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Abstract

The Enriched Xenon Observatory (EXO) is a series of experiments secking to measure
the neutrino mass through observation of neutrinoless double beta decay (0v33). The
next generation of Ov/3[ experiments aims to probe Majorana neutrino masses at or
below 10 meV. To reach this sensitivity, ton-scale detectors are needed with lower
radioactive backgrounds than the best ones operating today. The EXO collaboration
is developing a novel strategy for a virtually background-free search for the Ovj3[
of 13¢Xe, based around detecting individual '3Ba ions resulting from such decays.
This dissertation details the efforts to develop a barium tagging technique which uses
resonance ionization spectroscopy (RIS) to selectively and efficiently ionize barium
atoms for injection and detection in an ion trap. A simple radionuclide-driven single-
ion source has been developed to push the technology to high efficiency with a small

number of ions.
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Chapter 1
Introduction

Over the last couple of decades, results of neutrino oscillation experiments such as Su-
perK [8], SNO [9], and KamLAND [10] have shown neutrinos to be massive particles.
Although oscillation experiments have provided measurements of the mass differences
between eigenstates [11], the absolute mass scale remains unknown. This remains one
of the most important questions in particle physics, as measurement of the absolute
neutrino masses may provide insight to physics beyond the Standard Model.

The Enriched Xenon Observatory (EXO) attempts to determine the effective neu-
trino mass by observation of the neutrinoless double beta decay (0v33) of 3¢Xe.
This process is a yet unseen second-order weak interaction that is only allowed if
neutrinos are their own antiparticles, and has a decay amplitude proportional to an
effective neutrino mass [12]. Current lower limits on the half-life of Ov33 decay are
Tlo/”fﬁ > 1.6x10% yr for ®Ge [13] (Tf/”fﬁ > 5.7x10%* yr for *Xe [14]), resulting in a
neutrino upper mass limit < 0.35 eV.

Improving on such a small mass limit requires both larger quantities of the target
isotope and, perhaps more importantly, the reduction of the radioactive backgrounds
that limit the experimental sensitivity to OvB3. The usage of 36Xe as a source
material in EXO has the fundamental advantage that the daugther of its double beta
decay, *°Ba, can be tagged. Verification of the presence of a Ba atom at the site of
a Ovf@p candidate event can eliminate all backgrounds except for the standard two

neutrino double beta decay (2v(33) mode [15, 16]. Several barium tagging schemes
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have already been investigated for EXO [17, 18]. This dissertation describes the
development of an ion transport probe for the extraction, selective ionization, and
detection of single Ba™ ions using resonance ionization spectroscopy (RIS).

In Chapter 2, the physics of double beta decay is introduced, and a brief descrip-
tion of the EXO-200 experiment is given. The concept of RIS as a method of barium
tagging for future EXO experiments is also discussed. Chapter 3 describes the the-
ory behind resonance ionization processes, as well as the RIS scheme chosen to be
most suitable for EXO, taking into consideration the electronic structure of barium,
linewidth broadening, and saturation energies of transitions. In Chapter 4, evidence
for the resonance ionization of barium from the vapor phase is presented, together
with a description of the optical system, vacuum components, and data acquisition
system used in the experimental setup. The experimentally determined lineshapes
and saturation energies of the transitions are also discussed. Chapter 5 describes
the development, fabrication, and characterization of a radionuclide-driven single-ion
source that allows for efficiency measurements of the desorption and resonance ion-
ization technique described in this dissertation. In Chapter 6, results from desorption
and resonance ionization spectroscopy (DRIS) of Ba™ are discussed. In this series of
experiments, barium is deposited on a silicon substrate, thermally desorbed with a
Nd:YAG laser, and resonantly ionized. Three experimental setups, each utilizing a
different barium flux and ion guide system, are presented and an efficiency number

is determined. Chapter 7 details future prospects for the RIS R&D program.



Chapter 2

The Search for the Neutrino Mass

The observation of flavor conversion in neutrino oscillation experiments implies that
neutrinos are massive particles. If neutrinos have mass, then there is a spectrum
of three or more neutrino mass eigenstates vy, vy, vs..., that are the analogues of
the charged-lepton mass eigenstates e, u, and 7. The weak interaction produces,
in association with the charged lepton of flavor «, a neutrino of flavor « that is a

superposition of mass eigenstates described by
va) = Y Usilv) (2.1)

where U is the unitary leptonic mixing matrix.

Measurements of flavor oscillations in solar, atmospheric, and reactor neutrinos
reveal information about neutrino mass differences, Am?j =m? — m?, but not much
about absolute masses. In particular, the actual ordering of the mass states is not yet
known. If the mass splittings are small compared to the absolute scale, m; > Am?j,
then the states are degenerate. If they are of a similar magnitude, then there is a
hierarchical pattern. In this case, if the mass states are ordered so as to coincide with
their associated charged leptons (i.e. the m; state, which is mostly v,, should prove
to be the lightest), then the mass states follow the normal hierarchy m; < my < mg,

with the solar neutrino mass splitting below the atmospheric. If the mass splittings

are reversed they follow the inverted hierarchy ms < m; < ma.
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Figure 2.1: Effective Majorana mass (mgg) vs. mass of the lightest neutrino state
my,,... From [1].

Though unable to solve the absolute neutrino mass scale question, the results
of oscillation experiments do provide some information. For example, the measured
mass splitting responsible for atmospheric oscillations |AmZ,| puts a lower limit on the
heaviest neutrino mass, my, > 0.04 eV [19]. Kinematic and cosmological experiments
further constrain some of the parameters. The Mainz ( spectrometer puts an upper
limit on the neutrino mass scale m, < 2 eV [20], and cosmological observations put
an upper bound on the sum of the neutrino masses Y, m; < 0.17 eV [21].

Of all experimental techniques used to investigate the neutrino mass, Ov 3 might
prove the most interesting. Ov(3 can potentially probe mass limits in the meV range
which, as shown in Fig. 2.1, could give information about the mass hierarchy. Fur-
thermore, observation of 0v33 would imply that neutrinos are Majorana particles !,
that lepton number can be violated, and that new physics beyond the Standard Model
is at work [22].

!That is, that neutrinos are their own antiparticles
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Figure 2.2: Mass parabolae for A = 136. Beta decay of *Xe to 1*6Cs is energetically
forbidden, but double beta decay of '3Xe to ¥Ba is not. From [2].

2.1 Double Beta Decay

Double beta decay is a rare second-order process whereby a nucleus with charge Z
and mass A decays into another with charge Z+2 and mass A. It occurs in (even-
even) isotopes for which beta decay is energetically forbidden, either because both the
initial and final nuclei are more tightly bound than the intermediate one or because
the decay to the intermediate nucleus is highly hindered. This is shown for A = 136
in Fig. 2.2. Double beta decay typically proceeds from the ground state of the initial
nucleus to the ground state of the final nucleus.

In the standard two neutrino mode (2v3(3), two neutrons decay into two protons,

two electrons, and two electron antineutrinos,

(Z,A) = (Z+2,A)+ 2 +20, (2.2)

This process conserves both electric charge and lepton number. On the other

hand, the neutrinoless decay 0v33,
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Figure 2.3: Feynman diagrams for two neutrino double beta decay (left) and neutri-
noless double beta decay (right). From [1].

(Z,A) = (Z+2,A) + 2 (2.3)

violates lepton number conservation and is forbidden in the standard electroweak
theory. The Feynman diagrams illustrating these processes can be seen in Fig. 2.3.
In Ov30 the v, emitted at one vertex is absorbed as a v, at another, which can only
happen if 7, = v, and if AL, = +2. The amplitude of the projection of a neutrino onto
a wrong-handed helicity is proportional to m, /E,, and the half-life of this process is

proportional to the mass squared,

-1 2 2
14 1 14 g 14
(T7) " = 6@ Mg = S| m)? (2.4)

where GYP5(Q, Z) is a calculable phase-space factor dependent on the decay end-
point energy and the nuclear charge, Ma?” and My"” are nuclear matrix elements,
g% and g% are vector coupling constants, and (m,) is the effective neutrino mass [23].
As was described in the previous section, neutrinos created in a definite flavor eigen-
state consist of a linear combination of mass eigenstates (see Eq. 2.1). This means

that the calculation of the Ov 33 amplitude involves taking the sum of the mass states
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from which v, is derived. Each of the two vertices in the Feynman diagram (Fig. 2.3)

contributes a factor proportional to U,; so that the effective neutrino mass is given

by

(m.) =[S m, (25)

The two double beta decay modes can be easily distinguished by the shape of their
electron energy spectra. Fig. 2.4 illustrates these spectra. In the two neutrino mode,
the emitted antineutrinos carry some of the energy of the decay, and the summed
energy spectrum of the two electrons forms a continuum between zero and the Q-
value of the decay. In the neutrinoless mode, the two electrons carry the full energy 2
and the energy spectrum is a delta function at the Q-value. As can be seen from the
inset in Fig. 2.4, smearing due to energy resolution means that 2v3( is a background
for the Ov(( mode. The energy spectrum and the decay rate of the 2v(5 mode thus
have to be well understood before any claims can be made about Ov(3(.

2v( has been observed in various nuclei, including the recent first observation of
this decay in 3Xe by the EXO-200 experiment [24], which will be briefly described
in the next section. A summary of experimentally measured 2v33 half-lives and their
corresponding nuclear matrix elements is shown in Table 2.1. A claim of evidence of
Ovf3f3 in "*Ge has been made by part of the Heidelberg-Moscow collaboration [25, 26],
but it has been challenged by much of the particle physics community, including other
members of that collaboration [27]. Confirmation or rejection of this claim is thus a
goal of the current generation of Ov33 experiments.

In order to achieve their goals, double beta decay experiments need to address
several factors. First of all, the energy resolution has to be good enough to separate
the 2v(60 contribution to the Ov33 spectrum. Secondly, the Ov33 count rate has to
be maximized while minimizing background. The effective Majorana mass sensitivity
is proportional to certain experimental parameters. Specifically, in double beta decay

experiments,

2The nuclear recoil is negligible for practical purposes
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Figure 2.4: Spectra of the sum of the electron kinetic energies K, from 2v33 (dashed)
and Ov (33 (solid), normalized by the decay endpoint ). The Ov3 spectrum is normal-
ized to 1072 (1079 in the inset). All spectra are convolved with an energy resolution

of 5%. From [3].
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Tl/g (yr) M2V (MeV‘l)
BCa (4.3 1£1.4)x10" 0.0540.02 [28]
Ge | (1.7440.017015)x10% | 0.134:0.01 [29]
88e | (9.640.3+1.0)x10" | 0.1040.01 [30]
9%7r | (2.3540.14+0.16)x10" | 0.1240.01 [31]
100Mo | (7.1140.0240.54)x10™ | 0.234:0.01 [30]
116¢q (2.9754)x10" 0.13+0.01 [32]
5 Te | (1.940.1£0.3)x10* | 0.0540.005 [33]
30Te | (7.0£0.9£1.1)x10% | 0.033£0.003 [34]
136Xe | (2.1£0.04+0.21)x10%" | 0.01940.001 [24]
PONd | (9.170:33+£0.63)x10'8 | 0.0640.003 [35]
238 (2.240.6)x10* 0.052£0.01 [36]
Table 2.1: Summary of experimentally determined 2vG3 half-lives and nuclear matrix
elements.
% N
_ -8
(my) = (2.50 x 107° V) fxeGOVﬂﬁ|M0”ﬁﬂ|2] T (2.6)
or
% S
(my> = (267 X ]_0_8 eV) fj}EGOVﬁﬁ|MOVBﬁ|2] m (27)

where W is the molecular weight of the source material, f is the isotopic abun-

dance, x is the number of double beta decay candidate atoms per molecule, € is the

detector efficiency, b is the number of background counts, AFE is the energy win-

dow for Ov(3, M is the mass of the isotope, T is the live time of the experiment,

and |M®P8| is shorthand for the Ov33 nuclear matrix elements [3]. In the first case

(Eq. 2.6), the mass sensitivity is determined by statistical fluctuations in the back-

ground rate, scaling with the detector mass and live time, so that (m,) oc (MT)~1/4.

This is the case when trace radioactive impurities are present. In the other hand, if

radioactive impurities are eliminated, then the mass sensitivity is simply a function of
the statistical fluctuations of the count rate itself (Eq. 2.7), (m,) oc (MT)~/2. The

minimization of radioactive backgrounds is thus an important design consideration
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for double beta decay experiments.

2.2 The Enriched Xenon Observatory (EXO)

The Enriched Xenon Observatory (EXO) is a proposed ton-scale experiment designed
to search for the OvBf3 of ¥Xe. Using ¥%Xe as the source material presents several
advantages, chief amongst them the possibility of tagging the **Ba daugther of decay
for background reduction purposes. Moreover, as a noble gas, Xe is relatively easy to
enrich and allows for purification during experimental operation. Additionally, there
are no long-lived isotopes that can be activated.

The present phase of the experiment, called EXO-200, comprises 175 kg of Xe
enriched 80.6% in the A = 136 isotope. It is currently operating 2150 feet (1600
meters of water equivalent) underground at the Waste Isolation Pilot Plant (WIPP)
in Carlsbad, NM. A schematic diagram of the detector is shown in Fig. 2.5. Xe serves
both as the source and the detector in a liquid phase Time Projection Chamber
(TPC), housed inside a thin copper vessel (3). This vessel is surrounded by an ultra-
clean, high-density fluid (HFE-7000 [37]) that provides radiation shielding and keeps
the xenon at a constant 167 K operating temperature (1). The HFE is housed inside
a double-walled, vacuum insulated (2) copper cryostat (5). The outermost shielding
layer consists of 25 cm of lead (4). The entire apparatus is housed in a nominally class-
1000 cleanroom, surrounded by a muon veto system that provides ~96% rejection
efficiency for muons traversing lead. In order to minimize the radioactive backgrounds
that can deposit energy near the *°Xe 33 decay Q-value (2457.8 keV [38]), care is
taken to select ultra-low radioactivity construction materials in EXO-200. A list of
specific materials employed can be seen in [39].

Good detector energy resolution (~1%) is needed in order to resolve the 2v(3[3
background in the Ov(33 decay. In EXO-200, the energy resolution is optimized by
recording both ionization and scintillation signals in the TPC (Fig. 2.6). When a
double beta decay occurs, the electrons ionize the surrounding Xe. Some of the ionized
Xe recombines into excited dimers, which then emit 178 nm scintillation light. This

light is detected by two arrays of large area avalanche photo diodes (LAAPDs [40],
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Figure 2.5: Schematic of the EXO-200 detector assembly. (1) HFE volume. (2)
Vacuum insulation. (3) Xe vessel. (4) Lead shielding. (5) Outer copper cryostat.
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ey

Figure 2.6: Schematic of the EXO-200 TPC. A (3 event ionizes some of the surround-
ing xenon. Recombination of some of this ionization produces scintillation, detected
by the LAAPDs at either end. The rest is drifted to cross-wire anodes for detection.

468 total), and serves as a “start” time for the event. The remaining electrons are
drifted to a cross-wire anode where they are collected. The electron drift time can
be calculated by using the difference in arrival time of the scintillation and ionization
signals, and this allows for three-dimensional position reconstruction. A more detailed

description of the detector is given in [41].

2.3 Barium Tagging in Ton-Scale EXO

The current EXO-200 detector was built to better understand the performance of a
large liquid xenon TPC, to test the ability to build a low-background experiment, to
establish new neutrino mass limits, and to try to make a statement about the claim

by [25, 26]. In order to achieve the required sensitivity for neutrino mass hierarchy
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determination (see Fig. 2.1), a future EXO experiment is expected to consist of 1-
10 tons of enriched !3¢Xe, in either the liquid or gas phase. It will make use of the
techniques employed in EXO-200 to achieve high energy resolution and low radioactive
backgrounds. More importantly, this experiment will also tag the barium daughter of
the Ov33 decay of 13Xe as a means of reducing all backgrounds except for the 2v33
mode.

In a LXe TPC, barium tagging will proceed by inserting a special tip after a G0
event. The tip will electrostatically attract the Ba ion produced in the decay, and
either directly identify it by means of atomic spectroscopy or transfer it to a vacuum
system where the identification is performed. Although the Ba daugther of the (3
decay is produced in a 2+ state, it is likely that it is stable as a 14 ion in LXe because
of the relative ioniziation energies of barium and xenon and the band structure that
xenon exhibits in its liquid phase.

For a direct identification tagging scheme, the idea is that the Ba™ daughter could
be drawn to a small optical fiber tip (or the tip could be inserted to the decay site) and
captured in a SXe matrix by rapidly lowering the temperature of the tip below the Xe
freezing point. Detection of the Ba™ would then be done by laser-induced fluorescence
using the fiber for both laser light delivery and fluorescence collection. The detection
process might occur with the tip still in the LXe or with the tip extracted to the
region of ambient Xe gas pressure above the LXe.

Different methods of ion transfer, including a sharp tunneling microscope tip and
a cryogenic quartz probe [18], haven been investigated by the EXO collaboration
without much success. On the other hand, single barium ion trapping in a buffer
gas-filled ion trap and identification with resonance fluorescence have already been
achieved [42].

Table 2.2 shows the projected mass sensitivities for ton-scale EXO using barium
tagging, thus assuming no background due to radioactivity. It also assumes 80% en-
richment in the A = 136 isotope and a 68% overall efficiency determined from current
EXO-200 data analysis. The range in the (m,) sensitivities arises from uncertainties

in the calculations of the nuclear matrix elements, which are model dependent.



CHAPTER 2. THE SEARCH FOR THE NEUTRINO MASS 14

Case Mass | Eff | Time | og/E | 2v bkg Tlo/”fﬁ (my,)
Conserv. | 2ton | 68% | 5yr | 1.6% | 5.0 evts | 2.8x10*" yr | 16-20 meV

Aggress. | 10 ton | 68% | 10 yr | 1% | 3.4 evts | 3.4x10% yr | 4.7-5.8 meV

Table 2.2: Projected ton-scale EXO sensitivity for conservative and aggressive energy
resolution and exposure estimates.

2.3.1 Using resonance ionization spectroscopy for barium tag-
ging

If barium detection is to occur away from the LXe TPC, it is imperative to develop an

efficient single-ion transport probe. Resonance ionization spectroscopy (RIS) provides

a highly selective one-atom release and detection method. Efficiencies up to 25% using

such a method have already been reported [43].

A resonance ionization probe makes use of the electronic transitions particular to
barium to selectively and efficiently ionize these atoms. Two laser pulses are used
to first excite and then ionize barium atoms. The most elegant implementation of a
RIS probe delivers all laser pulses through a fiber (Fig. 2.7). In this setup, a 400 ym
fiber with a metalized end biased at a negative potential is inserted near the event
site in liquid Xe after a 303 trigger. The Ba™ ion is attracted to the tip and trapped.
The tip is then moved to an ion trap. The barium is released with a laser pulse (as a
neutral), resonantly ionized with two other pulses, and injected into the trap where it
is detected. The advantage of this setup is that, since the desorption and RIS lasers
are concentrated to the same small area, high efficiency with low pulse energies can
be achieved.

This fiber implementation is, however, not the only one considered, and is presently
beyond the scope of this work. The alternative presented here employs desorption
from a silicon substrate and resonance ionization in free space. A barium oven and a
radionuclide-driven barium source are used to simulate barium produced by double
beta decay. This experimental setup offers the flexibility of identifying barium spec-
troscopically or via mass spectrometry, without the need for an ion trap. The work

presented in this dissertation is a precursor to a probe, briefly described in Chapter 7,
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Figure 2.7: Schematic diagram of a possible RIS ion transport probe that makes use
of a fiber for laser delivery. The three colored lines indicate the desorption, resonance,
and ionization lasers.

that will extract barium from liquid xenon. Eventually, the probe might consist of a

metalized fiber for simplicity, and the ion trap used for identification confirmation.



Chapter 3

Resonance Ionization Spectroscopy

Resonance ionization spectroscopy, or RIS, is a multistep photon absorption process
in which the final state is the autoionization or ionization continuum of an atom.
Resonance ionization is highly selective because it allows only atoms of a given element
to be ionized, since the intermediate excited states through which the process proceeds
are unique to that element. Furthermore, resonant states with low saturation energies
can be selected, so that the majority, if not all, of the atoms in the beam path
are ionized [44]. This implies that sensitivity in the single-ion level is possible by
saturating the RIS process and detecting the ensuing ions with a gas proportional

counter or an electron multiplier [45].

3.1 RIS Processes

Figure 3.1 shows a schematic diagram for the most elementary RIS process, in which
a pulsed laser beam produces photons of the right energy to excite an atom from its
ground state 1 to an excited level 2. Another photon of the same energy can ionize
state 2 into the continuum c. If each atom of a selected species which was originally in
its ground state is converted to a positive ion and a free electron during the duration

of a laser pulse, then the process is said to be saturated. Two conditions have to be

16
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Figure 3.1: Schematic for the most elementary RIS process. An atom in the ground
state 1 can be ionized by first exciting to another bound state 2.

satisfied for saturation to occur. First, the photon fluence (photons per unit beam
area) has to be large enough. Second, the photon flux (photons per cm? per second)
has to be larger than the rate § at which the intermediate state is destroyed by
possible competing processes.

The rate equation formulation was used by Hurst et al in a review of their seminal
work [45] to quantitatively demonstrate the necessary conditions for saturating the
RIS process. Let o,(r) be the cross section for photon absorption from state 1 to
state 2, let o4(v) be the stimulated emission cross section from state 2 to state 1, and
let o;(1p) be the cross section for photoionization of state 2 at the central frequency
vp. A laser beam is characterized by intensity I where I(v)(v)dv equals the number
of photons per cm? per second and in the frequency interval v and v + dv, where, for
simplicity, a Gaussian line shape is used:

2
I(v) = —27];”26—(2[5’2) (3.1)
In Eq.(3.1), F is the photon flux and Av is the laser linewidth. The rate of change

of levels 1 and 2 is given by

% =—n /dVO'(z(V)](V) + Taing + nz/dl/ds(y)l(y) (3.2a)
% =Ny /dl/Ua(V)[(l/) — n2/dVUS(V)[(I/) — F217’L2 — ﬁng — J[an (32b)
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where I'5; is the spontaneous emission rate, while the rate of photoionization into

the continuum c is given by

dn]
dt
Using Einstein’s detailed balancing and the fact that both o,(v) and o,(v) are

=o01Fny (3.2¢)

narrow compared to Av,

A2Dg) F
2 Ant s p_ 95 p (3.3a)

dvo,(v)I(v) = =
/ 1) g1 8v/2m3/2Av g1

/dl/O'S(V)](V) =0, F (3.3b)

where g; is the degeneracy factor for state i, and &, is the average cross section for
the phototransition. It is worth nothing that, for a Gaussian or Lorentzian lineshape

at line center v=u,

B ATy
472 Avjgser
where Avjgge, is the FWHM linewidth of the laser. Using these relations, Egs.

(3.2a) and (3.2b) can be solved to obtain ny, :

(3.4)

Os

- 0ol (0), —bt
Ny = ﬁ(e —e ) (3.5)
ny = (UIF)%M;O) é(l —e ) — %(1 — e (3.6)

where n,(0) is the initial ground-state population and

with
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2 =0,F(B+0/F) Ty =T+ B+ (64 +7s+0r)F

In general, if a laser is tuned near the line center and its linewidth is not excessive,

both &, and 7, are much larger than o;. Imposing a condition on the flux,

orF >>p (3.7)

x,>>x,, and b>>a. Equation (3.5) then simplifies, with 'y <<(7,+05)F, to

g2 —at
N9 = n1(0)e 3.8
? g1+ 92 1(0) (3:8)

where the time is restricted so that e~ can be ignored. The production rate of

ions is then

dng 92 92
— = orFni(0)exp | — orFt 3.9
it gitg 1(0)exp gitg (39)

Integrating over the length 7 of the laser pulse gives
ny=n;(0) |1 —exp| — orF't 3.10
! m[ p( &, ) (3.10)

If a fluence condition is imposed, such as
g2

oy >>1 3.11
P (3.11)

where ¢ is the fluence, then n;=n,(0) and complete ionization is achieved. In
order for the RIS process process to be saturated, both the flux condition [Eq. (3.7)]
and the fluence condition [Eq. (3.11)] must be met.
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Figure 3.2: Simplified electron configuration of barium, showing transitions that could
be used in a RIS scheme.

3.2 RIS Scheme for Barium Tagging in EXO

Though many possible atomic levels could be used for the resonance ionization of
barium (see Fig. 3.2), the work presented here makes use of excitation from the 6s?
1Sy ground state to the 6s6p 'P; excited state by absorption of a single photon at
553.5 nm. Ionization into the autoionized (see below) state 5d8d 'Py in the continuum
between the first and second ionization thresholds is achieved by absorption of a
photon at 389.7 nm. This particular sequence is selected because excitation to the
6s6p 'P; state is both parity and spin allowed and provides access to an autoionized
state, thus requiring low energies to saturate, and because the transitions can be

reached with relatively cheap dye lasers.
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3.2.1 Electronic structure of barium

The ground state electron configuration of barium is [Xe|6s?, making it a quasi two-
electron atom. The simultaneous excitation of the two electrons in its valance shell
results in a rich and complex electronic structure:

Bound States
Even in the presence of internal excitations, bound states in barium are part of

Rydberg series with

Ry Z?
(n — pu)?

that converge to a series limit (ionization threshold) E.,, where n is the principal

Ey = E(eo) — (3.12)

quantum number, Rj; is the Rydberg constant for the species of mass M, Z is the
nuclear charge, and p; is the quantum defect that accounts for penetration of inner
core electrons.

Furthermore, spin-orbit (LS) coupling causes bound states to split with

AE = g(j(j P 14 1) - s(s+ 1) (3.13)

where

g s <13U(7‘)>

© meec2 \r Or

and overcomes the AS=0 selection rule so that some bound states are not pure. For
example, the 6s6p 'P; state has significant mixing with the 3P state [46]. One should
note, however, that the polarization of the lasers used to populate and photoionize
these states determines the M levels which may be actually populated in a given
transition [47].

Autoionized States
Multi-electron systems exhibit structure embedded in the continuum. These states,
called autoionizing resonances, are neither purely discrete nor continuous. They arise
from simultaneous excitation of both valence electrons. Autoionization is, in essence,

an interchannel coupling effect in which an excitation channel contains both a set of
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Rydberg states converging on an ionization threshold and the adjoining continuum.
The description of autoionization states using perturbation theory was first done
by Fano in 1961 [4]. By this formulation, one can write a wavefunction of energy E

consisting of a superposition of a discrete bound state |¢) and a continuous state |e),

IE) = aylo) + / £)b(e)d, (3.14)

The unperturbed states ¢ and ¢ are eigenstates of the unperturbed Hamiltonian

H, so that
(gw 0 ) (m) _ (&m) (3.15)
0 He) \le) ele)

To couple the discrete and continuous channels, an off-diagonal perturbation V is
introduced so that the total Hamiltonian is H=H,+V .

The corresponding equation for the perturbed system is then

(Hcpcp V@E) < Oé(p|g0> ) — E( a/<ﬂ|90> ) (316)
Ve Hee) \ [ e)b(e)de J 1e)b(e)de

Taking into consideration that H is Hermitian so that V. = V1, and that there

Ep?
is only one bound state, a pair of coupled equations can be obtained from Eq. (3.16):

Eyo, + /V:bede = Fa,

(3.17)
Vea, + €be = Eb,
Solving the second equation for b., the following is obtained:
Veay
= — 1
b. 7. (3.18)
A function Z(F) can be defined such that
1
(E-@*:E_€+waw—@ (3.19)
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where one takes the principal part of any integral over 1/(E — ¢) and the function
Z(F) is defined by the details of the problem. Substituting for b. in the first of the
two equations (3.17), one finds that

Vi, Ve
E,a, + P{/ %de} + a,Z(E)|V.|> = Ea, (3.20)

Defining

F(E)= 77{/ £|?V€_|2€d5} (3.21)

where P denotes the principal part of the integral, Z(E) can be solved for to

obtain

The perturbed function must be normalized in order to determine the coefficient

(3.22)

o, which has factored out of the equations. Thus,

(E|E) = o} (E)a,(E) + / b (E)b.(E)de = 6(E — E) (3.23)

Substituting for b, one has

o (E)

1+/dd/;*{E1 +Z(E)5(E—€)}Ve

— &

ay(E)=6(F — E) (3.24)

x {El_ngZ(E)é(E—a)}

The integral can be solved, as discussed in [4], to obtain

Vel®

|O‘¢(E)|2 = [E—E,— F(E)?+ m|V.]*

(3.25)

which shows that the discrete state E,, is diluted into a continuous band of energy
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states with a half-width I'/2 = 7|V.|?, about a mean position Fy = E, + F(E). The
dilution of the energy level to form a resonance is symmetrical and has a Lorentzian
shape which can be expressed as

1 r/2

o (E)|* = =

A (E—Eo + (127 (3.26)

This describes the dilution by mixing of the discrete bound state |p) into the
continuum state |¢), but in practice one must consider not energy levels but rather
the transitions from an initial state |i) to the mixed state |E) described by (3.14).

The dipole operator D can induce transitions ending both in the mixed state and
in the continuum. The ratio of these probabilities is a measure of the modulation
produced by resonance in a continuum cross section, and can be defined by

g = LEIDIOE (3.27)
(el D2 |?

Substituting for |E),

o, (p|Dli) + [ b.de(e|D]i)|?

h= =y (3.28)
(el D14)[>
Using (3.18) and (3.19),
N |<g|f5\|j>|z (elDIi) +7’{/V |D|5> }+VeZ(E)<sID|i> (3.29)

If the shifted state |®) is defined as

@) = [o) +7){/ EV_EEd5|5>} (3.30)

then

|O‘so|2 2

= Ch (®|Dliy + V.Z(E)(e| Dli)

(3.31)
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It is interesting to note that (Eq. 3.22) |V.|?Z(FE) = E — Ej is simply the detuning

from the resonance energy. Defining a new energy variable

_ 2(E — Ey)
= — 2
r
and a parameter
,_ _(@ID)
mVe(e|Dli)
One finds that
R p—
v w2 V2(e2 + 1)
and
R = |a¢]2 |mVeq + 7TV56\2
And so
(¢ +¢)?
R=—— 3.32
1+¢€2 ( )

which is known as the Fano Lineshape Formula. One can write this formula in
terms of the detuning £ — Fy and linewidth I"

(qT/24 E — Ey)?
(E— Eo + (T/2)

If one plots the lineshape R as a function of the energy parameter € for vari-

R= (3.33)

ous values of the Fano parameter ¢ (Figure 3.3), one can see that this lineshape is

asymmetrical. When ¢ = 0, the lineshape becomes Lorentzian.

3.2.2 Saturation energies

As described in § 3.1, the cross section for the resonant transition is given by
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Figure 3.3: Natural lineshapes for different values of ¢ (reverse the abscissas for
negative ¢). From [4].
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For barium, the cross section of the resonant 6s? 'Sy — 6s6p 'P; transition with
our experimental setup, described in detail in Chapter 4, is 2.36x107" cm? (see
Table 3.1). The cross section of the autoionization transition 6s6p 'p, — 5d8d 'P,
is 5.50x10~16 cm? [5, 48).

Constant Value

g2 3

g1 1

A 5.53x107° cm

'y 1.19x108 s~1 [49]
AVjgser | 1.17 GHz (0.0012 nm)

Table 3.1: Parameters for the cross section of the 6s? 'S, — 6s6p ' P; transition in
barium.
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This results in saturation energies of 0.48nJ and 73uJ respectively, given that

Byt = (h) (3.34)

o
and that the 553 nm beam is circular with a 2 mm diameter while the 390 nm
beam is elliptical with a 5 mm major axis and a 2 mm minor axis.
Saturation energies can be experimentally determined by following Metcalf’s [50]
treatment of the optical Bloch equations, which describes the total scattering rate v,

of light from the laser field in the following manner:

. ’Y(I/[sat)/2
T T T L+ 2(5/7)?

where v is the spontaneous emission rate, I is the intensity, and J is the laser

(3.35)

detuning from the atomic resonance frequency. For the experimental setup described
in Chapter 4, Eq. (3.35) can be used to obtain the saturation energies of the 553 nm
and 390 nm transitions if one measures the average ion count rate as a function of
each laser’s energy. In this case, d = 0 since the lasers are at the resonance frequency.

Results will be shown in the next chapter.

3.2.3 Linewidth broadening

The ability to selectively ionize using RIS is due, in part, to populating and exciting
narrow atomic transitions. However, experimental conditions lead to the broadening
of these linewidths. For the experimental setup described in this dissertation, this is
mainly due to power broadening and, to a lesser extent, Doppler broadening.

If the laser power is very high so that I/l > 1, then 7, saturates to v/2 and
Eq. (3.35) can be written as

I/Isat 7/2
o= (1 n I/Isat> (1 n (25/7/)2) (3:36)

Y =1+ 1/ L (3.37)

where
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Because of saturation, the linewidth of the transition as experimentally observed
is broadened from its natural linewidth « to its power-broadened value /. This is
because, for large values of I/I,, the absorption increases with increasing intensity
in the wings of the spectral profile as the center is already saturated.

The danger of power broadening is that the transitions become so broad that
states other than the desired ones become populated. The power of the lasers used
for RIS has to be carefully controlled so that there is enough power to saturate the
atomic transitions (and thus maximize the number of barium atoms ionized) but not
so much that power broadening becomes an issue (and thus selectivity is lost).

Linewidths can also be broadened for atoms in thermal motion. In this case, the

Doppler shift in the frequency is given by

Wi = wo <1 - %) (3.38)

where wy is the frequency of the atom at rest. As will be discussed in Chapter 6,
releasing barium atoms from the surface of a substrate might result in atoms with a

Boltzmann distribution of velocities. This distribution, in the direction z of the laser

[ m —mu?
P(v,)dv, = 27TkTeXp<2k—T>ath (3.39)

= dvz dwi = idwl (340)

dw,- 0%

light, is given by

Noting that

dv,

yields the probability distribution of the frequencies:

mc? me?(w; — wp)?
P(w;)dw; = — | dw; 3.41
(wildwi =\ [ 53702 eXp( TR ~ (341)

This is a Gaussian distribution with a FWHM given by
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2 KT
Aw = =2, [on2=— (3.42)
C m

In terms of the wavelength, this is expressed as:

S8kT1n2

mc?

AN = ) (3.43)

Depending on the temperature of the atoms, this broadening can be very small,
smaller than the natural linewidth and so insignificant. In any case, the Doppler

broadening can be reduced by counter-propagating the laser beams [51].



Chapter 4

Vapor-Phase Resonance Ionization

of Barium

As a first step in the development of a RIS-based ion-transport probe, resonance
ionization of barium produced by a neutral barium source is attempted. This allows

for a precise characterization of the desired Ba™ ion signal.

4.1 Theoretical Expectations

Theoretical predictions of states in quasi two-electron atoms have been done both us-
ing the Slater-Condon theory and with multichannel quantum defect theory (MQDT)
[52]. In quantum defect theory, Rydberg series and the adjoining continuum are re-
garded as an excitation channel. It follows that MQDT takes into account the pertur-
bation or change in quantum defect along a series that results from coupling between
series [53]. In MQDT, the energies and wave functions of bound levels belonging to
interacting Rydberg series are expressed in two sets of parameters. One set is formed
by the close-coupling eigenchannels of the electron and ion core, while the other set
contains the quantum defects of these eigenchannels [54].

For the barium RIS scheme described in Chapter 3, when ionizing through the
6s6p 'P; resonance, one expects to see a state, or possibly more, of the autoionized

5dnd Rydberg series with J=0,1, and 2 (depending on the polarization of the lasers),

30
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Figure 4.1: Autoionized states reachable from the 6s6p 'P; excited state of barium.
From [5].

converging on the 5d 2D3/2 ionization limit [54, 55]. Particularly, the 5ds5/,8d au-
toionized state at ~390 nm and the continuum around the 6s ?Sy /o (1) ionization
threshold should be seen (see Fig. 4.1).

Ref. [5] estimates the linewidth of the 5ds5/,8d autoionized state to be ~ 0.02 nm.
The linewidth of the 6s6p 'P; state should be 0.0012 nm, limited by the linewidth of

the laser employed (see § 3.2.2).

4.2 Experimental Setup

4.2.1 Vacuum system

Operation of the RIS transport probe at the single-ion level, as well as interaction
with an ion trap and with the EXO TPC, requires ultra-high vacuum (UHV) com-
patible materials and techniques in order to minimize impurities. A Kimball Physics
4.50” conflat “spherical cube” is used as a vacuum chamber. Two 4.50” quartz view-
ports are used for laser entrance and exit. The system is pumped to vacuum with
a 30-1/sec turbomolecular pump (TMP) backed by a 10-1/sec dry scroll pump. A

custom-made oven bakes the system at ~ 120°C, achieving 1x10~® Torr vacuum
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553.5nm

389.7 nm

Figure 4.2: A simple schematic diagram that shows how resonance ionization of
barium is achieved and detected. A barium oven produces barium atoms which are
then resonantly ionized by two laser beams. The resulting barium ions are detected

by a CEM.

after one day. A barium oven is used as the source of barium. The oven consists of
a barium-getter wire inside a Macor® cylinder closed at one end and pressed against
a stainless steel plate with an aperture 1 mm in diameter and 10 mm long at the
other end. The barium wire is initially flashed at 4 Amps, which deposits metallic
barium onto the walls of the Macor® cylinder. The wire is then run at a constant
lower current as a heat source. Neutral barium is thermally released from the walls
and exits through the aperture, creating an atomic beam. The vacuum chamber also
contains a channel electron multiplier ' (CEM) used for ion detection. A schematic

diagram of this setup is shown in Fig. 4.2.

4.2.2 Spectroscopic laser systems and optics

The 553 nm and 390 nm RIS beams are produced by a pair of Syrah Cobra-Stretch dye
lasers pulsed at 10Hz. Green light is generated by a laser? containing pyrromethene

580 as a dye?® dissolved in ethanol and pumped by a frequency-doubled (532 nm)

'Model 2403, DeTech, Palmer, MA
2Model CSTR-D24, E=18.5 mJ @ 554 nm, Spectra-Physics, Irvine, CA
3All dyes obtained from Exciton, Dayton, OH
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Q-switched Quanta-Ray INDI Series Nd:YAG laser?, also from Spectra-Physics. The
third harmonic (355 nm) of this same laser is used to pump a mixture of Exalite 389
and Exalite 398 dyes dissolved in p-dioxane in another Cobra-Stretch laser® in order
to generate UV light.

The 553 nm beam is circularized by a pair of cylindrical lenses with f=150 mm
and f=25.4 mm, and collimated with a f=40 cm lens. Its power is adjusted by a
half-waveplate and a Glan-Laser calcite polarizer. The power of the 390 nm beam is
decreased with another Glan-Laser polarizer and adjusted with ND filters. The two
RIS beams are spatially combined with a dichroic filter, and injected into a vacuum
chamber.

Though the lasers nominally operate at a repetition rate of 10Hz, the possibility
of having a slower 1Hz rep rate was determined to be at times important in under-
standing the data. For this purpose, a timing apparatus was constructed. This setup
utilizes six LeCroy model 222 dual gate generators, a LeCroy model 429A logic fan-
in/fan-out module, and a Pragmatic model 2201 A high definition arbitrary waveform
generator to create and veto lamp and Q-switch triggers to the pump laser. This
allows for a tunable rep rate, as well as a tunable delay between the pump laser and

another laser used in the desorption experiments described in Chapter 6.

4.2.3 Data acquisition

The data acquisition system (DAQ) utilizes NIM logic to count ions that have been
detected by the CEM and meet a certain criteria. The output signal from the Q-
switch of the pump laser is used to trigger the acquisition. Every time there is a
trigger (at a rate of 1 or 10 Hz, set by the laser timing system), a gate with a certain
delay and width is generated using a LeCroy Model 222 gate generator. The delay
and width of the gate are chosen to coincide with the expected time-of-flight of the
barium ions, and is adjusted once a clear barium signal is detected. The output of this
module is fed into a LeCroy Model 365AL coincidence unit. At the same time, the
signal from the CEM is passed through an Ortec model 120A fast-timing preamplifier

4Model INDI-40, E=200 mJ @ 532 nm, 100 mJ @ 355 nm, 5-8 ns width
5Model CSTR-D-3000, E=5.4 mJ @ 390 nm
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Figure 4.3: Time of flight oscilloscope trace of a candidate resonantly ionized barium
ion detected by the CEM. The ionization lasers are fired at t = 0 s, starting the data
acquisition. Barium from the neutral beam produced by the oven is immediately
ionized, and the ion drifts to the CEM for detection. The time elapsed between
ionization and detection corresponds to the time of flight of the ion.

and into another channel of the coincidence unit. An Ortec Model 935 discriminator
ensures that only CEM signals above a certain threshold are fed into the coincidence
unit. The threshold is set at -0.2 V and is selected so as to maximize signal while
minimizing CEM noise. Any coincidences between the gate and the CEM signal
are recorded by a Stanford Research Systems Model SR620 counter. The counting
of a signal only when in coincidence with a well-chosen gate results in a very low
background. Signals from the CEM, laser, and gate are monitored on a Tektronix
Model TDS 684B oscilloscope. A candidate data event is shown in Fig. 4.3.
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4.3 Results

4.3.1 Evidence for resonance ionization spectroscopy of bar-
ium

Evidence for the resonance ionization of barium requires the detection of an ion
signal that is correlated to both the barium oven being on and the RIS lasers being
on resonance. For data taking conditions, the vacuum inside the chamber is ~ 1 x
10~® Torr, though pressures as high as 1 x 107% Torr still allow for safe operation
of the CEM. This high vacuum condition is necessary for a reduced ion background
count. The cold-cathode gauge used for pressure measurements needs to be turned off
during data taking to reduce the background. The barium oven is turned on, and the
RIS beams are steered into the chamber so as to intercept the atomic beam. Laser
powers well in excess of saturation (up to 3-5 mJ/pulse) are used initially, and they
are turned down once a barium signal is detected. The cone of the CEM is biased at
-2000 V. The oscilloscope is used to monitor signals from the CEM as the alignment
of the laser beams through the chamber is adjusted.

A typical data set is shown in Figure 4.4. In this case, the green laser is set
at 553 nm and 0.99 mJ/pulse, while the UV laser is at 390 nm and 0.35 mJ/pulse
and both are at 10Hz. The coincidence gate is set at 1-5 s, and the discriminator
threshold at -0.204V. The barium oven is continuously running. Time 0 seconds
indicates the first pump trigger, and ions are immediately seen. For presentation
purposes, the number of counts in the CEM is averaged over 5 seconds. After 50
seconds both laser beams are blocked, and the count rate decreases to 0. After 80
seconds, the beams are unblocked and the rate recovers. Between 100-130 seconds
the green laser is blocked, and the UV laser is blocked at 175-215 seconds. When
either or both of the resonance ionization lasers is blocked, the count rate decreases
to zero. The count rate is non-zero otherwise. This strongly suggests that the ion
signal is correlated to the RIS lasers.

In order to determine that this ion signal is also correlated to the barium oven,

the same operating conditions as described above are employed but the barium oven
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Figure 4.4: Number of ions detected by the CEM, averaged over 5 seconds, for a RIS
data run with a gate of 1-5 us, a green laser energy of 0.99 mJ/pulse, and a UV laser
energy of 0.35 mJ/pulse. When either or both of the resonance ionization lasers is
blocked, the count rate goes to zero.
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Figure 4.5: Number of ions detected by the CEM, averaged over 5 seconds, for a RIS
data run with a gate of 1-5 us, a green laser energy of 0.99 mJ/pulse, and a UV laser
energy of 0.35 mJ/pulse. When the barium oven is turned off at 105 s, the count
rate decreases to zero. This decrease is not instantaneous because the barium beam
produced by the oven has some thermal inertia.

is turned off halfway through. One expects to see the count rate disappear at this

moment, and indeed this is what is observed (Figure 4.5).

4.3.2 Lineshapes of electronic transitions in the vapor phase

An ion signal correlated to both the barium oven and lasers that excite specific tran-
sitions presents strong evidence for the resonance ionization of barium. This can be
confirmed by transition lineshapes that agree with theoretical expectations and that
are corroborated by previous experimental results. For this purpose, wavelength scans
both broad (a few nanometers) and narrow (tenths or hundredths of nanometers) are

performed around the transitions centered at 553 nm and 390 nm by properly tuning
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the lasers. The coincidence gate is set at 1.7-3.2 us. A High Finesse Model WS6/558
wavemeter is used to monitor the wavelengths.

A wavelength scan of the green laser, centered around 553.55 nm and spanning
0.2 nm in 0.01 nm steps, can be seen in Fig. 4.6, together with a Lorentzian fit. The
UV laser has an energy of 0.14 mJ/pulse while the green laser also has an energy
close to saturation, ~ 100 nJ/pulse. The lineshape is assumed to be Lorentzian
because the contribution from Doppler broadening is thought to be minimal. The fit
parameters are shown in Table 4.1. The fit indicates that the resonance transition
more accurately occurs at 553.54 nm, with a linewidth of 0.0015 nm which is similar
to the linewidth of the laser itself (0.0012 nm).

Parameter Value
Amplitude 1.134+0.04
o 0.001540.0012 nm
" 553.54£0.01 nm
yOffset 4.1940.07 counts/sec
X2 /ndf 46.55/17

Table 4.1: Parameters for a Lorentzian fit of the 553 nm resonant transition in barium.

As discussed in § 4.1, the landscape around the 390 nm transition is more inter-
esting, given the possibility of observing an autoionization state and the continuum
that surrounds it. A broad wavelength scan from 387 nm to 397 nm is thus taken.
The green laser is set at a wavelength of 553.5 nm with an energy of 2.3 mJ/pulse.
The energy of the UV laser is 100 pJ/pulse. The result can be seen in Fig. 4.7. An
autoionization state at 389.7 nm is visible. To its right, the structure of the Ba™t 6s
2512 continuum can be seen. If energies well in excess of the saturation energy of
this transition are used, the continuum background becomes more pronounced.

A finer scan indicates that the transition occurs at 389.68 nm with a 0.05 nm
linewidth. The scan, together with a fit to a Fano lineshape, can be seen in Fig. 4.8.
The fit parameters are displayed in Table 4.2.

The lineshape is fit to the Fano formula presented in Eq. (3.33) and including

two parameters that account for the portions of the cross section that do and do not
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Figure 4.6: Lorentzian fit of the 553 nm resonant transition. The fit indicates the
transition to be centered at 553.54 nm with a linewidth of 0.0015 nm.
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Figure 4.7: (bottom) Broad wavelength scan centered around the ~390 nm transition
with an energy of 100 pJ/pulse. The green laser is set at 553.5 nm and with an energy
of 2.3 mJ/pulse. An autoionization state at 389.7 nm, as well as the Ba™ 6s 251/2
continuum that surrounds it, can be seen. (top) UV laser energy as a function of
laser wavelength, for normalization of the bottom plot.
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Figure 4.8: Fano fit to the lineshape of the autoionization transition at ~390 nm.
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Parameter Value
Fano parameter ¢ -180470
o 0.0540.01 nm
I 389.68+0.01 nm
Interaction parameter 0.002£0.001
Non-interaction parameter 1.39£0.06
X2 /ndf 427.2/36

Table 4.2: Parameters for a Fano fit of the ~390 nm resonant transition in barium.

interact with the discrete autoionizing state [56]. The value of ¢, as defined in § 3.2.1,
reflects the ratio of the transition probabilities to the discrete state ® and the con-
tinuum e. The rather large value of |¢| indicates that ionization occurs by excitation
and decay of a discrete autoionizing state, as opposed to direct photoionization to the
underlying continuum. The lineshape observed is therefore symmetric and produced
on top of the continuum background.

The Fano formula is not applicable only if the autoionization width approaches
the separation between successive members in a Rydberg series, if the background
continuum is not flat, and if there are other channels for particle broadening [53].
The three conditions apply in this case, but one has to be wary of excess laser power
exposing the limitations of the Fano formula, in the sense that power broadening
might increase the continuum background and transition linewidth so much that the
Fano formula fails to describe the general lineshape of the autoionization resonance

well.

4.3.3 Saturation energies of resonant transitions in the vapor

phase

As was discussed in Chapter 3, saturation energies can be experimentally determined
by using Eq. (3.35),

o 7<]/Isat)/2
0 T T T Lt + 2(5/7)2




CHAPTER 4. VAPOR-PHASE RESONANCE IONIZATION OF BARIUM 43

The green saturation curve (Figure 4.9, top) is obtained by having both lasers at
resonance (389.68 nm and 553.54 nm) and scanning the energy of the green laser while
keeping the UV laser at constant energy of 1.2 mJ/pulse. The UV saturation curve
(Figure 4.9, bottom) is obtained in a similar manner, with the green laser energy

constant at 1.47 mJ/pulse. The fit parameters for the curves are shown in Table 4.3.

Parameter 553.5 nm 389.7 nm
v (Hz) 38842 4523+6

I (J/pulse) | (54+1) x 1072 | (3.9+£0.1) x 1074
X2 /ndf 171/4 698.4/8

Table 4.3: Fit parameters of the saturation curves for the 553.5 nm and 389.7 nm
transitions in barium.

Theoretically predicted values for the green and UV saturation energies, calcu-
lated in § 3.2.2, are 0.48 nJ and 73 uJ, respectively. This is about 5-10 times smaller
than the experimentally measured ones. This discrepancy can be attributed to uncer-
tainties in the measurements at such low energies arising, in part, from the limitations
in sensitivity of the power meter ¢ and neutral density filters employed, as well as
uncertainties in measuring the beam parameters and not enough data points for a
good statistical fit. Furthermore, in measuring the saturation energy of the ~390 nm
resonance, He et al [47] found that poor alignment of the optical system lead to hot
spots on the laser beam resulting in a poor fit to the data. It is likely that this also
played a part here.

6Model 818P-015-18, Newport Corporation, Irvine, CA



CHAPTER 4. VAPOR-PHASE RESONANCE IONIZATION OF BARIUM 44

| Green Saturation Curve

b 220
@

o 200
180
160
140

——

——

Average lon

120
100
80
60
40

20
0

—

PR T N W AN T T A SN AN SO ST ST S ST Nt
0.5 1 15

o

2
Energy (uJ/pulse)

| UV Saturation Curve |

200
180
160
140

Average lons/sec

120
100
80
60
40
20

_

0.6 0.8 1 1.2 1.4
Energy (mJ/pulse)

0

o
o
(N
o
IS

Figure 4.9: Saturation curves for the 553.54 nm (top) and 389.68 nm (bottom) tran-
sitions. The black squares indicate experimental data, while the red curves are the
fits to Equation (3.35).



Chapter 5

A Radionuclide-Driven Single-lon

Ba Source

The results presented in Chapter 4 provide evidence for the successful resonance
ionization of barium. In order to determine the viability of a resonance ionization-
based ion transport and detection technology for EXO, the efficiency of this process
has to be measured. The tagged Poissonian Ba™ source described in this chapter was
developed for this reason, and its use is described in Chapter 6.

The source presented here makes use of the alpha decay of 8Gd,
ePGd — &H'Sm +a (5.1)

and the recoiling Sm (F = 88 keV) is used to release Ba™ ions from a BaF, layer. *Gd
is a convenient « emitter because its half-life (74.6 y) provides a good compromise
between high specific activity and durability. Furthermore, the decay of *8Gd is
directly in the ground state of **Sm, so that no other radioactivity is produced.

A schematic diagram of the source is shown in Fig. 5.1. A few monolayers of
Gd are electroplated onto a PIPS® « detector !, and a thin layer of BaF, is then
vapor-deposited over the entire detector. For half of the Gd decays, the a particle is
detected in the PIPS® detector, providing a tag for the ion emission. At the same

'Model PD50 50 mm? active area unmounted wafer, Canberra, Meriden,CT.

45
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Surface Barrier Detector

Figure 5.1: Schematic diagram of the radionuclide-driven source. A PIPS® detector
is used as the substrate. *8Gd and BaF, are deposited on top. After a Gd decay,
the alpha particle is detected, providing a tag, while the Sm daughter dislodges Ba™
from the BaFy layer.

time, the recoiling Sm daughter traverses the BaF, layer, knocking off Ba™ ions.

5.1 Source Fabrication

5.1.1 Electroplating

A schematic diagram of the plating setup can be seen in Fig. 5.2. This setup allows
for radioactivity to be contained to a small area of the detector. The plating circuit is
established by mounting a PIPS® detector on a horizontal support and lowering an
anode to a position about 0.5 mm above the center of the detector using a micrometer.
The anode consists of a 4 mm-wide slice of a B-doped silicon wafer (resistivity ~
50 Qm).

148Gd is obtained in the form of GdCls in HCI aqueous solution. Natural Gd is

present as carrier in the solution in the approximate ratio [57] "*Gd:'**Gd=1:6.6 x 10~*.



CHAPTER 5. A RADIONUCLIDE-DRIVEN SINGLE-ION BA SOURCE

XYz
Stage

Ceramic

Detector

10MQ

Plating
Solution

Ceramic

Ammeter

47

Figure 5.2: Schematic diagram of the radioactive Gd plating setup. The micrometers
allow for an accurate positioning of the anode ~ 0.5 mm above the center of the
detector being plated. A drawing of the Canberra PIPS® detector used is provided

in the inset.
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Gd electroplating works best from gadolinium nitrate[58] in an isopropanol (IPA) so-

lution. The chloride is thus transformed into a nitrate:

GdClg(aq) + 3HNO3(aq) — Gd(NOg)g(aq) + 3HCl(aq) (5.2)

The reaction is achieved from 500uL (0.1xCi) of M8GdCl; and a total of 1500uL
of IM HNOj3 ? delivered in 500uL increments. The *8Gd(NOs3)s is then dissolved in
500uL of IPA 3. 25uL of this plating solution are calculated to have an activity of
185 Bq. A measurement of the activity, performed by dissolving one 25uL batch in
a liquid scintillation counter *, confirms a carry-over efficiency of ~100%. Since the
Gd(NO3)3 concentration is extremely low, a drop of 0.05M HNOj is added in 10L of
the IPA in order to increase the conductivity of the plating solution to an acceptable
level.

A ~ 5 pL drop of the plating solution is deposited between the anode and the
detector, which serves as the cathode in the circuit. The drop remains in place
because of surface tension. A 200 V potential is then applied to the circuit via a
10 M2 current-limiting resistor, establishing a current that is measured to 18 pA.
More 5 pLL batches of the plating solution are added, as the solvent evaporates, for a
total of 25 to 50 uL. Pure IPA aliquots are also added to counter evaporation. The
solution is plated for 15 min. Because of the non-radioactive Gd carrier, a source of
~200 Bq activity, obtained from 25uL plating solution, roughly covers a surface of

8 x 1072 cm? with ~10 monolayers of Gd.

5.1.2 Vapor deposition

Coating with BaF, is achieved by vapor deposition, as this technique provides a
uniform layer over the entire front surface of the detector and does not chemically
interfere with the radionuclide. Vapor deposition is done under 10~¢ Torr vacuum.

A tantalum boat containing a small scintillation-grade BaFy crystal ® is resistively

2TraceMetal grade, Fisher Chemical, Pittsburgh, PA

3LC-MS Chromasolv® >99.9% grade, Sigma-Aldrich, St. Louis, MO

4Measurement performed by the Stanford Health Physics Department, Stanford, CA
5Produced by the Beijing Glass Research Institute, Beijing, China
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Figure 5.3: Yield for Ba atoms as a function of layer thicknesses, as calculated by a

SRIM simulation.

heated with 80 Amps, and the thickness of the deposited layer is monitored by a

microbalance located next to the source being plated.

BaFQ

is chosen as the chemical species containing Ba because of its relatively good

stability in air [59] and the fact that the other atomic species, fluorine, has a mass that

is very different from that of Ba. The optimal layer thickness is estimated using the

SRIM ¢ [60] simulation package with full damage cascades simulation. Fig. 5.3 shows

the predicted Ba yields as a function of thickness. Based on this yield, a thickness of

10-20 nm is optimal.

6The Stopping and Range of Ions in Matter
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5.1.3 « spectroscopy

Fabrication of the source on the surface of an « detector allows for tagging of the Gd
decay, which in turn allows for determination of the number of Ba™ ions produced
and thus RIS efficiency measurements. It is important, then, to make sure that the
source fabrication process does not inhibit the detector’s ability to tag o decays. This
is verified by “self-counting” with the source-substrate detector.

Typical spectra, recorded with a 50 V bias and 2 us shaping time, are shown in
Fig. 5.4. The spectrum from the single 3182.7 keV « emitted by the 8Gd plated
on the detector shows (Fig. 5.4(a)) a resolution of ~ 60 keV FWHM. This is worse
than 14 keV FWHM stated by the manufacturer, but understandable given the elec-
troplating process the detector has undergone. The spectrum after BaF, deposition
is substantially broader (~ 170 keV FWHM, see Fig.Fig. 5.4(b)), presumably due to
further deterioration of the detector. The detector is, however, still functional and

adequate to tag the decay and subsequent Ba™ emission.

5.2 Source Characterization

Source emittance is characterized using time-of-flight mass spectrometry.

5.2.1 Experimental setup

A 6”7 Conflat nipple is used as a vacuum chamber. Inside there is a simple time-of-
flight spectrometer comprising two sets of three-electrode lenses separated by a drift
region in the center, with an overall ~ 17 cm length. The spectrometer is designed
inhouse and components are machined by the Stanford University Physics Machine
Shop. The spectrometer transports ions emitted by the source, mounted on one end
with a specially-designed holder, to a CEM mounted at the other end for detection.
The electrodes allow for independent adjustment of the electric field at the surface
of the source and of the ion impact energy on the CEM. The chamber is pumped to
~1078 Torr vacuum by a 30-1/sec TMP backed by a 10-1/sec dry scroll pump. The
“start” signal for the time-of-flight measurement is provided by the PIPS® detector
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Figure 5.4: "8Gd “self-counted” « spectra. Panel (a) shows the spectrum of the
48Gd layer only. The FWHM energy resolution is ~60 keV. Panel (b) shows the
spectrum after 40 nm of BaF, are deposited over the source. The FWHM energy
resolution is in this case ~170 keV.
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Figure 5.5: SIMION simulations for ions leaving the source (shown on the left) with
a field Esouce = 550 V/cm and having a CEM (shown on the right) impact energy K
= 2800 eV. The transport efficiency is 85%. Ion trajectories are shown in blue and
potentials in red. Courtesy of K. Twelker.

on which the source is built and the “stop” is provided by the CEM pulse. A 45V
bias for the PIPS® detector is provided by a battery, so that the entire source can
be floated to high voltage as required by the spectrometer. Signals from both the
source and the CEM are digitized with flash ADCs (FADCs) at 250 MS/s. While a
fast preamplifier is used for the CEM pulse, the signal from the source is fed into an
Ortec model 142 preamplifier followed by a model 474 timing filter amplifier (TFA)
with 100 ns shaping. Timing thresholds are applied offline.

A schematic diagram of the time-of-flight spectrometer showing SIMION-calculated

ion trajectories (blue) and potentials (red) can be seen in Fig. 5.5.

5.2.2 Ion emission

A typical time-of-flight spectrum obtained for an electric field at the surface of the
source Egourece = 550 V/em and an ion impact energy K = 2800 eV is shown in
Fig. 5.6. The prominent peak at 4.99 us has a position and width (0.21 us FWHM)
consistent with those predicted by a SIMION [61] simulation for Ba™ ions (5.55 us and
0.09 us, respectively). A fit of this peak to five Gaussian functions representing the
main Ba isotope masses provides an estimate for the spectrometer FWHM resolution

of 5.8 amu at ~137 amu. The assignment of the peak to Ba™ is corroborated by
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Figure 5.6: Time-of-flight spectrum for a typical Ba source. This source has a mea-
sured *8Gd activity of 173 Bq and a 15 nm thick BaF, coating. The Ba™ yield,
measured as the integral of the main peak at 4.99 us, is of 2.7 Hz. Assignments for
other peaks can be seen in Table 5.1.



CHAPTER 5. A RADIONUCLIDE-DRIVEN SINGLE-ION BA SOURCE o4

the observation that no such peak is present in a source where the BaF, coating is

replaced by Al

Time | Measured mass | Possible assignment
(us) (amu) (known mass in [ )
0.51 1.01 H* [1.01]
1.44 12.9 C* [12.0]

1.99 23.5 Na™ [23.0]
2.16 27.6 Sit [28.1]
2.23 29.3 -

2.75 43.5 CoH507 [45.1]
3.19 57.9 C3HgO™ [60.1]
3.55 70.9 Ba?" [68.7]
4.99 137.53 Ba* [137.3]
5.33 156.2 BaF* [156.3]

Table 5.1: Possible assignment of the time-of-flight peaks for the source in Fig. 5.6.
The associations of H" and Ba' (in italics) are assumed and used to compute the
mass values for the other peaks.

The time-of-flight spectrum for light masses is similar to the one observed for the
source coated with Al (not presented in this thesis), though its interpretation poses
some challenges because of the limited resolution of the spectrometer. A possible as-
signment, obtained using as reference the Ba™ peak and the peak at 0.31 us, assuming
to be due to H* is shown in Table 5.1. The presence of a prominent Na™ peak is not
surprising, given the common presence of sodium contamination on surfaces. Emis-
sion of some Si from the substrate is not unexpected, while CoH5O" and C3HgO™ are
commonly observed in mass spectra of the IPA that is used in the Gd plating process.
No compelling assignment is available for the peak at 2.23 ps. Finally, the satellite
peak at a mass larger than that of Ba is not present in the Al coated source and it
may be attributed to BaF™.

The presence of these species is corroborated by X-ray Photoelectron Spectroscopy
(XPS) 7 performed on the source. The XPS spectrum indicates the presence of Ba, F,

Na, and C and O consistent with an organic compound (possibly IPA). Furthermore,

7SSI S-Probe XPS Spectrometer, Stanford Nanocharacterization Facility.
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XPS spectra of silicon substrates electroplated with plating solutions containing and
not containing Gd indicate that the low-mass contaminants arise out of the electro-
plating process, either because they are dissolved in the plating solution or because

the silicon substrate is exposed to air.

5.2.3 Rate of Ba' production

The rate of Bat production can be determined by integrating the area under the Ba™
peak in a time-of-flight spectrum. For an accurate characterization of the source, this
measured rate should equal the predicted rate. The predicted Ba™ production rate can
be calculated from the source activity, the “sputtering” yield, and the spectrometer
transport efficiency.

The source activity is determined by reading out the PIPS® detector on which
the source is fabricated. The “sputtering” yield can be obtained from the SRIM
simulation shown in Fig. 5.3. For a source with 15 nm of BaFs, this yield is about five
Ba/Sm. One should note, however, that SRIM simulations are unable to distinguish
between neutral and charged states. The expected barium ion fraction, a = 1y /ntal,
is thus not known.

A general understanding of the ion fraction in sputtering is still an open question,
even for pure metals, and not much data exists for ionic compounds, such as BaF, [62].

Some models and experimental data describe a with the general form
Vo
a= Fexp(——) +G (5.3)
v

where F' is a constant that takes into account the electronegative of the species,
v is the velocity, and G is another constant that takes into account the ionization
potential of the atom, the work function of the surface, and the electron temperature.
Ton emission takes place around a critical velocity vy of ~2 cm/us [62]. The net result
of this function is that the fraction of ions is low at low energy and approaches unity
at higher energy. For barium, this transition takes place at ~300 eV. According to
SRIM, 17% of barium atoms emitted by the source have energies greater than 300 eV,

and so are thought to be ionized. The actual energy distribution of Ba™ ions affects
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the transport efficiency of the spectrometer significantly. While such efficiency is
calculated to be 85% for the entire energy distribution produced by SRIM, it is only
8% for the part of such energy distribution exceeding 300 eV.

For the spectrum in Figure 5.6, the Ba™ yield is measured to be 2.7 Hz. Using the
a activity of 173 Bq, SRIM predicts a rate of Ba emission of 430 Hz for the 15 nm
thick BaFs coating (see Figure 5.3). Assuming that the ions comprise only those Ba
atoms ejected with energy above 300 eV (17% of the total), the Ba™ emission rate is
calculated to be 73 Hz. Using the spectrometer efficiency of 8% (appropriate for this
energy range), a rate of 5.8 Hz is predicted to arrive at the CEM. The ratio between
this figure and the measured rate of 2.7 Hz is consistent with typical CEM efficiencies
for ions with the velocities expected here. The agreement between predicted and

measured rates indicates that Ba™ production is well understood.



Chapter 6

Desorption and RIS of Barium

6.1 Desorption Techniques

As described in §2.3.1, an ion-transport probe based on resonance ionization spec-
troscopy necessitates the inclusion of a desorption step. For this probe to be success-

ful, three desorption requirements must be met:

1. The adsorbant release has to be selective: If possible, one would want only the
desired species (barium in this case) to be released from the probe in order to
minimize background. This is particularly important if the barium ion is then
injected into a buffer gas-cooled quadrupole ion trap for identification, because
this trap has limited acceptance and the presence of a substantial amount of

background atoms, ions, or molecules might cause ejection.

2. The release has to be efficient: The desorption step is only one of the many
needed for the transportation and identification of barium ions created in the
LXe TPC. This means that for the complete process to be viable, all the steps
have to be highly efficient. Furthermore, every time the ion transport probe is
sent in for barium retrieval only one barium atom is expected to be present, so

the release from the probe has to be efficient in the single-ion regime.

3. The barium has to be released as a neutral: neutral release allows for selective

ionization of barium using RIS, which results in lower background and higher

o7
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detection efficiency.

Taking these requirements into consideration, the selection of both an appropriate

desorption technique and a substrate are discussed.

6.1.1 Non-resonant processes

Barium atoms can be removed from the surface of a substrate through laser ablation or
desorption. Removal by laser ablation is achieved by melting and vaporization of the
sample. Initially, the electrons in the sample are excited by absorption of photons.
This excitation then decays quickly into heat [63]. When the lattice temperature
exceeds the melting point of the sample, surface damage starts occurring. If additional
energy is delivered to the melted spot it will vaporize, creating a plume of mass vapor.

In laser ablation one can focus the laser to a small spot size and have a laser
pulse of very short (ns) duration. Since the particle release time is also rather short
(us) [64], this should lead to greater atom overlap efficiency with the ionization lasers.
The main issue with ablation, however, is that the process is inherently complicated
and exponentially dependent on the laser power [65], leading to problems of control
unless the pulses are very temporally and spatially stable. At the early ablation stage,
emitted electrons gain energy from the incoming laser pulse through collisions with
the ionized mass vapor leaving the sample surface. As a result of vapor ionization, the
ionized mass plume may absorb the laser energy and shield the sample surface from
further exposure to the laser light [66]. This means that even if the pulses are stable,
the amount of ablation starts out high on the first pulse and decreases in subsequent
pulses. Furthermore, mass leaves the sample surface in the form of electrons, ions,
atoms, molecules, clusters, and particle separated in time and space [66], increasing
the background and possible reducing the overall efficiency. Ablation also causes irre-
versible surface damage to the sample, which could affect the efficacy of the substrate
as an ion tip and the reproducibility of results.

These problems might be mitigated with the use of a fiber, as it results in greater
laser beam uniformity. More control could be had over what is released by having

a uniform beam, so that with one shot only a monolayer of barium (and not the
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substrate atoms) is released. A UV laser could also be used to dissociate or break up
problem molecules created by ablation.

In laser-induced thermal desorption, a pulsed laser is used to thermally heat a
surface and desorb molecules [67]. As with laser ablation, light absorption results in
electron excitation which then decays into heat. The heat diffuses with time 7 during

the pulse a distance Ax=(2a7)/?

into the solid, where « is the thermal diffusivity.
When a certain laser power density threshold is reached, surface phonons can couple
into the adsorbate bound states, resulting in the breaking of the surface bond [68].
The laser energy required for thermal desorption of barium on a substrate can
be determined from a simple model that assumes an energy pulse at the surface of a
semi-infinite solid. In this model, the temperature response caused by laser heating

is given by [69]:

T-T = (W) o) (6.1)

where p is the density, c¢ is the heat capacity, and x is the distance (depth) from the
surface where heating occurs. Because this is a model for a semi-infinite solid, x is
considered to be almost negligible with respect to the total thickness of the solid; the
part deep in the bulk remains unaffected by the temperature change in the surface.
Though more complicated models of surface temperature rise resulting from laser
light exist and are extensively described in [70] and [71], this one was found to be
sufficient in providing a general idea of the required parameter values.

At x=0, and assuming a 10 ns laser pulse and a silicon substrate, one thus has

_ @ _C
T-Ti=- (0.358J/m2) (6.2)

Desorption of sub-monolayers of barium from silicon has been observed at tem-
peratures of at least 800 °C [72]. This corresponds to a laser energy density of 0.223
J/em?, and for the 10 ns laser pulse, a power density of 2.23x107 W /cm?. This power
density is within the 105-10% W /cm? range usually observed for desorption [73]. Tt is
important to note that impurities have been found to enhance the desorption of bar-
ium from metallic surfaces [74], and so one might be able to achieve barium desorption

from silicon with less laser energy in this manner.
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Ablation usually occurs with densities greater than 10° W /cm? [73]. This should
be avoided so as to minimize the number of ions and maximize the number of neutrals
produced for greater efficiency of the desorption and resonance ionization spectroscopy
(DRIS) process. For nanosecond pulses, the ablation threshold fluence Fy, is propor-
tional to the density p, the heat of evaporation 2, the thermal diffusivity « of the

substrate, and the duration 7 of the laser pulse [75]:

Fin ~ pQal/?7r1/? (6.3)

For silicon, this threshold is calculated to be 2.8 J/cm?, in agreement with ex-
perimental values ([76] and its references) and substantially above the energy density
required for thermal desorption of barium. This indicates that it is possible to desorb
barium from silicon without causing ablation of the silicon substrate, which substan-
tially reduces background for a RIS transport probe. For these reasons, and because
it is a rather clean material and readily available, silicon was chosen as the substrate

in the DRIS experiments described in this chapter.

6.1.2 Desorption induced by electronic transitions

For a particle to be removed, its bond from the surface of a substrate must be bro-
ken. In thermal desorption, as has been previously described, this occurs in thermal
equilibrium with the substrate, so that the desorbed particles exhibit a Maxwellian
distribution in energy with the temperature equal to that of the substrate. But des-
orption can also be initiated by transformation of the potential energy of an electronic
excitation localized near the particle-surface bond into the kinetic energy of the des-
orbed particle. This process is known as desorption induced by electronic transitions,
or DIET [77].

DIET has been observed mainly in alkaline atoms. The alkali is adsorbed in ionic
form on the surface of a substrate [78]. Photon absorption generates hot electrons
in the substrate. Some of the hot electrons scatter into an empty resonance state
of the alkali, neutralizing it [79]. Since the transition occurs in the repulsive part of

the neutral alkali-substrate potential energy curve, the neutral atom is repelled away
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Figure 6.1: Excitation pathways in surface photochemistry. Photochemistry is initi-
ated through the excitation of an unoccupied state of an adsorbate by the scattering
of photogenerated hot electrons. From [6].

from the surface. If sufficient kinetic energy is gained in this process, then it will
desorb. An illustration of this process is shown in Figure 6.1.

Photodesorption of single potassium atoms from a graphite surface covered with
a monolayer of potassium has been observed at 4.9 eV and with a cross section o =
1.8x107% c¢m? [79]. Photodesorption of sodium atoms has been similarly observed
from a silicon dioxide surface with submonolayer coverage of sodium at ~5 eV with
a cross section o = 3x1072% ¢m? [78]. In both cases the alkali atom is adsorbed on
the substrate surface with some ionicity. If barium, which has a similar ionization
potential to sodium, also has partial ionicity when adsorbed, then DIET could very
well be possible. This would depend on the number of hot electrons with the right
energy scattered towards the surface of the substrate, the electron attachment cross
section, and the positions of the potential energy curves of the ionic and ground
states.

DIET could allow for very selective desorption of barium, but the photon energy
required (estimated at ~5 eV) would make the use of expensive high-energy UV
lasers necessary. For this reason, and because the development and implementation

of this system for barium was deemed too complicated given the time constraints of
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the work in this dissertation, this desorption method was rejected in favor of laser-

induced thermal desorption, which is easier to implement.

6.2 Initial DRIS Setup

The first version of a desorption and resonance ionization spectroscopy (DRIS) setup
was designed as a proof-of-principle system for the combination of these two steps.
Laser-induced thermal desorption is attempted from the surface of a silicon substrate
onto which barium has been deposited. After a short delay, resonance ionization is

attempted.

6.2.1 Vacuum system

The vacuum system is the same as described in § 4.2.1, with the addition of a ~ 1x1
inch silicon! substrate mounted on a stainless steel support directly facing the CEM
used for ion detection. The substrate is kept at ground. A schematic diagram of the

experimental setup is shown in Fig. 6.2.

6.2.2 Spectroscopic laser system and optics

The 1064 nm output beam from a Quanta-Ray Q-switched Nd:YAG laser? is bounced
off two glass slides and injected into a bare 400 pm core diameter multimode fiber?
after focusing with a f=50 mm lens. The silica cladding is not removed. The fiber
is bare so as to maximize the injected energy. For a 10 ns pulse, a maximum injec-
tion energy of about 18 mJ/pulse is achieved. Transmission of 50-70% is routinely
achieved. The output end of the fiber is also bare, though polished using a specially
made fiber holder. The laser can be operated at 1 or 10 Hz.

Lp-type boron-doped Test I wafer, R=10-90 Qm, obtained from the Stanford Nanofabrication
Facility stockroom, Stanford, CA

2Model GCR-150, Spectra Physics, Irvine, CA

3Gilica Core/Silica Clad Plastic Coated Fiber, Standard OH UV-VIS Superguide Series, Model
SFS 400/440Z, 0.22 NA, Fiberguide Industries, Stirling, NJ
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Figure 6.2: Setup for initial experiments on DRIS of barium. A 1064 nm laser beam,
delivered via a fiber, desorbs Ba atoms from a Si substrate. The output beams of two
dye lasers at ~553 nm and ~390 nm are shaped, spacially combined, and injected
into the vacuum chamber.
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Si substrate

Figure 6.3: Desorption optics used in DRIS experiments. The output of a 400 pm
core fiber is collimated with an asphere, recollimated with a lens, and focused with
another lens to a spot with radius 1.67 mm on the silicon substrate.

Light coming out of the fiber is collimated with an f=4.03 mm asphere. Because of
the large divergence (49.6 mrad, half-angle), the beam is recollimated with a f=80 mm
lens. The beam is then focused with a f=150 mm lens through a window to a spot
with radius 1.67 mm. It is thought that the beam is focused right on the Si substrate,
though it is difficult to measure this exactly. A schematic diagram of the desorption
optics is shown in Fig. 6.3.

The fiber output optics are mounted on a micrometer stage with a linear actuator
that allows for movement in two axis. Light is injected onto the vacuum chamber
where the Si substrate is located at a ~60° angle.

The setup and optics for the RIS lasers are the same as the ones described in
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§ 4.2.2. The beams are injected parallel to the target, with the addition that the last
mirror is mounted on a micrometer stage so that the distance between the beams and

the target can be changed.

6.2.3 Data acquisition

As in the vapor-phase RIS experiments, the data acquisition is triggered by the output
signal from the Q-switch of the desorption laser and a CEM is used for ion detection. A
National Instruments waveform digitizer® is used as a counter in the manner described
in detail in § 4.2.3. An oscilloscope is used to monitor signals. A faster National
Instruments waveform digitizer® is used to record the CEM waveform for a certain
period of time (a few pus) after the desorption laser has triggered the acquisition. A
time-of-flight spectrum can thus be constructed in this manner. The combination of
these digitizers leads to both count-rate and time-of-flight data which will be used to

demonstrate the success of DRIS in the next section.

6.2.4 Results

In data taking conditions, the chamber is kept at a ~1 x 10~® Torr vacuum. The
barium oven is run for up to an hour, depositing barium atoms on the silicon substrate.
The barium oven is then turned off, and the desorption laser is fired at the substrate,
triggering the data acquisition. After an experimentally-determined delay of 1.5 us,
the RIS lasers are fired parallel to the substrate, and the signal detected on the CEM
is recorded. A schematic diagram of this approach is shown in Fig. 6.4. If need be,
the position of the desorption laser on the Si substrate and of the RIS lasers relative
to the substrate can be adjusted to maximize overlap with the barium atoms/ions.
Every time the vacuum chamber is opened, the Si substrate is replaced, the cham-
ber is baked afterwards at ~120 °C for a day to remove water vapor, and a desorption

background run is performed. Background runs on the silicon substrate, done before

4Model NI 5112, 100 MS/sec, 8-bit
5Model NI 5114, 250 MS/sec, 8-bit
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Figure 6.4: A simple schematic diagram that shows how desorption and resonance
ionization of barium is achieved and detected. A barium oven deposits barium atoms
onto a silicon substrate. The atoms are thermally desorbed via a laser beam and
are then resonantly ionized by two other laser beams. The resulting barium ions are
detected by a CEM.

any barium is deposited and using only the desorption laser, indicate only the occa-
sional presence of a pulse 1-1.5 us after the desorption trigger. This pulse is thought
to be due to SiT.

A typical data sequence involves first doing resonance ionization of barium from
the atomic beam produced by the oven as it deposits barium on the silicon substrate.
This allows one to make sure that the spatial overlap of the two ionization lasers is
optimal. Then, laser ablation of barium from the substrate is performed so as to
ascertain the location of the adsorbed barium on the substrate. Once the alignment
and power of the lasers have been deemed satisfactory, tests for DRIS can commence.
This alignment or calibration sequence is done only when a good DRIS signal cannot
be obtained, so as to minimize ablation-induced disruptions to the surface of the
substrate and the depletion of barium atoms on the substrate.

Using the DAQ system in its counter mode, the time structure of an ablated
barium pulse can be seen. An example is shown in Fig. 6.5. Only the desorption laser
beam is present, with an energy of 4 mJ/pulse. The number of counts in the CEM
is averaged over 5 s. Time 0 s indicates the desorption laser trigger. Here, the pulse

is seen within the 1.7-3.2 us gate deemed to be optimal for barium in the resonance
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Figure 6.5: Time structure of an ablated barium pulse found within 1.7-3.2 us from
the desorption laser trigger. Originally the desorption beam is not in the chamber.
After 20 s, the beam is let in and the count rate increases. When the beam is blocked
(100-130 s), the count rate decreases to zero.

ionization experiments described in Chapter 4. If the laser beam is blocked, as it is at
t = 0-20 s and 100-130 s, no pulse is seen. Since this pulse is seen only after barium
deposition on the target and with no ionization lasers, and since this pulse occurs at
the optimal barium window and at a different time than the Sit background pulse,
it is easy to see that it is indeed due to ablated barium. The signal also exhibits the
typical ablation time structure, described at the beginning of this chapter, where the
most number of ions are released in the first few shots and the number then decreases
at each subsequent shot.

The reason why seeing an ablated barium pulse is important is that it allows for

calibration of the time-of-flight spectrum. If one knows at what time after a trigger
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Figure 6.6: Time-of-flight oscilloscope trace. The desorption laser fires at time =
0 ps. Ablated barium can be seen at 2.5 us, and desorbed and resonantly ionized
barium can be seen at 4 us. The delay between the desorption and ionization lasers
in 1.5 ps. The bipolar signal at 1.5 us is due to pickup from the ionization lasers
firing.

ablated barium is seen, and one knows the delay between the desorption/ablation
and the ionization lasers, then one knows where to expect the DRIS barium pulse.
Fig. 6.6 shows a typical oscilloscope trace of ion signals obtained by the CEM
after barium deposition on the target, desorption, and resonance ionization. In this
particular case, the desorption laser energy was 2 mJ/pulse, the green laser energy
was 0.027 mJ/pulse, and the UV laser energy was 0.059 mJ/pulse. Two ions pulses
are present. An ablated barium pulse is seen at about 2.5 us, which is not of interest
as described earlier, and a DRIS barium pulse is seen at 4 us. These pulses are
separated by 1.5us, which is the delay between the desorption and ionization lasers.
If one looks at the dependence of this 4 us pulse on the various laser beams using
a gate of 3.6-5 us (Fig. 6.7), one can see that the signal disappears if either the

desorption or ionization beams are blocked. The fact that this signal is seen after the
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Figure 6.7: Time structure of a DRIS barium pulse within a 3.6-5 us gate after the
desorption laser trigger. The desorption beam is unblocked after 20 s, and counts
start to be seen. Between 100-120 s, the ionization beams are blocked and the count
rate decreases to zero.

barium oven has been run, only when both the desorption and resonance lasers are
present, and with a time difference from the ablated barium signal equal to the delay
between the lasers strongly suggests that is due to DRIS barium.

Using the DAQ system in its time-of-flight configuration provides a different and
more informative way of looking at data. An example of time-of-flight spectra of the
pulses seen by the CEM from the t=0 s desorption trigger over a period of 8 us is
shown in Fig. 6.8. For this data, the desorption laser was operated at 1 Hz and the
ionization lasers at 0.5 Hz, so that they would be alternatively on and off with each
desorption shot. This allows for differentiation in ions produced when each type of
laser is on. The panel on the left shows the spectrum when all laser are on, and the
one on the right the spectrum when only the desorption laser is on. The desorption
laser energy was 2.5 mJ/pulse, the green laser energy was 3.5 mJ/pulse, and the UV

laser energy was 2.5 mJ/pulse.
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Figure 6.8: Time-of-flight spectra of ions coming off the target when only the desorp-
tion laser is on (right) and when the desorption and ionization lasers are all on (left).
A pulse from DRIS barium can be clearly seen at 4 us, a pulse from ablated barium
can be seen at 2.5 us, and a pulse from ablated silicon can be seen at 1.2 us.

There is a significant difference between the two spectra: a pulse at 4 us can be
seen only when all of the lasers are present, and disappears if only the desorption laser
is on. This pulse is seen at the same time after the data trigger as when the DAQ
system is run in its counter configuration. The spectra also indicate the presence of
ablation-induced signals in the forms of pulses at 1.2 us (Sit) and 2.5 us (Ba™), as
previously seen. The time difference between the ablated and DRIS barium pulses is
once again 1.5 us.

The data presented in this section shows that thermal desorption and resonance

ionization of barium using a silicon target is in principle possible.
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6.3 Low-Flux Setup with Radionuclide-Driven Bar-

ium Source

Using a barium oven as a source of barium does not allow for an efficiency mea-
surement of the DRIS process because the amount of barium produced is not easily
measureable. Since the results obtained with the experimental setup described in the
previous section are positive and encouraging, the setup was modified to allow for
efficiency measurements. This new low-flux setup makes use of a radionuclide-driven

single-ion barium source (see Chapter 5).

6.3.1 Experimental setup

Fig. 6.9 shows a schematic diagram of the low-flux setup. A square 64 mm? sili-
con substrate is mounted at the end of a 2 mm diameter titanium rod with silver
conductive epoxy. The substrate is cut from a silicon wafer with a diamond scribe
so as to minimize exposure of the polished front surface to chemical or mechanical
treatments. The barium source is mounted directly in front of the substrate, at a
distance of 65 mm. The CEM is mounted at a distance of 19 mm from the substrate
and 68 mm above it. Both the source and the CEM are equipped with a plate and
a lens for ion acceleration and focusing. These ion guides are also made out of ti-
tanium in order to minimize background should they be hit by scattered laser light,
since titanium has a very different time of flight than the much heavier barium. The
optical setup and DAQ system are the same as described in the previous section.
The low-flux setup can be run in two configurations: “loading” and “DRIS”. In
the “loading” configuration, the CEM and its accelerator plate and lens are grounded
(or “off”). The Si substrate is biased at -1000 V. The source plate is biased at -
1000 V and the lens at +20 V (“on”). With these voltage settings, ions are guided
from the source onto the substrate. In the “DRIS” configuration, the CEM cone is
biased at -2000 V, its accelerator plate is biased at -1000 V, and the lens at +50 V
(“on”). The Si substrate is grounded. The source plate is biased +100 V and the

lens is grounded (“off”). With these voltage settings, ions (once desorbed from the
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Figure 6.9: A schematic diagram of the DRIS low-flux setup in which a simple plate
and lens system guides ions from a radionuclide-driven barium source to the silicon
substrate (left), and from the substrate to the CEM after desorption and ionization
(right). Ion trajectories are shown in red.

substrate and ionized by the RIS lasers) are guided from the substrate to the CEM.
No ions from the source are deposited onto the substrate in this configuration. A

summary of the voltage settings can be seen in Table 6.1.

6.3.2 Results

Data taking proceeds under the same conditions as in § 6.2.4. The source is first run
overnight (~14 hours) in the “loading” configuration, and the system is then switched
to the “DRIS” configuration to begin data taking. A desorption laser pulse at 1 Hz
or 10 Hz triggers the data acquisition, the ionization lasers are fired with a 1.4 us
delay at 0.5 Hz or 5 Hz, and ion signals in the CEM are digitized and recorded for the
20 ps following the desorption trigger. Each data record also contains information
on the wavelength of the ionization lasers, which are kept on resonance at 553.54 nm
and 389.67 nm. Each data set typically contains a few thousand records.

An example of a time-of-flight spectrum obtained in this manner is shown in
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Loading | DRIS
CEM cone (Y -2000 V
CEM plate oV -1000 V
CEM lens (VY +50 V
Si substrate | -1000 V oV

Source plate | -1000 V | 4100 V
Source lens | +20V (Y

Table 6.1: Voltages for different ion optics in the “Loading” and “DRIS” configura-
tions of the Low-Flux Setup.

Fig. 6.10. A prominent pulse is present at 9 us, and only when both the desorption
and ionization lasers are on. Very little background in the 8.5-9.5 us window is seen.
The long time of flight of the pulse indicates that the ion that causes it has a high
mass. It is likely then that this is desorbed and resonantly ionized Ba™.
Confirmation of the nature of this pulse can be obtained spectroscopically. If it
is indeed resonantly ionized Ba™, then detuning one of the ionization lasers while
keeping the other on resonance should make the pulse disappear. This is what is seen
in Fig. 6.11. The plot on the left shows the time-of-flight spectrum obtained when
the desorption and ionization lasers are present. If the ionization lasers are both kept
on resonance, the prominent pulse at 9 us is observed (black). If the green laser is
detuned 43 nm (blue) or -3 nm (red) from the 553.54 nm resonance in a 553-556-553-
550 nm... pattern, the pulse disappears. The plot on the right in Fig. 6.11 shows the
time-of-flight spectrum obtained when only the desorption laser is present. No pulse

at 9 us is seen.

6.3.3 Process efficiency

The efficiency of the DRIS process can be obtained if both the number of Ba™ ions
detected by the CEM after desorption and ionization and the number of barium
atoms/ions originally deposited on the silicon substrate is known. Integration of the
area under the Ba™ pulse gives the number of Ba™' ions detected. The number of

barium atoms/ions on the silicon substrate is determined from the activity of the
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Figure 6.10: Time-of-flight spectra of ions coming off the target when only the desorp-
tion laser is on (right) and when the desorption and ionization lasers are all on (left).
A pulse from DRIS barium can be clearly seen at 9 us with very little background.
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Figure 6.11: Time-of-flight spectrum of ions coming off the target when only the
desorption laser is on (right) and when the desorption and ionization lasers are all on
(left). Data is taken with the green laser at the 553.54 nm resonance (black) as well
as detuned +3 nm (blue) and -3 nm (red), while keeping the UV laser on resonance
at 389.67 nm. A peak at 9 us, corresponding to DRIS barium, is only seen when all
the lasers are on and on resonance.
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barium source, the number of barium ions produced per decay, and the number
of those ions that are transported to the silicon substrate. The source fabrication
process is described in Chapter 5. The source consists of 178 Bq of *8Gd covered
by 8.8 nm of BaFs. As can be seen from Fig. 5.3, each Gd decay results in 5 Ba
atoms emitted. 18% of the barium emitted by the source is calculated by SRIM
to have an energy >300 eV. As was discussed in Chapter 5, this is thought to be
the minimum energy required to obtain Ba™ ions from the source instead of neutral
barium. SIMION simulations indicate that the simple plate and lens ion guide for the
source has a 2.7% efficiency for guiding ions with E >300 eV to the silicon substrate
(this efficiency is 64.9% for all ion energies). Ba' is thus deposited on the substrate
during the “loading” phase at a rate of 2.2 ions/second. This Bat deposition rate is
calculated and not experimentally measured. However, agreement between calculated
and measured deposition rates for a similar source in a similar setup, described in
Chapter 5 and [80], lead me to believe this number to be accurate.

Neutral loading of the silicon substrate also occurs because it is in direct line

2 gubstrate 65 mm

of sight of the source. The solid angle subtended by the 64 mm
away from the source is 1.21x107? radian. Taking into account, as before, the source
activity, the number of barium atoms emitted per gadolinium decay, the percentage
of those atoms that are thought to be neutral, and the solid angle, the source deposits
0.44 neutral barium/second. This is an order magnitude less than the amount of Ba*t
deposited in the “loading” configuration, so as long as the time between experimental
runs is not too long, neutral loading is negligible. A summary of this information can
be found in Table 6.2.

Table 6.3 shows the DRIS efficiencies for five data runs obtained over a period
of seven days. DRIS shots are shots in which the desorption and the two ionization
lasers are all on and on resonance. Since the resonance lasers are run at half the
repetition rate of the desorption laser i.e., alternating on/off, and since the only time
a DRIS Ba' ion is produced is when all the lasers are on (and on resonance), the
ratio of total shots to DRIS shots needs to be taken into account to determine the

actual number of Ba™ ions that should be detected. In this manner, the barium that

was desorbed by the desorption laser but could not be ionized because the RIS lasers
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Parameter Value
Activity 178 Bq
Ba/Sm 5

Ions with E >300 eV 18%
Loading eff. E >300 eV 2.7%
Q 1.21x1073 radian
Ba't deposited 2.2 ions/sec
Neutral Ba deposited 0.44 atoms/sec

Table 6.2: Parameters for determining the number of barium ions or atoms present
on the silicon substrate.

were off is taken into account for efficiency calculations.

Runl | Run2 | Run3 | Run4 | Run 5
N shots 1208 8185 7200 6000 30000
DRIS shots 604 4093 2100 6000 14999
Loading t (hours) 14 14 14 17 16
Ba™ deposited 1.11x10° | 1.11x10° | 1.11x10° | 1.35x10° | 1.27x10°
t between runs (hours) 24 24 48 72 24
Neutral Ba deposited 3.79x10* | 3.79x10% | 7.59x10% | 1.14x10° | 3.79x10*
Ba™ detected 83 252 60 141 94
Efficiency (no neutrals) 0.15% 0.45% 0.19% 0.10% 0.15%
Efficiency (with neutrals) | 0.11% 0.34% 0.11% 0.06% 0.11%

Table 6.3: Parameters for determining DRIS efficiency for five different data runs.

For comparison purposes, two efficiencies are provided: one which ignores neutral
loading, and one which takes it into account. It can be seen that the number of neutral
barium deposited is comparable to the number of Ba®™ deposited during a normal
“loading” run after approximately three days, but that having more barium on the
target doesn’t increase the efficiency of the process. In fact, the slightly higher value
of Run 2 notwithstanding, the DRIS efficiency is rather constant at about 1x1073.
This could mean that the present experimental setup is maximized in its efficiency
capabilities, and is only sensitive at the 0.1% level, within an order of magnitude.

Increasing the efficiency would require a new apparatus.
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The question of whether relic barium is present still remains. Relic barium refers
to the barium deposited on the silicon substrate during the “loading” phase or by
neutral loading that has not been desorbed or removed from the substrate during the
“DRIS” phase, and thus accumulates during subsequent runs. Run 1, described in
Table 6.3, represents the first time the 64 mm? substrate has been exposed to barium
(14 hours of Ba™ together with 24 hours of neutral loading). Its efficiency then could
be interpreted as the “true” efficiency, as there is no relic barium. The fact that the
efficiency remains relatively constant would seem to indicate that relic barium is not
an issue.

The time structure of the Ba™ pulse might provide some indication of barium
being burned off the substrate (completely desorbed) during the “DRIS” phase of the
data taking. Such a plot for the barium pulse in Run 2 is shown in Fig. 6.12. The plot
shows the number of Ba™ ions detected as a function of the laser shot number. It is
not clear from this plot if there is a trend, though one might venture to say that the
number of counts is lower after about 5000 shots. Time structure plots for the other
runs are similarly ambiguous. Looking at Table 6.3, one can see that the number of
shots in Run 1 is rather low, and the efficiency in Run 2 is higher than average. It
might be that there is a threshold of about 6000 shots before the deposited barium
is mostly burned off. Since Run 1 only had 1200 shots, some relic barium might be
left for Run 2, which might explain the slightly higher efficiency.

It might be insightful to try and separate the detection efficiency from the des-
orption and ionization efficiency. SIMION predicts a transport efficiency of 31.8%
for ions with thermal energy originating at the silicon substrate and going to the
CEM. The CEM detection efficiency is estimated to be about 50% (see Chapter 5).
This means that for an average of 1.1x10° barium ions deposited on the target, 17500
should be detected if the desorption and ionization of the ions is 100% efficient. The
measured efficiency is 0.1% instead of the 16% estimated one, a two orders of magni-
tude different. Of course it could be that the SIMION transport efficiency simulations
are incorrect because the actual temperature of the desorbed ions is not known, but

it could also be that the desorption and ionization process can be improved, possibly
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Figure 6.12: Time structure of the Ba™ pulse seen in Fig. 6.10 (Run 2) in the region
8.5-9.5 pus.
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with better desorption optics and spatial overlap between the lasers. The implemen-
tation of these improvements, together with more efficient ion transport optics, will

be discussed in the next section.

6.4 Single-Ion Setup

In order to achieve single-ion sensitivity with the DRIS process, the Low-Flux exper-
imental setup was altered. This new Single-Ion Setup utilizes better electrostatics to
more efficiently transport barium ions from the ion source to the Si substrate, and,
once desorbed and ionized, from the Si substrate to the CEM. It also employs different
desorption laser optics for a more even beam illumination at the target, and ionization

laser optics that allow for better overlap between beams and desorbed atoms.

6.4.1 Vacuum system

The vacuum chamber consists of two 12”7 conflat flanges screwed into a custom-made
zero-length reducer, so the chamber has a characteristic “pancake” shape. Each con-
flat flange has a 4.5” quartz viewport to allow for laser injection and exit. One of the
conflat flanges has a 4.5” port which is connected to a 5-way cross containing vacuum
diagnostic equipment (CC pressure gauge and Residual Gas Analyzer) and a 30-1/sec
TMP backed by a 10-1/sec dry scroll pump. The other flange has a custom-made
4.5” port comprising two 6-pin feedthroughs and three BNC feedthroughs that allow
for high-voltage input and signal readout. The in-vacuum experimental components
are mounted on this flange so that they can be easily accessed. These components
include a radionuclide-driven ion source, two sets of ion-guiding optics, a Si substrate
where ion deposition and desorption take place, and a CEM for ion detection. A
picture can be seen in Fig. 6.13.

The ion optics that guide ions from the source to the substrate are similar to the
ones employed for characterizing the ion source, as described in Chapter 5. They
consist of a three-electrode lens and a two-electrode lens connected by drift tube.

Another three-electrode lens guides ions from the Si substrate to the CEM. All ion
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Figure 6.13: Photograph of the single-ion setup. The source is located at the bottom
left, next to ion optics that guide ions from it to the silicon substrate. The Si sub-
strate is located at the bottom right, surrounded by a silicon guard ring for better
electrostatics. The CEM is located at the top right of the picture, together with its
ion optics. The paths of the laser beams are also shown. The desorption beam (white
dashed line) enters through the viewport in the back and hits the Si substrate at an
angle. The ionization lasers (green and purple lines) enter the chamber parallel to
the Si substrate and exit the chamber through the viewport in the back.
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optics components are made out of titanium. All in-vacuum electrical connections

are made with copper wires and gold-plated wire connectors for UHV compatibility.

6.4.2 Electronics, electrostatics, and silicon substrate design

Two different types of substrates are used, both made out of silicon. The first one is
made out of the same type of silicon wafer as the substrates that have been described
in this dissertation up to now. Both 4x4 mm square substrates and circular ones with
8 mm diameter are used. The round substrates are cut by the Stanford University
Crystal Shop with an abrasive slurry. The second substrate type is made out of a
highly resistive silicon wafer ¢ featuring two concentric aluminum rings deposited on
the back. These rings can be biased so that a potential across the substrate brings
ions to its center for better localization. These substrates are cut into 4 mm diameter
circles by the Stanford University Physics Machine Shop, also with an abrasive slurry.
A picture of the new substrate design can be seen in Fig. 6.14. The substrates are
sonicated in acetone and isopropanol baths to remove any particulates that might
have been deposited during the cutting process. All substrates are mounted at the
end of a 1 mm diameter titanium rod using conductive epoxy. A circular silicon
guard ring 48 mm in diameter, placed < 1 mm behind the substrate, is sometimes
used. This silicon ring acts as the third electrode in the lens system at the end of
the source-to-substrate ion optics and serves to improve the electrostatics so that ion
loading is more efficient.

Electrode voltages for the ion optics are optimized using SIMION simulations. An
example of these simulations, for a 8 mm diameter substrate, is shown in Fig. 6.15
(“loading” configuration) and Fig. 6.16 (“DRIS” configuration). In the “loading”
configuration, voltages are set so that ions can be deposited onto the silicon substrate
from the source. In the “DRIS” configuration, voltages are set that so that ions can
travel from the substrate to the CEM. A thermal distribution of ion energies is as-
sumed for this configuration for simulation purposes. The efficiency for ion transport

in the “DRIS” configuration is close to 100%, regardless of the size and shape of the

6{100) p-type, > 1000 Qcm, 375-425 um thick, double-side polished float zone wafer, Wafer
Reclaim Services LLCC, San Jose, CA.



CHAPTER 6. DESORPTION AND RIS OF BARIUM 81

Figure 6.14: Photograph of the back of the new type of silicon substrate. Two
concentric aluminum rings are deposited there. Biasing of these rings allows for ions
to be localized in the center of the substrate.

substrate used and whether the silicon guard ring is present or not. Ion transport
efficiency from the source to the substrate is much more dependent on these factors.
This is because the energy profile of the source emittance, determined by SRIM full
damage cascades simulations and described in Chapter 5, is rather broad. For the
setup shown in Fig. 6.15 in the “loading” configuration, the efficiency is 65% for all
ion energies (85% if the silicon guard ring is mounted).

A simplified schematic diagram of the electronics used in this experimental setup
is shown in Fig. 6.17. High voltage for electrode, source, substrate, and CEM biasing
is provided by a system of 10 M voltage dividers from 42000 V inputs. Switching
of electrode voltages between the “loading” and “DRIS” configuration is done by
opto-isolators driven by digital signals supplied by a NI digital I/O unit *. When the
opto-isolators are “on”, their leakage current is high (~100 pA), and when they are
“off” their leakage current is low (~100 nA). A 7404 Hex Inverter is used to ensure
that the digital signals supply the right amount of current to the opto-isolators. The
7404 is powered by a 7805 +5 V voltage regulator. Both the silicon substrate with

the concentric aluminum rings and the ion source are biased with batteries (at 15 V

"National Instruments model USB-6229 16 bit 250 KS/s Multifunction I/O
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Figure 6.15: SIMION simulations of the “loading” configuration of the single-ion
experimental setup with a 8 mm diameter circular substrate and no silicon guard
ring. The ion source is located on the left, and the silicon substrate on the right. Ion
trajectories are shown in green and potentials are shown in red. The ion transport
efficiency is 65%, and increases to 85% if the guard ring is mounted. Courtesy of K.
Twelker.

Figure 6.16: SIMION simulations of the “DRIS” configuration of the single-ion ex-
perimental setup with a 8 mm diameter circular substrate and no silicon guard ring.
The silicon substrate is located on the bottom right and the CEM on the top right.
Ton trajectories are shown in green and potentials are shown in red. The ion transport
efficiency is 100%. Courtesy of K. Twelker.
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Figure 6.17: Simplified schematic diagram of the electronics used in the Single-Ton
Setup. The use of opto-isolators allows for fast voltage switching. The source and
substrate biasing diagrams are not shown.

and 45 V respectively, not shown in Fig. 6.17) for so that they can be floated at the
requisite high voltages.

The use of opto-isolators allows for voltage switching times of less than one second,
which enables operation in the single ion regime. A timing diagram of this operation
is shown in Fig. 6.18. Voltages are first set for the “loading” configuration. The
radionuclide-driven source then delivers one or two Ba™ ions to the silicon substrate.
The voltages are switched to the “DRIS” configuration, and ions from the source are
blocked. The desorption and ionization lasers are fired, and the desorbed and ionized
barium is detected by the CEM within a few microseconds. The voltages are set

back to the “loading” configuration and the cycle starts again by the time the next
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Figure 6.18: Timing for single-ion operation (not to scale). The use of opto-isolators
allows for the fast voltage switching required for single-ion operation.

Ba*t-producing decay occurs in the source.

6.4.3 Ionization optical system

The ionization optical system is the same as the one that has been described previ-
ously in this dissertation, with a few improvements. The power of the ~390 nm beam
is adjusted by a half-waveplate and a Glan-Laser calcite polarizer, as is done with
the ~553 nm beam. A razor blade, located before the last beam-steering mirror, is
used to cut off excess beam at the target (mainly due to the ~390 nm beam, given its
shape). Having beams shaped in this manner allows for maximum overlap between
the beams and the desorbed atoms while minimizing the background caused by the
beams hitting either the edge of the silicon substrate or guard ring or the titanium

mounting pin. An iris, placed after the razor blade, is used to reduce beam halo.
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Si substrate f=15mmor
f=75mm

Figure 6.19: Second desorption optical system used for DRIS of barium. An asphere
with focal length f = 15 mm or f = 75 mm is used to directly image the beam onto
the silicon substrate.

6.4.4 Desorption optical system

The optical setup before fiber injection now includes high-power mirrors to steer the
1064 nm beam and a half-waveplate and a Glan-Laser calcite polarizer for power
control. Fiber injection is achieved by focusing with a f = 50 mm lens as before.

Three different optical systems are used for light injection into the experimental
vacuum chamber from the output end of the fiber. The first system collimates and
focuses the beam to a spot with a 3.34 mm diameter on the silicon substrate and is
described in § 6.2.2. A second optical system makes use of an asphere with f = 15 mm
or f =75 mm to image the beam directly onto the silicon substrate. This allows for
an even illumination across the substrate that avoids creating undesirable hot spots.
A schematic diagram of this optical system can be seen in Fig. 6.19. A CCD camera
can be used to confirm that the image is focused. A comparison between these two
optical systems is shown in Fig. 6.20. The top picture shows the beam spot created
on the silicon substrate by collimating and focusing a red diode laser. The diode laser
is injected into the desorption fiber and is used to align the desorption laser optical
elements. The bottom picture shows the YAG desorption laser beam imaged onto
the substrate with an asphere, as obtained by a CCD camera. Though the image is
saturated, it is useful for determining the exact size of the beam spot, which in this
case matches that of the substrate completely.

The third optical system makes use of a pair of cylindrical lenses with f = 12.7 mm

and f = 25.4 mm to achieve a circular beam with a 4 mm diameter parallel to the
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Figure 6.20: Comparison of beam spots created by different desorption optical systems
used in the Single-Ton Setup. The top image shows the spot created by collimating
and focusing a red diode laser. The bottom image shows the spot created by imaging
an infrared YAG laser, which allows for even illumination across the silicon substrate.
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Figure 6.21: Third desorption optical system used for DRIS of barium. Two cylin-
drical lenses are used to create a circular beam with a 4 mm diameter parallel to the
Si substrate.

silicon substrate. This is necessary because injecting the beam through a window
at an angle results in an elliptical beam that unevenly illuminates the target. A
schematic diagram of this optical system can be seen in Fig. 6.21. These two new
optical systems aim to maximize laser coverage of the substrate while achieving an
even energy distribution across it, so that no part of the substrate is likely to receive
more energy than others, and so no barium atoms are preferentially desorbed over
others located in a different position.

A new Q-switched Nd:YAG laser ®, with an internal variable attenuator, is also

used for desorption.

6.4.5 Results

To test that both the ion source and the ion guides are working properly, the electrode
voltages are set so that ions can travel from the source directly to the CEM for de-
tection. A typical time-of-flight spectrum for this configuration is shown in Fig. 6.22.
This spectrum is nearly identical to the one obtained during source characterization
(Fig. 5.6), which indicates that the source has not degraded over time. SIMION sim-
ulations (overlayed in red) indicate that the Ba™ time of flight should be 9.3 us and
the Ba™ rate detected by the CEM should be 0.18 Hz, while the measured time of
flight is 10.2 us and the Ba™ rate is 0.55 Hz. The agreement between predicted and

measured times of flight and the similitude in rates suggest that the voltage settings

8Model Minilite I, Continuum, Santa Clara, CA.
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Figure 6.22: Time-of-flight spectrum for the barium source in the Single-Ion Setup.
Electrode voltages are set so that the ions can travel from the source to the CEM
directly. The Bat peak can be seen at 10.2 us. The simulated Ba™ peak, overlayed
in red, is at 9.3 us.

for the electrodes are correct, and the ion optics are working as expected.

For actual data taking the experimental setup is first operated in the “very few
ions” mode, even though single-ion operation is possible. Having more ions allows for
better optimization of all the parameters that can affect the Bat pulse. Once this
signal is maximized, the number of ions can be reduced from a few to one. Data taking
thus proceeds by loading the Si substrate for 8000 source triggers. This delivers about
250 Ba™ ions to the substrate. The voltages are then set to the “DRIS” configuration
and lasers are run at 10 Hz for 1200 shots in the following configuration, alternating

every 50 shots:
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e desorption and ionization lasers are on
e only ionization lasers are on

e only desorption laser is on

Running the lasers in this configuration allows for differentiation of the effect of
each laser on the ion signal. Any ions produced by this process are then detected by
the CEM. This cycle is repeated for a total of four or five cycles.

The laser powers are monitored with photodiodes, and a PID loop continuously
adjusts the half-waveplates to keep the laser powers within a setpoint. This minimizes
abnormal ion pulses created by shot-to-shot and long-term power fluctuations. The
signals from both the ion source and the CEM are digitized with NI 5114 waveform
digitizers. Signals from the photodiodes are digitized with a NI 5105 digitizer °.

A data set typically consists of 6000 records. A TTL output pulse from the desorp-
tion laser triggers the data acquisition for each record. All laser powers, wavelengths,
waveplate angles, source load number, laser shot number, which lasers are on and off,
room temperature, CEM waveform, and photodiode waveforms are recorded in each
data record.

Data is taken using all three desorption optical systems and all target types,
shapes, and sizes described in this section. In none of these setups has a clear and
reproducible DRIS Ba™ pulse been detected. Instead, an ion pulse is seen at 8-11 us.
A typical time-of-flight spectrum is shown in Fig. 6.23. The pulse is independent of
the desorption laser, and disappears when the UV ionization laser is detuned from
the 389.67 nm resonance. Detuning of the green laser from the 553.54 nm resonance
has no effect on the ion pulse.

Two possible explanations for this behavior are presented. First of all, misalign-
ment of the UV laser with respect to the Si substrate so that the beam hits the
front surface of the substrate can result in barium ablation and direct production of
Ba™ if the laser power is high enough. Indeed, if the UV laser power is reduced, the

pulse disappears. Furthermore, this pulse often (though not always), exhibits a time

9National Instruments Model 5105 12 Bit 60 MS/s waveform digitizer
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Figure 6.23: Time-of-flight spectra of ions coming off the Si substrate for all three laser
configurations (from top to bottom: all lasers on, only desorption on, only ionization

on). An ion pulse, dependent only on the ionization lasers, is seen at 8-11 pus.



CHAPTER 6. DESORPTION AND RIS OF BARIUM 91

50

Counts

40

30

20

10

50 100 150 200 250 300 350
Laser Shots

o

Figure 6.24: Time structure of the ion pulse seen in Fig. 6.23 in the region 8.5-11 us.
The counts in blue correspond to ions detected when all lasers are on, while those in
red correspond to ions detected when only the ionization lasers are on. No ions are
seen in this region when only the desorption laser is on.

structure similar to that seen in laser ablation, in which the majority of the ions are
produced at the beginning, and later laser pulses create less ions. The time structure
for the ion pulse seen at 8-11 us in Fig. 6.23 is shown in Fig. 6.24. However, the
fact that this ion pulse is dependent not only on the UV laser power but also on its
wavelength seems to indicate a resonance process.

The second explanation is thus that this ion pulse is due to a two-photon RIS
process that occurs after UV-induced desorption. As can be seen in Fig. 6.25, an RIS
scheme that ionizes barium through a resonant transition at 388.9 nm exists. This
would require the original 389.67 nm transition to be substantially power broadened,

which might be possible given that the UV laser energy is about an order of magnitude
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Figure 6.25: Two-photon resonance ionization process for barium, consisting of excita-
tion to a spin-forbidden transition and ionization into the continuum. This ionization
scheme can be reached in the current experimental setup if power broadening of the
389.87 nm transition is taking place.

greater than the saturation energy of the transition. This process, in which atoms are
desorbed and ionized by one laser tuned to resonant transitions, is called Resonant
Laser Ablation (RLA) and is well known [81].

Though still a resonant process, excitation through the spin-forbidden 5d6p 3P,
resonance and ionization into the continuum probably has less sensitivity and is less
efficient than the two-laser RIS scheme, so it is not optimal. Nevertheless, RLA of
barium was tested in this experimental setup by shining the UV laser on the silicon
substrate at an angle, to allow for better desorption and ionization. No ion pulse was
seen at any of the laser positions and energies tried, though RLA was not attempted
for long.

Instead, experimental efforts have concentrated on determining the reason(s) for
the lack of a DRIS Ba™ pulse. The inability to observe this pulse in the Single-Ton
Setup might arise from inefficiencies in one of the three experimental steps (loading
barium onto the silicon substrate, desorbing and ionizing barium, detecting Ba™), or
from a combination of these factors. The rest of this chapter discusses the differ-

ent parameters that might affect the Ba™ ion pulse and how these issues have been
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addressed.

Mobility of barium on the surface of a silicon substrate: Lithium im-
purities have been known to migrate as positive, singly-charged ions in silicon in
temperature ranges of 360-860° C [82], with a diffusion coefficient that is dependent
on the temperature. It is possible that on a p-type silicon surface like the one used
as a substrate in these experiments barium also acts as a donor and diffuses. This
diffusion might be exacerbated by the increase in temperature on the surface of the
silicon substrate due to the desorption laser pulse, to the degree that the barium ion
migrates to the edges or the back of the substrate where it cannot be desorbed. On
the time scale of the duration of the laser pulse (~10 ns), the diffusion distance is
very small, but if the laser spot is misaligned with respect to the barium atom, the
number of continuous laser shots (100) might heat the silicon substrate to a high
enough temperature for a long enough time for the barium ion to diffuse far enough.

The silicon substrate with the two concentric aluminum rings is designed to mit-
igate the effects thermal diffusion. Having a potential across the substrate might
redirect ions that have drifted around back towards the center of the substrate, so
that all barium ions are located within a fixed area. Biasing the rings in the substrate
does result in some heating (about 2 mA worth), and it is not known how this affects
the ability to desorb barium. No DRIS Ba* pulse is seen using this new substrate.

It might also be that defects or impurities in the silicon crystal or topological
features on the surface of the substrate caused by laser ablation either enhance diffu-
sion through (not across) the substrate or inhibit desorption of barium. Particulates
left over from the cutting process for round substrates, even after sonication, might
contribute to an uneven substrate surface or bond to barium to prevent desorption
in the single-ion level.

Spatial overlap of ionization lasers: At the single or few-ion level, the spatial
overlap between the two ionization lasers has to be exceedingly good. Misalignment
might cause the desorbed barium atom to be excited but not ionized, or ionized by
another UV process that is not as selective, sensitive, or efficient. This is particularly
important in the current setup because the 389.67 nm beam spot is much larger than

the 553.54 nm one. In order to improve the spatial overlap between the two ionization
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beams, the 390 nm beam is circularized with a pair of cylindrical lenses with f =
25.4 mm and f = 12.7 mm. This makes the beams have the same shape and a
diameter (~2 mm), which makes them easier to align with respect to each other. No
DRIS Ba' pulse has been seen with this arrangement.

Dependence of Ba™ time of flight on desorption and ionization position:
SIMION simulations of the time of flight of the Ba™ ion indicate that it is slightly
sensitive (~1us) to both the desorption position on the Si substrate and the ionization
distance from the substrate. The distance of the ionization lasers from the substrate
and the delay between the desorption and ionization lasers is scanned so that the best
laser position and timing is selected. Ionization of barium is attempted at a distance
far enough from the substrate so that ions are not affected by their image charge but
close enough so that ions are still localized within a small area for better overlap with
the laser beams.

There is a 1.8 us range of times of flight for any desorption position in the hori-
zontal direction (on a 4 mm substrate), which makes the width of the Ba™t pulse on a
time-of-flight spectrum rather large. When dealing with very few ions, this makes it
difficult to see the Ba™ pulse as it may be smeared and indistinguishable from back-
ground. The range in times of flight for the vertical axis is much narrower (0.2 us),
but it widens (to 1 us) the farther down the substrate barium is desorbed. Because
the desorption beam spot has a non-zero diameter, the Ba™ pulse can be overall quite
broad. The silicon substrate with the two concentric aluminum rings serves to miti-
gate this effect by concentrating the barium ions deposited by the source in a small
area, so that the desorption area is also small.

Spectrometer acceptance and voltage settings: Two main factors affect the
ion transport efficiency, which in turn affect the overall efficiency of the DRIS process.
Firstly, the current design where the ion source and the silicon substrate have direct
line of sight but the CEM is perpendicular to the substrate results in complicated
electrostatics that might interfere with the ability to detect Ba™. Secondly, the large
energy distribution of atoms emitted by the source and the necessity that these atoms
have a high energy for them to be ionized make it hard for the ion optics to focus

these ions onto the substrate.
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A simulation campaign was undertaken to optimize all the voltages, but this
requires a careful balancing act to maximize the barium loading efficiency and the
DRIS Ba* transport efficiency while minimizing the range in Ba™ time of flight, which
might be impossible. There is also a tradeoff between good electrostatics and easy
optical alignment. For example, having the Si guard ring and a larger target improves
loading efficiency, but it makes it more difficult to align the desorption laser to the
right spot. The current experimental allows for some flexibility but it might not be
enough.

Formation of Ba and Si complexes: If the desorption laser power is high
enough, it can cause ablation of the surface of the silicon substrate, which creates a
variety of ions (see Fig. 6.26). These low-mass particles are detected in the Single-Ion
Setup, and their presence constitutes a significant background because the signal is
so large that it dwarfs a possible Ba™ pulse, as shown in Fig. 6.27. Even at 1078
Torr vacuum, it is likely that a monolayer of oxygen covers the surface of the silicon
substrate, so formation of (BaO)* and (SiO)* complexes is possible. Also, it is
well known that depending on the temperature and surface topology, barium can be
bonded to one or two [83] or even six [84] silicon atoms. It is possible, then, that
laser ablation results in the formation of a variety of barium and silicon complexes
that hide Ba™ from detection, either because the ion optics don’t have acceptance for
these complexes or because it is hard to resolve different ion pulses in the low-mass
area of a time-of-flight spectrum.

In the high-flux and low-flux regimes, the formation of ablation complexes or of
other backgrounds might not detract much from the formation and detection of Ba™,
but single barium ions might be more susceptible. The energy of the desorption laser
was scanned over a range of a few mJ/pulse with the intent of experimentally finding
a point where the ablation background is minimal but the energy is high enough to
desorb barium, as was done in the Low-Flux Setup, but this energy threshold was
not found.

Neither the use of the specialized silicon substrate, nor improvements to the laser

beam characteristics, nor variations of electrode settings undertaken to optimize the
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Figure 6.26: Time-of-flight spectrum of species created by laser ablation of silicon.
From [7].
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Figure 6.27: Time-of-flight spectra of ions coming off the Si substrate for the same
configurations as Fig. 6.23. The large ablation low-mass background, attributed to
Sit and (SiO)™, makes it difficult to see the possible Ba™ pulse at 8-11 us.
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Single-Ion Setup, nor running the ion source overnight to load more ions were suc-
cessful in detecting a DRIS Ba™' pulse. It might be that operating in the single-ion
regime is fundamentally different than doing so in the low-flux regime. Neverthe-
less, the success in doing DRIS of Ba™ with the Initial and Low-Flux Setups with a
measurable efficiency is encouraging enough to continue this R&D. Chapter 7 gives a
general description of the work that will be done after this dissertation to bring the

sensitivity of a DRIS ion-transport probe down to the single-ion level.



Chapter 7
Future Directions

The inability of the Single-Ton Setup to ambiguously detect desorbed and resonantly
ionized Ba™ ions does not mean that a DRIS ion-transport probe for EXO is impos-
sible or that it will be abandoned. In fact, a new DRIS experimental setup is being
designed, and is described in §7.1. This new setup features several improvements
over the previous ones and has the ability to test a variety of experimental concerns,
both for DRIS and barium tagging in EXO as a whole. A new source, making use
of the spontaneous fission of 2°2Cf, provides barium ions. The use of this source will
confirm whether barium loading was an issue in the Single-Ion Setup. The barium
ions are grabbed from xenon in the liquid phase, a test of Ba® survival in liquid
xenon (LXe) and of the ability to dip a transport probe with minimum disturbance
of the fluid. The probe is moved from the LXe chamber to a vacuum spectroscopy
chamber with a robotic probe mover, the first demonstration of the entire barium
tagging process. Finally, the spectroscopy chamber includes a longer, more sensitive
time-of-flight spectrometer with better ion injection optics. This will confirm whether
Ba™ detection was the problem with the previous setup.

A brief discussion on what to consider when implementing a fiber-based DRIS

ion-transport probe is presented in §7.2.
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7.1 A LXe DRIS Barium Setup

A schematic of the LXe DRIS Setup is shown in Fig. 7.1. This setup employs a 252Cf
fission source to produce barium ions. About 5% of the fission products are barium
isotopes. The fission source is plated on a platinum foil and mounted on one side of a
Cu LXe cell. Daughter nuclei have approximately 70 MeV of energy from the decay,
and are stopped 20 pum into the LXe. Two 22Cf activities are used: 100 nCi, which
accumulates Ba at a rate of 18.5 Hz and serves to calibrate the system and ensure its
proper function, and 27 nCi, which accumulates Ba at a rate of 4.9 Hz and is used
for single-ion operation. A photomultiplier tube, mounted on another side of the cell,
monitors the source activity. Xenon is liquefied inside the cell by cooling down to
~160 K with a liquid nitrogen-cooled copper cold finger. An ion-transport probe with
a biased silicon tip is inserted in the LXe and ions are collected. The probe is moved
linearly to the spectroscopy chamber by a robotic mover consisting of a servo motor
and a drive screw. The LXe cell is closed off with a gate valve and the chamber is
cryopumped down to 10 mTorr, and then turbopumped down to UHV. Desorption
and resonance ionization is performed and ions are drifted through a time-of-flight
spectrometer for detection. The ion optics and the exact nature of the ion-transport

probe are still being considered.

7.2 DRIS Via Fiber

The concept of an ion-transport probe using a fiber with a metalized tip for laser
delivery was introduced in §2.3.1 (see Fig. 2.7). For RIS to work in this setup, the
metallic coating on the fiber must transmit the resonance and ionization lasers but
allow for the desorption of the barium atom. The possible candidate materials for the
metallization of the fiber tip have to be conducting, have high ablation thresholds,
be nontoxic, and be easy and economical to sputter. Indium tin oxide (ITO) emerges
as a viable candidate. ITO is an indium oxide (InyO3) material n-doped with tin
oxide (SnOsy). Tin substitutes indium sites in the lattice, adding electrons to the

conduction band and resulting in a wide band gap of approximately 3.8 eV [85]. ITO
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Figure 7.1: Schematic of the LXe DRIS Setup. Courtesy of K. Twelker.
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is therefore conductive and transmits well in the visible and near IR. Its fundamental
absorption edge lies in the UV but shifts to lower wavelengths with an increase in
carrier concentration, due to the Burstein-Moss effect [86], as well as with greater
film thickness [87]. So if the film is thin enough (10-100s nm) or doped in the right
manner, it would still be transparent to the 389.67 nm ionization beam.

The main concern regarding the use of I'TO is in how it affects desorption. It is not
clear if ITO is opaque enough at the 1064 nm wavelength currently used for heating to
occur and result in thermal desorption. If 1064 nm ligth is not absorbed well enough,
two possible solutions can be implemented. First of all, a <300 nm UV laser can
be used for desorption, as ITO is opaque at those wavelengths. Secondly, desorption
can proceed from the front surface of the fiber tip while the ionization lasers are still
delivered via the fiber through the back. This is disadvantageous in the sense that
the overlap between the desorption and ionization lasers is not as good as if all three
lasers are delivered via the fiber. In any case, one has to consider whether ITO will
be ablated when barium is desorbed, and if so, what other materials can be used in
its place.

The ablation threshold of ITO has been found to be 2.4 J/cm? [88], above the
energy density needed for the thermal desorption of barium (see §6.1.1). It should
be noted that sub-ablation fluences cause deep melting of the ITO films, which upon
resolidification leads to changes in its optical properties, namely a decrease in trans-
mittance [89]. As discussed in the last chapter, an uneven substrate surface is a
concern for single-ion desorption and detection. Ti, Ta, and W are other possi-
ble coating materials. Their ablation thresholds are relatively high, at least for Ta
(0.67 J/cm? [90]), but their transmittance at the necessary wavelengths are <20% for
thicknesses >15 nm, as calculated by [91]. The coating of fiber tips with ITO, Ti,
Ta, and W with a sputtering setup has already been achieved, as a first step in the

implementation of a fiber-based RIS ion-transport probe.
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