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We describe the gas and aerogel threshold Cherenkov counters built for the TASSO experiment at the DESY e+e - storage ring 
PETRA. The counters are arranged in two diametrically opposed groups as part of the two hadron arms. The gas counters con- 
tain Freon 114 and CO 2 respectively; 128 eUipsoidal mirrors focus the Cherenkov light through funnels onto Philips 5" photo- 
multipliers coated with wavelength shifter. # = 1 charged particles are detected with at least 99.9% efficiency. The aerogel coun- 
ters are of the diffusing wall type. They have a sensitive area of 12 m 2, divided into 32 cells and use a total of 192 RCA Quanta- 
con 5" photomultipliers. The average aerogel refractive index is around 1.025. The efficiency for # = 1 charged particles is 98%. 
Design considerations, prototype evaluation, construction details, and performance of the final counter system are described. 

1. Introduction 

The two Arm Spectrometer Solenoid TASSO 
(fig. 1) is a large experimental setup designed to study 
e+e - interactions at the DESY storage ring PETRA. 
Its main part is a central detector [1] with a 0.5 T 
axial magnetic field and 19 concentric layers of pro- 
portional and drift chambers for track reconstruction 
and momentum measurement as well as 48 time-of- 
flight counters for triggering and low momentum par- 
ticle identification. A unique feature of TASSO is the 
presence of two hadron arms, providing almost com- 
plete particle identification over 20% of 47r sr. Each 
hadron arm consists of a single layer drift chamber 
with correlated two-dimensional readout, 16 sets of 
aerogel, Freon 114 and CO2 Cherenkov counters, 
time-of-flight scintillators, lead-scintillator shower 
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counters, and proportional tubes behind 87 cm of 
iron for muon identification. 

The hadron arms are installed symmetrically with 
respect to the colliding beams to allow the study of 
correlations in back-to-back jets. Although the full 
particle identification capabilities of the system 
depend on all of the components listed above, we will 
limit ourselves here to a description of the Cherenkov 
counters. 

The counters are subdivided into 16 mechanically 
separated cells per arm, each covering a range of 
about 10 ° in the production angle 0 and 26 ° in the 

azimuthal angle q~. Each gas cell is subdivided by two 
mirrors collecting the light onto different phototubes. 
The main motivation for the fine granularity was to 
avoid the possibility of several tracks of a hadronic jet 
entering the same Cherenkov cell and confusing the 
particle identification. The choice of refractive 
indices resulted from the following considerations: 
owing to the size of the system, and for safety rea- 
sons, it was judged impractical to build pressurized 
counters or to use inflammable gases. The highest 
refractive index at atmospheric pressure is then pro- 
vided by Freon 114 (C2C12F4, n = 1.0014), permit- 
ting pion identification above 2.7 GeV/c. Such coun- 
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Fig. 1. Top and end views of  the  TASSO detector  showing the central detector and the  hadron arms. 
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Table 1 
Refractive indices and threshold momenta of the TASSO 
Cherenkov counters 

Radiating Refractive Thresholds (GeV/c) 
medium index 

pion kaon proton 

Aerogel 1.025 0.6 2.2 4.2 
Freon 114 1.0014 2.7 9.4 17.8 
CO2 1.00043 4.8 16.9 32.0 

ters combined with others using CO2 (n = 1.00043) 
and a medium with n = 1.016 respectively will give 
full pion identification over the whole momentum 
range and kaon identification everywhere except 
between 5.5 and 9.5 GeV/c, where there is an ambi- 
guity with protons. 

A refractive index of n = 1:016 can be achieved 
with silica aerogel, but the light output appeared 
somewhat marginal. It was therefore decided to take 
n = 1.025 and to accept a gap in kaon idenitification. 
The threshold momenta for pions, kaons, and protons 
are summarized in table 1. 

2. The gas threshold Cherenkov counters 

2.1. Design o f  the gas counters 

The optical system of the gas counters was specifi- 
cally designed for application at an e+e - storage ring 
where the center-of-mass system is identical to the 
laboratory system and secondary particles emerge 
from a small region around the well defined interac- 
tion point. The Cherenkov light generated by a 
charged particle follows the particle track and, in the 
absence of  a magnetic field, it appears to a good 
approximation to come from the interaction point. In 
that case, optimum focusing is achieved by concave 
ellipsoidal mirrors having one focal point at the inter- 
action vertex and the other at the corresponding 
phototube (see fig. 2). Such a counter concept has 
been successfully applied by our group in the DASP 
detector [2] at DORIS and by the DELCO collabora- 
tion [3] at SPEAR. 

The light collection has been simulated with a 
Monte Carlo program taking into account the size of  
the interaction region, the Cherenkov angle, the 
deflection of  the particle trajectory in the magnetic 
field, the reflectivity of  the mirrors, and the optical 

properties of  the radiator. In the TASSO counters, 
the Cherenkov light is imaged in the focal plane of  
the mirrors into a ring of  up to 20 cm in the diameter, 
depending on the gas and the particle velocity. For a 
particle momentum of 2.7 GeV/c, corresponding to 
the pion threshold in Freon 114, the center of the 
ring is shifted by about 3 cm because of  the deflec- 
tion of  the particle in the magnetic field. For these 
reasons, light funnels of  the Winston type [4] are 
used to collect the light onto the 5" photomultipliers. 
The computed photon distributions at the entrance 
of the funnel and on the photocathode (fig. 3) for 
/3 = 1 particles and for pions of 3 GeV/c, show that 
the light of  a cell can indeed be focused on a single 
5" tube. The length and diameter of  the light funnels 
were also optimized with the Monte Carlo simulation 
and by accepting some compromise we were able to 
build the entire system with only two sizes of  fun- 
nels. 

2.2. Fabrication o f  the ellipsoidal mirrors 

It can be seen from fig. 1 that there are four types 
of almost identical Cherenkov cells at slightly differ- 
ent distances from the interaction point. To facilitate 
mirror production the parameters of the ellipsoids 
were standardized. The focusing properties are suffi- 
ciently good for all ceils. The half axes of the four 
ellipsoids and the mirror sizes are listed in table 2. 

The mirrors were made of 2 mm thick heat-formed 
lucite sheets, aluminized on the front surface and 
backed by a light and rigid sandwich structure 
(fig. 4). A negative aluminum mould was made for 
each of  the four mirror types. The first mould was 
carved out of  a massive aluminum plate with a numer- 
ically-controlled milling machine (machining per- 
formed by MBB Hamburger Flugzeugbau [5]) but 
casting proved to be less expensive. The other three 
moulds were first built as wooden models (the 
wooden models and the aluminum casts were made 
by Wendt Modellbau, [6]), using computer-plotted 
templates, and then cast in aluminum. The casts 
needed some manual grinding to correct for shrinkage 
(up to a few mm). All moulds were polished by hand. 
They were then used as mother moulds to heat-form 
2 mm thick lucite sheets (the heat-forming of  the 
mirrors was done by companies Kopperschmidt and 
Nordform, [7]). The lucite sheets so formed were cut 
to their final size with a fine band saw and thor- 
oughly cleaned. The aluminization was done at 
DESY. A vaccum of  better than 10 -s mbar and a short 
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Fig. 3. Computed distribution of the light at the entrance of the funnel and on the phototube for ~ = 1 particles (a and b), and for 
3 GeV/c pions (c and d)o The Monte Carlo simulation includes the effect of the magnetic field. 

Table 2 
Parameters of the optics for the TASSO gas Cherenkov coun- 
ters (see also Fig. 2) 

Mirror x and y z Approximate 
type half-axes half-axis dimensions 

(mm) (mm) (mm 2) 

B1 •868 2626 1050 × 650 
B2 2334 2887 1090 × 690 
C1 2324 3486 1380 × 800 
C2 2788 3621 1360 X 885 

Light Acceptance Entrance Exit Length 
funnel angle radius radius (mm) 
type (mm) (mm) 

W1 19.5 ° 154 52.5 450 
W2 26.0 ° 116 52.5 250 

evaporation time of  20 s were found to be essential 

for high reflectivity and long term stability. We took 

advantage of  a getter pumping effect by first evapor- 

ating some aluminum away from the mirror. Six to 

eight tungsten coils wrapped with aluminium wire of  
99.99% purity were heated simultaneously to pro- 

duce a uniform aluminium layer of 60 to 80 nm 

thickness. The reflectivity was measured for wave- 

lengths between 230 and 600 nm and was found to 

be around 90%, close to the theoretical limit for alu- 
minum. The reflective layer was not coated with mag- 

nesium fluoride because the natural oxidation of  the 

aluminum proved to provide sufficient protection 
even after several months of  storage in dry air. 

The 2 mm thick lucite mirrors were extremely 
flexible and had to be reinforced by a rigid backing. 

A sandwich structure was chosen because of  its low 
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Fig. 4. Detail of the mirror: the 2 mm thick aluminized lucite 
is glued with double-sticky tape onto an epoxy-fiberglass 
and Nomex honeycomb sandwich. The overexpanded type of 
honeycomb is used rather than the conventional hexagonal 
one since it follows the bidimensional curvature of the mirror 
moulds much more easily. 

weight and good mechanical properties. The core ma- 
terial is 19 mm thick Nomex polyamide honeycomb 
with a cell size of  5 mm and a density of  29 kg/m a 
(Aeroweb A1, Ciba-Geigy). The honeycomb was 
sandwiched between thin epoxy-fiberglass layers on 
positive moulds which were obtained as epoxy-f iber-  
glass replicas of  the original aluminum moulds. After 
a curing time of  12 h at 40°C the backings became 
very rigid and kept their shape to within a few tenths 
of  a mm. They have a weight of  only 0.21 g/cm 2 and 
are thus lighter than the lucite mirrors (0.24 g/cm2). 

The aluminized mirrors were glued to the backings 
with age-resistant double-sticky tape (Tesafix 950, 
BDF Corporation) having a 0.8 mm polyurethane 
foam core to allow for any slight mismatching 
between mirror and backing. 

2.3. Light funnels and photomultipliers 

The Winston type light collectors in front of the 
phototubes increase the effective cathode area. Their 

shape is obtained by rotating a parabola around an 
axis making an angle a with the symmetry axis. This 
angle ~ is then the acceptance angle of  the resulting 
funnel. Light rays with an angular divergence smaller 
than ~ are collected on the photocathode. Two sizes 
of  light funnels are used: type Wl has an entrance 
diameter of  31 cm and an acceptance angle a = 19.5 °, 
W2 has a diameter of  23 cm and a = 26 °. 

The funnels were fabricated by expanding pre- 
heated lucite tubes into an aluminum mould using 
compressed air (the Winston funnels were fabricated 
by Nordform [8]. The shape of the moulds had been 
corrected for the change in lucite thickness during the 
heat-forming and for the lucite shrinkage during 
cooling.). The aluminization was done at DESY using 
two tungsten coils and rotating the funnel during 
evaporation. The gas Cherenkov counters use 5" pho- 
totubes Philips XP 2041 mounted within the gas vol- 

ume. These tubes have a bialkali photocathode and a 
glass envelope with reasonably good ultraviolet trans- 
parency. To improve the Lrv response, the cathode was 
coated with a wavelength shifter [9], merely by dip- 
ping the tube window in a solution of p-terphenyl 
and polystyrol in methylenchloride. This increased 
the overall photoelectron yield by about 30%, as mea- 
sured with an air-filled Cherenkov counter. 

The magnetic shields consist of  outer steel and 
inner mumetal cylinders with a large entrance diam- 
eter to accommodate the light funnels. The transverse 
component of  the TASSO magnet fringe field is well 
shielded but the longitudinal component at the posi- 
tion of  the Freon counters is of  the order of  one 
gauss inside the shielding and decreases the photoelec- 
tron collection in the tube by up to a factor of  2. 
This component is compensated by a 350 turns buck- 
ing coil wound around the inner mumetal cylinder 
and requiring about 50 mA. The inner mumetal cylin- 
der is at cathode potential to avoid leakage currents. 

2.4. Construction o f  the cells 

The design of  the mechanical structure was guided 
by the following considerations: with a minimum 
amount of  material along the particle path a very 
rigid support for the optics as well as for the photo- 
tube shieldings had to be provided. At the same time 
the structure had to be gas tight, reasonably light- 
weight, and transportable. The solution adopted was 
to divide one hadron arm into four modules, each 
module consisting of  four complete sets of  Cherenkov 
counters. The modules were built with sandwich 
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plates of  aluminum honeycomb and epoxy-f iberglass  
material (Aeroweb F Board, C iba-Geigy ,  3.1. kg/m 2 
for 13 mm thickness). The plates were assembled 
with polyurethane glue and reinforced near the 
phototubes with aluminum frames to permit the 
mounting of  the aluminum boxes which house the 
phototube shields (fig. 2). Gas and light tightness of  
the cells were achieved by the use of  several layers of  
black polyurethane paint. The assembled four-cell 
modules are very sturdy and can easily support the 
weight of  the phototube  shields (800 kg for 40 
tubes). Within each cell, the aerogel, Freon, and CO2 
counters are arranged sequentially and are separated 
by gas tight windows made from 1 mm clear polycar- 
bonate sheets (Makrolon, Bayer Leverkusen). 

The mirrors were installed from below. For this 
reason, the top modules h a d . t o  be turned upside 
down. The structure proved to be rigid enought so 
that mirror alignment was not  affected by the rota- 
tion. The mirrors were aligned by means of a light 
source at the nominal interaction point.  After the 
alignment the windows were covered with black foil. 
The bo t tom modules are mounted on a movable plat- 

form and are sufficiently rigid to support the top 
modules directly. The overall Cherenkov system of 
one hadron arm is about 7 m wide, 7 m high and 
3.3 m deep but  weighs less than 8 t including mag- 
netic shieldings. 

2.5. Performance o f  the gas counters 

A full scale pro to type  was tested in a poin beam at 
CERN. The threshold curve measured with Freon 114 
is shown in fig. 5. The efficiency rises steeply above 
2.7 GeV/c and reaches a plateau value of  99.9% with 
a systematic error of  about 0.2% due to background. 

Assuming Poisson statistics for the emission of  
photoelectrons from the photomult ipl ier  cathode the 
efficiency e of  the counter is related to the average 
number of  photoelectrons (N e) by 

e = 1 - e x p ( - ( N e ) ) .  

Here we have assumed that the gain of  the phototube 
is sufficiently high that single photoelectrons are 
detected with good efficiency. 

It is customary to parametrize (N e) as (N e) = 
NoL sin20c where 0 c is the Cherenkov angle, and L 
the length of  the radiator.  No is a "quali ty factor"  
which is the integral of  the 1/2, 2 Cherenkov spectrum, 
folded with the quantum efficiency of  the photomul-  

1.o 

0.8 
> -  

~D 
Z uJ 0.6 m 
(D 

u~ o.z, 

0.2 

0.0 
2.0 

I I I 

/ 
99.9 °/o 

I 
2.5 3.0 3.5 

PION MOMENTUM (GeV/c) 

Fig. 5. Threshold curve of the Freon 114 prototype counter 
(n = 1.0014) measured in a pion beam. The plateau corre- 
sponds to 99.9% efficiency with a 0.2% systematic error. 

tiplier *, the reflectivity of  the mirrors and the opti- 
cal transmission of  Cherenkov radiator and phototube  
windows. 

The wavelength dependence of  these quantities is 
plot ted in fig. 6. It can be seen that the application of  
a wavelength shifter improves the UV response of  the 
phototubes considerably. Freon 114 shows strong 
absorption below 220 nm, whereas in the CO2 coun- 
ters the mirrors and phototubes are also limiting fac- 
tors. Performing the integration [23] we predict No = 
110 cm -a for the Freon counters andNo = 150 cm -a 
for the CO2 counters, with a systematic uncertainty 
of  about 25%. 

The factor No has also determined experimentally:  
using the Cherenkov relation 

cos 0 c = 1/n~ 

we obtain 

Ne =NoL(1 -- 1/n2/32) , 

hence the number of  photoelectrons in the threshold 
region should depend linearly on 1//32. This is 
indeed found to be the case (cf. fig. 8c section 3.2 
where such a plot  is shown for the aerogel counters). 
Extrapolating the straight line to 1//32= 1 we ob- 
tained No = 90 cm -1 for the Freon counter (we have 

* The quantum efficiency, as measured in a short air filled 
Cherenkov counter, appears lower than the value given by 
the manufacturer of the tubes. This problem has been 
reported earlier [10] and has been attributed to a photo- 
electron collection efficiency of 60% between the photo- 
cathode and first dynode. 



326 H. Burkhardt  et al. / The TASSO gas and aerogel Cherenkov counters 

1.0 

0.5 

0 O 
200 600 

Ix, _.(~erenkov I I I spectrum 
\ 

\ transparency of Cerenkov gas 

"reflectivity of m~rrors 

. \ . .  ~ quantum 
\ , / -~ '~ \  " ~  efficiency 

/ with wavelength "" ,.. _ 
/ . . /  shifter ~ ' " ' ~ -~  " ~ ~  

I I I 
300 400 500 

Wavelength (nm) 

- 0 . 2  

Fig. 6. Wavelength dependence of the quantities characteriz- 
ing our gas Cherenkov counters: Cherenkov light intensity 
I(h) = 27ra/h 2, plotted in arbitrary units; reflectivity of our 
mirrors, transparency of 1 m CO2 and of Freon 114 at NTP 
(left hand scale); quantum efficiency of the XP 2041 photo- 
multiplier with and without wavelength shifter (right hand 
scale). 

not measured No for the CO2 counter because the 
plan momentum in the test beam was limited to 
4 GeV/c). This means that 13 = 1 particles produce 
about 20 photoelectrons in Freon 114 and, as a con- 
servative estimate, at least 8 in CO2, leading to negli- 
gible inefficiencies. 

A scan across the counter area was made to check 
for possible inefficiencies close to the wails and at the 
boundary between the two mirrors in a cell. For 13 = 1 
particles the efficiency was found to be safely above 
99% outside a margin of 1 cm along the rim of  the 
mirrors. 

The final counter system was tested with cosmic 
ray muons recorded in parallel to normal data-taking 
runs at PETRA. Only the counters below the mid- 
plane of  the TASSO detector could be tested because 
in the top counters the cosmic rays travel in the 
wrong direction. The tracks and momenta of  the 
muons were reconstructed using the central detector. 
The statistics is fairly limited since the focusing 
optics requires the cosmic rays to pass through a 
small volume around the nominal interaction point. 
The efficiency for high momentum muons, averaged 
over all bot tom ceils was measured to be (99 -+ 1)% in 
both Freon and CO2 counters (statistical errors only). 

3. Aerogel Cherenkov counters 

3.1. Properties of  aerogel 

The use of silica aerogel as a Cherenkov radiator 
has been studied in refs. [11 -13] .  Silica aerogel is a 
very light silicon dioxide structure containing a large 
number of microscopic pores with diameter smaUer 
than the wavelength of  the light [14,15]. The effec- 
tive index of  refraction is given as an average over the 
SiO2 and the enclosed air, typical values being 
n = 1.02 for a density o f  0.1 g/cm 3. 
We have made an extensive study of the various 

parameters affecting the aerogel quality and a sum- 
mary of our work can be found elsewhere [16,17]. 
The production of  aerogel is a complex and lengthy 
process and will be sketched only briefly here. A 
detailed description of the procedure followed in our 
laboratory at DESY will appear in a separate publica- 
tion. 

In a first step, an alcogel is formed by polymeriza- 
tion o f  orthosilicic acid in methanol; the pores of  this 
gel are filled with the solvent. About one week of  
aging time is needed after gelification. To remove the 
liquid without damaging the gel structure the mixture 
must be treated above the critical point of  the alco- 
hol; for this purpose the alcogel is slowly heated up 
to 270°C at a pressure of  120 bar within a period of  
24 h and then the alcohol is extracted. The resulting 
aerogel pieces are already useful for Cherenkov coun- 
ters but their optical transparency can be further im- 
proved by baking them for 3 h at 400°C in air at 
atmospheric pressure to remove organic residues. 

In our laboratory the aerogel is produced in pieces 
of  17 × t7 × 2.3 cm 3 at a rate of  100 to 150 pieces a 
week. For each piece the index of  refraction and the 
transparency are measured; indices from 1.020 to 
1.026 and scattering lengths of  more than 2 cm (at 
X = 436 nm) were accepted for the TASSO counters. 
The production yield has improved from 30% ini- 
tially, to 90% in recent months; rejects are mainly 
due to cracks or insufficient transparency. 

The optical properties of  aerogel can be character- 
ized by an absorption length l a and a scattering length 
l s both o f  which are strongly wavelength dependent. 
In the visible region, the absorption length is usually 
much larger than the scattering length hence most of  
the light removed from a well collimated light beam is 
actually not absorbed but rather scattered out of  the 
direct path. A measurement of the scattering length 
is therefore straightforward. The average value for 
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our aerogel production is ls = 2.4 cm at X = 436 nm; 10 
I s varies with the wavelength cxX -4 since the diffusion 
of the light is caused by Rayleigh scattering on the 8 
microscopic pores. The absorption length can only be 
determined indirectly, e.g. by measuring the decay /,, 6 
time of a short light pulse inside a highly reflective 
box containing a sample of  aerogel, and comparing x /  4 
the result with a Monte Carlo simulation. Above 300 
nm we find values for l a which are 10 to 100 times 2 
lager than Is. But as the absorption length decreases 
strongly in the near ultraviolet our aerogel does not 0 
yield significant amounts of Cherenkov light below 

300 nm. 

3.2. L ight  collection in the aerogel counters 

Two basically different techniques of light collec- 
t ion have been considered: a system with focusing 
mirrors similar to that of  the gas counters, and a dif- 
fusing wall type system where the photons undergo 
several diffuse scatterings on highly reflective white 
walls before reaching a phototube.  A focusing optics 
can of  course collect only the direct (unscattered) 
Cherenkov light and is therefore restricted to small 
aerogel thickness. In the diffusing wall system both 
direct and diffusely scattered photons have a chance 
to be detected;  the lower collection efficiency can be 
compensated by increasing the aerogel thickness. 

To decide between the two possibilities, measure- 
ments with small imaging and diffusing test counters 
were performed in a DESY test beam. In the first 
test, cylindrical aerogel samples were p laced  in a 
black tube which absorbed most of  the scattered 
light. The direct light was collected via a mirror onto 
a 5" quantacon photomult ipl ier  (RCA 8854). The 
number of  photoelectrons is plot ted in fig. 7a as a 
function of  the aerogel thickness d for three refrac- 
tive indices. The curves saturate at about 8 cm and 
can be parametrized as 

Ne(x)  = Are(°°) [1 - exp ( - x / l s ) ]  , 

with I s = (1.7 + 0.1) cm and x = d/cos 0c. From this 
measurement it was concluded that for n = 1.025 
about 7 photoelectrons could be obtained with a 

perfect optical system. 
In the second test a small box was lined with MiUi- 

pore paper ( type GS available from Millipore Com- 
pany Corp., [18]) with a reflectivity of  more than 
95% above ?, = 400 nm. A single RCA 8854 photo- 
tube served to detect  the Cherenkov light generated in 
an aerogel stack of  up to 18 cm thickness. The num- 
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Fig. 7a. Number of photoelectrons versus aerogel thickness in 
an imaging test counter which measures only direct (unscat- 
tered) Cherenkov light. 7b, Number of photoelectrons versus 
aerogel thickness in a small diffusing counter with highly 
reflective white walls (MiUipore, reflectivity >95% above 
k = 400 nm). 

ber of  photoelectrons shows a steady, thought not  
linear, increase with thickness and reaches a value of  
12 (fig. 7b), indicating that a diffusing type counter 
might be a promising approach for the TASSO sys- 
tem * 

Light collection in the TASSO aerogel cells is a 
much more difficult task than in the small test coun- 
ters; the light from a large aerogel area (35 × 100 
cm 2) has to be collected on phototubes outside the 
geometric acceptance of  the counter (fig. 2). 

* It should be noted that in both test counters unbaked 
aerogel was used and that the aerogel in the final TASSO 
counters had about 30% more light output due to improved 
transparency. 
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Both focusing and diffusing type counters were 
studied in Monte Carlo simulations. The large Cheren- 
kov angle (12.7 ° for n = 1.025) prohibits focusing on 
a single 5" phototube 1 - 2  m away from the aerogel, 
but even the most elaborate focusing system, using 
6 tubes per cell with Winston cones and elliptical mir- 
rors, could at best achieve an average light collection 
efficiency of  50% corresponding to 3.5 photoelec- 
trons, however varying from 30 to 60% across the 
counter area. From this we concluded that a focusing 
aerogel counter using only direct light was just margi- 
nally feasible for the TASSO geometry; moreover, the 
complexity of  the optical system appeared to be 
incompatible with the time schedule of  the experi- 
ment. 

The light collection efficiency of  a large diffusing 
box is lower than that which can be obtained with a 
focusing system, but diffused light as well as direct 
light is collected, so that the usable aerogel thickness 
is no longer limited by the scattering length but 
rather by the considerably longer absorption length. 
Compared with a focusing system this approach 
requires about 3 times more aerogel, demands diffus- 
ing walls with high reflectivity (>95%) and has a 
larger time spread (a gate of 200 ns is necessary) but 

the construction is simpler, aerogel quality is less cri- 
tical and satisfactory uniformity of  the light collec- 
tion can be obtained. The light collection efficiency is 
roughly proportional to the ratio of  photocathode to 
wall area, implying in practice that several large diam- 
eter tubes with high quantum efficiency are necessary 
in a large aerogel cell. For a configuration o f  six RCA 
8854 quantacon tubes per cell and 20 cm of aerogel 
the Monte Carlo simulation predicted an average of  
about 4 photoelectrons with good uniformity over 
the counter area. 

Tubes with large cathodes like the philips 60 DVP 
were considered but rejected since it seemed difficult 
to protect them agains the 2 0 - 5 0  G fringe field o f  
the TASSO magnet. The presence of this field also 
degrades the light collection efficiency with 5" photo- 
multipliers because the tubes have to be recessed by 
14 cm into the shields, and light funnels must be 
added. 

A full scale prototype cell with six RCA 8854 
phototubes was built. The walls were lined with Milli- 
pore fixed to white cardboard with double-sticky 
tape. The Millipore covered an area of  40000 cm 2 
whereas the aerogel and photocathode areas were 
3400 cm 2 and 600 cm ~, respectively. An estimate of  
the light collection efficiency is given by the expres- 

sion [19]: 

~:tf/[1 - (1  - f ~ l  , 

where f =  0.014 is the fraction of  photocathode area, 
R TM 0.92 is the reflectivity of the walls taken as a 
weighted average over the Millipore and aerogel, and 
t TM 0.8 is the estimated transmission of  the light fun- 
nels. This gives r~ ~ 0.12 for the prototype cell. 

For small values of  f the collection efficiency is 
directly proportional to the total photocathode area; 
moreover it is critically dependent on the Millipore 
reflectivity: changing it from 95 to 94% reduces 77 
from 0.12 to 0.11. 
The prototype was tested in pion beams at DESY 

and CERN. The threshold curve obtained for 18 cm 
of unbaked aerogel with n = 1.024 is plotted in fig. 
8a. A steep rise at a pion momentum of  0.65 GeV/c is 
observed, followed by a plateau region with an effi- 
ciency of  98% for/3 -~ 1, corresponding to 3.9 photo- 
electrons. 

The number of  photoelectrons in the plateau, mea- 
sured as a function of  the aerogel thickness d,  is 
shown in fig. 8b. The data are well represented by the 
form 

(Are) cc [1 - exp(-d/Aa)]  . 

Here A a is an effective absorption length, which takes 
into account the photon path resulting from diffuse 
scattering. 

A fit to the data yields Aa = (9 -+ I) cm. Thus a 
slab of  aerogel of  thickness d, used in a diffusing 
counter, has an effective thickness 

deff = Aa [ 1 - exp(~//Aa)]  . 

By analogy with gas counters, the number of  photo- 
electrons is given by 

(Ne) = Nodeff Sin20C "= Nodeff(1 - 1/r/2~ 2) -= 

no~deff(1 - 1////2/32). 

Fig. 8c demonstrates this linear dependence. Extra- 
polating to 1/fl 2 = 1 we obtained No = 10.7 + 0.1. If  
we divide this by the estimated light collection effi- 
ciency ~ = 0.12, we get no = 90 cm -1. This can be 
compared with no = 110 cm -1 for the Freon counter, 
which has a light collection efficiency of  80%. 

From the slope of  the straight line, the index of  
refraction can be computed: the result is n = 1.024 -+ 
0.001 in agreement with the optical measurement. 

The data in fig. 8a show a detection efficiency of  
(6 -+ 2)% at 0.4 GeV/c, below muon threshold. Most 
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Fig. 8. (a) Threshold curve of the protoype aerogel counter in 
a pion beam. Aerogel thickness 18.5 cm. (b) Average number 
of photoelectrons versus aerogel thickness in the prototype 
counter for 3.4 GeV/c pions. (c) The average number of 
photoelectrons plotted agains l/t3 2. 

of this is due to knock-on electrons produced in the 
material upstream and in the aerogel itself, each con- 
tributing about 2% according to a Monte Carlo study. 
The amount of light produced in the Millipore was 
measured in the prototype counter with 3.4 GeV/c 
pions: we inserted several adequately spaced layers of 
Millipore into the particle path and found a light 
yield about 1.2 × 10 -2 photoelectron/layer, linearly 
dependent on the number of layers. 

3.3. Photo tubes  and associated electronics 

Two types of 5" bialkali phototubes have been 
considered, the Philips XP 2041 and the RCA 8854. 
Both tubes have similar quantum efficiencies and 
spectral responses, but as we operate each tube essen- 
tially at the single photoelectron level, the 8854 
quantacon proved to be superior, owing to its better 
single photoelectron spectrum. The noise spectrum of 
the quantacon tube shows a single photoelectron 
peak well separated from other sources of noise; this 
peak is very useful for adjusting the absolute gain of 
the tubes and defining the electronics threshold (by a 
software cut on the pulse height spectrum). The XP 
2041 was ruled out since it has a quasi-exponential 
noise spectrum, and low threshold, combined with 
extremely stable operating conditions, are needed to 
detect single photoelectrons consistently with good 
efficiency. This is a well-known problem [20] attri- 
buted to the inhomogeneity and low gain of the first 
dynode of the XP 2041. 

The voltage distribution used with the quantacon 
is linear; the maximum permitted voltage of 1000 V 
is applied between cathode and first dynode for im- 
proved electron collection efficiency. Six tubes were 
tested up to 1600 V without further improvements. 
Each tube is connected to its own ADC (LeCroy 
2282A). The high voltage is adjusted to produce a 
gain of 2.5 × 108 . Each cell is illuminated by an LED 
which serves two purposes: first to check and cali- 
brate the phototubes, and second to monitor the 
reflectivity of the walls by measuring the characteris- 
tic decay time of the light within the cell. In counters 
with diffusing walls, photons can bounce around for a 

i 
1,0 - 

_ {{ 

0.4 t 

0.2 { 

0 I 
0 1 

>~ 0.8 

_~ 0.6 
LI] 

I I I I I I 
. . . .  1 ' - -  ~ -  . . . . .  4 ~ - - - =  

98 % 

I I I I I I 

2 3 4 5 6 7 

M uon momentum (GeV/c) 
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TASSO Aerogel counters. The average over all bottom cells is 
plotted. 
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relatively long time before being absorbed or reaching 
a phototube;  the longer this time, the better the 
reflectivity of  the walls. The intensity of  a short light 
pulse is observed to decrease exponentially in our 
counters with a time constant of  45 to 50 ns for 
green light. 

3.4. Description and performance o f  the final system 

The aerogel cells were lined with Millipore in a 
dust-free environment. Each of  the 32 cells has an 
entrance window of  about 35 × 100 cm 2. Due to the 
limited production rate an aerogel thickness of  13.5 
cm was chosen although the test measurements had 
shown that 18 to 20 cm would be optimal.  The 
resulting light loss is essentially compensated for by 
the improved optical quality of  the more recently 
produced aerogel. The refractive index ranges from 
1.023 to 1.026 except in eight cells which have values 
between 1.020 and 1.023. The aerogel pieces were 
cut to their accurate size with a diamond saw and 
then stacked in the cells; they are held in place by 
cot ton strings. 

The detection efficiency of  the final counter sys- 
tem was measured with cosmic ray muons recorded in 
parallel to normal data taking runs at PETRA. Again, 
this can be done reliably only for the counters below 
the mid-plane of  the detector  *. The efficiency, aver- 
aged over all bo t tom cells and a running period of  
2 months,  is plot ted in fig. 9 as a function of  muon 
momentum. 

Using the ADC information and the threshold 
behaviour, we deduce a mean number of  photoelec- 
trons for/~-+ 1 particles: 

(Ne) = 3.9 + 0 .2 .  

4. Summary and conclusion 

We have built and successfully operated a large 
system of  aerogel and gas Cherenkov counters making 
use of  low refractive index aerogel in a difficult geom- 
etry.  The combination of  atmospheric pressure gas 
counters and aerogel is providing particle identifica- 
t ion over a wide momentum range with acceptable 
segmentation and solid angle coverage at PETRA 
energies. The problems of  manufacturing large 

* The amount of light measured in the top cells is about 70% 
of that in the bottom ceils which means that most photons 
lose the information on the track direction. 

amounts of  aerogel of good optical properties with 
excellent product ion yields have been solved for 
refractive indices n 1> 1.020 (good samples have been 
obtained for n as low as 1.007). The system as it 
stands promises to be a useful tool for physics at 
PETRA and a source of  experience for the design of  
similar equipment in anticipation of  experiments at 
LEP and HERA. First results on pion, kaon and pro- 
ton separation in hadronic final states from e+e - anni- 
hilation were presented at the 1980 Wisconsin confer- 
ence on high energy physics [21]. In view of the 
higher than expected multiplicity at PETRA [22] and 
the marked je t  structure, it was particularly interest- 
ing to measure the percentage of  cases in which more 
than one track goes into a given aerogel cell. It varies 
from 15% at a center of  mass energy of  13 GeV to 
25% at 36 GeV. The gas Cherenkov counters have 
twice as much segmentation in q~, therefore the per- 
centage of ambiguity is correspondingly lower: 6% at 
13 GeV and 15% at 36 GeV. 
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