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Abstract—The CaLIPSO project focuses on the development
of an innovative energetic-photon detector. The detector uses a
“heavy” organometallic liquid: the TriMethyl Bismuth (TMBi),
82% by weight of Bismuth. TMBi efficiently converts through
the photo-electric effect photons of energies below 1 MeV. The
ionisation signal and light produced in the liquid are both detected.
Beyond the measurement of gamma photon energies, this detector
will allow locating photon interactions in the detector in three
dimensions down to mm and a sub nanosecond timing accuracy.
All these desirable properties can be obtained simultaneously with
liquid TMBi detector.
Index Terms—Biomedical imaging, calorimetry, gamma ray detectors, position sensitive particule detectors, positron emission tomography.

I. INTRODUCTION

P

ET imaging is used for diagnosis, clinical research and in
vivo small animal research to study molecular processes
associated with cancer, neurological and neurodegenerative
diseases, psychiatry and cardiology. Since the early 1990
when PET was recognized as a powerful diagnosis tool, major
technological advances have been made mainly in the five
following directions: 1) sensitivity improvement, 2) spatial
resolution gain, 3) uniformity of the spatial resolution across
the field of view, 4) corrections for the main effects degrading
the quantification, and 5) reconstruction algorithms so as to
improve the signal to noise ratio and the spatial resolution of
images.
These efforts have translated to the advent of dedicated small
animal imaging devices, TOF PET and high spatial resolution
whole body PET systems. In addition to these improvements, an
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TABLE I
MAIN RECENT SCINTILLATOR CRISTALS PROPERTIES

effort toward multimodalities imaging systems including PET is
ongoing.
Most PET detectors use Lutetium-based crystals such as
LSO and/or LYSO scintillator crystals [1], [2], [3]. Recently
scintillation crystal has been proposed as an alternative to lutetium based crystals. Table I summarizes the main
properties of those crystals. Those detectors have opened the
way to advanced performance PET systems in the early 2000s.
Roger Lecomte has detailed in reference [3] the performance
requirements for clinical PET and described the detection
technologies and their assembly into systems.
The state of the art commercially available PET systems exhibit nearly 10% efficiency. This moderate value mainly results
from the limited solid angle coverage. Indeed, most of PET systems are cylindrical and their axial extension is limited to 20 to
25 cm at best.
Furthermore 511 keV-photons that enter an LSO scintillating
crystal have 70% chance to Compton scatter. If the crystal is
large enough, double interactions are likely to occur and ensure
the full conversion of photon energy. However these events introduce an ambiguity in the interaction positioning and will also
impact the spatial resolution. As a consequence a detector material with a high photo fraction is valuable for PET imaging
[2] as it will enable the development of a compact system with
optimal spatial resolution and preserved detection efficiency.
Improvement of the spatial resolution and its uniformity
across the Field of View (FOV) were proposed with the
measurement of the photon depth of interaction and the 3D
positioning of the photon interactions in the detectors [2], [3].
However, in most of commercially available systems, intrinsic
spatial resolution is limited by detector crystal size, photon
noncolinearity and to a less extent to the positron range.
A detector time resolution of a few 100 ps allows localizing
the position of the positron annihilation with several-cm accuracy along the Line Of Response. This time resolution efficiently reduces the random background impact on the image
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TABLE II
MAIN PARAMETERS OF IONISATION DETECTORS, INCLUDING TECHNOLOGIES TAKING ADVANTAGES OF SIMULTANEOUS DETECTION OF LIGHT

TBM* means to be measured. To date only charge mobility in TMBi has been demonstrated. But many similar liquid have been measured in the past with
electronic properties close to TetraMethylSilane (TMSi).

noise [5]. Among the latest proposed scintillation crystals, the
has the best timing properties. The coincidence resolving
time may reach 100 ps on small samples [8] and a 375 ps time
resolution was measured on a prototype TOF PET scanner [5].
The drawback is the reduced crystal density, reduced photofraction and crystal hydroscopy.
To avoid these problems with scintillation crystals one can
use ionization detectors. Table II summarizes the mains properties of the three materials proposed for PET.
High atomic number semiconductor materials, CZT, and
CdTe have the assets of excellent energy resolution, compactness and take advantage of the electronic micro-structuration
technologies. Both semiconductor technologies have been or
are being studied for PET imaging systems [9], [10]. Indeed
CdTe semiconductor technology allowed building a very high
resolution small animal PET scanner [11]. The main drawbacks
of semiconductor for PET imaging results from their low speed,
their moderate stopping power, low photo-fraction and their
cost.
Resistive Plate Chamber technology (RPC) uses a multilayer
gaseous particle detector. 511 keV photon interactions mainly
happen in detector electrodes. The electrons produced in these
interactions can escape from the electrodes and trigger cascades
in the neighboring gas-filled gap. These detectors show good
timing properties (adequate for TOF measurement), accurate interaction positioning, and very low cost. Their main disadvantages result from the high attenuation length, the low photoelectric efficiency and low energy resolution [12]. But because of the
low detector cost, authors propose building a whole body, single
bed TOF RPC PET [13]: the large solid angle compensates for
the modest detector efficiency.
A liquid Xenon detector is a double detector: both scintillation light and ionisation signals are detected. The technology of
liquid “noble gas” detectors is now mature and a review of the
technological options and applications is exposed in reference
[14]. Scintillation signal has light yield, and includes a component of very fast decay time: subnanosecond timing resolution
has been demonstrated [15]. Because electron diffusion is very
small [16], liquid xenon drift chamber showed a submillimeter
spatial resolution in 3 dimensions [17], [18]. In addition, simultaneous detection of scintillation and ionization lead to energy
resolution of 10% FWHM on 511 keV gamma with a prototype
TEP module [19], and of 6.2% on small optimized devices [20].
Thanks to the very good spatial and energy resolution, several
groups are working on Compton telescope detector that would
allow recovering some of the Compton interaction occuring into

the detector. Reference [21] proposes to take advantage of
radionuclide properties to implement a new nuclear imaging
technique allowing the measurement of 3D emitter location. In
summary, liquid xenon devices are versatile high-technology
detectors. Their use for medical imaging application is limited
by the low stopping power, moderate photo-fraction, and the
need of a recycling and cryogenic system for maintaining a low
temperature operation.
This paper presents a new detector concept, CaLIPSO, and
compares its potential with the characteristics of presently
used detectors in PET systems. CaLIPSO is the acronym
for “Calorimetre Liquide Ionisation, Position Scintillation
Organometallique”. This detector project takes advantage of
the very high atomic number of bismuth and of modern instrumentation technologies to target improved PET performance.
In Chapter II, we detail the CaLIPSO detector material
choice, the detector basics and the bibliography supporting
the design options. We show the expected CaLIPSO detector
performance.
In Chapter III, we report preliminary tests on small devices
that show the potential of TMBi material for 511 keV gamma
detection.
Paragraph IV discusses the technological challenges required
for operating a CaLIPSO detector and draw tracks for future
PET system design.
II. CALIPSO DETECTOR
Liquefied “noble-gas” detectors have been the guideline for
CaLIPSO project. If they contain heavy elements, they would
have all the detector properties required for PET. In that purpose, “sandwich” detectors have been proposed, stacking heavy
metal sheets immersed in liquefied noble-gas detectors. But energy loss in metal sheet would not contribute to detected signal,
leading to a strongly degraded energy resolution incompatible
with Compton rejection. Thus heavy metal must be incorporated
to the detection medium at the molecular level.
However, liquefied noble-gas are bad solvent (aprotic, apolar), so loading a liquefied noble gas with a heavy metal based
molecule would produce a medium with low heavy-metal mass
fraction.
Molecules have an electronic structure similar to noble gas.
Charge drift has been demonstrated in such ultrapure liquids in
the past, (TMSi, TMGe, TMSn, TMP [22], [23]).
We selected organometallic complexes, since they have the
following specifications:
• chemical stability;
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•
•
•
•
•

high density;
high effective atomic number;
liquid at room temperature;
insulator;
involving no electronegative compound either as primary
components or unavoidable contaminants (purifiable).
Such complexes possess almost nonpolarized metal carbon
bonds that decrease intermolecular interaction in the condensed
state. As a consequence, organometallic can have relatively low
melting and boiling points compared to complexes with more
polar ligands (like those containing oxygen and nitrogen). Furthermore, their phase transition temperature can be tuned by
changing the size of the ligands. They have also low oxidation
numbers that decrease their tendency to trap electrons.
Amongst possible ligands, we focused on carbonyl (CO) or
on alkyl (
). However, carbonyl compounds are better
described for low Z metals and alkyl for high Z ones. Some
high Z metal alkyl compounds have even been produced on an
industrial scale. (
as an additive for gasoline)
Among Mercury, Pb and Bi compounds, we selected Bi because of its lower number of ligands (3 compared to 4) which allows a higher electronic density in the liquid phase and low toxicity (compared to Hg).
is a commercial compound
used in the electronic industry that can be obtained with a high
initial purity (
) at moderate cost.
Furthermore, even though alkyl organometallics are less
stable than pure organic compounds,
is self healable
with respect to the application considered here, as its decomposition produces only gas (
) and solid (Bi) that are not
expected to interfere with the detection process.
has
one drawback: he is a pyrophoric liquid: it has to be manipulated under anoxic conditions and discarded appropriately.
Since the liquid has to be ultra-purified and kept clean from all
electronegative impurities, including oxygen, this inconvenient
is handled by using ultra-vacuum technologies in handling and
storing the detection material.

A. Detector Basics
When the project started, TMBi had never been used in
particle detector. But the WALIC project [24Aubert1990] has
studied charge drift in several ultra-pure organometallic liquids
TetraMethylSilane (TMSi), TetraMethylGermane, TetraMethylTin (TMSn), TetraMethyl Pentane (TMP) etc…. TMSi is
a well known dielectric used since the 90s as sensitive medium
in ionization chambers [25], [26].
We used the main design of liquid Xenon detectors except
that xenon is replaced with a heavy organometalic liquid to efficiently convert MeV photons. TMBi (Trimethyl Bismuth [27],
[28]) contains 82% by weight of bismuth
. TMBi is a stable
limpid chemical.
When a 511 keV photon enters the detector (Fig. 1), it is likely
to interact through photo-electric effect with a bismuth atom.
A K-shell electron (so called primary electron) is ejected with
420 keV kinetic energy. This electron is relativistic in TMBi. It
produces light through the Cerenkov effect and ionization along

Fig. 1. Principle of the CaLIPSO detector. The box volume is filled with liquid
TMBi. Photomultipliers (black cubes) look at the liquid through a glass window,
and detect Cerenkov photons produced in the liquid. Pixellised charge detector
(brown) collects ionisation signals behind a Frisch grid (black). The first procm and a thickness of 5 cm.
totype should have an active surface of
Because of TMBi reactivity, and cleaning requirement, we will use alumina ceramics, glass and stainless steel, whenever possible. (see text for more details).

it path. We will detect both the charges and the light produced
by the primary electron.
The detector is an ionisation chamber filled with ultra-pure
TMBi: the electrons freed by the ionising radiation drift in a
strong electric field, until they go through a Frisch grid [29],
1 mm before reaching a pixelated electric circuit. Assuming
TMBi has similar properties as TMSi, TMGe, TMP [22], we
expect the production
free electrons.
Charge detection will be used for energy measurement and
interaction positioning in the charge collection plane. We will
use the IDEF-X 2E charge amplifier technology to readout the
charge detector pixels. This is a low noise ASICS device developed in our lab [30][31]. IDEF-X ASICS have been used to
readout detectors with
mm pixels [32].
Transport properties of electrons in TMSi have never been
studied in details. Reference [33] quote the mean energy of electrons in TMSi versus electric field, but not the transverse energy,
needed for computing charge transverse diffusion during drift.
The transverse energy is known to be of the same order as mean
electron energy in liquids, but significantly larger when the drift
electric field exceed few kV/cm [16]. From [33] we get a mean
energy value for a free electron in TMSi of 0.04 eV. Assuming
a factor 10 excess for the transverse energy at drift field value
of 10 kV/cm, we compute a transverse size for the ionization
cloud of
m.L- (FWHM), L (expressed in cm) being the
distance over which charge drifts in the ionization chamber. The
detector position accuracy is thus expected to be dominated by
the size of the detector collection pads.
With IDEF-X chips we compute a readout noise lower than
200 electrons FWHM and a timing accuracy of 100 ns. Assuming 4500 free-electrons production on a 511 keV photoelectric conversion, the intrinsic charge production width is expected to be 158 electrons FWHM, slightly less than readout
electronic noise. If charge trapping were negligible, we would
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Fig. 3. Histogram of the time difference as measured by two PMTs looking at
511 keV interactions in the optical timing cell.

Fig. 2. Optical timing cell, outside of its housing. Two fast photomultipliers
are mounted on the glass windows looking at the TMBi volume.

expect an energy resolution of 5.7%. For this work we hope to
obtain a resolution of 10%. Reference [34] quotes an energy resolution of 12.7% (FWHM) on 976 keV electrons, dominated by
readout noise.
Cerenkov light production yield is low, (we measured from
10 to 18 photoelectrons/MeV using XP1911 photomultipliers
[35]), but happens in a very short time. We will use the detection
of the first photoelectron to trigger the detector and date the particle interaction. Monte Carlo simulations foresee sub-ns timing
accuracy. Careful light collection will have to be enforced to
ensure efficient triggering of the detector and optimize timing
resolution.
The combination of the two detectors will gives us access to
the electrons drift time in liquid TMBi, from with the interaction location within the thickness of the detector can be deduced.
Electron drift velocity in TMSi has been measured cm s at
10 kV/cm drift field [22].
s time resolution on charge detection should allows 1 mm positioning accuracy for interaction
in the detector thickness.
III. TESTS ON SMALL DEVICES–METHODS AND RESULTS
Measurements methods and results of TMBi optical properties for particle detection are given in reference [35].
In the following, we show tests measurements on small samples and summarize results that support the proposed detector
idea.
A. First TMBi Timing Performances Test
TMBi is a transparent liquid. We built a small size test cell,
in order to demonstrate the timing potential of TMBi based detector. The timing cell shown at Fig. 2, enclosed a 8 mm long
volume of TMBi observed by two fast Hamamatsu R9800U
Photomultipliers. When exposed to a
radioactive source,
coincident events pulses shapes where recorded and analysed
[35].

Fig. 3 plots the histogram of the time difference measured on
PMTs signals. We measured a width of 375 ps FWHM, with
un-optimised electronics. Main identified time width contributions are PMTs Time Transit Spread (280 ps FWHM), random
optical path difference (52 ps), and data acquisition jitter (40 ps).
The remaining width contribution amount to 237 ps (FWHM)
and is dominated by noise-induced jitter on pulse shapes. The
contribution of intrinsic Cerenkov light production to this width
is negligible.
B. Electron Mobility and Preliminary Free Ion Yield in Liquid
TMBi
Detecting 511 keV single event in TMBi requires to achieve
ultra-purification of the liquid. For a convenient use of the foreseen detector, the free electron lifetime in TMBi should be larger
than
s. In liquid TMSi such a lifetime correspond to a contamination level of 0.1 ppb equivalent oxygen [26]. We did not
achieve this purity yet. But before that, we wanted to demonstrate the hypothesis of electron mobility in TMBi. Following,
we report a measurement of the field dependence of the free ion
yield for TMBi.
We built two identical ionization chambers (Fig. 4), one for
liquid TMBi and one for TMSi. These cells were mounted from
a stainless steel vessel of about 20 ml volume, assembled using
standard high vacuum techniques and connected to their dedicated gas handling and vacuum system. Liquids were transferred into their dedicated chamber using cryogenics transfer.
One cell is filled with TMSi (from MERCK grade 99.97%) the
other cell with TMBi (JSC Alkyl 99.999%). The liquids were
used without any further purification.
In both Cells, ionization current is measured (using
KEITHLEY 6517 model A, Amp-meter), when the radiation
field of a
source (1.7 Mbq) covers the whole chamber.
For TMSi and TMBi dielectric liquids, the ionization current
increases linearly with electric field strength above 0.050 MV/m
as expected in most ionization models. Reference [38] described
this behavior, quantified relations for liquid isooctane and TMSi
and [39] made a comparison with the Onsager model. This is
the method we use in this article for both TMSi and TMBi: assuming the ionization current is proportional to the number of
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Fig. 4. Gfi Cell with HV connector box, readout cable and valve. Behind the
porthole we see the cathode and the anode (stainless steel 1.55 cm diameter,
) support.
0.5 mm thick, 2 mm gap) soldered to a ceramic (

Fig. 5.
to
ratio as a function of applied electric field.
A linear fit is performed in the low field strength region [0.6, 4.6 kV/cm].

electron-ion pairs released in the liquid per second, we deduce
the free ion yields. The energy deposit in each liquid is computed from Monte Carlo.
Free ion yield (the so called Gfi), is quantified as the number
of ion pairs detected per 100 eV energy absorbed. The ratio
to
is plotted in Fig. 5. This preliminary
result indicates that both liquids have similar ionization yields:
1) The experimental relationship between free ion yield ratio
and electric field is found linear in the low field strength
region as expected by the Onsager’s theory
2) Extrapolating the linear fit to zero fields, we found that the
free ion yield of TMBi is (
)% of the free ion yield
of the TMSi at zero electric field.
3) Slopes of
in the low field region are almost identical for both liquids.
IV. DISCUSSION
A. First Results
The width of the coincidence-time distribution is 375 ps.
While this is adequate for PET imagers, it is significantly worse
that the best performance of test devices using Cherenkov light
or LaBr3 scintillators [8], [42], [43]. The main reason is that we
did not use Micro-Channel Plate photomultipliers for photon
detection and that we were mainly detecting single photoelectrons. Achieving less than 100 ps FWHM timing accuracy and
a adequate detection efficiency should be possible but will
require [43] improving light collection efficiency (stainless
steel was measured to be a poor light-guide reflector), and optical coupling between TMBi and the PMT photocathode. This
first measurement should be considered as a demonstration of
principle of the CaLIPSO technology, for Time-Of-Flight PET.
Several room temperature liquids have been studied as media
for ionization chambers. Some of them have high electron mobility as well as a large . Such characteristics have been found
for neopentane [36] and TMSi [37] and for others liquids containing germanium and tin atom [22].
This
measurement on TMBi is a preliminary result: our
measurements to date are mainly sensitive to the purity level

of both liquids, thus to the collection efficiency of the electrons released in the ionization process. Nevertheless these first
measurements of the free ion yields demonstrated electron mobility in liquid TMBi. And we have indication that this dielectric
liquid behaves similary as the other liquid composed of methyl
(
) groups around the central atom.
B. Technological Challenges
We have identified three remaining technological challenges
for the CaLIPSO detector:
• The TMBi must be ultra-purified, to allow free electron
drift, and the measurement of gamma energies. We organised all the preparatory and detector-mounting work, at the
IrfU/SEDI clean rooms. The materials, from which the detector is made, shall be carefully chosen and cleaned [26],
[40].
• The low light production efficiency will require careful optimisation of the optical couplings, and careful selection of
the photodetectors, in order to ensure efficient triggering
of 511 keV photons. This issue is currently addressed by
tests on our optical demonstrator devices.
• The electronic readout density. Integrating an electronic
density of 1 preamplifier per
is a challenge. But this
has already been achieved in the laboratory, with low noise
performances using 3D electronics [32] in the context of a
spaceborne experiment.
C. PET Motivations for CaLIPSO
The proposed CaLIPSO detector is at its first stage of development. We feel that the CaLIPSO has a great potential in the
field of PET-scan instrumentation.
The main advantages of xenon detectors are kept. CaLIPSO
technology, through the double detection of the charge signal
and the production of optical photons, should allow interactions
positioning in the liquid with an accuracy of mm , and a subnanosecond time resolution. The expected energy resolution on
511 keV photons is adequate for TEP imaging: 10% FWHM or
better. Furthermore, CaLIPSO detector has assets when compared to liquid xenon detectors:
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• Because of its large mass fraction of Bismuth, liquid TMBi
has excellent photofraction values. In the proposed configuration (a 5 cm thick detector), 85% of the 511 keV photons
would interact in the TMBi, within of those, 47% would
convert through the photoelectric effect.
• Liquid TMBi has improved stopping power, and the detector does not need cryogenic to run: this allows to build
more compact detectors.
Overall, calculated performances match very well the specifications of a detector optimised for PET scan imaging. We notice
that these desirable properties can be obtained simultaneously
with liquid TMBi detectors: improved photofraction coupled
to interaction position reconstruction should allow designing
high spatial resolution, efficient PET-scan imagers, on large volumes. In addition, the foreseen energy resolution should allow
the efficient rejection of Compton diffusions in organs.
TMBi is a very demanding detector medium at the development stage: light signal is minimal, ionisation signal requires
ultra-purification of liquid, beyond what is required for xenon
detectors. But we are convinced that modern technologies will
allow us to overcome these issues.
V. CONCLUSION AND PERSPECTIVES
The CaLIPSO detector using liquid TMBi has the potential
to become a breakthrough in PET-scan imager technology. Calculated performances are promising. This detector is very demanding on hardware performances. Lab tests are at the first
stages of development.
CaLIPSO detector has been designed to fulfill the specification list of an enhanced PET-scan imager, but it is likely that
many demanding use of a positron detector would probably benefit from CaLIPSO technology.
Our developpement plan includes building and testing an optical demonstration detector and a charge demonstration detector separately. Once debugged and optimized the two technologies will be assembled.
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