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ABSTRACT

Lund-Jensen, B. 1988. Single-photon Detectors for Cherenkov Ring Imaging.

Acta Univ. Ups., Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science 172. 20 pp. Uppsala. ISBN 91-554-2305-1.

Single-photon gaseous detectors have been developed and used for
observation of Cherenkov Ring Images. The UV photons of the Cherenkov
light ionize molecules of Tri Ethyl Amine or Tetrakis diMethyl Amino
Ethylene which are added as a vapour to the hydrocarbon gas of the detector.
The photoelectrons produced in the gase move in a uniform electric field
towards the anode wires of a multiwire proportional chamber. Each
photoelectron gives rise to a shower of electrons which results in an induced
fast signal on the wire.

The accelerated electrons near an anode wire excite atomic states in the
hydrocarbon gases. Their decay results in the emission of UV photons which
ionize the photosensitive vapour generating feedback photoelectrons. The
implications of these feedback photoelectrons on the detector resolution and
on the maximum attainable gain have been studied.

Optical screens between the anode wires were used to limit the creation
of feedback photoelectrons. When operating detectors with optical screens in
a magnetic field directed along the anode wire, the electron collection
efficiency would be reduced if the electrons were deflected into the screens.
This effect has been studied and fully efficient operation demonstrated at
magnetic fields up to 1.3 T.

A Ring Imaging Cherenkov counter with this type of photon detection
was built and used in an experiment at the CERN proton-antiproton collider
where prompt electron production at transverse momenta between 1 to 3
GeV/c was measured.
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One Ring to rule them all, One Ring to find them,
One Ring to bring them all and in the darkness bind them.

(J.RR. Tolkien, The Lord of the Rings)

To Gaynor.
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1. Introduction.

In a typical high energy physics experiment particles collide at high
energies producing a large number of secondary particles covering a whole
spectrum of masses and quantum numbers. The more details that are
known about the secondary particles the better is our understanding about
the interactions in matter, be it strong or electroweak.

With Ring Imaging Cherenkov (RICH) detectors, which have been
developed during the last decade, particle velocities are measured. If the
momentum of the particles are known from a measurement of the
curvatures of their trajectories in a magnetic field, their masses can be
determined and the particles are consequently identified.

This thesis concerns the development of RICH counters with drift-type
single-photon detectors. The work spans from investigations of the imaging
properties of the photon detector (paper I) over the observation of the first
Cherenkov ring images obtained with this type of photon detector (paper II),
to a RICH counter used for a measurement of prompt electron production at
the CERN SppS collider (paper V). Cherenkov light emission and the
principles behind some of the commonly used types of Cherenkov counters
are described in section 2 together with the design criteria for RICH detectors.
A general description of gaseous single photon detectors follows in section 3
where the papers I-IV are summarized and some aspects of the drift-type
single-photon detector are described. Finally, a description of a RICH
detector used for identification of prompt electrons and a summary of
paper V are given in section 4.

2. Cherenkov counters.

2.1 Cherenkov light.

When a fast moving charged particle passes through a dielectric
medium each track element radiates a brief electromagnetic pulse (wavelet).
Normally these pulses will interfere destructively; however, when the
velocity of the particle is higher than the phase velocity of light in the
medium the wavelets produced along the track will for a certain direction
be in phase resulting in the emission of light. This electromagnetic shock-
wave is analogous to the more familiar shock-wave phenomena such as the
bow-wave produced by a speeding boat or the acoustic bang from a
supersonic aeroplane. This shock-wave light which was discovered by
Cherenkov [1] in 1934, is emitted at a constant angle with respect to the
particle trajectory as illustrated in figure 1. During a time interval At the
particle travels a distance AB = At-B-c where the velocity of the particle is B-c,
¢ being the velocity of light in vacuum. In the same time interval the light
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travels the distance AC = At(c/n) where n is the refractive index of the
medium.

This gives an emission angle 9 :

cos 0 = Bl_n 1)

Y

Y

Pi\{ P2\p

Figure 1. Huygen's principle illustrating coherence of the wavelets.

The average number of Cherenkov photons N, emitted within the
photon energy range Ej to E; in a radiator of length L is given by

E

Ne = L(%%)z ﬂl -ﬁzan)z)dE = L-(le—S)zjzinze(E) dE (3)
E; !

where Ze is the particle charge.
2.2 Threshold Cherenkov counters.

The particle "velocity" p must exceed 1/n for the emission of Cherenkov
radiation to occur. This is used in the so called threshold Cherenkov
counters. At a given momentum, particles with low mass giving Cherenkov
light can be separated from heavier particles which have a velocity below
threshold for light emission. By using different media (e.g. gases at various
pressures) the refractive index can be varied, selecting the threshold to suit
the given separation requirements. Threshold Cherenkov counters, where
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the presence of light is detected with photomultiplier tubes (PMs), have been
used for particle identification since the beginning of the 1950s. A review
about Cherenkov light and early threshold counters is found in reference [2].

The cone of Cherenkov light emitted in a radiator of finite length forms
an annulaus when projected onto a surface some distance away from the
radiator. It is therefore possible to make differential counters where only
photons from an annulus of a certain diameter are collected by the PMs.
Such a Cherenkov counter was used in the experiment which discovered
the antiproton [3]. This detector, shown schematically in figure 2, only gave
signals for particles which had velocities in the range 0.75<p<0.78. This kind
of projection technique is only practical for dense radiators such as liquids
and solids, since they produce a sufficient quantity of light in a short
radiator.
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Figure 2. The differential Cherenkov counter used for the discovery of the
antiproton [3].

If the Cherenkov light emitted at a small angle along the trajectory of a
charged particle is reflected by a spherical mirror (radius R), the light is
focused into a circular ring image at the mirror focal-surface. In an
approximation valid for small angles the radius of the ring image is

r =f-tan 9 4
where f is the mirror focal length, f= R/2.

In "differential isochronous self collimating" (DISC) counters an
annular diaphragm of radius r located in the focal plane of the mirror is
used to obtain the angle determination, as shown in figure 3. The
transmitted photons are detected with photomultipliers located behind the
diaphragm. Additional optical elements correcting for the chromatic
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dispersion are used to improve the resolution. For such counters a
resolution AB/B~10-7 can be achieved [4].

PHOTOMULTIPLIERS

Figure 3. A gas DISC counter used at the 20-GeV charged hyper beam at
CERN [5]. (The figure is taken from Litt and Meunier [4]).

The differential counters respond to Cherenkov light passing through
the annular diaphragm i.e. particles within a preselected velocity range. The
small phase-space acceptance make these counters mainly suitable for mass
selection in collimated, momentum-analyzed beams.

2.3 Cherenkov Ring Imaging.

Séguinot and Ypsilantis [6] suggested making a Ring Imaging Cherenkov
(RICH) counter where a photon detector capable of spacial localization of
single photons is placed in the focal plane of a spherical mirror. A schematic
view of a RICH counter where ring images are obtained both from a thin
liquid radiator with the annular projection technique ("proximity"
focusing)* and from a gaseous radiator by means of a spherical mirror, is
shown in figure 4. Some of the desired properties of the photon detectors
are high resolution (typically some mm?2), good detection efficiency and a
sufficiently low price to make large surface area detectors (10's of m2)
feasible. These properties can be obtained with detectors utilizing the
photoionization process in gases in combination with charge multiplication
due to electron avalanche generation in strong electric fields.

*Although images from a thin liquid radiator were obtained with the proximity focusing
method during the work for the present thesis, the observations of these images are not yet
published and will not be discussed further in this summary.
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Figure 4. A schematic view of a RICH counter.

Using equation 3, the average number of detected photoelectrons (Npe)
can be written

Npe = Np-L-sin20 (5)
where
Ep
Np = (%)2 o® [Ta®) a2 ©)
Eq

is the merit factor of the photon detector. Q(E) is the photoionization
quantum efficiency and €;(E) are the transfer efficiencies of photons and
photoelectrons i.e. mirror reflectivity, window and radiator gas transmission
and photoelectron detection efficiency. Ej is the lower photon energy limit
which is normally given by the photoionization threshold, while the upper
limit Ep is generally given by the transmission cut-off.
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Thy ative error in the measurement of the particle Lorentz factor
(y=1/+ 1-B2) has been shown [6] to be:

Ay _2Bn

A® 7
” NoL @

where A6 is the error in the measurement of the Cherenkov angle. The

factors contributing to A@ are analyzed in reference [7] and will only be
summarized here.

The factor ultimately limiting the performance of RICH counters is the
error from the chromatic dispersion in the radiator, i.e. the variation of the
refractive index with the photon energy which gives

dn 1
ABchrom = a-E—( Yt - ; ) AE @®

with ¢ the Lorentz factor at the threshold for emission of Cherenkov light
and AE the root mean square of the energy acceptance distribution A(E):

1
A® =(1-75) QB [Tec® ©)

To avoid the Cherenkov angle resolution being limited by the photon
detector granularity, the pixel size (s2) should be such that

s 1
ABgeom =\IT—2' T < ABchrom (10)

where f is the distance between the mirror and the photon detector (i.e. the
mirror focal length). For a detector with a mirror focal length f=1 m and a
CoFg gaseous radiator (dn/dE=2.25-105 eV-1, y=25), using TMAE (see section
3) as photoionizing agent (AE=0.5), equation (3) gives s < 1 mm.

For a particle passing at a distance y from the centre of curvature of the
mirror the impact parameter is defined as y/R where R is the radius of the
mirror. For small Cherenkov angles and for small impact parameters
(< 16%) [6] the optical imaging errors are small compared to ABchrom-

Errors caused by deviations of the particle trajectory in the radiator from
a straight line, due to multiple scattering, are small in all the measurements
described in this thesis.
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3. Photon detection in gases.
3.1 Photosensitive organic vapours.

It was shown by Séguinot and Ypsilantis [6] that efficient single UV
photon detection can be achieved by using organic vapours as gaseous
photocathodes. The vapours they used, however, have very high
photoionization thresholds, e.g. Benzene (C¢Hg) with Etresh=9.25 eV, which
necessitates the use of expensive windows like MgF» (transparent below 10.8
eV) or LiF (11.8 eV) to separate the photosensitive gas from the Cherenkov
radiator medium. Although the much lower threshold energy for Tri Ethyl
Amine (TEA) [8], Ethresh=7.5 eV allowed a wider choice of window material,
single crystal windows such as CaF; (10 eV) or NaF (9.8eV) were still
required. With the introduction of Tetrakis-(di-Methyl Amino)-Ethylene
(TMAE) [9,10] a vapour became available which has a sufficiently low
photoionization threshold energy (Ethresh=5.4 eV) to allow the use of quartz
windows (transmission below 7.6 eV). Since fused quartz is relatively cheap,
this made the construction of large-surface detectors feasible. The quantum
efficiencies of TEA and TMAE are shown as functions of photon energy in
figure 5 taken from [II]. The transmissions of the quartz and CaF; windows
are also shown, as are the Lorentz factors at threshold for Cherenkov light
(Y) for various radiator media and their transmission limits. Both TEA and
TMAE have been used in the work for the present thesis.

A disadvantage of TMAE is its low vapour pressure (=0.35 torr at 20°)
which results in a long photon mean free path [ph=30mm at NTP. In order
to obtain a shorter Iy, heating of the liquid TMAE is required which in turn
necessitates a heated detector to prevent condensation of the TMAE. To
obtain, for example, Iph=15 mm, liquid TMAE at 30 °C with the detector at
~35 °C is required. The detector heating needs to be carefully regulated to
avoid variations in the refractive index of the gaseous radiators. Another
disadvantage is that TMAE oxidizes violently when exposed to air requiring
certain precautions in its handling to be observed. Contrary to TMAE, the
mean free path for UV photons in TEA is short (0.6 mm at NTP) [II]. TEA is
stable in air but has a different practical disadvantage. Since oxygen has high
photoabsorption at the photon energies of the TEA quantum efficiency peak,
the O, content in a typical Cherenkov radiator of 1 meter length needs to be
kept below 1 ppm to obtain more than 95 % transmission. A review of the
physical properties of TEA and TMAE can be found in [II].
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Figure 5. Quantum efficiencies for TMAE and TEA and window transmissions
together with transparency range and Lorentz factor () at the Cherenkov
threshold for different radiating media. The medaia that have a sufficiently
high transparency limit to be used with TEA are marked with arrows. ¥ for
the solid radiators are calculated from the refractive index for 8.2 eV energy
photons. The dotted lines show the photon energy range for TEA in
methane gas, while the dashed lines show the limits for TMAE with fused
quartz.
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3.2 Gaseous single-photon detectors.

The photon detector consists of a conversion gap, i.e. a volume filled
with the photosensitive gas having a thickness of at least 3:lph in order to
obtain >95 % photoabsorption efficiency, coupled to a detector for single
photoelectrons. The single-photoelectron detector can be of several types.

In the multiwire proportional chamber (MWPC) shown in figure 6, the
gas amplification takes place around thin wires. Typical operational gains
are ~105-106. The wire address gives one coordinate and a second coordinate
can be obtained by, for example, readout of cathode strips or charge division.
Since the cathode strips cover more than one wire this method of obtaining
a two dimensional coordinate may suffer from reconstruction ambiguities
when a large number of signals are recorded. In charge division, the pulse
heights at both ends of the resistive anode wire are read out ar compared
to obtain the second coordinate. For this method to be unambiguous with

more than one signal on the same wire, very fast analogue readout is
required.

Entrance window
y n # # ” ” with potential strips

Conversion gap

®© &6 ¢ 0 0 0 ¢ 0 0 o o Anode wires

Cathode

Figure 6. Schematic view of a multi-wire proportional chamber.

In the multistep avalanche chamber (MSAC) [11] the amplification takes
place in two stages. The principle of this detector is shown in figure 7. The
photoelectrons are first drifted into the parallel-plate preamplification gap
(PA) with good transfer efficiency since the field in PA is much higher than
in the conversion gap C. In the high field, a limited charge multiplication
occurs. Part of the avalanche is transferred via the transfer gap (T) into the
second stage, for further amplification and detection. The second stage can be
a multiwire proportional chamber as previously described. The thickness of
the transfer gap has to be several photon absorption lengths for reasons of
photon feedback that will be discussed later. This kind of detector has been
used in a Fermilab experiment [12]. The second stage of the MSAC can also
consist of a spark-chamber [13] or a parallel-plate amplification gap [8].

Optical readout with an image intensifier and a CCD camera has also been
tried [14].
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Figure 7. Schematic view of a multi-step avalanche chamber.

In the drift-type single-photon detector (figure 8), which is the subject of
this thesis, one coordinate of the photon conversion point is given by the
wire address in the MWPC. A second coordinate is given by the time spent
by the electron to drift to the MWPC wire, using the knowledge of the
electron drift velocity in the detector gas. This method is presently preferred
for large area RICH detectors e.g. in the DELPHI experiment at LEP [15] and
in the SLD at SLAC [16] since it has been demonstrated that electron drift
over long distances (~1.5 m) is possible. The drift method gives an
ambiguity-free two-dimensional coordinate. The remaining coordinate, i.e.
the conversion depth, can be determined either with the charge-division
method or by cathode readout. This coordinate is only used to avoid parallax
errors from photons converting at different depths. The main disadvantage
of the drift-technique is in experiments with very high event rates where
two or more events would overlap within the drift time of the detector.
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fieldshaping electrodes
MWPC

window

Figure 8. Principle of the drift-type single-photon detector. The Cherenkov
photons enter through the window which separates the
photosensitive gas from the Cherenkov radiator medium. Field-
shaping electrodes define an electric field parallel to the window.
The created photoelectrons drift in this field to a multiwire
proportional chamber where they are amplified, detected and timed.

The drift properties of a conversion gap for a drift-type photon detector is
studied in paper [I]. It was found that field shaping electrodes were required
on both sides of the window separating the photosensitive gas from the
radiator medium, in order to completely polarize the window dielectric with
the same electric field as in the drift volume. Otherwise, charge build-up on
either side of the window would cause distortions to the drift field.

Measurements of the drift properties were made using the ionization
from charged particles traversing the drift volume in a plane parallel to the
window. The particle trajectory had a slight slope with respect to the wire-
plane of the MWPC in order to prevent the ionization electrons from
reaching all wires at the same time. Assuming that the number of primary
ionization electrons that are detected on a single wire follow a Poisson
distribution with average Npe , the probability of having no signal is P(0)=e-
Npe  hence Npe= - In(P(0)). The average number of primary electrons thus

obtained is shown in figure 9, as a function of drift distance with and
without window polarization.
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Figure 9. The average number of primary electrons nye collected on each
wire with the window polarized (open circlesf and unpolarized
(closed circles) as a function of drift distance d [I].

Straight lines were fitted to the charged particle tracks. The drift time
variance of these tracks, as a function of drift distance, was used to obtain the
longitudinal diffusion (in the drift direction). The measured variance had
one component which was independent of drift distance. The dominant
contribution to this component was drift field inhomogenities between the
first field-shaping electrode in the drift volume and the MWPC. In an
improved drift cage this error was reduced by a factor 2. A second
component, which is due to the randomness of the collisions between the
electrons and the molecules of the detector gas, is proportional to the square
root of the drift distance. The proportionality constant, the longitudinal
diffusion coefficient, was measured to be 6/=235 pm/cm-1/2 for gas mixtures
containing predominantly methane.

3.3 Feedback photoelectrons.

It has been shown that single photoelectron detection can be achieved
with a single-stage multiwire proportional chamber using either methane,
ethane, isobutane or mixtures thereof [17].

During the charge multiplication around the anode wires of the MWPC,
excitation of atomic states of carbon and hydrogen is caused by the impact of
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electrons produced and accelerated near the wire. The de-excitation of the
atoms results in emission of UV photons which can ionize the
photosensitive vapour, creating feedback photoelectrons at distances
described by the photon mean-free-path. The feedback photoelectrons drift
back to the same or adjacent wires causing new avalanches. Photons due to
the carbon lines at 6.42, 7.48 and 7.94 eV energy can all ionize molecules of
TMAE while TEA is only ionized by the 7.94 eV line. The amount of
feedback photoelectrons produced has been found to be proportional to the
charge developed in the avalanche [17]. Instability sets in at large detector
gains where the average number of created feedback photoelectrons per
avalanche becomes larger than 1. The implications of feedback
photoelectrons on the detector resolution and on the maximum attainable
gain are studied in [II] for both TEA and TMAE.

It was found [II] that the MWPC could be operated at ~3 times higher gain
with methane - TEA at Iph=6 mm (maximum gain g=1.9-106) \han with
methane - TMAE at Iph=15 mm (g=7-105). Monte-Carlo simulations show a
good agreement with the experimental data for both TEA and TMAE over
more than one order of magnitude in gain (1.5-105 - 1.9-106). The amount of
feedback photoelectrons produced (Npfb) and detected (Ngfp) per Cherenkov
photoelectron is calculated by Monte-Carlo for the detector in [II], and shown
in figure 10 as a function of detector gain. The rise of the number of detected
feedback photoelectrons is very sharp for TMAE. To optimize the detector
resolution, a detector with TMAE should be operated at as low a gain as
possible, still giving an acceptable detection efficiency considering the
threshold of the available electronics. With the electronics used for the tests
reported in [II] this condition could not be satisfactorily met. For TEA, stable
operation at full detection efficiency with sufficiently low background from
feedback photoelectrons was possible.
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Figure 10. The number of produced (Npsp) and detected (Ngpp) feedback
photoelectrons per Cherenkov phfotoelectron for TEA and TMAE,
estimated by Monte-Carlo simulations, as function of the detector
gain. The probabilities of having at least one feedback photoelectron
(pfp) and the detection efficiency are also shown.

To limit the creation of feedback photoelectrons, optical screens can be
placed between the anode wires as shown in figure 11. The screens are made
of printed circuit-board or Kapton® foil with fieldshaping electrodes. The
voltages on the electrodes are selected such as to avoid electrons drifting into
the screens [IIT]. The screens are necessesary when charged particles traverse
the photosensitive volume since the several hundreds of ionization
electrons would otherwise create a large feedback background on adjacent
wires. Such background interferes with the ring image and degrades the
Cherenkov angle resolution.

® Kapton is a registered trade mark of DuPont deNemour.
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Figure 11. Cell layout for a MWPC with optical screens made of PC-boards.

The optical screens may, however, cause problems when the MWPC
detectors are used in high magnetic fields directed parallel to the anode
wires, e.g. for the Forward RICH in the DELPHI detector at LEP [16]. In such
magnetic fields, photo-electrons can be lost by drifting into the screens. This
effect was studied [IV] with a photon detector placed inside a magnet. Single
photoelectrons were created with a hydrogen flash lamp shining through a
mask with 1 mm diameter holes. The measurements were made using
ethane, isobutane and a mixture thereof with a small addition of TMAE
vapour. For the MWPC with printed-circuit board screens that is
schematically shown in figure 11, full detection efficiency was maintained in
transverse magnetic fields of up to 1.3 T.




16 The UA2 RICH experiment.

4. The UA2 RICH experiment.

A RICH counter was used to measure the prompt electron production at
the CERN SppS (s= 630 GeV) in the pr region 1-3 GeV/c in an experiment
together with the UA2 collaboration [V]. The measurement determines the
electron to pion (e/n) ratio which judging from measurements at the ISR
(\/s~60 GeV), could be as low as ~104. For such e/ ratios it is essential that
pions are not misidentified as electrons. The main part of the required = - e
separation has to come from the RICH as other available elements of the
UA2 detector have a more limited & rejection. The experiment was carried
out in 1984-1985. The physics analysis is in progress and the first results are
about to be published.

4.1 The UA2-RICH.

The radiator vessel, which was filled with gaseous freon (CyFg) at
atmospheric pressure, was tailored to fit into a section of the UA2 endcap.
The Cherenkov light was focused into ring images in the photon detector by
a 60 cm focal length spherical mirror.

The 20 x 20 cm? entrance window of the photon detector was made of
5 mm thick CaF, The 4 cm deep photosensitive gas volume was filled with
methane with an admixture of TMAE, resulting in a photon mean free path
of 12 mm. The photoelectrons drifted parallel to the window in an electric
field of 0.5 kV/cm, with a speed of 9.5 cm/us, to the MWPC.

The MPWC is shown schematically in figure 12. It has 80, 20um
diameter, anode wires with 2.54 mm spacing, directed perpendicular to the
window. The stainless steel cathode has a tubular structure cut out by
electro-erosion. The photoelectrons enter through a 0.5 mm wide slit,
guided by potential wires on both sides of the slit. The cathode is divided
into eight 5mm wide bars providing for readout of the conversion depth
coordinate. The two other coordinates are obtained from the anode wire
address and the drift time.
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Figure 12. Schematic view of the MWPC.

On average 4.5 photoelectrons were detected for a ring from a =1
particle with a corresponding ring image radius of 24 mm. This gives a
merit factor No=47 cm-1in agreement with Monte-Carlo simulations. The
radius resolution is estimated from the width of the radius distribution to be
6 =13 mm.

The 7 rejection power was measured in a high statistics run with a n-
beam at the CERN PS . Two 4 meter long threshold Cherenkov counters
placed in front of the RICH detector were used to identify electrons. The
probability that an incoming electron was misidentified as a pion (i.e.
absence of signal in both threshold counters) was less than 2:10-7. Muons
were tagged in a large veto scintillator down-stream from the RICH behind
~3 absorption lengths of iron. The measured probabilty of misidentifying a
pion as an electron is shown as a function of beam momentum in figure 13.
The rejection becomes rapidly worse for momenta above the 1 threshold.
The electron identification efficiency was found to be ~60% independent of
momentum.
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Figure 13. The measured probability of misidentifying a pion as an electron,
as a function of beam momentum.
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Conclusions.

The RICH technique has gradually became an accepted tool in high
energy physics experiments. During the work for the present thesis it was
demonstrated that a RICH detector can be operated succesfully in a collider

environment. The developments for future high luminosity machines are
underway.
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A detector capable of imaging single photoelectrons has been constructed and tested. UV photons (=5.4 eV) are converted to
electrons with high quantum efficiency by photoionization of a small admixture (~1 Torr) of an organic vapour TMAE in a
predominantly methane drift and amplifying gas at atmospheric pressure. The produced photoelectrons drift in a uniform applied
electric field to a picket fence of proportional wires where each electron is amplified, counted and timed. The two-dimensional source
point of each photoelectron is uniquely determined by the hit wire address and the arrival time.

The detector has been tested by measuring ionization electrons produced in the drift gas be relativistic charged particles. The
limiting precision to which the electron source point can be determined has been measured to be 300 pm (r.m.s.) in the drift direction
and 370 pm in the wire plane direction. Additional independent error sources due to electron diffusion in the drift gas have been
measured to be proportional to the square root of the drift distance with a proportionality constant of 235 pm/cm'/2 in both
directions. Drift velocities of electrons in various predominantly methane gas mixtures have been measured as a function of the
applied electric field.

The utilization of such a two-dimensional single electron drift detector for Cherenkov ring imaging is presented with a discussion
of the advantages and limitations of the drift method for imaging.

1. Introduction

The Cherenkov light emitted by a high-energy par-
ticle traversing a dielectric medium may be focused to a
ring image with the aid of a spherical mirror. The focus
of the image is situated half-way between the mirror
and its centre of curvature. The focal surface thus has
the shape of a spherical shell with a radius half of that
of the mirror, as illustrated in fig. 1.

The measurement of the radius of the Cherenkov
ring allows a determination of the angle of emission of
the Cherenkov light and thus of the particle velocity. If
the particle momentum is also measured, this enables a
determination of the mass of the particle and thereby its
identity. A detailed analysis of the ring image optical
quality and the concomitant resolution obtainable may
be found elsewhere [1].

The basic technical problem in the utilization of this
method is the detection of the position of single ultra-
violet (UV) photons in the focal surface with good
two-dimensional position resolution (~ 1 mm), high
conversion (~50%) and counting efficiency (~ 90%).
The conversion of photons to electrons is effected via
the photoionization mechanism

0167-5087 /82 /0000-0000,/$02.75 © 1982 North-Holland
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where M is a suitable photosensitive molecule admixed
with the detector gas. This process has been shown 2]
to have a large quantum efficiency (~ 50%) for photons
above the threshold energy E, which is, for the mole-
cules so far utilized, well into the UV region of the
electromagnetic spectrum (i.e. E =54 eV). High
single-electron counting efficiency (=90%) has been
achieved [3] by using pure methane (CH 4) as an ampli-
fying gas in a multiwire proportional chamber (MWPC)
geometry. As shown in fig. 2, we achieve unique two-di-
mensional determination of the photon conversion point
by the use of a drift gap in which the photons are
converted and drift to a MWPC array where they are
detected and timed [3]. In an experimental situation
where several radiating particles are expected to emerge
together in collimated jets, it is essential that the many
near-by photon points in the focal surface can be recon-
structed unambiguously in order to allow the pattern
recognition of the circular images.

We have constructed a photon drift detector (type:
time projection chamber), in accordance with the above
criteria, which has a circular transmitting window of
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Fig. 1. Schematic diagram of ring-imaging geometry. The outer
spherical surface is a mirror and the inner surface a detector.
Photons emitted when two particles emerge from the interac-
tion region, near the mirror centre of curvature, will be focused
by the mirror into two separate rings with half-angles 8p,, and
85, These ring radii are related to the particle velocity g; by
the relation 8, =cos ™' (1/n8;) where n is the refractive index
of the gas (or liquid) radiating medium.

127 mm diameter (open diameter 100 mm) sitting above
a square drift gap of 140 X 140 mm? in area and 15 mm
(or 45 mm) in depth. In this paper we describe the
construction of the photon detector and the results of
test measurements, performed in a 5-20 GeV/c 7~

Rodiator
region

Incident photons
v hy

hy

h, SN
o MWPC
ol “ h hy
Quartz or e
Caf, window = \ % from wire
: address

y from drift time

Fig. 2. Schematic of the photon drift detector. The UV photons
produced by a charged particle in the radiator are reflected by
a spherical mirror and form a ring image, in the focal plane of
the mirror, just below the entrance window (quartz or CaF,).
The photons are converted to photoelectrons by photoioniza-
tion of molecules in the drift volume. A uniform electric field
parallel to the entrance window and perpendicular to the
MWPC plane causes the electrons to drift to the MWPC plane
where they are amplified, counted and timed. The carrier drift
gas is methane plus TEA or TMAE.

beam from the CERN Proton Synchrotron (PS), to
detect the ionization electrons produced in the drift gap
by through-going beam tracks. The parameters which
affect the precision of spatial localization of the elec-
trons, such as wire spacing, time binning, drift velocity,
and diffusion, have been investigated. In addition, an
unexpected non-uniformity in the drift field, due to
incomplete polarization of the entrance window, has
been observed and corrected. In a forthcoming paper we
describe the ring images obtained with this detector,
with triethylamine (TEA) and tetrakis (dimethylamine)
ethylene (TMAE) as the photoionizing gases.

One of the aims of the present work is to explore the
possibility of using this drift technique for UV photon
ring-imaging over large, spherically shaped, detector
areas (several m?), as would be needed for ring-imaging
Cherenkov (RICH) counters made to cover large solid
angles (several steradians). On the bases of the experi-
ence gained with the photon drift detector discussed in
this paper, we have designed and constructed a large
modular counter unit having a large ratio of active to’
total area (~85%) and small matter density (~2
g/cm?). Several such units can be mounted side by side
at a slight angle to cover a large, approximately spheri-
cal surface.

2. Principle of the single-photoelectron drift detector

The basic idea of the drift detector is illustrated in
fig. 2. Photons generated in the Cherenkov radiator en-
ter the photosensitive drift region of the detector through
a transparent window and converge to a ring image on
the focal surface situated just behind this window. The
drift region is filled with a suitable drift chamber gas
such as methane, with a small admixture of a photo-
ionizing vapour such as TEA or TMAE. These mole-
cules may absorb a photon of energy E and produce a
single photoelectron with probability Q(E), ie. the
quantum efficiency for the process. The probability
Q(E) is null if E<E, with E,=7.5 eV for TEA and
E =54 eV for TMAE. The electron thus produced
drifts in a uniform electric field, parallel to the window,
into a MWPC plane where, after amplification in the
intense electric field around a wire, the time of arrival
(relative to an external trigger) of each electron is mea-
sured on the wire which it hits. The two coordinates
(x,y) of the conversion point in the focal surface can
thus be obtained for each detected photon, without
ambiguity, from the measured drift time ¢ (y =vpt,
where vy, is the electron drift velocity) and the corre-
sponding wire address (x). Fig.3 shows the photon
detector in two projections (side and top). The field-
shaping electrodes are indicated by black dots and full

lines, with the direction of the uniform electric field also

indicated. A double entrance window is shown with
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Fig. 3. A schematic side view (a) and top view (b) of the photon
drift detector. A double entrance window is shown with field-
shaping electrodes (full dots and lines) on both sides of the
inner window as explained in section 3.3. Photons coming
through the entrance windows are converted in the drift volume
at points represented by open dots and drift in the uniform
electric field E to the MWPC plane, where the impact points
are shown by crosses. The cathodes of the MWPC are also
shown (dotted lines). The large full circle in (b) shows the
extent of the circular entrance window relative to the larger
square drift volume. In a later design (Mark II) the entrance
window is square (or rectangular) and covers the full drift
volume.

field-shaping electrodes mounted on both sides of the
inner window. The reason for this double window will
be discussed in section 3. Also shown in fig. 3 are open
dots corresponding to photon conversion points in the
drift volume, and the direction of drift of these electrons
towards the MWPC plane where the corresponding
impact points are indicated by crosses. The depth of the
conversion point in the detector depends on the photon
mean free path for absorption in the detector gas.
Typically, this absorption mean free path was 5 mm for
TEA and 15 mm for TMAE; thus the drift gap depths
were 15 mm and 45 mm, respectively, so as to ensure
essentially complete (95%) photon absorption. Fig.4
shows a cross-section of the mechanical construction of
the detector and shows its mounting relative to the
Cherenkov radiator gas volume.

1 drift d
2.1. The photosensitive drift region

The parallel electric field in the drift region is de-
fined by wires stretched between the two legs of a
U-shaped Stesalite frame as illustrated in fig. 5. There
are two layers of 50 equidistant wires, each of 140 mm
length and 100 pm diameter, mounted with a pitch of
2.54 mm. The wires are interconnected through 1 MQ
resistors (tolerance 1%) in a voltage divider chain, as
shown in fig.6. The photoelectrons drift in the space
between the legs and the wire planes towards the open
side of the U-frame where the MWPC is placed. The
thickness of the frame, which determines the depth of
the photoabsorption region, was either 15 mm or 45
mm, depending on the absorption length of the photo-
ionizing agent used (TEA or TMAE).

The connection between opposite equipotential wires,
one in each wire plane, is made through parallel con-
ductive lines deposited on a 100 pm thick Kapton foil
using the printed-circuit technique. These foils are
wrapped around the legs of the U-frame, thus making
contact between the wire planes, on both the inside and
the outside of each leg. This was done in order to avoid
having a part of the surface of the U-frame where the

®

QUARTZ OR
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windows ™~

Lf } fiexible printed circuit
Mylar window ‘

Fig. 4. Details of the photon drift detector: A — gas radiator
volume; B - end flange of gas container (stainless steel); C —
extension of gas container (stainless steel) in contact with
radiator gas; C, — araldite extension (glued to C) onto which
the outer entrance window is glued; D - support box (araldite)
for drift gap and MWPC; E - rear closure for support box with
Mylar window; F - drift volume with field-shaping electrodes
and inner entrance window. Potential applied at the far side in
Up and the near side to the MWPC in U;; G - MWPC array
with wire mesh cathodes and wire anodes; H - closure of
MWPC array with Mylar window.
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flexible printed circuit
{Kapton)

Fig. 5. View of the drift gap (F in fig. 4) with field-shaping
electrode wires and Kapton printed-circuit channels covering
the U arms. Also shown is the inner entrance window which
abuts on the entrance field-shaping electrode wires. Not shown
is a second plane of field-shaping wire electrodes which sand-
wich the inner entrance window.

potential would be undefined and where accumulation
of electric charge leads to a transverse polarization of
the frame material which gives rise to distortions of the
electric field. This problem will be discussed in detail in
a subsequent section (section 3).

The U-frame is mounted with one of its wire planes
touching one of the entrance windows that are placed
between the radiator gas volume and the detector gas
volume. In order to have the same electric field on both
sides of this window, a second field-shaping electrode
wire plane is used on the outside of the window, as
shown in fig. 3. As a high-voltage connection is needed
between corresponding wires on either side of the
window, it was technically a problem to have this
window also providing the gas-tight separation needed
between the detector gas and the radiator gas. Although
a solution to this technical problem of using only one
window exists (Mark II), we have first used the simple
method of adding a second window outside the first
one. This outer window is glued with Araldite onto an
extension tube (C, in fig.4) mounted on the radiator
gas container so as to ensure gas tightness between
detector and radiator gases. An obvious disadvantage of
this solution is that, because of the limited transmission
of the windows in the UV, the second window reduces
somewhat the overall photon -detection efficiency. In
fig. 7 is shown the transmission of Smm thick fused
quartz (Corning 7940) and calcium fluoride (Harshaw)
entrance windows measured in the laboratory with a
UV monochromator. We note that at the peak of TEA
photoionization response (8.2 eV) the CaF, crystal has
68% transparency, whereas at the centre of TMAE
response with fused quartz (6.7 eV) the quartz has 83%
transparency. An advantage of this solution, at this

oMQ
Yo -(8to 30 kv)

> 50 x IMQ (1% -114%)

Us

Uz

' -(3t06kV)

0MQ ke
Mo (2%

Fig. 6. Voltage resistor chain for field-shaping electrodes. The
negative potentials Up, and U, are defined by external supplies.
The black dots correspond to the wires of the field-shaping
electrodes.

stage of experimentation, is that of flexibility. For ex-
ample, we were able to vary the domain of spectral
transmission of the detector by changing the inner
window from CaF, to quartz when the photoionizing
molecule was changed from TEA to TMAE. This provi-
sional solution furthermore avoided the problem of

osf q

06— 1

- FUSED QUARTZ CoF,

04 1

02 -

E (ev)

Fig. 7. The photon transmission vs photon energy of fused
quartz (Corning 7940) and a CaF, (Harshaw) single crystal
windows. Both windows are S mm thick and 127 mm in diame-
ter.
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field-shaping electrode wire planes in the argon radiator
gas, which would cause a glow discharge when the
electric field exceeds 1 kV /cm.

The detector volume is closed, on the side away from
the entrance window, by a Mylar foil (see E in fig. 4).
This foil is far enough away (7cm) from the drift
volume to cause a negligible influence on field uniform-
ity in the gap. The third side of the U-frame is covered
with a copper sheet, which is connected to the potential
Up, defining the high-voltage end of the drift field. The
U-frame is mounted inside the Araldite support box
(see D in fig. 4). This support box contains the gas inlets
and outlets, the high-voltage connections, the voltage
division resistor chain, and the MWPC array (see G in
fig. 4). The support box itself is mounted on an exten-
sion tube (see C in fig. 4) of the Cherenkov gas radiator.

2.2. The multiwire proportional chamber

The MWPC detects the lateral positions and the
arrival times of the photoelectrons as they drift to the
end of the electric field volume and into the MWPC
array. Two different chambers were used, one having 43
anode wires of 20 pm diameter mounted with a pitch of
2.54 mm, the other having 86 anode wires of 10 wm
diameter with a pitch of 1.27 mm. In both cases the
wires are made of gold-plated tungsten, and the wire
length is 6 cm. The cathode planes, placed 3.2 mm away
on either side of the anode, consist of a woven
stainless-steel mesh made of 50 pm wires with 500 pm
spacing.

The MWPC chamber is mounted at position G as
shown in fig. 4. In this position the chamber covers the
end of the drift region, with the anode wires perpendicu-
lar to the entrance window plane and to the direction of
the electric field.

The gap between the last wire of the field-shaping
electrode (U,) and the MWPC cathode was 14 mm, and
it had been foreseen to insert two additional wire-mesh
planes into this gap. This would have enabled the detec-
tor to be operated with gaseous preamplification [4].
The gap between the first and second additional meshes
was to be used to cause a discharge avalanche, and the
gap between the second additional mesh and the MWPC
cathode as a transfer gap. However, the measurements
reported in this paper were made without the preampli-
fication and transfer stages, as sufficient amplification
was obtained using methane as the amplifying gas cou-
pled with very sensitive detection electronics. This left,
however,a rather large gap (14 mm) between U, and the
cathode of the MWPC, which has repercussions on the
time resolution of the detector as will be discussed in
section 5.

The MWPC is closed to the outside air by a Mylar
foil mounted behind the outside cathode grid (see H in
fig. 4). The electric potentials of the closest drift-gap
wire (U;) and the MWPC cathode have separate high-
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voltage leads and can thus be adjusted independently of
each other. This allows us to maintain the same electric
field in the drift region and in the gap between U, and
the cathode when the MWPC voltage is varied.

2.3. The electronics and data-acquisition system

The basic layout of the electronics for the processing
of the pulses from the anode wires of the MWPC is
shown in fig. 8. The anode pulses are led through a 10
cm long flexible printed circuit-board conductor to the
preamplifiers which are mounted outside on the support
box. The detector electronics shown in fig. 9 are com-
posed of fast MECL 10000 series amplifiers having a
100 MHz bandwidth. The preamplifiers (voltage gain of
50) are mounted on the detector and are connected to
the anode (sense) wires of the MWPC by a flexible
Kapton printed circuit, 10 cm in length. Every other
channel on this circuit is connected to ground so as to
minimize cross-talk between neighbouring wires. The
resistance to ground on the sense wire is 1.5 kQ, with a
measured stray capacity of 16 pF and thus an entrance
filter time constant of 24 ns. The preamplifiers are
protected against sparking in the MWPC by a 270
resistance in series with two back-biased diodes.

The preamplified analog signals are transferred to
the counting area via 20 m lengths of 120 Q impedance
twisted-pair cable, which reduces the bandwidth to about
80 MHz. In the counting area the analog signals are
further amplified (voltage gain 60) by the first two
stages of MC 10116 amplifiers (rated gain 12 X 12) with
feedback, and discriminated in the third stage by a
Schmitt trigger which gives 60 dB rejection of positive
pulses induced on neighbouring wires. The discrimina-
tor has a hysteresis of 200 mV, which aids in noise
rejection and allows for adjustment of the voltage
threshold level by means of an external dc bias voltage.
This threshold is adjustable for between 50 pV and 5
mYV signals on the anode wire. The r.m.s. noise level at
the entry to the preamplifier (when not connected to the
MWPC wire) is 50 uV. When operating with the MWPC,
this noise gives rise to a random counting rate of 102 Hz
per wire when the discriminator level is set for a 150 In%
signal on the wire (i.e. 0.1 pA on 1.5 kQ), which for a
capacity of 16 pF corresponds to a charge of 2.4 fC or
1.4 X 10* electrons.

The voltage response of the MWPC and preamplifier
entry filter is, for one photoelectron, given by the rela-
tion
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Fig. 8. Schematic diagram of drift detecor read-out.

where 4 is the MWPC gain, C =s5/2ma is the capacity
of a MWPC wire per unit distance (s is the wire
spacing, a the cathode-anode distance), R;=1.5 kQ
and C; =16 pF, and ¢, is a constant:
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where V is the cathode-anode potential, d the wire
diameter, and a the mobility of the positive ions
(cm?/V -5). In the parameters of the detector (R; = 1.5
kQ, C;=16 pF, s =0.127 cm, d=0.001 cm, V'=3.5 kV,
a=032 em, a=2.26) we find v, (1V)=21 X 107%
at ¢ = Tns, which decreases slowly to 10% of this value
in about 150 ns. Taking 150 uV as the operating
threshold level thus requires a gain 4 =7.0 X 10 so as
to be sensitive to a single electron. Another operating
condition of the detector was (s =0.254 cm, d = 0.002
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Fig. 9. Preamplifier, amplifier and discriminator circuits.

cm) which gives v, (BV)=29X107%4 at =10 ns,
hence single-electron sensitivity (150 uV threshold) when
the gain 4 = 5.2 X 10, The gain 4 of the methane-filled
MWPC has been measured to be ~ 1.8 X 10° by observ-
ing an extrapolated 5V signal out of the preamplifier
when the chamber was irradiated with 5.9 keV X-rays
from a **Fe radioactive source. Since the voltage gain of
the preamplifier is 50, this corresponds to a 100 mV
signal on the wire. A converted X-ray in methane pro-
duces about 200 electrons. Thus the signal on the wire
due to a single electron is 500 uV, which should be set
equal to 28.6 X 10744, hence the value 4 = 1.8 X 10°.
This value may be a lower limit because of saturation
effects due to such large signals. The chamber gain is
thus 2 to 3 times bigger than necessary for single-elec-
tron sensitivity. This additional gain is important be-
cause of the large fluctuations in pulse height for single
electrons (causing a loss in counting efficiency), and to
minimize the slewing error in the arrival time measure-
ment. This latter factor can be estimated to give rise to
an r.ms. error in the measured arrival time of ~8.5
ns/V12 =2.5 ns for a uniform pulse-height distribution.

The discriminated output (see figs. 8 and 9) for each
wire is connected to a Drift Time Recorder (DTR Type
247 CERN) which digitizes the detection time of the
input pulse, relative to a trigger pulse, at a frequency of
125 MHz. The DTR has 8 bits per channel and a
memory which permits acceptance of up to 256 pulses
on 16 wires (i.e. multi-hit capability). A time binning in
4 ns buckets is obtained by interpolation of the 8§ ns
period clock with a maximum time range of 2048 ns.
The DTR modules are read via a standard CAMAC
dataway by a fast microprocessor, called CAB (CAMAC
Booster), developed at the Ecole Polytechnique. The
microprocessor is based on the AM 2900 series (4-bit
slices with 160 ns cycle time) and has a programming
memory of 4K 24-bit words, a data memory of 4K
16-bit words controlled by an index register of 12 bits, a
hard-cabled TRW multiplier/adder block of 16 X 16
bits, and an arithmetic and logic block ALU (AM 2901

Uy
(Threshold)

560 t DTR
22uF
=inF 210(| (] 3%
Ve

L 100nF

e
MC 10116

Discriminator Level
adaptor
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series). The digitized data from the DTRs are trans-
ferred to CAB, where appropriate calculations are per-
formed for each event. The resultant histograms are
transferred to a Tektronix 4052 calculator for display on
a cathode-ray screen and printed out on an associated
hard-copy printer with the additional option of transfer
of the data to 3M cassettes for later analysis off line. As
an example of the calculations performed in CAB for
straight-line beam tracks passing through the drift
volume, the time digitizations ¢, from the ith wire (wire
position x;) for N wires hit (i=1,..., N') are summed to
give the moments NXx=3x,, Nf=3t,, Nx?=3x?, Ni?
=3¢}, and Nix=3t,x,. We fit the straight-line hy-
pothesis ¢ = ax + b using least-squares analysis to obtain

a=2"X nd b=i-ax (4
2 '2 .

We calculate also the variance o of the straigth-line fit
as

1 ¥ 2
°2=ﬁ 2 (4,—ax;~b)

i=1
=12+ a’x?+ b? — 2atx— 2bi + 2ab¥, 6)

which gives an estimate of r.m.s. error in a single
point-time measurement. For each event (trigger) we
calculate and histogram o, N, N(x;), N(1,), where the
latter two quantities are the number of times the ith
wire is hit or fills the #,th time bin. The probability that
the ith wire is hit is then N(x,)/N, which allows an
estimate of the number of primary dE/dx electrons
produced in distance s (wire spacing), as will be dis-
cussed in section 3.1. We have tested this complete
read-out chain by pulsing the cathodes of the MWPC,
which induced an equal time signal on each wire (hence
simulating a horizontal beam track ¢ = constant). A fit
to these simulated tracks gave o = 3 ns, which indicates
the intrinsic time resolution of the electronics and bin-
ning. The o expected with 4 ns time buckets is only 1.2
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ns, the difference, in quadrature, of 2.7 ns being due to
dispersion in the electronics.

3. Measurements of straight beam tracks

There are several potential difficulties connected with
the operation of a drift chamber that has a long drift
(=10 cm), such as drift-field inhomogeneities causing
image distortion and loss of drifting electrons, electron
absorption by electronegative impurities in the drift gas,
and electron diffusion, resulting in a decrease in the
measurement precision. These problems were investi-
gated by making measurements of the ionization created
by relativistic charged beam particles traversing the drift
region. The experimental layout is shown in fig. 10. The
detector is oriented in the beam so that particles pass
through the drift region between the two field-shaping
electrode planes in a direction parallel to these planes
and perpendicular to the MWPC wires. When oriented
in position (a) of fig. 10, the charged particle produces
ionization on all MWPC wires at equal times, whereas
when tilted slightly to position (b) of fig. 10 the trajec-
tory has a slight slope.

The measurements were made in the c,; test beam of
the CERN PS. This beam is a secondary beam derived
from an extracted 24 GeV/c proton beam. The beam
momentum could be varied between S and 20 GeV /c,
with beam intensity between 5 X 10% and 5 X 104 nega-
tive particles (mostly pions) per 300 ns spill. The tests
described here were done at 10 GeV /¢ with about 10*
particles per burst. The trigger was defined by a four-
fold coincidence between two pairs of scintillators,
placed upstream and downstream of the detector; this
corresponds to a beam of about 5 mm diameter, with a
maximum divergence of 1.7 mrad (see fig. 10). The
fourfold coincidence gave about 50 triggers/burst.

: v

(& =5mm)

| drift de
3.1. Measurements without the calcium fluoride window

Measurements were first made without the CaF,
entrance window in the detector. A Mylar window,
mounted at a distance of 7cm from the closest field-
shaping electrode plane, was used to close off the detec-
tor gas volume. The detector was aligned as described
above, and the charge collection efficiency of different
parts of the drift region was investigated by varying the
position of the drift gap-width w relative to the beam,
and the distance d of the beam from the MWPC wire
plane. The measurements were performed using a 15
mm thick drift gap with an argon (70%) + methane
(29%) + TEA (1%) gas mixture (volume flow ratios cor-
rected by \/M, /M, where M, and M are the molecular
weights of air and the flowing molecule) and a 1 kV /cm
drift field. The indicated argon purity was 99.995%,
while the methane was 99.95%. Both gases were further
purified by passage through oxisorb and dryer chemical
purifiers. The TEA liquid purity was 99.5%. The pre-
dominantly argon filling was chosen in order to produce
a large number (~ 5) of primary ionization electrons on
each wire. The MWPC used had 43 wires at 2.54 mm
pitch. Examples of data from two superimposed single
tracks are shown in fig. 11. Note that the tracks have a
slight slope and that every wire except the first two and
the last one are hit. This is because the first and last
wires of the MWPC are 100 pm in diameter (rather than
20 pm) and hence have negligible gain. The straight
lines shown are from the least-squares fit (see subsec-
tion 2.3) and give a variance o = 6 ns (using only wires 5
to 39 to minimize edge effects).

For N through-going beam tracks the number of
digitizations N, of the i th wire was measured to obtain a
counting efficiency €, = N,/N. Assuming that the num-
ber of primary ionization electrons that are detected by
the ith wire is Poisson distributed with a mean value n,,

Fig. 10. Orientation of the drift detector to observe through-going beam tracks; (a) flat tracks at equal time; (b) sloping tracks at

variable time.
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Fig. 11. Examples of two superimposed sloping tracks pro-
duced by 10 GeV /c pions passing through the drift detector.

then the probability of not counting is P(0)=e ™" =
1 —¢,, hence

n;=—In(1-¢,). (6)
If the efficiencies €; for 35 wires (i=S5, -++,39) are
reasonably uniform, we average the n, values to obtain
the average number of primary ionization electrons
noe="=(1/35)2n, and its variance o, = \n?>— 2. In
fig. 12a we see the values of n.. (error bars a,) versus

the position w of the beam relative to the drift gap at a
drift distance d = 100 mm. This scan shows npe=54in

| drift d 227
the centre of the gap, with a linear fall-off when ap-
proaching the field-shaping electrodes that is compati-
ble with an increasing fraction of the 5mm diameter
beam passing outside the drift gap. The value npe=354
corresponds to the number of primary electrons col-
lected on one wire spacing (2.54 mm); hence we find a
value 21.3/cm. In fig. 12b are shown the measured
values of N, versus the drift distance d(when the beam
is centred in the middle of the gap, i.e. w=7.5 mm);
this shows a plateau at n,.=5.4 with a similar fall-off
when approaching the borders of the drift region as
defined by the first (U;) and last (Up,) field-shaping
electrode wires. There is no indication of electron loss
after a drift of up to 12 cm. In fig. 12¢ is plotted the
recorded drift time (for flat equal-time tracks) as a
function of the drift distance d. The drift time increases
linearly with d, indicating a drift velocity which is
independent of d, with a slope corresponding to a drift
velocity of 5.6 cm/ps.

The data shown in fig. 12 indicate that the drift field
is homogeneous throughout the drift region when the
field strength Ep, =1 kV/cm. Varying the drift field
strength, the collection efficiency remains constant from
1kV/cm down to 0.2 kV /cm, as shown in fig. 13a for a
drift distance d=100 and w="7.5 mm (closed circles).
In fig. 13b the measured variation of the drift time with
Ep, is plotted, showing that the maximum drift velocity
occurs between 0.4 and 0.5 kV /cm in the argon (70%)
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Fig. 12. (a) The average number of primary electrons n
collected on each wire when the beam is scanned across the
drift gap w at a fixed drift distance d = 100 mm. (b) npe vs drift
distance d when the beam is positioned in the gap centre
w=17.5 mm. (c) Relative drift time vs drift distance d at w =7.5
mm.

o

Fig. 13. (a) The average number of primary electrons Mpe
collected on each wire vs the drift field E p When the beam is
centred in the gap w=7.5 mm at a distance d =100 mm.
Closed circles are with no entrance window and open circles for
a polarized CaF, entrance window. (b) Relative drift time vs
drift time vs drift field Ep, with conditions as in (a).
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Fig. 14. The average number of primary electrons n, collected
on each wire vs preamplifier threshold level.

+ methane (29%) + TEA (1%) gas mixture used for
these tests. Note also that the drift velocity does not
plateau to a constant value. Increasing the voltage
threshold of the discriminators, the number of collected
primary electrons n,, was found to be constant for a
discriminator threshold up to twice the normal value
(150 pV), as shown in fig. 14.

3.2. Measurements with an unpolarized calcium fluoride
window

Performing the measurements described in the previ-
ous section with a calcium fluoride window installed
outside the entrance field-shaping electrode plane (see
fig. 5) gave results which strongly deviated from the
earlier results and which changed with time. Fig. 15
shows the average number of primary electrons n,
collected per wire, obtained with the beam in the median
plane w =17.5 at a distance d = 100 mm from the MWPC
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Fig. 15. Variation of average number of primary electrons
collected per wire n, vs elapsed time At after turning on drift
field with an unpolarized CaF, entrance window. Drift distance
d =100 mm, beam centred in gap w=7.5 mm and Ep=1
kV/cm.
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anode plane as a function of elapsed time after the drift
voltage was applied. During the first moments n,, = 5.4
as before, but after half an hour n,, falls to about 1,
after which it slowly rises, during the following two
hours, up to a value of 4. Further studies showed that
np. continued to vary, with some tendency toward sta-
bility but never reached the original high wire-collection
efficiency (i.e. n, = 5.4).

Plotting the wire efficiency ¢, = N,/N for each of the
43 anode wires for N = 500 events shows how the losses
are distributed in the drift volume. In fig. 16, histograms
collected with d =100, w=7.5 mm at different times
after the drift voltage has been turned on, show how the
deterioration of the collection efficiency occurs prefer-
entially at the borders of the drift volume. Fig. 17 shows
histograms collected at approximately the same time,
but with the beam positioned at w = 7.5 mm and differ-
ent distances d from the MWPC plane. The depletion is
seen to be large at large drift distances (d =80 mm).

From these data we concluded that the deterioration
in the charge collection efficiency is due to varying
inhomogeneities in the electric drift field, which in turn
are due to slow and irregular charging-up of the calcium
fluoride entrance window.
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Fig. 16. Wire efficiency ¢, vs elapsed time after turning on the
drift field when the CaF, entrance window is unpolarized. Drift
distance d =100 mm, w =7.5 mm, Ep =1 kV /cm.
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Fig. 17. Wire efficiency €; vs drift distance d when the CaF,
entrance window is unpolarized. Drift field Ep=1kV/cm and
beam centred in gap w=7.5 mm.

In the measurements of figs. 15-17 the window was
in direct contact with the field-shaping electrode plane,
making charge collection from the window surface to
the field wires possible. To check the influence of this
collection, measurements were made with the window
0.2 mm away from the field-shaping electrode plane,
again at d=100 and w=7.5 mm. Fig. 18 shows the
time evolution in this situation. Again the collection
efficiency deteriorates, but in this case depletion occurs
in the central part of the drift region.

3.3. Measurements with the calcium fluoride window
polarized

From the results described above, we tentatively
concluded that in order to define a stable and homoge-
neous drift field inside the drift volume in the presence
of the dielectric calcium fluoride window, the potential
had to be defined also on the outside of this window.
Having a field-shaping electrode plane on both sides
climinates uncontrolled charge accumulation on the
outer window surface and polarizes the dielectric
medium parallel to the window surface. Since the CaF,
window was already glued in place, a second CaF,
window was added, inside the drift volume, with field-
shaping electrode planes on both sides of this inner
window (see figs. 3 and 4). As already mentioned, this
turned out to be convenient in later tests when this
inner CaF, window was replaced by a fused quartz
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Fig. 18. Wire efficiency ¢; vs elapsed time after turning on drift
field when the unpolarized CaF, entrance window is not in
contact with the field-shaping electrode (separation 0.2 mm).
Drift distance d =100 mm, w =7.5 and Ep=1kV/cm.

window for investigations with the photoionizing gas
TMAE. In addition, to avoid charge accumulation in
the legs of the U-frame, the potential-defining lines
were made to encircle the U-frame legs.

In fig. 19a the results obtained with the window
polarized are shown (open circles) and compared with
the results obtained with the window unpolarized (closed
circles). The collected charge (ny,.) remains high (~ 5.4)
up to a distance d = 120 mm, whereas with the window
unpolarized it decreases significantly beyond d = 80 mm.
Fig. 19b shows the scan over the gap width w (at
d =100 mm), again indicating more efficient collection
with the window polarized (open circles) than for the
window unpolarized (closed circles). The former is as
good as the measurement without window (see fig. 12a).
The collected charge (n,e) as a function of drift field is
plotted in fig. 20 (open circles) and is compared to the
unpolarized window case (closed circles). This curve
shows efficient collection down to a field of 0.2 kV/cm,
as was observed when no window was present. These
data (open circles) are directly compared with the no-
window data in fig. 13 (closed circles). We note that for
the window unpolarized the drift field required for
efficient collection is very high (Ep=1 kV/cm) when
d>100 mm.

The equality of the collected charge no.=5.4 when
the window is polarized and without window, and its
independence with drift distance, indicate that electron
loss through drift-field distortions and gas absorption is
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small and that electron collection is efficient throughout
the drift volume.

4. Drift velocity measurements in various gas mixtures

To measure the drift velocity the detector was placed
in the 10 GeV /c pion beam such that the beam was
incident normally to the entrance window and parallel
to the MWPC wires. In this geometry all the ionization
electrons drift to only one or two wires of the MWPC
where the drift time is measured at a given value of drift
field strength E. The detector was then displaced a
known distance, so as to increase (or decrease) the drift
distance d, and the drift time was again measured. A
plot of the measured drift time versus drift distance
gave a straight line whose slope is the drift velocity v,
at the set value of electric field E,.

Ep (kv/em)

Fig. 20. The average number of primary electrons n , collected
on each wire with the CaF, entrance window polarized (open
circles) and unpolarized (closed circles) vs drift electric field E,
when the drift distance d =100 mm and w =7.5 mm.
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o«
CaF,
Fig. 19. The average number of primary electrons n,, collected on each wire with the CaF, entrance window polarized (open circles)

and unpolarized (closed circles) vs (a) drift distance d with w =7.5 mm and E, =1 kV /cm, and (b) position of beam in the drift gap w
with d =100 mm and Ep =1 kV/cm.

The amplifying and drift carrier gas used in the
photon drift detector should satisfy a number of re-
quirements. It should have a large first Townsend coef-
ficient so as to allow sufficient gas amplification; it
should be opaque (or partially opaque) to the photons
emitted in the avalanche amplification process so as to
quench the discharge; it should have a small diffusion
coefficient to allow accurate localization of the photon
conversion point; and its drift velocity should not vary
too strongly with drift field so as to allow stable opera-
tion. Furthermore, for use in Cherenkov ring imaging, it
should be transparent over some range in the UV region
where the photoionizing vapours (TEA or TMAE) are
sensitive. As shown in ref. 3, methane satisfies all these
requirements.

Various combinations of methane (CH,), ethane
(C,Hy), isobutane (iso-C,H,;), and carbon dioxide
(CO,) gases with small admixtures of TEA and TMAE
were investigated. These gases are all transparent, to
varying degrees, in the region up to 9 eV photon energy,
as is shown in fig. 21. Also shown in this figure are our
present best estimates of the quantum efficiency of TEA
and TMAE. As can be seen from fig. 21 only methane
can be used when the photoionizing vapour is TEA,
whereas for TMAE, combinations of methane, ethane,
and CO, are possible. The TEA and TMAE quantum
efficiency curves shown have been measured with
methane as a carrier gas so the high-energy cut-off
reflects only the onset of methane absorption rather
than an intrinsic decrease of quantum efficiency above
8.5 eV. Measurements using argon as the carrier gas
(transparent to 11 eV) are planned so as to determine
the quantum efficiency of TEA and TMAE in the
8.5-11 eV energy region.

The drift velocities measured are shown in fig. 22
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versus the drift electric field. Note that the CH,+
TMAE (curve a) and CH,+ TEA (b) drift velocities
plateau to a value of about 9.7 cm /s above 0.6 kV /cm,
whereas the argon + TEA (curve f) drift velocity has a
maximum at 0.6 kV/cm and subsequently decreases.
The other curves for CH,, C,Hg, iso-C,H,,, and CO,
show monotonically rising drift velocities with increas-
ing electric field. The sharpest rise is shown by CH,
with CO, mixtures (curves d and h). This strong depen-
dence of v, with E, coupled with the low value of vp
at low electric fields (Ep <0.5 kV /cm) argues against
the use of CO,. From the viewpoint of fastest drift the
CH,+TMAE and CH,+ TEA mixtures are clearly
superior, i.e. a total drift time of 2 us for 20 cm drift
distance. Mixtures of CH,+is0-C4H,,, even though
slower, are interesting because of their increased ability
to quench the avalanche discharge around a MWPC
wire and the almost exact match with the quartz trans-
mission cut-off. In fig. 23 are shown the measurements
of drift velocity versus the percentage of isobutane in
methane + isobutane mixtures for the given fixed value
of the drift field Ep,. Even though the drift velocity in
an argon + TEA mixture was measured (curve f in fig.
22) it is not considered as a useful drift and amplifying
gas mixture because of its large diffusion coefficient (see
section 5) and because the single photoelectron counting
efficiency is low without preamplification 3]

E (ev)

Fig. 21. Transmission T vs photon energy E of 10 cm long
samples of methane (99.95%), ethane (99.97%), isobutane
(99.95%), and carbon dioxide (99.9%) all treated by flowing
through oxisorb and dryer chemical purifiers. Shown also are
the quantum efficiencies Q of TEA and TMAE in methane.
The decrease of Q at high energies (8.5 eV) is due to photon
absorption in methane and does not reflect the true quantum
efficiency of these molecules above 8.5 eV.
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Fig. 22. Drift velocity vp, vs electric field Ep, for (a) 100% CH A
flowing through liquid TMAE (27°C), (b) 88.5% CH 4 With
11.5% CH, flowing through liguid TEA (3°C), (c) 85% CH,
with 15% C,Hg, (d) 97% CH,, with 3% CO,, (e) 89% CH, with
11% iso-C4H,q, (f) 80% argon with 20% argon flowing through
liquid TEA (3°C), (g) 100% C,H, flowing through liquid
TMAE (27°C), (h) 87% CH, with 13% CO,. The argon gas
purity was 99.995%, that of TEA was 99.5%; the TMAE purity
was unknown and the other gases as listed in fig. 21.

5. Accuracy of the measured drift coordinate

Straight lines were fitted to 10 GeV /c pion beam
tracks as illustrated in fig. 11 and outlined in section
2.3. The variance o [see eq. (5)] of the fit provides a
measurement of the accuracy to which the drift time is
determined. This quantity is limited by the amount of
longitudinal diffusion of the drifting electron(s) in the
gas, by the time binning and electronics dispersion, and
by any inhomogeneities in the drift field. Fig. 24 (taken
from ref. 5) shows the measured or calculated values of
the transverse diffusion coefficient o, for a single elec-
tron versus the drift field E in pure argon, CH,,
iso-C4H,,, and CO,. The measured longitudinal diffu-
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Fig. 23. Drift velocity vy, vs volume percent of isobutane in
methane-isobutane mixtures for fixed values of the drift elec-
tric field Ep.

sion coefficient o, (as well as o,) for an argon (87%) +
CH, (10%) + iso-C,H,, (3%) mixture used in the JADE
detector [6] has been added in fig. 24. From this figure
we note that the diffusion coefficient o, in argon is
extermely large, so to obtain highest precision a pre-
dominantly argon gas mixture should be avoided.
Methane, isobutane, and CO, all have small diffusion
coefficients; however, as indicated earlier, the low drift
velocities which characterize CO, mixtures mitigate
against its use. Since efficient single-electron counting
in methane has been proved possible, we have con-
centrated on measurements with methane and small
admixtures of isobutane to enhance quenching. As seen
from fig. 24, the longitudinal diffusion coefficient in the
JADE gas mixture is about a factor of 2 smaller than
the transverse coefficient. This inequality, ¢, <o,, has
been shown [7] to be true for Ar, H,, N,, He, CO and
C,H, whereas for CH, and CO, these coefficients are
equal. We plan to measure the longitudinal and trans-
verse coefficients in methane + isobutane (or C,H,)
mixtures (with TEA or TMAE) using a pulsed (2 ns)

UV-light source to produce single electrons in a long
drift (~60 cm) volume inside a solenoidal magnetic
field.

The measurements reported in this section were ob-
tained with a second drift gap of the same construction
as described previously but with a 45 mm gap (instead
of 15 mm) and a MWPC wire spacing of 1.27 mm
instead of 2.54 mm with 10 pm diameter wires (instead
of 20 pm). The gas mixture used was methane (89%) +
isobutane (11%) at atmospheric pressure but at an
elevated temperature. The temperature of the outer sup-
port box was kept at 34°C, hence the gas temperature
inside was probably higher than this value. Through-
going beam tracks at a gap depth w were observed and
the ionization electrons were collected on the MWPC
wires after drifting a distance d in a drift electric field
Ep,. For each track a straight line fit was made with
variance o, and histograms of o, N, N(x;), and N(t;)
were obtained for 500 tracks as described in section 2.3.
From the efficiency of each wire the number of primary
electrons on each wire is calculated and this is averaged
over the wires to obtain n,. The measurements are
shown in fig. 25a, where n_, is shown versus the posi-
tion w of the beam in the gap. A constant value Npe=1.5
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Fig. 24. Experimental values (from ref. 5) of the diffusion
coefficents o, or o, vs electric drift field Ep, at atmospheric
pressure. The iso-C,H,, curve is calculated. The values of o,
and o, (from ref. 6) for the JADE gas (87% argon+10%
CH, +3% iso-C4H,) have been added. The measured values
of o) (from ref. 7) for C,H, follow very closely the o, curve for
iso-C4H,y and the o, for CO, follows the o, curve shown for
CO,.
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kV /cm, (b) drift distance d at gap width w =22.5 mm and E, =0.6 kV /cm. (c) The local drift velocity vy, vs drift distance 4 at gap
width w=22.5 mm and E, =0.6 kV /cm. (d) The npe and the o of the straight line fit vs drift electric field E, at drift distance d = 100

mm and gap width w =22.5 mm.

is observed throughout the 45 mm thick gap. Here, the
value n,, = 1.5 is smaller than the value 5.4 obtained
previously (see fig. 12) because of a lower gas density,
atomic charge, and wire spacing. Fig. 25b shows a scan
in drift distance d, where a slight decrease in collection
efficiency perhaps occurs at short drift distances. In fig.
25c the local drift velocity v, (measured time difference
At of two flat equal-time tracks with incremental drift
distance Ad) is plotted versus drift distance d. We note
a large increase in vy, between U, and Upc indicating
that field inhomogeneities remain in this 14 mm long
region. Fig. 25d shows that n . and the variance o are
constant when the drift field Ep, is varied from 0.4
kV/cm to 1.0 kV /cm. From the average constant value
n,.= 1.5 and wire spacing 0.127 cm we calculate that
11.8 primary electrons are produced in 1 cm of this CH,
(89%) +iso-C,H,y (11%) gas mixture at atmospheric
pressure and temperature = 34°C.

To measure the longitudinal diffusion coefficient, the
variance o %(ns) of the straight line fit was plotted versus

o2 (ns?)

I L - L

150

d{mm}

Fig. 26. The variance o2 of the straight-line fits plotted vs drift
distance d for w =22.5 mm and Ep, =0.6 kV /cm. The straight-
line fit 02=o0 + 0fd has values 0,=10.2 ns and 0, =281
ns/cm'/2,
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d as shown in fig. 26. A straight line 0> = o + 02d has
been fit to the data giving 0,=10.2 ns and ¢, =2.81
ns/cm'/2. Multiplying these quantities by the drift
velocity v, = 5.75 cm/us gives the space errors o, = 590
wm and 0, =162 pm/cm'/2, The magnitude of the o,
error is due partially to electronics dispersion (2.7 ns)
and to time binning (1.2 ns), but the remainder (9.7 ns)
is attributed to the drift field inhomogeneity between U,
and the MWPC cathode Upc. This defect has been
corrected in a later drift gap (Mark II) where o, = 5.6 ns
has been realized. The single-electron longitudinal diffu-
sion coefficient o, is related [8] to o, through the equa-
tion
K

0, =———0,, 6
! 2‘/3lnn i Q)

where n is the total number (primaries + secondaries) of
electrons which contribute to the measurement of o,
when the electronics is sensitive to a single electron. The
total number of electrons is n = kn pe With k between 3
and 5; however, the resulting value of ¢, is compara-
tively insensitive to the exact value of k. Using k=4
and n,,=15 we obtain ¢,=1480,, hence o0,=240
pm/cm'/2. This result may be compared with the data
in fig. 24, which give the values o, =230 pm/cm'/? for
methane and o, = 120 pm/cm'/? for isobutane (calcu-
lated) at E,=0.6 kV/cm. Our result is o,~0, for
methane (since our gas mixture is predominantly
methane), which agrees with the data of ref. 7 for 0,.
An improved drift cage (Mark II) has been con-
structed as shown in fig. 27. It has a 140 mm long drift
distance between the extreme field-shaping electrodes
Up and U, with a transfer mesh at voltage Uy between
U, and the MWPC cathode Upc. The distance U, to Uy
is 4.8 mm, Uy to Upc is 3.2 mm, and Uy to the sense
wire plane is 3.2 mm. The sense wires of 10 um diame-
ter and 50 mm length are spaced 1.27 mm apart. The
transverse dimension of the drift volume is 185 mm and

Fig. 27. Schematic view of the modular Mark II drift gap.
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the detector plane contains 145 wires. As may be seen in
fig. 27, this drift cage is self-contained (i.e. not mounted
inside an outer support box), with three sides of the
box, 40 mm deep, made of 1.6 mm thick Stesalite on
both sides of which are glued Kapton printed-circuit
sheets. These printed circuits have parallel conducting
copper strips, 100 pm wide, every 2.54 mm. The fourth
side of the box has a quartz rectangular entrance window
(140 mm X 185 mm) on which are wound 100 pm
diameter wire loops, also with 2.54 mm pitch. This
window is glued to the Stesalite-Kapton drift cage, with
the wire loops in electrical contact with the Kapton
printed-circuit strips. A resistance chain mounted near
the box provides the electric potentials to the strips
which, because of the contact between the strips and the
loops, are conducted to both sides of the quartz en-
trance window. The fifth side of the box is closed by a
Stesalite plane, fully copper plated on the inside of the
box and connected to the high potential Up,. The sixth
and last side of the box is closed by the transfer mesh
and MWPC array. The box is gas-tight and has gas
input and output leads located near the MWPC array.
This unit is modular in the sense that it has been
designed so that many such units can be mounted, for
example, like the lines of longitude and latitude to cover
a spherical surface.

The Mark II detector has been tested with through-
going 10 GeV /c pion beam tracks, as described above,
with two different gas mixtures (1) pure CH,, and (2)
CH, (89%) +iso-C,H,, (11%) at atmospheric pressure
and 20°C. The average number of primary electrons e
measured is shown in fig. 28a versus drift distance d for
the two gas mixtures. We find n,, = 1.1 and 1.8, respec-
tively, where the latter number should be compared
with the value n,, = 1.5 found using the original (Mark
I) field cage with the same CH, (89%)+iso-C,H,,
(11%) gas mixture (see fig. 25); however at an elevated
temperature = 34°C. This difference in n, for the two
measurements is attributed to a difference in gas densi-
ties caused by the disparity in temperatures. The local
drift velocity vy, versus drift distance in Mark II is
shown in fig. 28b, where we find v, =9.9 cm/ps and
5.4 cm/ps, respectively, with a rapid change of v, only
near the MWPC wire plane as expected. Thus a much
better linearity of the electric field is observed compared
to the Mark I drift cage (see fig. 25c).

In fig. 29 the variance of the straight line fits o2 (ns)
is plotted versus d, and straight lines of the form
0% =0} +0d are fitted to these data. The parameters
are:

for (1) 0,=5.8 ns and 0, = 1.74 ns/cm'/%;
and with v, =9.9 cm/s, giving
0,=>574 pm and o, =172 pm/cm'/?;
for (2) 0,=5.4 ns and 6, =2.80 ns/cm'/?;
and with v, = 5.4 cm/ps, giving
0, =292 pm and o, =151 pm/cm!/2,
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Fig. 28. (a) The average number of primary electrons e
collected per wire vs drift distance 4 in the Mark II drift gap
with the beam centred in the gap and Ep=0.6 kV/cm. The
open circles are for pure methane and the closed circles for 89%
CH, +11% is0-C4H,, gas mixture. (b) The local drift velocity
vs drift distance d with conditions as in (a).

Correcting for the total number of electrons n =4n,,
we obtain (1) 6,=231 pm/cm'/? and (2) o,=234
pm/cm'/?2, respectively, for the two different gas mix-
tures. These numbers should be compared to ¢,=240
pm/cm'/? obtained with the previous (Mark I) detec-
tor. It is not thought that these numbers are signifi-
cantly different, so the average of 0,=235 pm/cm'/?
represents the results of our longitudinal diffusion coef-
ficient measurements in pure CH, or CH, (89%) + iso-
C,H,, (11%) at a drift field of E5=0.6 kV/cm. There
is, however, a significant difference in o, for the Mark I1
detector. This value has been reduced to 5.6 ns, com-
pared with 10.2 ns for the Mark I detector. This repre-
sents an approximately 4.7 ns contribution due to field

200 —T——1 -t T T T Ty

d (mm)

Fig. 29. The square of the variance o of the straight-line fits for
the Mark II drift gap plotted vs drift distance (1) for pure CH,
and (2) for a mixture of 89% CH,+11% iso-C4H,y. The
straight-line fits are of the form 02 = o2 + o4 with (1) 0, =5.8
ns and 0,=1.74 ns/cm'/%, and (2) 0,=5.4 ns and 0,=2.8
ns/cm'/2,

inhomogeneities, compared to 9.7 ns for the Mark I
detector, hence a significant improvement. In a slow gas
mixture such as CH, (89%) +iso-C,H,, (11%) 5.6 ns
corresponds to an intrinsic spatial error o, = 300 pm,
whereas for a fast gas such as CH, this error becomes
0o =500 pm. The 2.7 ns contribution from electronics
dispersion is not intrinsic and can largely be removed
by calibrating each channel. However, this has not been
done in treating the data reported in this paper.

6. Summary and conclusions

A drift detector, capable of localizing single photo-
electrons, has been constructed and tested by measuring
ionization tracks from relativistic charged particles. A
first conclusion from these tests is that it is necessary to
apply field-shaping conductive strips to both the inside
and the outside of the dielectric walls surrounding the
drift volume in order to have a stable and homogeneous
electric field inside. It is furthermore necessary to have
the drift volume surrounded by potential-defining strips
all the way up to the MWPC cathode plane, so as to
avoid field distortions which produce timing errors.

The spatial resolution of the detector is limited by
several sources of error. In the drift (longitudinal) direc-
tion, one component of the error is proportional to the
square root of the drift distance and the proportionality
constant has been measured to be 0,=235 pm/cm!/2
for predominantly methane gas mixtures. A second
component of the error which is independent of the
drift distance is due to error in the drift time measure-
ment. This component has been determined, in the best
case, to be 0,,=5.6 ns corresponding to a 300 pm
constant positional error. In the direction transverse to
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the electric field, there are also two error components,
the first being again proportional to the square root of
the drift distance with the proportionality constant given
by the transverse diffusion coefficient 6, We have not
here measured this quantity; however, classical Town-
send electron diffusion experiments [9,10] give this
quantity. The second component of the error in the
transverse coordinate is due to the wire spacing of the
MWPC that detects the drifting electrons. It has a value
00, =5/V12, where s is the wire spacing. For a drift
over a maximum distance D, the average of the dis-
tance-dependent error is 20VD. Adding the indepen-
dent error components in the quadrature we obtain

2_ 2,4 2 212,42
o) =0,+350/D, o}=1s*+3%0?D, )

as the average square errors in the two directions (x, y)
over the detector surface.

The intrinsic resolution of a Cherenkov ring image is
given by Af,, the chromatic aberrations of the focused
image [1]. This quantity depends on the optical disper-
sion of the Cherenkov radiating medium and is given
approximately as A8, =An/{12n%(n*— 1), where n is
the refractive index and An is the difference of refrac-
tive indices of the two extreme photon energies de-
tected. The corresponding spatial resolution Ar is de-
termined by the mirror focal length f as simply Ar = fA6,.
An approximate optimization of error sources requires
that the detector resolution 1,/2(o? + 0?), averaged over
the circular image, should be equal to (Ar)2. Using eq.
(7) to solve for the optimal drift distance D as

2(Ar) —o02—s%/12

D=
4(o2+02)/9

®)
As an example, for AG, =1 mrad, f= 1000 mm we find
Ar=1mm. Taking s = 1.27 mm, ¢,,= 0.3 mm, 0,= 0, =
0.235 mm/cm'/? as measured, we find D=36.2 cm,
corresponding to a drift length more than double that of
the present detector (Mark II). To cover e.g. 1 m? of
detection surface three drift zones, each of 33.3 cm in
length, are separated by three rows of MWPC wires, 1 m
in lenght, each containing 787 wires. Such a detector,
covering 1 m?, has 5 X 10° resolution elements (pixels)
at the cost of instrumenting 3 X 787 =2361 propor-
tional chamber wires. Such a detector allows reconstruc-
tion of the ring images without ambiguity, with suffi-
cient precission, at minimal cost.

For shorter focal lenghts, Ar decreases; hence, from
eq. (8), the diffusion coefficients must decrease if long

I drift d

(economical) drift distances are to be used. This can
certainly be achieved with CH, + CO, drift gas mix-
tures where o,=0,=0.1 mm/cm'/2 have been mea-
sured [7,10]; however, as previously discussed, such
mixtures have low drift velocities. Other gases such as
C,H,, C,H,, C;H,, C;H,, and SiH, have been mea-
sured to have low values of o,~ 0, =0.14 mm/cm'/?,
however with reasonable drift velocities (2-4 cm/ps) at
0.6 kV /cm drift field. The first four of the above gases
are transparent below 7 eV (SiH, has not been mea-
sured) and so could be used for Cherenkov ring imaging
with TMAE and quartz. We have not yet tried to count
single photoelectrons with additions of these gases to
methane but plan to do so in the near future.
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ABSTRACT

Cherenkov ring images have been observed with a drift type single photon
detector using TEA or TMAE as photoionizing vapour. Properties of TEA
and TMAE are reviewed. The implications of feedback photoelectrons on
the detector resolution and the maximum attainable gain have been studied
for both TEA and TMAE by comparing the experimental data with Monte-
Carlo simulations. In these respects detectors with TEA are found to be
superior. Our TEA data are reproduced using a peak quantum efficiency of
60% at 8.2 eV photon energy. The results are used to predict the behaviour of
a fast photon detector for Ring Imaging in high rate and high resolution
experiments.

( To be submitted to Nuclear Instrumentation and Methods)




Introduction 1

1. Introduction.

In this paper we present experimental data obtained with a
photosensitive gas detector. Vapours of Tri Ethyl Amine (TEA) or
Tetrakis diMethyl Amino Ethylen (TMAE) {Co(N(CH3)2)4} were used as the
photoionizing molecules to observe Cherenkov ring images produced by
relativistic charged particles in a focusing gas radiator. The data, collected in
1981, were in fact the first ring images obtained using the long drift (TPC)
imaging technique, which gives ambiguity free two dimensional photon
conversion points [1]. Since that time, this technique has been extensively
developed [2] and serves as the basis for two large detector systems presently
under construction at e*e- colliders e.g. DELPHI at LEP/CERN [3] and SLD at
SLC/Stanford [4]. All of these developments are made with TMAE because it
allows the use of fused quartz windows. The quartz transmission limit of 7.6
eV photon energy is considerably above the TMAE photoionization
threshold energy of 5.4 eV. In this energy interval (5.4 to 7.6 eV) many gases
and some liquids and solids are transparent (figure 1) allowing a rather large
choice of Cherenkov radiator media. Fused quartz is also sufficiently cheap
to allow large surface area (~ 50 m2) detectors to be built [3, 4].

In contrast, TEA has a photoionization threshold of 7.5 eV and thus
cannot be used with fused quartz windows, it requires instead single crystals
such as CaF; (transmission limit 10 eV), NaF (9.8 ev), MgF; (10.8 eV) or LiF
(11.8 eV). Radiator media which are sufficiently transparent to be used with
TEA are scarcer and include Helium, Neon, Argon, Nitrogen, Methane and
CF4 gases and liquids as well as the above cited single crystals.

The physical properties (vapour pressures, cross sections and quantum
efficiencies) of TEA and TMAE are reviewed in the next section of this
paper. For TMAE the agreement between the various measurements is
rather good [2], however, for TEA the maximum quantum efficiency
reported by Holroyd et al [5] disagrees with our preliminary 1981
measurements [6] and with the measurements by Salomon and Scala [7]
where they normalize to chemical actinometry. It is this disagreement
which initially motivated this analysis. However, the same analysis has also
resulted in an unbiased measurement of photon feedback which limits the
operation of any multiwire photoionization detector.
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Figure 1. Quantum efficiencies for TMAE and TEA and window transmissions
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photons. The dotted lines show the photon energy range for TEA in
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The average number of detected Cherenkov photons (Npe) is given by
the relation

Npe = NoL sin26, 1
where L is the radiator length, 8 the Cherenkov angle and

Np = ! QE) [ &(®) dE 2
137 he i

is the detector merit factor. The quantity Q(E) is the photoionization
quantum efficiency and &;(E) represent both the photon transfer efficiencies
e.g. radiator and window transmitivities and the mirror reflectivity and the
photoelectron counting efficiencies. An equivalent form of Eq. 2 is

Omax | Q(E)
No = —==2x | 2B 175 dE 3)
- hJQmaxli_I

where Q(E)/Qmax is the relative spectral distribution for the quantum
efficiency. A measurement of Npe in a Cherenkov image allows Qmax to be
determined (Eq.'s 1 and 3) if Q(E)/Qmax and &;(E) are known. The
measurements performed with TMAE thus provide a verification of the
analysis method since its absolute quantum efficiency is well determined.

In the future, the Ring Imaging Cherenkov (RICH) technique must
develop towards "fast" detectors that have a time dispersion of less than
15ns in order to be operational at the next generation of high luminosity
hadron colliders, at which interaction rates of 100 MHz are expected with
beam crossings every 15 to 25 ns. Experiments at high luminosity (> 1033 cm-
251) ete- colliders (B meson factories) will require RICH detectors to identify
secondary particles from B decay [8]. A "fast" detector will also be
advantageous here in order to discriminate against background from beam-
gas or beam-pipe interactions in previous and subsequent beam crossings.
These requirements exclude the long drift TPC technique which is "slow"
having integration times of up to 30 ys [3,4]. The "fast" RICH detector
described in section 6, will consist of a thin multi-wire photo-sensitive gas
detector, with pad readout, in which created photoelectrons drift
perpendicular to the entrance window toward the sense wires. To be "fast"
requires that the photon absorption length in the gas must be short as this
mainly determines the dispersion of the photoelectron collection time. TEA
is a good candidate for such detectors because its photon absorption length is
only 0.6 mm at NTP. TMAE would have to be heated to 90 °C to reach such a
short absorption length which would make the construction and operation
more difficult. For this reason TEA has become, once again, an interesting
photosensitive molecule.
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Isotropic emission of secondary U.V. photons results from the charge
multiplication around the anode wires of a multiwire proportional chamber
MWPC. Excitation of atomic states of carbon and hydrogen is caused by the
impact of 50 to 100 eV electrons produced near the wire [9, 10]. The emitted
U.V. photons may, in turn, ionize the photosensitive gas generating
feedback photoelectrons which drift back to the anode wires. This influences
the spacial resolution and hence the separating power for particle
identification. It diverges for high gains and thus limits the maximum gain
attainable in a MWPC detector. This process is discussed in section 3. These
effects have been studied in detail for TMAE [2] but a similar study for TEA
has not been carried out until this work.

For most of the multiwire detectors developed for the long drift method,
the propagation of feedback photons has been limited by using optical
screens (blinds) between the sense wires [11,12]. This is imperative when
charged particles cross the photosensitive region because the several
hundreds of ionization electrons create a large feedback background which

interferes with ring image pattern recognition and degrades the Cherenkov
angle resolution.

An attractive way of reducing the production of feedback photoelectrons
has been proposed by Charpak and Sauli [13] with the use of the Multi-Step
Avalanche Chamber (MSAC). This type of detector includes a photon
conversion gap, a parallel plane amplification gap, a transfer gap and a
second parallel plane amplification gap or a multiwire detector. The transfer
gap should be at least 3 or 4 photon mean free paths thick in order to achieve
good suppression (>95%) of the photon feedback. The gain necessary to
detect the single photoelectrons is partitioned between the two amplifying
gaps. Since most feedback photons are created in the second amplifying gap
and are absorbed before reaching the first amplifying gap, the subsequent
charge developed by feedback photoelectrons is too small for detection. The
probability of having further generations of feedback photoelectrons is for
the same reason decreased which increases the limit of detector gain. This
technique has not yet been implemented with long drift detectors and may
provide a natural and simple solution to the photon feedback problem.

At the time of the measurements in 1981, the detectors with blinds had
not yet been developed and the photon detector used was simply a
multiwire chamber coupled to a drift volume. With these measurements an
unbiased (by blinds) comparison of the feedback photoelectron production
rate in TEA and TMAE is thus obtained. The results are discussed in section
5 and compared to a Monte-Carlo simulation of the detector response. These
results are applied in section 6 to predict the behaviour of a fast RICH
detector with pad readout using TEA or TMAE.
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2. Photosensitive Organic Vapours.

The use of organic vapours as gaseous photocathodes with efficient
single photoelectron detection was proposed and demonstrated in 1977 by
two of the present authors [14]. Previously such vapours had been used in
low pressure ion chambers, operating in a unit gain DC mode, to observe
high flux UV sources in space [15]. Benzene (CgHg) was the first
photosensitive gas used in a Multiwire Proportional Chamber (MWPC)
geometry in a pulse counting mode. Its room temperature (T = 20 C)
vapour pressure (p = 76 torr) is high and corresponds to a photon mean
absorption length Iph = 0.11 mm. The relation between Iph and p is

= — 4
lph po (4)

which follows from the defining relationship Iph'n'c = 1 and the perfect gas
law n = p/kT, where n is the gas number density, ¢ the photon absorption
cross section, T the absolute temperature and k is the Boltzmanns constant
(k =1.036 mm-torr-Mb/0K). The benzene photoabsorption cross section is
about 35 Mb at 10 eV photon energy [16]. The MWPC geometry, anode to
cathode distance of +4 mm, gas filling of Ar, CO; and Benzene of ~ 650,

99 and 11 torr respectively resulted in Iph = 0.79 mm hence complete photon
absorption in the 8 mm gap [14]. The detectable quantum efficiency of
benzene above 10 eV is between 40 and 50% hence it is a superior
photoionizing vapour. Its only, but important disadvantage, is its high
threshold (9.25 eV) which allows only expensive MgF, (transparent below
10.8 eV) and LiF (transparent below 11.8 eV) windows.

Photosensitive liquids with lower threshold and sufficient vapour
pressure were soon found [17] such as Tri Ethyl Amine [18] (Ethresh=7.5 eV,
p(20 °C)=52 torr, 6=10 Mb) and Tetrakis Methyl Amino Ethylene [19, 20]
(Ethresh=5.4 eV, p(20 °C)=0.35 torr, 6=30 Mb) . Other molecules are of
potential interest but have not yet been systematically investigated.

2.1 Photoabsorption mean free path and vapour pressure.

The photoabsorption lengths Iph of TEA, Argon gas mixtures were
measured versus photon energy. Using equation (4) the measurements were
converted to the total cross sections versus wavelength shown in figure 2. In
TEA - Methane mixtures the effective region for photoionization is between
7.5 (TEA threshold) and 8.5 eV (methane cutoff) with peak response at 8.2 eV
where the cross section is ¢ = 9.7 Mb. This corresponds to Iph = 0.61 mm for
Methane bubbling through 20 °C TEA into a MWPC detector at 25 0C. The
corresponding time dispersion for collection of the photoelectrons is
Ot = Iph/vp where vp is the electron drift velocity. In predominantly
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Methane gas mixtures vp ~ 1 mm/10 ns hence 6¢ = 6 ns. A MWPC detector
filled with room temperature TEA is thus intrinsically fast.

E (eV)
8 7 6 5
20— 1, | . | ! .
-~ = Holroyd et al
-4 = THIS WORK
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10
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150 175 200 225 250 275
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Figure 2. Total cross section for photon absorption in TEA as a function of
the photon wavelength.

The vapour pressure of TEA versus temperature has recently been
measured by Anderson [21] and fitted to the Clausius-Clapeyron equation

sH(1 1
where AH (J mol-1) is the heat of vapourisation (at constant pressure) and

R=8.3143 J mol'1 °K-1 is the molar gas constant, with the result for TEA of

AH
Po =73.2 torr, T = 4299 °K and Ty =300 °K.
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For TMAE the photoabsorption length Iph versus photon energy E has

been measured by Anderson [20], Apsimon et al [22], Ashford et al [23],

Holroyd et al [5] and Arnold et al [2]. An example from the latter paper is
shown in figure 3 where the absorption coefficient =1/ Iph in an 85 °C cell

is plotted versus photon energy at three different bubbler temperatures

(23 °C, 50 °C and 80 °C) referenced to T = 300 °K. They are, in the same figure
compared with the Holroyd et al [5] measurements. Reasonable agreement

between the measurements is observed.

A (nm)
250 230 210 190 170 150
T T T 1 T T T T T T ¥
i + TMAE t, = 234° C
i . = 50°C
. = 80°C
10 — R.A. Holroyd et al. —

Figure 3. Variation of the TMAE absorption coefficient u (cm-1) with
photon energy at bubbler temperature of 23, 50 and 80 °C
normalized to T =300 °K. (From Arnold et al [2] figure 9).

From equations (4) and (5) we may calculate
AH (1 1

H=poe TT
0’0

(6)

7

with pg = % Fits to the data are shown in table 1. It is believed that the first

listed coefficient pg=0.73 cm-! is too large and there is a tendency for the

measured heats of vaporization AH to decrease as the purification of the
TMAE samples is improved (Anderson only used pumping, while Ashford
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et al [23] and Arnold et al [2] used washed TMAE as will be described in
section 2.3).

TABLE 1. Fits of measured photon absorption lengths in TMAE as functions
of temperature to the parameters of equation 6.

wolem=1) AH/R (°K) wavelength (nm) reference

0.73 6510 160 to 180 Anderson [20] (Xenon light source)
0.56+0.01 62144203 170 Ashford et al [23]

0.4810.01 6023+176 200 -"

0.5310.01 5614+100 200 Arnold et al [2]

The vapour pressure measurements (which are of course independent
of the photon wavelength) are fitted to the Clausius-Clapeyron parameters
of equation (5). Two different measurements by Anderson [20, 21] and one by
Giomataris [24] gave py=0.58, 0.50 and 0.57 torr and AH/R = 6454, 6372 and
6285 0K respectively. The agreement is not bad, with an average pg = 0.55 torr
and AH/R = 6370 K. From the early data [20] a cross section 6 = 41 Mb may be
calculated whereas later data [23] give o =29 Mb at 170 nm, ¢ = 27 Mb at 200
nm and data [2] give 6 = 30 Mb at 200 nm. The later data seem to be in
agreement with 6=30 Mb.

2.2 Quantum efficiency.

The spectral shape of the quantum response of TEA has been measured
by Comby & Ypsilantis (private communication quoted in references [18,
25]), Comby et al [26], Ekelin & Fransson [27, 28] and Holroyd et al [5] as
shown in figure 4, where the relative quantum efficiency Q/Qmax
(normalized to 1 at maximum) has been plotted versus photon wavelength.
All the measurements (except Ekelin & Fransson) are in Argon - TEA
mixtures hence without competitive photon absorption until the Argon
transmission limit of 110 nm. The measurement of Ekelin & Fransson [27,
28] was with a Methane - TEA mixture and the drop of quantum efficiency
(below 150 nm) reflects the onset of photoabsorption in Methane. A
comparison of the three curves beyond 145 nm shows a rough agreement
between Comby & Ypsilantis [18, 25] and Holroyd [5] while Comby et al [25]
shows little quantum efficiency beyond 145 nm. This is not in agreement
with the Ring Imaging data (which will be discussed later) which shows that
a Helium - TEA detector has more response than a Helium - Methane - TEA
detector in the ratio 3 to 2. The onset of sensitivity is earlier in the Comby
and Holroyd distributions with peak response at 153 nm and 152 nm
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respectively. The agreement amongst these distributions is poor indicating
uncontrolled errors in the measurements.

10 9 8 E (ev)
I 1 I 1 | 1
—— = Comby et al

—---= Ekelin & Fransson
1.0 4 —e— = Holroyd et al

—a— = Comby & Ypsilantis

Figure 4. The relative quantum efficiency (Q/Qmax) of TEA as functions of
the photon wavelength as measured by Comby & Ypsilantis [18, 25],
Comby et al [26], Ekelin & Fransson [27, 28] and Holroyd et al [5].

The situation with regard to the absolute scale (Qmax) of the TEA
quantum response is also poor. Holroyd et al [5] give Qmax=33% with the
absolute efficiency established relative to the known Benzene and
Cis-2-butene quantum efficiencies. Data from Ring Imaging detectors seem
to give a considerably higher value for Qmax. The experiment of Charpak et
al [29] with an Argon - TEA filled Multi Step Avalanche Chamber (MSAC)
gave the Cherenkov quality factor Ng=80 cm-! and Ekelsf et al [1] again with
a MSAC found the Cherenkov quality factor Ng=90 cm-! with Argon - TEA
filling of the detector and N¢=60 cm-! with Argon - Methane - TEA filling.
These data translate to Qmax between 60 and 65 % using the spectral shapes
of Comby & Ypsilantis [18, 25] and Ekelin & Fransson [27, 28]. The later
experiment of Mangeot et al [30] with MSAC detectors filled with either
He - TEA or He - Methane - TEA gave Ng=45 cm-! and 42 cm1 in real beam
running conditions. The expected values (using measured window
transmissions, mirror reflectivities and radiator gas transmission) are
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N=58 cm-1 and 45 cm-1 respectively using the spectral shape of Comby &
Ypsilantis [18, 25] and Qumax=65 %. The data was interpreted to indicate that
the MSAC efficiency for single photoelectron counting was the ratio of the
measured and expected N i.e. 78% for He - TEA and 93 % for He - CHy - TEA
mixtures. An equally valid interpretation would assume 100% single
electron efficiency for He - CHy - TEA filling and Qmax=60 %. In this case the
He - TEA single electron efficiency is 85 % which is consistent with their
reported single electron amplitude distributions for this mixture. One Ring
Imaging experiment [25] gave a value of Qmax=37 % however this result
depended on the unmeasured assumption that the radiator gas had only

3 ppm of oxygen contamination. A level of 12 ppm oxygen would have lead
to the conclusion Qmax=60 % hence the data [25] cannot be regarded as being
in contradiction with the other Ring Imaging data [1, 29, 30].

The method of chemical actinometry was used by Solomon and Scala [7]
as normalization to determine the absolute quantum efficiency of various
molecules at 147 nm wavelength. The absolute photon flux of a low
pressure Xenon lamp (99% at 147 nm and 1% at 130 nm) was measured in a
total absorption cell filled with low pressure (6 to 14 torr) of Hexa Fluoro
Acetone (HFA) gas. Photolysis of HFA produces one molecule of CO and one
of CaF for each incident 147 nm photon [31]. On this basis, they [7] measured
the number of moles of CO gas produced to detemine the integrated photon
flux. Quantum efficiencies Q(147nm) for TEA, Tri Methyl Amine, Di Propyl
Amine and Tetra Methylene Sulfide of 0.46+.01, 0.386+.008, 0.096+.005,
0.15%.007 and 0.10+.005 respectively were found. The spectral shape of figure
4 for TEA from Holroyd et al [5] gives Q(147nm)/Qmax = 0.73 which with the
actinometric value Q(147nm) = 0.46 predicts Qmax = 0.63 in contradiction
with the Holroyd et al [5] value of Qmax = 0.33 but in agreement with the
Ring Imaging data [1, 29, 30]. The spectral shape of Comby et al [26] shows
Q(147)/ Qmax = 0.45 hence Q(147nm) = 0.46 predicts a value for
Qmax = 1.024.02. Such a large efficiency is inconsistent with the Ring Imaging
data [1, 29, 30]. This distribution is considered very unlikely because it
predicts too little response below 145 nm. The Ring Imaging data [1, 29, 30]
show about 33% of the total response to be below 145 nm as does the
Holroyd et al [5] distribution. The distribution of Comby and Ypsilantis [18,
25] is better with regard to the 145 nm region however it peaks at 147 nm
whereas all the others peak at 156 nm. This distribution was obtained in the
earliest days of TEA detectors and the data was not published so that the
experimental details could be examined. It is believed by one of the authors
(Ypsilantis) that this data should be superceeded by the Holroyd et al [5] and
Ekelin & Fransson [27, 28] distributions even though these show some
differences (=2nm) near threshold. We also believe, however, that the 33 %
maximum quantum efficiency of Holroyd et al [5] is wrong and is closer to 60
% as shown by the present work and other Ring Imaging data [1, 29, 30].

For TMAE the spectral shape of the quantum efficiency has been
measured by Nakato et al [19], Ekelin & Fransson [27, 28] and Holroyd et al [5]
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as shown in figure 5. The measurements of Nakato et al are limited in
energy range (E<7.3 eV) whereas the Ekelin & Fransson measurements
extend to 8.5 eV, the Methane absorption limit. The agreement amongst
these distributions is reasonable. The absolute normalization of figure 5 has
been obtained by Holroyd et al [5] in comparison to the known Benzene and
Cis-2-Butene efficiences. The normalization of the Ekelin & Fransson and
Nakato et al data has been described by Arnold et al [2] from Ring Imaging
measurements of the Cherenkov quality factor Ng=95 cm-1in a

Methane - Ethane - TMAE filled detector with fused quartz windows. The
agreement, in this case, seems good whereas for TEA the agreement is bad.
The source of this inconsistency is not understood.
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Figure 5. The quantum efficiency (Q) of TMAE as a functions of the photon
energy as measured by Nakato et al [19], Ekelin & Fransson [27, 28]
and Holroyd et al [5].

2.3 Purification and Use.

TEA is a stable material in air and no special precautions have to be
observed in its use. We have used Fluka AG puriss p.a. quality TEA with
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stated purity > 99.5 %. Electron drift over the detector surface of 13 cm
showed no effects which could be attributed to electron pickup due to TEA
or impurities.

For TMAE, on the other hand, certain precautions must be observed in
its use since it oxidizes violently when exposed to air. The transfer of the
liquid TMAE into a bubbler was effected in a glove box filled with dry
Nitrogen. The TMAE liquid was pumped for a period sufficient to reduce
the volume by 10 %. In later work [2] the TMAE was washed three times
(under nitrogen atmosphere) with triply distilled and de-ionized water in a
separating funnel with the immiscible heavier water fraction drained off
each time. It was then dried by the passage of the liquid TMAE through a
silicagel bed and then de-aerated by bubbling pure methane through the
liquid TMAE. This treatment allowed electron drift through a
Methane - TMAE (=1 torr) mixture for distances of 1.7 m with a photon
absorption length of more than 10 m. This corresponds to an electron
lifetime of greater than 160 ps.
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3. Multiwire Gas Detectors:
Counting Efficiency and Feedback Photoelectron Production.

3.1 Counting efficiency.

It was demonstrated by Ekelof et al (1] that single-stage multiwire
chambers are efficient for single photoelectron counting using either pure
Methane, Ethane, Isobutane, or mixtures thereof, as carrier gases for the
photosensitive organic vapour.

The distribution of the induced charge (q) on anode wires is of the Polya

type [32]:

P(g =

q
T gra+e d @

1+0 ((1+9)q)°e_“_f‘2
q

where  is the mean charge and 6 is a parameter which varies linearly with
Q. The measurement of Arnold et al. [33] have been fitted to obtain ©=
0.0113 - q- 0.095, gin fC). Here the charge q is the true charge, whereas in [33]
q was the measured charge which corresponds to only 60% of the true charge
because of the short time constant (10ns) of the input preamplifier used.
Their measurements were made using a multiwire detector with cylindrical
cathodes made of 2 mm inner diameter stainless steel tubes. The
photoelectrons were focused through a 0.8 mm slit in the cylindrical wall
parallel to the wire. This detector was operated with a Methane - Ethane -
TMAE gas mixture with average gains (g = q/e) of up to 5105 before
instabilities occurred due to feedback photoelectrons. The detector used for
the measurements in the present paper has a different geometry and, as will
be shown, g= 7-105 in a Methane - TMAE mixture (lph=15 mm)

and g=1.9-10% in a Methane - TEA mixture (Iph=6 mm) can be reached.
Extrapolating from the linear fit this corresponds to 6=1.2 and 6=~3.3
respectively. For these values of 0 the Polya distribution is peaked with the
peak moving to higher q and becoming narrower with increasing gain. For
average gains below 5-104 then 6 ~ 0 and the distribution becomes
exponential (i.e. of the Furry type):

H@=%€Wq ®)

Predominantly Argon gas mixtures exhibit this exponential distribution and
are therefore less suitable for single photoelectron detection.

The discriminator threshold, for the tests reported here, corresponds to a
gain of 2.2105. With a maximum average gain of 7105 for Methane - TMAE
this threshold results in a counting efficiency of ~ 82 %, while in
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Methane - TEA full detection efficiency (>99.5%) with a comfortably long
plateau is obtained. With the more modern detection electronics of Arnold
et al [33] an r.m.s. noise level corresponding to 8000 electrons was observed
when the anode wires were coupled to the readout electronics. With a
discriminator level set 2 to 3 times above the noise level to 2:104 almost full
detection efficiency (>95%) is achieved for g~3-105.

3.2 Feedback photoelectron production.

During the avalanche process around the anode wires, atomic levels in the
Carbon and Hydrogen are excited (by electron collisions with molecules of
the detector gas) and quickly de-excite by isotropic photon emission. The
photons from Hydrogen (Lyman o) have 10.2 eV energy and are strongly
absorbed in Methane, Ethane and Isobutane. The photons from Carbon have
6.42, 7.48 and 7.94 eV energy with relative intensities of about 3 : 5 : 3 [34].
Methane is transparent to all of these photons while Ethane weakly absorbs
the 7.94 eV line and Isobutane strongly absorbs the 7.94 eV line and weakly
absorbs the 7.48 eV line. The photons which can ionize molecules of TMAE
(all lines) or TEA (only the 7.94 eV line) in the carrier gas create secondary
photoelectrons which at later times and on the same or neighbouring wires
create new avalanches.

The mean production rate o of feedback photons per unit charge q
developed in the avalanche has been measured by Arnold et al [33] and
found to be constant (independent of detector gain) with a value® of
@=0.041 photons/fC = 6.5-10-6/e. This corresponds to one feedback photon in
an avalanche of gain g = q/e = 1/ae = 1.5-105. The number of secondary
photoelectrons per avalanche Ngpe = o g D Q, where D is an efficiency factor
given by the detector geometry and gas transmission, and Q is weighted
average of the quantum efficiency (TEA or TMAE) at the feedback photon
energies with weights corresponding to their relative intensities. Instability
sets in when Ngpe = GD Q = 1. For TMAE in Methane Q=0.44 whereas for
TEA, which is insensitive to the 6.42 and 7.48 eV feedback photon lines,
Q=0.10, hence a detector with TEA can be operated at ~4.4 times higher gain
than the same detector with TMAE. In the present work the detector was
operated with a longer photon mean free path for TMAE than TEA thus
reducing this factor.

There are two different observed effects caused by photons emitted in

the avalanches, both deteriorating the separation power for particle
identification:

i) Photons which propagate in the same or adjacent wire cells and
produce secondary avalanches practically synchronous with the

* The value given by Arnold et al in reference [33] is the number of feedback photoelectrons per
unit charge measured after filtering by the preamplifier. This is converted to the number of
feedback photons by Dracos [35].
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primary avalanche. These distort the single photoelectron charge
distribution, create clusters of hit wires and spread the induced
cathode charge distribution, biasing the determination of its centroid
when detected by cathode strips or pad arrays.

ii) Photons converting such that they produce separate secondary
avalanches at later times on the same or adjacent wires. These
contribute to the ring image background.

In order to limit the above effects it is obvious that the production rate of
feedback photoelectrons ( a-gD-Q ) must be kept as low as possible. This can
be achieved by operating at lower gain, which implies the use of low noise
electronics, or by using a detector gas mixture which absorbs the Carbon
emission line photons of energies higher than the maximum transmission
of the radiator or the window. This latter reduction is possible for TMAE
only if the radiator or window transmission limit is below 7.94 eV otherwise
Cherenkov photons are lost. With present electronic thresholds the gain
used for a detector with TMAE will have to be a compromise between the
amount of feedback photoelectrons and the detection inefficiency. With TEA
however, the gain can be sufficiently high to achieve full detection efficiency
with a tolerable amount of feedback. These implications on the choice of

TEA or TMAE will be illutstrated further in the discussion about fast RICH
detectors in section 6.
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4. Experimental setup and data analysis.
4.1 Experimental setup.

Measurements were made at the CERN Proton Synchrotron with a beam
of negatively charged particles having momenta which were adjustable
within the range of 5 to 20 GeV/c. The general layout of the setup is shown
in figure 6. The coincidence of the four scintillators Sy, Sp, S3 and S4 defined
the passage of a charged particle through the radiator gas, where the 5 mm
diameter S; and S, placed 3 m apart, restricted the acceptance. The
Cherenkov light emitted along the particle trajectory was focused by a
spherical mirror with focal length f=1 m into a ring image inside the drift
volume of the photon detector. The beam particles passed outside the
photon detector and at a distance (y) of 165 mm from the centre of curvature
of the spherical mirror. The imaging error caused by the 8.2 % impact
parameter (y/2f) [36] was negligible, however the incidence angles of the
photons gave a parallax error to the image due to photons converting at
different depths. By letting the beam pass outside the photon detector the
large signal from dE/dx ionization in the detector was avoided.
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Figure 6: Layout of the experimental setup.

4.1.1 The gas radiator.

In the measurements reported here Argon gas was used as the radiator
medium. The path length between the entrance window of the ~80 liter
stainless steel radiator tank and the centre of the spherical mirror was 1.87
m. The tank, prior to use, was pumped (with photon detector mounted in
place) to 10-5 mbar with a turbo-molecular pump and degassed for about 12
hours. The radiator was then filled with Argon gas through a reduction
valve to a constant pressure of 1.13+0.03 bar and flushed at a flow rate of
401/h. A measurement performed with a monochromator dictated the use
of high purity Argon gas (quality N60, i.e. < 1 ppm impurities) in order to
achieve better than 99% transparency over 1 meter. The heating, used to
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prevent condensation of TMAE in the detector, was regulated to keep the
radiator at a constant temperature of 35t1 °C to avoid a variation of the
refractive index. The radiator was not heated during the TEA runs.

4.1.2 Photon detector and electronics.

The photon detector (shown in side-view figure 7) and the electronics
have been described extensively in reference [28]. The detailed tests reported
in this reference exhibited the difficulties in obtaining a uniform electron
collection in a thin photosensitive drift volume, which was due to the build
up of surface charge on the detector window. This determined a particular
detector structure which will be briefly recalled.

®

CaF,
windows

-

Mylar window

Figure 7. Details of the photon drift detector: A is the gas radiator volume with end
flange B (stainless steel) and the gas container extension C (stainless steel) and C1
(Araldite, glued to C). The outer entrance window is glued to the Araldite
extension C1. D is the support box (Araldite) for drift gap and MWPC. E is the rear
closure for the support box with mylar window. F is the drift volume with field
shaping electrodes and the inner entrance window. The potentials Up at the far
side and Uy at the side nearest to the MWPC was divided in equidistant steps
defining the parallel electric drift field. G is the MWPC array with wire mesh
cathodes and wire anodes. H is the closure of the MWPC array with mylar window.
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4.1.2.1 The drift volume.

It was found [28] that in order to obtain a sufficiently uniform electric
drift field inside the drift gap it was necessary that both sides of the entrance
window dielectric be polarized with the same electric field as in the drift gap.
This required field shaping electrode wires on both sides of the window
preventing charge buildup on the dielectric surface. Since a 5 inch diameter
CaF; window was already glued in position to ensure gas tightness, it was
difficult to implement electrodes on both its surfaces. A second window was
thus installed in mechanical contact with an added set of field shaping wires
between the two windows. As a consequence, the absorption in the second
window caused an additional loss of photons reaching the detector gas. Of
course, for the new generation of photon detectors such losses can be
avoided by correctly designing the field shaping of the drift volume.

The drift gap consisted of a U shaped frame of glass-fibre reinforced
epoxy” around which were wound 100 pm diameter gold-plated tungsten-
wire loops with a spacing of 2.54 mm. The legs of the U were covered with a
0.1 mm thick polyamide (Kapton™ ) foil on which conductive strips, 0.1 mm
wide with 2.54 mm pitch, had been etched using the printed circuit
technique. These conductive loops and strips were put at fixed linearly
increasing potentials from Uy at the far end to Uj at the end nearest to the
MWPC detector. The surface area of the drift gap was 140 mm (x) times 130

mm (y) and its depth (z) was either 15mm or 45 mm in two different
versions.

4.1.2.2 The photosensitive gas mixture.

The Methane gas used in the photon detector was bubbled through either
TEA or TMAE. The TEA bubbler was kept at a temperature of 4 0C and the
preferred partial pressure adjusted by allowing only a part of the Methane
gas to pass through the bubbler. When using TMAE, all methane gas passed
through the bubbler and the partial pressure was adjusted by changing the
regulated temperature of the heated bubbler.

4.1.2.3 The MWPC and readout electronics.

The MWPC consisted of a picket fence of 42 short (60 mm long, 20 um
diameter) wires arrayed in the x coordinate with 2.54 mm spacing . The two
cathode planes placed at +3.2mm distance from the wire array, were made of
a woven mesh of 50 pm wires with 500 pm spacing.

The signals from the sense wires were preamplified, with amplifiers
mounted on the detector, and then transferred to the counting area for
further amplification and discrimination. The resistance to ground of the

* Quality 4411W from Stesalite AG, Switzerland.
- Kapton is a registered trade-mark of DuPont de Nemour.
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sense wires was Rj=1.77 kQ with a measured stray capacitance of Cj=16 pF,
hence an entrance filter time constant of 28 ns. The discriminator threshold
was, according to a laboratory measurement, set for a 177 uV (i.e. 0.1 pA
through 1.77 kQ) signal on the sense wire. Calculating the voltage response
of the MWPC with the preamplifier entrance filter using the relation

t
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where g is the MWPC gain, C = is the capacitance per

(ra/s - In (2rd/s))
unit length of the MWPC (pF/m), g is the dielectric constant of free space, s
is the wire spacing (0.254 cm), a the anode to cathode distance (0.32 cm), d the
wire diameter (0.002 cm), U, the anode-cathode potential (3.98 kV) and p is
the mobility of the positive ions (2.26 cm2/V-s). For these values we
calculate C=8 pF/m, ty=1.5 ns and vpmay = 12:104 - g WWatt=15ns. A
threshold of 177 pV thus corresponds to §=1.48105 i.e. a charge of 23.6 fC.
The laboratory measurements on the electronics has shown a 25 % RM.S.
variation of the adjusted threshold while the crosstalk to nearby channels
was measured to be about 3%.

A Drift Time Recorder system (CERN DTR 247, 9 bits) digitized the
detection time of the discriminated signals from the wires relative to the
delayed trigger. The maximum time range was 2048 ns with 4 ns time bins.
The DTR system had a multi-hit capability with a minimum of 60 ns
between successive pulses on the same channel.

4.2 Data analysis.

The position of the centre of the ring image depends only on the particle
direction [36]. With the maximum divergence of the beam particles given by
the 5 mm diameter scintillators, this position is localized within a 3.4 mm
spot. A first rough estimate of the position of the average centre was
obtained by making an eye-fit to online plots of ~100 overlayed images. An
annular cut around this centre was applied, requiring that digitizations
counted as Cherenkov photo-electrons were situated between a minimum
and a maximum radius. The ring image centre was then calculated by fitting
a circle to the detected photo-electrons for each event. A least squares fit was
made in which the deviation in the square of the radius (r) was minimized.
The radius (r) and centre (x,yc) were free parameters thus requiring at least
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three coordinates for the fit. The reason for using r2 instead of r, is that an
analytical solution can be found:

_ GW (Gxxz + nyz) - cxy (cy'xz + O.yyz)

(11)
2 (oxx Oyy - (ny)z)
and
Oxx (Oyy2 + Oyx2) - Oxy (Oxy2 + Oxx2)
ye = 2O 2 0 Oy (Ot + O )
2 (oxx Oyy - (Oxy)?)
n n n
2 uj - vj uj . Zvi
—_ — —i=1 i=1 i=1
where oyy=uv-u-vs= a - ) 13)
from which the radius can be calculated as
T
Z [&i-x02 + (yi-yo? ]
i=1 )
r=\l(x-xc)2 +{y-yo? = (14)

n

The average fitted centre (Xc,yc) was used both for an improved cut when
reiterating the circle fits, and for calculating the radii of individual
coordinates (which is then possible also for events with less than three
coordinates). Images from single particles are shown in figure 8 together
with annular cuts and fitted circles.

Although some feedback photoelectrons give rise to clusters (as seen in
figure 8) and might be eliminated to improve the resolution, others are
indistinguishable from Cherenkov photoelectrons. It is thus clear that the
understanding of the efficiency and resolution of the detector can only be
obtained by a comparison with simulations. Since a like fraction of events
with high multiplicities outside the cuts and with large cluster-sizes was
found both in data and in the simulations, no cluster reduction nor any
elimination of noisy events was made in the analysis in order to avoid a bias
towards low photon feedback multiplicities.
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Figure 8. Single Cherenkov ring images obtained with Methane - TEA gas
mixture at gain=1.65-10°. The solid circles are the outer and inner
radius of the annular cuts. A circle (dashed) is fitted to the signals
inside cuts. Feedback photoelectrons and crosstalk give rise to
clusters as can be seen in the first event. The second event illustrates
the difficulty in determining which are feedback photoelectrons.

4.3 Monte-Carlo simulation.

A Monte-Carlo simulation program for Cherenkov ring images
including the detector response was developed.

Particles (e p = K and p) corresponding to the beam contents were
generated with a given momentum. The variation in incident particle
trajectories was obtained by generating uniform distributions in the 5 mm
diameter scintillators.

The number of generated Cherenkov photons was taken from a Poisson
distribution with an average Ngen given by

Emax
Npen=—1  [(1-——)dE (15)
gen = he J anZ(E)
min

integrated between the photon energy limits 5.4 to 8.8 eV for TMAE and 7.3
to 8.8 eV for TEA. The photons were given energies with a distribution in
accordance with the integrand. L is the radiator length (1.87 meters), B the
particle velocity and n(E) the refractive index given by the Lorentz equation

n2-1
2 C-{(E) (16)
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4 .
where C = ?n rgd NII\X/I P , 1B is the Bohr radius, N is Avogadros number,

M is the molecular weight and p is the radiator density, hence for an ideal
gas C = 1.668:103 - p(bar) - (273.16/T(°K)). The energy dependent molar

refractivity function f(E) is obtained by a Sellmeier equation fit
2

F;
f(E) = EZX_EZ to the experimental data [37]. For Argon gas the parameters
E E2 -
i=1

of the Sellmeier equation are E1=13.08 eV, Ep=24.22 eV, F1=278.1 eV2 and
F7=3694. eV2,

Both the azimuthal angle of the photons and the creation point along
the particle trajectory were generated with uniform distributions.The
photons were tracked from the emission point, reflected by the mirror and
traced back through the radiator gas, the windows and into the drift volume
taking the refractive indicies, the transmissions (T;(E)) and the mirror
reflectivity into account. The mirror reflectivity and the transmissions of the
two CaF; windows had previously been measured in the laboratory and are
shown in figure 9. The photons that reached the drift volume converted
into photo-electrons with a probability given by the quantum efficiency Q(E)
as is also shown in figure 9. The spectral shapes measured by Ekelin and
Fransson [27, 28] were used for both the TEA and TMAE quantum
efficiencies. The absolute normalization of the TMAE quantum efficiency of
Arnold et al [2] (70% at 8.5 eV) was made with TMAE that was purified by
washing. For the present tests the TMAE was purified by pumping only. To
obtain an agreement with the experimental data a normalization of 60% at
8.5 eV had to be used. The difference can be explained by the lower purity of
the TMAE used in the present measurements. The 60% agrees however
with the 58% reported by Holroyd et al [5]. The absolute normalization of the
TEA quantum efficiency was left as a parameter to be fitted to the data.
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Figure 9. The transmission (T) of the 5mm thick CaF2 windows (the curve
shown is for a single window) and the mirror reflectivity (R) as
measured with a monochromator prior to the beam measurements.
The TEA and TMAE quantum efficiencies (Q) (in methane gas)

which are used in the simultions are also shown. The TEA curve is
normalized to 60% at its maximum.

The conversion point inside the photosensitive gas of the drift region
was given by an exponential attenuation with an interaction distance lph. A
photoelectron at point (x,y) was then drifted a distance y to the MWPC wire
plane (at y=0) in a constant electric field Ep=0.6 kV with a drift velocity as
measured prior to these tests, vp = 96+1 pm/ns (CHy - TEA) and vp = 9941
um/ns (CHy - TMAE). Longitudinal diffusion (o1) and distortions due to
field inhomogenities together with time binning (o) were included
through the relation 6y2= 6p2-vp + 6.2y with the measured values [28] of
00t=10.2 ns and 61=235 pm/cm-1/2. Transverse diffusion (o7) and wire
binning were similarly included via the relation 6,2 = 642 + or2y with
Oox=s/V12 and o7 =235 um/cm-1/2 where s is the wire spacing (2.54 mm). The
generated point (x,y) was then smeared with variances (0x,0y) respectively.
The induced charge (q) on the wires was generated from the Polya type
distribution (eq. 7) as described in section 3.1. The signal was accepted if it
was larger than the threshold of the electronics, corresponding to a total
induced charge of 35 fC. This threshold value was determined from the
TMAE data, however, it is somewhat larger than the 24 fC previously
assumed. The earlier value was based on a measurement with injected
electronic pulses where pulse shape differences might explain the
discrepancy. The TEA data, being obtained at higher detector gains, are not
sensitive to these differences in electronic threshold. The measured 25%
r.m.s. variation of the threshold value was included.
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For each avalanche, feedback photons were generated according to a
Poisson distribution with average n=o-q (a=0.041/fC). These photons could
convert, as described above, and give feedback photo-electrons which could
again give more feedback photons. The mesh planes were taken into
account for the transmission of photons. A photo-cathode effect from TMAE
adsorbed on the mesh planes was included (Arnold et al [33]), while no such
effect was used in the case of TEA. Instability of the detector was defined to
occur whenever more than 500 avalanches above threshold, due to a large

amount of feedback photoelectrons, were generated for an incident particle
event.

The measured 3% electronics crosstalk between adjacent channels was
included in the simulation. A uniformly distributed background
corresponding to noise from the electronics and other indistinguishable
sources was generated with an average of 0.75 and 1.5 signals per trigger for
the TEA and TMAE measurements respectively. Background ring-images
from beam-particles passing close in time to the triggering particle were

simulated corresponding to a measured rate of ~104 particles per 300ms
burst.

Finally a deadtime was applied. After a detected signal, other signals
within 60 ns (deadtime of the DTR system) on the same wire were discarded.
Signals within 60 to 220 ns where thrown away with an exponentially
decreasing probability in order to simulate the deadtime due to the pulse
lengths. The accepted signals were encoded and subsequently analysed.
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5. Experimental results and comparisons with Monte-Carlo
simulations.

The distribution of the number of photoelectrons counted within the
fiducial limits of the Cherenkov ring images is a convolution of the Poisson
distribution of detected Cherenkov photoelectrons, with the distribution of
feedback photoelectrons per primary avalanche where deadtimes effects
have to be taken into account in the convolution. For detector gains
allowing full single electron counting efficiency, the former distribution has
an essentially constant average value Npe given by the equation (1),
whereas the distribution of secondary photoelectrons is strongly gain
dependent. The probability of having no signal within the fiducial limits i.e.
the detection inefficiency (n), is not affected by the secondary photons, and its
measurement is an unambiguous and direct determination of Npe via
n =EXP( -Npe ) which characterises a Poisson distribution.

Practically, such a determination was only possible for values of Ny,
lower than about 4 because of the uncertainty due to both the background
and to the beam content, since K and p with a Lorenz factor y below the
threshold for Cherenkov light emission contribute to the probability for no
signal. The K and P content in the beam was measured (1.4+0.3% K, 0.5+0.2%
D) before starting the tests and used as a correction for calculations and input
parameters for Monte-Carlo simulations. Since, in the case of TMAE, Npe
was large (>4), the determination of Npe from the measurements of 1 was
only used for the tests with TEA. The results are shown as a function of the
cathode voltage Upc in figure 11 in comparison with the Monte-Carlo
simulations. The agreement which is observed proves that the part of the
detector response, which do not depend on the feedback photoelectrons, is
well described. This crosscheck is important since the feedback photoelectron
production, with its strong gain dependence, only enters as a minor
contribution from the background of images from off-time particles. The
uncertainties make it difficult to conclude on the TEA absolute quantum
efficiency, although the simulations with 50% peak quantum efficiency give
values of I_\Ipe which are clearly below the experimental data.
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Figure 11. The average number of photoelectrons (Npe ), calculated by using
the detection_inefficiency (n), as a function of cathode voltage for
TEA data. (Nye =-Ln (1 ) ). Monte Carlo simulations with 50, 60
and 70% peak quantum efficiency are also shown. The calibrations of
gain to cathode voltage used in the simulations are explained in
section 5.3. The statistical errors of the Monte-Carlo data are < 0.05.
The solid line is a set of interpolation splines to the simulations with
60% peak quantum efficiency.

5.1 Photoelectron collection in the drift gap.

Tests were made with TEA where the photon absorption length Iph was
varied over a large range (2 to 24 mm) to study the collection efficiency in
the drift volume. If the electron collection efficiency close to the window for
a thin slice of thickness t; is ¢1 and the collection efficiency of the remaining
gap t-t1 is ¢z the observed number of photoelectrons Npe may be calculated in
terms of the number of photoelectrons Npe' produced in an infinite
conversion gap as

Npe=Nper [ (1-et1/Iph) . 4+ ett/Iph (1 - 80/ Iph). Cz] a”

Assuming no collection near the window (c1=0) and full collection
elsewhere (c2=1), for t>>lpp, then Npe=Npe' . et1/lph,
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Figure 12 shows the logarithm of 1_\Ipe obtained for 10 GeV/c pions as a
function of the inverse of the photon absorption length. The number of
photoelectrons was estimated from the measurement of the detection
inefficiency (n), as previously described, with corrections for the beam
content and for a 50 mm length of the photon absorption region. The 50 mm
corresponds to the sensitive length of the anode wires, and was used rather
than the depths (15 and 45 mm) of the drift volume field cage, since the
expected losses for photon absorption lengths [Ph larger than tp/4, where tp
is the thickness of the field cage, were not observed. Given the geometry
shown in figure 7, such a collection of photoelectrons created beyond the
field cage is allowed. The linear dependence of Ln(N pe) versus 1/Iph clearly
indicates a loss of photoelectrons in a thin layer at the surface of the CaF,
window, which is estimated to be about 1.5+0.15 mm from the best least
squares fit of a line to the data. Such a loss has already been observed [28] and

explained by surface charge effect. It has, of course, been included in the
Monte-Carlo simulations of the detector.
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Figure 12. The logarithm of the average number of Cherenkov
photoelectrons ( In(Npe ) ) versus the inverse of the photon
absorption length (1/l,p). Nye was calculated from the frequency of
events without detected photoelectrons with corrections for beam
content. Corrections were also made for the 50 mm efficient depth of
the photon absorption region. The data was obtained with a 10
GeV/c pion beam using different concentrations of TEA as
photosensitive vapour. The straight lines are least squares fits to the
data where the solid line show the fit when all data points were

used. The point at 1/lph = 0.33 was not included in the fit shown as
the dashed line.
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5.2 Detector response and comparison with Monte-Carlo simulations.

Figures 13 to 16 and 17 to 20 show comparisons between data and Monte-
Carlo simulations for TEA and TMAE respectively in pure CHy at 10 GeV /c
beam momentum. In both cases one observes a very good agreement. For
TEA, a maximum quantum efficiency of 60% at 8.2 eV photon energy was
used. The discrepancy which is, however, observed for the first peak of the
wire distribution (fig 13 and 14) is due to a large electronic noise on 8
channels of a preamplifier card, clearly visible on the scatter plot in figure 21.
In both cases, the Monte-Carlo simulation reproduces correctly the
background visible on the tails of the drift time distribution, with the
difference due to the electronic noise mentioned.

The figures 15 to 16 and 19 to 20 exhibit in particular the spacial
propagation of the secondary feedback photoelectrons relative to the primary
avalanches which is again well reproduced by the Monte-Carlo simulations.
One must point out that the good description of the data with TMAE was
obtained by taking a surface quantum effect (from molecular adsorption of
TMAE on metal surfaces) of 70% of the quantum efficiency in the gas phase.
This is slightly different from the 100% previously published [33]. However,
in the present detector the metallic cathode surface was different and the
temperature of the detector body higher (60 to 70 0C instead of 40 0C).
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Figure 13. The total multiplicity, wire address and drift time distributions of

images obtained with 10 GeV/c beam and TEA. The simulations are
made using a 60% peak photoionization quantum efficiency for TEA
and a detector gain of 1.67-106 (Up, = 3.98 kV). The drift time range is
0 to 1 ps. The photon absorption length bh is 12 mm. Both the data
and Monte-Carlo samples were ~10000 events.




30 Experimental results and comparisons with simulations

TEA 10 GeV/c
4000
2000 ]
3000 -
1500 ]
1000 2000 -
500 1000
0 0 .
0 40
MULTIPLICITY IN CUT WIRE ADDRESS IN CUT
2000 -

*
*

1500
—— Experimental data

* M. C. with photon feedback
M. C. no feedback

1000

500

0 400 800
DRIFT TIME IN CUT

Figure 14. The distributions of multiplicity, wire address and drift time

within fiducial cuts (13 - 33 mm radius) of images obtained with 10
GeV/c beam and TEA.
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Figure 15. Distributions to exhibit the spacial propagation of the secondary
feedback photoelectrons by showing correlations between signals.
The space point distance distribution shows the distance from each
detected avalanche to all other detected photoelectrons within the 0
to 1 ps drift time range. Correlations in the form of the angular
distance between signals within cuts calculated from the fixed
expected centre are shown in the second distribution. The
distributions A to E of wire distances show detected signals on
neighbouring wires during 0-32, 32-64, 64-96, 96-128 and 128-160 ns
respectively after a signal. Both the experimental (10 GeV/c beam,
TEA, Upc=3.98 kV) and the Monte-Carlo (Qmax = 60%, g=1.67-106) data
samples are ~10000 events.
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Figure 16. Time distributions which exhibit correlations between signals; A)
on the same wire; B) to G) one to six wires away respectively; H)
seven and eight wires away; and 1) at nine to twelve wires distance.
The solid lines are experimental data (TEA), the asterisks are Monte-
Carlo simulations including photon feedback and the dotted lines
are simulations without feedback photons.
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Figure 17. The total multiplicity, wire address and drift time distributions

from ring images when using TMAE. The gain used in the
simulations was 3.5-105 corresponding to an anode-cathode voltage
of 3.73 kV. The drift time range is 0 to 1 ps and the photon absorption

length

lph was 15 mm. The experimental data sample was 3500

triggers to which the 3 times larger Monte-Carlo sample was

normalized.
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Figure 18. The distributions of multiplicity, wire address and drift time
within fiducial cuts (13 - 33 mm radius) of images obtained using
TMAE.
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Figure 19. Distributions corresponding to those of figure 15 but obtained
using TMAE (g=3.5105).
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Figure 20. Time distributions corresponding to those of figure 16 but
obtained using TMAE.
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Figure 21. Scatter plot of images from 3000 particles. A comparison of data

obtained using TEA and TMAE with Monte-Carlo simulations.
Photon feedback was included. The shadow at the left side of the
images seen in the experimental data (especially the TEA data) is due
to a large electronic noise of the preamplifier card for wires 9-16.
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5.3 Detection efficiency and feedback photoelectron production versus
detector gain. - Limits of stability for detector operation.

The good agreement between data and Monte-Carlo simulations is
preserved when the gain of the MWPC detector is changed in order to vary
the feedback photoelectron production.

The exponential variation of the gain with the cathode voltage U, was
verified during the tests using a 55Fe X-ray source, but the relation between
the charge developed in the avalanche and the voltage, which is needed for
the Monte-Carlo simulations, was, a posteriori, obtained by a fit to the data.
Figure 22 which shows the variation of the average number of
photoelectrons counted within the fiducial limits as a function of U, for
TEA at 10 GeV/c beam momentum. The Monte-Carlo simulations were
made using a quantum efficiency at the maximum of response (8.2 eV) of 50,
60 and 70 %. The absolute voltage to gain calibration obtained by fitting the
curves for the three different quantum efficiencies to the data at 2.9, 2.95 and
3.0 kV. The only free parameter was the translation along the voltage axis.
The simulations indicate detector instability at 2.97, 3.0 and 3.02 kV
corresponding to gains of 2.4, 1.9 and 1.6.106 for 50, 60 and 70 % peak
quantum efficiency respectively. The 60% peak quantum efficiency curve
had the lowest %2 in the fit. This combination of quantum efficiency and
voltage - gain relation is the only one of the three that can reproduce all our
data, in particular for the distributions shown in section 5.2 and the
variation with cathode voltage for both TEA and TMAE.
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8 Monte Carlo simulations !
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64 - Qmx=70% A

Cathode voltage (-kV)

Figure 22.  The multiplicity within fiducial cuts as functions of voltage difference
between anode and cathode in the MWPC detector. The data are obtained
using TEA with a photon absorption length of 6 mm. The Monte-Carlo
simulations shown are made with 50, 60 and 70% peak quantum efficiency
and with a gain at 2.95 kV which is fitted to be 1.95-106, 1.41-106 and 1.02-106
respectively
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The result that Qmax is 60% significantly contrasts with the 33% reported
by Holroyd et al [5] but is compatible with other ring imaging data [1,29,30]
and the actinometric measurements [7] as described in section 2.

In figure 23 the total multiplicity and the multiplicity within the fiducial
cuts are shown as functions of cathode voltage for both TEA and TMAE. The
results show that a good agreement between data and simulation is obtained
over a one order of magnitude range of gains from 1.5-105 to 1.9-106
corresponding to cathode voltages of 2.6 to 3.0 kV.
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Figure 23. Total multiplicity (a) and multiplicity within fiducial cuts (b) as
functions of wvoltage difference between ‘anode and cathode in the
MW detector for both TEA andTMAE. The Monte-Carlo simulations
are shown as lines where a 60% peak quantum efficiency was used
for TEA. The dashed-dotted line in (a) show the calibration between
the detector voltage and the gain used in the simulations. The
maximum achievable gain before instability was found to be ~ 7-105
and 1.910° for TMAE and TEA respectively.
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Taking the 60% peak quantum efficiency for TEA as input to the Monte-
Carlo simulations, the number of feedback photoelectrons produced (Npfb)
and detected (Ngfp) per avalanche from Cherenkov photoelectrons can be
estimated as functions of the gain and the photon absorption length (Iph)-
The results are shown in figure 24 for TEA (lph = 6 mm) and TMAE (Iph =15
mm) respectively in the same conditions as the beam tests. The fraction of
feedback photoelectrons detected is of course dependent on lph, on the
detection efficiency and on the electronic dead time. The rise of Npg, with
the gain is very sharp for TMAE in comparison with TEA and exhibits a
clear limit of stability for the detector operation at about 7-105 which is
similar to previously published measurements [33]. For this detector when
operated with TEA the gain can, roughly, be increased by a factor 3 relative to
the use of TMAE in order to keep the same rate of feedback photoelectrons.

In this respect the use of TEA provides a definite advantage over TMAE.
Thus, with a low noise level electronic for detection which would allow
operating gains between 2 and 4105, there is no problem caused by the
feedback photoelectrons when using TEA. For these tests reported here,
because of the low sensitivity of the electronics used, gains above 8105 were
required for a detection efficiency better than 95% (see figure 24 and 23). This
gain was higher than the maximum attainable with TMAE. The tests with
TMAE only allowed the detection of about 85 % of the Cherenkov
photoelectrons with a large background (nearly 1 : 2) smearing the single
photon Cherenkov angle resolution.

For the highest gains which can be attained with TEA and TMAE, the
probability of having at least one secondary photoelectron per avalanche is

about 0.5 (see figure 24) in agreement with previous results by Dresselhaus et
al [38].
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Figure 24 The number of produced (Npfb) and detected (Nagp) feedback
photoelectrons per Cherenkov photoelectron for TEA and TMAE
estimated by Monte-Carlo simulations as functions of the detector
gain. A 60% peak quantum efficiency for TEA was used. The
probabilities of having at least one feedback photoelectron (pf) and
the detection efficiency are also shown. The difference between the
produced and detected feedback photoelectrons at full detection
efficiency is due to electronic deadtime. pfy is about 50% at the ugaper
limit of detector gain for both TEA (g~1.9-§bo5) and TMAE (g~7-10°).
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5.4 Variation of the detector response with the particle Lorenz factor. -
Determination of the merit factor N.

Tests have been performed with TEA at various beam momenta in order
to measure the variation of the average number Npe of Cherenkov
photoelectrons produced as a function of the Cherenkov angle 6. The
radius r of the ring image and the photoelectron yield vary with 6. according
to the relations r = f: tan 0. and I_\Ipe = Np-L-sin28c respectively, where
f is the focal length of the mirror. Hence, for small Cherenkov angles

ﬁpe = c!_op.k) N r2 (18)

is a good approximation. The variation of the average number of detected
Cherenkov photoelectrons with r2 is thus expected to be linear with slope
proportional to the merit factor Ny.

Measurements were made with pions of 5.36, 6.21, 7., 7.92 and 16 GeV/c
momentum, the detector being operated with a photon absorption length
Ipbh of 6mm, and at 6.21 and 10 GeV/c with lph =12 mm, all at a gain of
1.65:106. Because of the photoelectron capture within a 1.5 mm thick layer at
the CaF, window surface, we have corrected the number of photoelectrons
counted by the factor el-5/Iph in order to compare the data independent of
lph, The results are shown in figure 25. The straight line is the best fit to the
Monte-Carlo simulations obtained with 60 % peak quantum efficiency for
the TEA response. The nonzero value of I_\Ipe for r2 = 0 corresponds to the
accidental background within the fiducial limits. The agreement with the
experimental data is good. It thus confirms the previous conclusion on the
photoionizing properties of TEA.

From the slope of the straight line, one can calculate a value of
No = 38.6 cm-1 for f = 100 cm and L = 187 cm, assuming no loss of
photoelectrons drifting near the window. This value corresponds to the use
of two CaFy windows, where the second window causes an additional loss of
33 % on the photon transmission. Since the second window was used only
for historical reasons as described earlier, such losses can be avoided in
presently designed detectors. We therefore claim that a merit factor
No = 58 ecm-! is achievable using TEA and a good UV transmitting CaF
window with improved field definition to eliminate photoelectron capture
near the window.
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Figure 25. The number of detected Cherenkov photoelectrons, estimated
using the detection inefficiency with corrections for beam contents,
as a function of the square of the ring image radius. Data was taken
with a predominantly pion beam of varied momentum using two
different concentrations of TEA giving photon mean free paths of 6
and 12 mm. The data are corrected for drift losses close to the detector
window in order to compare the results for both concentrations.
External identification by a threshold Cherenkov counter was used
to obtain a measurement with a pure electron beam shown as the
data_point marked "electrons”. The straight line is a least squares fit
to the Monte-Carlo simulations which are made using a 6 mm

photon mean free path and a TEA peak quantum efficiency of 60%.
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5.5 Single photon Cherenkov angle resolution.

The requirement of Npe23 for fitting radius and centre position of circles
to the ring images, as described in section 4.2, gives a bias towards high
multiplicity events with increased sensitivity to feedback photoelectrons and
background, especially in the case of TEA where on average only ~3.3
Cherenkov photoelectrons are expected (from simulations without photon
feedback, crosstalk and background but including deadtime). However the
image centre expected for each event is determined from the average fitted
centre of the sample, with a 6 of 0.6 mm due to beam divergence. One can

thus, also for low multiplicity events (Npe<3), calculate the radius of single
photoelectrons by using the expected centre.

The distributions of the single photoelectron radii and the fitted radii
obtained for 10 GeV/c pions are shown in figure 26 and compared to Monte-
Carlo simulations for TEA and TMAE respectively. In the single
photoelectron radius distributions there is a very good agreement between
data and the Monte-Carlo simulations where feedback photoelectrons are
included. The double peak reflects the binning of the wire coordinate. The
distributions of fitted radii show a slightly less impressive but still good
agreement. However, one has to keep in mind that the circle fit is sensitive
to the azimuthal distibution of the detected photoelectrons, and thus to
nonuniformities in the detector response, such as noisy electronic channels
and slight differences in drift losses at various positions in the drift volume,
which are not included in the simulations.

The average radius and the radius resolution o of single photoelectrons
are listed in table 2.

Table 2. The average radius, the resolution oy, the average number of
detected photons in the radius peak and the average background
signal for experimental data and Monte-Carlo simulations with and
without feedback photoelectrons for TEA and TMAE.The average
radius and the resolution oy are calculated from the single
photoelectron radius by fitting with a Gaussian which represents the
signal and a second order polynomial to describe the background.
(Npe)peak is calculated by subtracting the fitted background from the
experimental distribution. Ny is the contents of the fitted
background per event in the radius range from 0 to 50 mm .

Radius (mm) o (mm) (Npe)peak Nbkg

TEA
Exp. data 24.54 2.84 4.66 1.84
M.C. inc. feedback 24.56 2.65 4.32 1.94

M.C. no feedback 24.51 221 3.45 0.31
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Radius (mm) o (mm) (Npe)peak Nbkg

TMAE
Exp. data 23.28 2.88 6.82 3.37
M.C. inc. feedback 23.23 2.62 7.63 2.72
M.C. no feedback 23.16 2.31 6.38 1.25

The number of detected photons in the experimental data and
simulations with photon feedback, are larger than the expected number of
Cherenkov photoelectrons, indicating that the background subtracted
distribution still contains a large amount of feedback photoelectrons. In fact,

as expected, it is one of the main contributions to the error o, as indicated in
table 3.

Table 3. The dominant contributions to the radius error o, as found from
Monte-Carlo simulations. In the simulation only one source at the
time was contributing. The chromatic aberrations are errors due to
thevariation of the refractive index with photon energy in the
radiator. The wire-binning is used in the contributions from
crosstalk and feedback photoelectrons. The parallax error is due to
the combination of the photon mean free path in the photosensitive
gas and the incidence angle of the light. All errors are given as the
error per photoelectron calculated from the single photoelectron
distribution after background subtraction as described in table 2. The
simulations are made with a gain of 1.67-106 and 3.5105 and a mean
photon absorption length of 6 and 15 mm for TEA and TMAE

respectively.
Error source or (mm), TEA or (mm), TMAE
Chromatic aberrations 0.4 0.7
Parallax 0.9 1.0
Drift dispersion 12 12
Crosstalk and wire binning 1.0 0.5
Feedback 0.9 1.1
Beam divergence 0.6 0.6

A /2012 2.14 2.18
i

The drift dispersion is found to be the most dominant source of error.
The drift dispersion of the present detector was measured in reference [28]
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where an improved drift field cage was shown to have about half the time
dispersion (cgy) of the present detector. The larger energy acceptance of
TMAE makes the cromatic aberrations more important.
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Figure 26. Distributions of single photoelectron radii from the expected
image centre and distributions of fitted radii for TEA and TMAE
shown as solid lines. The asterisks and dotted lines are Monte-Carlo
simulations with and without feedback photon production
respectively. A 60% peak quantum efficiency was used for TEA. The
gain was 1.67-106 and 3.5-105 for TEA and TMAE respectively. The
double peak in the single photoelectron radius distributions reflect

the wire-binning.




Fast RICH detectors. 47

6 Fast RICH detectors.

Particle identification at the next generation of hadron colliders (LHC
and SSC) is a challenge for the Ring Imaging technique. Identification
should be achieved over a wide momentum range of up to at least 200
GeV/c for m - K separation (1 % misidentification limit) and for an
interaction rate of 108 s-1 as expected for luminosity of 1033 cm2 s-1. The
separation requirements impose the use of the least dispersive gaseous
radiator media such as He, Ne, CF4 or CoF and of high granularity
photoelectron detectors (1 or 2 mm?2 measurement pixel) to obtain the
required angular resolution and multihit capability for large multiplicity
events. The high rate implies very fast photon detectors with a time

dispersion of less than 15 ns to avoid overlapping of events fr.m different
beam crossings.

We show in this section that comparable performances for particle
separation can be obtained with TEA as well as TMAE and we discuss
Monte-Carlo simulations of the expected response of fast photondetectors
which emphasize the interest of using TEA rather than TMAE.

6.1 Particle separation at high energies using TEA or TMAE.

The momentum p for which ng standard deviations separate the - K

hypothesis on particle identity, limited by chromatic aberrations only, is
given by,

VN 1
= (m2e - m2 :
2'ng An (m K-m “) a7
with N the number of detected Cherenkov photons for a f=1 particle. The
variance of the refractive index An is approximated with

dn(E AE dn(E
An = (%)Ei "53¢ Where the dispersion of the radiator gas 21;3 ) is

calculated at the average photon energy E and where AE is the FWHM of the
1
energy acceptance distribution ( (1 - m) QE(E) - R(E) - T(E), with n(E) the

refractive index, Qg(E) the quantum efficiency of the photosensitive
molecule used, R(E) the mirror reflectivity and T(E) the gas and window
transmissions). The total energy acceptance is 7.5 to 8.5 eV for TEA with CHy
as carrier gas and CaF, window, and 5.4 to 7.8eV for TMAE with a CH,y - CoHg
mixture and quartz window. AE is estimated to about 0.7 and 1.5 eV for TEA
and TMAE respectively.
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The formula (17) can now be written:

(m2g - m2y) (0)

2o AN (dn“”)hi.&

=2‘n°' dE

The performance for particle separation is kept the same for TEA and TMAE
if the gas of the radiator is chosen such that,

1 1 1 1
\/_ﬁ. —dn(E) -AE = \/—N— ——_dn(E) -AE 21)
( dE )E:E TMAE ( dE )E=E TEA

A quality factor N = 150 cm™! can be obtained with TMAE, the best
quality fused quartz window (7.8 eV energy cut-off e.g. Tetrasil SEH) and 90%
reflectivity mirrors. Under such conditions 25 photoelectrons per image can
be detected for a 4 m long (L) He - CHy gas radiator with a Lorentz factor at

threshold ¥t =49 (N = NgL+2). This gas mixture has a chromatic dispersion
d
(d—E’l) ~ 5106 evl, (AE=15eV)
E=7eV

Hence, for 1 % misidentification ( ng = 4.2), equation (18) gives 205 GeV/c
for - K separation, 345 GeV/c for K - p and 60 GeV/c for e - & respectively.

According to the present work a quality factor Ny of 58 cm-1 can be
achieved with TEA. By using better windows (80% transparency over the
TEA range) and mirrors (90% reflectivity) it appears that Ny = 80 cm-1 can be
attained. This would give N = 13.3 photoelectrons for the same radiator as
above (L =4m, yth =49 ). The dispersion dn/dE at the 8 eV average photon
energy of a TEA - CHy detector is slightly larger (7106 eV-1) while the energy
acceptance is only about half (0.7 eV) compared to a detector with TMAE.
The 1 % misidentification limit gives for the TEA detector 215 GeV/c for « -
K separation, 365 GeV/c for K - p and 64 GeV/c for e - & respectively. This
justifies the possible use of TEA for RICH detectors at high energy.

To optimize the overall resolution requires the measurement pixel s to
be such that:

s 1
Aegeom = \/'T—Z. 'f' < Aechrom (22)

where f = L is the focal length of the mirror and

Mchrom =gF 336 | M- | = % GE 33 (23)

dn AE 1 dn AE
(")

V2
"2.36 ¢

d
for high v values. Hence s<y- (HEE AE ) L
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§ <2.16 and 1.49 mm is obtained for TMAE and TEA respectively. Such sizes
for square pads seems unacceptable in respect of cost for large detector areas,
construction and space for electronics implantation on the detector. Hence, a
compromise must be found which will make the photon detector resolution
rather than the chromatic dispersion of the radiator medium, the dominant
source of error for the Cherenkov angle determination .

6.2 Photon detector

A fast photon detector with a drift time dispersion oy ~ 10 ns can be made
with a direct coupling between the conversion gap and the photoelectron
detector, where the latter can be either a conventional multiwire
proportional chamber (MWPC) or a multistep avalanche chamber (MSAC) ,
the two dimensional image being obtained by pad array readout. The signal
detected on the pads of the MWPC (figure 27) is generated by positive ions
migrating towards the cathode planes, whereas in the MSAC, ~hown in
figure 28, it is given by the charge collection of the electrons created in the
avalanches. The latter solution has recently been successfully tested [39],
however with a poor time resolution in comparison to the present
requirements. ‘

quartz or CaF, window cathode strips

\ hv CH,-C,H,-TMAE (100 °C) or CH,-TEA (20°C)
¥ \
i // (7 i " / /i \Resistive
\ < wire plane
A Y

3 mm
1.5
05 L N T T “ e e e 0o s 0
5
sense wire
(15 pm @, 1 mm spacing) cathode
feedthrough pads
spacer

2| mm

2| mm

2| mm

pads (2 x2 mm?)
gold plated

Figure 27. A fast photon detector with multiwire chamber (MWPC) geometry. The
photons ionize the TMAE (TEA) molecules after passing the 3 mm thick
quartz (CaF2) window. The position information about the conversion
points are obiained both by the wires and the cathode pads.
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Figure 28. A multistep avalanche chamber (MSAC) for photon detection. The
photons ionize the TMAE (TEA) molecules in the conversion gap (C). The
photoelectron drifts into the first amplification gap Al where charge
multiplication takes place. The charge passes the transfer gap T1 for further

amplification in the A2 gap and is then transferred via the gap T2 for
collection on the anode pads.

The time dispersion o = Iph/v4, where Iph is the photon absorption length
and vq the drift velocity. To obtain at least 95% photon collection efficiency
3 photon mean free paths thickness of the conversion gap is needed. Taking
ot =10 ns and vq = 6 cm-us~! for TMAE in CHy (75%), CoHg (25%) and

10 cmeps™! for TEA in pure CHy (both at Eg = 0.6 kV/cm) give an upper limit
lph =0.6 mm and 1 mm for TMAE and TEA respectively with a total
collection time of 3-lph/ vd = 30ns. To obtain 0.6 mm requires a TMAE
bubbler at 95 0C (see section 2) and a detector temperature of at least 100 0C to
prevent condensation. This imposes severe mechanical constraints on the
detector design to minimize the distortions from thermal expansion. The
difficulties may be overcome for MWPC detectors using boron nitride as
construction material for the detector body and metallized quartz fibres for
the anode wires. It seems, however, harder to find an acceptable solution for
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the construction of the parallel mesh planes of large MSAC photon
detectors.

TEA, on the contrary, does not need heating since its photon mean free
path is 0.6 mm at 20 0C. It requires, however, the radiator gas to be
transparent up to 8.5 eV (CHy cut off), hence He, Ne, CF4, CoF¢ or mixtures of
these (25 <y <112). Gas transparency higher than 95% implies that the O
content should be kept below 0.3 ppm for a 6 m average photon path. Such a
strong limitation which does not exist with TMAE is due to the large O
photoabsorption cross section in the energy region of the TEA acceptance
(6a =12 Mb at 8.5 eV photon energy).

In the MWPC the distance (d) between wires and cathode is 0.5 mm in
order to increase the capacitive coupling and, hence, the induced signal on
the pads. A 2 mm total gas thickness of the detector gives 3.3 photon mean
free paths for both TMAE at 950C and TEA at 200C. The longes. drift path
(from the window to the wire plane) is only ~1.5 mm, hence, a total
collection time of the Cherenkov photoelectrons ~ 15ns (TEA - CHy) and ~
25 ns (TMAE - CHy - CoHg). Owing to the thinness of the gas layer and the
very short photon mean free path, the ionization of charged particles
crossing the detector should not cause problems because of the feedback
photoelectron production. This is an important feature as it avoids the use
of "blinds" between wires, allowing easy construction.

The resolution oy in the transverse direction x to the wires for the
detector shown in figure 27 is Aw/v12 (A, = 1 mm = wires spacing) if the
wire signals are used as information on the photoelectron position. Under
this condition the pad size Ax can be chosen longer than the size Ay,
provided that the probability of ambiguities for reconstruction are small.
This would allow measurement pixels of 1 x 1 mm?2 with pad sizes of
10 (Ay) x 1 (Ay) mm?2, for example, at a lower cost with much larger
possibilities to locally implement elecronic chips on the back of the detector.
Such a possibility does not exist for the MSAC discussed here. The MWPC
can also, using high discrimination level on wires, provide fast signals from
ionisation by charged particles for contribution to a first level trigger.

With a rejection factor of 104 from a first level trigger, the data
acquisition rate would be reduced to 104 sec’! or one event per 100 ps. 90%
data taking efficiency will thus require a maximum acquisition time of 10us
per event without data processing. The time delay of the first level trigger
comprising scintillation counter arrays and fast calorimeters ( between 0.5 to
Tus) will require an equivalent storage time in the electronics. With these
timing requirements, the large number of channels and the small pixel
sizes, the fast Ring Imaging Technique requires the development of high

density integrated electronics (VLSI) for amplification, discrimination and
local buffering and readout.
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6.3 Monte- Carlo simulation of a MWPC with cathode pad array readout.

Monte Carlo simulations of the multiwire photon detector with a pad
size of 2 x 2 mm2, shown in figure 27, have been performed with TEA and
TMAE as photosensitive agents. The simulations were made for a large
range of gain in the avalanche multiplication, to study the variation of the
two-dimensional resolution and the behaviour of the detector as a function
of the feedback photoelectron production.

The primary photoelectrons were uniformly generated over the pad area,
whereafter the Monte-Carlo simulation followed the same process as
discussed in section 4, concerning the charge development in the avalances
and the feedback photoelectron production, taking a 0.6 mm photon mean
free path for both TEA and TMAE. The spread of the charge over the cathode
pad area was of a gaussian shape e-(t?/2d?), where d = 0.5 mm is the distance
between the anode wire plane and the cathode pads. The total induced
charge on the pads, due to the limited capacitive coupling, was assumed to
be 20% of the anode charge .

Calculations of the response of the detector and the associated fast
transconductance amplifier stage, using the well known theory of the charge
development in time, show that a maximum time constant for filtering of
5 ns is allowed to keep the time jitter of the detected pulse below 10 ns after
discrimination. With this time constant, the maximum of the amplifier
response is reached when only 25% of the total charge of the avalanche is
developed. The discriminator threshold was set to 4.5-103 electrons
equivalent input charge on the pads after filtering, which corresponds to ~2¢
r.m.s noise according to recent developments on low noise fast amplifiers.
This threshold corresponds to a total input charge of 5.4-104 electrons.

The number of pads hit per primary avalanche is shown as a function of
the average detector gain g in figure 29. The rapid rise of the number of
pads hit, because of the large production of feedback photoelectrons when
using TMAE, is observed as expected from the experimental results reported.
The detection efficiency for cathode pads is higher than 95% at gains above
g=5105. The resolutions oy and ¢ y (y is along the wire direction) are
calculated from the distributions of (x¢h - Xmeas) and (Yth - Ymeas), using the
pad information only. x¢h, yth are the coordinates of the point where the
photoelectron was generated and Xmeas,Ymeas the measured coordinates
where the mean value is taken when more than one pad is hit. The results
are shown in figure 30 as a function of the average detector gain for both
TEA and TMAE. The use of TEA allows a comfortable operation of the MW
detector exhibiting a remarkable stability of the resolutions Ox,0y with the
gain up to 106. As expected the resolution <ox> is ~2/ \/_1§= 0.577 mm
whereas <oy> is better than <ox> (0.4 mm at g=1-106) corresponding to a
pixel size Ay = 1.4 mm. The results meet the requirements quoted in section
6.1. On the contrary ,when using TMAE the resolutions oy, Oy rapidly
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degrade with increasing gain. To approach the results obtained with TEA,
the detector should be operated at the minimum gain compatible with an
acceptable detection inefficiency.
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Figure 29. The cluster size of the pad signals (number of hit pads per cluster) as
functions of the average detector gain when using TEA or TMAE. The
detection efficiency on the anode wires &, and cathode pads g are also shown.
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A comparison of the number np of hit pads per cluster, for a detector
operated at the same gain g=5-105 with TEA and TMAE, is shown in

figure 31. The distribution obtained with TMAE exhibits a narrow peak (64%
probability for ny<3) of mean value Ty, = 1.41 and a broad distribution
centred at Tp = 7 (36% probability). With TEA one observes only a narrow
distribution (97% probability for np<3) of mean value Ty, = 1.26. This
illustrates once more the advantage of using TEA instead of TMAE as the
photoionizing molecule.
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Figure 31. The distributions of the number of hit pads per cluster for TEA and
TMAE at detector gain §=5-10°.
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7. Summary and conclusions.

An analysis has been made of early Cherenkov Ring Images observed
with a drift-type single-photon detector, using TEA or TMAE as
photoionizing vapours. The aim was to study the influence of feedback
photoelectrons on the resolution and detector stability for both TEA and
TMAE in a detector which does not have the optical screens between anode
wires that are present in the current detectors of this type. These screens
modify the influence of the feedback photoelectrons making the earlier data
better suited for such studies. The experimental data has been compared
with Monte-Carlo simulations.

During the avalanche process around the anode wires, excitation and
rapid de-excitation of atomic levels in the detector gas result in isotropic
emission of secondary U.V. photons. Photons from the three carbon lines,
6.42,7.48 and 7.94 eV, can ionize the TMAE molecules in a M« .hane - TMAE
mixture, while TEA can only be ionized by photons from the 7.94 eV line.
The production of feedback photoelectrons causes an instability at high
detector gain thus determining the attainable upper limit of the gain. It is
found that the present detector can be operated at ~3 times higher gain with
methane - TEA than with methane -TMAE.

The simulations show good agreement with the experimental data over
more than one order of magnitude in detector gain (1.5-105 - 1.9-106). To _
explain the data obtained with TEA a peak quantum efficiency of 60% had to
be used. Although this quantum efficiency is in disagreement with a recent
measurement by Holroyd et al [5] the value is compatible with other
measurements as shown in a review of the properties of TEA and TMAE.
From the experimental data we find that a merit factor Ng=58 cm-! for a
detector operated with Methane - TEA can be achieved.

TEA and TMAE are compared as photosensitive agents for fast RICH
detectors which can be used for particle identification in future high rate
experiments where high multiplicity events demand high resolution
detectors. The fast RICH detector consists of a thin multiwire detector, with
pad readout, where the created photonelectrons drift perpendicular to the
entrance window toward the anode wires. TEA has a short photon mean
free path at NTP, giving a time dispersion for photoelectron collection of
6ns. TMAE has to be heated to 90 0C to obtain such a short mean free path
making the construction of the detector more difficult.

The Monte-Carlo simulations show that the larger production rate of
feedback photoelectrons in TMAE deteriorates the resolution at gains
necessary for full detection efficiency with presently available fast
electronics. On the contrary the resolution with TEA is stable for gains of up

to 1.5:106 illustrating the advantage of using TEA instead of TMAE in fast
RICH detectors.
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THE TIME-PROJECTION RING IMAGING CHERENKOV (RICH) COUNTER —
NEW EXPERIMENTAL RESULTS
The RICH Group
L. O. Eek*, T. Ekelof!4, K. Fransson, A. Hallgren?, P. Kostarakis!, G. Lenzens,
B. Lund-Jensen*, J. Séguinot?, J. Tocqueville? and T. Ypsilantis3
CERN!-College de Francc?-Ecole Polyt,echnique:’—llppamla‘—Wuppert.al5

Abstract

A TPC-type RICH-counter with a 200 X 200 mm? quartz
window and a 1.27 mm wire pitch MWPC has been tested in
a 10 GeV/c 7~ beam. The MWPC is equipped with optical
screens (called “cloisons”) between the anode wires, with the
purpose of absorbing the secondary UV-photons emitted from
the charge avalanches around the wires. The test results show
that the cloisons effectively suppress the noise caused by the
photon reemission, without affecting the detection efficiency
for single photoelectrons in the MWPC.

Introduction

In the present report we present results obtained with a
new time-projection-type RICH counter in a 10 GeV 7~ test
beam at the CERN PS. These new tests were performed only
two weeks ago and although the progress made can be clearly
demonstrated the details of the results reported here are pre-
liminary. The off-line analysis is under way and new measure-
ments will resume in a week.

Before describing the measurements, let us shortly outline
the ultimate purpose of the present investigation which is to
provide RICH counters for use in colliding beam experiments.
Unlike the situation in fixed target experiments a counter in a
colliding beam experiment usually is required to cover the full
solid angle and, also, to be very compact. It has furthermore
become clear that it is difficult to keep the inherent concentric-
sphere geometry of the Cherenkov ring imaging counter when
constructing a general purpose colliding-beam detector that
should comprise, in addition to the RICH counter, a magnetic
spectrometer and calorimeters. The solution to this problem
for the gaseous radiator counter has been to divide the counter
into spherical sectors, here called cupolas, which can be in-
serted in the experimental layout in a way that is compatible
with the space requirements of the other detector components.!
How this division is done in principle is illustrated in Fig. 1.
The basic consideration in the decomposition of the spherical
counter into cupolas is that the aperture of each cupola must be
made sufficiently small so that the optical aberrations (which
occure if the particle tracks do not pass through the center of
curvature of the mirror) do not exceed the irreducible, chro-
matic errors in the system.?

The DELPHI detector® at LEP, shown in Fig. 2, is an
example of how this decomposition can be done in practice
(the heavy lines that delimit the cupolas in this figure are only
drawn to indicate the apertures of the counters and do not
correspond to physical walls between the gas volumes).

In Fig. 3 the UA2 experiment at the CERN proton-
antiproton collider is shown equipped with a single RICH cupola
in one of the endcap sectors.! It is planned to install this
counter in summer 1984 with the aim of improving the ¢/x

separation capability in this sector for momenta up to about
10 GeV/e.

SPHERICAL RICH

RICH CuPoLA

particle

particle

photon detector

particle interaction centre

10 - 83 () (1] 4684A1

Fig. 1. (a) Ideal spherical ring imaging geometry and (b) RICH
cupola geometry.
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Fig. 3. Planned installation of RICH in the UA2 experiment
at CERN.

The work reported here forms part of the development of
RICH detectors to be used in these experiments. In particular
the detector described in the present report corresponds to the
short drift (20 em), high spatial resolution detectors (wire pitch
1.27 mm) to be installed in the endcap sector in the UA2 de-
tector and, later on, in the endcaps of the DELPHI detector.®

Earlier Experience

The basic principle of the TPC-type single UV-photon
position-detector as proposed and developed®’ by our group
is illustrated in Fig. 4. The UV-photons are incident through
a quartz window behind which they are absorbed, by a pho-
toionizing vapor like TMAE (tetrakis dimethylamino-ethylene)
mixed into a drift-chamber gas like CHy (80%)/iso-C4H;q
(20%). The absorption is followed by emission of single-
photoelectrons which drift in an electric field, directed par-
allel to the quartz window, up to a MWPC where they are
detected. The drift time gives the x-coordinate and the wire
address the y-coordinate.

In Fig. 5 is shown the construction of an earlier detector of
this type. This detector contains two MWPC's and two drift
regions, with the electron drift in opposite directions and with
an insensitive slot in the middle. The drift field cage is made
up of two potential wire layers, one on either side of the 5 mm
thick quartz window, and a single wire layer inside the gas

volume, 45 mm away from the quartz window and 100 mm
away from the back wall of the drift-gas container. The maxi-
mum drift length in either of the two drift regions is about 120

mm and the MWPC has 224 wires, each with a pitch of 1.27
mm.

In Fig. 6 is shown the TPC-image, obtained from the
on-line computer-display for 290 accumulated events, when
operating the detector without TMAE, having the 10 GeV/e
7~ beam running through one of the two drift volumes in a
direction perpendicular to the quartz window. The width of
the beam spot is determined by the width of the triggered beam
(5 mm diameter). The spurious tracks emerging sideways from
the beam spot correspond to §-rays.

MWPC

Quartz
Window

e o 60 0 0 s s s 8 e

-
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e o 06 0 0 s 0 00 0

[

Field Defining“=-----=
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Fig. 5. Earlier TPC detector.
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Fig. 4. The principle of TPC type photon detector.
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In Fig. 7 the same type of data are shown, with the only-

difference that in this case the detector gas contained about
0.7 torr partial pressure of TMAE. A dramatic blow-up of
the beam spot can be seen with a tendancy of forming a halo
towards later arrival times. The explanation for this phe-
nomenon is that when the jonization created by the passage ~f
the charged particle reaches the anode wires UV-photons are
emitted from the charge avalanche around the wires. These
secondary UV-photons are then converted to electrons in case
TMAE is present. The mean free path for UV-photon absorp-
tion in 0.7 torr of TMAE is about 12 mm and the background
photoelectrons are therefore spread around, on average, by this
distance and tend to arrive to the MWPC at a later time than
the primary beam track ionization. On average therc were
about 20 background points per beam track created in this
way. The beam track produced a dE/dx-charge of about 250
electrons over the 45 mm track length in the drift volume, and
the probability for obtaining a background point through this
mechanism is thus of the order of 8% per electron.
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Fig. 7. Beam spot with TMAE in detector without cloisons.
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In order to verify the understanding of this background
and to seek for a solution how to suppress it, small UV-light-
absorbing walls were installed between the anode wires in a
small 2.54 mm wire pitch detector. In a first approach, in
which the walls were made of insulating material, the detec-
tion efficiency of the chamber was drastically reduced, owing to
ficld distortions around the anode wire. It was concluded that
these distortions were due to charges being accumulated on the
separating walls. Making the separating walls conductive by
deposition of a thin layer of carbon did not solve the problem.
The conclusion was that having insulating or equipotential sep-
arating walls did not lead to an efficient collection field around
the anode wire, at least not in the particular geometry cho-
sen which had a comparatively small angular opening (+23°)
between the endpoints of the walls, as viewed from the anode
wire (this angle should be small in order to minimize the solid
angle over which reemitted photons are not absorbed by the
walls).

The final solution tried was to use separating walls (cloi-
sons), made of thin printed circuit boards with thin conductive
lines running parallel to the anode wires along the two surfaces
of the board. Equipping a limited region of the 2.54 mm pitch
MWPC, it was found that the voltages on these lines could
be tuned so to obtain a fully efficient charge collection in the
MWPC from beam tracks.

The New Detector

On the basis of this experience the detector shown in Fig.
8 was constructed. In this case the 5 mm thick quartz window
is 200 X 200 mm2. The thin back wall of the drift-gas con-
tainer is mounted only 40 mm away from the quartz window
and supports a layer of parallel printed circuit lines on either
side of the wall. In Fig. 9 the drift box with flanges for the
radiator container (down) and for the MWPC (front) is shown
in perspective.

Field Potential
Wires

Pylon
for
Cloison
Anode
: Wire
3};2:!':»'4 Incident Light
83 Radiator Volume 468445

Fig. 8. The new detector with cloisons.
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Fig. 9. Perspective view of drift box.

The MWPC has an anode wire pitch of 1.27 mm and is
equipped with cloisons. Figure 10 shows in three views the
construction of the support for the wires and the cloisons in the
MWPC. The 10 um diameter anode wires are soldered on 0.6
mm wide holders, consisting of copper-wire hooks, surrounded
by plastic insulator. The signals are led through these hooks to
the backside of the cathode plane on which the preamplifiers
are mounted on small IC-sockets.
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Fig. 10. Details of the cloison (blind) picket fence.

The cloisons consists of 5 mm wide and 30 gm thick Kep-
ton strip, mounted between the anode wires. The potential
on the surface of the Kepton strip is controlled by eight 35
pm diameter stainless-steel wires, running along the surface
of each strip, four wires on either side, with a distance be-
tween adjacent wires on one side of 7 mm (see Fig. 10). The
wires are stretched around small ceramic pylons and are kept
in place by small washers. The pylons are mounted between
two metallic frames outside the anode-wire holders with one
pylon behind every second such holder allowing eight single
potential wires of about 10 m length to be wound around the
endpoints of the anode wires in a serpentine-like manner. The
high voltages applied at the endpoints of these wires thus si-
multaneously control the electrostatic field around all anode
wires in the MWPC. Mechanically the cloison strips are kept
in place by the potential wires. Finally, a single wire grid. is
mounted on top of the MWPC, adding a 70 gm diameter wire

on the top-cdge of each cloison. The “cell” around one anode
wire thus consists of five potential wires at a height of —1, 0,
+1, +2 and +3 mm with regard to the anode and at a lateral
distance of £0.6 mm. A cathode plate is mounted at -2 mm,
below the anode wire. The opening angle between the upper
borders of the cloisons, as viewed from the anode wire, is +13°,
leaving only a very small solid angle over which the photons
are not absorbed by the cloisons (~ 7%).

Results of Beam Tests

In a first series of runs at the CERN PS, performed in the
{9 beam line in the East Area with 10 CeV/c negative parti-
cles, the homogeneity of the drift field inside the field-cage was
investigated by recording straight beam tracks traversing the
drift volume parallel to the quartz window. A single straight
beam track is shown as fecorded in Fig. 11. By placing the
detector in a series of different positions in the beam, thus scan-
ning the drift volume, it was found that the collection of the
beam ionization was complete also in case when the beam was
running close to the quartz window or near the back wall at
the drift volume. This is illustrated in Fig. 12 in which it can
be seen the number of wires hit per beam track is independent
of beam position as long as the whole beam is inside the drift
region. (The successive drop-off at the end of the distribu-
tion are due to the finite size, 5 mm diameter, of the beam.
The small slope of a few percent seen in the drift direction
scan is probably due to the electric field being directed slightly
away from the side walls of the drift cage when approachig the
MWPC.)

The square of the average residue distance of a point from
the fitted straight line (Fig. 11) is shown in Fig. 13 as function
of longitudinal drift distance from the MWPC. The residue is
expressed in units of nanoseconds. With a drift velocity of 65
mm/psec one may conclude that the residue per point increases
from about 0.45 mm to about 0.6 mm when scanning over the
drift region. This increase is compatible with being due to
diffusion.

In a second series of runs the photon detector was mounted
on the radiator gas vessel which was filled with isobutane (cou-
taining less than 5 X 10™* impuritics, further purified through
Oxisorb). The focussing mirror is a polished spherical glass
mirror with a focal length of f = 500 mm, coated in vacuum
with 90 nm A€ and 35 nm MgF,. The detector gas (80% CH,,
20% iso C4Hjg) was bubbled through TMAE at 28°C. The

DRIFT TIME (x)

0 50 100
WIRE ADDRESS  (y)

Fig. 11. Event with a single straight beam track.
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beam was incident slightly off the optical axis of the system
(impact parameter x = 0.05).

InFig. 14 the on-line display of the first 300 events recorded
is shown. The Cherenkov ring and the beam spot, limited to
the size of the triggered beam (5 mm diameter), are clearly dis-
tinguished. Also seen are the 6-ray background and some re-
maining ionization from early beam-tracks (vertical line down
from the beam spot - the two circular lines are fiducial limits
drawn by the computer).

In Fig. 15 three individual event-displays from the first run
are shown. The beam spot is limited to about four adjacent
wires. Moving the beam spot to the other side of the ring,
close to the MWPC, reduced the size to about two wires. The
number of photons per event was about six in this first run.
Alter some further optimization of the MWPC high voltages
an average of about 10 photons per event was obtained.
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Fig. 15. Three individual events with the beam in the detector.

Figure 16 shows three individual events recorded under these
conditions (in this case the beam had the same direction as in
the first run but it had been moved out of the photon detector).
With an effective radiator length of 47.5 cm and a Cherenkov
angle of 54 mrad this corresponds to a Ny value of about 72
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em™!. Further optimization of Ny, as well as a detailed study
of the Cherenkov angular resolution, will be carried out in
future runs.
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Fig. 16. Three events with the beam out of photon detector
and a mean number of detected photons of 10 per event.

Conclusions

The first test results obtained with the new TPC-type
single-photon position-detector show that using thin dielectric
walls (cloisons) with field-defining wires running along the sur-
face to screen optically the anode wires from each other makes
it possible to detect the charged particle ionization (~ 250
electrons) and the single photoelectrons simultaneously side
by side. The measurements indicate no loss in the single-
photoelectron detection efficiency. Furthermore, the drift cage
consisting on all sides of thin dielectric walls with narrow field-
defining strips or wires (the ratio of the strip or wire width to
the pitch is smaller than 1:10) is found to produce a drift-field
of satisfactory uniformity inside the whole volume.
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The operation of TPC-type photon detectors with optical shields between the sense wires has been investigated in magnetic fields
up to 1.4 T. The field was applied perpendicularly to the drift direction. Three types of MWPCs with different optical shield designs
were tested. Ethane and iso-butane were used as drift gases. TMAE vapour was added to obtain photon sensitivity.

The results show that MWPCs with printed circuit board shields can be operated without loss of efficiency even at high magnetic
fields. The MWPC with tubular cathode shows losses already at low fields.

1. Introduction

TPC-type photon detectors (fig. 1) are used in Ring-
Imaging-Cherenkov counters [1-4]. An economically
feasible design implies the use of quartz for the UV
transparent window. Due to the quartz cutoff at 7.6 eV
one needs a photo-sensitive agent with low photo-ioni-
zation threshold and high quantum efficiency. A pos-
sible choice is tetrakis—(dimethylamine)-ethylene
(TMAE) with a threshold of 5.4 V. However, since
TMAE has a relatively long mean free path for UV-
photon absorption (12 mm at typical operating condi-
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Fig. 1. Principle of RICH TPC-type photon detector.

0168-9002,/86,/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

tions) the creation of secondary photons in the charge
avalanche around a wire leads to background signals
with a consequently large spread. In ethane one expects
around 40 background signals from this process over a
typical 4 cm track length when a charged particle
traverses the drift volume. This should be compared to.
a typical Cherenkov signal of about 10 photo-electrons.
Such background has indeed been seen [5].

A solution to the background problem is optical
shields between the wires [3,5]. This leads to several
possible MWPC designs. We have tested
~ a tubular cathode structure (fig. 2)

- printed-circuit (PC-) board shields (fig. 3)

N

cathode

Fig. 2. Tubular-cathode MWPC.
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cathode strips

) \
PC-board :veirn:e potential strips
shield

Fig. 3. MWPC with PC-board shields.

and built operational single photon detectors, with re-
duced background, of both types.

This solution, however, may create problems when
such MWPCs are to be operated in high transverse
magnetic fields, such as foreseen for the Forward RICH
in the DELPHI detector at LEP: Photo-electrons could
be lost drifting into the optical shields.

We have therefore measured the collection efficiency
for single photo-electrons with magnetic fields up to 1.4
T for the two above mentioned MWPC types. We also
tested a different MWPC with PC-board shields, where
the wires (and shields) were turned 90°.

2. Test setup

The test setup is schematically shown in fig. 4. The
photon detector consists of a 20 X20X 4 cm drift
volume with Kapton * covered epoxy walls and a UV-
‘transparent window. The electrical drift field is defined
‘by potential wires around the window and copper strips
on the Kapton foil. Photo-electrons drift into a MWPC
where two of the coordinates are defined by the wire
number and the drift time. The third coordinate can be
obtained from the induced cathode pulse. The gas for
the photon detector bubbled through a TMAE bath at
room temperature ((18 £ 2)°C), giving (0.3 + 0.05) Torr
of TMAE vapour pressure. This corresponds to (27 + 4)
mm mean free path [6]. The MWPC of the photon
detector was easily replaceable allowing several types to
be tested.

The photon detector was placed inside a magnet
with the magnetic field perpendicular to the quartz
window. The calibration of the field was made using a

* Kapton is a registered trade-mark of DuPont de Nemours.

hydrogen flash lamp

irror
5] _é;?@i" holes
— | ~——MwpC

magnet
qa\wdow

_‘_;'.ﬂ

CaF, window

drift vojume

Fig. 4. Test setup.

Hall probe. A hydrogen flash lamp, placed 5 m away,
shone through a mask with 1 mm diameter holes placed
2 cm away from the quartz. The light intensity of the
lamp was such that in each hole on average 2 out of §
flashes gave a detectable photo-electron. A pickup cir-
cuit on the lamp discharge-capacitor gave trigger signals
to the time-digitizing system and the read-out computer.
Software cuts, around the hole images, were used in the
analysis to reduce background. Wire and time distribu-
tions for typical images are shown in fig. 5.

The photon-detection efficiency was defined as the
number of triggers with at least one detected signal
within the hole divided by the total number of triggers.
This efficiency was normalized to 1 at zero magnetic
field. In order to select operating voltages for each gas
mixture and MWPC the efficiency at zero magnetic

Wire distribution

counts

500
400 4
300 1
200
100 4

o
o 10 20 30 40 50 60
wire number

3
300 4 Drift time distribution

counts

200 +

100

0 r—r = ——
o 0.5 1.0 wus
Fig. 5. Typical wire and time distributions before software
cuts. These distributions were obtained with four open holes in
the mask. The holes had the same drift time coordinate but
different wire coordinates, thus giving four peaks in the wire
distribution. The distributions correspond to 2000 triggers.
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Fig. 6. Drift angle (a) as a function of magnetic field. Lines,
being guides for the eye, are least square fits of tan(a) as a
linear function of B and B,

field was measured as a function of the applied volt-
ages.

Throughout the measurements an electric drift-field
of 1.0 kV/cm was used.

2.1. Drift velocities and magnetic drift angles

For these measurements two of the 1 mm holes, 2 cm
apart along the drift-time coordinate, were open. The
drift velocities were given from the drift-time difference
over the 2 cm at zero magnetic field. The following
results were obtained for the gas mixtures used:

C,H¢ + TMAE (350 ppm) : 5.3 cm/us,

sense 5
wire
potential strips / (20m)
(height 0.2 mm 1.5
thickn. 35 wm) \

glasstibre reinforced . . .
L .
époxy (thickn. 0.2) | | oo}

{unit:
cathode it mm)

Fig. 7. Cell layout for the MWPC with PC-board shields
parallel to the magnetic field.
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Fig. 8. Detection efficiency as a function of magnetic field for

the MWPC with PC-board shields parallel to the field (lines

between points are guides for the eye only): (a) With iso-C4H,,

+TMAE. Potential step between strips is 600 V. (b) With

C,H, + TMAE. Potential step between strips is 600 V. (c)
With C,H4 + TMAE. Optimized voltages.
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C,H (79%) +is0-C,H,, (21%) +
TMAE (400 ppm) :4.9 cm/ps,
iso-C,H,, + TMAE (330 — 420 ppm)

When a magnetic field is applied, the images of the
holes move to different wire-coordinates. The split of
the two coordinates compared to the 2 cm gives the
drift angle. Measured drift angles as a function of the
magnetic field for the three gas mixtures are shown in
fig. 6.

2.2. MWPC with PC-board shields parallel to the mag-
netic field

The design is shown in fig. 7. Between the sense
wires are PC-board shields of glassfibre reinforced epoxy
with copper strips. The four strips on each side of the
shield run parallel with the sense wires.

The chamber was tested with iso-butane and ethane,
using a 600 V step between strips. With iso-butane and
—2.1 kV on the cathode and the strip closest to the
sense wire, no loss in the detection efficiency caused by
the magnetic field was seen (fig. 8a). With ethane and
—1.75 kV, losses for high magnetic fields were observed
(fig. 8b). The voltages were then optimized at 1.3 T and
the following settings were obtained: cathode at —1.45
kV, strips from the one closest to the wire to the one on
top of the shield at —1.95 kV, —2.85 kV, —3.7 kV and
—4.1 kV, respectively, Fully efficient operation was
then maintained up to this magnetic field (fig. 8c). At
higher fields the efficiency drops rapidly.

2.3. MWPC with PC-board shields perpendicular to the
magnetic field

In this MWPC (fig. 9) [7] the coordinate, which in
the previously described MWPC was given by the wire

T—o . e -3.2 kV o
o~ W "
. -J . od pe=2.4 kV,
o~
. of po of pe=1.6 kV..
~ field and support
wires (50 um)
. odbe of pe=0.8 kV.
S | P | RN | P Y
b ] \ U ..
1.0 \ \anode wire (10um)

(unit: mm) d-2

75 thode strip (d=2.54, 1:40)

Fig. 9. Cell layout for the MWPC with PC-board shields
perpendicular to the magnetic field.
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Fig. 10. Detection efficiency as a function of magnetic field for

the MWPC with PC-board shields perpendicular to the field

(lines between points are guides for the eye only): (a) With

iso-C4H,o + TMAE. (b) With C,H, (79%) +is0-C4H,, (21%)
+TMAE. (c) With C,H¢ + TMAE.

number, is now given by the cathode strip number.
Measurements in magnetic fields were made for three
different drift gases: ethane, iso-butane and a mixture
of 79% ethane, 21% iso-butane (figs. 10c, 10a, 10b). As
expected for this configuration, no significant losses in
detection efficiency were seen.

70 um potential wire

-t +*_‘j

cathode

20 um sense\wire

(unit: mm)

Fig. 11. Cell layout for the tubular cathode MWPC.
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the MWPC with tubular cathode. Measurements were done

using four different holes in the mask. Lines between points
are guides for the eye only.

2.4. MWPC with tubular cathode

The cathode consists of eight 5 mm wide stainless
steel bars, where the tubular structure is cut out by
electro-erosion. Potential wires are placed above the
cathode in order to focus the drift of electrons through
the slits (fig. 11). The measurements were made using
iso-butane. Voltages were: cathode at —2.0 kV and
potential wires at —3.3 kV. Losses were observed al-
ready at 0.15 T (fig. 12). The periodicity reflects the
wire pitch. Changing the focusing potential in the range

—2.7 kV to —3.9 kV did not change the detection
efficiency. Previous tests (at zero magnetic field) had
shown that the detection efficiency does not depend on
the position of the hole with respect to the wires.

3. Conclusions

We have tested three types of MWPCs with different
types of optical shields, using ethane or iso-butane as
well as mixtures thereof. The MWPCs with PC-board
shields have been successfully operated in transverse
magnetic fields larger than the 1.2 T foreseen for the
Forward RICH in the DELPHI detector at LEP.

The MWPC with tubular cathode could, in the tested
configuration, not in an efficient way be operated in
strong transverse magnetic fields. However, we plan to
test a version of this type of MWPC with the wires
perpendicular to both the electric and magnetic fields.
We believe that such a MWPC could be made oper-
ational.
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A ring-imaging Cherenkov (RICH) counter with a 60 cm long freon (C, Fy) gas radiator has been used inside the UA2 detector at
the CERN SPS pp Collider, the aim being to measure the amount of promptly produced electrons in .he pr region 1-3 GeV/c.
About 800000 events were recorded and the analysis is in progress. Results from a first analysis of a limited event-sample indicate
that it will be possible to reach an e/ rejection power of at least 10~# with the RICH counter.

1. Introduction

The yield of prompt electrons in hadron-hadron
collisions in the transverse momentum (p1) region of
one to several GeV /c has been extensively measured at
ISR energies [1]. The magnitude of the measured yield
is compatible with the origin of the prompt electrons
being predominantly due to heavy-quark production.

This fact is illustrated in fig. 1, which shows results
from measurements of the ratio of prompt electrons to
charged pions as a function of pr obtained in five
different ISR experiments. The data are compared with
the electron yields expected from different sources, in-
cluding charm and beauty decays.

Here we report on an experiment designed to mea-
sure the prompt-electron yield at SPS pp energies in the
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Fig. 1. Data on prompt electron production, normalized to the 7 yield. from five different ISR experiments (see ref. [1]). The curves
represent estimates of the contribution of different sources to the prompt electron yield.
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pr region 1-3 GeV/c. For the identification of the
electrons we have used a gaseous-radiator ring-imaging
Cherenkov (RICH) counter [2], developed by us. This is
the first time that a RICH counter has been used in a
collider experiment. The main data-taking run was car-
ried out in November-December 1985, and the data
analysis is in progress. In the present paper we give a
short description of the experimental apparatus and a
preliminary report on its performance evaluated through
a first analysis of a limited sample of the collected data.

2. Experimental setup

The measurements were carried out using, in con-
junction, the RICH counter and the UA2 detector [3] at
the CERN pp Collider. Fig. 2 shows a cross-section of
the experimental layout, with the RICH counter in-
stalled in one of the 12 azimuthal sectors of the proton
downstream end-cap in UA2. The outgoing line in the
figure illustrates the trajectory of an electron produced
at the beam collision centre. The electron traverses, in
succession, a cylindrical vertex chamber (drift chambers
and MWPCs), a silicon (Si) semiconductor array and
two scintillator hodoscopes for dE/dx measurements,
a toroidal magnetic field, the RICH counter, three
planar drift chambers (three coordinates measured in
each chamber), a lead converter, a MWPC (tubes), and
finally hits an electromagnetic calorimeter.

Yo

A closer view of the RICH counter is shown in fig. 3,
which also illustrates how the photons radiated by the
traversing electron are reflected from the spherical mir-
ror to form a ring-image just behind the window of the
TPC-type single-photon position detector. The radiator
volume between the photon detector and the mirror is
filled with a freon gas, C,F, at atmospheric pressure.
The contamination of oxygen and water in this gas was
continuously monitored and was found to be at most 20
ppm O, and 5 ppm H,0. The refractive index of the
radiator is »# = 1.0008 in the VUV region, implying a «
threshold momentum of 3.5 GeV/c and a Cherenkov
angle of 40 mrad for fully relativistic particles. The
spherical mirror, which has a radius of curvature of 1.2
m, is fabricated from 3 mm thick slumped and polished
glass; this glass is coated, by vacuum evaporation, with
80 nm Al and 35 nm MgF,. The detector window is
made of 5 mm thick CaF,. The TPC volume behind the
window is 4 cm deep, and is filled with CH, containing
an admixture of 0.6% TMAE {C,[N(CH,),], }

Pure C,F, CaF,, and CH, are all transparent up to
photon energies of 8.6 eV (cut-off set by CH,), and the
photoionization threshold of TMAE is at 5.4 eV. The
counter is thus designed to be sensitive for photons in
the range 5.4-8.6 eV, corresponding to the wavelength
region 145-230 nm.

The essential features of the TPC single-photon posi-
tion detector are illustrated in fig. 4a. The UV photons
enter through the 20 X 20 cm? CaF, window and ionize

SCINTILLATOR
(HODOSCOPES

VERTEX DETECTOR P

<

<
CONVERTER
PROP. TUBES

TOROID COILS

FORWARD - BACKWARD CALORIMETER

Fig. 2. Layout of the UA2 experiment at the CERN pp Collider showing the position of the RICH counter.
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Fig. 3. (a) Cross-section of the RICH counter in UA2 showing

the photon detector, the spherical mirror, and the radiator-gas

container. (b) A cross-section of the RICH aperture as viewed
from the pp collision point with four photon hits indicated.

TMAE molecules in the detector gas (photon mean free
path about 12 mm). Owing to an electric gradient of
about 0.5 kV/cm generated in the TPC volume by a
surrounding field-wire cage, the liberated photoelec-
trons drift parallel to the window, with a speed of about
9.5 cm/us, up to a MWPC,

Fig. 4b shows a schematic picture of the MWPC in
two projections. The anode wires, which are directed
perpendicularly to the CaF,, are surrounded by the
tubular cathodes that have 0.5 mm wide slits through
which the electrons drift, guided by potential wires
positioned on both sides of a slit. There are 80 anode
wire of 20 pm diameter, mounted at 2.54 mm pitch. The
block of tubular cathodes is sliced up into eight separate
bars, each 5 mm wide, which are directed perpendicu-
larly to the anode wires. Both the anode wires and the
cathode bars are connected to a readout chain com-
prising a sensitive preamplifier (Philips NE 592 D)
mounted directly on the MWPC, an amplifying—dis-
criminating circuit, and time-to-digital converter (CERN
Drift Time Recorder). The two coordinates in the

window plane, of the point at which the photoionization
occurs, are obtained from the anode-wire address and
from the measured drift time, respectively. The third
coordinate is obtained from the cathode-bar address
and is associated with the corresponding anode-wire
coordinate by requiring the drift times on the anode
and the cathode to be equal.

3. Performance requirements

As the e/7 ratio at SPS pp Collider energies might
very well be as low as 10™* (see fig. 1), we need to
achieve an e/7 rejection power of the RICH counter
such that the probability of mistaking a pion for an
electron is less than 10™*. As the absence of a signal in
the RICH counter could only lead to an electron being
mistaken for a pion, the requi-<ment for the efficiency
of the counter is a less critical parameter.

Most electrons detected by the RICH counter are
not produced from the decay of heavy flavours but
from conversion of 7°%decay gammas or from Dalitz
decay. Such electrons appear in electron—positron pairs,
and will be suppressed in the off-line analysis using the
dE/dx signals from the two scintillator hodoscopes
and from the Si counter array upstream of the magnetic
field, as well as by the observation of no hits in the first
planes of the vertex detector and the detection of
coplanar tracks in the drift chambers downstream from
the magnetic field.

4. First analysis of a limited data sample

Of the order of 800000 events were collected with
the UA2 RICH setup using a trigger that required
signals in both scintillator hodoscopes and in the RICH
counter, and at least 1 GeV transverse energy deposited
in the electromagnetic calorimeter. All signals from the
RICH counter and from the whole of the UA2 detector
were recorded for each event. A preliminary analysis of
a limited event-sample has been performed as follows.

For each event the signals in the UA2 drift chambers
were used to reconstruct the charged-particle trajecto-
ries going through the RICH counter. If any such
trajectory was found to traverse the 20 X 20 cm? active
area of the RICH photon detector, all hits registered by
this detector within an area of 8 X 5.5 cm? around the
track were considered as being caused by the charged-
particle ionization in the photon detector gas. Such hits
were disregarded in the subsequent analysis.

4.1. Cherenkov angular resolution

From the information on the direction of the
charged-particle track through the RICH counter, an
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photoionization and electron-drift volume, and the MWPC with the direction of the anode wires and cathode bars indicated. (b)
Drawing of the structure of the MWPC in two projections.

expected Cherenkov-ring centre was reconstructed in
the photon detector image-plane. For each hit recorded
in the photon detector, the distance r of the hit from
the expected image centre was calculated.

A histogram of this distance r for about 12000
tracks is shown in fig. 5a. There is a broad (fwhm = 17
mm) peak at r = 24 mm, corresponding to a Cherenkov

angle of 6 =40 mrad (6 =r/f; f=focal length of the
mirror = 600 mm) as expected for electrons. This peak
is caused by the relatively abundant conversion elec-
trons, which were enhanced in the data by the trigger
condition used. The detectors upstream of the RICH
counter represent about 10% of a radiation length, and
the amount of charged pions with momentum above the

1. PARTICLE IDENTIFICATION
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threshold of 3.5 GeV /c, i.e. above p1=1.75 GeV /c at
30° to the beam, is therefore negligible compared with
the amount of conversion electrons.

The photon detector sits in the fringe field of the
UA2 toroidal magnet, and the drift paths of the photo-
electrons in the TPC are therefore distorted with regard
to the electric drift-field, resulting, to first order, in a
displacement of the cherenkov ring by approximately 10
mm. Without including any information on the mag-
netic field, a first-order correction to this displacement
was made in the following way. All hits in the photon
detector within 5-40 mm distance from the expected
image centre were used to fit a circle. The r-distribution
was then replotted using, as the predicted image centre,
the centre of the fitted circle. The resulting r-distribu-
tion, displayed in fig. 5b, shows that the peak is still at
24 mm radius but is of significantly smaller width
(fwhm =8 mm). The distribution of radii from the
circle fits is displayed in fig. 6, showing a peak at 24
mm of 6 mm fwhm. However, a further decrease in this
width can be expected, as a number of corrections still
remain to be introduced in the analysis. These correc-
tions include a precise alignment of all detectors, a
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Fig. 6. Distribution of circle radii /' obtained from circle fits
to the photon-detector hits inside the range 5 <r <40 mm in
fig. 5a for each track.

detailed evaluation of distortions due to the magnetic
field, using a measured field map, and compensation of
parallax effect in the photon detector using the mea-
sured depth coordinate of the point at which the photo-
ionization occurred.

4.2. Efficiency

For each circle-fit with radius inside a range 18 < R
<27 mm, the number N of hits was counted. Fig. 7
shows a frequency distribution for N with normalized
Poisson curves superimposed. The curve with a mean
value of 4.5 seems to represent the data best. With a
radiator length of 60 cm and a Cherenkov angle of
6 = 40 mrad, this implies an N, value of

Ny= %sin‘20=47 cm™!,

In view of the large wavelength region, 145-230 nm,
over which the photon detector is expected to be sensi-
tive this N, value is lower than anticipated. It is also
lower than N, values obtained in the earlier measure-
ments made in a test beam with the same RICH coun-
ter. One possible reason for the low N, value is that the
surface of either the mirror or the window may have
been contaminated, thereby reducing the wavelength
region of detector sensitivity. In future we intend to
verify this point by measuring the mirror reflectivity
and the window transparency in the VUV, using a
monochromator.

For an event sample having a Poisson-distributed hit
frequency with a mean of 4.5, the probability of having
two hits or less is 17%. Consequently, if three hits or
more will be needed for reliable identification of an
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electron, this will imply a contribution of 17% to the
detection inefficiency.

The above analysis was repeated for a sample of
track pairs, which had been selected as being due to
conversion electrons on the basis of the pulse-height
information in the scintillator hodoscope and the criteria
of track coplanarity downstream from the magnetic
field. Because of this preselection, the statistics of this
sample was greatly reduced. The results of the analysis
of the preselected conversion-electron sample were,
however, compatible with the results obtained with the
nonpreselected sample. In fig. 8 are shown the accu-
mulated photon-detector images in the window plane
from 100 selected conversion-electrons. Each image has
been shifted so that the expected image-centre falls on
the mid-point of the plot.

4.3. Electron-to-pion rejection

A pion with momentum below threshold (< 3.5
GeV/c) can be wrongly identified as an electron if
background signals appear within the fiducial ring-area,
around the expected image centre defined by the pion
track.

It was observed in the data that a limited fraction of
the events contained several noise signals spread over
the whole photon-detector area. The origin of this kind
of background is not fully understood. However, in
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Fig. 8. Accumulated x-y plot of photon-detector hits from

100 conversion-electrons. For each image the expected image-

centre has been moved to the centre of the plot. Note the
difference in scale of the two axes.

order to identify these disturbed events a check was
made to see if all detected hits in an event could be
assigned to either a charged particle or to a Cherenkov
ring. If more than two hits were found unassigned, the
event was rejected. This removed on the average 15% of
the events.

In order to determine to what extent, in the remain-
ing event sample, other spurious background signals
could lead to a pion being wrongly identified as an
electron, a large number of faked “image centres” were
Monte-Carlo-generated in real data, and fiducial ring-
areas were constructed around these generated centres.
Cherenkov photon signals originating from other tracks
were excluded by disregarding all signals in overlapping
fiducial areas. If three or more spurious background
signals were found inside the remaining fiducial area, a
circle-fit was performed. From hits with 15 <r <30 a
fitted radius inside 18 < R < 27 mm was found in about
one of 10000 generated events, indicating, already at

II1. PARTICLE IDENTIFICATION
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this preliminary stage of the data analysis, that an e/7
rejection of the order 10 is achievable with the RICH
counter.

5. Summary and outlook

We have reported on some indicative results ob-

tained from a first analysis of a limited data sample.
The results are: (i) with the RICH counter the electron
Cherenkov ring can be clearly observed with the ex-
pected ring radius of 24 mm and with a width not larger
than 6 mm; (ii) the N, of the RICH is found to be of
the order of 47 cm™!; and (iii) the e /7 rejection of the
RICH obtained so far is of the order of 10™*. There are
several additional steps to be taken in the analysis
(alignment of detectors, use of magnetic field-map data,
involvement of depth coordinate readout), from which a
significant improvement in the Cherenkov angular reso-
lution — and therefore in the rejection — can be ex-
pected. Measurements of the VUV transparency of the
window and the VUV reflectivity of the mirror will be
done in order to seek an explanation for the unex-
pectedly low N, value found. We are also planning to
verify, by direct measurement, the e/ rejection of the
RICH at very high statistics in a #~ beam from the
CERN PS by independent identification of the = using
two threshold Cherenkov counters, of about 5 m length
each, in the incident beam.

From the results obtained we conclude that the goal
of our experiment, which is to measure the e/7 ratio at
SPS pp energies, should be within reach.
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