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Liquid Xenon Detectors for Medical Imaging
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Resumo - O presente artigo apresenta uma breve revisdo do

desenvolvimento dos detectores de raios gama comngg
liguido como meio detector para a imagiologia médi
nomeadamente para a imagiologia com fot6es Unicascem
emissado de positroes.

Abstract - The paper presents an overview of developments

of liquid xenon gamma-ray detectors for medical imging
including Single Photon Imaging technique as well @
Positron Emission Tomography.

|. INTRODUCTION

The possibility of application of liquid xenon deters to
medical imaging started to be considered in ea®ly0s,
not long after the “discovery” of liquefied noblagges for
detection of ionising radiation. Significant advaments

the range of that of the fastest known scintillatoystals.

If electric field is applied, the recombination qooment
(45 ns) is suppressed, resulting in the reductfdhetotal
scintillation light yield by a factor up to 3.

A 511 keV gamma-ray produces in liquid xere80 000
electrons due to ionisation of the liquid, from eh®90%
escape recombination in a field 2 kV/cm. Taking into
account that preamplifiers with the input noiseaofew
hundreds of electrons are readily available nowsday
becomes clear that a good signal-to-noise ratio lan
obtained. The electron drift velocity at these dg&lis
2.3 mmfs. The distance, an electron can travel in the
liquid before being captured to form a slow negaiiwn,
depends on concentration of electronegative imparit
Nowadays, quite simple and commercially available
purifiers can provide the level of impurities inn as
low as ~10° thus allowing the electrons to travel up to
tens of cm.

have been made since that time, both concerning the

technology and the understanding of underlying jlays
processes, that lead to construction of a humbéarge
detectors mostly for particle physics,
astrophysics and nuclear physics. Many of themaixpl
unique combination of the properties of liquid reghses,
which are, on the one hand, very good scintillatord, on
the other, perfect dielectrics, in which electroosce in
the conduction band, can move freely thus allowtimg
ionisation signal due to a particle to be detected.

We shall briefly discuss what makes liquid xenon so

attractive for detection of gamma-rays and for roaedi

imaging, in particular, and review some of the regce

advancements in this field.

Il. LIQUID XENON ASDETECTIONMEDIUM FOR
GAMMA -RAYS

Atomic number of xenon i€ = 54 and the liquid density
at triple point is about 3 g/cinbeing both numbers close

to those for Nal(Tl) — the best known scintilla{@r= 53

and p=3.7 g/cml). The attenuation length for 511 keV

gamma-rays in liquid xenon is about 3.7 cm; for ké¥
it is about 0.4 cm, similarly to Nal(Tl).

In what the scintillation properties are concernéglid
xenon is as efficient as Nal(Tl) — it emits aboGt0D0
photons per MeV, but much faster.

practically the same wavelength. In the case ofrgam
rays, the first component gives small contributidrut
even so the scintillation decay time of liquid xans in

but also for

It has three
scintillation components, 3 ns, 27 ns and 45 ngh wi

I1l. SINGLE PHOTON IMAGING

The first attempt to use liquid xenon as detectimdium

for gamma camera — a device for imaging with single
gamma-photons — has been undertaken by the group of
Lawrence Berkeley Laboratory in early 1970s [1lsrAall
liquid xenon multiwire chamber was developed witle t
wires of only few micrometers diameter, around \héc
strong electric field of ~1OV/cm was generated. The
electrons, produced by a gamma-ray in the liquidted

to the wires where they were accelerated by the fiethe
sufficiently high energies to ionise the liquid $hgiving
rise to electron avalanche, similarly to what haypm a
traditional gaseous proportional counter. Howevier,
contrast with gas, where multiplication gains of i®1¢

are easily obtained, it was not possible to achigai@s
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Fig.1 Liquid xenon multiwire proportional chamber &ingle
photon imaging (after [1]).

WMISI2007



806

Xe[

PMT ; PMT [¢ PMT | PMT |, PMT
N z -
U amns iy A Xy =
< AN
/ :

/

LXe quartz window with

grid at lenath s hift
iti It wavelength shifter
posttive voltage (p-terphenyl)

IR

secondary scintilation
region in gaseous Xe

Fig.2 Electroluminescence two-phase gamma-caméea [3]).

higher than a few tens. The signals at the wire® wead
with 24 low-noise charge sensitive preamplifiererv
expensive at that time), one per wire. The difficuo
obtain sufficient amplification in the liquid ledde group
to experiment with a dual phase — liquid/gas —esystin
which the gamma-ray absorption takes places itidjéel
phase, the ionisation electrons drift from the iligto gas
(possible with the electric field of ~4 kV/cm) arate
multiplied around the wires in gas. Higher gaind®
can be achieved in this system but not high endogh
allow using cheaper preamplifiers [2]. The gainitation
is mostly because of a large amount of ultravipledtons
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Significant advancements in the low-noise multictedn
electronics allowed the single-phase approach to be
re-considered. A design with thousands of readout
channels and the noise of a few hundred electr@ms p
channel is quite thinkable nowadays. This was the
approach followed at LIP-Coimbra [4,5]: a singleapé
liquid xenon gamma-camera with purely ionisation
readout (i.e. without charge multiplication in tthetector).

A special arrangement of collecting and induction
electrodes in the form of strips, each being cotatkto an
input of a multichannel integrated amplification dan
shaping circuit, was used to measure position & th
interaction point. The resolution of 2 mm was oféal
with 122 keV gamma-rays.

IV. POSITRONEMISSION TOMOGRAPHY

In what PET imaging is concerned, the advantage of
liquid xenon is twofold, as it was pointed out allg in
1976 [6]: fast scintillation of the liquid can pilide a very
good coincidence time resolution thus reducing the
probability of detection of uncorrelated photon rpai
while detection of the ionisation signal allowsaxiety of
precise localisation methods to be used. Moreayeod
time resolution makes possible to use informatiantiee
difference between the arrival times of the two

emitted by xenon gas in the course of avalancheannihilation photons for rough estimate of the eéven

development (xenon is a good scintillator), whieads to
emission of secondary electrons from the surfacel a
thus, to an uncontrollable discharge.

Take profit of this light was a natural solutiorytpnto
practice in [3]. In this design, which had alreadipically
relevant dimensions (25 cm diameter of active arte
secondary scintillation was produced in the gasehia a
uniform electric field and detected with an arrdy1®
photomultiplier tubes. The coordinates of the $ii@tion
region were determined by weighting the photomlidtip
amplitudes, in the way identical to that used in
conventional gamma-camera with scintillation criysthe
advantage of using liquid xenon instead of a ctysts
better energy and position resolution (2.5 mm ab#b for
122 keV, respectively) thanks to higher light yiedd
secondary scintillation. The drawback is the preseof
the liquid surface, which sets some constrains fitbm
practical point of view (it makes impossible to ube
detector in a non-horizontal position, for example)
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Fig.3 Mini-strip plate for 2D readout in the liquignon ionisation
gamm:camera (after [4]

position (TOF-PET - time-of-flight PET; for example
time resolution of 1 ns translates to position gty of

15 cm, which is incomparably poorer then that tsfbic
achievable with traditional back projection methdolit
even so can provide valuable information on source
localisation and significantly reduce noise in the
reconstructed images).

The above ideas were further developed in [7] and p
into practice at LIP-Coimbra by construction of estt
multiwire chamber with the readout of both sciatitbn

a and ionisation signals [8,9]. In this design, dtatton is
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Fig.4 Liquid xenon module for PET with detectionbafth
scintillation and ionisation (after [¢.
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Fig.5 Homogeneous scintillation detector for PEffeg10]).

detected with fast photomultiplier tubes with qaart
window immersed into the liquid in order to improtre
light collection efficiency. Coincidence time restibn of
1.5 ns was obtained for a pair of 511 keV gamma-(ay
coincidence with a Bafcrystal). It was also shown, partly
with the multiwire readout and partly with the msirip
plate instead of the wires, that the system pravide
position resolution of 0.8 mm (fwhm) in two dimemss,
as well as localisation precision of 5 mm or beftiywn
to 2 mm, in the present design) in the interactiepth
thus making the detector free of the parallax efirofact,
5 mm resolution in the depth of interaction is might for
correction of the parallax). The energy resoluiidrl7%
(fwhm) for 511 keV photons was obtained, which ten
improved to 15% at some loss of efficiency.

In attempt of obtaining a faster detector resporese,
purely scintillation readout was also considerecently
[10,11].
homogeneous liquid xenon scintillation detectorwirich

the sensitive volume of the liquid in the shape of

parallelepiped is surrounded by photomultipliergsifrom
5 sides, thus increasing the light collection éfficy and
leaving the sixth plane oriented in the directianthe
positron source. Specially developed photomultiglides
with the enhanced quantum efficiency in the VUVioag
and extremely fast response, are used to detedigthid
xenon scintillation. The time resolution as goodda&ns
was measured with this detector. Such resolutitowal
the positron source to be localised with a prenisid
about 5 cm along the trajectory of the two anntlila
photons.

Another approach, also using scintillation only,
adopted in [11]. The liquid xenon scintillator isghly
segmented with thin separators, with enhancedctefity
in the VUV wavelength region, to form a large numbgé
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Fig.6 Liquid xenon scintillation module for PET Wwihigh
granularity (after [11]).

The Japanese group [10] has proposed a
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parallel cells of 22x50 mn?, read with a pair of position
sensitive (in 2D) photomultiplier tubes, one atteand.
The hit cell is thus identified with the photompliers,
providing position precision of 2 mm in two dimenss,
while the third coordinate is measured by comparisb
the amount of light reaching each end of the cEtle
resolution varying between 2 mm and 12 mm along the
cell has been reported, being the poor reflectivitythe
separators largely responsible for the resolution
degradation.

An interesting suggestion to use liquid xenon deteior
the additional gamma-ray, which in some isotopdisvis

the -decay, is recently made in [12]. In this case,rapa
from the pair of back-to-back annihilation photoaghird
gamma-ray is emitted from the same source. Iftdracts
with the detector through one or more Compton
scatterings, one can use the cinematic equatiothsfine a
conical surface, to which the incoming photon tajey
belongs. The intersection of this surface with lihe of
response to the pair of 511 keV gamma-rays idestifne
region of their origin. Therefore, it is proposed t
complement the traditional PET system with a liquid
xenon Compton telescope, triggered by the scitititaof
the liquid and with localisation of the interaction
sequences through measurement of the ionisatioalsig

Mol ET X elescope
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Fig.7 Liquid xenon Compton telescope fagrighaging in PET (after
[12]).

V. LIQUID XENON TECHNOLOGY AND INDUSTRY

The growing interest in the liquefied noble gasedtirs,
mostly from particle and astroparticle physics,ated a
growing demand for industrial solutions for somedfic
issues related to this technology. A number of camgs
have found this demand strong enough to respont to
Thus, the Hamamatsu Co, for example, has developed
photomultiplier tubes optimised for using in liguénon
detectors, i.e. with the enhanced quantum effigienche
vacuum ultraviolet region, improved timing charaistics
and capable to operate at low temperature. Various
modifications of silicon avalanche photodiodes haiso
been developed by different companies keeping imdmi
detection of liquid xenon scintillation (althougletnonly
for that). The traditional cryogenics using liquidrogen
stepped back to give place to refrigerating machtoeed
specifically for liquid xenon temperature (i.e.p2C) and
with significantly reduced mechanical vibrations.
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These examples represent significant changes in thgs)
relationship between the developers of the liquefias
detectors and industry. If some 20 years ago tlysigists
were obliged to design and produce ourselves almost
every piece of the detector, gas system and etgcgoit
is no longer necessary. The industry offers nowsday
variety of highly reliable and efficient solutions.
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