


this technique reached the same limit as the bubble chambers: the bottleneck of
millions of pictures to analyse.

This is when I left the successfully completed measurement of the anomalous
magnetic moment of the muon. I then thought of a method for the retrieval of the
coordinates of a spark in a spark chamber, without having to take a picture.

A similar idea occurred simultaneously to several other researchers. They found
solutions different from the one I reached, such as the sonic spark chamber or the wire
spark chamber. This latter solution was the best adapted to high-energy physics.

I introduced the localization of the sparks by two methods: the building of
electrodes with a delay-line structure permitting the spark position to be obtained
by measuring the delay of the pulses generated by the sparks, and the measurement
of the ratio or difference in the currents generated in spark-chamber electrodes at
different points of an electrode. It is worth noting that these methods are at the
heart of different devices introduced later, by myself and other groups, to retrieve
the data from multiwire chambers used for the imaging of neutral radiations.

In order to study the properties of these automatic chambers I decided that it was
appropriate to build a particle-physics experiment. It was the best way to get access
to financing. The running-in of the Proton Synchrotron of 20 GeV had decreased the
pressure for machine time at the Synchro-Cyclotron of 600 MeV. Under the influence
of a nuclear-physics theoretician, M. Jean, from the Institut de Physique Nucléaire
d’Orsay, I decided to study the (w*2p) reactions in nuclei. This permitted me to
enjoy the collaboration of a team of good experimentalists. We built an experiment
with dozens of automatic gaps of spark chambers. We obtained results which seemed
to interest the nuclear-physics community and gained considerable experience in the
readout of electrodes by “current division”. Several groups adopted our method in
the equipment of the focal planes of spectrometers for the study of nuclear reactions.

I personally continued to investigate some intriguing problems in particle detec-
tor physics, enjoying the strength of the group which had been built up for the study
of high-energy nuclear reactions.

With L. Dick and L. Feuvrais we showed that it is possible, using the same idea
that permitted the localization of sparks in a delay-line spark chamber, to measure
the position of the impact of a charged particle in a scintillator by exploiting the
velocity of the scintillation light. This was made possible by the great expertise in
the measurement of short times reached in L. Dick’s group. This is now a routine
method in many experiments dealing with large-size scintillators and is often used
in order to correct for the time fluctuations introduced by the finite size of the
scintillators.

At the same time, together with L. Massonnet and J. Favier, I tried to come
back to my original idea of 1956 on the possibility of building visible avalanche
chambers. With transparent electrodes, we observed beautiful tracks nearly parallel
to the electrodes but with a high impedance discharge connecting the electrodes.

We started to work on triggering pulses short enough to permit the interruption
of the streamers connecting the electrodes in order to obtain a three-dimensional
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picture of a track in one single gap. We reached our goal, but were preceded by a
group of talented Georgian experimentalists led by G. E. Chickovany.

In large-gap chambers with a surface of the order of a square metre, he suc-
ceeded in obtaining interrupted streamers permitting beautiful pictures of some of
the most complex events, such as high-energy electromagnetic showers. His work
was completed by the work of the team of B. Dolgoshein, in Moscow, who improved
the pulsing system which was at the heart of the success of the method. A large
international effort was undertaken by groups attracted by the possibilities of these
detectors to image the most complex events in high-energy interactions. Our work
was again ignored, probably rightly so.

I then investigated several detectors which had no applications. I developed a
method for localizing the photon impact on the photocathode of a photomultiplier. I
also invented a bubble chamber free of the limitations of the normal ones: bubbles of
gas were continuously produced in a liquid. The ionization produced in the bubbles
by charged particles was used as the seed for a discharge produced by high-voltage
pulses. The photography of the glowing bubbles was yielding the particle trajectory.
It worked ideally with all the advantages of a spark chamber but, alas, as the density
of bubbles grew in order to reach good resolution, the medium became opaque. I
could not find practical conditions of pressure and temperature which would have
permitted the same index of refraction for the liquid and the bubbles, and gave up
because of the lack of practical interest.

Fortunately, I had found a more fruitful use for the energy I was deploying in
my search for new detectors. Two methods of automatic readout of spark chambers
had been adopted: the wire spark chambers with a ferrite core readout of every
wire and the wire chambers with magnetostrictive readout of the wires carrying
currents. Many experiments with successive spark-chamber gaps, of surfaces of
tens of square metres, were studying reactions at rates of up to a few hundred
per second. The memory of the chambers, which was reduced to a fraction of a
microsecond, permiﬁted the study of rare events and the accumulation of millions of
events stored in the computers, which had started their exponential development.
However, there was a limitation which could not be overcome: it is impossible to
trigger spark chambers at rates above 1 kilohertz without again starting a spark at
the location of old sparks. Several researchers thought it would be advantageous
to operate the sparking gaps at low amplification in a proportional mode. This
would give amplification factors a million times smaller than the one reached with
a spark initiated by one single ionization electron, but the prospects opened up
by the revolution in transistor amplifiers permitted the conception of an idea of a
combination of moderate electron multiplication in the gas with a large quantity
of low-cost, low-dimension amplifiers. This problem was superficially addressed by
several groups. One mistake was the use of single-gap, wire spark chambers to study
the limits of proportional amplification. Even with the best amplifier a sparking
mode was reached at some places in the gap as soon as proportional amplification
occurred in the volume of the gas, having a destructive effect on the amplifiers.
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The physicists who came the closest to the solution used, correctly, planes of
anode wires sandwiched between cathode planes, but, scared by the capacitive cou-
pling between wires they used an electrostatic shielding between the wires. In the
best case it consisted of a thick field wire between the anode wires thus limiting the
accuracy. What was missing was the understanding of the pulse formation mech-
anism in a multiwire proportional chamber: the pulses on the anode wires are not
due to the collection of the electrons of the avalanches, but to the motion of the
positive ions inducing pulses of opposite polarity on the neighbouring wires.

With the experience I had gained in the construction of single-wire proportional
counters I conceived a small chamber of 10 x 10 cm?2. It consisted of a plane of wires
of 20 microns diameter sandwiched between two cathode planes. With the charge
per unit length on each anode wire correctly computed, and with gases commonly
used in single-wire counters, each wire had to work under the same conditions as in
an ordinary single-wire counter. As a precaution, a guard strip separated the anode
wire planes from the cathode planes at the edges in a way inspired by the field
guard ring equipping single-wire proportional counters. When I tested the chamber
with the 5.9 keV source of >3Fe, I observed comfortable pulses on the wires. The
avalanches collected on a wire generated positive pulses on the neighbouring wires,
making it easy to identify the wire collecting the avalanche. The negative pulses
were indeed due to the motion, away from the wire, of the positive ions moving
in the intense field close to the wire. It was obvious to me that the collection
of the electrons of the avalanches was producing an undetectable pulse under my
experimental conditions.

The chamber delivered pulses proportional to the energy liberated in the gas.
No sparking problem occurred and a high gain was possible, which was essential
since the minimum ionizing particles crossing the chamber were losing an average
of about 1 keV per cm gap and a threshold of detection of only a few ion pairs was
necessary to obtain 100% efficiency. In other words, the multiwire chamber worked
like the best old single-wire counter.

Testing with minimum ionizing particles immediately showed that the delay in
the appearance of the pulses was related to the distance of the charged particle from
the wire and that a new class of detectors, the “drift chambers”, could be conceived
where the position of the particle is determined by the time taken by the ionization
electron to reach the amplification region close to the wire, at a distance of the order
of the wire diameter.

The first measurements, in 1967, showed that counting rates close to 10° pulses
per second could be reached on every wire with a resolution time of the order of a few
tens of nanoseconds. Orders of magnitude were thus gained over the best imaging
electronic detector, the spark chamber. Together with an enthusiastic community
of experimental physicists, we decided to develop the detector and to bring it to the
stage where large experiments corresponding to the needs of high-energy physics
could be safely designed. Some of these developments were done with my team: some
were done by groups working mostly at CERN and wanting to address ambitious
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based on the emission of VUV light by electrons drifting in pure gases and was
also precious in the study of the phenomena we were trying to clarify. The multi-
step avalanche chamber is ideally suited for the detection and localization of single
electrons liberated in a gas.

After the major work of J. Séguinot and T. Ypsilantis of CERN, which had
shown that VUV photons are easy to detect, with a high efficiency, in multi-
wire chambers with an appropriate vapour filling, we coupled the multistep cham-
bers with the scintillation chambers and obtained interesting results. We investi-
gated some possible applications for gamma-ray imaging together with the group of
H. Nguyen Ngoc at Orsay.

But our main effort, at CERN, was to develop our detectors in the direction of an
efficient imaging of the Cherenkov light for the identification of relativistic particles,
which was of prime importance for high-energy physics. It finally led us to a large
collaborative effort with a group at Saclay and one at Fermilab in order to equip
an experiment with a system of particle identification by the imaging of Cherenkov
radiation. It was the first application of the multistep chambers in a high-energy
physics problem and permitted the Cherenkov Ring Imaging method (RICH) to be
applied to a high-rate experiment.

While studying instruments for the imaging of the Cherenkov light emitted by
relativistic particles travelling in various radiators, it was clear to me that a con-
siderable potential existed for many applications if we could extend the method to
the many fields where the imaging of photons is of prime importance. This is why I
became very interested when a young American physicist, working at Los Alamos,
wrote to me about his projects.

He had found a prolific stock, in the US Army, of tetrakis(dimethylamine)-
ethylene vapour (TMAE), which had the lowest ionization potential, 5.36 eV. In
the liquid form it was easy to obtain in large quantities. The vapour pressure was
easy to control at moderate temperatures and it had a considerable quantum effi-
ciency in the VUV range. D. Anderson had the idea of using condensed layers of
TMAE, since the ionization potential was lower than that of the vapour, and to
exploit this property for the detection of photons from a heavy scintillator BaFs.
A French group, at Grenoble, had just shown that this scintillator could emit a
light component at a wavelength of 220 nm, which could hardly be detected by the
TMAE vapour but was perfectly suited to the liquid layer, which had a detection
threshold of about 1 eV lower than the vapour.

I invited him to join our group at CERN. He came with his counter and found
the support of a group which had some expertise in gaseous detectors. He discov-
ered with us that in high-energy physics the small overlap between the emission
spectrum of BaF, and the range of sensitivity of TMAE vapour was sufficient for
the conception of a new style of fast electromagnetic calorimeters in the GeV range.
He also discovered, while in our group, an intriguing new phenomenon, i.e. of the
considerable increase of quantum efficiency of metallic photocathodes when they
adsorb a few atomic layers of vapours such as TMAE.
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Because of the potential importance of the new properties of these calorimeters
for the future high-luminosity calorimeters foreseen for the year 2000, our group
invested a great part of its energy in the construction of a prototype BaF, calorime-
ter. A high-energy physicist, P. Miné, led the experiment to a stage where most
advantages and disadvantages of the method became clear. We also made some
investigations on the applications of multistep chambers for the imaging of thermal
neutrons.

In 1980 we started to collaborate with a laboratory, at the Ecole de Physique
et Chimie, in Paris, on electrostatic imaging particles. Our work consisted of the
combination of gas amplification and the capture of the charges on insulating sur-
faces read out by various original methods. We obtained a crop of intriguing results,
which have never been exploited.

In 1982, with S. Majewski, we showed that thin wire chambers, of 2 mm thick-
ness, could be built which have important applications for the construction of large-
size high-energy calorimeters. This work resulted in an important instrument used
in one of the very large detectors equipping an intersection of LEP.

However, for most of our group, it was clear that the coupling of gaseous detec-
tors with photon-emitting radiators was a promising project. We were enriched by
the coming of a Russian physicist, V. Peskov, who had worked in Moscow in the
laboratory directed by P. Kapitza. He had been active in the characterization of
hot plasma by detecting photons or X-rays and he had developed, in competition
sometimes with us or other Western groups, many original gaseous detectors, totally
unnoticed since the articles about them were mostly published in Russian.

For instance, only three months after J. Séguinot and T. Ypsilantis, but in-
dependently, Peskov began to use photosensitive wire chambers. He found new
photosensitive vapours compatible with the chambers. But, as is clear from our
work, the spreading of new techniques in detector physics is strongly coupled to the
environment. Coming to CERN, Peskov found an opportunity to make important
new contributions by bringing his experience to several groups.

He came with his own bottle of ethylferrolene, a liquid made of a substance with
a low-ionization potential. It was not as suitable as TMAE, which was not available
in Moscow, but much easier to handle. It reinforced our idea that it was absurd to
rely on two or three vapours for such important applications and that it was worth
making a systematic investigation based on a less empirical approach. So far this
has failed. But, as can be seen from some articles, the investigations clarified some
points and were finally a step forward. Some were done in collaboration with the
pioneer group on gaseous photodetectors led by J. Séguinot and T. Ypsilantis.

An important step was made when it was shown that solid photocathodes, com-
patible with high-amplification gaseous detectors, could be used in a range of pho-
ton wavelengths where many applications could be foreseen. V. Peskov who had,
in Moscow, shown that Cs and Cul photocathodes are compatible with large-gain
gaseous detectors, observed when in our group that Csl photocathodes are compat-
ible with gaseous amplification at large gain, without noticeable feedback problems.
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The group of A. Breskin came independently to the same conclusion. But the
real sensation, which started a widespread interest in this field, came from the
observation, made in the group of J. Séguinot and T. Ypsilantis collaborating with
V. Peskov, that a considerable quantum efficiency can be achieved by Csl, much
higher than that observed in the first investigations. It took several years of work
by competing groups to arrive at the conclusion that these high values were true.
This opens the way to a new class of gaseous detectors, especially if further research
can extend the sensitivity of the photocathodes towards the visible light and keep
the compatibility with gas amplification.

While these studies were being developed by a kind of internal logic, each piece
of progress inducing new questions which we tried to answer by new experiments,
the CERN community was exerting specific pressure through questions arising from
the evolution of high-energy physics.

For the future accelerators, there was a need for detectors with a high accuracy
and granularity capable of analysing reactions where hundreds or thousands of par-
ticles are produced simultaneously, with resolution times in the nanosecond range
and capable of resisting irradiation levels at which practically all known detectors
die after a very short time. We joined the efforts of a large project, the Lepton
Asymmetry Analyser (LAA), directed by A. Zichichi, and could investigate, thanks
to their support and collaboration, several intriguing and promising questions: the
use of BaF; scintillators coupled to gaseous detectors for fast electromagnetic pre-
shower counters, the search for new scintillators, the search for high-rate, high-
granularity imaging gaseous detectors.

With F. Sauli, I tried to address the last problem using tubes containing hundreds
of single-wire cells, but a new counter, introduced by J. Oed, made of printed strips
on insulators, captured the attention of the high-energy physics community. It has
a counting-rate capacity exceeding that of wire chambers by, at least, one order
of magnitude, and for the millions of channels foreseen for future accelerators the
construction based on technologies used for the transistor industry seems to promise
a higher reliability.

However, it does not seem that all problems have been solved. This is why I have
been tempted, with other groups, to explore, mainly together with I. Giomataris,
multiwire structures where the positive ions have to travel only a fraction of a
millimetre, and we have then reduced the dead time due to the space charge of
the slow-moving ions by at least one order of magnitude with respect to the most
conventional wire chamber. I believe it is an easy way to adapt the wire chambers
to the growing luminosity of accelerators.

Another demand in high-energy physics arises from several problems where the
challenge is not coming from the characteristics of the new accelerators. The insta-
bility of the proton, predicted by modern theories, requires detectors of thousands
of tonnes. Clever detectors, using the Cherenkov effect in water, have been built,
up to about 10 000 tonnes in weight. The result on proton decay was negative but
they had the unexpected privilege of observing the neutrino flux from the implosion
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of a supernova in 1987. It is clear that it is of the highest interest to improve this
kind of detector.

Several other problems, such as the neutrino flux from the Sun and the measure
of the neutrino mass, would greatly benefit from the existence of gigantic detectors
with the best quality in pattern recognition, energy resolution, and time resolution.
This is why I played with detectors which may seem of purely academic interest.
The high-transparency, high-density spark chambers were inspired by this kind of
research, as was as a gigantic air detector: dreaming of a megaton of compressed
air, in a tank immersed in deep water, with millions of electronic cells measuring
localized energy losses of a few MeV, led me to the study of a pulse ionization
chamber in air. I discovered that it is pretty easy to detect, event by event, alpha
particles of a few MeV in air and that a 1 GeV energy deposit of a decaying proton
was not an impossible task to imagine, but I was still capable of appreciating that I
would convince nobody to join me and finance such a project and that the economy
made by replacing argon by air was totally negligible compared to the total cost of
the instrument.

One of the most intriguing problems in our world is to find the nature of the
missing mass of the Universe. Observations in astronomy point to the fact that
the majority of the matter in the Universe is not made of visible galaxies. Many
competing candidates are envisaged and some appeared to be detectable by gaseous
detectors. However, it is clear that in the search for rare events the wire-chamber
system suffered from a big disadvantage when compared to some of the detectors
used at the beginning of nuclear physics or particle physics: cloud chambers or
bubble chambers were capable of identifying a new phenomenon in one or a few
pictures because of considerable redundancy in the information, just like a high-
definition picture of a crowd sometimes permits the identification of one individual.
Electronic detectors suffer from a cost-limited number of channels. This is the reason
why I started to study the imaging of avalanches in gases by the emission of light by
the excited atoms. After patient work, our group found out that, with intensified
digital cameras and with avalanches in an electric uniform field, in some selected
vapours it was possible to obtain beautiful images of ionizing events in a gaseous
volume. M. Suzuki and W. Dominik played a leading role in this development.

An English group, independent from us, aiming at the photography of single
Cherenkov photons in a complex nuclear reaction, obtained the same initial results
but did not pursue their efforts.

The detector was developed in several ways: in Japan, M. Suzuki showed that
it permits the building of a new class of neutron imaging cameras, and a group at
CERN demonstrated that it is a valid approach for problems where an extremely
high multiplicity of particles requires many channels of information. A young Ameri-
can physicist, N. Solomey, spent several years in our group. He invested his expertise
in this project. Together with a group from Geneva University he demonstrated the
quality of this approach for the study of reactions with a high multiplicity. He had
earlier developed, in our group, a remarkable instrument: a multistep drift chamber,
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with electrons drifting at right angles to the avalanche multiplication, which may
well have interesting applications. His stay in our group was also an opportunity to
clarify the amplification mechanism in gaseous detectors of various structures. We
discovered that it is pretty easy to design detectors where it is possible in a single
gap to have gain in a uniform field combined with multiplication in the vicinity of
the wires of the plane limiting the gap.

But optical imaging detectors introduced me to a new field. We found that it was
a good way to image the starting point of a beta emitted by a radioactive element
imbedded in compounds used routinely for many problems in biology; and with
W. Dominik and N. Zaganidis we started a fruitful collaboration with biologists.

It may be that optical imaging still has more interesting applications in particle
physics. It opens the way to continuously operating gaseous detectors, of a large
volume or a very large surface, capable of visualizing complex events. One can
imagine how to obtain the projection of an event and also the coordinate in the
direction of drifting of the electrons: F. Sauli conceived a simple way for that by
the time modulation of a second intensified camera.

It is impossible, being at CERN and active in detector research, not to respond
to emerging problems. It is illustrated by our latest articles on the asymmetric high-
rate wire chambers, on the “Hadron Blind” detector and on the “Optical Trigger for
Beauty”, started with L. Lederman and I. Giomataris. It reflects the considerable
activity on new detectors which is observed in all the laboratories that have to be
prepared for experiments with the new generation of accelerators expected near the
end of this century. It is clear to me that, quite naturally, many improvements will
be brought to all fields where the imaging of ionizing radiation is an important tool:
biology, radiology, nuclear medicine. In high-energy physics laboratories where the
technology is being developed, the existence of groups active in detector research
can be a source of important achievements if experienced people have the freedom to
also attack problems not directly connected with the main goal of their laboratories.
Valuable solutions in many domains can result from the effort to build low-cost,
high-rate, high-accuracy particle detectors required by the next generation of high-
luminosity accelerators.

Georges Charpak
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