
KEK--95-1 

JP9509283 

KEK Report 95-1 
April 1995 
H 

A Study of CP Violation 
in B Meson Decays 

Design 

March 1995 

»L 2?*0 

National Laboratory for 
High Energy Physics 



© National Laboratory for High Energy Physics, 1995 

KEK Reports are available from: 

Technical Information & Library 
National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba-shi 
Ibaraki-ken, 305 
JAPAN 

Phone: 0298-64-5136 
Telex: 3652-534 (Domestic) 

(0)3652-534 (International) 
Fax: 0298-64-4604 
Cable: KEK OHO 
E-mail: Library@kekvax.kek.jp (Internet Address) 

mailto:Library@kekvax.kek.jp


BELLE Collaboration 

M.T. Cheng. M.L. Chu, and C.H. Wang, Acadcmia Sinica. Nankang. Taipei 11529 

N, Kawamura, Aomori University, 2-3-1 Koubata, Aomori 030 

H. Kawai, Chiba University, 1-33 Yayoi-cho. Inage-ku, Chiba 263 

S. Matsumoto. K. Natori. and R. Suda 

Chuo University. 1-13-27 Kasuga. Bunkyo-ku, Tokyo 112 

IS'. Katayama. Cornell University, Ithaca, New York 1J853 

Y. Tamagawa. Fukui University, 3-9-1 Bunkyo Fukui 910 

A. Breakstone. T. Browdcr. F. Harris, S. Kanda. S.L. Olsen, and K. Ueno 

University of Hawaii, 2505 Correa Road, Honolulu, Hawaii 96822 

]\1. Asai. Hiroshima Institute of Technology. 2-1-1 Miyake. Saeki-ku. Hiroshima 731-51 

J. Z. Bai. H.S. Chen. X.Q. Hu. J. Li, H.M. Liu, J.H. Liu. J.G. Lu. Z.P. Mao, Z.Q. Yu. 

T.J. Wang. X.C. Zhong. and Y.C. Zhu 

Institute for High Energy Physics, P.O. Box 918. Beijing 100039 

X.L. Fang. S.X. Ren, D.Z. Shen, and ). Wen 

Joint Crystal Collaboration Group, Chinese Academy of Science 

52 Sanlihe road. 100864 Beijing 

K. Abe, I. Adachi, Y. Arai, S. Avrillon, Y. Doi, R. Enomoto. H. Fujii, Y. Fujita, 

M. Fukushima. T. Haruyama. K. Hayashi. Y. Higashi, S. Igarashi, T. Iijima, H. Ikeda, 

M. Ikeda, R. Itoh, M. Iwai, H. Iwasaki. J. Kanzaki, M Kawai, H. Kichimi,T. Kobayashi, 

S. Koike. Y. Kondo, Y. Kuno, M.H. Lee, Y. Makida, T. Matsuda, S. Nagayama, 

M. Nomachi, T. Nozaki, K. Ogawa. R. Ohkubo, T. Ohshima, S. Okuno, H. Ozaki, 

H. Sagawa, M. Saito, Y. Sakai, O. Sasaki. T. Sasaki, N. Sato, T. Sumiyoshi, Y. Takaiwa, 

F. Takasaki. K. Tamai, K. Tanaka, M. Tanaka. S. Terada, T. Tsuboyama, K. Tsukada. 

T. Tsukamoto, S. Uehara, N. Ujiie, S. Uno. Y. Yamada, H. Yamaguchi, H. Yamaoka. 

M. Yamauchi, and Y. Yoshimura 

KEK, 1-1 Oho, Tsukuba. Ibaraki 305 

i 



J.S. Kang. D.Y. Kim. and S.S. Myitng. Korea University, Seoul 136-701 

E. Banas. A. Bozek, Z. Natkanicc. II. Palka. M. Rozanska. and K. Rybicki 

K?-akow Institute of Nuclear Physics, Ul. Kawiory 26a, PL-30-055, Krakow 

K. Abe. T. Abe, M. Aoki, S. Itami, R. Kajikawa, K. Nakabayashi, E. Nakano, N. Ohishi, 

Y. Ohnishi. A. Sugiyama. S. Suzuki, and M. Tomoto 

Nagoya University. Chikusa-ku. Nagoya 464 

H. Hayashii. H. Ikeda. K. Miyabayashi, and S. Noguchi 

Nara Women's University, Kita-Uoya. Nishi-machi. Nara 630 

Y.H. Chang. National Central University, Chungli, Taiwan 32054 

W.S. Hon. H.C. Huang. J.C. Peng, and S.K. Sahu 

National Taiwan University, Taipei 10164 

T. Aso. K. Miyano. H. Miyata. and N. Takashimizu 

Niigata University, 8050 Nino-machi, Igarashi, Niigafa 950-21 

Y. Yamashita, Nihon Denial College. 1-8 Hamaxira-cho. Niigata 951 

A. Bondar. S. Eidelman. A. Kuzmin, B. Shwartz, and V. Sidorov 

Budker Institute of Nuclear Physics, Ru-630090 Novosibirsk 

N. Tamura. Okayamn University. 3-1-1 Tsnshima-naka. Okayama 700 

K. Adachi, J. Haba. H. Hanai, M. Hazumi, T. Kawasaki, Y. Nagashima, K. Senyo, 

M. Takita. D. Tatsumi, and T. Yamanaka 

Osaka University, 1-1 Machikane-yama, Toyonaka, Osaka 560 

Y. Inoue. M. Nakamura. T. Takahashi and Y. Teramoto 

Osaka City University. 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558 

11 



P.P. Denes, M.M. Ito, T. Liu, C. Lu, D.R. Marlow, P.D. Meyers, C. Mindas, 

E.J. Prebys, and R.L. Wixted 

Princeton University, PO Box 708, Princeton, New Jersey 08544 

S. Kobayashi, A. Murakami, and T. Tsukamoto 

Saga University, 1 Honjo-machi, Saga 84O 

H.F. Chen, C. Li, C.R. Wang, X.L. Wang, Z.M. Wang, Z.Z. Xu, and Z.P. Zhang 

University of Science and Technology of China, Hefei, Anhui 

T. Korhonen 

SEFT, Reseach for High Energy Physics, Siltavuorenpenger 20C, SF-00170 Helsinki 

H.S. Ahn, B.C. Cheon, T.W. Hur, and S.K. Kim 

Seoul National University, Seoul 151-742 

T. Yamaki 

Sugiyama Jyogakuin University, Iwasaki-Takenoyama 37-234, Nissin, Aichi 470-01 

S. Ogawa and H. Shibuya, Toho University, 2-2-1 Miyama, Funabashi, Chiba 27/t 

K. Abe, M. Ishikawa, H. Kawasaki, T. Nagamine, T. Nakajima, K. Neichi, T. Takayama. 

A. Yamaguchi, 0 . Watanabe, and H. Yuta 

Tohoku University, Aramaki, Aoba-ku, Sendai 980 

Y. Hoshi and M. Sato, Tohoku-Gakuin University, 1-13 Tagajo-shi, Miyagi-ken 985 

T. Kamae, T. Ohtsuka. and N. Tsuchida 

University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113 

C. Fukunaga, T. Hirose, T. Matsushita, and H. Yoshioka Tokyo Metropolitan Univer

sity, 1-1 Minami-Osawa, Hachioji-shi, Tokyo 192-03 

M. Aoki, K. Kaneyuki, Y. Ohshima, T. Tanimori, K. Watanabe, and Y. Watanabe 

Tokyo Institute of Technology, 2-12-1 Oh-okayama, Meguro-ku, Tokyo 152 

iii 



K. Emi, II. Hirano. H. Mamada, 0 . Nitoh, and K. Takahashi 

Tokyo University of Agriculture and Technology, 2-24-16 Naka-machi, Koganei-shi, 

Tokyo 184 

Y. Asano and S. Mori. Tsukuba University, 1-1-1 Tenodai, Tsukuba-shi, Ibaraki-ken 305 

A. Mohapatva. M. Satapathy. and A. Satpathy 

Utkal University, Vani Vihar, Bhubnneswar-751 004 

A. Abashian. K. Gotow. D. Haim. S. Malov, J. Martin. N. Morgan. L. Piilonen, and 

S. Schrenk 

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 

J.H. Kang and S.M. Pahk, Yonsei University, Seoul. 120-749 

iv 



Preface 

A major unresolved issue in our understanding of the Universe is how the current 

Universe, which is composed entirely of matter, evolved from the matter-antimatter 

symmetric Big Bang. The laws of nature have a high degree of symmetry between 

matter and antimatter; violations of this symmetry—the so-called CP violations— 

are only seen as a small effect in the decays of neutral K mesons. Apparently, these 

CP-violating effects have played a key role in the development of the Universe. 

Although experimental evidence for CP violation was first observed 30 years ago. 

we still do not understand how they occur. In a remarkable paper published in 1973. 

Kobayashi and Maskawa (KM) noted that CP violation could be accommodated in the 

Standard Model only* if there were at least six quark flavors, twice the number of quark 

flavors known at that time. The subsequent discovery of the c quark at SLAC and BNL. 

and the h quark at Fermilab. together with the strong evidence for the existence of the 

/, quark from the CDF experiment, has substantiated the six-quark KM hypothesis, 

and the KM model for CP violation is now considered to be an essential part of the 

Standard Model. 

In 1980. Sanda and Carter pointed out that the KM model contained the possibility 

of rather sizable CP violating asymmetries in certain decay modes of the B meson. 

The subsequent observation of a long /j-quark lifetime and a large amount of mixing in 

the neutral B meson system indicated that it would be feasible to carry out decisive 

tests of the KM model by studying B meson decays. 

The observation of a CP violating asymmetry in B meson decays would be an 

important scientific milestone—the first successful demonstration of a CP violating 

effect outside of the A'0 meson system—and would be a dramatic confirmation of the 

KM model. A demonstration of the absence of CP violations in B decays at the levels 

predicted by the KM model would be unambiguous evidence for new physics beyond 

that of the Standard Model. 
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Chapter 1 

Overview 

1.1 Introduction 

The BELLE collaboration evolved from the B factory task force that was organized 

by the KEK Physics Department in 19S9 to study the physics potential of a high-

luminosity, asymmetric e+e~ collider operating at the T(45) i-esonance. In particular, 

the task force addressed the possibilities for experiments that tested the Kobayashi-

Maskawa mechanism for CP-violation. In a series of reports to the TRISTAN Program 

Advisory Committee, the task force demonstrated that such tests could be carried 

out with a data sample of order 10s Z?-meson decays, corresponding to integrated 

luminosities at tlie T(45) of order 10/lr1. accumulated with a 4~ detector with state-

of-the-art capabilities [1. 2. 3]. The task force initiated a number of R&D efforts 

directed at developing a design for a detector suitable for these measurements. 

Following the encouraging recommendation by the TPAC in Spring 1993, an In

terim Steering Committee was formed that organized a series of open meetings where 

scientific, detector and organizational issues were discussed. The participants in these 

meetings formed an experimental collaboration in response to a call for expressions of 

interest issued by the KEK Director-General in August. 1993 and had their inaugural 

group meeting at Osaka University on October 7. 1993. The name BELLE, the French 

word for beauty, was chosen shortly after the third general group meeting held at Nara 

Women's University in January 1994.* 

The scientific goals of the BELLE collaboration are discussed in a Letter of Intent 

that was submitted to the March 1994 TPAC meeting [4]. The Lol describes the im

plications of these goals for the detector and provides a reference detector design based 

on the results of the RfcD program initiated by the task force. The TPAC approved 

1 Without a B, BELLE is reduced to the T-reversal-invariant palindromic French pronoun ELLE. 
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the Letter of Intent and encouraged the BELLE group to prepare this Technical Design 

Report. 

1.2 Scientific Motivation 

The scientific goals of the BELLE experiment are discussed in some detail in the 

Lol [4] and the 2?-Factory task-force reports [1. 2. 3]. Here we briefly summarize these 

discussions. 

The primary goal of the BELLE experiment is to perform definitive tests of the 

Kobayashi-Maskawa Model predictions for CP violations in the decays of B mesons [5]. 

In this model. CP violation is the consequence of a complex phase in the quark mixing 

matrix 
Vud Vus Vub \ 

* cd * cs » cb i 

\ Vtd Vts Vtb J 

where the furthest off-diagonal elements V„b and Vtd are complex numbers. Unitarity of 

the KM matrix implies that JZ; VfiVik = 6jk which gives the following relation involving 

Vub and Vu : 

VtdVCb^VedV^^VudV^ = Q. 

This expression implies that the three terms form a closed triangle in the complex plane, 

as shown in Fig. 1.1. The three internal angles of this so-called "unitarity triangle" are 

defined as 

The BELLE detector is specifically designed to measure these three angles and test if 

they lie in the range predicted by the KM model. 

1.2.1 KM Model Predictions 

In discussions of the KM model predictions, it is convenient to use the approximate 

parameterization of the KM matrix suggested by Wolfenstein [6], 

/ 1 - A2/2 A \3A{P - ///) ^ 

-A l - A 2 / 2 X2A 

K A3A(1 - p - irj) -X2A 1 j 

where there are four parameters, A, A, p, and 7/, that have to be obtained from exper

iment. Of the four, A and A are relatively well determined and the relative values of p 

and 77 specify the KM CP-violating phase. 
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\<ta^\ Vtd vtb 
vudvub \ (|>3 ^ ^ \ 

> — i 1 _ ^ 

v c d V c b 

Figure 1.1: Unitarity triangle of the KM matrix 

The parameter A is the sine of the Cabbibo angle. sin0c [7]. and is well determined 

from strange particle decays [8. 9], nuclear j3 decay [10], and the production of charm 

in v interactions [11, 12] to be 

A = sin 0C = 0.221 ±0.002. 

The parameter A is determined from |VC&|. The value of \Vcb\ is obtained from measure

ments of semileptonic decays of the B meson and from the average B meson lifetime 

Tj9. Two methods have been used to derive \Vcb\: either inclusive semileptonic decays 

or measurements of the exclusive decay B —• D'Cv at maximum recoil. There is not 

yet a clear theoretical consensus on which method gives the most reliable value. For 

the discussion below, we will use the semileptonic branching ratio Br(b —* c£v), which 

gives [13], 

A = 0.839 ± 0.041 ± 0.0S2. 

The relative strength of b —» u and b —> c transitions in semileptonic B decays [14] 

determines the ratio 

\Vub/Vcb\ = 0.0S ±0 .03 or y/p* + //2 = 0.36 ± 0.14. 

In addition, there are three other constraints on p and r/: the strength of B° — B° 

mixing, xd, is determined by the box diagram with an internal top quark and can 

be related to | 1 ^ | [15]; the observed CP violation in the K°K° mass matrix, e, is 

proportional to r] [16]; and limits on direct CP violations in AS = 1 K° —* TTTT decays 

(e') can be translated into limits on r/ [17]. 
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Figure 1.2: Allowed region in the p — i] plane estimated from presently available /'vta. 

Solid curves: |V^,|. |V"ut|/|Vcf,). e, Re(c'fe), xj, and wt as constraints: Dashed curves: 

without xj and Re(e'/e). The inner (outer) curves denote [a (90% C.L.) regions. 

Figure 1.2 shows the allowed p — tj region estimated from the presently available 

measurements. The solid curves are obtained using \Vcb\, \Vub/VCb\, c. Re(e'/e), .rrf. 

and mt as constraints. The clashed curve shows the results that obtain when xa and 

Re(e'/e) are not used. 

1.2.2 Measuring the Unitar i ty Triangle Angles 

Decays of neutral B mesons originating from the T(45) into a CP eigenstate / produce 

CP-violating asymmetries Aj given by 

R{B° •_> / ) - R(B° -> / ) . 
At = — — ^=5 =— = sin2OCP -sin(An? • At), J R(B°-> f) + R(B -+f) V K h 

where An? denotes the mass difference between the two B° mass eigenstates and At = 

t2 — tii where ti and t2 are the proper time for the B° and B° decays, respectively. The 

At values range is - c o to +oo and the asymmetry vanishes in the time integrated rate. 

Therefore, a determination of At is required for the observation of a CP asymmetry 

in experiments at the T(45). This is the motivation for the use of asymmetric energy 

beams at the B factory—the resulting motion of the center of mass (CM) allows At to 

be measured[lS]. The angle <f>cp is the phase difference between the B° — ~B° mixing 

amplitude and the B° —> f decay amplitude and is directly related to the internal 

angles of the unitarity triangle. 
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<bx m e a s u r e m e n t 

Figure 1.3 shows the quark diagrams responsible for the decay B —> J/(/>A"s via the 

6 —* ~c{cs) quark-level process. The decay 13° —> J/i/'A's —• £+C~TT+X~ is the most 

promising mode for the <p\ measurement since the branching ratio for this decay mode 

has been measured and the signal is very clean with no appreciable background. Other 

decay modes sensitive to 61 are discussed in the Lol. 

b-

d-

(a) 

vCb 

Vcs V 

— c 
— c 
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Figure 1.3: Quark diagrams responsible for B"d —> J/ibKs. 

d>2 m e a s u r e m e n t 

One possible way to measure the CP violation parameter 62 is via the decay B° —> 

7T+7r~. Figure 1.4 shows the quark diagrams responsible for this decay mode. The 

effects of the penguin graphs are significant, but can be extracted by means of an 

isospin analysis of the amplitudes for B° —> -+7T~, B° —> TT0-0, and B~ —* TT'TT0 [19]. 
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Figure 1.4: Quark diagrams responsible for B°d —» 7r+7T~. 
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Decays like B° —> p^ir^ and af-* give rise to final states that are not CP eigen-

states but are CP self-conjugate at the quark level i.e. both B° and B° can produce 

the same final states. For these decays. CP asymmetries arise in the same way as for 

the CP eigenstate case with an additional dilution factor that appears because the 

final state is not a CP eigenstate. 

63 m e a s u r e m e n t 

The (fo angle is the most difficult to measure at an asymmetric B factory. In principle. 

63 can be determined from the CP asymmetry for Bs —* pKs in analogy to the d>\ 

measurement via B° —• Jipl\3. There are, however, difficulties using B° decay modes 

at an asymmetric B factory. Since B°s mesons arc not produced at the T(4S), one has 

to run on the T(5S), where the production cross section for B°BS pairs is rather small. 

The Lol discusses the possibility for determining ^3 at the T(45) using direct CP 

violations in the decays Bd,u —» D°K [20]. A B meson can decay into D°K or D°K 

with decay amplitudes given by 

B-+D°K'.AD = \AD\tiS 

B-+~D°K:AD- = |% | e 'V ' ^ , 

where 6 and 6 are hadronic phases. The decay amplitudes can also be expressed in 

terms of the D° CP eigenstates (D° ±75°) / \ /2 as 

B -» Dh2K : ADu2 = [AD - % ) / \ / 2 . 

The amplitudes [AD- A-p.AoU2) and {AD, A-p, ADX2) form triangles in the complex 

plane. In the first triangle, the angle between AD and Ajj is |A + ^3) while in the 

second, the angle between AD and AQ is |A — <t>z\, where A = 6 — 8. If the absolute 

values of four independent amplitudes are measured, the two triangles are fixed and 

fa and A can be obtained. The absolute values of amplitudes are determined from the 

branching ratios. An inequality (A/}1:2| ^ |-^Dj,21 indicates a direct CP violation. 

1.2.3 Determination of the Sides of Unitarity Triangle 

In order to confirm the KM scheme as the correct mechanism for CP violation, it is 

important to measure the lengths of the sides of the unitarity triangle in addition to 

the three angles. 

\VCb\ can be determined from inclusive semileptonic B decays. However, the inter

pretation of inclusive mode rates may introduce model dependence. In Heavy Quark 
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Effective Theory (HQET), the hadronic form factors are normalized at the B —»• D'tv 

kinematic end point[21]. Although the event rate near the kinematic endpoint is small. 

a determination of |Vcf,| from this rate may have smaller model-dependent systematic 

errors. Here, the high luminosity provided by a B factory is essential. 

The determination of \Vub\ is important since CP violation cannot be accomodated 

in the minimal Standard Model if this element vanishs. The excess of leptons above 

the kinematic limit for b —» c transitions in inclusive semileptonic B decays provides 

the current experimental evidence for a non-zero value of \Vut\ [22, 23]. The error on 

|l'ufc|/|l'c6| is dominated by systematic effects, includiiig model-dependent uncertainties 

that correspond to ~ 40% of |Vi,{,|/|V'c&|. 

Another possibility is a measurement of the exclusive semileptonic decays B —• 

XCv where A' = K. p. and u>. Calculations for these modes are expected to be less 

uncertain theoretically than those for the inclusive modes, although the former involve 

the inclusion of form factors whose shapes have to be measured. 

ik 
One possibility for determining \Vtd\ is via flavor-changing-neutral-current (FCNC) 

B decays. CLEO observed the exclusive decay B —>• A'"(892)7 with a branching 

fraction of (4.5 ± 1.5 ± 0.9) x 10 - 5 [24]. The ratio of radiative decays of B —* p~f 

and B —• A"*7 is given approximately by |Vtd|2/|Vts|
2 [28]. Thus a measurement of 

B —» p-y, which has an expected branching fraction of approximately 10 - 6 , can be used 

to determine |V{rf|[25]. 

1.2.4 Other jB-Physics Possibilities 

B meson decays that do not occur through the usual i - > c transition are classified as 

rare. Since the contribution of spectator diagrams to rare B decays is suppressed, it 

is expected that additional diagrams will make the largest contribution to some decay 

modes. The most significant of these diagrams is the one-loop flavor-changing-neutral-

current process known as the "penguin" diagram. At a B factory, precise measurements 

of the full range of exclusive radiative penguin decays and a high statistics determina

tion of the inclusive rate will reduce the allowed range for the rate of the quark level 

process and provide better constraints on contributions from new physics. Other ex

amples include rare hadronic decays from /; —• u transitions, gluonic penguins, purely 

leptonic decays, and box diagrams. A number of these are discussed in the Lol; we 

briefly mention a few that are of particular interest. 
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B Decays to Two Leptons 

B —* TV: The decay B+ —» r+ ; / proceeds through the annihilation of the constituent 

quarks in analogy to the TT+ —> fi+v decay. The branching fraction is given by: 

BR(B+ - r+,) = 2 ^ 1 (l - 4XfB\^\2^ (LI) 
b~ \ m%J 

All the parameters in this equation are well known except the decay constant fg 

and the CKM matrix element \Vub\- With more accurate knowledge of \Vut,\ from 

other measurements, the experimental observation of the decay B+ —* T+V would 

provide a measurement of fg. This decay constant is of fundamental importance 

for B physics since its value is needed to extract \Vtd\ from measurements of 

Bd — Bi mixing [26]. Theoretical predictions for Br(B+ —> T+IS) are around 

4.0 x 10 - 5 [27]. A data sample with an integrated luminosity of (9(100/6_ 1) will 

probably be required to observe these decays. These measurements will be more 

sensitive if the hermeticity of the detector is improved, a subject that is currently 

under study. 

B —* TT, B —> fi/.i, and B —*• ee The Standard Model allows B° and Bs mesons to 

decay to e+e~. [i+f.i~ or - + T ~ via box diagrams or loop diagrams involving both 

W and Z propagators [28]. The largest branching fraction is predicted to be 

4 x 10~7 for Bs -* - + " - , and the smallest is 2 x 10 - 1 5 for BQ -» e+e~. The 

decays to the lighter leptons are suppressed by a helicity factor proportional to 

m], and the B° decays are suppressed relative to the Bs decays by the factor 

|Vfd/Vts|
2. Decays to the e*//^, e^r* and / / ± - : F final states are all forbidden in 

the Standard Model by lepton family number conservation, but may occur in 

extensions of the Standard Model. 

1.2.5 Non-5 Physics Possibilities 

An integrated luminosity in excess of 10 fb_1 will provide a large number (~ 10") of c-

quark and r-lepton events, with the possibility of precise, high-statistics measurements 

characteristic of a "r /charm factory." Here we list a few of the interesting topics that 

BELLE will study. 

Charm Physics 

The three-dimensional detection of separated decay vertices together with particle iden

tification for momenta as high as 3 ~ 4 GeV/c will enable us to reconstruct D mesons 

efficiently and with little background. 
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D° — D° niixing: The Standard Model prediction for D° — D° mixing is very small 

(~ 10 - 8) and the long distance contribution is dominant [29]. However, even with 

our data samples and high reconstruction efficiency our experimental sensitivity is 

at a level of ~ 10~'1. Thus clear observation of mixing would be an unambiguous 

signal for physics beyond the Standard Model. 

Rare D-meson decays: Rare D meson decays have not been well explored. Every 

decay mode corresponding to those investigated extensively in the K meson sys

tem is worth study to confirm expectations and to explore beyond the Standard 

Model. There is special interest in pure leptonic decays such as the Standard-

Model-allowcd modes D+. D+ —> (+i> and D° —* (+(~, and forbidden modes such 

as D° —> / t ± e T . Radiative D decays such as D —> A'"-, and D —» p'(. for which 

the long distance contributions are dominant, will also be investigated [30]. The 

large charm samples will also allow sensitive searches for CP violation in D meson 

decay to be carried out. 

T Physics 

A sample of more than 10' r's would enable us to improve the precision on fundamental 

parameters such as the lifetime. Michel parameters, and the vT mass, as well as provide 

opportunities to search for rare and forbidden decay modes. 

-r-Iifetime: The present level of precision for the r-lepton couplings are substantially 

worse than for the muon. The small beam size and the precise vertex detector 

will make it possible to measure the lifetime with better than 1% precision with 

105 "1 vs 3" r events. The large event sample will also enable measurements of 

the Michel parameters with improved precision. 

vT mass l imit /measurement: The large number of r-leptons will also provide an 

order of magnitude improvement on the vr mass determination. The present 

upper limits are derived from the end-point mass spectrum for the decay products 

in T~ —• vT -f 3/T~ -f- 2TT+, VT + 27r~ -f x+ + 2x° and UTK+K~K~. We can expect 

several thousand events in these modes with precise measurements of the charged 

particle momenta. 7—ray energies, and high-momentum K^ identification. 

Rare and forbidden r-decay modes: The particle identification capability will per

mit extensive measurements of exclusive decay branching ratios, including rare 

leptonic and hadronic modes. Since the r is the only lepton that can decay 

hadronically, those measurements provide us with valuable information related 

to weak hadronic currents within and beyond the Standard Model. The search for 
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T decays forbidden by the Standard Model, such as the r-lepton-number-violating 

decays r~ —> C~~, and C~C+C~. will be another important research activity of the 

BELLE group. 

Other Physics 

The high luminosities available at the B factory will also provide opportunities in 

11 physics and studies of QCD. which complement investigations at high energy 

colliders. Detailed studies of T resonance physics may also be possible with short 

dedicated runs below the T( 15). 

1.3 The BELLE Detector 

This experimental program requires quantitative studies of rare B meson decay modes 

with branching fractions that are typically less than one part per mil. Such studies 

require data samples containing at least 10' B meson decays. This, in turn, requires 

the use of very high current electron and positron beams, about a hundred times higher 

than those currently used at TRISTAN, and a detector system capable of handling high 

event rates and large data samples. The detector must have state-of-the-art capabilities 

in charged-particle tracking and vertexing. electromagnetic calorimetry, and particle 

identification capabilities beyond the state-of-the-art for large-solid-angle detectors. 

1.3.1 Detector Requirements 

In this section we highlight the specific design goals for BELLE and indicate how they 

were arrived at. 

Vertex Detec t ion Requirements 

The primary goal for the vertex detector is the measurement of an asymmetry in the 

proper time distribution when one of the BB pair decays into a CP eigenstate. The 

proper time difference At is given by 

At ~ Az/cB-, = (=' - z)/c0i, (1.2) 

where 8^ is the Lorentz boost factor due to the asymmetric beam energies (3-y = 0.42 

at KEKB) and A : is the distance between the decay vertices of the two B mesons along 

the beam direction. The measured At is smeared by errors in the Az measurement, 
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causing a dilution of the measured asymmetry that reduces the sensitivity of the CP 

violation measurement. 

Figure 1.5 shows the proper time distribution for -6° —> J/il>Ks decays for the case 

of sin2Gi>i = +0.6 as a function of the time difference in units of the B lifetime, r . The 

solid and dotted lines are the decay rates of the B° (tagged by the other B decaying 

to B°) and the B°. respectively. A negative value of A i / r corresponds to the case 

where the tagging decay occurs after the JjibKs decay. The difference between the 

positive and negative time scale reflects the CP asymmetry. This can be seen either in 

the solid and dotted curves separately, or in the sum after the time scale of the dotted 

curve is reversed. The curves in the figure are drawn assuming perfect \-ertex-position 

resolution. When the finite time resolution is included, the difference between the 

positive and negative time scale is diluted. 

Figure 1.6 compares the integrated luminosity required for observing a given CP 

asymmetry in the J/ibKs mode for different At resolutions. The corresponding Ac 

resolution is also indicated. The penalty for a resolution of A Z / T = 0.5 (as compared 

to perfect vertex resolution) is a 30% increase in required luminosity. If A i / r degrades 

further from 0.5 to 1.0, another 70% increase in luminosity is required. With silicon-

strip devices, we expect to be able to achieve A / . / T <0.5. corresponding to about 

a 95 fim position resolution in the beam direction. With the possible exception of 

silicon pixel detectors, alternative devices have worse resolution, leaving silicon-strip 

devices as the best practical choice. In addition to providing measurements essential for 

establishing a CP asymmetry, precise vertex information will be useful for eliminating 

continuum events and reducing combinatorial backgrounds. These considerations place 

a premium on achieving the best possible vertex position resolution. 

Charged Particle Tracking Requirements 

The transverse momentum distribution of charged particles from B decays peaks 

around 200 MeV/c, which makes the detection of low pt tracks of great importance. 

Our choice of a 1.5 Tesla magnetic field is a compromise between the conflicting require

ments of efficient detection of low-momentum particles, which curl up in the magnetic 

field, and good momentum resolution for high momentum tracks. 

Monte Carlo simulations of the reconstruction efficiencies for some important decay 

modes for different detector configurations were used to evaluate the acceptance and 

resolution requirements of the tracking detector. Figure 1.3.1 shows the reconstruction 

(er) and tagging (et) efficiencies for the B° —»• J/il>Ks mode as a function of the mini

mum and maximum 6 acceptance angle. This figure indicates that while good coverage 

in the forward direction is important, the acceptance is not very sensitive to coverage 
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Figure 1.5: Calculated proper time distribution of Jji^Ks decay for a CP asymmetry 

corresponding to sin2^>i= +0.6. 

in the backward direction. Based on these studies and taking into account space lim

itations imposed by the masks and accelerator components, we set as a goal tracking 

coverage over the 0 region between 17o(cos07mn = 0.956) and 15Oo(cos0ma;r = —0.866). 

The momentum resolution requirements for the B° —> Jfrf>Ks mode are not very 

severe. For this case, neither the reconstruction efficiency nor the background, which 

mainly conies from B° —* J/i£>K", change much when the resolution is improved beyond 

(Tp/p = 1% • y l -f p\. On the other hand, good momentum resolution is essential 

for distinguishing B —> TT+-~ from B —> K*-* decays. For equal branching ratios 

for the two modes and a 90% detection efficiency for ~TT decays, we find that the 

Kir contamination of the TTJT sample reduces from 65% to 20% when the momentum 

resolution improves from 0.5% • y 1 + p] to 0.2% • J1 + p\. This latter resolution can 

be achieved with a wire drift chamber operating in a 1.5 Tesla field provided low-Z 

gases are used and the material of the chamber is minimized. 

Particle Identification Requirements 

Particle identification is needed for the reconstruction of exclusive 5-meson final states 

and for flavor tagging. Flavor tagging uses the sign of the charges of leptons coming 

from the semileptonic B decays, and of charged A' mesons from the Cabbibo-favored 

b —> c —• s decay chain. While the identification of leptons is readily achieved with the 

electromagnetic calorimeter and the muon detector, the separation of charged A''s and 

7r's with the reliability dictated by the physics objectives is difficult. 

sin20,=+O.6 

B°(f)J/*Ks(t) 

r 

ff "(I'P/fKsCt) -

( f - t ) / T 
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Figure 1.6: Required integrated luminosity as a function of the Ac resolution for three 

different values of sin'2cj)\. 

The effective tagging efficiency depends on the particle tagging efficiency ct and 

wrong-tag probability wt as 

c e / / = e t ( l - 2 ^ ) 2 . (1.3) 

Using high pi leptons alone, this is about 11% ( c, = 12% and wt = 3%) for perfect lepton 

identification. If charged 7v''s are included, the effective tagging efficiency (assuming 

perfect A' identification) increases to 30%. It is. therefore, important to have high 

efficiency for charged A' meson identification. Since 70% of the A"s from ordinary BB 

events have momenta less than 1 GeV/c. the tagging requirement alone requires good 

low-momentum Kj~ separation. 

The detection of B* —• D°K±, which is important for the eJ>3 measurements, re

quires Kj-K separation up to 3.5 GeV/c to distinguish this mode from Cabbibo-favored 

B^ —» D0^ decays. Distinguishing B —> 7r+7r~ from B —+ K^TT*, an important decay 

mode for determining <f>2, requires A'/TT separation for momenta as high as 4 GeV/c. 

Since these requirements cannot be met by dE/dx and TOF systems, a supplemen

tal particle identification system based either on an imaging Cerenkov counter or an 

aerogel threshold Cerenkov counter is needed. 
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Electromagnetic Calorimetry Requirements 

Most of the physics goals of the experiment require the reconstruction of exclusive 

fl-meson final slates. For typical 8-meson decays approximately one third of the final 

state particles arc -° ' s . thus it is important to have 7—ray detection capabilities that 

match those for charged particles, especially for low energy 7*s. Figure 1.7 shows the 

energy spectrum of 7 ^ from B-mcson decays with all decay modes included. This figure 

indicates that 7 detection with high efficiency and good energy resolution, is important 

for the reconstruction of exclusive B meson decays. Our choice for this purpose is an 

array of CsI(T(") crystals with photodiode readout. This is the least expensive option 

that provides energy resolution at about 396 level for 100 MeV photons. 
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Figure 1.7: The energy spectrum of inclusive 7s from 5-meson decays with all modes 

included. 

Ki and Muon Detect ion Requirements 

A low threshold-momentum for muon detection is important for several processes. For 

example, changing the threshold from 1.2 GeV/c to 0.8 GeV/c increases the detection 
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efficiency for .]Jib —* / '+ / '~ in the B° —> J/vKs process by about 20%. 

A crude hadron calorimeter (A7„-catcher) arrangement external to the magnet coil 

for detecting the position of the decays and/or interactions of AV S from B° —> J/ipKi 

decays provides a clean identification of this mode, increasing the sensitivity of the 6\ 

measurement. In addition it opens new experimental possibilities such as a comparison 

between J/yh's and J / I ' A ' L [31]. This device will also be used to lower the detectable 

union momentum. 

h'l detection can be done with both the electromagnetic calorimeter and the l\'i-

catchcr. A hadron shower cither complcteh" in the A'^-catchcr or in the calorimeter 

and /\'/,-catcher combined is assumed to be a A*/,. We use the inferred A'j. direction in 

a kinematic fit that constrains the J/il' —» (+(~ and A'/, invariant mass to be that of 

the B meson. It is not necessary to know the momentum of A'L- The main background 

comes from J/iI<I\'~ where a pion from the A*" decay escapes detection. A resolution 

of about 30 mr on the A'/, direction in both 0 and o reduces this background to a 

manageable level. 

1.3.2 Detector Design 

Figure l.S shows the configuration of the BELLE detector. The expected performance 

of the detector is summarized in Table 1.1. 

The detector is configured around a 1.5 Tesla superconducting solenoid and iron 

structure surrounding the KEKB beams at the Tsukuba intersection region. The beam-

crossing angle is ±11 mr. 

6-meson decay vertices are measured by a silicon vertex detector (SVD) situated 

just outside of a cylindrical berylium beampipe. Charged particle tracking is provided 

by a wire drift chamber (CDC) that is coaxial with the beam and extends to a radius 

of 90 cm. Particle identification is provided by dEjdx measurements in the CDC. and 

Cercnkov counter and time of flight (TOF) counter arrays situated radially outside 

of the CDC. Electromagnetic showers are detected in a nine-thousand block array of 

CsI(T^) crystals located inside the solenoid coil. Muons and I\'i mesons are identified 

by arrays of detectors interspersed in the iron return yoke of the magnet. 

The four-layer SVD provides a c-vcrtex measurement with a precison of ~ SO/mi. 

Simulations indicate that a momentum resolution of ~ 0.2% • J\ + pf from the CDC 

alone, and tracking analyses that combine the SVD and CDC information improves the 

coefficient to less than 0.2%. Flavor tagging using charged A"'s are provided by dE/dx 

measurements in the CDC, which is effective for momenta below 0.S GeV /c , and by the 

TOF system, which extends this up to 1.2 GeV jc. We are considering either an array 

of Aerogel threshold counters with an index n ~ 1.01 or a totally internally reflecting, 
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Figure 1.8: The BELLE detector. 
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Table 1.1: Performance parameters of the BELLE detector. 

Detector 

Beam pipe 

SVD 

CDC 

PID 

option 1 

PID 

option 2 

TOF 

ECL 

MAGNET 

KLM 

Type 

Berylium 

double-wall 

Double 

Sided 

Si Strip 

Small Cell 

Drift 

Chamber 

n ~ 1.01 

Silica 

Aerogel 

DIRC 

Scintillator 

Csl 

super 

conducting 

Resistive 

Plate c. 

Configuration 

Cylindrical. r=2.3 cm 

0.5mm Be/2mm He/0.5mm Be 

300 //m-thick. 4 layers 

7- = 2.7 - 5.8 cm 

Length = 22 - 34 cm 

Anode: 52 layers 

Cathode: 3 layers 

r = S.5 - 90 cm 

-77< z < 160 cm 

~ 12x12x12 cm3 blocks 

960 barrel/268 endcap 

FM-PMT readout 

176 2 x 4 x 500 cm3 quartz 

PMT readout 

128 6 segmentation 

r = 120 cm, 3 in-long 

Towered structure 

~ 5.5x5.5x30 cm3 crystals 

Barrel: ;• = 125 - 162 cm 

Endcap: z = 

-102 and +196 cm 

inn.rad. = 170 cm 

14layers(5cm Fe+4cm gap) 

two RPCs in each gap 

0 and 6 strips 

Readout 

o: 45.1 K 

z: 45.1 K 

A: S.4 K 

C: 1.5 K 

21SS 

~7K 

128x2 

6624 

1216(f) 

1040(b) 

0:16 K 

6:16 K 

Performance 

Helium gas cooled 

crT0 <10//m 

<r-=7-40//m 

or*,:. ~ 80 fim 

(Tri> = 130 /an 

a- = 200 ~ 1400//m 

<rpt/pt =0.3%\/p? + l 

VdE/dr = 6% 

Ap.e. > 6 
K / - 1.2<p<3.5GcV/c 

optimized K/~ 

for B —i 77-

<jt = 100 ps 

K/TT up to 1.2GeV/c 

CTE/E= 

0 . 6 7 % / \ / £ e i . S % 

o-pos=0.o cm/s/E 

E in GeV 

B = 1.5 T 

A6=A6=Z0mr for KL 

at=lns 

1% hadron fakes 
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imaging Cerenkov counter (DIRC) [32] for high-momentum particle identification. The 

choice will be made in March 1995. Beam tests of arrays of CsI(Tf) indicate that we 

will achieve our goal of sub-2% energy resolution for 100 McV photons. Although 

considerable progress has been made on the development of resistive plate chambers 

(RPCs) for use in the Kiln detector, we will maintain the option of switching to plastic 

streamer tubes (PSTs) until Summer 1995. 

1.3.3 Changes from the Lol Reference Design 

The detector described in this TDR is different from the Lol's reference design in a 

number of important details. Here we list the most significant changes and highlight 

the motivation for them. 

Choice of Intersection-Region and Magnet 

The Lol reference design was based on a detector at the Fuji intersection region con

figured around a modified 1.0 Tcsla VENUS superconducting magnet and iron-yoke 

structure. Since the submission of the Lol, the KEKB accelerator group urged us to 

reconsider this choice. Since there is increased flexibility in the operating configuration 

of KEKB with having separate straight sections for the injection and insertion optics 

situated at opposite sides of the ring, we decided to situate BELLE at the Tsukuba 

intersection region. 

However, since an experimental configuration based on the TOPAZ coil and iron-

yoke structure was found to be inadequate for the BELLE physics program, we were 

faced with the added complication of dismantling TOPAZ and VENUS, and moving the 

VENUS magnet and iron structure. In this case, the cost savings of using a modified 

VENUS magnet as opposed to a system optimized for BELLE physics were not so 

compelling and we opted for a new 1.5 Tesla magnet. 

Beam-pipe/Interact ion-Region Design 

The interaction region configuration assumed for the Lol considered beams colliding 

with a ±2.8 mr crossing angle. This required common dipoles and quadrupoles inside 

the detector and parasitic crossings could only be avoided by filling every fifth RF 

bucket of the machine. Moreover, severe synchrotron radiation from the strong sepa

ration bends forced us to use a beam-pipe with an awkward racetrack cross section. 

The accelerator group has since decided that a crossing angle of ±11 mr could be 

used without a significant deterioration in machine performance. This allows for fill

ing every RF bucket providing the possibility for higher luminosity at earlier stages 
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Figure 1.9: Iron Structures of the BELLE detector. 
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of KEKB operation. The reduction in the severity of the synchrotron radiation back

grounds enables us to use a cylindrical geometry for the beam-pipe and the silicon 

vertex detector. 

Charged Particle Tracking 

Multiple coulomb scattering in the boundary between the inner precision drift chamber 

(PDC) and outer central drift chamber (CDC) of the reference design was found to 

produce significant deterioration to the charged particle momentum resolution. In the 

current design, the same functional elements are provided in a common structure with 

all of the wire tension supported by a cylinder at the outer radius. This results in 

improved momentum resolution. 

Particle Identification 

The mounting experimental evidence that it would be difficult to obtain the photo-

electron yields that were originally anticipated, and concerns regarding the long-term 

stability of the Csl photocathodes as well as the possibility that a single mishap could 

damage the large parts of the photodetector so severely that a complete disassembly 

would be required, led us to de-emphasize the solid Csl RICH of the reference design. 

We are pursuing R&D on aerogel more vigorously and have initiated an R&D pro

gram on a DIRC-type device. A DIRC has been given serious consideration because 

it appears to offer excellent performance without the need for extensive technologi

cal developments. However, it significantly impacts other parts of the det rtor and 

the detector-machine interface. The collaboration is currently engaged in an intensive 

study of the relative merits of the aerogel and DIRC options and plans to come to a 

final decision in Spring 1995. 

1.3.4 Forward Calorimeter Option 

The reference detector coverage extends only down to 17° in forward and 150° in 

backward direction. For low multiplicity exclusive modes, this results in some reduction 

in efficiency. However, since there are decay modes that demand better hermeticity for 

their detection, some active detectors placed within the forward and backward cones 

may be desirable. We are considering these possibilities. 

£ - > TV 

With a non-hermetic detector, it is difficult to reject backgrounds that fake rare B decay 

events involving more than one missing neutrino. An important case is the decay mode 
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B -+ TV. which provides a clean probe of the product of two important parameters: the 

B-meson*s decay constant / B . and the \Yub\ KM matrix element. Present expectations 

for JB and \'Uf, suggest a branching ratio of order 4 x 10"°. and product branching 

ratios for the detection modes B —> TV —* evw. [ivvv and ~vv each at order 10" s . At 

these levels, background suppression is the main challenge. 

The typical search strategy is to select one charged track and demand the remaining 

tracks and showers in the event be consistent with a single B meson decay. Backgrounds 

arise from events where one B decays hadronically and the other semileptonically. with 

some tracks going undetected in the forward (backward) region. Previous studies [33] 

suggest that both KLC and forward-backward vetoes are necessary to suppress back

ground in events with one semi-inclusively tagged or fully reconstructed B. About 10s 

B mesons are needed to be sensitive at the 10~° level. The present CLEO and ALEPH 

limits are at the 10~3 level and are still statistics limited. 

In the current BELLE IR region design there is space available in the forward/backward 

cones between the IP and the superconducting magnet cryostat. In contrast, the BABAR 

Lol design uses permanent magnets for final focusing and bending, and such space may 

not be available. Moreover, since CLEO-III does not have Ki/n veto capability, the 

B —* TV measurement may well be unique to BELLE. 

Further physics simulations are necessary to justify the need for such a detector. 

This should be concluded by early 1995. At same time, one needs to get a good 

estimate of the count rate and background (in collaboration with the IR group). These 

two studies would define the specifications for such a device. A Conceptual Design, 

supported by detailed detector simulation studies, should be ready by Summer 1995. 

1.4 The BELLE Collaboration 

The BELLE group is an international collaboration consisting of approximately 150 

researchers from 40 institutions in 7 countries. The group has three elected spokesper

sons, an Executive Committee that advises the spokespersons on scientific and technical 

matters, an Institutional Board to deal with organizational, management and personnel 

issues, and an International Board for dealing with international and funding issues. 

In so far as possible, decisions are made at General Group Meetings that are held every 

few months. Frequently the discussions in these meetings address recommendations by 

either the Executive Committee or the Institutional Board. This organizational struc

ture has been in place for approximately one year and. although we continue to f. 

tune the functions of the various components, appears to be an adequate framew^k 

for the management of the group. 
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Many of the detailed features of the BELLE experiment emerged from a comprehen

sive internal review of each detector subsystem performed in the Spring and Summer 

1994. This activity, which involved some rather critical reviews ands frank discus

sions, was successful and resulted in a number of improvements to the detector. In 

addition, some difficult choices on detector technologies were made. The collaboration 

survived these processes and remains a cohesive team focused on the goal of studying 

CP-violations in the decays of 5-mesons. 
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Chapter 2 

Interaction Region 

2.1 Beam crossing angle 

The design for the interaction region (III) is shown in Fig. 2.1. The beam crossing 

angle of ±11 mr allows us to fill all RF buckets with the beam and still avoid parasitic 

collisions, thus permitting higher luminosity. Another important merit of the large 

crossing-angle scheme is that it eliminates the need for the separation-bend magnets 

discussed in the Lol, significantly reducing beam-related backgrounds in the detector. 

The risk associated with the choice of a non-zero crossing angle is the possibility 

of luminosity loss caused by the excitation of synchro-beta resonances. However, the 

results of simulations of the beam-beam interaction done by the KEKB accelerator 

group indicate that, although some new resonances are excited by a ±11 mr crossing 

angle, there are still regions of the tune diagram suitable for operation. The details of 

these simulations are described in the KEKB accelerator TDR [1]. 

The low-energy beam line is aligned with the axis of the detector solenoid since the 

lower-momentum beam particles would suffer more bending in the solenoid's field if 

they were off-axis. This results in a 22 mr angle between the high energy beam line 

and the solenoid axis. 

2.2 Beamline Magnets Near the Interaction Point 

The final-focus quadrupole magnets (QCS) are located inside the field volume of the 

detector solenoid and are common to both beams. In order to facilitate the high 

gradient and tunability, these magnets are superconducting at the expense of a larger 

size. (Correction coils will be implemented in the same cryostat.) In order to minimize 

backgrounds from QCS-generated synchrotron radiation, their axes are aligned with 
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Figure 2.1: Layout of the interaction region for the large-angle crossing scheme. 
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the incoming c + and e~ beams. This requires the radius of the backward-angle-region 

cryoslat to be larger than that of the one in the forward-angle region. The inner 

aperture is determined by the requirements of injection and the need to avoid direct 

synchrotron radiation incident on the beam pipe inside the cryostats. The r-positions 

arc determined by the detector acceptance(17° < 6 < 150°). 

To minimize solcnoid-field-induced coupling between the .r and y beam motions, 

superconducting compensation solenoid magnets are located near the interaction point 

(IP), occupying the same cryostat as the QCS magnets. Since the lattice designers 

want the / Bzdz between the IP and QCS to be nearly zero, these magnets will run 

as high as 4.8 Tcsla. (The effects of their fringe fields on charged-particle tracking is 

described in the tracking section.) 

The QCl magnets are located outside the QCS cryostats and help provide the 

vertical focus for the high energy beam only. Although these are normal-conductor 

magnets with an iron return yoke, a special design is necessary because of the small 

beam separation in this region. The one in the forward region is a half-quadrupole with 

the iron septum. In order to reduce the synchrotron radiation background from the 

incoming beam, the backward-region QCl is a special full-quadrupole and described 

in the KEKB accelerator TDR [1]. The locations are chosen so as to avoid the leakage 

field of the detector solenoid. 

2.3 Beam pipe 

The precise determination of decay vertices is an essential feature of the BELLE ex

periment. Multiple coulomb scattering in the beam-pipe wall and the first layer of 

the silicon detector are the limiting factors on the c-vertex position resolution, making 

the minimization of the beam-pipe thickness a necessity. Moreover, since the vertex 

resolution improves inversely with the distance to the first detection layer, the vertex 

detector has to be placed as close as possible to the interaction points and. thus, the 

beam pipe wall. This is complicated by the fact that the beam pipe at the interaction 

region will be subjected to beam-induced heating at levels as high as a few hundred 

watts [2]. This will require an active cooling system for the beam pipe and a mechanism 

for shielding the vertex detector from this heat. 

In the Lol design, where a ±2.8 mr crossing angle was assumed, a beryllium beam 

pipe with a race track shape was proposed as a way to avoid synchrotron radiation 

generated from the separation-bend magnets. Now, with a ±11 mr crossing angle, a 

round beam pipe with a 40 mm inner diameter, shown in Fig. 2.2. is optimum. The 

central part( |c | < 8 cm) of the beam pipe is a double-wall beryllium structure; a 2 mm 
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gap between the inner and outer walls of the tube provides a helium gas channel for 

cooling. The machine vacuum is supported by the 0.5 mm thick inner wall: the outer 

wall is also 0.3 mm thick. The beryllium central section is braised directly to copper 

pipes that extend outside of the collision region as shown in Fig 2.3. The conical shape 

of the copper beam pipe allows the synchrotron x-rays generated in the QCS and the 

QCl magnets to pass through the detector region without hitting the beam pipe wall. 

Beam pipe 

0.6mm Be/ 2mm He/ 0.5mm Be 

Figure 2.2: The cross section of the beryllium beam pipe at the intersection point. 

We are considering helium-gas cooling instead of water in order to minimize the 

material. In this cae. a larger gap and a stronger outer beryllium wall are necessary 

to get sufficient flow for good cooling performance. The round shape is better suited 

than the previous race-track profile for supporting the cooling gas pressure. Assuming 

a uniformly distributed 200 \V heat load on the inner wall, the maximum temperature 

increase for the inner (outer) beryllium wall is calculated to be 6.2( 1.4) °C for a 22 g/sec 

flow velocity at a 2 atm pressure and a 0.15 atm pressure drop. The calculation assumes 

that the copper tubes in contact with ends of the beryllium section are maintained at 

a fixed temperature by an independent cooling system. The total material thickness 

of the central beryllium part is 0.28 % of a radiation length. 
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Figure 2.3: The arrangement of the beam pipe and horizontal masks. 

2.4 Beam background 

2.4.1 Synchrotron radiation 

With the elimination of the separation-bend magnets near the IP, the synchrotron 

radiation backgrounds are not as severe as they are for TRISTAN, where the critical 

energy is higher. The apertures of the beam pipe and masks (Mask-A) near the IP 

are designed so that synchrotron radiation generated at QCS and QCl pass through 

the detector region without hitting the beam pipe wall. In these synchrotron radiation 

calculations, we protect against beam tails out to 10ar and 3 0 ^ ; the beam-beam 

simulations indicate no long tails in the interaction region [1]. Mask-A shields the 

beryllium beam pipe from back-scattered photons. Although some of the photons 

from QC2 and QC3 can hit Mask-A, they have a critical energy less than 2 keV and 

are easily absorbed in the material of the mask; the masks are gold-plated for this 

purpose. Photons from upstream magnets far from the IP are intercepted by movable 

masks installed just upstream of QC3. 

The large crossing angle makes the IR synchrotron radiation problem less severe 

than that for the LOI design. Nevertheless, a detailed simulation will be used to 

optimize the mask system. 
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2.4.2 Particle Background 

The particle backgrounds will likely be more critical at KEKB. However, these back

grounds are expected to be less severe than in the case of the LOl design, where 

particles swept into the detector by the separation-bend magnets were a serious prob

lem. A DECAY TURTLE calculation indicates that the rate for spent particles from 

both beams directly hitting the beam pipe between the two cryostats is 130 kHz for a 

10~9 torr vacuum. This rate is a factor of three smaller than that for the LOl reference 

design. 

The calculation indicates that the vacuum pressure outside QC2, where there is 

space for additional pumps, is more important than inside the detector, where the 

pump speed is limited by the bcampipe aperture. The KEKB design value for the 

vacuum in the region outside QC2 is 10~10 torr. 

Mask-B (shown in Fig. 2.3) will be installed outside the beam pipe to reduce the 

particle background. Movable masks installed in the arcs and the non-IR straight 

sections will cut off the beam tails far from the IR. These masks will also reduce 

radiation levels at the detector during injection. 

2.5 Forward Calorimeter Option 

We are examining the possibility of doing some of the masking functions with an 

active mask, consisting of an approximately 10 cm-thick tungsten-silicon sandwich, to 

provide detector coverage in the otherwise uninstrumented 100 < 9 < 300 mr region. 

Preliminary studies indicate that such a device, used in a veto mode, would provide 

improved experimental sensitivity to the important B —»• TU decay mode [4]. 

The choice on this option will depend on the outcome of a number of investigations 

currently in progress. These include: 

Usefulness Detailed simulations are being performed to evaluate the scientific useful

ness of a calorimeter working in this region. 

Functionality The calorimeter would have to function both as a radiation mask and 

a measuring instrument. A design must be established that does not compromise 

the radiation masking in the IR and still provides measurements of scientific 

value. A device that can function in the high radiation environment near the IR 

has to be designed. 

Feasibility Space for electronics, cabling and utilities has to be defined and a mech

anism for supporting and surveying the detector established. 
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Chapter 3 

Vertex Detection 

The primary goal of the BELLE experiment is the measurement of asymmetries in the 

propcr-time-dilTcrcncc distributions for decays of neuiral 5-meson pairs when one of 

them decays to a CP-eigenstate. Since the typical decay distance for B mesons at 

KEKB is 200 /mi. precision vertex detection is an essential feature of the detector. In 

the Lol [1] we have shown that the reference vertex detector design with three layers 

of double-sided silicon strip detector met this requirement. 

Subsequent to the submission of the Lol. the crossing angle of the KEKB beams at 

the interaction point has changed from ±2.8 to ±11 mr. With the larger crossing angle, 

the interaction region can accommodate a beam pipe with a circular cross section. Our 

current design has a double-wall cylindrical beryllium beampipe around the interaction 

point with a 20 mm inner and 23 mm outer radius and a 2 mm gap for a gas cooling 

between the two walls. The total radial thickness of beryllium is 1 mm. The detailed 

design of the beam pipe is still under way. 

The racetrack-shaped beampipe of the Lol design placed strong constraints on the 

Silicon Vertex Detector (SVD) configuration. With a circular beam pipe we effectively 

have more space and we redesigned the SVD to take advantage of this. We have not yet 

performed a full GEANT-based simulation for the new configuration as was done for 

the Lol design. In this document we estimate the vertex resolution of the new design 

for various physics processes from comparisons of the single-track impact parameter 

resolution for the new and the Lol designs. A full simulation study still is required to 

confirm our conclusions. 

Another implication of the new interaction region is that the beam-induced back

ground, in particular backgrounds due to spent beam particles, are expected to be 

much less serious because there are no separation dipoles at the interaction point 

sweeping spent particles into the detector. However, since there are no detailed back

ground calculations yet available, our design is based on the assumption that the beam 
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backgrounds will not be higher than the estimates described in the Lol. 

VVc have made a few. not major, changes in the scheme of readout electronics. We 

modified the design of the preamplifier VLSI to cope with a high detector capacitance. 

The prototype of our modified preamplifier is expected in February 1995. Various tests 

of the preamplifier with a prototype SYD DAQ system will follow immediately. We 

have started a design stud}- of SYD trigger electronics. In response to a request by the 

BELLE internal review committee, we prepared a document on a backup SVD readout 

electronics system based on an existing" low noise preamplifier VLSI. 

3.1 Configuration of Silicon Vertex Detector 

The new SVD configuration is based on the following principles: 

1. The SVD's primary function is to measure vertices. Although the SVD will be 

incorporated in tracking together with the CDC. the tracking, including one of 

low momentum particles, is primarily the task of the CDC. 

2. We adopted a cylindrical configuration of the SVD for simplicity of construc

tion. We will locate all readout electronics and support mechanics outside of the 

BELLE detector acceptance. 

3. Double-sided Silicon Strip Detectors (DSSD) with a Double-Metal-Layer (DML) 

readout structure are used as the basic SVD detector element. A standard DSSD 

thickness of about 300 /mi is assumed. 

4. The SVD signals will be incorporated into the fast trigger. 

In the new design, we improve on the main weaknesses of the Lol design, namely 

the large r-strip capacitance. This was large not only because of the larger interstrip 

capacitance of n-strips but also because of the capacitance caused by the c-strip readout 

scheme on long detector elements. As a result, the Signal-to-Noise {S/N) ratio with our 

preamplifier design was marginal in some critical cases. On the other hand, the vertex 

resolution of the Lol design was not dominated by the detector position resolution, but 

by multiple coulomb scattering (MCS) of low momentum particles in the material of 

the beam pipe and the SVD itself. The new design has the following improvements: 

1. Taking advantage of the circular cross section of the beam pipe, we have reduced 

the maximum SVD radius while retaining a sufficient lever-arm for the vertex-

measurement. 
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2. To reduce the strip capacitance, the c-strip pitch is widened until the contribution 

to the impact parameter resolution from the detector position resolution becomes 

comparable to that from MCS. For the r — 6 strips, we keep the Lol design values 

of 25 /nn strip pitch and 30 /mi readout pitch. 

3. In the new design, we have modified the initial configuration of three DSSD layers 

described in the Lol to a design with four layers arranged in two superlayers. 

Three is the minimum number of layers that still provides redundancy. However, 

if the innermost layer has problems, the vertex resolution degrades considerably. 

By arranging four layers in two superlayers. we can reduce the number of noise 

hits in each superlayer by the matching of c information derived from slanted 

r—6 and ;-strips. This reduction of noise hits is especially important for fast 

triggering. The degradation of vertex resolution by the addition of a fourth. 

300 //m-thick silicon layer has only a moderate effect on the measurement of the 

proper time difference distribution. 

3.1.1 SVD Configuration with Two Superlayers 

The cross section of the proposed configuration is shown in Fig. 3.1. The innermost 

SVD layer is placed as close to the beam pipe wall as possible. The radius of the 

innermost layer. r,-7I. is constrained by the tapered Cu pipe extensions of the beam 

pipe to be 27 mm. The outermost layer is located half way to the inner wall of the 

CDC at rout= 48 mm. leaving 20 mm of unused radial space for future upgrades. The 

smaller outer radius and the pure cylindrical shape reduces the maximum SVD length 

as listed in Table 3.1. An octagonal layout is adopted in the r — 6 view to maintain 

the particles' angle of incidence on the detector plane at less than 45°. assuring good 

r — 6 position resolution for all 6 angles. The SVD has two superlayers: each superlayer 

consists of two DSSD sublayers with a 2 mm distance between them. We call one unit 

of the superlayer a detector unit. The SVD is made of eight outer and eight inner 

detector units. 

The r-coordinate measurement is done with strips on the ohmic side of DSSD. the 

n-strips. read out via a DML structure. The r — 6 strips are p-strips on the junction side 

of the DSSD. For each track we have four z- and four r — 6 coordinate measurements. 

The r — 6 strips are slanted by ±1° from the detector axis to provide independent 

c-information to help reduce noise hits. 
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Figure 3.1: The SVD cross section. 

3.1.2 The Choice of r-strip Pitch 

With the approximation of r,„ ~ rgp, the impact parameter resolution dz of a detector 

with two layers is given by the following formula: 

dz2 = t j^o^y + rj^inV + p4|^)2 , (3<1) 
\r0ut-rinJ \r0,u-rinJ \ s in '0 / 

where <7,-n and a0m are the intrinsic z resolution of the inner and outer detectors, 

respectively, A\P,us is the scattering angle due to MCS in the beam pipe and the inner 

layer, and 9 is the polar angle. In the following discussion, we treat the inner and outer 

superlayer as the inner and outer layer of a two layer model. To calculate A^^ / s in 

the inner layer we use an effective thickness of 2 x 300 fim. 

The "proper" resolution is defined as the detector resolution that gives the same 

contribution to dz (the first and second terms in the above equation) as that from MCS 

(the third term) and is given by: 

1 T i n . > M W S , 1 , xAttjV/5 
°".-n ~ r • [Tout — rin) . 2 and aoui ~ - • [rout — rin)-2 r...* sir I Tout sin20 s in '0 

(3.2) 

For the SVD configuration described above, the proper resolution for a 500 MeV/c pion 

is shown by the solid curve in Figs. 3.2 for the inner and the outer layer, respectively, as 
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incident angle 

Figure 3.2: The proper resolution (solid curve) and the expected resolution of the (a) 

inner sublayer and (b) outer sublayer as functions of the incidence angle a = 90 — 8. 

The expected resolution is estimated for the strip pitches given in Table 3.1 and in 

Fig. 3.4. 
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Table 3.1: Parameters of the inner and outer superlayers. 

DSSD type 

Effective width (mm) 

Effective length (mm) 

r-strip 

No. of c-strips 

No. of read lines 

Strips/Read line 

--strip pitch (//m) 

Capacitance (pF) 

S/N 

r — C- strip 

No. of strips 

r — 6 pitch (/nn) 

Capacitance (pF) 

S/N 

Inner Units 

BI B2 Fl F2 

25.6 

38.4 51-2 

Outer Units 

Bl B2 Fl | F2 | F3 

44.S 

67.2 56.0 

n-strip with DAIL 

768 128+128 256 

512 

2 

50 

512 

L 

100/200 

23 (max) 

21 

200 

14 (max) 

30 

672 224 

S96 

1 

100 

672 

1 

250 

21 (max) 

23 

26 (max) 

20 

p-strip \v/ stereo angle ±1° 

512/4VLSI"s 

25 

11 

35 

13 

32 

896/TVLSI's 

25 

IS 

26 

24 

20 

a function of the incident angle a = 90° — 0. In order to estimate the detector resolution 

for various ;?-strip pitches, we developed a simulation program [2]. This program 

reproduces the measured position resolutions on the p-side of silicon strip detectors over 

a wide range of incidence angles. An analog centroid method is used to determine the 

position. Figure 3.3 shows the results of the simulation for S/N = 20. For finer pitches 

(e.g. ~ 50/im), the resolution degrades monotonically with 0. The charge collected 

on each strip decreases as the incident angle increases and the resolution consequently 

worsens. In the wide pitch cases, the charge collected on each strip increases and the 

resolution improves up to the 0 angle until the tracks start to cross two strips, where it 

worsens. This introduces a ^-dependent oscillation in the resolution of the wide pitch 

case. From a comparison of the expected resolution with the proper resolution, we 

chose the inner and the outer superlayer c-pitches as shown in Fig. 3.4. The resolutions 

of the inner and the outer superlayer, <r,„ and ajUt, expected for this choice of r-strip 

pitches are compared to the proper resolution in Figs. 3.2. The expected resolutions 

are well below the proper resolution. The impact parameter resolution (dz) for 500 

MeV/c pions was calculated for the two-supcrlayer configuration. The ^-dependence of 

the results is indicated by the solid curve in Fig. 3.5. The same quantity calculated for 
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Figure 3.3: The expected position resolution for various strip pitches as a function of 

the incidence angle a = 90 — 6. 

the Lol design is indicated by a dashed curve in the same figure. The two-superlayer 

system gives almost the same impact parameter resolution as the Lol design. From 

this comparison we conclude that the two superlayer design will provide vertex and 

proper time difference resolutions that are comparable to those of the Lol design. 

All s-strips are read out via aluminum DML readout lines to the preamplifier VLSIs 

mounted at both ends of each sublayer. The readout line pitch is 50 /.an. The maximum 

number of the readout lines accommodated per detector is 896 for the outer superlayer 

and 512 for the inner superlayer. Since the backward part of the inner superlayer has 

1024 z-strips to be readout, as shown in Table 3.1. there, two strips are ganged into 

one readout line. Otherwise no other ganging is necessary. 

3.1.3 The Slanted r - 6 Strips 

The p-strips of each sublayer of the superlayer are designed to have a slant angle (/3) 

of ±1° to make the superlayer free from the so-called ''stereo ambiguity." In the r — (f> 

plane, the track position will be measured with a precision better than 25 fim in each 

sublayer as shown in Fig. 3.3. The resolution in the stereo-determined ^-coordinate is 

expected to be less than 25/mi/\/2sin/? ~1 mm. We can resolve two hits separated by 

this amount. 

The stereo 2 measurements will be used to reduce random noise hits generated 
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Figure 3.4: The ^-strip pitch of the inner and the outer super layer. 
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Figure 3.5: The impact parameter resolution (dz) of the SVD (solid curve) compared 

to one for the Lol design (dashed curve) as a function of the polar angle. 

by the readout electronics and soft X-rays. Presently, noise hits from the electronics, 

estimated to be at most 1 kHz/channel, are expected to be the dominant source of 

random hits. At this rate, events would have an average of 90 noise-hit-channels (in 

the 90k total readout channels). These hits can be eliminated almost completely by 

associating r — <$> and z hits in each superlayer. The probability for an accidental 

noise hit to imitate a true hit by forming a matched combination in the superlayer is 

estimated to be less than 10 - 4 . For this to be effective, the distance between the two 

sublayers must be kept small (~ 2 mm). For a true track, each superlayer provides a 

unique track segment vector that will be useful for matching CDC and SVD tracks. 

By connecting the vectors of the inner and the outer super layers, it may be possible 

to find tracks in the SVD alone in some situations. Here more studies are needed. 

3.2 Design of the Silicon Sensors 

The SVD silicon sensors are two-dimensional silicon strip detectors (DSSD). The DSSD 

fabrication technology is well established and DSSDs have been used in several LEP 

experiments [3, 4] and CLEO II. Furthermore, since the SVD radiation dose at KEKB, 

estimated to be about 10 krad/year [5], is not expected to be as high as, for example, 

in hadron beam experiments at HERA-B and the LHC, no special design consideration 

for the radiation damage of the DSSD is required. 
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Figure 3.6: Schematic view of the silicon detector. 

The silicon detectors are made of 300 /mi thick /?-type Si-substrate material with 

a high resistivity (~several kfl-cm), cut from 4-inch diameter wafers. The detector 

geometry is shown schematically in Fig. 3.6. Strips are formed on both sides of the 

substrate: p-strips on the junction side and n-strips on the ohmicside. The p-strips run 

parallel to the long side of the detector and are intended to measure r — <j> coordinates. 

The /z-strips are orthogonal to the p-strips and are used to measure the r-coordinate. 

All of the strips are individually biased via an integrated polysilicon bias resistor. The 

strips and the aluminum traces above them, are separated on both sides of the wafer by 

thin insulating (Si02 and S13N4) layers that form integrated AC-coupling capacitors 

for the signal readout. Every two 25 //m pitch strips are readout on the p-side. Signals 

from the ?j-strips are routed to the long end via a second aluminum trace that is formed 

on a thick insulator placed on the first aluminum layer (DML structure). Every n-strip 

is individually read out. 

The detailed specifications are summarized in Tables 3.2 and 3.3. Capacitance 

values in the tables are those expected from the LEPSI-CRN-model [6] calculation 

described below. 

Here we list some remarks about the baseline sensor design: 

1. Silicon detectors with a strip pitch wider than 100 /nn and a relatively narrow 

strip width are to be used in the forward and backward parts of the SVD. In 

this geometry, there may exist weak electric field regions where the collection of 

charge is significantly slower. These regions can be eliminated by making the 
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Table 3.2: p-side {r — <j> coordinate) specifications. Cj, C, and Cc are the backplane, 

interstrip. and AC-coupling capacitances, respectively. 

item 

strip pitch 

readout pitch 

strip width 

Fst-Al width 

AC-coupling 

bias resistor 

spec. 

25 //m 

50 //m 

10 /mi 

^ 1 0 /mi 

~ 0.2 - 0.3 fim* 

Si02 + 5/3A-i 

polysilicon, > 10 Mft 

expected C (pF/cm) 

Cb = 0.17 

C, = 1.2 

Cc> i0(Cb + d) 

Table 3.3: n-side (r-coordinate) specifications. CT is inter-readout trace capacitance 

on the second metal layer. The capacitance between the first and second metal layers 

is not shown here. 

i tem 

strip pitch 

readout pitch 

strip width 

p-stop width 

Tst-Al width 

AC-coupling 

bias resistor 

insulator btw 

l'st- and 2'nd-Al 

2'nd Al-layer 

trace pitch 

trace width 

spec. 

50, 100, 200, 250 /mi 

50, 100, 200, 250 /mi 

~20. 30, 30. 30 //m 

~20. 60, 160. 210 /mi 

£ 20. 30, 30, 30 /mi 

~ 0 . 2 - 0 . 3 fim1 

Si02 + S23N4 

polysilicon, > 10 Mfi 

5 /m?' S1O2 

50 /mi 

7 /mi 

expected C (pF/cm) 

C6 = 0.17 - 0.87 

C; = 2.0 - 1.1 

Cc > ma + d) 

Cr = 0.34 
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strips wider or by placing a (floating) strip between two adjacent strips, but 

at the cost of increasing the capacitance and/or degrading the charge collection 

efficiency to an amplifier. The final parameters will be adjusted according to the 

results of R&D that is currently underway. 

2. The insulator for the integrated AC-coupling capacitor is a combination of thin 

S1O2 and 573/V4 layers. Such a multi-layer system has proven to have superior 

properties to a single S1O2 layer in terms of capacitance, leakage current, and 

pinhole rate [7]. 

3. A thicker insulator with a lower dielectric constant between the first and sec

ond metal layers is preferable for reducing the detector capacitance. So far, the 

maximum thickness available with sufficient yield is o /mi thick SiO^ [8] or poly-

imide [4]. 

4. Two basic schemes exist for the ohmic separation of the 7?-strips: the p-stop type 

used for the ALEPH experiment [3]. and field-plate type used in DELPHI. The 

interstrip capacitance is expected to be similar in magnitude for either scheme [9. 

6] and no significant difference in performance between them has been reported 

so far. We have not yet decided which type to use, but assume the p-stop type 

in the discussion. The p-stop width is made as wide as possible, i.e. a 5 /mi gap 

between the p-stop and n-strip, to minimize the interstrip capacitance [10]. 

5. Every second strip is read out on the p-side (r — d> coordinate); a floating strip is 

placed in between the two strips that are read out. The floating strips could be 

removed at the cost of degradation of spatial resolution in the r — <f> direction. 

3.2.1 Expected S/N Ratios 

The S/N ratio must be larger than ~10, otherwise it will be difficult to separate the 

signal from electronic noise or beam associated backgrounds (soft X-rays). To allow 

for a reasonable safety margin, we set a goal of S/N <; 20. 

The expected S/N ratio for the proposed SVD system is estimated using the fol

lowing formula: 

S _ So • rjc0U 

N ~ ~iv7~' ( } 

where So is the number of electron-hole pairs created in the bulk silicon by a minimum 

ionizing particle, r)cou the charge collection efficiency to the amplifier, No the electronic 

noise in units of the number of electrons. The constant c (=1.2) is an empirical correc

tion factor derived from a comparison to measurements [11]. No is given analytically as 



a function of amplifier noise performance, detector capacitance (Cdet)- detector leakage 

current, detector bias resistance and shaping time of the signal filter [21]. 

We assume the amplifier noise performance shown in Fig. 3.9. where contributions 

of 1 / / noise and a 10 nA detector leakage current are included. It is parametrized 

as ENC a ISO + 23 • Cdet [pF) electrons. The detector capacitance was calculated 

tising the recently proposed LEPSI-CRN model [6]. This model enables us to calculate 

capacitance on the n-side with DML as well as that on the p-side. The agreement 

with various capacitance data, including our own data, is at the 10-20% level. The 

calculated detector capacitances are listed in Table 3.1. Compared to that of the Lol 

design, the z-side capacitance in the outer forward readout unit is smaller by about 

25%. 

The expected S/N for normal incidence of minimum-ionizing particles in each read

out unit is summarized in Table 3.1, where i]cou is simply assumed to be O.S [12] in

dependently of the readout unit or the side. The capacitance and S/N on the n-side 

depends on the strip position. The numbers in the table are for the strip connected 

to the longest readout Al trace on the second metal layer, corresponding to the strip 

with largest capacitance in the unit. The results indicate an S/N > 20 for all readout 

units, in compliance with our goal. 

3.2.2 Other Silicon Sensor Options 

1. It may be possible to measure the ^-coordinate on the p-side. In such a scheme 

a DML is implemented on the p-side. One advantage is the reduction of the z-

side detector capacitance, since the interstrip capacitance on the p-side is about 

1.1 — 1.3 times smaller, depending on the strip pitch, than on the n-side [6]. 

In addition, the capacitance between the first and second metal layers could 

be reduced. It should be noted, however, that the electric potential difference 

between the second metal and p-strips might cause a micro-discharge similar to 

that reported in ref. [13]. Hence, it is desirable to keep the p-strips at nearly 

ground potential, similar to the second metal potential. From the viewpoint of 

protecting the AC-coupling capacitors against the dielectric breakdown, biasing 

potentials, — V&/2 to the p- and + H / 2 to the n-strips are desirable, which might 

not be allowable in this scheme. 

2. Recently, the L3 group has developed a novel ^-readout method using a kapton 

foil instead of DML [14]. A 50 pm thick kapton foil with metal readout traces 

is glued onto the silicon sensor. The electrical connections between the strips 

and the metal traces on the film are made at the end of the silicon detector 

3-13 



Figure 3.7: A detector unit assembly. 

with a wire bonding method. This method is attractive in term of reducing the 

detector capacitance; for example, a reduction of ~10 pF is expected from the 

model [6] in the outer forward readout unit. This method, however, introduces 

fragile bonding wires, which make it difficult to handle the detector unit. 

3.3 The Detector Unit Design 

In the new design, the SVD consists of eight inner and eight outer detector units. Each 

detector unit (see Fig. 3.7) has two sublayers made of four or five DSSD's. Preamplifier 

and control YLSIs are mounted on a double-sided double-metal silicon board (silicon 

board) at each end of each sublayer. A thin metal (1 mm thick Al or copper alloy) plate 

is glued on each side of the silicon board to remove heat dissipated by the preamplifiers 

and protect the preamplifiers from soft X-rays. All the readout electronics and the 

support structure are located outside the current BELLE detector acceptance. 

The construction of each detector unit sublayer of the new SVD design is very 

similar to the detector unit of the Lol design. The sublayer will be assembled by a bump 

bonding technique using an anisotropic conductive film (ACF) [15] that eliminates the 

need for delicate fine bonding wires. For the ACF bonding method, we need to have 

a gold bump on each Al bonding pad on the DSSD to achieve a bonding yield better 

than 99.9%. 

We have two candidates for the connection bridge of the ACF bonding between 
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DSSD's and the silicon boards: a 300 //m thick silicon bridge as originally planned, or 

a thin Kapton film with 50 /mi pitch Au-plated Cu strips. The Kapton film thickness 

is 25 - 50 /mi and the Cu strip thickness is 3 - 5 //in. We will base our decision on the 

type of bridge on the results of RirD currently underway. 

We plan to glue the two sublayers together at their ends, forming the superlayer. 

The 2 mm gap between the two sublayers is maintained by a structure made from light 

non-conductive material such as Kevlar. The structure could either be some I-beams 

or a honeycomb material glued to the passivated DSSD surfaces. The structure will 

reduce the sag of the detector unit. 

From our RfcD on a single-layer detector unit made using the ACF method, we 

found it is possible to achieve the necessary position accuracy (<5 /mi) in the detector 

plane. One issue for the supcrlayer structure is how to measure the position of the 

inner sublayer after we mount the detector unit on the support end rings. We plan to 

build mechanical prototypes of the detector unit to study the structure. 

3.4 Support Structure 

The cylindrical SVD is relatively straightforward to support. The material in the 

support structure must be minimized. The detector units are mounted on the two end 

rings around the central (1 m-long) section of the interaction region (IR) beam pipe, 

as indicated in Fig. 3.S. 

3.4.1 End Rings 

The end rings are made of a light metal. Because the end rings arc located outside of 

the BELLE detector acceptance, the choice of the material is not very critical. If we 

decide to install a forward detector in the angular region below 300 mr, Ave need to 

minimize the thickness of the end rings and other material in front of the detector. 

Piping for a simple liquid cooling system for the preamplifiers is integrated into the 

end rings. The required cooling power is expected to be a total of a few 100 Watts. We 

do not expect any significant heat flow from the beam pipe at the interaction region 

because it has its own gas-liquid cooling system and the temperature increase of the 

outer surface of the beryllium beam-pipe section will be maintained to within a few 

°C. 

A thin (200 /.im) beryllium outer SVD cylinder prevents the relative rotation of the 

two end rings and gives the SVD structure additional stability. The distance between 

the two rings is determined by the detector units themselves and not by this outer 

cylinder. The inner cylinder is a thin metal foil that, in conjunction with the end rings 
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Figure 3.S: Schematic side view of the SVD showing the two end rings. 

and the outer Be cylinder, forms a Faraday cage for RF shielding. The SVD will be 

supported from the CDC and physically isolated from the beam pipe. Only one end of 

the SVD will be fixed to the CDC; the other end will slide freely to avoid any thermal 

and mechanical stress. 

3.4.2 Installation 

We plan to assemble the SVD on the alignment bench that we have built for the Lol 

design [16]. The assembly and installation procedure could be outlined below: 

1. Mount the IR beam pipe on the alignment bench in a clean room. 

2. Mount the two end rings on the beam pipe and install the thin inner foil cylinder. 

3. Mount and align the detector units one-by-one on the two end rings. 

4. Measure the position of the mounted detector units. 

5. Install the outer berj'llium cylinder. 

6. Remove the IR beam pipe with the SVD from the alignment bench. 

7. Install the beam pipe with the SVD into the BELLE detector. 

8. Isolate the SVD from the beam pipe and support it from the CDC. 

The details of the supports and the installation procedure will be specified when 

the design of the interaction region, the IR beam pipe, and the CDC are finalized. 
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3.4.3 Cabling and Mounting Structure of Data Scanner 

We plan to locate a part of our DAQ system, the data scanners, inside the BELLE 

detector. We also need rather heavy RF shielding for the film cables from the detector 

units to the data scanners to protect the other detectors, such as the CDC, against 

clock noise. We plan to install a mounting structure to support the data scanners 

between the CDC and the IR magnet cryostats. This structure has to have its own 

cooling system to remove the heat (several hundred watts) dissipated by the data 

scanners. All the optical and power cables to the data scanners and cables for the SVD 

monitoring go through the beam holes in the end yokes. 

3.5 Environmental Control and Monitoring System 

The SVD is installed in the congested region next to the beam pipe where there are a 

number of possible heat sources and significant radiation from the high-current beams. 

It is essential to maintain control of the environment and protect against catastrophic 

accidents. We will control and monitor the following items: 

Temperature The temperature of the beam pipe at the interaction region is main

tained to within a few °C by a gas cooling system. The SVD temperature is 

maintained by the preamplifier's liquid cooling system and a flow of a dry gas 

through the SVD. The SVD data scanners, also installed inside the BELLE de

tector volume, require another liquid cooling system. We plan to monitor the 

temperature with resistive platinum wires at various positions and use an inter

lock system to switch off the accelerator and the SVD electronics to protect the 

beam pipe and the SVD if extreme conditions are detected. 

Mechanical Stress Strain gauges installed in various places will monitor the stress 

and vibration of the SVD structure and the beam pipe. 

Radiat ion We plan to distribute a number of standard photodiodes around the SVD 

and the interaction region. Signals and the leakage currents from the photodiodes 

will provide measurements of the instantaneous and integrated radiation doses. 

The DSSD leakage current will also be monitored. W7e will install an alarm system 

for abnormal beam backgrounds. 

3.5.1 Detector Position Monitor 

The expected spatial resolution of each detector is about 10 /mi in the r-4> coordinate 

and 10-40 /mi in the ^-coordinate. The association of SVD hits to tracks extrapolated 
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from the tracking chamber requires good and stable alignment between the SVD and 

the CDC. Although the ultimate alignment will be clone with tracks, we plan to install 

a number of position monitors. The candidate technologies are: 

C D M (capacitive displacement monitor) In these devices, the distance (or gap) 

between two electrodes is measured directly. By using several electrodes, dis

placements parallel to the electrodes can be also measured. The Mark-II [17] and 

DELPHI II [IS] silicon vertex groups reported a precision of better than 1 /mi 

for the distance and for the displacement measurements better than 5 /mi. Since 

the electrode is sensitive to the RF and clock-noise pickup, this system may not 

work during data taking. 

Infrared Light Posit ion Monitor The DSSD can monitor its own position when 

used in conjunction with a pulsed infrared light sources. Pulsed laser light trans

mitted by optical fibers or produced by photodiodes integrated in SVD can be 

used. The laser position monitor used by DELPHI [l3] gave a 10 /mi spatial 

resolution. In our own R&D program we used a dedicated quadrant photodiode 

as the sensor and achieved better resolution [16]. 

CDM can be used to measure the relative positions between the SVD and the outer 

tracking chamber. The infrared light monitor could be used to measure the relative 

alignment of the super layers and the end rings. 

3.6 The SVD Data Acquisition System 

The full detector system employs 16 detector units or 32 sublayers. Each sublayer 

has four front-end readout units. In order to deal with the large number of signal 

channels with narrow geometrical separation, we are developing a CMOS integrated 

circuit preamplifier array. The primary driving elements for the system design are [20]: 

1. The preamplifier should be a high density circuit to accommodate the 50 fim pitch 

signal channels. 

2. The circuit should dissipate a low amount of power; lmW/ch is the design goal. 

3. A data sparsification control circuit is needed to eliminate no-signal channels 

from the data packet. 

4. The communication line between the front-end system and the back-end system 

must be highly multiplexed to reduce the number of cables required for control, 

data transmission, and trigger information. 
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5. The data processing time per event should be 200 //s or less to preserve the 10 

% or less dead-time fraction. We assume a trigger rate of no more than 500 Hz. 

6. The data transfer period per event should be 1 msec or less: this number could 

be relaxed with derandomizing event buffers located between the front-end and 

the central DAQ system. 

7. The SVD trigger will provide tight constraints on the c-coordinate at the inter

action point and reduce the background event rate due to spent electrons. The 

trigger output is used in the Global Decision Logic (GDL) or to make a fast abort 

signal. 

8. The trigger logic should be reronfigurable. This is important since we may have 

to modify the trigger logic frequently at the beginning of the data taking. Also 

we should be able to deal with dead or bad channels appropriately. 

3.7 Readout Electronics 

Our experience with prototypes has led us to make some changes in the system con

figuration for the readout electronics. 

The details of the front-end VLSI's and the DAQ system are specified, documented, 

described in terms of SP1CE/I1DL, and drawn as schematics for prototype fabrication. 

Some prototypes have been evaluated and possible improvements have been identified. 

Improvements of the preamplifier VLSI and the data scanner box are in progress. A 

new version of the preamplifier will be delivered at the beginning of 1995. assembled 

together with a real detector, and read out by the data scanner box. 

3.7.1 Front-End Circuits 

The analog" processing is done on a CMOS preamplifier VLSI [21] that includes 128 

identical signal channels. The preamplifier is a transconductance amplifier with a 

0.2 pF feed-back capacitor. For noise filtering, we changed from the original double-

correlated sampling scheme to a quadruple sampling scheme to cope with the high 

capacitance of the ohmic-side readout strips. As can be seen in Fig. 3.9, quadruple 

sampling is less noisy than double sampling and is less sensitive to the transconductance 

of the input FET. 

Table 3.4 indicates the evolution of the prototype preamplifier VLSI design param

eters. The key time constants are the amplifier's rise time and the sampling interval. 

A typical rise-time lies between 150 and 175 ns. The effective sampling interval is 
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Table 3.4: Parameters for prototype preamplifier VLSls. 

VV/L of input FET 

Bias current for FET 

9m 

Rise time (t0) 

Electronic noise 

Preamplifier 

CF 

Sampling 

Sampling interval 

Output signal 

Noise filtering 

Sparse readout 

Comparator 

Trigger signal info. 

Input protection 

Number of channels 

Amplifier pitch 

Assembly-

Prototype 

1260/1.8 

40 /iA 

0.8 mS 

100ns 

1400e's (20pF) 

Cascode vv/s.f. 

0.2pF double poly 

before/after 

1 flS 

5mV/fC 

Double C.S. 

No 

No 

No 

diode 

128 

44 /mi 

Wire bonding 

6-cell design 

1260/2 

SO fiA 

1.5 mS 

150-175ns 

1000e"s (20pF) 

Cascode wo/s.f. 

0.2pf 

6-stage pipe-line 

500 nsec 

50mV/fC 

Double C.S. 

Yes 

Yes 

Yes 

off-transistor 

128 

100 ftm 

-

8-cell design 

1260/2 

160 /f A 

3.0 mS 

150-175ns 

lOOOe's (40pF) 

Cascode wo/s.f. 

0.2pf 

8-stage pipe-line 

500 nsec 

50mV/fC 

Quadruple C.S. 

Yes 

Yes 

Yes 

nMOS off-transistor 

128 

100 //m 

Flip chip 

Chip size 6.3mm by 6.9mm 6.3mm by 10mm 6.3mm by 11mm 
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Figure 3.9: Electronic noise levels for the double- and quadruple-correlated sampling 

schemes. The curves are for transconductances of gm = 2.0 (Dots), 2.5 (Dashes) and 

3.0 mS (Solid). The upper three curves are for double-correlated sampling, and the 

lower three for quadruple correlated sampling. 

1 //s . The equivalent noise charge referred to the input node of the preamplifier is 

1000 electrons for a 40 pF detector capacitance. To protect against digital-analog in

terference in the VLSI circuit, we put an additional amplifier with a gain of 10 before 

the sample-and-hold circuit. The sample-and-hold circuits are configured as an 8-stage 

analog pipe-line operating at 2 MHz to compensate for the 2 {.is trigger delay. If a 

trigger occurs, the two outputs just before and just after the last sampled cell are read 

out. Prior to a trigger, the preamplifier VLSI sends four trigger hits for each 32 chan

nels synchronous to the 2 MHz clock frequency. These data are also used to identify 

hit channels to the sparsification logic. Each channel hit frequency is estimated to be 

no more than 1 kHz [22]. 

3.7.2 Data Scanner 

The front-end data acquisition system [23] is controlled by a data scanner box [24] 

located about 1 m away from the detector. Figure 3.10 shows a block diagram of the 

data scanner. 

The data scanner box contains ADCs, FIFO memories, ASIC control circuits, and 

a Transputer [25]. The data scanner communicates with the front-end readout unit 

via a 4-bit bi-directional transmission line. The down-loaded data sets the operational 
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conditions of the preamplifier and provides an identification code. There are two types 

of up-going signals: the 20-bit-wide trigger hit information, and the 10-bit-widc en

coded address data. The data readout sequence is controlled by a specially designed 

sequencer, which is essentially a 10-stcp shift register operating with a 16 MHz clock 

frequency. The global operation sequence [26]. the data buffering capability [27], and 

the data transmission to the back-end system are controlled by software running in the 

Transputer. 

There are two data transmission paths between the data scanner and the back-end 

system. One is the Transputer link which provides a bi-dircction data communication 

with a transmission speed of 20 Mbps. The other is a specially designed DMA controller 

with a byte-parallel optical transmission line; this is a one-way data transmission line 

witli a 128 Mbps capacity of with a 16 MHz strobe frequency. 

3.7.3 Memory Module 

The data gathered from the preamplifier chips are buffered once in an external Trans

puter memory bank located in the data scanner box and sent upward to a VME memory 
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module via the optical transmission line, where it is buffered again. A special watch
dog timer located on the memory module validates the timing relationship between the 
control signals. For example, a reset signal should follow the negation of the trigger 
line. The 200 //s data processing period is also monitored by the timer. When the data 
processing time is exhausted, the watch-dog timer issues an interrupt to the memory 
module Transputer that initiates the recovery procedure. 

3.7.4 The SVD Event Builder 

The event builder for the SVD data acquisition system, shown in Fig. 3.11, will have 

at least 32 memory modules, each of which could have data sets over several events. 

A specially designed block-transfer chip in the DMA master module executes transfers 

among all of the memory modules. This chip has 16 counter circuits, each running 

from the start to the stop address in a daisy-chained fashion. 

3.7.5 The Central Timing Interface 

The central control of the BELLE data acquisition system issues a trigger signal with 

an accompanying 4-bit trigger identification code, which is used to control and maintain 

the integrity of the data gathering procedure. Further control of the data acquisition 

is managed by each subsystem's timing system. The SVD system employs some ad

ditional control signals including: TRUNC. ABORT, RESET. TRV (Trigger Valid), 

and DAV (Data Valid). TRUNC forces the termination of data processing when the 

elapsed time exceeds 200 //s , retaining the data processed until that time. An ABORT 

unconditionally discards all the data processed. Upon receiving TRIGGER, TRUNC, 

or ABORT, the sequence controller on the data scanner issues an interrupt to the 

Transputer to ask for the appropriate software control. A RESET is issued by the 

Transputer to make the subsystem ready for the next event. The TRV signal notifies 

the central trigger system that the hit information from the silicon subsystem is ready 

to be processed. A DAV indicates that the analog pipeline is filled and ready to be 

triggered. 

3.8 The DAQ Software 

There are three main areas of SVD data acquisition system software: the data-scanner 

control program, the DAQ network control, and the operator interface. These are 

discussed separately. 

3-24 



3.8.1 The Data-Scanner Control Software 

The Transputer on the data-scanner board controls the front-end DAQ system. This 

transputer performs those tasks [26] that are difficult to implement with a dedicated 

hardware system. These tasks are indispensable for the operation and are a key element 

in realizing the full performance of the various customized VLSI control chips on the 

board. The biggest issue in the software development is the development of a reliable 

and maintainable program for the data scanner Transputer. 

3.8.2 The Integrated SVD DAQ Network Control Program 

Transputers are used in the slave memory modules and in the DMA master module. 

We use the embedded sequential communication link of the Transputer to construct a 

flexible network and implement the communication protocols. However, the synchro

nization and integration of all the Transputers (about 70 Transputers are used) is a 

critical issue. The master control of the Transputer network (or equivalently. the SVD 

data acquisition system) is a server workstation. Commands issued by the workstation 

and responses from the Transputers are transmitted via the INMOS link. 

In order to ensure the correct response from each Transputer and prepare the sys

tem for the next command, the system has precisely defined states and transitions as 

indicated in Fig. 3.12. The software in the various Transputers have common states 

and transition schemes. A transition from one state to another is triggered by an exter

nal command and finished when all the necessary operations are correctly performed. 

This provides the necessary synchronization and integration. 

3.8.3 Man-machine Interface 

A well conceived user interface is needed to operate, monitor, and maintain such a 

large Transputer network. Since the system will be routinely operated by non-experts, 

the interface must be reliable and user- friendly. This program will be installed in the 

Transputer-network-server workstation. 

The man machine interface is divided into the "Configuration Manager" and the 

"Run Controller." 

Configuration Manager The Configuration Manager controls the configuration of 

the Transputer network. Such a topologically complicated network must be configured 

graphically. Network trouble diagnoses will be easier if the network status is displayed 

graphically in a window that can be controlled by a mouse. 
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Run Controller The Run Controlltr initiates the state transitions and is the main 

engine of the SVD DAQ system. The Run Controller prepares a window that displays 

the state transition diagram. The operator can make a transition from a state to 

another one by clicking an icon object of the state. The smooth operation of the 

system requires a Graphical User Interface (GUI). 

The Run Controller has two interfaces. One is to the BELLE central DAQ system, 

which functions as a subpart of the central DAQ system. The other is for the stand

alone operation of the SVD system for debugging and pedestal monitoring. 

3.9 Trigger Signal Generation 

3.9.1 Conceptual Design 

Figure 3.13 shows the conceptual design of the SYD trigger. An input trigger bit is 

the OR of hit information from 32 sequential strips made on the preamplifier chips on 

each detector module. The trigger bit is updated every 500 ns (i.e. 2 MHz frequency) 

by a synchronization procedure between different data scanners that guarantees the 

overlap among the trigger bits from the whole detector. From the data scanners, the 

trigger bits are sent through the memory modules to SVD trigger boards. Each trigger 

board handles all the trigger bits from an octant. Although the number of trigger bits 

from each octant is 338. the actual number of input lines is 74 since the trigger bits are 

multiplexed with the 16 MHz clock. The trigger board processes the data from each 

octant and sends the results to the SVD global trigger processor board, which finally 

puts out the SVD trigger outputs to the GDL. 

3.9.2 Trigger Board 

Figure 3.11 shows the architecture of an SVD trigger board. 

The input trigger bits are first demultiplexed and then masked. The mask pattern 

is derived from the dead/bad channel information and can be loaded on a run-by-run 

basis. The masked trigger bits are then used to find tracks coming from the interaction 

region. The outputs are the number of tracks coming from the interaction region with 

^-information (hereafter called "r-track's) and r — 6 information (called ' r — <Z> track's). 

We define z- and r — (f> tracks from coincidences between z- and r — 6 trigger bits. These 

procedures are implemented inside programmable logic devices for which we have two 

candidates: the Xilinx FPGA (XC4000 series) and the Xilinx EPLD (XC7300 series). 

The architecture of the board does not depend on the specific choice. 
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3.9.3 Trigger Logic 

Figure 3.15 illustrates an example c-trigger logic pattern. 

The trigger logic is very simple. For each trigger bit in the outermost layer (d l . 

d2. d3 • • • in Fig. 3.15), we define a c-track segment shown as a trapezoid made with 

d3 and the interaction region. The length of the interaction region is changeable, 

depending on the actual beam length. In the d3 segment, we have the trigger bits 

c2, c3 from the 3rd layer, b2. b3, b4 from the second layer, and a2, a3, a4 from the 

first layer. A good s-track is required to have hits from at least 3 layers. An example 

is dS x {(a x b) + (6 x c) + (c x a)} , where a = (a'2 + ai + a4), b = (62 + 63 + 64), 

and c = (c2 + c3). We can make similar definitions for r — o tracks. Because of the 

overlaps between octants, all tracks with pt greater than ISO MeV/c are contained 

within a single octant and each octant can have independent logic. The outputs from 

each trigger board are as follows: 

• number of c-tracks in an octant (2bits) 

• number of r — cj> tracks in an octant (2bits) 

• regional bitmap with 9 subdivision (Sbits) 

• reserved for further pattern recognition (4bits) 
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The regional bitmap will be sent directly to a module which checks for SVD and CDC 

matches. The rest of the outputs are sent to the SVD global trigger processor where 

a very similar board but with a different logic configuration and a different I/O part 

will be used. The outputs of the SVD global trigger processor are as follows: 

• total number of --tracks (2bits) 

• total number of r — & tracks (2bits) 

• total number of z and r — 6 tracks (2bits) 

• reserved for the results from further pattern recognition (1 Obits). 

where the number of reserved bits (lObits) is tentative. The actual number depends 

on the GDL capacity. Note that the above logic is just an example. In our scheme, 

the trigger logic can be changed depending on the actual occupancy. 

In the current design, the global trigger is issued 2.2//S after the collision. Therefore, 

the SVD global trigger processor has to put out the results 1.8/JS after the collision. 

Since the trigger bits become available in the trigger boards about 1.3/is after the 

collision, we have 0.5/'s for SVD trigger processing. With a 40 MIIz internal clock, we 

have 20 cycles to process the trigger logic. 

3.10 R & D Work and Prospects 

3.10.1 Optical Link 

We have designed a reasonably high-speed optical link system that employs inexpensive 

technology. It consists of a 10-bit fiber ribbon driving a 20 MHz-NRZ code, i.e. 200 

Mbps equivalent. The transmitter and receiver are an LED and a PIN-diode, respec

tively. The optical link reduces the number of signal cables and eliminates electrical 

interference. The increase in the transmission capacity is not a mandatory part for 

this system. 

3.10.2 Clock Synchronization 

In the Lol design we allowed for each data scanner to operate with an independent 

clock frequency. Clock synchronization is necessary for implementing SVD triggers. 

We have begun a system-wide consideration of this issue. 
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3.10.3 Radiation Damage Study 

Since the readout VLSIs are located near the beam interaction region, long-term radia

tion damage is not necessarily negligible. In order to understand the effects of radiation 

damage on the currently available non-radiation-hard CMOS technology in Japan, we 

irradiated some transistor samples with gammas from a Co60 source [28]. We found 

that the damage produced an increase in the 1 / / noise. We have started investigating 

an S0I-CM0S process. We will make a final choice of the silicon process based on a 

result of this study. 

3.10.4 Software Development 

While the prototype software was developed using "Wx Window" -. we have not decided 

to construct the full system with this environment. Instead, we are considering the use 

of "Galaxy"2 for the final system development. Galaxy has an abundance of libraries 

for user-interface components as well as tools for visual resource building. It also 

supports the network task development through the runtime service called Distributed 

Applications Services (DAS). We expect that the system construction with Galaxy can 

be accomplished faster and with less man-power than with WxYV'indow. 

The software developed for the state and transition model should be useful for the 

BELLE central DAQ system, which has a distributed and parallel architecture similar 

to that of the SVD data acquisition system. We propose to construct a general state 

and transition model for the central system and adapt it for use in each subsystem. 

3.10.5 Logic Implementation for Triggering 

We have been doing RfcD on logic devices for trigger logic implementation. The 

candidates are Xilinx FPGA (XC4000 series) and Xilinx EPLD (XC7300 series). Since 

there are main* ways to use these devices, we are currently trying to find the optimum 

mode. We will make a final choice by comparisons of latency, ability to implement 

complicated logic, reconfiguration ease, user friendliness, etc. 

'free software available by anonymous ftp to aiai.ed.ac.uk, AI application institute, University of 
Edinburgh.Edinburgh, Scotland. 

2 developed by Visix Software Inc.,Reston,VA22091,USA. 
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Chapter 4 

Charged Particle Tracking 

The efficient reconstruction of charged particle tracks and a precise determination of 

their momenta is an essential ingredient to virtually all of the measurements planned 

for the BELLE experiment. Specifically, the physics goals of the experiment require 

a momentum resolution better than crPt/pt ~ 0.5% • y\ + pf for all charged particles 

with pt > 100 MeV/c in the polar angle region 17° < 0 < 150°. In addition, the 

charged particle tracking system is expected to provide important information to the 

trigger system and particle identification information in the form of precise dE/dx 

measurements for charged particles. 

4.1 Baseline design of Central Tracker 

The separate inner precision drift chamber (PDC) and outer central drift chamber 

(CDC) of the Lol reference design have been merged into a single charged particle 

tracking chamber. This device will provide coordinate measurements as well as the fast 

^-trigger information of the PDC and the dE/dx measurements of the CDC without 

the material of the outer-PDC and inner-CDC walls that was concentrated at r = 

25 cm of the reference design. However, the r-cathode strip cylinders are retained 

since we need the the fast c-trigger information to reduce beam-related backgrounds. 

In the present design, the c-readouts are provided by three cathode layers in the inner 

region of the tracking volume and layers of stereo wires throughout the rest of the 

chamber. The required fast ^-trigger information will be extracted from the cathode 

pad and the stereo wire signals. Since they are located in the innermost region of the 

the tracking volume, the material of the cathode strip layers produces a minimal effect 

on the momentum resolution. 

The chamber structure is shown in Fig. 4.1. It is asymmetric in z in order to 

provide the 17° < 0 < 150° angular coverage. The longest wires are 2350 mm long. 
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The forward and backward small-r regions have conical shapes in order to clear the 

accelerator components while maximizing the acceptance. 

CDC s t ruc tu re 
CFRP 5 m m 

f$0 oU 7 6 0 m m c t c 

R 8 8 0 m m 

1 5 9 0 m m 
Al lOrnnr 

| R 2 7 c m m 

.J 
Figure 4.1: The structure of the charged particle tracking chamber. 

4.1.1 Cell structure and wire configuration 

The chamber has 52 cylindrical layers organized in 13 super-layers, each containing 

between three and five layers which are either axial or small-angle-stereo. We chose 

four layers for each stereo super-layer in order to provide a highly efficient and fast 

c-trigger. The individual drift cells are nearly square and, except for the inner three 

layers, have a maximum drift distance between 8 and 10 mm and a radial thickness 

that ranges from 14 to 16 mm. The dimensions were optimized based on the results 

of beam-test measurements [1]. The drift cells in the inner three layers are smaller 

than the others and their signals are readout by cathode strips on the cylinder walls. 

The parameters of the wire configuration are listed in Table 4.1 and shown in Fig. 4.2. 

We have determined the stereo angles in each stereo super-layer by maximizing the 

^-measurement capability while keeping the gain variations along the wire below 10%. 

We use 30/mi diameter gold-plated tungsten for the sense wires and 126/*rn diameter 

aluminum for the field wires. The sense wire diameter is chosen to maximize the drift 

electric field. Aluminum field wires are chosen to reduce the material of the chamber. 

We have tested the candidate aluminum wire for creep and found that it is not a 

problem [1]. With the proposed diameter wires, the electric field strength at the surface 

of the aluminum field wires is always less than 20 kV/cm, a necessary condition for 

avoiding radiation damage [2]. 
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Table 4.1: Wire and Cathode Configurations. 

Layer 

type 

cathode 

axial 1 

cathode 

cathode 

axial 1 

axial 2 
stereo 3 

axial 4 

axial 5 

stereo 6 

axial 7 

stereo 8 

axial 9 

stereo 10 

axial 11 

stereo 12 

axial 13 

no. of 

layers 

1 

2 

1 

1 

1 

3 

4 

3 

3 

4 

5 

4 

5 

4 

5 

4 

5 

channels 

per layer 

64x8 

64 

64x8 

64x8 

64 

4S 

64 

80 

96 

112 

144 

160 

192 

208 

240 

256 

288 

r 

(mm) 

84.5 

88.5-96.5 

100.5 

101.0 

105.0 

116.0-144.0 

15S.O-200.0 

214.0-242.0 

257.0-289.0 

305.0-353.0 

369.0-433.0 

449.0-497.0 

513.0-577.0 

593.0-641.0 

657.0-721.0 

737.0-7S5.0 

801.0-865.0 

strip pitch or 

stereo angle 

S.3 mm 

0. 

9.9 mm 

9.9 mm 

0. 

0. 

70.3 mrad 

0. 

0. 

-41.4. mrad 

0. 

47.3 mrad 

0. 

-54.8 mrad 

0. 

64.7 mrad 

0. 

4-3 



Figure 4.2: The wire configuration of the tracking chamber. 

4.1.2 cathode strips 

The --coordinate measurements at the innermost radii are provided by cathode strips 

aligned orthogonal to the axial wire cells. The strips arc 12 fitri thick aluminum etched 

on a polyethylene sheet. The readout lines are etched on the same surface of the 

sheet and are drawn out through holes of the backward endplate to an amplifier. The 

cathode strip sheets arc glued on a CFRP support cylinder with some overlap to ensure 

complete coverage of the cylinder surface. The strips have an eight-fold azimuthal 

segmentation to reduce wire-cathode matching ambiguities. Timing information, in 

addition to charge information, from the cathode strips is encoded to provide additional 

information for use in correlating hits. 

For three-dimensional tracking, the r-6 measurement from the anodes must be 

correctly matched with the cathode z measurement. Multiple-hit-induced ambiguities 

can be reduced by both timing and pulse-height correlations between the anode and 

cathode signal. Time measurements from the cathode strips are observed to be tightly 
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correlated (a ~5ns) with those from the anodes. 

4 . 1 . 3 G a s 

The use of a low-Z gas is important for minimizing multiple coulomb scattering contri

butions to the momentum resolution. Since low-Z gasscs have a smaller photo-electric 

cross section than argon based gases, they have the additional advantage of reduced 

background from synchrotron radiation. We have selected a 509? helium - 50% ethane 

gas mixture. This mixture has a long radiation length (610m). and a drift velocity that 

saturates at 4cm///s for a relatively low electric field. This is important for the oper

ation of square-cell drift chambers because of the large field non-uniformities inherent 

to their geometry. The use of a saturated gas makes the calibration simpler and helps 

to ensure reliable and stable performance. Even though the gas mixture has a low Z. 

good dE/dx resolution is provided by the large ethane component. 

The gas gain and the drift velocity were measured using specially constructed test 

chambers. The high voltage needed for achieving a gas gain in the range 10'1 — lO" 

is found to be manageable, as can be seen in Fig.-1.3(a). The measured values of 

drift, velocity for different drift fields arc shown in Fig.4.3(b). Using these data, we 

calculated the equi-drift-time contours for a 1.0 Tesla and 1.5 Tcsla magnetic field. 

These are shown in Fig. 4.4. The difference between the distortions for these two cases 

is not large. Although our beam tests were performed in a 1.0 Tesla field, similar 

results arc expected at 1.5 Tcsla. 

The chamber will operate at a constant pressure slightly above one atmosphere. 

Although a gas circulation rate of ~10 //min will be used to ensure a homogeneous gas 

distribution and to reduce radiation damage, we expect the gas consumption rate to be 

only 0.2 //min. According to the experience in the operation of the prototype chamber, 

it is possible to keep Oi contamination below 1 ppm using a gas monitoring/purification 

system. In addition, the level of water will be kept below 100 ppm since a small amount 

of water will effect the drift velocity [3]. 

The problem of wire aging in the proposed gas was studied [4]. When subjected 

to a radiation dose corresponding to a total collected charge on the anode wires of 

0.1 C/cm, which is the expectation for ten years of B factory operation, a 20% drop 

in gain was observed without any increase in dark current. Xo sparking was seen. We 

will test the effectiveness of a gas circulation and filtering system. 

4-5 



106 

105 

c 
'3 io* 
o 
to 
a) 
O 

103 

10"= 

He-C 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2H6(50/50) 
8 

(a) Gas Gain . • • 

' I ' ' ' ' I ' • ' ' I ' • ' • ' ' • • ' 

a. 5 
E 
o 

£ 3 
o 
o 

> 2 

O 1 

i i i i i i i i i i i i i i i i i i i i i i i i 

r (b) Drift Velocity -

I . . . . 1 . ' 
2 2.25 2.5 2.75 3 

High Voltage (kV) 
1 2 3 4 5 
E/P (kV/cmXatm) 

Figure 4.3: The measured gas gain (a) and drift velocity (b) for a 50% helium - 50% 

ethane gas mixture. 

4.1.4 Mechanical Design 

We support the total wire tension of about 3.5 tons by the outer, 5 mm thick, CFRP 

cylinder; the inner cylinder only serves as a gas seal and its material is minimized. The 

aluminum endplates are kept below 1 cm thickness to avoid undue compromise of the 

performance of the Csl calorimeter. To do this, curved endplates are used to keep the 

stress and deformation small, as was done successfully in the VENUS tracking chamber. 

Our design, shown in Fig. 4.1, preserves the forward acceptance and minimizes the 

effective thickness in the endplate-outer cylinder junction. The actual endplates will 

be step-shaped like those of the VENUS chamber for ease and precision of drilling. 

The stress and deformation was calculated by a finite element analysis. The maximum 

stresses in the endplates and the outer cylinder are 2.2 kg/mm 2 and 2.4 kg/mm2 , 

respectively; values that are safely below the allowable limits. The deformation is 

maximum (2.0 mm) at the inner most edge in the endplates and the conical region 

shifts by the same amount. Since this is comparable with the wire extension caused 

by the tension, a pre-stressing method will be employed during the wire stringing to 

maintain a uniform wire tension. 

The inner and middle cylinders support the very thin cathode strip sheets; the 

4-6 



Figure 4.4: The calculated cqui-drift-timc lines for a 1.0 Tesla (a) and a 1.5 Tesla 

magnetic field (b) . 

inner one also serves as a gas seal able to support the differential gas pressure, since 

t he chamber will operate at an absolute constant pressure. For these, we plan to use 

0.3 mm thick CFRP cylinders. 

4.1.5 Readout Electronics 

A schematic diagram of the readout electronics is shown in Fig. 4.5. Signals are ampli

fied by Hadeka-type hybrid pre-amplifiers [5] and sent to Shaper/Discriminator/QTC-

modules in the electronics hut via ~30m-long twisted pair cables. This module receives, 

shapes, and discriminates the signal and performs a charge(Q)-to-time(T) conversion, 

as shown in Fig. 4.6. The module internally generates a logic-level output, where the 

leading edge correspond to the drift time (tj) and the width is proportional to the 

input pulse height (At = AQ + B). With this system both the drift time and the pulse 

height can be measured with one channel of a multi-hit TDC for each anode—half of 

the channels required by a conventional readout system with TDCs and ADCs. 

We tested a prototype readout electronics system in a beam test [1] and found 

that our requirements were almost satisfied. Different connector-pin assignments and 

PC-board patterns were investigated to reduce cross talk and noise levels in a prac

tical environment. New Shaper/Discriminator modules will be tested with a full-size 

prototype CDC. We are designing a prototype QT-module based on the the LeCroy 

MQT200F chip to test the proposed system. We will use LeCroy 1877 multi-hit TDC 

with multi-event buffers to reduce dead time. 

Another option involves using SAW delay lines [6] as shown in Fig. 4.7. With these, 
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we can further reduce the number of digitizer channels. 

Readout system for CDC & PDC 

Radeka type 
chamber hybrid pre-amp. 

HI 

H.V. 

twisted pair 
cable 

TDC 
(LRS1877) 

detector side 

Shaper/Discr./QTC 

hut side 

A*Q+B 

drift time 

* nearly the same readout scheme for cathode 
—> timing & amplitude readout 

Figure 4.5: T h e C D C readout electronics scheme. 

Function of QT converter 

analog input 

output 

internal gate T=a*Q+b 

Figure 4.6: The functional scheme of charge to time converter. 
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SAW Delay Multiplexer 

input 

Figure 4.7: The functional scheme of the SAW delay multiplexer. 

4.2 Beam Test Results 

Extensive beam and cosmic-ray tests have been carried out during the past four years. 

Some important results are mentioned here. Other results and details are described in 

the previous reports [1, 4, 7]. 

4.2.1 Spatial Resolution 

The measured spatial resolution is shown in Fig. 4.8(a). Resolutions of better than 

lOOfim were obtained for high voltage settings above 2.5 kV. The data points in this 

figure include errors coming from track fitting. Figure 4.8(b) shows a typical residual 

distribution. The non-gaussian tail in the distribution is caused by the variation of 

resolution with drift distance. This will be discussed below. 

The drift-distance dependence of the spatial resolution is shown in Fig. 4.9 together 

with results from a simulation [4]. Near the sense wire, the resolution is significantly 

worse at a 2.3 kV operating voltage compared with that for 2.6 kV. This is due to 

the effect of the small signal-to-noise ratio, which is amplified by the longer rise time 

inherent for this region. The deterioration of the resolution for tracks that traverse 

the cell near the boundary is caused by distortions of the drift electric field. Since 

the maximum drift length is less than 1 cm, the effects of diffusion are expected to be 

small. 

We measured the incidence-angle dependence of the spatial resolution for a 1.0 Tesla 
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Figure 4.8: The measured spatial resolution (a) and a typical track residual distribution 

(b ) . 

magnetic field by rotating the test chamber. No significant change was seen for az-

imuthal incidence-angles up to ±15°. Larger angles could not be studied because of the 

narrow size of the chamber. However, the spatial resolution is less important for the 

low momentum tracks incident at large <f> angles, since for these the effects of multi

ple scattering dominate. The polar angle dependence was studied without a magnetic 

field in a separate beam test. Here the spatial resolution improves for larger angles of 

incidence because the number of ion pairs in a single cell increases. 

4.2.2 dE/dx Measurements 

Figure 4.JO shows a single-cell pulse height distribution. The long tail on the high pulse 

height side (the well known Landau tail) is apparent. The observed tail is not much 

larger than that seen in argon-based gas, a characteristic that has been reported by 

other groups [8]. We confirm the resvilt that mixing with helium does not substantially 

change the characteristics of the Landau tail. 

Because of the relatively small Landau tail, we obtain the best dE/dx resolution 

using an 80% truncated mean. This can be compared with a case of the TOPAZ-
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Figure 4.9: The spatial resolution as a function of the drift distance for 2.6 kV (a) and 
2.3 kV (b) operation. The data points are beam test results. The histograms indicate 
the results of the simulation. 

TPC[9], where pressurized Ar/CH* =90/10 is used and the best resolution is obtained 
using a 65% truncated mean. Figure 4.10 shows the pulse height distribution for an 
80% truncated mean using 10 layers. A dE/dx resolution of 10.1% is obtained for 
a 1.0 Tesla magnetic field, implying a 5% dE/dx resolution for the full-size, 52-layer 
chamber. 

We measured the momentum dependence of the energy loss and extracted the 3-j 

dependence shown in Fig. 4.11. The restricted energy loss can be expressed as [10] 

HE 1 v/2™e,tf
272£n B2 6, 

J 0 0 J . (4.1) 
dx /?21 v I 

where J is the ionization potential, Emax is the maximum measurable energy and 
8 is a parameter characterizing the density effect, which is small over our range of 87. 

The solid line in Fig.4.11 is a fit to the data done by varying y/Emax/I. This curve 
and the resolution can be translated to the particle separation capabilities shown in 
Fig. 4.12. 

We measured the drift length dependence of the pulse height to study boundary 
effects. The pulse height drops near the cell boundary in a 1.0 Tesla magnetic field. 
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Figure 4.10: The measured 80% truncated mean pulse height distribution for 10 layers. 

However, we can obtain a flat drift length dependence by summing the pulse height of 

neighboring cells [1] making the entire cell useful for dE/dx measurements. 

No change in the dE/dx resolution is seen when the incident azimuthal angle is 

varied within ±15° (as is the case for the position resolution). We also tested the 

effects of saturation for different polar angles in a separate beam test. Operation at 

2.3 kV shows no gas or electronic saturation effects for small polar angles [4]. 

4.2.3 Cathode Performance 

The performance of the cathode readout pads was studied with cosmic rays and beam 

particles for test chambers with 12mm square cells and cathode strips with a 9 mm 

pitch. The induced charge on the cathode strips has a roughly constant 15mm FVVHM 

spread for tracks with incident polar angles between 90° and 60°. This spread is mainly 

determined by the gap distance between charges on the wire and cathode strips. An 

angular dependence of the charge spreading occurs at incident angles below 60°, with 

the total charge on each cathode plane scaling as ~ l / s i n# [1]. 

Figure 4.13 shows the measured cathode spatial resolution as a function of the 

track incidence-angle. The major contributions to the resolution come from primary 

ion statistics and electronic noise. The ratio of the peak pulse height to the noise 
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Figure 4.11: The measured energy loss as a function of fly. 

in a cathode cluster must be better than 100 to keep the noise contribution to the 

spatial resolution below 100//m. The angular dependence of the resolution can be 

qualitatively reproduced by a simple simulation that indicates that it is primarily due 

to primary ion statistics. A more detailed GEANT simulation that incorporates the 

cathode performance obtained in these test measurements is being prepared. 

4.3 Track Reconstruction and Simulation 

4.3.1 Track Reconstruction 

A fast and efficient track reconstruction program is needed to cope with the high event 

rates. We have studied track reconstruction using BACE, a modified version of the 

ACE program, a fast track reconstruction program developed for AMY [11]. The ACE 

algorithm finds local track segments (vectors) in each super-layer and determines <f>0, 

the azimuthal angle at the origin, and C, the curvature, assuming the tracks to be 

circles crossing the IP. Clusters of vectors in the (f>o-C plane that satisfy a global i— <j> 

track fit are used as seeds to find tracks in the z—coordinate among track vectors found 

in the stereo superlayers. The program also accommodates cathode hits. BACE has 
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Figure 4.1*2: The expected dE/dx particle separation capability. 

good tracking efficiency (~ 100%) over the entire acceptance, 17° < 0 < 150°, for 

tracks with pt > 0.3 GeV. The ]o\v-pt reconstruction efficiency is discussed below. A 

GEANT-based full simulation (BSIM) and the BACE track-reconstruction program 

were used in a study of the performance of tracking system and for determining the 

various parameters used in this section. 

4.3.2 Momentum and Mass Resolutions 

Figure 4.14 shows the pt resolutions obtained from full simulation and BAGE program 

for the present combined chamber and for the Lol reference design configurations with 

B — 1.5 Tesla. The resolutions calculated by the TRACKERR [12] program, which 

calculates track parameter errors using the correlated error matrix are also shown for 

comparison. In both cases, the TRACKERR calculations agree with the simulation 

results. The pt resolution with combined-chamber is improved by about 40% from the 

Lol reference design and parametrized as apJjh = 0.17 -f 0.19//? at 90°. The mass 

resolutions of reconstructed 5-mesons for various charged decay modes are calculated 

using the fast simulation program (FSIM) [7] where track momenta are smeared based 

on the TRACKERR calculation. The results are given in Table 4.2. The mass reso-
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Figure 4.13: The cathode spatial resolution as a function of the incident polar angle. 

lution for the B° —> x+-~ decay mode is also calculated using the full simulator and 

BACE. These agree well with the FS1M result. 

4.3.3 Effect of Non-uniform Magnetic Field 

Magnetic field non-uniformities in the tracking volume come from the leakage field of 

accelerator components (compensation solenoids) in the detector and the saturation of 

detector solenoid field in the endcap iron. The latter depends on the shape and KLC 

instrumentation in the endcap. In present design, some level of field non-uniformity is 

unavoidable. 

We have studied the effects of the non-uniform magnetic field on the tracking. The 

magnetic field was calculated with a two-dimensional Poisson program including the 

detector solenoid, non-shielded compensation solenoids, and an iron structure where the 

outer half of the endcap is instrumented for the KLC. The calculated magnetic field 

was parametrized for incorporation into the GEANT-based full simulation program 

(BSIM). Figures 4.15 (a) and (b) show the extent of the field non-uniformity for Bz 

and Br in 1.5 T operation, respectively. The non-uniformity is the largest in the forward 

region; ~ ±4% in Bz with BT as large as ~ 1.5 KG. It is considerably smaller in the 

central region. The configuration used for the calculation is not exactly the same as 
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Figure 4.14: The pt resolution as a function of pt for -~ with 0 = 90° in L.o T. 

The open circles are for the combined-function chamber and the stars are for the Lol 

configuration where a kink is allowed at CDC inner wall in the helix fit. The solid and 

dotted lines are calculations based on the TRACK ERR program. 

the current design, but the features of the non-uniformity will not differ significantly. 

The non-uniform field deforms the track trajectory from the ideal helix that the 

track reconstruction program utilizes for finding hits and for track fitting. The effects 

of three different aspects are examined using single tracks: 

1. the track reconstruction efficiency; 

2. the momentum resolution for different {pt,6) tracks; and 

3. the shifts of the reconstructed momentum. 

The BACE program uses a helix fit to determine the track's pt. The results are shown 

in Figs. 4.16 (a)-(d), where the track reconstruction performance for the non-uniform 

field case are compared with those for a perfectly uniform field. Except for small 

efficiency losses in the threshold pt region and a few 'anomalous' resolution points, no 

significant degradation is seen in efficiency and pt resolution. However, some pt shifts 

are rather large (~ 15%) compared to the Bz variation (~ ± 4%). These are due to the 
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Figure 4.15: (a) The variation of Bz with respect to the nominal field value (1.5 T) 

along straight lines at various fixed 0 values, (b) Br along the straight lines at various 

fixed 0 values. 

non-zero Br component. However, the shifts have a weak pt dependence in the low-;;, 

region (except for very forward and backward tracks) and are almost independent of pt 

for pt > 0.5 GeV. The dependence of the shifts in this region on 0 is a smooth function 

of 6 as shown in Fig. 4.16 (d). which implies that even a simple pt correction would be 

sufficient. We have checked this simple correction for simulated B° —> - + - _ decays. 

With a track pt correction that is only a function of 0 taken from Fig. 4.16 (d), the 

reconstructed mass resolution is restored to the same level as in the case of a uniform 

field. 

The effects of misalignments of accelerator magnets off the CDC center axis was 

also examined. Figure 4.17 shows the 6 dependence of the reconstructed pt for various 

values of displacement of the non-uniform field with respect to CDC. It shows that 

misalignments of a few mm do not produce significant effects. 

In conclusion, a magnetic field that is non-uniform at the examined level is accept

able for tracking and will not cause any significant problems. The reconstructed pt shift 

can be corrected over a large region with a very simple method. More sophisticated fit

ting techniques, such as a Kalman filter, should provide even better corrections for low 
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Figure 4.16: (a) A comparison of the track reconstruction efficiency for non-uniform 

and uniform magnetic fields for various pt and 0. The ratios of the efficiencies with 

non-uniform field to those with uniform field are plotted, (b) The same for the pt 

resolution, (c) The non-uniform-magnctic-field-induccd shift of the reconstructed pt 

for various pt and 0 values, (d) The shift of the reconstructed pt as a function of 0 for 

Pi = 1 GeV/c tracks. 

pt tracks. However, since the correction by any method assumes the exact knowledge 

of the magnetic field, it is important to have a magnetic field map with a precision at 

the same level of accuracy as the expected resolution, i.e. a few tenths of a percent. 

4.3.4 Field Strength and Track Reconstruction 

The momentum resolution (both contribution from the measurement error and multiple 

Coulomb scattering) improves in inverse proportion of the magnetic field strength. 

While the high magnetic field degrades the tracking efficiency for low pt tracks. This 

effect was studied using the full, GEANT-based simulation. Figure 4.18a (b) shows 

the transverse-momentum (pt) dependence of the track reconstruction efficiencies for 

the BACE program for different magnetic values, for tracks in the forward (central) 

region of the detector. The higher field results in a loss in the BACE reconstruction 
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Figure 4.17: The ^-dependence of the reconstructed pt for various values of 6 and 

displacement of the non-uniform field with respect to CDC. Tracks with pt of 1 GeV/c 

are used. The dotted bands show the pt resolution for tracks with different 9 values. 

efficiency for low pt tracks. However, it should be noted that BACE is a fast track-

finding program specialized for fast triggering and event filtering and not optimized 

for low pt track finding. Moreover, the SVD hits have not been incorporated into 

BACE. Therefore, we expect that with a more sophisticated track finding program 

that incorporates SVD hits, tracks hits in SVD and first several layers of CDC will be 

reconstructed with high efficiency, and the actual effects of 1.5 vs 1.0 Tesla are best 

represented by a comparison of the efficiencies shown in figures 4.IS (c) and (d), which 

show the fraction of tracks that produce hits in at least the first six CDC layers. In 

this case, the effects of the higher magnetic field are reduced to an insignificant level 

in the central region. 
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Figure 4. IS: (a) The track reconstruction efficiency as a function of pt for 0 = 20° TT~ 

tracks. The solid and dashed curves are for B = 1.0 and 1.5 Tesla, respective1 v. (b) 

The same for 0 = SO0 tracks, (c) The fraction of (racks with hits in the first six CDC 

layers for 0 = 20° iC tracks; and (d) for 0 = SO0 (racks. 

4.4 CDC Trigger 

4.4.1 r-d> Trigger 

The CDC r-6 trigger is the main component of the charged track triggers. It has to 

identify tracks originating from the interaction point and discriminate against various 

background track sources and make a fast determination of the track pt, the track 

direction, and the number of tracks. 

The CDC r-0 triggers are formed using discriminated axial-wire hit signals. Anode 

wires in each super-layer arc grouped into track segment finder (TSF) cells and the 

hit pattern in each cell is examined by a memory look-up table (AILU) to test for the 

presence of a candidate track segment. The MLU's are latched periodically by a sample 
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clock. Figure 4.19 shows the TSF cells for the CDC super-layers. In order of increasing 

superlayer radius, the number of TSF cells are 32, 32, 48, 64, 80, and 96; the number 

of wires in a TSF cell varies from IS to 20. The TSF cells in the innermost super-layers 

are very important for rejecting tracks that originate away from the interaction point 

and the MLU pattern for these layers must be determined with special care. 

Figure 4.19: The CDC track segment finder cells for inner-most two super-layers (a) 

and outer super-layers (b) . 

The TSF-cell outputs are logically OR'ed to form trigger macro-cells that number 

between 24 and 32 per layer. The hit pattern of the macro-cells in the six CDC trigger 

super-layers is used to classify the track configuration of the event. Figure 4.20 shows 

the macro-cell pattern of one of 16 track-finder wedges matching to an innermost super-

layer macro-cell. The hit patterns of the macro-cells in a wedge are fed into next MLU 

stage. The second-stage MLU provides several output bits for different track categories 

according to patterns, such as, for example: 

• Short Track (track in the two innermost trigger layer, pt > 200 MeV/c) or 

• Long Track (track which goes through all CDC trigger layers, pt > 300 MeV/c). 

The minimum acceptable pt can be adjusted by the pattern loaded into the MLU. 
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Figure 4.20: CDC trigger macro-cells in a 1/16 wedge. Tracks with pt of 200. 300, and 

400 MeV are also shown. 

The output signals from the 16 wedges are fed into next stage where the signals for 

the global decision logic (GDL) are formed. In this stage, the following logic functions 

are performed based on the data from the tracking wedges: 

• counting of the number of tracks for each category (i.e. 'Short' and 'Long' tracks): 

• determination of the maximum opening angle between tracks; and 

• recognition of back-to-back track topologies. 

The conditions for the signals to GDL will be under software control and have con

siderable flexibility. Further investigation of the track-trigger logic and the hardware 

design is in progress. 

4.4.2 z Trigger 

A fast ^-trigger is important for discriminating charged tracks produced at the in

teraction point from background tracks from interactions of spent electrons with the 

material around the beam pipe, or by beam gas events, and cosmic rays. CDC z 

triggers are formed from the direct z information provided by the cathode strips and 
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from ~ coordinates calculated from axial and stereo wire hits. Since three of the four 

cathode-strip layers are situated at the inner most CDC region, the incorporation of 

additional ; information provided by the stereo wires is necessary for good trigger 

performance. A schematic diagram of the c-trigger logic is shown in Figure 4.21 

Cathode signals are discriminated with a threshold low enough to ensure high effi

ciency for the normal incident tracks and high enough to keep the cathode-hit-cluster 

size manageable. The discriminated cathode signals are fed into cathode coincidence 

gate arrays in each <•> segment and two or more hit (out of three possible) cathode 

layers in each tower. 

The stereo z coordinate is calculated by matching axial and stereo wire hits on 

adjacent layers at the superlayer boundary . The sensitivity of the z coordinate calcu

lation is determined by the cell width and the stereo angle. For single cell hits, the ~ 

resolution is about 40 cm for the current wire configuration. A coincidence between two 

adjacent layers in the same super-layer reduces the size of hit cluster width to a half 

cell-width for high pt tracks not at the cell boundary: it also reduces accidental trigger 

signals from uncorrelated noise hits. Coincidence signals are fed into the ^-calculation 

gate array (ZCG) that provides input signals for 16 0 segment trigger tower logic. The 

tower structure of the trigger system is formed by connecting ZCG signals and cathode 

- signals to the corresponding tower gate arrays. A possible trigger requirement is 

more than 8 hits out of 10 possible stereo and cathode hits in thrpe adjacent (j> segment 

towers. 

The tower trigger is simulated by using a GEANT simulation that includes a model 

of the trigger logic. Figure 4.22(a) shows the trigger efficiency for a single track orig

inating from the interaction point as a function of the transverse momentum. The 

efficiency is adequate for pt > 500 MeV/c. The efficiency as a function of the gener

ated track position along the beam axis is shown in Fig. 4.22(b) for a pt = 1 GeV/c 

track. The trigger is effective at rejecting tracks originating more than 10 cm the 

interaction point. 
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Figure 4.21: A schematic view of the ^-trigger logic. WCG (CCG) are coincidence 

gate arrays for wire (cathode) hits. ZCG designates the c-coordinate calculation gate 

arrays and TTG the Tower Trigger Gate logic. 
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Figure 4.22: The simulated z trigger efficiency for a single track as a function of pt (a) 

and the generated z coordinate (b ) . 

Table 4.2: The mass resolutions of reconstructed 5-mesons for various charged decay 

modes. MCF means mass constraint fit. 

Decay modes 

B° -» Ji/>Ks -» i+/-7r+7T-

B° - » TT+TT" 

B+ ^ D°K+ -> x+K~K+ 

E°-*D+D-->(Kv*)* 

without MCF 

13.4 MeV 

18.0 MeV 

12.2 MeV 

S.6 MeV 

with MCF 

8.3 MeV 

10.4 MeV 

6.4 MeV 
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Chapter 5 

Particle Identification 

5.1 Overview of Particle Identification 

Particle identification, specifically the ability to distinguish TT* from A - ± , will play a key 

role in the elucidation of CP violation in the B system. The performance parameters 

for any system capable of providing coverage over the full range of physics topics 

are. however, extremely demanding, and despite extensive RfeD efforts at KEK and 

other laboratories, we have yet to converge on a single solution. An analysis of the 

BELLE construction schedule indicates that a decision on particle ID must be made 

by the end of March. 1995. In what follows, we outline the general requirements 

for particle ID and discuss the various options that are being considered by BELLE. 

Finally, the advantages of each approach is summarized and the decision making process 

is discussed. 

5.1.1 Physics Considerations 

We begin with a brief review of the physics processes that determine the requirements 

for the PID system. This material has been presented in detail elsewhere[l]—[7]. Note 

that the reactions considered are representative; there are a number of other processes, 

not discussed here, whose analysis will be facilitated by a reliable particle ID system. 

Flavor Tagging 

Flavor tagging of the opposite B° through detection of charged kaons produced in the 

b —* c —*• s cascade is an essential function of the PID system. Figure 5.1 shows the 

momentum spectrum of A^ ' s from B decays. Only kaons lying within | cos#/a&| < 0.95 

are plotted. If one seeks to retain 90% of the charged kaons generated in this cascade 

5-1 



(giving up 5% at each end of the spectrum), the PID system must separate TT '̂S from 
K±ys over the momentum range 0.20 < px < 1.50 GeV/c. 

f 
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Figure 5.1: Momentum spectrum of charged kaons arising from the b —> c —> s cascade. 

B° _> 7T+7T-

This reaction is important to the determination of fa. One potential complication is 
background from B° —• K+TT~. Theory predicts branching ratios of order (1 — 2) x 10~5 

for both B° ->• TT+TT and 5° -> i?+*r-[8, 9, 10]. A recent CLEO measurement[9], 
yields a combined rnr plus Kir branching ratio of (2.41°;? ± 0.2) X 10~5. Taken at face 
value, the CLEO data indicate that B0 —» K+ir~ does indeed occur at the 10~5 level, 
although this represents only a 2.8a effect. 

In Fig. 5.2 the range of momentum for pions from B° —» TV+IT~ is plotted as a 
function of laboratory polar angle in the angular range of interest. Most of the pions 
have momenta in excess of 2 GeV/c. 
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5.2: Momentum of pions from B° —» 7r+7r as a function of laboratory polar 

The error bars indicate the total momemtum range encountered in each angular 
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Self-Tagging B decays 

The (?i>3 angle of the imitarity triangle can be measured through the study of decays 

of the form B —»• KD° where the D° decays into a definite CP eigenstate, e.g., D° —> 

D\ —> K+K~. CP violation shows up as a difference in rate for B° and B°. making 

it necessary to measure only a ratio of branching ratios. Similar effects obtain in the 

decays B* —> D° A'*. B* decays have the added advantage of being self tagging, since 

the sign of the charge of the reconstructed B yields its flavor directly. Moreover, the 

reconstruction efficiency for B* docs not suffer from losses of AVs. 

The momentum of the charged kaon in these decays lie between 1.5 and 3,5 GeV/f. 

Furthermore, the reactions B± —*• x^D0 are expected to proceed at a rate that exceeds 

those of B* —» K^D0 by more than an order of magnitude. Finally, the combined 

branching ratios for these processes arc expected to be small, requiring that high effi

ciencies be maintained over extended running periods. 

5 . 1 . 2 S u m m a r y o f R e q u i r e m e n t s 

Momentum Coverage and TT/K Rejection Ratios 

Physics considerations divide the momentum coverage into two approximately non-

overlapping regions. A low momentum region (0.2 < p < 1.5 GeV/c) corresponding 

to flavor tagging, and a high-momentum region (1.5 < p < 4.0 GeV/c) corresponding 

to two-body decays such as B -* nit and B —* KD. The situation is summarized in 

Table 5.1. Of course, other reactions will also benefit from particle ID, either through 

direct rejection of background processes, or because of improved combinatorics in multi-

body reconstructions. A system meeting the requirements implied by Table 5.1 will 

also provide satisfactory performance for other processes as well. 

Other Requirements 

In addition to providing A '* / "* separation the PID system must also satisfy the criteria 

listed below: 

1. Provision of a prompt trigger strobe signal. An analysis indicates [11] that this 

strobe should fall within ±10 ns of the actual trigger time (plus a fixed offset). 

The need for such a signal is intrinsic to the DAQ approach adopted by BELLE. 

Although other schemes are possible [2, 12], their implementation would represent 

a disruption. 

2. Minimal mass in front of the Csl calorimeter. The amount of material that can 

be tolerated depends in part on physics judgements regarding the relative impor-
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Table 5.1: Summary of requirements for momentum coverage and rejection ratios for 

representative physics processes. 

PID Physics Coverage Summary 

Physics 
Topic 

Tagging 

4>\ 

4>2 

d>3 

Reaction(s) 

b —> c —• 5 

B° -» J/$Ks 

etc. 
5 0 _> 1r+ir-

5 0 _ , ^ ^ 

B± -> £)0A'± 
BO _+ £)0A'O 

Momentum 

(GeV/c) 

0.2 < 77 < 1.5 

1.8 < p < 3.8 

1.5 < p < 3.3 

R eq'd Rejection 
Particle Ratio 

TT* 

A'* 

7T± 

100:1 

10:1 

100:1 

tancc of soft-photon detection versus particle identification. However, there is 

experimental evidence from CLEO [13] and from analytic and Monte Carlo stud

ies [14] that thicknesses up 20% of a radiation length (r.l.) will not appreciabh-

degrade the performance of the calorimeter. We have adopted that value as a 

target. We note also that the position of the material with respect to the face of 

the calorimeter is important. A given amount of material placed directly in front 

of the calorimeter has much less effect than the same amount of material placed 

several centimeters before the calorimeter's entrance. (See Figs. 6.31 and 6.32). 

3. Simple, reliable, and stable operation. The desirability of this is self evident. Sys

tems requiring inordinate amounts of offline calibration effort will affect BELLE's 

ability to compete in a close race with other j?-physics programs. It is equally 

clear that a system that remains stable and requires minimal maintenance over 

the anticipated ten-year lifetime of the experiment has an obvious advantage. 

5.1.3 Technology Options 

In the following paragraphs we provide a brief overview of the particle ID strategies 

currently being considered for BELLE. Additional details are presented in Sections 5.2, 

5.3, and 5.4. 
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Aerogel plus T i m e of Flight 

A hybrid system consisting of an array of scintillator time-of-flight (TOF) counters 

and an array of silica aerogel threshold Cercnkov counters is capable of covering the 

momentum region of interest. In this approach, the TOF counters cover the region 

below 1.2 GeV/c and the aerogel counters provide identification at higher momenta. 

This can be accomplished with a single layer of aerogel with a refractive index varying 

from n = 1.01 at forward angles to n = 1.02 for angles of 0\at, = 90° and greater. 

The aerogel/TOF hybrid approach has the advantage of simplicity and relies mostly 

on established technology. The principal concern at this point is light yield, particularly 

at forward angles, where a low refractive index is required. However, a vigorous R&D 

program is ongoing and recent months have seen some steady progress. 

D I R C 

The DIRC (Detection of Internally Reflected Cercnkov light) [15. 16] option has re

cently received attention within BELLE [17]. This device uses the total internal re

flection of Cerenkov light in long thin quartz bars to form a velocity dependent image. 

That image is transported to the edges of the detector where it is proximity focussed 

onto an array of approximately 7000 3S-mm-diameter photomultiplier tubes, arranged 

on an umbrella-like support that is separated from the ends of the bars by a water-filled 

standoff region. The DIRC array is combined with an array of thin TOF counters that 

provide the timing signals required by the trigger. 

The DIRC meets the particle ID performance requirements with a substantial safety 

margin over the angular range 30° < Otab < 135° (see Section 5.4.2 below) and offers 

important advantages in terms of reduced material in front of the calorimeter and 

increased drift-chamber path length. Although these features arc very attractive, the 

world-wide experience base with this device is fairly limited and there is essentially no 

direct experience within BELLE as of yet. We will rectify this situation in the coming 

months. 

There are also some questions of mechanical design having to do with supporting 

the quartz bars and the standoff tank. These appear to be managable, however. Fi

nally, additional study is needed to assess potential interference between the DIRC and 

accelerator components and to verify that the DIRC can be mounted in a way that 

affords access to other detector components. 
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R I C H plus T O F 

The design philosophy of this approach is that the TOF counters will provide the 

trigger timing strobe and more or less guaranteed performance in the tagging region. 

By incorporating a RICH detector, K-TT separation is extended over the full momentum 

region of interest. The leading candidate for the RICH counter employs a solid Csl 

photocathode working in conjunction with a MWPC instrumented with cathode-pad 

readout. 

Because it has proven difficult to achieve the high quantum efficiency initially ex

pected for the Csl photocathode. and because of concerns relating to the long-term 

stability of the photocathode surface, the BELLE collaboration has recently decided 

to demphasize this option. However, R&D will continue to address the aforementioned 

problems and the Csl RICH option will be retained as a possibility for a future detector 

upgrade. 

5.2 Time-of-Flight Counters 

Time-of-flight (TOF) using plastic scintillation counters is a very powerful, albeit con

ventional, method for particle identification in e+e~ collider detectors. For a 1.2 m 

flight path, a system of counters with 100 ps time resolution is effective for particle 

momenta below about 1.2 GeV/c, which encompasses 90% of the particles produced 

in T(45) decays. Thus, a TOF system will provide clean and efficient 6-flavor tagging. 

In addition to particle identification, the TOF counters provide fast timing signals 

used by the trigger to generate gate signals for the ADCs, and stop signals for the 

TDCs. To avoid pileup in the trigger queue, the rate of the TOF trigger signals must 

be kept below 70 kHz: the gate and stop timing for the Csl calorimeter and the CDC 

sets a time jitter requirement of less than ±10 ns. Simulations studies indicate that 

to keep the fast trigger below 70 kHz in any beam background conditions, the TOF 

counters should be augmented by thin trigger scintillation counters (TSC). 

5.2.1 TOF and TSC configuration 

To achieve the 100 ps design goal, the following design strategies have been adopted [18, 

19, 20, 21]: 

• use of fast scintillator with an attenuation length longer than 2 m; 

• elimination of light guides to minimize the time dispersion of scintillation photons 

propagating in the counter; and 
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• use of phototubes with large area photocathodes to maximize photon collection. 

These considerations led us to a configuration with fine mesh dynode photomultiplier 

tubes (FM-PMT) [22] mounted directly to the TOF and TSC scintillation counters 

and situated in the ~ l . o T field. 

Table 5.2 shows the TOF counter configuration. The barrel TOF consists of 128 

plastic scintillation counters forming a cylindrical structure located at a radius of 

120 cm (between the PID detector and the Csl calorimeter). Figure 5.3(a) shows 

the individual b a n d TOF and TSC counter designs. Each barrel TOF scintillator is 

5 cm thick. G cm wide and 2.6 m long with phototubes mounted directly on each end. 

The barrel TSC consists of 64 pairs of 5 mm thick scintillators, which are attached on 

the front and back surfaces of adjacent pairs of TOF counters. A Monte Carlo stud}' 

with full detector simulation including the effects of the material of the barrel PID and 

backsplash from the Csl calorimeter indicates that the clean hit probability is about 

90% for particles from BB events in the 128 segment barrel TOF solid angle. 

Table 5.2: Configuration of the Barrel and the Endcap TO 

TOF Counter 

Barrel TOF 

Barrel TSC 

Forward TSC 

Backward TSC 

Forward TOF (option) 

thickness 

cm 

5 

2x0.5 

1x0.5 

1x0.5 

5 

Z 

cm 

-S4-17S 

-94~1S8 

195 

-101 

190 

R 

cm 

117.5~ 125.0 

117.5-125.0 

40~115 

33-118 

33-118 

r counters. 

Seg. 

12S 

64 

48 

48 

48 

PMT 

2 

2 

2 

2 

3 

The forward endcap region is instrumented only with a single layer of 48, 5-mm-

thick, wedge shaped scintillators, leaving room for the installation of an endcap PID 

detector. There is an option of having a forward TOF for the interim period before the 

forward PID is ready. In that case, the forward TOF can enlarge the acceptance for 

the flavor tagging using kaons by an additional 15% above that provided by the barrel 

measurements. The forward TOF counters are wedge shaped with readout phototubes 

mounted to the front surface of the counter, viewing the counter through a 45° reflecting 

plane in order to maintain the phototube axes parallel to the magnetic field, as shown 

in Fig. 5.3(c). 

Figure 5.4 shows schematic diagrams for (a) TSC fast trigger and (b) T O F readout. 

The barrel TSC signals of both ends are mean-timed and placed in coincidence with 
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Figure 5.3: (a) Barrel TOF/TSC, (b) endcap TSC and (c) endcap TOF designs. 

each other and the TOF counter to create a fast trigger signal with a time jitter smaller 

than 5 ns. During the 2.2 /ts event decision time, the analog and digital TOF signals 

are delayed through passive delay lines and are read out via conventional ADC and 

TDC modules, depending on the results of the trigger decision (which also involves 

information from the Csl and CDC). 

The timing and gain of the individual phototubes as well as long-term aging ef

fects of the scintillators will be monitored by a pulsed-laser calibration system. This 

will be essential for minimizing systematic errors; for monitoring the performance of 

each counter module; and for debugging the entire system, especially at the time of 

installation. 

5.2.2 Monte Carlo Study of the TSC Design 

Beam-induced backgrounds in the TOF counters have been estimated with the GEANT 

full detector simulation. As we expect the effects from the 3.5 GeV e+ beam to be 

larger than those from the S GeV e~ beam, only spent positrons were simulated. 

Figure 5.5(a) shows the energy spectrum of 7s produced by spent e+ that reach the 

barrel TOF. About 7 7s with energies up to a few MeV per spent e+ are produced 

around the masks in the interaction region and reach the barrel TOF. Conversions of 

these 7s in the material scintillator produce a counting rate in the barrel TOF counters 

that is estimated to bo in excess of 70 kHz. The coincidence rate for two thinner (5 mm 

thick) TSC counters, separated by the 5 cm TOF counter will be considerably lower. 
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Figure 5.4: Schematic diagram for the (a) TSC trigger and (b) TOF readout. 

The 1.5 T magnetic field prevents most electrons created by Compton scattering or 

pair conversion in the inner layer from reaching the outer layer. A GEANT estimates 

indicate that the photon sensitivity of a two TSC coincidence is to be about S x l O - 3 

times that of the barrel TOF (see Fig. 5.5(b)). In the endcap region the field is almost 

parallel to 7 ray direction, and the photon sensitivity is higher. Here a single thin 

trigger scintillator is being considered, as shown in Fig. 5.3(b). 

Table 5.3 shows the results of GEANT estimates of the TOF and TSC trigger rates 

for various trigger conditions, assuming a rate of 2 MHz of spent positrons and taking 

careful account of the material around the interaction region. A singles rate of 174 kHz 

in the barrel TOF can be reduced to 9.0 ~ 1.4 kHz with the TSC coincidence using 

discrimination levels of 0.1~0.2 m.i.p. Higher rates in the backward TSCs are due 

to their higher sensitivities to photons and the large flux of photons incident on the 

backward TSCs. There is the capability for lowering the trigger rate further by raising 

discrimination levels and/or taking NTOF > 2 etc., thus providing a considerable safety 

margin against the 70 kHz limit. 

5.2.3 Effect of 1.5 T Field on the Fine Mesh P M T 

Hamamatsu R2590 FM-PMT (1500 mesh/inch) were mounted on end of a 2 m long 

scintillation bar (BC408) with a cross section of 4 cm ( t )x6 cm (w) and tested in 

magnetic fields up to 1.2 T. These tubes are 10 cm long and have a 36 mm diameter 

photocathode. Time resolutions and gains were measured with a 1.5 GeV/c TT~ beam. 
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Figure 5.5: MC study of B T 0 F trigger, (a) Energy spectrum of 7—rays produced by 

spent e+ that reach the barrel TOF and (b) the 7 sensitivities of the barrel TOF and 

the two TSC coincidence. 

Figure 5.6(a) shows the time resolution of two beam positions—60 and 180 cm from 

the PMT—as a function of field strength. The PMT high voltage was raised to keep 

the ovitput signal nearly constant (about 800 ADC counts x 0.25 pC per count) as the 

field strength increased. The time resolution is observed to degrade by about 10% as 

the field is increased from zero to 1.2 T. This is accompanied by a reduction in gain to 

a few percent of its zero field value, as shown in Fig. 5.6(b). 

We have recently carried out another test that measures the FM-PMTs inside the 

magnetic field by using a laser pulser (PLP-02). Two types of FM-PMT were tested 

up to 1.8 T field. One is a standard tube with 1500 mesh/inch, and the other is a 

newly deve^ped one with 2000 mesh/inch. The one with 2000 mesh showed better 

performance both in amplification gain and photoelectron collection in the dynodes. 

The gain for the new type at 1.5 T, parallel to the phototube axis, dropped to 1% 

level of zero magnetic field value. This is a large improvement over the standard one 

where the drop was 0.1% level. The photoelectron collection efficiency for the new type 

under the same magnetic field was about 80% of the zero magnetic field value, while 

this was about 50% for the standard one. We expect that the degradation of the time 

resolution when the field changes from zero to 1.5 T is about 10% if we use this new 

2000 mesh/inch tube. 

We plan to use two 2 inch phototubes, with 19 stages dynodes of 2000 mesh/inch, 

in each end of the counter. This type will provide a required gain of 3 x 106 at 1.5 T at 

a nominal 2500 V high voltage. R&D is underway in order to customize the production 
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Table 5.3: Trigger rate for different TOF and TSC combinations. 
Trigger condition 

Barrel TOF ( no TSC ) 

Barrel TSC1&TSC2 

Barrel+Forward TSC1&TSC2 

Barrel+Forward/Backward TSC1&TSC2 

discri. 

[m.i.p] 

0.1 
0.2 

0.1 

0.2 

0.1 
0.2 

0.1 

0.2 

NTOF > 1 

[kHz] 

174 
82 

9.0 

1.4 

11.8 
3.4 

46 

32 

NTOF > 2 

[kHz] 

46 
10.4 

0.3 
<0.2 

0.4 
<0.2 

7.4 

3.6 

of this new fine mesh phototube. 

5.2.4 Test results of prototype TOF/TSC counters 

Full size protot\'pe barrel TOF/TSC counters were tested with the pion beam. They 

were 3 m long, 5 cm thick and 6 cm wide BC408 scintillators with attenuation lengths 

of 2.5 m. An independent time walk correction was applied at each beam position. The 

time jitter of the start counter (35 ps) is subtracted quadratically. An intrinsic time 

resolution of 70 ps is obtained for BC408. The TOF time resolutions are insensitive 

to discrimination levels. Figure 5.S(a) shows the 7r+/p separation over a flight path 

of 1.4 m in a 2 GeV/c unseparated beam (equivalent to 1 GeV/c for K/K)- The two 

peaks, corresponding to ~ + s and protons, are separated by about 6cr. A new type of FM 

phototube (R5924) with improved photon collection and reduced material thickness has 

been developed to match the 128 segment TOF counter size while keeping the effective 

photocathode area as large as possible. This tube has a wider photocathode diameter 

(39 mm diameter) and a shorter length (7 cm). 

A new type of FM-PMT with separated anodes for reading out the two TSC signals 

independently has been developed and tested with the beam. The attenuation length 

a of 5 mm thick, 12 cm wide TSC (BC412) counter was observed to be 240 cm, with a 

photoelectron yield Npe > 10 for hits at the far end of the counter. A trigger efficiency 

for each TSC counter of greater than 98% was obtained with a discrimination level of 

0.2 mips. 

Using 1.3 MeV gamma rays from a Co60 source, it was demonstrated that the 

double-layer TSC configuration reduces the fake trigger from gamma rays down to 1% 
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Figure 5.6: Field test results for fine mesh dynode phototubes, (a) Time resolution 

and (b) relative gain as a function of magnetic field stiength. A 2m long BC40S 

scintillation bar with a cosssection of 4 cm(t) and 6 cm(w) was used for the test. 

veen a of that of a single layer TSC. Finally, it was shown that a triple coincidence betwc 

TOF counter and two TSC's provides very clean and efficient triggering at the nom. .i 

discrimination levels for the TSC and TOF counters. 

Test results of a prototype forward TOF counter (BC404) with three phototubes 

are shown in Fig. 5.8(b). An intrinsic resolution of 50 ps is seen at the center of the 

counters. 

5.2.5 Readout electronics and related items 

\Ve plan to use LeCroy 1S72A TDC and 1SS2F ADC FASTBUS units for digitization of 

the TOF signals. Prototypes of digital and analog 2 /is delays for the TDC and ADC 

signals have been tested. A time jitter of 20 ps with a temperature dependence of 

40 ps/°C were observed in a prototype test of an S channel digital delay assembled in a 

double-width NIM module, utilizing a compact 400 m long optical fiber bobbin. In ad

dition, a NIM module containing 16 LC delay lines adequate for the analog signals has 

been tested. The LC delay introduces a < 2% non-linearity with an increase in output 

width to ~ 300 ns and a 75% reduction in the output charge. In the TOF/TSC beam 

test, the optical fiber delay and LC delay modules were installed for all signals read 

from the PMTs. The delays caused no significant degradation of the time resolution. 

These results are close to our goals. 

An important contribution to the TOF time resolution is the time jitter associated 
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Figure 5.8: Time of flight measurements with prototype (a) barrel TOFand (b) endcap 
T 0 F counters for a 2 GeV/c 7r+/p unseparated beam over a flight path of 1.4 m; here 
the 35 ps time jitter of the start counter is included. 
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with the ambiguity of the beam-cross timing (BC/O). In principle, the BC/O timing 

can be reconstructed in a self consistent way in offline analysis using tracking infor

mation- However, it is desirable to have an independent measure of this time. One 

possibility is the RF timing signal, which is expected to provide a precision of about 

10 ps- A beam bunch length of 5 mm causes a 20 ps ambiguity of the BC/O timing. 

We expect that the time jitter of BC/O can be reduced to less than 40 ps in total. 

5.2.6 Optimization 

Although the performance levels demonstrated in our prototype tests have exceeded 

the goals, both for TOF particle ID and TSC trigger pulse generation, we continue 

to optimize the design of the system. Subjects being considered include the TOF 

scintillator thickness and the number and placement of the TSC counters. 

5.3 Aerogel Cerenkov Counter (ACC) 

A threshold Cerenkov counter system based on silica aerogel radiators is one possibility 

for K/1* separation in BELLE. The aerogel Cerenkov approach is a well established 

technology that has been used in experiments including one at an e+e~ collider [23]. 

Recently, aerogels with refractive indices as low as 1.003 have been produced [24], ex

panding the Kjii separation range up to 4 GeV/c. At KEK, we have developed a 

technique for producing low-refractive-index aerogel with excellent hydrophobic prop

erties; these aerogels are expected to be particularly resistant to deterioration with 

age, 

The use of aerogel would permit a reduction of material in front of the Csl calorime

ter. The design presented here has an average material thickness corresponding t o 15% 

r.l. independent of the polar angle. The TOF counters add another 14% r.l. for a total 

of 29% r.L Since the ACC is divided into more than 1000 independent modules, it will 

b e immune to beam-induced backgrounds. 

5.3.1 Conceptual Design 

In the present design, we consider only a single refractive index aerogel layer (n = 

1.01 ~ 1-02 depending on the polar angle region), since low-momentum (less than 

1.2 GeV/c) K/K separation is provided by the T O F system. The barrel configuration 

is shown in Fig. 5.9 and that for the endcap in Fig. 5.10. The barrel device covers the 

polar angle range 33.3° < 9 < 127.9° and the endcap 13.6° < 0 < 33.4°. The barrel 

is a 960-element array: 16 elements in z and 60 elements in <f>, with a typical sfae of 
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12x12 cm2 cross section and 12 cm depth, The refractive indices of the aerogels in 
the barrel region are 1.01 in 33.3° < 0 < G5.0°, 1.015 in 65.0° < 0 < 95.0° and 1.02 
in 95.0° < 0 < 127.9°. The endcap is a 2GS-elemcnt array: six concentric rings with 
60, 54, 48, 42, 36 and 2S (j) elements (from outside in). A typical endcap counter is 
11.5x10 cm2 in cross section and 10 cm thick. The refractive index of the aerogels is 
1.01 (or less) in the endcap. Each counter consists of five or six sheets of 2-cm-lhick 
aerogel, stacked to get sufficient light yield, and is arranged pointing to the interaction 
region. The aerogel is contained in a 0.1 mm-thick aluminium support shell. The inner 
walls of the shell are covered with a high efficiency reflecting material such as Millipore 
sheet. Each barrel counter has two fine-rncsh (FM)-PMT's to register the Cerenkov 
photons. The diameters of the PMT's are designed to be 3", 2.5" and 2" depending on 
the refractive indices, since we can get much light for higher refractive index aerogels. 
The endcap counters are smaller and are read out by a single 3-inch FM-PMT. The 
total volume of silica aerogel is 1.9 m3, and there are 2JSS readout channels. 

' " i I i I i i i I i - I I - - I I - I r i i - r - r - i i i i- i I >• i I I - 1 
Om 05m lm *5m 2m 25m 3m 

Figure 5.9: Schematic view of a barrel aerogel Cerenkov counter. 

Aerogel 

We have developed a new technique for producing low-index aerogel in collaboration 

with Matsushita Electric Works, and have succeeded in producing panels with n > 
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Figure 5.10: A schematic view of an enclcap aerogel Cerenkov counter. 

1.007 (n ~ 1.005 is possible). In our method, the aerogel is baked under supercritical 

conditions after replacing the alcohol with CO2. A new, 30-liter aerogel production 

facility became operative on the KEK site during the summer in 1994. At full capacity, 

this facility could produce all the needed aerogel in about a year and the production 

would be under our control and we would not be dependent on outside companies. 

The absorption length (An&s) of a typical aerogel sample at wavelengths of A = 

400 nm, defined as 

I = I0 • exp(-cl/Aabs), (5.1) 

where d is the aerogel thickness, is measured with a photo-spectrometer to be more 

than 40 mm—higher than that of any silica aerogel used in high energy experiments to 

date [23]. Figure 5.11 shows the transparency of a typical 2 cm-thick aerogel sample 

as a function of wave length. 

Our experience is that the aerogel quality, the transmittance and the refractive 

index, can be well controlled to be uniform. In comparisons of samples produced in 

different batches, the transmittance variations at 400 nm are only a few percent, and 

those of the refractive index are less than 0.0003. Samples from the same batch have 

better uniformity. 

A unique feature of our aerogel is that it is highly hydrophobic due to a special 
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Figure 5.11: The transparency of a typical aerogel sample as a function of wave length 

measured with a photo-spectrometer. The aerogel thickness is 2 cm. 

treatment of the surface of the aerogel pores. For example, an aerogel sample kept 

for several days at a temperature of 60°C and in more than 90% humidity, suffers no 

deterioration in its transparency. Details of our production method and the surface 

treatment are described in reference [25]. 

Photon Detector 

Our tentative decision on the photon detector is the 3-, 2.5- and 2-inch FM-PMT's 

(HAMAMATSU); 2.5-inch tube is under development now. These tubes have large 

sensitive areas and well established performance in a high magnetic field. The quantum 

efficiency of these PMT's has been improved recently and the typical peak QE is now 

26%. 

Figure 5.12 shows a typical pulse height spectrum obtained by a FM-PMT for 

single-photon events [26]. Unfortunately a FM-PMT can not give a comfortable peak 

for single-photon events but has an exponential-like shape. Hence, the pulse height 

spectrum obtained by a FM-PMT is slightly worse than that obtained by a normal Box-

and-Grid type PMT, even though we can get a gaussian-like distribution for several-

photons events. 

For instance, if we get 10 p.e.'s with a FM-PMT, the expected number of photo-

electrons which is estimated from a pulse height distribution defined as {(mean)/cr}2, 

where (mean) is the mean value of the spectrum and <r its standard deviation, is less 

than 10; we normally obtain around seven for this value by a FM-PMT (R5543). So 

the excess-noise-factor (ENF) of FM-PMT was found to be around 1.5. 
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Figure 5.12: A typical pulse height distribution obtained by a FM-PMT for single-

photon events. 

This ENF further depends on a magnetic field applied on PMT's. Effects of high 

magnetic fields (up to 1.5 T) on the FM-PMT have been tested by using a LED light 

pulser system. In the test, the number of photoelectrons was adjusted to be around 

10, and we put a mask on the window of the PMT in order to let the effective area be 

fit to the dynode size: 64 mmd>. Figure 5.13-a) shows the gain variation as a function 

of the external magnetic field. 

At 1.5 T. the PMT gain is reduced by a factor of 2 x 10~3; some of this can be 

recovered by tilting the PMT axis with respect to the magnetic field direction. An 

inverse of ENF normalized to zero field, defined as 

..rel _ 
Veff ~ /<e//.s=o {< mean > la}2

B:=0' 
(5.2) 

is shown in Fig. 5.13-b) as a function of the magnetic field. 

For the untilted case a relative ENF of 2.5 is expected at 1.5 T. which is also slightly 

recovered by tilting the PMT direction. Hence, tilt angles of 30 ~ 40° are desirable 

to improve the performance in a high magnetic field and in the present design, the 

maximum tilt angle is 36°. 

Recently Hamamatsu Photonics developed a new fine-mesh PMT having finer 

meshes than the present one. So far they used a 1500-mesh but new one has a 2000-

mesh, which improved the performance of PMT in the high magnetic field as shown 

by the dashed-lines in the figure. With the new FM-PMT the relative ENF at 1.5 T 

5-19 



a) s 
ii 
as 

5 / i % -

10 

: 

\ \ >»> 

\ 

Gain 

, , , l . . , l , , . l , , . t . . , 

^ 0 = 30 deg 
"-^ 2000 mesh 

^ v 0 = 30 deg 
N.1500 mesh 

\ 0 = Odea. 
\J500 mesn 

i t . , 

6 H 10 12 14 16 IX 20 
Magnetic field KG 

b) 5 
II 

S3 

1 

2 

I.X 

1.6 

1.4 

1.2 

1 

OH 

0.6 

0.4 

02 

0 

0 = Odeg. / 1 5 0 0 mesh 

0 = 30 deg. / 5 5 0 0 mesh 

0 = 30 deg. / 2 0 0 0 mesh 

0 23 7.5 10 12J 
MaftnelicJicM 

IS 17J 20 
KG 

Figure 5.13: a) The gain and b) the inverse of relative ENF of a FM-PMT vs magnetic 

field. 

is greatly reduced and is less than 1.3. Hence the total ENF of FM-PMT is expected 

to be around 2.0 even at 1.5 T magnetic field. A low-noise fast preamplifier with a 

gain of more than 50 is, however, needed for untilted case to compensate for the loss 

of PMT gain even with the 2000-mesh type PMT's . 

Aerogel box 

The typical barrel counter size is 12x12x12 cm3. These are made with six layers of 

aerogel sheet contained in a thin aluminum box whose inner surface is lined with a 

white reflector. The reflectivity of this material is very important for the photoelec-

tron yield; a Monte Carlo simulation indicates that a typical photon undergoes more 

than five reflections before encountering the PMT. We have selected Millipore sheet 

(GSWP00010) as the reflector because of its high reflectivity and easy handling. The 

reflectivity of the Millipore sheet is better than 96% for visible light. 

The endcap counters have five layers of aerogel sheet contained in a aluminum box, 

with one side of the box left open to an air light-guide. The light-guide is tilted by 

45° with respect to the normal of the aerogel surface so that charged particles passing 

through the aerogel cannot hit the PMT viewing the aerogel directly. The inner surface 

of the light guide part is mirrored with vacuum deposited aluminum coated by silicon 

dioxide to get a reflectivity of more than 93% . 

Support Structure 

The total weight of the barrel ACC is about 700 kg: 400 kg for the PMT's; 100 kg for 

the aerogel; and 200 kg for the support. Although the inner cylinder of the structure 
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is only 1 mm. the maximum deformation is calculated to be less than 0.05 mm. The 

end plates are made of 5-mm-thick aluminum. Sixty 0.5-mm-thick fins, matching the 

6 segmentation, are glued to the inner cylinder and the end plates to make a rigid 

structure. The aerogel boxes are placed between the fins and supported by a very low 

density plastic foam glued to the inner cylinder. 

The endcap ACC weighs about 197 kg: 72 kg for the PMT"s; 20 kg for the aero

gels: and 95 kg for the support. They are supported by 5 mm-thick inner and outer 

aluminum rings at radii of 400 and 1165 mm. respectively. The PMT"s are supported 

by a 3 mm-thick aluminum plate which is glued to the support rings. 

Details of the structure design is underway at the KEK machine shop. 

5.3.2 Expected Performance 

The performance of prototype aerogel counters were tested in a KEK-PS beam. The 

size of the prototype counter is almost same as the real one—12x12x12 cm3—and 

read out by two 3-inch FM-PMT's. The average numbers of photoelectrons obtained 

for 3.5 GeV/c pions incident on the center of the counter were Ar
pe = 13.6.10.1 and 7.6 

for n = 1.015.1.013 and 1.01. respectively 

The pulse height distributions for subthreshold 0.7 GeV/c pions are shown in fig

ure 5.14-a). -b) and -c) (hatched histograms) together with the results at 3.5 GeV/c 

(blank histograms) for n = 1.015.1.013 and 1.010, respectively. The non-negligible 

signals observed for below-threshold particles are mostly due to knock-on electrons. 

Figure 5.14-d) shows the inefficiency and the background contamination as a function 

of a threshold on the pulse height. From this figure we can conclude that higher than 

96.5% efficiency with less than 3.5% contamination can be achieved independent on 

the refractive indices in a cese of non-magnetic field. 

The observed number of photoelectrons increases to 16 when the beam is 2 cm 

from the PMT's surface in n = 1.015 case. The measured position dependence of Npe 

is shown in figure 5.15. The response of the aerogel counter is uniform within ±15%. 

We also measured a position and angle dependence of Npe at the boundary region 

between two counters in order to study the effects of boundary crossing, which is shown 

in figure 5.16. When beam passes the boundary region with shallow angle, the Ar
pe 

drops by 20 %. which is tolerable for the performance. 

Above measurements were done in zero magnetic field. In order to understand the 

effects of magnetic field on the detector performance, measurements were performed by 

putting the prototype counter in a high magnetic field: up to 1.3 T. Figure 5.17 shows 

the pulse height distribution with and without magnetic field of 1.3 T. The spectrum is 

slightly broadened in the magnetic field and accordingly the performance is somewhat 
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Figure 5.14: The pulse height distributions obtained with 0.7 GcV/c and 3.5 GeV/c 

pions for n=1.015 (a), 1.013 (b) and 1.010 (c); the inefficiency and background con

tamination as a function of the pulse-height threshold values (d). 
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Figure 5.16: The incident position and angle dependence of the number of photoelec-

trons in the two n = 1.015 prototype aerogel counters for 3.5 GeVJc pions. Data shown 

here is obtained by summing the signals from four FM-PMT's. 

deteriorated as shown in the figure, which is very consistent with the data obtained 

with the LED light pulser system. 

In a beam test of a prototype endcap counter, we obtained l\r
pe — 7.6 with a single 

3-inch PMT. Since the prototype had an aluminized mylar film with reflectivity of 

about 85% on the air light-guide walls, we can expect an improvement in yield to 7.5 

p.e.'s when appropriate mirrors are employed. In that case, we can expect more than 

6 p.e.'s in the magnetic field since here we have freedom to align the PMTs' axes with 

the magnetic field direction. 

Figure 5. IS shows the particle detection efficiency as a function of momentum for 

n = 1.015 and ?? = 1.01, which is expected from the present beam-test data. Dis

crimination between charged K and K mesons is provided over the momentum interval 

where the TT efficiency is near 100% and the charged K threshold. For n = 1.015 

this range is ~ 1.0 < p < 2.S GeV/c; n = 1.01 covers the higher momentum range 

~ 1.3 < p < 3.6 Ge\'/c. 

In addition to lowering the index of refraction to n < 1.01, other potential areas 

for improvement are the aerogel transmittance and the effective photocathode area of 

the fine mesh PMT's. We are now optimizing the mixing ratio of the raw materials 

of aerogel to get better transparency, and also searching a better set of supercritical 

drying conditions. We recently got more transparent aerogels than those were used 
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Figure 5.17: The pulse height distributions obtained with 3.5 GeV/c protons and 

3.5 GcV/c pions without (a) and with (b) magnetic field of 1.3 T for n=1.015 and the 

inefficiency and background contamination as a function of the pulse-height threshold 

values (c). 

in the beam test as described in the previous section. There also may be room for 

improvement in the single photon counting capability of the PMT's [27]. 

5.4 DIRC 

The DIRC approach is a new one and will require detailed engineering stud}' before 

it can be fully integrated into the BELLE design.1 At this poin! we have performed 

sufficient Monte Carlo studies to arrive at a set of preliminary design parameters th^t 

will serve as reference for future simulation work and as a point of departure for detailed 

engineering design work. 

5.4.1 Description of the DIRC 

The DIRC system consists of 176 2 x 4 x 500 cm3 quartz bars arranged in a sixteen-

sided polygon of radius IIS cm. A forward readout scheme is planned, wherein the 

bars penetrate the iron return yoke at the -\-z end of the detector. 

A system of thin (1 ~ 2 cm thick) scintillation counters is positioned immediately 

inside the DIRC to provide modest time-of-flight capability and generate gate and 

strobe signals for the trigger. Simple logic can be applied to the TOF counter outputs 

to reduce the occurance of improperly timed trigger strobes to the 10- '1 level (equivalent 

LFor example, the TOF counters accompanying the DIRC have yet to be optimized. 
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Figure 5.18: The aerogel counter detection efficiency as a function of particle momen

tum for a refractive index of?? = 1.015 and ?? = 1.01 estimated from the present beam 

test data. 

to 0.7 kHz singles rate) [11]. 

Basic Principle 

As noted, the DIRC works by transporting the Cerenkov ring image. It is instructive to 

compare the operation of the DIRC to the usual RICH geometry, where the Cerenkov 

light escapes the radiator and is imaged on a screen placed directly downstream. A 

circular image results when the cone is projected onto a screen formed by the pho-

todetector array, as shown in Fig. 5.19. The value of the Cerenkov angle 9C can be 

inferred from the radius of the circle. For non-normal incidence, the circle becomes an 

ellipse (when refraction is taken into account a hyperbola maj' result) but the basic 

idea remains the same. The effect of finite radiator thickness is to blur the image. 

If, as in the case of the DIRC. the index of refraction is high enough, all or part 

of the Cerenkov cone will be trapped by total internal reflection causing the image 

to propagate down the bar (here assumed to have an axis parallel to ~), as shown in 

Fig. 5.20. 

If the bars are perfectly rectangular, the effect of each reflection is simply to flip the 

sign of the photon's directional cosine in one of the cartesian directions—i.e., photons 

reflecting off walls corresponding to planes of constant .x- have px —• — px, and photons 

reflecting from surfaces of constant y have py —> —py. Thus a Cerenkov photon with ini

tial momentum vector p = {px*py.p:) ends up with a final momentum /7 = (ri)Py,p'z)i 

where 

p'x = ( - ! ) > * ; P'y = ( - D m / V K = P-- (5-3) 
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Figure 5.20: Propagation of light trapped by total internal reflection in the quartz bars 

of the DIRC. 
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where n and m are the number of .r-wa 11 and y-wall bounces, respectively. By placing a 

horizontal mirror at the end of the bar. one can guarantee that the last bounce will be 

in the "up" direction—i.e.. that 777 will be even. Moreover, if the particle is normally 

incident (along the y direction in Fig. 5.20) the image will be symmetric in .r. rendering 

the value of 77 irrelevant. In the ideal case, the image travels undistorted to the end of 

the bar. where, when projected across a drift space onto a flat screen, it forms a conic 

section image of the type shown in Fig. 5.21. Figure 3.22 shows the DIRC image as it 

is projected onto an array of pholomultipliers. 

Figure 5.21: Image formation for a DIRC In the ideal case considered the image is a 

hyperbola. 

Practical Considerations 

In practice, there are several aspects of the DIRC that depart from the simple picture 

presented in the preceding section. In particular, the detector screen is not flat, and 

the effects of refraction at the end of the bar alter the shape of the image. Moreover, 

the finite size of the radiator bar and chromaticity of the radiator result in a finite 

spread of angles about, the Cerenkov angle. 

The nature of the DIRC image also changes when particles enter the bar at non-

normal incidence. For particles inclined in the y-z plane—i.e.. particles incident at 

polar angles other than 90°—(see Fig. 5.20) the ±.r symmetry is retained, but the 

image is a section through a tilted cone. For particles with non-normal incidence in 

the x-y plane, the ±.r symmetry is spoiled and a split image is formed. 
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Figure 5.22: Schematic view of D1RC image formation. 

Finally, if the region between the quartz bars and the detector surface is filled 

with a material having index of refraction close to unity, a significant portion of the 

light striking the end of the bar will be trapped by total internal reflection. Ideally 

the standofT region would be filled with a substance having the same index as quartz. 

However, as discussed in Section 5.4.1 below, water (n — 1.33) represents a more 

practical choice. 

Overall Layout 

To form a complete detector, an array of bars is arranged in a "barrel-stave" geometry 

surrounding the interaction point, as shown in Fig. 5.23. The complete detector is 

approximately a solid of revolution. In particular, the quartz bars form a cylindrical 

surface (actually a 16-sided polygon) and the detector standoff region forms a portion 

of a torus. Although the active length of the bars is approximately 3 m, their total 

length approaches 5 m, since an additional 2 m is needed to transport the light outside 

of the magnet's return yoke. 

In an ideal device, light would be extracted from both ends of the bars since the 

trapped Cerenkov light from particles inclined by more than about 15° in the forward 

(backward) direction is directed entirely toward the forward (backward) end of the bar. 

Since such an approach would present significant mechanical complications and would 

roughly double the cost of the readout, the simpler solution of placing a mirror at the 

—z ends of the bars has been adopted. Light from particles going backward in the 

lab is therefore reflected from the — z minor and transmitted to the forward readout 
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Figure 5.23: Side (r — z) view of detector with DIRC. 
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array. Since the average momentum in this angular region is typically fairly low, the 

compromise in performance resulting from the longer optical path lengths docs not 

present a serious problem. 

A "backward readout"' DIRC is also possible, but that approach has the unfortunate 

feature of optimizing performance in the backward direction, where the momentum 

spectrum is much softer. On the other hand, Cerenkov photons from the forward 

regions, where the premium on performance is greatest, must traverse an extra ~ 3 m 

of quartz bar. 

C o m p o n e n t s 

In this section we present some of the detailed considerations regarding the various 

major components of the D[RC. 

Quartz Bars The key element in the DIRC aic the precision quartz bars that com

prise the radiator. A typical Ccrcnkov photon traverses between two and seven meters 

of bar and undergoes up to several hundred bounces. Thus it is essential that the 

bars have good bulk attenuation length and excellent surface finish. Synthetic fused 

silica (colloquially called ''quartz'') is an ideal medium since its bulk attenuation length 

ranges from 25 m at A = 300 mil to over 100 m at A = 500 nm [15] (the approximate 

wavelength range of interest) and its surface can be polished to an exceptionally high 

degree of smoothness. 2 

Fused silica is available in optical quality and UV grade. Although the superior 

short-wavelength transmission of the UV-grade material would produce more light 

(assuming suitable phototube windows are employed) the Cerenkov angle resolution 

would not improve due to rapidly worsening chromaticity at the shorter wavelengths. 

Thus the less expensive optical grade material suffices for the DIRC application. 

Measurements at SLAC [2, 28] on commercially produced bars yield combined at

tenuation lengths (clue to bulk attenuation and reflection losses) of order 9 m. 

W a t e r Standoff The standoff region has the approximate shape of a section of a 

torus having major radius. R, and minor radius, r, both equal to 1.2 m. A set of mirrors 

situated at the inner radius reflects the ~ 50% of the light that is headed "downward"' 

back toward the PMT array. A second set of mirrors is inclined at 60° with respect to 

the bars. These mirrors redirect the small fraction of the light that emerges from the 

bars at large angles into the PMT array. The total "active" volume and area of the 

2For example the Zygo Corporation regularly provides surface finishes of 1 A R.M.S. 
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array are given by 

V = i ;r2r2 /? = 5.7 m3 and A = ^TT2/-/? = 9.5 m2 (5.4) 

As noted, a sizeable portion of the light that propagates clown the bars impinges 

on the end faces at angles that exceed the critical angle for a quartz-air interface 

(^critical ~ '13°). In fact, nil of the Cercnkov light produced by a normally-incident 

/? = I particle would be trapped in this way. This situation can be remedied by 

filling the standoff region with a material having an index close to that of quartz 

(t> = 1.-18). Although there are liquids that make a good match—e.g.. mineral oil—they 

are expensive and/or lack good ncar-UV transparency. From a practical standpoint, the 

best choice appears to be water, which has n = 1.33 and good ncar-UV transparency if 

suitably purified. Water is obviously both inexpensive and convenient from an ES&I1 

viewpoint. The ability to periodically drain the standoff region for component servicing 

is another plus. 

P M T Array The DIRC employs conventional photomultiplicrs arranged in a close-

packed array on the toroidal surface of the water standoff tank. Wc have tentatively 

selected 1^" (38 mm) diameter phototubes, although the final choice of PMT diameter 

is subject to change pending detailed cost and performance optimization studies. The 

required number of phototubes is slightly less than 7000. 

As noted, the extra cost of achieving sensitivitj- for wavelengths shorter than about 

300 nm is not warranted since the added photon yield comes at the expense of larger 

chromalicity. which actually worsens the angular resolution. Standard bialkali pho-

tocathodes with borosilicatc glass windows are adequate. Efficient detection of single 

photoelcctrons requires modest gain (~ 106) and good single electron resolution. Sim

ilar requirements exist for various medical imaging applications and suitable photo

tubes arc produced in industrial quantities. Finally, the reasonably small transit time 

spread allows one to suppress background hits. It is clear that better timing will af

ford improved suppression of random backgrounds. More importantly, time-correlated 

backgrounds are also suppressed, since Cerenkov photons produced by extra tracks. 

6-rays, and electromagnetic showers generally follow different paths in the quartz bars 

and therefore arrive at quite different times [30]. 

Electronics 

The readout for the DIRC requires timing resolution of a ~ 1 ns and modest pulse 

height resolution. As noted, timing is important since it provides a means to reduce 

both correlated and uncorrelated backgrounds. Pulse height resolution will be used to 
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distinguish bonafide single-photon electron hits from noise and to provide a time-walk 

correction, should that he necessary. 

The basic design consists of a threshold discriminator to provide leading-edge timing 

information and a timc-ovcr-thrcshold discriminator driven by a pulse shaping circuit 

that produces a pulse whose trailing edge time is proportional to the log of the pulse 

area. The outputs of the two discriminators arc OR'ed together to form a single pulse 

that is routed to a pipeline TDC3 that records both the leading-edge and the trailing-

edge times, thereby capturing pulse-height and timing information in a single channel. 

Design Optimization 

There are two principal contributions to the angular resolution of the DIRC. The 

first is chromaticity in the quartz radiator, which for a bialkali photocathode and 

a borosilicate-glass window, gives an angular resolution of approximately 6 mr per 

photon. This contribution is effectively "irreducible'" since any improvements would 

come at the expense of reduced photon yield. 

The second contribution is the uncertainty in the measurement of the photon's 

direction, which is dominated by the size of the PMT's and the transverse dimensions 

of the quartz bars. The thickness of the bar is a tradeoff between light yield and the 

amount of material placed in front of the calorimeter. Wc have tentatively selected 

2 cm thick bars, although further optimization may lead to slightly different values. 

For the simplest arrangement of the horizontal end-mirror, the effective thickness of 

the bars is doubled since the mirror creates a virtual image of the same size as the 

bar. Thus if the bar width is set to twice its thickness—i.e., 2 x 20 mm, it becomes 

effectively a 40 x 40 mm2 square. The system is roughly optimized when the bar-size 

and PMT-size contributions are equal, leading us to select 3S mm diameter PMT's. 

The final free parameter in the design is the standoff distance. A Monte Carlo 

prediction for the angular resolution of the system as a function of standoff distance 

is shown in figure 5.24. Based on this curve, we have selected a standoff distance of 

d = 120 cm. 

5.4.2 Monte Carlo Performance Predictions 

The Monte Carlo projections of the DIRC performance are carried out according to 

the following procedure. Charged tracks are generated at a given polar angle and 

propagated toward the DIRC. The momentum value of the tracks is chosen to coincide 

with the mean pion momentum for B —» Kir at the angle in question. The tracks are 

3for example, the LeCroy 1877 FASTbus TDC 

5-32 



3 

2 

1 

n 

Forw 

' • 

A 

. • 

,-, 1 I 

iarti DlRC Resolution vs 

• 
A • 

A * 

• 
* A 

• 
• • 

, ! , . . , 1 , , , . 1 . , . , 1 . . 

Star 

• 

A 

• 

, , 1 , 

coff Distonce 

• 0 = 
A 0 = 
• 0= 

• 

A 

• 

= 90° 
= 60° 
= 30° 

• 

A 

• 

1 
70 80 90 100 110 120 UO HO 150 

d (cm) 

Figure 5.24: The Cerenkov angle resolution versus standoff distance for three different 
lab angles. 

5-33 



propagated in a way that takes into account the effects of bending in the magnetic field 

as well as the effects of multiple coulomb scattering in the bars. Multiple scattering 

in the tracking chambers and the finite track-angle measurement resolution are taken 

into account by smearing the track's direction by a gaussian with a = 1.5 mr. 

Cercnkov photons are generated assuming a Ccrcnkov quality factor of N0 = 124 

and distributed in wavelength with the canonical A - 2 distribution modulated by the 

quantum efficiency of a bialkali photocathode PMT with a borosilicate glass window. 

The photons are propagated down the bar via simple ray tracing and assuming that 

the bars are perfectly rectangular. Attenuation in the bars is modeled according to 

.V(A-) = . V ( 0 ) c x P ( ^ ~ ) (5.5) 

where Az is the total distance the photon must travel along the bar and L = 860 cm 

corresponds to the 11% loss per meter measured in the SLAC Prototype I tests [2]. 

This model is simple, but on the conservative side since the effective attenuation length 

presumably increases somewhat for large A ; values (the SLAC data were taken with 

a 1.2 m bar). 

The photons are then propagated through the water-filled drift region and imaged 

onto a plane of 3S-mm-diameter PMT's. The active area of the PMT's is assumed to 

have a 34 mm diameter and the tubes arc hex-packed on 39 mm centers, resulting in an 

active-area fraction of 68%. Although some fraction of the lost photons can be recovered 

using Winston cones, this possibility has not been includecl. The overall shape of 

the phototube array is assumed to be a cylindrical, as opposed to the approximately 

toroidal surface planned for the production device. 

Figure 5.25 shows a typical DIRC image. The horizontal dimension ,T is the distance 

along the detection cylinder's axis, whereas the vertical dimension denotes the distance 

along the curve surface of the cylinder. The discrete nature of the PMT array is evident. 

The photon yield varies with angle as shown in Fig. 5.27(a). It is largest at forward 

angles where the path length in the bar is the longest and the largest fraction of light 

is trapped by total internal reflection. The peculiar behaviour around 0 — 90° occurs 

because at those angles some fraction of the light emitted in both the forward and 

backward directions is trapped. 

The Cerenkov angle is determined via a single-parameter fit done with the program 

MINUIT. The angular resolution of the DIRC is then determined by histogramming the 

difference between the fitted angle and the actual angle, as shown in Fig. 5.26. 

The number of standard deviations of separation obtained for the reaction B —* TTTT 

is plotted in Fig. 5.27(b). The angular resolution of the DIRC is actually best at 

forward angles where the light yield is largest. 
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Figure 5.25: Typical Monte Carlo image from DIRC. 

5.4.3 Prototype Plans 

The selection of particle ID technology will be based in part on the performance of 

prototype devices. Since work on the DIRC started somewhat late, the DIRC prototype 

work is not as far along as the aerogel and FAST RICH efforts. However, we have 

developed a prototype design that is amenable to rapid assembly and have begun 

work that we hope will allow us to obtain results in early 1995. Design notes for this 

prototype can be found in reference [31]. 

The first phase of the prototype will have approximately 500 PMT's separated from 

a single 2 x 4 x 120 cm3 bar by a 120-cm air standoff gap. Although a water standoff 

does not appear to present any fundamental difficulties, it does introduce a number of 

engineering problems whose solution would require an additional two to three months. 

(The overall schedule for BELLE is such that a positive decision on the DIRC must be 

made in the first quarter of 1995.) The principal drawback of an air standoff is that 

light propagating down the bar at large angles with respect to the bar's axis will be 

trapped at the air-quartz interface at the end of the bar. On one hand this reduces the 

amount of light that one expects to see, while on the other the light that does escape 

the end is less subject to losses and aberrations associated with absorption in the bar 
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and surface defects. To address this problem, we intend to add a right-angle prism at 

the end of the bar as shown in Fig. 5.2S, that will allow light that would otherwise be 

trapped to reach the photodetector. This will reduce the degree to which Monte Carlo 

extrapolation will be needed. 

Figure 5.28: By placing a right-angle prism at the end of the bar. it will be possible to 

detect light from a larger range of emission angles. 

The prototype will incorporate other simplifications such as the use of a flat pho-

todetcctor surface and ganging of the PMT bias voltages. Finally, the electronic read

out will employ a highly multiplexed track and hold system based on a variant of the 

AMPLEX chip. Such a system is too slow for the actual experiment and will provide 

almost no timing information, but should be perfectly adequate for the initial tests. 

5.5 Past RICH R&D Status 

The RICH option for the BELLE particle ID has recently been de-emphasized. How

ever, in view of the potential for excellent performance offered by the Csl RICH and 

because the problems currently associated with the RICH—i.e., lower than expected 

photoelectron yields and concerns about long-term stability—may be solved with fur

ther study, we plan to continue R&D on this technology. In this section we present the 

test beam results obtained thus far and briefly discuss plans for further R&D. 
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5.5.1 R&D Results 

The Proto type Counter 

The counter tested was originally configured to operate at low pressure as a parallel 

plate avalanche chamber [32]. For these tests it was modified to operate as a conven

tional MWPC as shown in Fig. 5.29. The detector consists of a 1-cm-thick Ce^u liquid 

radiator (n = 1.27) contained in a thin-walled quartz cell, and separated from the pho-

todetector gas volume by a 1.27-cm-thick quartz window. Cerenkov photons from the 

radiator pass through the MWPC to the rear cathode, where they are converted to 

photoelectrons by a 1000 A layer of Csl, which was vacuum deposited on a Cu-clad G10 

substrate. The active diameter of the photocathode is approximately 16 cm. Before 

depositing the Csl, thin layers of gold and then aluminum were evaporated onto the 

copper surface. The anode plane of the MWPC comprises 20-/nn-diameter gold-plated 

tungsten wires spaced by 2.54 mm. The entrance cathode is an Sl% transparent (at 

normal incidence) stainless-steel mesh. The anode-cathode spacing is 5 mm. 

-Window cover 

HV [ ^ 

quartz viol with ^ ^ 1 4 

—To pump 

Anode wire plutie N Signal output connector 

photocalhode plane 

Figure 5.29: Schematic of the small RICH prototype. 

The total drift distance from the center of the C6Fi4 radiator to the Csl photocath

ode is 52 mm. This distance, which is three to four times smaller than what would be 

used in the actual experiment was chosen to minimize the area of the photocathode (a 

larger photocathode would require a larger evaporator and more readout channels). 

The chamber was readout by detecting the image charge induced on an array of 

384 S x 8 mm2 pads, which were etched onto the Cu-clad G10 board. Each pad was 
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equipped with a single channel of AMPLEX type electronics[33]4. Each AMPLEX 

channel consists of a charge sensitive preamplifier, a shaper, and a track and hold. 

There are 16 channels per AMPLEX IC. Upon receipt of a trigger the charges induced 

on each pad were read via a FADC/multiplexor system. 

Test B e a m Resul ts 

The chambers were tested at KEK in a normally-incident 3.5 GeV/c TT~ beam. The 

test-beam layout is shown in figure 5.30. For these tests the chamber was filled with 

one atmosphere of ethane gas and biased to 4100 V, which resulted in a gas gain of 

approximately 4 x 105. 

RICH MWPC v 

"" " " - - - GQS c 
1 CI 

H Beom 

Figure 5.30: Schematic layout of the test beam. 

Pions passing through the radiator produce Cerenkov photons at 0c — 38°, which 

after refraction at the radiator-gas interface impinge upon the photocathode at an 

angle of 52°. At this angle the transparency of the entrance cathode mesh drops to 

approximately 70%. 

Charge sharing typically caused the induced image from each avalanche to spread 

over two or more readout pads. A simple pattern recognition algorithm was employed 

to determine the number of photoelectrons in each ring. The first step in the analysis 

was to search for pads with pulse heights that were at least '2a (the electronic noise 

had an r.m.s. value of a ~ 3000e~") above threshold. Adjacent pads were grouped 

into clusters that were assumed to be single electron hits unless they were separated 

by more than 12 mm (1.5 pad sizes), in which case the cluster was assumed to be the 

result of two overlapping single electron hits. The most probable position of incidence 

was then determined by using the center of gravity of the induced charge. Only hits 

with centers in the range 44 < ?• < 6S mm (i.e., the mean ring radius ±12 mm) were 

counted. Fig. 5.31 shows the distribution of the number of detected photoelectrons. 

The histogram fits well to a Poisson distribution with mean /< = 7.6. 

The radius of the Cerenkov ring was then determined by fitting the hit positions to 

a circle, as shown in Fig. 5.32. The center of the circle was determined using tracking 

4We thank J-C. Santiard of CERN for pioviding these devices 

L t l - K MWKl-

<- i C2 

C5 

fl C3 
- B -

r> A i 

5-40 



BOO 

700 

600 

500 

400 

JOO 

200 

100 

I n 

[ 
~ 

\ 1 

': 

\1 

-j H 
10 
Entries 
Meon 
RMS 

PI 
PZ 

' \ i 

\ 

1 \ 
, i . , , . i , , . ) > 3 = 3 _ 1 , . 

0 5 10 15 20 

Number of photo-electrons 

319 
*9S6 
B.I 16 
2.B20 

19.78 / 21 
1790. 
7.602 

, 1 . . , . 

25 30 

Figure 5.31: Photoelectron yield. 

information from the beam chambers, leaving only the circle radius as a free parameter. 

The fitted radii are shown in Fig. 5.33. The distribution in Fig. 5.33 corresponds to a 

single photoelectron resolution of cr-y ~ 6 mm, which is about twice what is expected 

from the finite thickness of the radiator and spatial resolution of the photodetector 

(independently determined to be apos < 2 mm). This discrepancy is thought to be 

the result of a background produced by photon feedback. Including this effect in the 

Monte Carlo simulation of the chamber response gives approximate agreement. 

5.5.2 Plans for Future R&D 

Since the time of the last test a number of potential improvements have been identified. 

In particular, there is an indication from other labs that by depositing the Csl on a 

"highly polished" substrate, significant improvements in the photoelectron yield may 

result. In addition, we have seen that the losses due to the finite transparency of the 

entrance cathode can be reduced by coating the mesh with Csl (a 20% improvement 

in yield was obtained in bench tests). Also, meshes with higher transparencies are 

available. 

We plan to employ a larger prototype detector. This will permit a direct assessment 
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of the Orenkov angle resolution and in addition will simplify the yield analysis since 

fewer photoelcctron clusters will be merged, The photon feedback problem will be 

addressed by adding isobutanc to the gas and possibly by operating the chamber at a 

reduced gain. 

5.6 P I D Technology Selection Considerations 

At this writing no decision regarding the choice of particle ID has been made, although 

the collaboration has converged upon two possible solutions: i) a hybrid aerogel/TOF 

system, and ii) a D1RC system augmented with thin TOF counters for triggering. Both 

of these approaches offer a number of advantages and with additional R&D it appears 

that either could be made to work. However, neither approach is completely risk free. 

In what follows, we list the major advantages of each system and discuss the procedure 

that will be used to come a final decision. 

5.6.1 Advantages of the Hybrid Aeroge l /TOF Approach 

• Simplicity: Threshold Cerenkov counters are simple in both concept and opera

tion. This should lead to correspondingly simple analysis algorithms and easy-to-

uuderstand systematica, both of which could help reduce the overall time required 

to complete a physics analysis, thereby enhancing BELLE's competitiveness. 

• Low Risk: TOF is a well established and well understood technology. Since the 

initial thrust of the BELLE physics program will in all likelihood be the study 

of B° —» #A's, which requires only low momentum particle ID, it is prudent to 

deploy a TOF system in the early stages. 

• Minimal Interaction with Accelerator Components and Simplified De

tector Access: Since the aerogel and TOF counters reside completely within 

the detector, they do not interfere with access to the drift chamber and the vertex 

detector. Moreover, since no light guides penetrate the iron return yoke, fringe 

field issues, which may have important implications for accelerator magnets near 

the IR, are more easily managed. 

5.6.2 Advantages of the DIRC 

• Performance: The DIRC option offers the best performance of all of all ring-

imaging technologies. Monte Carlo projections indicate that the separation of 

B° —• 7r+7r~ from B° —> K+K~ will be greater than 4a for 6iab > 30°. One reason 
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for this excellent performance is the fortunate matching between the physics 

requirements and DIRC performance. Since the DIRC uses light trapped by 

total internal reflection (as opposed to a conventional RICH, where the light that 

escapes the radiator is used), its photoelectron yield increases at forward angles, 

which is precisely where the kinematics of an asymmetric machine impose the 

most stringent demands on performance. An important related advantage is the 

large light yield. Photoelectron yields from the DIRC will exceed the canonical 

10 p.c. at all angles, in most cases by a substantial margin. 

• Posit ive Identification of ~'s and A''s Since both ~'s and A''s produce a 

signal in the DIRC. both particle species can be positively identified. This makes 

the DIRC immune to spurious signals from 6-rays and accidental hits, and may 

be of use in selecting samples of "gold plated" events, where every particle is 

unambiguously identified. 

• Larger Drift Chamber Radius: The DIRC requires little radial space and 

therefore allows 25-30 cm of extra path length for the drift chamber. For a fixed 

field this yields improved high-momentum resolution. Alternatively, if one views 

the high-momentum resolution as a fixed requirement, drift chamber operation at 

a lower field is possible. In the latter scenario improved reconstruction efficiency 

for very-low-momentum tracks will result. 

• Minimal Material in Front of Csl Calorimeter: The total thickness of the 

DIRC and its support is an estimated 18% r.L. Since this material can be placed 

directly in front of the calorimeter, leaving little space for photon-produced pairs 

to open up. the efficiency loss for low-energy photons is kept to a minimum. 

Moreover, the material is uniformly distributed, making it amenable to Monte 

Carlo simulation. 

• Robust Conventional Technology: Although the DIRC is novel at a con

ceptual level, for the most part it relies on conventional technologies familiar to 

high-energy physicists. The quartz bars are an obvious exception, but they can 

be procured from industry. Once the DIRC is in place its operation should be 

simple and stable. There are no failure-prone parts inside the detector and the 

only fluid is water. A modest failure rate among the phototubes is to be expected, 

but these are mounted at the periphery of the detector and are readily accessible. 
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5.6.3 Fallback Possibility 

At this stage, there is some risk that neither particle ID option will achieve its design 

goals. The results for ?? = 1.015 aerogel arc encouraging, but it remains to be seen if 

adequate performance can be achieved with n < 1.01 aerogel. The D1RC performance 

relies on the ability to get long, optical-quality quartz bars at an affordable price. 

Although the 1.2 m long bars produced by the Zygo Corp. for the SLAC group were 

adequate, it remains to be seen if 5 m long bars of sufficient quality can be routinely 

produced. With this in mind, we have examined the physics potential for an aerogel-

TOF system based on // = 1.015 radiators. 

Figure 5.18 shows the detection efficiency as a function of momentum for an aerogel 

counter with ?? = 1.015 and 7? = 1.01 that are estimated from the test beam results. 

The threshold momenta for these cases arc 0.80 GeV/c and 0.98 GcV/c for TT'S, and 

2.S4 GcV/c and 3.4S GcV/cfor A'*s for ;? = 1.015 and n = 1.01. respectively. An 

7? = 1.015 device would provide K/TC separation for momenta between about 1.0 and 

2.S GcV/c with greater than 95 % efficiency. The misidentification of kaons come 

mostly from knock-on electrons, and is expected to be less than 5% based on the beam 

test results. 

In a two-body decay processes B° —> T^TT^ and B° —» K^ir^ one of the .particle 

should emerge in the middle or backward regions and has momentum in the ACC 

window. Kinematic selection cuts that provide discrimination between these modes 

arc described in i-ef. [6]. 

Processes such as B± —> D° A* also require good 7r/A' separation in order to 

eliminate the Cabbibo-favored backgrounds from Bh •—• D0-*1. Since for this process 

the maximum A' momentum in the forward barrel is around 3.0 GeV/c. not too severe 

selection cuts that require the A' to be in the ACC momentum window will accept a 

large fraction of the kinematical region occupied by these decays [7]. 

5.6.4 Selection Process 

The selection of PID technology will be made based upon a careful review of proto

type performance data and will take into account additional factors such as the impact 

on other detector components (both positive and negative), possible interference with 

accelerator components, ease of maintenance, access to other components within the 

detector, and cost. An internal PID selection committee has been organized to carry 

out this important work in conjunction with the BELLE particle ID group. The rec

ommendation from this committee will be made before the final design of the magnet 

return yoke structure, which is scheduled for completion by the end of March 1995. 
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5.7 Focussing DIRC Option for the Forward End-

cap 

5.7.1 Overview 

The /?»/ = 0.45 boost of the CM system in the laboratory introduces a strong correlation 

between the polar angle and the particle momentum, especially in two-body B-meson 

decay channels [1] [2]. As a result, particles in the forward direction arc boosted to 

higher momenta where particle identification is difficult. Good particle identification 

in the forward region is important since the boost squeezes a large fraction of the CM 

solid angle in that direction. For example. ~35% of B —*• ~l\ decays produce a particle 

in the 0 < 33° polar angle region with momentum of ~4 GeV/c. 

Installation of Focussing DIRC 
- For the barrel aerogel option -

mm*. 
<-;VDIRC ?-] 

1000 800 system M>,'V!>fi"'"" 
mm mm — "" 

2500 
mm 

*#£*-Ki>< *>«««, 

Figure 5.34: Focussing DIRC option for the forward end-cap. 

A new type of Cerenkov ring imaging device called a focussing DIRC is being studied 

as a possible forward endcap option [34] [35]. In this option, an annular Cerenkov 

~ 2 cm-thick, synthetic quartz radiator extending from ~ 0.5 to ~ 1.2 m in radius (see 

Fig. 5.34) is located between the end of the CDC and the endcap calorimeter. Cerenkov 

photons emitted radially outward in the plate will be trapped by total internal reflection 

and transported to outer edge of the radiator, where they are reflected inward to the 

inner rim. The inner rim of the quartz plate is optically coupled to a focussing block 

containing a toroidal mirror that focusses the photons in one dimension, forming an 

arc on the focal surface, where they are coupled into tightly packed arrays of quartz 

5-47 



fibers that transport them to photon sensors placed outside or the pole tip. 

The physics goals of the experiment requires a device that covers the 400 McV/c 

to 4 GeV/c momentum range with both dead space and detrimental effects on the 

calorimeter minimized. The significance of the particle identification assignment is 

determined by how well the Ccrenkov angle or. equivalently. the position of the ring 

image is measured. The width of the ring image will have an intrinsic component 

largely determined by the fiber size and the chromatic dependence of the Cerenkov 

angle, while the angular separation between the pion and kaon rings is fixed by their 

momenta. Ultimately, as in most Ccrenkov ring imaging devices, the measurement 

precision is limited by the number of detected photons. 

A forward endcap that uses commercially available synthetic quartz fibers and 

photon sensors has been designed and its performance lias been evaluated b}' means 

of a computer simulation. In the design, the focussing mirror is placed outside of 

the detector's fiducial volume near the beam pipe, thus minimizing its effect on the 

calorimeter (~ 17% of r.l.) and covering a very small portion (3 — 5 cm) of the active 

fiducial volume. The Cerenkov radiator is a single piece with no dead regions. The 

device separates kaons from pions over the full momentum range. 

A prototype device has been assembled and will be tested in an electron beam at 

the University of Tokyo's Institute for Nuclear Studies during March. 

5.7.2 Inner Radius Readout Design 

Radiator disk 

The radiator is an annular plate of 2 cm thick synthetic quartz with inner and outer 

radii of 0.5 and 1.25 m. respectively. It is transparent from ~250 nm up [36] and has 

a high radiation tolerance [37]. 

A charged particle passing through the radiator produces photons in a cone around 

the particle trajectory with half-angle 0c given by 0c = arccos(\/iil3). The angle 0y 

(> 0) between the photon direction and the plane of the radiator plate depends on the 

azimuth on the Cerenkov cone. dc the track clip angle. 0,np. and the photon wavelength. 

If 0y is larger than the critical angle of the internal reflection (0cr = arccos(n0/n), 

where »o is the index of refraction for a material surrounding the radiator plate), the 

photon will be trapped by total internal reflection. Because 0y remains unchanged, 

the trapped portion of the Cerenkov cone is transported undistorted, except for an 

up-down ambiguity, to the outer and inner circumference of the radiator plate. 

Figure 5.35 shows the 0y distribution of photons produced by a particle with ft = 1 

in an ?? = 1.4S quartz plate (0c of 47.5°) as a function of dc and 0j,-p. Here cj>c = 0 is 
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Figure 5.35: The 0y distribution for Cerenkov photons in the radiator plate as a function 

of cf>c. Here Oc is fixed at 47.5° and <f>c = 0 is the direction of the particle's trajectory 

projected onto the radiator plate. 

taken as the direction of the particle projected onto the radiator plate. 

Only those Cerenkov photons that are emitted radially outward in the plate will 

be trapped by total reflection and trnsported to the the outer rim. There they are 

reflected inward onto the inner rim, coupled into the focussing block, reflected by the 

toroidal mirror and focvissed in one dimension to form an arc on the focal surface (see 

Figs. 5.35 and 5.36). 

The optics of the focussing block 

The focussing surface is placed along the inner periphery of the radiator plate (see 

Fig. 5.36). Downward-going photons are directly focussed by an aluminum surface 

evaporated on the toroidal surface (reflectance ~ 92%), while upward-going photons 

are reflected upward into the focussing mirror by total internal reflection from a flat 

horizontal surface. The Cerenkov cone image is formed on a focal surface where photons 

are coupled into tightly packed quartz fibers and transported to photomultiplier tubes 

placed outside of the magnetic field. Only those photons that enter a fiber within 

a maximum angle {6max) from the fiber axis are trapped in quartz fibers: this angle 

is ~ 9.9° for communication fibers; ~ 19.0° for silicone-clad fibers; and ~ 27° for 

FEP-cIad fibers [38]. In the present design, we use FEP-clad fibers. 

The optics is simple but allows many combinations of parameters. The present 
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Figure 5.36: Focussing block and ray-traces. 

design only covers the 0y range expected for the endcap region [6,np — 17 — 33°) and its 

parameters are given below. The design still has possibilities for further optimizations 

and continues to be studied. 

Mirror surface: toroid with circular cross-section. Rs = 257 mm, RL = 400 mm 

Focal surface: cylindrical surface, Ri = 500 mm 

Parallel light rays emitted by 0 = 1 particles with 6 dip = 15. 20. 25. and 30° are traced 

in Fig. 5.36 for 0c = 47.5°. To simplify the attachment of the readout fibers, the focal 

surface is approximated by a cylindrical surface. The evaporated aluminum toroidal 

mirror surface will have a reflectance of around 92% between 250 — 600 nm. 

Fiber Readout 

Cerenkov photons fan out from the source point and reach the focal surface obliquely, 

both in projection to the radiator plate (the y coordinate) and in projection to the plane 

perpendicular to it (the .r coordinate). The optics are arranged so that all photons hit 

the surface roughly normal in the perpendicular plane as shown in Fig. 5.36. There 

is no focussing in the x direction and the entrance angle to the fiber increases as this 

direction deviates from the major radius of the toroid. If the entrance angle exceeds 

Qmax, photons arc not transported to the photon sensor, limiting the total number of 

photons transported to the phototubes. 

The angle 0max is determined by the ratio of the refractive indices of the core and 

cladding of the fiber. In the standard communication fibers, the maximum practical 



ratio of the two refractive indices is around 0.9S5. corresponding to 0max = 9.9° [38]. 

Note that the maximum angle is much larger for photons entering the fiber from air 

or low refractive index material. Quartz fibers with silicone or FEP cladding have 

Gmax ~ 19 and 27° respectively, and will capture more photons. 

Another important parameter is the geometrical acceptance efficicnc}' of the cou

pling to the fiber array at the focal surface. This is determined by the radius of the 

core and the cladding thickness. The fibers we intend to use have a core diameter 

of 600 — 1000/nn and a 10 — 25//m cladding thickness [3S]. If the fibers are tightly 

packed, the geometrical efficiency can reach as high as 87 %. Fibers can be deformed 

into hexagons and packed to the highest possible density: for fillers with diameter 

of 1000 /nn one can, in principle, get a 96 % geometrical efficiency. Although such 

technology exists and can be pursued in future, the present design assumes a random 

packing of round fibers. In the focussing block, the fiber diameter corresponds to about 

half of the image width and a swath consisting approximately of 30 fibers in x by 2 

fibers in y will be bundled to form a 0X = 1.5° by 0y = 1° readout pixel. To reduce 

the number of phototubes, we plan to combine three such readout pixels separated by 

9y ~ 7° but with a same 0T to one photomultiplicr tube. In effect about 150 fibers will 

be readout by each photomultiplier tube. 

To cover the 0y range of 17 — 33° and the entire 0X (360°). we need about 100k 

fibers and 750 photomultiplier tubes. 

Photomultipl ier tubes 

As the expected number of photoelectrons arc not large, a photomultiplier tube is with 

high quantum efficiency in the UV and blue bands (250—400 nm) and the ability to 

detect single photoelectrons is needed. There are many choices of such phototubes using 

UV-glass windows: their peak quantum efficiency is typically 27 % [39]. The quantum 

efficiency averaged over the spectrum of photons actually transported to phototubes is 

21-22 %. 

The resolution of the image position in y coordinate depends on the intrinsic image 

sharpness of the optics, the pixel size, and the number of photoelectrons {Npe). The 

image sharpness is primarily determined by chromatic dependence of the Cerenkov 

angle (#c)? t n c multiple Coulomb scattering of the charged particle in the radiator, and 

measurement error of the particle trackers of the BELLE detector. The Cerenkov ring 

images (or arcs) shown in Fig. 5.37 are representative of those produced by a Monte 

Carlo simulation. The resolution for this design is roughly A0y(rms)~ 0.45/ JNpe 

degrees. 
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Table 5.4: Efficiencies and number of photons for option 3 

— Inner radius readout of the forward end cap device — 

(Quartz 20mm thick. ?i=1.4S, 3=1.0. Qc = 47.5°) 

Focussing DIRC Comments 

Quartz type 

No. of emitted photons 

A = 250 - 300nm 

A = 300 - 400nm 

A = 400 - 600nm 

Percentage of trapped photons 

Favorable case 

Unfavorable case 

After loss in radiator 

After loss on outer radius mirror 

After loss on focussing mirror 

Radiator to fiber 

After loss in fiber 

Fiber to PMT 

PMT cathode Q.E. 

No. of photoelelctrons / 2cm 

Typical case 

Unfavorable case 

Number of fibers 

Pixel size (Qc x <f>) 

Number of pixels per PMT 

Number of PMT's 

Covering efficiency 

lynthetic 

~1162 

~340 

~414 

~40S 

~ 1 5 % 

~ 7.5% 

~ 98% 

~ 92% 

~ 92% 

60% 

98% 

100% 

21.5% 

~ 18 

~ 9 

~ 100k 

1° x 3° 

~ 5 

~ 750 

~ 100% 

Fiber's Bmax = 27° 

Near beam axis 

Near barrel boundary 

Aluminum surface 

Aluminum surface 

Core/total ~ S0% 

~ 20 for 0dtp = 26 

~ 11 for 0dip = 36 

<j> '^ 1mm 

pixels tied every A^c ~ 8' 

(j> ~ 1 inch 
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Image on the Focal Surface [200 events] 

7T (3.5 GeV/o) 0 = 0 999 K (3.5 GeV/c) fi = 0.990 
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Figure 5.37: Cerenkov images for 3.5 GeV/c pions and kaons crossing at 4 positions 

in the radiator: R =600. 800, 1000, and 1200mm. There are 200 events in each arc. 

The average numbers of photoclcctrons expected {Npe) arc about 22, 17, 14, and 12. 

respectively. 

5.7.3 Expected Performance 

Photoelectron yield and ~—K Separation 

The average number of photoelectrons expected in photomultiplier tubes for /3 = 1 

particle per 1 cm quartz thickness is given as a fuction of the photon wavelength 

in Fig. 5.38. The photoelectron yield also depends on the position, direction, and 

velocity of the particle. Of these, the position dependence effects are most significant. 

For the design optics, the fibers accept a larger fraction of photons for longer photon 

pathlengths. This is because light rays approach the radial direction and are more 

likely to be within the 0max acceptance of the quartz fibers. For example we get about 

22, 17, 14, and 12 photoelectrons in average at locations R =60, SO, 100, and 120 cm, 

respectively, as shown in Fig. 5.37. 

Cerenkov ring position distributions for 3.5 GeV/c pions and kaons crossing at 

R =800 mm and R =1200 mm are shown in Fig. 5.39a and b, respectively. We 

note the average number of photoelectrons expected at these locations are 17 and 12. 

respectively, and. the TT — K separation is about 3.7cr and 3.4<r respectively. 

For lower momentum kaons, the Cerenkov ring ceases to reach the focussing block: 

this momentum depends on the crossing point and is estimated to be around 0.5 — 
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Figure 5.38: The number of photons per 1 cm of quai\.z traversed, transmitted through 

3 m of synthetic quartz and converted to photoelectrons as a function of the photon 

wavelength. The quantum efficiency is taken from that for UV glass phototubes. 

l.OGeV/c. Above this momentum, we expect to see Cerenkov rings and make positive 

identifications of pions. kaons and electrons. Below this momentum, the device will 

continue to see pion and electron rings and work as a localized threshold Cherenkov 

counter, identifying kaons by absence of a ring. 

Mode of kaon/pion separation as a function of momentum 

• 0.2 — 0.7GeV/c : /t: positive ID. A': passive ID. 

• 0.7 - 4.0GeV/c : Both r, and A': positive ID 

5.7.4 Implementation in the BELLE Detector 

The radiator will be made into a single piece by gluing together S — 12 sectors of 

radiator and an equal number of focussing blocks. The entire device will be then be 

of one piece that will be supported by a fixture attached to the unused surface of the 

focussing block. 

The focussing block and fiber attachment will be placed between the CDC and the 

endcap Csl calorimeter as shown in Fig. 5.40. Their radial position will allow access 

without removing the Csl blocks when the endcap is slid open. The phototubes will 

be placed outside the pole-tip and servicing should be relatively simple. 
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Figure 5.39: The separation of the pion and kaon ring positions at 3.5 GeV/c at (a) 

R =800 and (b) 1200 mm. 

Since the plate will occupy only a 3 — 5 cm space, the endcap Csl array can be 

brought about 20 cm closer to the Intersection Point than in the current baseline design. 

This will allow the axial length of the Csl barrel section to be shortened by the same 

amount (about ~ 2 — 3 rings of barrel CsI(Tl) blocks), resulting in appreciable cost 

saving. 

5.7.5 Possible Interference with Other Elements 

The radiator plate is thin and unform (~ 17%r.l./cos6), and will be placed close to the 

Csl calorimeter: we expect interference with the calorimeter to be manageable. We 

note that gamma-conversions in the quartz can be detected, and the energy deposited 

by electrons and positrons can be measured in this device. We expect that detrimental 

effects on the calorimeter performance will be small. 

There will, however, be considerable interference with the beam quadrupole mag

nets and various cables that will be fed to and from other detector elements through 

the forward hole. If the radius of the beam hole of the forward pole tip is increased by 

10 cm, there would be sufficient space for the ~ 100k quartz fibers and 750 phototubes 

(Fig. 5.41). A study indicates that such an enlargement of the forward beam hole 

will not affect the magnetic field leakage at the position of the superconducting beam 

quadrupole [40]. 
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Installation of Focussing DIRC - For the barrel aerogel option 

Figure 5.40: Installation in the BELLE detector 

5.7.6 Summary of Focussing DIRC Endcap Option 

The focussing DIRC is a practical and good particle identification device for the endcap 

region. It can be made compact and serviceable, and can positively identify pions and 

kaons between 0.7 to 3.5 GeV/c with > 3.5 ~ 4cr significance, and seamlessly cover the 

endcap solid angle. Above 3.5 GeV/c the identification decreases to about 3cr and and 

below 0.7 GeV/c becomes passive for kaons. 
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Figure 5.41: Enlarged beam hole of the forward pole tip. 
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Chapter 6 

Electromagnetic Calorimetry 

The main purpose of the electromagnetic calorimeter is the detection of photons from 

B-meson decays with high efficiency and good resolution. Since most of these photons 

are end-products of decay cascades, they have relatively low energy and, thus, good 

performance below 500 MeV is especially important. Important two-body decay modes 

such as B -* A'"7 and B° —> 7r°7r° produce photons with energies up to 4 GeV and 

good high energy resolution is needed to reduce backgrounds for these modes. Elec

tron identification in BELLE relies primarily on a comparison of the charged particle 

track momentum and the energy it deposits in the electromagnetic calorimeter. Good 

electromagnetic energy resolution results in better hadron rejection. High momentum 

K° detection requires the separation of two nearby photons and a precise determination 

of their opening angle. This requires a fine-grained segmentation in the calorimeter. 

In order to satisfy above requirements, we will use a highly segmented array of 

CsI(T^) crystals with silicon photodiode readout installed inside the coil of the solenoid 

magnet. 

6.1 Overall Design and Performance 

The overall configuration of the calorimeter is shown in Fig. 6.1. The complete 

calorimeter is comprised of a 3.0 m long, 1.25 m inner radius barrel section and annu

lar endcaps located at z = +2.0 m and z = —1.0 m from the interaction point. The 

geometrical parameters of each section are given in Table 6.1. 

Each crystal has a tower-like shape and is arranged so that it points almost to the 

interaction point; there is a small tilt angle of ~ 1.9° in both 0 and <\> directions to 

avoid the photon escaping through the gap of crystals. The calorimeter covers the 

polar angle region of 17.0° < 9 < 150.0°, corresponding to a total solid-angle coverage 
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Figure 6.1: The overall configuration of Electromagnetic Calorimeter. 
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Table 6.1: The geometrical parameters of the Csl calorimeter. 

Forward Endcap 

Barrel 

Backward Endcap 

6 coverage 

11.7° - 31.5° 

32.2° - 128.7° 

130.S0 - 15S.30 

9 seg. 

13 

46 

10 

6 seg. 

4S - 128 

144 

64 - 144 

# of crystals 

1168 

6624 

1024 

of 91% of 4/T. Small gaps between the barrel and endcap crystals provide a pathway for 

cables and room for the supporting members of the inner detectors. The loss of solid 

angle associated with these gaps is approximately 3% of the total acceptance. The 

entire system contains 8S16 CsI(T^) counters and weighs 43 tons. 

The size of each CsI(Tf) crystal is determined by the condition that approximately 

80% of the total energy deposited by a photon injected at the center of the crystal 

is contained in that crystal. Smaller crystal would have somewhat improved position 

resolution and two-photon separation but at the cost of an increased number of channels 

and poorer energy resolution. The latter is caused by the increase of gaps and inactive 

materials between crystals. The 30 cm length (16.2 X0) is chosen to avoid deterioration 

of the energy resolution at high energy due to the fluctuations of the shower leakage 

out the rear of the counter. 

The energy resolution of this system at low energy is dominated by electronic noise 

and the fluctuations of lateral shower leakage. In order to accommodate increases in 

the lateral shower size for low-energy photons, more counters must be used in the 

summation for the energy calculation. This puts a premium on low electronics noise 

for each channel. We aim at less than 200 keV incoherent thermal noise and less than 

100 keV coherent pickup noise in the whole electronics chain. 

The linearity and energy resolution of the calorimeter will deteriorate if there is a 

significant nonuniformity in the light collection efficiency within crystal. This effect as 

well as the influences of calibration and inactive materials in front of the calorimeter 

have been quantified by means of a Monte Carlo simulation, the results of which are 

presented in the following sections. 

The barrel crystal shapes and sizes are shown in Fig. 6.2 and Table 6.2. The crystals 

will be produced by: 

1. the Budker Institute of Nuclear Physics (BINP) in Novosibirsk, Russia with the 

collaboration of Single Crystal Institute and Factory in Kharkov, Ukraine; and 
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Figure 6.2: The CsI(Tf) crystal shape. 

2. the Joint Crystal Collaboration Group (JCCG) based in Shanghai and Beijing, 

China. 

Before the end of March 1995, a total of 900 mass-produced crystals from BINP and 

100 crystals from JCCG will be delivered to KEK. The production will continue for 

the following 3 years with Russia and China supplying approximately equal amount of 

crystals. 

6.2 Csl Crystal 

The production of suitable CsI(T£) crystals requires meeting a number of stringent 

optical and mechanical requirements. A summary of the technical specifications for 

the crystal production is listed in Table 6.3. 

The optical properties of each crystal are tested by irradiating with a collimated 
137Cs source at nine points along the crystal and measuring the position of the 662 
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Table 6.2: The barrel CsI(Tf) crystal dimensions. The counter # 2 9 is positioned at 

z=0 and is special in having a pair of side faces in parallel. For definitions of parameters, 

see Fig. 6.2. 

parameter 

A 

B 

H 

a 

b 

h 

L 

Q 

0 
0' 
7 

Volume 

Weight 

unit 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

degree 

degree 

degree 

degree 

cc 

kg 

for ctr #29 

67.0 

67.0 

54.5 

53.9 

53.9 

54.5 

300.0 

0.000 

1.250 

1.250 

0.000 

987.8 

4.455 

for other 

(min. value) 

61.0 

63.2 

61.7 

53.9 

53.9 

54.5 

300.0 

0.02S 

0.706 

0.681 

0.685 

1019.7 

4.599 

counters 

(max. value) 

67.0 

67.2 

67.7 

53.9 

55.9 

54.5 

300.0 

1.041 

1.250 

1.249 

1.258 

1112.4 

5.017 

Table 6.3: Specifications for the CsI(Tf) crystals. For the definitions of the size pa

rameters, see Fig. 6.2. 

Average Light Output more than 0.27 of reference crystal for all crystals, 

Light Nonuniformity 

Size (A,B,H,a,b,h) 

Length (L) 

more than 0.29 for 90% of total crystals. 

less than 9% for all crystals, 

less than 7% for 90% of total crystals. 

within +0 and -200 //in from specified size. 

within +1 mm and -1 mm from specified length. 
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Figure 6.3: The Setup for measuring the light output and uniformity. 

keV gamma ray photoelectric peak (see Fig. 6.3). The measurement is done using 

a standard, bialkali phototube (Hamamatsu R1S47S) at one end of the crystal. The 

photomultiplier output is shaped by an ORTEC 570 amplifier with a 1/zs shaping time 

and digitized in a peak-sensing ADC of Hoshin Electronics. The light output of the 

crystal is defined as the average of the nine measurements with respect to that from 

a small, 2.5cm <f> and 2.5cm long reference crystal. The (non)uniformity of the light 

collection is defined by 

{non)uniformity maximum — minimum (6.1) 
average 

Measurements of the crystal dimensions are done with an automated device that 

has eight linear gauges as shown in Fig. 6.4. One measurement consists of four sampling 

pairs, each of which measures the side surface location with a pair of linear gauges. By 

moving the crystal length in precise 3 cm steps, the crystal cross section is measured 

at nine different heights. The crystal dimensions are reconstructed from these data 

and the results are compared with the design specifications. The system has a 20//m 

precision for unwrapped crystals and is calibrated with a standard "crystal" made from 

steel. 

In order to quantify the comparison with design dimensions, two additional param

eters are calculated. They are the "extra length" and the "empty volume" defined 

in Fig. 6.5. We measured 64 wrapped crystals from BINP and the result is shown in 

Fig. 6.6. Some of the crystals do not satisfy the specified tolerance and this will be 

corrected from the next batch of production. 

Identical sets of the light-output and size-measurement devices described above will 

be installed at BINP and JCCG for the performance control of the production crystals. 
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Figure 6.4: The crystal dimension measurement device. 
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Figure 6.5: A comparison of measured and design sizes. 
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Figure 6.6: (a) The deviations of the wrapped crystal dimensions from their specified 

values and (b) the fractional "empty volume.'" 
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Figure 6.7: The relative light output for several layers of Goretex 55 fim thick teflon 

(crosses) with respect to one layer of 200 /mi teflon (open circles). 

6.3 Counter Assembly 

Each crystal is wrapped in a diffuse reflector sheet for the best collection of scintillation 

light at the end of the crystal. In order to obtain the maximum light output and 

uniformity, we tested several porous teflon sheets and Millipore paper sheets with and 

without reflective-paint coatings. The results are presented in Fig. 6.7 and Table 6.4. 

The measurement reproducibility was about 2 %. 

Type HA Millipore gave the highest light output, about IS % more than Goretex 

200 ftm teflon, but the material was fragile and difficult to handle for wrapping. The 

use of white reflective paint (Kodak 6080) on Millipore paper gave better results in 

general, but the painting required some skill to obtain a good reproducibility. Taking 

these results into account, we chose a single layer of 200 f.im thick Goretex teflon as 

the wrapping material because it gives a good light output, is easy to handle, and is 

expected to be stable against aging. 

A single CsI(T^) counter is assembled as indicated in Fig. 6.8. All sides of the 

crystal, except for the end face for light readout, are covered by a single layer of 200 

^m thick teflon. It is then covered by a ~ 25/<m thick layer of aluminized mylar for light 

and electrical shielding. Four tapped holes are made on the end face of the crystal and 

used to fix an aluminum base plate to the crystal. Small derlin pieces are screwed into 

the hole and the base plate is fastened to the derlin piece via tapped holes made at the 

T — I — I — r ~ ] — I — J — 1 — I — I—I—I 1 — p — I — I — I — ; — I — I — I — I — — J — 1 — r -

J__t 1 1 I t L_ • • ' ' I f L J ' ' ' I I t-_ 

6-8 



Table 6.4: The relative light output using several reflector materials and paint. 

Reflector Material 

Goretex 200/mi thick teflon 

Millipore type HA 

Millipore type GV 

Millipore type GV 2 layers 

Millipore type VS 

Kodak paint on Millipore HA 

Kodak paint on Millipore GV 

Kodak paint on Goretex 200//m 

Light Output 

(relative value) 

1.00 

LIS 

1.03 

1.13 

1.01 

1.10 

1.16 

1.05 

Uniformity 

(%) 

6.1 

5.2 

6.1 

5.7 

S.l 

13.1 

2.7 

3.0 

center of the derlin piece. An aluminum-shielded preamplifier box is finally attached 

on the aluminum base plate with 4 screws. An approximately 1 cm long extra strip of 

aluminized mylar is tacked under the base plate to provide electrical contact between 

the aluminized mylar and the amplifier case. 

Two photodiodes. each having an active area of 10mm x 20mm. are glued at the 

center of crystal end surface via an acrylite plate of 1mm thickness. An acrylite buffer 

plate is used because direct glue joints between the photodiode and the Csl were often 

found to fail after temperature cycling, probably due to the different thermal expansion 

coefficients of silicon and Csl. After testing various glues for the strength of adherence 

under temperature cycling, we selected ECOBOND 24 epoxy glue from Grace Japan 

Co. for glueing both the photodiode to the acrylite and the acrylite to the Csl. This 

glue joint is stable against temperature cycling between the room temperature and 

80°C. After mixing two components of the glue, we place it in vacuum for about 5 

minutes to remove any small air bubbles in the mixture. The curing takes about 3 

hours at room temperature and 200 gms of weight is applied on the glue joint during 

this period. 

6.4 Mechanical Structure 

The barrel crystals are installed in a honeycomb-like structure formed by 0.5 mm-thick 

aluminum septum walls stretched between the inner and outer cylinders (see Fig. 6.9). 

The outer cylinder, the two end rings, and the reinforcing bars are made of stainless 

steel and form a rigid structure that supports the weight of the crystals. The inner 
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Figure 6.8: The mechanical assembly of the CsI(Tf) Counter. 

cylinder and side walls are made of 1.6 mm-thick aluminum to minimize the inactive 

material in front of the calorimeter. Eight crystals, four rows in 6 and two columns 

in <t>. are inserted in each cell and fixed in position by push screws at the back. The 

weight of the crystals is transmitted to the rigid structure via the septum, inner and 

side walls. The whole barrel structure will be installed in a thick stainless steel cylinder 

supported from the magnet. Finite element calculations indicate that the whole barrel 

structure will sag ~ 200 ^m when it is supported by the two end rings, an amount of 

displacement that is considered safe for the contained crystals. 

The overall support structure will be made gas tight and flushed with dry air to 

provide a low-humidity (5%) environment for the CsI(T<?) crystals. The preamplifier-

generated heat, a total of 3 kW, will be carried away by a liquid cooling system. The 

coolant liquid flows in a heat shielded pipe that is in direct thermal contact with the 

preamplifier boxes. The use of an inert and highly volatile liquid coolant is considered 

for the safety of crystals in the event of a leak. An operating temperature of less than 

30°C with ±1°C stability is required for the stable operation of the electronics. The 

preamplifier cables and the cooling pipes will run behind the crystal and are extracted 

through holes in the end ring. 
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Figure 6.9: The mechanical structure for holding the CsI(T/!) crystals. 

The endcap support structure is similar to that of the barrel. Here the crystal weight 
is transmitted via thin septa and inner walls to a thick back plate that is supported 
from side rails mounted on the support cylinder. The endcap calorimeter will slide out 
on the rail when access to the inner detector is necessary. 

6.5 Readout Electronics 

Overall Design 

A block diagram of readout electronics is given in Fig. 6.10. Each CsI(T^) counter 
is read out by an independent pair of silicon PIN photodiodes and charge sensitive 
preamplifiers attached at the end of the crystal. The preamplifier output is transmitted 
on 10 m-long, 50ft twisted pair cables to a shaping circuit where the two signals from 
the same crystal are summed. The summed signal is then split into two streams: one 
for the main ADC and the other for the trigger electronics. The main ADC signal is 
shaped with a r = l//s time constant and fed into a charge-to-time (Q-to-T) converter 
installed on the same card. The output of Q-to-T converter is transmitted via twisted 
pair to a TDC module in the electronics hut for digitization. The trigger signal is 
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Table 6.5: Photodiode specifications 

Sensitive Area 

Thickness of Wafer 

Applied Reverse Voltage 

Capacitance 

Sensitivity(A=560nm) 

temperature dependence 

Dark current 

temperature dependence 

Radiation Hardness 

change of dark current 

change of capacitance 

change of sensitivity 

10x20 mm 

300 /m? 

< 70 V 

average <85pF max <105pF 

average >320mA/W min >310mA/W 

<0.01% 

average <4nA max <15nA 

average <10%/°C 

a t 6 Gy 

<s% 
<0.4% 

<0.3% 

at 68 Gy 

<40% 

< 1 % 

<0.3% 

shaped with a shorter time constant and ~16 lines are combined to form an analog 

sum for the level-1 trigger. 

P h o t o d i o d e 

The specifications for the large-size silicon PIN photodiode are listed in Table 6.5. Bids 

for the mass production were requested in September 1994 and the contract was given 

to Hamamatsu Photonics. 

We performed a photodiode endurance test by keeping 160 units of Hamamatsu 

S2744-03 photodiodes a 60V reverse bias at a temperature of 60°C for 4000 hours. 

The typical dark current at 60°C is 300 nA. The dark current of each photodiode was 

measured at the room temperature several times during the test and the average values 

of these measurements are plotted in Fig. 6.11. The dark current of 160 pieces was 

very stable and no photodiode showed a large increase. 

Hamamatsu photonics is expected to deliver 14O00 pieces of photodiode by the end 

of March 1995. An improved version of S2744-03 with higher quantum efficiency will 

be produced. Each photodiode will be burned in before shipment at 80°C for 50 hours 

with 70V bias voltage applied. 
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Figure 6.10: A block diagram of the CsI(T^) readout electronics. 

6-13 



c 
£; 3.15 

0 3J 

53 
Q 325 
<u 
£> 
g •» 

^ 2.75 

2J 

2.25 

r . i i . . . i . , , . i . . . . i . . . . i . . . . i . . . . i . . . . i . i 

o sm mm isw Hum ISIKI jim jam -mm 
Time(honr) 

Figure 6.11: The average dark current of 160 photodiodes during a 4000 hour-long 

endurance test at 60°C. 

Preamplifier 

The preamplifier design and specification is given in the Lol [1] and prototype test 

results have already been reported [2]. In 1994, we produced 100 pieces of pream

plifiers and used them for the performance evaluation and various tests. These are 

two-channel preamplifiers, consisting of two hybrid chips and a mother board installed 

in an aluminum shielding case. 

The preamplifier was tested with a power supply that provided a 15 V collector 

bias and +12 V and —5 V preamplifier driving voltages. The measured performance 

is summarized in Table 6.6. The dynamic range was defined as the region where the 

deviation from linearity is less than 0.15%. 

We performed the following degradation tests on 25 preamplifiers: 

• 10 temperature cycles (90°C=4> 25°C=S> -40°C) . 

• 1000 hours of operation at 85°C. 

• 1000 times ON/OFF of the photodiode bias voltage (70V) by operating the 

preamplifier. 

We found no failures and no significant performance degradation after the test. The 

increase of equivalent noise charge (ENC) is less than 5% and the gain remained within 

1.5% of its original value. 
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Table 6.6: The preamplifier performance measurements. 

Feedback capacitance 

Decay time 

Power/hybrid chip 

ENC with one photodiodc (r=l/*.s) 

ENC with one photodiode (r=2/*.s) 

Gain 

Max. gain deviation of over 50 pes. 

Dynamic range for input charge 

Dynamic range at the preamplifier output 

1.6 

SO 

125 

6T0 

615 

39 

1.5 

4.5 xlO7 

4.5 

pF 

fisec 

mW 
electrons 

electrons 

mV/106electrons 

% 

electrons 

V 

These preamplifiers use a junction FET 2SK613 for integration, production of which 

will be terminated in the near future. After testing several replacement candidates, we 

have selected the 2SK932-22 for the mass production. The performance of this chip 

will be tested further. 

Temperature dependence 

The temperature dependence of the preamplifier was measured by installing the am

plifier in a small thermal bath and measured the test-charge response over the temper

ature range from 11°C to 51°C. The results are shown in Fig. 6.12d. The combined 

response of the photodiode and preamplifier was measured by irradiating the photodi-

ode with a 241Am source. The temperature dependence of an entire CsI(T^) counter 

was measured by irradiating a small CsI(T£) crystal with a 13 'Cs source. The result 

(Fig. 6.12a.) shows a small temperature dependence of 0.24%/°C and no significant 

increase of the electronics noise at temperatures below 30°C. The separate CsI(T/?) and 

photodiode temperature dependences extracted from above measurements are given in 

Figs. 6.12b and c. 

Summing and shaping 

The two preamplifier outputs from each crystal are added in the summing module 

just outside of the BELLE detector and then split into two streams with two different 

shaping times: one for the main ADC and the other for the trigger. The summing 

module also provides the preamplifier power and the photodiode bias voltage. The 

injection of test charge to the preamplifier and the pulsing of an LED will also be done 
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Figure 6.12: The temperature dependence of (a) a Csl detector as a whole, (b) the 

crystal ( crosses: our data, diamonds: CLEO data [3]), (c) the photodiode and (d) 

the preamplifier. 

via this module. 

It is preferable to minimize the shaping time for the main ADC signal in order to 

avoid the effects of pileup from the beam gas background. On the other hand, with a 

short shaping time, th J electronics noise will increase and part of the scintillation light 

will not be collected. A shaping time of approximately 1 //s is chosen as a compromise 

between these two competing concerns. The trigger shaping time should be short 

enough to generate a fast trigger within 2 ;<s of the beam crossing, as discussed in the 

Trigger/DAQ Chapter. 

Dig i t iza t ion 

The requirements for the main ADC are: 

• a resolution of ~ 0.1 %. 

• a minimum dynamic range of 16 bits. 

• a conversion and buffering time of 200 /.is. 

In order to maintain the large dynamic range over the whole electronics system, 

it is important to minimize the pickup noise for the long distance signal transmission 
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between the shaper and the digitizer. For this purpose, we intend to have a charge 

to time (Q-lo-T) converter on the shaper board and transmit only logic-level timing 

signals to a TDC in the electronics hut. A FASTBUS multihit TDC, such as the 

LRS1S77, will be used for the digitization. A multiple-range Q-to-T chip will be 

developed to provide the resolution and dynamic range; the dynamic range of presently 

available Q-to-T chips is limited to ~12 bits. 

We plan to house the shapcr/Q-to-T and trigger module in the TKO crate sys

tem [7]. The present design requires 5 slots for each group of 64 counters, corresponding 

to 35 TKO crates in about 12 racks near the BELLE detector. The 1877 TDC has 96 

channels per module: the approximately 94 TDC modules will occupy five FASTBUS 

crates in the electronics hut. 

A method of wave-form sampling will provide a means for coping with the high 

background conditions expected in the endcap region. Here the Q-to-T chip may be 

replaced by the switched capacitor array (SCA) for this option. A prototype FASTBUS 

module with SCA has been built and extensive tests are under way. 

6.6 Calibration and Monitoring 

Cosmic-ray gain calibration 

Wc will calibrate all CsI(T£) counters with cosmic rays before installing them into 

the support structure. A cosmic ray calibration stand was built for this purpose (see 

Fig.6.13). It consists of trigger scintillators and drift chambers for tracking. As many 

as 20 counters can be calibrated at once. It takes about S hours to collect 6000 usable 

cosmic ray events per counter. 

Thirty counters configured according to the final design have been calibrated by 

cosmic rays and the results were compared with a calibration done in an electron 

beam. Nineteen of these counters use CsI(T£) crystals from Quartz et Silice (QS) and 

the other eleven use crystals from BINP. The electronics were calibrated by irradiating 

the photodiode directly with an 241Am source. The distribution of measured charge 

per 1 MeV energy deposit in the crystal is shown in Fig.6.14. An average of 5S00 

electrons per jVIeV was obtained over the 30 counters for a 4 cm2 photosensitive area 

with an rms spread of about 12%. Differences between th QS and BINP crystals were 

found to be small. 

The electron beam calibration was done by injecting 2 GeV electrons near the 

center of the crystal and measuring the peak energy deposited. According to a GEANT 

simulation, the most probable energy deposited by a 2 GeV electron is 1535 MeV and 

6-17 



Cosmic Ray 
/ Trigger Counter 

Drift Chambers 
(4 layers of 

1.2 mX 1.2 m) 

CsICTl) Crystals 
(2X10 pieces) 

I • I • I • I • I • I • / • I • I • I • I • I . „ ., ^ L 
| . | . | . I . | . | . | \ Dnft Chambers 

Lead Absorber 
' (5cm thick ) 

Trigger Counter 
/ " 

Figure 6.13: The cosmic-ray calibration stand for Csl(Tf) precalibration. 

this value was used for calibration. Figure 6.14 shows the ratio of the cosmic-ray to 

the electron-beam calibration constant. They are consistent with each other to within 

a rms deviation of 3% with an absolute scale difference of about 2%. 

Uniformity measurements using cosmic rays 

The uniformity of each of 30 counters was measured with a photomultiplier and a 
13 'Cs source at nine places before the photodiode was glued into place. Subsequently, 

the responses to cosmic rays through a complete, photodiode-readout counters were 

measured in nine 3 cm-thick sections along the length of the counter. Two 1.5 cm-

thick end sections were left out of the analysis. The uniformity obtained from these 

measurements are shown in Figs. 6.15(a)-(d). The difference between the photomulti-

plier/source and the photodiode/cosmic-ray response is shown in Figs. 6.15(e)-(f). A 

systematic shift of nonuniformity between the two measurement techniques is appar

ent. We are presently investigating the cause of this shift and its possible influence on 

the calorimeter performance. 

Calibration 

Once installed in the BELLE detector, the energy calibration and the monitoring of 

each counter will be done by using Bhabha events [4]. For this method, an accurate 

knowledge of the energy deposited by a Bhabha electron is needed since the Bhabha-

electron energy is polar angle dependent. Also the effects of rear shower leakage must 

be carefully estimated by simulation. In addition, we have to take into account such 

effects as the presence of materials in front of and in between the crystals. A GEANT 

calculation indicates that more than 300 good Bhabha electrons per counter will be 
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Figure 6.14: (a) Collected charge per 1 MeV energy deposit in CsI(Tf) for 30 different 

counters (b) Ratio of cosmic ray calibration constant to electron calibration constant. 

obtained per day at a luminosity of 1033cm -2sec_1 at 0/n&—67°, where the Bhabha 

scattering cross section is the smallest. With this rate, we can determine the calibration 

constant of each counter to better than ±0.5% precision every day with Bhabha events. 

The Bhabha calibration gives only one calibration point at energies between 4 and 

8 GeV depending on the polar angle of the crystal. Crystal nonuniformities can cause 

a nonlinearity in the measured energy, producing an ambiguity in the extrapolation 

of the Bhabha calibration point to lower energies. This effect was simulated with 

GEANT by modeling that the light collection efficiency changes proportionally along 

the length of the crystal. The results, shown in Fig. 6.16, indicate that a ±10% 

nonuniformity results in a ±1.0% ambiguity in extrapolating an S GeV calibration 

point to lower energies. Thus, calibration constants determined from Bhabha events 

have to be readjusted at lower energies using radiative Bhabhas, and the TC° and ?; 

masses. It may be useful to have a lower-energy Bhabha calibration point by running 

the accelerator at lower energy. A study is under way to correct for this effect using 

the cosmic-ray nonuniformity measurements. 

The gain and linearity of the electronics chain will be frequently calibrated during 

the data taking period by feeding a test charge at the preamplifier input. An LED 

installed in the preamplifier box will be used for quick tests of the readout system. 
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Figure 6.15: Uniformity distribution for 30 crystals, (a-b): Measurement by phototube 

with air gap. (c-d): Measurement by glued photodiode. (e-f) Difference between two 

methods. 
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6.7 Trigger 

The calorimeter is expected to generate fast trigger signals for hadron and Bhabha 

events. Our goal is to provide a fully efficient trigger for calorimeter-oriented events 

that involve neutral particles, and to achieve reasonably high efficiencies for charged-

track-oriented events. We consider two kinds of triggers; a cluster-counting trigger 

and a total-energy trigger. These two triggers are complementary to each other since 

the total energy trigger is sensitive to events with high electromagnetic energy deposit 

while the cluster counting trigger is sensitive to events with minimum ionizing particles. 

A block diagram of the signal processing for the trigger is shown in Fig. 6.17. The 

gain of each crystal is adjusted with 3-bit resolution before the summation. Then analog 

sum of 4x4 crystals is formed and fed into three discriminators. A high threshold(above 

few GeV) is set for the first discriminator to provide a cluster counting trigger for 

Bhabha events. The second discriminator has low threshold for the cluster counting 

trigger for physics events other than Bhabha events. The third one is to gate the analog 

sum output. For the cluster counting trigger, a cluster hit is registered if an analog 

sum is above a threshold value of ~ 30MeV. This threshold value is low enough to be 

sensitive to a minimum ionizing particle, for which the mean energy deposit is about 

170 MeV. For about a 200 ns shaping time, we expect the noise level of a 4 x 4 analog 
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Figure 6.17: Block diagram of the trigger board. 

sum to be ~ 5 MeV mostly coming from the addition of coherent pickup noise. This 

would still enable us to set a threshold free from the accidental counting of clusters 

by the electronic noises. The output of the cluster-counting discriminator will be used 

either simply to count the number of clusters or fed into subsequent logic for further 

pattern recognition. 

Gated analog-sum outputs are fed into a cascade of adders to calculate the total 

energy and the energy balance (Ex. Ey and E-). If each analog sum has 5 MeV coherent 

noise, simple addition of all analog sums will result in 2.8 GeV noise level, which makes 

the total energy trigger untenable. In order to avoid this problem, we plan to use an 

analog switch gated by the output of a threshold discriminator such that only clusters 

above a minimum energy are included in the sum. A lower threshold level may be set 

for this gating discriminator, and a time resolution of a few xlO ns will be sent to the 

master trigger. It is especially useful for purely neutral triggers for which the main 

ADC gate timing should be provided by the calorimeter itself. 

There will be approximately 560 analog sums in total with 4 x 4 summation. Simu

lation studies show that no significant improvement is obtained by enlarging the analog 

sums to 5 x 5 or 6 x 6. One trigger board may contain 64 input channels generating 

four analog sum outputs. The gain of each crystal and the analog-sum threshold levels 

are controlled remotely by the on-line computer. 

In order to check the performance of the trigger, we have done a simulation study of 

various physics processes and the spent-electron-induced background. Physics events 

are generated by BBGEN event generator and simulated by the GEANT 3.21-based full 

simulation program BSIM. Only spent positrons are simulated since the spent-electron 

rate is estimated to be less than 10% of that of the positrons. A ±2.8 mr beam crossing 
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Cut Energy (Ge V) Number of clusters 

Figure 6.IS: The background trigger rate from spent positrons with (= ALL) and with

out (= W/O B.E.) backward endcap: (a) total energy triggers; (b) cluster counting 

triggers. For the total energy trigger above 0.5 GeV, the effect of different threshold 

settings between 10-100 MeV is small. 

angle was used in the background simulation. 

In the spent-positron simulation, we include the effects of pileup by simply summing 

up consecutive signals with weight given by the 300 ns pulse shaping time. The pile up 

increases the background trigger rate significantly when we use the barrel part and both 

endcaps for the trigger decision. However, the background rate becomes smaller than 

10Hz—the current statistics limit of simulation—if we exclude the backward endcap 

from the trigger. In Fig. 6.IS, we show the trigger rate from background spent positrons 

with and without backward endcap for various threshold settings of the discriminator. 

The exclusion of the backward endcap from the trigger hardly affects the efficiency 

for physics events. As an example, we show the trigger efficiency for various physics 

processes in Fig. 6.19, where the backward endcap is not used for the trigger and a 

50 MeV threshold is used both for the cluster-counting and total-energy triggers. 

We also examined the effect of excluding various parts of the forward endcap from 

the trigger. Removing the inner most four layers does not cause significant loss of 

efficiency. Although excluding the middle four layers produces some degradation in 

efficiency, we still have reasonably high efficiencies for most decay modes. In Fig. 6.20, 
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Figure 6.19: The trigger efficiencies for various B decay events: (a) total energy trig

gers; (b) cluster-counting triggers. 

we show the trigger efficiency for B —* 7r+7r- and 7r°r° decays for the cases where 

the whole calorimeter is included in the trigger, and where the backward endcap and 

various sections of the forward endcap are excluded. 

Since the Bhabha event rate is high, a complete data acquisition record is only 

accumulated for a fraction of these events. Total energy sums are formed separately 

for the barrel and endcap calorimeters, and are used to trigger barrel and endcap 

Bhabha events. A threshold of as high as 9 GeV may be applied for both of them to 

discriminate Bhabha signals from other physics processes. An independent trigger is 

provided by the cluster counting with high threshold. A combination of these triggers 

will enable us to make an unambiguous identification and prescaling of Bhabha events. 

In addition to trigger decisions confined to the electromagnetic calorimeter, we also 

provide a digitized total energy sum and a cluster information to the global trigger 

decision logic (see the Trigger/DAQ chapter) so that decisions based on combined 

tracker and calorimeter information can be formed. These will be needed to generate 

efficient triggers for those events, such as r and /f-pairs, that are difficult to trigger 

with the tracker or calorimeter alone. 
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6.8 Endcap Options 

Effects of backgrounds 

According to the Monte Carlo beam-gas background simulations performed for Lol, at 

the luminosity of 1034 cm~2s_ 1 , the total number of background photons superimposed 

on a real event will be approximately 20 in each part of the calorimeter (barrel and 

two endcaps); the average energy will be of 3~4 McV. 

In addition, a soft-photon-background-induccd pedestal broadening has been stud

ied both for spent positrons and small-angle Bhabha scattering [6]. The simulation 

took into account the measured decay response of the CsI(Tf) light output which was 

parametrized as a sum of three exponential decay components. The slowest component 

has a time constant of 14/«s. The shaping time of the readout chain was taken to be 

1/is. Pole-zero filtering was also used to suppress the slow component. The contri

bution of pileup noise to the mis energy resolution of a 5 x 5 array of crystals was 

estimated to be 0.6 MeV in the quietest barrel region, and 3.0 MeV in the inner part 

of the backward endcap where the worst background levels are expected. These values 

are to be compared with the ~ 1.0 MeV thermal noise expected in the limit of no 

coherent noise contributions. We conclude that this effect is tolerable for the barrel 

but requires some additional consideration in the endcap region. 

Endcap Options 

The Lol reference design may have problems in the endcap region where the high 

background rate and the slow CsI(T^) signals produce copious spurious energy deposits. 

In the inner part of endcap, near the beam line, high radiation closes are expected during 

beam injection, from accidental beam losses, and from possible unusual conditions 

during accelerator tuning. The radiation hardness of the presently available CsI(T^) 

may not be sufficient for such environment. 

An alternative scintillator using undoped Csl with a fine mesh phototube readout 

has been considered for the endcap region. Its fast timing will help reduce pileup from 

soft photon backgrounds. It will also provide a timing information for the first-level 

trigger. Furthermore, since time resolutions of 200~250 ps have been demonstrated in 

beam tests, it could be used as a finely segmented TOF counter for particle identifica

tion. 

The radiation hardness of undoped Csl is expected to be good up to 100 Gy, which 

is substantially better than that for CsI(T£) [5]. If this option is chosen, however, it 

will require the development of specialized electronics, such as a pipelined ADC or an 
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analog data-storage system, in order to cope with the 2 //s latency of the first-level 

trigger. On the other hand, if the reference design option is taken for endcap. pileup 

effects in the slow Csl(Tf) may require the waveform sampling electronics, and the 

worries of possible radiation damage will persist. 

According to the radiation dose estimates mentioned above. Csl(Tf) would have 

sufficient radiation hardness even in the endcap region. The worsening of the energy 

resolution from pilcup effects from the soft photon background appears to be at a 

tolerable level except for the hottest part in the endcap. However, these estimates 

have large uncertainties. Accidental increases in background can easily occur in the 

accelerator operation. 

The background estimates were made assuming the beam crossing angle of ±2.8 inl

and it has to be updated for the larger crossing angle. Along with the background 

estimates, the radiation hardness of undoped Csl should be measured before choosing 

that option for the endcap region. 

6.9 Beam Test 

We performed a beam test of Csl(Tf) and undoped Csl crystals in the ~2 beam line 

of KEK proton synchrotron. The crystals were exposed to charged pion and electron 

beams with energies between 0.5 and 3.5 GeV. Electrons were selected by two gas 

cherenkov counters filled with Freon 12. The beam-particle momentum and position at 

the counter face was measured with precisions of 0.4% ~ 1% and ± 1 mm. respectively, 

using an analyzing magnet and two sets of drift chambers. 

C s I ( T 0 

A 5x6 matrix of CsI(TC) counters was exposed to the beam. Nineteen of the crystals 

were produced by Quartz et Silice and eleven were produced by BINP. They all had 

a length of 30 cm and correspond to the final, production-sized crystal for 0 = 90°. 

Two different array configurations, a normal array simulating the central part of the 

barrel (0 = 90°). and a staggered array simulating the end of the barrel (0 = 37°) were 

tested. Each crystal was read out by two photodiodes (Hamamatsu S2744—03) and a 

preamplifier unit corresponding to our final design. Shaper amplifiers (Hoshin N012) 

with a l//s time constant and 12-bit peak sensing CAMAC ADCs (Hoshin COOS) were 

used. Each crystal was calibrated by injecting 2 GcV/c electrons at the center. 

The energy resolution for electrons is shown in Fig. 6.21 for the normal and stag

gered arrays. The summation of the deposited energy was done in 5x5 arrays. A 
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Figure 6.21: Beam test results for the energy resolution of the 30 cm-long CsI(TC) 

array. 

negligible deterioration of the energy resolution for the staggered array can be seen in 

the figure. The measured resolution of 1.6 - 1.8 % with a 30 cm-long crystal around 2 

GeV is better than the resolution of about 2.3 % with 25 cm-long crystals obtained in 

the previous test beam study [1]. 

The impact point of the electron on the matrix A^; is calculated as: 

all all 

(6.2) 

where X{ and E{ are the coordinates of the crystal center and the energy deposit, 

respectively. After correcting for the distortion in position determination shown in 

Fig. 6.22a, we obtain a spatial resolution of 5.8 mm averaged over different impact 

points(Fig. 6.22b). The position resolution improves near the boundary of two crystals 

because shower sharing tends to have a large imbalance there. This behavious is shown 

in Fig. 6.23 for the normal and staggered arrays. 

The change in total energy deposit and the energy resolution by 2 GeV electrons 

as they are swept across the crystal boundary is shown in Fig. 6.24. The effect of the 

boundary is worse for the staggered array, where the measured energy decreases by 

~ 2 % near the crystal boundary. However, this can be corrected down to the ~ 0.5% 

level since the position resolution near the crystal boundary was found to be as good 

as 3mm (see Fig 6.23). 
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Figure 6.24: (a) The change of deposited energy and (b) energy resolution vs beam 

position for 2 G'eV electrons. The boundary of two crystals is at x = 0 cm. 

The e/x separation capabilities were tested by injecting 7r+ and z~ beams into the 

center of the array. Figure 6.25 shows the distribution of the total energy deposited by 

- + and 7T~ beams. The GEANT/FLUKA Monte Carlo simulation has better agree

ment with the experimental data than that using GEANT/GHEISHA. From these 

distributions, we define the probability for a pion to be misidentified as an electron by 

Nmis/Ntot where jVm,\, is the number of events with an energy deposit in the electron 

energy region and Ntot in the total number of pion events. The electron energy region 

is defined as ±3<rr around the peak of electron energy deposit, where cre is the electron 

energy resolution. The results for TT+ and TT~ are shown in Fig. 6.26. The TT misiden-

tification probability is found to be approximately 5% at 1 GeV/c and less than 1% 

above 2 GeV/c where the identification of electrons by this method is essential for b 

flavor tagging. A study is under way to improve the result by taking the difference of 

lateral shower shape for the electron and pion into account. 

Undoped Cs l 

We tested seven undoped Csl crystals surrounded by CsI(Tf) crystals to make up a 

5x6 matrix. The size of undoped Csl was ( 5.5x5.5 — 6.5x6.5 ) x 30 cm3. The energy 

resolution for electrons is shown in Fig. 6.27 for normal arrays and compared with the 

results for the all CsI(Tl) array. The measurements correspond to the sum of the energy 

6-30 



Fraction of Events 

era' 
r-1 

nj 

t o 
01 

2 
o5 

OJ Fraction of Events 

re 
O 

H 
c-5, 

O 
3 
en 

W © 
^> In 
O 

, * « — 

Fraction of Events 

Fraction of Events 

o 

o o o © 
I l l l 

_ > i i . U) K) N * 

) 
0.2 

0.4 

© 

* + i i _ I J I I H £ K t 1 I M H H 1 1 I I I l l l 

:::.'.V. c j l ~ r-''^ <^ 
--<^s-^ ^J^I 

= 3 

C\ 



(a) 

• jt"(Norm.) 
• 71* (Norm.) 

0 0.5 1 1.5 2 2.5 3 3.5 4 
Energy (GeV) 

1.5 2 2.5 3 3.5 4 
Energy (GeV) 

Figure 6.26: The probability to misidentify a pion as an electron for the normal (a) 

and the staggered array (b). 

deposited in 3x3 array with seven undoped Csl and two CsI(Tf) crystals because of 

the limited number of undoped Csl crystals. No deterioration of the energy resolution 

for the undoped Csl array is apparent in the figure. For the energy measurement, a 1 

/is gate width was used in order to include the slow component of scintillation. 

The undoped Csl time resolutions were also measured. Time-walk corrections were 

obtained from the electron events. Further corrections were applied to pion events by 

correlating the location of hadronic shower using the ratio of the fast-component to 

the total scintillation light, which turned out to be significantly position dependent. 

The timing distribution with and without this correction is shown in Fig. 6.28. The 

resolutions obtained are 200~250 ps for 0.5 to 2.0 GeV pions and 160 ps for 0.5 to 1.5 

GeV electrons. 

6.10 Expected performance 

The effect of materials on the performance of the calorimeter was studied with a 

GEANT 3.21 simulation [8]. Single 7s or single 7T°s were generated at the interac

tion point with fixed energies and uniform cos 6 (17° < 0 < 150°) and <f> distributions. 

The cutoff energy for tracing was set to 100 keV both for 7s and for e±s. The detector 

configuration was the same as that in the Lol reference design with a 1 tesla magnetic 

field. Three types of noise were added to the energy deposit in each crystal: 200 keV of 

coherent electronic noise; 220 keV of incoherent electronic noise; and a 1 % calibration 

error. In order to compare the effects of different amounts of inactive materials, several 
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simulations were made including the removal of some or all of the inner detectors. 

Results of the Photon Simulation 

New definitions of energy resolution and detection efficiency, different from those used 

in the Lol. were adopted in this analysis. The obtained energy distribution was fitted 

by an asymmetric Gaussian distribution with different values for the width above and 

below the peak (i.e. oujt and crTight)- The resulting 7 energy resolutions, defined as 

the average of criejt and crTishf are shown for different inner detector configurations in 

Fig. 6.29. 

The energy dependence of the resolution is well reproduced by 

a IE = O.G7(%)/yfE(GeV) 0 l.S(%) (6.3) 

for the case without any inner detector, and 

a IE = O.T3(%)/yjE{GeV) © 2.1(%) (6.4) 

for the case in which all inner detectors are included. The summation ® is used to 

indicate a quadratic sum. These curves are also included in Fig. 6.29. 

The 7 detection efficiency is defined as the fraction of events that have: 

• EpP,ak - 2.5<jiejt < Ecluster < Epeak + 2.5<7r,sAt where Eciuster is the reconstructed 

cluster energy and Epeak its peak value; and 

• differences between the generated and reconstructed 0 and <b angles less than 2.5° 

in 0 and 3.0° in 6. 

The efficiency results are shown in Fig. 6.30. 

Results of the TT° Simulation 

The 7r° mass resolution cr.o. defined as FWHM/2.35 of the reconstructed two photon 

mass distribution, is shown as a function of momentum in Fig. 6.31. The resolution 

is almost constant up to ~500 MeV/c above which it worsens as the TT° momentum 

increases. This increase of resolution occurs when the opening angle resolution starts 

to dominate the energy resolution in the TT0 mass measurement. This will be improved 

significantly in the future when the position corrections are properly implemented in 

these measurements (see Fig. 6.22a). 

The 7T° detection efficiency, defined as the fraction of events in a range of ±2.5cr_o 

from the ~° mass peak, is shown in Fig. 6.32. It can be reasonably well understood as 
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the product of two 7 detection efficiencies. A small loss of detection efficiency around 

2 GeV/c may be caused because the opening angle between two 7s is not resolved in 

some cases by the clustering algorithm that is currently being used. 
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Chapter 7 

KL and Muon Detection 

7.1 Overview 

The volume outside the superconducting solenoid is instrumented to identify A'£ mesons 

and muons. The KLM detector consists of an octagonal barrel and two endcaps that 

are composed of a sandwich of fourteen 5 cm iron absorber plates and fifteen (fourteen) 

4 cm instrumented gaps in the barrel (in each endcap). As discussed in Chapter 8, the 

iron also serves as the flux return for the solenoid's magnetic field. 

Nominally, this detector covers the polar angle range of 25° < 0 < 145°; however, 

energetic muons can be detected by the endcaps' outer layers over the wider range of 

17° < 0 < 158°. 

The KLM detector tags A'£ hadronic interactions in the Csl calorimeter, the coil 

and cryostat, or the KLM itself. It measures the position of the Ki meson's interaction 

and thereby the momentum direction. Its energy resolution is quite poor (cr/E ~ 0.5), 

but this is not significant for the CP-sensitive decay mode B° —• Jj\bK°L since the Ki 

direction measurement alone, in combination with kinematic constraints, allows for the 

use of this process in measuring the angle <j>\ of the KM matrix unitarity triangle—with 

a sensitivity comparable to the '"gold-plated" mode B —• J/ipKg. 

The KLM detector also identifies muons with high efficiency and purity over a 

broad momentum range. Muons are used in the CP violation measurements to identify 

the flavor of the tagging B meson through its semileptonic decay, and to reconstruct 

J/ip —* n+f.r. They are also important for the studies of other physics processes such 

as semileptonic D decays and rare B decays. Muons are most readily distinguished 

from charged mesons by their longer range and smaller deflections. Charged pions and 

kaons are attenuated by hadronic interactions in the Csl calorimeter and the absorbing 

material of the KLM, so that a muon of a given momentum travels further into the 

KLM and registers a much cleaner and straighter track. 
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7.2 Design Specifications 

7.2.1 Introduction 

The design of the KLM subsystem is driven primarily by the goal of detecting both 

A'j? mesons and muons with high acceptance, efficiency, and purity. Here, "detection" 

implies measurement of position but not of energy. (A'/y energy need not be measured 

in B —> J'/i/'A'i nor in A'i, vetoes, while muon momentum is measured by the CDC.) 

These requirements arc most readily met by position-sampling designs, in which thin 

detector planes and passive absorber plates alternate to form a multi-layer sandwich. 

The other considerations that have bearing on the design are the containment of 

the solenoid's return flux, practicality of construction and operation, cost, the need for 

access to the inner detectors, the desire to limit the solenoidal field's impact on the 

accelerator, and the outer envelope of the BELLE detector (a cylinder of radius 352 

cm and length 734 cm). Such considerations demand that 

• the KLM absorber plates be iron—the most inexpensive self-supporting ferro

magnetic material 

• the detector technology be limited (by cost considerations alone) to gas-sampling 

devices—resistive plate counters (RPCs) or limited streamer tubes (LSTs)—with 

cathode strip readout 

• the gaps for the detector superlayers (two detector planes per superlayer for 

redundancy and high effective coverage) be '1 cm thick 

• the detector be partitioned into a barrel and endcaps 

• the barrel not extend beyond the ends of the solenoid 

• the endcaps be split by the vertical median plane so that they can be translated 

horizontally away from the beam lines to expose all of the inner detectors 

• the endcap detectors' inner radius be no smaller than 123 cm. 

For simplicity and consistency in our studies, we use RPCs as the active detectors 

and require at least four cathode hits (e.g.. two 0 and two d>) within a cone of half-angle 

20° (3% of 4TT) to form a cluster in the KLM detector. This cluster may be formed 

by a I\'l shower, the leakage from a photon shower in the Csl calorimeter, a muon, 

or a charged pion. In the actual reconstruction code, the identification of the particle 

associated with this cluster would depend on the profile of the hits as well as on the 

angular correlation between the KLM cluster and any CDC tracks or Csl clusters. 
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Given these restrictions, the detailed sandwich geometries in the barrel and endcaps 

arc adjusted to optimize the A'j? and muon detection capabilities. These are quantified 

in terms of a "Kaon Figure of Merit" and a "Muon Figure of Merit" that are defined 

in sections 7.2.2 and 7.2.3. and evaluated for the various sandwich configurations in 

sections 7.3.1 and 7.3.2. We restrict our considerations to configurations where all of 

the iron plates have a common thickness. 

7.2.2 Jvjr Detection 

The design of the KLM detector is influenced by the requirements of high detection 

efficiency and accurate angular resolution for A'£ mesons from B° —> J/u>A'£ decays. 

Good kaon detection efficiency is also desirable for rejection of unwanted backgrounds 

for rare processes such as B —* TU At the same time, the purity of the tagged 

Ki sample should not be compromised by contamination from misidentified photons. 

(Neutrons are not a problem here.) 

Hadron calorimetry is not an important design criterion for the KLM. In searching 

for B° —> J/thh'l. the kaon momentum does not have to be measured if the angular 

resolution is better than 30 mr (Icr), since it can be calculated from the kinematic 

constraints. This angular resolution is easih" achieved in the Csl calorimeter for the 

~ 60% of A'£ mesons that interact before the coil. (The hadronic showers from these 

kaons typically leak into the KLM detector, so that the}- can be tagged there.) It is 

also achieved in the KLM for interactions in the coil or iron if the cathode strip width 

of the KLM detectors is about 5 cm. 

The momentum of the kaons from B —> J/I,''KL within the KLM acceptance lies be

tween 1.1 GeV/c and 2.6 GeV/c, as shown in Fig. 7.1(a). We look for detector/absorber 

configurations that enhance the tagging efficiency for these energetic "signal" kaons 

while suppressing the far more copious background kaons (Fig. 7.1(b)) and photons 

(Fig. 1.7). 

We define the "Kaon Figure of Merit" to be the overall A'£ acceptance times de

tection efficiency (Q • S)K for kaons from B —• J'jxbKi,. We use this figure of merit 

as one of our two guides in determining the optimum distribution of absorber and de

tector within the KLM envelope defined earlier. (For the optimum configuration, we 

also evaluate the detection efficiency for background AVs as well as the contamination 

from photon shower leakage.) 
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Figure 7.1: Scatterplot of momentum vs polar angle for kaons from (a) B° —> J/^A'j? 

and (b) B° —> A'£A'. The dashed lines indicate the KLM acceptance. 

7.2.3 Muon Detection 

The KLM detector design is also influenced by the need to identify muons with high 

efficiency and purity. We assume that pions are the only significant contaminant, 

i.e., all kaons are positively identified by the particle identification devices inside the 

calorimeter. 

The distribution of momentum vs cosO for inclusive muons is shown in Fig. 7.2(a). 

An effective cutoff of about 600 MeV/c is imposed on the detectable muons by the ISO 

MeV of average energy loss in the Csl and, in the barrel region, by curlup in the 1.5 

T magnetic field (Fig. 7.2(b)). Of course, this cutoff has little impact on the muons 

from J/rj; decay or the selected high momentum muons (cut at p^ > 1.4 GeV/c in the 

T(4S) rest frame) from B semileptonic decay that are used to tag the flavor of the B 

meson, but it does limit the ability to identify the softer muons from other processes. 

In the BELLE Letter of Intent,[1] a pion fake rate of 1% was deemed to be low 

enough to avoid undue pion contamination in the "muon1' sample, particularly for the 

muons that tagged the B flavor. We use this as a target for our optimization studies, 

although even smaller values would be desirable for studies of rare decays. 

Of course, it is important to consider also the relative population of pions and 

muons when evaluating the pion contamination in the muon-like sample (see Fig. 7.3). 

Clearly, a pion fake rate of order 1% will still result in a high pion contamination 

fraction at low momenta due to the large 7r:// ratio. 

Most pions are filtered out by hadronic interactions in the Csl calorimeter and in 
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point, and (b) tagged by at least four cathode hits. 
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Figure 7.3: Pion-to-muon ratio vs momentum in the range 25° < 8 < 145° for inclusive 

B decays. 
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the iron absorber plates. The hit patterns (if any) in the KLM detector from the 

resulting pion showers tend to be quite broad and shallow, quite distinct from the 

aligned and deep patterns of almost all unions and the small fraction of pions thai 

have not interacted. 

Diffractive scattering of uninteracted pions contributes substantially to the large-

angle-scattcring tail above the Rutherford distribution due to Coulomb scattering, 

while having only a marginal effect on the small-anglc-scattering peak. This additional 

havh'oriic clastic scattering for pions results in broader transverse hit distributions that 

can be used to discriminate between unions and uniiiteracted pions. We use the devia

tion A in the outermost struck layer from the projected track, in units of the (Gaussian) 

width of the muon multiple scattering distribution in that layer, as a measure of this 

scattering. 

The detector cathode pad width should be chosen to permit the measurement of the 

transverse deviation of KLM hits of a candidate muon from the projected CDC track 

with sufficient accuracy. The (Gaussian) multiple scattering width is nearly identical 

for muons and pions of a given momentum, and is about 12 cm at 1 GeV/c and 5 cm 

at 3 GeV/c. measured at the innermost supcrlayer. Thus, the natural width for the 

KLM cathode pads is about 5 cm. This coincides nicely with the angular resolution 

requirement for A'j? direction determination. 

Treating the KLM as a combination of a range stack and a tracker, muons arc 

distinguished from pions by a greater penetration depth and by a "cleaner" track. 

Cuts on the range R and the transverse deviation A at the outermost struck layer can 

be used to discriminate between muons and pions of a given momentum. Additional 

measures, such as the deviation from the projected track in the innermost superlayer 

and the average transverse "size"' of the hit pattern, could be used to increase the 

purity of the muon selection without hurting the muon tagging efficiency significantly. 

They are not considered in this study. 

We choose for the "Muon Figure of Merit" Ft, the ratio of misidentified pions to 

correctly identified muons in a large sample of inclusive B decays, i.e., ((rj-t)n.-iV_)/((Q-

s)ii • iVM). Note that the x:(.i ratio N-/Nft is included explicitly here; this weights the 

pion contamination at lower momenta more heavily than if we had used the ratio of 

the pion fake rate to the muon detection efficiency. 
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Figure 7.4: Kaon Figure of Merit vs number of iron absorber plates. 

7.3 Design Evaluation 

7.3.1 A"2 Detect ion Performance 

Fig. 7.4 shows the Kaon Figure of Merit as a function of n, the number of iron absorber 

layers (not counting the 20 cm outer shel1)- For a given n, there are n + 1 (n) detector 

superlayers in the barrel (each endcap) constrained to fit within a total radial (axial) 

extent of 130 cm (126 cm). 

The balance between high kaon detection efficiency and low cost gives an optimal 

configuration of n = 14. For this configuration, Fig. 7.5 shows the momentum depen

dence of the tagging efficiency for kaons from B —> J/IJIKL,. The integrated product 

of the acceptance and detection efficiency (i.e., the Kaon Figure of Merit) is 70% for 

these kaons. 

Fig. 7.6 shows the angular resolutions in 0 and (j> for the optimum configuration. 

(The KL direction is measured by averaging the hits in the innermost struck super-

layer.) The performance is comfortably within the 30 mr requirement for kinematic 

reconstruction of B —> J/^A'z,. 

The background kaons are strongly suppressed by the four-hit criterion in all sand

wich configurations. This suppression arises from the correlation of the energy of a 

showering KL, with the mean number of struck cathode strips. Fig. 7.7 shows the broad 

distributions of the number of hits (using the optimum configuration) for 1 GeV/c KL 

hadronic showers at 9 = 90° that begin in the Csl calorimeter or in the KLM detec-
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Figure 7.7: Number of KLM hits in a cone of half-angle 20° for 1 GeV/c A'j? hadronic 

showers starting (a) in the Csl calorimeter, and (b) in the KLM detector. 

tor itself. While many of these soft kaons do not satisfy the four-hit criterion, the 

loss is progressively more (less) severe for lower (higher) kaon momenta (see Fig. 7.S). 

The integrated product of the acceptance and detection efficiency is only 36% for the 

background kaons from inclusive B decays and from A'" decays. 

The KLM detector is practically insensitive to photons: only 0.56% of photon show

ers from inclusive B decays have enough leakage out of the Csl to satisfy the four-hit 

tagging criterion. These "leaking"' photons are typically more energetic (above 1 GeV), 

so that they tend to deposit substantially more energy in the Csl than any A'/,. Thus, 

they can be vetoed very effectively without affecting the true K'L detection efficiency 

by examining the amount of energy, if any. in the collinear Csl cluster. Finally, for 

the specific channel B —* J/ipI\L, the kinematic constraints reduce the already small 

photon contamination to a negligible level. 

In events with one B decaying to JfipKi and the other decaying to anything, less 

than 0.01% of the signal AVs will be vetoed by accidental alignment with a photon 

shower in the Csl calorimeter. 

The evaluation of the sensitivity to CP violation via the decay B° —> J/ipK^ in 

the BELLE Letter of Intent[l] (Section 6.3.3) assumed a uniform detection efficiency 

for A'j? mesons of 46%, independent of momentum. Table 7.1 summarizes the revised 

study of this process, and now accounts for the different efficiencies for signal and 

background kaons. 

As before, S x 104 BB events were generated where one B decays to JjtyK or J/ipK" 
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Figure 7.S: (a) Tagging efficiency vs cos0 for A'£ mesons of momenta 1.0, l.S, and 2.7 

GeV/c. (b) Tagging efficiency vs momentum. 

(with J/ij; —> f.t+f.i~ or e+e~) and the other B decays to anything. This corresponds to 

an integrated luminosity of 100 fb - 1 . We use a «//?/> reconstruction efficiency of 56%, 

a tagging efficiency of 44% for the other B in the event, and a wrong-tag fraction of 

10%. We expect to see 1100 signal events and 308 background events. Combining these 

numbers with a CP asymmetry dilution factor of 0.54. the sensitivity to the angle d>i 

of the KM unitarity triangle is 6(sin2cii) = 0.079 for B —> JjtyKi. This is comparable 

to the sensitivity of the gold-plated mode B —• J/i/'A's. 

In addition, Ki detection will permit CP violation studies using other exclusive 

decay modes of B decay that contain A'j, mesons and that allow for the use of kinematic 

constraints in suppressing backgrounds. These include, but are not limited to, B —* 

XCKL with Xc being one of J/if), ?/c, \'co or \ c i and decaying hadronically, or B —* 

J/ipK" with A'* —> A'i,7r. 

Finally, KL detection will permit better vetoing of backgrounds to very rare pro

cesses such as B —> TV. 

7.3.2 Muon Detection Performance 

Fig. 7.9 shows the Muon Figure of Merit, defined in Section 7.2.3, as a function of 

the number of iron absorber plates. For the optimized geometry of 14 iron plates 

(15 detector superlayers in the barrel and 14 in each endcap), Fig. 7.1G shows the 

momentum dependence of the muon tagging efficiency, the pion contamination, and 

the pion fake rate. For example, at a low momentum of 750 MeV/c, the combination 

OJ 1 IS 2 2-5 3 33 
incident momentum (GeV/c) 

7-10 



B decay mode 

(J/xk^C+C-) 

J/& KL 

J/iJ> Km± 

J/il> A"° 

W Ks 
J/ip A'* 

Generated 

events 

8119 

23991 

24035 

8056 

16253 

Detected in 

KLM 

4104 

3514 

2555 

513 

906 

Reconstructed 

J14' 
3024 

2306 

1671 

390 

668 

with PB and 

angle cuts 

2522 

436 

253 

3 

9 

Tagged 

events 

1110 

192 

111 

1 

4 

Table 7.1: Summary of the B° —> J/^h'l event selection. The generated events 

correspond to an integrated luminosity of 100 fb - 1 , and the other B in the event is 

allowed to decay to anything. 

of range and deviation cuts results in a muon tagging efficiency of 83% and a pion fake 

rate of 6%. If we include the IT : fi ratio of 15:1 at this momentum, then 50% of the 

"muon-like" sample are actually pions. 

Fig. 7.11 shows the effect of reducing the number of layers in the endcap, using a 

fixed iron plate thickness of 5 cm. It is clear from this figure tiiat the muon purity 

is substantially degraded for anything less than fourteen layers (i.e., 70 cm of iron 

absorber at normal incidence). 

7.4 Detector Technology 

The active detector layers must satisfy several requirements: 

• they should have an active area of 90% or more per layer, and 98% or more per 

superlayer (two detector planes per superlayer) 

• they should have a detection efficiency approaching 100% in their active area for 

minimum ionizing particles 

• their net thickness, when combined into a superlayer, must not exceed 3.5 cm so 

that they fit comfortably into the 4 cm gaps between iron plates 

• they should be robust and durable. 

It would be desirable, but not necessary, to have ns-scale timing resolution so that they 

could be used in the online trigger or offline analysis for cosmic ray rejection. 

The candidate technologies are Resistive Plate Counters (RPCs) and Limited Strea

mer Tubes (LSTs). Cross sections of these detectors are shown in Figs. 7.12 and 
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Figure 7.11: Pion fake rate vs number of iron/detector layers at 8 = 35° 

7.13. In both cases, the ionization of the gas induced by a throughgoing charged 

particle initiates the development of a streamer in the active volume that is rapidly 

quenched. This signal is imaged onto cathode strip transmission lines that feed into 

either latches or TDCs (gated or triggered externally). Since the chambers are not 

operated in proportional mode, the pulse amplitude on individual strips does not have 

to be measured—as long as the occupancy is below 0.15 [0.215] (corresponding to a 

probability of at most 0.01 [0.02] for two or more hits per strip). 

7.4.1 Resistive Plate Counters 

RPCs are an attractive option for the active detectors in the KLM subsystem. Their 

simple and robust design—basically, a gas-tight box with no internal wires—make them 

particularly easy to fabricate and maintain. 

When operated with a gas mixture of argon (61%), isobutane (35%) and Freon 116 

(4%) at an electric field of 3.7-4 kV/mm in the 2 mm gap, a throughgoing charged 

particle initiates an avalanche in the gas. The positive ions in this avalanche draw more 

electrons out of the negative cathode, leading to a "spark" between the negative and 

positive cathodes. The high resistivity of the electrodes (p — 10 U ± I fi • cm) prevents 

the rapid replenishment of the charge transferred in the spark, thus quenching the 

discharge. ("Limited streamer" is a more appropriate description of this process.) 

After a few milliseconds, the plates in this 0.1 cm2 dead region of the RPC becomes 

recharged as electrons bleed through the resistive electrodes, thus restoring the electric 
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field. The isobutnuc absorbs UV photons, preventing significant aftcrpiilsing. 

The streamer is imaged on external cathodes that also act as transmission lines. 

The leading edge of the 200 mV peak cathode signal has a resolution of 2 ns because of 

the small time jitter in the formation of the streamer. (Constant fraction discrimination 

would improve this resolution to I ns.) 

The RPCs can be operated at a lower voltage. In this regime, the avalanche in 

the gas still forms but the much larger streamer typically doesn't. The cathode signal 

has the same excellent timing resolution as before, but has a much smaller amplitude 

(5 mV peak into 50Q). The lifelime of the RPC—to the extent that it depends on 

integrated charge—is greatly extended with this reduced voltage operation. Although 

it is not an issue in the KLM subsystem, the RPCs can operat" at a much higher rate 

in this lower-volt age mode. 

Most RPCs that have been used in cosmic ray or accelerator experiments have been 

built by Italian groups, using bakelite electrodes coated with linseed oil. The members 

of the KLM subgroup have experimented with building chambers using many different 

resistive electrode materials—PVC, ABS. acrylic, glass, and oil-coated bakelitc. Based 

on our experiences, the most promising candidates appear to be ABS and glass, and 

we are pursuing these options vigourously; we are also continuing to study the use of 

bakelite (with and without linseed-oil coating). 

We have rejected resistive PVC as the electrode material for the following reasons. 

The material outgasscs strongly, as is evident from its persistent odor. Its hygroscopic 

nature makes its electrical properties dependent on the environment and history. (This 

is a problem with plastic electrodes in general.) Its relatively low melting point and heat 

conductivity makes it susceptible to localized burning in a particularly large discharge. 

Its long-term chemical stability as RPC electrodes (over ten years) maybe compromised 

by chemical breakdowns when operating under high voltage and in the presence of 

hydrocarbons and fluorine-containing gases. PVC pose non-trivial health hazards in 

accidents, because it evolves a substantial amount of HC£ in a fire. Finally, the resistive 

PVC that we have used in our tests is no longer available since the sole US-based 

supplier has ceased production in favor of the more reliable (from their manufacturing 

perspective) ABS and acrylic. 

Glass does not suffer from any of these concerns. It is quite inert, and is highly un

likely to degrade chemically or electrically over time. (Hydrocarbon deposition on the 

electrode surfaces is, however, a universal concern that has not been explored.) Float 

glass is certainly more brittle than plastic, but our successful experience in building 

and handling 1 x 2 m2 glass RPCs demonstrates the robustness of this material after 

lamination. 
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Bakelite is still being studies because of the good experience that the Italian groups 

have reported for linseed-oil-coated bakelite electrode RPCs used in several particle 

physics experiments (NADIR, FEN1CE, MINI, E771. WA92, RD5, and, more recently. 

L3).[2] 

7.4.2 Limited Streamer Tubes 

LSTs have a proven track record for use as the active detector in the KLM subsystem, 

and for this reason there is no RScD per sc needed to demonstrate their viability as a 

fallback option if the RPCs were deemed too risky. 

Streamer tubes are typically constructed using an eight-cell extruded PVC comb 

of 1 cm2 cross section cells whose inside surfaces are painted with a graphite-loaded 

compound. A wire is suspended along the axis of each cell, and the open surface of the 

comb is covered with a plate (or the entire comb is placed into a plastic sheath). The 

tubes are filled with a gas mixture of argon, isobutane and sometimes freon. A voltage 

difference of up to 6 kV is applied between the wire and cell wall. The ionization of 

the gas by a throughgoing charged particle avalanches in the electric field surrounding 

the wire and develops into a streamer. The local collapse of the electric field quenches 

the streamer. 

As with RPCs, this limited streamer is imaged onto external cathode transmission 

lines. The time resolution of the large cathode pulse is of the order of 100 ns, limited 

mainly by the jitter in the formation of the avalanche with distance of the ionizing 

particle from the wire. 

The effort involved in constructing LSTs rather than RPCs is magnified by the 

finer segmentation (about 12.500 combs are needed, as opposed to 1040 double-gap 

RPCs) and by the additional step of stringing 100,000 wires. Yet, with automated 

assembly techniques that have been well established, this construction job could be 

done in about one year. 

Apart from the ~ 10% geometrical dead space introduced by the comb walls, there 

is another partial loss due to the quantization of the comb width. On average, 4 cm 

on each edge of a superlayer will be covered by only one tube layer if the combs are 8 

cm wide. 

7-16 



Figure 7.14: Schematic view of a barrel module 

7.5 Design Details 

7.5.1 Barrel 

Geometry The octagonal barrel is segmented longitudinally into fifteen detector 

superlayers interleaved with fourteen 5 cm thick iron plates. Two layers of RPCs 

occupy the 4 cm gaps between adjacent iron plates. The widths of the 440 cm long 

detector and iron planes vary from 167 cm at the inner radius of 202 cm to 275 cm at 

the outer radius of 332 cm. The signals are read out with orthogonal 9 and 4> cathode 

strips that act as 50 0 transmission lines. The barrel and endcap coverage overlap near 

37° and 155° so that there is no crack in the acceptance. 

Assembly The largest single RPC is limited by the size of commercially available 

electrode material. Within each octant superlayer, there are eight RPCs of length 220 

cm and width between S3 cm and 138 cm. (See Fig. 7.14). Before insertion into the 

iron structure, these eight RPCs are stacked two deep into a "barrel module" and the 

9 (d>) cathode transmission lines are glued to the upper (lower) face of each module. 

The dielectric foam in the transmission lines and 1/S-inch aluminum C-channel around 

the module perimeter provide enough rigidity so that the module can be slid along z 

from a support fixture into the gap in the iron structure without deformation. 

High voltage and gas is distributed separately to each RPC. All of the high voltage, 

gas and signal connections to the RPCs are made at one end or the other of the KLM 
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Figure 7.15: Schematic view of the endcap chamber module 

barrel. 

C a t h o d e G e o m e t r y The SS 6 and 33-55 (j> cathodes strips, each 5 cm wide, in a 

barrel module also form transmission lines with 50 fi impedance. They are coupled to 

the bulkhead connectors at the ends of the module by 50 Q twisted pair ribbon cable. 

Within each module, there is typically one narrow <j> cathode at one edge or the other 

because the octant width is not a multiple of the cathode width. There are 10,560 9 

strips and 5.2S0 <i> strips in the barrel. 

7.5.2 Endcap 

G e o m e t r y The longitudinal segmentation of the endcaps is identical to that of the 

barrel, except that the innermost detector layer is left out. Again, the fourteen iron 

plates are each 5 cm thick and are separated by 4 cm gaps containing double-gap 

resistive plate counters. The endcap RPCs extend radially from 123 cm to 332 cm. 

The innermost forward (backward) RPC is at z = 273 cm (z = —179 cm), so that the 

nominal coverage in 9 is between 24.3° and 145.5°. 

The endcap detectors are shaped as quarter disks, and their cathodes are segmented 

in 6 and <f> rather than x and xj. Each superlayer quadrant is enclosed in an aluminum 

container that can be rotated into and out of the 4 cm wide opening that is exposed 

when the endcap iron structure is rolled out. There are a total of 112 such modules in 

the endcaps. Figure 7.15 shows an exposed view of one such module. 
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Assembly Each superlayer quadrant contains ten wedge-shaped RPCs arranged in 

two layers of five wedges each; the dimensions of each wedge are 209 cm along the 

radial dimension and 104 cm (39 cm) along the outer (inner) perimeter. The ten RPCs 

are stacked inside the open aluminum shell of a module, with the theta (phi) cathode 

strips glued to the upper (lower) surface of this structure. The high voltage, gas, and 

signal cables are attached to the feedthrotighs at the corner of the outer rim of the 

aluminum shell, then the module is closed up. 

High voltage is distributed separately to each RPC, but gas flows serially through 

all ten. Tims, a total of twenty high voltage cables (positive and negative polarity) and 

two gas lines are needed for each module. The analog signals from the 96 6 cathodes 

and 4S 0 cathodes per module are read out independently. (There are 10,752 o and 

5,376 0 cathodes in each cndcap.) All of the connections are located at the corner of 

the outer rim of the aluminum housing of each module. 

During installation—while the endcaps are in their open configuration—each end-

cap module is positioned adjacent to its gap in the endcap iron structure, then rotated 

by 90° around the beam axis so that it sits snugly within the gap in the iron. Finall}', 

the module is attached firmly to the iron. 

C a t h o d e G e o m e t r y Figure 7.16 show the patterns of the 6- and ^-strips. The (ra

dial) width of each quarter-circular 0-strip is 4.35 cm, while the width of the orthogonal 

<3-strips varies from 2 cm at the inner radius to 5.4 cm at the outer radius. Flat ribbon 

cables carry the signals from the cathode strips to the feedthrough connectors on the 

module housing. 

7.5.3 Calibration and Monitoring 

In addition to continuous monitoring of the high voltage, gas pressure and dark currents 

of the KLM detectors, we plan to use monitoring stations to track global fluctuations in 

detection efficiency and signal gain because of environmental effects such as variations 

in the gas mixing ratio or the atmospheric pressure. 

A monitoring station consists of two small RPCs, identical to the barrel layers in 

construction, that are in series with the inlet and outlet of each octant of the barrel 

and of each quadrant of the endcaps. Weak radioactive sources mounted on these small 

RPCs provide a continuous stream of self-triggering pulses that will be recorded with 

ADCs as part of the overall detector monitoring system. 

If outgassing and leaks appear to be a serious concern, we will install a residual 

gas analyzer on the output line to monitor the levels of outgassed contaminants and 

oxygen. 
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Figure 7.16: Patterns of cathode strips for the endcap detectors 

7.6 Continuing Studies 

7.6.1 Detector Technology R&D 

Resistive Plate Counters R&D on RPCs at Virginia Tech will focus on establish

ing the viability of this technology using ABS plastic and/or float glass for the elec

trodes. Tohoku University and Osaka City University are conducting tests on bakelite-

and glass-electrode RPCs, respectively. Tohoku Gakuin University is exploring the 

possibility of replacing some fraction of the flammable isobutane with non-flammable 

C02—an important safety consideration. 

Long-term test, on the continual operation of ABS-electrode RPCs that started in 

October 1994 will continue to the end of 1995 (at least), with the addition of more 

chambers to the test setup during this evaluation period. A similar test using glass-

electrode RPCs began in mid December 1994. 

The most likely limitation on the lifetime of an RPC, as in most gaseous ionization 

detectors, is the integrated charge. (For RPCs, the relevant unit is integrated charge per 

unit area.) An accelerated lifetime test of both an ABS- and glass-electrode RPC will 

be conducted at Tohoku University in 1995 by irradiating several operating chambers 

with a hot source. 

Limited Streamer Tubes No R&D per se will be performed on limited streamer 

tubes. However, Virginia Tech and Tohoku University will acquire several streamer 
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tube combs (eight cells per comb is typical) to develop experience in painting the 

Aquadag conductor on the inner surfaces, stringing the wires, and operating these 

detectors. 

Choice of Technology All tests to date conducted by the KLM group members in

dicate that both ABS- and glass-clcctrodc RPCs perform very well and are an excellent 

match to the requirements of the KLM detector. If the continuing studies for lifetime 

measurements—through continuous operation at Virginia Tech and by an accelerated 

test via source irradiation at Tohoku University-give no negative results, then RPCs 

will be chosen as the detector technology for the KLM. The glass RPCs arc demon

strated to work reliably in the bench tests and in the source test at Tohoku University, 

the most likely scenario is that they will be selected for the KLM detectors—regardless 

of the performance of the ABS- or bakelite-electrode RPCs. 

On the other hand, if both glass- and ABS-electrode RPCs are found to exhibit 

some limiting behavior (e.g.. poor signal quality, low detection efficiency, excess noise, 

or limited lifetime) then we will fall back to the LST option in Summer 1995. 

7.6.2 Readout Options 

Orthogonal Cathode Strips with T D C s The present readout design calls for 

individual TDCs on each cathode strip, with a least count timing resolution of 1 ns. 

This is well-matched to the intrinsic timing resolution of RPCs. and will enable us to 

veto reliably any throughgoing cosmic rays, using the particle's time of flight. It will 

also enable us to reject hits due to spurious discharges in the RPCs. (For example, with 

a noise rate of 1 kHz/m2 . the probability of seeing one noise hit in an offline aperture 

of 20 ns is about 6% in the KLM barrel.) 

Orthogonal Cathode Strips with Latches The possibility of replacing the TDCs 

with externally gated latches is under consideration. This scheme, wherein the latch 

gate would be on the order of 100 ns wide, is conditional on not needing the precise 

timing information for individual cathodes, and on being able to reduce the noise rate 

by an older of magnitude to compensate for the wider time aperture. The relative cost 

of latches and TDCs is also a factor. 

Orthogonal Cathode Strips with Multiplexed Readout If the noise rate can 

indeed be lowered to about 200 Hz/m2 (where it is dominated by cosmic rays), then the 

very low occupancy in the cathode pads will make multiplexing of two, four or possibly 

even eight cathodes into a single TDC or of many latched signals onto a serial line an 
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attractive possibility. If this can be achieved, the overall cost of the KLM subsystem 

will drop substantially without compromising its physics performance. 

Axial Cathode Strips with End-to-End Timing Given the low occupancy and 

a cosmic-ray limited background rate, it may be possible to eliminate the 0 [6) cathode 

strips in the barrel (endcaps) by measuring the end-to-end time difference of two con

nected non-adjacent $ (0) cathodes, using a high-resolution TDC—such as LeCroy's 

MTD133—in conjunction with some time stretching. This scheme would provide com

parable 0 (cp) resolution for a barrel (endcap) hit via the time difference and the ns-scalc 

timing resolution of the baseline TDC readout option via the meantime. The number 

of TDCs would be reduced from 15.8-10 in the barrel to 5.280. and from 16.128 in each 

endcap to 2.6SS. 

Streamer Tube Wire Readout In the scenario where limited streamer tubes form 

the active element in the KLM subsystem, the 6 coordinate could be obtained directly 

from the anode (ganged by 5). This saves on cathode material and superlayer thickness, 

but doesn't change the number of readout channels. 

7.6.3 Physics Performance 

In cooperation with the software group, we will explore the possibility of exploiting 

other B decay channels that have /\'£ mesons in the final state for measurements of CP 

nonconservation. We will also evaluate the utility of a A'/, veto to reject backgrounds 

in rare processes such as B —> TU. 

The differences in the inelastic cross sections for charged pions and kaons may 

permit some weak discrimination between these mesons using the shower development 

(if any) in the KLM detector. We will evaluate this possibility. 

We will develop the final KLM geometry and associated code for the full simulation 

of the BELLE detector once the configuration is decided in mid 1995. In parallel, we 

will begin the algorithm development for cluster and track recognition and particle 

identification using the KLM hit information in conjunction with extrapolations of 

CDC tracks and Csl clusters. 

As the reconstruction software development proceeds, we will look for additional 

handles whereby the pion fake rate in the KLM can be reduced with little penalty in 

muon detection efficiency. Examples of such measures are the transverse deviation of 

the hit(s) in the innermost KLM layer from the projected CDC track, the number of 

hits on the track, and the goodness of fit of the hits to a straight line. 
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Chamber Tooling 

Chamber Construction 

Chamber Shipping 

Electronics Acquisition 

Chamber Test Tooling 

Chamber Testing 

Installation Tooling 

Installation 

Commissioning 

Figure 7.17: Timetable for the KLM subsystem 

7.7 Schedule 

The schedule for the KLM subsystem is shown in Fig. 7.17. The items of interest are 

discussed below. 

7.7.1 Detector Technology R&D 

The research and development on resistive plate chambers will continue into 1995. The 

focus of this program will be the demonstration of the viability in the KLM subsystem 

of RPCs constructed with either ABS plastic or float glass electrodes. 

Virginia Tech is continuing a long-term test of three 1 x'2 m2 of ABS-electrode single-

gap RPCs, operated continuously under running conditions, that began in October 

1994. Another six such RPCs will be added to this test in January 1995, and eleven 

more in February. Operating these chambers until the middle of 1995 will give a 

measurement of the ABS-electrode RPC lifetime (or a lower limit) with a sensitivity 

at the level of 10 years (assuming an exponential lifetime). A similar study with 

comparable lifetime sensitivity is being conducted on glass-electrode RPCs at Virginia 

Tech, although chamber lifetime is not expected to be a serious concern for such RPCs. 

For comparison, a failure rate of 1% of the KLM detection efficiency per year, or 5% in 

1/95 1/96 1/97 1/98 1/99 
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five years, would require an exponential lifetime for the RPCS of twenty years (taking 

in to account the redundancy of two RPC planes per superlayer). 

As mentioned earlier, there is no pressing need for a research and development 

program on the rather mature technology of limited streamer tubes. 

The KLM collaborators will develop in parallel the engineering plans and schedules 

for mass production of either RPCs or LSTs. and will identify the sources of an}' large 

and/or long-lead-time items that will be needed in order to carry out the production 

in an orderly manner. These planning efforts will be completed by March 1995. 

7.7.2 Choice of Detector Technology 

The choice of detector technology will be made in Summer 1995. to provide the neces

sary additional time to judge the viability of glass- and ABS-elcctrode RPCs. Assuming 

(as now appears likely) that these detectors work well on the bench, the primary con

sideration in making the choice between RPCs and LSTs will be the information that 

well will have on the longevity of the RPCs and the perceived risk in extrapolating to 

the full-scale KLM detector. 

The possibility of a hybrid choice—with RPCs in the endcaps and LSTs in the 

barrel—can not be discounted, given the geometrical difficulties in matching streamer 

tubes to the endcap geometry and the somewhat less critical lifetime requirement for 

the more accessible endcap detectors. 

7.7.3 Detector Product ion and Testing 

Immediately following the choice of detector technology in Summer 1995, the acquisi

tion of any additional tooling required for the mass production of detectors will begin. 

Since all of the production equipment will have been identified by then, this acquisition 

is estimated to take at most four months for either RPC or LST production. This pro

cess, in conjunction with dry runs of parts of the mass production line, will consume 

the latter half of 1995. 

Trial shipments of detectors to KEK—at least two each from Virginia Tech and To-

hoku University—will be made in 1995 to establish this procedure prior to the shipment 

of production modules. 

Barrel Detectors The 960 single-gap barrel RPCs will be fabricated in the United 

States under the supervision of Virginia Tech. An assembly line capable of ?- peak 

rate of eight chambers per day (40 per week) and an average availability of "~ • (i.e., 

a sustained rate of three chambers per day) will turn out all of the barrel RPCs in 
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32 weeks, or eight months. Production of replacements for failed chambers and spares 

(20% additional in all) will consume an additional six weeks. 

Allowing the latter half of 1995 for tooling up the production line and learning 

curve delays, the RPC production line will begin actual operation in January 1996. 

The final RPCs will come off the line near the beginning of November 1996. Each 

dual-gap RPC will undergo a preliminary test cycle consisting of a leak check, gas 

purging, high-voltage burn-in, and crude efficiency measurement using cosmic rays. 

(Temporary cathodes are used for the efficiency measurement.) A 1.7 m wide by 2.5 m 

long by 1.5 m tall rack with ten horizontal shelves will permit this testing to be done 

on ten dual-gap RPCs simultaneously. Since the test c\xlc is expected to take one 

week, two such stands will be needed to avoid stalling the RPC production line—even 

at its peak capacity. 

After testing, a bundle of ten certified chambers will be crated in preparation for 

shipping to KEK in six cargos of ten crates each. Allowing for a shipping lag of one 

month, the last bundle of RPCs will arrive at KEK in December 1996. As they arrive at 

KEK, the RPCs will be retested to cull out chambers that might have been damaged 

in transit. Recertified chambers will be assembled into barrel modules (eight RPCs 

per module) and have their cathodes permanently glued to them. The modules will 

be stored in a 4.5 m long by 1.8-2.8 m wide by 3 m tall rack having twenty horizontal 

shelves, with one module per shelf. Seven such racks will be required to store all of the 

barrel RPCs in the year between their arrival at KEK and their installation into the 

BELLE iron structure. The floor space needed for this barrel RPC storage is estimated 

to be 21 m by 6 m. 

Endcap Detectors The 1350 endcap RPCs (including 20% for spares and premature 

failures) will be fabricated in Japan under the supervision of Tohoku University. They 

will be produced and shipped to KEK on a schedule similar to that of the barrel 

RPCs. At KEK, ten RPCs will be assembled into a double-layer endcap module, then 

the cathodes will be permanently attached. Each module will be stored in a 3.4 m long 

by 3.4 m wide by 3 m tall rack. Seven such racks will be needed; they will occupy an 

additional floor space of 24 m by 9 m. 

7.7.4 Electronics Procurement 

The procurement of the readout electronics for the KLM subsystem is postponed to 

mid-to-late 1996 and is stretched out over two years to flatten the funding profile. 

These modules are not needed in large quantities until the installation in late 1997 to 

mid 199S. The delivery of the final modules is timed to coincide roughly with the end 
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of detector installation. 

7.7.5 Software Development 

The software required by the KLM subsystem falls into three broad classes: simulation 

(full and fast), analysis, and monitoring. This software will be developed at all of the 

participating institutions in the KLM subsystem. 

The KLM simulation software will be finalized in 1995 when the detector config

uration is frozen and the framework for the overall simulation software packages are 

specified. For the full simulation, the code will account for all physics processes of 

relevance for the particles that could be seen in the KLM detector, such as muons. 

charged and neutral pions and kaons, electrons, photons, and neutrons. It will also 

keep track of geometrical dead regions in each detector, and will have an appropri

ately realistic model of the signal generation and recording (including the possibility 

of spurious noise, if desired) whose output will mimic that of the real detector. 

The analysis software requires the development of realistic pattern recognition algo

rithms that will enable us to convert the raw stream of cathode hits in the final-design 

KLM detector into meaningful particles with assigned identities. The goal is to par

tition the hits first into either clusters or spurious noise, then decide if each cluster 

is consistent with a track (i.e., looks like a muon or an uninteracted charged hadron 

within the KLM alone), then look for alignment of the KLM cluster with Csl clusters 

and/or CDC tracks, and finally assign the particle-identification probabilities for each 

cluster. The output of the full simulation, where the true identity of each detected 

particle is known, is crucial in developing the analysis software. The bulk of this work 

will be completed by the end of 1996, but ongoing tweaking will extend into 1998. 

More realistic formulae and tables of the KLM detection capability for incident 

kaons, muons, and pions will be created as the analysis algorithms are refined. (Here, 

"detection capability" refers to acceptance, efficiency, angular and momentum res

olution, and purity.) This synthesized information will be used to update the fast 

simulation software. 

The monitoring software will be developed in 1997 in conjunction with the testing 

of the RPC modules in their storage racks. It will be debugged more thoroughly in 

the online environment at the same time as the KLM detector is commissioned with 

cosmic rays and later with beam. 
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7.7.6 Commissioning 

The KLM detector will be commissioned in two stages. Prior to the delivery of beams, 

cosmic rays will be used to ensure correct time alignment of all signals at the FASTBUS 

racks and to make an initial in situ efficiency measurement (crude, in some cases) for 

each RPC module. Cosmic ray muons will be used to tune the software algorithms for 

track reconstruction, while hadron showers will be used to debug the cluster recognition 

code. The shakedown of the detector monitoring system will occur in this period as 

well. 

After the beam commissioning is complete and it is safe to turn on the detector, the 

KLM signal timing coincidence with the external triggers will be verified. The muon 

identification and pion rejection algorithms will be repeated using e+e~ -* fi+f<-~. 

e+e~ —> //+//,~7 and e+e~ —•» T+T~ —»• Ivv + ~v. The hadron clustering code will 

be retested at the same time as the momentum-weighted A'£ detection efficiency is 

measured using e+e~ —> r+r~ —> l^vv + K'^u with A'** —> A'~ (inferring the mo

mentum and angular distributions for KL from those of A'5). The electromagnetic 

punchthrough will be measured with e+e~ —> e+e~. e+e~ —+ e+e~7, and e+e~ —>• 77. 

This will complete the commissioning of the KLM subsystem. 
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Chapter 8 

Detector Solenoid and Iron 
Structure 

8.1 Solenoid Magnet 

The solcnoidal magnet provides an axial magnetic field of about 1.5 Tesla over the 

tracking volume of BELLE. The magnetic field produced by the coil is returned by the 

steel plates of the surrounding A'^-catcher and muon detector. The overall character

istics of the magnet are summarized in Table S.l. 

Table 8.1: Magnet Characteristics 

Cryostat Inner Radius min 1.7 m 

Outer Radius max 2.0 m 

Total Length max 4.44 m 

Nominal Magnetic Field 1.5 T 

Cool Down Time < 6 days 

Quench Recovery Time < 1 day 

8.1.1 Magnetic Field Design 

The field uniformity and forces on the coil are strongly influenced by the proximity of 

the iron elements of the A'^-catcher, the effects of which are calculated in a series of ax-

ially symmetric finite-element models using the ANSYS program. The field uniformity 

in the tracking volume is discussed below in the context of the yoke structure. 
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Table 8.2: Dccentering forces on the coil. 

Axial deccntering force 1.6 x 106 N/5cm 

Radial deccntering force < 2.6 x 10'' N/cm 

The axial and radial decentcring forces are determined by perturbing the axial and 

radial coil positions relative to the cndwall of the iron yoke structure which is nominally 

located 330 mm from the end of the current-carry section of the coil. The decentering 

forces arc summarized hi Tabic 8.2. 

8.1.2 Coil Design 

General Design 

The magnetic field requirements can be realized using designs that has been used 

successfully for other solenoidal magnets. In particular, the configuration selected for 

the BELLE coil is similar to that of the TOPAZ solenoid, and consists of a single-

layer aluminum-stabilized superconductor coil wound around the inner surface of an 

aluminum support cylinder. Indirect cooling is provided by liquid helium circulating 

through a single tube welded on the outer surface of the support cylinder. 

Since the coil/cryostat thickness is not a concern for BELLE, the outer vacuum 

cylinder will be fairly thick, for example a 15 mm-thick stainless-steel plate. 

Coil Parameters 

The solenoid coil is shown in Fig. 8.1 . The coil windings are glued on the the inner 

surface of the aluminum (A50S3) support cylinder. The coil parameters are summarized 

in Table 8.3. 

Even if the total magnetic energy were dumped entirely into the conductor, the 

material of the 33 mm-thick coil would be sufficient to keep the coil temperature below 

SO K after a quench at the 4000 A operating current. The primary issue regarding 

conductor fabrication is the cross sectional aspect ratio of the conductor. The conductor 

we use has a thickness of 3 mm with 2 x 0.1 mm turn-to-turn insulation. The electric 

ground insulation between the coil and the support cylinder must have breakdown 

voltage larger than 2kV. 

The solenoid is required to be reliable against two main mechanical stresses: 

• hoop and axial stresses inside the superconductor; and 
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Table S.3: Parameters of the Solenoid Coil 
Dimensions; 

Cryostat 

Coil 

Conductor 

Outer cylinder Thickness 

Electrical parameters; 

Center field 

Nominal Current 

Inductance 

Stored energy 

Stored energy/cold mass (E/M) 

Typical charging time 

Mechanical parameter; 

Effective cold mass 

Inner radius 

Outer radius 

Length 

Effective radius 

Length 

Dimension 

1.70 m 

2.00 m 

4.44 m 

1.8 m 

3.8 m 

3 x 33 m m2 

15 mm 

1.5 T 

4000 A 

4.3 H 

35 MJ 

6.5 kJ/kg 

0.5 hour 

< lion 
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(b) Cross sectional view of the coil 

Figure 8.1: The configuration of the superconducting coil. 

• shear stresses at the boundary between the coil and the outer support cylinder 

caused by the axial electromagnetic force. These are maximum at the coil end. 

The magnetic pressure PT in a long solenoid is approximately 

B2 

Pr = - ^ = 0.9 MPa. 
2fi0 

This produces a hoop stress, ^ , in the coil and support cylinder given by 

(8.1) 

t 
= 35 MPa, (S.2) 

where R is the coil radius and t is the total coil plus outer cylinder thickness. The 

axial compressive force in a long solenoid is approximately 

dE_ 

dz 
Fz = — 

^ — —— Sz 
dz V2/i0 

2flQ 

= 9.1 MN, (8.3) 

where E is the stored energy, z is the dimension along the coil axis, and S is the area 

of the effective magnetic aperture. The axial magnetic force in the present design is 

reduced to F. = QAMN, because the attractive force works between the end yoke and 

the coil. Therefore, the resultant axial stress becomes approximately 

F 
s, = 2irRt 

= -UMPa, (8.4) 
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where the negative sign indicates a compressive stress. These two stresses accumulate 

at the coil center where the maximum combined stress is given by 

'IT ~ ( ^ - sc) 

= 47 MPa (< (Ty = 67 MPa). (S.o) 

The shear stress at the epoxy bond between the coil and support cylinder is another 

important mechanical parameter. A rough estimate for the maximum value for this 

shear stress in the most pessimistic case is 

Fz = Br x I 

= 6000iV/77?. (8.6) 

at the end of coil. We assume that this axial force is supported by radial outer surface 

of the coil, giving a shear at the outer boundary of (approximately) 

F^ 
Sshear — T.^-

< 2 M P a , (8.7) 

where IV- is the axial width of the conductor. This number is at least four times smaller 

than the shear stress measured in various sample tests for the SDC detector magnet. 

The actual shear stress will be also smaller than those estimated by this simple model 

calculation. A finite element analysis has been carried out to obtain a more precise 

estimate of this stress. Figure 8.2 shows the FEA results for the forces on the coil and 

the resulting deformation. This figure demonstrates that the strain would be less than 

0.1. 

In order to satisfy the design requirement of a maximum temperature of less than 

SO K after a quench without a dump resistor, the stored energy must be dumped as 

uniformly as possible into the coil. This is possible if the quench propagation time 

constant is much faster than the time constant of the power dissipation during the 

quench. A technique to increase the propagation velocity of the quench via pure alu

minum strip quench propagators has been verified experimentally in the construction 

of a thin superconducting solenoid for a balloon experiment.[1] In the present design, 

2-mm thick, pure aluminum strips are wound on the inner surface of the coil. Figure S.3 

shows the estimated temperature increase after a quench with a 0.1(7 dump resistor. 

This demonstrates that the coil absorbs entire stored energy safely. 

8.1.3 Superconductor design 

In the VENUS and TOPAZ solenoids, superconducting wire stabilized with 99.999%-

purity aluminum (RRR > 1000 ) was used. However, recent R&D for the SSC magnet 
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Figure S.2: Radial and axial components of the force on the coil. 

has demonstrated that aluminum with a purity of 99.99 % would be sufficient if the 

stabilizer has a sufficient cross section. This type of conductor, which is less expensive 

than the five-nine purity aluminum, was used for the CLEO-II and the ALEPH magnets 

with no technological problems. 

The superconducting cable is co-extruded with aluminum so that the supercon

ducting cable is at the center of the aluminum stabilizer. Figure 8.4 shows the super

conductor and magnet characteristics of the cable. The 4000 A operating point will be 

50% along the load line of the conductor. The stability of the superconductor against a 

quench is one of the most important issues in the conductor design. It is parameterized 

by the minimum quench energy (MQE). For the present conductor design, the MQE 

is expected to be 1.3 J. 

8.1.4 Cryostat 

R a d i a t i o n Shield 

Radiation shields made of aluminum alloy foils are placed between the coil and the 

vacuum vessel walls. The shields are connected to the end flanges to become a single 

coaxial unit supported from the vacuum vessel. This shield is, however, decoupled 

electrically from both the coil and the vessel walls in order to avoid the effects of the 

eddy current induced by the fast current discharge of the coil. The cooling paths have 

similar radiation shields. 
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Figure S.3: Quench behavior of the coil with pure aluminum strips. 

Cryostat Vacuum Vessel 

The vacuum vessel for this magnet consists of inner and outer coaxial cylinders that 

are connected by flat annular bulkheads at each end. The coil is suspended inside the 

vacuum vessel by the support system described below. The superconducting leads and 

cryogenic pipes go though a chimney penetration in the wall of the vacuum vessel. The 

vacuum vessel is made of a non-magnetic metal. 

Coil Support 

The purpose of the support system is to transmit both the weight of the cold mass and 

the electromagnetic decentering forces to the outer iron structure. The cold mass of the 

outer support cylinder, conductor, and insulator is approximately 7 tons. The magnetic 

force (Fz) of 160 tonF is larger than the gravitational force and, thus, dominates the 

deisgn of support structure. 

If the iron structure is symmetric around the electromagnetic center of the coil and 

the coil is located with no declination, the coil would be in unstable equilibrium with 

no net electromagnetic forces acting upon it. However, if the coil were displaced from 

this position, forces would act on the coil in such a way to increase the displacement. 

The support system is designed to sustain forces from a maximum displacement of 

20 mm from the equilibrium position. If the iron structure is not symmetric, such as 

in the case of the DIRC PID option, the magnet center has to be adjusted by changes 

in the coil wind-spacing. 

Protecting Resistor 
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Figure 8.4: Configuration of superconductor and its characteristics in the magnet. 

C h i m n e y 

The cryogenic lines and the superconducting leads from the coil go through the chim

ney to the service port outside of the iron structure. The lines and leads are surrounded 

by multi-layer thermal shields and the vacuum jacket. A part of the vacuum jacket has 

a sliding sleeve for the access to the tubing joints in the cryogenic lines, the supercon

ducting leads, and the thermal shields. It has also a connector box to house hermetic 

high voltage and instrumentation connectors. The chimney protrudes vertically up

ward from one end of the coil. The annular space between the thermal shield and 

the vacuum jacket is occupied by the flow channels for the pressure relief and vacuum 

exhaust lines. Pressure relief is needed to protect the vacuum vessel from overpressure 

in the event of an accidental leak of cryogens from the cooling line. The relief device 

and vacuum pump are located on the service port. A hole of dimension 50 x 50 cm2 

in the iron yoke accommodates the chimney. 

Because of the size limitation, the chimney, the superconducting leads, the cryogen 

lines, and the service port are disconnected from the coil during transport and con

nected at the Tsukuba hall. The tubing joints in the cryogenic lines are configured in 

the chimney in such a way as to provide easy access during installation. 

The connectors for coil monitoring devices are located on the chimney, close to the 

cryostat, and are accessible from the front end surface of the barrel yoke. 
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Thermal Design and Cool Down Characteristics 

The coil is cooled by the forced flow of two phase helium similar to the method used 

for the CDF and TOPAZ coils. The axial and radial distance between the coil and the 

thermal shield is designed so that they do not touch during the pre-cooling induced 

thermal contractions. We estimate the heat load at the normal operation would be 

20 W including a 20% margin. 

8.1.5 Cryogenics 

The baseline for the cryogenic system is the use of the existing TOPAZ refrigerator 

suitably modified for BELLE as shown in Fig. S.o. 

However, the TOPAZ refrigeration system has been operated for 43,000 hours and 

requires considerable effort to maintain. Many of the components of this system must 

be overhauled for the BELLE experiment. The experts who will operate this system 

for BELLE have proposed a new system with a simpler operational concept. The 

proposed system would not require around-the-clock operators as is the case for the 

current TOPAZ cryogenic system, and would eliminate the need for annual shutdowns 

for inspection. The extra cost of building the new system would be recovered in four 

years from reduced operating costs. 

8.1.6 Power Supply 

The power source currently used for the TOPAZ magnet will be converted for this 

magnet. It has a capacity of 5000 A and 15 V. The dump resistor needs to be modified. 

Figure S.6 describes the protection circuitry for the magnet coil. 

Three modes of switching and discharging are available for the extraction of the 

electromagnetic stored energy from the magnet. A fast discharge system will quickly 

switch off the circuit and extract the energy to the dump resistor. This mechanism 

must work during power failures and, therefore, the switch should be a power-to-close 

type and the dump resistor should be an adiabatic type that can be cooled by the 

natural air convection only. It is required to have sufficient redundancy in the fast 

discharge system and quench detectors for safe quench protection. A slow discharge 

system will discharge the coil sufficiently slowly so that the eddy current in the coil 

will not initiate a quench. This will be done by slowly running down the current set 

point. 
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Figure 8.5: A proposed cryogenics system. 

8.2 Iron Structure 

8.2.1 General design 

The structure consists of the barrel- and two end-yoke sections indicated in Fig. 8.7, 

which shows the baseline configuration of the BELLE structure. 

The overall height is about 9 meters; the depth is about 8 meters. The structure will 

be made from low-carbon steel, have a total weight of approximately 1400 tonnes, and 

will be placed on the modified TOPAZ stand. The magnet center is 470 mm to the 

backward-angle side of the interaction point. An 80 mm air gap between the barrel 

and end yokes will be reserved for cable penetrations. During the roll-in and roll-out 

operations, the detector will be moved by the hydraulic jack system that is already 

in-place on the TOPAZ stand. The end-yoke separates at, its center and then opens. 

The weight of each section is listed in Table 8.4. The total inner detector weight is 

approximately 80 tonnes. 

sphere Exhaust Current Leads 
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Figure 8.6: Protecting circuit in the Magnet Power Supply. 

8.2.2 Barrel Yoke St ruc ture 

The barrel-yoke structure, shown in a isometric view in Fig. S.S, is constructed from 

eight flux-return sections and eight A'i// / detector modules. Each barrel KLIV- module 

consists of 14 layers of 50 mm-thick steel plates interspersed with 15, 40 mm-thick 

instrumented gaps. The iron plates of the KL/H catcher are required to within ± 2 mm 

of being flat. Outside this is the 200 mm thick flux-return section. Two types of 

supports will be mounted on the strucutre: one. a centipede-like element, is used to 

fix each segment during the structure assembly procedure: the other, mounted after 

Ki/fi assembly is complete, will provide rigidity to the completed structure. The 

configuration of these supports is shown in Fig. S.9. 

A 500x500 mm2 vertical slot located at the backward-angle side accomodates the 

chimney of the BELLE solenoid. The size of this slot will likely change as the solenoid 

design progresses. 

This 600-tonne barrel-yoke structure must have a natural frequency higher than 

5 Hz in order to avoid earthquake-driven resonances. The criteria against tare-deformation 

is ± 2 mm. The maximum tare deformation is estimated to be 1.5 mm. A complete 

structural analysis to determine the maximum deformation, the stress concentration 

on each support, and the natural freqency still has to be done. 

8.2.3 End yoke 

Each end-yoke structure consists of A'x,//t detector modules, 200 mm-thick flux-return 

sections and the pole tip. The I\L/M modules have the same layer structure as those 

in the barrel. The coverage goes down to 9 = 25° as shown in Fig. 8.10. 

The end yoke must withstand the 1000 tonne magnetic force from the detector 
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Figure 8.7: Side view of the BELLE detector. 
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Figure 8.8: An isometric view of barrel yoke. 
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Table S.4: The weight eacli part of the structure. 

Barrel yoke part Wt. of segment Number of segments Total weight 

Flux-Return 

A'L//'-Module 

Others 

19.5 tonnes 

55 tonnes 

S 

S 

156 tonnes 

440 tonnes 

10 tonnes 

Subtotal 

End yoke part 

Flux-Ret urn 

KL ///-Module 

Pole tip 

Subtotal 

Others 

TOPAZ stand 

Inner detector 

Total 

VVt. of segment 

26 tonnes 

43.3 tonnes 

48 tonnes 

Number of segments 

4+4 

4+4 

1+1 

606 tonnes 

Total weight 

20S tonnes 

346 tonnes 

96 tonnes 

650 tonnes 

60 tonnes 

SO tonnes 

1396 tonnes 

Figure 8.9: An isometric view of the support configuration. 
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Figure 8.10: An isometric view of an end yoke. 
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solenoid. Each end-yoke is planned to separate into eight segments: four quadrents 

containing ten /^ / / ' -catcher layers and four quadrents containing four I\i///-catcher 

layers and the flux return iron. This is done to keep each segment within the capacity 

of the 60 tonne crane. During assembly, the ten A'jr,///-catcher-layer sections will be 

built first followed by the four layer sections. 

A finite-elemcnt-method calculation indicates a 0.S mm deformation of the end 

yoke. In this calculation, the end yoke was taken to be a welded structure and only 

the ten layer I\'i///-catcher was considered since the outer four-layer section is fixed in 

place by bolts. A 50 mm-thick of rib is located every 90 degrees in this calculation to 

help withstand the magnetic force. 

Access to the Inner Detectors 

The end-yoke must slide out to provide access to the inner detector. This motion 

will be strongly constrained both by the details of the end-yoke configuration and the 

support system for the KEKB IR magnets. 

For the Aerogel and RICH PID options, access to the inner detector (i.e. the SVD. 

CDC and PID), will be made by horizontally moving the iron endcap. The endcap 

calorimeter and PID will be retracted on rails mounted to the endcap iron yoke. This 

procedure will be done without moving any accelerator components. An end-yoke 

transport system is being studied by several companies and various possibilities are 

being investigated. A conceptual design of one possibility is shown in Fig. 8.11. 

For the DIRC option, the access to the CDC will be quite different. In this case, 

the endcap through which the quartz bars penetrate cannot be opened horizontally. 

We need to devise a proper supporting mechanism and endcap iron structure detectors 

over a span of about 4 m without touching the accelerator components. We do not 

have the engineering design for this option yet. We will work out this design in the 

coming few months so that we will be ready to request quotes in JFY95 no matter 

what PID option is chosen. 

The structure assembly will be done in the rolled-out position. For the barrel yoke, 

the eight Ki///-catcher and return yoke segments will be assembled in the Tsukuba 

Hall pit after the modifications of the existing TOPAZ stand are complete. Tempo

rary support fixtures may be required during assembly to prevent undue deformation. 

Similar considerations apply to the assembly of the end yokes. 

Cable Penetrations 

Cables will be extracted from the inner detector via an SO mm air gap between the 

barrel and end yokes and in the space between the poletips and QCS. Figure 8.2.3 shows 
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Figure 8.11: An isometric view of a possible end-yoke transport system. 
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the flow of cables from subdetectors. The number of cables from each subdetector are 

summarized in Table S.2.3. 

Table 2. Cables of Belle detector 

8.3 Detector Supports 

The plan for supporting each detector is not complete. The basic ideas are as follows: 

• The detector solenoid is supported by a bar mounted on the end face of barrel 

yoke. 

• The barrel Csl calorimeter is supported by stainless steel rings fixed to a support 

bar mounted the next to the solenoid support bar. 

• The TOF system is mounted to the inner wall of the calorimeter. 

• The PID device is supported by a cylinder attached to the barrel barrel calorime

ter. 

• The CDC is supported from the bottom of the PID end plate. 

• The SVD and beam pipe are supported from the inner CDC wall. 

8.4 Magnetic Field Calculation 

The yoke configuration must be consistent with the requirements of a central axial field 

of 1.5 T provided by a coil with a l.S m free inner radius and a 1.97 m half length. The 

field uniformity in the CDC volume and field distribution along the beam axis were 

evaluated with a calculation that did not consider the influence of magnetic fields from 

the KEKB QC magnets. The calculated magnetic field distribution and flux line map 

are shown in Fig. 8.13. 

The magnetic field in the pole tip exceeds 2.0 T driving the iron into saturation. 

The field value in the CDC volume is calculated to vary by 2.0%. The magnetic field 

along the beam line is shown in Fig. 8.14. 
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Table 8..r): Estimates of cables and other utilities coming out of the detector 
length : cable length from detector to some connection point 
"sgl, stb, elk, PC, clg" = singal, strobe, clock, power cables, and cooling. 

detector 
Barrel KL/MU 

Endcap KL/MU 

Barrel Cal'meter 

For'd Cal'meter 

Back'd Cal'meter 

Barrel T O F / T S C 

Barrel PID 
RICH option 

Aerogel option 

DIRC option 

Endcap PID 
RICH option 

Aerogel option 

CDC 

SVD 

sgl/PC/gas 
sgl 
HV 
gas 
sgl 
HV 
gas 
sgl 
liq/air clg 
sgl 
liq/air clg 
sgl 
liq/air clg 
sgl 
HV 
air clg 

sgl/stb/clk 
PC 
HV 
gas/liq.rad 
air clg 
sgl 
HV 
air clg 
sgl 
HV 

sgl/stb/clk 
PC 
HV 
gas/liq.rad 
air clg 
sgl 
HV 
sgl 
HV 
monitor 
gas 
scanner 
PC 
monitor 
air or liq clg 

ji of cables 
1440 
1200 

480 
672 
224 
224 

6624 
144/72 

1168 
32/16 

1040 
32/16 

512 
184 

16 

60/60/60 
180 
120 

60/20 
10 

1920 
1920 

6 
15,000 
15,000 

24/24/24 
72 
48 

30/60 
10 

268 
268 
524 

55 
20 
10 

432 
96 
12 
20 

type 
t. pair 
RG59 
SUS 
t. pair 
RG59 
SUS 
t. pair 
Cu 
t. pair 
Cu 
t. pair 
Cu 
1.5DQEV 
Kurabe 
Cu 

t. pair 
t. pair 
RG174U 
Cu/SUS 
Cu 
RG174U 
RG174U 
Cu pipe 
co-ax 
co-ax 

t. pair 
t. pair 
RG174U 
Cu/SUS 
Cu pipe 
RG174U 
RG174U 
t. pair 
RG59B/U 
t. pair 
SUS 
Opt. fbr 
t. pair 
t. pair 
Cu 

x section 
1.2cm2 

10mm<£ 
10mm<£ 
15mm(£ 
30mm^> 

1/2"2 

7mm<£ 
15mm<£ 

7mm<£ 
15mm</> 
7mm<£ 

15mm<£ 
3mm<£ 
3mm^ 

10mm<£ 

15mm<£ 
10mm<£ 

2.5mm^> 

1/4'V 
1/2" <£ 

2.5mm<£ 
2.5mm0 

1/2" <f> 
5mm<£ 
5mm</> 

15mm<£ 
10mm<£ 

2.5mm0 
1/4'V 
3/4"<A 

2.5mm0 
2.5mm<£ 
15mm<£ 
10mm<£ 
3mm4> 
l / 4 " 0 

2x7mm 

7mm<£ 
10mm$ 

length 
30m 
30m 
30m 
30m 
30m 
30m 
10m 
10m 
10m 
10m 
10m 
10m 
2m 
5m 

30m 

10m 
5m 
5m 
5m 
5m 
5m 
5m 
5m 

30m 
30m 

10m 
10m 
10m 
10m 
10m 
10m 
10m 
30m 

10+30m 
10m 

10+30m 
30m 
30m 
30m 
30m 
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Figure S.12: Flow of cables from subdetectors. 

8-20 



SUN 
SHX 
A 
B 
C 
0 
E 

r 
G 
B 
I 
J 
K 
M 
N 
0 
P 
Q 
R 
S 
T 
U 
V 
X 

=.003212 
=2.903 
= . 1 
= . 2 
= . 3 
= . 4 
= . 5 
= . 6 
= . 7 
= . 8 
= . 9 
=1 
= 1 . 1 
=1 .3 
=1 .4 
=1 .5 
• 1 . 6 
=1.7 
=1 .8 
=1 .9 
=2 
= 2 . 1 
=2 .2 
=2.4 

(a) Magnetic-field contour map 

SMX 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
M 
H 
0 
P 
0 
E 
S 
T 
U 
V 
X 

=2.3 
= . 1 
= . 2 
= . 3 
= . 4 
= . 5 
= . 6 
= . 7 
= . 8 
= . 9 
= 1 
=1 .1 
=1.3 
=1.4 
=1 .5 
=1 .6 
=1.7 
=1 .8 
= 1 . 9 
=2 
= 2 . 1 
=2.2 
=2.4 

(b) Magnetic flux line display 

Figure 8.13: Contour map and flux line display of the magnetic field. 
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Figure 8.14: The magnetic field along the beam axis. 
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Chapter 9 

Trigger 

The total cross sections and trigger rates at the goal luminosity of 1034 c m _ 2 s - 1 for 

various physics processes of interest are listed in Table 9.1. We will need to accumulate 

samples of Bhabha and 77 events to measure the luminosity and calibrate the detector 

responses, but, since their rate is so large, these triggers will be prescaled by a factor 

—1/100. Because of their distinct signatures, this should not be difficult. The cross 

section for two-photon processes that produce final-state particles inside the acceptance 

of the detector is large. However, the cross section for events of physics interest is 

reasonably small and can be triggered by appropriately restrictive conditions. 

9.1 Triggering Subsystems 

We plan to implement two categories of triggers: track triggers and calorimeter-energy 

triggers. These two triggers rely on independent information derived from different 

detector components, thus providing redundant triggers. The details of the design of 

sub-system triggers are described in each detector section and here the roles of them 

are briefly summarized. 

9.1.1 Track Triggers 

Track triggers select events based on the information of charged tracks and are efficient 

for most physics processes of interest. Hit patterns from the SVD, CDC, and TSC 

serve as sources ot track triggers. The r-6 hit patterns in the CDC are used to identify 

the track topologies and provide pt information. The SVD and the inner part of 

the CDC restrict the tracks to be close to the interaction point and are powerful for 

suppressing cosmic ray backgrounds. The 2-track triggers are essential for suppressing 

beam-induced backgrounds. As described above, the CDC cathode/stereo-wire trigger 
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can restrict the track within ~ 10 cm. which provides an additional factor five rejection. 

The SVD c-trigger further restricts to ~ ± 1 cm. Therefore, these c-triggers are very 

important. 

Calorimeter Trigger 

The main role of the calorimeter triggers is to provide efficient triggers that are com

pletely redundant to those from the tracking system. We consider two strategies to 

ensure high performance for these triggers: a total-energy trigger and a cluster-counting 

trigger. The total-energy trigger relies on the electromagnetic energy deposit in the 

CSI and is totally Independent of the track triggers. On the other hand, the cluster-

counting trigger is also sensitive to minimum ionizing particles. Another important role 

of the calorimeter trigger is to identify the Bhabha events so they can be pre-scaled. 

Other Triggering Subsystems 

The TSC counters have the special role of determining the timing of the signals that 

are used to control the digitization in the DAQ system. Other sub-system triggers that 

might be implemented are not considered here. For example, muon detector signals 

may be useful for identifying cosmic ray and //-pair events. 

9.2 Baseline Trigger Conditions 

We consider the following two redundant triggers as our base-line trigger conditions: 

• Track trigger: two or more tracks with pt > 0.3 GcV/c in the detector acceptance 

(17° <6 < 150°). 

• Calorimeter Trigger: total energy deposit exceeding a threshold value of 2 GeV. 

With these conditions, the trigger rate for physics processes will be ~ 100 Hz. More 

details of these conditions are described below. 

Background trigger rates are estimated to be ~ 100 Hz as described below. This 

leads to the total trigger rate estimate of ~ 200 Hz. 

In the full-bucket operation of KEKB, the time between beam crossings is only 

2 ns and the "Gate and Clear" scheme commonly used in e+e~ experiments is not 

applicable. The trigger system has to be pipelined in order to avoid large dead-time 

losses. Considering the rate estimates listed above, we have chosen a "Fast trigger 

•f Delay & Gate"' scheme for our trigger and data acquisition system. The detector 

signals are delayed until a trigger decision is made, at which time digitization starts. 

9-2 



Table 9.1: Total cross section and trigger rates with C = lO34 cm 2s * from various 

physics processes at T(4i>). *a) pre-scaled by factor 1/100. (6) with restricted condition 

(p, > 0.3 GeV/c). 

Physics Process 

T(45) -> BB 

Hadron production from continuum 

u+fr + T+T~ 

Bhabha (&tab > 17°) 

77 {Oiab > 17°) 
27 processes [9M > 17°. pt > 0.1 GeV) 

Total 

Cross section (nb) 

1.2 

2.8 

1.6 

44. 

2.4 

~ 15 

~ 67 

Rate (Hz) 

12. 

28. 

16. 

4.4 <«> 

0.24 (°> 

~ 35 W 

~ 96 

The digitization process causes a dead time that is proportional to the trigger rate. 

This sets a limitation on the digitization time of no more than 200 //s in order to keep 

the dead time below ~ 5%. This requirement is not. difficult to achieve with present 

technology and we expect to build the system with considerably shorter dead time 

(< 100 fis on average). 

The goal of the trigger system is to construct logic and hardware that satisfy the 

following: 

• High efficiency for all events of physics interest. In particular, the efficiency for 

BB events should be close to 100%. 

• Redundant, independent triggers for important physics events. This enables the 

monitoring of the trigger efficiency and the total efficiency for any channel that 

does not depend on the conditions of any single trigger. 

• Reduce the background trigger rate to a tolerable level. 

• Adequate "headroom." If background conditions are worse than expected, the 

trigger rate should be reducible to the required level by applying more restrictive 

conditions without losing much efficiency for important physics processes. 

The most important point in the scheme is to have sufficient flexibility and the 

capability to handle higher than expected background rates. 
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9.3 Trigger Conditions and Efficiencies 

We have performed simulations of some interesting B decay modes to examine how 

the trigger efficiencies depend on changes in the trigger conditions. 

9.3.1 Track Triggers 

Events are generated with the BBGEN event generator, where one of B's decays into 

the specific mode of interest and the other decays into standard B decay modes. For 

the trigger efficiency calculation, we consider only those events in which all the decay 

products from the B decay mode under investigation are within the detector acceptance 

(17° < 0 < 150°), since the B ha,* to be reconstructable to be useful. The hardware 

logic described in the Tracking Section has not yet been included in the simulation. 

Figure 9.1 shows the trigger efficiency when at least two tracks above some pt threshold 

are required to lie within the detector acceptance. We also considered the condition 

that, in addition to two or more tracks with pt > 0.3 GeV/c within the acceptance, 

one of them is required to pass through all CDC layers (29° < 9 < 132°). In Fig. 9.2. 

the efficiencies are shown as a function of the pt threshold for the full-CDC track. 

Figure 9.3 shows the efficiencies when three or more tracks are required to lie in the 

detector acceptance. 

Figure 9.4 shows the cross sections for two-photon processes where at least two 

tracks are within detector acceptance, as a function of the pt threshold. In order to 

keep the trigger rate at a comfortable level, the pt threshold of two-track trigger has to 

be ~ 0.3 GeV/c or higher. However, the efficiencies for most B decay modes remain 

high. The rate of two-photon processes is drastica% reduced if three or more tracks 

are required since the rates are completely dominated by the events with only two 

tracks in the detector acceptance. The efficiency of the three-track trigger for B events 

is quite high, as can be seen in Fig. 9.3. 

9.3.2 Calorimeter Triggers 

As described in the calorimeter section, the effectiveness of the calorimeter-energy trig

ger has been studied with a full simulation program based on GEANT 3.21. Figure 9.5 

show the trigger efficiencies as a function of threshold energy for the total energy trig

ger and Fig. 9.6 shows them as a function of the minimum hit cluster number for the 

cluster-counting trigger. 

In both the track and calorimeter triggers, high efficiencies (> 90%) are maintained 

for wide ranges of threshold values for most of the interesting B decay modes. It 
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should be noted that for some of the special decay modes, such as B° —> 7r+7r~ and 

B° —> 7r°7T0, the track and calorimeter triggers are highly complementary. With a 

logical OR of these triggers, the overall trigger efficiencies are kept close to 100% for 

an even wider range of the threshold values. 

9.4 Background Rates 

9.4.1 Cosmic Rays 

The measured rate of cosmic-ray-induced energy triggers in the TOPAZ lead-glass 

calorimeter is shown as a function of the threshold energy in Fig. 9.7. This rate is 

measured with a 50 ns beam-crossing gate triggered every 5 /*s and should be multiplied 

by 100 for our case, where no such gate will be used. Taking into account the ratio of 

surface areas between the TOPAZ and BELLE calorimeters (~ 0.5), an approximately 

30 Hz background rate is expected in BELLE with a 2 GeV threshold. 

The track trigger only accepts cosmic rays passing through the inner layer of the 

CDC and the rate is estimated to be about 20 Hz. Further reduction of the rate (below 

10 Hz) is expected from the further interaction point constraints provided by the TSF 

cell pattern and c-triggers. 
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Figure 9.8: The rate of spent positron-induced total-energy triggers as a function of 

the threshold energy. 

9.4.2 Beam-induced Background 

Beam-induced background triggers are mostly caused by spent beam particles. Syn

chrotron radiation X-rays do not contribute to the trigger because the energies involved 

are well below the energy-trigger threshold .levels and they do not produce track pat

terns in the CDC. 

As described earlier in this report, the rate and profile of the spent beam particles 

are estimated by simulations of off-momentum particles arising from beam-gas interac

tions. Spent particles from the low energy positron beam are the primary background 

source; the higher energy electron beam has a lower current and off-momentum elec

trons tend to stay close to the central orbit and pass through the IR region. The 

electron-beam contribution is ~ 10% of that of the positron beam. However, these 

estimates have large uncertainties because they depend sensitively on the vacuum and 

operating conditions of the accelerator. 

The rate of calorimeter triggers caused by spent beam particles is estimated with a 

full simulation program. In the simulation, the effect of pileup is estimated by a simple 

algorithm that sums up consecutive signals with weights given by the pulse shape with 

a 300 ns shaping time. Pile-up increases the background rate significantly when we 

use the barrel part and both endcaps for the trigger decision. However, since spent 
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Figure 9.9: The rate of spent positron-induced cluster-counting triggers as a function 

of minimum number of clusters. 

positrons mostly effect the backward endcap, its exclusion from the trigger reduces the 

background rate to less than 10 Hz—the current limit of MC statistics. Figures 9.8 and 

9.9 show the rate of spent-beam-particle-induced events as a function of total energy 

sum and number of clusters for various cluster thresholds without the backward endcap. 

Small-angle Bhabha scattering, where electrons and positrons hit the beam pipe around 

the cryostat can also be a background source of of calorimeter triggers. A preliminary 

study shows their contribution is significant and further studies using the full simulator 

are in progress. 

From the experience of the past experiments, the rates of track trigger arising from 

the spent electrons are known to be dominated by the hadronic interactions of electrons 

on nuclei. Unfortunately, hadronic interactions are not included in our GEANT-based 

simulation program and, hence, an estimate of the track trigger rates is difficult. A 

simulation study of spent electron rates mentioned above indicates that the frequency 

of direct hits of spent electrons on the beam pipe within ±20 cm from the interaction 

point is ~50 kHz, similar to the rates observed at TRISTAN where they produce a 

~ 10 Hz trigger rate. We take 100 Hz with some safety margin as a background rate 

for BELLE. 

Since estimates of the absolute trigger rate with the simulation for the hadronic 

interaction of electrons are difficult and not too reliable, we have studied how the rate 
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of these background triggers can be reduced by changing the track-trigger conditions. 

To be conservative, we used e-p and e-n deep inelastic scattering (D1S) events produced 

by S GeV electrons, which provide the hardest track distributions among possible e-

Nucleus interactions. Figures 9.10 show thep/ distribution for the highest. 2nd highest 

and 3rd highest tracks for e-p and n-p DIS events. The distinctions from B decay 

events (also shown in the figures) are clear. Figure 9.11 shows the rejection factors for 

D1S events versus pt threshold for three different track triggers. We expect to have 

a suppression factor of 6~15 available from tightening the trigger requirements from 

the base-line condition (two-track-triggcr with pt threshold 0.3 GeY/c): for example, 

increasing the two-track trigger pt threshold to 0.6 GeV. or requiring three tracks with 

a pt threshold of 0.5 GeV for the full-CDC track. 

It should be noted that this is a worst-case estimate and we expect more suppression 

in the actual experiment. 

9.5 General Scheme 

The trigger system needs to have sophisticated logic to remove background events 

effectively and sufficient flexibility to adjust to varying beam conditions. We stress 

that with the proposed system the false trigger rate can. if necessary, be reduced by 

a large factor by tightening the trigger conditions without significantly reducing the 

efficiency for BB events. 

Figure 9.12 shows a schematic view of the trigger system. The trigger information 

from individual detector components is formed in parallel and combined at the final 

stage (global decision logic). This scheme facilitates the formation of redundant triggers 

that rely only on energy or track information (such as 77 and [i+fi~ events). 

The beam-crossing time for the triggering event (which is used for GATE signals 

of ADC's and STOP signals of TDC's) is given by a coincidence between the beam-

crossing signal and the output of the final trigger decision logic. The timing and width 

of the subsystem trigger signals are adjusted so that their outputs always cover the 

beam-crossing at a well defined fixed delay (2.2 /<s in the present design) from the 

actual event crossing. For most events, the exact timing of the final decision logic 

output is determined by the Trigger Scintillation Counter (TSC) information. Good 

trigger timing is needed for the ADC-gate and TDC-stop pulses. A time window for 

the gate pulse of about ±10 ns is required for the TOF readout (assuming a 100 ns 

full scale TDC) and for the filtering of events by means of fast track reconstruction in 

the online farm. To have good trigger timing, signals from the two ends of the TSC 

counters are fed into a meantimer and the trigger is formed by a hard-wired majority-
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Figure 9.12: Schematic view of trigger system. 

logic-type coincidence. The TSC trigger rate must be kept < 70 kHz in order to keep 

the fake timing probability due to random coincidences with slower triggers (~ 300 ns 

width) below 1%. 

Higher Level Trigger 

As described above, the design of the initial-satge trigger system includes only a 

first-level trigger. However, the future implementation of the higher level triggers with 

longer decision time (5 ~ 100 /<sec) is straight forward in our system. This increases the 

robustness against backgrounds and provides some flexibility for implementing special 

triggers with rather complicated logic to accept wide range of processes in addition to 

B physics. 

For this purpose, an Abort signal is used to veto further processing of the event 

when it is rejected by the second-level trigger. The digitizer systems in the detector 

sub-systems are required to handle the Abort signal. 

9.6 Global Decision Logic 

The Global Decision Logic (GDL) is the main body of the central trigger system and 

has the following roles: 

• controls the "Trigger Cycle" of the whole system; 
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Figure 9.13: The conceptual design of the Global Decision Logic. 

• takes input from the detector sub-triggers and makes a "Final Decision;" 

• determines the timing of trigger signal. The trigger signals are produced from 

the GDL at a fixed time after event crossing (within ±10 ns) and phase-locked 

to the beam-crossing pulse. 

The GDL runs in a pipelined mode with a 32 MHz clock. It consists of a several 

VME modules as shown in Fig. 9.13. 

9.6.1 Final Decision Logic 

The Final Decision Logic forms the final triggers from the input detector sub-trigger 

signals. The final triggers can be formed from any combination of input sub-triggers 

with AND, OR, or VETO logic. It performs global correlations between the detectors; 

the local correlations are done prior to being input to the GDL. The maximum number 

of input and output triggers is 48. The width of the input trigger signals (Tl
w) should 

be 

rpi A T ' _L T^DL I rp 
1w *J-max'J-clk 1" -1-margin 

where AT* =TUst-Ti ^earliest a n ( l T^L is a clock cycle of GDL pipeline (31.25 nsec). 

The timing of input trigger signals are adjusted by the Input Trigger Delay logic (in 
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* -

units ot 7^ . ) so that the input triggers always cover the coorect GDL clock-pulse 

timing. The definitions (combination of conditions) of the output trigger should be 

changeable and loaded from the on-line computer into the Final Decision Logic at run 

time. Field Programmable Gate Arrays (FPGA) are the candidate logic elemenyt for 

the Final Decision Logic. 

9.6.2 Pre-scaler and Trigger Mask Logic 

Output triggers from the Final Decision Logic arc fed into the Pre-scaler and Trigger 

Mask logic. A prc-scaling factor and a mask bit arc set for each output trigger. When 

a mask bit is set OFF, the corresponding output trigger is disabled. The pre-scaling 

factors and mask bits are set from from and read out by the computer. 

9.6.3 Timing Decision Logic 

Since the time jitter requirement on the trigger output signal is < 10 ns (set by the TOF 

digitization and on-line farm track reconstruction needs), special timing information 

has to be provided in addition to the trigger output signal from Final Decision logic, 

which is latched with GDL clock (32 MHz). Normally this is provided by the TSC 

trigger signals. For events that do not trigger the TSC counters, such as those with 

all neutral particles, the timing will be derived from the calorimeter and/or tracking 

trigger signals. 

Finally, a coincidence is made with the beam crossing signals for use as the TDC-

stop and ADC-gate signals. 

9.6.4 Input Trigger Delay Logic 

The input trigger signals are latched with the GDL clock and delayed to have the 

correct time at the Final Decision Logic. The delay values are programmable in units 

of the GDL clock interval. Finer timing adjustments are done at the detector sub-

trigger systems before being fed into the GDL. 

9.6.5 Readout Buffers 

The following information is latched with each GDL clock pulse and stored in buffers 

to provide the event-trigger information: 

• input sub-trigger bits; 

• output trigger bits (before pre-scaling); 
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• output trigger bits (after pre-scaling and masking); 

• timing trigger bits; and 

• trigger type 

The relevant region of the buffers are read out with the other detector data when a 

trigger is accepted. The buffer regions to be read out will be set from the computer. 

9.6.6 Scalers 

The input-subtrigger, output-trigger (before and after pre-scaler and mask), and timing-

trigger signals are fed into scalers and their rates monitored. In addition, the beam-

crossing (pre-scaled), RF (pre-scaled), and bunch-zero signals are also fed into scalers. 

These are counted both with and without GDL-BUSY signal inhibits in order to moni

tor the dead time. Depending on their rates, some of these scalers will be cleared after 

every trigger and others integrated throughout a run. All scalers are read out with 

every event. 
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Chapter 10 

Data Acquisition 

10.1 Data Acquisition System 

In order to satisfy the data acquisition requirements described in the previous sections, 

the distributed-parallel system shown schematically in Fig. 10.1 has been devised. In 

this scheme, the entire system is segmented into ~10 subsystems running in parallel, 

each handling approximately the same data size. The data from each subsystem are 

combined into a single event record by an event builder, which converts the "'detector-

by-detector" parallel streams to an "event-by-event" data river. The event builder 

output is transferred to an online computer farm, where another level of event filtering 

is done after a fast event reconstruction. 

Each subsystem has a VME controller crate with a CPU, a timing generator, an 

event builder interface, and other miscellaneous interface boards. Although the sub

systems use digitization systems specific to their associated detector element, the con

troller crate is common to all the subsystems, simplifying the system and making it 

more reliable. The CPU controls all of the timing sequences via the timing genera

tor, and the data transfer to the event builder via the event builder interface. The 

subsystem CPU's are all directed by a master control that monitors the sequence of 

the subsystem, sends start/stop requests to the event cycle, etc. The timing master 

receives the trigger signals from the trigger decision logic and distributes them to the 

subsystems. 

In a large data acquisition system such as this, it is essential to have the ability to 

test completely each subsystem independently of the state of operation of other parts of 

the system. This is implemented by two operation modes of the timing generator card. 

In the "local mode," all of the timing signals are generated by the timing generator 

under control of the local CPU. In this mode, the local CPU can issue triggers and 
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Figure 10.1: Global structure of the Data Aquisition System 
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examine the digitizer data. This mode is used for test pulsing the front-end electronics 

and for calibration runs such as the laser calibration of the drift chambers. In the 

"remote mode," all of the timing signals arc supplied from the timing master system. 

and the local CPU acts as a sequence controller responding to external timing signals. 

10.1.1 Subsystem Controller 

The subsystem control crate also manages the digitizing crates, which will probably 

be FASTBUS for all of the detectors other than the SVD, for which a specialized 

digitization system will be used. There may be CAMAO nates and/or other bus 

systems under a control of the VME. which will be used to accomodate the shaping 

amplifiers, test pulscr and so on. However, it is assumed that the event data arc 

generated only on the FASTBUS except for the SVD subsystem. 

The CPU in each control crate will be a MC68040 (Motorola) or a faster micro

computer running the VxWorks real-time operating system for both normal operations 

and program development [3]. 

A VME-FASTBUS interface module capable of a 10 MB/s data transfer rate, with

out additional overhead between block transfers, is being developed based on the 

GSkFPI FASTBUS processor module [5]. We have obtained a 6 MB/s transfer rate 

using the presently available 68kFPI, and this rate is expected to be increased by a 

factor of two with the next version of the module, which has a faster clock rate. A 

driver software for this interface has been developed that allows a module scan and 

data sparcification for each FASTBUS crate in parallel. 

The interface, combined with the CPU, will provide an event handling capability 

in excess of 1000 Hz, even in the absence of a sparse data scan at the digitizer level. 

The results of preliminary tests of this scheme and the expected performance of the 

interfaces being developed, make us confident that the required subsystem data rate 

of over 500 Hz can be achieved. 

The CAMAC crate is connected to the subsystem controller through a commercially 

available VME-CAMAC interface. The driver software for this connection has been 

developed and the scheme has also been tested. 

The data collection on the subsystem controller is done by an interrupt driven 

sequence. The readout of a single event consists of a sequence of five or more interrupts 

staring with the trigger interrupt. Since the next trigger is enabled right after the 

second interrupt ("end of digitization"), a trigger interrupt of the second event may 

occur before the other interrupts of the first event. Software to handle this complicated 

order of interrupts has been developed and is currently being tested. It is expected 

that with this software the data can be read out at rates of 500 Hz or higher without 
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causing additional dc-adtinie. 

10.1.2 Network 

The backbone of the data acquisition system is the fast network. Since the system 

incorporates parallel processing on a large scale, communication among the processors 

is especially important. The network topology of the network is illustrated in Fig. 10.2. 

Each of the subsystem controller crates contains a reflective memory module which acts 

as a common memory shared by all the subsystem controllers. With this connection, 

I lie data that has to bo shared by the CPU's can be accessed by any subsystem u'ith 

a delay time less than 1 /is. 

The other subsystems, such as the computer farm and workstations, also have to 

be able to connect to the shared memory system. For them, however, the access speed 

need not be as fast as for the subsystems. A network shared memory program has been 

developed for this purpose thai emulates the rcflevtive memory using the standard TCP 

network. With this software, any workstation can be hooked up on the data exchange 

link without an additional interface L <ard and serve as a monitor or a controller of the 

data acquisition system. 

10.1.3 Sequence Control 

The master trigger signal, generated by the trigger decision logic, is distributed to all of 

the detector subsystems via the Sequence Control subsystem. This subsystem consists 

of timing interface cards and various other units in a single VME crate. The timing 

interfaces (TD) are connected to the timing generator cards in each of the detector 

subsystems and coordinate the event cycle sequence. 

A simplified hand-shake protocol is used between the Sequence Control and the 

detector subsystems. Only two timing signals, the trigger and abort requests, are sent 

from the TD cards to the subsystems; three signals are sent from the subsystems to 

the TD to indicate the status of the event cycle. The detector subsystem will be able 

to cancel the data digitization and data transfer process whenever an abort request 

signal is issued by the TD. This abort capability will be used to implement possible 

future higher-level trigger decision logic. 

When it knows that the data are ready to be read out in all the detector subsystems, 

the Sequence Control issues a request to the event builder to collect the event from the 

detector subsystems. It then monitors the status of the event builder and the following 

online computer farm, and disables triggers when they fall behind the data flow rate. 
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Figure 10.2: Network topology of the data acquisition system 

A CPU card in this subsystem supervises all of the controls other than the trigger 

sequence, which operates without any CPU intervention to avoid additional software-

induced dead time. This CPU will also use a MC68040 microcomputer chip with the 

VxWorks operating system. 

10.1.4 Digitizers 

The digitizers are required to complete the data conversion, and be ready for next 

event signal within a few hundred microseconds from a trigger timing. 

A commercially available LcCroy FASTBUS TDC[4] is under consideration for use 

by the CDC. The TDC, used together with charge-to-time converter (QTC), can pro-
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vide both timing and amplitude of an input signal in a single channel of TDC. It also 

has self-contained buffer memories and can be ready for the next signal immediately 

after conversion with /,/„„/ = /conversion = a few microseconds. 

The LeCroy FASTBUS TDC with QTC is also closest to meeting our requirements 

for the Csl calorimeter digitizer. It has additional features such as self calibration, 

null-data suppression and self-contained buffer memories. With modest improvements, 

this could satisfy our requirements. The SVD data will be digitized by a custom-built 

eight-bit ADC and stored in FIFO memory together with the address information. A 

transputer system reads the FIFO and transfer to an event buffer memory. At expected 

occupancies, this transfer will take 60 //s. which is well within the requirements. 

10.1.5 Event Builder 

Full event records arc reconstructed in an event-builder system that must handle a 

15 MB/s data rate with no dead time. Since such a bandwidth exceeds the processing 

speed available in single nodes, multiple event builder nodes operating in parallel are 

required. The event builder consists of event builder-nodes (EI3-N) and input buffer 

nodes (IB-N) with a interconnecting network between them. The expected processing 

speed of a single EB-N is a few MB/s; the 15 MB/s bandwidth can be achieved with S 

to 16 EB-Ns working in parallel. Data from the front-end electronics are transferred 

to IB-N memories and then transferred to the EB-N via the network. Data with the 

same event number are grouped in the EB-N. which creates a full event record. The 

completed event records arc then sent to the online computer farm. 

The event builder network must provide all possible routes between the IB-Ns 

and the EB-Ns with a net bandwidth of 15 MB/s (or more). A BUS-type network 

could provide this bandwidth but would not provide the appropriate scalability and 

contingency. Hence, a switch network is being considered [6. 7, 8]. 

The event-record destination is determined according to its event number. The 

information flow is "data driven:" an IB-N makes a queue for each destination and 

the data from the front-end electronics are fed into the queue according to the event 

number. The data transfer scheme between the IB-N and the EB-N is not necessarily 

"data driven" because the destination is identified by the queue. Since the switch 

setting between the IB-Ns and the EB-Ns will be externally controlled, the switch 

itself does not require its own protocol for handling the data [9, 10]. An appropriate 

bandwidth will be assigned to each route by the external data flow controller. 

A high-speed serial data link will be used for the connection between nodes. The 

bandwidth of the data link must be much higher than the data processing speed on 
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each node; 10 MB/s is the minimum requirement. Protocol chip sets for the high 

speed serial data links have been tested. Among them. HP's G-link chip set has been 

tested the most extensively. The re-synchronization characteristics of the event-builder 

system need to be measured. A high speed ECL switch module was developed [12] and 

its performance was tested. It can switch a high speed serial data link at a speed of up 

to 3 Gbps. Expansion to a larger switching dimension (1024 x 1024) is possible without 

an additional synchronizing chip. The data flow on the event builder subsystem was 

analyzed [13] and the modeling of the event builder system has been studied as one 

of the US-Japan detector RfcD collaboration efforts [14]. The results suggest that the 

proposed event builder system will be suitable for the BELLE experiment. 

10.1.6 Online Computer Farm 

An online computer farm is used for fast online event reconstruction and higher-level 

triggering. At a luminosity of lO34 cm~2s~1
1 the average trigger rate is expected to be 

more than 200 Hz with a typical event size of around 30 KB. This data rate imposes 

the following requirements on the computer farm: 

1. a processing power at least 5000 VAX equivalents: 

2. a data rate from the event builder of more than 15 MB/s; and 

3. a transfer rate to the data server (mass storage system) of more than 15 MB/s. 

Since it is not possible to achieve the required CPU power in a single processor, we 

plan to distribute events among many computers running in parallel. Since the events 

are independent of each other, the effective CPU power is expected to increase almost 

linearly with the number of computers. 

Figure 10.3 shows the architecture of the online computer farm. The online com

puter farm consists of several VME crates. Each crate contains five Motorola MVME-

188 CPU modules. Each CPU module is equipped with four event processor chips 

(MCSS100 RISC CPU) that share a 64-MB memory. Data from the event builder are 

distributed to the VME crates via an optical fiber interface that has the required total 

data transfer rate of more than 15 MB/s. The event data is then distributed to event 

processors via the VME backplane and processed. The processed data are collected 

and sent to an event concentrator via another optical link. The event concentrator 

gathers the data from all of the VME crates and sends them to the data server. The 

event concentrator also collects events selected (tagged) by the computer farm and 

sends them to the data server through another link for rapid-turn-around analyses. 
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Figure 10.3: Architecture of Online Computer Farm. 

The event distribution within a crate is managed by a control processor module 

installed in each crate. The control processor is a Motorola MVME-147, which is 

a MC68030-based computer with a 4 MB memory. This processor is connected to 

Ethernet and the computer farm can be controlled externally via this link. The control 

processor also uses the VxWorks operating system [3]. 

The program development for the computer farm is done on a Data General AViiON 

workstation which has the same CPU chip as that of the event processor. The computer 

farm is designed so that the executable image of this workstation can be directly 

executed in parallel on the computer farm. This is realized by the "kernel emulation" 

mechanism. 
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Figure 10.4 shows the configuration of system software for the online computer 

farm. When an application program is executed on the host workstation, the actual 

access to files and terminals (I/O requests) arc processed by the kernel of the operating 

system. On the computer farm, this kernel-call is extended to multiple event processors. 

The access to an I/O device by each event processor is handled by the ''trap handler" 

resident on the memory of the event processor. The trap handler does not process the 

I/O request by itself. Instead, it issues a service request to the I/O server program 

running on the control processor via the VME bus. The I/O requests from all event 

processors arc centralized in the I/O server and collectively processed. Using this 

mechanism, event data ran be distributed to multiple event processors. 

The I/O server accepts service requests from event processors and dispatches them 

to appropriate device servers. The I/O server is designed to satisfy a subset of standard 

POSIX. The terminal I/O requests arc processed by the terminal server using the 

virtual terminal mechanism. The terminal emulator program running on the host, 

computer (called the virtual terminal) is connected to the terminal server via UNIX's 

socket mechanism. When an I /O request to terminals is issued by an event processor, 

the I /O server redirects the request to the virtual terminal through the socket. 

The I/O requests to file devices are processed by the file manager. The file manager 

supports following accesses to a file: 

• shared read from a file by multiple event processors; 

• event-by-event read from a file by multiple event processors; 

• write to separate files corresponding to each event processor; 

• event-by-event write to a single file by multiple event processors; and 

• access to a histogram file. 

Modes 2 and 4 provide the event-by-event access to a file by multiple event processors. 

The data from the event builder are handled as event records in a special file by the 

file manager. The data to be sent to the event concentrator are treated in a similar 

way. 

The I/O server also handles the requests to the special function servers. These re

quests are issued by calling the ioctl() function in the application program. Currently 

the histogram server is implemented through this function call. The histogram server 

monitors the "save histogram" request from event processors. When all event proces

sors issue the "save histogram" request, the histogram server adds up the histogram 

contents in event processors and then write the summed contents to a file. 
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The request to collect the histogram buffers can also be issued from the host while 

event processors arc executing the application program. This feature is useful since the 

user can "spy" the histogram contents from the running program without interrupting 

the execution. 

There are two subsystems that control the computer farm from the host worksta

tion. One is the program that download a user program from the host computer to 

event processors. The downloader program invoked on the host computer sends the 

contents of the executable image file to the control processor through Ethernet. The 

download-server on the control processor receives t he data stream from Ethernet and 

writes the contents to the memories of event processors. 

The other program controls the execution of the downloaded image. A set of small 

programs (called the task monitor) to control the execution of the application program 

are loaded to the event processors during the system initialization. The control of the 

task monitor is done from the host system by the commander and the command-server 

programs. The commander program invoked on the host computer accepts a command 

string and sends it to the command-server on the control processor through Ethernet. 

The command-server parses the command string and invokes the appropriate function 

of the task monitor. Using this mechanism, various functions of the task monitor can 

be invoked from the host. 

We have already built a full-scale prototype of this system that has achieved one 

third of the required processing power [16]. The system is now used as the Monte Carlo 

engine for BELLE physics simulations. This system will be converted to the actual 

online computer farm at the start of the experiment. 

The computing power of this prototype is not enough to satisfy our requirements 

and an upgrade of the system is planned for one or two years after the start of the ex

periment. More advanced event processors with a new parallel processing architecture 

will be used in this upgrade. 

10.1.7 Other Subsystems 

This data acquisition system has several other subsystems including: the event display, 

the data quality monitor, the monitor and alarm, the high-voltage control, and a system 

to communicate with the accelerator control system. These subsystems are based on 

workstations connected with each other through a logically shared memory built on 

the TCP/ IP network. These subsystems have not yet been designed. 

It should be emphasized, however, that the all the monitor system and high-voltage 

controllers are to be unified into a single system, instead of having independent system 

for each subdetector. This is important in a large system such as the BELLE daq 
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system, because this makes the operation easier and more reliable. 
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Chapter 11 

Offline Computing 

The required computing power for BELLE is estimated to be more than 30000 VAX 

equivalents and the mass storage needs are more than 30 TB/year. (One VAX-

equivalent is defined as the performance of the CERN benchmark programs on a VAX-

11/780 computer [1].) These capacities are two orders of magnitude larger than those 

for the TRISTAN experiments. 

To satisfy these requirements, the BELLE computing environment is based on the 

concept of ''Functionally Distributed Computing"' illustrated in Fig. 11.1. As indicated 

in the figure, the computing activity is divided into four parts. The first is the online 

computer farm located at the experimental hall and described in the data acquistion 

section. The DST-production and event selection are done there in real time. The 

second is the offline computer farm that provides the main computing power for the 

offline DST-reproduction, simulations, and analyses. The third is the data server which 

manages various data handling tasks. The server is equipped with large tape robot and 

disk array systems. The offline computer farm and the data server are located at the 

KEK Computing Center. The fourth part is the networked array of user workstations 

located at each office and used to develop the software for the offline computer farm. 

Graphics-related tasks and simple analyses are also processed on these workstations. 

11.1 Requirements 

The offline computing requirement estimates are based on the following parameters, a 

summary of which is listed in Table 11.1. 

• The luminosity is 1034 cm~ 2 s - 1 . 

• The nominal trigger rate is 200 Hz. 
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• The physics event rate is 100 IIz, which consists of 40 Hz for hadronic events and 

60 IIz for low multiplicity QED (40 Hz) and two-photon events (20 Hz). 

• The raw data record for a hadronic (background) event is about 20 (15) kB. The 

basis for the estimate of the hadronic event is shown in Table 11.2. The estimated 

DST record size for a hadronic (low-multiplicity) event is 30 kB (10 kB); that 

for the mini-DST data is about 2 kB (0.5 kB). Here the DST data consist of the 

results of the event reconstruction and the raw hit data, while the mini-DST data 

include only the four momentum vectors and particle ID data. 

• The event reconstruction speed is assumed to be 1 (0.2) sees/event for a hadronic 

(low multiplicity) event on a 100 VAX-equivalent computer. The speed for 

the rough event reconstruction of a hadronic (background) event is 0.2(0.1) 

sec/event/100-VAX-eqv. 

• The speed for full (fast) event simulation is 15 (0.005) sec/event/100-VAX-eqv. 

11.1.1 Computing Power 

Sufficient computing power is needed for the following tasks: 

Second-stage Event Reconstruction. About 5000 VAX-equivalents of computing 

power is needed to deal with the 100 Hz event rate for physics events. Here 

we assume that background events are already removed by the first-stage event 

reconstruction on the online computer farm. 

Monte Carlo Simulation. Approximately 5000 VAX-equivalents are needed to pro

duce 108 fully simulated hadronic events per year. In addition, 6000 VAX-

equivalents are needed to simulate 109 hadronic events/day with the fast sim

ulator. 

Physics Analysis . About 5000 VAX-equivalents will be necessary to support the 

expected 50 full-time-user-equivalents at a required power of 100-VAX-eqv/user. 

Including a modest safety margin we conclude that a total computing power of 

more than 30000 VAX equivalents is needed for the offline computer farm. A summary 

of the computing power requirements is provided in Table 11.3. 
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Table 11.1: Parameters used for estimating the BELLE offline computing requirements. 

luminosity and 

integrated luminosity 

trigger rate (Hz) 

event size (kB) 

reconstruction speed 

(s/event/100 VAX-eqv) 

simulation speed 

(s/evcnt/100 VAX-eqv) 

L{cm 2s *) 

103'1 

physics event 

100 

total 

200 

raw data 

DST data 

mini-DST data 

Monte Carlo data 

full analysis 

fast analysis 

full simulation 

fast simulation 

effective sec/year 

107 

hadronic event 

40 

physics event 

100 

hadronic event 

20 

hadronic event 

30 

hadronic event 
2 

hadronic event 

60 

hadronic event 

1 

hadronic event 

0.2 

hadronic event 

15 

hadronic event 

0.005 

j Ldt /year {f b~l) 

100 

low multiplicity event 

60 

background event 

100 

background event 

15 

low multiplicity event 

10 

low multiplicity event 

0.5 

low multiplicity event 

15 

low multiplicity event 

0.2 

low multiplicity event 

0.1 

low multiplicity event 

low multiplicity event 

11-4 



Table 11.2: Raw data record size for a hadronic event. 

detector component 

SVD 
CDC 
ECL 
TOF 
KID 

KL/MUO 
others 

total 

data size (kB) 

4 

6 

6 
0.2 
1 

1 
0.5 

~ 20 

Table 11.3: Computing power requirements. 

task 

event reconstruction 

Monte Carlo simulation 

Physics analysis 

total 

sub-task 

2nd-stage reconstruction 

total 

full simulation 

fast simulation 

CPU (VAX-eqv) 

5000 

11000 
5000 

6000 
5000 

30000 
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Tabic 11.4: Data storage requirements. 

class of data 

DST data 

mini-DST data 

Monte Carlo data 

Analysis code and data 

total 

class of event 

all 

hadronic event 

low multiplicity event 

all 

hadronic event 
low multiplicity event 

storage space (TB) / year 

16 
12 

4 

1 

6 
2 

1 

30 

11.1.2 Data storage 

VVc plan to keep only the DST and mini-DST (stripped DST) data processed by online 

computer farm. Since we expect to accumulate 4 x 108 hadronic events per year this 

translates to 12 TB of storage space per year for the DST data and 1 TB for the 

mini-DST data. In addition, we will need 4 TB of storage capability for QED and two-

photon events, about S TB/year of storage space for Monte Carlo events and 1 TB/year 

for analysis code and data. We conclude that nearly 30 TB of storage capability will 

be used each year and tape and disk systems with total capacities of 300 TB (tape) 

and 2 TB (disk) will be needed. A summary of the data storage requirements is given 

in Table 11.4 

11.1.3 Band width for data transfer 

The estimated DST event-record sizes for hadronic and low-multiplicity events are 

30 KB and 10 KB and the expected event rates are 40 and 60 Hz, respectively. This 

corresponds to an average data transfer rate from the online farm to the data server 

of about 2 MB/s. If the background and noise hit rates are larger than current expec

tations, the average transfer rate could be twice as high, namely 4 MB/s. In order to 

maintain this average transfer rate a data server with an instantaneous I/O speed of 

at least 15 MB/s is needed. 
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11.2 Offline Computer Farm 

The Offline Computer Farm will provide the bulk of the 30000 VAX equivalents of 

computing power for the various BELLE analysis efforts. For this level of computing 

power, a system that simultaneously processes multiple events in parallel is essential, 

since the processing power of any single CPU is limited to about 300-500 VAX equiva

lents. To realize this parallel processing scheme, the computer farm must be equipped 

with some mechanism to distribute event data to and from the many processing ele

ments. The offline computer farm will have many users and multiple jobs running at 

any one lime. 

There arc several ways to realize parallel event processing. One is a network-

based architecture where many CPU"s are connected via a high speed network. The 

network can be either a tightly coupled data bus like the VME-bus or inter-workstation 

network such as FiberChannel, FDD1 etc. Each CPU has its own local memory and the 

event data are distributed to the memory via the network. This system is relatively 

inexpensive since it can be comprised of commercial mass-produced products. For 

example, a set of workstations connected via a FDDI ring is available at a reasonable 

price. Another example is a network of VME-housed CPU units; these are inexpensive 

and available from major computer vendors. 

However, the speed of the network is critical in network-based systems. Since 

event data must be processed at a rate of more than 15MB/s. a capability of at least 

twice this band width must be available to support the flow of the processed data 

back to the server. Currently available inter-workstation network technologies cannot 

achieve this bandwidth when the transfer protocol overhead is taken into account. 

The VME64 bus can achieve data transfer rates of 50MB/s and a VME-based system 

remains a candidate of the offline computer farm. Other standard bus architectures 

such as Future Bus+ can achieve even faster data transfers than the VME6-1 bus, but 

this technology is not mature. There are some commercial machines based on this 

architecture; they have ver}7 a fast data bus but are very expensive. 

The event distribution scheme on network-based systems is not trivial since the 

data record for each event must be physically copied to the memory of each CPU. 

A public software package named PVM [2] is a realistic candidate to provide such a 

scheme. However, preliminary test results [3] indicate that the performance of PVM 

deteriorates for large number of CPU's (>10). With a VME-based system, we could 

use the event distribution mechanism developed for the online computer farm, but this 

is specialized for the data acquisition environment and extensive modifications would 

be necessary to adapt it for use in the offline system. 

Summarizing the discussions on the network-based architecture, the VME-based 
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system can satisfy our requirements at a reasonable price. However, the event distri

bution scheme is not trivial on such an architecture and must be developed. 

The alternative to the parallel event processing approach is to use a shared-memory 

architecture. In this architecture, many CPU's are connected to a large common mem

ory that can be accessed by each CPU (the shared memory). The shared memory 

provides a very convenient way to realize the event distribution mechanism since the 

event data are distributed to the CPU by simply passing a pointer to the memory 

where the corresponding event data is stored, eliminating the the need for an actual 

flow of data. After a bulk of event data is moved to the shared memory from the data 

server, the subsequent event distribution is trivial. 

In the commercial market, machines based on this architecture are known as "work

station servers.'1 A workstation server is equipped with a number of high performance 

CPU's (10-20 CPU's) connected together on a high speed (> lGB/s) bus. A large 

shared memory is also connected to the high speed bus. One workstation server can 

achieve the computing power of at most 3000-5000 VAX equivalent in total. The oper

ating system of a workstation server supports symmetric multi-processing (SMP) and. 

therefore, the load balance of multiple event processing on multiple CPU's is automat

ically ensured. Workstation servers have a variety of high speed I/O interfaces such 

as Fast/Wide SCSI-II, PCI. ATM, HIPPI and FiberChannel. The workstation server 

can be easily connected to the data server via these interfaces. Although the cost of 

a workstation server is 2 or 3 times more expensive than that of a VME-based system 

with the equivalent CPU power, they are more versatile and easier to use. 

Based on these considerations, we decided on the workstation server as the pri

mary computing element. Figure 11.2 shows the configuration of the offline computer 

farm based on a couple of workstation servers connected together via a high speed 

network switch that provides the mechanism for event distribution among the work

station servers. The data-server's RAID disk subsystem will also be connected to the 

workstation servers via this switch. The connection between workstation servers and 

high-speed tape drives of the data server is provided through another optical switch 

system. The details of the network and switch technologies are given in the following 

sections. 

Discussions are underway with several major computer vendors to realize the offline 

computer farm. Workstation servers are available from many vendors including HP, 

DEC, SGI and others, and we are currently evaluating products from these vendors. 

Since their products are almost similar in functionality and performance, the key points 

of the evaluation are the cost and the connectivity with the data server. The choice 

of the vendor will be made by the middle of 1996 and the entire offline computer farm 
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system is expected to be in operation around the beginning of 1997. 

However, since the workstation servers are expensive, we may not be able to achieve 

the required computing power (30000 VAX equivalent) within the given budget. We 

are, therefore, also considering a mixed-system that includes an inexpensive VME-bus-

bascd multi-processor system linked with the workstation servers. The VME-bascd 

system can be realized with a technology similar to that developed for the online 

computer farm. However, since the event distribution and I/O handling on such a 

machine will not be as versatile as for the workstation server, the usage of the VME 

system will be limited to routine tasks such as the second stage reconstruction. 

11.3 Data Server 

The data server has two roles: 1) write the raw data transferred from the online farm 

onto tape, and 2) read/write data for offline farm and workstations. The conceptual 

structure of the system is shown in Fig. 11.3. 

11.3.1 Tape Drive and Tape Library 

There are two candidate tape drives that satisfy our requirements: the SONY DIR-

1000 (ID-1 format on D-l tape) and the AMPEX (DD-2 format on D-2 tape). Since 

wc have to consider not only its characteristics but also long term maintainability, we 

are leaning toward a SONY DIR-1000 system, and we have been collaborating with 

SONY on the development of a high-speed large-volume mass storage system. 

There arc three DIR-1000 drive models: DIR-1000, DIR-1000M and DIR-1000L 

with maximum read/write speeds and available computer interfaces summarized in 

Table 11.5. 

Model Max. Speed Comp. Interface 

DIR-1000 32MB/s VME. HIPPI 

DIR-1000M 16MB/s SCSI-2 Wide(16bits) 

DIR-1000L SMB/s SCSI-2 

Table 11.5: SONY DIR-1000 Tape Drive 

For this experiment, the DIR-1000M drive is adequate for recording. Even if the raw-

data transfer speed exceeds the 16MB/s, we can scale-up the system by using parallel 

recording. 
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The capacity of the tape library is required to be more than 300 TBytes. It has been 

shown by SONY that such a library is possible with technologies that are currently used 

in broadcast systems. An example solution proposed by SONY is shown in Fig. 11.4. 

11.3.2 Data Transfer and Switch 

The distance between the online computer farm and the data server is about 2 km. Wc 

need, therefore, a high-speed (at least 15]\IB/s) long-line transfer system. At present, 

there are four candidates: 

Serial Digital Interface (SDI, S M P T E 2 5 9 M ) Serial Digital Interface (SDI) is a 

standard method for transfering digital data in broadcast systems. The data 

format is standardized in SMPTE-259M and the transfer speed is 270 Mbps. The 

interface is designed to transfer the D-l signals that are used by our candidate 

SONY tape drive, and, thus, there is no difficulty with using this interface for 

data transfer. A switch for SDI is also commercially available e.g., the SONY 

DVS-V series are SDI routing switchers that can switch up to 64 x 64 as single 

units, and up to 512 x 512 when cascaded. The advantages of this technology 

are its availability and its widespread use, mostly in broadcast systems. The 

disadvantages are that transfer speeds are limited to around 270 Mbps and it is 

not specifically designed for use as a computer network. 

Our Event Builder Module The switching system for our data storage system is 

quite similar to that of the event-builder (see the section on data-aquisition). For 

example, the role of the online-coniputer-farm's event concentrator is to switch 

the data path to the storage system upon request; i.e., it is an n-to-1 switch, where 

n is the number of crates of the online computer farm. In the offline computer 

farm, an 7?-to-7?? switch is required, where n is the number of computing elements 

of the offline farm and m is the number of tape-drives. Our event-builder is 

designed to transfer/switch digital data with speeds as high as 1 Gbps, which is 

enough for data storage system. The only difference between the required system 

and the event-builder is that the switching timing is not synchronized and, thus, 

needs more complex controls for the switch. 

Standard Network Technologies Standard network technologies such as Serial HIPPI 

and Fiber Channel are also candidates. Their details are described in the network 

section. 
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Figure 11.4: One candidate of the tape library. 
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11.3.3 Disk Subsystem 

For higher level analyses, user programs may access portions of the data frequently, in 

which case tape systems are not suitable. For this reason a RAID disk subsystem is 

included as part of the data server. The required disk volume is 2T Bytes. 

11.3.4 Software for data server 

Our data access method may depend on the level of analysis. Low-level analyses such 

as DST-production reads the raw data sequentially. In this case, direct access to the 

tape device is enough. In contrast, user-level analyses may access portions of the event 

data randomly and frequently. In this case, we need migration on both tapes and disks. 

At present, we are considering the use of the following software, or combinations of 

them, to realize this migration. 

OSM The Open Storage Manager (OSM) has many useful functions for distributed 

computing, such as library management, migration, data base management, etc. 

OSM is not a ready-to-usc software package, and users must customize the system 

by themselves after buying the source code license from Legent. Only CRAY sells 

a commercial product using this. 

CERN and DESY have already decided to make wide use of this product and 

have purchased licenses. DESY has been using the system for more than a year 

for its mass storage system based on STK tape robots. Soon CERN will begin 

to support it officially. Except for the man-power required for the customization, 

this product seems to be very attactive. 

UniTree UniTree was originally developed at Lawrence Livermore Laboratories, but 

the source license is sold by a company, Open Vision. Many vendors have bought 

the license and ported it on their systems and many commercial products based 

on UniTree are available. UniTree provides two methods for data access, NFS 

and fop. The clients does not need any kernel modification to access UniTree 

servers. This system does not support some of the modern OSM mechanisms 

such as the migration between the server's mass storage system and the client's 

local storage, etc. UniTree does not support DCE/DFS either. However, this 

system is widely used and many large storage systems have been operated using 

this for a long time. 

S O N Y File Bank System The SONY file bank system is an NFS-based data man

agement system. It handles the SONY tape library as a UNIX file system. The 
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control workstation (NFS server) has standard network interfaces (e.g., Ether-

net/FDDl) and emulates the UNIX file system for tape storage. The workstation 

also has an interface for the tape drive and robot, and transfers data via the 

network upon request. Although the control workstation (NFS server) requires 

special driver-software and interfaces, any NFS client workstations can use the 

storage system as a UNIX file system without any modifications to the operating 

system. 

Epoch The Epoch Migration system was developed by Epoch System Inc. for their 

Epoch data server. Recently. FUJITSU made a version for SUN workstations. 

This software supports hierarchical storage management among hosts connected 

by the network. Migration to local disks are also supported. This system uses 

NFS for accessing remote files. 

11.4 Networking 

11.4.1 The Computer Farm-Data Server Network 

A high-speed network is needed for the data transfer between the online/offline com

puter farms and the data server. In particular, a transfer rate of more than 15 MB/s 

must be ensured over the long distance ( 2km) from the online computer farm to the 

data server. The candidate technologies for this network are Fibre Channel, ATM, and 

IIIPPI. 

Among these, HIPPI is the best established technology and provides a transfer rates 

as high as SOOMB/s [5]. In addition, the transmission line can be lengthened with the 

serial HIPPI connection [4], for example, by 100m using a coaxial wire and by 1km or 

10km with fiber optics. However, it has two drawbacks: i) the cost is extremely high 

and ii) only one commercial product is available at present from Broadband Commu

nications Product Inc. 

ATM is becoming an increasingly popular technology for use as the backbone of 

a Wide Area Network [6]. Many vendors have already announced their support of 

ATM, and, therefore, the equipment should soon become less expensive. However, it is 

currently not suitable for our data transfer needs since the transfer speed in its current 

version is limited to 155Mbps, and some problems have been reported to occur when 

the network conjunction is made. Although there are several proposals to solve these 

problems, it will take some time to standardize the fix-up among vendors. 

Fibre Channel is another growing technology for scalable I /O [7]. IBM has already 

achieved a speed of 15MB/s using it with TCP/IP. The network configuration with 
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the switch will provide enough speed for us. The cost of Fibre Channel is less than 

that for HIPPI and almost the same as ATM. Therefore, Ave think the Fibre Channel 

is the most realistic technology to be used for our high-speed data transfer. 

11.4.2 KEK-site Local Area Network 

The backbone of the local area network at KEK was recently upgraded from Ethernet 

to multiple FDDI rings connected via a DEC Gigaswitch. This has a transfer capacity 

of 100Mbps. As long as large amounts of event data are not transferred from the data 

server to each workstation, this speed would suffice for data analysis at workstations. 

11.4.3 Network Inside Japan 

As noted above, the mini-DST storage requirement is estimated to be about IT 

Byte/year, which corresponds to the transfer rate of about 250Kbps. A network be

tween KEK and Japanese Universities with a speed of more than 10 Mbp^ would be 

needed to copy all the mini-DST data via the network in a reasonable time. It should 

be noted that the effective transfer rate is usually less than half of specification speed. 

However, it will not be practical for most Universities to copy all mini-DSTs to their 

sites because of the huge storage capacity that would be required. More likely, only 

those portions of the mini DST that correspond to the processes they are interested 

in will be copied. Even in this case a 1 Mbps network speed is required since the 

network is used for other purposes such as software distribution, remote logins, etc. 

Recently the ATM technology has reached the point where it can provide such high 

speed network connections without technical difficulties, but the cost is still very high. 

Recently NACSIS (National Academic Center for Science and Information Service) 

is upgrading its backbone of inter-networking inside Japan using ATM lines to all 

academic sites in Japan. The main and branch lines have already been upgraded to 

6 Mbps and 1 Mbps this year, respectively, and will be upgraded to 50 Mbps and 6 

Mbps in 1995. NACSIS agreed to offer a part of the total band width for the exclusive 

usage by the high energy physics community for a few years using the PVC (Permanent 

Virtual Connection) technology. 

Meanwhile, KEK and NTT have agreed to collaborate on tests of ATM WAN 

starting in October 1995. NTT will provide us a total of 155 MB/s bandwidth for 

KEK for the experimental usage. Only a limited number of Universities can participate 

in these tests because of the network geometry of the NTT ATM lines. Participating 

Universities will get 15 Mbps bandwidth between KEK and their sites. This experiment 

is scheduled to end in 1997, but the lines will be provided to us for nominal costs at 
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the end of the experiment. 

11.4.4 Network outside Japan 

We already have 512Kbps line between KEK and the US. and a 64Kbps line between 

KEK and China. However, these lines are shared among many projects and BELLE 

cannot use their full band width. An upgrade of the link to US to at least T l (1.5Mbps) 

is needed. We still do not have direct lines to the other participating countries and 

connections are only possible via the US link. A line between KEK and Novosibirsk 

has been requested from the Government. (Direct country-to-country links have to be 

negotiated with both governments because of the basic principle of equal cost sharing.) 

11.5 Software 

11.5.1 Overview of Software System 

Offline software tasks are categorized into two classes: HEP event processing jobs and 

all other interactive desk-top works such as editing, viewing, etc. Event processing jobs 

have common event data management features, such as the data structure and I /O. 

and the switching of execution context depending on the types of events. Building 

a common framework for these functiors will facilitate the designing and planning of 

applications. 

In this framework, various applications are constructed by assembling subtasks 

and/or getting services of other subtasks. The subtasks are developed as modules that 

are either linked with the framework, or spawned from it. The framework defines 

how the modules have to be provided and integrated in without conflicts. Such a 

framework provides a cooperative multi-process environment with the possibility of 

parallel processing on multi-processor systems, which may be transparent to the users, 

using client-server style programing and a shared memory scheme. 

Under the framework, the various utilities or tools that are provided can be classified 

into two classes. One is the utility packages specifically prepared for the framework 

and its modules. The other is a class of utility tools common to various activities. 

Such utilities should be also available for the second category of jobs mentioned above. 

They are all built on the substratum layer consisting of the operating system, network 

support, programming languages, etc. The following tables show this schematically for 

event processing jobs and for the other class of jobs. 
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Tabic 11.6: Event Processing Framework 

applications 

DST 

Generator 

Simulator 

Display 

User Analysis 

modules 

MC: Generator 

MC: Simulator 

Reconstruction 

Analysis 

Display Event 

special utilities 

Data handler 

Data I/O 

Geometry 

Calibration 

common utilities 

database 

bank system 

user interface 

window system 

graphics 

histograms 

math library 

substratum 

OS 

device driver 

network 

(Development Tools) 

Data Modeling debugger 
CASE tool 

languages 

Table 11.7: Other Activities 

activities 

edit /browse 
view 

print 

plot 

copy/transfer 

update 

keep record 

objects 

text 

figures 

histograms 

geometry 

event data 

histograms 
program code 

run log 

resources 

collab. members 

utilities 

(see above) 

code management 

substratum 

(see above) 
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11.5.2 Substratum 

Operating Systems and Platforms 

As discussed in the LOI, UNIX is our choice for the operating system. Although we 

have not yet decided which flavors of UNIX will be installed on the main computing 

facility at KEK, major platfurms will be supported in so far as they follow standards. 

Network 

The networks assumed in offline environment are classified into two categories. One 

is the internal workstation server bus that connects multiple CPU's together with 

the shared memory. Although the software support for this is platform dependent, the 

operating system of the workstation server provides system calls to utilize this network. 

We will use these system calls to handle the shared memory. 

The other network is used for communication between the workstation servers and 

with the data server. The physical layer of this network may have some variations 

as described in the previous section, however, from the software point of view, the 

network can be handled by using the standard protocols such as TCP/IP, Fast/Wide 

SCSI-II, etc. 

Languages 

There are already existing pieces of BELLE software written in Fortran and C. How

ever, it may be that Fortran will prove to be inadequate for constructing a large 

software system on UNIX environments and incompatible with new styles of program

ming. Whether or not other languages will be used depends upon how seriously the 

developments of modules and utilities rely on special features of those languages, for 

example, object-oriented programing or object-oriented database, I /O, etc., and how 

difficult it is to link modules compiled by the new languages with the framework, which 

will be written in C or C + + . 

11.5.3 Event Processing Framework on Multiple processors 

The final design of the event processing framework is not yet fixed; R&D on the 

framework is in progress [9]. The following discussions are based on this R&D. 

As discussed in the previous section, it is necessary to process multiple events on 

multiple CPU's in parallel to obtain the required computing power. To realize this par

allel processing, the event processing framework may consist of following subsystems: 
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Event analysis cells: The event analysis cell is the unit of processes on which the 

actual data analysis code is executed. A number of these cells are executed on 

multiple CPU's in parallel. 

Analysis Manager: The analysis manager provides the main framework to control 

the whole analysis program. Event analysis cells are forked from the analysis 

manager, which initializes the environment for the analysis required in each cell. 

The servers described below are also invoked from this manager. 

E v e n t Server : This handles the event-data 1/0 and dispatches it to the analysis 

cells. This subsystem reads a bulk of event data from the data server and sends 

individual events to separate event analysis cells. The processed data are also 

gathered by this subsystem and written back to the data server. 

Central I / O Server and Use r interface: This handles the I/O requests other than 

the event-data from all the event analysis cells in a consistent way. Tlus includes, 

for example, communication with the user. 

These subsystems are assumed to be executed as separate processes on a workstation 

server with a shared memory architecture. Figure 11.5 shows an overview of these 

processes. The rest of this section describes the design of these subsystems. 

Event Analysis Cell 

In designing the software structure of an event analysis cell, the concept of modularity 

is very important, and users of the framework only have to concern themselves with 

units of this modularity, called modules. The modularity concept defines the way data 

is passed between modules and the analysis manager. In conventional programing 

styles, communication of data is done via Fortran COMMONs that can be accessed 

from anywhere in the program without protection, with the possibility of unexpectedly 

destruction of the contents. In the modularity concept, the access to the data from 

modules is well defined and the internal data of modules is protected against unexpected 

access by other modules. An analysis program can be divided into many functional 

modules with input and output data defined for each module. An analysis program is 

constructed by connecting the modules with their input and output. 

An example of an analysis cell of "pipe-lined" modules, based on this concept, is 

shown in Fig. 11.6. A cell consists of a set of modules and the cell event process

ing framework. The actual event analysis is performed in each analysis cell, and the 

modules are supplied by individual users along with the definitions of their input and 

output data. Some of the modules can be "standard" modules shared by many people 
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such as a detector simulation module, etc. The input and output event data for a 

module are handled with the event server whose structure is defined through the data 

management system described below. 

The cell event processing framework manages the actual execution of these modules 

within one cell. It consists of the cell execution manager, the memory manager, and 

the local cell I/O manager. 

The execution manager determines the order of execution of the supplied modules 

by connecting their inputs and outputs. Then it starts the event processing when data 

become available as signaled by the memory manager. 

The memory manager issues a request for an event to the event server and obtains 

the pointer to the event data on the shared memory when the the execution manager 

requests a new event. The pointer is then passed to the data management system so 

that the event data is available for the usage from each module. 

The local cell I/O manager takes care of the communication between the analysis 

cell and the central I/O server using the inter-process communication technique. The 

I/O of each module is piped to the I/O server via the local cell I /O manager. 

The event analysis cell execution terminates when the memory manager receives 

an "end-of-file" from the event server. 

In the event processing framework, one histogram is accumulated by multiple cells. 

A mechanism for this must be supported by the histogram package. 

Analysis Manager 

The analysis manager is the main program of the framework and takes care of the 

initialization and termination of the analysis processes in the framework. When the 

analysis manager is invoked, it starts the servers required for the event processing 

(details of the servers are given in later sections), initializes the environment to run the 

analysis cells by executing user-supplied initialization routines, and then forks analysis 

cells. These cells will be located on multiple processors automatically by the load-

balancing features of the symmetric multi-processing facility of the workstation server. 

While cells are processing event data, the analysis manager monitors the execution. 

If something happens on a cell, it sends an alert signal to the user interface requesting 

proper treatment to the process or the initiation of interrupt procedures. 

When event processing is finished and all the analysis cells are terminated, the 

analysis manager executes the user-supplied termination routines, saves the histograms 

to files if requested, terminates the servers and exits. 
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Event Server 

The event server takes care of the distribution of the event data to each event analysis 

cell as well as the collection of the processed data from the cells. The event server 

receives a bulk of data containing a number of events from the data server and stores 

them in the input buffer. (The block length of the bulk data transfer from the data 

server must be large enough to ensure that the data transfer rate is kept at the required 

level of 15 MB/s.) Then the pointer table to each event in the input buffer is made. 

When the event request, comes from the memory manager of an event analysis cell, 

the event server returns the pointer to an event in the input buffer. The event data 

in the input buffer can be then referred from the event analysis cell directly without 

any memory-to-memory data transfer. A double buffering scheme will be used for data 

input so all the event analysis cells do not have to wait for the completion of the last 

event in a buffer to be processed. 

The collection of data processed by the event analysis cells is done in a way that 

is similar to the event distribution. When the processing of one event is finished in a 

cell, the memory manager issues a collection request to the event server and gives the 

pointer to the memory where the output data are stored. The event server then copies 

the contents in the memory to the output buffer which can contains a large number 

of events. The output buffer, too, will have a double buffer structure and the data 

transfer to the data server will be initiated when one of the buffers is full. 

Central I /O server and User Interface 

The central I/O server accepts and reorganized data piped from each cell. Standard 

input requests are passed to the user interface to get a proper response. Standard 

output is either recorded on disk files or sent to user interface to be displayed on the 

screen. File I/O is consistently processed by the I/O sc-rver using a record locking 

mechanism to ensure the exclusive access to one record by a cell. Shared access to a 

record is also supported. 

The user interface runs as a standalone process on any UNIX machine and commu

nicates with the I/O server via UNIX sockets. This scheme provides for the execution 

of user desktop workstations that are remote from the workstation server where anal

ysis cells are executed. The user interface provides a graphical human interface to 

the analysis system. The user interface also communicates directly with the analysis 

manager and servers to control and monitor the event processing. 
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11.5.4 Applications 

There are some special event processing applications that, will be commonly used by 

many users as group-wide standard programs. These include, for example, the DST 

production program, the detector simulation program, and the event display program. 

These applications are constructed by assembling ihc particular modules of the event 

processing framework and are executed using the event processing framework environ

ment described in the previous section. 

D S T production 

The production of DSTs is done by connecting event reconstruction modules that 

process the data from each detector component, such as SV'D. CDC. etc., with modules 

that select and classify events and put them into corresponding output DST streams. 

It will be useful to form super modules that are collections of smaller modules, which, 

in turn, can be viewed as modules by the event processing framework. 

Detector Simulation 

The detector simulation program is supplied as a single module and this 'cation can 

be made by simply linking the module with the event processing framewc/ . However, 

it is desirable to have some additional functionality. We are going to have at least 

two. and probably more, versions of detector simulation: the fast simulator, the full 

simulator, and other possible variations. There will also be a choice of event generators 

or external data sets for providing the event source, depending on the physics interests 

of the users. It may be possible to set an application that attaches and replaces different 

input event sources and simulator modules easily using the given event processing 

scheme. 

Event Generation 

Although a Monte Carlo event generator is normally used with the detector simulation 

program, event samples generated without detector simulation are sometimes useful 

for fast physics analyses and as reference samples for the detector simulation studies. 

Various event generators will be supplied as modules with switches that select the type 

of event and the output event data format. 
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Event Display 

An event display program is needed to allow for scanning of selected events for verifying 

the performance of the detector and the reconstruction algorithms. The event display is 

supplied as a module; the standalone event display is a program with only this module 

in the framework. This module can also be put in the users' analysis program for use 

in checking the results of his/her event selection algorithm, studying unusual events, 

etc. However, the event display requires frequent and prompt response from users for 

the interactive graphical actions and therefore needs a close relationship with the user 

interface. This feature of the event display module will be taken into account in the 

design of the event processing framework. 

11.5.5 Modules 

Modules serving as the building blocks of the event processing applications will be 

provided. In this section, some of our current thoughts about some of these modules 

are discussed. 

Event Generation 

These are programs for BB event-generation. The generator currently in general use by 

the BELLE group is a modified version of the Lund 6.3 program that we call BBGEN, 

and is described in the Lol [8]). We plan to upgrade BBGEN to include features of the 

updated JETSET (version 7) program. Another £?-factory-oriented event generator, 

the CLEO group's program QQ, will also be incorporated into the BELLE software. 

Detector Simulation 

We require two detector simulators: one is a fast simulator in which the detector 

response is modeled with a parametrization; the other is a full simulator in which 

the behavior of particles passing through the detector are precisely simulated. The 

fast simulator, called FSIM, was developed by BELLE and most of physics simulation 

studies to date have used it. FSIM running on the offline computer farm can produce 

109 simulated events per day, the amount a typical analysis needs for background 

estimates. The full simulation is required to understand the detailed responses of the 

detector. The parametrization models used in the FSIM are derived from the full 

detector simulation. 

The full detector simulation is being developed using GEANT3 [11]. Ultimately, 

the geometry data of each detector component will be incorporated in the detector 
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geometry database; in the current version it is contained in a data file read by the 

geometry handling facility of GEANT3. 

We are considering the possibility of using one of the object-oriented detector sim

ulation programs that are now or will be available. Candidates are GEANT4 (object 

oriented version of GEANT) [13] and GISiMO [14]. 

Reconstruct ion 

Reconstruction will be done in two stages: the first stage is the reconstruction of tracks 

and clusters in an event from the detector subsystems' raw data; the second stage con

sists of interpreting the events from physics point of view and matching reconstructed 

information from different subsystems. The latter includes deciding track identifica

tion, finding - ° s . A'°s. Ds and 5 s , etc. The second type of reconstruction is called 

physics reconstruction and the first one is called event reconstruction. 

Event Reconstruction 

Preliminary versions of event reconstruction programs exist for all of the detector 

components except for the Aerogel or DIRC cerenkov devices. They have been used 

for estimating the detector performance. The final versions of reconstruction programs 

will require the development of more elaborate algorithms than those employed by the 

preliminary versions. 

For example, the BACE track reconstruction program (BELLE version of ACE) is 

now being used for the performance studies of SVD and CDC. This is fast, but has 

poor efficiency for reconstructing low pt tracks. We need to develop a program which 

is applicable for low p( tracks for use in the real experiment. 

Physics Reconstruction 

For physics reconstruction, we need to reconstruct various £?-meson decay modes, and 

many combinations of final state particles must be considered. We will need to develop 

a reconstruction program specially suited for this purpose along the lines of the CABS 

program developed by CLEO [15]. 

User Analysis 

A user will make his/her own module for the purpose of personal analyses that range 

from a detector subsystem performance study to a physics analysis. Users can include 

other existing event processing modules in their own applications. Usually the final 

stage of physics analyses will be done this way. 
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Event Display 

The power of the event processing framework will be enhanced if the event display 

is incorporated as a module in it. User-built applications for viewing analysis results 

immediately will help program development. The current version of tlie event display 

uses the GEANT/DRAW package based on the CERN programs KUIP (Kit for a 

graphical user interface) and 11IGZ (High level interface to Graphics and ZEBRA). 

We will investigate some other graphics packages such as PIIIGS and user-interface 

packages like Tcl/tk for the event display module used within the framework. 

11.5.6 Event Da ta Management Package 

The package for event-data management is an essential component of the event pro

cessing framework and its modular structure. The event data management package 

provides a way to define the data structure of the event (called the Data Modeling). 

This package provides access to the event data from a module (called the Bank Sys

tem). The package also manages the I/O of event data to and from the external storage 

devices, cooperating with the memory manager and the event server of the framework. 

Data Model and CASE Tools 

The data model describes the logical structure and inter-relationships between various 

components of the data in the problem in question, and the software for the problem 

is designed to manage the modeled data components. The use of the data modeling 

technique, with the help of a matching CASE (acronym for Computer Aided Soft

ware Engineering) tool, is essential for constructing a well organized data format and 

structure. 

The entity relationship (ER) model is a candidate modeling technique and it may 

be possible to use matching CASE tools with qualities that are not always so good. 

There exists a software package based on the ER model called ADAMO tailored for the 

HEP environment and we will evaluate it. There is also the possibility of developing 

ADAMO-like software inside the BELLE collaboration using C as the basic language 

of the framework. 

Bank System 

The bank system provides the actual access method to the event data from modules 

in the event processing framework. The bank system has to have at least the following 

functions: 
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D a t a Access —definitions of access methods to the data stored as banks in memory 

or external storage, tapes or direct access data sets; 

Relations: —definitions of logical relationships between banks that are the realization 

of the data model: 

Memory Management and Meta-data: —data set management, memory alloca

tion and freeing for bank data storage, and effective handling of a collection of 

banks: 

D a t a Exchange Format: —definitions of the logical data format in communicating 

with other modules, processes, etc.: 

I / O Structure: —definitions of logical (and physical) data structures for the external 

storage devices. 

BELLE is currently using the TBS system (updated from the TOPAZ and AMY 

versions). Another candidate is ZEBRA since GEANT and HBOOK, a histograming 

package in CERNLIB, are based on it. However, in order to fit into the event processing 

framework, these package must be interfaced with the memory manager of the analysis 

cell. 

Existing bank systems were developed for the Fortran environment, which lacks 

dynamic memory management capability: a BELLE bank system written in a C envi

ronment may provide a better match to the rest of the BELLE software [12]. 

Data I/O 

The event-data I/O management specifies how devices are allocated and connected, 

and how the data are transferred by I/O instructions that map the logical data format 

defined by the bank system into the physical data format of the devices. As already 

discussed in the description about the event processing framework, the data I/O will 

be centrally controlled by the event server. The ordinary users will access data through 

simple function or subroutine calls that are logically defined by the bank system. 

Conventionally, the access to the event data on the mass storage device is on a 

record-by-record basis, and the entire event record must be read and moved to the 

memory of bank system even if only a limited portion of the event record is needed. 

If the event-data structure is well defined and managed by some advanced data base 

management system (DBMS) running with fast disk storage, only that portion of the 

event record that is required can be transferred. This reduces the actual data flow 

between the data server and the bank system drastically, resulting in efficient and faster 
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data transfers. We are exploring the possibility to realize this scheme in combination 

with the data server management software described in the previous section. 

11.5.7 Miscellaneous 

Software Development Tools and Environments 

A well conceived development and debugging environment will greatly benefit the 

BELLE software. We will evaluate commercially available CASE tools such as soft-

bench from HP and objectcenter for C + + programs. It is desirable to have such a tool 

based on the ECMA/!STIST reference model. Currently softbench is a candidate that 

satisfies this. 

Library Code Management 

BELLE's code management is already being done using CVS, which has proved to be 

adequate. For the distribution of code to remote sites, we originally planned to use 

rCVS. However, recent studies indicate that DFS. which is a part of DCE (distributed 

computing environment), may be more useful. DCE is a new managing program for 

distributed computing environments. It consists of a security service, information 

service, and time service. DCE defines boundaries on the network, called cells, and all 

of computers in the same cell can share information securely. DFS provides the unified 

directory tree to the distributed users who are guaranteed to access to the same file 

under the directory tree although the actual access is accomplished on (temporary) 

local flies. Under this scheme, the code distribution becomes trivial. The study of DFS 

is now underway at KEK in conjunction with some University groups. The preliminary 

results show that DFS has excellent functionality provided the network bandwidth is 

sufficient. 

The platform dependence of the code can be handled with a C preprocessor (epp) 

and a carefully prepared make procedure for each platform. 

Histograming Util ity 

Physics analysis usually involves the heavy use of histograming; after the histograms 

are filled they are to be examined and tailored for effective presentation of the analysis 

results to the public. We have been using the CERNLIB histograming package HBOOK 

and its matching histogram browser PAW, and DISPLAY45 [16]. Since these packages 

are very effective, and we do not have enough manpower to develop alternatives, they 

will continue to be used as the standard. 
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However there are some complexities with using HBOOK in the event processing 

framework. One is the support of histogram accumulation by multiple processes. We 

may need to add some extension to HBOOK to include this support. Also, if we decide 

to use a bank system or memory manager package other than ZEBRA, the framework 

will be built on two different memory manager softwares. 

Detector Calibration System 

The calibration system will be an elaborate system if it is developed in a unified manner 

for many detector components. This is of course desirable and necessary, however, it has 

not yet been considered seriously as the part of offline software system of BELLE. The 

job requires knowledge both about the detector components and the software system. 

It will require good database management software. A dedicated group should be 

formed to develop and maintain the BELLE calibration system. 

Geometry Database 

The detector geometry will be defined and available as a database that can be referenced 

from the reconstruction, simulation, event display, and mechanical engineering CAD 

programs. Depending on the programs, the required data and format may be different 

and it will not be trivial to satisfy all these program requirements. For example, 

the detector simulation needs to know very specific information about the physical 

properties of the material, details that are usually not required by the CAD programs. 

It would be best to have our own geometry database for the detector and conversion 

tools to provide formats suitable for the specific programs that access these data. 

Database Software 

The database software has to have good performance and work in the distributed 

UNIX computing environment. There are a number of relational database manage

ment system (RDBMS) packages available. Some are established products in the busi

ness computing environments, but are rather expensive. Since we do not have the 

manpower to develop our own database software we will select a DBMS with sufficient 

functionality and performance but at a reasonable price. The required functional

ity includes the database services of run information, calibration constant, detector 

geometry databases. The new trend is to move to object-oriented database systems 

(OODBMS), it may premature to adapt the OODBMS option until major commercial 

vendors supply OODBMS as the replacements for their RDBMS softwares. 
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11.6 Manpower 

Manpower required for the BELLE computing effort prior to the start of data taking 

is estimated for each of following subjects. The results are listed in Table 11.8 together 

with an indication of the presently available manpower. 

D a t a Server R&D: This involves R&D in collaborating with companies. 

Offline FarmR&D: This also involves RfcD in collaborating with companies. 

Overall Management: These responsibilities include overall management, coordina

tion and budget; setting up coding standards, the code management system and 

the distribution system. 

Event Generators: This involves the development and maintenance of Monte Carlo 

event generators. 

Fast Simulation: This involves the responsibility for the development of the fast 

detector simulation codes not specific to particular detector subsystems. 

Full Simulation: This involves the development of the full detector simulation codes 

that are not subsystem specific. 

D a t a Reduction: This includes the development of the DST strategy and its associ

ated code. 

Event Display: This involves the development of the event display program. 

Analysis Framework: This includes the responsibility for the development of an 

analysis framework for data reduction, physics analysis, and simulations. 

Data Modeling: These responsibilities include the selection of an appropriate data 

modeling tool and applying it to BELLE's needs. 

Bank System: A new data bank system must be developed and implemented. 

Database: An appropriate database program must be selected and databases for cal

ibration constants, the detector configuration, DST production jobs etc., devel

oped. 

Librarian: The software libraries must be maintained and a system for testing the 

DST production code must be devised. 
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Table l l .S : Summary of the offline computing manpower required prior to the start of 

data taking. 

item 

data server (hardware) 

data server(software) 

computer farm 

overall management 

event generator 

fast simulator 

full simulator 

data reduction 

event display 

analysis framework 

data modeling 

bank system 

databases 

librarians 

Monte Carlo processing 

Total 

inquired manpower 

manx year 

1 x 4 = 4 

1 x 4 = 4 

1 x 4 = 4 

1 x 4 = 4 

1 x 2 = 2 

1 x 2 = 2 

1 x 4 = 4 

1 x 1 = 4 

1 x 1 = 1 

1 x 1 = 1 

2 x 2 = 4 

1 x 2 = 2 

2 x 2 = 4 

1 x 4 = 4 

1 x 2 = 2 

40 

available manpower 

manx year 

1 x 4 = 4 

1/2 x 4 = 2 

1/2 x 4 = 2 

1/2 x 4 = 2 

1 x 1 = 1 

1/2 x 2 = 1 

1 / 4 x 4 = 1 

0 x 1 = 0 

1/4 x 2 = 1/2 

1/4 x I = 1/4 

1 / 4 x 1 = 1/4 

1 x 1 = 1 

1/2 x 2 = 1 

1/4 x 4 = 1 

0 x 2 = 0 

17 

Monte Carlo Processing: A large Monte Carlo data sample useful for physics anal

ysis must be produced. 

As seen in the table the currently available computing manpower is much less than 

required. Therefore we have to increase manpower for computing significantly as early 

as possible. 

11.7 Schedule 

The BELLE computing system must be running in early 1997 to replace the current 

TRISTAN computer system. Our plan is to fix the system design by Fall 1995. The 

most uncertain part of the system design is the data server; we have been doing R&D 

on this in collaboration with companies since Spring 1994. The design of the offline 
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computer farm has also been the subject of detailed discussions with companies since 

Summer 1994. By Fall 1995 we will narrow down the number of candidate workstations 

to one or two. 

The schedule for the BELLE computing system is shown in Fig. 11.7. Shown in the 

Figs. 11.S and 11.9 indicate schedules for the software implementation. As mentioned 

in the section of the manpower, the current manpower is much less than required. The 

software schedule shown in the figures assume a significant increase of the manpower for 

computing is provided in near future. If the manpower requirements are not satisfied, 

we have to reduce our goals and settle for a system based on modifications to the 

present system using the TBS bank sj'stem and various CERN utilities such as HIGZ 

and GEANT-3. 
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Figure 11.7: The roadmap of the BELLE computing efforts. 

11-35 



Roadmap of BELLE 
Software (1) 

1994 ' 1995 1996 '1997 I 1998 

Event 
Generator 

BBGEN New Geneqm 

Move to (X 
I upgrde of B BBi 

or 
GEN 

I 
I 

J_ 

Full 
Simulation 

GEAfhv3 

I 
1 _ 

Test of I 
GEANTJ-4 

l _ _ r - P -

I 

Usage of 
GEANT-4 

T. 

Fast 
Simulation 

FS1M for Ltbl detector 
configuration 

I I 
I I 

FSIM for final detctor I 
configulation i 

I 

1 1 1 I 

Kalman filter for tracking data . 

Develbp new trackirlg program I 

i 1 «n 
j i *J 

BACEforPDC+CDC £ BAf r - fn rSVrHa 

Event 
Reconstruction 

Cluster rinding program." ofCsl 

Ring finding of RICH 
I I 

Rcconstructicii of Aerogel dnd DIRC datt 

Reconstruction of TO data 
T 

Reconstruction of KLM data 

T -
i 

Data reduction 

Develop r — 
program 
T3eveIop recluction-

I nroeram ' 

I 

L_ 

Usjige of reduction 
prqgram ^ | 

_ J I 

Figure 11.8: The roadmap of the BELLE software efforts. 
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Figure 11.9: The roadmap of the BELLE software efforts (continued). 
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Chapter 12 

Schedule, Installation, Cost 

12.1 Schedule 

The commissioning of the KEKB beams will occur in the Fall of 1998, at which time 

the BELLE detector must be complete and ready to roll-in. Here we summarize the 

schedule of each detector subsystem and discuss their integration into the complete 

detector. 

B e a m P i p e and B e a m M a s k s : The changes to the shape and cooling mechanism of 

the beam pipe require some additional prototyping before construction can start. 

The fabrication of the final beam pipe and masks will be done during Japanese 

Fiscal Year (JFY) 1997. 

Silicon Vertex Detector (SVD): During JFY95, we will make production proto

types of all of the SVD components, assemble them, and carry out an overall 

perfomance test. The production of the silicon boards and the pre-amplifier and 

data-scanner LSIs will be done in JFY96. Their integration into a single detector 

unit will be done mainly in JFY 97, along with the fabrication of the memory 

modules, the mechanical support structure and the monitoring system. All the 

detector components will be assembled during that fiscal year. 

Central Drift Chamber (CDC): This detector design is based on well established 

technology. The endplate feed-through holes will be drilled at the KEK machine 

shop and the wire stringing will be done in a clean room in Fuji hall. The chamber 

construction will be completed by the end of JFY96 and test operation with 

cosmic rays will occur until the installation inside the solenoid. The preamplifiers 

and the shaper/discriminator boards will be fabricated in JFY96; the Q-to-T 

modules will be mass produced in JFY97. 
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Particle Identification Dev ice ( P I D ) : We currently have two options that can be 

made ready by the time of machine commissioning: aerogel threshold cerenkov 

counters (ACC). and an internally reflecting, imaging cerenkov counter (DIRC). 

The selection committee will make recommendation on the preferable choice by 

the end of March, 1995. Once the choice is made, an complete engineering design 

must be done in JFY95. The main components of the selected detector will be 

made in JFY96 and we plan to have the detector ready to install in JFY9S. 

Time of F l ight /Tgigger Counter ( T O F / T S C ) : Although we continue to optimize 

the design of this system, we are basically ready to go into full-scale production 

at any time. We plan to build the scintillation counters in JFY96 and acquire 

the electronics in JFY97. 

Csl Calorimeter (CSI): The design of the barrel calorimeter is complete and we will 

get all of the 6624 crystals needed for the barrel and their readout photodiodes 

by FY96. The support structure of the barrel calorimeter will be fabricated in 

JFY95. The assembly of the crystals into the support structure will be finished 

by the end of calendar 1997. The configuration of the endcap calorimeter de

pends upon the choice of PID option. However, the construction of the endcap 

calorimeter is planned to be complete by the time of detector roll-in for any op

tion. The readout pre-amplifiers, shapers and ADCs will be made in JFY95, 96 

and 97. 

Solenoid Magnet: We have decided to make a new solenoid rather than to convert 

the existing VENUS solenoid. The coil construction will occur in JFY95 and 96, 

with installation planned for the first quarter of JFY97. This will be followed 

by a test excitation and field mapping. The TOPAZ refigeration system will be 

modified for our use prior to the first quarter of JFY97. We plan to make a 

field measurement with the superconducting quadruples and the compensating 

solenoids installed in the detector field volume near the end of calendar 1997. 

Iron Structure: The iron yoke structure will be fabricated in JFY95 and assembly 

at the Tsukuba experimental hall done in JFY96. 

Ki/fi Detector (KLM): The baseline A ' L / / ' detector design option uses RPC cham

bers. The study of the other possible technology choice, LSTs, is also under way. 

This R&D will continue untill summer 1995, at which time a final choice will be 

made. The detector components, both for the barrel and endcap regions, will be 

fabricated in JFY96. The installation of the barrel chambers will be taken place 

right after the completion of the field measurements. The endcap chambers will 
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be installed in the first quarter of JFY9S. The readout electronics will also be 

ready by the time of beam commissioning. 

12.2 Installation 

The installation of detector components will start after the completion of the field 

measurement, which will be done with the IR accelerator components in place and 

excited before the end of 1997. This measurement is planned to occur with the detector 

at the rolled-in position at the collision point. The magnet structure will then be moved 

to the assembly position where the installation of the detector components will take 

place in the following sequence: 

• barrel KLM chambers; 

• barrel calorimeter; 

• TOF counters; 

• Barrel P1D; 

• tracking chamber; 

• silicon vertex detector; 

• endcap PID; and 

• endcap calorimeter. 

The endcap KLM detectors will be installed in parallel with the above procedure. 

Taking into account of the time consuming cabling and testing activities, the time 

needed for the installation of barrel KL/Muon detector, barrel and end-cap calorimeter. 

PID, and CDC will be about a month each, as was the case for the VENUS installation. 

Adding the time for disconnecting pipes for the cryogen supplies and warm-up time of 

the solenoid magnet, the installation and cabling of the whole detector will take seven 

months. This will allow for a few months of test operation of whole detector before 

the beam commissioning. 

All detectors inside the solenoid will be supported from the barrel yoke by the 

mechanical structures described in the individual subdetector sections. The cables 

from barrel subdetectors will be extracted either through the 80 mm gaps between the 

barrel and end-cap iron yoke structures or through the space between the iron pole-tip 

and the QCS. 

Table 1*2.2 indicates the time schedule for the detector construction and installation. 
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Kigure 12.1: BKLLE Construction Schedule 
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Figure 12.2: continued. 
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Figure 12.3: continued. 
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12.3 Cost Estimate and Financing 

In the LOI. we provided a construction cost estimate for the BELLE detector of S.3B 

Yen (or SS3M). assuming the maximal use of the VENUS solenoid and iron yoke 

structure. In response to the TPAC's request that we try to reduce the cost, we made 

a comprehensive review of the detector costs. In May 1994. we came to a total cost that 

is about 20% less than that given in the LOI. mainly by dropping some RfcD efforts, 

reducing the number of spares, refining the contingency estimates, and by getting more 

realistic budgetary numbers from potential vendors. However, this cost reduction is 

offset by the increased costs associated with the move from the Fuji to the Tsukuba 

experimental hall, and the cost of the new solenoid and iron yoke structure. The total 

cost estimate including these items is now 7.4 -f A" B Yen. where A' is the still poorly 

understood cost of the PID system. The subsystem-by-subsystem breakdown of these 

costs is summarized in Table 12.1. A detailed discussion of the estimates and the 

methodology is contained in ref. [1]. 

12.3.1 Financial Plan 

A total of 6.0B-Yen is budgeted for the BELLE detector in the KEKB construction 

budget. In addition, we expect the equivalent of approximately 20% of the cost of 

the detector will be derived from the non-Japanese collaborators. These funds are not 

yet committed and are subject to the approval of the funding agencies in the various 

participating countries. 
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Table 12.1: Cost estimate of the BELLE detector (in million Yen). 

Detector 

Beam pipe 

SVD 

CDC 

PID 

TOF 

Csl 

KLM 

DA/Trigger 

Computing 

Magnet/Iron 

Total 

Items 

Beam pipc/Cooling/Maslcs 

Sensor units 

Electronics/Cables 

Mechanical assembly/support 

Trigger/Monitor/Othors 

Chamber Construction 

Electronics/Cables 

Gas system/Cooling/Monitor/Others 

Scintillator 

Phototubes 
Electronics/Cables 

Calibration/Others 

Crystals/Assembly 

Mechanical structure 

Electronics/Cables 

Control. Monitor. Calibration 

RPC production 

Electronics/Cables 

Others 

Trigger modules 

Global control 

Detector subsystems 

Data Transfer 

Electronics hut upgrade 

Miscellaneous 

Maintenance/Upgrade 

Network/Outside user's CPU 

User's Mass storage 

Solenoid/Upgrade of CRYO and PS 

Iron 
Detector installation 

133.6 

129.7 

•23.0 

98.20 

117.-2 

491.8 

37.7 

41.4 

146.5 

94.0 

24.0 

1S95.2 

343.0 

S20.0 

60.0 

126.8 

460.0 

79.3 

207.3 

38.0 

93.0 

49.0 

30.0 

27.0 

S1.8 

134.0 

55.0 

670.0 

709.0 

166.8 

Subtotal 

39.0 

389.5 

646.7 

305.9 

3118.2 

666.1 

444.3 

270.8 

1545.8 

7426.3 + PID 
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