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Foreword

This book was written by a researcher who has been working actively in a field of
detector technology originally introduced almost 40 years ago by a group of Russian
physicists who investigated electron emission from liquid argon and, for the first time,
formulated unique properties of a new detector technology that could be developed
employing this effect. They called these detectors emission detectors, meaning detectors
of ionizing radiation, in which ionization electrons could be extracted from a condensed
matter detection medium into a rarified gas phase in which the electron signal could be
amplified. In the West, such detectors are sometimes called two-phase or dual-phase
detectors, but that does not truly reflect the basic principle of their operation, therefore
probably the name two-phase emission detectors would be more adequate and complete.

Researchers working on emission detector technology are concerned
with effects associated with quasi-free electron transmission through
bulk dielectrics and charge carrier penetration through the inter-phase
boundary, purification technologies that provide long electron lifetimes,
methods of amplification of electron signals in pure dielectrics, and
analog and digital visualization of ionization particle tracks with
extremely low ionization yield in condensed matter.

First considered for accelerator experiments hunting for rare
processes such as short-ranged particles, neutral channels of antiproton-
nucleon annihilations in heavy nuclei and abnormal low-ionizing
particles as well as medical imaging, emission detectors seem to have
found their niche in low-background experiments searching for cold dark
matter and low-energy neutrino interactions. The further development of
this interesting class of radiation detectors may enhance the arsenal of
modern experimental methods in other exciting fields like the
neutrinoless double beta decay search, solar neutrino physics and
possibly in many new areas that cannot be satisfactorily served with
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existing detector technologies. In this sense, the monograph may be
useful to provide readers with a solid foundation for development of the
new instrumentation.

Boris A. Dolgoshein
Moscow
9 May 2009
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Preface

This book is the first attempt to provide a comprehensive presentation of
the physics and engineering concepts behind emission detector
technology. Over the course of 35-year career in experimental physics, |
have been involved in a variety of R&D projects that spans the study of
effects associated with quasi-free electron emission from small, gram-
scale quantities of non-polar dielectrics for the purpose of exploring all
possible working media for emission detectors, to the recent
development of huge, ton-scale, astroparticle emission detectors used in
the search for cold dark matter in the Milky Way. Consideration of this
research itself can serve as a good example of the evolution of a
detection technology from basic concept to full implementation.

In this book, special attention has been payed to the properties of non-
polar dielectrics, since such media can be used for effective detection of
penetrating radiation in many important practical applications, ranging
from medical imaging to nuclear reactor diagnostics. Applications of
emission detector technology are discussed in the concluding chapter of
the book. More than two hundred references cited in the book can be
used as sources of more detailed information on particular subjects. For
additional reading on relavant detector technologies, one can recommend
Liquid lonization Detectors (Atomizdat, 1983) by A. Barabash and A.
Bolozdynya, Noble Gas Detectors (Wiley, 2006) by E.Aprile, A.
Bolotnikov, A. Bolozdynya, and T. Doke, and, of course, Radiation
Detection and Measurements (3d edition, Wiley, 2000) by G. Knoll,
whose comments on the technology of noble gas detectors inspired me to
work on this monograph.
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Chapter 1

Hetero-phase detectors and history of
development of emission detectors

Properties of detectors used to detect, track and identify high-energy
particles and radiation directly depend on the properties of their working
media. Effective detection of low-ionizing and highly penetrative
radiation is only possible with working media of sufficient mass and
density. However, the amount of energy deposited by detected radiation
is typically very small and special measures are needed to amplify
signals generated by interactions of detected radiation with the detector’s
working media. There are several approaches for measuring the small
amount of energy deposited in large mass detectors (see, for example, a
classic monograph by Glenn F. Knoll). In this chapter we focus our
attention to a class of detectors utilizing specific properties of hetero-
phase working media in which detected radiation interacts with a
condensed medium but signals are generated in the rarified phase co-
existing with the condensed medium or signals are generated in result of
phase transitions.

1.1 Photoemission detectors

The photoelectric effect is a quantum electronic phenomenon in which
electrons are emitted from matter after the absorption of energy from
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electromagnetic radiation such as x-rays or visible light. The emitted
electrons can be referred to as photoelectrons in this context. In the past,
the effect was termed the Hertz effect after Heinrich Rudolf Hertz
discovered in 1887 that UV radiation ignites spark between charged zinc
electrodes. Further study of the effect led to understanding the quantum
nature of light and to development of various detectors of photons and
ionizing particles. Next year or two after Hertz’ discovery, Alexander
Stoletov investigated the photo-electron emission from different
materials and different conditions (pressure and temperature) in vacuum
and found the electron emission from liquid solutes and Augusto Righi
discovered photoemission from solid dielectrics.

In 1902, P. E. A. von Lenard observed that the energy of the emitted
electrons increased with the frequency, or color, of the light. This was at
odds with J.C. Maxwell's wave theory of light, which predicted that the
energy would be proportional to the intensity of the radiation. The big
surprise was that the photoelectric effect only occurs when a metallic
surface is exposed to electromagnetic radiation above a certain threshold
frequency. In 1905, A. Einstein found a way to solve this paradox by
describing light as composed of discrete quanta (photons) rather than
continuous waves. Based upon M. Planck's theory of black-body
radiation, Einstein theorized that the energy in each quantum of light was
equal to the frequency multiplied by a constant, later called Planck’s
constant. A photon above a threshold frequency has the required energy
to eject a single electron, creating the observed effect. This discovery led
to the quantum revolution in physics and earned A. Einstein the Nobel
Prize in 1921

The spark gap of Hertz could be considered as the first emission
detector sensitive to UV radiation. Since the discovery in the late 1920s
that electrons accelerated in vacuum may cause emission of secondary
electrons and as a result provide amplification of the electron signal,
photomultipliers begin their distinguished history. Photoelectron
multiplier tubes (PMT) based on the multi-stage amplification of a
photoelectron signal was invented by L.A. Kubetsky in 1930 and re-
invented by V. Zworykin in 1936. Since that time photoemission
detectors received a long and well-proven record in experimental
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physics, nuclear medicine, oil well logging, monitoring nuclear materials
and many other important technical applications.

1.2 Cloud chambers

At the boundary between 19 and 20 centuries, Scottish physicist
Charles T.R. Wilson, studying cloud formation and optical phenomena in
moist air, discovered that ions could act as centers for water droplet
formation (see, for example, excellent review by Henderson, 1970).
Wilson built a chamber filled with saturated vapor of water-alcohol
mixture and connected it to an expansion mechanism. By rapidly
reducing the pressure, the gas inside the chamber undergoes an adiabatic
expansion and cools; supersaturated vapour condense in liquid droplets
on centers of nucleation, that could be dust or ions. The condensation of
liquid along tracks of ionizing particles made them visible. Many
physicists experimented with such devices. In 1924, Peter L. Kapitza
placed the Wilson chamber in a strong magnetic field that allowed
measurements not only the charge but also the momenta of particles
analyzing curvature of their tracks. The new approach led Carl D.
Anderson to discovery of the positron in 1932 (Nobel Prize in Physics
for 1936) and the muon in 1937 in cosmic rays.

C.T.R. Wilson, along with A. H. Compton, received the Nobel Prize
for Physics in 1927 for his work on the cloud chamber. This kind of
chamber is also called a pulsed chamber, because the conditions for
operation are not continuously maintained.

In fact, the Wilson chamber was the first device using a two-phase
(saturated vapour / liquid droplets) working medium for detection and
visualization of tracks of individual particles. Since then, diffusion,
spark, and streamer cameras have been developed for visualization of
particle tracks in gases at normal pressure. With the ever increasing
energies of investigated particles, condensed working media have been
considered for construction of more sensitive devices.



-4 - Emission Detectors

1.3 Bubble chambers

A bubble chamber is an extension of the idea of cloud chamber to
denser working media (see, for example, a great review by Aleksandrov
et al., 1967). The bubble chamber was invented by Donald Glaser in
1952, when he has shown that ionizing radiation could initiate boiling in
superheated liquids. Soon after that he succeeded in photographing a
string of vapor bubbles induced by the passage of an ionizing particle
through a superheated liquid. The dramatic difference in optical density
between liquid and vapor was used to photograph tracks of high-energy
particles interacting with liquids. The bubble chamber become the
second example of a detector using a two-phase (liquid/saturated vapor
in bubbles) working medium.In 1960 D. Glaser received a Noble Prize
for the development of bubble chambers.

The first physical results with bubble chambers were obtained with
“clean” bubble chambers made of glass. A reason for this approach is
that the surface of the glass is free from microscopic defects that may
become centers for the initiation of boiling of the liquid. In addition,
glass chambers may be made without seams or seals. However, with
technological improvements tracks were soon successfully observed in
“dirty” chambers made of a polished metal body and flat glass windows
sealed with Teflon. Eventually, most of the cryogenic liquids found
application in bubble chambers, with helium and xenon among them
(Table 1.1). Light liquids allow using magnetic fields in order to
determine the momentum of charged particles from the curvature of their
tracks. The heavy liquids are attractive because of their efficient
absorption of gamma radiation. Since heavy noble liquids are the most
popular working media of modern two-phase emission detectors, we
refer to liquid xenon bubble chambers as a direct prototype of the
emission detectors.
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Table 1.1 Properties of bubble chamber liquids (Harigel, 2003; Henderson, 1970).

Vapour . Radiation Absorption
Liquid Temperature, pressure, Dens31ty, Length Xy,  Length A,
K g/em
bar cm cm
He 32 04 0.14 1027 437
H, 25 4 0.0645 968 887
D, 30 4.5 0.14 900 403
C;Hg 333 21 0.43 110 176
Ne 35 7.7 1.02 27 89
Ar 135 28 1.0 20 84
CF;Br 303 21 1.5 11 73
Xe 253 26 2.2 3.9 56

Xenon, being predominantly a monatomic medium, has no rotational
or vibration atomic oscillation modes, and as a result, it is effectively
converting the energy of d-electrons into light (scintillation). To convert
the energy of scintillation into localized heat and enhance the formation
of bubbles, molecular admixtures of ethylene or propane have been used
in LXe bubble chambers (see references in Table 1.2)

Table 1.2 Liquid xenon bubble chambers.

. Temperature, Density, Working volume Reference
Built 3
K g/cm
50s 254 2.3 02.5x1.3 cm® Brown et al., 1956
50s 254 2.2 @30x25 cm? Brown et al., 1961
60s 260 ? 1.4 180 litres Barmin et al., 1972
70s 260 ? 1.4 1.5x0.7x0.7 m® Barmin et al., 2003

The first liquid xenon bubble chamber was built by Glaser in 50s, the
largest and the most successful DIANA LXe buble chamber was built at
ITEP (Moscow) in 70s (Fig.1.1). Images acquired from LXe buble
chambers allow reconstruction topologically complicated events
including large number of y-quanta and n’-mesons. DIANA was
decommissioned in 1985 but a data analysis from about 1 million stored
images is still continuing. Using this archive, ITEP scientists recently
reported on discovery of exotic pentaquark resonance generated in low-
energy K Xe collisions (Barmin et al., 2003).
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Fig.1.1. Liquid xenon bubble chamber DIANA with 1.5x0.7x07 m®
active volume constructed at ITEP in 70s. Courtesy of A.G.
Dolgolenko.

In an attempt to improve the performance of bubble chambers and
integrate them into multi-detector systems with sophisticated triggers for
high energy experiments, the use of the scintillation properties of some
liquids was considered. One of the first bubble chambers of this type
was a 3-litre chamber filled with liquid propane to which naphtalene
scintillator and a wave-shifter were added (Minehart and Milburn, 1960).
Out of this work, it was shown for the first time that scintillation and
bubble nucleation are not necessarily mutually exclusive. Later, the use
of a scintillation trigger and the collection of charge during the expansion
cycle in a liquid argon bubble chamber were considered by Berset e.a. in
1982. The amplitude of the scintillation trigger can give preliminary
information about the energy deposited by electromagnetic or hadronic
showers; the scintillation signal can be used to trigger a laser beam to
initiate marker tracks simultaneously with useful events.

These first attempts demonstrated that bubble chamber technology
was not easy to integrate into fast detectors with electronic readout. That
was the original motivation to exploration new approaches in detector
technology based on condensed working media and electronic filmless
imaging.
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At the beginning of the 21* century, bubble chambers again attracted
the attention of particle physicists, who, at this time, were interested in
searching for cold dark matter in the form of weakly ionizing massive
particles (WIMPs; Bond et al., 2005). At the University of Chicago, it
was shown that, for certain pressure and temperature operating
conditions, the vaporization of the overheated liquid can only be
produced by particles having a large stopping power, such as nuclear
recoils, making the detector insensitive to most minimum ionizing
backgrounds due to gamma radiation (Collar et al., 2000). The devices
are operated at near room temperature and use non-flammable, non-toxic
and inexpensive liquids, with a chemical composition (e.g., CF;I) that
provides maximum sensitivity to neutralino interactions through both the
spin-dependent and spin—independent channels.

1.4 Electron emission detectors

The development of emission detectors has a long history. The first
emission detector was, probably, Hertz’s spark gap triggered with ultra-
violet radiation (1887). The discovery of photoelectron emission from
metals eventually led to understanding quantum nature of light and
development of quantum age of the modern Physics. Since that time, the
effect has been successfully used in vacuum photodiodes and
photomultipliers to detect low-intensity photon fluxes or even single
photons for a variety of technical applications. The discovery of electron
emission from dielectrics by A. Stoletow and A. Righi extended the
technology for massive detection media and made it possible to detect
extremely low-ionizing radiation and very rare particle interactions.
However the next step in this direction was made only half of a century
after the discovery that ionization electrons can live long enough in
condensed argon to be collected from the bulk material and their charge
to be measured (Davidson and Larsh, 1948).

The first electron emission two-phase (solid/gas argon) detector was
constructed by a graduate student, G.W. Hutchinson, in 1948
(Hutchinson, 1948). However, the advantages of the new approach were
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not fully recognized at that time by the detector scientist community, and
the idea was forgotten for about 20 years.

The advantages of condensed noble gases for precision imaging and
for the development of detectors for high energy particles were
recognized by L. Alvarez in 1968. Following the development of liquid
xenon ionization chambers by L. Alvarez, H. Zaklad, S. Derenzo and
others at Lawrence Berkley National Laboratory in the 1960s and 1970s
seemed to open a way for digital imaging 140-511 keV gamma rays for
nuclear medicine needs with noble gas detectors.

Independently of Alvarez, condensed noble gases as working media
for particle detectors attracted the attention of B.A. Dolgoshein and his
co-workers at Moscow Engineering Physics Institute, led by B.U.
Rodionov, who in the course of attempts to develop a high-density
streamer chamber, rediscovered electron emission from liquid argon and
observed electroluminescence of pure noble gases. They proposed using
these properties of noble gases to develop highly sensitive imaging
instrumentation with electronic readout — emission detectors (Rodionov,
1969; Dolgoshein, Lebedenko and Rodionov, 1970). Since that time new
emission detector media have been discovered and a variety of different
emission detectors has been developed as described in this book. In
general, it was shown (Rodionov, 1969, 1987) that emission detectors
can combine the high detection efficiency inherent to dense and massive
working media with high gain through the physical amplification of
electron signals that is only possible in the rarefied phases.

The first attempts to construct emission detectors were focused on
developing imaging cameras to visualize tracks of individual relativistic
particles in high energy physics experiments (Bolozdynya et al, 1977).
However, soon after a successful test of the first emission streamer
chamber at the ITEP proton synchrotron, it was understood that the long
drift time required to operate emission cameras drastically limited their
utility in experiments at modern high-luminosity accelerators.

After that, the emission method was explored for imaging gamma
radiation for nuclear medicine applications (Egorov et al., 1983). This
first attempt to develop such a gamma camera was quite successful and a
group of young physicists (S. Kalashnikov, V. Egorov and A.
Bolozdynya), working on the development of an emission
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electroluminescence gamma camera, received an award from the
Presidium of the USSR Academy of Science in 1984.

With the development of non-accelerator physics and Ilow-
background experiments searching for rare nuclear decays and exotic
particles, it became clear that, in this field, emission detectors can
demonstrate all their advantages, including the possibility of constructing
“wall-less” detectors with large mass and low detection threshold
(Bolozdynya et al, 1995). In the relatively short period that has passed
since that time, emission detectors have filled a unique niche in the
arsenal of modern instrumentation for experimental and applied physics.
It is quite notable, that for the thirty years, emission detector technology
has developed from the miniature R&D devices of ~lcm® sensitive
volumes to multi-ton detectors, as described in Chapter 8.



Chapter 2

Emission of charge carriers from working
media of emission detectors

Since emission detectors employ effective emission of charge carriers
from condensed media, we consider conditions for effective electron and
ion emission from metals, semiconductors and dielectrics that can be
used for those purposes. The most attention, however, will be devoted to
non-polar dielectrics such as condensed noble gases and liquid saturated
hydrocarbons that can better perform in the role of bulk and massive
working media of emission detectors. As shown in the following
chapters, such detectors have found the most practical applications in
detection of exotic low-ionizing particles and imaging of radiation fields
of high-energy radiation.

2.1 Electron emission from metals

The free-electron theory of metals introduced by Sommerfeld in 1938
has provided the basis for practically all quantum-mechanical theories of
electron emission from metals until recently (Modinos, 1984). We shall
use some important formulas derived on basis of this theory for
consideration of experimental data related to working media of emission
detectors.

10
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In the free-electron theory of metals, the electron states in the
conduction band are described as standing plane waves in the resonator
of the size of the metal. Taking in a mind that there are two electron
states with different spin orientation for the same wave function, the
probability of an electron state with energy £ being occupied is given
by the Fermi-Dirac distribution function

1
(E)= (2.1)
S l+exp[(E—-E.)/k,T]
where k, is the Boltzmann’s constant, 7 is the absolute temperature,
and E, is the Fermi level. The latter is the highest occupied quantum
state in a system of fermions at absolute zero temperature and for

electrons in metal given by

hZ
EF — _(372:2Nc)2/3
2m (2.2)
where m is the electron mass, N, is the number of conduction band
electrons per unit volume that is an empirical parameter.

2.1.1 Field emission

Let us consider a semi-infinite metal occupying the half-space from
z=-0 to z=0and neighboring with vacuum at z > 0. An electron
situated at a finite distance in the vacuum is attracted to the metal surface
by image force — e’ /4z*. The potential energy of the electron on the
vacuum side of the metal-vacuum interface is asymptotically given by

V()= E, +p—e’/4z’ (2.3)
where ¢ is the work function. The equation (2.3) is considered to be
valid for z >3 A4 (Modinos, 1984). Formally, in free-clectron theories it
is assumed that equation (2.3) remains valid up to the point z_ such that
V(z,) =0 (see Fig. 2.1). When an external electric field F is applied to
the surface, the potential energy is changed by adding a term —efZz.
Since in free-electron theories it is assumed that the electric field can not
penetrate inside the metal, in electron emission experiments (/' > 0) the
potential energy in vicinity the metal surface is described by the
following
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V(z)=E,+p—e’/4z° —eFz, z> z,
V(z)=0,z<z, 24

The potential forms a barrier for escaping electrons at the surface of
metal as shown in Fig.2.1. Note than the peak of the barrier occurs at

_ 1/2
z, =(e/4F) (2.5)
and at this point it has a value
3y 1/2
Vmax :EF+¢_(e F) (26)
The reduction of the barrier height for the value (€3F )1/2 is called the Schottky’s effect.

V, eV

10

0 o !
o z 10 20
Z, A

Fig. 2.1 The surface potential barrier seen by an electron in a field
emission experiment from metal. The contribution of the image
potential and the applied field are shown by the broken and the
broken-solid line, respectively. Redrawn from Modinos, 1984.

Electron can penetrate the barrier with transmission probability
D(E_) which depends on its momentum in normal direction p_or
normal energy

E.=pl/2m+V(z) (2.7)

If the number of electrons per unit area per second N(E_) with the

z-component of their energy within dE, of E, incident on the surface
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potential barrier, the electron emission current density is given by
integral

J = eT D(E.)N(E.)dE, (2.8)
0

At relatively low temperatures when thermoelectric emission (see
Section 2.1.2) could be neglected, the tunneling current is following to
Fowler-Nordheim equation

J(F)=AF* exp[-B¢p? | F] (2.9)
and the field emission is called Fowler-Nordheim tunneling. The model assumes that the
electrons in the metal remain at equilibrium, despite the electrons escaping the metal
surface. 4 and B are weak functions of F and in the narrow region of field strength of a
typical field emission experiment (0.3 < F < 0.5 V/A or MV/cm) can be considered as
constants, then, plotting the current density as log(J I F 2) versus 1/F, one can
observe the corresponding curve as a practically straight line. This representation of the
field emission experiments has been widely used for determination of work functions
from the slope of the plot. Linearity of the Fowler-Nordheim plot served as evidence of

the thermoelectric nature of electron emission.

2.1.2 Thermionic emission

At high temperatures and relatively weak applied electric fields charge carriers can
effectively penetrate the surface potential barrier due to energy of the medium. The most
classical example of thermionic emission is the emission of electrons from a hot metal
cathode into a vacuum, historically known as the Edison effect but first discovered by D.
Lordan in 1873. The tunneling current increases dramatically with increasing temperature
and for vacuum emission from metals it tends to only become significant for
temperatures over 1000 K.

In the weak applied field approximation, the tunneling current (2.8)
reduces to the Schottky formula

3 1/2
—(e'F
J(F,T)= AT exp| - 2= F) ~ 2.10)
k,T
where the proportionality constant, given by
kZ
A, =5 _120173-10° AmK > @.11)

27°h?
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is known as the Richardson’s constant. Putting F=0 in Eq. (2.10), one
can obtain the well-known the Richardson’s (or Richardson-Laue-
Dushman’s or RLD) equation

J(T)~ A, T’ exp(~¢/k,T) (2.12)

The equation was originally derived from experimental data by
Richardson (1902, 1912) and independently by Von Laue (1918) prior to
the discovery of quantum mechanics. In 1923 Dushman gave the first
quantum mechanical explanation of the thermionic emission. The
complete theory was developed by Fowler and Nordheim (1928) and
Nordheim (1928) after discovery of the spin of electron.

Probing the electron emission with RLD-equation has been used to
proof that the “fast” electron emission from noble liquids, in fact, is the
thermal emission of electrons heated by the electric field (see below
Section 2.3.1).

2.1.3 Photo-electron emission

When a medium containing electrons is exposed to electromagnetic
radiation above a certain threshold frequency, electrons enquire energy
large enough to be emitted. Historically, an electron emission stimulated
by absorption of the light was the first experiment demonstrating an
effect of electron emission from condensed media. The photo-electron
emission was discovered by Hertz in 1887 and called by his name. Hertz
found that spark discharge between charged electrodes may be initiated
with ultra-violet illumination of the electrodes, especially, negative.
Hertz experimented with two discharge gaps using one of them as a
source of the UV radiation and another one for measurement of minimal
gap when the discharge occurred for a given voltage (Fig 2.2). The
primary circuits of two Ruhmkorff coils ¢ and e were placed in series
with a battery b and interrupter c. The first coil was provided with a fixed
gap d in the secondary circuits, the second with a variable, micrometer,
gap /. Hertz found that longer sparks could be obtained across f when it
was exposed to the spark across d. Using different optical filters p, he
demonstrated that the effect is associated with UV irradiation of clean
metal electrodes.
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Shortly afterwards, Stoletow (1890) increased the sensitivity of the
photo-electron emission experiments by putting a voltaic battery in series
with the electrode gap. He also observed for the first time a
photoelectron emission from liquids. Elster and Geitel (1890) obtained
day-light sensitive photo-cathodes by preparing them from alkali metals
in vacuum. This was the first true phototube.

After series of experiments, it was understood that the effect is
associated with emission of electrons from metals under influence of
light of certain frequency v and the kinetic energy of electrons E, is
reduced for the work function of metal

E =hv-¢ (2.13)
In 1905, the threshold behavior of the photo-electron emission was explained by Einstein
in suggestion that light is composed of discrete quanta, rather than continuous waves.
This great idea led to development of quantum mechanics revolutionizing science and to
the Nobel Prize in Physics for its author in 1921.

The photoelectron emission process could be broken down into three
consecutive events:

1) absorption of photons in the photocathode,
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2) transport of the excited electron to the surface during which the

electron is losing its original energy,

3) escape of the electron across the potential barrier from the

photocathode.

Exploration of photo electron effect led to development of families of
extraordinary devices such as photomultipliers widely used for detection
of single photons and imaging devices for television revolutionizing
human society (see classic review by Zworykin and Ramberg, 1949).

2.1.4 Electron emission into gas

The most of experiments of electron emission from metals has been
performed in vacuum. However, for radiation detectors the process of
electron emission into the rarefied gas phase is of special interest because
it can be used for physical amplification of the electronic signal. In 1890
A. Stoletow discovered that there is an essential difference between
emission of electron in vacuum and gas. Being emitted in gas electrons
interact to atoms of gas and this interaction may lead to the following
effects:

- backscattering electrons into the emitter,
ionization of the gas that leads to building space charge of low-
mobile ions around the emitter,
capture of electrons by electronegative atoms that affects the built-
up space charge in vicinity of the emitter,
drift of electrons away from the emitter,
excitation of the gas during the drift of electrons that may lead to
emission of photons and secondary photoelectron emission
eventually developing into discharge.

In fact, in the first experiments performed by Hertz with spark gaps,
the field and photoemission of electrons from metal cathodes into gas
played the major role.

At earlier stages of development of photomultipliers, when charge —
sensitive electronic amplifiers were not available yet, the gas-filled
phototubes had been considered for detection of weak light signals
(Zworykin & Ramberg, 1949). At that time, the Radio Corporation of
America commercially produced the gas-filled phototubes with gas gain
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(electron multiplication factor) about 10 and sensitivity of about 10-100
nA/puW in the visible and near-infrared range.

2.2 Electron emission from semiconductors

In contrast to the situation with metal emitters, in semiconductors electron emission even
at relatively small fields may change equilibrium distribution of electrons because of
deep penetration of the applied electric field into the semiconductor. In formal language,
the field penetration may be described as the band structure bending in vicinity to the
surface. Field emission from semiconductor surface can be due to electron tunneling from
the conduction band, valence band and sometimes from the surface states as shown in
Fig.2.3.

@ (b)

Fig. 2.3. Emission of electrons from semiconductor with positive
(a) and negative (b) affinity of the surface to electrons. Redrawn
from Modinos, 1984.

The most practical applications have been found for semiconductive
photocathodes with negative electron affinity of the surface (NEA), when
the bottom of the conduction band lies above the potential barrier at the
surface (Fig.2.4, right). In practice, the condition may be obtained by
heavy p-doping (of order 10" cm™) of the semiconductor (to encourage
downward band bending at the surface) and by adding a thin film
(several atomic layers) of cesium-enriched cesium oxide (Spicer, 1977).
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The threshold of response of a NEA photocathode is set by the
semiconductor bandgap. The NEA photocathodes are often used as
materials for PMT dynodes with high secondary electron emission yield
(typically 30 at 400 eV for GaP/Cs). This is a result of effective escape
of electrons from the depth of about diffusion length which can be as
large as 10 um. In other words, the electrons can be thermalized into the
conduction band minimum then diffuse to the surface and still effectively
escape. In NEA photocathodes, a “built in” field associated with the
band bending at the surface accelerates electrons, allowing them to
penetrate the surface barrier effectively. The thermoionic emission from
NEA photocathodes provides the fundamental noise especially for the
lower bandgap semiconductors. On this reason such devices are often
cooled down. Due to the relatively large escape depth for electrons, the
devices found application for detection of infrared radiation, for
example, in night-vision devices.

In real experiments the field emission and the photo-electron
emission are often present at the same time. For example, Fig.2.4 shows
observed the electron emission spectrum measured with a sample of
diamond biased at V' =-1630 V and illuminated with 21.2 eV laser
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radiation. The energy spectrum consists of two peaks: one due to field-
emitted electrons (£, <1630 eV) and due to photoelectrons (£, > 1630
eV). Electrons photoexcited from the valence band are emitted with
highest energy E,,,, -21.2eV, where E,;,, is the valence band maximum
occupation energy. The energy of photoelectrons emitted form the
conductance band E;,, =-21.2eV+E,, where E ,, is the minimum
occupation energy of the conductance band. At this experiment the field
component of the electron emission is present independently on the
illumination.

2.3 Electron emission from dielectrics

Since the dielectric constant of condensed dielectrics is different from
that of vacuum or gas, charge carriers experience an image potential A
near the interface acting against transmission the charge into the less
dense phase:

A, =—e(e,— &) Jas, (2 + E2)e, + )] (2.14)

where & F\=&F, ¢ is the dielectric constant and indexes 1 and 2 are related to the
condensed phase and the equilibrium gas (vacuum) phase, respectively; z is a Cartesian
coordinate perpendicular to the interface, gt is the cutting parameter of about thickness
of the inter-phase transition layer (a few nanometers or 2-3 atomic monolayer according
to Croxton, 1974). The image potential is temperature dependent approaching zero at
temperatures close to the critical temperature.

Charge carriers suppressed to the interface by applied electric field

F can be localized under the interface (if they can not penetrate the
surface barrier of the image potential immediately) under the depth

1/2

e & -¢

Zy=—| ——F—2—= (2.15)
4F & (31 + 52)

If charge carriers are generated by ionizing radiation as a point-like
cloud, being localized under the interface, they populate the volume, the
linear size of which can be estimated as

0 =3k,T/2eF, (2.16)

At favorable conditions as described in the following sections, some

charge carriers can be extracted from condensed dielectrics through the
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free interface surface. In general, emission of charge carriers may be
characterized with a specific emission time t, needed to penetrate the

interface barrier with a velocity ©, in the normal direction to the
interface:
t,=1/v, (2.17)
The average velocity of charge carriers escaping through the interface
can be calculated as

v.=P [ ap=1(p)dp. (2.18)
P->po

where P is the probability of the quasi-free electron state, & is the coefficient of
penetration the potential barrier depending on the barrier shape and wave-function of the
charge carrier, ﬂ is the probability to avoid backscatter from gas, p, is the emission
threshold momentum, f ( ﬁ) is the momentum distribution function.

For massive ions, the velocity of barrier penetration is extremely low
and, in practice, ions may be only extracted from dielectrics due to
instability of the liquid interfaces as considered in the Section 2.5.
Electrons due to low effective mass can penetrate the interface potential
barrier at realistic conditions in non-polar dielectrics. The probability to
avoid backscatter from gas £ can be calculated as

po— (2.19)
v+4v,
where V, is the electron drift velocity in the gas, V is the average velocity of electrons
escaped into the gas (Loeb, 1955).

For average extraction time ¢, much greater than the relaxation time
of the momentum distribution function f(p), the emission can be
considered as a stationary process, then, the number of charge carriers
under the surface is described as

N(t)=N,exp(-t/t,) (2.20)

If the lifetime of quasifiee electrons is essentially limited by electron

capture time ¢, the impression (2.19) should be correct on this effect

N(t)=N,exp(-t/t,—t/t,) (2.21)
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and the total number of emitted electrons within a time ¢ can be obtained by integrating
the emission rate dIN(¢)/ dt that bring to the following result

N,(t)= Nyt (t, +1.) " {1 —exp[-(z, +1,)t /1.t ]} (2.22)

More formally, the electron emission may be described in terms of
the probability (coefficient) of emission

K,=N,(0)/N,=(+t,/t,)" (2.23)

As seen, the total number of all emitted thermal electrons is

controlled by the lifetime of excess electrons before their attachment to
electronegative impurities or capture into other deep traps.

2.3.1.Electron states in non-polar dielectrics

In the non-polar wide-gap dielectrics, there are no free electrons in the conduction band
at normal state and the applied electric field is easy penetrating bulk samples. Being
excited with radiation, electrons from the valence band may escape into the conduction
band and live there long enough time to be transported for long distances. In non-polar
dielectrics, the electron life time is limited with the capture on electronegative impurities
or structure traps in solids.

Electrons behave differently in different non-polar dielectrics.
Obviously, their behavior is classified via the value of mobility x4 in zero
limit of the electric field. There are three classes of electron states
classified via the mobility in zero-field approximation:

1) 1p>10ecm’V's™,

2) o <0.1 cm*V's™,

3) 0.1 cm*V's!' <1y <10 cm?*V''s™.

Electrons with mobility zy > 10 cm®V''s" are usually classified as
quasifree electrons. This term suggests that free electrons exist only in
vacuum; however, in some condensed noble gases electrons are very
mobile and demonstrate 1y comparable to that in low density gases. The
highest electron mobility has been observed at ‘“zero-field”
approximation of the dependence the electron drift velocity versus
applied electric field in heavy condensed noble media such as solid
xenon (4500 cm”V's™) and isomers of saturated hydrocarbons with
spherical molecules such as methane (400 cm’V''s™). However, the
highest absolute values of electron drift velocities (up to 10" cm/sec) are
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possible in liquid saturated hydrocarbons at electric fields (up to 100
kV/cm) since the dependence of the electron drift velocity versus applied
electric field v, (F ) has no saturation in such media as it happens in
condensed noble gases at electric fields F~1 kV/cm.

Electrons with mobility sy < 0.1 em®*V''s™ are considered as being
localized in deep traps or density fluctuations which develop into deep
traps. In liquid light noble media, the atoms of which have a small
polarizability (helium, neon, hydrogen), V, >0 and electrons are
localized in vacuum bubbles with radius R~1nm and mobility down to
103cm’V's™! (see, for example, Khrapak, Schmidt and Illenberger,
2005). In normal liquids, the drifting electron bubble experiences
hydrodynamic resistance and the mobility can be calculated in
accordance with the Stokes’ law

e

"= 671R

where 7 is the viscosity of the liquid. In superfluid helium, mobility of localized

(2.24)

electrons is essentially increased but still remains smaller than that of positive ions.

The third case is a transition class where localized and quasi-free
states are possible at different probabilities. This situation is most clearly
realized in liquid n-alkanes. In hydrocarbons, electrons are part time
trapped in structural voids. By thermal activation electrons can be
liberated from the traps and behave as free charge carriers until the next
trapping. The resident time in a trap depends on temperature 7 and can
be characterized with activation energy F, specific for different liquids

E
t, =1, exp(— 3 ‘}J (2.25)
B

If free electron life-time 7 , mobility of fiee electron [i and the trapped electron is

immobile (in fact, it can drift as ion) in comparison with free electron, the electron

mobility can be expressed as

t E
p=pu (T )[f} eXp(— p TJ
i 8 (2.26)

The probability of electrons to exist in the quasi-free state can be
calculated as a ratio of the ion mobility to the quasi-free electron
mobility (150+50 cm V™' s™! for liquid isooctane at room temperature)
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p=* (2.27)

More details about behavior of electrons in non-polar dielectrics may
be found in monographs written by Schmidt (1997) and Barabash and
Bolozdynya (1993).

Table 2.1. Electronic properties of liquid (L) and solid (S) non-polar dielectrics used in
emission detectors (Bruschi et al., 1975; Grand and Bernas, 1977; Barabash and
Bolozdynya, 1993; Bolozdynya, 1999).

T, K & Ho Vo, Fe, F,, te
cm’/V/s eV kV/em  kV/em

Emitters of cold electrons
L’He 12 1.05 0.03 +1 10 s (100V/cm)
Ln-H 300 1.88 0.09 (E,=0.19 eV) +0.09 100 0.03
Sn-H 77 +0.98
Liso-O 300 1.94 7 (E,=0.05e¢V) -0.18 90 0.15 20 ps (1kV/em)
Siso-0 77 +0.57
LTMP 297 24 (E,=0.06 eV) -0.43 50
STMP 77 +0.34
LAr 84 1.51 475 -0.21 0.2 700us(100 V/em)
LNe 357 1.18 0.001 +0.67 1.0 20s (1 kV/em)

Emitters of hot electrons
SNe 24 600 +1.1
LCH, 100 1.66 400 -0.18 1.5 <4
SCH, 177 ~1000 0 <L.5 <0.1 ps (>1kV/cm)
LAr 84 1.51 475 -0.21 0.2 0.25  <0.1 ps (>0.3kV/cm)
S4r 83 1000 +0.3(6K) 0.1 <0.1 us (>100V/cm)
LKr 116 1.66 1800 -0.4 0.08 1.6 <0.1 ps (>1.6kV/cm)
SKr 116 3700 -0.25(20K) 098  <0.1ps (>1kV/cm)
LXe 161 193 2200 -0.61 0.05 175 <0.1us (>1.8kV/ecm)
SXe 161 4500 -0.46 (40K) 125  <0.1 us (>1.3kV/cm)

Notes: n-H —normal hexane, iso-O — isooctane (trimethylepentane), TMP - thetramethylepentane

In dense media, electrons interact with a few atoms simultaneously. If
atoms have high polarizibility, they being polarized by electron become
attracting to electron and dipole-dipole interacting each to other. The
balance between these two effects defines a potential energy of the
ground state of electrons V), in the condensed dielectrics. Experimentally,
V), 1s the most often measured as a difference between the work functions
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measured in two separate photoelectron emission experiments. In one
experiment, the photocathode is placed in vacuum (or very low density
gas). In another one, the photocathode is placed in the tested condensed
medium.

There is a very certain correlation between V), and the electron
mobility in zero-field approximation u,: the mobility uy is reducing with
increasing V) (Fig.2.5). From Table 2.1 one can see that in liquid noble
gases, changing Vj from -0.5 eV to +0.5 eV leads to yy changing in
several orders of value. In noble solids, xy depends on V), almost linearly.

%,ev

Fig. 2.5. Correlation between zero-field electron mobilities and the
ground state of electrons in liquid hydrocarbons (1), noble liquids
(2) and noble solids (3) (Barabash & Bolozdynya, 1993).

At the electric field F, applied to electrons extracted from the
condensed dielectric, and the energy of the ground state of quasi-free
electrons V,, the total potential energy of electrons in the vicinity of the
inter-phase surface may be described in terms of a one-dimensional
potential
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Vi(z)y=V,—eFiz+e4,z<0
V,(z)=—eF,z+ed4,,z>0
In terms of this single dimensional consideration, electron

approaching to the interface can penetrate the interface if its momentum
projection along z direction p, is higher than py ~ (2m, | Vo | )2 as shown
in Fig.2.6. If p.< py, the electron can be reflected by the potential barrier
back into the condensed phase, where it becomes thermalized after
several collisions. Trapped under the surface electrons stay in the
thermodynamic equilibrium with the condensed dielectric and, later, can
escape in result of the thermal electron emission process later.

(2.28)

P V(z)

® D

0
8
!

4P
N /dp, A

Fig 2.6. Emission of hot quasi-free electrons from condensed non-
polar dielectric with negative ground state energy of electrons.

The coefficient of the quasi-free electron emission can be described
as

K= [apfs /[ 1), 2.29)

P->Po
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where (¢ is the coefficient of penetration the potential barrier, ﬂ is the probability to
avoid backscatter from gas, f ( ﬁ) is the momentum distribution function of the
electrons. Emission coefficients measured for liquid and solid argon and xenon by
Guschin et al. (1982) are presented in Fig.2.7 as function of the applied electric field
strength in the condensed dielectrics.

Effective emission of quasi-free electrons has been observed from
condensed noble gases, methane and some other liquid saturated
hydrocarbons (Table 2.1). In general, the electron emission from non-
polar dielectrics looks like a threshold process (Fig.2.7) with a strong
correlation between the observed threshold emission electric field £y and
the energy of the ground state of excess electrons V), as shown in Fig.2.8.



27 Emission of charge carriers

K 10 | ‘ ‘ | | | H]
STAARLH LSO

oo f R
:

o,
O'Zg I ﬁ

F. kVicm

Fig. 2.7. Coefficient of quasi-free electron emission from condensed
argon (solid at 80K and liquid at 90K; squares indicate “fast
component”, diamonds indicate “slow” component) and xenon (solid at
160K and liquid at 165K). Redrawn from Guschin, 1982.
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Fig. 2.8. Correlation between emission threshold and the energy of
the ground state in non-polar dielectrics (Bolozdynya, 1991).
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2.3.2 Thermal electron emission from non-polar dielectrics

In liquid saturated hydrocarbons such as isooctane and n-hexane and
liquid argon, the value of the interface potential barrier is comparable to
the kinetic energy of quasi-free electrons, when they are in
thermodynamic equilibrium with the medium: Vy ~ kT (see Table 2.1).
At this case, electrons from the high-momentum tail of the momentum
distribution (p.>p,, Fig.2.6) have sufficient energy to escape from the
liquid.

Assuming the Maxwellian distribution function f(p) for thermal
quasi-free electrons, probability of existence in the quasi-free state (2.26)
and using formalizm similar to that described in Section 2.4.1, Balakin,
Boriev and Yakovlev (1977) derived the value V;=-.0.19+£0.02 eV and its
temperature derivative 8V/ OT = -0.8 meV/deg for liquid isooctane from
their emission time measurements (Fig. 2.9) and found that these values
are in good agreement with the results obtained from metal-to-liquid
electron photoemission data. Thus the thermal nature of the quasi-free
electron emission from saturated hydrocarbons has been proven.

It was found (Balakin, Boriev and Yakovlev, 1977; Bolozdynya,
Lebedenko et al., 1978; Borghesani et al., 1990) that the thermal electron
emission time 7o from non-polar dielectrics with shallow electron ground
state such as liquid isooctane and argon is ranging between 10~ and 10"
Ssec and is inversely depending on the strength of the extraction electric
field F' as shown in Fig.2.10.

For noble liquids, the thermal electron emission time may be
calculated in terms of Cohen-Lekner formalism as
t,~(A/v,)expllV, —2e4 > (1+ A% ) 4 F"? |k, T}, (2.30)
where A and v, are the electron momentum free path and the drift
velocity, respectively (Borghesani et al., 1990). Using this approach,
Borghesani, Carugno and Santini (1991) have determined the energy of
the conduction band of quasi-free electrons in liquid argon from their
measurements of the electron emission time. The found V), value was in a
good agreement with the results obtained from metal-to-liquid electron
photoemission data.
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Due to the low energy of escaping thermal electrons, backscattering
of electrons in gas phase did not play significant role in the thermal
electron emission experiments.

Fig. 2.9. Pictures taken from the oscilloscope screen of waveforms of
the electric current observed in the diode ionization chamber filled with
liquid isooctane, when both electrodes (a) or only cathode (b) or only
anode (c) are immersed in the liquid. Diameter of the electrodes is 1.5
cm, distance between electrodes is 7 mm, thickness of the liquid is 2 mm
(b, c), applied voltage is 2000 V, temperature is 296 K, 0.1 pA/div
vertical scale, 20 ps/div horizontal scale (Balakin et al, 1977). Courtesy
of B.S. Yakovlev.
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Fig. 2.10. Thermal electron emission time in dependence of
electrical field strength in liquid isooctane at room temperature
(top) and liquid argon at 87.4 K (bottom). Redrawn from
Bolozdynya, 1986 (top) and Borghesani et al., 1990 (bottom).

2.3.3 Hot electron emission from non-polar dielectrics

In heavy noble (Ar, Kr, Xe) liquids and solids with high atom
polarizibility and strong interaction between atoms, electrons
predominantly exist in quasifree state, which is characterized with high
drift velocities even exceeding drift velocities in the equilibrium gas
phase at the same reduced electric field F/n where n is the density of the
gas measured in [cm’] units.
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In condensed Kr and Xe, the potential barrier is so high (| V0| >> kgT)
that at temporary achievable levels of purification the electron lifetime is
normally much shorter than the emission time and the thermo-activated
electron emission from these liquids and solids has not been observed.
On the other hand, in these media it is easy to achieve the electric field
strength F, in which drifting electrons have average kinetic energy
exceeding the temperature of the media and even generating
electroluminescence of the liquids. As shown in Fig.2.6 hot electrons
with momentum p;>p, can escape the condensed phase without delay.
Effective and fast electron emission from these media has been observed
at F > F,. (Fig.3.21). Note that electrons that are not emitted cannot
continue their drift and, thus, cannot be heated by the applied electric
field and because of that they become quickly (~1ps) thermalized.

In(KIE) |

6 () \.\ _

2 | | | |
0 20 3 0 50 ,

Fig. 2.11. Probability K of quasi-free electron emission from liquid
krypton versus the average electron energy in RLD coordinates.
(Bolozdynya, 1991).

An experimental confirmation of the described model has been
presented by the following way (Bolozdynya, 1991). Quasifree electron
emission from liquid krypton has been analyzed in terms of the basic law
describing the emission current from hot cathodes (Section 2.1.2). Since
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quasifree electrons in condensed krypton can be heated by the electric
field, the Richardson-Laue-Dushman (RLD) equation (2.12) can be
modified for the coefficient emission as the following

K=1,/1,=(E,) exp[-0/(2/3)(E,)] (2.31)

where I, and [; are the electron emission current and electron ionization
current, respectively, and (E,) is the average electron energy in
dependence on the applied electric field F. Using the measured
dependences of I(F) and I(F) and calculated (E.)(F) for the electric field
strength in liquid krypton, the graph of In(KAE,)*) versus (E.)" has been
built as shown in Fig.2.11. The slope of the linear part of this curve
allows defining the work function of krypton to be p= 0.39+£0.07 eV that
very well matches the value of V;,=-04 eV measured in other
experiments (Table 2.1).

The linearity of the RLD plot serves as evidence of the hot electron
emission from heavy noble liquids. The non-liner left wing of the curve
is obvious for such kind of experiments due to limited electron density in
the conductance band (see, for example, Chung and Yoon, 2003). In our
case, this is a result of high-field saturation of the ionization yield from
tracks of x-ray photoelectrons used in this study.

In general, emission of quasi-free electrons from heavy noble liquids
and solids is a combination of thermal and hot electron emission. That
explains the observation of two (fast and slow) components of the
electron emission from liquid argon (Guschin et al., 1979). The “fast”
component is associated with prompt emission of electrons heated by
electric field. The “slow” component is associated electrons that did not
emit immediately, cooled down to the equilibrium thermal distribution
and eventually escaped with a delay as thermal electrons.
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2.3.4 Electron emission from localized states in light noble liquids

In dielectrics with relatively small atoms, V,, > 0 (liquid helium, hydrogen, and neon) and
excess electrons exist in low-mobile auto-localized states — bubbles. The potential well of
localized electrons should be superimposed on the potential V(z) Eq.(2.18) as shown in
Fig.2.12.

V(z)

Fig. 2.12. Emission of electrons from the localized state in non-
polar dielectric with the positive electron ground state.

The emission of electrons from bubbles in liquid helium and neon
into equilibrium gas phase has been observed in several experiments
(Bruschi et al., 1966, 1975; Surko and Reif, 1968; Schoepe and Rayfield,
1973). The mechanism of electron emission from the localized states is a
combination of thermal emission and quantum tunneling. Superposition
of the electrical potential, suppressing the electron to the free surface in
the condensed medium, and the image potential, attracting the electron
inside the dense dielectric, provides a shallow minimum located several
tens nanometers under the surface, depending on the value and direction
of F'. When the electron, due to its thermal motion comes sufficiently
close to the surface (less than 23 nm in liquid helium according to
Anciolotto and Toigo, 1994), the potential barrier between the bubble
and the surface is essentially deviated and the electron can tunnel from
the localized state into the gas phase.
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The process is thermo-activated: in liquid helium below the A point,
the measured current of emitted electrons decreases rapidly with
decreasing temperature as exp(-@kT) where the effective barrier @/kp
ranging from 30 K to 40 K depending on the electric field. At 1-2 K
temperature of liquid *He and *He, the characteristic time of the barrier
penetration (emission time) is 10-100 sec at 100-10 V/cm extracting
electric field in the liquid (Schoepe and Rayfield, 1973). At lower
temperatures, the probability of electron tunneling is very low but at
fields of >100 V/cm the electronic bubble drifting in the super-fluid
helium forms a vortex, which can drag electron through the surface
without delay or overcoming any noticeable barrier (Surko and Reif,
1968, 1968b). This kind of emission may be generated by mechanical
rotation of cryostat filled with super fluid helium and such way
generating quantized vortex lines perpendicular to the free liquid surface
(see schematics of the experiment in Fig.4.2). Such kind of emission is
temperature independent (Schoepe and Dransfeld, 1969). Note, that
ionizing particles stopping in super liquid helium may generate
quasiparticles (rotons) with energy high enough (>7.16K) to produce
quantum evaporation of neutral atoms (Adams at el., 1998).

Since the ¥V, value is very high in liquid helium, the thermal electron
emission practically has no observable electric field threshold (Fig.2.18).
In contrast, the thermo-activated electron emission from liquid neon
looks like a threshold process with emission current rapidly increasing
above Fy ~ 1 kV/cm at 35.7 K (Fig. 2.13). Tunneling from localized
states in liquid neon, electrons demonstrate the emission time in the
range of 1-100 s at 1.0-0.1 kV/cm extraction electric field in the liquid
(Fig 2.14).
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Fig. 2.13. IV curves of the electron emission from 3.7 mm thick
layer of liquid neon (triangles), ionization current of totally liquid-
filled (squares) and vapor-filled (rounds) ionization chamber with 5
mm between-electrode gap and Am**' radioactive source mounted
in the center of the cathode and used as the bottom electrode at T =
35.7 K. Redrawn from Bruschi et al., 1975.
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Fig. 2.14. The electron emission time from liquid neon plotted
against the electric field strength in the liquid at T=35.7K for
thicknesses of the liquid layer ranged between 0.5 and 5 mm.
Redrawn from Bruschi et al., 1975.
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2.4 Charge carriers emission due to liquid surface instability

The stability of the horizontal liquid interphase under the influence of a vertical electric
field attracted attention of researchers beginning from the first experiments on

photoemission from liquid dielectrics held by Stoletow at the end of the XIX century.

2.4.1 Stability of charged liquid interface

Landau and Lifshits (1953) considered the problem formulated by
Ya. Frenkel in 1935 and defined conditions for instability of the charged
liquid surface due to gravitational micro-waves. The idea was that the
charged surface experiences additional negative pressure due to applied
electric field that at certain conditions may compensate the surface
tension. Landau and Lifshits derived the dispersion relation for waves at
the charged liquid surface as

o’ =gk—-4nc’k’ I p+d/ p, (2.32)
where g is the local gravitational acceleration, 7 is the surface-tension
coefficient, p is the liquid density, and o is the surface charge density.
For stability, the frequency w must be real for all values of the wave
number £, i. e. w” > 0, that means

> —4nc’k+pg > 0. (2.33)
This condition for the above square equation is realized for the negative
determinant

(4rc*)* —4pgr <0. (2.34)
From late equation one can find that the surface is stable if the surface
density of charges is not exceeding the critical value:

oc<o,=(pgr/4x’)"*. (2.35)

The described model does not involve a detailed knowledge of the
form of the unstable disturbances but still predicts the charge density
threshold of instability with good accuracy.

The charged surface of liquid helium or liquid hydrogen can be
described as a two-dimensional layer of electrons localized in a potential
well on the surface with positive ground state of quasi-free electrons in
the liquids. There is a certain limitation on the electron surface charge
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density ~2:10° e/cm” (Brown and Grimes, 1972); the electron density at
the surface of a film of superfluid helium on a metallic base may be an
order of magnitude larger (Volodin, Khaikin and Edel’man, 1976). The
over-charged liquid helium surface looses its stability and forms bubbles
of 0.05-0.3 mm diameter (depending on the number of electrons
localized inside the bubble) diving into the liquid (Khaikin and Volodin,
1978). On reaching the anode, the bubbles lose their charge and collapse.
The collapse time depends on the size of bubble and varies from <10
sec for the smallest bubbles to ~10° sec for large ones containing 10’-10*
electrons. Similar effect has been observed in liquid Ne, and liquid H,
(Troyanovky, Volodin and Khaikin, 1979).

Fig. 2.15. Apparatus for measurements of interphase instabilities in
dielectric liquid at room temperature. Redrawn from Taylor and
McEwan, 1965.

2.4.2 Stability of non-charged dielectric liquid interface

Since emission detectors have deal with relatively low charge carriers
densities produced by radiation, it is important to consider conditions for
stability of non-charged liquid dielectric interface.

Stability of the dielectric liquid-gas interface can be broken by
polarization charges induced by the applied electric field. A surface
density of polarization charge is defined by the difference between
electric fields in gas and in liquid or dielectric constant of the liquid
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dro=F,-F (2.36)

Then, using the critical charge density for stability of the liquid
surface (2.35), the critical electric field for extraction ions from the
liquid dielectrics with dielectric constant &, and density p, into the
phase with dielectric constant &, and density p, can be calculated as

Fo= 80" ——(p -pJg7)". @3

1 7€)

Taylor and McEwan (1965) of Kavendish Laboratory considered the
stability of the liquid interface with an apparatus shown in Fig.2.15. They
have observed as the field lifts up the part of the interface below the
electrode till stability of the interface is broken at the certain critical
electric field F. Experiments have been carried out with a several pairs
of conductive-nonconductive liquids, water-air and mercury-air interface.
They has shown that horizontal interfaces between conducting and non-
conducting fluids become unstable under the action of a sufficiently great
electric field; however, the non-conductor interface places between two
electrodes most often suffers the electrical breakdown at a voltage
gradient lower than that which can cause instability of the interface. The
breakdown was probably triggered by ionization from cosmic rays or
natural radiation. The exclusion is liquids with high dielectric constant
such as water demonstrating lower critical electric fields (F3=24.6
kV/cm in air above the liquid) to be in good agreement with expression
(2.37). For comparison, the predicted critical electric field in vapor
above liquid nitrogen is 47 kV/cm, above liquid xenon — 49 kV/cm,
above liquid helium — 26-73 kV/cm depending on temperature in the
range between 5.1 and 3.2 K. Such high strength electric fields are
difficult to apply to the gas phase before breakdown.

The instability of liquid interfaces realizes as geysers (jets) of liquid
moving to opposite electrode and disintegrating into droplets (Volodin
and Khaikin, 1979). At certain conditions, the liquid dielectrics may
form a liquid layer at the opposite electrode. The formation of a liquid
layer may continue until the equilibrium between Coulomb force and the
surface tension is established, then, the liquid trickle down from the top
electrode towards a lower one (Mardarskii at el, 2000).
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2.4.3. lon emission from dielectric liquids

Emission detectors have deal with low density of electrons occurred
due to ionization of condensed dielectrics with ionizing radiation. At this
case, interaction of single charge carriers with interface is the most
probable process. In previous sections we have considered conditions
for single electron emission. However in many dielectric liquids charge
carriers exist only as ions. Here we will consider conditions that allow
extraction of ions from condensed dielectrics.

It was shown experimentally that under influence of high extraction
electric fields, ions can be extracted from liquid nitrogen and neon
(Bruschi, Mazzi and Torzo, 1975; Boyle and Dahm, 1976) at electrical
fields in few times less than that expected from the liquid surface
instability as described in the previous section but significantly higher
than that required for extraction of electrons.

In Fig.2.16, there are presented typical data on ion extraction from
liquid helium at 4.2K. As seen, the negative current penetrates the
surface at all voltages above 100 V. No positive current is collected until
at some threshold voltage the current rises abruptly and then
asymptotically approaches the value of the negative current. This
threshold voltage was temperature dependent and approaches zero at the
critical point of helium. In the mode B (the switch is turned down in
Fig.2.18a), the increased density of the surface charge lifts up the liquid
surface in the center of the ionization chamber similar to that observed
by Taylor and McEwan (1965) as described in the previous section and
shown in Fig.2.15.

Boyle and Dahm (1976) and independently Rodionov (1979)
proposed a simplified model of droplet emission. They assumed that
micro-waves of the liquid surface cause hemispherical shaped
protrusions, which under the influences of an extracting charge electric
field, acting against the gravitational force and the surface tension may
be separated from the surface inside a droplet. With this model, the
extraction of ions from dielectric liquids may be described in the
following consequence of events: a drifting ion approaches to the liquid
surface; the ion is captured inside microwave; extracting electrical force
deforms the surface; a droplet containing the ion separates from the
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surface and begins to evaporate due to large curvature of its surface;
extracted ion departs from the interface. Using this model, Boyle and
Dahm derived their formula for the critical electric field in the gas:

& 1/4
Fypyo= (87)" 18 ([Pl — P ]gr/3) . (2.38)
17 ¢2
Calculations in frame of this model gave results close to the experimental
data on extraction of positive ions from liquid helium and ions of the
both signs from liquid nitrogen (Table 2.2). The critical field is
temperature dependent and approaches zero at the critical point.

To electrometer
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Fig. 2.16. Cell for measurements of ion emission from liquid
helium at T= 4.2 K (a) and I-V plot for operation in mode 4 for
positive (triangles) and negative (circles) ions at 4 mm interface-
collector separation, 8 mm collector-cathode separation (b).
Redrawn from Boyle and Dahm, 1976.

More accurate consideration of the liquid surface instability,
probably, should take in account a superposition of the applied electric
field and the local electric field of charge carriers. A single charge
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carrier placed in the liquid dielectric and suppressed by the applied
electric field to the liquid surface acts on this surface by its local electric
field

F =-5 (2.39)

el 2
&2y

where Z is the depth of the charge-carrier localization under the surface due to the
image potential given by (2.15) expression. This local electric field may be significantly
stronger than the applied electric field F1 and may affect the local stability of the liquid
surface. If the macroscopic consideration in this case is still valid, combining
expressions (2.15), (2.37) and (2.39), one can derive a new formula for the critical

extraction electric field in the gas phase

1/2
F, = [ﬁj — & (Apgr)"t. (2.40)
2 & +¢&,

The expression (2.40) precisely describes the experimental data on
positive and negative ion emission from liquid nitrogen and negative ion
emission from liquid neon, however, gives too low values of the critical
field for extraction of positive ions from liquid helium and liquid xenon.
This may be explained by changed density of those liquids in vicinity of
ions.

Table 2.2. Critical electric field of ion extraction from some dielectric liquids

T, 7 P & ions Fpexp

K erg/cm’ g/em’ kV/em
N> 77 8.3 0.808 1.4 +/- 19 [a]
He 3.2-5.1 0.007-0.2 0.14-0.1 1.057 + 1-4 [a]
Ne 25 5.54 12 1.19 ; 1.8 [b]
Xe 161.36 19.3 3.1 1.93 (164K) + >16 [c]

Notes: a — Boyle and Dahm (1976); b — Bruschi et al (1975), ¢ — Walters (2003)






Chapter 3

Generation of signals in massive emission
detectors

Most important practical applications of emission detectors are
associated with massive working media made of non-polar dielectrics. A
consequence of elementary processes leading to generation of
measurable signals acquired from emission detectors is the following

1) interaction of radiation (particles) with condensed working
medium and generation excitations (photons, phonons) and ionization
(charge carriers) in the working medium;

2) collection and detection primary excitations;

3) transportation of charge carriers through the bulk working media;

4) extraction of the charge carriers from the condensed medium into
another medium for amplification of the ionization signal;

5) amplification and measurement of the ionization signal.

In the Chapter 2, we have shown that, practically, only condensed
noble gases and saturated hydrocarbons can be used for construction of
massive emission detectors. On this reason, we focus our consideration
mostly to processes occurred in the non-polar dielectrics. Signals
acquired from noble gas detectors are generated in result of motion of
charge carriers or/and collection of photons produced during the
dissipation absorbed energy of measured radiation as described in the
previous Chapter 2. In order to amplify signals, processes of electron

41
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avalanche multiplication and excitation of the media by drifting electrons
are often used. Both original and secondary electrons and photons can
be used to acquire data on absorbed energy, transferred momentum,
position, and time of interactions and for identification of ionizing
particles using aforementioned parameters. In this chapter we consider
elementary processes associated with collection of charge carriers in
noble gases of different aggregate states. Particular principles of
operation of different detectors will be considered in appropriate
chapters.

3.1 Dissipation of energy deposited by radiation

Operations of any detectors are based on interactions of detected radiation with the
detector media. The interactions lead to energy transfer from detected radiation or
particles to the detector medium. The art of detection technology consists in effective
transformation of the deposited energy into electronic signals that can be measured with
modern electronics and connected to data-processing systems.

Charged particles and photons can directly interact with media due to
excitation of electrons in atoms. Neutral particles (neutrons, neutrinos)
deposit energy via elastic and inelastic scattering to nuclei (neutrons) or
to electrons (neutrinos) or absorption in result of nuclear reactions and
production of secondary particles. The energy absorbed in detector
medium F, is originally distributed between atom nuclei £, and
electrons F,

E,=E, +E, G3.1)

In any case, at the final stage of the process of the deposited energy
dissipation there are produced ionization and excitation of the detector
media. Ionization is associated with generation of electrons, holes or
ions. Excitations can be observed as emission of photons and quasi-
particles such as phonons (in solids) or rotons (in super fluid helium).

3.1.1 Charged particles and gamma radiation

In case of detection of charged particles or gamma radiation, the major
part of the absorbed energy is deposited via electron channel: £, = E,.
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The energy balance of the absorbed energy £ is given by the Platzman
equation:

Eo = NiEi +Neerx +NiEse (3.2)

where N ; 1s the number of electron-ion(hole) pair produced at the average energy of
ionization £ i N oc 18 the number of excited atoms at the average energy of excitation

E

energy is not high enough to produce ionization or excitation of atoms and eventually

ox» and E e 18 the average kinetic energy of the sub-excitation electrons, which
goes into heat. The parameters for pure noble gases are presented in the Table 3.1.(Tab
2.2 NGD)

Since the number of ionization electrons is a subject of primary
interest for detection purposes, the media is often characterized on their
ability to generate electrons with empirical value of the average energy
required for production of electron-ion(hole) pair (Platzman’ equation)
W,=E,/N,=E +E,(N,/N)+E, (3.3)

Table 3.1 Parameters of the Platzman’s equation for heavy noble liquids in vicinity of
triple point (Takahashi et al, 1975).

EiaeV Nex/Ni Ee\,yev Ese’ev
Ar 15.4 0.21 12.7 5.15
Kr 13 0.08 10.5 5.50
Xe 10.5 0.06 8.4 4.45

For the detector media of interest, the W, value is close to the
ionization potential / of the atom. In the condensed noble gases the ratio
of W, /1 is about 1.3-1.8; in molecular gases the value lies between 2.1
and 2.6, i.e. about the half of the absorbed energy is converted into
ionization. In the liquid saturated hydrocarbons, due to effective electron
thermalization and electron-ion recombination, the value W, /1 is about
0.1 and no emission of photons can be observed since the most part of
the absorbed energy goes to heat.

In pre-dominant atomic media such as pure noble gases, there are no
non-radiation de-excitation transitions and essential part of the dissipated
energy is transferring into high-energy UV photon emission (see for
example, monograph Aprile et al., 2006). In absence of the applied
electric field, the recombination process enhances excitations. These
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processes in pure noble gases, liquids and solids lead to the intensive
prompt light emission — scintillation - that plays an important role in
detection technique. In suggestion that one ionization act produces one
photon and one excitation produces one photon, the number of
scintillation photons could be described as

Nsc:Ni+Neerx:Ni(l+Nex/Ni) (34)

In practice the efficiency of the scintillation production is
characterized with the average energy required for production of the
scintillation photon W, which connected to W, by the following
manner

W?c:EO/Nsc:VVi(lJFNex/Ni) (35)

Table 3.2. Properties of liquid noble gas detector media near triple point (extracted from
Tab.2.4, Aprile, Bolotnikov, Bolozdynya, Doke (2006), see references therein).

Liquid I,ev h V,. eV VV[ ,eV W;c ,eV F
He 24 15.5; 20 41 (gas) 24

Ne 25 16.02 29 (gas) 25

Ar 13.4 9.57 23.6+0.3  19.5+1 0.107
Kr 11.55 8.42 20.5£1.5 15 0.057
Xe 11.67 7.02 15.6+0.3 13.8+0.9 0.041

The measured values W,, W . and potential of ionizations / for pure
condensed noble gases are presented in Table 3.2.

High-energy (in order or above 1 GeV) electromagnetic particles in
high-Z dense media are generating electromagnetic showers. We do not
consider such applications for emission detectors in this publication and
address interested readers to the fundamental review by Fabian and
Gianotti, 2003.

In condensed noble gases the value W, is measured in ionization
chambers from analyses of saturation of the ionization curve or
extrapolation of the ionization yield in the high-electric field region (see,
for example, Fig.3.1 and great review by Doke, 2005).
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In molecular liquids no saturated currents have been observed at the
applied electric fields up to 100 kV/ecm. However, a significant free ion
yield is normally observed at the absence of any electric field. This fact
represented in non-zero ionization current extrapolated to electric field
strength F' =0 as seen in Fig. 3.2. Historically, the free ionization yield
Gﬁ is defined as the number of electron-ion pairs per 100 eV absorbed
energy. G, (F ) depends on media, temperature and type of radiation.
For example, in liquid n-hexane irradiated with gamma-radiation at room
temperature Gﬁ (F = 0)= 0.14; in neo-pentane at the same conditions
G, (F = O)z 1.3. The free ion yield of the liquid n-hexane decreases
from 0.14 at 1 bar pressure to 0.10 at 2 kbar pressure. In the limit of the
extremely high electric fields, the ion yield is defined as the fotal
ionization yield

G, =limG, (F) (3.5)

tot

The connection between the total ionization yield G, and the energy
required for electron-ion production is the following

G, =100V /W, 36
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More details about processes of ionization and recombination of
electrons and ions in saturated hydrocarbons may be found in monograph
by Schmidt (1997).

Gfi
neo-pentane
3L ]
neo-hexane
2 - iso-octane |
n-hexane
1o |
O [ | |
0 100 200 F. kviem

Fig. 3.2 Ionization curves in liquid saturated hydrocarbons at
room temperature irradiated with gamma radiation. Redrawn
from Schmidt, 1997.

3.1.2 Nuclear recoils

In case of detection of neutral particles scattering from nuclei
becomes a dominant channel of the deposited energy dissipation and
E, ~ E, . For slow moving particles, the probability of scattering may
be essentially increased if the de Broglie wavelength of the particle is
comparable to the size of nuclei. This effect has been considered for
detection of WIMPs and coherent scattering low-energy neutrino in
noble liquid detectors (see Chapter 7).

Detection of scattering low energy nuclear recoils has two specifics.
At first, the cross-section of the scatter on large atoms such as Xe is
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affected by interference of waves scattered from different nucleons
(nuclear form-factor). At second, very effective recombination along
tracks of recoils leads to greatly (5-10 factor) reduced ionization yield or
abnormally low W, relatively to electrons at the same deposited energy

1

(quenching effect).

Nuclear form factor

In case of elastic scattering neutral particle to nucleus of mass M
with energy transfer £, , following to the simple kinematic consideration
the momentum transfer can be defined as

1/2
q= (ZMNER) ] (3.7)

At very low energy transfers, it may so happen that the wavelength of
the scattering particle A is no longer large compare to the nuclear radius
Iy

Z:h/q~rN‘ (3.8)
where h is the Plank’ constant. Then, the interference of scattered
waves from different nucleons in the nucleus affects the total cross
section of the scattering process. In formal language, this effect can be
reflected as correction of the experimentally measured scattering cross
section with form factor F(q)

2
O-(qu) =0, F (qu). (3.9)
where O, is the cross section at zero momentum transfer. In practice, the form factor
results in a loss of the detector sensitivity at certain energy depositions.

There is a significant literature devoted to calculations of form factors
for different detector media and types of scattering particles (see, for
example, Engel (1991), Lewin and Smith (1996), Ressel and Dean
(1997)). For the following consideration, it is important to have in a

mind the form factors for atoms that can be used in massive emission
detectors (Fig.3.3).
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Quenching effect

In the both scintillation and ionization detectors there is a significant
difference between numbers of generated photons or charge-carriers
between electrons and nuclear recoils at the same deposited energy. This
effect is a result of a higher ionization density and very effective
recombination along the nuclear recoil tracks. The ratio of empirical
values of ionization (number of electron-ion pairs) or scintillation
(number of excitations) by nuclear recoil to similar value measured for
electron (or gamma-ray) interactions is called a quenching (Lindhard)
factorq . Lindhard et al. (1963) defined the quenching factor as the ratio
of energy given to the electronic excitation to the total energy deposited
by the detected particle into the detector medium.

In the bolometric detectors, measuring the total deposited energy
without separation between optical, ionization and heat signal generation,
g =1. The quenching factors for some popular condensed detector media
are listed in Table 3.3. The quenching factors for noble gases in the
range of 1-50 keV are shown in Fig 3.4. The tendency is that the
quenching factor is fewer for heavier media.
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Table 3.3. Nuclear quenching measured for nuclear recoils in popular detector materials

Medium Nucleus ¢ E r-keV Reference
LXe Xe 0.2 50-100 Arneodo at al., 2000
0.22+0.01 40-70 Akimov et al., 2002
0.45+0.12 10-60 Aprile et al., 2005
Nal(T1) Na 0.3 15 Spooner et al., 1994
I 0.08 27
CaF(Eu) Ca 0.08 Davies et al., 1994
F 0.12
Si(Li) Si 0.30 3.2-21 Gerbier et al., 1990
Ge Ge 0.25 3-20 Messous et al, 1995
1.0
08 - He |
q
0.6 .
Ne
04+ Ar .
e
02—
0 | | | |
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Fig. 3.4 The nuclear quenching factor calculated for recoil ions as a
function of recoil energy in Linhard model for He, Ne, Ar and Xe
(top to bottom). Redrawn from Hitachi, 2007.

3.1.3 Fluctuations of ionization yield

Transformation of the energy deposited by radiation into number of
charge carriers allows to measure this deposition by counting the number
of the produced charge carriers (electron-ion pairs) N, :

Ey = WA, (3.10)
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Accuracy of the energy measurement is affected by natural
fluctuations of NV, or ionization yield. In 1947 U. Fano has shown that
the fluctuations of ionization is different from Poisson distribution and
may be represented by the following way

5" =((N=NJ)=FN, (3.11)

where the factor Fano I is the constant that depends on properties of the detector
medium and on process of interaction of measured radiation with this medium. At
F =1 the formula (3.11) represents Poisson distribution; for absolutely identical
ionization acts, F' would be equal to 0. In ionization detectors filled with pure noble
gases and irradiated by particles with minimal ionizing power, &' <1 (see Table 3.2).
For highly ionizing particles and low energy depositions, when the quenching effect
observed (see previous Section), the factor Fano /' >1. Alkhasov et al. (1967) has
shown that, at the first approximation, the factor Fano depends on the ratio between the
numbers of excitations and ionizations

2

N N, ) (E,.)

Fz EX- 1+ ex
N, N, /4

1 1 1

(3.12)

More details on calculations of the factor Fano can be found in
Doke’s review (2005) and Aprile et al. (2006).

The ability of detectors to measure deposited energy may be
characterized with energy resolution. Normally, the energy resolution is
measured as the width of the peak of the ionization signal distribution
acquired from the detector absorbing monoenergetic ionizing particles.
The most common way to define the energy resolution is to measure the
full width at half maximum of the measured peak (FWHM). In practice
of measurements of deposited energy, FWHM of the energy deposition
peak AE depends on several independent factors that can be broken
down in three terms

) ) 2 \1/2

AE = (AE? + AE? + AE?) 612

where AE .1 1s the noise of electronic readout, term AE . s associated with fluctuations
of charge carriers collection including emission process, the first term is the intrinsic
characteristic of the detector medium depending on fluctuations of the ionization (or

excitation for scintillation detectors) yield

_ 1/2
AE, =2.355(FE, /W) (3.13)
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Table 3.4. Detection properties of some noble gas emission detectors

AE/E  Ax, Az,

Media  Size, cm % FWHM mm mm Reference

(E  kev)
S/G Xe ©22x0.5 15 (122) 1.5 Egorov et al., 1983
L/GAr 02.5x04 25 (5486) Anderson et al., 1987
L/GXe @(5-10-5)x 42(60) Yamashita et al., 2004

x8.4 28(122)

17(662)

12(1836)
L/GXe 02x2 0.5 Guschin et al., 1882
L/GXe O5x1.5 18(50ee) 0.4 Afanasiev et al., 2003
L/GXe @20x15 44(122) 7 <1 Angle et al., 2007

Notes: L — liquid, G — gas, S — solid, L/G —emission detector with liquid-gas filling,
ee — electron equivalent

The both W, value and Fano factor are affected by fluctuations in
number of charge carriers generated by detected particles. In gas
detectors at energy depositions of >50 keV, the tendency is that Fano
factor is a linear function of W, (Bronic, 1992). However, at higher
density of ionization such as happen on tracks of nuclear recoils in
condensed dielectrics Fano factor degrades (increases) much faster than
reduction of W, value leading to degradation of the energy resolution.
This effect reduces a capability of the liquid xenon emission detectors
distinguish electron and nuclear recoils (see Section 7.2). Energy
resolution along with position resolution measured in emission detectors

are displayed in Table 3.4.
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3.2 Transfer of charge carriers through non-polar dielectrics

The drift is a process of motion of charge carriers under influence of electric field. In the
absence of external forces, electrons in a gas of temperature 7 move around with
Maxwellian energy distribution with a most probable value k7 (about 0.025 eV at room
temperature). Under the action of an electric field ﬁ carriers acquire a net motion in
direction of electric field with stationary drift velocity V, averaged from instantaneous
velocities: V,; = <V(t )> At weak enough electric fields, when the carriers elastically
collide with atoms and molecules of medium, the drift velocity is proportional to the
electric field:

Vo = HE (3.14)

The factor of proportionality x is called mobility. The mobility of
electrons is a constant in small electric field range. The mobility of ions
is a constant at all practically important cases. The probability of
inelastic collisions of ions is valuable at instantaneous velocities
comparable with the electron velocity in the atom: v(¢)~10%cm/s, i.e. the
ion should have the energy of more than 10 keV to collide inelastically.
That is practically impossible at applied electric fields.

The distribution of carriers in the volume of the ionization detector is
mostly non-uniform. The gradient of concentration leads to spreading
carriers over the volume. This process is called diffusion. Usually in
practice of radiation detection, the density of carriers in detector media is
sufficiently small and one can neglect Coulomb interactions between
them. Then, the current density of carriers can be described as

J=-D-Vn+nv, (3.15)

At weak electric fields and small carrier concentrations the mobility
doesn’t depend on the electric field F and can be expressed with
Nernst-Einstein equation

u=eD/kT (3.16)

The condition of "weak electric field" means that carriers exist in
thermo-dynamic equilibrium with medium or, in other words, the carriers
are thermalized. The condition is practically always correct for ions. If
charge carriers are not thermalized, the mobility depends on the electric
field and the drift can not be described in above simple model. Then, the
diffusion coefficient appears to be a tensor value: D, in directions
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perpendicular to the electric field and D, - in the direction of the drift.
Note that the magnetic field introduces more anisotropy in the diffusion
coefficient tensor. For more details, see McDaniel and Mason, 1973,
Huxley and Crompton, 1974; Borghesani, 2007.

3.2.1 Drift of electrons

Electrons behave very differently in different condensed noble gases
at different conditions. Obviously, their behavior is classified via the
value of mobility in zero limit of the electric field as we discussed above
in Section 2.3.1.

Electrons with mobilities 19 > 10 cm*V™'s™ are classified as quasifree.
Such high mobility can be observed in heavy noble liquids and solids and
saturated hydrocarbons with molecule of spherical shape such as
methane, tetrametylpentane (TMP), tetramethylsilane (TMSi),
trimethylpentane (iso-octane), neopentane (NP)

Electrons with mobility zy < 0.1 cm?V''s™ are considered as being
localized in deep traps or density fluctuations which develop into deep
traps. Such low mobile electrons form vacuum bubbles in light noble
liquids (LHe, LNe) and hydrogen.

The third class is a transition class where different states are possible
with different probabilities. This kind of electron mobility is specific for
normal saturated hydrocarbons with long chain-like molecules such as n-
alcanes.

For all types of electron mobility, the drift velocity is proportional
(3.14) to the applied electric field at low applied electric fields (<100
V/cm). A deviation from this proportionality occurs at elevated electric
fields (Fig.3.5). This effect is associated with heating electrons which
energy distribution becomes decoupled from thermo-dynamic
equilibrium with medium. At this range, the saturation effect in v(F')
dependence is observed for noble liquids and solids.

At high drift electric fields, the kinetic energy of electrons may
exceed the excitation energy of noble atoms and, then, the
electroluminescence of condensed heavy noble liquids observed.

7

10 \ \
v, cm/s Tetramethylsilane
10° 7
10° [ 7
Ar Neopentane
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Quasi-free electrons

In heavy noble (Ar, Kr, Xe) liquids and solids, due to high atom
polarizibility and strong interaction between atoms polarized in the
electron field, electrons predominantly exist in quasifree state, which is
characterized with high drift velocities even exceeding drift velocities in
the gas phase at the same reduced electric field F'/n (Fig.3.5). Heating
of electrons by the electric field in the liquid begins for less than values
of F'/n parameter than in the gas. The mobility in the gas remains
constant up to F/n =0.02 Td (1 Td = 10" V-cm?), while the mobility
in the liquid begins to decrease already at /' /n= 10" Td. This is a result
of small cross section of electron scattering in the liquids compared to
the cross section in gas. The drift velocity of electrons in the liquid is
limited for high electric fields and approaches to the drift velocity in the
gas with the field increase. The characteristic energy in the liquid is
larger than the electron mean energy; the difference is smaller in the
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liquid. Adding molecular impurity increases electron drift velocity at
electric fields >1 kV/cm (see below Section 3.2.5).

The theory of Aot electrons in condensed noble gases was developed
by Lekner (1967, 1968) and Cohen and Lekner (1968) and used till now
(Atrazhev et al., 2005; Sakai, 2005) for explanation of the dependence of
the drift velocity, mobilities, diffusion coefficients on electric field in
pure condensed noble gases and in presence of molecular admixtures
(Yoshino, Sowada and Schmidt, 1976). The theory is based on the formal
consideration of the electron drift as a consequence of single elastic
scatters on effective potentials of the muffin-tin type defined by Lekner
and taking in account the interference of scattered electron waves. The
Cohen-Lekner theory accurately describes transport properties of
electrons in liquid argon near triple point, however agreement between
predictions of the theory for other noble liquids is not so good (see, for
example, Gryko and Popielawski, 1977).

Another approach was proposed by Ascarelli (1979), who suggested
that the observed variation of the drift velocity with electric field is a
result of the time spent by the electron in shallow traps rather then the
effect of energy transfers during collisions. This approach easy explains
similarities in variations of the dependence of the drift velocity on the
electric field when different molecular admixtures added as well as the
square-root field dependence of the enhancement of the drift velocity.
Similar model of part-time free electrons time-to-time trapped in density
fluctuations is used to describe the field dependence of the electron drift
velocity v(F) in liquid saturated hydrocarbons (Minday, Schmidt and
Davis, 1971). The approach of Ascarelli may be useful to explain
influence of density fluctuations on measured value of the Fano factor,
temperature variations of the electron mobility in liquids, mobility of
holes in noble solids, and density effects in pressurized xenon. However,
the similarity in behavior of electrons in noble liquids and solids can be
better understood in frame of the Cohen-Lekner’s formalism.

Localized electrons

In condensed noble gases with V>0, electrons usually demonstrate
low mobility (see Table 2.1). Moreover, in superfluid *He, electrons were
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found to be even less mobile than positive ions. Low mobile or localized
electrons have also been observed in normal liquid helium, liquid neon
and liquid hydrogen (for references, see review of properties of localized
electrons by Khrapak, Schmidt and Illenberger (2005)). Localization of
electrons was observed in cold high density (n>10*'cm™) helium gas as
well (Levine and Sanders (1967)). It was found that due to the strong
electron-(small atom) exchange repulsion, a void or bubble of
macroscopic size is created around an electron in condensed light noble
gases. In the applied electric field, the bubble moves as a single entity
with an electron inside with total mobility of about 10%-10~ cm*V™'s™.

In normal liquids, the drifting electron bubble experiences hydrodynamic resistance
and the mobility can be calculated according to the Stokes’ law (2.23). In normal liquid
“He at the normal boiling point, the radius of the electron bubble is about 2.2 nm, in
liquid neon around its triple point — about 0.7 nm, in liquid hydrogen ~1 nm at
19K. In super-fluid helium, mobility of localized electrons is essentially
increased but still remains smaller than that of positive ions.

3.2.2. Drift of ions

In liquid dielectrics, ion mobility is usually about 107-10* cm*V's™
that is close to the mobility of ions in electrolytes, in thousand times
smaller than the ion mobility in the noble gases, and in million times
smaller than the mobility of quasi-free electrons in heavy noble liquids.
The ion mobility depends on a viscosity of the liquid as u ~ 5%, where
parameter « equals 1-2 for different ions and a~1 for atom ions and for
quasi-spherical molecular ions. In the latter case (a=1), the mobility of
ions follows the Stokes’s law (2.24).

Mobility of positive ions in liquid helium is following to the Stoke’s
law only in suggestion (Atkins, 1959) that the ions drag about 50 He'
atoms. Atkins assumed that electrostriction effects increase the liquid
density over a region surrounding the ion. The size of this ion complex
(Atkins’ ice ball) is about 10-15 ay (@¢=5.3-10"cm is the Bohr radius).
Experimental data on mobility of ions and holes in condensed non-polar
dielectrics are presented in Table 3.5. Diffusion coefficients of ions may
be calculated with the Nernst-Einstein formula (3.16) using the tabulated
values of mobility.
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As seen from the Table 3.5, there is significant difference (factor 2-3)
in mobility of negative and positive ions in non-polar dielectrics. The
positive ion mobility in noble liquids is governed by the formation of
solid shell around the ion at lower temperatures. In the case of negative
ions, increasing density around the ion is prevented by the repulsive
interaction between the lone electron and the electron shells of the
neutrals (Schmidt et al., 2005).

3.2.3. Drift of holes

Positive holes were observed in noble solids (Le Comber, Loveland
and Spear, 1975) and liquid xenon (Hilt, Schmidt and Khrapak, 1994).
As seen from the Table 3.5, holes demonstrate significant higher
mobility than that of positive ions in the liquids but approximately five
orders lower mobility than that of electrons in the solids. The magnitude
of the hole mobility and its temperature dependence can be described via
the hopping model of charge carrier transport. In this model, the charge
propagates in result of thermally activated jumps from one trap to
another and the mobility is given as

_eb’w

AT

where b is the average jump distance and @ is the jumping frequency,
which can be expressed as

E
=P exp| — La (3.18)
2r kT

where P is the tunneling probability for the case where adjacent trapping
sites have the same energy level, E, is activation energy, and ay is the
phonon frequency.

(3.17)

Table 3.5. Mobility of ions and holes in condensed noble gases (see Aprile et al.
(2006) and Schmidt (1997) and references therein).

T, K ,u+,cm2V'ls’1 ,u_,cmz\/’ls'1
Methane 111 2-107
Ethane 110 1.8-10"
Tetramethylsilane 296 9-10°

Neopentane 296 43-10*
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*He liquid

“He liquid

Ne solid
Ar solid
liquid

Kr solid
liquid

Xe solid

liquid

Emission Detectors

1.21
2.94
0.371
0.510
1.132
2.20
4.16
5.18
25

84
90.1
111.5
145.0

116
120
145.0
168.5
184.3

157
161
161
230
280
162
192
162
163.0
184.2
192.1

7.65
9.36

5.19-10*

6420

2.57

0.0472

0.0470

0.0376

0.0105 (holes)
0.023 (holes)
6.61-10™
12.2-10* (Ar,)
26.1-10* (Ar,)
0.04 (holes)
6.45.10™
6.67-10* (Kr,")
12.19-10* (Kr,")
10.6-10™ (Kr,")
0.020 (holes)
0.018 (holes)
35.10"* (holes)
46-10* (holes)
41-10™* (holes)
2:10"* (TMSi")
3-107* (TMSi")
2410 (*5Th")
1.33-10* (% TI)
2.85-10" (Xe,")
3.17-10* (Xe,")

3.64
3.50
540
209
1.51
0.0326
0.0196
0.0157

3.6-15-10"

7-10* (0y)
10-10%(0,)

The hole may be self-trapped in a potential well between two rare
atoms, produced by the lattice and electronic distortions. This formation
called a polaron is similar to the molecular ion R,". The localized hole
will occasionally tunnel to a neighbouring atom, where it will re-
establish an R,” formation. Great dataset on hole transport properties
could be found in a classic review of hole transport in solids (Spear and
Le Comber, 1977) and in a recent review of transport properties of
localized electrons, ions, and holes (Khrapak, Schmidt and Illenberger,

2005).
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3.2.4 Lifetime of charge carriers

Lifetime of charge carriers in nonpolar dielectrics is limited with recombination, capture
by electronegative impurities or structure traps (in solids) and attachment to electrodes or
insulators due to chemical or polarization forces. In effective emission detector, the

electron lifetime should exceed the electron drift time needed to collect electrons.

Lifetime of electrons in liquids

In course of collection with applied electric field, drifting ionization
electrons may be lost for generation of signal. For example, inelastic
collisions between electronegative impurities and quasi-free electrons
may result in attachment, in which the electron is captured by the neutral
atom or molecule 4B producing a negative ion. There are three major
types of electron attachments:

1) radiative attachment
e+ AB —> AB  +hv, (3.19)
where /v means the photon emission,

2) dissociative attachment (two options)

e+AB—> AB +e—> A"+ B +e, (3.20)

e+ AB—> AB- - A+ B, (3.21)
where AB" means excited state of molecule AB,
3) three-body attachment in two-stage Block-Bradbury reaction

e+ AB <> AB”,
AB"+X > AB + X, (3.22)

where X is the molecule or atom representing the majority of the medium population that
plays a role of the third body carrying out the binding energy of the electron and
electronegative molecule AB with positive electron affinity. The positive sign of the
electron affinity means electronegativity of the atom or molecule, i.e. that the suitable
negative ion is stable. Examples of electronegative atoms and molecules are tabulated in

Table 3.6. Noble gases and alkali metals have negative electron affinities.

-1

-1

Rate constant, M s

Electric field, V/cm

Fig.3.6 The rate constant of the electron attachment to
electronegative volecules in dependence on the electric field
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Usually, the reaction of radiative attachment (3.19) has a small cross
section and has no practical importance. The dissociative attachment
(3.20-21) is a threshold process. In the reaction (3.21) electrons may be
captured even by non-electronegative atoms. In condensed dielectrics,
the basic mechanism of the electron attachment is the three-body reaction
(3.22) in collisions from electronegative impurities. The rate of this
process may be described as

dn

dt

where k3 is the constant of the reaction, K ,,, M, and 7N, are densities of

=—kyn ynyn,, (3.23)

electronegative impurity, atoms of the medium, and electrons, respectively. If k3 does
not depend on the densities, the two-stage reaction (3.22) could be simplified to the one-

step reaction

e+ AB+X > AB  + X

Then, the changing concentration of drifting electrons can be described as (3.24)
n (1) = ny exp(=kyn zn 1) = nyexp(=t/1t,) . (3.25)
where £, is the life-time of electrons. Measuring the electron life-time, the rate constant

of the three-body electron capture reaction can be defined as

k3 = (nABnch)fl ] (3.26)
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Since oxygen admixture limits the electron lifetime in many practical cases, in the
Table.3.7, there are presented the constants of the attachment of thermalized electrons to
oxygen in popular gases at normal conditions.

Sometimes the electron attachment is characterized with a free drift
path L. that is associated with the electron life via the electron drift
velocity

Lo=v, /1, (3.27)

The rate constants for electron attachment to SFs, N,O and O, in
liquid argon at 87 K and in liquid xenon at 165 K have been measured by
Bakale, Sowada and Schmidt (1976) in dependence on the drift field
(Fig. 3.6). It was found that the rate constant for attachment to SF¢ is
extremely high: at 10 V/cm but it decreases with increasing field strength
by almost an order of magnitude. The rate constant for electron
attachment to O, is a factor of 10° smaller and also decreases with
increasing field strength in the range of 0.1-10 kV/ecm. The most unusual
behavior has been found for the rate constant of the electron attachment
to N,O: the rate constant was increasing with increasing field strength by
more than one order of magnitude. The rate constant for electron
attachment to CO; in liquid argon also has been reported to be increasing
at high electric drift fields (Barabash et al., 1985). The similar behavior
of the attachment rate constant was observed for unidentified residue
impurity in liquid krypton (Fig.3.7) and in liquid xenon (Obodovsky &
Pokachlov, 1980; Kirilenov & Konovalov, 1981). Note, that at the both
experiments, xenon was purified in gas phase by the hot calcium getter.
H. Zaklad (1971) suggested that the calcium getter absorbing O,, N,,
H,0O molecules may play a role of catalyst for production of N,O, NO,
NHj; impurities. Combination of a few types of chemical absorbers may
help to solve this problem. It is also shown that the spark and the current
purification methods are free from this disadvantage. The detail review
of experimental data on electron attachment in condensed noble gases
and purification methods can be found in a recent review by Obodovskiy
(2005) and in monographs by Barabash & Bolozdynya (1993) and
Schmidt (1997).
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F, kVicm

Fig.3.7 Electron lifetime in liquid krypton at 120 K in dependence
on applied electric field: 1 — sample purified with hot Ca getter, 2 —
mixed with 1070,. Redrawn from Bolozdynya and Stekhanov,
1984

Lifetime of electrons and holes in solids

Electron trapping in noble solids is poorly investigated. Increasing
electron drift velocity in the solids against the liquids may lead to
increasing drift path. On other hand, imperfections in solids may play a
role of additional structure traps. Investigators indicated that in
condensed krypton at 7 kV/cm drift field (Bolozdynya and Stekhanov,
2005) and in condensed xenon in the range of 1-10kV/cm electric field
(Kirilenov and Konovalov, 1981) the drift path, controlled by
electronegative impurities presented at the level of 10°-10° O,
equivalent, is increasing in a few times at transition from the liquid to the
solid phase. For very pure argon (2-10'° O, eqv.), it was observed the
opposite effect, but in the low field range of 20-300 V/em (Aprile,
Giboni and Rubbia, 1985).
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As we have mentioned above, the drift mobility of excess holes in
noble solids is several orders of magnitude smaller than that of electrons.
The hopping mechanism of the hole transfer takes place in these media
with part-time self-localization of holes in polaron states. If the count
rate of useful events in detectors is exceeding the collection time of holes
a positive space charge is building that affects the normal operation of
the detector.

Lifetime of ions

As we have discussed in Chapter 2, ions or trapped electrons can be
extracted from some non-polar liquids. It means such charge carriers can
be used for generation of signals in emission detectors. Although, it
should be noted, that physical possibilities in amplification of signals
based on ion collection are much limited in comparison to those based on
electron collection.

Lifetime of free-drifting ions is limited with recombination and
attachment to impurities and to electrodes due to chemical reactions or
imaging force.

In pure non-polar dielectric liquids, negative ions are formed by
electron attachement to electronegative impurities such as oxygen,
carbon and nitrogen monoxides, halogenated hydrocarbons or polar
molecules as water.

Positive parent ions may be neutralized interacting with impurities
having lower ionization potential. Polar impurities will be attracted to
ions and compose complex ions.

Table.3.6. Electron affinities of some atoms and molecules and thresholds of dissociative
attachment to electronegative molecules (Massey,1950; Gurvich et al, 1974)

Electron Affinity, eV Threshold of dissociative attachment

(T=296K), eV
F, 2.96 ~0

NO, 243

SO, 1.097

SFs 0.6 ~0
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0, 0.44 3.65
NO 022 0.1
NO 0.024 75
NH; <0 53
H0 <0 436
H, <0 3.75
Cco, <0 3.99
co <0 9.7
N, <0 9.7

Table. 3.7. Constants of three-body attachment [10° cm®™] to oxygen of thermalized
electrons in gases (Shimamori and Hatano, 1977)

He Ne Ar Kr Xe N, CH,; H, CO, H),O
k; 0.033 0.023 0.05 0.05 0.085 0.085 034 048 3 4
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3.2.5 Influence of admixes

There are three large groups of phenomena associated with different
mixtures of condensed dielectrics:
1) mixtures of organic non-polar dielectrics,

2) mixtures of inorganic non-polar dielectrics (nobles), and

3) mixtures of organic and inorganic non-polar dielectrics.

Mixtures of organic non-polar dielectrics have been used for
investigation of electron transport properties in such media. In mixtures
of low- and high-mobility electron liquids such as n-hexane and neo-
pentane, the mobility of electrons can be described as

e = it ) (1, ) (3.28)
where x,,, and x,, mark the mole fractions of high- and low-mobility

ingredients, and 4., and y,,  are the electron mobilities, respectively.

This equation is valid for relatively small fraction (<0.5 mole) of low-
mobility liquid; at high concentrations, the mobility falls off faster
(Schmidt , 1997). For mixture of two high-mobility liquids such as liquid
methane and ethane, the mobility of electrons in the mixture can be
found from the following expression

Hih = Mg+ 2 (3.29)

const

where n,,, is the concentration of ethane with mole fraction up to 0.25.
The similar dependence was observed for several dilute solutions of
molecular admixtures in heavy noble liquids and tetramethylsilane
(Sowada, Schmidt and Bakale, 1977).

Mixtures of light and heavy noble components have been used for
reduction of diffusion and wave-length shifting in scintillation drift
chambers and time projection chambers, using scintillation properties of
noble media for position-sensitive registration of particles and radiation
imaging (see monograph of Aprile et al.,, 2006 for more details). In
liquid argon, the admixture of Xe and Kr decreases the zero-field
electron mobility (Borghesani et al., 1997). At high electrics fields, no
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significant change of the electron drift velocity and mobility has been
observed (Shibamura et al., 1975).
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cm/s
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Fig. 3.8 Electron drift velocity versus applied electric field in high-
mobility liquids (solid lines) mixed with ~0.1% of nitrogen and
measured at 87 K(Ar), 120 K(Kr) and 165 K(Xe). Redrawn from
Yoshino, Sowada, and Schmidt, 1976.

It was shown by Yoshino, Sowada and Schmidt (1975), that addition
of the small amount (~10™ relative concentration) of nitrogen led to an
increase of the electron drift velocity at high (>10 kV/cm) applied field
strength and to higher (factor ~2) value of the saturated drift velocity.
Fig.3.8 shows the influence of the N, on the electron drift velocity in
dependence on the electric field strength in heavy noble liquids. For
comparison, data for the pure liquids are shown in solid lines. At lower
field strength there is no effect of the nitrogen solute is observed. An
even more dramatic change is observed when complicated hydrocarbons
are added to the noble liquids as shown in Fig.3.9 for liquid krypton. As
seen, the low concentration of methane may increase the drift velocity up
to 5 times. The similar effect observed for liquid xenon added with
1.9-10cm™ butane. Low solute concentrations influence the drift
velocity at the higher field strength only, while in more concentrated
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solutions the drift velocity is affected (reduced) in the range of F <100
V/em.

More details on electron transport properties of mixed noble liquids
can be found in Obodovsky’ review (2005).
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Fig. 3.9 Electron drift velocity versus applied electric field in pure
liquid krypton (solid line) and in mixes with 5-10*%cm™ methane
(open squares), 2.5-10%cm™ ethane (open circles), 1.2:10%cm™
butane (closed circles) and 4.7-10°cm™ butane (closed squares).
Redrawn from Yoshino, Sowada, and Schmidt, 1976)

Admixture of molecular solutes to condensed noble gases effectively
reduce the average energy of drifting electrons leading to increased drift
velocity, reduced diffusion and quenching gas gain in equilibrium gas
phase due to absorption of UV light to complicated molecules. In terms
of the Cohen-Lekner transport model, in high electron mobility liquids,
the drift velocity is determined by the relative probability of the elastic
and inelastic energy loss rate. The molecular solutes effectively increase
rate of the inelastic energy loss rate. This immediately affects a
probability of the hot emission from condensed nobles. For example,
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adding 12 mole% CHy, to liquid krypton increases the emission threshold
in 6 times (Bolozdynya, 1991).

Fig. 3.10 Experimental set-up for measurtement of electron
transfer along and across LKr/vapour interface (left) and typical
voltage waveforms observed (right). Redrawn from Anisimov,
Bolozdynya and Stekhanov, 1984.

3.2. Transfer of charge carriers at interfaces

In Chapter 2 we have considered physical conditions for the effective
electron emission. In this Section we focus attention to practical aspects
of the electron collection in vicinity of the liquid interface that can affect
detection properties of emission detectors.

As we have shown there is a certain probability that some part of
electrons approaching to the surface can immediately escape into rarefied
phase and another part may be delayed under the surface, change their
energy distribution or even be trapped. In heavy noble liquids and solids
electrons collected by electric fields can be heated. Hot electrons with
energy exceeding the emission threshold and momentum directed to the
interface will escape immediately demonstrating “fast” component of the
emission. The rest part of the electrons staying under the surface still
have a chance to be emitted as thermal activated “slow” component of
the emission. Normally, one of the mechanisms is dominating. In case of
liquid argon, the both components have been observed (Guschin,
Kruglov and Obodovsky, 1982b).
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The delayed part of electrons localized under the interface of
dielectric of V, <0, which is “waiting” for thermal activated escape,
still can be heated by the electric field applied along the interface.
Anisimov at el. (1984) demonstrated this effect in liquid krypton using
the experimental setup shown in Fig.3.10. The electrons have been
generated in LKr in vicinity to the cathode using short pulses of x-ray
injected into the two-electrode ionization chamber through the thin
aluminum window (Fig.3.10, left).

v,10
cm/s

15| + .

1.0 i

| |
0 50 100 150

F, Vicm
Fig.3.11 Electron drift velocity along the interface measured
in LKr at 125 K and in the bulk sample of LKr as shown in

solid line. Redrawn from Anisimov, Bolozdynya and
Stekhanov, 1984.

Waveforms of voltage pulses initiated by x-rays have been recorded
at different strength of the applied electric field (Fig.3.10, right). At
electric fields of F =100-1000 V/cm strength, the signals have 10-30
usec duration and trapezoidal shape (a). At elevated electric fields the
waveform gradually transformed from (a) to (b) and (c). The observation
was explained with consideration of different drift pass-ways for
electrons delayed under the interface (see suitable trajectories in
Fig.3.10, left). Since the ionization chamber was tilted for a small angle
y~3° a weak component of the electric field ) appeared along the
interface and enforced the electrons to drift as shown by arrows in
Fig.3.10, left. At high enough electric fields, electrons approached the
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edge of the anode and continue drift to the grounded wall (a) or being
heated by the increased electric field near the edge of the anode emitted
as hot electrons (b). When the electric field achieved the value of £,
electrons emitted as soon as they approached to the interface - trajectory
and waveform of (c) type. The under-interface electron drift-velocity has
been measured to be the same as the drift velocity in the bulk LKr
(Fig.3.11). These observations give clear evidence that electrons can drift
under the interface in the quasi-free state.

In practice, this effect can be used for two applications: 1) for
“cleaning” interface from non-emitted electrons and 2) for
transformation of the three-dimensional distribution of electrons
originated in bulk working medium of emission detector into the one-
dimensional on the interface before emission happened (Anisimov,
Bolozdynya and Stekhanov, 1984).

3.3. Detection of photons

In emission detectors using noble working media, detection of photons is important for
completion of two tasks. First, for triggering time-projection chambers (7PC) using
condensed noble liquids and solids filled with scintillating working media. And second,
for detection of ionization signal amplified due to electroluminescence of noble gases.
The both processes lead to emission of photons in the range of vacuum ultraviolet
(VUYV). This requires very special methods for efficient collection and detection of the
VUV light.

Liquid saturated hydrocarbons are transparent in the visible part of
electromagnetic emission spectrum and effectively absorb the both UV
and IR photons. However, no significant emission of photons in visible
range has been observed from condensed methane and more complicated
saturated hydrocarbons such as iso-octane even when they were being
added with noble gases.

At this section, we review the most important photon transmission
properties of condensed noble media that perform as effective
scintillation and electroluminescence media.
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3.4.1 Collection

Propagation of own scintillation emission light through bulk noble
liquids and solids have been investigated in course of development of
fast and effective electromagnetic calorimeters for applications in high
energy physics (see, for example, Barkov et al., 1996; Baldini et al.,
2005; Aprile, Bolotnikov, Bolozdynya, Doke, 2006).

17+

16+

15+

700
100 300 500 2nm

Fig.3.12 Refractive index versus wavelength in liquid xenon
near triple point: line —calculations, points - experimental data.
Rdrawn from Sinnok & Smith, 1969 and Barkov et al, 1996.

Refraction

In the most practical cases, non-polar dielectrics used in emission
detectors demonstrate high optical transparency in wide optical brand.
Collection of ionization electrons in high electric fields is often
accompanied with excitation of the media and emission of photons.
Optical signal may be used as for triggering the detector and for
measurements of the deposited energy. Knowledge of refractive indices
is needed to design effective light collection systems.

The refractive index or index of refraction of an optical medium is a
measure of how the speed of light is reduced inside the medium
relatively vacuum. The refractive index n may be defined via the
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dielectric constant or the medium’ relative permittivity ¢ and the
relative permeability p as follows

n=NeH (3.30)

For non-polar dielectrics used as emission detector media, £/ is close to 1 at optical
frequencies and formula (3.30) appears in most traditional form: 7 =4/& . In most
cases, 7 >1, but it can be <1, for example, for very high energy photons such as X-rays.
The dielectric constant of a homogeneous nonpolar medium is related
to the molecule polarizability ¢ and the medium density o by the
Lorentz-Lorenz function
e-1  4aN,a
(e+2)p IM

where M is the molecular weight and N 4 1s Avogadro’s number. The Lorentz-

=fu- (3.31)

Lorenz function adequately describes dielectric behavior of condensed noble gases if the
polarizability & is properly modified to take in account density (Sinnok & Smith, 1969).
Experimentally obtained indices of refraction for popular working media of emission
detectors are collected in Table 3.8 and are shown in Fig.3.12 for liquid xenon in

dependence on the wave length.

Table 3.8. Indices of refraction for some popular working media of emission detectors

. Wave Index of
Medium Phase T,K Length, nm Refraction  Reference
Ar liquid  t.p. 546.1 1.2316 Sinnok & Smith, 1969
Ar solid t.p. 546.1 1.2334 Sinnok & Smith, 1969
Kr liquid  tp. 546.1 1.298 Sinnok & Smith, 1969
Kr solid t.p. 546.1 1.346 Sinnok & Smith, 1969
Xe liquid  tp. 546.1 1.385 Sinnok & Smith, 1969
Xe liquid  t.p. 180 1.57 Barkov et al., 1996
Xe liquid 170 178 1.69+0.02  Solovov et al., 2004
Xe solid  tp. 546.1 1.443 Sinnok & Smith, 1969
CH,4 liquid 94 670 1.2872 Badoz et al., 1992
iso-octane liquid 293 D 1.3914 ChemBlink
n-hexane liquid 293 D 1.3749 ChemBlink
TMP liquid 293 D 1.3347 ChemBlink
TMSi liquid 293 D 1.3585 ChemBlink

Notes: D — Na D-line (589.59 nm), TMP — tetramethylpentane, t.p. — triple point, isooctane - 2,
2, 4-Trimethylpentane, ChemBlink - Online Database of Chemicals

Absorption

The noble gases condense to form colorless liquids and freeze under
suitable conditions to form transparent solids. Self-absorption of the



73 Generation of signals

scintillation light in noble liquids and solids is negligible. Basic
properties of absorption properties of noble condensed media can be
found somewhere else (Baldini, 1962).

Presence of dissolved molecular impurities in noble liquids and solids
is a major reason for adsorption of photons from the molecular
continuum of the excitation spectra. Recently, it was shown that liquid
xenon can effectively dissolve even solid organics (Bolozdynya et al.,
2008). However, the admixture of water at ppm (10°° or part per million)
level is the most likely limits transparency of liquid xenon (Baldini et al.,
2005) and, probably, other noble liquids. Industrial high-purity xenon
usually demonstrates attenuation length of the scintillation light L, <1
cm. The attenuation length in massive samples of LXe can be drastically
improved (L, >1 m) by continues circulation of the gas through the hot
metal getter.

Scattering

There are two effects that should be taken in account in order to
reduce scattering in noble liquids. First, significant dependence of the
refraction index (density) of the liquid on temperature. To reduce this
effect, measures on reduction of temperature gradients below 0.1 K/cm
should be taken. Second, wavelength of scintillation VUV photons is
comparable to the size of natural density fluctuations in noble liquids.
According to the formula derived first by A. Einstein in 1910 (Landau &
Lifshitz, p.429), the attenuation of the light due to Rayleigh scattering, in
which the frequency of the light @ is essentially unchanged

-4
Ly~o (3.32)

It was experimentally found that the effect is competitive to
practically achievable attenuation on residue impurities in noble liquids
(Seidel, Lanou and Yao, 2002). The effect can be totally eliminated if the
original emission spectrum can be shifted to longer wave length (say, to
visible range). Even small wave shifting to 170 nm wave length of Xe
used as a wave length shifter in 1-3% admixture to LKr and LAr
significantly reduces the scattering (Ishida et al., 1997) and improve light
collection (Akimov et al., 1993).
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The inverse of the Rayleigh scattering length can be written in form
4 2 2 2
0 k;,T" (0
L =| 2 | k,Tptk, | 2| + 22 (—‘9) (3.33)
6c op), pec, \OT

P
where o is the angular frequency of the radiation, ¢ is the velocity of light, kp is

Boltzmann’s constant, T is the temperature, p is the liquid density, k7 is the isothermal
compressibility, ¢, is the heat capacity at constant volume, and ¢ is the dielectric constant.
The theory confirms that the presence of gradients of density and dielectric constant
increases the scattering and in some radical cases may cause reduced transparency of the
samples.

Rayleigh scattering may be essentially suppressed if wave shifting
technique used. For example, adding ~0.1%Xe to LKr or LAr shifting
the emission spectra to higher wave length, that significantly reduce the
scattering (Ishida e.a., 1997). Seidel (Seidel e.a., 2002) also pointed out
that one could add fluorine (or may be just using Teflon in contact) to
LXe to provide wavelength shift of the spectrum.

Table 3.9. Calculated Rayleigh scattering length (Seidel e.a., 2002) and measured
attenuation length for liquefied noble gases as cited

Liquid T,K A , nm & Lgalc . cm szp em
He* 42 78 1.007 600 >10"

He* 0.1 78 1.089 20000

Ne t.p. 80 1.52 60

Ar t.p. 128 1.90 90 66°

Kr t.p. 147 227 60 32° 82% 100°
Xe t.p. 174 2.85 30 29°,40¢, 50°

Notes: * Ishida e.a., 1997, PAnisimov e.a., 1984, “Akimov e.a., 1993, ‘Bracm e.a.,
1992, “Chepel e.a., 1994, 'Simmons and Perkins, 1961; t.p. = triple point

Calculated Rayleigh and measured scattering length for liquid noble
gases are presented in Table 3.9. The major uncertainty in the
calculations arises from the determination of the dielectric constant;
Seidel et al. (2002) estimated those uncertainties to be factor of 2 in the
case of helium, 40% for neon, 35% for argon, 25% for krypton, and 20%
for xenon.
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Reflection

Effective light-collection of scintillation light is important for time-
projection chambers and three-dimensional imaging cameras. The
scintillation flash of condensed noble gases is often used as a trigger in
such detectors. Collection of VUV from bulk and massive detectors is a
challenging task, which was first considered in course of development of
scintillation LXe/LKr calorimeters with granulated multi-cell reflector
structure. We may select a few basic technical solutions used to increase
efficiency of collection of scintillation photons.

Total internal reflection. One of the first technical solutions used the
fact of relatively high reflective index for 170 nm light in LXe. Braem et
al (1992) constructed aluminum pyramidal light-collecting cell of
7.4x7.4x60 cm’ dimensions coated with 30nm layer of magnesium
fluoride MgF,. Photodiodes installed on the largest base side of the
pyramid reflector filled with LXe have been used to measure 85%
reflectivity at 175 nm. Chen et al. (1993) tested UV reflectors with total
internal reflections made of Kapton, aluminum, glass and Cu-clad
printed circuits vacuum deposited with fresh aluminum layer and thick
(0.6 mm) MgF, layer to confirm the reflectivity of LXe scintillation light
at the level of 85-90%. They also tested light-collimators installed in
front of photodiodes to provide more uniform response function along
the 27-long light collecting cell. However, the flatten response function
in the last case was received by cost of the loss a large amount of the
scintillation light (Doke and Mazuda, 1999) that may be still acceptable
in high energy physics.

Teflon reflectors. In emission detectors operating as time-projection
chambers, the drift structure should play a role effective VUV light
collector and at the same time provide high breakdown strength. The first
choice is Teflon or PTFE. This material is chemically inert and is one of
very few highly reflective materials in the UV and VUV range. Direct
room temperature optical measurement of PTFE at 175 nm (Kadkohda et
al, 1999) gives the reflectance of ~70% or less, but a growing number of
results from liquid Xe detectors show that the reflectance is well above
90%, possibly as high as 98%. (Yamashita, 2004; Chepel et al., 2005).
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Practically achieved high reflectivity of PTEF is not well understood and
may be associated with wave length shifting effect.

Reflectors coated with wavelength shifter. Reflectors coated with
wavelength shifter can be used for detection of UV light with
photodetectors with spectral sensitivity not good enough for direct
detection of short wavelength photons. Para-terphenyl partly coated
aluminized Mylar reflectors have been used for detection of scintillation
photons with immersed in LXe and LKr photomultipliers with glass
window as well as for providing linear response function from pyramid
light-collection cells of 2x2x22x4x4 cm’ dimensions (Akimov,
Afonasiev et al., 1993; Akimov, Bolozdynya 1995). However, it was
found that p-TP is not compatible with long electron life time (see next
section). In LAr, TPB coated VM2000 (3M WorlWide) plastic reflectors
(99% reflectivity in visible range) have been developed to be used in
WARP emission detectors (Grandi, 2005).

Wave length shifting

Efficiency of VUV light collection can be improved with solid wave
shifters such as p-n-phenyls, sodium saliscilate, butyl-butadien and
others. Akimov et al (1993, 1996, 1998) used highly reflective in the
blue-visible range aluminized Mylar reflectors with vacuum-deposited
strips of p-terphenyl to construct long calorimetric cell with uniform
response function of light collection from LXe, LKr and their mixtures.
This approach can be used

1) to construct long reflector cells,

2) to eliminate effect of Rayleigh scattering,

3) to use inexpensive glass window photomultipliers.

But all of these can be achieved only by cost of sacrificed total
collected amount of light that is not acceptable for some tasks associated
with detection of low-ionizing particles.

There is one important disadvantage of organic wave shifters. As it
was shown by Bolozdynya, Bradley et al (2007), liquid xenon dissolve p-
terphenyl and dissolved p-terphenyl is trapping electrons limiting their
life-time at the level of ~0.1us. The lifetime of electrons is peaked at
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about 1 kV/cm drift field strength and is reducing at elevated electric
field strength similar to what has been observed in LKr (Fig.3.6).

Table 3.10. Properties of wavelength shifters for use in noble gas detectors

<

MW,  MP, A, BW, gp, T QEQ), L

a.u. °C am nm nm ns %(nm) us Ref

p-3P  230.1 212 <320 80 330-360 2 >100 0.3 a,b
(175) (LXe)

p-4P  306.41 >300 <340 80 370 0.8-2 a, f

p-5P  382.50 381 0.8-2 a, f

p-6P  458.59 475 325 0.8-2 ae,f

TPB  358.47 197 <320 80 440 2 >97 ~100 c,d
(128) (LAT)

NaS 160.11 200 <350 100 420 8-10 94-99 d,h,
(121- g
254)

DPS  332.44 409 d

Notes: MW - Molecular Weight; MP - melting Point; p-3P - para-terphenyl; p-4P - para-
terphenyl; p-5P - p-Quinquephenyl; p-6P - p-Sexiphenyl; TPB — tetraphenylbutadiene;
NaS - sodium solicylate, DPS — diphenylstilbene; AB — absorption band; BW — emission
band width; EP — emission spectrum peak; T — emission decay time; QE — quantum
efficiency; a - Bolozdynya et al. , 2008; b — Belogurov et al., 1995; ¢ - Benetti et al.,
1992; d — McKinsey et al, 1997; e - Balzer et al, 2005; f— Maeda and Miyazoe, 1997; h
— Herb and Van Sciver, 1965; g — Samson, 1967..

Using heavier members of the p-N-phenyl-family (Table 3.10), the
electron lifetime can be improved.  p-N-phenyls have already
demonstrated high chemical stability and high luminescence quantum
yield in the blue range (Balzer et al, 2005); and — what is technically
convenient and is supporting high purity - all of them can be deposited
by evaporation with the sublimation temperature elevated for heavier
members. These organic substances attract attention because they are
fast, easy to use and their good performance already demonstrated in
organic light-emitting diodes, organic field-effect transistors, and solar
cells (Hu et al., 2005).

One can guess that there are many other molecular substances, which
can be used as solid wave length shifters. For example, there is
indication that PTFE itself may be working as a weak wavelength shifter
with excitation band in the range of <290 nm and emission band in the
wavelength range of 310-350 nm (Kadkhoda et al., 1998). This effect
may explain why PTFE reflectors have been successfully used in old-
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time LXe scintillation detectors equipped with photomultipliers with
relatively low quantum efficiency below 180nm (see, for example,
Barabanov et al., 1986) and modern light collection systems such as used
in XMASS and XENONI10 detectors provide highly effective light
collection (Yamashita, 2004). New advanced optical materials such as
Spectralon™ demonstrates similar properties, however, the manufacturer
LabSphere does not recommend usage of this reflector in the range of
<250nm.

In emission detectors filled with liquid argon, tetraphenylbutadiene
(TPB) wave length shifter (maximum emission intensity — 438 nm wave
length) has been used to detect 128 nm photons with Electron Tubes
9357FLA photomultiplier equipped with a borosilicate glass window
coated with 200 pg/cm? layer of TPB (Benetti et al., 1992). This method
allows detecting 128 nm photons with quantum efficiency 9%. The
conversion efficiency of TPB was defined to be in order of 80% for
wavelength down to 160 nm (Lally, 1994).

Inorganic phosphors such as CaWO,, CdS, ZnS, BaF, also can be
used as wave length shifters. Advantages of inorganic waveshifters are
their inherent high purity, negligible solubility in organics and LXe, low
vapor pressure, elevated quantum efficiency at reduced temperatures.
However, such substances demonstrate slow decay times (~Ius) and
need extremely high temperatures for vacuum deposition that make them
difficult to be deposited on plastic materials, input windows of
semiconductor photodiodes and photomultiliers. On these reasons,
inorganic waveshifters did not find broad application in technology of
emission detectors.

3.4.2 Photodetectors

Detection of photons is one of often employed technique for detection
of radiation. Photodetectors capable for detection of single photons
along with effective scintillators transferring absorbed energy into
photon emission developed by the middle of the past century opened a
new era of digital detection devices that revolutionized experimental
physics. Fast scintillation signals originated at the moment of particle
interaction to detector medium used for triggering of emission detectors



79 Generation of signals

with noble condensed working media and for precision determination of
coordinate of the interaction with time projection technique. Detection
of excitation photons generated during electron drift through the gas
phase used for measurement of deposited energy and position over the
plane perpendicular to the drift path.

Table 3.11. Photomultipliers used in noble gas emission detectors

Diameter/  Photo- TTS R, Praxs

Photomultiplier ~ /Length, Cathode/ TR, ns QEM), mBq  bar
- nm % (nm)

mm /Window
R8520-06-AL 25x25x35  RbCs/Q ~1 20(178) <1 5
9829Q 50/100 D730/Q ~1 18(175)
R8778 57/112 Bialk/S 160-650 4 26(175) 50 5
R6041Q 57/32 RbScSb/Q 0.75  6(175) 3
9357FLA 203/293 K,CsSbPt/G 300.5max  ~4 20(blue)

Notes: TR — optical transmittance range, R- radioactivity, TTS — electron transition time
spread, S — synthetic silica, Q — quartz, G — borosilicate glass

Photoelectron multipliers

Photoelectron multiplier tubes (PMT) with multi-stage amplification
of photoelectron signal invented by L.A. Kubetsky in 1930 and re-
invented by V. Zworykin in 1936 (see Lubsandorzhiev, 2006 and
references therein) are most traditional photo detectors used for many
experiments involving generation of  scintillation and
electroluminescence signals. PMTs are fast, low noisy and can detect
single photons due to up to ~10° multiplication factor for photoelectrons.
One of the recent successfully run LXe emission detector XENON10
used 89 1”-square Hamamatsu R8520-06-AL photomultipliers to be
triggered from scintillation of LXe and to measure energy depositions
from particle interactions via electroluminescence generated in the gas
phase. ZEPLIN III detector used 31 2”-diameter ETL D730/9829Q
photomultiplier tubes for the same purposes.

There are two requirements to photomultipliers operating in vicinity
or inside noble liquids: low operating temperatures and sensitivity to
extremely short wave length of detected photons. Low temperatures
affect conductive properties of photocathodes. Short wave length of
detected photons limit selection of input windows of PMTs to special
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optical materials (MgF, for detection of excitations in argon peaked at
128 nm, quartz for detection of excitations in xenon peaked at 175 nm).

At first tests of bialkali photocathodes, it was observed an abrupt
decrease in quantum efficiency below certain temperatures (Ichige et al.,
1993; Araujo et al., 1997). More detail investigation has shown that
when the PMT with Sb-Cs or Sb-Na-K-Cs photocathode is cooled down
to ~250K, the average dark current initially decreases in accordance to
the RLD equation (2.12) for thermoionic emission; at lower temperatures
the dark current is increasing with falling temperatures down to 4K
(Meyer, 2008).

Fig. 3.13 Array of 48 Hamamatsu R8520-06-AL photomultipliers
in XENON10 detector.

Multi-alkali photocathdes such as Cs;Sb and CsK,Sb were found to
be more stable but still their quantum efficiency is reducing with
temperature reduced. To suppress the temperature dependence, the
photocathode could be evaporated onto a thin conductive layer (=50A of
Pt) or thin conductive strips deposited cross-over photocathode area
(Fig.3.16). In such way Hamamatsu R8520-06-AL photomultipliers
used in XENONI10 detector has been designed (Fig.3.13).
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UV-transparent input windows are usually fragile and (in case of
quartz) can be easy penetrated by helium molecules diluted in air that
degrades vacuum inside the tube. To avoid these dangers special
precautions are required at operations with such PMTs.

All photomultipliers exhibit the phenomenon of afferpulses — from
single to 10 photoelectron pulses following the physical multiphoto-
electron signal (Wright, 1999). This effect is associated with ionization
of residue gas inside PMT and may be used for diagnostic of leaking
PMTs. The effect can be essentially suppressed in PMT arrays operating
in coincidence.

Solid state photodetectors

Solid state photodetectors attract attention due to inherent high
mechanical rigidness, capability to operate in strong magnetic fields and
at elevated pressures. The main disadvantage of the semiconductor
photodetectors is relatively high noise. This disadvantage becomes less
significant at reduced operation temperatures specific for cryogenic
detectors employing condensed noble gases as working media.

Silicone Photodiodes (SiPD)

In 90s of the past century, essential efforts have been devoted to
development of noble liquid scintillation calorimeters for measurement
of energy of relativistic particles at accelerator experiments for high
energy physics (Masuda et al., 1991; Bream et al., 1992; Chen et al.,
1993). The surface barrier silicone pohotodiode (SiPD) was one of the
first photodetectors tested for detection of scintillation light in liquid
xenon (Masuda et al., 1991) with quantum efficiency 22% at 175 nm. To
maximize transmission of the input window of the SiPD, the facing
electrode was made of a gold mesh with 20um width, 100pm width of
strips and 200A thickness. Another approach was demonstrated by
Afonasiev et al (1992) using p-n-junction open to the input surface. 5x5
mm” SiPD made of 0.1 mm thick p-Si was coated with n-Si mesh with
pitch of 50 um. The input surface was protected with half-wave UV
transparent SiO, protection layer. The dark current of the SiPD
immersed in LKr at 120K was less than 1 nm, a capacitance was 50 50pF
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at 10V bias. With this SiPD scintillations of LKr irradiated with
a(*’Pu)- source placed at 2 mm distance from the input window was
measured with energy resolution 16%FWHM.
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Fig. 3.14 Schematic cross-section of the LAAPD (a) and electric
field profile (b). Redrawn from Moszynski et al., 2002.

Avalanche photodiodes (APD)

Recent progress in semiconductor technology led to development
very effective silicone photodiode with internal amplification of
electronic signal (Sadygov et al., 1996). One of the best commercial
devices of this type is Large Area Avalanche Photodiode (LAAPD) with
16-mm diameter input optical window developed by Advanced
Photonics (Boisvert et al., 1996). The LAAPD cross section is shown in
Fig.3.14. Photocarriers from photon absorption are generated in the
undepleted region of 5-8 pum thickness under the optical window. These
carriers then enter the drift region and are accelerated to energies
sufficient for ionization and the electron avalanche is developing here.
The avalanch photodiode typical gain is 100-300 and may be increased
at reduced temperatures.
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It was shown that the LAAPD can operate inside high-pressure He’
scintillation detector without degradation of the gas purity (Arodzero et
al., 2004) and inside liquid xenon (Solovov et al., 2002; Ni et al., 2005).

Silicone Photomultipliers

Silicone photomultiplier (SiPM) is a miniature array of APDs each of
from 20 to 100 um in size and packed with high density of up to 1000
APDs per square millimeter at silicone wafer (Buzhan et al, 2001; 2003).
Each SiPN pixel is operating in Geiger counter mode at bias voltage
exceeding the breakdown voltage for 10-20% and is individually coupled
to integrated quench electronics. Due to fast developing space charge,
the Geiger discharge is stopped after <lns development of electron
avalanche. At typical capacitance of the pixel of ~100 fF and a few
applied Volts, each pixel accumulates 100-1000 pC electric charge that
responds to electron multiplication factor of up to 10°, i.e. the same order
as vacuum PMT gain and good enough to detect a single photon. Since
all SiPM pixels are loaded to the same impedance, the output signal is a
sum of the signals from all pixels fired or is proportional to the number
of detected photons.

SiPM produced by Pulsar Enterprise (Moscow) has been tested by
April, Cushman at al (2005) to detect scintillation of LXe irradiated with
*'Am o-source. They have obtained gain of 1.8:10° with bias voltage
52V, single photon sensitivity and 22% quantum efficiency at 5.5%
detection efficiency for 178 nm LXe scintillation photons. One of
important advantages of SiPM is a liner dependence of its gain on
applied voltage in contrast to the exponential dependence specific for
PMTs. The main disadvantage of SiPM is a relatively high cost per unit
of sensitive area.

Hybrid photodetectors

Hybrid  photodetectors ~ (HPD)  combine  advantages  of
photomultipliers (high gain) and solid state detectors (linearity). The
HPD consists of vacuum tube with photocathode and semiconductor
diode or other electron detectors installed instead of multistage electrode
electron multiplying structure (Viatskin and Makhov, 1958; Kalibjian,
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1965). The photoelectrons escaping from the photocathode are
accelerated by and electric voltage up to 20 kV and hit the solid state
detector. The gain obtained is proportional to the number of secondary
carriers generated in the solid state detector and to the photoelectron
accelerating voltage. The HPD with Si-diode detector has demonstrated
great single photoelectron sensitivity and more than 4 orders of
magnitude of linearity (DeSalvo et al., 1992).

Al coating

APD(0V)

Fig. 3.15 Schematic drawing of QUPID (left) and electrical field
distribution inside the vacuum tube (right). Courtesy of K. Arisaka.

Multichannel plate can be used in hybrid photodetectors for detection
of accelerated photoelectrons. This kind of photodetector is called a
proximity focused MCP photomultiplier and sometimes is used as fast
position-sensitive photomultiplier. One of the first like these devices
was Hamamtsu R1564X (Hayashi, 1982). The multichannel plate can be
used as UV-sensitive photo-target in video camera tubes (Ammosov et
al, 1986). The device has been tested for imaging a ring-like profile of
nitrogen laser beam (333 nm wave length, 2 mm diameter) and has
demonstrated <0.1mm? two-dimensional position resolution.

Recently, the idea of hybrid photodetectors received a new life. It
was proposed for dark matter experiments of the next generation with
multi-ton noble liquids working media to develop a relatively
inexpensive large-area photodetector with wide dynamic range. In one
of the options QUPID is equipped with semiconductor diode as shown in
Fig. 3.15. In another option, accelerated electrons are detected with thin
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scintillator decoupled to the optical fiber connected to the photodiode
placed out of the vacuum tube.

Vacuum phototubes are basic photosensors used in upcoming or in
forecoming experiments searching for dark matter and solar neutrino
(Fig.3.16).

Fig. 3.16. Photograph of low-radioactive Hamamatsu photomultipliers
for cryogenic operations (left to right): 2.5x2.5 cm” R8520, 5 cm dia.
R8778, 7.5 cm dia. QUPID. Courtesy of K. Arisaka and Hamamatsu
Photonics Co., Japan.

Open photo cathodes

Open photocathodes such as Csl and CsBr can be used for effective
registration of UV emission of noble gases. It was shown that Csl can
provide high quantum efficiency for detection of scintillation photons
from krypton and xenon. It was shown that QE=20-30% can be achieved
in the range of 120-200 nm (Rabus et al. (1988). The Csl coating may
enhance performance of gas electron multipliers (Bondar, Buzulutsov et
al, 2007). Time stability of open photocathodes and background from
direct interactions is open question that needs special consideration.

Placing an open photocathode in the noble liquid with negative
electron ground state V, reduces the electron escape barrier into the
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liquids and increases the quantum efficiency of the photon detection.
Aprile et al. (1994) tested Csl photocathodes (the work function of Csl
@=6.1 eV) for detection of scintillations in condensed krypton and
xenon. High quantum efficiencies of 60% in solid Xe, 31% in liquid Xe,
17% in liquid Kr, and 10% in liquid Ar have been achieved with 50-nm
thick Csl photocathodes illuminated with 220 nm laser beam. Excellent
intrinsic energy resolutions of 2.8% FWHM for liquid Xe, 5.2% FWHM
for liquid Kr, and 8.4% FWHM for liquid Ar have been measured for
scintillations generated by 5.5 MeV alpha-particles.

Photoemission could be essentially enhanced with high electric fields
(up to 100 kV/cm) applied to the thin films of Csl due to Schottky’
effect. Boutboul et al. (1999) have shown that the electron affinity can
be reduced in Csl from 0.2 to 0.01 eV at the electric field strength of
5-10° V/em. So high field strength can be arranged around the wire
cathodes (Buzulutskov et al., 1995).

Table 3.13. Comparison of properties of photodetectors used in noble gas emission
detectors

PMT APD HPD SIPM CsUGEM S
liquids
QE()), %(nm) 25(178) 50(175) 25(178) 50(175) 20(178) 31(220)
80(400) /LXe
Gain 10%-10 100-300 10° 10° 10* 1
Area, cm’ ~100 ~1 ~100 0.1 ~100 ~100
Voltage, kV 1-2 0.1-1 ~10 0.025
Threshold, ph.e. ~1 ~10 ~1 ~1 ~1
Timing, ns 0.1-1 1-10 0.1 ~0.03
Position ~10 ~5 ~30 ~1 ~1
Sensitivity, mm w/array w/array w/array
Dynamic Range ~10° ~10*/mm?
Price, k$/cm’ 30 500 10 1000 0.3 0.1

Notes: PMT — photoelectron multiplier tube, APD — avalanche photodiode, QE — quantum
efficiency ; PMT — photoelectron multiplier tube, APD — avalanche photodiode, QE — quantum
efficiency; HPD — hybrid photo detector

General properties of different photosensors for emission detectors
are compared in Table 3.13. Photomultipliers are still most often used in
large emission detectors due to favorable combination of photodetection
and commercial properties. = The both vacuum and solid state
photosensors represent “pure” technique compatible with long electron
lifetimes in liquid xenon. Open photocathodes demonstrated good
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operation properties in LAr emission detectors, however, still there is a
concern about achievable purity of LXe working in contact with Csl.

3.4. Amplification of signals in rarefied phases

An important advantage of emission detection technology is the possibility to amplify
signals in physical processes such as electron multiplication or generation of intensive
light emission with very few electrons drifting in high enough electric fields. Let us

consider these processes.

3.5.1 Electron multiplication

At presence of electric field, electrons, drifting in gas, can gain a
sufficient amount of energy from the field between two collisions to
cause ionization or excitation of atoms. The secondary electrons can also
gain energy for next ionization. This process can lead to avalanche
multiplication of electrons or gas amplification.

If drifting electron can ionize o atoms per unit length, increasing
number of electrons is calculated from equation dN = aN dx to be

N(x)= N, exp(ax) (3.34)

if & doesn’t depend on N, initial concentration of electrons. The coefficient & is
called the first Townsend coefficient. The first Townsend coefficient & depends on the
field strength, ionization potential of the media and cross-section of electron-molecule
interactions.

Since electron multiplication accompanied with excitation of the
media, the influence of photon emission should be taken in account.
Intensive photoionization of the gas or photoelectron emission from
electrodes may initiate breakdown of the gas. On this reason most
effective gas media used for electron multiplication usually contain
quenching admixtures absorbing UV photons initiating photoionization
and photoemission. Usually, quenching admixtures are organic gases
with complicated molecules.

Emission detectors using non-polar dielectrics as working media can
operate without adding special quenching admixtures. For example, a
saturated vapour above pure liquid isooctane (2,2,4-trimethylpentane,
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100 Torr pressure at room temperature) can work as effective gas
multiplication media with gas gain G~10* (Bolozdynya, Lebedenko et al,
1978). Gas gain may be improved adding noble gas (argon at 80 Torr) to
organic vapor (2,2,4,4-tetramethylpentane) as shown by Anderson,
Charpak, Holroyd and Lamb (1987).

Gas multiplication in pure noble gases is very unstable. The reduced
to the gas pressure Taunsend coefficient &/ p has value about 1 ion
pairs per cm drift per Tor at reduced electric field strength F'/ p = 100
V/cm/Tor for all pure noble gases. The gas gain (amplification factor) of
up to 10° is possible only in noble gases doped with quenching molecular
impurities. Despite many attempts, in pure noble gases, liquids and
solids, only poor gas gain of <100 has been achieved and no detectors of
practical importance have been developed with electron multiplication
(see review Barabash & Bolozdynya (1993) and recent experiments
Policarpo et al. (1995), Kim et al. (2004)).

In order to overcome instability of gas multiplication in emission
detectors with pure noble working media, Dolgoshein et al (1973)
considered wire electrodes immersed in liquid argon and heated by
electrical current. Boiling argon surrounds the wires as a bubble jacket
and gas multiplication with space-limited gas gain in Geiger mode
occurred inside bubbles. Unfortunately, this method did not find practical
applications because it requires extremely high operating power
(~1W/cm heated wire or ~IMW for 1-ton emission detector).

A possibility of using methane as quenching admixture in emission
detectors has been considered by Anisimov et al. (1986). They
constructed two-electrode emission chamber with wire anode (20 pm
gold-plated tungsten wires with 1 mm pitch) placed in gas phase above
~2mm layer of liquid krypton. Pulsed x-ray tube has been used as a
source of ionization and methane as a quenching admixture in different
concentrations. The best gain ~500 has been achieved in Kr+39%CH,
gas mixture. However, admixture of krypton essentially increased the
threshold of electron emission (factor 6.4 at 12%CHy,) and this approach
also has been claimed as impractical.

The most promising results have been achieved with gas electron
multipliers (GEM) placed above pure noble liquids in emission detectors
(Bondar, Buzulutskov et al, 2004, 2006). GEM foil were produced in
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CERN workshop and have the following parameters: 50um thick Kapton
copper plated foil, 70 or 55 um hole diameter, 140 um hole pitch, 28 x
28 mm’ active area. The distances between the first GEM and the
chamber bottom and between the GEMs are 5 and 2 mm, respectively as
shown in Fig.3.17.

Electron avalanche
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Liquid phase
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Fig. 3.17 Schematic view of an emission detector with GEM electron
multiplier. Redrawn from Bondar, Buzulutskov et al., 2006.

The triple-GEM structure allowed achieving gas gains, exceeding
10*, in He, Ar, Kr, Xe gases in the temperature range of 120-300 K.
However, with triple-GEM paced above heavy noble liquids the best
gain of 200 in Xe, ~10° in Kr, ~5-10° in Ar vapors have been measured
(Fig.3.18). The difference may be understood taking in account that
vapor phase is enriched with polymer noble gas clusters 4, having
reduced excitation and ionization potentials. Note, that adding up to
2%CH, in xenon did not help to improve the gas gain.
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Fig. 3.18 Gain-voltage characteristics of the triple-GEM measured in
Xe emission detector with pulsed X-ray tube: the cathode is covered
with LXe (closed signs) or uncovered with LXe (open signs) at 4.0
kV/em electric field in LXe. Redrawn from Bondar, Buzulutskov et
al., 2006.

3.5.2 Electroluminescence of noble gases

If energy of drifting electrons slightly below ionization threshold they
effectively excite atoms in collisions and generate electroluminescence
(called sometimes as pro‘%g_r

M

ltffjolc)zles_fzﬁﬁillation) in processes similar to
generation of scintillation 1gh energy particles:

A +24—> 4, +24
The second reaction has is /&logr?}fi% gas densities n > 10" cm™ tBas 3y
the case of emission detectors employing noble liquids in vicinity of their
triple points.

The emission spectra of electroluminescence are similar to those of
scintillation (see below Section 3.4.1 for details). There are data showing
that some part of the photon emission is released in the infra-red (IR)
range (Carugno, 1998). In the dense and heavy noble gases such as
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xenon, additional mechanism of the electroluminescence generation can

occur because of growing concentration of free dimers or clusters or
even formation of the conduction band .
e+Ad, >e+ A4,

, (3.36)
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Fig.3.19 Reduced light output of electroluminescence of xenon gas
at 293 K temperature and normal pressure in dependence on the
reduced electric field strength. Redrawn from Conde, 2004.

The electroluminescence is a threshold process (Fig.3.19). The value
of the threshold is about the same (~3-10""Vem?) in xenon and krypton
gas. There is a weak photon emission observing below the threshold that
is predominantly bremsstrahlung.

At uniform electric field, the intensity of the electroluminescence
(electroluminescence yield) Y or the number of photons generated by
one drifting electron n,, per unit of the drift path x [cm] for xenon gas at
room temperature may be defined via the reduced electric field strength
F/p [kV/cm/bar] and the gas pressure p [bar] using the empirical
equation (Belogurov et al., 1995) as following
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Y=dn, /dc=T0(F/p-1.0)p. (3.37)

The best value of the electroluminescence yield was measured to be 1,700 photons/cm at
F/ P = 3.4 kV/cm/bar and 5 bar xenon pressure (Belogurov et al., 1995). Taking in
account that the energy of a single photon of 172 nm wave length is about 8.4 eV, one
can calculate the efficiency of conversion of the energy of the electric field into the
photon emission: & = (1700x8.4)/(3400x5)=84%. The rest of the energy acquired by
drifting electron from the electric field is probably converted into IR radiation. Taking in
account that at extreme high electric fields in pure Xe the charge multiplication factor can
be about 10, we may estimate the conversion efficiency of the electroluminescence
process to be ~8%.

Electroluminescence has been observed in all noble gases and noble
gas mixtures. In mixtures, containing >0.1%Xe, the lightoutput and
spectrum of electroluminescence is very similar to that one in pure
xenon. Note, that electroluminescence has been observed in different
aggregate states of noble gases but it is practically used only in gas. The
process of electroluminescence is linear, in contrast to the avalanche-like
charge (electron) multiplication. That is because the energy of drifting
electrons is mostly dissipated via the emission of photons, which do not
participate further in the process. Due to this circumstance, EL can
provide lower fluctuations and better energy resolution than the gas gain
amplification process.

3.5. Detection of signals in cryogenic solids

Transitions of excess electrons between different materials can be as
advantageous for detector development as transitions between different
phases of the same dielectric (Bolozdynya, 2006). Let us suppose that a
single free electron, or a single electron in the conduction band, is
created as a result of scattering of an incident particle off a Xe nucleus.
The threshold energy for this process is about the band gap ~E,. An
electric field is applied to collect electrons from the bulk solid xenon
(SXe) to a quasi-particle transition edge sensor (TES), consisting of a
superconductive aluminum-fin connected to a superconductive tungsten
quasi-particle trap. The ground state of electrons in the conduction band
of SXe is about V= —0.45 eV relative to the vacuum level. The Fermi
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level of Al is Er = -4.54 eV. So, the electron falling down into the Al
anode deposits Er — Vy ~ 4eV energy. The deposited energy may
destroy several Cooper pairs (0.36 meV bonding energy) and generate a
bunch of quasi-particles (QP). The quasi-particles diffuse into the
superconductive tungsten (transition temperature <100mK) QP-trap and,
breaking Cooper pairs there, deposit a heat pulse measured with SQUID
in the scheme for example described in Cabrera et al., 1998.

At the moment of interaction, prompt phonons and excitons will be
generated. Prompt phonons and scintillation photons (emitted by
decaying excitons) can be measured with the TES as well as electrons.
Then, three signals from a single act of particle interaction in SXe can be
measured. Comparison of different signals could be used to distinguish
useful events from background. Drifting electrons could be “heated” by
the applied electric field in order to amplify the ionization signal and
generate additional phonons due to the Neganov-Trofimov-Luke effect,
which is similar to the electro-luminescence in noble gases (see, for
example, Trofimov, 1996).

Note, that other solid noble gases can be used in this detection
scheme providing even larger potential drop across the solid gas-
aluminum boundary (for example, V,(SNe) - Ex(Al) = 5.6 ¢V). However,
solid xenon is the most attractive because of its inherent high density,
low E,, and low excitation energies. Unfortunately, properties of solid
heavy noble gases at cryogenic temperatures are poorly explored. In
particularly, as of today there is no available data on propagation of
phonons through the bulk crystals and through the boundary with TES.
This subject may con the next generation of researchers.



Chapter 4

Emission ionization chambers

Ionization chambers are the simplest radiation detectors based on
collection and measurement of charge produced by radiation in working
media (Rossi and Stoub, 1949; Veksler, Groshev and Isaev, 1949).
Emission ionization chambers contain two-phase working media.
Mostly, emission ionization detectors have been used for investigation of
emission properties of non-polar dielectrics including condensed noble
gases, liquid at room temperature saturated hydrocarbons, condensed
mixtures of noble gases and hydrocarbons, and superfluid helium
(Hutchinson, 1948; Careri, Fasoli and Gaeta, 1960; Bruschi, Maraviglia
and Moss, 1966; Surko and Reif, 1968; Schoepe and Rayfield, 1973;
Boyle and Dahm (1976); Boriev et al., 1978; Guschin et al., 1982;
Bolozdynya, 1986). A number of diode ionization chambers have been
equipped with optical windows used for observations of behavior of the
charged liquid surface (Taylor and McEwan, 1965), deformations of the
surface due to two-dimension electron states (Shikin and Leiderer, 1981)
and extraction of ions through “geysers” on the surface of super fluid
helium (Volodin and Khaikin, 1979). In this Chapter, we focus our
attention on most technically original solutions for two-phase emission
ionization chambers with electrical signal readout.
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4.1 Emission ionization chambers using heavy noble gases

Historically, the first emission detector built by Hutchinson
(Hutchinson, 1948) was a three-electrode parallel-plate ionization
chamber with two-phase solid-gas argon working media. An anode and
a screening Frisch grid were placed in a few millimeters gas gap above a
cathode coated with a thin (~Imm) layer of solid argon. Electrical pulses
have been observed when solid argon irradiated with gamma rays and
applied electron-extraction electrical field was exceeding 500 V/cm.
Hutchinson claimed observation of effective emission of fast negative
charge carriers, which he identified as ionization electrons.
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Fig. 4.1 Ionization emission chamber (Bolozdynya, 1986) for
investigation of emission process in liquid and solid krypton
irradiated with X-ray pulsed tube (a) and the equivalent scheme of
the readout with charge sensitive preamplifier (b).

A miniature two-electrode ionization chamber (Bolozdynya, 1986)
with pulsed X-ray tube is one of typical emission detectors used in 80s
for investigation electron emission from condensed noble gases. The
detector consisted of two 25 mm diameter electrodes with 4 mm gap
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between them and 8§ mm diameter and 0.4 mm thick aluminum widow
for introduction of X-ray radiation through the cathode as shown in
Fig.4.1a. A controlled X-ray tube of BSV-7 has been used to generate
microsecond pulses of X-ray radiation with maximum energy of 35 keV
at 100 Hz rate. X-ray radiation absorbed in less than 0.1mm thick layer
of the condensed krypton has generated a compact (in direction of the
electric field) cloud of electrons. A cryogenic system of this device
served as a prototype for many following developments of condensed
noble gas scintillation and emission detectors. The detector surrounded
with copper thermal shield equipped with heaters was immersed in the
cold nitrogen gas bath surrounded with the liquid nitrogen jacket. The
temperature was regulated by pressure of the nitrogen gas and/or
electrical power supplied to the heaters. The system has demonstrated
exceptional stability (<0.1 K/hour) and easy operation.

Let us suggest that the parallel-plate two-electrode ionization
chamber is connected to the charge-sensitive preamplifier with discharge
time much larger than specific time of any transition processes in the
detector (electron drift time and emission time) and the dimension of the
cloud of the ionization electrons much smaller than the dimensions of the
detector (“point-like ionization”). Then, after ionization of the noble
liquid, the two-electrode ionization chamber, to which the voltage V' is
applied, becomes a source of the electric current i(z) charging the
capacitance of the input circuitry of the preamplifier with capacitance
C=Cp+Ccs4 (Fig.4.1b):

i(t)=u/R+C-du/dt 4.1)

A solution of the equation (4.1) could be found in the following form:

1 t ) t
u(t)y=—- exp(——j- i(t)- exp(—jdt

C RC '! RC 4.2)
During collection of ionization electrons with total charge O, through the
condensed phase, the electrical current in the circuitry i;(2)= Q,/t; where
t; is the drift time through the condensed phase (see Fig.5.4). Then, as
soon as the electron cloud is approaching to the interface surface, the

magnitude of the ionization signal is approaching to the following value
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9T el LA
ul—c : {1 exp[ rﬂ’ 4.3)

where T = RC. If some part of the electrons is lost at emission, the
electrical current in the circuitry changed to the value of i,(¥)= Ot
where ¢, is the drift time through the gas phase and Q; is the charged of
extracted electrons. After all the electrons are collected at the anode, the
magnitude of the ionization signal

t
u, =u, +%-é{1—exp{—fﬂ. (4.4)

Analyzing u,(F,) dependence on electric field strength in the condensed
phase, the emission threshold can be obtained as shown in Fig. 4.2.
Analyzing a waveform of the ionization signal as shown in Fig.5.4b, the
emission coefficient can be defined as

K:&:uz—ul.t_z‘l—exp(—tl/r). @5)
0, u, t, l—exp(—t,/7)

Using this approach, emission threshold and emission coefficients for
liquid and solid krypton and krypton-methane mixtures at different
temperatures have been measured (Bolozdynya, 1985; Bolozdynya,
1986). These data haven been used for better understanding the origin of
the quasi-free electron emission from non-polar dielectrics (see Section
2.3.3).

In Fig.4.2 typical emission curves of the induced voltage pulse u,(F)
measured with charge sensitive preamplifier or the emission currant i(F)
measured with electrometer in dependence on the electric field in the
condensed krypton are presented. The threshold field of emission has
been defined by linear extrapolating branches of the curves as shown
with dashed lines. This emission detector has been used for observation
of electron drift through and along the free surface of liquid and solid
krypton and investigation of influence of methane dope on emission of
hot electrons as described in Section 3.6.
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Fig. 42 Emission curves of the magnitude of induced voltage
pulse u,,,, measured with charge sensitive preamplifier (1, 2) and
the emission currant /i measured with electrometer (3) in
dependence on the electric field strength in solid (1) and liquid (2,
3) krypton near triple point. The emission threshold is shown with
vertical arrows. Redrawn from Bolozdynya, 1986.

A largest ever constructed emission ionization chamber (41-cm
diameter and 6-cm gap) two-electrode ionization chamber has been used
for measurements of concentration of *’Kr isotope in the natural mixture
of krypton isotopes rectified from air (Anisimov et al., 1989). This
experimental study happened around the year of Chernobyl catastrophe
and allowed observing elevated (for about 100%) concentration of *Kr
in the product of the Lisichansk plant of rare gases at Ukraine right after
the accident. Yet, this large ionization chamber has been tested as
emission detector monitoring purity of the liquid krypton (see Section
8.8). With this detector, large fluctuations of the emission current have
been observed in the range of the extraction fields approaching to the
threshold electric field. The effect was not observed before with smaller
emission detectors. The effect is probably associated with instability of
the liquid surface charge with non-emitted charge carriers. Later, similar
observation has been reported in publication (Yamashita et al., 2005).
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Fig. 4.3 Schematic drawing of the rotation cryostat and emission
current of electrons dragged by vortecies through interface of super
fluid helium at 80 (1), 40 (2) and 21 (3) min™ rotation speed.
Redrawon from Schoepe and Dransfeld, 1969.

4.2 Liquid helium emission ionization chambers

The observation of emission current in the ionization chamber partly
filled with liquid helium led to discovery tunneling electrons from
localized states in the liquid into the equilibrium gas phase (Careri,
Fasoli, Gaeta, 1960; Bruschi, Maraviglia and Moss, 1966).

Surko and Reif (1968) discovered a new kind of neutral excitations —
rotons — and electron emission associated with these excitations in super
fluid helium activated with alpha-particles using ionization chambers
with gated grids. Schoepe and Dransfeld (1969) used rotating (10-100
rpm) cryostat in order to generate quantum vortices in super fluid helium
and to show that vortices can drag electrons through the interface without
delay or overcoming any noticeable barrier. In Fig.4.3, there is shown a
schematic drawing of the test cell and a dependence of the current
measured at a collector C versus the temperature at different rotation
frequenciesw. lonization electrons generated by a radioactive source S
are drifting between a grid G and an anode A4 in direction, which is
parallel to the free liquid surface and perpendicular to vortex lines
generated, when the cryostat is rotating. The emission current was
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measured with a collector C placed above the liquid surface. With
accuracy of about 1%, it was found that the current is identical to a
current measured with the collector fully immersed in the liquid. Without
rotation no current (<10'*A) at C has been detected.
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Fig. 4.4 Ionization emission chamber with electronically gated the
cathode and the Frisch grid screening the anode for investigation of
emission process in liquid helium. Redrawn from Shoepe and Rayfield,
1973.

The temperature and electric field dependence of the trapping time in
ionization chamber with a Frisch grid and electronically gated electron
source (Fig.4.4) by Schoepe and Rayfield (1973) allowed measuring the
size of electronic bubbles and the binding energy in liquid “He and *He
ionized with *'°Po a-particles. By applying suitable electric fields with
delays between the cathode and the gated grid, the anode and the Frish
grid, electron trapping times ranging from 0.4 up to 100 sec have been
measured in liquid He*, He?, and He*+He® mixture.
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4.3 Emission ionization chambers using organic liquids

The first observation of excess electron emission from room
temperature non-polar dielectric liquid was performed by Minday et al
(1971) with a simple triode parallel-plate ionization chamber partly filled
with liquid n-hexane and observing threshold-like behavior of the IV-
curve. Electrons were injected due to photoemission from the cathode
illuminated with a mercury lamp and drawn upward to the grid the both
immersed in the liquid. Applying electric fields between the cathode, the
grid and the anode located in gas above the surface of the liquid, Minday
et al. have demonstrated that electrons can be extracted from liquid n-
hexane at electric fields of >50 V/cm strength in contrast to positive ions
that can not be extracted at electric field strength up to 500 V/cm. The
grid was used to separate effects from charge carriers generated in the
liquid from carriers emitted from the photocathode.

Electron emission of excess electrons from liquid iso-octane has been
discovered by Balakin et al. (1977) with parallel-plate ionization
chamber irradiated with 1MeV electron beam from accelerator (Fig.
2.11). Observation of the electron emission kinetics led Balakin et al.
(1977) to the conclusion about the thermal origin of the electron
penetration through the surface barrier as described in Section 2.3.2.

Test cell

Fig. 4.5 Schematic drawing of the glass ionization emission
chamber filled with TMP. Redrawn from Anderson et al., 1987.
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In 1987, Anderson et al. observed electron emission from liquid
argon and discovered electron emission from 2,2,4,4-tetrametylpentane
(TMP) accompanied with a gas gain in the equilibrium gas phase. The
glass ionization chamber included two electrodes of 15 mm diameter and
separated by a gap of 4 mm, with the lower electrode coated with an
! Am alpha-particle source as shown in Fig.4.5. The ionization chamber
was also tested with liquid argon for comparison.

At tests with LAr, a pulse height spectrum was taken for two cases.
At first, the gap was filled with LAr and a voltage of 3.2kV/cm has been
applied. A peak was measured with energy resolution 25%FWHM. At
the second test, the LAr level was lowered to the middle of the gap. At
the same voltage the energy resolution was measured to be 19%FWHM.
The improved energy resolution may be a result of reduced number of
electron lost during the drift through the thinner layer of the liquid argon.
No stable gas gain was observed in the argon vapor.

At tests with TMP, the chamber was connected by a thin glass tube to
the glass reservoir containing liquid TPM to allow the level of the TMP
in the chamber to be adjusted. After purification, the TMP was placed in
the baked-out glass chamber and the chamber was sealed off after 80
Torr argon gas was added to compose a mixture with TMP vapor that has
14 Torr pressure at 20°C. The electron lifetime in the TMP was 7 ps at
this experiment. At this experiment, an effective gas gain was observed
as discussed in Section 5.2.



Chapter 5

Emission detectors with physical amplification
of signals

Physical amplification of primary ionization signals improves
performance of the ionization detectors. Earlier attempts to achieve
effective charge or light multiplication in noble liquids in the vicinity of
thin wires have not been very successful (Derenzo et al., 1974; Miyajima
et al., 1976). For this purpose, micro-strip boards (Akimov et al., 1994;
Policarpo et al., 1995) and chemically etched needles (Kim et al., 2004)
were investigated later but only a low amplification factor (of about 10-
100) and poor energy resolution achieved. In rarefied phases (low
density gas and vacuum), however, electronic signals can be relatively
easy amplified and that feature is the major advantage of emission
detection technology.

Fig.5.1 represents the band diagram of diode emission detector.
Quasi-free electrons generated by radiation absorbed in the condensed
phase loose their original energy due to ionization and excitation of the
condensed medium (at the relaxation length y), drift to the interphase
surface, penetrate the surface potential barrier (4) and escape into rarified
phase (gas or vacuum). In vacuum, electrons are accelerating by electric
field (F2) before they reach the anode. The energy acquired from the
electric field (E3) can be used for secondary ionization of the anode and,
thus, amplification of the electron signal. In gas, drifting electrons can
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acquire energy (£2) that can be high enough to excite the gas and
generated electroluminescence or avalanche multiplication of the
electrons. The both processes can be used for amplification of electron
signal. Additional amplification is possible at certain conditions due to
liberation of an additional energy equal to the work function of the anode
(¢“) at the moment when electrons collected into the anode.

In this chapter, we will consider the most practical ways of physical
amplification of the emission electron signal.
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Fig. 5.1. Band diagram of diode emission ionization chamber with
non-polar dielectrics working medium.

5.1 Emission detectors with acceleration of electrons in vacuum

The absence of diffusion in vacuum, high rate of transition of
electrons, and a possibility easy transformation of electronic images
make attractive the idea of emission detectors with solid noble gas
working media. A necessary condition of like this detector is a low
density of vapors (<10' cm™ or pressure <10™Pa). The advantage of
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electron collection in vacuum is a possibility to accelerate electrons and
supply them with energy that high enough for detection of single
electrons.

The effect of secondary electron emission from metals used for
development of parallel plate vacuum ionization chambers for detection
of high-intensity beams of high-energy particles (see, for example, Hori,
2004). Since the electrical field can not penetrate deeply inside metals,
the escape depth of electrons from metals is limited with their
thermalization length which is reasonably high only at ionization with
accelerated particles. In p-type silicon with negative surface electron
affinity (NEA), the thermalization length of photoelectrons may achieve
10 micron and such emitters can be used as thick photocathodes for
detection of relatively long-wave (infrared) photons (Martinelly and
Fischer, 1974). However, metals and NEA semiconductors are
ineffective for detection of more penetrating radiation.

Cryostat
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Fig.5.2 Concept of SolidAr/vacuum vertex detector for detection
of short-ranged neutral relativistic particles at the accelerator
experiment: PMT — photomultiplier, Sc — plastic scintillator, 1 —
interaction point, 2, 3 — point of generation of short-range neutral
particles. Redrawn from Guschin, 1981.
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Porous layers of micro-crystal ionic crystals such as MgO and Csl
with size of grains up to 10 microns and density consisting only 0.7% of
the density of the bulk crystal can operate as effective emission detector
at sufficiently high electron extraction fields (>100kV/cm) allowing
multiplication of emitted electrons in pores. Such emission detectors
proposed to be used as fast, highly sensitive detectors of high energy
particles in accelerator experiments (Lorikyan and Trofimchuk, 1977;
Arvanov et al., 1981).

As we have shown in Chapter 2, ionization electrons can be extracted
from very massive and bulk non-polar dielectrics making them the most
attractive media for emission detectors of single and low-ionizing
particles. An attempt to construct a fast solid argon emission detector as
vertex detector for accelerated particles experiments has been undertaken
by E. Guschin, S. Somov, and B. Dolgoshein at the end of 70s (Guschin,
1981). An operating principle of the time-projection emission detector is
illustrated in Fig.5.2. Electrons extracted from tracks of ionizing
relativistic particles are shown to be extracted from the solid argon, to be
accelerated in the vacuum, bombarding the plastic scintillator viewed
with a fast photomultiplier. Analyses of a wave form of signals acquired
from the PMT allow measuring the range of short-living neutral particle.
For example, if life time of the short-ranged neutral particle is 10" sec, it
travels L=30 microns in solid argon before being decayed into charged
particles.  This feature in distribution of ionization electrons is
transforming into the current pulse of A¢ = 3 ns duration (for electron
drift velocity v = 10° cm/s in solid argon) that can be measured with
PMT. Unfortunately, a performance of the instrument was not so good
because of low mobility of ions in the solid argon leading to fast
polarization of it in the intensive beam of high-energy particles and
discharges in vacuum paralyzing PMT operation.

However, we believe that this approach may be more fruitful being
considered in future for low rate applications. Another intriguing
possibility non-realized yet is a development of emission microscope
using relatively easy transformations of electron images in vacuum by
electronic optics similar to technique used in electron microscopes (about
electron microscopes see, for example, Kobayashi et al., 1999). This
kind of emission detectors may be used for example, for detail
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investigation of ionizing particle track structure (with purpose of
background rejection, for example) or for collection of data from the
large area detector to relatively small readout devices such as array of
charge-coupling devices (CCD).

=
o

Fig.5.3. Emission wire proportional chamber with multi-wire
anode operating under (A) or above (B) the free surface of liquid
argon: 1- battery heating wires with 0.3 A current, 2 — output anode
signal, 3 — DC high-voltage, 4 - pulsed high voltage, 5 — anode
composed of 100 micron wires, 6 — alpha particle source, 7 — liquid
argon, 8 — HV feedthrough, 9 — collimator, 10 — input radiation.
Redrawon from Dolgoshein et al., 1973.

5.2 Emission detectors with gas gain

Either saturated vapor of condensed phase or a ballast gas placed
above the condensed detection medium or a mixture of gases may be
used in emission detectors for effective electron avalanche multiplication
(gas gain).

One of the first such emission detectors was a two-electrode liquid
argon ionization chamber with multi-wire anode (Dolgoshein et al.,
1973). Operation principle of this detector is illustrated in Fig.5.3. As
seen, the anode consisting of 50-200 um diameter wires can be placed
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above (A) or below (B) the liquid surface. = Unstable electron
multiplication with a gas gain of less than 500 has been observed in the
first case. In liquid argon, the anode wires have been heated by 0.1-1 A
electrical current in order to boil the liquid and to form a vapor jacket
around the wires. In this case, electrons have been emitted inside the
vapor jacket and avalanched in vicinity of the wires. The avalanche
length was limited with the size of bubbles forming the gas jacket. The
gas gain of 10* has been achieved by the cost of increased dead time (10
ms against 0.1 ms in the vapor). The elevated dead time was probably
associated with localization of positive ions inside bubbles and the
essential time needed for collection of the ions. With pulsed HV supply,
the gain around heated wires in liquid argon has been increased up to
10°. However, it was found that the method requires too much electrical
power to be considered for practical use.

Another important example of the emission chamber utilizing gas
gain is a wire proportional chamber with liquid isooctane (2,2,4-
trimethylpentane) working at room temperature. Emitted electrons
multiplied around anode wires in saturated isooctane vapor at ~100 Torr
pressure (Bolozdynya et al., 1978). The design of the sealed-off glass
chamber used in this study is shown in Fig. 5.4a. The isooctane has been
ionized with a 30-mm diameter alpha source installed on the cathode
immersed in the liquid. The anode was made of planar 30-microns
Nichrome wire grid with pitch of 3.5mm. At distance 4 mm, the anode
was surrounded with two flat screening grids made of 200-micron
diameter Nickel wires with a pitch of 0.8 mm. The wire chamber formed
by the anode and two screening grids has been installed above the liquid.
The isooctane was purified with molecular sieves and sodium thin film
getter. In addition, a sodium getter mirror was deposited on the walls of
the storage reservoir attached to the detector. A brightness of the sodium
mirror served as an indicator of purity of the liquid. A thickness of the
liquid inside the detector was controlled by removing or adding the
liquid from the reservoir. During six months of the detector operation no
aging effect has been observed; a lifetime of quasi-free electrons in the
liquid stayed without changing at the level of 7 microseconds. A stable
proportional electron multiplication has been achieved with a gain of
30,000 (Fig.5.4b).
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Fig.5.4 Emission wire proportional chamber with liquid isooctane
working medium operated at room temperature (a), typical wave
forms (b), and gas gain curve (c): 1 — cathode, 2 — alpha-particle
source, 3 — multi-wire anode, 4 — grid, 5 — storage reservoir with
sodium getter (mirror) deposited onto inside surface. Redrawn
from Bolozdynya et al., 1978.

A gas gain of over 10° has been observed in the parallel-plate two-
electrode emission chamber filled with 2,2,4,4-thetramethylpentane
(TMP) at room temperature (Fig.5.5). A design of the glass sealed-off
detector used in this study is shown in Fig.4.6. A ballast gas of 80 Torr
argon has been added to the TMP vapor (14 Torr at 20°C) in order to
increase the gas pressure above the liquid and to improve the electron
multiplication. The electron lifetime in TMP has been measured to be 7
microsecond not degraded by adding argon.

The electron multiplication in krypton vapor has been studied for
detection of radiation in a small model of emission detector. In this
experiment, 13-mm diameter central part of the anode was equipped with
a grid consisted of 20 micron tungsten gold-plated wires with pitch of 1
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mm (Anisimov et al., 1986). Pure krypton or krypton-methane mixture
has been used to fill the detector. In pure krypton vapor, only gas gain of
60 has been observed above the liquid krypton; in the mixture of
Kr+5mol%CH,, the gas gain of 200 has been achieved; in the mixture of
Kr+39mol%CH,, the gas gain of 500 has been observed. The thickness
of the liquid was 1 mm in all cases. X-ray radiation with maximum
energy of 35 keV has been used for irradiation of the liquid. Using this
detector it was shown that the threshold of the emission is increasing
with increased concentration of methane due to effect of cooling
electrons in collisions with methane molecules.

Q, 4o
electrons A
10 .
1 2 3 4
10 1 ) 7
10 1

3 5
10 - M n
2.0 25 3.0 35 y, kv

Fig. 5.5 Gas gain in TMP vapor in mixture with 80 Torr (at 20°C)
argon measured from the parallel-plate emission ionization
chamber filled with liquid TMP at 24°C (1), 30°C (2), 40°C (3),
50°C (4) in comparison with ionization yield curve (5). Redrawon
from Anderson et al., 1987.
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Fig.5.6 Gas gain in triple-GEM electrode system of LKr emission
detector as shown in Fig.3.16 operating at 118 K and 0.84 atm
vapor pressure (1) and at 123 K and 1.32 atm vapor pressure (2).
Redrawn from Bondar et al., 2004.

Gas gain in pure noble gases is unstable and limited with relatively
low values because of effective developing secondary effects such as
generation of UV photons, photoemission of electrons from electrodes,
easy developing into uncontrollable discharge. In attempt to suppress the
photon feedback, Gas Electron Multipliers (GEM) has been tested with
the emission detector (Bondar et al, 2004). A principle operation of
emission detector with GEM readout is shown in Fig.3.16. Three-layer
GEM of 28x28 mm” sensitive area made of 50-micron thick Kapton with
70 and 55 microns hole diameters on the copper coating and the
insulating foil respectively at 140 micron pitch. The distance between
the GEM1 and the chamber bottom is 5 mm; the distances between
GEMI1, GEM2, and GEM3 are 2 mm. The signals were recorded from
the last layer GEM3 in a current or pulse-counting mode. In the latter
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case, a charge-sensitive amplifier has been used with 10 ns rise time, 8
us decay time and sensitivity of 0.5 V/pC. The detector was operated as
emission device being filled with liquid krypton and irradiated with -
particles from *°Sr source.
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Fig. 5.7 Waveforms of luminescence signals acquired from two-electrode
parallel-plate emission ionization chamber filled with ~1mm layer of solid
xenon and gaseous neon at ~100K and irradiated with different radiations:
(a) scintillations from alpha-source deposited onto the cathode; (b,c)
scintillation signal continuing with electroluminescence signal generated by
extracted electrons in neon at 3.3 and 4.7 kV/cm electric field in the solid
xenon; and signals from cosmic muons crossing the detector when
extraction electric field is applied in inverse (d) and normal (e) directions.
Redrawn from Abramov et al, 1975.

As seen from Fig.5.6, triple-GEM electrode system allows gas gain
up to 10* in pure krypton vapor in two-phase mode of operation. In LXe
emission detector, such high gain can be achieved only with admixture of
CH, (Fig.3.18). In pure krypton gas at room temperature, G~10 has
been achieved.
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5.3 Er‘i"!195 Bn detectors with light amplification

Emission detectors with electroluminescence of the gas phase used for
signal amplification are the most often used today two-phase emission
detectors. In general, data from the simplest two-electrode emission
ionization chamber can be taken in two channels by measuring the
collected charge (as described in Chapter 4) or/and measuring the photon
emission when ionization electrons are collected in high enough applied
electric field to generate electroluminescence of the gas phase.

1
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Fig.5.8 Electroluminescent emission LXe detector with
photomultiplier readout: 1 — cathode; 2 — grid; 3 — 5 mm diameter
gamma ray beam; 4 — transparent anode; 5 — glass window; 6 —
Plexiglass light guide; PMT — photomultiplier 53 AV installed with
optical grease. Redrawn from Lansiart et al. 1976.

Using modified emission detector shown in Fig.5.3 (the anode made
as a flat grid of parallel wires of 50um diameter with 600 um pitch and



114 Emission detectors with physical amplification of signals

photomultiplier installed above the window), Dolgoshein, Lebedenko
and Rodionov (1970) triggered the emission detector with scintillation
initiated in liquid argon by alpha-particles and observed
electroluminescence flash when extracted ionization electrons drifted
through the gas phase. They pointed that the delay time between the
scintillation flash and the electroluminescence signal can be used to
determine a position of the alpha-source in depth of the liquid. That was
the first electroluminescence emission detector operating as a time-
projection chamber. Soon after that, Abramov at el (1975) has
demonstrated that, analyzing waveforms of electroluminescence signals,
it is possible to identify radiation of different origin as shown in Fig.5.7.

Fig.5.9 Glass-tube electroluminescent emission detector with
photomultiplier readout (Bolozdynya et al, 1977): 1 — gas inlet and
outlet, 2 — condensed phase , 3 — 15 mm diameter glass tube coated
inside with p-terphenyl wave length shifter, 4 — Teflon foril gasket,
5 — cathode coated with alpha-source, 6 — sealing screw with
insulating pad, 7 — thermal screen; photomultiplier with 52 mm
input window (not shown) is installed behind the glass cell.

Lansiart et al. (1976) used similar approach to detect gamma-rays in
liquid xenon (Fig.5.8) and suggested that emission detectors can be used
for imaging gamma-ray fields in nuclear medicine because
electroluminescence flash provides much better light output than
scintillators normally used in gamma cameras for medical imaging (see
Chapter 6).
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The miniature electroluminescence emission detector made of piece
of glass tube with wave-shifter deposited inside as shown in Fig.5.9 has
been used to study threshold field effects associated with the hot electron
emission from solid argon (Bolozdynya, Miroshnichenko et al., 1977),
from liquid and solid krypton, methane (with neon as a ballast gas), and
their mixtures as well for comparison scintillation and electroluminescent
properties of different condensed noble gases (Bolozdynya, 1986).
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Fig.5.10 Electroluminescent emission detector with photomultiplier placed
in the gas phase (a) and typical waveform (b) measured from the PMT
(Aprile et al, 2004).

The advantage of two-mode readout from LXe emission detectors for
dark matter experiments has been investigated with a three-electrode
parallel-plate emission detector (Aprile et al., 2004) equipped with
metal-body quartz-window Hamamatsu R6041 PMT (20% quantum
efficiency at 178 nm) as shown in Fig. 5.10a. A 6-cm diameter stainless
steel disk with **’Bi beta source placed in the center served as a cathode.
The grid structure has been mounted 10 mm above the cathode and
consisted of 0.1mm wires at 1-mm pitch. A typical waveform measured
from the PMT is presented in Fig.5.10b: the first signal S1 is associated
with a scintillation of the liquid xenon, the second signal S2 is an
electroluminescence flash of the Xe vapor when the cloud of ionization
electrons drift through the gas. Energy spectra of the
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electroluminescence signals S2 and ionization signals when the detector
was working in the mode of the LXe ionization chamber with a screening
grid have been compared. There is a peak at about 80 keV in S2
spectrum while the low-energy section of the charge spectrum is
dominated by noise. This is a clear demonstration of the advantage of
emission detectors against ionization chambers due to amplification of
the acquired signals. The detector served as a prototype of XENONI10
emission detector used for cold dark matter search as described in
Chapter 7.

WIMP

Fig.5.11 Schematic drawing of ZEPLINIII electroluminescent
emission detector: 1 — highly reflective anode; 2 — cathode and grid
screening PMTs; 3 — liquid xenon; 4 — array of 31 hexagonally packed
2”-diameter photomultipliers; WIMP — weakly ionizing massive
particle generating scintillation flash following by
electroluminescence flash. Redrawn from Akimov et al, 2007.

Modern emission detectors contains many kilograms of LXe or LAr
working media and use array of photomultipliers to collect scintillation
and electroluminescence photons from bulk sensitive volume. For
example, ZEPLINIII detector (Fig.5.11) achieved a low threshold for the
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primary scintillation by placing photomultiplier array in the liquid.
Using PMTs in the liquid removes two optical interfaces, both with large
refractive index mismatches ad puts in an additional interface at which
total internal reflection also works to improve the light collection for the
scintillation. A low threshold for the electroluminescence from the gas
phase is achieved by using a high electric field in the gas region and by
using refraction st the liquid surface to produce a “focusing” effect for
the light onto the immersed in the liquid Xenon PMT array.

5.4 To possibility of amplification using transition-edge sensors

The detection threshold is normally limited by electronic noise
which, for all aforementioned emission detectors, exceeds 10 keV.
According to Radeka (1988), only thermal fluctuations in dielectrics (for
example, in printed circuit boards) generates noise

ENC, =(2.4kT,-D-C, )", (5.1)
where the dissipation factor for the best dielectrics D = (5-10)107, which
results to ENC,; = 50-100 rms e’s at Cp= 10pF. And this noise can not be
eliminated for devices working at room temperature. The only way to
reduce the electronics noise and associated detection threshold is
development of emission detectors working at cryogenic temperatures.

As it is following from the above consideration (Section 3.6),
cryogenic emission detectors coupled to transition edge sensors may
have a detection threshold <10 eV. The detector architecture could be
similar to that used in the CDMS-II and proposed for the SuperCDMS
experiment (Schnee et al. 2005) utilizing arrays of cryogenic Germanium
and Silicon detectors. The detector may consist of a solid Xenon time-
projection chamber where ionization electrons are collected from the
bulk solid Xenon into superconductive aluminum anodes coupled to the
Transition Edge Sensors (Bolozdynya, 2005). Since the drift length of
quasi-free electrons in solid xenon already have been observed to be
more than 1 meter, the mass of the working medium can be equal a few
tons. The detector should be surrounded with several heat screens
connected to the dilution refrigerator cooling the detector below 100 mK.
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Thus, further enhancements of the emission detector technology may
be associated with exploration of solid working media such as solid
xenon operating at cryogenic temperatures.



Chapter 6

Imaging emission detectors

Due to inherent large volume of the working media, emission detectors
operating with non-polar dielectrics are capable for determination of
three-dimensional distribution of charge carriers generated by radiation,
i.e. for imaging ionization traces left by high-energy radiation fields and
by low-ionizing single particles. There are two basic approaches in order
to reconstruct the spatial distribution of ionization in the bulk detection
medium that may be classified as analog imaging and digital imaging.
Analog imaging means that the charge distribution is visualized and
recorded with standard optical imaging devices such as photo- or video-
or CCD-cameras. Digital imaging means the creation of digital images
in result of recording, storage, and computer processing electrical signals
in order to reconstruct images in “filmless” manner.

6.1 Analog imaging cameras

In analog imaging detectors traditionally called “cameras”, original
ionization electrons are being used to generate light with intensity to be
high enough for registration with standard optical image recording
equipment.

The first imaging emission detector has been developed in course of
R&D for imaging streamer chamber based on liquid noble gases
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(Dolgoshein, Lebedenko, and Rodionov, 1967). The features of the
emission detectors in details were first considered by Boris U. Rodinov
(Rodionov, 1969-1987) and the results of first experiments were
published by Dolgoshein, Lebedenko, and Rodionov (1970).

6.1.1 Emission spark chamber

Since, at elevated voltages, it is relatively easy to develop sparks in pure
noble gases (Dolgoshein, Lebedenko, and Rodionov, 1967), single
electrons extracted from noble liquids or solids can ignite sparks that are
visible by naked eye. That opened a possibility to make visible tracks of
individual particles passed through the condensed matter.

Fig.6.1 Image of alpha-source in the emission spark chamber
(Dolgoshein, Lebedenko, and Rodionov, 1970). The picture is a
courtesv of B.U. Rodionov

Sparks in vicinity the anode wires have been used to perform imaging
of the alpha source placed on the cathode in the liquid in an emission
detector similar to one shown in Fig.5.2 (Dolgoshein, Lebedenko, and
Rodionov, 1970). The anode was made as a flat grid of parallel wires of
50um diameter with 600 um pitch. The gap between the anode and the
cathode was 1.4 cm, the thickness of the liquid argon was 0.4 cm. Neon
was added and the gas phase above liquid argon was composed of 50%
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argon vapor and 50% neon. lonization electrons created in liquid argon
by alpha-particles from disk alpha-source of 3.5 cm diameter mounted on
the cathode were extracted from the liquid by electric field of 3 kV/cm
strength. The sparks were generated by pulsed electric field of 40 kV
magnitude and 100 ns pulse duration. The spark discharges have been
pictured with a photo camera through the window located above the wire
anode.

The image of the alpha-source composed by superposition of images
of many sparks is shown in Fig.6.1. One can see that a distribution of the
radioactive material over the source area is not uniform that is specific
for radioactive sources made with evaporation of radioactive solute. The
bright ring around the active region is built by a portion of the spark light
reflected from the rounded well in the cathode where the alpha-source
was mounted.
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Fig.6.2 Emission streamer chamber: 1 — photo camera, 2 — mirror, 3 —
window, 4- vessel, 5 — liquid nitrogen thermostat, 6 — condensed
krypton, 7 — gridded HV electrode, 8 — acintillation counters, 9 — track
of relativistic particle. Redrawn from Bolozdynya et al., 1980.
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Fig.6.3 Image of relativistic particles interactions taken with the first
emission streamer chamber. A diameter of the field of view is 12 cm;
luminous areas around streamers are due to leaking plasma of the
discharges over the surface of solid krypton.

6.1.2 Emission streamer chambers

The next modification of the spark emission chamber was an
emission streamer chamber tested at beam of relativistic particles at
ITEP synchrotron in 1977-1979 by group leaded by B. U. Rodionov
(Bolozdynya, Egorov et al., 1977, 1980). In this detector, the 0.5-cm
layer of the solid krypton was used as a working medium and 1-cm gas
gap filled with neon at normal pressure as amplification medium
(Fig.6.2). The anode had 12.5 cm diameter gridded central part allowing
picturing the gas gap through the glass window installed above the
anode. The window has been used as a high-voltage insulator supporting
the anode. The bottom of the detector vessel served as a cathode shaped
in such form that it provides a uniform electric field between the gridded
part of the anode and the cathode (the extra-volume was filled with
massive Teflon supplementor). A positive DC voltage has been applied
to the anode to provide the emission of electrons at 1.5 kV/cm electric
field strength. Triggered by telescope of outside scintillation counters, a
high-voltage pulse of 60 ns duration has been applied to generate the
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streamer discharge along electron image of high-energy particle tracks
extracted from the solid krypton.

Fig.6.4 Tracks of ionization particles acquired from the emission streamer
chamber: (a) - track of relativistic particle in the gas phase; tracks of relativistic
particle (b), delta-electron (c) and products of interaction of relativistic particle
with the bottom of the detector (d) in solid krypton. A diameter of the field of
view is 12 cm, thickness of solid krypton is 5 mm, temperature 78K, extraction
field 1.5 kV/cm. Picture taken with 35-mm photocamera Zenit using objective
Jupiter-9 (83 mm focus) from distance of 1.6 m (Bolozdynya et al, 1977)

The streamer discharge was developing when a magnitude of the
high-voltage pulse exceeded 2kV/cm in the gas phase. Surprisingly, the
strength of the “visualizing” pulsed electric field was found to be about
the same as that used to operate the streamer chamber at room
temperature; 1. Sidorov came to the same conclusion testing helium
cryogenic streamer chamber operating at 4K a few years earlier
(Gorodkov et al., 1974; Sidorov, 1975). The effect may be associated
with increasing concentration of noble atom dimers at cryogenic
temperatures that lead to reduced effective ionization potential of the gas.
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Tracks of 3 GeV/c pions and their interaction (Fig.6.4) formed by
chains of streamers have been pictured with photo-camera or with two
photo-cameras for stereco-imaging. The most pictured images were
straight tracks but sometimes images of particles interactions have been
pictured. Typical image of straight “emission” track is shown in
Fig.6.4b. A track of relativistic particles passed through the gas phase is
shown in Fig.6.4.a. The image of emitted track looks as almost
continues line without separation to individual streamers. This is a result
of very dense electron distribution along the emitted track. The tracks
obtained in emission mode consisted of 2 mm long and about 0.5 mm
diameter streamers packed with density of about 1 streamer per 1 mm of
the track length.

Observation of dense emission tracks guided the authors to the idea
that such kind of detectors can be useful for detection of hypothetic
abnormal low-ionizing particles (Bolozdynya et al., 1980). The rare
events like shown in Fig.6.4a might be considered as a possible evidence
of the existence of abnormal particles producing ionization along their
tracks with density in several orders of value fewer than that of normal
relativistic particles. However, it was recognized that the majority of
observed “abnormal” tracks are generated due to effect of memory of the
detector. Sometimes, sparks generated close to the surface of solid
krypton charged it for time comparable to the period of time between two
consequent triggers. Than, the “abnormal” track appeared as “phantom”-
image of the track visualized due to previous trigger. In Fig.6.3, it is
clear seen that plasma spots from neighboring tracks interacts on the
surface of solid krypton.

Later, there was undertaken an attempt to build a large emission
chamber for detection of several z’-particles generated during anti-
proton annihilation in heavy nuclei (Barabash and Bolozdynya, 1993).
The camera was designed with 0.5 m diameter and 20 cm deep
condensed krypton working medium and 1.5 m diameter cryogenic
streamer chamber placed above the condensed krypton for visualization
of particle tracks as shown in Fig. 6.6. The streamer chamber consisted
of two sections located on the both sides of the high-voltage electrode
with gridded central part and supported by two large ceramic insulators.
The high-voltage pulses of up to 250 kV magnitudes were generated by
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Arkadiev-Marx generator (Egorov & Sidorov, 2000) with a shock
capacitance of 2200 pF matched to the capacitance of the streamer
chamber. The high-voltage pulse of 20 ns duration was formed with two
discharge switches: two-electrode self-breakdown switch 6 and three-
electrode switch 12, triggered through the high-voltage cable delay line
from the first cascade of the generator.

Fig.6.5 Streamer chamber “Nadezhda”: 1 — drift rings immersed in LK,
2 — HV cathode, 3 — cryostat, 4 — particle tracks, 5 — triggered discharge
switch, 6 — shaped ground electrodes, 7 - window, 8 — gridded
electrodes of the streamer chamber, 9 — shaped HV electrode of the
streamer chamber, 10 — ceramic insulator, 11 — passive discharge switch,
12 — Arkadiev-Marx generator; U — drift voltage applied to the cathode;
the streamer image of the tracks 4 is shown with vertical dashed line
pattern between gridded electrodes 8.

The detector was constructed at ITEP (Fig.6.6, top) in earlier 80" and
tested in parts: the whole-metal streamer chamber demonstrated a
capability to detect tracks imitated by nitrogen laser (Fig. 6.6, bottom)
and, independently, 0.5 m diameter emission section of the detector has
been used as an ionization chamber for measurement of krypton
radioactivity and an electron emission purity monitor for large amounts
of liquid krypton (Anisimov et al., 1989a,b).
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Fig.6.6 Emission streamer chamber “Nadezhda” at the Big experimental hall of
the ITEP accelerator experimental hall (on top) and image of UV laser beam
imitating relativistic particle track in neon doped with low-ionizing vapor of
alpha-naphtylamine at room temperature and 1.2 bar pressure. A diameter of the
field of view is 50 cm, a depth of view is 15 cm.
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6.2 Digital imaging detectors

Since emission detectors produce electronic signals, digital rather
than analog signal processing can be performed. In digital electronic
signal processing, charge-time distributions are digitized and image
processing is performed with general-purpose computers using special
algorithms to reduce noise and signal distortion appeared during the data
taking. Depending on technology of physical signal amplification one
can define a few approaches.
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Fig.6.7 Electroluminescent gamma camera (Egorov et al. 1983)
with 19 photo-multipliers installed outside the detector vessel: 1 —
gridded anode, 2 — cathode , 3 — vacuum insulation, 4 — thermal
insulation, 5 — glass window coated with p-terphenyl wavelength
shifter, 6 — acrylic light-guide, 7 — 3” photomultiplier, 8 — part of
the lead shielding.
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Fig.6.8 Electroluminescent gamma camera (Egorov et al. ,1983): a
side view of the vessel with partly installed foam thermoinsulation
(left) and a top view of 19 glass window array without
thermoinsulation (right)

6.2.1 Electroluminescence emission camera

An electroluminescence  emission camera with array of
photomultipliers (Fig.6.7&6.8) has been developed for two-dimensions
gamma ray imaging in nuclear medicine at the beginning of 80s
(Bolozdynya et al., 1981; Egorov et al., 1983; Bolozdynya et al., 1985).
The stainless steel vessel of the detector enclosed 30-cm diameter anode
with 24.5-cm diameter gridded central part. The flat grid consisted of
Nichrome wires of 50 micron diameter parallel-stretched with 1 mm
pitch. Nineteen 7-cm diameter glass windows coated with 0.5 mg/cm® p-
terphenyl wave-length shifter have been installed in the lid of the vessel
in hexagon order. Every window has been viewed with individual glass
photomultiplier of FEU-110 installed with acrylic light guide. Xenon or
krypton was purified passing through the hot (900K) calcium absorber.
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The gas was purified with chromo-silicate oxygen adsorbent similar to
the Oxisorb (a registered trademark of Messer Group GmbH for oxygen
absorber based on silica gel activated with chromium solts). The gas has
been stored in stainless steel tank (80 cm diameter and 150 cm tall)
inside surface of which was sputtered with titanium getter generated by
the head of titanium sublimation pump installed on the top flange of the
tank. The detector was cooled down with nitrogen vapor circulating in
the jacket surrounding the vessel. The gas was condensing in the layer of
up to 1 cm thick at the thin bottom of the vessel serving as a cathode.
The detector was tested with krypton and xenon working media.

Fig.6.9 Image of lead mask over 22cm field of view in gamma rays
(Egorov et al. 1983).

Coordinates of electroluminescence flashes have been determined as
position of center-of-gravity of signals acquired from PMT array
operating in Anger camera mode (for details see, for example,
Kalashnikov, 1985). Storage oscilloscope Tektronix 603 has been used
to collect all data and to display images of an alpha-source placed on the
cathode and a lead multi-hole collimator illuminated with gamma
radiation of **'Am or *’Co gamma sources placed outside the detector;
the images have been pictured with photo camera as shown in Fig.6.9
and Fig.6.10. Internal position resolution was measured to be 2.5 mm
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FWHM measured for alpha-source installed on the cathode in solid
krypton and 3.5 mm FWHM with detector filled with liquid xenon and
irradiated with 59.6 keV (*'Am) gamma source. A pulse height
distribution of summarized over the PMT array analog signals has been
analyzed with AI-256-6 pulse analyzer; the energy resolution of
15%FWHM has been measured with ’Co gamma source at 2 kV/cm
electric field strength in 4-mm thick solid xenon and 16%FWHM at 4
kV/cm electric field in 1.5-mm thick sample of liquid xenon.

Fig.6.10 Image of lead mask with two holes of 1 mm diameter at 8
mm distance in 59.6 keV (*'Am) gamma-rays (top) and
distribution of count rate across the image ; gas pressure 0.18 MPa,
electric field strength 7 kV/cm (Bolozdynya, Egorov, Kalashnikov
et al. 1985).

With this detector, electroluminescence of the liquid xenon has been
observed at uniform electric field at >10 kV/cm field strength. Note, that
operations with krypton were essentially affected by high count rate
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(~10%s™") associated with radioactive decays of Kr* radionuclide
presenting in natural mixture of krypton isotopes at the level of ~107'*
relative concentration (Anisimov et al, 1989b). Operations with solid
working media were possible only for limited time (~10 min) because of
polarization of the working media due to low mobility of positive ions
and holes. De-polarization was achieved by application of the reverse
electric field of the same strength for about the same time as operation in
the normal mode.
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Fig.6.11 Energy resolution (% FWHM) of emission electroluminescence
camera in dependence on electric field strength in liquid xenon (open signs;
167K temperature, 1.5 mm thickness) and solid xenon (closed signs; 156K
temperature, 4mm thickness) irradiated with 122keV (squares) and
59.6keV (circles) collimated to the center of the field of view of gamma
rays. Redrawn from Bolozdynya, Egorov et al. (1982).

In Fig.6.11, there is presented the energy resolution of the emission
electroluminescence camera detecting 59.5 keV (**'Am) and 122 keV
(’’Co) gamma rays in solid and liquid xenon in dependence on electric
field strength in the condensed phase. One can see that the emission
detector requires high electric field strength (4kV/cm in liquid xenon and
2 kV/cm in solid xenon) to achieve the best energy resolution of 16 and
15%FWHM in liquid and solid xenon, respectively, irradiated with *’Co
gamma source. The energy resolution is mostly limited by fluctuations
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of the electron yield from tracks of photoelectrons in condensed xenon
(Bolozdynya, Egorov et al. 1982).

6.2.2 Emission time-projection chambers

Emission detectors triggered from primary scintillation may be
operating in the time projection chamber mode be used for precise
measurements of the coordinate in the depth of the working media or in
the direction of the extracting electric field. One of the first like these
detectors was developed by E. Guschin et al. as described in Section 5.1,
another one — by .M. Obodovsky with colleagues who constructed the
first electroluminescence time-projection Xe emission drift chamber used
in studies of the angular distributions of positron annihilation gamma-
quanta (Guschin et al., 1982). At the drift path of 2 cm, the detector
demonstrated 0.5 mm at 30 keV and 1.0 mm at 511 keV spatial
resolutions in the direction of the electron drift. The resolution was
mostly limited by the size of the diffused electron clouds collected in the
gas. Similar small time-projection chambers detecting the both
scintillations and electroluminescent signals with a single
photomultiplier have been used for discovery of hot electron emission
from solid argon (Bolozdynya et al 1978), from liquid and solid krypton
and from liquid and solid methane (Bolozdynya, 1986, 1999).

Recently, the experimental collaborations, searching for cold dark
matter with emission detectors, constructed a few time-projection
chambers as R&D devices and some of them have been used for getting
physical results (see Chapter 8). In this section, we will discuss the most
typical examples of such detectors.

Single channel LXe TPC

In course of development of a detector for cold dark matter by
XENON collaboration, a small detector for initial R&D has been
constructed as shown in Fig.5.9 (Aprile, Giboni et al., 2004). The
cathode is a 6-cm-diameter stainless steel disk with a **’Bi beta-source
deposited in the center. Two stainless steel etched meshes (0.1 mm bar
width and thickness and 1-mm spacing) are mounted 10 mm above the
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cathode with 5 mm gap between them using Teflon insulators. A
photomultiplier is a Hamamtsu R6041 model with 2”-diameter quartz
window and metal envelope of 4 cm long with typical quantum
efficiency <8% at 178 nm. The detector was cooled down to -95°C by
immersion onto the bath of alcohol mixed with liquid nitrogen. The
detector has been used to optimize data taking process and to test
different photo sensors: photomultipliers as described above, avalanche
photodiodes (Ni et al., 2006), and silicon photomultipliers (Aprile et al.,
2006). In result, photomupltipliers were selected as basic technique for
detection of scintillation and electroluminescence photons in XENON10
and XENON100 detectors.

Two-channel LXe TPC

The similar to the described above detector has been constructed by
Shutt at al. (2006) but with additional PMT installed under the gridded
cathode that allowed improving the light collection efficiency. The active
volume of this detector was ©3.7cmx0.96cm viewed with two
Hamamatsu 9288 photomultipliers. The light-collection efficiency of this
detector was estimated at the level of ~50% resulting in detection of ~1
photoelectron per 1 keV deposited energy o generated by nuclear recoils
stopped in LXe. The trigger threshold was defined to ~5 electrons in the
electroluminescence signal. The temperature of the detector was
supported with cryostat of “cold finger” type supporting the detector
temperature with £0.2K accuracy. The level of the liquid between grids
was measured with three open parallel-plate capacitors that allowed
alignment at the level ~0.1K. A sensitivity of the capacitor level meter
was high enough in order to detect ripples on the liquid surface generated
by LXe droplets.

The detector have been used for investigation of the ionization and
scintillation yield of LXe activated with low energy electrons and nuclear
recoils (Shutt et al., 2007), for testing p-terphenyl wavelength shifter
(Bololzdynya, Bradley et al., 2008), and charge multiplication in pure
xenon (Dahl, 2009). It was shown that p-terphenyl wavelength shifter
dissolving in LXe limits electron drift length below 0.5 cm at 1 kV/cm
electric field strength.
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Fig.6.12 LXe time-projection emission chamber with two photo-
multiplier readout (Suzuki et al. ,2000). Courtesy of Masaki
Yamashita.

In 2005, Suzuki et al. reported construction of two-channel emission
time-projection chamber XMASSII operating with two photomultipliers
working in coincidence and viewing 0.3-litre LXe active volume. The
detector has improved light-collection efficiency due to focusing Teflon
reflectors installed as shown in Fig. 6.12. The anode and the cathode
diameters and distance between them are 84, 46, and 85 mm
respectively. The anode structure consists of two grids placed 5 and 15
mm apart as shown in the figure. The grids are made of 30 micron
diameter wires with 2 mm pitches. Grounded cathode meshes with 90%
optical transmittance are evaporated on the inner surface of the MgF,
windows. Two UV sensitive PMTs (9426B by the Electron Tubes, 32%
QE at 174 nm and room temperature) are mounted outside the windows.
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40-liter liquid nitrogen bath has been installed above the detector and
used to cool down the detector via cold finger system adjusting the
temperature at 180K with heaters. The detector has been evacuated at
10°Pa and backed out for about 3 weeks at 120°C. Xenon gas was
purified by passing through 3.31 Messer Grieshein Oxisorb. The electron
lifetime in LXe was estimated to be >Imsec and maintained the same for
3 month of continues operation without any additional purification. This
result clearly demonstrated that massive (relatively to total mass of
working medium) Teflon reflectors can be used in sealed emission
detectors.
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Fig.6.13  Waveform of a typical scintillation and
electroluminescence signals from LXe time-projection chamber
shown in Fig.6.10 at 250 V/cm cathode-grid and 7 kV/cm anode-
grid electric fields. Redrawn from Suzuki et al., 2000.

The summarized from two PMTs typical signal of gamma-ray is
shown in Fig.6.13. The first small and narrow pulse corresponds to the
scintillation flash generated at the moment of the gamma-ray absorption
in LXe. The second pulse is the electroluminescence flash generated by
the cloud of ionization electrons drifting between the grid and the anode.
The authors concluded that analyses of correlation between S1 direct
(scintillation) and S2 proportional (electroluminescence) signals allows
distinguishing between neutron recoils and gamma rays better than 99%
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in the range of 10-100 keV. A dependence of the measured energy
resolution of the detector on energy of gamma rays is fitted by the
function of o/E = 118/NE + 2.2% where E is measured in keV.
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Fig.6.14 Cut-away view of the ZEPLIN-II detector. Courtesy of T.
Sumner.

Multichannel LXe TPC

The UK Dark Matter Collaboration in cooperation with US, EU and
Russian collaborators is developing a series of detectors based on liquid
xenon (Smith 2003). The first stage detector, ZEPLIN-I with fiducial
mass of 3.1 kg utilized only the scintillation light produced in particle
interactions. The second generation of ZEPLIN detectors used emission
detector technology detecting the both ionization and scintillation
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signals. These detectors are ZEPLIN-II (30 kg LXe) and ZEPLIN-III (6
kg LXe) have been used in search for cold dark matter with expected
sensitivity in cross-section of WIMPs to be <10”pb (see Chapter 8).

Figure 6.14 shows a schematic drawing of the ZEPLIN-II detector
(Alner et al., 2007). A target mass of 30 kg is enclosed in a drift cage
with PTEF conic reflecting walls viewed by an array of 7 quartz-window
13 cm diameter ETL D742QKFLB photomultipliers. The extraction
region, where electrons are extracted from the liquid and the
electroluminescence is generated, is defined by the two grids located
either side of the liquid surface. Xenon liquefaction occurs on the
liquefaction head, with liquid dripping onto a copper shield which
deflects it away from the photomultiplier array and the active volume.
Compton veto system was provided as for ZEPLIN-I LXe scintillation
detector.

The next member of ZEPLIN family WIMP detectors ZEPLIN-III
(Fig.8.3) has a shallow LXe drift volume without reflectors installed and
because of the improved light-collection efficiency provided better
rejection capability between nuclear recoils and gamma-rays. The
ZEPLIN-III detector operates with elevated up to 8 kV/cm electric field
in the liquid in order to record a small ionization signals from the nuclear
recoils as well as from the electron background. The active volume
comprises a cylinder of 3.5 cm height and 40 cm diameter and viewed by
31 PMTs. The PMTs records both scintillation and electroluminescence
signals. ZEPLIN-III has been used to get a physical result comparable to
the one-day the best limit on WIMP cross-section measured with
XENON10 emission detector as described in Chapter 7.

Multichannel LAy TPC

The European WARP collaboration is developing liquid argon
emission detectors for WIMP search. This effort is essentially based on
development of large LAr detectors for solar neutrino detection
developed by the ICARUS collaboration (Amerio et al., 2004).
Potentially, LAr may provide better identification of nuclear recoils if
time-analyses of decay times of the scintillation may be used. The
scintillation of liquid argon contains two major components with very
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different decay times: 7 =7.0=0.1 ns and 7 =1.6%0.1 ps (Hitachi
et al., 1983).

To prove this approach a test time-projection LAr emission detector
was constructed as shown in Fig.6.15. The sensitive volume of 1.87 liters
(2.6 kg mass) with a drift length of 7.5 cm is formed by focusing PTEF

reflector placed inside the field-shaping rings and reflecting cathode.

sin glet triplet
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Fig.6.15 Layout of the WARP 2.6 kg LAr emission detector: 1 — liquid
argon drift volume, 2 — reflector coated with wavelength shifter, 3 — 2”-
diameter photomultiplier, 4 — resistor-heater, 5 — high-voltage
feedthrough, 6 — vacuum port, 7 — LAr inlet, 8 — filter/purifier for the
detector filling, 9 — purifier for recirculation, 10 — LAr bath, 11 —
multipin feedthroughs. Redrawn from Benetti et al., 2008.

The detector was operating with a drift field of 1 kV/ecm and the
electron-extraction and electro-luminescence generated field of 4.4
kV/em strength applied between grid electrodes. Seven 2”-diameter
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photomulptipliers have been placed 4 cm above the last grid. Additional
PTEF reflectors have been placed between grids and PMT array and
grids. The input windows of PMTs and all reflecting surfaces have been
coated with wavelength shifter tetra-phenyl-butadien (TPB) with
quantum efficiency of conversion of argon VUV into blue visible range
to be about 18%. The readout system was triggered from at least 3 PMTs
coincident signals of 1.5 photoelectron each that correspond to 3.5 keV
nuclear recoil energy. The trigger efficiency is close to unite at
generation more than 20 photelectrons or 16 keV recoil energy.

The detector was immersed into LAr bath supporting operation at
86.5K. The purity of LAr was supported with continues circulation of the
gas through a getter. Residual concentration of electronegative impurities
was of the order of <1 ppb O, equivalent corresponding to a free electron
drift path more than 0.5m.

The detector combines advantages of imaging radiation field in
electroluminescence camera and position sensitivity in depth of working
media in time-projection chamber. In order to exclude effect of surface
radioactivity of reflectors, the only events with the drift time in the range
between 10 and 35 ps were considered as useful. In respect to short-
range nuclear particles, the detector was working as a wall-less detector
(see Chapter 7). However, truly wall-less emission detectors can
effectively reject gamma-rays and beta-particles from background
nuclear decays that can not be done effectively with relatively small
detector using liquid argon working medium with low stopping power
for gamma rays.

This detector has been used to measure scintillation conversion
efficiency for argon nuclear recoils to be 1.26+0.15 phe/keV in the range
50-750 keV and determination of the rejection of gamma-radiation above
35 photoelectron scintillation trigger to be better than 3-10”. The detector
has been tested in conditions of real low background experiment
searching for cold dark matter.

In Table 6.1, the basic parameters of several electroluminescence
emission detectors with imaging capabilities are presented for
comparison. It is interesting to note that the energy resolution of the first
two-dimensional imaging detector constructed by Egorov et al (1983)
still represents the best record on energy resolution among many
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emission detectors constructed for 25 years past since that time,
probably, because of better light-collection efficiency provided by large
photomultiplier array from relatively thin working medium without use
of any reflector.

Table 6.1. Properties of electroluminescent emission detectors

Media Size, cm AEJE, Ax, Az, Read-out Ref
%FWHM Ay, mm
(E keV) mm
S/G Xe 222x0.5 15(122) 3.5 19 PMTs a
L/G Xe 22x0.5 16(122) 19 PMTs a
S/G Kr 222x0.5 2.5 19 PMTs b
L/G Xe @2x2 0.5 1 PMT c
L/G Xe J5x1.5 24(122) 1 PMT d
L/G Xe ?3.7x0.96 28 2 PMTs f
L/G Xe J5x1.5 ?718(50ee) 0.4 1 PMT g
L/G Xe ?6x1 1 PMT h
L/G Ar ?15x7.5 7 PMTs 1
L/G Xe 8.4x04.6x8.5 30(122), 2 PMTs k
calculated
L/G Xe ?340x3.5 7 PMTs m

Notes: PMT — photomultiplier, E — deposited energy, L — liquid, G —gas, S — solid, ee —
electron-equivalent; Ref.: a — Bolozdynya, Egorov et al., 1982, Egorov et al.,1987; b —
Bolozdynya, Egorov et al., 1981; ¢ - Guschin et al. 1982, d — T. Shutt, private
communication, f — Shutt et al., 2006; g — Afanasiev et al., 2003; h — Aprile, Giboni et al,
2004; 1 — Amerio et al., 2004; k — Suzuki et al., 2005; m — Smith, 2003.






Chapter 7

Emission detectors for low-background
experiments

Emission detectors are electron drift devices that operate by collecting
ionization electrons from condensed phase working media and, due to
long charge collection times, they are relatively slow and inconvenient
for use in modern high count rate accelerator experiments. However,
they are appeared to be a unique tool for “non-accelerator physics”, low-
background experiments searching for rare events such as interactions of
cold dark matter with normal matter, neutrino scattering, and double-beta
decay.

7.1 Wall-less emission detectors

The main problem in real-time experiments searching for neutrinoless
double-beta decay, for solar neutrino flux from the pp-cycle, and for cold
dark matter is a necessary reduction of the environmental beta and
gamma backgrounds. In some cases where detectors require little
material for containment, the use of metal shielding with a low
concentration of radioactive impurities reduces the background to a level
that does not limit currently achievable sensitivities, for example, in the
neutrinoless double beta-decay experiments, down to a level of
T, ("*Ge)~.10* yr. 1In the case of cryogenic or high-pressure gas
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detectors, radioactive impurities within materials used to construct
massive vessels often limit sensitivities of low background experiments
(see, for example, Ovchinnikov & Parusov, 2002).

Due to the high sensitivity of photomultipliers, emission detectors
based on pure noble gases allow for the detection of both excitations and
ionizations and the achievement of three-dimensional position sensitivity
that can be used to operate as “wall-less” detectors for rare and low-
ionizing events (Bolozdynya et al., 1995; Bolozdynya, 1999).
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Fig.7.1  Principle of operation of a wall-less emission detector: 1
scintillation flash at the point of interaction, 2 — electroluminescence flash
due to electrons extracted from the liquid and drifting through the gas, 3 —
array of photoelectron multiplier tubes, A — fiducial volume, B — shielding
layer. Redrawn from Bolozdynya et al, 1995.

The wall-less detector works in the following manner

1) Radiation interacts with the condensed working medium, exciting
and ionizing atoms; this process generates the first prompt signal that
manifests itself in the form of scintillation in noble liquids and solids,
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phonons in crystals, and rotons in superfluid helium. This signal serves
as a trigger.

2) In response to the applied external electric field, ionization
electrons drift to the interface, escape into the rarefied (gas or vacuum)
region or superconductive collector and generate a second, amplified
signal. Different processes can be used for signal amplification:
electroluminescence of the gas phase, electron avalanche multiplication
in low density gas, acceleration of electrons in vacuum, the Trofimov-
Neganov-Luke effect in crystals, breaking Cooper pairs and generation
of a pulse of quasiparticles in superconductors, etc. An array of sensors is
used to measure the 2D distribution of the secondary particles and to
determine the coordinates of the original event on the plane of the sensor
array. Since the second signal is delayed from the first one, the position
of original interaction can be determined in the depth of the condensed
phase.

3) Using these two signals, the position of the original interaction can
be determined in the fiducial volume (A, Fig.7.1) and events originating
in the vicinity to the detector walls can be eliminated as being potentially
associated with radioactive background radiated by the surrounding
materials. By making the detector sufficiently large and constructing the
detector from materials having a high stopping power for nuclear
radiation, the fiducial volume will be effectively shielded by detector
material itself (B, Fig.7.1).

It is important to point out that there are other detector technologies
that can be used to construct “wall-less” detectors. For example, bulk
scintillators viewed by a photodetector array totally surrounding the
“crystal-ball” have been considered as “wall-less” detectors for such
experiments as XMASS, CLEAN. However, emission detectors based
on pure noble gases require only a few readout channels: the first signal
is proportional to the excitation of the condensed medium, the second is
proportional to the ionization. Since the efficiency of different modes of
dissipation of the deposited energy depends on the nature of interactions,
multi-mode readout helps distinguish events of different origin and
effectively suppress the background (Cline, 2000; Aprile, 2002; Smith,
2003). In superfluid helium, in addition to photons and electrons such
quasi-particles as rotons can be generated. In solid noble gases, phonons
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may be observed at low temperatures. These features, along with the
availability of super-pure noble gases in large amounts, make condensed
noble gases the most attractive media for emission detectors of rare
events.
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Fig.7.2 Self-shielding effect in LXe emission detectors. The calculated
background inside several detectors of total active mass 10 (a), 100 (b), 300
(c), and 1000 (d) kg LXe as a function of the mass within a given fiducial
volume. The background unit “dru” is 1 event/kg/keV/day. Courtesy of R.
Gaintskel of the LUX collaboration.

Xenon is a noble gas that can be readily purified from impurities, it
has no long-living radioactive isotopes and, thus, its radioactivity can
thereby be reduced to a very low level. Due to its high stopping power
for gamma-radiation, liquid xenon emission detectors are the most
attractive media for construction of massive “wall-less,” self-shielded
detectors that have become a powerful new technology for the detection
of dark matter (Chapter 8). Fig.7.2 shows the shielding effect of pure
liquid xenon for a few hypothetical LXe emission detectors with a total
mass of xenon ranging from 10 to 1000 kg. Depending on the selected
fiducial volume, different levels of suppression of the natural background
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are achievable. For example, selecting a 20-kg fiducial “core” in a 100-
kg LXe detector allows a background suppression factor of 30; selecting
a 100-kg “core” as the fiducial volume inside a 1-ton LXe detector
allows a background suppression factor of 300.

Fig.7.3 Schematic view of XENONI10 liquid xenon emission detectort: 1-
vacuum vessel, 2 — refrigerator, 3 — cooling coil, 4 — top array of 48
photomultipliers, 5 — grids, 6 — drift electrodes and Teflon reflector, 7 — cathode
mesh, 8 — bottom array of 32 photomultipliers (Aprile, 2005) .

7.1.1 XENON10 and XENON100 detectors

The first truly “wall-less” emission detector was constructed by the
XENON collaboration for a cold dark matter search. The detector,
XENONI10, contained the active xenon target of 17 kg mass enclosed
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inside a cylindrical Teflon UV diffusive reflector and copper drift rings
cage for electric field shaping (Fig.7.3). The structure of the drift cage
was designed for a maximum field of 5 kV/cm and a 20 cm LXe drift
gap. Two arrays of 17 square metal envelope photomultipliers
(Hamamatsu R8520-AL), 48 in the gas (Fig.3.13) and 32 in the liquid,
have been used to detect both primary scintillation of the liquid (prompt
S1 signal) and electroluminescence of the gas (delayed S2 signal). The
detector was enclosed in a cylindrical cryostat (70 cm dia. x 100 cm
height) and surrounded with passive shielding.
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Fig.7.4 Typical distribution of individual PMT signals over the top and the bottom
PMT arrays of XENON10 detector for 5 keVee event used to form S1 and S2 signals.
Courtesy of E. Aprile and L. de Viveiros.

The elastic scattering of a WIMP within liquid xenon results in a low
energy Xe recoil. The moving recoil produces both ionization electrons
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and fast UV scintillation photons at 178 nm, from the de-excitation to the
ground state of excited diatomic Xe molecules (Xe;). Under a high
electric field, the nuclear recoil will yield a very small charge signal and
a much larger light signal, compared to the electron recoil of the same
energy. The distinct charge/light ratio is the basis for nuclear recoil
discrimination in a LXe detector. To detect the small charge signals
involved, the process of electroluminescence is used. The free ionization
electrons are extracted from the liquid to the gas phase where in the
strong electric field they induce proportional scintillation light. The
number of photons generated by one drifting electron is sufficiently large
to be detected by PMTs.

The XENONI10 detector began testing at LNGS in 2006. The PMT
signals (48 top, 41 bottom) showing S1 and S2 for a typical 5 keVee
electron recoil (ER) event are shown in Fig. 7.4. The hit pattern on the
top PMTs (S2 signal) allows the reconstruction of the xy position, while
the drift time (delay between S2 and S1 signals) gives the z (depth)
coordinate of the point-like event. With an applied drift field of 0.72
kV/cm over the drift length of 15 cm, S1 signals have an average yield of
2.2 (3) phe/keVee based on the 662 (122) keV gamma peak, *’Cs (°’Co)
calibrations. For an event in the middle of the detector 80% of the S1
signal is in the bottom PMTs, and 20% in the top — primarily due to
total internal reflection at the liquid-gas interface. The lifetime of the
drift electrons (S2 signal) steadily improved during the 1st few weeks of
recirculation, and was confirmed to be in excess of 2 ms (~4 m drift
path). The S2 yields ~450 phe/keVee, and it was also established that 1
drift electron, when extracted into the gas, generates ~20 phe in the PMT
array (specific to the operating temperature, pressure and gas drift gap).

A similar performance but with 10x better sensitivity to WIMPs is
expected for a new XENON100 detector (Fig.7.5) installed at the Gran
Sasso Underground Laboratory in 2008. The detector contains of 170 kg
LXe with 65 kg fiducial mass, viewed with 242 R8520-06-Al PMTs.
The active target is enclosed in a light-collecting PTFE reflector of 30
cm diameter and 30 cm height. With a 6000 kg-day background-free
exposure, XENONI100 will reach a sensitivity to spin-independent
WIMP-nucleon cross-section of 2:10*cm? (Aprile & Baudis, 2008).
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Fig.7.5 Schematic view (left) and a picture (right) of XENON100
emission detector installed inside passive shield. Courtesy of E.
Aprile.

In the upgraded XENON100 detector, the bottom array of PMTs may
be replaced with 19 QUPID (quartz photon intensifying detectors) low-
radioactive photo-sensors (Arisaka et al., 2008). The stainess steel vessel
will be replaced with a low radioactive one made of oxygen free copper
(OFHC). To reduce radioactive background from the top array of 98
PMTs that dominates now, the drift depth of the detector will be
increased from 30 cm to 60 cm. An upgraded XENON100 will improve
its sensitivity by another order of magnitude by 2012.
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Fig.7.6 A prototype of the LUX detector tested at CWRU in 2008-2009 (left) and a
schematic drawing of the LUX detector in titanium cryostat (right). Courtesy of the
LUX collaboration.

7.1.2 LUX detector

The Large Underground Xenon (LUX) collaboration is developing a
300 kg active mass, two-phase LXe emission detector for a deep
underground experiment that will extend current dark matter sensitivity
two orders of magnitude beyond current best limits, to an event rate
better than ~1 event/100 kg/month. A schematic drawing of the detector
is shown in Fig.7.6. The detector consists of two enclosed vessels made
of low-background titanium. The internal vessel is surrounded with a
copper thermal screen and supported at 165-190 K temperature with
thermosyphones (Bolozdynya et al., 2008) installed onto the thermal
screen.

The LUX detector will use two arrays of 60 x 32.2” R8778
(Hamamatsu) PMTs to measure the active Xe region. One, above the
liquid surface is primarily used to image the XY position of the S2 light
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pulse with about 1 cm position accuracy at low energy. The second array
is in the liquid, below the cathode grid. The Hamamatsu R8778
photomultiplier, specifically developed to operate in LXe at ~170K, is
able to tolerate up to 5 bar pressure without risk of implosion and has
been extensively tested by the XMASS collaboration. The quartz
window and photocathode (PC) material are optimized to achieve a
quantum efficiency (QE) of >30% at 175 nm of Xe, and the collection
efficiency for electrons from the PC onto the first dynode is ~90%. The
combination of these two factors gives an effective QE of ~ 27%.

The light collection depends on the effective QE of the PMTs, the
reflectance of the PTFE and grids, and on any absorption in the liquid.
Comparison of simulations and calibration data \ of the variation in S1
light collection with position on XENONI10 obtain best fits with PTFE
reflectance at 98%. Because the PTEF is so highly reflective, Rayleigh
scattering is not important (scattering length Az = 40-50 cm obtained
experimentally (Baldini at al., 2005), 30 cm from theory (Seidel et al.,
2002). Self-absorption of Xe scintillation light should be absent except
on impurities because of the mechanism of its production from the
excimer state (Doke, 1981). Recent MEGA results (Baldini et al., 2005)
find As>1m at 90% CL, for impurities (primarily O, and H,O) < 100

ppb.

7.1.3 Next generation of wall-less emission detectors

Using a xenon mass of 1 ton (about 70 cm linear size of the sensitive
volume), a detector can reach a sensitivity of 10™* cm?® for spin-
independent cross-sections, which is several orders of magnitude below
the best current limit (Aprile et al. 2005).

In a LXe emission detector with total mass >10ton, the suppression of
the radioactive background due to self-shielding effect and multiple
vertex events suppression can be so high that the neutrino interactions
from Sun become the major background factor limiting the sensitivity of
the detector to WIMPs (Monroe & Fisher, 2007). The pp-solar neutrinos
would be expected as a flat component in the energy range 0-50 keVee,
with an event rate of 1.2x10 events/keVee/kg/day (Fig.8.4).
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Fig.7.7 Project of the XAX detector as described in
Arisaka et al., 2009. Courtesy of K. Arisaka

The next generation of wall-less emission detectors is expected to
contain 20-30 tons of LXe totally surrounded with photodetectors as
shown in Fig.7.7 and will be used for multiple tasks, including WIMP
searches, detection of neutrinos from Sun, and the search for neutrinoless
double beta decay (Arisaka et al., 2009).

7.2 ldentification of radiation in emission detectors

There are a few methods of identification of particles detected in
emission detectors. Those methods are based on potential 3D position
sensitivity, multi-signal response and the large mass and size of
detectors. Identification capability along with selection of useful events
in fiducial volume is a powerful tool for background rejection and
selection of extremely rare events.
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7.2.1 Scintillation signal wave-form analyses

The scintillation of noble gases is a complicated process involving de-
excitation of a few different excitations with decay times and intensities
that depend on excitation and recombination processes and eventually on
the nature of detected radiation. Analyses of kinetics of scintillation in
certain cases can be used for identification of detected radiation. In noble
liquids and solids, at the first approximation, the intensity of scintillation
may be expressed as a superposition of a few independent exponential
terms:

i(t)=zn:ai -exp(—t/ ;) (7.1)
i=1

If the relative intensity of each component, a,, does not depend on
time (that is not always true: in some cases such as for liquid neon and
for combination of noble scintillators with solid wave length shifters -
see review in monograph Aprile et al, 2006 for details), the integral
intensity of each component is simply the value of the coefficient, a;, .

In the most popular media of large emission detectors — liquid argon
and liquid xenon — the kinetics of scintillation may be described with
formula (7.1), and the number of components could be used as low as
n=2. Two major components of scintillation in these media are
associated with singlet and triplet exciton states. In liquid argon
scintillation can be described with 7, = 7.0+1.0 ns and 7, = 1600+100
ns — and their relative intensities a_ /a, are found to be 0.3, 1.3 and 3
for electron, « -particle and ion recoil excitations, respectively (Hitachi
et al. ,1983). In liquid xenon, 7, = 3-4 ns and 7, = 20-30 ns — and their
relative intensities a_  /a, are found to be ~0.5 and ~2 for « -particle
and ion recoil excitations; for electrons, only the triplet decay has been
observed. Thus, in the both LAr and LXe emission detectors, the kinetics
of scintillation may be used to distinguish between electron and recoil
excitations. However, the efficiency of this method strictly depends on
the efficiency of light collection of a very weak scintillation signal that
may be a problem in some practical cases.
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7.2.2 Multi-response analyses

Emission detectors using noble working media employ two signals
originated from excitation and ionization of atoms for each detected
event. Different channels of energy dissipation are differently sensitive to
ionization density and particle interaction nature (i.e. electrons interact
via the electro-weak force; nuclei interact mostly via the strong force).
Hitachi, Yunoki and Doke (1987) have shown that, under the application
of an electric field, the ionization yields increase while and excitation
yields decrease as the applied field strength is increased. Moreover, they
have shown that for different particles (alpha or fission fragments) the
dependences of the yields on the electric field behave differently
(Fig.3.5). This observation lead to idea using ratio S1-to-S2 signals in
emission detectors for distinguishing between electrons (major
background in small and medium-size detectors) and nuclear recoils that
could be a indication of WIMP scatter.

For liquid xenon, electron recoil background discrimination based on
light and charge has been characterized in prototype detectors by several
groups (Yamashita, 2004; Aprile et al., 2006; Shutt et al., 2006), and
used for analyses data acquired fromin the ZEPLIN-II, ZEPLIN-III and
XENON10 dark matter detectors. Dense nuclear recoil tracks have lower
charge yield than less-dense electron recoils, so that the S2/S1 ratio
bands of each are distinct. The charge yield for nuclear recoils increases
as the energy decreases, consistent with the fact that the electronic
stopping power of nuclear recoils (and hence the charge density) drops
rapidly with decreasing energy in this regime. Below 20 keVr the charge
yield for electron recoils increases precipitously.

The XENONI1O0 analysis threshold was 4.5 keVr; at this energy the
measured discrimination efficiency was 99.9%, decreasing to 99.3% at
27 keVr. Further, the electric field dependence of the charge yields is
nearly absent for nuclear recoils, and is weak for low energy electron
recoils, so that discrimination is essentially independent of electric field
(Fig.7.9). The discrimination is limited by the width of the electron
recoil distribution, which has been shown (Shutt et al., 2006) to be
dominated primarily by fluctuations in the recombination. Statistical
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fluctuations in the scintillation (S1) light statistics are present, but
subdominant above ~5 keVr.
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Fig.7.9 log;o(Ni/Ne) factor as a function of the energy (keV) of electron recoils
(top) and nuclear recoils (bottom) for low energy range of deposited energies
due to 662 keV (**’Cs) gamma-rays interactions and neutron scattering from
AmBe neutron sourse in liquid xenon: red line is mean of distribution and
nuclear recoils (top), green line is mean, along with 99% and 99.9% ER
discrimination levels, black points, deduced from the data (Shutt et al., 2006).



154 Emission detectors for low-background experiments

7.2.3 Analyzing topology of events

Already the first truly imaging emission detector — emission streamer chamber — has been
considered as an instrument for identification of extremely low-ionizing particles, tracks
of which are consisted from single electrons generated in condensed medium with density
<1 cm™ (Bolozdynya et al., 1980).

Emission detectors with digital readout can easily identify multi-
vertex events: point-like events as well as long tracks of relativistic
particles in condensed matter. According to simulations provided by the
LUX collaboration, the neutron background for this experiment could be
suppressed by a factor of 20 if multiple vertex events occurred due to
multiple neutron elastic scattering before capture could be rejected.

Unusual multi-vertex events — five, coplanar, point-like ionization
depositions - can be a unique signature of positron double beta-decay as
described in Section 8.3.1.

Thus, the imaging capability of emission detectors with bulk working
medium suitable for 3D imaging of interactions of highly penetrating
radiation makes them an important tool for low-background experiments
of fundamental importance.






Chapter 8

Applications of emission detectors

Near the end of the 19th century, it was discovered that atoms were not
the fundamental particles of nature, but conglomerates of smaller
particles. The early 20th century saw explorations of nuclear decay and
nuclear reactions that by 1939 culminated in the experimental discovery
of nuclear fission and the theoretical explanation of how nuclear fusion
powers the Sun. These developments demonstrated that atomic nuclei are
also composed from smaller particles. Soon, new particles were found in
cosmic ray experiments. The many scattering experiments that were
carried out after the development of accelerators of electrons, protons
and later anti-particles led to the discovery of a “particle zoo” that
compelled physicists to formulate the Standard Model during the 1970s,
in which the wvariety of discovered particles was explained as
combinations of a relatively small number of fundamental particles.

By the beginning 21st century, particle physics focused on
discovering what may lie beyond the Standard Model. The development
of the most powerful accelerators, colliders of massive ions - such as the
Large Hadron Collider, is one of the two major ways to explore a new
hypothetic world of supersymmeric particles.

Another powerful method to explore this very high energy regime is
by non-collider and low-background experiments searching for dark
matter, neutrino mass, proton decay. Such experiments utilize highly
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sensitive and very massive detectors that are well-shielded from natural
radioactive sources and very often working deep underground.

At the beginning of the 21* century, underground high-energy
neutrino detectors, such as Super-Kamiokande, SNO, and KamLAND,
proved that neutrinos have mass. The discovery of neutrino mass became
the first substantial change in the Standard Model of particle physics in
the last 20 years. In addition, new, highly sensitive, dark matter detectors
constructed by the CDMS, EDELWEISS, ZEPLIN, and XENON
collaborations have driven down the limits for cold dark matter scattering
cross-sections. In this race to discover new physics beyond the Standard
Model, emission detectors are taking a leading role. Emission detection
technology has become the basis for the next generation of the cold dark
matter experiments searching for WIMPs. Emission detectors are being
considered for the detection of rare events such as low-energy neutrino
interactions and double beta decay. All these exciting opportunities look
achievable, because emission detectors have an impressive combination
of detection properties:

o extremely effective suppression of the natural radioactive
background due to three-dimensional imaging capability
with electronic readout and effective self-shielding

e available in a huge mass (hundred tons) in order to provide a
reasonable counting rate for events with extremely low
cross-sections

e capable for additional rejection of background and
identification of particles due to multi-mode readout and
waveform analyses of acquired excitation and ionization.

In this Chapter, we consider a few fundamental experimental tasks
that can be solved using emission detectors.

8.1 Detection of weakly ionizing particles

Tracks of cosmic rays discovered by C.T.R. Wilson with his cloud
chamber inspired the development of "the most original and wonderful
instrument in scientific history," according to Lord Rutherford and led to
the Noble Prize for the inventor in 1927. The later developments of
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diffusion, bubble and spark chambers provided further opportunities for
visualizing particle interactions. These approaches have been used since
that time for the exploration of the most fundamental principles of
particle physics. The very first experiments with track detectors
demonstrated that some particles have reduced ionization power, and the
detection of beta-particles, for example, was considered as a special
technical task for a while (Spence et al, 1948). At about that same time
the investigation of penetration of high energy cosmic rays deep
underground began, and that heated up the interest in the weakly ionizing
components of cosmic radiation (Miezowicz et al., 1950). Attempts to
detect relativistic particles with fractional charge have been undertaken
since the discovery of quarks in e'e” annihilations (Aihara et al., 1984).
Great interest in the detection of weakly ionizing particles was inspired
by the end of 20" century, when it was recognized that such particles can
compose the majority of matter in the Universe.

8.1.1 Tracking particles with minimal ionization power

After the ability of emission chambers to detect single electrons was
shown, the idea of searching for extremely low ionizing particles with
emission streamer chamber was formulated by B.U. Rodionov. Indeed,
an easily detectable spark discharge (streamer), visible even by naked
eye, can be initiated by a single electron. A few streamers detected
simultaneously and located along a straight line may serve as evidence
that they are generated by the same weakly ionizing particle. The first
experiments with an emission streamer chamber in 1977 (see Section
6.1.2) showed that, indeed, detected tracks sometimes look like a chain
of streamers distributed along a line with a density of ~1 cm™ that is, at
least, in order of magnitude smaller than the density of streamers
distributed along tracks of relativistic pions (Bolozdynya, Egorov et al.,
1980). Such “abnormal” tracks comprised about 3% of the population of
tracks detected with the emission streamer chamber, triggered with a
telescope of scintillation detectors positioned at the secondary beam of
the ITEP proton synchrotron. Analyzing possible mechanisms imitating
the “abnormal” tracks, the authors concluded that this is a “memory”
effect associated with ionization electrons captured on the solid krypton
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surface. They found that “abnormal tracks” are unusually often
generated exactly at the same place where the previous track was
detected and often accompained with a “normal” track. The effect has
been understood in the suggestion that some fraction of ionization
electrons trapped on the interphase surface during the first detection act
is liberated and detected together with the next, closely following,
triggered event.

One of the possible mechanisms considered to explain this
phenomenon may involve photoelectron emission from negative ions
located under the surface as a potential image of an already detected
track. The ions can be produced by the capture of low-energy, non-
emitted electrons by electronegative impurities such as oxigen. The
intensive flash of UV light (~7eV energy of photons) accompanying the
streamer discharge may liberate electrons and allow some of them to
escape into the gas phase where they can be visualized as a rare chain of
streamers.

Special experiments with an X-ray generator demonstrated that,
indeed, the emission streamer chamber had a memory of about 1-2
microseconds, corresponding to the free-electron life time in the solid
krypton used in this experiment. Later experiments with the XENON10
emission detector confirmed that there is a delayed single-electron
emission associated with the random escape of electrons trapped under
the interface of the condensed noble phase. The random emission such
trapped electrons may explain single-electron afterpulses observed in
other experiments with emission chmbers (see, for example, afterpulses
after intensive electroluminescence flash observed in XMASSII detector
as shown in Fig. 6.13).

8.1.2 Detecting cold dark matter

The most fundamental problem of modern astrophysics is the missing
mass (“dark matter””) of the Universe, which indicates its presence only
via gravitational forces. Dark matter comprises a majority of the
gravitating mass (~25%) with a local density between 0.4 and 0.7
(GeV/c*)/em® and an average velocity around 230 km/s (Lewin & Smith,
1996), yet the nature of dark matter remains unknown, providing a
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central problem for cosmology for more than two decades. One popular
explanation of the invisible mass is that it consists of weakly-interacting
massive particles (WIMPs) expected in the Super-Symmetry Model. The
model predicts that the mass of such particles is in the range of 10 to 10*
GeV/c” and that the cross section lies in the range of 10* to 10™* cm’
(Ellis et al., 2005).

In 1989 Barabash & Bolozdynya suggested using an emission
detector filled with ~100 kg saturated hydrocarbon liquid (isooctane) to
search for WIMPs of 1-10 GeV/c* mass (Barabash & Bolozdynya, 1989).
Fig.8.1 shows a schematic drawing from that proposal. Such a detector
should have little sensitivity to the natural gamma-ray background, and it
would operate at room temperature without the need for a complicated
and massive cryostat. Since that time, most CERN collider experiments
have excluded masses below 80 GeV/c* and cross sections above ~10*
cm’ that were predicted by minimal supersymmetric models (Ellis et al,
2005). There are a number of recent experimental and theoretical results
limiting the parametric space of Cross-Section-vs-Mass that should be
checked with upcoming experiments that we will discuss in this section
(Fig.8.2).

=

Fig.8.1 Principle of operation of 100-kg liquid isooctane emission
detector proposed for detection of WIMPs with 1 GeV/c* mass.
Redrawn from Barabash and Bolozdynya, 1989.
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In the course of the development of large noble liquid detectors, it
was realized that large emission detectors, triggered by scintillation
signals and detecting both scintillation and electroluminescence signals
with arrays of photodetectors, can operate as wall-less detectors.
Through the selection of events inside the fiducial volume of the large
emission detector and by using the outer layer of the pure noble liquid as
a radiation shield, emission detectors can provide extremely high
sensitivity for low-background experiments (Bolozdynya et al. 1995 and
Fig.7.1)
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Fig.8.2 The elastic scattering cross-section for spin-independent couplings
versus WIMP mass including experimental data from WARP 23L (1),
ZEPLINII (2), ZEPLIN-III (3), XENON10 (4) experiments and projections for
next generation of emission detectors of LUX 300 kg (5), 3 t (7), 20 t (9) and
XENON100 (6) and 1t (8) in comparison with theoretical predictions inside the
contour (10). Redrawn from the graph automatically generated at the Web-
plotter http://dendera.berkeley.edu/plotter/entryform.html maintained by R.
Gaitskell, V. Mandic and J. Filippini.
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Modern purification technology of noble gases provides more than 1
m drift length of quasi-free electrons and ~1 m attenuation length for
scintillation photons in condensed xenon. This means that detectors with
a multi-ton working mass could be constructed (Bolozdynya 1999),
therefore making liquid/gas xenon emission detectors the most promising
technology for the next generation of WIMP search experiments.

In 2007, the best limits for WIMP-nucleon cross sections were
reported from a 136 kg-d exposure of the XENONI10O LXe emission
detector at the Gran Sasso Underground Lab (Angle et al., 2008a,b). At
the beginning of 2009, the best limit for the spin-dependent WIMP-
nucleon cross-sections was reported from the first run of the ZEPLIN-III
LXe emission detector (Lebedenko et al., 2009).

To improve sensitivity, the next generation experiments being
considered will use multi-ton emission detectors utilizing different target
nuclei and background discrimination methods (Arisaka et al., 2009).

XENON experiment

XENONI10 is the first stage of the XENON experiment intended to
directly detect weakly interacting massive particles (WIMPs). With the
XENONI10 detector described in Section 7.1.1, new results for spin-
dependent WIMP-nucleon interactions with 'Xe and "“'Xe were
reported in 2008 (Angle et al, 2008) after 58.6 live days of operation at
the Laboratori Nazionali del Gran Sasso (LNGS). Based on the non-
observation of a WIMP signal in 5.4 kg of fiducial liquid xenon mass,
previously unexplored regions in the theoretically allowed parameter
space for neutralinos were excluded. Also excluded was a heavy
Majorana neutrino with a mass in the range of ~10 GeV/c*-2 TeV/c*as a
dark matter candidate under standard assumptions for its density and
distribution in the galactic halo.

Low-background data were taken from December 2006 through
February 2006. The electron-recoil (ER) background in an inner fiducial
volume (FV) of 5.4 kg LXe was ~0.6 evt/keVee/kg/day  for single
scatter events with valid S1 and S2 signals. Due to the relatively small

" The unit keVee is used for electron recoil equivalent energy, keVr is used for nuclear recoil
equivalent energy.
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size of XENON10 the background reduction due to active self-shielding
was relatively modest. The background further suppressed by passive
gamma and neutron shield and the detector’s 3D position sensitivity. The
passive shield has 30 cm of polyethylene (2.2 tons), and 23 cm of Pb (27
tons).

XENONI10 clearly demonstrated that, selecting inner FV, one can
effectively eliminate events with partial charge collection occurred near
the edge of the Xe active volume. After cuts applied to remove
anomalous events, the energy window of interest has been analyzed for
the 58.6 live-days of WIMP-search data. At the 90%C.L., upper limit for
the WIMP-nucleon cross section was defined to be 8.8x10* c¢cm® at a
WIMP mass of 100 GeV and 4.5 x 10™* cm” at a WIMP mass of 30 GeV.

Much greater sensitivity will be achieved in the next 100 kg, named
XENONI100, active target currently running at LNGS. The new member
of the XENON detector family (Fig.7.5) contains 170 kg of xenon with
65 kg in the FV and 105 kg in the active shield. With a 6000 kg-day
exposure, the experiment is expected to reach a sensitivity for spin-
independent WIMP-nucleon interactions down to a cross section of 2x10°
# cm® at a WIMP mass of 100 GeV/c® by the end of 2009; and the
upgraded XENON100 with a low-background copper vessel, new
QUPID photosensors, and better Kr separation, should improve this
sensitivity by an order of magnitude by 2012 (Aprile & Baudis, 2008).

The muon flux at the 3100 mwe GSNL depth is about 22 m?day.
Neutrons generated in the rock walls and the passive shield of the
detector is the dominant NR background. Adding 20 cm of polyethylene
outside the current Pb shield will reduce the neutron flux from the rock
walls by a factor 10. Neutrons generated in the shield by cosmic muons
yield a total NR background of 2.7+0.7 single NRs/year in a 100 kg
target. To reduce the background, a 98% efficient active muon veto
arranged with plastic scintillators will be used for the upgraded
XENON100 experiment.

The gas used in XENONI10 was purified at CWRU using a
chromatographic column to achieve <3ppt concentration of Kr
(Bolozdynya, Brusov et al, 2007). The gas used in XENONI100 was
processed by the Spectra Gases Company using their distillation plant.
During the first background run with XENON100, Kr was found to be
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present in the Xe at a level of <50 ppt. The updated XENON100 will use
xenon purified with a custom cryogenic distillation column produced by
Taiyo-Nippon Sanso Company. This purification system is designed to
reduce the Kr concentration by a factor of 1000 in one pass at a
purification speed of 0.6 kg/h.

UK Dark Matter Search

The ZEPLIN II detector, with a 31 kg LXe active mass as described
in Chapter 6 (Fig.6.14), was commissioned for a WIMP search 1100 m
underground at Boulby Mine (England) in the fall of 2005. Shielding
included a liquid scintillator veto (30 c¢m radial) and Gd-loaded HDPE
(top/bottom) and 25 cm of Pb (all directions). The detector used 5 ETL
D742Q’s PMTs mounted above the LXe surface. (Alner et al., 2007).

A WIMP search was conducted during the spring of 2006, and date
were collected for 31 days; this included daily, automated energy
calibrations. A gamma calibration at 1.0 kV/cm drift field yielded 0.55
phe/keVee, in agreement with Monte-Carlo simulations. The Xe
purification system with continues circulation of the ga achieved an
electron lifetime in excess of 1 ms (2 m). A blind analysis procedure was
defined, in which a 10% subset of the data was released immediately for
analysis. A population of low S2/S1 events was seen at a large radius
(i.e. near the chamber wall). Such events have also been observed by
other groups, and they are possibly caused by the decay of radon
daughter nuclei deposited on the inside of the PTFE wall, for which an
alpha decay into the wall causes recoil of the heavy nucleus into the
liquid. These events are vetoed by radial cuts; however, since the PMTs
are large (912.5 cm), the position reconstruction is accurate only to about
5 cm, this makes it necessary to cut 50% of the radius (leaving 8 kg
fiducial). Cuts are also made on multiple scatters, on the time interval
between S1 and S2 (to remove alpha-related events close to the top grid
and cathode).

From the observed and expected event count, a 90% confidence upper
limit, obtained by the Feldman-Cousins method, to the number of nuclear
recoil events was observed within the defined acceptance window. For
the combined energy span of 5-20 keVee, where 29 events are seen and
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28.6+4.3 are expected, this yields a 90% CL of 10.4 nuclear recoil events
within the 50% nuclear recoil acceptance window in 225 kg-days of
exposure, using the mean expectation value, or an upper limit of 0.092
events/kg/day in total between 5 and 20 keVee. This converts to an upper
limit for the WIMP-nucleon spin-independent cross-section with a
minimum of 6.6x10™* cm?” (Alner et al., 2007).

outer vacuum jacket target volume

LXe
vessel
base
flange

Fig.8.3 ZEPLINIIL: a schematic drawing in cross-section view (left) and a
picture of the instrument with removed the outer vacuum vessel (right).
Courtesy of T. Sumner

The next detector of ZEPLIN detector family — ZEPLIN-III — uses 12
kg LXe viewed by 31 2”-diameter ETL D730/9829Q photomultipliers
immersed in the liquid and located under the grid cathode (Akimov et al.,
2007). The electric field in the target volume is defined by a cathode
wire grid 36 mm below the liquid surface and an reflective anode plate 4
mm above the surface in te gas phase. During normal operation, the
electric field strength is 3.9 kV/cm in the liquid, and 7.8 kV/cm in the
gas. A fiducial volume containing 6.5 kg LXe was defined by using a
time window between S1 and S2 signals and by two-dimensional
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position reconstruction from the PMT signals in the central area of 300
mm diameter and 3.5 cm depth.

Similar to the first electroluminescent emission detectors (see Chapter
5), ZEPLINIII has the electrode system without separate grids arranging
electron drift and electron extraction from the liquid and has no Teflon
reflector. As a result, the detector was operated at high drift electric field
and provided effective light collection at the cost of a relatively shallow
(3.5 cm) fiducial volume that did not allow taking advantage of the self-
shielding effect from radioactive background that originated from the
photomultipliers. Nevertheless, after a fiducial exposure of 450 kg-d at
the Boulby mine, the ZEPLINIII provided the best upper limit on the
WIMP-nucleon spin-dependent cross-section up to that time: 1.8-10° pb
for a 55 GeV/c> WIMP mass at a 90% confidential level (Lebedenko et
al., 2009).

LUX experiment

The goal of the LUX experiment is to clearly detect or to exclude
WIMPs with a spin independent cross section per nucleon of 7x10™*¢ cm?,
equivalent to ~0.5 event/100kg/month in an inner 100 kg fiducial volume
(FV) of a 300 kg LXe detector (Fig.7.6). The overall background goals
are to ensure <1 background events characterized as possible WIMPs in
the FV in 10 months live time. The backgrounds consist of electron
recoils, primarily from gamma rays, and nuclear recoils from neutrons.
The combined gamma and beta event rate goals in LUX are < 8x10~
* events/keVee/kg/day at a threshold energy within the detector’s FV.

The 3D imaging capability of the detector with a bulk working
medium is a powerful tool for eliminating a majority of the background
events which occur in the outer portions of the detector, and will also
eliminate resolvable multiple-scattering events. The effectiveness of
these rejection methods depends strongly on the specific detector design.
Extensive Monte Carlo simulations have been performed for the large
LUX detector, and show that the necessary suppression can readily be
achieved.

Most modern dark matter experiments, including CDMS, XENON
and ZEPLIN, have utilized a shield, which combines Pb shielding for
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gamma rays, with a moderator, either polyethylene or active liquid
scintillator, to attenuate or veto neutrons to desired levels. The LUX
detector will be immersed in a 185 m’ water tank used to shield the
detector from backgrounds radiated by the cavern rock. With a minimum
water shielding thickness in any direction of 2.5 m, the cavern sources of
gamma and neutron activities will be reduced to a level where the
internal radioactivity from detector components is the dominant source
of gamma and neutron background. Monte Carlo simulations show that a
2.5 m layer of water is able to reduce the residual flux of >100 keV
neutrons entering the detector by more than a factor of 100.

Fig.8.4 Artistic view of the LUX detector installed into water tank
shielding located at the Davis’ cave of Homestake mine at 4.5 km w.e.
depth. Courtesy of Huanguo Wang.
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A significant contribution to the ER event rate within the LXe is
expected to come from the PMTs. The neutron recoil background event
rate detected in the LXe can be suppressed by requiring that events occur
as single scatters within the FV. For a FV of 100 kg, the event rate
(’keVr/kg/day) due to a neutron emission spectrum of the type typical for
neutrons produced in (o,n)-reactions is typically suppressed by a factor
>20, compared to the average neutron event rate (/keVr/kg/day) for the
entire active volume.

An additional suppression factor of 3 will be achieved by vetoing the
neutron recoil event, since some part of the gamma cascade (>8 MeV
total energy) associated with thermal neutron capture in Xe and
deposited in the working medium can be detected.

The most serious background problem comes from trace levels of Kr,
which contains ¥Kr (687 keV maximum energy beta-decay, 10.76 year
half-life) at the level of ~1MBgkg or ~10"% (1 ppt) relative
concentration in a natural mixture of krypton isotopes (Anisimov et al,
1989b). The LUX goal is to reduce the total concentration of any krypton
atoms in xenon below 5 ppt, using a chromatographic separation system
specially developed for XENON10 experiment (Bolozdynya et al., 2007)
and upgraded in capacity for LUX.

The other problematic radioactive noble gas impurity is noble gas Rn,
which can emanate from a variety of sources inside the detector, and has
been shown by several experiments to decay in the bulk fluid. To match
the LUX ER background, a Rn decay rate of ~16 mBq is required. In
XENON10 the observed bulk a-decay rate is 5 mBq. In ZEPLINII a ~1
Bq rate was observed, but it was found to emanate entirely from to the
particular getter used at that time by ZEPLINII for Xe purification.

A highly penetrating neutron background arises from high energy
cosmic ray muons interacting in the cavern rock. Neutrons, like WIMPs,
deposit energy through nuclear recoils. Neutron scattering events at low
energies must be reduced below the rate of any possible WIMP signal.
However, neutrons - unlike WIMPs - will undergo multiple scattering
within the active volume of a detector. In a detector able to resolve
multiple vertices, this can be used to veto potential contributions from
neutrons. The water shield is designed to ensure that all external neutron
sources will be suppressed to a level that is well below the expected
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WIMP interaction rate, corresponding to a scalar cross section of <10
cm’, independent of any additional cuts made in the detector. This will
aid the unambiguous identification of nuclear recoil signals caused by
WIMPs. To reach below 10 pb, a detector of 1-10 ton mass is required
(Spooner, 2003; Aprile et al., 2005). The next generation of LUX
detectors family being considered will achieve up to 20 tons.

XMASS experiment

The XMASS project is a multipurpose ultra-low background experiment
using liquid xenon as detector medium (Namba 2005). Its aims are the
following
e to observe low energy solar neutrino (Xenon MASsive
detector for Solar neutrinos)
o to detect WIMP dark matters (Xenon detector for weakly
interacting MASSive particles)
e to find neutrino-less double beta decays of **Xe (Xenon
neutrino MASS detector)

Under this project three detectors have been constructed and tested: a
3-kg LXe emission detector as described in Chapter 6 (Fig.6.12), a 100-
kg R&D prototype scintillation detector, and a 1-m diameter “wall-less”
scintillation LXe detector with about 1 ton fiducial volume mass for
underground experiments.

In order to reduce internal background, a gas distillation system was
developed, which allows reduction of the krypton concentration to <5Sppt
(Takeuchi 2004).

The emission detector with ~300 cm’ FV was installed in the
Kamioka Mine in 2001 and used for background study. The physics
result was one order of magnitude worse than the best limit at that time
for the WIMP-nucleon cross-section of spin-independent couplings
(Yamashita, 2003).

The 100 kg option for the XMASS detector is a cubic copper
chamber with the inner sides having a length of 31 cm, each being
viewed with 9 PMTs (Hamamatsu R8778). In order to reduce the
background, the experimental detector was placed in the Kamioka Mine
to a depth of 2700 m.w.e. depth and enclosed within a passive multi-
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layer shield with an outside dimension of ~2 m. With the large detector,
the experiment is expected to achieve a 3.3x10%°yr half-life time limit for
0vBB(***Xe) decay and 30 DM events per day for 100 GeV 10°pb SI for
proton; 10 pp-neutrino and 5 "Be-neutrinos per day.

WARP experiment

The WARP (WIMP Argon Program) is an experimental program
aimed at the detection of WIMP elastic interactions occurring in a liquid
Argon target. The identification of nuclear recoils and suppression of the
gamma-ray background is provided by the following two measures:

1) Analyses of decay time of the scintillation (S1 signal) in
liquid argon and

2) Comparison  of  the  scintillation (S1) and
electroluminescent signal (S2) occurred during collection
of ionization electrons in the gas phase

The liquid argon scintillation contains two components with two
basic decay times, which are very different (see, for example, Hitachi et
al., 1983): 7., = 7.0+1.0 ns and 7,,,, = 1600£100 ns — and their
relative intensity is sensitive to the density of ionization or to the nature
of the ionizing particles. A ratio of the integral intensities 7, i, / 1,z
is found to be 0.3, 1.3 and 3 for electron, « -particle and ion recoil
excitations in LAr, respectively. Depending on the values of the applied
electric field, the ratio of the scintillation and electroluminescence
signals S$2/81 is about 180 for minimum ionizing particles, 3 for « -
particles and 10 for Ar-ion recoils.

If employed, the two independent signal analyses provide effective
identification of the recoils. Recently (Benetti et al., 2008), the
collaboration reported the limit close to the result of XENON10 achieved
with 96.5 kg-day exposition of the test WARP10 detector (2.6 kg LAr in
the sensitive volume - see Fig.6.15 and corresponding text in the Chapter
6) at Gran Sasso Underground Lab.

The next goal of the program is construction of 100-liter sensitive
volume LAr emission detector. Argon is less sensitive to
electromagnetic radiation composing the majority of the natural
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background than xenon, the midum most often used for construction of
WIMP detectors. However, there is a dangerous S-active isotope *°Ar,
which in natural mixture of isotopes, has an activity of about 0.76 Bg/kg.
The depletion of the *Ar isotope would require a very expensive
process.

Table 8.1 WIMP emission detectors: completed, running or under construction in 2009.

Detector mass, Sensitivit Location, Status Ref.
Project Total/Feducial, 442 Y, Years on duty

ke 10" cm
XENONI10 25/5 LXe 8.8 @ 100 GeV/c>  GS,2006-07 Completed a

5.5 @ 30 GeV/c?
XENON100  100/10 LXe 0.2 @ 100 GeV/c>  GS,2008-09 Active b

ZEPLIN II 31/8 LXe 66 @ 55 GeV/c? BM, 2006-07 Completed c
ZEPLIN III 12/6.5 LXe 0.18 @ 55 GeV/c>  BM, 2008-09 Active d
LUX 300/100 LXe 0.07 @ 100 GeV/c*> H, 2010 u/c e
WARPI10 10/2.6 LAr 75 @ 100 GeV/c*  GS, 2006 Completed g
WARP100 100 LAr 1 @ 100 GeV/c? GS, 2009-10 u/c g

Notes: BM — Boulby mine (England); GS — Gran Sasso Underground Laboratory (Italy);
H — Homestake DUSEL (South Dakota); u/c — under construction; a- Angle et al. (2007);
b — Aprile & Baudis, 2009; ¢ — Alner et al., 2007; g — Benetti et al., 2008

T The authors of the WARP program expect to effectively utilize
rejection factors that can suppress the background from beta-decay by a
factor of the order of 107-10®. Then, the surviving background count
rate from isotope *’Ar can be reduced to the level of 1 event in 10-100
days - low enough to improve the existing limit on WIMP cross-section
by two orders of magnitude. Recently, Acosta-Kanea et al. (2008)
reported that argon from underground natural gas reservoirs contains a
low level of *Ar. In the gas stored in the US National Helium Reserve,
the ratio of *’Ar to stable argon was measured to be =4x10-17 (84%
C.L.), less than 5% the value in atmospheric argon (’Ar/Ar=8x107"°).
The total quantity of argon currently stored in the National Helium
Reserve is estimated at 1000 tons.

Using argon opens the prospect of constructing extremely massive
detectors due to its high abundance in nature. Since the ICARUS
collaboration demonstrated the feasibility of a multi-ton LAr TPC, multi-
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kilo-ton massive emission detectors are now being proposed for the
detection of atmospheric, solar and supernova neutrinos and to search for
proton decay (Rubbia, 2003; Ereditato & Rubbia, 2005, 2006).
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Fig.8.5 Expected energy spectra of WIMPs of 0.1, 1 and 10 TeB/c? mass (1,
2 and 3, respectively), solar neutrinos of pp, 'Be and °B cycles (4, 5 and 6,
respectively) and double beta decays with 10%* for neutrino (7) and 10?7 years
life times for neutrino-less (8) decays, respectively, in natural mixture of
xenon isotopes used as a target material.. Redrawn from Arisaka et al. 2009.

With increasing sensitivity of dark matter experiments and masses of
detectors, the experimental technique is approaching to the point when
neutrino interactions become an irreducible source of background of
experiments searching for WIMPs and can be considered as primary
objects of interest. In Fig.8.5 there are presented data of K. Arisaki
confirming this statement and also demonstrating that WIMP detectors of
the next generation with multiton mass of working media even with
natural mixture of isotopes become sensitive to the double beta decay
and solar neutrinos and can be used in multi-task experiments.
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8.2 Neutrino detectors

Neutrino interactions include (ve)-neutral current elastic scattering,
where the neutrino interacts with the atomic electrons, and (vA4)-neutral
current coherent elastic scattering, where the neutrino interacts with the
target nucleus. The former process has been considered as a method for
solar neutrino detection in low-threshold detectors with the cross sections
of order 10™* cm? and the maximum recoil electron kinetic energy up to a
few hundred keV. The latter process can be used for detection of reactor
neutrino but it has never been observed in spite of relatively large cross
section of order 10*’cm’ because the maximum nuclear recoil kinetic
energy is very low and expected to be in the range of a few tens of keV
(Monroe & Fisher, 2007).

Detection of low energy neutrino was considered as one of the first
perspective physical tasks for the noble gas emission detectors
(Rodionov, 1979; Bolozdynya et al, 1995).

8.2.1 Measurement of magnetic momentum

One of fundamental but never measured parameters of neutrino is a
magnetic moment. The magnetic moment may help to explain the solar
neutrino deficit and the anti-correlation of the measured neutrino flux
with solar magnetic activity. Presence of the magnetic momentum can
essentially influence rate of neutrino interactions in nuclear reactors,
stars and affect many theoretic predictions in evolution of the Universe.
The lowest limits on the neutrino magnetic moments come from both
solar neutrino experiments and reactor experiments. Data from Super-
Kamiokande experiment set the tightest limit to date x, < 1.5x10™° z5 at
90%CL that is comparable to the best reactor limits (Beacom and Vogel,
1999). Since 1992 a liquid xenon detector has been considered to probe
anti-neutrino/electron scattering cross sections in the range of <100 keV
deposited energy where the cross-section of elastic Vv, e scattering of
neutrino with magnetic moment of 10"z may exceed the electroweak
cross section of additional magnetic dipole-dipole scattering (Cline and
Hong, 1992). Such experiment could be performed with moderate size
(~1 t mass) of LXe emission detector (Baldo-Ceolin et al. 1992), with
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artificial neutrino source, and they can achieve sensitivity of <3-10"*ug
(Barabanov et al., 1997).

(a) (b)
Fig.8.6 LXe emission detector for neutrino magnetic momentum
measurement constructed at ITEP (Moscow) in 1994-1998: a
schematic drawing (a) and a picture of installation of the insert
structure into the low-background titanium cryostat (b).

The LXe emission detector for neutrino magnetic momentum
measurement was designed and constructed at ITEP (Moscow) in 1994-
1998 as an emission “wall-less” camera with a single array of seven 2”-
diameter photomultipliers placed in the gas phase above the liquid
xenon. The array was viewing ~1-cm gap between two grids. The top
(anode) grid was placed in the gas phase, the bottom one was placed just
below the liquid surface. The electrode system included the anode and
the bottom grid, drift ring electrodes, and thin aluminum cathode placed
in the liquid and, as option, coated with wave length shifter. The liquid
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was contained in the 30-liter vessel made of low-background titanium. A
schematic drawing of the detector and a photograph of the electrode
structure at the moment of installation inside the titanium vessel is shown
in Fig.8.6. For purification of xenon a large (100-liter capacity) spark
purification system has been developed (Anisimov et al., 1991) and has
demonstrated a capability to provide >100cm electron drift in multi-kg
samples of LXe and LK.

Unfortunately, this project has never been finished because of
unsufficient fundings in the period of transformation of USSR to Russian
Federation in 90s of the past century.

8.2.2 Measurement of coherent scattering

Direct detection experiments searching for WIMPs as described
above in Section 8.1.2 are using the coherent elastic scattering process.
Ordinary neutrinos of energy 1-10 MeV also can interact coherently with
atomic nuclei causing the nuclei to recoil with energies up to tens keV.
The cross section of such process depends on the nucleus number N and
the neutrino energy £, as follows (Drukier and Stodolsky, 1984)

o~04-10“N*(E, J em?, (8.1)
where EV is measured in MeV.

This formula is valid for neutrino energies up to about 50 MeV, and
thus applies to reactor, solar, and supernova neutrinos. The magnification
factor N’ gives significant count rate from nuclear reactors and natural
sources in relatively small detectors that may have a great impact on
nuclear reactor monitoring technique. However, a signal consisting of
only a few ionization electrons is below a threshold of conventional solid
or liquid state detectors without internal amplification. For fixed
neutrino energy, the recoil spectrum falls linearly with the average
energy of

2
(E )= %Em = 716[%} eV (8.2)
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where EV is measured in MeV and 4 is the atomic number of the target nucleus.
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Fig.8.7 Liquid argon coherent scattering neutrino detector schematic view
(left) and picture of the electrode system (right) (Hagmann & Bernstein,
2004; pictures are courtesy of Adam Bernstein) .

There is proposed a very compact (kg-scale) LAr emission detector to
measure coherent neutrino scattering (Hagmann & Bernstein, 2004) as
shown in Fig.8.7. Argon has been chosen as a working medium because
of its more favorable kinematics of nuclei recoils against xenon and a
fewer sensitivity to gamma background. For a neutrino flux at 25 m
distance from a 3 GW reactor, the expected event rates before detection
efficiencies are 56 kg'day™ for coherent scattering off argon compared
to 2.8 kg'day” for the inverse beta decay reaction in (CH), usually used
for detection of reactor neutrino scatters. This allows to construct very
compact and may be even mobile detector of low energy neutrinos.

Results of computer simulations of the expected effect in comparison
with gamma and neutron induced backgrounds is shown in Fig.8.8. It
was suggested that the detector is surrounded with 20 cm low-
background concrete. A reduction of the external background by factor
~100 is achieved with a shield consisted of 2 cm lead (inner) and 10 cm
of borated polyethylene (outer). The strongest background is expected
from the beta decay of FAr (Enax=565 keV, 11,=269 y), which induces
total radioactivity of ~1 Bg/kg of natural argon and an estimated
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differential beta activity of ~5SmBq/keV/kg at the low energy end of the
spectrum. To reduce this background, the isotopic separation of the
working medium is needed.
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Fig.8.8 Monte Carlo simulations of the effect of coherent neutrino
scattering in comparison with gamma and neutron induced
backgrounds. Redrawn from Hagmann & Bernstein, 2004 .

8.2.3 Detection of neutrino from Sun

The detection of low energy neutrinos from Sun is one of the most
challenging tasks. Most successful experiments, relying on radio-isotope
analyses (R. Devis’ experiment at Homestake, GALLEX/GNO and
SAGE) in Chlorine and Gallium and on production of Cerenkov
radiation in water (Kamiokande, SuperKamiokande and SNO), are
sensitive to the upper range of the solar neutrino energy spectrum (~1-10
MeV). However, this window contains only a small fraction of the total
solar neutrino flux, about 98% of which is expected to have energies
below 1 MeV (YongLin et al., 2007) and only Cerenkov detectors
provide information about the energies of the neutrinos. The next major
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step in exploration of solar neutrino emission is to measure neutrino
fluxes in the low energy range and, in particularly, to measure the flux
from the pp reaction. These neutrinos have the energy spectrum
continued up to 420 keV, with peaks in the range of 200-300 keV, and
their flux at the Earth is precisely predicted (5.94-10" s'cm™) by the
standard solar model. Checking this prediction would be groundbreaking.

HERON project

The HERON project is an effort to develop a detector for low-energy
solar neutrinos produced in the pp and 'Be solar fusion reactions by
observing their elastic scattering

V.+e—o Vv +e
using superfluid helium as a target (Sethumadhavan et al. 2004). The elastic cross s¢gig)
is very precisely known and requires no external artificial sources for calibration. In
addition, the reaction is sensitive to all neutrino flavors and can improve knowledge of
the solar neutrino flux and the mixing angle between the so-called m; and m, mass
eigenstates.

In the proposed detector with a feducial volume of 70 m’, 20 events
per day are to be expected according to the Standard Solar Model. In
elastic scattering neutrino, recoil electron deposits its energy in liquid
helium in few ways: ionizing atoms and generating photons and rotons in
liquid *He in superfluid state (density 0.145 g/cm®). Scintillation and
ionization signals will be used for detection purposes. The detector
design is similar to LXe/LAr emission detectors discussed in the
Chapters 6 and 7 but both electrons and photons will be detected with the
array of superconductive bolometers installed above the liquid that
allows essentially to reduce the detection threshold and even to use a
coded aperture for determination of the direction to the photon source
(Huang et al., 2008).

Since helium has low stopping power for gamma radiation, self-
shielding is not so effective as in LXe detectors, the detector will be
additionally shielded against gamma rays with solid nitrogen (104 ton
mass, 1.03 g/cm’ density) enclosed in acrylic cells (5.6 ton mass).

Additional rejection of gamma background can be achieved using
analyses of the spatial distribution of ionization electrons. The
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maximum track length expected for a neutrino event is ~2cm, which is
effectively looks like a point source of the scintillation light. The gamma
background event looks like multiple depositions over an average length
of more than 50 cm in LHe. Consequently, electrons distributions for
useful and background events will be different. These features will be
sued for rejection of the gamma background.

Superfluid helium has the unique property of “self-cleaning”; that is,
it expels every other atomic species from its bulk. At the operating
temperature (~ 30 mK) of the superfluid, thermal energy is sufficiently
low relative to the gravitational potential energy that even particulate
matter falls out of the bulk. The detector is supposed to be installed in a
3.5m thick water shield at Homestake DUSEL.

Simulations predict that HERON will be capable to measure pp and
"Be fluxes with £1.68% and £2.97% accuracy, respectively, in a 5-year
data sample (Huang et al., 2008).

XAX project

A multi-ton emission detector system XAX, comprising concentric
10-ton liquid targets of **Xe and '*”"*'Xe together with similar liquid
Argon target, is proposed to segregate signals from WIMPs, solar
neutrino and double beta decay (Arisaka et al, 2009). The individual
detector of this system is shown in Fig. 7.7. The use of multiple target
elements allows for confirmation of A4° dependence of a coherent
scattering cross section, the different isotopes provide information on the
spin-dependence of the dark matter interaction and detection of
neutrinoless double beta decay with lifetimes of 107-10** years,
corresponding to the Majorana neutrino mass range 0.01-0.1 eV. The
use of a "Xe depleted LXe target will allow to measure the pp solar
neutrino spectrum and flux with accuracy of 1-2%. The system is
supposed to be installed at Homestake DUSEL.

8.3 Double beta-decay detectors

The neutrino oscillation experiments indicate that neutrinos do have
mass and, in particularly, at least one neutrino has a mass greater than 50
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meV. The upcoming Sf(0v) experiments with large noble gas detectors
will have good enough sensitivity to check below this critical mass scale.
It is expected that a positive result will be achieved within the coming
decade (Elliot & Vogel, 2002).

8.3.1 Positron double beta-decay

Searching for neutrino-less transitions in positron decays gives
unique signature because of possibility to select these extremely rare
events in coincidence with annihilation photons (Staudt et al. 1991). The
clear signature is competing with very long life-times predicted for
double positron decays, which are in several orders of magnitude larger
then those for Ff decays (Zeldovich & Khlopov, 1981). Two of 7
famous isotopes enabling to neutrino-less positron decay are noble gas
isotopes of **Xe and "*Kr.

A new experiment was proposed (Bolozdynya, Egorov et al., 1997) to
search for positron double-beta decays of **Xe and "Kr using the 3D
position-sensitive emission detector of ~I m® total volume filled with
liquid xenon, liquid krypton or their mixture and optionally surrounded
with scintillators. The emission detector is triggered on scintillations
occurred in the liquid at the moment of the decays happened.

Unique feature of the proposed experiment is very specific topology
of the useful events that makes the experiment to be comparable in
sensitivity with tracking experiments (Artemiev et al., 2005 and
references therein). In case 2/ decay, the useful event will contain 5
point-like ionisation clusters (vertices), cross-laying in the same plane!
(Fig.8.9). The central vertex is a short track of two positrons with 822
keV total deposited energy in case of '**Xe (2570 v)-decay and with 833
keV total deposited energy in case of "“Kr (24 0v)-decay. Four
surrounding vertices are placed in the circle of about 15 cm radius with
~80% probability, and these are point-like tracks of Compton electrons
occurred at first scatters (or photO-absorptions with fewer probability) of
511 keV annihilation photons. In case of the K/ (0v)-capture, the useful
event will contain 3 vertices, located along the straight line. The central
vertex will have 1844 keV('**Xe) or 1855 keV ("®Kr) deposited energy,
and two Compton vertices are placed at the both sides in the range of 15
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cm with 90% probability. Note that specific sizes of flat 28 -“Compton
Cross” and K -"Compton Line” are practically the same in the liquid
xenon and in the liquid krypton at their triple points.

In cases of (2 2v)-decay and Kf'(2v)-capture, the pictures are
looking the same but the energy deposited in the central vertex is less
certain.

; i
823 keV “Xe
\ v 833keV "°Kr
- @)
- O 511 kev
LXe, LKr .
¥ / O/ !
—© !
Y 124
1844 keV ~ Xe b
1848 keV "°Kr (b)

Fig.8.9. Images of neutrinoless double positron decay (a) and K-capture (b) of
K r and '**Xe in liquid krypton or liquid xenon. Redrawn from Bolozdynya,
etal., 1997b.

Imitation of so specific events by natural backgrounds has negligible
probability even if the detector is located in the conditions of normal
above-ground laboratory. A large mass of the working medium makes
feasible to use natural mixture of isotopes and still can achieve very high
sensitivity. Note, that the intensive background from beta-decay of **Kr
isotope in the natural mixture of krypton isotopes requires triggering in
coincidence with 2 or 4 outside signals from scintillators surrounding the
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detector and absorbing Compton scattered gamma rays. Exposing the
detector filled with the natural mixtures of isotopes in the underground
laboratory makes it possible to search additionally for 24 decays of
PXe (~50 kg content inside the fiducial volume enclosed inside 15 cm
thick LXe internal shielding) and of **Xe (~30kg content).

8.3.2 Electron double beta-decay

The Enriched Xenon Observatory (EXO) experiment is a search for
0vBA°Xe) decay with massive (up to 10 ton) xenon detector and a
system for laser tagging the daughter nucleus, *°Ba (Danilov et al.
2000). The double beta decay of **Xe produces a Ba™ ion in the final
state that can be neutralized to Ba" in the TPC. The single barium ions
can be effectively detected with fluorescence induced by the intensive
laser excitation (Moe, 1991). Ground-state ions can be optically excited
to the 6°P), state from where they have 30% branching ratio to decay
into the meta-stable 5*D;, state, then specific Ba' detection may be
achieved by exciting the ion from the meta-stable state back to the 6°P,
state and observing the 493 nm blue photon of transition back to the
ground state with branching ratio 70%. This procedure may be repeated
many times in order to produce a significant signal.

The EXO collaboration is currently focused on the high-pressure gas
TPC technology but at the stage of R&D considered liquid xenon
detector with extraction of Ba" ions from the liquid as a promising
option. The TPC baseline design consists of two 35 m’ modules filled
with 8.4 t xenon at about 20 atm pressure. The gas would be contained in
a nonstructural bag within a pressurized buffer gas. The spatial resolution
will permit the identification of the high-ionization-density points at the
terminus of the beta tracks, aiding in the separation of two-electron
events from one-electron backgrounds such as Compton scatters. Being
triggered by PMTs array, detecting well-defined deposition energy 2.481
MeV as a scintillation flash, the lasers are directed to the decay point to
excite the Ba+ ion. One complication is that originally produced Ba++
ion needs charge exchange with the detector medium but Xe is a tightly
bound atom and this process is unlikely in pure xenon. Adding a
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quenching gas may be used if scintillation light yield will not be
suppressed.

The advantage of LXe version of the detector is its inherent
compactness along with shelf-shielding property acting effectively
against gamma background. However, this approach requires
development of measures on extraction of ions that requires extremely
high electric fields (see Section 2.4.3) that are difficult to apply to the gas
phase without breakdown. One of possible solutions of this problem is to
add pressurized non-condensing ballast gas such as helium to the gas
phase of the emission detector.

8.4 Imaging radiation fields

Since discovery of electron conductivity in noble liquids, there is
interest to use LXe detectors for imaging radiation fields, for example, in
nuclear medicine. Condensed Xe provides high stopping power for
electrons similar to Nal(T1), succesfully used for gamma imaging for 50
year, and at the same time, it is available in large amount and can be used
in detectors with very large field of view. Emission detectors with
internal amplification of signals may extend the gamma imaging
technique in the range of small energies and 3D imaging in Compton
camera mode.

8.4.1 Emission camera for SPECT

In medicine, ionization radiation is used for imaging and diagnostics
of functioning inner organs. Development of any new radiation detection
technique is traditionally passing attempts to apply it to medicine needs.
Very rare of them are successful but all of them cultivate the ground for
revolutionary developments in the future. The idea of using a unique
combination of detecting properties of liquid xenon for medical imaging,
stimulated by the significant technological progress, continues to interest
physicists. With respect to y-ray detection, LXe is comparable with
Nal(Tl): it has similar atomic number and density. Its scintillation light
yield is also similar to Nal(TI) but the decay time of LXe scintillation is
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much shorter (for details, see Chapter 4). Another very important feature
of liquid xenon, which none of the inorganic scintillators has, is a free
behavior of electrons liberated in the ionization process that can be easily
extracted from the particle track by electric field and collected onto
electrodes. The number of collected electrons produced in the liquid by y
-rays, usually used in medicine, is not very large but detectable (for
instance, 511 keV photon produces about 30,000 electrons; 80% of them
escape recombination in a field of >1 kV/cm). Therefore, detection of the
ionization signal allows precision position measurements, while the
scintillation can ensure the fast timing (Chepel, 1993).

In Section 6.2.1 we have discussed the design and properties of the
electroluminescence emission gamma camera (EEGC) shown in
Fig.6.7&6.8. The detector has been developed for two-dimensions
gamma ray imaging in nuclear medicine at the beginning of 80s
(Bolozdynya et al., 1981; Egorov et al., 1983; Bolozdynya et al., 1985).
The EEGC electroluminescence output signals from array of 19
photomultipliers have been processed similar to scintillation output
signals from the Anger camera mode (for details see, for example,
Kalashnikov, 1985). A storage oscilloscope of Tektronix 603 has been
used to collect data and to display images of an alpha-source placed on
the cathode and a lead multi-hole collimator illuminated with gamma
radiation of **'Am or *’Co gamma sources placed outside the detector.
The images have been pictured with photo camera from the screen of the
oscilloscope and processed with pulse height analyzer to define position
and energy resolution. The internal position resolution measured to be
2.5 mm FWHM, 3.5 mm FWHM position resolution measured with
outside located 59.6 keV (**'Am) gamma source, and energy resolution
of 16%FWHM measured with 122 keV (°’Co) gamma source overcome
any previous best records achieved with similar in dimensions and
number of readout channels Nal(Tl) crystal Anger gamma cameras used
for single photon emission tomography (SPECT).

The achievement was recognized by USSR Academy of Science
awarded three youngest scientists working on this project with a Gold
medal of the Presidium of the USSR Academy of Science in 1983.
However, at that time the new technique appeared to be too complicated
and expensive for practical soviet medicine. Nevertheless, from
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technical point of view this development served as a predecessor of wall
less LXe emission detectors successfully used in upcoming experiments
searching for cold dark matter as described above in Section 8.1.

8.4.2 To possibility of development of Compton cameras

Three-dimensional position sensitivity of EEGC detecting the both
scintillation and electroluminescence signals may serve as a basis for
development LXe Compton camera for SPECT or industrial imaging
without using physical lead collimators reducing the sensitivity of the
detector (or acquisition time for radiation source with limited luminosity)
in several orders of value (see, for example, review of Compton imaging
technique for nuclear medical imaging by Rogers at el., 2004). The
accuracy of the Compton imaging depends on the uncertainties in the
measurement the both energies and 3D localization of a pair of Compton
scatter and photoabsorption points of gamma ray interactions with
working medium. Since xenon TPC can provide the accurate
measurements of multi-vertex events and high detection efficiency for
gamma-rays, the prototype of scintillation & electroluminescence
Compton camera filled with pressurized xenon have been constructed
and tested as a part of R&D efforts on development of the Compton
camera for SPECT at Nuclear Medicine Group of Siemens Medical
Systems in the middle of 90s of the past century (Bolozdynya et al.,
1996). That was the first detector utilizing the both scintillation and
electroluminescence of xenon to provide truly 3D imaging of multi-
vertex events with energy depositions in the range of 30-90 keV per
vertex and 140 keV total depositions per event (Bolozdynya et al., 1997).
Soon after that it was understood that the Doppler broadening of the
energy spectra of the Compton scatter electrons essentially limits the
performance of the Compton camera based on heavy working medium at
the energy range below 300 keV (Ordonez et al., 1997; Rodgers et al.,
2004). Development of Compton cameras for high energy gamma rays
(>0.5 MeV) requires high density working media such as liquid xenon.
This makes the idea of development of the emission Compton camera for
imaging energetic gamma sources to be very attractive.
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Features of LXe TPC Compton imaging for cosmic rays have been
tested in the range of deposited energies of 0.4-4 MeV by Aprile et al.
(2000) who have demonstrated the directional sensitivity of the TPC to
gamma rays in Compton camera mode with angular resolution of 3°
RMS at 1.8 MeV. The next step in the course of development of LXe
Compton camera could be done using the emission detector technology.

8.4.3. To possibility of neutron imaging

Recently, a scintillation radiography technique has been used to map
the distribution of *He impurity in liquid *He with a neutron beam,
providing images of normal- and superfluid-component of *He velocity
fields (Hayden et al., 2004). Having in mind emission technology
developed for HERON project (Sections 2.3.4 & 8.2.3), one can suggest
that enhancing the scintillation radiography with detection of ionization
electrons extracted from the liquid helium containing *He by two-
dimension array of bolometers allows to arrange neutron imaging similar
to considered above for gamma rays in emission detectors filled with
heavy noble liquids. Hopefully, this approach will be investigated in the
future.
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