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Low Mass Dark Matter (<10 GeV)

• An original DM candidate (Lee and Weinberg 1977) 

• “Ruled out” (or at least not thought about much) for many years 

• DAMA excess brings them back - turns out they weren’t ruled out 

• In last decade, several anomalies add excitement 

• e.g. Pamela/FERMI CoGeNT/CDMS-Si/CRESST 

• Many anomalies are now resolved, but excitement remains 

• “I think light WIMPs are more theoretically motivated than 10 years ago” - 
Neal Weiner, CIPANP 2015 

• Supersymmetry, asymmetric dark matter, minimalist, dark sector, etc. 

• Many existing candidates that evade all constraints, including collider 
constraints

2



What do you need for low mass?
6 

  
Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 
liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 
under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 
S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 
models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-
independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 
produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 
the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 
chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 
matter target materials if we hope to understand any future dark matter signal [37].  In general the target 
and technology are linked, convolving systematic effects from technology choice with real changes in 
signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 
chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 
chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 
device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 
to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 
bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 
problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 
and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 
comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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above, NR do not produce as much electronic excitation as ER, and the overall signal for NR is
suppressed. Over the past decade, several measurements have been performed with and without
an applied electric field using a variety of sources [21–33] to understand the signal response for low
energy NR, but the yields and field dependence of S1 and S2 below 3 keV have yet to be completely
described. In the near future, the LUX collaboration is expected to publish new measurements of
double scattered neutron events with sensitivity down to 1 keV, representing an important step
forward. However, the LUX technique cannot resolve individual S1 pulses for events of known
energy [34], and further improvements are still necessary.
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Figure 5: For a heavy, 50 GeV WIMP interacting with xenon (blue), the di↵erential energy
spectrum is relatively flat in energy. For a 9 GeV WIMP (red), however, the spectrum falls o↵ very
rapidly. Light dark matter deposit energy more e�ciently to light targets, and a 9 GeV WIMP
interacting with neon is shown in magenta.

Beyond the signal yield, the sensitivity of a detector to light dark matter is also subject to
systematic errors because of the velocity distribution term. Most calculations of dark matter rates
assume WIMP velocities follow a Maxwell-Boltzmann halo model [35], but several authors have
suggested that this model is a simplified picture of the Milky Way halo [36]. Even within the
standard halo model, calculated rates can be highly dependent on vesc, an astronomical observable
with non-zero uncertainties. Figure 6 shows f (v) for the standard Maxwell-Boltzmann halo model
for two values of vesc (vesc = 544 km/s is currently the most widely used value). The red line shows
vmin for a 9 GeV WIMP interacting in a pure xenon detector with an energy threshold of 3 keV
(the assumed energy threshold in the LZ CDR). Ignoring e↵ects of energy resolution, the xenon
detector is only sensitive to the region to the right of the red line, representing < 1% of the entire
distribution. By contrast, the magenta line shows vmin for a neon target, sensitive to 27% of the
distribution. Changes in either the energy scale, WIMP mass, or the halo model, particularly in
the tails of the distribution, can have large e↵ects on the predicted dark matter rate. To give one
example, if m� = 7.9 GeV or Q = 4 keV, vmin for xenon is greater than 544 km/s.

3 Doping LZ with helium and neon

The kinematics described in the previous section show that the two ways to search for light dark
matter are with a light target or low energy thresholds. The object of this proposal is to achieve
both conditions, by doping LZ with 0.1 ! 0.5% levels of helium and/or neon. Helium and neon
have no radioactive isotopes and therefore can be added without a↵ecting the background levels.
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 
liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 
under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 
S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 
models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-
independent, in some models by as much as five orders of magnitude. [34]. 
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produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 
the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 
chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 
matter target materials if we hope to understand any future dark matter signal [37].  In general the target 
and technology are linked, convolving systematic effects from technology choice with real changes in 
signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 
chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 
chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 
device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 
to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 
bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 
problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 
and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 
comes from an experiment utilizing a different technology, and thus subject to a different set of 
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signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 
liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 
under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 
S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 
models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-
independent, in some models by as much as five orders of magnitude. [34]. 
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 6: The velocity distribution, f(v), for the standard Maxwell-Boltzmann halo model of [35]
for two values of vesc. The red line shows vmin for a 9 GeV WIMP interacting in a xenon detector
with an energy threshold of 3 keV (the assumed energy threshold in the LZ CDR). In that case,
and ignoring energy resolution, a xenon detector would only be sensitive to the region to the right
of the red line, representing < 1% of the entire distribution. By contrast, the magenta line shows
vmin for a neon target, sensitive to 27% of the distribution. Changes in either the energy scale,
WIMP mass, or the halo model, particularly in the tails of the distribution, can have large e↵ects
on the predicted dark matter rate. As an example, if m� = 7.9 GeV or Q = 4 keV, vmin for xenon
would be pushed above 544 km/s.

The addition of helium or neon will improve the sensitivity of LZ to low mass WIMPs, decrease the
systematic uncertainties in the low mass region, and in the case of any discovery in LZ, SuperCDMS-
SNOLAB, or any other dark matter detector, increase the amount of available information about
the observed dark matter by using previously unexplored nuclear targets.

The most important question regarding a He/Ne doped xenon detector is how the scintillation
and ionization properties will change relative to the pure LXe case. First, from a practical stand-
point, it is important that the S1 and S2 signals in doped LXe be at the same wavelength as in
pure LXe and observable by the same PMTs. In noble liquid gases, scintillation is produced by
the decay of metastable molecular states. The amount of energy required to form these molecules
decreases for increasing Z, and the wavelength of pure helium and neon scintillation is much deeper
in the UV than xenon light [37]. Data from mixtures with ⇠10 ppm xenon in liquid argon show
that excitations can be e�ciently transferred from argon to xenon, with the resulting light emis-
sion emitted at xenon wavelengths [38] (I am an author on one of these papers); energy transfers
from excitations of the heavy noble elements to lighter ones do not take place because they are
not energetically favorable. Therefore, the wavelength of S1/S2 light in a doped LXe-TPC will be
unchanged.

A second point is that because the liquid environment will still be dominated by Xe atoms
(with their large numbers of bound electrons), the drifting of free electrons through the TPC will
also be una↵ected. In the gas phase, where the S2 amplification occurs, excitations of the lighter
elements in the gas phase should e�ciently transfer their energy to the heavier gas atoms, leading
to minimal overall change in gain. A preliminary simulation of the mixture of gases in the Garfield
simulation package [39] confirms this expectation.

Given the importance of both energy thresholds and ER/NR discrimination, there are two key
unknowns regarding the scintillation and ionization properties of a He/Ne-LXe mixture. First,
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Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)
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CoGeNT
(2012)

CDMS Si
(2013)
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ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

CDMS-II Ge Low Threshold (2011)
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Xenon1T

LZ
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PICO250-CF3I
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7Be
Neutrinos
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NEUTRINO COHERENT SCATTERING

CDMSlite

(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB

What don’t you need for low mass?

• A lot of mass

~10 tonnes 
Xe

~10 kg Ne
~10 kg He
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LUX-Zeplin (LZ)

• 7 tonne active LXe TPC 
• Heavy target 
• Excellent self shielding 
• Good discrimination 
• Low threshold (<3 keV) 

• 31 institutions, ~200 
people 

• To be located at Sanford 
Lab in SD
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LUX-Zeplin (LZ)
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�6�H�Q�V�L�W�L�Y�L�W�\�������6�S�L�Q���–�Q�G�H�S�H�Q�G�H�Q�W

�½�¼

Baseline best sensitivity: 
2.5 × 10-48 cm2 @ 40 GeV/c2

�À�Á�»�»���G�C���B�E�@�Q�?�E�=�H�‡���¼�»�»�»���H�E�R�A�‹�@�=�U���A�T�L�K�O�Q�N�A

Goal:
1.3 × 10-48 cm2 @ 40 GeV/c2
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LUX-Zeplin (LZ)
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�6�H�Q�V�L�W�L�Y�L�W�\�������6�S�L�Q���–�Q�G�H�S�H�Q�G�H�Q�W

�½�¼

Baseline best sensitivity: 
2.5 × 10-48 cm2 @ 40 GeV/c2

�À�Á�»�»���G�C���B�E�@�Q�?�E�=�H�‡���¼�»�»�»���H�E�R�A�‹�@�=�U���A�T�L�K�O�Q�N�A

Goal:
1.3 × 10-48 cm2 @ 40 GeV/c2

Would be nice 
to extend

further down 
here!
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Can we add He/Ne to LXe?

• Dissolve small quantities of He or Ne in liquid xenon 
• Extend the reach of a detector like LZ (or Xenon1T or PandaX, 

etc) 
• Add new targets to field of direct detection  

• No current experiments using helium or neon 
• Capitalize on investment in large detectors by adding 

flexibility

10



How much could we get in?
• No published measurements 
• Preliminary test at Fermilab 

shows 0.1% He in LXe by mass 
is easily achievable  
• 1 bar of partial pressure 
• Consistent with measurements 

from LUX 
• Expected to scale with mass ratio 

(e.g. 0.5% Ne) 
• Can we get more in? 

• Temperature dependence? Figure 8: (Left) Preliminary results from a measurement at Fermilab showing that the ratio of
He/Xe in 165 K liquid is 0.037 times that of the gas phase. For 1 bar of partial pressure of He,
this ratio corresponds to 0.1% He in the liquid xenon by mass. (Right) Cryostat and associated
hardware designed and built at Fermilab for the SCENE experiment. The cryostat is mobile, and
includes a lifting fixture that allows it to fit inside the beam hall entranceway and then be raised
into the beam line.

The proposal requests support for a Cryogenic Engineer with skills similar to Fermilab Engineer
Terry Tope over several years, with 0.6 FTE requested in the final year. This engineer will serve in a
consulting role in the early years of the proposal, providing advice and safety oversight in designing
the TPC before taking on a larger role in the engineering design of the LZ upgrades. Mr. Tope has
extensive experience with liquid noble gas systems, including many of the PAB stands and argon
purity systems developed for the neutrino program. A Fermilab engineer will be contributing to
the design of the cryogenic systems of LZ over the next three years, providing him or her with
the right tools to understand the requirements for running the LZ circulation system with doped
xenon.

The LZ Collaboration will provide assistance and access to LZ engineering and data, with ad-
ditional scientific contributions and manpower will coming from the groups of Prof. Eric Dahl at
Northwestern (joint with Fermilab) and Prof. Daniel McKinsey of Berkeley, both of whom are
among the world’s experts in liquid xenon experiments of the type proposed here. Assistance with
the beam at Notre Dame will be provided by Prof. Ani Aprahamian. Letters of Collaboration are
attached in Appendix 7.

Timeline:

• Year 1: Construct and operate apparatus for measuring Henry coe�cients. Perform helium-

14

0.037 mol He/mol Xe x  
MHe/MXe ~ 0.1% 
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Liquid xenon
Liquid helium

Backgrounds

• Keep excellent self shielding of LXe (not possible with LNe or 
LHe-only detector)

• Helium and neon have no long 
lived isotopes 

• No new backgrounds 
introduced 

• Detector is already built of low 
background materials 
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Signal detection

• Helium and neon scintillate in harder UV 

• 80 nm vs 175 nm in LXe 

• Those photons will wavelength shift in the xenon to 175 nm 

• See, for example, xenon doped in argon (JINST 9, P06013, among 
others)  

• Keep same photon detection scheme! 

j.dobson@ucl.ac.uk, IDM2016

Xenon TPC and Skin

9

● 7-tonne active region (cathode → gate), 5.6 tonne FV
● 253 top + 241 bottom 3” φ PMTs (activity ~mBq; high QE)
● TPC lined with high-reflectivity PTFE (R

PTFE
 ≥ 95%)* 

● Instrumented “Skin” region optically separated from TPC 

146 cm

1
4

6
 c

m

�¦�¢�	�N�=�J�?�E�O�?�K�����A�R�A�O�‘�����Q�A�O�Š���P�=�H�G�£
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Signal yield
• Strong quenching factor for nuclear recoils in liquid xenon 

(Lindhard factor) 

what are the expected S1 and S2 yields for He/Ne recoils in LXe? As described above, electrons
deposit their energy into electronic excitations (electronic stopping) while xenon recoils in LXe
deposit their energy into both electronic excitations and elastic collisions with nuclei (nuclear
stopping). All the electronic energy is eventually collected as signal, but some of the energy given
to nuclear recoils is lost as heat. Calculating the Þnal electronic energy deposition from a xenon
recoil is more complicated than simply taking the amount given directly from the primary recoil to
electronic excitations, as secondary nuclei from the nuclear collisions in turn partition their energy
into electronic and nuclear stopping. Lindhard theory [40] gives an approximation for the ÒLindhard
factorÓ, or the total electronic energy deposition from nuclear recoils relative to electronic recoils of
the same energy. Figure 7 shows a plot of the Lindhard factor vs. energy for xenon, and the signal
produced by low energy xenon recoils is less than 20% that produced by ER of the same energy.
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Figure 7: Fraction of energy going into ob-
servable signal (Lindhard factor) vs. recoil
energy for xenon recoils in LXe.

Recoil Lindhard SRIM
Xenon 0.02 0.02
Neon 0.20 0.09

Helium 0.68 0.69

Table 1: Estimated fraction of energy given to
electronic stopping for nuclear recoils (not ac-
counting for secondary cascades) from Xe, He,
and Ne recoils in LXe, calculated using Lindhard
theory [41] or the SRIM simulation package [42].

Because helium and neon are so much lighter than xenon, they will not lose as much energy
in elastic collisions with xenon atoms, leaving more energy for electronic excitation and a corre-
spondingly larger signal. Simple approximations for the Lindhard factor do not exist for nuclei
moving through ßuids composed of a di↵erent element, but one can estimate the raw stopping
powers (before accounting for the secondary cascades) using either Lindhard theory [41] or the
SRIM simulation package [42]. Table 1 shows the predicted amount of energy going directly from
the primary recoil into electronic stopping from 5 keV Xe, He, and Ne recoils in LXe calculated
via both methods. Neon and especially helium have a much larger fraction of energy deposited
directly to electrons, i.e. directly into signal, without accounting for the secondary cascades that
can only increase these fractions. It should be noted that the e↵ect of the cascades will be reduced
for neon and helium because they will not e�ciently transfer energy to the predominantly xenon
atoms around them, leading to more sub-ionization energy depositions. Even so, one can expect
larger signals (both charge and light) from helium and neon recoils in LXe than from xenon recoils,
and a correspondingly lower energy threshold.

The second key question is how will that increased signal be partitioned into S1 and S2; what
happens to the S2/S1 ratio that is so important for rejecting electron recoil backgrounds in LZ?
Given that the ratio is determined by track structures, and recoiling electrons will still be interacting
with xenon atoms, the S2/S1 ratio for electrons should be unchanged. As it is not fully understood
what drives the partitioning between S1 and S2 for xenon recoils in LXe, the most that can be said
here is that He/Ne recoils will likely lie below the electron band shown in Fig. 4. As one example,
in scintillating CaWO 4 crystals operated by the CRESST dark matter experiment, oxygen recoils
produce a light/heat ratio that lies between the electron and tungsten recoil bands [43]. One can

9

• Less than 20% of a 7 keV 
recoil event goes into 
detectable signal 

• The rest goes into nuclear 
collisions that lead to heat 

• Helium/Neon are light nuclei, meaning more energy goes into 
electronic channels -> more signal 

Fraction of Xe recoil energy 
 going into signal
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Signal yield

what are the expected S1 and S2 yields for He/Ne recoils in LXe? As described above, electrons
deposit their energy into electronic excitations (electronic stopping) while xenon recoils in LXe
deposit their energy into both electronic excitations and elastic collisions with nuclei (nuclear
stopping). All the electronic energy is eventually collected as signal, but some of the energy given
to nuclear recoils is lost as heat. Calculating the final electronic energy deposition from a xenon
recoil is more complicated than simply taking the amount given directly from the primary recoil to
electronic excitations, as secondary nuclei from the nuclear collisions in turn partition their energy
into electronic and nuclear stopping. Lindhard theory [40] gives an approximation for the “Lindhard
factor”, or the total electronic energy deposition from nuclear recoils relative to electronic recoils of
the same energy. Figure 7 shows a plot of the Lindhard factor vs. energy for xenon, and the signal
produced by low energy xenon recoils is less than 20% that produced by ER of the same energy.
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Figure 7: Fraction of energy going into ob-
servable signal (Lindhard factor) vs. recoil
energy for xenon recoils in LXe.

Recoil Lindhard SRIM
Xenon 0.02 0.02
Neon 0.20 0.09
Helium 0.68 0.69

Table 1: Estimated fraction of energy given to
electronic stopping for nuclear recoils (not ac-
counting for secondary cascades) from Xe, He,
and Ne recoils in LXe, calculated using Lindhard
theory [41] or the SRIM simulation package [42].

Because helium and neon are so much lighter than xenon, they will not lose as much energy
in elastic collisions with xenon atoms, leaving more energy for electronic excitation and a corre-
spondingly larger signal. Simple approximations for the Lindhard factor do not exist for nuclei
moving through fluids composed of a di↵erent element, but one can estimate the raw stopping
powers (before accounting for the secondary cascades) using either Lindhard theory [41] or the
SRIM simulation package [42]. Table 1 shows the predicted amount of energy going directly from
the primary recoil into electronic stopping from 5 keV Xe, He, and Ne recoils in LXe calculated
via both methods. Neon and especially helium have a much larger fraction of energy deposited
directly to electrons, i.e. directly into signal, without accounting for the secondary cascades that
can only increase these fractions. It should be noted that the e↵ect of the cascades will be reduced
for neon and helium because they will not e�ciently transfer energy to the predominantly xenon
atoms around them, leading to more sub-ionization energy depositions. Even so, one can expect
larger signals (both charge and light) from helium and neon recoils in LXe than from xenon recoils,
and a correspondingly lower energy threshold.

The second key question is how will that increased signal be partitioned into S1 and S2; what
happens to the S2/S1 ratio that is so important for rejecting electron recoil backgrounds in LZ?
Given that the ratio is determined by track structures, and recoiling electrons will still be interacting
with xenon atoms, the S2/S1 ratio for electrons should be unchanged. As it is not fully understood
what drives the partitioning between S1 and S2 for xenon recoils in LXe, the most that can be said
here is that He/Ne recoils will likely lie below the electron band shown in Fig. 4. As one example,
in scintillating CaWO4 crystals operated by the CRESST dark matter experiment, oxygen recoils
produce a light/heat ratio that lies between the electron and tungsten recoil bands [43]. One can
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• At worst, we can expect a factor of 3.5 more signal for helium 
recoils in LXe 

Even lower thresholds with the light target!
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Key questions
• What is the true signal yield? 

• What happens to discrimination? 

and other neutrino fluxes. Despite significant interest in this signal per se, coherent neutrino-nucleus 
scattering is also a fundamental background for dark-matter searches, which is quantified in Chapter 4. 

3.4   Electron/Nuclear Recoil Discrimination 
Discrimination of ERs is key to the positive identification of a WIMP signal, both by directly reducing 
the effect of the dominant electronic backgrounds in the detector, and by confirming a NR origin. The 
physical basis for discrimination is the difference in the ratio of ionization electrons to scintillation 
photons that emerge from the interaction site and subsequently create the measured S2 and S1 signals, 
respectively. In a plot of the logarithm of S2/S1 as a function of S1, as in Figure 3.4.1, electron and 
nuclear recoils each form a distinct band, with NRs having a lower average charge/light ratio. 

Discrimination is commonly quantified by the ER leakage past the median of the NR population (i.e., 
retaining a flat 50% NR acceptance). Previous values are between 99.5% in XENON10 [11] and 99.99% 
in ZEPLIN-III [ 15]. For the purpose of sensitivity calculations, we assume a baseline discrimination value 
of 99.5%, a conservative assumption given the performance already obtained in LUX, as discussed below. 

Electron/nuclear recoil discrimination is determined by the separation of the bands as well as their widths, 
and in particular the Òlow tailÓ in log10(S2/S1) of the ER band. Remarkably, the bands are mostly 
Gaussian when binned in slices of S1. Some skewness was observed in the electron band in ZEPLIN-III, 
although this was measured with external gamma rays rather than internally dispersed sources, and at very 
high field [15]. 

The physics determining both the position of the bands and their widths has been studied and we are 
increasingly able to model it successfully [43]. The overall separation of the bands is mostly due to NRs 
producing less initial ionization and more direct excitation (leading to scintillation) than do ERs. In turn, 
the bandwidths depend strongly on the physics of electron-ion recombination at the interaction site. A 

Figure 3.4.1.  Discrimination parameter log10(S2/S1) as a function of S1 signal obtained with LUX calibration [4]. 
(a) ER band calibrated with beta decays from a dispersed 3H source; the median is shown in blue, with 80% 
population contours indicated by the dashed blue lines. (b) NR band populated by elastic neutron scattering 
from AmBe and 252Cf neutron sources; the median and 80% bandwidth are indicated in red, but in this instance 
they are defined via simulation to account for systematic effects present in neutron-calibration data (but not 
expected in a WIMP signal). The mostly vertical gray lines are contours of constant energy deposition. For more 
information, see Chapter 4. 

3-9 

Figure 4: Discrimination parameter, S2/S1, in LUX [3]. The top panel shows ER events produced
by a CH3T (tritiated methane) beta source, with the solid blue line representing the median value
and 80% population contours represented by the blue dashed lines. The bottom panel shows NR
data from neutron sources, with the red lines representing the median and 80% contour. LUX was
able to reject 99.6% of ER while accepting 50% of NR.

The first term in Eq. 1 is the number density of WIMPs, with ⇢0 as the mass density of dark
matter in the solar system and m� as the dark matter mass. The second term is the particle
physics component, where �0 is the cross section for interactions on nucleons, A is the atomic
mass of the target, and mp is the mass of a proton. SI interactions benefit from the assumption
that all nucleons contribute coherently to the rate; this coherence leads to an A2 enhancement,
written here explicitly, which is one reason xenon is such a good target for dark matter searches.
However, the interaction loses its coherence as the recoil energy Q gets large (e! ectively the de
Broglie wavelength becomes small relative to the size of the nucleus). The third term in Eq. 1 is
the nuclear form factor, F 2(Q), accounting for this loss of coherence. To first order, the form factor
can be described as a falling exponential, F 2(Q) = exp(�Q/Q 0), with Q0 an energy scale that is
smaller for larger nuclei (i.e. larger nuclei lose coherence at lower recoil energies). The final term
is an integral over the velocity distribution of dark matter in the solar system, as faster WIMPs
are more likely to deposit a meaningful amount of energy in an elastic scatter. The integral has a
kinematic lower cuto! set by the minimum velocity for a WIMP with mass m� required to produce
a nuclear recoil with energy Q,

vmin =

s
Q(A + m�)2

2m2
�A

. (2)

The higher cuto! , vesc, is the escape velocity; WIMPs moving faster than vesc are not bound in the
galaxy.

Because of the form factor and velocity distribution terms, the rate of WIMP-induced nuclear
recoils falls exponentially with recoil energy. This exponential fall is particularly acute for low
mass dark matter as shown in Fig. 5. Understanding the response of the detector at low energies is
therefore critical to determining the dark matter sensitivity, and the light and charge yield from low
energy nuclear recoils remains one of the largest uncertainties in LXe-TPC detectors. As discussed

6

LUX data 
PRL 112, 091303
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¥ Pulsed, monoenergetic beam (at Notre Dame) to 
measure response of to nuclear recoils of known 
energy

¥ Tunable nuclear recoil energy by changing the 
neutron energy and the scattering angle
Ð Neutrons of 500 keV - 1.5 MeV
Ð Recoils of a few keV up to 50 keV
Ð Successful measurements in LAr (1406.4825, 

1306.5675)

Neutron	detector

LAr	TPC

Sca2ering	angle,	Θ

Pulsed,	mono-energe:c	neutrons

Figure 8: (Left) Preliminary results from a measurement at Fermilab showing that the ratio of
He/Xe in 165 K liquid is 0.037 times that of the gas phase. For 1 bar of partial pressure of He,
this ratio corresponds to 0.1% He in the liquid xenon by mass. (Right) Cryostat and associated
hardware designed and built at Fermilab for the SCENE experiment. The cryostat is mobile, and
includes a lifting fixture that allows it to fit inside the beam hall entranceway and then be raised
into the beam line.

The proposal requests support for a Cryogenic Engineer with skills similar to Fermilab Engineer
Terry Tope over several years, with 0.6 FTE requested in the final year. This engineer will serve in a
consulting role in the early years of the proposal, providing advice and safety oversight in designing
the TPC before taking on a larger role in the engineering design of the LZ upgrades. Mr. Tope has
extensive experience with liquid noble gas systems, including many of the PAB stands and argon
purity systems developed for the neutrino program. A Fermilab engineer will be contributing to
the design of the cryogenic systems of LZ over the next three years, providing him or her with
the right tools to understand the requirements for running the LZ circulation system with doped
xenon.

The LZ Collaboration will provide assistance and access to LZ engineering and data, with ad-
ditional scientific contributions and manpower will coming from the groups of Prof. Eric Dahl at
Northwestern (joint with Fermilab) and Prof. Daniel McKinsey of Berkeley, both of whom are
among the world’s experts in liquid xenon experiments of the type proposed here. Assistance with
the beam at Notre Dame will be provided by Prof. Ani Aprahamian. Letters of Collaboration are
attached in Appendix 7.

Timeline:

• Year 1: Construct and operate apparatus for measuring Henry coe�cients. Perform helium-

14

SCENE



Simulated Energy Deposition: Xenon/Helium(0.1%), 90% multiple scatter rejection
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Simulated Energy Deposition: Xenon/Helium(0.1%), 90% multiple scatter rejection
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• For doping measurement, for a given scattering angle, He/Ne recoils 
have more energy  

• Before accounting for increased signal 

• Pushes the peak out past the xenon background 

Xenon  
“wall”

Helium 
signal

Xenon  
“wall”

Helium 
signal

SCENE

SCENE-like measurement measures  
yield and S1/S2 response v. energy!
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He/Ne doping in LXe

• Physically possible 

• Keep low background level achieved in LXe TPC 

• Same signal readout with LXe sensitive light detectors 

• Increased signal yield from He/Ne recoils 

• Lower energy thresholds for WIMP-He/Ne scattering 

• Properties measurable using existing techniques

19



What’s the catch?
• At very low thresholds (where we want to go), we hit coherent scattering 

of neutrinos  

• In doped LXe, N is still ~70, but A is now 4 or 20, instead of ~130 

• Hit the neutrino background at x1000 higher WIMP cross section for 
helium 

vm =

q
QmN/2m2

r (1)

vesc = 544 km/s (current value) (2)

mN is mass of nucleus

mr =
mNm�

mN +m�
(3)

mn = m� (4)

Q, vm

R⌫,coh

R�
⇠ N2/A2

(5)

1
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Preliminary projection
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S2-only
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LUX

Sunday, November 15, 15

Figure 2: The dashed blue and magenta curves show projected sensitivity of a 3 year run with
5(25) kg of He(Ne) loaded into LZ assuming the same backgrounds as in the LZ Conceptual De-
sign Report [20], with xenon-only sensitivity shown in light blue. The projections are based on
conservative Poisson assumptions about the backgrounds and do not take advantage of profile or
maximum likelihood analysis methods. The increased reach provided by helium and neon make a
good complement to the projected SuperCDMS-SNOLAB sensitivity. See Sec. 3 for more details
behind these projections. The current best low mass limits, from CRESST II and CDMS-lite, are
also shown [6, 7].

The main objective in designing a dark matter detection is elimination of background radiation
that can mask a dark matter signal. Like most dark matter detectors, LZ will be constructed out
of low radioactivity components in a clean environment to minimize radioactive contamination. LZ
has the added advantage of the self-shielding capability of LXe. Because of the high density of LXe
(2.9 kg/liter at 165 K), external radioactivity does not penetrate the “fiducial” center of a large
LXe volume. LZ will also include two veto regions whose purpose is to increase the fiducial volume
of the detector by vetoing events that are generated internally in detector materials that might
scatter once in the TPC before exiting. Many of these events deposit energy in the veto spaces and
can therefore be rejected. The first veto is a region of LXe outside the main TPC that is required
to hold o↵ the voltage between the TPC wall and the cryostat wall. This region is instrumented
and is known as the xenon skin. An organic liquid scintillator outer detector is located immediately
outside the cryostat as a second veto region. The entire detector sits in an instrumented water tank
for further shielding of external backgrounds and cosmic ray muons. The water tank is located in
the 4,850-foot level of the Sanford Underground Research Facility. The right panel of Fig. 3 shows
a 3-D model of the LZ detector in its water tank, and a detailed description of the entire apparatus
can be found in the LZ Conceptual Design Report (CDR) [20].

The combination of the underground environment, shielding, and cleanliness eliminates most
detector backgrounds in LZ, but there are some sources of events that cannot be shielded out. By
design, the dominant source of events in the fiducial volume will come from elastic scattering of

4

Preliminary

• Location of LZ Helium lines depends critically on assumed signal yield (conservative 
assumption of factor of 3 shown here) 

• Can get around neutrino backgrounds with more He signal 
• Currently not using any spectral information (cut and count is not ideal) 

Silicon  
ionization
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He/Ne doping in LXe
• Physically possible 

• Keep low background level achieved in LXe TPC 

• Same signal readout with LXe sensitive light detectors 

• Increased signal yield from He/Ne recoils 

• Lower energy thresholds for WIMP-He/Ne scattering 

• Properties measurable using existing techniques 

• Coherent neutrino scattering background 

• Possible mitigation with higher signal or spectral analysis
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• Physically possible 

• Keep low background level achieved in LXe TPC 

• Same signal readout with LXe sensitive light detectors 

• Increased signal yield from He/Ne recoils 

• Lower energy thresholds for WIMP-He/Ne scattering 

• Properties measurable using existing techniques 

• Coherent neutrino scattering background 

• Possible mitigation with higher signal or spectral analysis

He/Ne doping in LXe

Worth further exploration!
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Backup
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• After pulsing from helium diffusion in 
tubes is a well known problem 

• Diffusion exponentially suppressed by 
temperature (Arrhenius relationship) 

• R11410 has a surprisingly thick 
window (3 mm) 

• Calculation suggests 10 years at 1 
bar/165 K before reaching significant 
after pulsing 

• Needs confirmation…

He diffusion through PMT

j.dobson@ucl.ac.uk, IDM2016

Xenon TPC and Skin

9

● 7-tonne active region (cathode → gate), 5.6 tonne FV
● 253 top + 241 bottom 3” φ PMTs (activity ~mBq; high QE)
● TPC lined with high-reflectivity PTFE (R

PTFE
 ≥ 95%)* 

● Instrumented “Skin” region optically separated from TPC 

146 cm
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figure 3a!"#$!$%&$'()*!+'$,,-'$!.,!$/-)*!&0!&#$!(0'1)*!
)&10,+#$'.2!+)'&.)*!+'$,,-'$!03!#$*.-1!45%67 89!)&10,+#$'$,:;!

!!!!!figure 3b!"#$!$%&$'()*!+'$,,-'$!.,!6!)&10,+#$'$!03!+-'$!
!!!!!#$*.-1<!)!,.&-)&.0(!,01$&.1$,!30-(=!.(!$%+$'.1$(&,!>#$'$!
!!!!!)(!.($'&!$(?.'0(1$(&!.,!=$,.')@*$;!A(!,-2#!$(?.'0(1$(&,!
!!!!!)'B0(!>0-*=!@$!)!@$&&$'!2#0.2$!03!)(!.($'&!B),!),!&#$!
!!!!!10*$2-*)'!,.C$!.,!@.BB$'!)(=!&#$!),,02.)&$=!+$'1$)&.0(!')&$!
!!!!!.,!1)(D!0'=$',!03!1)B(.&-=$!*0>$'!&#)(!#$*.-1;

Rise in PMT internal pressure when exposed to partial pressure of helium in air

EF"!.(0+$')@*$

G$B.0(!03!,.B(.3.2)(&!)3&$'+-*,$,

6;H876

6;H87I

6;H87J

6;H87K

6;H875

6;H879

6;H87L

6;H87M

6;H87N

6;H867

6;H866

6;H86I
6;HO76 6;HO7I 6;HO7J 6;HO7K 6;HO75 6;HO79 6;HO7L 6;HO7M

In
te

rn
al

 P
re

ss
ur

e 
/ t

or
r

hours

t )+!

t $(=

&.1$!&0!&#$!2'$)&.0(!03!,.B(.3.2)(&!)3&$'+-*,$,!)&!
)(!.(&$'()*!+'$,,-'$!03!6!%!67 8J!&0'';
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97!1.(

6L!1.(

L!#0-',

6N7!=)D,

J!#0-',

67!#0-',

L7!#0-',

J!D$)',

4E'$,,-'$!-(.&!20(?$',.0(P!
6!)&1!Q!6;76JI5!@)'!Q!6;76JI5!%!675!E)!Q!L97!&0'':

>#$'$P!R!Q!L9!S!TU4=!V:;!

)(=!&#.,!*.($)'!=$+$(=$(2$!.,!$?.=$(&!30'!1)(D!=$2)=$,!03!&!!
.(!3.B-'$,!J)!)(=!J@!30**0>.(B;

A&!.,!W(0>(!3'01!,&-=.$,!1)=$!0(!+#0&01-*&.+*.$',<!>#.2#!)'$!
)2&.?)&$=!@-&!,&.**!20(($2&$=!&0!)!?)2--1!,&)&.0(<!&#)&!
)3&$'+-*,$,!>.**!@$B.(!&0!)++$)'!)&!)'0-(=!67 8J!!&0'';!"#$!0(,$&!
03!,$?$'$!)3&$'+-*,$!@$#)?.0-'!+0'&$(=,!&#$!)++'0)2#.(B!$(=!
03!)!+#0&01-*&.+*.$'<!@$2)-,$!0(2$!&#$!+'$,,-'$!)&&).(,!678I!
&0''!&#$!=$?.2$!@$B.(,!&0!)2&!),!)!*.B#&!,0-'2$!*$)=.(B!&0!
.''$?$',.@*$!$*$2&'.2)*!@'$)W=0>(;!"#.,!(0&!0(*D!20''-+&,!
1$),-'$1$(&,<!@-&!+0,$,!)!&#'$)&!&0!)**!@-&!&#$!*$),&!
,$(,.&.?$!$*$2&'0(.2,;!!

"#$!3.B-'$,!,#0>!&#$!$33$2&!03!#$*.-1!=.33-,.0(!&#'0-B#!
&#$!+#0&01-*&.+*.$'!$(?$*0+$<!30'!&#$!+'.(2.+*$!B*),,!&D+$,!
-,$=!.(!+#0&01-*&.+*.$'!1)(-3)2&-'$!4,$$!@$*0>!30'!
=$3.(.&.0(,:;!"#$D!)*,0!.(=.2)&$!>#$(!,.B(.3.2)(&!=$B')=)&.0(!
03!+$'30'1)(2$<!)(=!-*&.1)&$*D!3).*-'$<!)'$!*.W$*D!&0!022-';!

X,.(B!&#$!$/-)&.0(!)&!(0'1)*!&$1+$')&-'$!)**0>,!&#$!
$*.1.()&.0(!03!/!.(!46:!@D!-,.(B!+.(&!Q!/UV;!!"#.,!*$)=,!&0!&#$!
30**0>.(B!'$*)&.0(,#.+!@$&>$$(!&#$!.(2'$),$!.(!&#$!+)'&.)*!
+'$,,-'$!03!#$*.-1!),!)!3-(2&.0(!03!&.1$;!!!

;;;4K:pint = Ctpext /(1 + Ct)

pint = Ctpext ;;;45:

&>0!2),$,!)'$!.**-,&')&$=

'.,$!.(!+'$,,-'$!?$',-,!&.1$

figure 3a '.,$!.(!)!NI99!EF"!.(&$'()*!+'$,,-'$!
>#$(!$%+0,$=!&0!&#$!+)'&.)*!+'$,,-'$!03!#$*.-1!.(!
).';
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>#$(!$%+0,$=!&0!+-'$!#$*.-1!)&!6!)&10,+#$'$;!
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Rise in PMT internal pressure when exposed to pure helium at 1 atm
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2)*2-*)&.0(;

fused silica: "#$,$!B*),,$,!)'$!2*0,$!&0!677^!,.*.2)!
4Z._I :!,-2#!),!,+$2&'0,.*!!!!I777<!R0'(.(B!LNK7!0'!
$/-.?)*$(&

pyrex!!!!P!T*&#0-B#!&$2#(.2)**D!)!@0'0,.*.2)&$!B*),,<!+D'$%!!!
#),!)!*0>$'!@0'.2!0%.=$!4[I _ J:!20(&$(&!&#)(!&#0,$!
'$3$''$=!&0!),!@0'0,.*.2)&$!.(!&#.,!'$+0'&<!,-2#!),!R0'(.(B!LLK7<!
Z2#0&&!MJJ7!0'!$/-.?)*$(&;

borosilicate: `.B#$'!@0'.2!0%.=$!20(&$(&!B*),,$,!,-2#!),!
R0'(.(B!L75I<!Z2#0&&!MI57!0'!$/-.?)*$(&;

lime soda: "#$,$!B*),,$,!#)?$!R)_!)(=!.(2'$),$=!
]) I _!20(&$(&!+*)2$!03![I _ J<!,-2#!),!Z2#0&&!TG8a\TZ!!!!
0'!$/-.?)*$(&; !
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Example for ET9226 PMT
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