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REPORT OF THE PARTICLE
IDENTIFICATION GROUP®

P. CovLE, G. EIGEN, D. HiTLIN, P. ODDONE,
B. RATCLIFF, N. ROE, J. VA’VRA AND T. YPSILANTIS

1. INTRODUCTION

article identification systems are an important com-

ponent of any detector at a high-luminosity, asym-
metric B Factory. In particular, excellent hadron identi-
fication is required to probe CP violation in B® decays
to CP eigenstates. The particle identification systems
discussed below also provide help in separating leptons
from hadrons at low momenta.

We begin this chapter with a discussion of the physics
motivation for providing particle identification, the in-
herent limitations due to interactions and decays in flight,
and the requirements for hermiticity and angular cover-
age. A special feature of an asymmetric B Factory is the
resulting asymmetry in the momentum distribution as a
function of polar angle; this will also be quantified and
discussed.

In the next section the three primary candidates,
time-of-flight (TOF), energy loss (dE/dz), and Ceren-
kov counters, both ring-imaging and threshold, will be
briefly described and evaluated. Following this, one of
the candidates, a long-drift Cerenkov ring-imaging de-
vice, is described in detail to provide a reference design.
Design considerations for a fast RICH are then described.
A detailed discussion of aerogel threshold counter designs
and associated R&D conclude the chapter.

* Work supported by Department of Energy contract DE-
AC03-765F00515.



2. PHYsICS REQUIREMENTS FOR PARTICLE IDENTI-
FICATION

his section briefly summarizes the particle identi-

fication criteria which are dictated by the physics
objectives of an asymmetric B Factory. We begin by
discussing which particle species must be identified, and
the momentum and angular distributions which are typ-
ical at an asymmetric machine, The limitations imposed
by particle decays in flight are also considered. We will
then consider a specific case, the “acid test” for any pat-
ticle identification system: separating B — = from
B — Kx.! These rare two-body decays set the max-
imum momentum range. Finally, we will consider the
problem of flavor tagging B's by means of a kaon tag;
this will give us a more typical momentum spectrum.

In the most general case there are five particle species
which one would like to be able to distinguish at a B Fac-
tory: electrons, muons, pions, kaons and protons. Elec-
trons and muons will be identified by the electromag-
netic calorimeter and the muon system. There may be
some difficulty separating muons from pions at low mo-
menta, so it would be helpful if the particle identification
system could provide some yu/m separation below about
600 MeV/c. Fortunately, the low momentum range is
where most devices under consideration work best and
this complementarity is easily achieved. The remaining
three particle species are all hadrons and require a de-
vice which can distinguish betweer them on the basis
of mass. In general, the problem of n/I separation is
more difficult than that of #/p or K/p separation. Pro-
tons are also much less frequently produced in B meson
decays than are pions and kaons. We will therefore focus
on 7/ separation as the most important criterion for
particle ID performance.

The momentum distribution of pions produced in
B decays at an asymmetric machine with beam energies
of 9 on 3.1 GeV is shown in Figure 1(a); the correspond-
ing distribution for kaons is shown in Figure 1(b).

The distributions peak toward low momenta; the av-
erage value for pions is 0.56 GeV/¢, and for kaons it is
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Figure 1. The momentum
distribution for {a) pions
and (b) kaons produced in
B meson decays for beam
energies of 9 on 3.1 GeV.

IR PO DT DTN T 0 O TR R P T

Momentum, GeV/c

0.85 GeV/c. Eighty-six percent of all pions have mo-
menta below 1.0 GeV/c; the corresponding value for
kaons is 7C%.

The angular distribution for pions is shown in Iig-
ure 2; the angular distribution for kaons is very similar.
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Figure 3. The mean mo-
mentum distribution vs cos @
for (a) pions and (b) kaons
produced in B meson de-
cays.
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The distribution is asymmetric and forward-peaked
due to the asymmetry in the beam energies. In Fig-
ure 3(a) the mean momentum as a function of cos# is
shown for pions; Figure 3(b) shows the same thing for
kaons.

In the forward direction the mean momentum in-
creases; for cosf = 1 it is more than twice that for
cosf = —1.

From Figures 2 and 3 we see that significantly more
particles are produced in the forward direction, with sig-
nificantly higher momenta. Therefore, particle identifi-
cation will generally be both more important and more
difficult in this region. For TOF and dE/dz systems
the increased path length for forward tracks relative to
central tracks results in improved particle identification
capability. This is especially important for the higher
momentum tracks in this region.

Increased path length in the forward direction does
have the disadvantage of increased particle decays. De-
cays in flight will prevent even the very best system
from achieving perfect particle identification. The decay
length distributions projected onto the plar.c perpendic-
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ular to the beam axis for pions and kaons produced in
B meson decays at an asymmetric machine with beam
energies of 9 on 3.1 GeV [c are shown in Figures 4(a) and
4(b).

Since 7.8% of pions and 24.6% of kaons will decay
inside a radius of 80 cm, a particle identification device
located outside this radius will misidentify a significant
fraction of kaons unless the kink can be reconstructed.
Since 63.5% of charged kaons decay into a muon, this will
also present a serious background for the muon identi-
fication system. If we include an endcap particle iden-
tification system located at z = 150 cm, the fraction of
decays is reduced to 6.7% for pions and 21.6% for kaons.
Using dE /dz information from the drift chamber has the
potential advantage over TOF or Cerenkov devices of re-
ducing the misidentification probability due to decays in
flight, although the precise level depends on the details
of the dE/dz algorithm used.

Next let us consider the specific example of separat-
ing B — z¥n~ from B — K*z~. These processes are
expected to be rare, with calculated branching ratios on
the order of 10~ to 10~5. A measurement of B — xta~
can be used to extract Vy; and, if the other B is tagged,
to measure CP violation, while B — Ktr~ proceeds

Figure 4. The decay lengths
projected onto the z,y plane
for (a) pions and (b) kaons
produced in B meson de-
cays.




Figure 5. The momentum
distribution for pions from
the decay B — =tx,
for beam energies of 9 on
3.1 GeV.

Figure 6. The mean mo-
mentum vs. cos @ for pions
from the decay B — x*x~,
for beam energies of 9 on
3.1 GeV.
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through a penguin diagram and is sensitive to the pres-
ence of heavy particles in the loop. These are important
physics processes to measure, and they must be sepa-
rated if the underlying physics is to be understood. For
the case of a two-body decay into 7+~ the momentum
distribution of the pions is shown in Figure 5, and the
average momentum as a function of cos@ is shown in
Figure 6.
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By comparison with the corresponding distributions
for generic B meson decays (Figures 1 and 3) we see that
the pions from the two-body decay have much higher
momentum, and they will therefore pose a much big-
ger challenge to the particle identification system. Let
us first consider whether these two processes could be
kinematically separated. For a resolution on transverse
momentum given by a,,/p; = 0.23, the reconstructed
invariant mass of the xx system Las opr = 22 MeV/c?,
If the K= final state is reconstructed assuming the pion
mass for both particles, the mean of the resulting in-
variant mass distribution is 44 MeV below the nominal
B meson mass and has oy = 24 MeV/c?; see Figure 77
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It is clearly difficult to separate these processes kine-
matically. In principle one could impose a cui on the
invariant mass requiring Mxx > 5.200 GeV/cz, for ex-
ample, which would reject 99% of the K'n events while
retaining 30% of the mr events. However, one loses effi-
cieney in a channel which is rare to begin with, and fur-
thermore one is forced to rely heavily on Monte Carlo

* The mass resolution can be improved by an order of mag-
nitude if one boosts back to the T(4S) rest frame and uses
the beam energy constraint; however, in order to perform the
boost one must know the particle masses.

Figure 7, The invariant
mass distributions for (a) B —
xtz~ and (b) B — Ka.
The latter was calculated as-
suming both particles were
pions.




simulation of the tails of the invariant mass distribution.
For these rare decays it is desirable to have a particle
identification system capable of performing K= separa-
tion for momenta up to about 4.5 GeV/e. For this pur-
pose it is likely that only a Cerenkov ring-imaging system
will suffice.

Finally, let us consider the less stringent case of #/ K
separation for the purpose of kaon tagging. This tech-
nique, in which the sign of the kaon is used to tag whether
a B or a B decayed, is important as a means of enhanc-
ing the tagged sample for CP violation studies. The
semi-leptonic decays are also useful for tagging, but have
a smaller total branching fraction. Also, cuts must be
applied to reduce the contribution from charmed semi-
leptonic decays. Kaon tagging relies on the fact that in
the cascade b —» ¢ — s, a b quark will produce a K+
and a b quark 2 K~. There is some wrong-sign contam-
ination from Cabibbo-suppressed decays, which can be
reduced by rejecting events with extra K2’s or multiple
charged kaons.?

To evaluate these effects we have considered a sim-
plified tagging scheme which requires one charged kaon
and no extra K%'s” Only those K2's which decayed to
charged pions were used as a veto. All particles were re-
quired to have |cos 8| < 8.95 and p; > 40 MeV/c. With
no decays and 100% particle ID, 38% of all events were
tagged, with 94% of the tags being correct. If we turn on
K decays in flight, 31% of events are tagged with 91%
being correct. The increased fraction of wrong-sign tags
is due to feed-down from events with multiple charged
kaons. The effect of decays in flight is therefore to re-
duce the tagging efficiency by 18% while increasing the
fraction of wrong-sign tags by 50%.

Next we will include the effect of particle identifica-
tion. The momentum distribution for tagging kaons is
shown in Figure 8. It is slightly harder t:*an the momen-
tum distribution for all kaons; the mean is 0.92 GeV/c.

+ The B and D decays were simulated using the ASLUND
decay table described in SLAC-353
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We will consider three possible particle identification
systems; TOF with a resolution of 75 ps; dE/dz with
a resolution of 7.5%; and a liquid CRID with the per-
formance described in Section 1.4 below. Each device is
assumed to be 100% efficient for jcos 8| < 0.95. An iden-
tified kaon must be within 3¢ of the value expected for a
kaon and at least 20 away from that expected for a pion.
The resultant efficiencies for a tagging kaon are 90% for
TOF, 57% for dE/dz, and 99% for CRID. The dE/dx
efficiency is low because the cross-over region between
#'s and K’s is around 1 GeV/c, where x/K separation
is poor but many tagging K’s are found. The cor-
responding misidentification probability for x’s is 0.3%
for TOF, 0.9% for dE/dz and 0.04% for CRID. Given
that there are approximately 6.3 x’s per i in a typi-
cal B decay, the additional fraction of wrong-sign tags
due to misidentified 7's would be 2% for TOF, 6.4% for
dE/dz, and 0.3% for CRID. (This takes into account
the fact that events with two or more charged K's are
not counted as tags.) Relaxing the particle ID require-
ments would improve the efficiency, but at the cost of
increasing wrong-sign tags due to misidentified pions.
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In conclusion, particle identification efficiency must
be good in both the medium momentum range, for effi-

9

Figure 8. The momen-
tum distribution for tagging
kaons.



ciency in kaon tagging, and at the high end of the mo-
mentum range, to separate rare two-body decays. A very
good TOF system is adequate for the former but to-
tally inadequate for the latter. The hypothesized dE/dz
system has a disappointing performance for both, be-
cause the 7/K crossover makes it inefficient for kaon
tagging while the separation at high momenta is not very
geod. A CRID, which has the disadvantage of being the
most expensive and complex device to build, gives the
best performance in both cases. Other devices, such as
threshold counters, or better quality dE/dr, remain to
be evaluated in this model.

3. TEecHNOLOGICAL CHOICES FOR PARTICLE IDEN-
TIFICATION

This section briefly summarizes the basic properties
of the candidate technological choices -available for
particle identification at the B Factory. There appear
to be only three candidates that could cover a fair por-
tion of the momentum range with good performance;
(1) time-of-flight (TOF); (2) ionization loss in gaseous
detectors (dE/dz); and (3) Cerenkov counters. More-
over, the choice of technology is constrained not only
by physics requirements, but by the machine environ-
ment and the properties of the remainder of the detec-
tor. Thus, a number of properties of each technology,
in addition to specific performance, must be considered,
including (1) mass; (2) size/space requirements; (3) de-
cay/interaction limits to performance; (4) performance
at high rates; (5) triggering considerations; (6) coverage
and hermiticity; (7) construction and operating costs.
The TOF technique is clearly useful and well under-
stood at low momentum, but above about 1.5 GeV/c
requires either that the resolution reach unprecedented
precision or that the flight path (and thus the whole de-
tector) be unacceptably large. Modest quality dE/dr
in a central tracker sufficient to provide good hadronic
separation in the 1/4” region and to help in low momen-
tum e/# discrimination is likely to exist in any mod-
ern tracking device essentially for “free.” However, high
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momentum =/ K separation (above about 1.5 GeV/c) re-
quires working in the relativistic rise region of the energy
loss curves, and leads to a requirement for many sam-
ples (and therefore a large chamber), and also suggests a
heavier gas (perhaps pressurized) than would be desived
for the best tracking resolution. In addition, the exis-
tence of a “cross-over” between the 1/ A2 and relativistic
rise regions requires that it must be combined with an-
other technology (such as TOF) if complete momentum
coverage is to be attained. Such a combined system could
perform the particle ID task adequately and does have
a number of attractive features. The central chamber is
much larger and more massive than a tracking only de-
vice, but it does “double duty.” Track matching is simple
and the device is very uniform geometrically. Moreover,
“he large dip angles (with the highest momentum tracks)
also have the largest sample lengths and thus the best
resolution, matching the requirements of the asymmet-
ric design. The particle ID in such a device starts at the
smaliest possible radius and thus should be the least sen-
sitive to misidentification due to particle decay,. Finally,
the separation attainable in the relativistic rise region is
nearly independent of momentum from 2 GeV/c to well
above the maximum momentum seen at the B Factory.

The third (and leading) contender for hadronic iden-
tification at the B Factory is the Cerenkov technique. As
will be discussed below, either threshold or ring imag-
ing techniques could provide adequate performance, in
principle, provided that the efficiency for Cerenkov pho-
ton detection can be made sufficiently high. The pri-
mary conceptual advantages over df/dr are that the
devices (1) are generally rather thin radially (typically
around 20 cm), leading to a smaller overall detector size
and less expensive calorimetiy; (2) are fully modular
and separable from the tracking, allowing the optimiza-
tion of the tracking independent of particle ID concerns;
(3) have excellent nominal separations (especially for the
ring imaging devices) over the phase space of the B Fac-
tory; (4) are quite robust against degradation in petfor-
mance, in contrast to the requirements on d&/dz in the
relativistic rise region. Conversely, the Cerenkov devices
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Figure 9. Max-
imum momen-
tum at which
x/K separation
exceeds 3o as a
function of the
TOF counter ra-
dius and reso-
lution.
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are probably even more challenging to construct and op-

.erate, may add more mass in front of the calorimeter,

and are probably more difficul. to build in a fully her-
metic configuration.

In the following subsections, the general properties of
each technology are discussed in somewhat more detail.
The design realizations for a B Factory are presented in
the subsequent sections.

3.1. The Time-of-Flight Technique

The time-of-flight (TOF) technique is well-known;
this review will therefore be brief. It has been exten-
sively applied in earlier experiments to identify low mo-
mentum particles. In ete™ collider experiments, a typ-
ical system consists of a cylindrical bank of scintillators
positioned so as to maximize the flight path, e.g., sur-
rounding the central tracker just inside the calorimeter.
The time of passage of the particle through these coun-
ters stops a clock which was started by the beam cross-
ing signal from the machine giving the time-of-flight (T).
Photomultiplier tubes are generally included on each end
s0 as to give two independent measures of the stop time,
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and a v/2 improvement in resolution. The length (L) of
the particle’s trajectory is calculated with high accuracy
from measurements in the tracking chamber. The veloc-
ity (8) of the particle can be calculated as 8 = L/cT.

The TOF technique using scintillation counters is
simple, well understood, and robust. The problem for
the B Factory is that it is not effective at sufficiently high
momentum. The fractional error on a particle of mass
(M) and velocity g scales like 4 [i.e., like 1/(1 — 8?)] for
B =~ 1. Thus, for fixed time resolution, the path length
required to attain a given separation between particle
species is a rapidly increasing function of momentum.?

Figure 9 gives the upper limit of the momentum
range over which 3o 7/ K separation is possible as a fune-
tion of the radius of the TOF system. The situation is
shown for the shortest path length particles in the usual
solenoidal geometry, and assumes a 1.0 T field, although
the path lengths for fast particles are nearly independent
of the field. Since the path length L increases approxi-
mately like 1/ cos 8, where 8y is the dip angle, an asym-
metric collider has a “natural” path length enhancement
in that the highest momentum particles which tend to go
forward get the largest path lengths. On the other hand,
a large magnetic field will cause the softest particles to
curl and be lost from TOF identification.

The best resolutions which can be attained with “con-
ventional” scintillation counters in a collider environ-
ment are optimistically around o = 100 ps.® This limits
the 7/ K separation to momentum below 1.1 GeV/c for a
TOF counter with a 1 m radius. More typically, resolu-
tions obtained in experiments are around 110 to 150 ps.®
In principle, other technological approaches to fast tim-
ing, such as spark gap counters, can attain substantially
better resolution.® However, they are difficult to work
with, and have yet to be used successfully in a large 47
acceptance detector. If a TOF scintillation counter were
combined with dE/dz in a tracking chamber, the radius
of the counter would need to be sufficient to cover the
7 /K crossover region in ionization loss which extends

from about 800 to 1600 MeV fc. This leads to a minimum
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radius counter of about 2 m, assuming 100 ps resolution.
Though reasonably consistent with the radius needed for
a good dE /dr device operating in the relativistic rise re-
gion, it leads to a large, expensive calorimeter, and the
large path lengths before TOF ID will lead to misiden-
tification problems for particles which decay.

There are a few other issues of B Factory TOF counter
design which should be briefly mentioned. First, the
resolution obtainable in a scintillation TOF counter de-
pends on the length of the counter, mostly due to photon
absorption inside the scintillator. A typical eflective ab-
sorption length is about 2 m, which limits the practical
counter length to be around 4 to 5 m. With a device at a
radius of 1.6 m, a 4 m long counter could cover only down
to 39° in the lab, necessitating end cap counters to cover
the forward/backward regions. Second, the variation in
flight and collection time combined in a long counter is
of order 15 to 20 ns. So when the design machine bunch
spacing is of this order or less, a simple, single hit indi-
cation of which bunch to associate with the track is no
longer available. Third, the start time of the TOF sys-
tem is determined synchronously by the beam crossing,
but the event can occur at any time within the colliding
beam overlap time. Thus, the longitudinal size of the
B Factory beams provides a “hard” limit to the resolu-
tion attainable in the system. For example, if each beam
is 1 ¢m long, the contribution to the resolution from the
start time alone is about 50 ps. In principle, this resolu-
tion could be improved stochastically by averaging over
the tracks in the event. Fourth, a TOF counter system
is massive, placing about 15% of a radiation length of
material in front of the calorimeter. On the other hand,
the good pulse height resolution necessary to attain the
best timing resolution also makes it possible to measure
the energy deposited, so the low energy performance of
the calorimeter should not be significantly affected.
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3.2. The dE[dx Technique

In recent years, many of the large-scale detectors
which have been built have incorporated a measurement
of particle energy loss (dE/dz ) in a gas as a central
element of their design. The acronyms of some of the
detectors that have succesfully implemented this tech-
nique are TPC, EPI, JADE, CLEO, ARGUS, OPAL,
ALEPH, DELPHI, and MARK II; and this list is far
from exhaustive.” The energy loss of a particle in a gas is
a function of the properties of the gas and the velocity of
the particle, as shown in Figure 10. It is conventional to
divide this curve into a low velocity region [the 1/3% re-
gion; the minimum fonizing region of around In(87v) = 1J;
the relativistic rise region; and the relativistic plateau at
high velocity. Since the curve of energy loss versus veloc-
ity for a particular gas depends only on particle velocity
and gas composition, when coupled with a momentum
measurement in the magnet, it determines particle mass.

The identification is not always unique. There are
ambiguities in the so called “cross-over” regions, where
two particles of different mass but the same momentum
produce an equal energy loss (see, e.g., Figure 12 below).
In these regions, another method of particle identifica-
tion is required. As mentioned above, a major advan-

15

Figure 10. Most
probable energy
loss (dE /dz} ver-
sus In(8y) for
several di,
gas mixtures ;.
1 atm pressure
and 21°C.



tage of using dE/dz for particle identification is that the
detector that measures the energy loss can simultane-
ously measure the track of the particle, saving space and
greatly reducing confusion in associating the energy loss
measurements with tracks.

To achieve good hadron-hadron identification in the
relativistic rise region, the device must be very large
(> 130 cm); have many samples; operate at high gas
pressure; cr, most likely, all of the above. There is no
“magic gas” choice which can alter these basic require-
ments. This can be shown either empirically,® or using a
Monte Carlo calculation,® or using a phenomenological
calculation.}® This results from the fact that any single
energy loss measurement on a thin gaseous sample has
large Landau fluctuations, and at the same time different
particles do not yield very different energy losses, with
the exception of the nonrelativistic region. In princi-
ple, cluster counting could improve dE/dz performance,
but there is, as yet, no successful implementation of this
technique. Examples of experiments with good dE/dz
performance are TPC, ALEPH, and OPAL, and they
provide some examples of different optimizations. TPC
has 183 4 mm samples over a path length of 73 cm at a
gas pressure of 8.5 atm.; ALEPH has 340 4 mm samples
over a path length of 136 cm at a gas pressure of 1 atm.;
and OPAL has 120 1.3 cm samples over a path 'ength of
160 cm at a gas pressure of 4.0 atm,

However, dE /dr measurement can still be useful for
smaller devices, only 1 m long, with 60-100 samples
operating at 1 atm. In this domain one can perform
hadron-electron identification into the few GeV/c range,
and hadron-hadron identification in the nonrelativistic
region (below ~ 1 GeV/c). If the nonrelativistic region
is the only region of interest, it is advantageous either
to use heavy gases such as propane or DME, or to in-
crease the gas pressure, in order to improve the resolu-
tion. In the relativistic region, this trick is not as effec-
tive because one also reduces the relative height of the
relativistic plateau with respect to the minimum energy
loss, thus negating much of the advantage gained from
smaller resolution. An example of a detector optimized
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for the the lower velocity region is ARGUS, which uses
propane gas.

In understanding the relationship of parameter choices
made in various designs, it is helpful to use the follow-
ing approximate empirical acaling relationships!! for the
resolution on dE/dz:

dE/dz Resolution ~ (Pressure) %2
~ (Sample Thickness)
~ (Total Number of Samples)™**3
3.1)
The dependence of the resolution on gas composition
can be expressed approximately by the following formula
(see the notes following the table below for definitions of
variables):

-0.32

—-0.32
dE/dz Resolution ~ (T"ﬂi) (3.2)

In the relativistic region, the size of the relativistic
plateau can be affected by both the gas pressure and the
gas density. Figure 10 shows that the denser gases have
a smaller relativistic plateau. Similarly, the pressure de-
pendence of the relativistic rise can be parametrized ap-
proximately as follows (see the notes following the table

below for definitions of the variables):

Relativistic Rise (Emaz/ Emin) ~ 1.6 x (Pressure)~%%
(3-3)
The incorpor-iien of dE[/dz measurement in a cham-
ber requires that a number of tight constraints on the
tracking device design be enforced. Although these are
now generally understood, they should not be underes-
timated. Usually they degrade the dE/dz performance
achieved in practice. Therefore, one should assume that
a “minimal dE/dzr system” must be designed with at
least 40 of theoretical particle separation. A few areas
of concern follow:
1. All mechanical tolerances must be carefully con-
trolled and their stability ensured.
2. The high voltage power supply must be kept sta-
ble.



3. The total gas gain should be limited to ~ 5 x 10* if
a jet cell with charge division is used, and prefer-
ably to a much lower value in a TPC, This is nec-
essary to reduce the track angle dependent correc-
tions due to the wire gain saturation effects.

4. Wire-to-wire cross-talk in jet cells should be com-
pensated by hardware.

5. Pulse digitization techniques (e.g., flash-ADC's)
should be used to resolve close tracks in the jet
cells. For this reason, a chamber design with smali
cells may be easier to use.

6. A number of background problems and associated
space charge effects, efficiency gating, etc., can dis-
tort a track and possibly affect the dE/dz sam-
pling.

7. A dE/dr measurement must deal with many cor-
rections, e.g., because of the gain variation due to
temperature, barometric pressure, and gas com-
position; or other effects due to wire staggering,
electrostatic and gravitational deflections, space
charge effects, etc.

8. Many details of the electronic design can also affect
the performance. Due consideration must be give
to electronic noise, stability, base line shifts, cross
talk, dynamic range, chamber termination, etc.

B Factory Design

From a tracking and calorimetric perspective, the op-
timized tracking device for a B Factory should be mod-
est in size and low in density. Here, we will consider the
dE/dz performance of such a chamber with 60 (1 cm)
samples operating at 1 atm. pressure. The performance
of helium-based gases will be compared with the perfor-
mance of heavy gases like propane or DME. The calcula-
tions are done using the phenomenological method.!® A
similar method was used in the low momentum regime
for the Tau-Charm Workshop.!? Here, we extend the re-
sults up to 6 GeV/c.

Table 1 shows a brief summary of parameters for
a variety of gases, including their expected dE/dz res-
olution for a single 1 cm sample, and the size of the

18



p(at 21°C and 1 atm.) FWHM
Gas (g/cm3) I (ev)| & | Lmaz | g1y
I |Epnin
C3Hg 1.88 x 10—3 50.3 |3.39] 1.30 | 0.55
90% Ar + 10% CH,4 1.57 x 10~3 191.2]0.58| 1.67 | 0.96
50% Ar + 50% CzHg 1.46 x 10~3 129.1 10.89} 1.54 | 0.84
DME 1.89 x 19~3 59.8 |2.74| 1.35 | 0.59
90% He + 10% DME 3.39 x 104 43.8 [0.64| 1.47 | 0.94
78% He+15% CO2+7% C4Hyp 5.76 x 10~* 50.0 |0.93| 1.43 | 0.83
93.8% He+6.2%C3Hg [13] 2.73 x 10~ 42,5 ,0.53| 1.48 | 0.99
relativistic plateau as calculated using the phenomeno- Table 1. Parameters of

logical method.'® The dE/dz value corresponds to the  various which are relevant to
most probable energy loss. The resolution is scaled to dE/dz measurements.
one sample after performing a “truncated mean” opera-

tion in which about 40-50% of the highest samples are

thrown out to get rid of the Landan tail. Epgz/Emin =

(dE/dxmaz){(dE [dzmiz) is the ratio of the relativistic

plateau to the minimum energy loss; FWHM(E 1) is the

full width at half maximum of the resolution for a single

1 c¢m sample divided by the most probable energy loss;

I is the mean ionization potential of the gas mixture; p

is the gas density; ¢ is the sample thickness (1 cm); and

at = 0.153 (Z/A) pt (MeV/(gm/cm?)).

Figure 11. Pre-
dicted nfK sep-
aration in the
1/8? region for a
variety of gases
in a “small” track-
ing chamber (see
text).




Figure 12, Pre-
dicted hadron-
hadron separa-
tion performance
as a function of
momentum for a
“small” tracking
chamber (see text).

Figure 13. Pre-
dicted hadron-
electron separa-
tion performance
as a function of
momentum for a
“small” tracking
chamber (see text).
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Figure 11 shows the predicted performance of this
system for 7/ K separation in the 1/4? region as a func-
tion of different gases. Dense gases clearly perform bet-
ter. Above 1 GeV/e, n/K separation is hopeless for
such a small dE/dz system with any gas. Perhaps there

is some modest 7/p separation, as can

ure 12.

be seen in Fig-
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However, as shown in Figure 13, hadron-electron iden-
tification is quite satisfactory over the entire momentum
region (except for the cross-over regions), even with a
relatively small dE/dz system.

One may ask how to change the tracking design in
& minimal way so that the dE/dz system is capable of
doing 7/ K particle identification above 2 GeV/¢, There
is no unique prescription for such a chamber, but it must
have the general features discussed above. Here, we con-
sider a device with 200 samples each 1 e¢m long, running
at 2 atm. with helium-based gas. Figures 14 and 15
show the results.

dBidzs  Hadron-s particls separsiion
1 cmisampla, 200 samples, 2 atm, $3.8% He o 0.2% CIHS pas

”° -
; " i
i 10
Figure 14. Pre-
dicted hadron-
electron separa-
L tion performance
as a function of
momentum for a
. 200 cm B Fac-
1 1000. 2000, 2000. 4000. 8000, 9000.  tory chamber de-
Womentum [lewk] sign (see text).

Clearly, while hadron-electron, x/p and /K separa-
tions are acceptable, p// separation in the region above
2 GeV/c is not. The cross-over regions are very large
and difficult to cover with other techniques. Moveover,
such a large device would increase substantially the size
(and the cost) of the calorimetry, and the increased mass
in the pressure vessel walls would decrease the low mo-
mentum tracking resolution and the low energy photon
detection efficiency and resolution.

21



Figure 15. Pre-
dicted hadron-
hadron separa-
tion performance
as a function
of momentum
for a 200 cm
B Factory cham-
ber design (see
text).
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3.3. The Cerenkov Technique

Introduction

The detection of Cerenkov radiation has been an in-
valuable tool for measurement of charged particle ve-
locity since its first quantitative measurements in 1934
by Cerenkov and subsequent theoretical explanation by
Tamm and Frank in 1937, When combined with a mo-
mentum measurement of the charged track in a mag-
netic field, excellent particle identification discrimina-
tion is achievable. In this section we first briefly discuss
the theory of Cerenkov radiation and collect together
some equations relevant for detector design. The var-
jous choices and options available to the Cerenkov de-
signer are then discussed and technologies relevant to
B Factory designs are considered. A number of excellent
reviews cover most of this material in detail.1:13

Some Cerenkov Theory

The passage of a charged particle of velocity v = f,
through a dielectric medium of refractive index n will in-
duce transient dipoles within the atoms of the medium.
When the particle velocity is greater than the velocity
of light in the medium, the radiation emitted from these
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dipoles adds coherently to give a detectable signal. The
Cerenkov radiation is confined to a cone of angle 26,
about the particle direction, where the cone angle is
given by,

cos@c=1/Ppn . (34)

The emission angle is random in the azimuthal direc-
tion. As cosf, can never be greater than one. Cerenkov
radiation can only be emitted if

g>1 (35)
n

The Cerenkov radiation has an energy dependence (£)
and is detectable between two energies (E; and Ey). It
can be shown that the number of observed photons Np
per unit radiator length (L) is given by

Ey
dND _ ano. 72 S
7L =370 ZE/(I (ﬂn(E))z)E(E)dE . (3.6)

where Z is the charge of the particle; the energy unit is
electron volts; and the length unit is centimeters (cm).
The efficiency factor ¢(E) parametrizes the overall de-
tection efficiency and may include losses due to window
and radiator transmissions, reflection at surfaces, photo-
cathode efficiencies of the detector, etc. The integration
bandwidth is essentially the range over which e is finite
and gn(E) > 1.

Under the approximation that the medium is nondis-
persive, it is conventional to clump the efficiency factor
with the numerical constant to form 2 new constant Ny
given by

Ey
Ng = 370fe(E)dE (3.7)
Ey

Thus, for a charged particle of unit charge the number
of detectable photoelectrons is

Npe. = NoL (1 - '(,ai_)z) = NpLsin? 0, (3.8)
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Ny is the figure of merit for a detecior and allows detec-
tor performances to be compared independently of the
radiator length and refractive index. Typical Np's for
useful detectors range from 30 to 200 cm™!, For ex-
ample, a photomultiplier tube operating in the visible
(Br = 2 eV,Eg = 3.2 eV) with an average efficiency
of 13% would yield an Ny of ~ 60 cm™!. Assuming a
1 em thick radiator of index 1.27 this would correspond
to about 30 photoelectrons for a § = 1 particle. Pho-
toionization gas detectors operating in the UV achieve
comparable or larger values.

In practice, the available radiator media are all dis-
persive. This chromatic distortion smears the emission
angle of the photons as a function of energy and becomes
a significant effect for imaging Cerenkov counters oper-
ating in the near vacuum ultraviolet region. For energies
beyond the vacuum ultra violet, n(E) becomes less than
one and no Cerenkov photons are produced.

Cerenkov Counter Type

The information from Cerenkov radiation can be uti-
lized in two distinct ways. This has given rise to two dif-
ferent types of counters. The first type, called a thresh-
old counter, is designed to measure the light emitted
by charged tracks with # above threshold as given by
Eq. (3.5). In its simplest form, it provides a binary
flag as to whether the track velocity is above or below
the threshold. In most modern counters, the number of
Cerenkov photons is also measured approximately, allow-
ing the separation range to be extended in momentum
somewhat above the threshold for the heavier particle,
The threshold counter is simple, and can be designed
to cover large acceptance. To provide useful informa-
tion for complex events, the detector must be split into
many cells whose size is determined by the typical track
separation. A counter with one radiator can usually only
distinguish between two particle hypothesis over a rather
limited momentum range. Additional counters contain-
ing radiators with different indexes of refraction can be
used to extend coverage and distinguish between more
than two particle types.
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The second type of device, called a focusing counter,
not only counts the number of Cerenkov photons, but
also measures their emission angle. Before the advent
of position-sensitive photodetectors, such counters were
built so that light was detected only when emitted within
a particular narrow angular range. These devices, called
differential counters, have very small acceptance in both
angle and momentum space, and are of no interest in a
B Factory secondary particle detector. They were used
instead to identify particles in high momentum beam-
lines.

The development of th~ rascons photocathnde cou
pled to a position-sensitive gas detector!* has made the
ring imaging focusing detector of the RICH (or CRID)
type possible. In these detectors, both the number of
photons and their emission angles are measured. These
devices have very large acceptance in both angle and mo-
mentum, and excellent performance for closely spaced
tracks. The effective resolution of an imaging counter in
the region well above threshold is greatly superior to a
threshold device as given by the derivative of Eq. (3.4),

. ag TJg
55(Imaging) = & = tanf, . —== ,
? ] Ve,
where é3 is the percentage error on 8, og is the error on
B, and oy is the measured angular error on each detected
photon. This may be compared with the resolution of a
threshold counter as calculated from Eq. (3.8)

(3.9)

_og tan? 8,
B 2\/ Np.c.
Thus, well above threshold, the resolution of the imaging

counter is better than that of the threshold counter by
a factor R;

8(Threshold) (3.10)

tan 8,
20‘9

(3.11)

The precise values of R depend on a number of fac-
tors, including radiator, detector resolution and geome-
try, particle momentum, etc. In principle, for an opti-
mized gaseous detector it can exceed 250.}% More typi-
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Figure 16. The
separation of a
liquid CRID com-
pared to that
of a threshold
counter filling the
same space. The
range of the thresh-
old counter is
chosen to give
high momentum
7/ K separation.
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cally, in an existing detector, the SLD CRID, R = 140
for the liquid radiator and 40 for the gas.}® Thus, the sep-
aration in an imaging counter of the SLD type between a
light and heavy particle extends over a momentum range
from just above the light particle threshold to over five
times the threshold momentum of the heavy particle. In
contrast, the momenturm region of reasonable separation
in a threshold counter extends from ~ 20% above the
light particle threshold to ~ 20% above the heavy par-
ticle threshold. Figure 16 compares the separation ex-
pected for the liquid imaging counter (CRID) described
in the following section with a threshold counter filling
the same space. The index of refraction n for the thresh-
old counter is chosen to be n = 1.008 so that the counter
is optimized for /K separation in the higk momentum
regime (1-4.5 GeV/c) at the B Factory. IV, is taken to
be 60 cm~! and L is 15 cm. The number of detected
photons is then 14, which is essentially the same as the
standard CRID at 64°. The separation of a threshold de-
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vice is very asymmetric—it depends on whether the true
particle is below or above threshold—so that translating
separation into the equivalent Gaussian sigma (o) ap-
propriate for the CRID is not well-defined. The shaded
band in Figure 16 gives a spread which encompasses two
different definitions; the highest is based on a likelihood
test statistic and the lower on the number of standard
derivations a true 7 is separated from the K hypothesis.

Clearly, either device can give adequate 7/ K separa-
tion for the higher momentum region at a B Factory, pro-
vided that the segmentation of the threshold counter is
sufficient. However, the CRID also has excellent perfor-
mance in the region below 1.0 GeV; can identify protons
over the whole region; and e’s and p’s at lower momen-
tum as well.

Photodetectors

The development of the vacuum photomultiplier tube
in the 1940 led to practical threshold Cerenkov coun-
ters by providing efficient (~ 20%) detectors of single
photons in the visible region. More recent tubes have
bialkali cathodes, and special window materials, giving
bandwidths into the vacuum ultraviolet and higher peak
efficiency. Phototubes can be very fast devices, so that
non-event associated background is not usually a prob-
lem. On the other hand, conventional tubes have no po-
sition resolution (except the tube aperture) and they are
very sensitive to magnetic fields. More recently, tubes
have been developed which perform rather well in fields
up to 1 Tesla provided that the tube is oriented properly
in the field.

Solid state photodetectors have also become avail-
able recently. Typically, their efficiency is quite high
(>25%) at longer wavelengths but cuts off in the UV be-
low about 320 nm. Perhaps the most promising device
1or single photon detection is the avalanche diode, de-
scribed below. At room temperature, their noise rate is
high. Operation for single photon detection requires low
temperatures and/or coincidence techniques. The sensi-
tive area of tlese devices is also very small (~ 0.1 mm?®)
and expensive per unit area covered. Somewhat larger
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devices may become available soon but flux concentra-
tion techniques are necessary if a large area counter is to
be covered with such a photon detector.

The development of gaseous photocathodes contained
within conventional time projection or multiwire cham-
bers has enabled the inexpensive instrumentation of large
areas with fine position resolution (~ 1 mm), and made
the ring imaging Cerenkov counter a reality. A number
of high efficiency gases are known, but only those oper-
ating at the lowest photon energy [triethylamine (TEA),
and tetrakis-dimethyl-amino-ethyline (TMAE)] are com-
monly used. Of these two, TMAE is the more widely
used since it has sigrificant efficiency (~ 40%) for pho-
ton energies below ~ 7.5 eV and can therefore be used
with quartz windows. TEA requires operation in the far
vacuum ultraviolet which makes finding appropriate ra-
diators difficult and demands that expensive materials,
such as CaF, and MgFa, be used for windows.

TMAE is a truly nasty gas. Not only does it react
very strongly with air, but it also attacks common con-
struction materials; and the reaction products are quite
damaging to the chamber. Thus, the detector materi-
als must be carefully chosen and the host gas must be
kept very pure. TMAE has a relatively long absorption
length (~ 2.5 cm) at room temperature, and the detector
will therefore be rather thick and slow unless operated at
high temperature. Conversely, room temperature TEA
detectors can be quite thin since the absorption length
is very short (0.6 mm).

Research aimed at finding suitable candidates for
position-sensitive gas-filled detectors continues.!®17 En-
couraging results have recently been obtained with a Csl
cathode with an adsorbed TMAE layer. This cathode
has efficiencies which exceed that of TMAE gas (> 40%
below 7.0 eV) and appears to be stable and robust. This
work is discussed in more detail below,

Radiator Medium

The radiator medium must conform to a number
of criteria. It should have the correct refractive index
for optimum particle identification separation; have low
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chromatic dispersion, to reduce the contribution of the
chromatic error to the smearing of the emission angle and
the threshold momentum; have high photon transmission
over the detector bandwidth; have good radiation resis-
tance so that the transmission does not deteriorate sig-
nificantly on exposure to the few kilorad dose expected
during the lifetime of the experiment; have negligible
scintillation light compared to the Cerenkov light emis-
sion; have small radiation length, to reduce the proba-
bility of photon conversions in the detector; and should
be mechanically and chemically robust.

The choices available in practice are heavily con-
strained. Rocom temperature gases have indices ranging
from 1.000035 (He) to ~ 1.0018 (e.g., C5F10 at 30°). The
gas pressure can be varied to give somewhat higher in-
dices but a pressure vessel is then required. The lowest
index liquids (e.g., CgF14) candidates have an index of
~ 1.27, and transmit to photon energies of ~ 7.0 with
modest chromatic dispersion. The indexes of refraction
for solids in the visible span the range from 1.32 (NaF)
to about 6.0. Of the solids, the alkali halides {e.g., NaF,
LiF, CaF) have the best combination of UV transmit-
tance, low indexes, low dispersion, and ease of handling
for use in imaging counters; but they are generally quite
expensive. In any case, the best performing proximity
counters in the B Factory environment use liquid radia-
tors primarily because the index of refraction and chro-
matic dispersion are less. In the limit of no dispersion, it
can be shown that the measurement error on the velocity
{B) scales with the index of refraction (n) as

o = nB2ay

#T VML

Thus, for a fixed length radiator (L) and constant quality

factor (No), the resolution scales with n, so that the

resolution for a liquid counter with »+ = 1.28 (CgF14)

exceeds that of a solid counter with : = 1.5 {NaF at
8 eV) by ~ 15%.

Indices of refraction between the high index gases at

~ 1.0018 and the low index liquids at ~ 1.27 are quite

difficult to attain. Unfortunately, the indices needed for

(3.12)
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a B Factory threshold counter fall in this range as shown

in Table 2.
Threshold Momentum
n x K P

1.006 1.27 4.50 8.55

1.008 1.10 3.89 7.40
Table 2. Threshold mo- 1.01 0.98 3.48 6.62
menta for x'%s, K’s and p’s P
for several indices of refrac- 1.02 0.69 246 4.7
tion. 1.03 0.57 2.00 3.81

One can reach indices in the lower end of the range
{n £ 1.015) using pressurized gas counters; the other ap-
proach is to use a “blown” SiO; material called aerogel.
New developments now allow aerogels to be manufac-
tured with indices ranging between 1.0008 and 1.126 at
637.8 nm. The transmittance is thought to be high but
Rayleigh scattering leads to a very short bulk scatter-
ing length and consequent randomization of the Ceren-
kov angle. Thus, these radiators are not useful for ring
imaging devices. However, if light collection can be made
efficient, they might be very useful in a threshold counter
optimized for the B Factory. The design of such a device
is discussed in more detail below.

4. THE CRID—A REFERENCE DESIGN

As“ discussed in the preceding section, ring imaging

Cerenkov technology promises superior particle iden-
tification performance.!® Two different approaches to this
technology are now under study—the long drift device
(CRID or RICH)'*® and the Fast RICH.'® Though they
use similar principles to produce and focus the Ceren-
kov image, they differ in their approach to the problem
of readout. Several long drift devices have now been
constructed and the body of operation experience is be-
coming quite substantial. The Fast RICH technology is
now in the prototype stage, and there is an active R&D
program in place to investigate the problems associated
with constructing a full scale system.
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In this section, we describe a candidate ring imaging
device based on the long drift, Cerenkov Ring Imaging
Detector (CRID) now being built for the SLD.5 It is
representative of the kind of particle separation perfor-
mance that can be attained with a ring imaging counter,
and thus can be considered as a reference study for imag-
ing counters. Large imaging counters have operated in
experiments for several years, and even though no large
scale 47 acceptance devices are now in full operation,
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Figure 17.

(a) The CRID
principle for a
liquid radiator de-
vice; (b) size
and thickness of
a ring image pro-
duced at 90° in
a liquid radiator;
(c) photon de-
tector schematic,



two rather similar ring imaging Cerenkov detectors are
now commissioning (the CRID for SLD and the RICH
for DELPHI'®); their performance in prototypes is well-
established0?1; and within about a year, their operation
in the colliding beam environment should be understood;
so that it will soon be clear if the promise will be met in
practice.

The concern is that the long drift technology may
not translate easily into the high rate environment of the
B Factory. This issue will be partially addressed in the
following sections, but not all facets are fully solved, and
further R&D is required in some cases to prove that sug-
gested solutions ave really viable, or perhaps to develop
a more robust approach. A CRID is a rather complex
device; it contains a significant amount of material which
unavoidably affects the performance of the electromag-
netic calorimetry. A few suggestions for improvement
are offered, but large improvements will require major
changes to the technology, such as the Fast RICH.

A schematic design for a CRID, a discussion of its
performance and mass, and a brief discussion of costs
are given below. For this exercise, we will make use of
existing techniques developed for the SLD to the maxi-
mum extent possible. Changes in some of these features
that might be desirable in a real device will be discussed
as appropriate.

Principle of CRID Operation

As shown in Figure 17, when a charged particle passes
perpendicularly though a thin liquid radiater, it pro-
duces a cone of light whose angle depends on the par-
ticle velocity and the index of refraction of the liquid.
If this Cerenkov light is allowed to propagate some dis-
tance before hitting the photon detector, it will form an
image which is said to be “proximity focused” on the
detector. For our geometry, using liquid CgF14 with an
index of refraction n = 1.277, the proximity focused cir-
cle for a relativistic (§ = 1) particle is around 17 cm
radius. There are typically around 25 photoelectrons
produced for tracks which cross the liquid radiator near
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the normal, but some photons are lost by total inter-
nal reflection for angles exceeding ~ 13° so that, more
typically, there are around 14 photoelectrons observed.
The Cerenkov photons from the charged particle of in-
terest pass through quartz windows in the liquid radiator
cell and the detector box, and are converted by photo-
ionization of gaseous TMAE (Tetrakis Dimethyl Amino
Ethylene), which has a very high quantum efficiency in
the range 170 to 220 nm. The photoelectrons drift at
constant velocity in a uniform electric field along the
box until they arrive at a proportional wire detector.
The position of the photoelectron conversion must be
measured in three-space. Two coordinates come from
the drift time of the electrons and the wire address of
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(a) location in
the detector;

{b) schematic cross
section.




SUMMARY OF CRID PARAMETERS

1. Solid Angle Coverage (re-entrant design) 92%
2. Angular Coverage (Barrel) 37°-90°
3. Apgular Coverage (End Cap) 18°-37°
4. Radiator Material CeF14 (1 ¢m)
5. Index of Refraction (at 6.5 eV) 1.277
6. Window Material Quartz
7. Photocathode Material TMAE Gas at 20°C
8. Focusing Method Proximity
9. Proximity Gap 13 em
10. Cerenkov Angle (for 8 =1) 672 mr
11. Radius of Cerenkov ring (for 8 = 1) 17 em
12. Cerenkov Quality Factor Np 65
13. Number of Photoelectrons (for 8 = 1) 25 (at 90°)
14. Momentum Threshold (for five Photoelectrons at 90°)
e (cut off by p1) ~1 MeV/c
g 0.17 GeV/c
T 0.23 GeV/c
K 0.8 GeV/c
P 1.5 GeV/e
15. Particle Separation Range at 64° (30 Level)
e/n 0.2 to 1.200 GeV/c
ulr 0.2 to 0.8 GeV/c
/K 0.23 to 4.1 GeV/c
K/p 0.8 to 6.9 GeV/c
Table 3. Summary of CRID the hit wire, while charge division on the proportional
parameters. wires determines the conversion depth in the box.
Geometry

Conceptually, a CRID would sit just outside the cen-
tral tracker, in front of a TOF (if any) and the calorime-
ter as indicated in Figure 18(a). The barrel CRID can
start at any radius (or at any z distance for an end cap
device) determined only by the outer dimensions of the
tracker. However, the thickness of the device is essen-
tially “fixed” at around 20 ¢m. That is, the performance
of a thinner device will be compromised. An end cap can
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be re-entrant to make an approximately hermetic device
in polar angle. However, cracks between the liquid radi-
ator boxes will lead to approximately 1-3% acceptance
loss in azimuth.

A cross section of the CRID is shown in Figure 18(b).
Starting from the inside, a particle first passes through
an inner wall which in this design is a 7 mm HEXCELL
cylinder with aluminum skins. It then passes through the
4 mm thick G-10 back of the liquid radiator tray, through
1 cm of CgFy4, and out through the 4 mm thick quartz
window of the liquid radiator tray into a 13 cm drift
region filled with a UV transmitting gas with good HV
properties (such as a light fluoro-carbon). It then passes
through a 3 mm quartz window into the 4.4 cm photon
conversion region of the drift box (containing CyHs plus
TMAE), through the 3 mm back wall of the drift box,
and finally through about 7 mm of epoxy equivalent in
a HV degrader of the ALEPH/DELPHI type.18:2

Table 3 summarizes the properties and parameters of
the proposed B Factory Cerenkov Ring Imaging Device.

Performance

The particle separation capabilities of the CRID de-
pend primarily on the precision with which the Cerenkov
angle is measured, which, in turn, depends on the an-
gular precision of each photoelectron measurement and
the number of photoelectrons detected. A detailed dis-
cussion of the various sources of measurement error and
photoelectron production rates is given elsewhere,!3%3

In general, the number of photons is largest for parti-
cles that hit the radiator at normal incidence. For angles
of incidence greater than = 13°, some photons get cut
off by total internal reflection in the radiator. This pho-
ton loss is partially compensated by the increasing path
length the particle travels in the radiator, so that the
typical number is ~ 60% of the maximum. The num-
ber of photoelecirons Ny, observed in the detector for
a particle traveling at normal incidence is

Ny = NyLsin® 0, (4.1)
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where N is the Cerenkov quality factor {about 65 cm™!)
for a CgF )4 radiator and a TMAE photocathode, 8. is the
Cerenkov angle, and L in the length the particle travels
in the radiator. For the configuration under discussion,
Np.e. =25 at normal incidence.

The important contributions to the total error are;
(a) geometrical error, which is dominated by the rela-
tive depth of the radiator and the proximity drift space;
(b) detector measurement error, which includes diffusion,
measurement granularity, and nonuniformities in elec-
tron drift in the detector; (c) multiple scattering error
in projecting the track measured in the central tracking
chamber out to the CRID; (d) momentum smearing er-
ror due to the bending of the particle in the radiator; and
(e) chromatic aberration error in the radiating liquid.

The contributions from various sources as a func-
tion of momentum at a track angle of 64° are shown in

Table 4.

fc(r)
P |(mrad)|Np... |Geometry

0.5( 622.2 {12.5 7.3
1.0{ 660.0 |13.8 7.3
1.5 666.4 |14.0 7.3
2.0| 668.8 |14.1 7.3
3.0] 670.5 {14.2 7.3
4.0] 671.2 |14.2 7.3
5.0| 671.4 |14.2 7.3

Angular Resolution per Photcelectron (mrad)
Detector | Multiple {Momentum| Chromatic

Measurement |Scattering| Smearing [Aberration|Total
5.7 129 0.7 5.3 3.2
5.7 1.4 0.3 5.0 2.9
5.7 0.9 0.2 4.9 2.9
5.7 0.7 0.2 1.9 2.8
5.7 0.5 0.1 4.9 2.8
5.7 04 0.1 49 28
5.7 0.3 0.1 4.9 2.8

Table 4. Angular resolution
{mrad) per photoelectron as
a function of momentum at
64°.

The sizes of each particular contribution depend on
track angle and momentum, but typically the largest sin-
gle contribution (~ 7.3 mr per photoelectron at 64°)
comes from the geometrical term. Typically, the com-
bined contribution from all other terms is about the same
size, so that the error per photon is ~ 11 mr. The size
of the geometrical term can only be reduced either by
making the radiator thinner, which loses photoelectrans.
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SEPARATION (standard deviations)
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H

or by making the drift space longer, which makes the
overall counter thicker.

The particle separation capabilities of the CRID are
shown in Figure 19. The Monte Carlo particles for re-
sults shown here entered the radiator at a polar angle
of 64° relative to the beam line, so that these plots in-
clude the typical loss of photons due to total internal
reflection that occurs when the particles enter the ra-
diator at oblique angles. The vertical scales give the
separation between different kinds of particles in “stan-
dard deviations {¢}.” It is “saturated” at 10¢, since
the “Gaussian” separation probabilities estimated here
will surely be unreliable for very large estimated separa-
tions. The hadronic separations are generally excellent,
for #/ K, for example, exceeding 100 from near threshold
up to & 2.3 GeV/e, and falling to 3o around 4 GeV/e.
The CRID also provides excellent low momentum lepton
identification which complements the calorimetry and
muon tracking chambers very well. At the 3o level, e/r
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Figure 19. Parti-

cle separation ca-

pability of the lig-

uid CRID system

at 64°. The curves

are saturated at

100 (see text). In

the dotted regions

of the curves, only

the lighter particle

emits light in the

liquid. There are
thresholds shown

at low momen-

tum below which

the lighter parti-

cle emits too few

photons in either
quartz or liquid to
be reliably sepa-
rated (see text).

The separation is
showa for: (a) efx;
(byu/m; (e} 7/K;
and (d) K/p.



separation is achieved up to 1.2 GeV/c, and p/7 sepa-
ration up to 0.8 GeV/c.

There are regions at the lowest momenta where both
particles are below threshold. This is a significant ef-
fect only for the K/p case. K threshold in the liquid
is at 620 MeV/c. The K/p separation extends down
to & 480 MeV/c using radiation from the quartz. For
lower momentum, the number of photons produced by
the kaon becomes too small for reliable separation, and,
in any case, below 430 MeV/c neither particle emits any
photons. However, in cases where particles are too slow
to be separated by the Cerenkov it is very simple to ob-
tain dE/dz separation since one or both particles are far
into the 1/5° region where even very modest amplitude
information on energy loss will provide excellent separa-
tion. There is also a low momentum cutoff due to par-
ticle curvature in the magnetic field, which depends on
the CRID radius, the magnetic field, and the polar angle
of the particle. For example, a device at 80 cm radius
in a 10 KG field is unable to identify a particle travel-
ing normal to the magnetic field below ~ 170 MeV/c.
Again, this “hole” in the CRID coverage can be filled
with very modest dE/dz information from the tracking
chamber in the 1/87% region.

SLD CRID Technology

As was shown above, the performance of 2 CRID us-
ing SLD technology with a liquid radiator matches the
particle ID requiremenis for #/K/p extremely well and
also gives significant help to the calorimetess for low mo-
mentum e and g identification. The device, as described
above, is essentially a liquid only version of the SLD
CRID except

1. there is an outer volume degrader, which is neces-
sary to keep the space requirements down if a long
drift configuration is chosen for the detector;

2. this CRID can be run at room temperature, which
makes the gas and fluid systems much simpler with
little effect on performance for a liquid radiator
only system;
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RADIATION LENGTH OF THE
CRID COMPONENTS

INNER WALL

PROXIMITY GAP

LIQUID RADIATOR TRAY

0.018 (L/Lgrap)
0.105 (L/Lgrap)
0.000 {L/Lg4p)

DRIFT BOX 0.044 (L/Lpap)
OUTER WALL 0.036 (L/Lrap)
TOTAL 0.203 (L/Lrap)

CRID CONSTRUCTION COSTS

BARREL
VESSEL 448
LIQUID RADIATORS | 212
DRIFT BOXES 566
e~ DETECTORS 191
SPARES 97
E.D.&.1L 500
BARREL TOTAL 2014
END CAP
VESSEL 323
LIQUID RADIATORS | 52
DRIFT BOXES 138
¢~ DETECTORS 153
SPARES 34
E.D.&.L 360
END CAP TOTAL 1060
FLUID SYSTEMS 560
ELECTRONICS 1440
CRID TOTAL 5074

3. a fast readout system is necessary to handle the
1 KHz trigger rates (see below).

The CRID contains approximately 20% of a radia-
tion length of material distributed as shown in Table 5.

Significant reductions in this mass inventory are dif-
ficult so that substantial effects on precision electromag-
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Takle 5. Radiation length
of the SLD CRID compo-
nents.

Table 6. Estimated
cost of a B Factory
CRID.



netic calorimetry seem unavoidable in any detector which
contains a CRID of the SLD type. Moreover, the de-
vice has a “bad geometry” in that much (about 50%)
of the mass is located a long way from the calorimeter.
A few possibilities for modifications to the technology
which could both reduce the total mass in the device and
improve its distribution are discussed below. However,
large improvements (i.e., ~ 50% or more) seem unlikely
in this technology.

A CRID is a rather expensive device to construct. In
general, the component costs scale approximately with
the area covered, whereas the electronic costs scale lin-
early with the radius. For a given detector size, costs
can be scaled from actual SLD costs. If we assume a
B Factory CRID just outside a central tracker of 80 cm
radius by 250 cm length, with an end cap CRID starting
at a 30 cm radius, the estimated costs are as given in

Table 6.

Electronics

The SLD CRID electronics are matched to the prop-
erties of the SLC environment: for example, the trigger
rate is slow (typically 1 Hz); there are & 5 s between
machine pulses; and the particles are highly collimated
into jets, so that high hit densities and pulse pair resolu-
ticn are important issues. At the B Factory, on the other
hand, the trigger rate is fast (perhaps 1 KHz); there are
& 5 ns between machine pulses; the typical particle den-
sities are relatively low; and there are only large radius
liquid rings so that the number of real hits per box will
usually be small. The total number of hits should be
dominated by background.

These differences in machine environment lead to
several modifications in the electronics. Conceptually,
the front-end (preamp) electronics can be just like the
SLD CRID (with a different shaping time) but a different
readout is required. Full wave form digitization (as in the
SLD) is possible, but would be expensive at these data
rates, and it is probably unnecessary. Simple considera-
tions of hit densities expected at the B Factory suggest
that four hits per wire should be sufficient (see below).
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At these hit densities, it is probably much cheaper to
readout each wire end by a combination TDC/ADC.

A four hit version is indicated schematically in Fig-
ure 20(a). The TDC portion is quite straightforward.
There are a variety of ways one might implement the
ADG. For example, it could use a simple modification
of the SLD CDU*® module as shown in Figures 20(b)
and 20(c). This is a simple analog storage device with
parallel-in, serial-out architecture which has 4 cells per
channel. The exact level of multiplexing into the ADC
depends on the readout time desired and on the ADC
digitizing speed. In particular, with the 32 preamp mul-
tiplexing shown in Figure 20(c), an ADC with 1.5 us
digitizing speed leads to 20% deadtime at a projected
1 KHz trigger rate.
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Figure 20. Con-
ceptual design for
CRID readout:
(a) four-hit elec-
tronics for each
wire end; (b) par-
allel-in, seriai-out
analog memory
unit (1 of 32 chan-
nels); (¢) preamp
muitiplexing
scheme.



Problems of the CRID Technology

There are two major difficulties associated with the
CRID technology which we discuss more fully below.
First, since the CRID is massive and sits between the
interaction region and the calorimeter, it will affect the
low energy performance of the calorimeter. These ef-
fects are discussed more fully in chapter on calorimetry.
We will briefly describe below a few ways to reduce this
problem.

Secondly, photoelectrons in the CRID drift a long
distance (taking = 25 ps). Backgrounds from beam in-
dividual crossings add during the total drift time, lead-
ing to uncorrelated backgrounds. This, in turn, leads to
questions about the sensitivity of the chambers to av-
erage current, and 1o possible difficulties in identifying
tracks.

None of these problems seem to be fatal to the CRID -
technology described, but they do have uncomfortable
implications for triggering and operations,

CRID Mass and {is Distribution,

A CRID of the SLD type affects the low energy per-
formance of any calorimeter which follows it because
(1) the radiation length of the device is rather large
(about 20%), and (2) the mass is poorly distributed in
that much of it is located a substantial distance in front
of the calorimeter. Thus, not only does a photon have
a substantial interaction probability (~ 17%), but the
conversion products can also get lost, either by scatter-
ing or by bending in the magnetic field. The scattering
loss goes like L (the distance from the conversion point
to the calorimeter) while the loss due to bending?? in the
the magnetic field goes like L2. For a conventional CRID
in a 1 T field, the loss from the magnetic field becomes
significant at around 200 MeV, while that coming from
the scattering begins around 25 MeV. Thus, the low en-
ergy performance of the calorimeter can be improved by
making the CRID thinner, and by either reducing the to-
tal amount of material or improving the overall material
distribution by placing the maximum amount of mate-
rial close to the calorimeter. It is helpful, in addition, to
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either make the counter a good charged particle tracker
or to place a layer of tracking between the CRID and the
calorimeter, so that the energy of converting photons can
be corrected, or, at worst, events with converting pho-
tons can be cut from the data sample.

A number of suggestions for possible improvements
were made during the B Factory workshop which de-
serve further study.2—*7 A sample of these are briefly
described below. However, to date, all modifications
which have been suggested trade-ofl improved low en-
ergy photon properties in the calorimeter for degraded
particle identification performance.

Calorimeter

Quter Wall
s ( Ol Wl N
Radiator § Mirrgr S_u_r_la;lgf__, T -
e

Tray Liquid
Quanz

Proximily Gap “Fraon® 212

—2_2.9.9 @ 0 0.9 2 0
Quatz —— =300 0 O O T 0 0

OeS™ ) Conversion Voluma ——=  TMAE + CHg

G-10 Wall ey s~y oe—————
Volume Degrader

e
$724A8

At first sight, the scheme shown in Figure 21 appears
useful in improving the mass distribution. A mirrored
surface in the liquid radiator tray reverses the direction
of the Cerenkov photons so that the most massive ele-
ment (the liquid tray) has been placed near the calorime-
ter. Unfortunately, in actuality this has almost no effect
on the mass distribution, as can be seen from the table
above. The radiator plus wall are about 12% Lg4p total
whereas the TPC plus degrader are 9% Lpap; there is
little net gain from turning the syster: around. Morc-
over, it degrades the performance substantially compared
to the normal configuration, as can be -een in Figure 22,
because the number of Cerenkov photons is reduced by
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Figure 21. Cross
section for a CRID
with a reflected
proximity gap.




Figure 22, Par-
ticle separation
(v/K) capabil-
ity of several dif-
ferent liquid CRID
systems at 64°;
solid line for the
standard config-
uration (Figure 18);
dashed line for
the reflected prox-
ity gap counter
(Figure 21) and
the “honeymoon”
configuration (Fig-
ure 23); dot-
dash line for the
active proximity
gap configuration
{Figure 24).
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about 40% by absorption and reflection. The perfor-
mance of the counter in the presence of background will
degrade for the same reason.

A more amusing “honeymoon” configuration which
marries the detector and radiator is shown in Figure 23.
Its performance is essentially the same as the that of
the device shown ir Figure 21. The mass of one non-
transmitting window can be saved, but this savings is
compensated by the material needed for an independent
reflecting surface. The main advantage is that the prox-
imity gap gets “used” twice so that the overall counter
becomes about 14 c¢m thick rather than about 21 cm.
On the other hand, the distribution of mass is very bad.

As a final example, Figure 24 shows a configuration
for an active proximity gap counter. The TMAE vapor
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pressure has been reduced to give an absorption length
in the conversion gap of 20 cm, which gives near the
optimum performance for this total counter thickness.
One quartz window is eliminated, but the material sav-
ings are compensated for by the need for an additional
volume degrader. The performance given in Figure 22
is substantially worse than that of the normal configura-
tion. The main advantage is that this counter is active
over most of its volume so that even low energy conver-
sion products can be reliably recognized. However, the
sensitivity of the single electron detectors to background
might keep this feature from full exploitation, if restric-
tive triggers are used for the CRID (see the following
section).
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Figure 23.
Schematic cross
section for a “hon-
eymoon” CRID
with a combined
radiator tray and
detector and a
reflected proxim-

ity gap.

Figure 24.
Schematic cross
section for an
active proximity
gap CRID with
a combined ra-
diator tray and
detector and a
long absorption
length conversion
volume.



Detector Performance and Background Sensitivity

The high rate environment at a B Factory can affect
the long drift TPC photon detector of the CRID in a
number of ways. The primary concerns are that positive
ions build-up in the drift volume will distort the field
and the measured positions for the conversion Cerenkov
photons; and that the single eleciron detectors, which in
the CRID are PWCs with 7 um carbon filament sense
wires operating with ethane plus TMAE gas, will not
have a lifetime commensurate with the expected time of
experimental operation.

The distorting effects of positive ion build up in TPCs
are well known, and generally are dealt with by a gate at
the detector-drift region interface which collects the posi-
tive ions before they enter the drift region.28 When gated
closed, electrons from the drift volume are also prevented
from entering the avalanche region of the chamber. Since
the positive ions drift much more slowly than the elec-
trons, the gate can be made to collect 100% of the posi-
tive ions (in principle) that are produced by avalanches
of electrons which come from the TPC drift volume pro-
vided that the trigger rate is properly controlled. How-
ever, at the very high rates of a B Factory, the ions
coming from electrons produced by background in the
PWC itself could become troublesome, since they leak
back into the TPC drift volume when the gate switches
open. In this case, the avalanche gain also needs to be
gated, as is discussed below.

The addition of TMAE gas to the usual PWC mix-
tures has been shown to reduce the lifetime of chambers
by factors of at least 100 and more typically around 1000.2°
Thus, the lifetime expected for CRID PWCs in a B Fac-
tory is of great concern and was discussed extensively
during the workshop.27:3931 A number of approaches were
attempted. For example, attempts were made to scale
the TPC experience at PEP to the B Factory,2”3? while
other studies looked at backgrounds more directly.

More research in this area is needed. The tenta-
tive conclusion is that the CRID sensitivity can be made
similar to or better than that of the CDC provided that
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the fast (~ 2 us or better) trigger rate can be kept under
1000 HZ. With this gating ratio, the net charge collected
on the sense wire begins to be dominated by avalanches
coming from electrons which are initially produced on
the PWC side of the gate. Thus, it is important to de-
velop a means of lowering the gain during the time the
TPC gate is off, Since the average multiplicity in events
at the B Factory are rather small, another factor of 5 can
be gained by gating only those TPCs in the vicinity of
charged tracks. Finally, since the gain of the CRID TPCs
can be quickly recovered by the wire heating technique®
which burns off polymerized deposits on the sense wires,
it would appear, in a sense, that the CRID is substan-
tially more robust than the CDC. Of course, this does
not guarantee the performance of either device.

In summary, the single issue of greatest concern in
translating the SLD technology to the B Factory detec-
tor remains the single electron detection chamber life-
time. Studies to date indicate that it can be controlled
if (1) care is given to PWC chamber gating; (2) the
CRID gate-on trigger rate can be kept under 1000 Hz;
and (8) the CRID detection PWC's are routinely rejuve-
nated by wire heating. However, a more robust solution
would be to develop a single electron detector for the
TPC which is less sensitive to ageing effects. Some po-
tential candidates are now under development.32:33

Hypothesis Testing and Background Sensitivity

Both SLD and DELPHI studies have shown that the
hypothesis testing method of Cerenkov analysis is quite
insensitive to rather large numbers of background hits.
The readout is essentially fully segmented into ~ 108
2-D pixels so that the number of hits that can be well
separated per event is very large. True signal hits are
on average separated by many pixels, so that they are
not confused even in the presence of large numbers of
background hits. Moreover, analysis is attempted only
after points are correlated with tracks found in the cen-
tral chamber. No independent “pattern recognition” is
attempted. Instead, points are associated with tracks;
tested against all five possible hypotheses; and the best
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Figure 25. Log-
likelihcod differ-
ences (Le — Lg)
for 1000 2.5 GeV/c
particles; the end
bins include the
overflow: (a) true
kaons, B = 0.0;
{b) true pions,
B = 0.0; (c) true
kaons, B = 1.0;
(d) true pions,
B = 1.0; (e) true
kaons, B = 10.0;
(f) true pions,
B =10.0; (g) true
kaons, B = 40.0;
(h) true pions,
B = 400.
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kov photons for the true particle and adds random back-
ground hits. A likelihood ratio test of the SLD/DELPHI
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Provided that the geometry and perfor-
mance parameters of the device are well understood, and
that the background can be simply modeled, the results
are indeed very robust as is demonstrated briefly below.
These results are discussed in more detail elsewhere.

This study uses a Monte Catlo, which throws Ceren-
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type is then employed by performing, for each track, a
test for each paossible hypothesis. The likelihood ratios
obtained can then be compared for the possible hypothe-
ses. For simplicity, the study performed here only con-
siders the = and X hypothesis, and log-likelihoods are
used instead of likelihoods. The function calculated for
each hypothesis has the form:

Lgyp=— Nyyp

N
+ Z‘“[NHYP x e=(G=taveY 2ol 4 pig) |

i=1
(4.2)
where Ny p is the number of photons expected for the
h ypothesis; 8; is the measured Cerenkov angle for the i**
photon; 8y v p is the expected Cerenkov angle for the hy-
pothesis; o; is the error on the Cerenkov angle measured
for the i** photon; and B(#;) is a background function.
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Figure 26. Ef-
ficiency for la-
beling a true K
as a K as a func-
tion of momen-
tum wher the
maximum r punch-
through is lim-
ited to 1%.



Figure 27. Ef
ficiency for la-
beling a true K
as a K as a
function of back-
ground and max-
imum « punch-
through proba-
bilities.
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For simplicity, the background as taken to be flat and
was normalized so that a value of 1 gives 1.0 hit in a
+30 road about the true hypothesis. By way of compar-
ison, if the background is dominated by interacting soft
photons, then 1 hit is approximately equivalent to 10%
occupancy in the CDC.3334

The differences between the log-likelihoods for
2.5 GeV/c particles are shown in Figure 25 for a variety
of different background conditions. At low values of the
background, there is no overlap between the true 7 and
true K distributions, whereas as the background gets
very large the overlap becomes much more significant.
A clean sample can then only be obtained by reducing
the efficiency for the wanted particle. However, the high-
est background level given (B = 40) is very large indeed
and much more than 10 times the tolerable background
in the CDC. The efficiency for K identification (label-
ing a true K as a I) is shown in Figure 26 as a func-
tion of momentum and background when the maximum
7 punch-through probability is limited to 1%, whereas
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Figure 27 shows the relationship between efficiency and
background at a single momentum (3.0 GeV/c). The
background is given in equivalent CDC occupancy using
the scaling noted above. The identification is affected
very little by background well beyond the maximum tol-
erable levels acceptable by the CDC.

4.1. CRID Summary

The CRID technology described above meets the
performance requirements for particle ID at a B Factory
very well. In addition to providing superior x/K/p sep-
aration it also fills in the lepton ID holes which are left
by the calorimetry and muon tracking techniques. How-
ever, it adds ~ 20% of a radiation length of material in
front of the calorimeter and takes about 20 cm of space.
The device using SLD technology is rather insensitive to
backgrounds at the pattern recognition level. The in-
tegrated charge sensitivity appears to be tolerable but
only with & rather restrictive fast trigger, and excellent
gating efficiencies. New single electron detectors are un-
der study which could make the hardware less sensitive
to backgrounds.

5. A DzsIGN FOR PARTICLE ID UsING A FasT RICH

O ne very attractive potential solution to the prob-

lems posed by the use of a TPC in an imaging
Cerenkov is a new type of imaging Cerenkov which is
called the Fast RICH. It was proposed some time ago in
connection with the design of detectors for the symmet-
ric B Factory at the PSI and for LEAR.1%:3%

A generic schematic of this device is shown in Fig-
ure 28. The essential difference between this device and
the CRID is the replacement of the three-dimensional
readout of the CRID TPC by a two-dimensional read-
out via a pad system. The photoelectron drift is kept
very short (in the radial direction in a solenoidal geom-
etry). The necessity for reading out three dimensions is

a1




Figure 28.
Schematic cross
section for a Fast
RICH.
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eliminated by using a photocathode with a short absorp-
tion length. Since the photoelectron which is produced
by the Cerenkov photon has a short drift length, it also
I as a short drift time; the device is fast; and it has been
proposed for use at high luminosity hadron colliders as
vell as B Factories. 3

A schematic of the device proposed for the BMF de-
tector at PSI is shown in Figure 29. It includes a number
of novel features in addition to the fast photoelectron
readout which were necessary implementation details at
the time it was proposed. In pacticular, the photocath-
cde chosen is TEA, which has the short (0.5 mm) ab-
sorption length required at room temperature. The ra-
diator proposed is NaF, since it transmits into the far
1"V range required by the TEA photo-efficiency spec-
trum, Because NaF has a hizh index of refraction in the
UV region wherc TEA is photosensitive, Cerenkov pho-
tons emitted by fast particles .raveling at nearly normal
incidence are trapped in the radiator by total internal
reflection. Therefore, a section of radiator in the 90° re-
gion is tilted . 10°. The device contains approximately
1 0% Lpap of material for particles at normal incidence.

A number of issues of design and construction must
t e solved hefore such a device can be built. A major pro-
totyping effort is now well underway. In particular, the
VLS| electronics chips for reading out the pads have now
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been made and successfully tested; tests of TEA quan-

tum efficiency have been made; and a full scale test of

a B Factory prototype in a beam to confirm operations,

electronics performance, resolution, and speed will be
performed in the fall of 1990.
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This device originally was thought to provide good
7/ K separation up to 3 GeV/c.!67935 Recent measure-
ments of the refractive index of NaF crystals demon-
strate that NaF is more dispersive than was predicted
from the 1-pole fit extrapolation used previously, and
the predicted 3o cutoff of n/K separation is now lim-
ited to 2.2 GeV/c.!® This is ccfirmed by a simulation
of the performance of a NaF device, using a different de-
tector model, by Coyle.333" Though such performance
is marginally adequate for a symmetric rollider, such as
PS1, it is clearly insufficient for the asymmetric machine
described in this report.

Recently, a study of reflective UV photocathodes
with gas phase electron extraction has been underway
as part of the LAA project at CERN.18.17
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Figure 28.
Schematic cross
section for the
BMF (PSl) Fast
RICH.




Figure 30. The measured
quantum efficiency of a
500 nm thick CsI photocath-
ode as a function of photon
wavelength A; the solid line
is the TMAE gas-phase ef-
ficiency; the dashed line is
the Csl efficiency; and the
open squares give the effi-
ciency for a Csl photocath-
ode (30°C) on which an ab-
sorbed film of TMAE has
been deposited.
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A Csl photocathode with an adsorbed TMAE film
has been observed to have an efficiency equal to or ex-
ceeding the TMAE gas-phase region of interest as shown
in Tigure 30. It should be well adapted to Fast RICH
counters because of its isochronous signals and room
temperature operation. Further studies of photocath-
ode lifetime, feedback, and operation in the presence of
positive ion build up are necessary, but results to date
are very impressive.

The existence of this new photocathode leads to a
proposal for a new design for a Fast RICH using a liquid
C5F)2 radiator and a reflective CsI+TMAE photocath-
ode as shown schematically in Figure 31.1¢ The CslI +
TMAE cathode operates in the 6-7 eV photon region
where fluoro-carbon liquids and quartz windows trans-
mit well, so that expensive, dispersive solids like NaF are
not needed for radiators or windows. The VLSI readout
chips developed for the BMF NaF+TEA Fast RICH dis-
cussed above can be used for pad readout. Hexane gas is
added to the methane chamber atmosphere to eliminate
the UV feedback photons above 7.0 eV.

The C5F)3 liquid is slightly superior to the CgFyy
used in the CRID, and the /K identification range for
this device extends well above 4.0 GeV/c (to 5.5 GeV/c)6
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as required for an asymmetric B Factory. However, the
device myst be run at room temperature (or slightly be-
low) to stay below the 28°C boiling temperature of the
liquid. A CgFi4 liquid radiator of the type discussed
in the preceding section would also give adequate per-
formance. The amount of material in this device also
appears to be less than required for the CRID, and a
reflected proximity gap appears to improve the material
distribution. The estimate for particles at normal inci-
dence is about 12%Lgap in total, and the contribution
from the material farthest from the calorimeter, i.e., the
detector and readout chips, is about 2.5%Lpap.

In summary, the Fast liquid RICH is & very promis-
ing idea which has the performance specifications re-
quired a the asymmetric B Factory without the back-
ground and lifetime issues that rajse concerns for the
CRID discussed in the preceding section. Additional
R&D is now underway,'® which should soon indicate if
the promise of this approach can be met in practice.

5b

Figure 31. Schematic cross
section for a liquid radiator
Fast RICH with a reflected
proximity gap and a Csl plus
TMAE cathode.



A particle identification sys-
tem at an asymmetric B Fac-
tory must provide n/ K sep-
aration to high momentum.

Candidate Cerenkov sys-
tems are based on thresh-
old and ring-imaging tech-
niques.

6. AFROGEL THRESHOLD CERENKOV COUNTERS
6.1. Introduction

Although excellent K'/# separation at high momen-
tum is the most important requirement of a particle
identification system at a B Factory, such a system has
to satisfy additional criteria. First, it has to operate in a
magnetic field, which limits the choices of read-out sys-
tems. Second, in order to design a highly efficient and
uniform detector, it is necessary to cover almost the
entire solid angle hermetically. Third, the entire device
should be built with low-density materials amounting to
a few percent of a radiation length (r.l.), in order to
maintain the good energy resolution of the electromag-
netic calorimeter for all photons. Finally, the costs to
built such a detector have to be acceptable.

The Cerenkov effect-based particle id systems un-
der discussion can be divided into threshold devices and
ring imaging devices. The Cerenkov ring imaging coun-
ters certainly provide the best particle identification in
the required momentum range. Besides high costs, their
biggest disadvantage is, however, the large amount of in-
active material in front of the electromagnetic calorime-
ter. It amounts to ~ 20% of a r.lL, thus affecting the
energy resolution of ~ 15% of all photons. This has mo-
tivated us to search for alternatives. Interesting candi-
dates are Cerenkov threshold counters using silica aero-
gel as radiator, because these low density devices pro-
vide good A'/w separation up to high momenta. They
were first proposed by E. Lorenz for the PS1 and CERN
B Factory projects.

We will discuss a particle identification system using
silica aerogel threshold Cerenkov counters. After review-
ing the main properties of silica aerogel, we will propose
different cell designs, discuss their light yields and effi-
ciencies, and present the results from a Monte Carlo
simulation. We also present preliminary test results and
address technical issues leading to improvements. We
then discuss the particle identification performance of
aerogel threshold Cerenkov counters and compare it to
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that of CRID/RICH counters. Finally, we give conclu- Figure 32. Formation of
sions and an outlook on future R&D. silica aerogel.

6.2. Properties of Silica Aerogel

Silica aerogel is a glass-like structure which consists
of amorphous SiO,. In the classical synthesis it is pro-  Silica aerogel is produced by
duced in a single-step process by hydrolysis and con- h{df‘."y sis and condensation
. o .1 3940 of silicon alkoxides.
densation of silicon alkoxides™*":

Si(OR)s + 4H20 "8 5i(OH), + 4ROH  (6.1)

Si(OH)q ™8 5i0, + 2H,0 (6.2)

where R represents an acylgroup (CHj, Ca:li;,...). Am-
meonia is typically used as a catalyst. During conden-
sation, 3-20 nm size clusters of 5104 are formed, which

by}
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Figure 33. Trausmission
Electron Microscope (TEM)
pictures of aerogels pro-
duced in a two-step process
and in a single-step process.

High-temperature and low-
temperature techniques ex-
ist for supercritical extrae-
tion.

gm/cm3) TEM of base/TMOS (0,04gmicm?)

then partially collapse forming a structure of colloidal
connected spheres, as shown in Figure 32. The sphere
sizes are typically 4-6 nm in diameter, whereas the di-
anieters of the pores range from 30 to 50 nm. Since
the density range achieved in this production process is
rather limited (22 mg/cm3®-280 mg/cm®), a new two-step
process has been developed at Lawrence Livermore Na-
tional Laboratory (LLL) to produce both lower-density
and higher-density aerogel.!! In the first step a partially
hydrolyzed, partially condensed silica is formed. This
is achieved by supplying only 2 moles H»O per mole of
Si(OR), for the hydrolysis, controlling the reaction by
an acid catalys\ and veplacing all produced alcohol with
a non-alcoholic solvent. u the second step both the hy-
drolysis and condensation are completed by adding wa-
ter and a base catalvst. The density is controllable by
the amount of non-alcoholic solvent. Due to the acid
catalyst, silica acrogel produced by the two-step process
has a different morphology, as shown in Figure 33.4% It
consists ol chains of clusters, where the average chain
diameter is 2 nm.

Aerogel is dried by supercritical extraction to ehm-
inate 1he cffects of surface tension,*® which tend to col-
lapse the solid. Two different techniques are in use for
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the production of large aerogel monoliths. In the high-
termnperature technique, the solvent is evaporated at 260°C
in an autoclave under a pressures of ~ 140 atm. This
process, which takes up to 12 hours, produces hydropho-
bic aerogel. An additional heat treatment at 450° C,
however, is frequently applied to remove alcohol groups
still bound to the silicon. In this process, aerogel he-
comes hydrophyllic. In the low-temperature technique
the solvent is exchanged with liquid CO,. This proce-
dure can take up to a week depending on the size of the
monolith. The extraction is then done at a temperature
of 35° C and a pressure of ~ 80 atm. The extraction,
which takes 12-24 hours, produces hydrophyllic aerogel.
This technique is well suited for the production of aero-
gels mixed with wavelength shifters.

Silica aerogel is the lowest-density. transparent. man-
made bulk material. Aerogels with densities p ranging
from 3 mg/cm® to 600 mg/cm?®, can be produced. The
relationship between the density and the index of refrac-
tion n is given by:

n-1 ;

o=t (aw) (63)
These densities correspond to refractive indices of n =
1.0006 and r = 1.126 at 637.7 nmmn. respectively, which
yield thresholds of 0.27 GeV/c to 347 Ge\'/c for pions
and 0.95 GeV/c to 12.34 GeV/c for kaons. Since the
production of large homogeneous blocks is straightfor-
ward, it is interesting to explore the use of these aerogels
for radiators in threshold Cerenkov counters.

Density fluctuations are controllable®® 10 Ap/p <
1%; most inhomogeneities occur within a few millime-
ters of the edges. The uncertainty of the momentum
threshold due to density fluctuations is approximately

given by:
ap = ;% . (6.4)
p 20

Since both the pore and sphere dimensions are close
to wavelengths in the UV, aerogel scatiers light like a
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Silica aerogel with refractive
indices between n = 1.0006
and n = 1.126 can be pro-
duced.



Cerenkov light is Rayleigh- Rayleigh scatterer. For a homogeneous and isotropic

scattered in aerogel. aerogel, the Rayleigh cross section is given by:
de 4,  m*=1F1 2
— =k =3 =(l +cos" ¥ 6.5
dQ n? + 2P 2 ( ) (6.3)

where 0 is the scattering angle, a is the size of the scat-
terer and & = 27 /A is the wave number. Thus, for low-
density aerogels (n —1 « 1), the scaltering cross section
is basically proportional to (n —1)?, A~ and 1 + cos® 0.
Since the Cerenkov spectrum falls as A2, the original
directionality of the Cerenkov photons is lost, after pass-
ing a few centimeters of aerogel. However, in the visible
and infrared light region aerogel is highly transmissive
as shown in Figure 34.9

Figure 34. Trans-
mussion spectra 100
from a 4 mm
thick sample or’
aerogel catalyzed
from tetramethy-
lorthosilicate
(TMOS) super-
critically dried
at 270°C and
110 bars and
from a 12 mm
thick sample of
aerogel catalyzed
from tetraethy-

lorthosilicate 0 ) | L1 1 | I N |
(TEOS), super- 300 800 1300 1800 2300 2800

critically dried
but not heat A (nm) 6705A24

treated.
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Aerogel is very fragile; pieces easily break off at edges
and corners, and c-acks may develop inside the aerogel
when handled, siuce its tensile strength is small. Near
the edges. stresses caused by the mold may build up,
which eventuaily lcads to cracking. However, an internal
“frozen” stress,'31? which is formed in the gelation pro-
cess due to an alignment of fine chains of silicon. causes
no cracking even over longer periods of time, since it is
small. In v nplication cracks and broken fragments
have little cffect on performance.
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Machining aerogel is possible if done carefully. Ex-
cept for lower-density material (p < 60 mg/cm?), aero-
gel can be held in a vise with appropriate cushioning.
Smooth cuts can be obtained with a diamond blade run-
ning in a mill at 4200 rpm. However, it is important to
wear a mask, since fine airborne 5i0s dust is generated.
We have cut 1 inch thick pieces with a 4 inch blade, Cuts
with diamond-covered wire provide a less smooth surface
but may be more suitable for cutting thicker pieces. In
order to catch the piece being cut, we hang a soft cotton
towel behind the mill. Holes can be drilled with an ordi-
nary drill operated at 4200 rpm. Fine polish is obtained
with Kleenex tissue or soft cotton. Machining of low-
density material is much more difficult, becanse it is so
fragile. A special vacuum chuck is required 1o hold the
aerogel. Not much experience has been gathered so far.
For our application, however, machining of low-density
aerogel may not be an issue, since molds of any given
shape can be made of glass, anodized aluminum or sili-
cone.

Aerogel is affected by most fluids. Hydrophyllic aero-
gel exposed to water is destroyed immediately, since HaO
molecules fill the pores. This results in a collapse of the
aerogel stru:ture which can be rather explosive. Acetone
and alcohol have similar destructive effects on any aero-
gel, turning it into a white powder immediately. Con-
tact with oil results in visible surface damage. Exposure
of aerogel to organic liquids and gases, even in small
amounts, must be avoided, since it may cause structural
changes, leading to a density increase or other damage.
Therefore, outgassing of paints and wavelength shifters,
which cover the walls of the aerogel containers, is an im-
portant issue.? So far only fluid paper (green label) does
not show visible surface effects. Detailed studies must be
performed to find appropriate materials.

6!

Aerogel is quite fragile, but
can be machined.

Aerogel is damaged by most
gases and liquids.



E
Q
tn
Y
<

Figure 35.

Basic cell design

for fluorescent fiber b

plus SPAD read-

out.

Two aerogel cells with differ-
ent refractive indices suffice
to cover the entire momen-
tum range.

SPAD HT Cooling Flow
-40/-20 Degrees

Fluorescent Fiber
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7. Coxnceprrual DEsSIGN oF A CELL

'We first describe a cell design similar to that in

the PSI proposal 3% The principle cell layout is
sketched in Figure 35. Small cells of acrogel are read out
by a fluorescent fiber and an avalanche photodiode. Two
cells, with refractive indices of » = 1.06 and » = 1.008,
are necessary to cover the entire momentum range from
0.4 to 4.0 GeV/c . Below 0.5 GeV/c, dE/dz is expected
to provide good K/ separation. In the forward region
of the detector, cells with lower refractive indices may be
used. For example, the refractive index n = 1.06 may
be lowered to n = 1.04 to increase the proton thresh-
old such that their observation is unlikely, while the re-
fractive index n = 1.008 may be lowered w0 n = 1.006
to increase the kaon threshold up to 4.5 GeV. For me-
chanical reasons, however, n = 1.008 is preferred over
n = 1.006. In Table 7, thresholds for pions, kaons and
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protons are listed in addition to the Cerenkov angles for
different refractive indices under consideration.

Typical block sizes are 3 x 3 x 4 cm?® for » = 1.06 and
2 x 2 x 10 cm?® for n = 1.008. The blocks are appropri-
ately tapered to provide projective geometry, matching
the boundaries of the Csl crystals in the electromag-
netic calorimeter. In order to optimize the light yield,
the lower-density cell comes first, the higher-density cell
second. Each block is housed in a light-tight, gas-tight,
low-density container. This can be achieved with alu-
minized mylar, covered on one side either by black paint
or black cardboard. The inner walls are sprayed with a
highly reflecting white paint, which in addition may be
coated with a thin layer of wavelength shifter (WLS),
such as p-terphenyl, POPOP or PMP. The wall coating
with WLS is most effective in a small-cell geometry, since
here the probability for shifting UV light to higher wave-
iengths, where aerogel is highly transmissive, is larger
than the probability for scattering and absorption. An
alternative solution for a large-cell geometry is to mix
a WLS into the aerogel. This idea will be discussed in
more detail below.

n | px {GeV/c]|px [GeV/c]|py [GeV/c]| b
1.06 0.4 1.42 2.7 19.4°
1.0173 0.75 2.65 5.03 10.6°
1.026 0.6 2.15 3.9 12.9°
1.008 1.1 3.9 74 7.2°

To collect the photons from the aerogel and trans-
port them to a photon detector, a thin fluorescent flux
concentrator (FFC) of 1 mm diameter is inserted into a
channel which is either drilled or made by the mold. The
FFC is basically a transparent unclad plastic fiber which
contains several different fluorescent laser dyes. The
emission and absorption spectra of these laser dyes are
matched such that light of lower wavelengths is shifted
into a region where the photon detector has optimal
quantum efficiency. Flux concentrations of a factor of
10-100 are achievable.
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One design uses small cells
of aerogel read out with a
Auorescent fiber coupled to
a SPAD.

Table 7. Momentum thresh-
olds and Cerenkov angles for
different refractive indices.



SPAD'’s require quenching.

Cooling to =20°C reduces
noise considerably.

For the photon detector, a single photon avalanche
diode (SPAD) is used, matching the diameter of the
fiber. For optimal coupling of the fiber to the SPAD, a
customized holder is mounted to the SPAD after remov-
ing its window {see below). The fiber is inserted through
a hole in the center, minimizing the distance between the
photosensitive surface and the fiber. The SPAD, which
works in a magnetic field, is operated in the Geiger mode,
thus providing a high gain of > 1 x 10®. The SPAD must
be quenclied using either an active or passive circuit, in
order to prevent a continuous discharge of the photodi-
ode. In passive quenching, the photodiode is normally
kept in the non-conducting state by using a large load
resistor B;. An avalanche triggered by a photoelectron
or bulk-generated electron in the depletion region dis-
charges the pliotoediode from its reverse bias Vi to a
voltage slightly lower than the breakdown voltage Vgg.
Recharging it back to the operating voltage Vp ~fy4,- R,
where [y, is the surface dark current, has a time constant
C Ry of typically 300 ns where C is the total capacitance
including all stray capacitances. In active quenching &
circuit drops the operating voltage helow the breakdown
voltage for a few 100 ns after an avalanche discharge.
This allows for a collection of all remaining electrons and
holes. When the operating voltage is reapplied, there are
no electrons left in the depletion layer to trigger a new
avalanche, Recharging through a small load capacitor or
a transistor can be very rapid. The advantages of active
quenching are shorter dead times and a synchronization
of the detector with the beam crossing. A slight disad-
vantage is that the probability of after-pulsing is higher:
10% for 100 ns delay time compared to 0.6% for 300 ns.

SPADs are rather noisy. The noise rate is 10 kHz at
room teniperature. Cooling to —20°C reduces the noise
by a factor of 50. Since a thermally generated electron
may trigger an avalanche, noise levels have to be reason-
ably low. If the SPADs are gated for 50 ns , one expects
5 x 10~ noise counts at room temperature. Thus, in a
system of 20,000 cells, 10 randomly distributed SPADS
will fire accidentally per event. This is certainly tolera-
ble. Lower noise occupancies can be achieved by cooling
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the SPADs. However, this requires a cooling system and
water-tight sealing of the cells.

In this design, the region around the fiber has to
be discarded, because charged particles traversing the
fiber or the SPAD produce Cerenkov photous at lower
momenta due to larger refractive indices and thus create
a signal. Although such particles can be located from the
projected trajectory in the drift chamber, they cannot be
identified. In order to reduce inefficiencies the diameters
of the fibers and SPADs have to be small compared to
the cell dimension.

PAD C
e T
Fiber (FFC)
Vd
/7
-1 _LrL 17
| Cell i
n=1.06
I
I
I 7
|7
r Celll
[ n =1.008
i
I
|
!
’ L Figure 36. A two cell
A o design for a readout with
Particle 795A three fluorescent fibers.

In order to obtain a very low noise performance with-
out cooling and to keep the fiducial volume of the entire
cell for most tracks, one can use two fibers per cell in
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Unambiguous particle iden-
tification is provided by two
cells of aerogel read out by
three fibers.

coincidence. Three rather than four fibers suffice for two
cells, since the front cell aud back cell can thare one fiber,
as shown in Pigure 36. If we call the fiber in the lower-
density cell A, the one in the higher-density cell B and
the fiber shared by both cells C, the following physical
coincidence patterns can occur:

1. AC, BC: a pion with py > 1.1 GeV/c or a kaon
with py- > 3.9 GeV/e.
. AC, BC: a pion with 0.4 < p, < 1.1 GeV/cor a
kaon with py > 1.4 GeV/c.
3. AC,BC: a pion with p; < 0.4 GeV/c , a kaon
with py < 1.4 GeV/c, , or a proton with pp <
2.7 GeV/c.

Since the particle trajectory and its momentum are known,
the observation of a coincidence pattern together with
the dE/dr information provides identification of kaons
and pions of all momenta inside the fiducial detector vol-
ume, while for K/p, /e and n/p separation additional
information is necessary.

(]

Note that the coincidence p tern AC,BC is only
observed if the track misses the front cell, SPAD B does
not fire due to an inefficiency, or SPAD A and SPAD C
accidentally fire. Since the accidental rate is fow (1 Hz
for 100 ns coincidence time), and a geometric miss can be
detected, the observation of AC, BC provides a measure
for inefficiencies. Since the momentum is known, this ob-
served coincidence pattern may still be useful for particle
ID: for p > 1.1 GeV/c, SPAD B was ineflicient and the
particle was very likely a pion; for 0.4 € p < 1.1 GeV/c,
SPAD B vwas inefficient and SPAD A was accidentally
triggered. To allow for more redundancy one may use
four fibers where two are shared by both cells. [f one
again calls themn A B, C, and D, where C and D are
the shared fibers. then one can form four coincidences:
AC, AD. BC and BD, and analyze patterns simi.ar to
those discussed above.

An alternative cell design consists of larger aerogel
cells read out by a photoletrode (PT), as shown in Fig-
ure 37. Tvpical cell sizes are 12 x 12 cm® for n = 1.008
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and 13.5 x 13.5 em? for » = 1.06. As before, the min-
imum cell heights are 4 cm and 10 cm, but the cells
are extended to allow for optimal coupling of the aero-
gel to the PT. To provide projective geometry, the cells
are appropriately tapered. In this arrangement, each
aerogel cell covers the solid angle of nine Csl crystals,
Crucial for this design is the use of aerogel mixed with
WLS to achieve large scattering lengths. The containers
housing the cells are also fabricated from white-painted
aluminized mylar. Each cell is read out by two 2 inch
PT’s, which are oriented paraliel to the magnetic field.
The PT of the front and back cells are interleaved to
save space. The PT’s have a maximum have 2 gain of
50; further amplification is thus required. Though the
expected signals are small, as shown in the next section,
preamp noise is tolerable for this readout scheme. The
equivalent noise charge of a preamplifier [or this circuit
is given by*é:

mz = SC?IL[Cd + Crer] (7.1)
1
where:
en' rms spot noise of the FET (V//Hz)
Cy capacitance of the deiector (< 10 pI)
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Figure 38. Implementation
of a two-cell acrogel thresh-
old Cerenkov counter sys-
tem inoto a general-purpose
B Factory detector.

291
6796A12

Crer: capacitance of FET ( on the order of 10 pF)
A integration time.

By integrating the pulses for a few microseconds, the
ENC can be reduced to less than 30 rms electrons, al-
though this is state-of-the-art performance.

In order to keep the entire cell as fiducial volume,
both PT must be put in coincidence. While the small-
cell design with the FFC/SPAD readout provides high
granularity, so that the probability of two tracks in an
event hitting the same cell is very small, the large-cell de-
sign with PT readout reduces the number of channels by
a factor of > 10. Figure 38 shows the implementation of
aerogel threshold Cerenkov counters into the B Factory
multipurpose detector. The magnified view shows the
arrangement of the two cells in the presence of a cooling
line.

7.1. Light Yield and Efficiency

A charged particle with a velocity 8 traversing a
medium of refractive index n radiates Cerenkov photons
under the angle 0. = cos™(1/(nB)), if 8 > 1/n. As-
suming that the cell height L is much larger than the
wavelength A (A < L), the number of Cerenkov photons
radiated per wavelength is:

2ra

32
where o denotes the fine structure constant. Integrating
Eq. (7.2) over A from 220 to 550 nm yields for a 1 cm
thick block:

dN =

L sin*d, dx (7.2)
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N = 1.25 x 108sin®@, photons . (7.3)

An increase of the sensitivity range to 200-580 nm gives
a 20% higher yield of Cerenkov photons.

We will first discuss the light collection process in the
context of the FFC/SPAD-readout scheme. The Ceren-
kov photons have to undergo a complex process to reach
the SPAD and trigger an avalanche. The pliston path,
consisting of several bounces off the container walls, is
altered by several Rayleigh scatterings in the aerogel.
Typical values for different cell designs are given in the
next section. For cell designs under consideration, the
number of reflections is about 15. Before reaching the
detector, the main losses are due to absorption in the
aerogel and absorption on the walls. A photon reach-
ing the fiber may be absorbed and emitted at a different
angle with a higher wavelength. If sinf < 1fngy the
photon is trapped in the fiber. Since the fiber contains
several laser dyes, the photon may be reahsorbed and
reemitted at a different angle and a higher wavelength.
If the new angle does not satisfy the condition for total
reflection, the photon might leave the fiber and eventu-
ally be absorbed in the aerogel. Several dyes are neces-
sary to shift the photon to 800 nm, where the sensitivity
of the SPAD is largest. Upon reaching the SPAD, the
photon must create an electron-hole pair, which has to
trigger an avalanche. Considering all these effects, the
expected number of photoelectrons for the FFC/SPAD
readout is given by:

Npe. = N Ta-Riy-Qw-Arrc-QrrcTrre-Qr-p Tp-@p
(7.4)

where:

Noy: produced number of Cerenkov photans

Ta: transmission in aerogel: 1 — exp(—fwu,) ~ 0.45

oy average number of bounces at the wall (~ 15)

w: average path length between bounces

Ha! absorption coefficient, 10~ *cm™!

Ry reflectivity of the walls, (> 0.95 for A < 300 nm
and > 0.98 for 300 < A < 700 nm)
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The overall photon detec-
tion efficiency is estimated
to be a few percent.

Table 8. Number of Ceren-
kov photons and photoelec-
tron yield for different re-
fractive indices, using the
calculated efficiency of 2 2 x
2em? cell.

Qw: quantum efficiency of WLS on the walls (0.9)

Appc: photon absorption probability in the fiber (0.9)

@rrc: quantum efficiency of dyes in the fiber (0.9)

Trrc: transmission efficiency in FFC including
selfabsorption (0.2)

@r_p: coupling efficiency of FFC and SPAD (0.25)

Qp: quantum efficiency of SPAD (0.65)

Tp: efficiency for a photoelectron to trigger an
avalanche (0.6)

For a 2 x 2 cm?® cell, the efficiency is estimated to be
€ = 1.9%, while for the 3 x 3 cm?® cell, it is € = 1.3%.
Using these estimates, Table 8 shows the number of pro-
duced photons and the photoelectron yield for different
refractive indices computed for 220 < A < 550 nm and
200 < A < 580 nm.

For the alternative design of large aerogel cells with
PT veadout, the photoelectron yield is determined by:

Np.e. = Nph* Ty - R}_}l; Tiet - Qets (7'5)

where:
Tter:  transmission coefficient of the PT window (0.95)
Qter: quantum efficiency of the PT photocathade (0.2)

For a 15 x 15 cm? cell, the transmission coefficient T'4 is
only 0.1, while the average number of reflections at the
walls is 10. The efficiency is estimated to be ¢ = 1.6%,
which is comparable to the efficiency of the FFC/SPAD
readout. The yield of Cerenkov photons and photoelec-
trons estimated for a 2 x 2 cm? for different refractive
indices is sumnmarized in Table 8.

n L [cm] N:h N,{i, N,{ﬂ
1.06 4.0 | 552 (663) | 10.5 (12.6) | 8.8 (10.6)
1.0173 } 10.0 | 423 (508) | 8.0 (9.7) | 6.8 (8.1)
1026 | 4.0 |250(300) | 48(5.7) | 4.0 (4.8)
1.008 | 10.0 | 196 (235) | 3.7 (4.5) | 3.1(3.8)

t The first set of numbers represent yields for the interval 220 nm <
A < 530 nm, the second set for the interval 200 nm < A < 580 nm.




7.2. Monte Carlo Simulations

In order to obtain a realistic estimate of all factors
entering Eqs. (7) and (8), it is necessary to study the pho-
ton paths in different cell designs in more detail. For this
purpose a Monte Carlo program has been developed us-
ing vector algorithms. Cerenkov photons are generated
uniformly in z,y, z inside a rectangular box. Assuming
that the trajectory of the charged track is parallel to the
z direction, which in turn is parallel to the cell height, the
direction of the Cerenkov photons is generated isotrop-
ically in ¢ and cos#, with cosd limited to the interval
[1, cosd;. = 1/(8n)]. In addition, a wavelength is gener-
ated for each phaton according to the Cerenkov spectral
distribution dN/d\ o 1/A?. Next the path length is
determined, considering diffuse reflection on the walls
with wavelength-dependent absorption. Both Rayleigh
scattering and wavelength-dependent absorption in the
aerogel are considered. The scattered photon is gener-
ated with the correct angular distribution. If the photon
hits the fiber or the PT, it is recorded as a hit. In the
future, it is planned to include wavelength shifting in
the aerogel, wavelength shifting on the walls plus a de-
tailed simulation of the transpout of photons through the
fiber. Furthermore, the simulation of different geometric
shapes, such as trapezoids and pyramids will be made
available.

With the current Monte Carlo model, samples of

10,000 events have been generated both for the FFC/SPAD-

readout scheme and the PT-readout scheme for differ-
ent cell sizes.” The index of refraction has been set to
n = 1.06. Figures 39 and 40 show the resulting dis-
tributions for the number of reflections n,, number of
Rayleigh scatterings nyc, total path length /,, and the
path length between reflections Iy /n for a 2 x 2 x 10 cm®
cell, read out with a 1 mm fiber, and a 15 x 15 x 15 cm?
cell, read out with a PT, respectively. The average val-
ues for these distributions are given in Table 9 together
with the corresponding averages for other geometric ar-
rangements. Figure 41 displays the average values for
fir, Tsc, ig, and {;/n, as a function of the cell width, d,

7l

The Monte Carlo simulation
includes the Cerenkov spec-
trum, Rayleigh scattering
and wavelength-dependent
absorption and wall reflec-
tion.
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Figure 39, Monte Carlo
distributions for a 2 x 2 x
10 cm? cell with FFC/SPAD
readout: (a) number of re-
flections, (b) number of
Rayleigh scatterings, (c) to-
tal path length and (d) path
length per number of reflec-
tions.

The efficiency depends strongly
on the transverse cell size
and weakly on the cell
length.

for cell heights, £, of 4 ¢cm and 10 cm in the FFC/SPAD-
readout scheme and for 15 cm long cells in the PT-
readout scheme. For the FFC/SPAD-readout scheme,
fi, first increases rapidly with d because of increasing
path lengths. At about d = 4 cm, the path lengths are
s0 large that due to absorption, the tails of the n, dis-
tribution are truncated and thus fi, starts to fall. Since
the fiber is parallel to the cell height, the dependence
of i, on d is weak; for example the maximum 7, is 16
for d = 4 cm compared to i, = 14 for d = 10 cm, be-
ing slightly larger for shorter cells because average path
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lengths between reflections are smaller and thus tails in
the n, distribution are larger. The average number of
Rayleigh scatterings increases rapidly with d due to an
increase in i,, whereas 4 is basically independent of k.
The average length between reflections rises slowly with
d and is obviously larger for long cells than for short cells.
The efficiency decreases rapidly with d, as expected, but
is independent of k. Since for the PT-readout scheme the
average path length is already rather large, tails of the 1.,
and n, distributions are truncated, thus yielding lower
averages. Larger cell sizes do not alter this fact, such
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Figure 40. Monte Carlo
distributions for a 15 x 15
x 15 em?® cell a 2 inch pho-
totetrode readout: (a) num-
ber of reflections, {(b) num-
ber of Rayleigh scatterings,
{c) total path length and
(d) path length per number
of reflections.



that 4, is 10 independent of d and n, rises only slowly
with d. The variable I, /. is about a factor of two larger
than for the FFC/SPAD-readout scheme. The efficiency
is rather low, but is about a factor of two larger than for

similat cell sizes in the FFC/SPAD-readout desig.

d[em] | h [cm] fig fise ly [em] I/, [cm] e%
0.5 4.0 7.5£0.1 8.3+0.1 | 2.324+0.03 | 0.366+0.004 | 77.9+0.9
1.0 4.0 12.4+0.2 | 21.940.4 | 5.6+0.09 0.58+0.000 | 58.1%0.8
1.5 4.0 15.2+0.3 | 34.940.8 | 8.68+0.17 | 0.62+0.007 | 43.410.7
2.0 4.0 16.3£0.3 | 44.0+1.2 | 11.0£0.3 0.7240.01 32.710.6
3.0 4.0 16.94+0.4 | 54.2+1.8 | 14.820.5 0.9+0.01 21.440.5
4.0 4.0 16.010.5 | 61.0+£2.7 | 16.31+0.5 1.0210.02 13.410.4
5.0 4.0 15.84+0.6 | 57.342.6 19.5+1.0 1.240.03 10.4+0.3
10.0 4.0 11.740.9 | 71.746.1 19.2+2.0 1.440.03 3.3+0.2
0.5 10.0 6.940.1 8.540.1 2.3+0.03 | 0.39510.004 | 79.240.9
1.0 10.0 11.5:+0.2 | 23.640.5 | 5.5+0.09 0.541+0.006 | 55.34+0.8
1.5 10.0 13.8+£0.2 | 34.24+0.8 9.04+0.2 0.70+0.009 | 44.040.7
2.0 10.0 14.140.3 | 45.0£1.2 | 10.840.3 0.82+0.01 33.8+0.6
3.0 10.0 13.8+0.4 | 83.3+1.7 | 14.1£0.5 0.99+0.02 21.410.5
4.0 10.0 13.7£0.5 | 624426 | 16.1x£0.7 1.16£0. 03 | 14.640.4
5.0 10.0 13.140.5 | 59.3+3.0 | 19.2+0.9 1.4£0.06 11.140.3
10.0 10.0 10.1+£0.7 | 67.24£5.2 | 20.1£1.8 1.810.08 3.3+0.2
5.0 15.0 9.9+0.2 | 39.2+2.3 | 18.2+0.5 2.740.05 18.510.4
10.0 15.0 9.7+£0.2 | 40.5+1.8 { 27.0L£1.0 3.610.09 7.7£0.3
15.0 15.0 9.440.2 ) 50.84+2.0 ; 28.8+1.9 4.040.2 3.540.2

Table 9. Monte Carlo

results.

For both designs, the {1 + cos®#) dependence of

Rayleigh scattering, the simulation of the Cerenkov an-
gle and a variation of the index of refraction have no ef-
fect on the quantities discussed above. The inclusion of
wavelength-dependent scaltering and absorption in the
aerogel and absorption on the walls are rather impor-
tant. For example, if these effects are neglected in the
FFC/SPAD-readout scheme, #, increases by about a fac-
tor of two and I, by about a factor of 4.
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In conclusion, these studies show that the optimal
cell size for the FFC/SPAD-readout scheme lies between
2 and 3 cm, while for the PT-readout design d should

not be larger than 10 cm.
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Figure 41. Moate Carlo

distributions as a function
of cell radii for (a) the av-
erage number of reflections,
(b) the average number of
Rayleigh scatterings, {c) the
average total path length,
(d) the average path length
per number of reflections,
and (e) efficiency. Dots
and squares shaw 4 cm and
10 em long cells read out by
a | mm fiber, while stars
show 13 cm long cells read
out with 2 2 inch PT.




7.3. Preliminary Test Results

Our first aerogel studies consisted of transmission
measurements with an HP spectrophotometer, in order
to determine the absorption length A, and the scattering
length A,. For a successful operation of aerogel counters,
it is important to have large absorption lengths (A, >
40 cm). Figure 42 shows the transmittance measured
for three samples manufactured by Aerglas: a2 1.8 mm
thick piece with n = 1.032, which has been cut off a

The transmission of aerogel 12 x 12 x 2.5 ¢m® thick block (several years old) and two

is well described by a A™* . . . -
;sca:‘;rm;sz;r: am’; : 32 recently made 3.0 cm thick pieces with n = 1.025 and

absorption term. n = 1.093. The measured curves can be fitted with an
exponential function:
T =Ther™M? | (7.6)

where d is the thickness, Ty is the maximal transmission
Figure 42. Transmission accounting for reflection and p(X) is the attenuation co-
of different aerogel samples efficient, which can be parametrized by a Rayleigh scat-
from Aerglas. tering term and an absorption term:
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#(A) = af/A' + b/A% (1.7)

The average scattering and absorption lengths for Ce-
renkov distributed light are given by:

1 (Mae = A% AmazAmi
A, = — A maz min/‘\moz\min 78
’ 3a /\ma: = Anin ( )
and
1 L]
Ag = EAmu/\min . (7.9)

where Amaz and Apyin are the maximum and minimum
wavelengths detected by the counter.

For technical reasons, it is more convenient to de-
termine the measured values for p(A) first and then fit
these with the parametrization in Eq. (7.7). The results
are listed in Table 10. For comparison, measurement
from other groups are also shown. Except for our aged
samples, all other data are consistent. We have done
several measurements with samples from the aged block,
which yielded similar results. The most plausible ex-
planation is an aging effect, as the aerogel may absorb
water and gases from the air, thus changing its proper-
ties.  Since similar effects have also been noticed by
S. Schindler,** this implies that proper storage is abso-
lutely necessary. In addition, the aerogel in a detector
cell must be well isolated from humidity and a careful
choice for the reflector must be made. Thus, for a well-
handled sample of aerogel, the average scattering length
is ~ 3 cm, while the average absorption length is ~ 50 em
for the interval 300 < A < 800 nm.

1t is important to store and
use aerogel under airtight
conditions.

Table 10. Absorption and
scattering length in aerogel.

Sample Thickness [cm] n A, [em] | As [em] | Sensitivity Range
CIT 0.18 1.032 0.4 36 200-800
CIT# 10 1.055 | 50.0 3.2 300-800
cIT# 30 1.025 | 46.0 6.2 300-800
Bonn*® 2.8 1.035 | 339 2.3 300-600
Novosibirsk?® 2.5 1.035 | >100t 2-3 —

-

Estimated for pure SiO» aerogel.
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Figure 43, Test setup for
measuring the efficiency from
a light source as function of
wavelength.
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In order to study the properties of individual aero-
gel cells and monitor their performance the test setup
shown in Figure 43 was used. Plieces of aerogel housed
in light-tight containers are attached to a photomulti-
plier, which is mounted in a black light-tight box. The
containers are made of a 250 pm thick layer of black card-
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board glued to a 50 um thick layer of aluminized mylar,
which is sprayed with highly-reflecting white paint (Nu-
clear Enterprise NE 560). For our current studies, light
from either a tungsten or xenon lamp or electrons from
the B decay of 1%Ru was used. The light, after passing
through a monochrometer, was fed via a clear plastic
fiber into the cell, in such a way that the direct beam
could not hit the photocathode. For a selected wave-
length interval, the anode current was recorded with a
digital ammeter. For the measurements with the %Ry
source, the anode signal was amplified (Ortec EG&G
560) and then passed into a peak-sensitive ADC (Ortec
EG&G 916) operated by a PC.

Figure 44 displays the efficiency of a 3 x 3 x 4 cm®
block of aeroge! cell for visible light as a function of
the wavelength. For comparison, the efficiency for the
reflecting box itself is also shown. For normalization
the intensity of the light beam is directly measured wit .

v

Figure 44. Efficiency of a
3 x3x4 n® aerogel cell
in the vi .ble-light region.
Solid dots show the data for
the cell with aerogel, light
dots show the data for the
container itself.

A reflectivity of 97% has
been measured for NES60
paint in the visible region.




Figure 45. Test
setup for mea-
suring the effi-
ciency and pho-
toelectron yield
of Cerenkov pho-
tons.
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the PM. rhe data are averages of three measurements;
the errors are given by the corresponding standard de-
viations. In order to avoid saturation, measurements
were performed at moderate high voltage and the light
intensity was reduced appropriately. The data for the
box without aerogel give the efficiency after A, reflec-
tions, where for this geometry 7, is about 14. Above
420 nm, the efficiency depends rather weakly on A, av-
eraging ~ 65%. This implies a reflectivity of ~ 97%.
However, for the UV region, the reflectivity is signifi-
cantly lower, requiring improvement. The properties
of different diffuse reflecting materials are discussed in
the next section. We require a reflectivity of > 95% at
250 nm, increasing to 98% above 350 nm. The results
for the acrogel cell show a strong wavelength dependence,
as expected, due to Rayleigh scattering and absorption.
These measurements will be extended to the UV-light
region and visible red-light region. This technique can
be used 10 study the dependence on geometric shapes,
the eflects of wavelength shifters mixed into the aerogel,
and to monitor the aging of aerogel.

The test setup shown in Figure 45 is used to measure
the photoelectron yield from Cerenkov light in different
aerogel cells. Electrons from a collimated 1%°Ru source
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hit an aerogel cell perpendicular 1o the photomultiplier.
To trigger, the electron must penetrate the acrogel and
reach a plastic scintillator. A coincidence between the
aerogel and the scintillator generates a gate signal for
the ADC. The discriminators have an upper and lower
threshold, allowing selection of specific energy intervals.
The analog PM signal from the aerogel cell is amplified
and fed into the Ortec ADC. In this arrangement it is un-
likely for an electron itself to trigger. The electron energy
spectrum is a typical 8 spectrum with an endpoint en-
ergy of 3.7 MeV. For n = 1.032 aerogel, electrons above
2 MeV produce Cerenkov photons.

A spectrum recorded with this arrangement is shown
in Figure 46, indicating the observation of Cerenkov pho-
tons with a photomultiplier. Schindler has measured
5(12) p.e.fem in n = 1.025(1.055) aerogel witl: pho-
tomultiplier readout.’® Since the PMs were equipped
with regular borosilicate windows, the sensitivity was
restricted to photons above 330 nm. lu order Lo mea-
sure timing properties of different readout systems. the
logic signal from the scintillator starts a TDC which is
stopped by the logic signal from the aerogel.
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Figure 46. Ce-
renkov photon spec-
trum observed with
a Y% Ru source.
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Initial tests to determine the efficiency of the FFC/

SPAD readout were made by E. Lorenz at the Max-

Planck Iustitute in Munich.5¢ Figure 47 shows the ex-

perimental arrangement. A Y7 fiber from Kuraray was

inserted into a block of plastic scintillator NE 111, which

was read out with an XP 2020 PM on one end. On the

other end the Y7 fiber was attached to an RCA SPAD

(C 30902). The absorption spectrum of the Y7 fiber in

compatison to emission spectrum of the NE 111 scintil-

lator is shown in Figure 48. The PM signal after passing

through a discriminator with a threshold set at 800 keV

started a TDC. This value was chosen to trigger on the

Compton edge of the 1275 keV #?Na line. Sufficient light

from this v line is produced in the scintillator to trigger

the TDC. Some of these photons were absorbed in the

fiber and re-emitted at an angle smaller than the critical

angle and therefore travelled inside the fiber. The scin-

An efficiency of 99.98% tillator end of the fiber contained a mirror. All photons
has been measured for the thus even*nally reached the SPAD, unless they were lost

FFC/SPAD readout combi- by anoth - absorption and re-emission al an angle larger
:’_"“""ﬂ at “?P"Cr afterdead-  than tje critical angle. The SPAD output provided the
‘me correction. stop signal for the TDC. In addition, the SPAD signals
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coincident with the PM signal and the PM signals them-
selves were counted both with and without a SPAD dead-
time veto. The efficiency, the ratio of the two numbers,
is 90% at room temperature. Including a dead-time veto
for the SPAD, increased the efficiency to 98% at room
temperature. Additional cooling to —20° improved the
efficiency to 99.98%. The decay time spectrum of the
Y7 fiber is shown in Figure 49. The time resolution for
the TDC measurements was o = 1.3 ns at room tem-
perature and (.9 ns at —20° C. These results obtained
in a high statistics environment, look very encouraging.
However, a few deficiencies, which will affect the effi-
ciency of the readout of a threshold Cerenkov counter,
need to be remedied: a low dye concentration in the Y7
fiber, a spectral mismatch between the Y7 fiber and the
SPAD (see Figures 48 and 56), a rather long decay time
of 9.5 us of the Y7 fiber, the coupling between the fiber
and the SPAD, and area mismatch of the fiber and the
SPAD by a factor of 4.
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Figure 48. Ab-
sorption spectra
of the Y7 fiber
and two laser
dyes, BASF #84
and #241 in com-
parison to the
NE 111 emission
spectrum,



Figure 48,  Fluorescent
decay-time spectrum of the
Y7 fiber.

The Y7-fiber plus SPAD readout was then used in
another test, to record Cerenkov photons in a 2.5 x
2.5 x 2.5 cm® block of aerogel with a refractive index
of n = 1.038. The setup is shown in Figure 50. The
Cerenkov photons are produced by traversing electrons,
which are emitted from a 1%Ru source. The aerogel
was housed in an light-tight container with white walls
coated with POPOP. A plastic scintillator, read out by
an XP 2020 PM, was used as a reference. The discrim-
inator threshold was set at 1.8 £ 0.2 MeV, which is the
threshold for clectrons in aerogel with n = 1.038. Ce-
renkov photons were then counted by requiring a coinci-
dence between the SPAD and the plastic scintillator. In
this configuration, a coincidence rate of 3.8% was mea-
sured after correction for accidentals and direct hits. In
order to build a successful device, the coincidence rate
needs to be pushed to nearly 100%. Since in this first
test ihe cell design and readout were far from being op-
timal, there is much room for improvement, as can be
seen in Table }10. The largest gains could be obtained by
matching the areas of the fiber and SPAD, increasing the
wall reflectivity from 0.85 to >0.95, increasing the sen-
sitivity of wavelength detection and increasing the dye
concentration in an unclad fiber.
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In order to measure the wavelength dependence of
the efficiency directly for an aerogel cell read out with a
fluorescent fiber, E. Lorenz illuminated a 3 x 3 x 4 em®
block of aerogel with n = 1.032 in a spectrophotometer.5
The aerogel was housed in a light-tight container with
about 90-95% of its walls cavered with highly reflective
Teflon. The light beam selected by a monochrometer
from a Xe lamp was fed in through a 1 cm® hole in 4, efficiency of ~ 2% has
the container. The aerogel was read out with a 1 mm been measured for FFC/PD
thick unclad Y7 fiber containing additional BASF dyes readout.
#84 and #2413 each with a concentration of 400 ppm.
The fiber was read out by a 1 em® Hamamatsu pho-
todiode. For normalization, the direct photon flux onto
the photodiode without the cell was measured. Fig-
ure 51 shows the resulting efficiency distribution. In the
visible region the efficiency plateaus at 2.3% and drops
rapidly below 370 nm to 0.2% at 250 nm. The main loss
is due to light backscattered through the hole, since for
lower wavelengths the first scattering occurs closer to
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Figure 51. Ef-
ficieney of an aero-
gel cell read out
with a2 fluores-
cent fiber and a
photodiode as a
function of wave-
length.
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the hole. It has been shown that a reduction of the hole
size leads to a considerable increase in efficiency at lower
wavelengths. Other factors include a higher absorption
probability in the aerogel, because both the path length
and the absorption cross section become larger, and an
increased absorption probability in the Teflon due to a
smaller reflectivity. The cutoff at 550 nm is caused by
the absorption cutoff of the dyes in the fiber as shown
in Figure 48. The efficiency estimate for this setup was
1.3%, which is consistent with the average of the mea-
sured distribution. In more recent measurements the
efficiency was increased by another factor of 1.5, still
leaving room for further improvements.

7.4. Technical Issues

Aerogel AMized with Wavelength Shifters

Mixing a wavelength shifter into the aerogel may
yield a considerable efficiency increase, since both the
scattering and absorption probabilities are reduced and
the wavelengths are more closely matched to the absorp-

86




Item Present Condition | Possible Improvement Gain
All reflectivity 0.85 >0.95 2
Fiber properties 1 mm clad 1 mm unclad 1.2
Fiber dye concentration nane >40¢ ppm 41-6
Dye self absorption 0.4 0.5 0.8
Absorption in fiber 350 < A, < 480 nm 240 < Ag <580 nm 5
Average emission 500 nm 600 1.3-1.7
Area fiber/SPAD 0.25 1 4
Distance fiber to SPAD 1 mm 0.3 ~2
Cooling =20° C —40° C 1.3
Optical coupling n =148 =138 1.1
Dye decay time 9.5 ns <3 ns 1.3
=~ F T T T T 1.0
E 12 Absorption Emission i
v Spectrum Spectum  —|08
é K (L.H. Scale) (R.H.Scale) -
o —06
< o8l J
e PMP
x T (in Cyclomexame) 104
£ 04 CH, i
2| meargP 02
] CH, ]
Q 0 ] | | | o
250 300 400 500
191 A (nm) 6796A14

tion spectrum of the fiber. PMP seems to be a promis-
ing candidate for this purpose, since it has a rather
large Stokes’ shift, it dissolves in alcohol and the PN P
molecules i well into the aerogel structure (see below}.
POPQP is less suitable, because it lias a lower Stokes’
shift. does not dissolves in alcohol. which is necessary
for aerogel fabrication, and crystallizes in the aerogel.
The efficiency is also much lower than for PMP. The
absorption and emission spectra of PMP are shown in
Figure 52. The absorption range is from 220 to 370 nm
with a peak at 290 nm. The shifted light is in the
380-550 nm region with a peak a: 110 nm. thus lying
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Table 11. Improvements
for the FFC plus SPAD

reardoat.

Figure 52. Absorption and
emission spectra of PMP.

PMP is a suitable wave-
length shifter for mixing into
acrogel.



Figure 53. Ab-
sorption and emis-
sion spectra of
several PMP deriva-
tives.
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in the most sensitive range of photomultiplier cathodes
(see Figure 61). The efficiency for this process is high
(> 80%). In the 220-330 nm range the extinction co-
efficient is greater than 7.5 x 10% | mole™! cm™'. For
a concentration of 300 ppm of PMP and a silica aero-
gel of density p = 0.15 g/cm?, this yields an attenua-
tion length of A < 0.18 ¢m. New derivatives of PMP
have been developed recently;5? some of them may actu-
ally be even more suited for our purpose than PMP be-
cause of cven larger Stokes’ shifts and higher efficiencies.
Figure 53 shows the absorption and emission spectra of
PMP derivatives, where PMP 460 is the WLS we are
currently using. According to the figure, PMP 440 may
yield a higher efficiency, since the emission intensity is
largest.

The production of aerogel with PMP is currently un-
derway at Lawrence Livermore Laboratory. We have ob-
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tained 4 pieces: two 0.5 cm thick discs, 4 cm in diameter,
and two 3.4 cm long cylinders, 1.1 cm and 1.2 ¢m in di-
ameter. Except for the smaller cylinder which has a den-
sity of 0.27 g/cm? all other pieces have p = 0.15 g/cm®
The refractive indices for the pieces are » = 1.057 and
n = 1.032, respectively. The PMP concentration of
each piece is 300 ppm. Figure 34 shows the transmis-
sion measured with one of the discs. Comparing this to
the transmission of pure aerogel shows that the aerogel
doped with PMP is considerably more transparent. A
3 x 3 x 6 cm® block of aerogel containing 300 ppm of
PMP will be made in the near future.

Table 12, Reflectivity of
white diffuse reflectors. (a)
Kodak paint; (b) 2 sheets
of 8-SFC millipore paper
0.45 HAWP; (c¢) millipore
paper 0.45 HAWP; (d) BaSO,
paint; (e) Bicron milli-
pore paper GVHP 0.22;
(f) Teflon on linol used by
MACRO; (g) Teflon 11 mils;
(h) one sheet of 6-SFC mil-
lipore paper 0.45 HAWP;
(i) Floropore FGLP 0.2;
(j) millipore 0.1 VCWP;
(k) white paint; (1) milii-
pore JVLP 0.1; (m) milli-
pare 6VWP 0.22; (n) mil-




lipore VCWP 0.1, (o) 2
sheets millipore HAWP 0.45;
(p) millipore VCWP 0.1
(Q) 65FC Floropore; (r) 6SFC

Duropore.

Kodak white paint is the
best diffuse reflector, but
it has problems with out-
gassing.

7.5. Reflectivity of Difluse Reftectors

It is important to have highly-reflecting container
walls, since the average number of reflections is rather
large, especially at low wavelengths, where the number
of Cerenkov photons is enhanced .5 1/A. The reflec-
tivity has to be greater than 98% in the visible region
and greater than 90-95% in the UV region to keep losses
minimal. Table 12 lists the reflectivity of several ma-
terials in the 250-700 nm range. Figure 55 plots the
wavelength dependence of the reflectivity for some white
reflectors listed in Table 12.44 Most of the samples do not
meet our requirements, because the reflectivity is poor
in the UV-light region or R< 95% in the visible-light re-
gion. The Kodak paint seems to be the best candidate,
but outgassing of the organic solvent may cause prob-
lems. We have obtained a sample of the Kodak paint
to perform extensive tests. For comparison, studies with
white paints from Bicron and Nuclear Enterprise will
be macde. Another promising candidate is two layers of
6-SFC millipore paper. This paper will be tested to as-
certain whether the reflectivity remains above 90% in
the 200-350 nm range. The two teflon samples shown in
Figure 35 do not meet our requirements, though Teflon
would be ideal, since outgassing and absorption of hu-
midity are not an issue. It may therefore be interesting
to investigate other teflon films, since it is likely that
some have better veflective properties. Furthermore,
if the losses are due to transmission rather than to ab-
sorption, the use of aluminized mylar behind the white
reflector may increase the reflectivity. There are, how-
ever, some caveats, which may, in the end, disqualify
teflon: if good reflectivity is only obtained by increas-
ing the thickness, background levels from Cerenkov pho-
tons produced in the teflon layer may become intolerable
{(~ 6 photons are produced in the 220-550 nm range per
100 gan thickness).
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Figure 54, Trans-
mission spectrum
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Fluorescent Fibers

In order to keep the efficiency high, the properties
of the fAuorescent fiber need optimization. The num-
ber of Cerenkov photons increases with 1/A, while the
sensitivity of the SPAD peaks at 800 nm, as shown in
Figure 56. Thus, the photon wavelengths have to be
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of aerogel mixed
with PMP in com-
parison to pure
aerogel.

Figure 5§5. Reflectivity mea-
surements of white diffuse
reflectors as a function of
wavelength.

BASF laser dyes are suitable
wavelength shifters for the
FFC’s.
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shifted by several bundred nanometers, which requires
several shifts. The first shift to 450 nm is accomplished
by PMP mixed in the aerogel. The remaining shifts have
to done with several laser dyes, since their typical Stokes’
shifts are only 30-30 nm. The quantum yields of fluo-
rescence, however, are typically greater than 95%. In
Figure 17 the absorption spectra of the BASF dyes #84
and #241 are shown in comparison of the absorption
spectrum of the Y7 fiber. From the figure it is evident
that the dye in the Y7 fiber can be omitted if the dyes
#84 and #241 are used. But it is important to add one
or two more laser dyes, to increase the absorption range
above 500 nm. Appropriate dyes are made by BASF.%!
These dyes are mixed into an unclad fiber made of the
highly transparent and photochemically stable plastic
Polymethylmethacrylate (PMMA). For cell sizes of 2-
3 cm, the optimal fiber diameter is about | mm, since
this leaves the fiducial volume large enough while keep-
ing a moderate average path length. Dye concentrations
of 300-400 ppm are probably sufficient for a 1 mm fiber
diameter, as the absorption length is estimated to be of
the order of a few tenths of a millimeter. A thinner fiber
would require higher dye concentrations, which would
increase the probability for other absorptions. Though a
minimum number of absorptions is necessary to achieve
the full shifting, too many absorptions result in an ef-
ficiency decrease, since photons are either lost by self-
absorption or a new emission angle allows them to leave
the fiber. Thus, the transport efficiency may be different
in the two cells, since the fiber lengths differ by a ratio
of 5 to 2. The fiber end located in the aerogel will have
an end reflector made of aluminized mylar.

Single Photon Avalanche Diodes

We are curently investigating two avalanche photo-
diodes: the C30902S from RCA and the 52383 from
Hamamatsu.>® Their spectral response is shown in Fig-
ure 56. In order to obtain the best coupling of the FFC
to the SPAD, the FFC-SPAD gap must be very small
(<1 mm). RCA SPADs have a barasilicate window
which must be removed and replaced by a fiber-holder,
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The SPAD's must be modi-
fied to optimize light collec-
tion.



Figure 57. Mount-
ing of the fiber
to the avalanche
diode.

Figure 58. Cross section
of a single photon avalanche
diode.
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Optical
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Photodiode
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Au Contact

as sketched in Figure 37. To ensure a minimal gap with-
out damaging the surface, a stop, which rests on the
non-sensitive 5i0a surface, defines a constant gap. A
cross-section of the RCA SPAD is shown in Figure 38.
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A major current deficiency is the mismatch of the
diameters of the SPAD and the fiber. Apparently RCA
is having problems with fabricating larger area SPADs.
Since these prublems may be intrinsic to the design, it
may be impossible for them to fabricate SPAD’s with a
1 mm diameter. For the Hamamatsu avalanche photodi-
odes, operation in the Geiger mv le, which is crucial for
obtaining a high gain of > 1L .emains to be demon-
strated. T, however, a ! mm SPAD operating in the
Geiger mode is not commercially available, one has two
options: one can either develop a focussing system or use
four 0.5 mm thick fibers. For both cases, efficiency losses
are inevitable; the second option also increases costs.

The SPADs work best if they are cooled to —20°C
to —40°C. The noise rate drops from ~12 kHz at room
temperature to ~ 500 Hz at T= ~20° C, as shown in
Figure 59(2). Thus, for optimal performance, a cooling
system is required. It is certainly not as involved as a
cryogenic system, but proper insulation is needed, since
moisture will condense near the cooling lines. Though
the noise level of the RCA SPADs was tolerable at room
temperature, one may in fact use cheaper SPADs in the
real detector, which may be too noisy at 20°C. The coin-
cidence technique does not require a cooling system. It
will be necessary to demonstrate that cross-talk between
the fibers is negligible. It may, in any case, be necessary
to kaep the humidity at a low level in order to avoid
damage to the aerogel. This is achieved with a steady
flow of nitrogen, which may be cooled to —20°C.

Due to the long deadtimes (> 300 ns) required to
quench an avalanche, the RCA SPAD’s can detect only
a single photon. If enough Cerenkov photons are present
and noise levels are low, the detection of one photoelec-
tron is sufficient for particle identification. However, it
would be helpful to have some redundancy by observing
more than one photoelectron. This would be possible if
the dead time is reduced to a few hundred picoseconds.
In the RCA SPADs the long dead time is needed to re-
duce the probability for afterpulsing. Figure 59(b) shows
the probability for afterpulsing in the 100-300 ns range.
The curve indicates that a minimum dead time must be
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A mismatch between the
diameters of Lhe fiber and
the SPAD causes loss of
efficiency.

Cooling of RCA SPAD’s
considerably reduces noise.

Improvements by Hamamatsu
mayv allow counting of all
Cerenkov photons.
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300 ns. Hamamatsu, however, claims that it may be pos-
sible to achieve dead times less than 1 1s.*? Hamamatsu
further claims that their avalanche photodiodes show a
lower after-pulsing rate at room temperature than when
cooled, while noise levels at room temperature are lower
than for the RCA SPAD’. Thus the Hamamatsu PDs
may be the ideal photon detectors; it is expected that
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they will soon become available.

Phototetrodes

A phototetrode (PT) is a 4 stage photomultiplier,
which is can operate in magnetic fields up to 1 T. The
gain at nominal operation of 1 kV is 50 at zero field; it
is 12.5 at 1 T. The gain is largest if the PT is oriented
nearly parallel to the B field, while it drops to zero if
the PT is perpendicular to B. The gain as a function
of the direction of the PT is shown in Figure 60. For a
30° angle, the gain is 75% of the maximum gain. Since
the gain variations are still relatively small at 30°, this
seems to be a suitable operation point. QOperation at
45° is desirable, even though the gain is still 0.5, as the
variation of gain with angle is very large. These PTs are
obtainable with a multialkali photocathode. Figure 61
shows the quantum efficiency of a multialkali cathode
for a borosilicate and a quartz window in comparison to
the PMP emission spectrum. If PMP is mixed into the
aerogel, a multialkali cathode is important but a quartz
window is not essential.
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Phototetrodes must be oper-
ated at angles of les than
45° to the magnetic fi 1.

Figure 60. Relative gain
of a phototetrode versus
ity angle with the magnetic
field.
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Material Thickness [cm] | Density [g/cm®] | Xo [g/em?] | Rad. Length [%)]
Aerogel 1.008 10 0.038 29.85 1.27
Aerogel 1.06 4 0.286 29.85 3.83
Mylar 4 x 0.005 1.39 39.95 0.07
Cardboard 4 x 0.015 0.6 40.0 0.09
White paint 4 x 0.0025 4.5 9.91 0.45
Mech. support 2x01 1.2 40. 0.6

Table 13. Inactive material
of a two-cell acrogel thresh-
old Cerenkov counter.

The inactive material for
a two-cell aerogel threshold
Cerenkov detector amounts
to 6% of a radiation length.

An Estimate of Inaclive Material

In order to estimate the inactive material in front of
the electromagnetic calorimeter resulting from an aerogel
Cerenkov counter, we have used the cell design described
in Section 3. Table 13 gives a detailed list of the individ-
val components. We have assumed that the mechanical
support structure consists of two layers of carben fiber.
Thus, the total inactive material amounts to about 6% of
a radiation length. The estimate for white paint is based
on BaS0O,. Using Teflon or millipere paper as a reflector
reduces the inactive malerial by about 0.5%. The overall
contribution from the fiber and SPAD is negligible. For
the tetrode readout the inactive material increases by
1-2%, depending on the mechanical support structure.
For both designs, this is considerably less inactive mate-
rial than needed for a CRID/RICH particle identification
system.
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7.6. Performance of Threshold Cerenkov Counters

In concluding this section, we will demonstrate that
a two-cell threshold Cerenkov counter with refractive in-
dices of n = 1.06 and » = 1.008 provide sufficient particle
identification to achieve the physics aims of an asymmet-
tic B Factory. The probability for observing a single pho-
toelectron from a sample of Cerenkov photons produced
by a charged particle of rass m traversing an aerogel
cell with a momentum p above threshold (8 > 6 = 1/#)
is given by:

P.=1—exp(-N¢) , (7.1)

where N, is the average number of photoelectrons, which
is determined from the maximal number of photoelec-
trons, Ny, expected at 8 =1, by:

V. = _ B
. = Nenas (1 i ) (12)

For the two cells, Npgz is assumed to be 10 and 5 pho-
toelectrons, respectively.

Figure 62 plots the probability®® for detecting elec-
trons, muons, pions, kaons and protons as a function of
momentum. Solid curves correspond to the n = 1.06
cell while dashed curves correspond to the » = 1.008
cell. False identifications due to noise and é-rays pro-
duced by particles below threshold are neglected in this
estimate. From our previous discussion we know that
noise is small. The production of é-rays is expected to
be also small, but needs further study. If one requires
an identification probability of > 50%, X/w separation
is provided in the 0.4~4.2 GeV/c momentum range;

For xfe and x/p separation as well as K/p sepa-
ration in the 1-1.4 GeV/c region and above 2.7 GeV/c,
one needs additional information: lower-momentum elec-
trons are identified by d£/dx, while higher-momentum
clectrons can be identified by pattern recognition in the
electromagnetic calorimeter; for muon identification a
hadronic calorimeter or a muon range out system has
to be used; antiprotons leave a clear signature in the
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For an identification prob-
ability above 50%, aerogel
cells with indices of n =
1.06 and 1.008 provide K/w
separation between 0.4 and
4.2 GeV/e.



Figure 62, Prob-
ability of detect-

ing particles in a
two-cell thresh-

old Cerenkov counter
detector.

A two-cell aerogel Cerenkor
detector, supplemented by
dE[/dz measurement in the
drift chamber, provides ex-
cellent particle identification
for an asymmetric B Fac-
tory.
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electromagnetic calorimeter. A residual problem for de-
tecting protons above 2.7 GeV /¢ remains unsolved.

The performance of a two-cell aerogel threshold Ceren-
kov counter has also been calculated for typical BB events.
An example is shown in Figure 63.5° Both the B and
B decay semileptonically. The final state consists of
vuptr~K¥n~, e~ 2t K-nt.

Figure 64 shows the performance of a d£'/dx system,

a2 TOF system, a CRID system and two-cell thresh-
old Cerenkov counters to identify all charged particles in
the above event. The dE/dz simulation was based on
32 one cm samples taken in the drift chamber operated
with a He/isobutane/CO» gas at atmospheric pressure.
The resolution was assumed to be 7.5% and a plateau
to minimum ratio of 1.4. For the TOF system, a barrel
and two endcaps of 5 ¢cm thick scintillation counters have
been assumed, with a resolution of 75 ps and an efficiency
of 100%. The CRID simulation is based on 1 em CgFya
liquid radiator (n = 1.277) assurning 36.6 observed pho-
tons out of 61 produced. The CRID angle is assumed to
be measured with 100% efficiency. The simulation of a
two-cell threshold Cerenkov counter system is based on
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the parameters given above.

Particles 1, 3, 4 are well identified by dE/dz. Both
the CRID and the two-cell threshold Cerenkov counter
do a2 good job in identifying the remaining particles,
while TOF identification is limited to momenta below
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1.5 GeV/c and thus cannot classify all of the remain-
ing particles. A df/dz system and a two-cell threshold
Cerenkov counter provide good K/r separation up to
4.2 GeV.
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Figure 64. Performance
of (a) dE/dz, (b) TOF,
{c) CRID/RICH, and (d) a
two-cell threshold Ceren-
kov  counter detector for
identifying the particles of
the decay in Figure 63.

7.7. Conclusions and Outlook

In conclusion, threshold Cerenkov counters using two
cells of aerogel with refractive indices of » = 1.06 and
n = 1.008 provide a potential alternative to CRID/RICH
counters. The inactive material for the entire device is
only a few percent of a radiation length, thus leaving the
good energy resolution in the electromagnetic calorime-
ter unaffected. Though the initial test results look very
encouraging, a lot of work remains to be done before this
idea can be turned into a large scale dete :tor system.
The most important issues are whether one actually
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can detect enough photons, whether the readout is suffi-
ciently reliable and efficient to build a particle identifica-
tion system and whether aging effects due to radiation,
humidity and absorption of organic molecules are seri-
ous. Our main goal for the near future is to investigate
each of these issues. Specific R&D items include:

e Both the absorption and scattering length have to
be measured in different samples, examining the
dependence on p, monitoring time dependence and
studying the transmittance after exposure to var-
ious paints, wavelength shifters and high doses of
radiation. It is important to obtain more under-
standing of which precautions are necessary for the
construction of a large detector.

» The properties of aerogel mixed with PMP have to
be studied focussing on questions like: does PMP
scintillate? What is the optimal PMP concentra-
tion? Does radiation change the PMP bounds and
therefore damage the aerogel? Are there other
long-term aging effects? Is the PMP concentration
uniformly distributed? In order to find the best
radiator, aerogel containing other PMP derivates
and the wavelength shifter HF3 will also be made
and tested.

o In order to optimize the efficiency, it is necessary
to conduct various material studies: (i) measure
the flux concentration in the fiber by testing dif-
ferent laser dyes; (ii) optimize the coupling of the
fiber and the SPAD; (iii) measure the reflectivity of
white diffuse reflectors; (iv) find the optimal con-
tainer; (v) test different SPADs and PT.

¢ Both the photoelectron yield and efficiency have
to be measured in several n = 1.632 aerogel cells
with and without PMP. For readout a UV sensitive
PM, a PT and a FFC plus SPAD will be used, for

a direct comparison.

¢ Once the best readout is found, a test array for
n = 1.008 aerogel will be built and tested. If this
test is successful, we will build a two-cell prototype
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Aerogel threshold counters
may provide an interesting
alternative to ring-imaging
devices.



array consisting of n = 1.008 and n = 1.06 cells
and do a beam test using pions and kaons.

We have established a collaboration with L. Hrubesh
of Lawrence Livermove Laboratory, which will emphasize
the production and testing of aerogel incorporating var-
ious wavelength shifters.
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