak cross section for the transition ( 6s 2512 — 6p 2Py /2 )
in vacuum. Avwy is the natural width, 20.1 MHz, and Ay, 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 Avp, the Lorentzian fit widths in the spectra are used
in place of Ay, 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 (z— 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 w, as a function of the distance from the cylindrical lens is shown in
Figure 4.46. The minimum spot size is wy,=0.0015+£0.0001 cm; it is found by fitting the
data to w,(y) = wo.\/1 + (y/y0)?, where yo = mw?_ /A, and A=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
w,=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 NoAss.qq over the time that the
ion interacts with the laser. The population Ny(t) for a three level system, is given in

equation 2.10, and Aszpqq= 3.1x107 s71.
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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 Ny(t) depends on the excitation rate Wis, which in

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

I(z,y, 2) = lye~ 20/ whe2%/w=w)? (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

2P
= —— 4.15
0 Tww,(Y) ( )

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 2w, (y)

and intensity hl(z,y,0) where h=0.62. Then the intensity becomes

I(z,y) = Ipe 2"/vp, (4.16)
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and the z-dependence of the intensity is eliminated. The interaction time At that the ion
interact with the laser is

At(y) = 2w:(y) _ 2w.(y) (4.17)

v wkE

w,(y) is the 1/e* radius of the laser beam along the ion path at the position y along the
focused beam, u is the measured mobility of the ion from section 4.2, and F 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+/R% — 22 — y2/(47R*/3) (4.18)

where N is the total number of ions.

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

R At(y) VR*-y?
0RZ — 22 — 42
# Counts = / / / NN As3:04 e(y) f dydtdz (4.19)

%WR?’
“R 0 _ e

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

calculated from Section 4.2.3, and €(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 E, at the surface of

the sphere is
Q

@ 4.20
e R? ( )
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The rate of variation of the radius of the ion cloud is

dR
— = uFE, = 4.21
dt a 'u47r60R2 ( )
After integrating, the radius of the ion cloud at time t is
R— "9y R (4.22)
4dmeg

where Ry is the cloud radius at t=0. The radius of the ion cloud depends on the mobility
of the ions u, the total charge @), 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 tq = desr/puVr. A straight barium metal tip was used for
the fluorescence experiments. The calculated value of d.; for the position at which the tip
was hit during the fluorescence experiments is d.rr=2.2 cm®. 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"12/1.6x1071%),
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
2, (em?) 2.2 2.2 2.2 2.2 2.2
Voltage target Vo (V) | 400 446 669 780 891

4 (cm?/Vs) 14.4 10.3 5.5 3.5 2.6
Charge (pC) 2.5 2.5 2.5 2.5 2.5

tq (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 Assnonreq from state 2 to state 3 affect the total number of
fluorescence counts detected. The larger Ass,onraq 1S, the smaller the number of fluorescence
counts at 650 nm are. Figure 4.47 shows the predicted fluorescence counts with Az;=0 and
different rate constants for Ass,onreq. For rate constants up to 10 s=* /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 Ass,onreq increases. For rates constants greater than
10% s7! /Torr the predicted number of counts becomes smaller than the measured number of

counts.

O Measured
107 @ g <> <> <> A31:0' A23nonrad:0 H
— _1044 1]
A A O A7 Assnonrad™ 10°P 1
— —10°n |4
ﬁ] % A A A31_0’ A23nonrad_10 P ]
— —_1n6
% ? & A31_0’ A23nonrad_10 P
S _ _an?
O 1 D ASl_O’ A23nonrad_10 P
2 !
2
c 10| b
3 >
o >
>
>
100 Il Il Il D Il Il Il
0 50 100 150 200 250 300 350 400

Pressure (Torr)

Figure 4.47: Predicted number of counts with A3;=0 and varying Assnonrad-
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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
o (cm?/Vs) 0.71 0.70 0.67 0.65 0.63
Electric field V/cm 307.5 342.5 215 600 685
Ion cloud radius (cm) 0.33 0.32 0.28 0.27 0.26
Photon energy hr (mJ) 4.03E-16 | 4.03E-16 | 4.03E-16 | 4.03E-16 | 4.03E-16
Av, (MHz) 822 899 1152 1465 1801
o (cm?) 7.96E-12 | 7.56E-12 | 6.54E-12 | 5.65E-12 | 4.94E-12
Wia (s71) at laser focus 4.16E7 3.95E7 3.42E7 | 2.95E7 | 2.58E7
Max Detection efficiency ¢, | 0.96E-04 | 0.96E-04 | 0.96E-04 | 0.96E-04 | 0.96E-04
Percentage of Ba™t 0.81 0.76 0.64 0.54 0.47
Predicted counts 116.9 112.6 97.7 85.5 75.7
pC - mW
Mea;gr_efn counts 30.1(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 As; can also affect the number of
fluorescence counts detected. Figure 4.48 shows a plot of predicted number of counts with
Aoznonraa=0, and different rate constants for Az;. By increasing the rate constant Az /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 Asz,onreq and As; 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.

133



10 I I
0O Measured
<> A31:0’ A23nonrad:0
~ A31=1000p’ A23nonrad=0
D D A A31=4000p, A23n0nrad:0
; D D A31=9700p’ A23nonrad:0 ]
g D A D ASI:ZOOOOD’ A23n0nrad:0
Q sl 9% , |
g A O
= O
(@]
) %]
101 Il Il Il Il Il Il
0 50 100 150 200 250 300 350 400

Pressure (Torr)

Figure 4.48: Predicted number of counts with Ass,onred=0 and varying As;.
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Figure 4.49: Different combinations of rate constants for Ass,onrad for Azy that give predicted
values within the uncertainty of the measured counts.
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A summary of combination of rate constants for Ass,onreq and As; 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 Ass,onreqd for Az; 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 Asznenrea is between 2x10% and 3x107 s~ /Torr,
and As; is between 4000 and 3x10°% s™! /Torr. For comparison the measured rate constant
for collisional de-excitation of D states of Ba™ in helium is 9.7x10% s~! /Torr [26].

10 T
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X8 XX X
10 X X xg;ggx-ggx XXX X 8
AR %é
a X X X e X
g KX XX XXX X XKee 00X
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10% XXX X X ]
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Figure 4.50: Plot of region allowed in A, onrad 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 As3,0nreq=0 and Az;=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 Asz,onreq and Asy 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 Ass,onraq values and slightly lower Ag; values, as expected. For the upper
limit on ion radius, the range of allowed values of A3y and Ass,onrqq increases. The allowed

values in this case are 6x10° to 2x107 s™!/Torr for Assnonrad, and 0 to 1x107 s=! /Torr for

A31.
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Figure 4.52: Plot of region allowed in A,,onrqd sSpace with 30% smaller ion cloud radius.

The range of allowed values are plotted in the A,,.-eqa 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 A,,onrqq Space with 30% larger ion cloud radius.

a ratio Assnonrad/P/ \/m is obtained for each ion cloud radius. For the central value of
the ion cloud radius Asznonraa/p/ \/m:3.14(12)><104 MHz'/2 /Torr'/2. For the lower and
upper limit of the ion cloud radius, the ratios obtained are 4.49(12)x10* and 2.36(7)x10*
MHz!/2 /Torr'/?, respectively.
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Figure 4.54: Plot of allowed values of A, onrqd-

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 Asznonraq and Asp, 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 As3,0nreq SUggest that the nonradiative

decay rate constant for Ags,onreq is between 6x10% and 4x107 s~ /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 NoAg3z,eaAt fp.+, Where Ny is the probability that the ion is state 2,
Assrqq the radiative decay rate from state 2 to state 3, At is the time that the ion interacts
with the laser, and fp,+ 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 (*Ds)2).

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

Wia( Az + Wso)
(Ag1 + Ags + Wia)(Agy + Wia) — AggWis + WigAos

Ny = (4.23)

where Wiy and W3y are the excitation rates from state 1 to 2, and from state 3 to 2,
respectively and A;; are the decay rates from state 7 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 Ass,onred and As; 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 with Ass,onrea=10"p
and As;=10%p. 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, Assnonraa=6x10°p
and A3;=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
Aoznonrad=10"p and A3;=10%p at 5 atm pressure.
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Figure 4.57: Burst counts versus laser power using different pumping laser power with
Assnonraa=6x10%p and Az;=0 at Satm pressure.

140



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
012 (cm?) 7.96E-12 | 6.54E-12 | 4.94E-12 | 1.14E-12 | 2.29E-13 | 1.15E-13
032 (cm?) 2.25E-12 | 1.85E-12 | 1.40E-12 | 3.21E-13 | 6.49E-14 | 3.24E-14
p (cm?/Vs) 14.71 5.59 2.64 0.62 0.12 0.06
At(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 Bat 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
Asgnonraa=10"p, Ay=10°p 109|129 | 128 | 78 | 23 | 11
Burst detected

A23nonrad:2>< 106p7 A31:104p 260 | 333 340 249 96 54
Burst detected :

A23non7'ad:3x 107p7 A31:106p 65 65 56 28 8 4
Burst detected -

Agsnonra=6x10"p, Az =0 398 | 623 | 695 | 468 | 139 | 73
Burst detected

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 Az /p is on the order of 10* s~ /Torr or

higher. If A3 is close to zero, then a repump laser will be needed.
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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

A23nom“ad:107p7 A31:105P 53 ]7 98 66 19 10
Burst detected
Assnonraa=2x10°p, Asi=10"p | o7 | 65 | 103 | 140 | 74 | 44
Burst detected

1423n0n7"ad:3>< 107p7 A31:106p H8 60 52 26 7 3
Burst detected
A23nonrad:6><105p’ A31:O 0 0 0 0 0 0

Burst detected
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5 Conclusion

The mobility of barium ions in xenon gas and the pressure broadening of Bat 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 us. 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 OvfSS 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™t, 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 Bat. 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 2P, /2 state 2 to the 2Dy /2
and from the 2Dy /2 state to the S, /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 Ass,onreq/p and Agy /p were
determined. It may be possible to detect Bat 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 *Ba*

daughters of 13¢Xe double beta decay in 5 atm xenon gas by this method.
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