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ACCOMPLISHMENTS:
Major goals and objectives of the project:
(1) EXO-200 operation

The CSU group of up to 3-4 graduate students and one faculty member comprises a
significant portion of the EXO Collaboration. Objective (1) is to fill a proportionate share of the
shifts on EXO-200 at the detector site, the Waste Isolation Pilot Plant (WIPP) in Carlsbad, New
Mexico and at a remote operations center at CSU.
(2) EXO-200 analysis

Since the first EXO-200 physics data in spring 2011, the CSU group has been active in
analysis of EXO-200 data. A specific objective in EXO-200 analysis for the CSU group is
analysis of alpha and beta decay events in the liquid xenon (LXe) detector in the radon chains.
(3) Ba" tagging research

This DOE grant supported a portion of the CSU research in Ba" tagging for background
elimination in the next generation EXO experiment, nEXO. Specific goals this period related to
this original concept included: (a) completing studies of observed fluorescence, Ba" or some
other ion species, in LXe (K. Hall thesis), (b) monitoring the species entering the LXe from
gaseous Xe (GXe) using a tunable dye laser (C. Benitez thesis), (c) initial work on detecting
small numbers of Ba atoms in solid xenon (SXe), (d) studies of freezing solid xenon (SXe) on
the end of a cold probe dipped in LXe for a second and more successful method of Ba tagging of
capturing *°Ba daughters in solid xenon on the end of a probe inserted into LXe to the decay site
and (e) support of other Ba" tagging research within the EXO Collaboration.

Accomplishments under these goals:
(1) EXO-200 operation (goal 1)
A major portion of the DOE funding supports CSU’s role in the operation of the EXO-
200 experiment and in data analysis for the EXO-200 experiment. The PI and his graduate
students have taken shifts running the EXO-200 experiment at the Waste Isolation Pilot Plant
(WIPP) in Carlsbad, NM and have achieved “expert shifter” status. Since January, 2014, we
have also had a remote EXO-200 operation station at Colorado State University. We fulfilled
our budgeted commitment to EXO-200 operations through the funding DOE has provided.
The EXO-200 experiment has been very successful. Four landmark papers with new

13%Xe double beta decay results were published. (1) From the first months of data taken in 2011,



two-neutrino double beta decay of 36X e was discovered. The lifetime was 2.11 +- 0.04 (stat) +-

0.21 (sys) x 10! ylr.1 (2) A world’s best half-life limit on neutrinoless double beta decay of
1.6x10% yr (90% C.L.) and effective Majorana mass limit of less than 140-380 meV was
published in 2012.> This publication was the first to put significant constraints on the claim of a
positive result in Ge.? (3) A The new 2vpp half-life result, 2.165 +- 0.016 (stat) +- 0.059 (sys) x
10%! yr was published in 2013.* This is the most precisely measured half-life of any 2vBp decay.
(4) New Ovpp decay limits based on 2 years of data taking were published in Nature in June,
2014.° The 90% CL half-life sensitivity of 1.9x10%° yr is the best published value to date for
13*Xe. For most nuclear matrix elements, the EXO-200 sensitivity compares favorably with the
other leading experiments.

Many additional EXO-200 papers have been published with CSU co-authors and are
listed in the publications section. These include detailed detector papers, limits on neutrinoless
double beta decay with Majoron emission, limits on double beta decays to excited states, etc.
(2) EXO-200 analysis (goal 2)

The PI, W. Fairbank, and two past students have studied alpha decay events in the
detector, beginning with the first data taking. Our group did the analysis that determined the
**’Rn content in the detector, 3.6+0.7 pBq/kg. This experimental value fixed internal ***U chain
backgrounds in the OvBp window in energy. 3-D plots of ***Rn peak scintillation signals also
provide corrections on the “light map” determined by calibration data that spatially corrects the
scintillation energy of beta, gamma and 2-beta events in the detector.

A more comprehensive analysis of the ***Rn chain, led former CSU student, Brian Mong,
a postdoc on EXO at Laurentian University in Canada, and the PI, W. Fairbank, resulted the first
measurement of the fraction of ionized daughter atoms from alpha and beta decay in a liquid
noble gas detector: 50.3+3.0% for *'*Po daughter atoms from ***Rn alpha decay and 76.4+5.7%
for *'*Bi daughters of *'*Pb beta decay.®. An unexpected result of this work was the observation
of a change in the average drift velocity of the *'*Po daughter ions along their path, from
1.484+0.01 mm/s at small At to 0.83+0.01 mm/s at large At. This is indicative of a chemical
reaction or a charge transfer reaction that is correlated with the measured electron lifetime in the
detector, but is not understood yet.

The daughter ion fraction is also important for nucleon decay studies in which the CSU
group now has a lead role. The lifetime for various modes of nucleon decay can be determined
by setting limits for beta decays of daughter atoms in the detector, e.g., of "**Sb from ppp decay.
However, for charged daughters with half-lives greater than a typical ion transit time in the
detector, a significant fraction of the daughters decay on the cathode. Thus an estimate of the
neutral daughter fraction is needed to quantify the relative bulk and cathode components. As a
part of the work for this project, the CSU group developed a preliminary model of daughter ion
fractions for extending the “'*Po and *'*Bi daughter ion fraction measurements in this work to
other cases, such as ppp decay and *°Ba daughters from Ovp double beta decay.

(3) Barium tagging progress under DOE support (goal 3)

Kendy Hall completed his Ph.D. thesis on studies of fluorescence of ions in LXe from
laser ablation of Ba metal targets above LXe (goal 3a). A novel result from his work was the
discovery of 2- and 3-photon ionization of LXe by pulsed ultraviolet lasers. Ionization cross
sections were measured for two wavelengths.

Cesar Benitez completed his Ph. D. thesis on detailed measurements of Ba" ions from
laser ablation in gaseous xenon (goal 3b). Important results contained in this thesis include: (1)
measurements of the pressure broadening of Ba' ions in gaseous xenon (GXe) at different



pressures, (2) determination of the fluorescence efficiency of Ba" in GXe, (3) measurements of
the mobility of Ba" in GXe, and (4) determination of the relative rates of 3-body association and
2-body dissociation reactions that lead to a varying percentage of Ba" atomic ions and BaXe"
molecular ions in gaseous xenon at different pressures.

This project also supported the final work of Shon Cook’s Ph.D. thesis on detecting small
numbers of Ba atoms in SXe (goal 3¢). Spectra of small numbers of Ba atoms were recorded.
This was the seminal work forming a basis for a 2015 paper on spectroscopy of Ba atoms in
SXe.

With the success of Cook’s research, the single Ba detection work in SXe has been
supported by a separate NSF grant, while this DOE grant has supported separate studies on
freezing SXe on a cold probe in LXe (goal 3d). A modified medical cryoprobe, cooled by Joule-
Thomsen expansion of high pressure argon inside the end of the probe, has been used to freeze
cylinders and balls of SXe on the probe tip while immersed in LXe. The solid xenon is
completely transparent. Measurements of the radius of the xenon “ice” cylinder as a function of
time with various argon gas pressures have been taken and fit with a thermodynamic model.
With a probe extraction apparatus built on top of the LXe cell, probes with SXe frozen have been
extracted from LXe and successfully raised to an observation region. After closure of a valve,
the temperature of the probe and Xe gas pressure can be lowered to optimum conditions for
detection of single Ba atoms in the SXe on the probe. These are significant milestones in our
plans for barium tagging in solid xenon on a probe.

CSU currently contributes through consultation and visits to Stanford to the research on
the grabber/trap and gas TPC Ba' tagging options (goal 3e), and has had a role in two recent
papers from this work.®’

Opportunities for training and professional development project provided:

This project has provided primary funding for three successive graduate students to
complete or work on Ph.D. degrees: Kendy Hall (Ph.D. 2012), Cesar Benitez (Ph.D. 2013) and
Adam Craycraft (current Ph.D. student). In addition, 4 other students in the CSU group, have
had part support to cover Ba tagging research and operation EXO-200. These students received
extensive training in a wide spectrum of state-of-the-art technologies, including, lasers,
spectroscopy, cryogenics, and electronics in the CSU labs and in advanced cryogenic detectors at
WIPP. These students had opportunities to take shifts on EXO-200 with experts from around the
world, and to interact with all Collaboration members at twice yearly EXO Collaboration
meetings and numerous phone meetings. These students have given talks at prominent APS
meetings, such as April, Division of Particles and Fields, Division of Nuclear Physics and Four
Corners Section.

Dissemination of results to communities of interest:

Results of this project have been published in leading physics journals. Invited and
contributed talks have been given by the PI and graduate students at major national meetings and
neutrino physics meetings.
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IMPACT:

Impact on the principal discipline of the project:

EXO-200 has produced world-leading results in double beta decay during this period.
These include the first discovery of two-neutrino double beta decay, the first neutrinoless double
beta decay results that challenged a famous claim of a positive result in "°Ge, the most precise
measurement of two-neutrino double beta decay, and a current sensitivity for neutrinoless double
beta decay among the world’s best. These four landmark papers have been cited 424 times
already.

Major steps have been taken towards barium tagging for nEXO during this project, as
described above. If such a technique could be implemented, it is expected that nEXO would be
able to cover the full inverted mass hierarchy region of neutrino mass and begin to probe the
normal mass region. This would be a major breakthrough in the field.

Impact on other disciplines:

The novel techniques pioneered for detection of single atoms in noble gas solids may be
applied in the near future to situations that require extreme sensitivity, down to the single atom
level, in a noble gas environment. There is much related work in chemistry with macroscopic
numbers of atoms and molecules at the present time. Applications especially in ultrasensitive
chemistry should be expected.

Impact on the development of human resources:

This project has contributed primarily or partially to the training of 4 Ph.D. physicists,
who are now employed in top positions, three in industry (Raytheon, Intel, Prism Computational
Sciences) and one in academia (SLAC). Two others are well on their way to Ph.D. degrees, with
primarily (one) and partial (one) work on this project.

Impact on teaching and educational experiences:

Examples from this work have been used in classes taught, although no specific materials
have been developed.
Impact on infrastructure:

Through this project a major infrastructure for novel experiments in single Ba atom
detection in liquid and solid xenon has been developed.
Impact on technology transfer:

EXO-200 has pioneered technology for LXe double beta decay detection that will be
used in the 25x larger nEXO experiment. The discovery of multiphoton ionization of liquid
xenon may have application for calibration of other liquid xenon detectors.
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