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ABSTRACT 

A very thin, solid radiator, totally internally reflecting, imaging Cherenkov counter (DIRC) is described. This device 
is well matched to the hadronic charged particle identification requirements at an asymmetric e+e- B Factory. 

1. INTRODUCTION 

Particle identification at a B Factory is 
difficult’; good pion/kaon separation is 
required over a wide momentum range 
between about 0.25 and 4 GeV/c. In addition, 
the amount of material in the device should be 
small (preferably less than 10% X0) and 
distributed as close as possible to the 
calorimeter in order to avoid degradation in 
the resolution performance of the calorimeter, 
and the loss of low ener 

Y 
conversion 

electrons in the magnetic field. Also, as the 
cost of the high quality calorimeter scales 
roughly like the radius squared, there will be 
substantial cost savings if the particle 
identification device can be made thin. 

Here, we describe a new type of imaging 
Cherenkov (the DIRC, for Detection [of] 
Internally Reflected Cherenkov [light]) that 
appears to be extremely well matched to the 
requirements for particle identification at the 
B Factory. It is thin (with low radiation 
length), robust, very fast, and should have 
excellent performance over the complete 
phase space of the B Factory. Although many 
configurations of a DIRC type device are 
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. possible, for definiteness, a particular model 
will be discussed which uses quartz radiator 
bars, read out by conventional photomultiplier 
tubes in a proximity focused geometry. A brief 
discussion of some possible variations will 
follow within the space limitations here. More 
details can be found elsewhem3 

2. THE DIRC IMAGING PRINCIPLE 

The geometry of a single radiator of the DIRC 
is shown schematically in Fig. 1. Each radiator 
is a long, thin, flat “bar” with rectangular cross 
section [t x, ty]. There is a photodetection 
surface positioned some distance (!) away 
from the end of the bar. A track with velocity 
p passing through the radiator with refractive 
index nI emits Cherenkov radiation in a cone 
around the particle trajectory. The angles, 
positions, and momentum of the track are 
provided by a tracking device located in front 
of the radiator. If the index of refraction of the 
radiating material (nl) substantially exceeds 
&, and n3 is approximately 1, then, for a 
particle close to p=l, some portion of the light 
will always be transported down the “bar” to 
the end. Since the radiator cross-section is 
rectangular, angles are maintained in 
reflections at the surfaces of the bar (up to an 
additional up-down/left-right ambiguity). 
Thus, in a perfect bar, the portion of the 
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Cherenkov cone that lies inside the total 
internal reflection angle is transported 
undistorted down the bar to the end. When it 
reaches the end, the light either reflects or 
emerges into a standoff region with index “2. 
It then travels some distance until it hits a two- 
dimensional detection surface, where it forms 
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Figure 1. Schematic of a radiator bar of the 
- DIRC counter for two different radiator 

widths (pipe and plate) described in the text; 
the particle trajectory is shown as a line 
connected by dots; representative trajectories 
of Cherenkov photons are shown by lines 
with arrows. 

an image on the surface as shown in Fig. 2. 
The image is essentially a conic section of the 
cone-suitably modified by refraction at the “1, 
n2 interface. It has been “doubled” because of 
the up-down reflection ambiguity. In the case 
shown, the track enters the radiator in the y-z 
plane so that the left and right going images 
are symmetrical. Since the locus of the image 
depends on the polar and azimuthal Cherenkov 
angles (+, @c), particle identification using 
Cherenkov angular information can proceed 
using essentially the same hypothesis testing 
techniques employed by imaging Cherenkov 
devices of the RICHXRID type.4 

Four different image loci are shown in Fig. 2 
corresponding to different extremes for the 
width tx of the bar, as shown schematically in 
Fig. 1. In the extreme limit of the PLATE 
geometry, the bar is sufficiently wide that no 
reflections occur from the sides of the bar, and 
there is no left-right imaging ambiguity. In the 
other limit, the PIPE geometry, the bar width tx 
is much smaller than the photon measurement 
resolution, and there is complete left-right 
overlap. The PLATE geometry has fewer 
ambiguities in the case where it is 
geometrically feasible to make the plate very - 
wide (perhaps in a fixed target environment), 
but it does not seem possible to devise a full 
acceptance counter for a solenoidal detector at 
a collider without a significant number of 
photon bounces from the sides. Unless the 
PLATE has a large width/length ratio, the 
image depends in detail on the number of 
bounces, the width of the radiator, the position 
of the track in the radiator bar, etc., and 
consists of a number of disconnected pieces as 
shown in Fig. 2(c). We thus prefer to image 
using the PIPE geometry and to accept the 
left/right imaging ambiguity implied. Then, in 
the limit of infinite transmission coefficient 
and small pipes, the observed image is 
dependent only on the track velocity and 
angles with respect to the bar, and independent 
of position in the bar. Not all the Cherenkov 
photons produced in the radiator can be 
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Figure 2. Loci of images for a p = 1 track at a dip angle of 30’ for radiator widths of 
(a) t,=lOOO cm (b) t,=lOO cm (c) tx=20 cm (d) tx=5 cm. The track azimuthal angle 
(dx/dy) is zero. The radiator is quartz (cnl>=1.474) and the detector standoff region is 
air (n2=1 .O). The distance of the detector from the radiator is 100 cm. The track enters 
at tx/2 and at 100 cm from the end of the lcm thick radiator. 

collected by the detector. Some photons are 
produced at angles below the total internal 
reflection limit and emerge from the faces of 
the radiator while others can essentially be 
trapped in the radiator bar and are lost. This is 
illustrated in Fig. 3 which gives an accounting 
of the fate of the photons within the bar as a 
function of the dip angle for a p=l track. It is 
clear that for dip angles close to zero and 90’ 
the transfer efficiency is rather small. 

One method to improve the transfer efficiency 
is to fill the standoff region between the 
radiator and the detector with a material 
whose index is substantially higher than 1.0. 
In particular, if the standoff region is filled 

-- 

with a material with the same index as the 
radiator (i.e., n1 = n2), then the transfer 
efficiency is maximized and the images will 
emerge without reflection or refraction at the 
end surface. 

Figure 4 shows the Cherenkov photon 
transport efficiency as a function of the index 
(n-J of the standoff region. In the case that the 
radiator and standoff region have the same 
index, the nominal transmission exceeds 45% 
for all angles when /3 exceeds 0.93, which 
corresponds to PX = 0.35, and PK = 1.24 
GeV/c. Below 1.24 GeV/c, a DIRC with these 
parameters will function as a threshold 
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Figure 3. An accounting of the fate of the 
photons in a quartz radiator (enI> = 1.474) 
as a function of the dip angle for a beta=1 
track. The standoff region is air (“2 = 1.0). 
The open circles indicate that a large 
fraction of the light is trapped, especially 
near zero and ninety degrees. 

Cherenkov for p/K separation over the central 
part of the angular acceptance, and will be 
unable to distinguish kaons from protons there. 

3. THE RADIATOR 

For a solenoidal geometry, the radiators must 
have very long Cherenkov photon absorption 
length and high quality surface finish (for good 
transmittance down the bar); flat, orthogonal 
surfaces (for accurate image transmission); 
low chromatic dispersion (to allow a good 
measurement of the Cherenkov angle); 

-appropriate index of refraction (to transmit 
light down the bar); and preferably, long 
radiation length. Though a short device could 
be built using one of the fluoride glasses (e.g., 
LiF or CaF9 operating in the TMAE regime, 
we know of no material suitable for operation 
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Figure 4. The fraction of Cherenkov photons 
from a p=l track transmitted to the detector as 
a function of dip angle for various refractive 
indices in the standoff region (a) quartz 
(n2=1.474), (b) water (n2=1.34) and (c) air 
(n,=l.O). The radiator is quartz (<n1>=1.474). 
Note the improvement in efficiency for small 
dip angles as n2 approaches “1, due to 
improved collection of light reflected from the 
non-readout end of the radiator. 

. 

of a long device (e.g., 2-6 m) in the 
1700-2000 A0 region where TMAE is 
sensitive. The “obvious” radiator choice for a 
long device is quartz, working in the visible to 
near UV range (i.e., 3000-6000 A’). 

As shown in Fig. 5, it has a transmission 
length which exceeds 50 m over most of this 
wavelength range; takes a high quality polish 
so that internal reflection coefficients can be 
made high; has the lowest dispersion of the 
oxide glasses (Abbe number 67.8); and can be 
procured in large pieces at relatively modest 
cost. The refractive index (n2) of the standoff 
region material between the detector and the 
radiator bar should be well matched to that of 
the radiator and should have a rather long 
absorption length. It could be the same 
material as the radiator bar, but in the case of 
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quartz, it seems more likely that the region 
would be filled with a liquid. Though there are 
liquid materials available which match the 
refractive index of quartz extremely well, their 
transmission in the near-UV tends to be 
inadequate. Figure 5 shows the response of 
two candidate liquids which do have 
reasonable W transmissions, curves (b) for 
water [n2 =1.34], and (c) for Cargille Labs 
laser liquid 3421 [n2 =1.41]. Water is 
inexpensive and quite transparent over the 
required range but would lead to some modest 
reflective losses at the nl,n2 interface for large 
angles. Liquid 3421 has a somewhat better 
refractive index match but cuts off earlier in 
wavelength, which would reduce the effective 

NO- 

- For the rest of this paper, we will assume that 
the radiator bars are made of quartz with index 
of refraction n1=1.474, when weighted by the 
Cherenkov spectrum and the photodetector 
response, and for simplicity we will also 
assume that nl=n2. Other alternatives are 
discussed elsewhere [3]. 
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Figure 5. Examples of absorption lengths as 
-a function of wavelength for some potential 

radiator and standoff region materials: (a) 
water (IMB quality)[6], (b) WT acrylic [7], 
(c) laser liquid 3421 [8], (d) fused silica fiber 
[9], (e) bulk fused silica [lo]. 

4. THE PHOTODETECTOR 

The number of Cherenkov photons produced 
and transmitted to the detector surface is gen- 
erally small, so it is important to obtain good 
efficiency from the photodetector. Moreover, 
since the position of each photon must be 
detected, the single photon signal-to-noise 
ratio must be very good. The photodetector 
surface must sit some minimum distance away 
from the radiator end (to obtain adequate reso- 
lution). Finally, the detector should be rather 
fast. The “classic” device which fulfills these 
conditions is the photomultiplier tube, and a 
photodetection surface can be made of an 
array of these tubes with a typical packing 
fraction of about 66%. This also has the con- 
ceptual “advantage” that the detector uses 
completely “conventional” technology whose 
performance is well understood and can be 
reliably simulated. In addition, the good tim- 
ing resolution of a PMT will provide modest 
spatial resolution (- 10 cm for a typical PMT) 
along the bar, which is useful to reject back- 
ground, and to determine the emission direc- 
tion of the photon if a reflective surface is used 
on one end. Alternatively, the timing provides 
a measure of the photon path length to the 
photodetector. Since this depends on the light 
propagation angles, and production point in 
the bar, it provides an independent measure of 
a particular convolution of the Cherenkov 
angles, which could be useful to improve the 
angle measurement in some cases, if the pho- 
ton detector is very fast [ 111. 

5. MODEL FOR B FACTORY DETECTOR 

In this section, we will describe a particular 
model of a B Factory detector which 
incorporates a DIRC. Many of the geometrical 
details of such a detector are arbitrary and a 
great many different configurations are clearly 
possible. 

A view of the forward quadrant of this 
“model” B Factory detector is shown in Fig. 
6. In order to avoid the difficult problem of 
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Figure 6. Schematic view of one quadrant of 
a B Factory detector incorporating a DIRC 

keeping the end plate masses low in the central 
tracking devices, the particular geometry 
shown has no end caps. This also allows very 
uniform calorimetry and the simplest possible 
DIRC geometry. The “stretched” geometry is 
particularly attractive in this case because the 
inner radius of the calorimeter is so small. It is 
assumed that the DIRC radiator consists of 
1.23 x 4.0 x 560 cm (tx, tY tJ quartz bars. The 
radiator is 10% X0 thick radially and takes up 
to about 2.5 cm of radial space in all. The bars 
are placed on a 20-sided polygonal surface, as 

. viewed from the end of the-detector, and cover 
about 98% of the azimuth. The detectors are 
closely packed arrays of conventional 
photomultiplier (PMT) tubes at each end. As 
shown in Fig. 6, the detection surface is a 
cylindrical section in elevation and 
approximately toroidal as viewed from the 
end. The detector boxes have reflecting 
surfaces at the inner polygonal surface 
(approximately in the radiator x-z plane) and 
at tan-‘dy/dz =l to save phototubes. They are 

-filled with a fluid whose refractive index 
matches that of quartz, so there are no 
reflections at the radiator ends or phototube 
windows. The device works in the near 
ultraviolet and the visible. It is thin and 
compact, robust, very fast, and self triggering. 

The loci of Cherenkov images on a cylindrical 
detector surface for p=l tracks at a number of 
different dip angles are shown in Fig. 7 for the 
case where the track enters the radiator bar 
perpendicularly in azimuth. The images at the 
detector for a particular dip angle (8~=30’) 
are’shown in Fig. 8 for three different angles 
in azimuth. One can see that for azimuthal 
angles other than zero, the images are 
“doubled” due to the side edge reflection. 

6. SIMPLE PERFORMANCE MODEL 

In this section, we will discuss a simple model 
for the performance of a DIRC counter such as 
that described above to elucidate some of the 
important issues which determine the 
performance. 

The number of photoelectrons (N& produced 
in the photodetector can be written as: 

N 
ENoLsin20C 

PE = case 
D ’ 

where No is the Cherenkov quality factor 
(about 100 cm-’ for a good bialkah 
phototube), L is the radial radiator thickness 
(L = ty =1.23 cm), and E is the total collection 
efficiency; sir& for a p=l particle in quartz 
equals 0.735; E can be thought of as being 
composed of two main pieces. The first is the 
geometrical photon transport efficiency down 
the bar, through the nl-n2 interface, to the 
photodetector. This efficiency is a strong 
function of track dip angle and the azimuthal 
acceptance for photons in the bar. Second, 
closely packed PMTs only cover about 66% of 
the surface with an active photocathode, and it 
is difficult to increase the efficiency much by 
collection optics given the large acceptance 
requirements. 

The number of photoelectrons N~E expected 
for a p=l particle as a function of dip angle is 
shown in the following table: 
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Figure 7. Loci of Cherenkov images from a p =l track on a cylindrical detection 
surface 100 cm from the radiator end. The track enters the radiator perpendicularly 
in azimuth. Dip angles of (a) 20°, (b) 40°, (c) 60°, and (d) SO0 are shown. 

7 



a 

- 9' 50 
1 I I 1 I I 

-100 -50 0 50 100 150 

W-4 
C 

9' 
I I I I I J 

- 50 -100 -50 0 50 100 150 

W-4 

9' 
I I I I I I 

- 50 -100 -50 0 50 100 150 

x(cm) 

Figure 8. Loci of Cherenkov images from a p =l track on a cylindrical detection 
surface 100 cm from the radiator end. The track is at a dip angle (0,) of 30’ and 
images are shown for four different azimuthal angles (a) 00, (b) loo, (c) 200, and (d) 
300. 
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Table 1: The number of photoelectrons 
expected for a p=l particle as a function 
of dip angle. 

OD NPE 

0 27 

15 17 

30 22 

50 56 

70 83 

The total separation in Cherenkov angle 
N,(tot) is given by 

68 
m(t0t) = 2 , 

4r PE -. 

where the angular error measurement from 
each photon detected (Se,) is the square root 
of the sum in quadrature of the following 

. -terms. 

6-l wmcl*ction 

Each of these terms include a number of 
contributions. The error associated with the 
Cherenkov photon production process 
G$roducuon is dominated by chromatic 
dispersion G+~omauc, and also includes 
contributions from multiple scattering 68Ms, 
and momentum bending in the radiator, 

GeMomentum Dispersion in the radiator is the 
-“fundamental” performance limit on 
attainable performance in an imaging 
Cherenkov. It is given by 

68 
1 dn 

Chromatic 
=-- . 

taneC n 

Thus, the chromatic dispersion contribution 
depends on the radiator dispersion averaged 
over the response of the photodetector. For a 
DIRC with a quartz radiator and bialkali 
photocathodes, this averaged value of dn/n is 
5.8 mr, so that 68cl,romtic is 5.4 mr for a p=l 
particle. The errors associated with 6eMS and 

6eMomentum are quite small and can be 
ignored. 

6-2 6eTransport 

The smearing of the Cherenkov photons in 

trmsPort 6eTmnsport along the radiator bars is 
a function of a number of mechanisms. Some 
of these (e.g., small non-parallelism of the 
surfaces or a small number of well defined 
changes in bar angle) can be calibrated out, in 
principle. Others (such as surface “waves” or 
variations in refractive index) could lead to 
emittance growth and must be strictly 
controlled. Figure and surface quality 
specifications typical of optical components 
would be more than adequate. For the 
smearing calculation here, it will be assumed 
that quality can be sufficiently well controlled 
that S%rm,,, can be ignored. 

6-3 6eDetector 

The smearing of the photon angles due to 
measurement granularity comes from the size 
of the Chererikov image (as formed by the bar 
dimensions) convoluted with the granularity 
of the photodetector surface, divided by the 
length from the radiator end to the detector. It 
is not “fundamental” but is driven by 
economics. For example, for a photon 
traveling in the y-z plane, if we assume a 
detector made up of closely packed 2 in. 
PMTs (with spatial resolution sypm) located 
at 165 cm (L) from the end of the 1.23 cm 
thick radiator, the detector resolution would be 
6.8 mr. 

6.4 Performance 

The performance of any imaging Cherenkov is 
9 
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a strong function of momentum, of course, 
because the angular separation between 
particle species is such a rapidly varying 
function of momentum. The expected X/K 
separation versus momentum is shown in Fig. 
9. There is a natural enhancement of the 
separation at the forward angles due primarily 
to the increasing number of photons detected. 
Since the asymmetric machines can only 
produce the fastest particles at large dip 
angles, the detector described above actually 
has over 50 separation for all B Factory 
-tracks. Even a device with a detector 
resolution of 10 mr would have over 40 
separation for all B Factory tracks. 

r 10 

0 2 4 

IO-92 P (GeV/c) 7271Az 

Figure 9. The predicted X/K separation as a 
function of momentum in a DIRC counter 
with a detector resolution of 6.8 mr. The lines 
show the dependence for a variety of track dip 
angles un. 

7. COMMENTS ON THE DETECTOR 
MODEL 

A few comments now follow on choices made 
in the model detector and some possible 
changes to the model are indicated. Most of 
these issues are discussed in more detail 
elsewhere.3 

7.1 Penetration of the Magnet Pole Pieces 

The solution discussed above requires 
essentially complete azimuthal penetration of 
the pole pieces by the light bars. This requires 
an external support structure for the end 
“plug,” of the magnet pole piece, with the 
photodetection surface probably lying inside 
the support structure. Though this is clearly an 
unusual requirement on the pole piece 
structure and requires a detailed engineering 
analysis, it seems possible to design such a 
structure. 

The best solution of all would be to find 
photodetectors with adequate performance 
that would operate in a magnetic field thus 
removing the necessity to penetrate the pole 
pieces. 

7.2 Detector Issues 

The number of PMTs required for a DIRC is 
large and a major component of the cost. 
Essentially, the detector resolution 
specification “fixes” the number of pixels 
required to cover a certain solid angle. Pixels 
must be placed sufficiently far away from the 
radiator end to reach the required resolution. 
The size required for these pixels is dependent 
on the nature of the focusing system. For the 
non-focusing standoff system discussed 
above, there is a simple relationship between 
pixel size and the distance between the 
radiator end and the detector surface. 
Minimization of the detector cost, while 
keeping the track overlap problem under 
control, tends to lead to tubes in the 2 in. 
range, but most other considerations would 
argue for smaller pixel sizes. 

In principle, a focusing system can be devised 
which will compensate for the finite size of the 
detector bar. This might allow the use of a 
rather small detection surface, with 
significantly smaller pixel size, if a detector 
which matches these needs can be found. 
Possible candidate detectors might be micro 
channel late (MCP) PMTs, multianode 
PMTs’2$ and silicon photodetectors13V14; 
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and significant progress has been made in 
many of these areas in the last few years. 
However, at the moment we are not aware of 
any commercially available device of this type 
that meets all the necessary criteria. 

8. CONCLUSION 

The DIRC has many attractive features and 
appears to be extremely well matched to the 
requirements for a particle identification 
device at the B Factory. Of course, there are a 
number of potential problems that need to be 
addressed for the DIRC, and since it is a new 
device, a full scientific prototype is highly 
desirable. The number of photodetection pix- 
els required is quite large (of order 10,000 or 
more), so the cost will probably be rather large 
(5-lOM$). There is a “conventional” commer- 
cially available choice for the photodetection 
surface (PMTs), although other techniques 
might be preferable if they become available. 
The most uncertain elements to manufacture 
are the radiator pieces. Though the finish spec- 
ifications- are not particularly severe by high-- 
end optical industry standards, the pieces are 
very large and it will be a major challenge to 
produce them in the sizes required and still 
keep costs under control. R&D is now cen- 
.tered on radiator production and evaluation, 
photodetector evaluation and construction, and 
software studies, leading to the construction 
and testing of a physics prototype. 
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