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TIME-OF-PROPAGATION COUNTER

| A NEW CHERENKOV RING IMAGING DETECTOR |

Takayoshi Ohshima�

Physics Department, Nagoya University

Chikusa, Furo, Nagoya 464-8602, Japan

ABSTRACT

A new particle identi�cation detector based on measurements of both Time-of-Propagation (TOP) and horizontal

emission angle (�) of Cherenkov photons is proposed here. Some R&D results are also reported.

1 Introduction

Measuring of the Cherenkov angle (�C) is currently one of the most promising way to identify high-energy charged

particles. Depending on the particle, its momentum range, and experimental condition, there are a various ways to

do this using liquid, gas, or solid radiators with gas chambers or photo-multiplier tubes (PMT) as photon detectors.

The Cherenkov ring image can be created using the proximity focussing, focussing mirrors, or pin hole projection,

such as in RICH[1] and DIRC[2] type of devices. We propose here a new approach to the DIRC method, by measuring

the ring image detecting both Time-Of-Propagation (TOP) of Cherenkov photons in the quartz radiator bar and

horizontal emission angle (�) at the bar-end. This is in contrast to the BaBar DIRC, which measures the x and y

coordinates.

In order to further improve the particle identi�cation (PID) ability of the KEKB-BELLE spectrometer[3], in

particular the K=� separation, the new detector should be compact in radial direction. The �rst attempt to propose

a compact DIRC detector was a focussing counter, proposed by Kamae et al.[4]. It would eliminate a large projection

volume, such as in the BABAR DIRC[2]. A small, vertically focussing mirror was proposed to reduce the vertical

aberration. However, the horizontal aberration still remained, thereby weakening the PID ability of such a device,

especially in the case of inclined incident particles. The proposed TOP counter, which uses the horizontal focussing,

renders both of these aberrations e�ectively harmless. In addition, it can be made compact, and deliver the good

particle separation.

To aid the readers in visualizing the principle of TOP counter, Fig. 1 illustrates the internaly reecting Cherenkov

photons propagating in a rectangular quartz bar: (a) top view and (b) side view. TOP is inversely proportional to

the z-component of the light velocity: TOP(ns) = 4:90 �L(m) / qz, where qz is the z-component of unit velocity

vector and L is the propagation length along z direction. Let's briey evaluate separation ability using this method.

For example, the TOP di�erence between 4 GeV/c K and � is about 100 ps or larger for L = 2 m. Therefore, a
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Figure 1: Illustration of PID principle of TOP counter. Parts of Cherenkov ring image, produced by a charged K

and � with a normal incident onto this plane, are shown as propagating in a quartz-bar in (a). The quartz-bar has

a rectangle cross section, width of which is set to 0.68 m for an illustration purpose, and its refractive index is n =

1.47. The elapsed time in ns is shown at the left-hand side. Curves (every 1o step in �) are the Cherenkov rings for

� and K, respectively, and open and closed circles indicate photons emitted at � = 0o and �30o. A side view of

propagating photons is illustrated in (b). The photo-multipliers are placed in such a way as to detect the reected

photons (BW) toward the detectors (see also Figure 2). TOP is inversely proportional to the z-component of unit

velocity vector (qz).

time measurement with � = 100 ps for a single photon yields 1 � separation, and accordingly the total separation

gives approximately a square-root of detectable number of photons (Nph) times �. That is, forward-going (FW)

detectable photons is Nph � 30 for a normal incident particle to 20 mm-thick quartz radiator, and its separation

is expected to be 5.5 �. When the backward-going (BW) photons are also detected as illustrated in Fig.1(b) by

reecting at an opposite end, the separation could be enhanced further by a factor of
p
2.

The TOP counter is a Time-Of-Flight counter, which detects the Cherenkov photons rather than the scintillation

photons. Two substantial and undesirable e�ects of the precise TOF counters with the plastic scintillators can be

eliminated: 1) While a decay-constant of fast counting scintillator is typically �2 ns, the Cherenkov radiation does

not have a decay mechanism, so no corresponding e�ect exists. 2) While the propagation paths of scintillation

photons to a certain horizontal emission angle �, (see Fig. 1(a)) are not unique due to their uniform emission over

4� solid angle, they are unique for the Cherenkov radiation photons. Because of this, the Cherenkov photons could

provide a comparable or even higher time resolution than the TOF scintillation counter, in spite of having fewer

radiated photons. The Cherenkov Correlated Timing detector [5] is similar to the TOP counter, but without the �

angle segmentation.

In order to evaluate the achievableK=� separability of the TOP counter, we optimize its parameters as illustrated

in Fig. 2, where the buttery-shaped horizontal focussing mirror with an arc radius of 250 mm is designed to have the
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Figure 2: Structure of the TOP counter. Basic parameters are indicated in the �gure. Anode array of PMTs

is arranged on the focal line of the buttery-shaped focussing mirrors along to x direction. Since KEKB is an

asymmetric collider, the quartz-bar is accordingly con�gured as z-asymmetric relative to the interaction point

(IP).

�-aparture of �45o and dispersion of d�/dx = 0.5o/1 mm. Root-mean-square of the focussed accuracy is �x � �
0.4 mm. The radiator-bar has a length of 3150 mm, width of 60 mm and thickness of 20 mm, and its backward-end

surface has a reecting mirror. The bar and focussing mirrors are made out of synthetic optical quartz with refractive

index (n) of 1.47 at wavelength of � = 390 nm. These counters would be placed at 1 m radially away from the

interaction point of the KEKB-BELLE detector to form a cylindrical structure as the barrel PID counter.

The di�erences of TOP and TOF (measured from IP to the TOP counter) between K and � have the same sign

under most conditions, and therefore adding both TOF and TOP could improve the separation; therefore, TOP is

hereafter de�ned as a sum of TOP and TOF, unless otherwise speci�ed.

2 Expected Separability

There are three dominant contributions which limit the best possible K=� separability:

(1) chromatic e�ect of the Cherenkov photons,

(2) aberration e�ect of the focussing mirror, and

(3) transit time spread (TTS) of the photomultiplier tube (PMT).

Figure 3 shows TOP errors from the above three contributions, and the K=� TOP and TOP+TOF time dif-

ferences, �(TOP) and �(TOP+TOF), for two examples representing the BELLE experimental conditions (see also

Ref.[6], which discusses other cases). Since both contributions,(1) and (2), rise steeply at large �, � acceptance

is limited to j � j< 45o. Adding the error in the TTS, �TTS = 80 ps, which will be discussed later, and other

contributions, such as the start-signal uncertainty of 25 ps, results in a total uncertainty of 84 ps for error (3). When

a particle's incident polar angle �inc gets smaller than 40
o, �(TOP) reverses its sign compared to the TOF di�erence

(see Fig. 3(b)), and the separation power decreases somewhat.

The expected detectable number of FW photons is approximately 35 and 115, for examples shown in Fig. 3(a)

and 3(b), respectively, assuming the PMT's quantum e�ciency (QE) of �25%. When the particle hits the TOP

counter at �inc � 90o, it also exits a su�cient number of BW photons. They reach PMT's 15-20 ns later compared
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Figure 3: Three dominant contributions to time measurement error, (1), (2) and (3), as discussed in text, and

TOP di�erences for 4 GeV/c K and �. TOP counter (see Fig.2) is con�gured to form a cylindrical shape and

operates at B=1.5 T in KEKB-BELLE. �inc is the polar angle of an emitted particle from IP (see Fig.2). In these

�gures, only FW photons are taken into consideration. In (b) �(TOP) has negative sign at j � j< 40o. Due to the

magnetic �eld e�ect, the incident particle to the TOP counter is bent in the azimuthal direction and therefore the

contributions are not symmetric, as seen in �gures.

to FW photons, and therefore the detection and the identi�cation of both FW and BW photons is relatively easy.

When the particle hits the TOP counter at �inc > 90o, the BW photons play the leading role.

Before examining the expected separability, we would like to bring attention to some speci�c aspects of the TOP

counter.

� The time spread of Cherenkov radiation along the particle trajectory over the thickness of quartz bar is com-

pensated by the corresponding variation of photon propagation time. The maximum variation of the sum of

these times, which is � �20 ps, occurs at the normal incidence, and it is less than 20 ps at any other incident

angle. This e�ect is much smaller than PMT's TTS, and therefore the vertical aberration is negligible for the

TOP measurement.

� Figure 4(a) and 4(b) show (TOP+TOF) distributions as a function of � for the horizontal focussing, and

as a function of the vertical emission angle � for the vertical focussing, respectively. In the former case, the

photons distribute rather uniformly over the angle, and also the slope @(TOP+TOF)=@(angle) is rather smaller

compared to the second case.. Therefore the horizontal focussing was chosen to achieve a better resolution and

also easier detection.

� The contribution from the multiple scattering (MS) is also small: ��rms
space(MS) is 2.9, 1.5, 0.98, and 0.74 mrad,

while the di�erence of K=� Cherenkov angles ��C;K=� is 104, 25.9, 11.6, and 6.5 mrad for a normal incident 1,

2, 3, and 4 GeV/c particle, respectively.

� The BELLE-CDC (Central Drift Chamber) provides precise enough information, regarding the particle incident

position, angle and momentum, to nullify their e�ects on the TOP measurement. The z-position resolution is

about 2 mm, which corresponds to a time uncertainty of about 10 ps. Ambiguity of momentum measurement

leads to an uncertainty of the Cherenkov emission angle, as ��C =
�
cot�C
2

�
�
�
�p
p

�
: This uncertainty is much

smaller than ��C;K=� even at �P=p = 1 %. The error in the particle's incident angle �inc, contributes less than

10 ps in error of the TOP measurement , in the case of BELLE, because �inc error does not intrinsically a�ect

TOP since @qz
@�inc

j�inc= 0.
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Taking into account all contributions mentioned above, a simulation study assumed to measure only the eariest

arrival photon at individual anodes, and assuming that PMTs have �TTS = 80 ps and anode width of 1 mm. A

reference (TOP vs �)- distributions are obtained for Cherenkov photons generated at the middle of quartz thickness,

with n = 1.47 and by K and � particles.

Figure 4 shows results of these simulations (open circles and crosses), including the reference distributions

(curves). Figure 5 shows the Log-Likelihood distribution, includeing the reference. The resulting separability is

S(=
p
2�lnL) = 5.7 for 4 GeV/c K=� at �inc = 90o. Figure 6 shows the calculated separabilities of the TOP

counter for the BELLE con�guration. Figure 6 also shows the separability for �'s in B ! �� decay (a thick curve),

which represents the highest momentum limit at the BELLE experiment. It is found that S >5 could be achieved

at any barrel region of �inc = 30o - 130o.
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3 Multi-anode PMTs

We are performing R&D on two kinds of PMTs for the TOP counter. The photon detector should have the following

properties:

� Single photon sensitivity,

� High time resolution, for example, �TTS � 100 ps,

� Position sensitivity, for example, �x < 0:5 mm,

� Operability under magnetic �eld of 1.5 T at BELLE.

The �rst three items are well realized by a commercially available PMT: Hamamatsu R5900U-00-L16. Our R&D

work on the TOP counter is proceeding with this PMT, as reported below. L16 is a linear-array 16-anode PMT

with 0.8�16 mm2 anodes of 30�30 mm2 size and 1 mm pitch. It has a gain of 2�106 at a supply voltage of 800

V over 10 dynodes, and gives a 0.6 ns risetime. We adjusted the HV divider to supply higher voltage to the �rst

two dynodes, compared to a standard design, in order to reach the time resolution of � <100 ps. Figure 7 shows

the measured time resolutions in the single photon mode, as a function of (a) the ADC pulse-height using all 16

channels of the L16 PMT, and (b) the anode number withing the L16 PMT (about 75 ps was obtained on average).

The data were obtained using a 400 nm light pulser, and with a 1 mm-wide slit in front of the PMT. Without the

slit, cross-talk was observed, especially under a high multi-photon irradiation, which also a�ected the resolution. Its

study is being carried out now.

Since L16 cannot operate in a large magnetic �eld, we have been examining other possibility, such as the �ne-mesh

multi-anode PMTs: Hamamatsu R6135MOD-L24 (square shaped of area 39�39 mm2) and L24X (round shaped).

L24 has 24 anodes of size 0.8�26.5 mm2, and pitch of 1.1 mm. While L24 has a 2.5 mm distance between the

photocathode and the �rst dynode, L24X has 1 mm distance, but keeping other essential parameters the same.

With 24 dynodes, a gain of 2(8)�107 is achieved at 1500 (2000) volts for L24 (L24X). With no magnetic �eld, the

position resolution is only about 2 mm, however, for �eld higher than 0.2 T, it improves to � <0.5 mm, as seen in

Fig. 8(a). The �ne-mesh type PMT does not yield a peak in the single photon distribution spectrum, but instead a

continuous distribution without a deep valley between signal and noise, as indicated in Fig. 8(b). Time resolution

is measured, for L24X, by varying the magnetic �eld strength under which the maximum allowed high-voltages are

applied. This data are plotted in Fig. 8(c) as a function of gain relative to that with no magnetic �eld. The PMT's

gain reduces quickly with the magnetic �eld and time resolution also gets worse. To date we have reached � �120
ps at B <0.6 T.
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4 Beam Test

In order to con�rm the essential and expected characteristics of the TOP counter, beam tests were performed at

KEK-PS using � beam. A test counter was constructed with the structure as described in Fig. 2, but the quartz

bar length was 1 m and an absorptive �lter instead of the reection mirror for BW photons at the bar end was

prepared. Six L16 PMTs were attached to the focussing mirrors and accordingly, 96 anode signals in total were

read out. Overall detection e�ciency of photons, which come to the focal line surface, not including the PMT's QE,

was nearly 20% at current con�guration: Photoelectron detection e�ciency of the L16 PMT was about 1/2, and an

e�ective coverage by L16 sensitive area over the mirror surface was about 40%. The above PMT's insensitive area,

most of which was due to the mechanical structure, would reect back the photons and such photons hit wrong

anodes after being reected by the aluminum coated focussing mirror (we will call such photons the mirror-reected

photons). In order to avoid this unwanted phenomena, the absorptive �lters were inserted in front of such L16 dead

surfaces. The time resolution and the mirror-reected photon distribution were measured by injecting single photons

from the light pulser through an upper side of the focussing mirror or the quartz bar.

The beam was tuned to hit the TOP counter at L = 0.02 m nominally. The recorded data are shown in Fig. 9,

where a single photon peak is clearly seen in the ADC spectrum, which coincides with the spectrum produced by

light pulser single photons. Figure 9(c) shows a timewalk-corrected TDC distribution where two small contributions,

besides Cherenkov signal photons, can be found: Cherenkov photons produced by the knock-on electrons, and the

mirror-reected photons. The resulting time resolutions, taking into account all 96 anodes, were about � = 85

ps, as plotted in Fig. 10. These results are consistent with those observed with the light pulser. The chromatic

contribution is insigni�cant at this con�guration, and the L16 PMT's TTS dominates the resolution.

Next, the beam position was moved to L = 1 m, and the beam momentum was set to 1.1, 2, and 4 GeV/c.

The expected number of anodes, which �red, was 6, and we observed an average 6.3, at each momentum set. We

applied a time cut to reject the contributions from the knock-on electrons and the mirror-reected photons. Figure

11 shows the observed Cherenkov ring image as a function of � angle. Because of longer propagation length in this

case, the TDC distribution produced by the knock-on electrons are widely spread. We did not have a beam tracking

chamber system, and therefore the beam divergence, as de�ned by trigger scintillation counters, was not as precise as

expected for the BELLE spectrometer, where its contribution is expected to be negligable. Therefore, a simple but

tricky analysis was carried out. Triggered samples are required to have a signal in the certain anode. For example,

for a case of the 27th anode, a cut within the �rst 150 ps time duration of its measured raw time distribution of

350 ps (FWHM), would restrict the beam divergence somewhat. Measured resolutions for some anodes are plotted

in Fig. 10; a fairly good agreement with the expectation can be seen, allthough one must say that the errors are

large. The parabolic rise of the calculated resolution at large � is due to the aberration e�ect of the mirror rather

than the chromatic contribution.
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5 Discussion and Summary

The TOP counter is compact and has a high particle separability. Due to the horizontal focussing and thin radiator

thickness, the size of a quartz bar cross section can be disregarded, and therefore it does not need a large stando�

projection space such as with the BaBar DIRC. In order to make this TOP counter feasible, we still need more R&D

work.

First, con�rmation of basic TOP behavior, especially the performance at L = 1 m or longer distances, and using

a tracking chamber during the next beam test.

Second, increasing the detected number of photons is the most important issue, and two approaches are being

considered. One way is to employ light-guides between the mirror and the PMTs. Other way is to develop a PMT

with larger sensitive area and large number of anodes. Such detector could be utilized, for example, in the �xed

target experiment operating with no magnetic �eld.

To utilize the TOP counter as the next BELLE PID detector, one has to develop a L24 type of PMT, or its

equivalent capable of detecting single photons in a large magnetic �eld of 1.5 T, with position sensitivity of �x <0.5

mm and TTS of �TTS <100 ps. R&D work to develop a L24 type of PMT is under way.

Remarks:

� Adding TOF to TOP helps PID mainly for a low momentum particle. However, for a very long ight-path

length, which is possible at some �xed target experiments, one obtains a su�cient separability, as indicated

in Table 1, while ��C;K=� produces only a small TOP di�erence. Further enhancement of separability can be

achieved by improving the PMT's TTS, and/or increasing the detected number of photons. The TOP counter

acts in this case as a kind of high resolution TOF counter by means of Cherenkov radiation.

Flight length R(m) Separability S

p = 4 GeV/c p = 10 GeV/c

FW BW FW BW

0 5.7 8.3 1.5 1.5

1 7.4 9.0 1.5 1.5

5 11.7 11.6 1.9 2.2

10 17.6 14.5 3.0 2.9

Table 1: Achievable separabilities with various ight path-length (R). The simulation results of our TOP detector,

where FW and BW photons are separately detected, are listed for particles with �inc = 90o with no magnetic �eld.

The di�erences of �C between � and K are 6.5 and 1.0 mrad for p = 4 and 10 GeV/c, respectively, and those of the

TOF are 231 and 37 ps at R = 10 m.

� Photons propagate in a polished scintillator, keeping their original angle information. It may be interesting to

use a scintillator instead of the quartz, although the situation is still not thoroughly understood without an

additional investigation. The arrival time distribution of photons at individual � segments will spread because

of its �nite decay time constant and 4� emission. Owing to high TTS making up for a fewer number of photons

per segment compared to an ordinary TOF counter, the overall achievable TOF resolution by multi-segment

measurements could well be improved.

8



ICFA Instrumentation Bulletin

� Although the separability for particles of large incident angle �inc � 120o is rather low as seen in Fig. 6, it could

be recovered by equipping an inclined reection mirror, for instance, of 45o, at the backward end. It makes the

reclining Cherenkov ring image stand up to the normal direction so as to propagate the full bar length with

the best con�guration for separation. While an opposite e�ect occurs for BW photons generated by a normal

incident particle, a rather su�cient TOP di�erence is already produced by propagating a certain long distance

before the photons arrive at the reection mirror. Optimization of the inclining angle should be investigated.

� The present design of the focussing mirror has a horizontally extended structure that does not seem suitable

as a barrel detector. A simple and practical solution is to tilt the counter around the z-axis.
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Figure 4: TOP+TOF distributions using (a) horizontal and (b) vertical focussing cases for 4 GeV/c normal

incident particle. Because of a tilt in the azimuthal angle of the incident particle due to a magnetic �eld, two

inclined, but symmetric, ring images are formed by FW and BW photons in both cases. Open circles and crosses

indicate FW photons generated by � and K particles, respectively, in a simulation study.

K

π

(a)

Log-likelihood (π assumption)

L
og

-l
ik

el
ih

oo
d 

(K
 a

ss
um

pt
io

n) -0

-40

-80

-120

-160

-200
-0-40-80-120-160-200

0

10

20

30

40

50

60

-50 0 50

(b)

K π

Log-likelihood ratio

# 
of

 e
ve

nt

Figure 5: (a) Log-Likelihood distribution for 4 GeV/c K and � at �inc = 90o. Horizontal and vertical axes

indicate the Log-Likelihoods for � and K hypotheses, respectively, and open circles and crosses are the generated

� and K samples. (b) The Log-Likelihood ratio distribution.
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Figure 8: Perfomance of L24 and L24X PMTs. (a) Position resolution (L24) vs magnetic �eld. Subset is a

spartial distributions with and without �eld. (b) Pulse-height distribution of L24X PMT. (c) Time resolution (�)

of L24X as a function of relative gain (G/Go), where Go is the ampli�cation gain with B = 0. Individual magnetic

�eld strengths are indicated in the �gure. The measurements were carried out using both a light pulser with a

single photon emission and a 1 mm-wide slit in front of PMTs.
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Figure 9: Data obtained in the beam test with L = 0.02 m. (a) ADC distribution, (b) ADC vs TDC scatter

plot, and (c) Timewalk corrected TDC distribution. Resolution of � =80 ps was obtained by subtracting a time

uncertainty in the start signal. These data are obtained using the 20th anode, and in a 2 GeV/c � beam.
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Figure 10: Measured time resolutions over 96 anodes at L = 0.02 m and 1 m for 2 GeV/c �s. Horizontal axis

represents the readout anode channels in the form of the � angle. Open circles are the measured time resolutions

measured at L = 0.02 m, and closed circles with error bars were obtained at L = 1 m by applying a particular

analysis method mentioned in the text. The solid curve indicates a MC expectation at L = 1 m, based on the

achieved resolution, and at L = 0.02 m, indicated by a dotted line.
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Figure 11: Cherenkov ring image formed by the FW photons, produced by a 4 GeV/c �s beam, perpendicular

to the bar, and at L = 1 m. Timewalk is not corrected out.
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