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Accelerator Issues 

Shin-ichi Kurokawa 

National Laboratory for High Energy Physics, KEK 
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan 

ABSTRACT 

Luminosity of more than 2 ~ 3 x 10 3 3 c n r V of the B-factory requires vertical fi-values at the interaction 
point of the order of 1 cm and beam currents of the order of 1 A. Accelerator issues related to these small C-values and 
large stored currents such as large chromalicily, strong coupled-bunch instabilities, high photon dose and high heat 
load on vacuum chambers, etc. are discussed. 

1. INTRODUCTION 

B-Factorics discussed here arc characterized as high-
luminosity, asymmetric, two-ring, electron positron 
colliders operated at the T (4S) resonance for detecting 
the CP-violation effect at bottom quarks. The required 
luminosity is at least 2 x 1 0 3 3 c n r V , an order of 
magnitude beyond the present highest luminosity 
collider (CESR)'1'. 

Among four major projects in the world, namely, 
the B-Factory at ICEK'2', PEP-II at SLAd 3 ' . CESR-B 
at Cornell' 41 and the B-Factory at BINP, 
Novosibirsk!5', energy asymmetry ranges from 3.1 x 9 
GeV at PEP-II to 4.3 x 6.5 GcV at BINP, and the 
luminosity goal from 2 x 10 3 3 to 10 3 4 c n r V . 

On the basis of the assumption that horizontal and 
vertical beam-beam tune shift parameters of both beams 
are equal to a common specified value, §, and that both 
beams have the same cross section at the interaction 
point (IP), the luminosity is given by the following 
expression in units of crn'V: 

L =2.2xl03H<l + r)<gh + ). . 

where r is the aspect ratio of the beam shape at IP (1 for 
a round and 0 for a flat beam), I the circulating current 
in ampere, E the energy in GcV, and B*y the vertical 
beta function at IP in cm. The subscripts, + and -, 
mean that this equation is adaptable to cither ring. 

If we assume a luminosity of 3 x 10 3 3 cm"2s ', it 
follows from this equation that we need I A of current 
with B*y of 1 cm and % of 0.03. This large current and 
small B*y is most difficult to be obtained at B-
Factories. 

First, we need to distribute this large current among 
many bunches; the current of each bunch should be 
comparatively small and well below the threshold of 

single-bunch instabilities. The large current and large 
number of bunches cause strong coupled-bunch 
instabilities. How to cure these instabilities is one of 
the largest hurdle for B-Factory accelerators. 

If we inject many bunches into a ring, bunch 
spacing becomes shon. In an extreme case, such as die 
KEK B-Factory at 1 0 3 4 c m V 1 , every bucket is filled 
with beams. The bunch spacing is only 60 cm. How 
to separate electrons and positrons quickly enough in 
order to avoid undesirable collisions outer than at IP 
becomes a problem'6'. One solution is to adopt a 
finite-angle crossing scheme. Finite-angle crossing 
simplifies the beam separation system and helps to 
reduce background to the interaction region. If the 
crossing angle is smaller than a few mrad, finite-angle 
crossing differs little from head-on collision in terms of 
beam-beam interaction. If the crossing angle is larger 
than a few mrad, we must have a crab crossing scheme 
in order to avoid synchro-betatron resonances and 
geomeuric loss of the luminosity'7'. In crab crossing 
scheme, bunches arc tilled before and tilted back after 
the collision by crab cavities. Electron and positron 
bunches collide head-on in the center-of-mass frame. 
R&D on superconducting crab cavity is being done by 
K. Akai of tCEK at Cornell"". 

Small 13*y a; IP produces a large chromaticity, 
which then needs strong sextupole magnets for its 
compensation. These strong sextupole magnets restrict 
die dynamic apertures of rings both in the transverse and 
longitudinal directions with their nonlinearities. 

2. LATTICE DESIGN 

It is desirable to inject beams into die B-Factory 
without changing the optics at injection (where the 
beam emittancc is larger) from those of collision. To 
this end, KEK is studying a non-interleaved sexmpole 
chromaticily correction scheme expecting that this 
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scheme enables us to have sufficient dynamic apertures 
at injection'9!. Between a pair of sextupoles no other 
sextupoles exist and the betatron phase advance is n in 
both horizontal and vertical planes. This scheme has 
merit, since die geometric aberrations of the sextupolc 
are cancelled out by a -I transformation in a pair. 
Figure 2.1 shows an example of the dynamic aperture. 
The dynamic aperture is larger than that required at 
injection shown with x signs in the figure. The 
aperture differs a little with different synchrotron tunes. 

One problem of this scheme is that in some cases 
the longitudinal aperture is not large enough to have a 
long enough Touschek lifetime of the LER beam where 
the Touschek effect is more severe due to the lower 
energy of the beam. 

5.0 10* 

4.0 10 s 

| 
\ 1 1 1 1 1 

LER 
Energy 

1 

3.5GeV i 
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Fig. 2.1 Dynamic aperture for LER of die KEK B-
Factory by the non-interleaved scxtupolc 
correction scheme. The signs x show the 
required aperture at injection. 

3. BEAM-BEAM ISSUES 

Since we have no experimental data concerning the 
beam-beam tune shift, \, in the case of asymmetric 
colliders, we assume that by adopting a proper set of 
conditions we can achieve in the asymmetric B-Factory 
the same beam-beam tunc shift as that observed in 
symmetric collisions, where c, lies in the range from 
0.02 to 0.06' 1 0 ' . PEP-1I and CESR-B assume a 
moderate tune shift of 0.03, whereas KEK and BINP 
envision to reach a challenging value of 0.0S. 

The next issue is what is the proper set of 
parameters for asymmetric collision to mimic 
symmetric one. We reasonably assume that the bunch 
size at IP, ax* and o y * , is equal in both rings. 
Combining with the conditions that £*. = %x+ and \y. 
= 5y+, we get px*-/Px*+ = Py*-/Py*+, where suffixes 

+ and - mean that the values are for the electron and 
positron rings, respectively. This is the strategy 
adopted by PEP-II; at KEK, BINP and Cornell a 
stronger condition thai Px*- = Px*+ and Py*- = Py*+ is 
adopted. We should consider these energy transparency 
conditions only starting points; it is not sure that 
applying these conditions is most effective to achieve 
the highest beam-beam tune shift. 

We should try to minimize the effect of parasitic 
collisions since the bunch spacing is very small in the 
B-Factory and many parasitic collisions take place near 
the collision point. A beam physics experiment at 
CESRl' '1 shows that if the separation is larger than 7 
ox the effect of parasitic collision is negligible. We 
should devise a beam separation system where the 
minimum distance between beams at parasitic collision 
points arc larger than 7 o\. 

At injection parasitic collisions become most 
severe since the injected weak beam is strongly affected 
by the strong stored beam. At the SLAC B-Factory 
conference Y. Chin' 1 2! pointed out that if we inject 
bunches into the B-Factory horizontally, horizontal 
beam oscillation of bunches excited by injection error 
will cause close encounters of bunches and strong 
parasitic beam-beam clfccts. More than lO-o beam 
blowup will be observed. He proposed instead a vertical 
injection scheme where the beam blowup is less than 5 
a. 

4. COUPLED-BUNCH INSTABILITIES AND RF 
CAVITY 

Three sources of coupled-bunch instabilities are 
identified. These arc (1) higher-order modes (HOM) of 
the RF cavity (transverse and longitudinal), (2) the 
accelerating mode of the RF cavity (longitudinal) and 
(3) resistive walls of vacuum chambers (transverse). 

4.1 Normal conducting RF cavity 

In order to suppress coupled-bunch instabilities due 
to HOMs, we need to devise an accelerating cavity 
where HOMs arc sufficiently damped. KEK and SLAC 
are developing normal conducting copper cavities, from 
which HOMs are extracted toward wave guides attached 
to the side of the cavity and absorbed by a dummy load 
at the end of each wave guide. Figure 4.1 shows the 
cavity being developed for PEP-II; three wave guides are 
attached to the side of the single-cell cavity!"]. Figure 
4.2 illustrates the cavity under development at KEK. It 
is a two-cell cavity and the disk between cells has four 
cuts from which HOMs escape toward wave guides'14'. 
Calculations show that the dangerous HOMs can be 
damped sufficiently in these cavities' 1 3 , 1 4'. 

The choke-mode cavity' 1 5 ' proposed by T. 
Shintakc of KEK might be applicable to the B-Factory. 
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As shown in Fig. 4.3, all modes that affect beams 
escape from a gap attached to the side of a pill-box 
cavity. By the choke structure only accelerating mode 
is reflected and conlined in the cavity; other modes are 
absorbed by dummy loads. Figure 4.4 compares the 
resonance spectrum of (a) the pill box cavity with that 
of (b) die choke mode cavity. HOMs are heavily 
damped except TE011 and TM021 modes. Although 
TE011 mode has no longitudinal component of wall 
current and does not couple to the slot it has no 
longitudinal electric component and docs not interact 
with beams. TM021 is conlined in the cavity, since die 
third resonance of the choke prevent this mode from 
escaping. Advantage of this lypc of cavity is its 
relatively simple structure. 

Drive port 

Tuner part 

higher order modes 

choke structure 

RF power Input 

Fig. 4.3 Conceptual illustration of 
the choke-mode cavity. 

Fig. 4.1 Damped RF cavity for PEP-II. 
( a ) 

input coupler 

vacuum pert 

vacuum pump 

Mystron 

tuner 

waveguide 
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Fig. 4.2 Damped RF cavity for the KEK B-Factory. 

Fig. 4.4 Comparison of resonance spectrum 
of (a) the pill-box cavity with that 
of (b) the choke-mode cavity. 
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•i.2 Superconducting RF cavity 

High field gradient ot the superconducting cavity 
reduces the total number of cells necessary for the B-
Factory. This is advantageous since the total cavity 
impedance is also reduced according to the reduction of 
the number of cells. Furthermore we can relax the 
cavity shape to reduce RAJ values of HOMs, since we 
do not need to keep the high R/Q value of the 
fundamental mode. Figure 4.S shows the concept of the 
CESR-B superconducting cavityl 1 6 1 . It is characterized 
by its large beam pipes. The frequency of almost all 
HOMs is made higher than the cutoff frequency. HOMs 
escape from the cell toward beam pipes ami are absorbed 
by fcrrite cores attached to the beam pipes. There still 
remain a few HOMs trapped in the cavity. To make 
these HOMs propagate toward beam pipes, one beam 
pipe is fluted. 

The superconducting cavity for the KEK B-Factory 
is based on the Cornell design and has some 
modifications. The main difference between the KEK 

design and that of Cornell is that a simple larger-
diameter beam pipe is used instead of a complicated 
fluted beam pipe and that antenna-type input couplers 
used for TRISTAN superconducting cavities are adopted 
instead of wave-guide type couplers for Cornell cavities. 
Both at Cornell and at KEK prototype cavities were 
constructed and tested. In both tests, die accelerating 
field of ~ 10 MV/m and Q value of - I 0 9 were 
achieved ' 1 6 , 1 7 ' . Beam tests are planned at CESR in 
1993 and at KEK in 1994. 

The most unknown factor for the superconducting 
cavity for B-Factories is that whether superconducting 
cavities can work under high current (two order of 
magnitude higher than die current at which present day 
superconducting cavities arc working) and under strong 
synchrotron radiation fields. The beam tests with the 
current of 100 mA - 1 A are of vital importance. 
Whether higher-modes can be successfully absorbed, and 
necessary power can be fed to the cavity through input 
couplers and windows also should be investigated. 

OS7IZ9I-033 

Buret ^L RFWawgukte 
Disk ~ - ^ 

U I 5 mm 

Beam Line -
8 5 mm 

Figure 4.5 Side view assembly of CESR-B superconducting cavity. 
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4.3 Coupled-bunch instability due to fundamcnial mode 

Extremely heavy beam loading to the cavity, 
together with the small revolution frequency, leads to a 
quite violent longitudinal coupled-bunch instability. 
We explain this phenomena using the KEK B-Faclory 
in TRISTAN tunnel as an example'18'. In Fig. 4.6 Uic 
real part of the fundamcnial mode impedance of the 
KEK B-Factory cavity is depicted as a function of the 
frequency. In the figure fRp (508 MHz) designates the 
RF frequency, fo (101 kHz) the revolution frequency and 
fs (7 kHz) the synchrotron frequency. Resonance 
frequencies for the instability exist around every higher 
revolution harmonic. The impedance at the right (left) 
side band of the harmonics contributes to excitation 
(damping) of coupled-bunch modes. As the beam 
current increases, the resonant frequency of accelerating 
mode should be lowered to minimize the reflection 
power from the cavities. The amount of frequency 
detuning At' is given by 

& l R « • * 

Ncell 

where I denotes the total beam current, V c the total RF 
voltage, N c c i i the number of cells, Rs the shunt 
impedance per cell, Q u the unloaded Q value and <J> the 
synchronous phase. At LER of the KEK B-Faclory the 
detuning frequency is more than three times as large as 
the revolution frequency; therefore, the resonant 
frequency of the cavity pusses the resonant frequency of 
the instability three times as the beam current increases. 
The growth lime becomes as small as 4.8 ps in the 
worst case. 

Figure 4.6 Impedance of the fundamental mode and 
coupled-bunch instability modes. IRF, I'O. and fs lire 
the RF, the revolution and the synchrotron 
oscillation frequency. 0', 0 + , 1", l+,•— denote the 
coupled-bunch instability modes: suffix + means 
excitation and - damping. 

The most straightforward way to avoid this 
instability is to employ superconducting cavities'*). 
The detuning frequency for superconducting cavities is 
much smaller than that for normal conducting cavities 
because of their high Held gradient and low R$/Qo 
value; together with the large loaded Q value, the 
growth time of the coupled-bunch instability becomes 
longer than 22 ms (loaded Q of 2.5 x 10 s is assumed). 
Another possible cure for this instability is to employ 
RF feedback. 

4.4 RF feedback 

This method aims to decrease the impedance only 
around dangerous resonant frequencies by making 
special feedback loops for the RF cavity and klystron. 
F. Pcdcrsen ofCERN showed'19' that by the use of RF 
feedback with comb (liters and one turn delay we can 
decrease impedances at exciiing mode frequencies of the 
coupled-bunch instabilities to the level where we can 
damp residual oscillations by bunch-bunch feedback. 
Bunch-by-bunch feedback is effective for coupled-bunch 
instability due to the fundamental mode of cavities, 
since the mode number is small in this case and 
feedback kick can be applied for longer time. 

Pedcrsen also pointed out that missing electron 
bunches (these missing bunches arc necessary to prevent 
ion trapping phenomena) cause different beam loading 
for each bunch and make the equilibrium RF phase dif
ferent bunch by bunch. He also showed that by 
adjusting of filling of positron bunches that correspond 
to the missing bunches of electrons, we can equalize the 
shift of equilibrium RF phase in both rings. 

4.5 Resistive wall instability 

The growth lime of the transverse coupled-bunch 
instability at the KEK B-Factory due to Al vacuum 
chamber of 5 cm radius is calculated to be 2 - 5 ms 
depending on the fractional part of the betatron 
tunes'2 0'. This growth time is comparable to that due 
to HOMs of RF cavities and should be suppressed by a 
transverse bunch-by-bunch feedback system. 

5. VACUUM SYSTEMS 

A beam-gas lifetime longer than 10 hours requires 

* Quite recently, T. Shintakc of KEK proposed a 
scheme of normal conducting cavities, where the 
necessary detuning frequency is as small as and the 
loaded Q value is as large as those of superconducting 
cavities. Coupled-bunch instability due to the 
fundamental mode of cavities can be mitigated. See 
rcf. 24. 
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an average pressure of less than 5 x 10"y Torr. To 
make spent electron background harmless to the 
detector, I0"9 Torr is necessary around the interaction 
region. 

The necessary pumping capacity, s. to achieve these 
pressures is expressed in terms of B-Faclory parameters 

which is factor three lower than that for the aluminum 
case. Advantage of copper is clearly shown. 

Since we have not experienced large scale 
applications of copper chambers except HERA which 
has been commissioned recently, extensive R&D work 
should be done on copper chambers before we start the 
construction. 

s(l/s) = 3.7 x 105 (-10 3 4 ( 7>* 
,B v w 0-05 x 1 -nTorr., 
^ c m M t, '\+t( p g "lO-ft'C. - 6 ) ^arc-

where r| is the photodesorption coefficient, which 
represents the number of molecules produced per 
incident photon, Pg the required pressure, and C a r c the 
total length of the arc section. By assuming r\ of IO"6 

the necessary pumping capacity ranges from 100 l/s/in 
to 1500 l/s/m. If the pumping speed is around 100 
1/s/m we can use distributed ion pumps; NEGs arc used 
for the pumping speed of 200-800 l/s/m; if the required 
pumping speed is higher than 800 l/s/m we need special 
pumps such as titanium sublimation pumps. One of 
the drawbacks of NEC is that by absorbing dose, its 
pumping speed decreases and regeneration is required to 
recover the original pumping speed. 

Average power density of arc sections ranges from I 
kW/m at HER of the KEK B-Faclory to 10.5 kW/m at 
LER of CESR-B. Power density at wigglcr sections 
and near strong dipolc magnets in arc sections amounts 
to 20-30 kW/m. 

W. Barlctta of LLL compared pros and cons of three 
type of material for vacuum chambers'21': Al, Cu, and 
SUS (see Fig. S.l). We have to lake into consideration 
the following factors for selection of chamber material: 
(1) how large the photodesorption coefficient is and its 
dependence on absorbed dose, (2) how large power 
density they should sustain, and (3) their radiation 
shielding abilities. SUS is not suitable for the B-
Factory due to its poor thermal conductivity. Copper 
has superior vacuum properties (small I)), superior 
thermal properties and superior self-shielding 
capabilities (we do not need to cover chambers with Pb 
which is necessary for aluminum chambers;. 
Aluminum can be used if the maximum power density 
is less than 10 kW/m. 

Y. Suetsugu of KEK parametrized the dependence of 
T) on photon dose using the data by Mathcwson ct 
al.l 2 2) and made a simulation'231 by assuming that (I) 
by absorbing dose the pumping speed of NEGs 
decreases from 400 l/s/m to 70 l/s/m, and recovered to 
the original value by regeneration; (2) first 1000 hours 
from the commissioning we keep one fifth of the total 
current in the ring and after 1000 hours from the 
commissioning, full current is stored. Necessary lime 
to reach the r\ value of I0"6 for copper is 1000 hours. 

Photo-dtKxptioo 
Self-ihkldini 
Thermal conductivity 
Strength 
Ease of fabrication 
Experience 
Cost 

Al Cu ss 
+ ++ ++ 
. ++ ++ 
+ + «.++ . 
+ -»+ ++ 

++ + ++ 
++ + ++ 
$ ss SS 

Fig. 5.1 Pros and cons for various 
material of vacuum chambers. 

6. SUMMARY 

Owing to energetic design and R&D works in the 
world for B-Factorics, we are now at the stage where 
main difficulties of B-Faclorics arc clearly identified and 
the solutions for them have been proposed. R&D 
works in coming years will surely show real solutions. 
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ABSTRACT 

The main motivation for B factories is the investigation of CP violation. We consider two questions: 
1) Why has there been essentially no experimental progress in CP violation in the 28 year? since its 
discovery in 1964? 2) Why do we expect better results from B factories? 

1. INTRODUCTION - THE DIFFERENCE BE
TWEEN P AND CP 
One of the greatest missed opportunities in my 
scientific career occurred in the summer of 1964 
when Jim Smith came up from Urbana to Argonne 
where I was spending the summer and told me 
that they had seen events in their Brookhaven 
experiment suggesting that the long-lived neutral 
kaon decayed into two pions. He asked me 
whether there was any theoretical explanation 
and in particular whether this result could be 
explained without assuming CP violation. 

I could have immediately started writing a great 
paper on CP phenomenology discussing the impli
cations of Kt, —» 2x and including the 4> factory 
proposal [1] to measure what is now called «'. I 
had been using kaon physics and EPR-ccrrelated 
decays of kaon pairs as excellent exercises in 
teaching quantum mechanics. Instead I told Jim 
that there was no sensible theoretical explana
tion tor this result and that they should probably 
check out their experiment further. Their paper 
appeared [2] two weeks after the Cronin-Fitch pa
per [3] and I published my <t> factory paper four 
years later[l]. 

In contrast to parity violation, where the discovery 
[4] was immediately followed by many experiments 
and the new theoretical description was soon 
clear, the only new experimental evidence for CP 
violation in the past 28 years has been in 

refinements of the original experiments studying 
neutral kaon decays and getting better values 
for the crucial basic parameters called c and 
«'. But the data are still not good enough 
to distinguish between two classes of theoretical 
models predicting that «' is finite or zero. 

In 1956 we did a /9-ray polarization experiment [5] 
confirming that parity was violated and showing 
that the weak current coupled dominantly to left-
handed electrons. This experiment was so simple 
that even Lipkin could do it under the primitive 
conditions at the Weizmann Institute at that time. 
Why was it not done earlier? Anyone who started 
this experiment at the same time that C. S. Wu et 
al started their parity experiment[4] would have 
obtained his results first and discovered parity 
violation. But nobody bothered. The community 
was brainwashed by theorists insisting that parity 
violation predicted by two young crazy theorists 
was complete nonsense. Nobody would do a 
simple experiment to find a 100% parity violation 
where a negative result would prove nothing. 
Ambler et al[4] did a difficult experiment sensitive 
enough to detect parity violations of a few per 
cent where a negative result could shoot down 
this crazy theory. But once the effect was found, 
there was immediate tremendous progress in both 
experiment and theory. 

The discovc y of CP violation in kaon decay was 
completely different. There was no theoretical 
motivation for a search, and no real progress for 



28 years after the discovery. We now examine the 
underlying reasons for this difference. 
Two types of experiments can detect CP violation: 
(1) Charge asymmetry; e.g. T(B+ -* X) ± 
V(B~ —> X); (2) Neutral meson mixing, where 
mass eigenstates like KL and Ks are shown not to 
be CP eigenstates. Charge asymmetries have not 
yet been found. We shall see below why they are 
hard to find and why there is hope of finding them 
in B decays. In the kaon system the lifetimes of 
the two mass eigenstates are so different that a 
pure Kij beam can be created simply by waiting. 
Its CP properties are determined by observing 
its decay into CP eigenstates. This is the only 
way that CP violation has been observed to date. 
It is not possible in B and D systems where 
the lifetimes of the two mass eigenstates are 
essentially equal. 

2. WHY CPT MAKES CHARGE ASYMME
TRIES HARD TO FIND 

We assume CPT invariance. Then the total decay 
widths of charge conjugate heavy meson states; 
e.g. J3+ and B~ are required to be equal. If CP 
is violated partial widths for decays into charge 
conjugate exclusive modes can be different. But 
CPT requires all these different partial width* 
to add up to the same total widths for two 
charge conjugate mesons. We now show how 
this apparent miracle follows from simple general 
dynamical arguments. 

2.1 How CPT Makes Total Widths Equal 
We first note how CPT invariance requires equal 
total widths for Z?± states. In s-wave Kx elastic 
scattering in the energy region near the B mass 
the B appears as a very narrow resonance with 
a Breit-Wigner shape. Since the elastic s-wave 
K+ir° cross section goes into the elastic s-wave 
K~ir° cross section under CPT at all energies, 
the shapes of the two resonances at the B mass 
must be equal. Thus 

<r e , , ,(JC+0 = *t,,.(K-*°) (21«) 
r«.,(B+) = r« . , (B-) (2.16) 

2.2 Golden Rule Makes Partial Widths 
Equal 

We next note that CPT invariance and the 
hermiticity of the CP-violating weak interaction 
H*ik require the partial widths for B± decays 
into a pair of charge conjugate exclusive final 
states also to be equal in first-order perturbation 
theory, where the decay rate is described by the 
Fermi Golden Rule. For any such pair denoted 
by / * , the golden rule gives 

WB.^fi as £ | ( / ± j Hvk |B±> prtg,) (2.26) 

where p(Ef) is the density of final states. But 
from CPT and hermiticity, 

\{f-\Bwk\B-)\ CPT\{B+\Hwk\f+)\ 
\{f+\Bwk\B+)\ \{B+\Hwk\f+)*\ 

(2.3a) 

» r B + - / + * W B - - / - (2-36) 

Thus a charge asymmetry in partial widths can 
only occur in channels where the golden rule 
breaks down; i.e. where corrections beyond first 
order are important. Weak radiative correc
tions are negligible; thus only strong interaction 
rescattering corrections can produce a significant 
violation of the golden rule and a significant CP 
violation effect in exclusive partial widths. How
ever, the asymmetric partial widths must still add 
up to give equal total widths. 

2.3 How Charge Asymmetries can Occur 
A simple example of golden rule breakdown is seen 
in the effect of strong charge exchange scattering 
on the relations (2.2) 

WB+-jr+ir' _ \Se,M(K+*°) + S„xM{K°*+)\* 
Wfl- - * - » . \StlMlK-*°) + ScexM{K'*-)p 

(2.4a) 
where 

A ^ / * ) = < / * | J5T„* | B ± ) (2.46) 

and Sci and See* depend respectively on the CP-
conserving strong interaction elastic and charge 
exchange scattering amplitudes and are the same 
for the two charge-conjugate transitions. The 
weak matrix elements can have different relative 
phases if there is s CP violation. 

Thus a CP-violating asymmetry can be observed 
when final state rescattering couples two final 
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states whose weak matrix elements have differ
ent weak phases. The total decay widths involve 
transitions to all other final states including those 
like K"ir+ and R"ic~ whMi involve the same 
weak matrix elements and charge exchange strong 
rescattering as in the transitions (2.4). This 
rescattering back and forth between states is con
strained by the unitarity of the strong-interaction 
S matrix to preserve the equality of the total 
widths of the B+ and B~ decays. This is simply 
illustrated in a toy model where all B * decays go 
into the K-K modes, and there are only two inde
pendent final states. The two isospin eigenstates 
with 1=1/2 and 1=3/2 constitute a complete set 
for expanding the final states. Since the strong in
teractions conserve isospin, there is no final state 
rescattering between states of different isospin and 
the Golden Rule and eqs. (1.4) hold for these 
states. Thus 

\A{(B* - (A>) / } | = \A{B~ - (tf * ) / } | (2.5) 

where (K*)j denotes the Kit isospin eigenstate 
with isospin 1/2. We now consider the decay 
amplitudes for the K+w 0 , K'*+, K~x° and 
R"it~ decay modes, The decay amplitude into 
any final state I / * ) can be written in terms 
of the isospin amplitudes (2.5), a CP-violating 
weak phase denoted by Wj which is oppotite for 
charge-conjugate B^ and a strong CP-conserving 
phase denoted by 5 / which is the same for 
charge-conjugate amplitudes. 

A{B±-/±} = 

= ^ c f l / H B ^ I i t i J / J h ^ ' e ' 5 ' (2.6) 

where C't denotes isospin Clebsch-Gordan coeffi
cients. The charge-conjugate amplitudes are now 
seen to be not necessarily equal. The CP asym
metry for the individual charge states is given 
by 

\A{B+ — K+**}P - \A{B~ — JT-wO}!* = 

= -4Clc{\AiAz\un(Wt - W 3)sin(Si -S3) 
(2.7a) 

\A{B+ - K°*+}\2 - \A{B~ — K'*-}\2 = 

= 4 C / c / | i 4 , ^ 3 | s u i ( » r i - W 3 ) s i n ( S , -S3) (2.76) 

where the Clebsch-Gordan coefficients C/ are 
denned for the final states K±T° and the Clebsch-
Gordan orthogonality relation requires C{ Cj to 
be equal and opposite for the two states (2.7a) and 
(2.7b). The asymmetries vanish unless Wj # W3 

and Si # S3, have opposite signs for the two 
charge states, and cancel in the total decay rates 
as expected from CPT. 

The CP asymmetry of unequal partial widths 
for charge conjugate exclusive decay modes re
sults from interference terms between amplitudes 
coming from different weak interaction diagrams 
which can have different relative phases. These 
phases depend upon the interplay between the 
weak interaction phases and the strong phases 
from final state interactions. In the general case 
where many exclusive channels are all coupled by 
the final state strong rescattering, explicit cal
culations are difficult. However, all the physics 
needed is in one general feature of F.I displayed 
in this model with two final states; namely that 
the FSI are described exactly by a unitary S 
matrix which contains all the strong interaction 
dynamics. 

A more intuitive picture is given by eq. (2.4) 
which refers to elastic and charge exchange scat
tering rather than to isospin eigenstates. When 
S3 = 5t the strong charge exchange scattering 
amplitude vanishes. Instead of expressing the 
physics in terms of strong phsses, which are not 
intuitively evident, one can note that unequal 
partial widths for charge-conjugate exclusive de
cay modes can result from strong interaction 
rescattering between different intermediate states 
produced by different weak interaction diagrams 
with different weak phases. 

2.4 Summary of CPT Constraints 
We can now summarize the situation as follows: 

1. CPT in variance requires equal total decay 
widths of charge conjugate states. 

2. In the Fermi-Golden-Rule approximation of 
first-order time-dependent perturbation theory, 
CPT invariance and the hermiticity of the in
teraction require equal partial decay widths into 
charge conjugate exclusive channels. 

— 10 — 



3. CPT and hermiticity thus allow CP-violating 
charge-asymmetric decays only in cases where the 
Fermi golden rule does not apply. 

4. In the approximation where the CP-violating 
weak interaction is treated only in first order, 
and the strong interaction which is treated to all 
orders conserves CP, the decays into final states 
which are eigenstates of the strong interaction S 
matrix are described by the Fermi Golden Rule. 
Thus CPT invariance and the hermiticity of the 
interaction require that the partial decay widths 
into charge conjugate exclusive channels be equal. 

5. A necessary condition for CP-violating charge-
asymmetric decay rates is that the decay ampli
tudes must have contributions from at least two 
strong interaction eigenstates for which both the 
strong phases and the weak phases are different. 
This condition is also sufficient except in spe
cial cases of accidental cancellations which can 
arise when there are many contributing strong 
interaction eigenstates. 

6. The simple physics underlying this condi
tion is that strong interactions couple different 
final states, thereby allowing two different weak 
transitions to contribute to the same final state 
via two different intermediate states; e.g. to 
K+ir° via the intermediate states K+*° and 
K°-K+ and strong elastic and charge-exchange 
scattering. These contributions are coherent and 
therefore depend upon the relative phase of the 
two weak transitions which can be CP-violating. 
However, since the strong interaction S matrix 
is unitary, the "off-diagonaVcontribution to the 
K+ir" final state via the intermediate state ICr* 
must be cancelled in the total decay width by 
the "off-diagonal''contribution to the K " i + final 
state via other intermediate states like K+r". 

We can now ask how these considerations can 
help look for promising CP asymmetries both 
within and beyond the standard model. We need 
two eigenstates of the strong interaction S matrix 
and contributions from two different weak inter
action diagrams which can have different phases. 
In our toy model the two strong eigenstates have 
different isospins. The quantum number (1=3/2) 
is exotic; it cannot be produced via a diagram like 
a penguin which goes via an intermediate state 
containing only one qq pair and gluons. There 
can be contributions from two weak interaction 

diagrams, one of which, the penguin, goes via 
an intermediate state which has only a single qq 
pair and gluons, and therefore cannot have ex
otic flavor quantum numbers. The tree diagram 
contributes to both (1=1/2) and (1=3/2) ampli
tudes; the penguin only to 1=1/2. Thus if the 
strong phases are different for 1=1/2 and 3/2 and 
if the tree and penguin diagrams have different 
weak phases CP violation can appear as a charge 
asymmetry. Other diagrams coming from physics 
beyond the standard model and which like the 
penguin turn the heavy quark into a light quark 
with the same electric charge can also play the 
same role as the penguin. It is therefore of in
terest to investigate possibilities for such neutral 
heavy to light transitions, both theoretically and 
experimentally. 

3. CP VIOLATION IN MIXED NEUTRAL 
MESONS 

If CP is conserved, the decay into a CP eigenstate 
defines a basis of linear combinations of B° and 
B" which are both mass and CP eigenstates. 
These states will be stationary and not undergo 
mixing as a function of time. If CP is violated, 
the decay into a CP eigenstate defines a basis 
of states which are not mass eigenstates and can 
oscillate as a function of time. Detecting the 
CP violation in the neutral B system involves 
determining whether or not the states defined by 
decay into a CP eigenstate are mass eigenstates, 
or whether both of the mass eigenstates decay 
into the same CP eigenstate as in KL —• mr and 
K§ —»mr. 

The differences between the lifetimes of the two 
B-meson and the two D-meson eigenstates are 
very small. In the kaon system the lifetime of 
the Ks is determined by the dominant 2* decay 
mode. The lifetime of the Kj, is much longer 
because no other decay mode has a comparable 
partial width. The B" - B" and D" - D" 
systems have no such dominant decay mode. The 
principal decay modes come in pairs with equal 
partial widths, one coupled to B° and one to B° 
and similarly for D" - D°. The lifetimes of the 
two eigenstates of the oscillating system are very 
nearly equal. 

3.1 A Pauli Spin Matrix Description of the 
Oscillating B" - B" System 

— 11 — 



It is convenient to define a "quasispin" algebra, 
analogous to isospin. The B" and B" are 
classified in a doublet and called "spin up" and 
"spin down", while the operators acting in this 
two-dimensional space are described as linear 
combinations of Pauli spin matrices [6,7,8]. We 
define the "Q-spin" matrices denoted by qIt q, 
and q„ with the same form as Pauli and isospin 
matrices and choose the x-axis so that the B° 
and B" states are eigenstates of q„. Then 

q,\B°) = \B'); „ | B') = - \B') (3.1a) 

qx \B°) = \B>) ; q, \B') = \B>) (3.14) 

q,\B°) = i\B°); q,\B°) = -i\B<>) (3.1c) 

(B°\q, \B°) = {B'\ q, \B') = (B'\q, \B') = 

= (B'\q,\B') = 0 (3.1d) 

Any linear combination of B° and B" can be 
expressed as a state polarized in some direction 
in this quasispin space. The most general pair 
of orthogonal states in the two-dimensional B'B' 
space, 

\B„) = e'i cos(£) \B') + e-'S «n(|) \B') 
(3.2o) 

\BV) = e't s i n ( | ) |B»>-e - ' t co»( | ) \B') (3.2&) 

are the eigenstates of the quasispin projections on 
an axis with polar co-ordinates (a, 8) with respect 
to the 2 axis and 8 = 0 in the +x direction. 
The mass eigenstates are required by CPT to be 
linear combinations of B" and B° with equal mag
nitudes. In the approximation of equal lifetimes 
for the mass eigenstates, which we henceforth use 
in this treatment, the mass eigenstates are or
thogonal and define a direction in quasispin space 
normal to the z axis. We choose this as the x 
direction. Thus the mass eigenstates which we 
denote by B2 and B\ are eigenstates of qx 

|B2)=(1/V2)(|B<>> + |B<>)) (3.3a) 

|B!) =(1/V2)(|B»> - \B°)) (3.3i) 

qx \B2) = |B2> ; a, | B 0 = - |B t ) (3.4a) 
(B 2 |o„ |B 2 ) = (Bi\q, |Bi) = (B 2 |a* |B S ) = 

( B j | 9 l | B 1 ) = 0 (3.46) 

In the approximation of equal lifetimes the time 
evolution operator for any oscillating state can be 

factorized into an exponential decay factor which 
is the same for all states and a time-dependent 
unitary transformation which is simply a real 
quasispin rotation about the x axis. In contrast 
to the kaon case, the decay and the mixing are 
completely decoupled from one another and the 
time evolution of any neutral B meson state fi(0) 
at time t=0 can be written 

\B(t)) = e - 5 ' • «—'"•' - e - ' ^P * * ' |B(0)) (3.5) 

where T is the common decay width for the two 
states, Mo is their mean mass and Am is the 
mass difference. The time evolution (3.5) can 
be viewed as the precession of a Q-spin of 1/2 
around a magnetic field in Q-spin space with a 
precession frequency Am. This formulation has 
a very simple physical interpretation. Strong 
interactions conserve both CP and flavor. In 
the limit where weak interactions are neglected 
the flavor eigenstates B" and B" are degenerate 
and Q-spin is a good symmetry. The weak 
interactions break the Q-spin symmetry, but in 
the approximation where the difference between 
the lifetimes of the two mass eigenstates can 
be neglected, the Q-spin symmetry remains for 
rotations about the x axis. The symmetry 
breaking appears in this formulation as a magnetic 
field in quasispin space in the direction of the 
x axis. The mass eigenstates are then just the 
states with "spin up" and "spin down" with 
respect to this axis. An initial state |B(0)) which 
is not a mass eigenstate has its spin pointing in 
a direction at some angle 0 from the x axis. This 
state evolves in time by having its spin preeess 
with a frequency Am in a path described by a 
cone at an angle 9 around the x axis. 

3.2 CP Violation Described by Angles in 
Quasispin Space 
Any given decay mode; e.g. >f>Ks defines an axis 
in quasispin space. A basis ( £ p , B v ) can always 
be defined in which the decay B^ —> / is allowed 
and Bv —» / is forbidden. We can always choose 
the parameters a and 8 in the notation (3.8) 
to make the transition matrix element (f\T\Bv) 
vanish for any final state \f). If 

a (/|r|B°) 
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e<* «in(f) </| X |B"> - e~'t cos(£) (/ | T | B>) . 

= </|r|B„)=0 (3.66) 

Thus every decay mode chooses a direction in 
quasispin space. 
If CP is conserved and \f) is a CP eigenstate, £/> 
and Bv are both CP and mass eigenstates and 
cos(a/2) = sin(a/2) = l/>/2. We choose phases 
such that 0 = 0, Bv — B\ and is odd under 
C while Bp = B? and is even under C, The 
decays By —• mr and B2 — <{>Ks are allowed and 
Bj —» ̂ # 5 and B2 —* «r are forbidden. The 
matrix g x is just the charge conjugation matrix 
in this 2 x 2 subspace, since its eigenstates are 
the C eigenstates and its eigenvalues are the C 
eigenvalues. 

When CP is violated, the CP eigenstates are 
no longer well defined, and the states {B,,,BV) 
are not necessarily mass eigenstates. Consider the 
case with no final state rescattering in the decays 
to i{>Ks and the Golden Rule applies to these 
decays. Then | (tt,Ks\ T \B°) | = | {rl>Ks\T\B°) | 
and tan(<*/2) = 1. Then 

\B„) = (l/v^)(e<f |B°>+e-'f \B')) = e'"'i \B3) 
(3.7a) 

|B„) = (1/V2)(e«"4 |B">-e-"* \B')) = «'*« i |B,) 
(3.76) 

The operator qz/2 is just the generator of rota
tions about the z axis in quasispin space. Thus 
the states (Bn,Bv) are seen to differ from the 
mass eigenstates by a quasispin rotation by an 
angle 0 about the z axis, and 

g I | B / 1 ) = | B „ ) ; qt |B„) = |B„) (3.8a) 
(Bt,\q,\Br) = (Bv\q,\Bv) = 0 (3.8b) 
(B„|9, |B„) = - <B„|a, |BM) = sin* (3.8c) 

The angle 0 defines a measure of CP violation. 
We can define a basis (B„,BV) and an angle 0 
for each decay mode into a CP eigenstate and 
ask whether the bases and the value of 0 are the 
same for two different CP eigenstates, like *•+«•"" 
and ir°ir°. This interesting physical question is 
related in the analogous kaon case to the question 
of whether the parameter e' is zero. If all the 
parameters analogous to «' are zero, as in the case 

of the superweak theory, then CP can be defined 
to be conserved in decays to CP eigenstates and 
unique CP eigenstates can be defined with a 
unique value of 0. If on the other hand, the 
parameter analogous to f' is not zero, then the 
angles 0 defined for different decay modes like 
x+x~ and x°x° will be different and there will 
be no unique definition of CP eigenstates in the 
B" - B" space. 
In this approximation where the lifetime difference 
is neglected, the degree of CP violation defined 
by a given decay mode and the mass eigenstates 
is expressed by a single parameter sin 0. This 
differs from the kaon system which has two inde
pendent mechanisms for mixing; namely the mass 
difference and the width difference between the 
two eigenstates, and both the real and imaginary 
parts of the complex parameter e are needed for 
a complete description of the mixing and CP vio
lation. The exact relation between our parameter 
sin 6 and the complex parameter e in the con
ventional formulation [9] is given in refs.[7,8]. In 
the kaon case, the two eigenstates Kj, and Ks 
disappear from the system at different rates, the 
time evolution operator is not unitary because 
probability is not conserved, and the eigenstates 
are not necessarily orthogonal. This does not 
occur when the lifetime difference is neglected 
and the time evolution operator can be factorized 
into a common exponential decay and a uni
tary 2 x 2 time-dependent matrix with orthogonal 
eigenstates. 

3.3 Lepton Asymmetries and CP Violation 
In many experiments a state \BV) is prepared in 
some way and a lepton asymmetry is measured; 
i.e. the relative probability of decays W(BV —» 
p£ + X) into positive or negative leptons. 

, „ x _ W(Bu -> M+X) - W(BV - p-X) AUp,(B„) = w ( g ^ ^ ^ x ) + W { ^ ^ ^ _ X ) 

(3.9a) 
This lepton asymmetry is given by the difference 
between the probability that the state |B V ) is 
in a B" state or a B° state. This is just the 
expectation value of qz in the state |Bt>}, or the 
"polarization" in the z-direction in q-spin space. 

A, l* ,J(B°\B*)?-\iB°\Bv)\* _ 
""* "' ~\(B° |B.) p + |<B-> |B„> |» _ 

= <B„| 0 j |B„) (3.96) 

— 13 — 



Combining eqs. (3.5) and (3.9b) immediately 
gives the result of a lepton asymmetry experiment 
on a state \B(t)) prepared by creating a state 
|.B(0)) at time t = 0 and observing the lepton 
asymmetry at time t, 

A,trt{B{t)} = {B{t)\qx\B(t)) = 
= <B(0)| e«'*!Pl-«»»,,e-<^P-*-« |fl(u)> = 
= (B(0)\qz coe(Amt) + q, sin(Am<) \B(0)) (3.10) 

The time evolution of the expectation value of 
the operator qz around this axis is seen from 
eq. (3.10) to be also expressed by rotating the 
operator qt and calculating its expectation value 
in the state |5(0)>. 

We immediately obtain the result of the usual 
B" — B" oscillations measured by lepton asymme
try by substituting these states for |-B(0)) in eq. 
(3.10) and using (3.Id) 

AuTt{B°(t)} = cos(Amt) (3.11a) 
AuTt{B°(t)} = - cos(Amt) (3.116) 

We can also calculate the lepton asymmetry 
observed at time t when any state described in 
the form (3.10) is created at time t = 0. Eqs. 
(3.10) and (3.11) give 

AuPt{B„(t)} = (fi„| q, am(Amt) \B„) = 
=-s in0s in(Amt) (3.12a) 

Aupt{Bv(t)} = (fl„|a,,sin(Ami) \BV) = 
= sin 8 sin(Amt) (3.126) 

where we have used the expectation values (3.4b) 
One of the reasons for discussing asymmetric B 
factories arises from the necessity to measure 
time intervals. The lepton asymmetries (3.12a) 
are seen to be an odd function of the time (. In an 
experiment which gives equal weight to positive 
and negative values of t, the lepton asymmetry 
vanishes. We shall see below that this occurs in 
experiments where a B° — 6° pair is produced 
from the decay of an T(4S) and one is observed 
to decay into a CP eigenstate and the other into 
leptons. The results (3.12) will be shown below to 
apply to such an experiment not only for the case 
where the leptonic decay decays occur after the 
decay into the CP eigenstate and t > 0 but also 

when the leptonic decay precede* the decay into 
the CP eigenstate. In the latter case the results 
(3.12) apply with t < 0 Thus in any experiment 
which gives equal weight to these two cases and 
does not measure the sign of the time interval the 
CP-violation asymmetry is lost. 
We can obtain a general view of how CP violation 
is observed experimentally from the picture of 
how a unit vector i originally in the positive z 
direction rotates in time about the x axis. Let 
us choose the sign of Am so that the direction of 
rotation is 

+z ->-y-> -z ->+y -» +z (3.13a) 

It is convenient to define a basis (3.7) with the 
angle 9 chosen so that Bp decays into a chosen 
CP eigenstate; e.g. ipKs, and the amplitude 
vanishes for the Bv decay into this mode. Let 
us now consider the case sin0 = 1 which gives 
maximum CP violation. Then the states B M and 
By are seen from eq. (3.8c) to be eigenvectors of 
qt with the eigenvalues q:l. The state B° which 
poults in the direction +z will rotate 

B" — B„(-* t!>Ks) — B° — jB„(no ^K s ) — B° 
(3.136) 

We immediately see that for values of t in the first 
half period where &mt < n and sin(Amt) > 0 
a state which is originally BM rotates in the 
direction toward B" and gives a negative lepton 
asymmetry, while a state which is originally B„ 
rotates in the direction of B" and gives a positive 
lepton asymmetry, in agreement with the results 
(3.12). 

In any experiment where B pairs are produced 
in a C eigenstate with a negative eigenvalue, as 
in the decay of the T(4S), the oscillations of 
the pair are correlated until the time of the first 
decay. Angular momentum is conserved during 
the oscillation; thus a pair in an odd-C eigenstate 
remains until the first decay in a state of odd 
angular momentum (a p-wave in the case of the 
T decays) which is antisymmetric in space and 
forbidden for identical bosons. Thus if the first 
decay is into i/>Ks, the second must be in the 
state Bv and a positive lepton asymmetry will 
be observed during the first half period after the 
first decay. However, if the first decay is in a 
leptonic mode we can see that a negative lepton 
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asymmetry will be observed during the first half 
period after the first decay. If the leptonic mode 
defines the decaying state as B", the other is B" 
and rotates during the first half period into the 
state Bv which does not decay into 4>Ks- If 
the leptonic mode defines the state as state as 
B°, the other is B" and rotates during the first 
half period into the state B? which does decay 
into 4'Ks- Thus the second decay chooses states 
emitted originally with B". 

Thus interchanging the times of the two decays 
reverses the CP asymmetry as indicated by using 
both positive and negative times in the expres
sions (3.12). If no time measurement is made in 
the experiment, the events where the leptonic de
cays occur before and after the *l>Ks decay are 
added and the CP-violating asymmetry cancels 
and is not observed. 

Time measurements are not feasible when the 
T(4S) is produced at rest, because the B mesons 
have very low momentum and the path between 
production and decay is too small to be measured 
by vertex detectors. Therefore measurements of 
this kind of asymmetry require an "asymmetric B 
factory" in which the T(4S) is produced in flight 
and time measurements can be made with vertex 
detectors. 
This time symmetry effect can be seen quantita
tively by some elementary quasispin properties of 
the amplitude (fip \B°(t)) describing the proba
bility that a B meson in the state B" after a time 
t is in the state B,, and be observed to decay into 
a given CP eigenstate. This describes an exper
iment in which a B" — B" pair is produced, the 
B" decays at time t = 0 in a leptonic mode iden
tifying it as B" and therefore requiring the other 
meson to be a B" at t = 0, and the second meson 
decays at time t. 

ef« • <B„ \B°(t)) = {B^-^n'q, \B°) = 

= (S„| j.e'^P-«-« \B°) = { B v l e ' ' ^ - " ' \B°) = 

= {B°\ei*P-"'\Bl,)' (3.14a) 

- eS' • <B„ | B ° « ) ) = <B,|€-'*»*•«•««, \B°) = 

= <fl„| , ,e'^Ff-« |B»> = <B„| «'**»*« |B«)= 

= {B°\e-i^"^t\Bvy (3.146) 

where we have used eqs. (3.1a) and (3.8a) and 
noted that the quasispin operator qz anticom-

mutes with qx. Thus the probability that a state 
created as \B°) at time t=0 is observed as the 
state \Bn) at time t is equal to the probability 
that a state created as \B„) at time t = 0 is ob
served as the state \B°) at time t. The latter 
can describe an experiment in which a B" — B" 
pair is produced and is an antisymmetric state 
like that produced in the decay of the T(4S) at 
time t = 0. One meson decays at time f = 0 into 
a CP eigenstate like 4>Ks and therefore requires 
the other meson to be a Bv at t = 0, and the 
second meson decays at time t leptonically in a 
mode allowed for B". 

In both cases one meson decays into a CP 
eigenstate, and the probability that the other 
decays like a B° at a time t after the decay 
into the CP eigenstate is seen to be equal to the 
probability that the other decays like a B" at a 
time t before the decay into the CP eigenstate. 
Thus we again see that interchanging the times 
of the two decays reverses the CP asymmetry. 

3.4 Measuring CP Violation by Observing 
the Decay of a Tagged neutral B meson 
into a CP eigenstate 
A typical CF-violation experiment using neutral 
B mesons involves measuring the angle 8 defined 
by eqs. (3.2) between the axis in quasispin space 
defined by a particular decay mode and the x axis 
defined by the mass eigenstates. We again use 
the basis (3.7) with the angle 6 chosen so that B M 

decays into the measured decay mode; e.g. ij>Ks 
and the amplitude vanishes for the B„ decay into 
this mode. In these experiments the decay of a 
neutral B is observed some time after it has been 
"tagged" by observing another particle created 
together with it which identifies it as a definite 
state in the basis (3.7). The neutral B oscillates 
in time according to eqs. (3.5) and (8.1b) during 
the interval between the tagging and decay times. 

3.4.1 Tagging by a Charged B 
The simplest tagging method uses a charged BB 
pair, since the charged B does not oscillate and 
the observation of a B+ or B " at time t = 0 
automatically defines its partner as B" or B° at 
t=0. If the decay is observed at time t into 
*l>Ks the decay amplitude depends on the overlap 
of the oscillating state at time t with the state 
B„ (3.2a) defined by the ifrKs decay The CP 
asymmetry is given by the difference between the 
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squares of these overlaps for initial states tagged 
as B° or B" at t=0. 

KB* 1*0(0) I 2 - ! < * , 
K B , |B«(t)> I 2 + |<BM 

B ° ( i ) ) | 

B»(t)) | 
(3.15a) 

where N(t) and JV"(t) denote the decay rates into 
the measured CP eigenstates for initial states 
tagged respectively as as fi" or B° at t=0. Then 

ACP{t) = 
= | (Bu\e-iA?~<>*< \B) p - | < B „ | e - < 4 P " « \B) I2 

= {B„\e-iAP-'"'qIeiAP-*'' \BM) 
= - (Bp\ qv \B„) sin( Amt) 
= sin 0 sin( Ami) (3.156) 

Then 

- - A " • — ^Vrt j.^™ — S= 81119 • 

f0°°N(t)<tt + f~W)dt 
Amr 

r» + (Am): 
(3.16) 

Thus the CP violation asymmetry remains when 
there is no time measurement and the observed 
data give the time integrals (3.17). 

3.4.2 Tagging by Coherent Decays of Neu
tral B's Produced by T ( 4 S ) decays 
Tagging of neutral B pairs is more complicated 
than tagging by a charged B because both neutral 
B mesons oscillate with time, and CP violation 
asymmetries will depend in general on two time 
intervals. The general approach is to measure one 
decay into a mode like a leptonic mode, which is 
allowed only for B" or B" at a time which we 
denote by t± and the other into a CP eigenstate, 
which identifies the decaying state as B M , at a 
time which we denote by <M. We define the CP 
asymmetry as 

where AT(i±,ip) and N(t±,tH) denote the decay 
rates into the measured CP eigenstates at time 
t„ together with a decay allowed respectively for 
B° or B" at time t±. 

When the first decay is observed in a mode 
allowed only for B° or B°, t± < *M and the 
second B must be in the state B" at time t± if 
the observed first decay is into a mode allowed for 
B°, and vice versa. The second B thus behaves 
in the same way as if it were tagged by a charged 
B as above. We can immediately use the result 
(3.15b) with a sign reversal since here N refers to 
the case where the second B is tagged as a B" 
at time t± and N refers to the case where the 
second B is tagged as a B". 

Acp(t± < tii) = — sinflsin{Am(iM — t±)} 
(3.18a) 

When the first decay is observed in the CP 
eigenstate allowed for the state Bp, t± > tM and 
the other neutral B is immediately identified as 
Bv at time tM . The CP asymmetry for this case 
is immediately given by eq. (3.12b) 

Acp(t± > tn) = sinflsin{Am(t± — tM)} = 
= - sin $ sin{Am(tM - t±)} (3.186) 

We again see that the the same odd function 
— sin6sin{Am((p — t±)} holds for both positive 
and negative values of tM — t±. If the decay of 
two neutral B mesons produced from the decay 
of an T(4S) are observed, and there is no time 
measurement to determine which decay occurred 
first, the observed asymmetry will be given by 
the sum of the results (3.18a) and (3.18b) and 
will exactly cancel. 

4. THE DIFFERENCE BETWEEN B AND K 
PHYSICS - T H E GOOD NEWS AND THE 
BAD NEWS 

We now return to our two initial questions and 
summarize expectations from B physics and B 
factories. 

4.1 No Dominant B Decay Mode 
Kaon decay is dominated by the 2ir final state 
which is a CP eigenstate and has much larger 
phase space than any other decay mode. There is 
no such dominant mode in B decays. Nearly all 
decays go to final states having nontrivial naked 
charm or strangeness and therefore occur in pairs, 
one allowed for B and the other for B. 

4.1.1 No Lifetime Difference 
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The Kt, — Ks lifetime difference arises from the 
dominant decay lis —* 2» which determines the 
Ks lifetime and has no counterpart in if/,. In 
B decays the dominant modes occur in pairs 
which will contribute equally to the decay rates 
of the two mass eigenstates. Thus the B mass 
eigenstates have a negligible lifetime difference. 

4.1.2 Mass Eigenstates Not Separated by 
Waiting 
The lifetme difference in the kaon case allows 
separating the two mass eigenstates simply by 
waiting. An essentially pure KL beam is obtained 
by waiting a sufficient number of Ks lifetimes, 
and CP violation is then observed by decays 
of KL into a CP eigenstate with the wrong 
eigenvalue. This is impossible in B decays, where 
the two mass eigenstates have equal lifetimes. 

4.2 Many B Decay Modes 

4.2.1 Rich Data - Small Branching Ratios 

There are many B decay modes that can be stud
ied and can give different information about weak 
interactions and CP violation. However, each in
dividual mode has a small branching ratio, and 
CP eigenstates like tpKs which are of particular 
interest have small branching ratios. 

4.2.2 Final State Rescattering - Beats 
Golden Rule 
The large number of final states in B decays 
provide opportunities for strong rescattering pro
cesses and thereby beating the golden rule re
striction on charge asymmetries when there is no 
rescattering. 

4.2.3 Conspiracies Beat CPT Restrictions 
The large number of decay modes allow for con
spiracies in which opposite Cf-violating asym
metries are observed for different modes and the 
sum of the asymmetries in all decay modes adds 
up to zero to give the same total width for both 
B° and B". 

4.3 B° - B" Oscillations During Decay 
The equal lifetimes enables oscillations to be 
observed. 

4.3.1 Time Dependence Confuses Measure
ments 

When a B°—B° pair is produced coherently, both 
oscillate in time and tagging one B by observing 
the decay of the other is simple only when time 
measurements are made. Such time measurements 
cannot be made on B's produced in decays of the 
T(4S) at rest because the mass of the T(45) is 
just above the BB threshold. 

4.3.2 CP Violation Observable in Mixing 
Phases 
The B° — B" mixing has a complex phase which 
is related to CP violation. In the quasispin 
notation this mixing chooses the x direction in 
quasispin space. If CP is violated this direction 
can be different from the direction chosen by the 
decay into a CP eigenstate like tpKs and the 
angle between the two directions measured in an 
experiment. 

4.4 All Dominant H*\dronic 6 decays in
volve 3 Generations 
In the standard model with the CKM matrix, 
three generations are needed to observe CP vio
lation. Thus all processes which can be described 
in terms of diagrams involving only 2 generations 
cannot show CP violation. 

4.4.1 CP Violation Observable in charm 
and strangeness decays only via diagrams 
with virtual t and b quarks 
Charm and strange decays which are described 
completely by diagrams containing only u, d, » 
and e quarks do not show CP violation in the 
standard model. In these cases CP violation is 
observable only via contributions from diagrams 
containing virtual t and 6 quarks; e.g. in the box 
diagram responsible for K" — K" mixing. 

4.4.2 CP violation Observable in B Decays 
in Direct Diagrams 
In B decays three generations are nearly always 
present in the direct decay diagram. The favored 
vertex at the quark level 6 —» cdu already contains 
flavors belonging to three generations. Thus there 
are more possibilities of observing CP violation 
in B decays than in K or D decays. 

5. CONCLUSION - THE LIPKIN APPROACH 
TO CP 
So far there has been no experimental evidence 
for CP violation outside of kaon physics. Any 
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indication of CP violation in B physics would 
be a great breakthrough. It will be a long time 
before we have enough good clear data to test 
the standard model predictions for CP violation 
in B decay. Inadequate data are always available 
before adequate data. Our goal must be to get 
the maximum information from the available data 
at each stage and to use this information to 
plan subsequent experiments. Keep the standard 
model in mind but try to use a more general 
approach. Look for easy experiments that even 
Lipkin can do - even if theorists say no. 

There are many questions that can be investigated 
with early data and which can be useful for future 
plans. Some examples are: 

1. Is there CP violation in B physics? 
2. What is the ball park of CP violation? 
3. What are the branching ratios for physi

cally interesting final states like CP eigenstates? 
4. Are there additional CP eigenstates not 

yet observed that can be useful? 
(a) States containing Vc and other char-

monium states. 
(b) States like J>K* where different partial 

waves have different CP eigensvalues -
perhaps one partial wave is dominant. 

(c) States like Ks^ -+ KS*+*~X where 

the particle X is not observed but can be 
identified by missing mass kinematics. 

S. How can one estimate penguin diagram 
contributions? 
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THE B-FACTORY PROJECT AT KEK 

SHIN-ICHIKUROKAWA and KOTARO SATOH 

National Laboratory for High Energy Physics, KEK 
1-1 Oho, Tsukuba, Ibaraki, 305, Japan 

ABSTRACT 

The B-Factory project at KEK aims at constructing an accelerator complex which enables us to 
detect the CP-violation effect of B-mesons. It is a two-ring electron-positron collider of 3.5 x 8 
GeV in the existing TRISTAN tunnel. The design peak luminosity is 10 3 4 c n r V , which will be 
realized in two steps: from a small-angle collision with a luminosity of 2 x 10 3 3 cnr 2s _ 1 to a large-
angle crab-crossing scheme with the final luminosity of 10 3 4 cnvV 1. Progress of design work 
and present status of R&D are reported. 

1. Introduction 
In designing the accelerators for the B-Factory, 
we follow the guidelines shown below: 

(1) The infrastructure of TRISTAN1 should 
be maximally utilized. 

(2) We envision only one interaction region in 
order to concentrate our effort at achieving 
the maximum luminosity for the detector. 

(3) The 2.5 GeV electron linac will be 
upgraded up to 8 GeV in order to inject 
3.5 GeV positrons and 8 GeV electrons 
directly into the B-Factory rings. 

We plan to increase the luminosity of the B-
Factory in two steps. We first build a 3.5 GeV 
x 8 GeV two-ring collider with a small-angle (± 
2.8 mrad) crossing scheme with the luminosity 
of 2 x 10 3 3 c n r V (step 1). In this step we 
cannot fill the whole bucket with beam, since 
we need a length for separation of electrons 
and positrons to avoid spurious collisions; 
therefore, every fifth bucket is filled with 
beam. Three meter bunch spacing in this case 
is long enough to install beam separation 
equipment, such as separation dipole magnets. 
In the second step, we fill every bucket with 
beam by introducing a large-angle crossing (± 
10-20 mrad). The luminosity will be increased 
by factor 5 to 10 3 4 cnrV 1 . This two-step 

realization of the final luminosity is justified by 
the following fact: large-angle crossing 
requires a new scheme called crab-crossing2 to 
avoid a geometrical loss of the luminosity and 
to prevent the beam-beam tune shift limit from 
lowering due to synchrobeta resonances. Crab 
crossing needs special cavities (crab cavities)3, 
development of which would require extensive 
R&D works for at least 3 - 5 years. 

The machine parameters for both steps are 
essentially unchanged except the bunch spacing 
and the total current. The same lattice is used 
for both steps with minor changes of the 
interaction region. 

As shown in Fig. 1.1 the detector will be 
installed at Fuji Experimental Hall of 
TRISTAN, which is occupied now by VENUS 
detector, one of the three detectors now 
working at TRISTAN. The superconducting 
solenoid magnet and outer-layer ion structure 
of VENUS will be used for the B-Factory 
detector with some slight modifications; inner 
part of the detector will be completely renewed. 
Electrons and positrons are injected from the 
upgraded linac to the B-Factory rings in 
straight sections on both sides of the collision 
point. Figure 1.2 illustrates the cross sections 
of the tunnel for the B-Factory and TRISTAN. 
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Fig. 1.1. Layout of the B-Factory within the KEK site. 
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Fig. 1.2. Cross sections of the tunneJ for the B-Factory and TRISTAN. 
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Table 2.1 Main parameters of the KEK B-Factory 

Energy E 3.5 8.0 GeV 
Circumference C 3018 m 
Luminosity L 1 x 10 3 4 (2 x 1033) c r a - V 
Tune shifts 4x% 

B*x/6*y 
0.05/0.05 

Beta function at IP 
4x% 
B*x/6*y 1.0/0.01 m 

Beam current / 2.6 (0.52) 1.1 (0.22) A 
Natural bunch length Oz 0.5 cm 
Energy spread a£ 7.8 x 10-4 7.3 x 10-4 

Bunch spacing SB 0.6 (3.0) m 
Panicles/bunch N 3.3 x 10 1 0 1.4 x 10 1 0 

Emittance exley 1.9 x 10-8/1.9x lO'O m 
Synchrotron tune vs 

0.064 0.070 
Betatron tune Vx,Vy - 3 9 - 3 9 
Momentum compaction a 8.8 x I0- 4 1.0 x 10-3 
Energy loss/turn Uo 0.91 4.1 MeV 
RF voltage Vc 20 47 MV 
RF frequency fRF 508 MHz 
Harmonic number h 5120 
Energy damping WE 2.6 x 10-4 5.1 x 10-4 

decrement 
Bending radius P 15.0 91.3 m 
Length of bending IB 0.42 2.56 m 

magnet 

Values in parentheses are for the first step. 

2. Lattice Design 
2.1 Beam Parameters 

The main parameters of the B-Factory 
accelerators are given in Table 2.1. Tne values 
in parentheses correspond to those for the first 
step. The high energy ring, HER, and the low 
energy ring, LER, have the same 
circumferences, emittances, and the beta 
functions at IP. This gives similar sizes of the 
normal cells, the betatron tunes, and the energy 
spreads to both rings. The radiation damping 
time of the low energy ring becomes twice as 
long as that of the high energy ring if only the 
radiation from the arcs is taken into account. 

2.2 Chromaticity Correction 

It is desirable if we can inject beams into the B-
Factory without changing the optics at injection 

from that of collision. To this end, we are 
studying non-interleaved sextupole 
chromaticity correction scheme expecting that 
this scheme enables us to have sufficient 
dynamic apertures at injection4. Between a 
pair of sextupoles no other sextupoles exist and 
the betatron phase advance is n in both 
horizontal and vertical planes. The merit of 
this scheme is based on the cancellation of the 
geometric aberrations of the sextupole by a -I 
transformation in a pair. Figure 2.1 shows an 
example of the dynamic aperture. The dynamic 
aperture is larger than that required at injection 
shown with x signs in the figure. The aperture 
differs a little with different synchrotron tunes. 
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Fig. 2.1. Dynamic aperture for LER by the non-interleaved sextupole correction 
scheme. The signs x show the required apertures at injection. 

3. Insertion Design 
3.1 Separation Scheme 

The insertion layout around IP is shown in 
Fig. 3.1 and Fig. 3.2 for the first step (smali-
angle crossing scheme)5. Electrons and 
positrons cross at an angle of ± 2.8 mrad. The 
experiment at CESR shows that with this small 
crossing angle, reduction of the beam-beam 
tune shift is negligible6. In order to decrease 
the synchrotron radiation from the incoming 
beam and to make enough separation quickly 
between the two orbits, the optics is no longer 
symmetric with respect to IP. 

The beam separation is done by 
superconducting dipole magnets (separation 
bend). On both sides of IP the orbit of the 
incoming beam goes through the center of a 
defocusing superconducting quadrupole. 
Septum defocusing quadrupoles are half 
quadrupole magnets and hence can be inserted 

close enough to IP. These magnets focuses 
vertically and deflect the HER beam outwards 
helping the orbit separation. The outgoing 
beam orbit is deflected away from the other by 
septum magnets. 

The deflection angle is determined by the 
condition that synchrotron radiations from 
incoming particles on the LER center orbit have 
to be confined within 25 mm from IP in the 
transverse direction. The size of the IP duct is 
60 mm, 35 mm outside and 25 mm inside, and 
30 mm in full height. 

Accelerator components inside a detector 
must not interfere with the experiment. The 
components should be confined within a 
conical region spreading by 17° from the center 
axis in the forward direction (we define the 
direction of electron beam as forward direction) 
and 30° in the backward direction. 
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Fig. 3.1. Layout of the interaction region for a small-angle crossing. 
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Fig. 3.2. Detailed layout of the interaction region. 
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3.2 Superconducting Separation 
Dipole Magnets 

The separation superconducting dipole magnets 
are installed close to the vertex detector and 
precision drift chamber. In order to reduce the 
leakage field from the superconducting dipole 
magnet, this magnet has two layers of cos8 
windings7. As shown in Fig. 3.3.a, almost all 
flux is confined inside the outer layer and very 
little stray fields escape from the magnet as 
shown in Fig. 3.3.b. 

4. RF System 
Large currents, many bunches and short 
distance between bunches cause strong 
coupled-bunch instabilities both in the 
transverse and longitudinal directions. Three 
sources of coupled-bunch instability are 
identified. These are (1) higher-order modes 
(HOM) of RF cavity (transverse and 
longitudinal), (2) accelerating mode of RF 
cavity (longitudinal) and (3) resistive wall of 

4.2 Superconducting RF Cavity 

Owing to high field gradient and a high loaded 
Q value of a superconducting cavity, coupled-
bunch instabilities excited by the fundamental 
accelerating mode of cavities are not severe for 

vacuum chambers (transverse). 

4.1 Normalconducting RF cavity 

To prevent the coupled bunch instabilities due 
to HOMs we are studying a damped cavity12, 
which was first proposed by R. B. Palmer13 

for linear colliders to reduce the Q values of 
HOMs. The basic idea of the damped cavity is 
that the HOM field is guided to waveguides 
through slots cut on disks of a disk-loaded type 
structure; the cutoff frequency of the 
waveguide is set higher than the fundamental 
accelerating mode frequency. 

Figure 4.1 shows a schematic drawing of 
the two-cell damped cavity of the B-Factory. 
Table 4.1 lists the parameters of the damped 
cavity calculated by the code MAFIA14. The 
first prototype damped cavity has been 
completed and a low-power test is now under 
way. Table 4.1 also shows the measured 
values of some of HOMs. 

superconducting cavities (see section 4.3); 
therefore, it is worthwhile for us to do 
extensive R&D work on superconducting 
cavities and to try to find out whether 

Table 4.1 Parameters of Damped Cavity 

6o J? 
TM010 
(fundamental) 27,800 18.7 MQ/m 

Qext R/D 
TM110 
Omode 13.4 73.5 Q/m 
Jtmodc 29.9a(41.1)*> 462 Qfm 
TM011 
Omode uncoupled 1.29 Q 
71 mode 10.6^(13.9)0 115 O 

Calculated values; bMeasured values. 
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Fig. 3.3. (a) Flux lines of the separation superconducting dipole magnet, 
and (b) distribution of leakage field from the magnet 
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Fig. 4.1. Schematic drawing of the two-cell damped cavity of the B-Factory. 
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Fig. 4.2. Schematic drawing of the B-Factory superconducting cavity. 

— 26 — 



5x10' 

Qo 

1x10 

5x10 

Q0 -Eacc 
! j ; 

f ( 
'oor r l ! -• 

° 9 o Q

 ! j i 

j ; 

f ( 
'oor r l ! -• 

° 9 o Q

 ! j 
i 

j T I 

i 
....... ... _. 

! —" : ! I 
0 2 4 6 8 10 12 

Eacc(MV/m) 

Fig. 4.3. The result of a vertical test of the prototype superconducting cavity. 

superconducting cavities can be used for the B-
Factory. We should prove that 
superconducting cavities can work under high 
currents and strong synchrotron radiation 
fields, higher-modes can be successfully 
absorbed, and necessary power can be fed to 
cavities through input couplers and windows. 

On the basis of Cornell design1 5, we 
designed a B-Factory superconducting cavity 
shown in Fig. 5.2. The main difference 
between our design and that of Cornell is that 
we use a simple larger-diameter beam pipe 
instead of a complicated fluted beam pipe and 
that we try to use an antenna-type input coupler 
which we are using for TRISTAN 
superconducting cavities instead of a wave
guide type coupler for the Cornell cavity. 

As the first step of R&D, we made a 
prototype Nb cavity in order to test whether we 
can achieve sufficiently high field gradient with 
this type of cavity. The shape of this prototype 
cavity was not optimized, since we utilized one 
cell of TRISTAN cavity and attached a large-
diameter beam pipe to it in order to speed up 
the production. Figure 4.3 shows the result of 
a vertical test; the maximum accelerating field 

obtained was 9.7 MeV/m with the Q value of 
larger than 109. These values are good enough 
for the B-Factory. We have already optimized 
the shape of the B-Factory cavity; a full-size 
aluminum and a full-size niobium model 
cavities are being produced. We plan to have a 
beam test at TRISTAN accumulation ring in 
late 1994. 

5. Vacuum 
5.1 Design Guidelines 

As a design goal of the vacuum system we set 
a pressure of 10~7 Pa at full current of the 
second step. This pressure guarantees a long 
beam life and a low rate of spent electrons to 
the detector. Additionally, this low pressure is 
desirable to prevent any ion trapping 
phenomena in HER. 

The amount of synchrotron radiation 
calculated on the basis of the machine 
parameters of the KEK B-Factory is 
summarized in Table 5.1. The wiggler section 
is exposed to very intense synchrotron 
radiation, compared to that experienced by a 
normal cell. 
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5.2 Pumping System and Pressure 
Distribution 

Distributed type pumping is better than lumped 
type pumping to achieve a low average vacuum 

shows the layout of the pumping system of one 
cell of HER. If we assume a photo-desorption 
coefficient r\ of 10"6, and the pumping speed of 
NEGs is 100 1/s, we get the distribution of 
effective pumping speed and the pressure 
distribution shown in Fig. 6.2. 

pressure. Since even in HER less than 40% of 
the vacuum chamber is within magnetic field, 
the use of distributed ion pumps is precluded. 
We choose NEGs as main pumps for the B-
Factory. Figure 5.1 

6.3 Chamber Material 

Since the maximum power density for the arc 
section is less than 10 kW/m (see Table 5.1), 
copper and aluminum can be used as chamber 
material for the B-Factory; however, copper 

Table 5.1 Synchrotron radiation parameters 

LER HER 
Energy E 3.5 8.0 GeV 
Beam currents I 2.6 1.1 A 

[Arc section] 
Bending radius P 15 91 m 
Length of arc section la 2130 2130 
Critical energy ec 6.3 12.5 keV 
Max. power density fmax 4.6 6.3 kW/hi 
Av. photon density Nov 

3.3 x 1018 3.3 x 1018 phot./s/m 
[Wiggler section] 

Bending radius P 8.3 44.4 m 
Legnth of wig. section lw 140 140 m 
Critical energy % 11.5 25.6 keV 
Max. power density "max 30 33 kWAn 
Av. photon density Nav 5 x 10«> 1 x 1019 phot./s/m 

Beam 

6PM FIwp 

Billows 

QF 

NEG 

- 6 0 0 

M 
ST SxD 
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m 
QF 

Rough Pump 

Fig. 5.1. Layout of the pumping system of one cell of HER. 
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has various advantages over aluminum. First, 
its self-shielding property makes lead shielding 
unnecessary. Second, copper has a smaller T| 
value than aluminum. R&D work on copper 
chamber is going on at KEK. 

7. Linac Upgrade 
Present KEK 2.5 GeV linac will be upgraded 
by adding accelerating structures and changing 
20 MW klystrons to 60 MW ones. SLEDs are 
used to increase the field gradient. After this 
upgrade, the linac can accelerate 8 GeV 
electrons, which will be injected directly into 
HER of the B-Factory. Positrons are produced 
by 4.5 GeV electrons and accelerated up to 3.5 
GeV before being injected directly to LER. 

If we assume a normalized yield of 
positrons to be 2%/l GeV electron, the 
intensity of positrons produced by 4.5 GeV 
electrons of 4 x 10 1 0 per pulse amounts to 3.6 
x 109 per pulse; this corresponds to 880 sec 
injection time to LER of the KEK B-Factory. 
This time is short enough for the B-Factory. 

8. Summary 
The B-Factory project at KEK is regarded as 
the third phase of TRISTAN. After having 
pursued the energy frontier by increasing the 
beam energy from 25 GeV to 32 GeV, the 
TRISTAN has stepped into its second phase 
from February 1990. In the second phase we 
put the stress on accumulating as large an 
integrated luminosity as possible with a modest 
energy (at present TRISTAN is operated at 29 
GeV). The goal is to accumulate the 300 pb 1 

integrated luminosity. By the summer of 1994 
this goal will be reached. We envision that 
construction of the B-Factory will start from 
April 1994 and by the end of 1998 the 
commissioning of the B-Factory will take 
place. Various R&D works for the B-Factory 
are now extensively performed. 
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CESR Upgrade and Conversion to a 
B Factory-

James J. Welch 

Cornell University, Ithaca NY 14953, USA 

ABSTRACT 

The long term plans for the Cornell electron-positron storage ring CESR include a rapid increase in the 
luminosity from our present peak of 2.5 x 10 3 2 c m - 2 * - 1 to over 10 x 10 3 2 cm~2s~l. This will be done 
using the present ring, but with new configurations which allow higher stored beam currents. During this 
upgrade period many critical high current technologies will be developed and put into practice. In addition 
a great deal of rich B system data will be collected and analyzed. Then, when funding becomes available 
the machine will be ready to be converted to a two-ring unequal energy 'B Factory' capable of measuring 
CP violation in B decays. The upgrade and conversion plans are discussed in detail in this paper as well as 
the current status of key technical subsystems. 

1 Strategy 
Proposals for B factories at various laboratories all 
include designs for two storage rings with ampere cur
rents [1][2][3]. The average beam currents are an or
der of magnitude greater than that of state of the art 
machines with comparable energies. High current is, 
in fact, a necessary condition of high luminosity un
less someone finds a way to obtain an order of mag
nitude from increases in the vertical tune shift pa
rameter (y, or decreases in the vertical beta function 
at the interaction point /3j, or both. In the absence 
of such a breakthrough, designers must face the high 
current challenges of supplying and absorbing huge 
amounts of RF power, maintaining beam stability, 
keeping the vacuum low enough for low background 
in the detector, avoiding excessive beam-beam inter
actions at parasitic crossing points, and many other 
difficult problems — with the penalty that failure to 
do so means there may not be sufficient luminosity 
for the detector to see CP violation in a reasonable 
amount of time (years). 

The way we at CESR have chosen to attack these 
problems is, by taking advantage of new configura
tions and new or improved technologies, to gradu
ally build up the beam current to higher and higher 
levels until we have reached a luminosity of around 
1.0 x 10 3 3 cm" 2*" 1 . At that point, we will be ready 
to convert CESR into a two-ring unequal energy B 

factory with a peak luminosity of 3.0 x 10 3 3 cm s . 
The advantages of this approach are that we will: 

• Reap copious data on the B system short of full 
CP violation studies. 

• Harvest the first hints of CP violation, if nature 
is willing. 

• Develop new high beam current technologies 
making optimal use of existing resources and 
programs. 

• Be ready for fast conversion to a B factory when 
the window of opportunity opens. 

In recognition of the nature of the program we are 
undertaking we have recently converted to a 'project 
management' mode of operation. This level of organi
sation is reminiscent of that used during the construc
tion of CESR. Because the upgrade program uses 
many of the same resources and people as those in
volved with the daily program of high energy physics 
running, the daily operation has been combined with 
the upgrade project. The project manager is Maury 
Tigner with Dave Rice as his deputy. 

Our funding agency, the National Science Foun
dation, has been enthusiastic about our plans. They 
have approved R&D money for the both upgrade and 
B factory phases as well as short term funds for the 
upgrade program. 
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Figure 1: The design orbits of the electron and 
positron beams are schematically depicted as seen 
from above in several different configurations. The 
design orbits are separated from each other using elec
trostatic separators, (phase I). More bunches, and 
consequently more current, may be added without 
unwanted collisions by using a small crossing angle, 
(phase II and III). In the B factory configuration, the 
closed orbits enter different beam lines so a larger 
crossing angle is needed. 

2 Long term program 

The upgrade and conversion program has been di
vided into four phases corresponding to changes in 
the configuration of the stored beams, (see figure 1). 
At each phase the average current in the beam is 
increased by adding more bunches to the beam. Se
lected parameters for the various phases are given in 
table 1. In all phases, (, and /?, are nearly constant. 
Essentially all of the increase in luminosity comes 
from the increase of the average beam current / . The 
total RF power is increased substantially going from 
phase I to II, both of which use copper RF cavities, 
but it is held almost constant going from phase II 
to phase III because the superconducting cavities of 
phase III do not require significant RF power to sus
tain the field. The bulk of the RF power increase, 

and therefore the bulk of the RF costs, are saved un
til conversion to a B Factory. 

The original configuration of CESR had one bunch 
in each the positron electron beams. These collided 
at two places on opposite sides of the rings. Detectors 
were built around both collision points, CUSP in the 
North and CLEO in the South. By 1987 we had im
plemented the 'pretsel' idea which allowed us to store 
7 bunches in each beam without 'parasitic' collisions 
at the 12 unwanted crossing points. With additional 
bunches we were able to increase the average current 
roughly proportionally. The 7 bunch pretxel configu
ration, which we have labeled phase I, is the mode in 
which we now operate. On a good day we are able to 
reach a peak luminosity of 2.5 x 1 0 3 2 c m - 2 » - 1 . 

Phase II, which should be reached in 1993 uses the 
idea referred to as 'multiple bunch trains'. In this 
configuration each beam consists of 300 mA stored in 
9 trains of 3 bunches each. The 'cars' of the trains 
are not very far apart, only 28 RF wavelengths, com
pared with the distance between trains which is ap
proximately 142 RF wavelengths. In the arcs, the 
pretzel takes care of the unwanted collisions at the 
crossing points. At the crossing points that occur 
14 RF wavelengths on either side of the interaction 
point, the beam-beam interaction would be fatal if 
it were not for a small crossing angle (2-3 mrad) im
posed on the beams at the collision point. 

The last phase of symmetric operation (PHASE 
III) could be skipped or curtailed, depending on the 
funding timetable for conversion to two-ring oper
ation. In this configuration we have extended the 
multiple bunch train idea by filling two bunches at 
14 RF wavelengths spacing for a total of 45 bunches 
and 0.5 A per beam. However, the main change 
planned for PHASE III is to support the large beam 
currents using superconducting RF cavities. For 
phase III operation, the peak luminosity should be 
1.0 x 10 3 3 cm'2!'1 

3 Technical Subsystems 
What follows is a close look at the status of the many 
different technical projects underway as part of the 
upgrade and conversion program. 

3.1 Phase I 
As mentioned above, we have already reached the 
desired luminosity for phase I, 2.5 x 10 3 2 cm'2*'1 at 
100 mA per beam. Several improvements were made 
to the machine that helped us to reach this goal. 
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Figure 3: The new horizontal separator vacuum 
chamber has tapered ends which are expected to re
duce the loss factor by about 1/2. A special pair of 
'ground electrodes', inserted between the positive and 
negative electrodes is also expected to reduce the loss 
factor by about 1/2. 

gages to monitor potential hot spots. 
High beam currents at CESR have helped to in

crease the demands for time at the synchrotron ra
diation facility CHESS. There will be another major 
expansion of the CHESS facility early in 1993 with 
the addition of a second high power wiggler (7 kW @ 
100 mA/beam) and associated beam lines. CHESS 
is also quite busy upgrade beamstops, Be windows 
and other components so they can handle the higher 
currents expected later. 

3.2 Phase II 
To increase the peak luminosity to 6 x 10 3 2 c m ~ 2 » - 1 

we will increase the average current to 300 mA per 
beam. This will require technical improvements in 
several key areas. 

If we did nothing to the vacuum system the back
ground pressure would go up by a factor of three and 
the beam-gas background would go up a factor of 9. 
To combat this we have installed new titanium sub
limation pumps (TSP's) in background critical sec
tions which have an order of magnitude more pump
ing speed per meter of chamber than existing dis
tributed and lumped ion pumps. In the main arcs an 
increase in pumping speed of 50% is being sought by 
modifying the high voltage power supplies of the dis
tributed ion pumps to produce a lower voltage (=s 3 
kV) when high vacuum is reached. It has been de
termined that at large part of the total gas load in 
CESR comes from O rings in the gate valves. We 
are now preparing to replace the bonnet seal O rings 
with welds and use vacuum degassed O rings on the 
gate seals. 

A great deal of work has been done to try to un
derstand and thereby improve the shielding against 
machine generated detector backgrounds. This work 
grew out of the B factory design effort and by now 
has reached the point where we can get substantial 
quantitative agreement between simulation and mea
surement. In figure 4 is a plot of the detector current 
from the first layer surrounding the beampipe at the 
interaction point, for different azimuthal angles. The 
measurements, given in in black squares, show a main 
peak at azimuthal angles of 0 degrees (the horizontal 
plane on the inside of the ring) and a smaller peak 
near 180 degrees. The simulation prediction for the 
total current is drawn with a solid line, while the con
tribution to the simulation current from synchrotron 
radiation is drawn with a the dashed line. Given 
that the agreement between the simulation and mea
surements is quite good, one may conclude that the 
smaller peak at 180 degrees is due to synchrotron 
radiation and the total background rate is predomi
nately beam-gas background [7]. 

The existing feedback system was designed for 7 
bunches per beam, more or less equally spaced. In 
phase II we will have 9 trains more or less equally 
spaced, but the spacing between the cars of each train 
is only 56 ns. A new transverse feedback system is 
being constructed. While needed for phase II, it is 
designed to meet phase III requirements (72 MHi 
bandwidth, 14 ns bunch spacing and 10~ 3 s damp
ing time) and should be installed by the middle of 
1993. A prototype kicker has already been installed 
in CESR and has performed as expected. 

The required crossing angle at the interaction point 
is determine by the maximum allowable long range 
tune shift at the first crossing point [8]. Given this 
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Table 1: Selected parameters of various stages of the CESR program 

L 
I 

PRF 

fll/2 

[10 3 2 c i n - V 1 ! 
[A] per beam 

per beam 
[cm] 

total [MW] 

[mrad] 

I 
Now 
2.5 
0.1 
7 

1.8 
0.46 
0.04 

0 

II 
Trains 

III 
SRF 

B Factory 
HER LER 

6.0 
0.3 

9 x 3 
1.7 
1.11 
Q.03 
2.5 

10 
0.5 

9 x 5 
1.7 
1.18 
0.03 
2.5 

30 
0.87 1.98 

164 
1.5 

4.57 1.68 
0.03 
12 

Figure 2: Two new 5-cell RF cavities are shown in
stalled in the CESR tunnel. Two more will be in
stalled in early 1993. 

In 1990 the CUSB detector was removed from 
CESR and electrostatic separation was employed at 
the that crossing point so that only one interaction 
point remained in CESR. This change led to an im
provement in typical (good) values o{(y from 0.017 
to 0.040. 

In the past, the 14-cell RF cavities and the hori
zontal separators have each been blamed for limiting 
the current due to bad vacuum and sparking. Both 
systems are being replaced. The RF cavities suffered 
from a plethora of bad BT-TIG welds which open 
up leaks at a rate of roughly 1 per month. Higher 
order mode probes in each of the cavity cells have 
also had a high failure rate, exacerbated by the large 
higher order mode power that high beam currents 
generate. Recently 2 new 5-cell RF cavities have been 
installed in CESR and are performing well, (see fig
ure 2). The fabrication of the new cavities uses only 
electron beam welding for copper to copper joints, 
and high temperature brasing for stainless to copper 

transitions, besides the ordinary TIG welded stain
less to stainless joints. In addition the water jacket 
has been modified so the higher order mode probe 
loads may be removed without draining. 

A new horizontal separator system is now 3/4 com
plete. The remaining work includes new electrodes 
which are scheduled to be installed by mid 1993, (see 
figure 3). The spark rate should be reduced by im
proved electrode design which reduces the peak elec
tric field. In addition, two novel features have been 
implemented which should reduce the loss factor by 
1/2 to 1/4 that of the present separator chambers. 
One is a complex profiling and tapering of the ends 
of the chamber as they change from the main beam 
tube cross section to the large diameter separator sec
tion with electrodes. The other feature is the addition 
of a pair of 'ground electrodes' in between the posi
tive and negative electrodes. The ground electrodes 
are not needed for electrostatics. Their purpose is 
to keep the electromagnetic energy that travels with 
the beam close to the beam centerline so that it is 
not lost when the bunch leaves the separator cham
ber. Mockup tests [5] have shown that each of these 
features reduces the loss factor by about 1/2. The re
duction of loss factor has important engineering and 
power cost implications. At 100 mA per beam, each 
of the present separators dissipates more than 4 kW 
of beam power. If nothing were done to reduce the 
loss factor, with phase III parameters, each would 
dissipate almost 17 kW. That amount of power is 
difficult to cool at ±100 kV without excessively large 
apparatus. 

One problem that is evidently getting to be more 
important as the beam current is increased is beam 
heating of miscellaneous vacuum chamber compo
nents. We have already had to put cooling bands 
around essentially every in-line beam tube flange. Re
cently we hav- installed hundreds of thermocouple 
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Figure 4: The current on the innermost layer of the 
CLEO detector is plotted against the azimuthal an
gle. Good agreement with the simulation is evident 
and indicates the bulk of the background comes from 
nonsynchrotron sources, i.e., beam-gas background or 
lost particles. 

constraint, the crossing angle can be made smaller 
by reducing the vertical beta function at the first 
crossing point. In the present configuration the 
first quadrupole (REC) next to the interaction point 
does most, but not all of the vertical focussing. It 
is followed by a weak, tunable vertically focussing 
quadrupole just outside the detector iron. We have 
found that by lengthening the REC quadrupole (by 
adding leftover REC sections from the CUSB inter
action region), and adjusting the position of the first 
horizontally focussing quadrupole, the peak vertical 
beta function can reduced 40%. This change also re
duces the required stayclear. Pending measurements 
of the CUSB REC sections, this change will be made 
sometime in 1993. 

Already installed on the gun in the linac and per
forming quite well is the 'Pulser from HELL'. It is 
fully B factory capable with operating parameters of: 
14 ns bunch spacing, 20 A 250 V gain adjustable out
put, and 5 ns off-to-orf time. Further down the linac 
we are designing improvements to the e + capture op
tics in collaboration with JINR at Dubna. 

One of the critical accelerator physics issues we are 
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Figure 5: The vertical tune shift parameter was mea
sured as a function of the crossing angle using an ex
perimental lattice at CE5R. For comparison, beams 
were collided collinearly but at an angle to the design 
orbit with a 'magnetic angle'. Only a small degrada
tion in tuneshift parameter is observed at the design 
crossing angle of 2.5 mrad. 

studying for the phase II configuration is the effect 
of the crossing angle on the obtainable vertical tune 
shift parameter. We have some recent experimental 
results which were obtained with a special lattice that 
can produce either a true crossing angle (noncollinear 
collisions) or collinear collisions that occur at an angle 
with respect to the central trajectory. In figure 5 we 
can see only a small reduction in the measured tune 
shift parameter at the design crossing angle of 2.5 
mrad, as opposed to the value obtained at 0 mrad [4] 
A small degradation is expected based on simulations, 
(see [6]). 

3.3 Phase III 
A further increase in luminosity to 10 x 10 3 3 cm~2s~l 

is planned for phase III. This will be made possible 
by the installation of 4 superconducting RF (SRF) 
cavities in place of the copper cavities. SRF cavities 
have the benefit that they give little impedance to 
the beam yet can deliver large voltages (2 MV/cell, 
one cell per cavity) compared with copper cavities. 
We expect the SRF cavities will allow operation at 
500 mA per beam, which is 1 A of circulating current 
within the vacuum chamber. To accommodate the 
current, additional bunches will be place in between 
the cars of the phase II bunch trains. In support of 
this plan we have a very active program developing 
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Figure 6- This picture shows the prototype niobium 
SRF cavity to be installed in CESR in late 1993. 
Note the fluted structure and the large diameter bore 
which help to get rid of the higher order mode power. 
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Figure 7: The prototype SRF cavity has been tested 
and reached the design Q of 109 at the design field of 
10 MV/m. 

and testing SRF cavities at CESR. [9] 
A prototype SRF cavity has been received from in

dustry, (see figure 6). It has some novel features to 
deal with the large beam currents. The bore of the 
cell is very large. This allows almost all higher order 
modes to propagate freely down the beampipe until 
they are absorbed on a ferrite load concentric with 
the beam. Not quite all the modes are high enough 
frequency to be beyond the cutoff frequency of the 
beampipe. For the remaining modes, which are the 
lowest order dipole modes, distortions in the axial 
symmetry called flutes, have been added. The flutes 
couple the remaining modes, to the ferrite absorber 
without coupling to the main accelerating mode. Re
cent tests of the prototype cavity were successful in 
attaining the design Q of 10 9 at the design field of 
10 MV/m, (see figure 7). 

A beam test for the prototype cavity is scheduled 
to be installed in CESR in late 1993. Preparations 
include beam test of the ferrite loads, cryostat and 
an RF systems test. 

On the vacuum frontier, we have been developing 
fabrication tools for large high pumping speed cop
per vacuum chambers to be used in the hard bend 
region of the ring. Prototype sections of roll-formed 
large copper chambers are on order. Initial results 
are encouraging and tooling for the full hard bend 
prototype has been ordered. A large chamber weld 
facility is being set up to perfect Cu TIG welding 
techniques. If successful, TIG welding would elimi
nate the need for a very large expensive braze oven 
such as the one designed for the CESR B factory. 
It would also be more versatile and economical than 

electron beam welding. 
New types of high speed pumps have already been 

installed in CESR and both laboratory and opera
tional evaluation continues. The pumping speeds and 
saturation points of NEG and TSP pumps were mea
sured in the lab and found to exceed the values as
sumed for the B factory. 

Because the interbunch spacing in the phase III de
sign is only 1/2 that of phase II, new interaction re
gion quadrupoles are being designed which turn the 
vertical beta function around before the first cross
ing point and consequently further reduce the long 
range tune shift generated there. The new magnet:, 
will also enable the machine to reach /3^ of 1 cm or 
less with minimal increase in chromaticity. If shorter 
bunches can be generated, we might then be able to 
take advantage of lower /?j to further increase the lu
minosity. The new magnets will consist of a small sec
tion of permanent magnets trapped on the beampipe 
assembly, followed as closely as possible by a super
conducting quadiupole, (see figure 8). The supercon
ducting quadrupole will also have dipole coils to shift 
the center of focussing to reduce critical energy of the 
synchrotron radiation directed toward the interaction 
point, and sqew quadrupole coils to help compensate 
the detector solenoid coupling. 

3.4 B Factory 
The 'B factory' phase of the CESR upgrade program 
consists of adding a second ring, 12 more SRF cells 
and increasing beam currents to 870 mA and 1980 
mA in the high and low energy rings. By the antici
pated funding time, most of the critical technologies 
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Figure 8: New interaction region quadrupoles are be
ing planned for phase III. Focussing would start as 
close to the interaction region as possible with a short 
section of permanent magnets. Following this is su
perconducting quadiupole with extra coils for onset-
ting orbits and compensating the detector solenoid 
coupling. 

will have been subject to extensive 'field testing' in 
high beam current operational conditions. These in
clude 

• Superconducting RF cavities 

• High pumping speed, low cost pumps 

• Copper vacuum chambers 

• Advanced feedback system 

• Shielding to reduce detector background 

• Superconducting IR quadrupoles. 

The only new technology that will be introduced 
with the B factory conversion is the 'crab cavity'. A 
'crab' cavity is a special RF cavity that operates in 
a deflecting rather than accelerating mode. Its pur
pose is to give the front and back of a bunch different 
transverse kicks so that the bunch begins to rotate 
about its center. The sise of the kick is chosen so 
that by the time the bunch reaches the interaction 
point it will have rotated an amount equal to the col
lision angle of 12 mi and the two beams effectively 
collide head on. Without bunch rotation there would 
be an unacceptable amount of beam-beam induced 
synchrobetatron coupling. 

We have developed and tested a 1/3 scale model 
crab cavity made of niobium. [9]. Its design incor
porates a transmission line coaxial tube which serves 

Figure 9: A 1/3 scale of a 'crab cavity' under de
velopment is shown in this section view. Tests on a 
niobium model show that all undesirable monopole 
and dipole modes are well damped with Q ~ 100 or 
less, and the required kick voltage was obtained. 

to couple the lowest frequency mode (an accelerat
ing mode) out of the cell, down the beam pipe to 
the ferrite absorbers, (see figure 9). Higher frequency 
modes also propagate down the beamline but do not 
need a transmission line as they are above the cutoff 
frequency. The deflecting mode is reflected back to 
the cavity before it reaches the ferrite absorber by 
a tuned notch filter. The results of teste of the 1/3 
scale superconducting model indicate that all the un-
desired monopole and dipole modes are well damped 
with Q's ~ 100 or less, and the required kick voltage 
for the B factory design has been obtained. 

4 Summary 

To sum np onr program briefly is to say that we in
tend to keep doing what we have done before — that 
is, to keep increasing our luminosity at a rate of about 
a factor of 10 in ten years. In figure 10, the actual 
peak luminosity obtained in CESR is plotted for each 
year since CESR turned on. For future years, we have 
plotted the expected peak luminosity for each of the 
phases of the upgrade. By implementing and improv
ing new technologies and using new configurations of 
the machine, we intend to continue this geometric 
growth, culminating with a B factory capable of mea
suring CP violation in the B decays near the end of 
this decade. 

We believe that onr long range plan is a sure and 
cost effective route to studying CP violation in the B 
system. Along this route, we expect to continue to 
mine the e + e~ B physics, and at the same time, test 
the technologies that will ultimately be put in place 
in a B factory. 
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Figure 10: Thus plot ihows the actual peak luminos-
ity of CESR each year since it turned on in 1981. By 
implementing new configuration* and improved tech
nologic! we plan to continue this trend, culminating 
with a two ting asymmetric B factory near the end 
of this decade. 
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ABSTRACT 

We describe the present status of the PEP-II asymmetric B factory design undertaken by SLAC, LBL, and IXNL. 
Design optimization during the past year and changes from the original CDR design are described. R&D activities 
have focused primarily on the key technology areas of vacuum, RF, and feedback system design. Recent progress in 
these areas is described. The R&D results have verified our design assumptions and provide further confidence in tbe 
design of PEP-II. 

I. INTRODUCTION 

The conceptual design for the PEP-II asymmetric B 
factory, carried out as a collaboration of SLAC, LBL, 
and IXNL, was completed in February, 1991 [lj. The 
design goal for PEP-II, which comprises a high-energy 
ring (HER) containing 9 GeV e- and a low-energy ring 
(LER) containing 3.1 CeV e + , is to provide a 
luminosity of X - 3 x 1 0 3 3 c m - 2 sr'. Since the 
conceptual design report (CDR) was completed, the 
design has continued to evolve. Significant changes 
have occurred in the areas of the interaction region (IR) 
design, the LER lattice, and the injection scheme. In 
addition to the design activities, R&D is being carried 
out in the technological areas of vacuum, RF, and 
feedback. The main design changes and recent R&D 
results are summarized here. 

2. DESIGN OVERVIEW 

The two-ring PEP-II facility will be located in the 
2200-m circumference PEP tunnel, with the new LER 
mounted atop the HER. The HER reuses most of the 
components from the existing PEP ring. A mockup of 
a proposed arrangement for the two rings is shown in 
Fig. 1. The injection system for the rings makes use 
of the present SLC injector, which routinely provides 

'('Work supported by the Director, Office of Energy 
Research, Office of High Energy «nd Nuclear Physics, High 
Energy Phytic* Diviiion, U.S. Dept of Energy, under 
Contract Nos. DE-AC03-76SF00098 (LBL). DE-AC03-
76SF00515 (SLAC). ind W-7405-Eng-48 (LLNL). 

2.5 x 10'° e* per pulse at 120 pps (compared with a 
PEP-n design requirement of 0.2-1 x 10 1 0 e* per 
pulse). With this injector, the estimated top-off time 
for the operating collider is 3 minutes, and the time to 
fill tbe rings from zero current is about 6 minutes. No 
other injector in the world is as powerful as the SLAC 
linac, which provides a demonstrated capability to fill 
the PEP-n rings at a suitable rate. Among other 
things, such a capability is crucial for an optimum 
commissioning scenario. A summary of the main 
PEP-n parameters is given in Table 1. 

Fig. 1 Mockup of PEP-n magnets and supports. 
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Table 1. Main PEP-II Parameters. 
LER HER 

Energy, E[GeV] 3.1 9 
Circumference, C [m] 2200 2200 
Ey/ex fnm-radj 3.9/97 1.9/48 
ft/frlan] 1.5/37.5 3.0/75.0 
5o*,Oy 0.03 0.03 

/RFIMHZ] 476 476 
V R F [MV] 9.5 18.5 
Bunch length, o j [mm] 10 10 
Number of buncoes, kB 1658™ 1658** 
Damping time, t^y [ms] 36.4 37.2 
Total current,/[A] 2.14 1.48 
t/0[MeV/tum] 1.2 3.6 
Luminosity fan - 2 *" 1 ! 3x 1 0 3 3 

"includes gap of «5% for ion clearing 

3. DESIGN OPTIMIZATION 
Here we focus on design changes occurring subsequent 
to tbe completion of the CDR [1]. 

3.1 IR Design 
The PEP-II interaction region (IR) design is based on 
an "S-bend" geometry, as illustrated in Fig. 2. 
Compared with tbe CDR design, we now nave fewer 
magnets (2 vs. 3 IR quadrupoles) and a stronger Bl 
separation dipole (tapered for maximum strength and 
minimum interference with the detector solid angle). 
This configuration leads to additional horizontal 
separation at the parasitic crossing points (9.6o*w. 
7.6a). Only the Ql quadrupole is common to both 
HER and LER. Tbe Q2 magnet is a conventional 
septum quadrupole acting only on the low-energy 
beam. 

As part of tbe IR design procedure, we have adopted 
criteria against which any proposed design is tested. 
For example, we design for an aspect ratio of a/ax i. 
0.04. This minimizes tbe potential toss in luminosity 
associated with the beams being tilled at the interaction 
point (IP), as demonstrated in Fig. 3. Another criterion 
is to use a "graded aperture" whereby the acceptance at 
the IR is 15ff, that in tbe adjacent straight sections is 
12.5c, ?nd that in tbe arcs is 10a. This ensures that 
particle losses will preferentially occur far from tbe 
detector. As with all B factory projects, we carry out 
extensive studies of detector backgrounds [2]. 

Fig. 2. PEP-II IR layout (anamorphic plan view). 

0.4 h 

0.2 

r a 1/25 ^ - . „ 
r=l/66 

0 1 2 3 4 5 
T«(deg) 

Fig. 3. Sensitivity of luminosity to relative beam tilt. 

3.2 Lattice Design 
Tbe main changes with respect to Ibe CDR design 
involve the LER lattice. To increase tbe emittance 
contribution and radiation damping firom tbe arcs 
(thereby reducing tbe dependence on wigglers), tbe LER 
arc dipole length has been reduced from 100 cm to 45 
cm. Although the optics implications of this change 
are nil, it does result in increased thermal and vacuum 
loads on the chamber. Increasing the width of tbe LER 
vacuum chamber to provide additional conductance has 
made this solution acceptable. The LER arcs now 
provide half of the required damping decrement and one-
ihird of the required emittance for the LER. 

We have also increased tbe symmetry of the arcs by 
making tbe magnet arrangement mirror symmetric 
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about the IP, as described in Ref. [3]. Finally, we are 
examining [3] the concept of "local" cbromaticity 
correction in which sextupoles are located in the IR 
straight section itself to control the chromaticity 
generated by the IRquadrupoIes. This approach appears 
very promising as a means of reducing the higher-order 
chromaticity that must otherwise be controlled with the 
arc sextupoles alone. 

Based on beam-beam simulations of the injection 
process [4], we have now adopted a vertical injection 
scheme for the rings. This keeps the injected beam 
well away from the stored beam and minimizes the 
beam blowup during injection. Horizontal injection is 
still an acceptable option but leads to more blowup and 
thus potentially more detector background. 

3.3 Injection System 

Considerable work has been done in this area since the 
CDR. The optical and mechanical aspects of the e* 
extraction from the linac have been worked out in 
detail. In addition, a simple and elegant matching 
technique has been developed that will permit the 
existing injection transport lines to remain essentially 
unchanged. A study of injection optics for the storage 
rings has been made, leading to a simple two-kicker 
injection scheme. Injection kickers will be powered in 
parallel to minimize any mismatch between diem [5]. 

To protect the detector from injection losses, three sets 
of collimators will be installed in each ring. One set 
serves to define the momentum, one set selects the 
betatron amplitude, and the third set is for "cleanup." 
Each of the three sets is designed with multiple 
sections, separated by 60° or 90° in betatron phase to 
ensure complete coverage. 

4. APPROACH TO R&D ACTIVITIES 
Even in the R&D phase, PEP-II activities are being 
closely monitored. Major R&D activities—those 
involving significant expense—are formally reviewed 
as would be done in die construction project. These 
reviews, which solicit advice from people both inside 
and outside the immediate PEP-II R&D group, cover 
R&D goals, technical approach, costs, and schedule. A 
written report of each review is sent to the reviewers 
and maintained on file. 

5. R&D PROGRESS AND PLANS 

R&D activities permit us to verify design choices and 
optimize design parameters. The key R&D areas for 

PEP-II were identified early in the design phase and 
include vacuum, RF, and feedback systems. These are 
the main topics on which PEP-II R&D is focusing. 

It is worth noting that die results of the R&D activities 
are continually folded back into the project design. 
Examples of this include the down-sampling feature 
added to the multibunch feedback system [6], the 
detailed calculations of the higher-order mode (KOM) 
damping and thermal loading of the RF cavities [7], and 
the simplified approach to the HER vacuum chamber 
design [8]. Such modifications produced the beneficial 
side-effect of reducing overall project costs so, in a 
certain sense, the R&D effort is paying for itself." 

5.1 Vacuum System 
We have carried out extensive photodesorption studies 
using the VUV ring at BNL [9]. Initial studies used 
copper bars to choose acceptable materials for the 
chamber, and subsequently an actual chamber was 
studied to examine fabrication and cleaning issues. The 
enure topic of chamber production is being studied in 
detail to determine optimum fabrication, cleaning, and 
assembly techniques. We are also preparing a series of 
tests on the pumping speed of distributed ion pumps 
(DIPs) to optimize the pumping cell design and verify 
the pumping speed of our chosen configuration. 

The status of this work [8] is that materials choices 
have been made (OFHC copper for die chamber body 
and SE-copper for the cooling bar), and the required 
pbotodesorption coefficient, TJ < 2 x 10-*, has been 
achieved after an equivalent PEP-II photon dose of only 
25 A-hr. A DIP test facility is designed and is being 
fabricated, with pumping tests scheduled to begin soon. 
We are also exploring alternative techniques to weld and 
bend extruded HER chambers, with promising results. 

5.2 RF System 
The R&D goals of the RF system program have 
included fabricating a low-power test cavity and 
measuring its HOM properties. In addition, tests to 
verify the efficacy of die proposed waveguide damping 
scneme have been carried out, resulting in damping of 
the most dangerous longitudinal HOM (TM011) to Q ~ 
30 (compared with a desired reduction to Q < 70). A 
program of three-dimensional thermal and mechanical 
stress calculations for the RF cavity is being cairied out 
in collaboration with the AECL Chalk River 
Laboratory (CRL) to devise a suitable cooling scheme 
for the high-power cavity [10]. A high-power test 
stand mat can be used for the cavity tests (ISO kW 
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design goal) and window tests (500 kW design goal) is 
now available, powered by a 500-kW modified PEP 
klystron retuned to 476 MHz. Considerable emphasis 
has been placed on the development of an RF feedback 
system to avoid driving coupled-bunch instabilities 
with the fundamental mode [11]. 

The state of the RF work is well advanced. The low-
power cavity is completed and measurements of the 
HOM spectrum nave been carried out [7]. We have 
demonstrated that the waveguides and loads effectively 
damp the unwanted HOMs. A detailed simulation 
model of toe RF feedback system has been carried out 
in collaboration with CRL and the results are very 
promising. 

5.3 Feedback System 

The feedback system R&D in the past year has 
concentrated on optimizing the design of the 
longitudinal system. In addition to carrying out 
simulations with realistic parameters, we have carried 
out actual system tests with beam, using the SPEAR 
ring at SLAC [12]. We are also refining toe design of 
the transverse feedback systems. 

Our simulations have shown that the down-sampled 
design is both simple and effective, and that realistic 
noise and buncb-to-bunch coupling in pickup and 
kicker do not degrade system performance. The 
SPEAR measurements verify that the system performs 
properly and understandably under "combat" conditions. 
At the present time a full prototype system is being 
designed. This will be installed and tested at the LBL 
Advanced light Source (ALS) in about one year. 

5.4 Magnets and Supports 

In the past year we have completed a full-cell hardware 
mockup of the PEP-I1 rings (see Fig. 1) and performed 
mechanical stability and alignment tests. Magnet 
refurbishment procedures have also been developed and 
tested, and were shown to be less complicated and less 
expensive than originally assumed in the CDR. Based 
on this work, we intend to modify the LER support 
structure for better alignment line-of-sighL 

5.5 Ongoing R&D Program 

In the current year, R&D efforts will focus on 
answering the remaining questions on major issues 
required for construction. For the vacuum system, we 
plan to obtain prototype HER extrusions and use them 
to carry out a realistic fabrication sequence. We will 
also perform photodesorption measurements on sample 

extruded chambers using the higher critical energy 
photons of the XRAY ring at BNL. DIP tests will be 
completed and an optimized design determined. The 
modified PEP-II full-cell mockup will be used as a test 
bed for installing a full-cell vacuum system mockup 
with all components and chamber supports. Impedance 
measurements of the various chamber components will 
also be performed. 

The main RF-related R&D activity will be associated 
with the final design, fabrication, and testing of a high-
power test cavity. This work will include tests of 
high-power cavity windows and damping loads using 
the SLAC 500-kW, 476-MHz test stand. Development 
work on a 1.2-MW, 476-MHz klystron will continue. 

Feedback work will concentrate on the production of a 
prototype PEP-II system suitable for testing on the 
ALS. This requires both software and hardware 
development 

Injection-related work will include verifying the design 
of the linac extraction system and confirming the 
parameters (emittance, energy spread) of the extracted 
beam. Design and testing of the required injector 
feedback algorithms will also be carried out. 

In the area of magnets and supports, we plan to modify 
the full cell mockup to conform to the final 
configuration adopted. As mentioned, the vacuum 
system and its supports will be included in this setup. 
A prototype LER quadrupole will be fabricated and 
measured to ensure it meets field-quality requirements. 

The LER lattice design will be finalized, based on a 
local chromaticity correction scheme. Tracking 
calculations to verify dynamic aperture and to determine 
alignment and field tolerances will be completed. We 
also plan to begin a study of a low momentum 
compaction lattice concept to see what benefits this 
approach might offer. 

The IR design R&D program will be aimed at 
optimizing die vacuum close to the IP. Background 
studies will be updated to reflect any LER lattice 
changes that occur. 

6. SUMMARY 

Major progress has been made on the PEP-II design in 
the past year. Technical uncertainties have been 
successfully eliminated and no significant new 
problems have been uncovered. R&D activities are 
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also well under way and have resulted in important 
design improvements. The issues being studied by the 
PEP-II team are of great interest to the entire new 
generation of colliders and storage rings, including B, 
#, T-charm factories, hadron colliders (SSC, LHC) and 
new generation light sources. 

The PEP-II project has a strong design team combined 
with an excellent site from which to mount it. We are 
looking forward to receiving soon the go-ahead to begin 
construction. 
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Interaction Region Issues Overview* 
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ABSTRACT 

This paper presents a survey of issues associated with the interaction region design at asymmetric electron-positron 
B-factories. 

1. INTRODUCTION 

The goal of the interaction region (IR) design for an 
electron-positron B-faciory is to deliver the highest-
possible stable luminosity to the experimental facility 
with minimum background noises. This goal, by 
itself, is no different from any other IR design goals at 
any colliding beam machines. However, several 
distinct features of B-factories should be noted, namely, 

1. Collision of electrons and positrons with 
asymmetric energies with two separate rings at the 
T" resonance, ECM = 10-6 GeV. 

2. A high-current, multi-bunch operation with 
frequent beam fills. 

3. Small beam spot size (0(200) x O(10) um 2 or 
less) to maintain at the interaction point (IP). 

4. The experimental facility demands a small radius, 
thin beam pipe at the IP. 

A large number of design parameters have to be 
carefully selected in the IR design. The decisions are 
affected by various physical, technical or economical 
constraints, as well as by each design group's 
experience, preference and judgment. 

Presently wc have three major ongoing B-factory 
design efforts, i.e. CESR-B [1], PEP-II [2] and KEK-B 
[3]. Table I summarizes some of their relevant 
parameters. During this workshop specific details of 
individual IR designs will be discussed at the IR 
parallel session and elsewhere. The purpose of this 
paper is to walk through IR issues that we come across 
in the design of B-factories, hoping that it gives a 
quick general review. 

"Talk presented at the International Workshop on B-
Faciories: Accelerators and Experiments, November 1992, 
KEK (National Laboratory for High Energy Physics) 

Table I. IR-related parameters at B factories 

CESR-B PEP-II KEK-B 
Luminosity 

(10 3 3 ) 3 3 2 
Energy 

(GeV) 3 .5 /8 3.1/9.0 3 .5 /8 
Bunch 
spacing (m) 3.0 1.3 3.0(0.6) 
Beta y (cm) 1.5 1.5 1.0 
Emittance x 

(nrad) 130 100/50 19 
Bunch Size 

x(um) 
y(jtm) 
z(mm) 

360 190 140 
5.4 7.6 1.4 
10 10 5 

There is a substantial amount of literature presenting 
world-wide efforts on the asymmetric B factories. Many 
of them are internal memos, preprints and talks at 
various conferences. For the colleagues whose works 
may not be adequately cited in this review the author 
expresses his apologies in advance. The most recent 
volume that collects a coherent set of reports on recent 
progress, besides the proceedings of this workshop, is 
"B Factories, The State of the Art in Accelerators, 
Detectors and Physics," edited by D. Hitlin, April 
1992, SLAC-400 (1992). 

2. ACCELERATOR PHYSICS ISSUES 

2.1 Two-beam Separation 

Because of the short bunch spacing (3 m or less) and a 
need to reduce extra beam-beam interactions, a quick 
beam separation before and after the designated IP is 
essential. Standard solutions are to introduce a finite 
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crossing angle (usually horizontal) at the IP, or to use 
a set of separation bend magnets next to the IP. 

found, it should not be difficult to maintain the 
condition by using an orbit feedback system, however. 

Figure 1 schematically shows how each group's 
assessments on the beam-beam interaction issues are 
affecting the choice of the beam crossing angle. 

Figure 1 

I 

Fast Separation Bend Crab Crossing 

PEP-II KEK-B Cornell 

0 1 2 . . . 10 

Beam Crossing Angle / 2 [mrad] 

Two types of beam-beam interaction effects need to be 
considered. One is excitations of synchro-betatron 
resonances that can occur when opposing bunches are 
crossing at a finite angle. A rough theoretical rule of 
thumb [4] has been that if the half crossing angle 6C 

satisfies 

It should be noted thai the vertical (or horizontal, on 
that matter) angle mismatch of two beams cannot be 
detected with a beam-beam deflection technique. If a 
pair (or more) of beam position monitors (BPMs) 
located on the common line for electrons and positrons 
can simultaneously analyze their signals, and if the 
electrical offsets in the read-out system are well-
understood, there will be a good chance of determining 
the relative angles between the two beams based on the 
BPM orbit data. Otherwise, the analysis has to depend 
on luminosity measurements, tune-shifts or the 
detection of synchro-betatron resonance itself. 

The second type of beam-beam interactions that 
requires an attention is the effect of parasitic crossing, 
where the interactions o( incoming and outgoing 
bunches at crossing points other than the designated IP 
need to be counted. Effects of intra-bunch scattering due 
to collective Coulombic forces appear to be negligibly 
small, if the crossing angle is larger than 1 - 2 mrad, 
with the damped beams [6]. However, during the 
injection time when the beam emitlance is larger by a 
factor x 1000, there is a worry that non-linear beam-
beam interactions can become much larger. 

3. DETECTOR - ACCELERATOR BOUNDARIES 

3.1 Mechanical - Solid Angle Coverage 

6 c < ( a , / a I ) / 1 0 , (1) 

then the operation is "safe." Recent beam results from 
CESR 15] corroborate this estimate, although more 
quantitative data from any machine is immensely 
welcome. 

A large crossing angle that exceeds the condition (1) is 
feared to cause too much synchro-beta instabilities, 
which is unacceptable, unless a fundamental cure such 
as a Crab crossing scheme is implemented. The 
Cornell design has adopted Crabbing, which could 
mean a substantial R&D. Once a reliable Crab crossing 
method is developed, it will allow a very clean 
mechanical design of the IP region. 

The issues of horizontal synchro-beta resonances will 
be virtually non-existent in zero-crossing angle IP 
designs such as the PEP-II. However, due to the nature 
of two separate rings, il is always possible to 
accidentally introduce a non-zero crossing angle in the 
vertical coordinate. Since the vertical spot size at the IP 
is small, if the same criterion as equation (1) is to be 
imposed, it could mean a rather tight operational 
tolerance. When a good angular two-beam matching is 

When the detector-accelerator boundary conditions are 
considered, the mechanical constraints are the first to 
come to mind. 

The problem is that the experimental facility wishes to 
cover the polar angle down to 17 degrees or so in the 
forward direction, while the separation magnets need to 
be placed within 50 - 70 cm of the IP (This condition 
is much relaxed in the CESR-B design, where a large 
crossing angle takes care of the beam separation). Of 
course, spaces for detector read-out electronics and 
cabling needs to be allocated besides the solid angle 
coverage of the detector fiducial volume. 

The scheme adopted at PEP-II (2, 7, 8) is to use a set 
of permanent dipole magnets whose outer profile 
resembles a sharply shaped nose cone. It has been 
claimed that field degradation due to radiation effects is 
negligible, and a small field correction can be applied 
with correction coils. 

The KEK solution is to use compact super conducting 
bend magnets [3,9, 101. They share the cryostat with 
the final defocusing quadrupolc magnets that are also 
super conducting. To relax the space problem, a small 
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crossing angle is used so that the magnets are 
somewhat "pulled out" from the IP. 

3.2 Magnetic - Leak Fields 

The first issue to consider is the effect of magnetic 
fields from the accelerator on the charged particle 
tracking by the experimental facility. 

If the separation bend is made of permanent magnets 
their leak field into the detector volume is very small. 
Then special magnetic insulation is not necessary. On 
the other hand, if super conducting magnets are used, 
the magnetic field distortion in the detector fiducial 
volume becomes large enough to demand a special 
tracking code, unless an effective field insulation is 
realized. In the case of KEK-B, the super conducting 
bend magnets will have a compensation bend winding 
to solve this problem [10]. 

The leak fields due to the Anal quadrupolc magnets are 
small, because of i) the higher pole nature of the field, 
and ii) the tracking volume of concern is radially more 
distant from the magnet, than the case of separation 
bends. 

The second to consider is effects of the solenoid field of 
the experimental facility on the accelerator 
components. They introduce i) x-y coupling in the 
beam, ii) three-dimensional twist of the canonical beam 
trajectory, and iii) magnetic forces on the beam-line 
magnets. 

It is possible to remove the x-y coupling effects of 
solenoid fields with skew quadrupole magnets outside 
the IP region. Depending on where such magnets can 
be placed, they can cost for spurious dispersion and 
operational complications. It is more desirable to 
compensate the solenoid fields on the spot. For 
example, the CESR-B design [1] has an extensive use 
of compensation solenoid magnets. The KEK-B design 
has an open option to include solenoid winding around 
the super conducting qaudrupole magnets. 

Because of the "tight coupling" between the detector 
solenoid magnet and the accelerator magnetic field 
strengths, the strengths of IP magnets (separation 
bends and the final quadrupoles) cannot be casually 
changed during normal operation of the B factory. For 
fine tuning of the IP set-up and for feedback purposes it 
is inevitable to use magnets immediately outside the IP 
region. This is an important item to remember when 
designing the collision tune-up scheme. 

3.3 Radiation - Detector Background 

The issues of accelerator-related backgrounds involve 
adverse effects on i) detector triggers and ii) particle 
tracking as well as iii) damage to detector components 

and insulating materials due to a cumulative radiation 
dosage. 

The challenge is to maintain the background levels 
comparable to the existing e+e~ colliding beam 
facilities while the beam intensity at B factories will be 
larger by at least an order of magnitude. 

The main physical processes to consider are 
synchrotron radiation (SR) emitted by beam particles 
when they go through magnets in the IP neighborhood, 
and beamstrahlung due to residual gas. With IR designs 
with separation bends, the emissions of SR and 
tracking of beam-gas interaction products are dominated 
by the effects of the bend fields, rather than by 
quadrupole magnets. Hence the experiences with the 
past single-ring colliders in some cases may not be 
directly applicable, and very careful simulation efforts 
are called for. 

Other issues include radiative Bhabha processes, 
secondary particles and photons off masks, disposal of 
radiation fan near and after the "crotch" area where the 
electrons and positrons depart, and the vacuum system. 
A review by H. DcStaeblcr ct al at the '92 SLAC B 
factory Workshop gives an extensive coverage of those 
issues 111]. 

Radiation effects during the injection stage are a worry 
too, since the large beam emiltance and orbit errors 
during injection result in a large beam envelope in the 
ring by one or two orders of magnitude. Although the 
beam omittance will damp quickly within 0(10) msec, 
using a "coarse" damping ring before the main B 
factory ring helps reduce this injection radiation 
problem. An adequate collimation, if it can be 
implemented, would help, too. 

3.4 Heat 

Of concern is the heal created by the accelerator onto 
the IP beam pipe where the vertex detector is closely 
located. It is desirable to keep the temperature rise of 
the beam pipe within 5 degrees C in the presence of the 
beam. 

Three major heat sources are i) beam image current, 
which is expected to be small O(IO) W, ii) synchrotron 
radiation, and iii) beam-induced higher order mode 
(HOM) heating, which may reach up to a few hundred 
watts or more. 

It is quite possible to consider some beam tests to 
evaluate practical aspects of HOM heating with an 
existing ring. Unfortunately the interpretation of the 
results may not be straightforward if the beam 
parameters of machines available for testing are 
significantly different from those of the real-life B 
factories. 
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Ai least two forms of IP beam pipe cooling have been 
considered, one using a dry low-temperature gas flow, 
and the other using cooling water channels. While the 
latter will result in more materials inside the detector 
volume, it is clearly the preferred choice due to a much 
superior cooling efficiency [12, 13]. The fail-safe 
interlock and we protection against possible corrosion 
of water channel materials will be the focus of 
development efforts. 

4. MECHANICAL ISSUES 

4.1 Mechanical Support 

The final quadrupole magnets and separation bend 
magnets (if there are any) have to be placed deep inside 
the detector volume. From this arise a problem of the 
support structure, and magnetic forces exerted on the 
accelerator magnets due to the detector solenoid field. 

In the past the final quadrupole magnets and associated 
hardware have been supported mainly by a structure 
that is situated outside the experimental facility. Some 
innermost parts of accelerator components have been 
hooked up to the inner area of the detector mechanically 
either loosely or tightly. 

The KEK-B IR design roughly follows this tradition 
except that the support of the cryostat enclosure will be 
provided by a pan of the endcap flux return yoke and an 
extension from it. The mechanical system design has 
to pay close attentions to the construction order such 
that sufficient provisions are made for easy detector 
maintenance and a rapid recovery from such work [9]. 

The PEP-II design has adoped an approach based on a 
support barrel that will contain the IP vacuum 
chamber, vertex detector, separation bend magnets and 
the masks |8|. This allows a good mechanical 
alignment of components before installation. Once a 
pre-installation alignment is completed, there will be 
no big worries on how to maintain it during the 
installation work, because the key components are by 
then safely confined within a single structure. Taking 
apart the structure for maintenance work could become 
a major undertaking, although so are the cases with 
other designs. The material of carbon fiber support tube 
that amounts to 0.5 % of a radiation length is 
considered acceptable by the group. 

4.2 Alignment Strategies 

Typical alignment accuracy involving a meter-size 
magnets is about 0(100) urn. This accuracy is 
probably feasible at a B factory IR with careful 
attentions to the arrangement of optical tooling ball 
positions for sighting and a possible use of "wire 
alignment" technique. The wire alignment method is 

actively pursued, for example, at SLAC for the Final 
Focus Test Beam (FFTB) facility [14]. Special 
attentions must be paid at a B factory, since die beams 
in many cases are supposed to go through magnets off 
axis and magnet alignment can be affected by the 
presense / absense of the detector solenoid field. 

With 100 |is size alignment accuracy the two beams 
still will not collide in the as-built configuration, 
because the electrons and positrons will emerge from 
completely separate rings. Thus some active 
alignment correction methods for use with the beam 
need to be implemented. The control device can be 
magnet movers or steering collection coils. Because of 
the space constraints, it may be more desirable to 
simply rely on correction magnets, rather than 
introducing mover mechanisms. Steering correction 
coils (whether separate magnets or superimposed coil 
winding) will be necessary, anyway, for orbit feedback 
purposes. However, their adverse effects such as 
spurious dispersions need to be evaluated. 

When a maintenance work is done on the detector 
facility, it has to be assumed dial the IP magnet 
alignment information will be lost. An algorithm 
needs to be developed to rapidly search for and restore 
an optimum collision condition on recovery from such 
maintenance activities. 

4.3 Vacuum System, Masks and Cooling 

The vacuum level in die IP neighborhood needs to be 
of the order of 1 x 1 0 - 9 Torr or better. This is based 
on estimates of experimental backgrounds due to 
bremsslrahlung products from beam-gas interactions [2, 
15]. This vacuum level, of course, has to be achieved 
in me presence of the beam and, therefore, synchrotron 
radiation (SR) in the beam line. 

Due to the space constraints, the vacuum pumps 
closest to the IP would be immediately outside the 
final quadrupole magnets. Hence, a reduction of 
outgassing rates of the IP vacuum chamber is 
important (< 10~ 1 2 Torr 11 s en?). Study results from 
CERN LEP and elsewhere suggest dial copper should 
be the preferred material for the vacuum chamber from 
oulgassing aspects 116]. However, for radiation masks 
and for the parts that see the SR light need a thin layer 
of heavy metal coating for effective absorption of SR. 
The inner shape of the vacuum chamber should avoid 
steep slopes or large steps to reduce HOM heating, 
although in some cases an irregular chamber inner 
shape helps block transmision of SR into the detector 
volume. 

To provide a sufficient pumping power the vacuum 
pumps need to be installed along the IR beam line as 
much as the space allows, if not at the IP. Of 
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particular importance is the so-called crotch area where 
the electrons and positrons depart and where a heavy 
SR flux is expected. When super conducting magnets 
are used, the space interference with the cryogenic 
hardware and the vacuum system also needs to be 
carefully examined. 

5. OPERATIONAL ISSUES 

5.1 Radiation Protection 

Whenever an abnormally high radiation and beam loss 
are detected or whenever significant magnet excitation 
errors are found, the beams should be dumped to a well-
defined disposal and the experimental detector should be 
rapidly de-sensitized. This is to protect both the 
detector hardware and accelerator components. When 
super conducting magnets are used, the magnet 
quenches and cryogenic failures also have to be part of 
the logic. 

Since the consequences of failures are serious the 
protection should not depend solely on operator's 
watchful eyes. An automated protection logic will be 
necessary. (Of course, poorly designed interlock 
systems are serious annoyance rather than an 
operational protection.) 

5.2 IR Orbit Corrections, Feedback 

There is no a priori reason for the two beams from the 
two rings to collide head-on without some orbit 
adjustment. It is essential to develop a system which 
finds an optimum collision condition and actively 
maintains it [17J. The beam-beam deflection 
phenomenon gives an adequate signature of beam 
collisions with directional information on the relative 
beam transverse positions. It is considered the most 
promising for collision search and collision feedback 
purposes. 

Some orbit distortion signals must be used to analyze 
the beam-beam deflections. It may be based on high 
resolution beam position monitors (BPMs) in the IP 
neighborhood; or it may use BPMs distributed over a 
much bigger region of the ring (for example, the entire 
ring). 

To measure deflection angles and to search for good 
collision conditions, one may use air-core steering bend 
magnets to sweep one beam across the other. This 
resembles the technique that has been used at the SIX. 
An alternative method which has been proposed 
recently is to fill the RF buckets in such a way that 
there will be some bunches in one beam that will not 
see any counter-acting bunches to meet at the IP. The 
deflection signal can be detected by analyzing the 
difference between the orbits of colliding bunches and 
non-colliding bunches. If the BPM electronics allows 

separate read-out for those bunches, this scheme should 
work rather elegantly. 

Once a good collision condition is found, it will be 
still necessary to actively keep the two beams in that 
condition, i.e. an orbit feedback system. The 
frequencies of the orbit shifts depend on the mechanical 
stability of the tunnel or magnet support, and the 
electrical stability of magnet power-supplies. The 
effective action frequency of O(10) Hz may be 
sufficient for the feedback system, since the amplitude 
of high-frequency mechanical shifts of beam-line 
components is expected to be small compared to the 
relevant beam size 0(10) urn. 

The question on where the orbit correction devices 
should be installed has to be analyzed carefully. If the 
sources of IP orbit fluctuations can be safely confined 
within the IP region itself, it is relatively trivial to 
develop a system which uses closed orbit bumps in a 
suitable combination. However, if this cannot be 
assumed, then a whole-ring orbit correction will have 
to be eventually considered. This will require a very 
good understanding of the ring-wide first-order optics 
(at least), a very high throughput of the BPM data 
transmission and a fast CPU. A good compromise may 
be to use a combination of i) a near-IP fast feedback 
based on closed bumps around the IP, and ii) a slower 
orbit feedback that works outside the IP with a 
boundary condition that it shall not affect the orbit in 
the area for i). 

It should be repeated that the beam-beam deflection 
signal is not sensitive to relative angular mismatch of 
the two beams. An angular mismatch causes 
degradation in the luminosity and can lead to spurious 
sensitivities to synchro-betatron resonances. Thus it is 
desirable to introduce instruments that allow a 
reasonably fast (i.e. faster than the time scale of beam 
lifetime) luminosity measurement, besides the beam-
beam deflection technique 118|. 

5.3 Collision Tune-Up Procedures 

Collision tune-up procedures are needed to go beyond a 
simple search for two beam collisions and to achieve 
the highest possible luminosity by optimizing the IP 
dispersion, focal depth, x-y coupling (skew) and others. 

If a set of optics tuning knobs arc provided, it is in 
principle possible to eventually reach a good collision 
condition by repeating beam-beam deflection scans (or 
by measuring the luminosity) as function of the 
strengths of those knobs. This simple-minded 
approach assumes a reasonable orthogonality between 
the tuning knobs. 

In practice such a method may face difficulties, because 
in a ring environment perturbations created by 
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changing the strength of a magnet or making an orbit 
bump tend to have multiple effects on the beam, and 
orthogonalization of such knobs may not be trivial. 

If some beam parameters can be specifically measured 
at the IP, such as the dispersion or x-y coupling, it is 
possible to deterministically calculate the corrections to 
apply, rather than going through many knob scans. 
Similar lo a ring-wide orbit feedback, this requires, 
again, an understanding of the ring optics to a very 
high degree of accuracy (i.e. what exactly a magnet will 
do if its strength is changed). The specific beam 
parameters, of course, will have to be made 
measurable, too. The beam-beam deflection curve has 
some finite sensitivities to the relative beam skew (x-y 
coupling) [19]. The situation is much less clear on the 
feasibility of sensible dispersion measurements at the 
IP, except possibly using scans on deflection signals 
vs. dispersion knobs. 

5.4 Beam Instrumentation 

The beam position monitors immediately outside the 
final quadrupolc magnets arc important for delecting the 
beam-beam deflection signals, whether they will be the 
only BPMs to use in such analyses or not. Minimums 
of three BPMs (preferably four) are needed to deduce the 
beam-beam deflection angle in a self-contained way, 
although with certain assumptions the job can be done 
with two BPMs only. Requirements on the 
measurement resolution and signal bandwidth have 
been evaluated [17,19]. 

Other beam line instrumentations to implement include 
vacuum sensors, temperature monitors and radiation 
monitors. They all participate in the space war in the 
IP region when the installations and cable routing work 
are considered. 

6. CONCLUSIONS 

The IR design efforts by the active B-faclory design 
groups have passed the initial conceptual design stage. 
However, various experimental data on beam-beam 
interactions with or without finite beam crossing 
angles arc still highly welcome for freezing the final 
beam crossing scheme. Efforts on practical details of 
the installation scheme and operational procedures are 
beginning. 
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ABSTRACT 

New experimental results in B-Physics foi 1992 are summarised and prospects for the near future are noted. 
Recent measurements include 6 —> v, both inclusive and exclusive, b —»t penguin decays, BB mixing, and b 
lifetime determinations. 

1. INTRODUCTION 

The study of heavy quark physics plays an im
portant role in understanding the nature of the 
weak interaction. The parameters of the Kobayashi-
Cabibbo-Maskawa (CKM) matrix determine the re
lationship between the mass eigenstates and weak 
eigenstates of quarks, and underlie the rich phe
nomenology of heavy quark decays. The matrix el
ements are uncalculable within the standard model, 
however, and must be measured by experiment. To 
date, few have been directly measured, and those 
generally with large errors. [1] Moreover, at the 
present time, our knowledge is limited only to the 
magnitudes of the elements, while measurements of 
the complex phases will await high luminosity B-
factories of the future. In this article I review ex
perimental data from experiments at e + e~ colliders 
during the period 1990-1992. 

In the last two years, both the sixe of the data sam
ples, and the number of experiments contributing to 
b-quark studies have increased substantially. The 
table 1 summarizes the experimental situation. As 
of this writing, CLEO II has about 50% more events 
than listed in the table, and the LEP experiments 
have about a factor of four more events than shown, 
but analysis of the increased data samples is still in 
progress. 

The experiments differ in some important ways. 
CLEO and ARGUS, operating at the T(4S) produce 
only B°B° and B^B* in about equal numbers, with 
the mesons very nearly at rest. In the LEP experi-

Table 1: The Experiments 

Expt. S* Features # 66 pairs 
ARGUS 

CLEO 
T(4S) 

Bu,Bt only 
B's ~ at rest 

BB/ALL ~ 25% 

250,000 

950,000 
ALEPH 
DELPHI 
L3 
OPAL 

Z° 
Bu,Bd,B,,\b,... 
b'a are boosted 
66/ALL ~ 25% 

65,000 
n 

N 

» 

ments Bul Bi, B„ At,... are all produced in an un
certain cocktail, and all with substantial boost. The 
cocktail complicates some analyses, while the boost 
permits a host of lifetime measurements. (This ar
ticle will use the notation "6" and "6 quarks" wher
ever the specific hadronization is either not material 
to the discussion, or is to be summed or averaged 
over.) In the CLEO and ARGUS experiments, the 
6 signal is about 1/4 of the total hadronic sample, 
with the rest being continuum events that are sep
arated in part by taking data at energies just below 
the T(4S). At LEP the 6 signal is also approxi
mately l /4 of the total sample, but the rest com
prises other Z° decays which cannot be separately 
studied. 

1. INCLUSIVE 6 -»utv 
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Figure 1: Sum of e and ft momemtum spectra for ON (solid) aad sealed OFF data (iiatched) ia (a), after 
subtraction of fitted continuum (dots) and b —» ctv yield (histogram) ia (b). From reference 5. 

The inclusive search for 6 -» %lv ia the T(4S) ex
periments is based on simple kinematics of B decay. 
For leptons of momentum 2.48 < ft < 2.64 there 
are only two sources: continuum background and 
4 —» « decays. Thus the observation of real lep
tons in this region, in excess of the continuum back
ground, is evidence for |vi»| ^ 0. Suck aa observa
tion is essential if the origin of CP violation lies ia 
the 3-generation CKM matrix. Precise extractions 
of |K<i| from these measurements, however, are hob
bled by the substantial model uncertainty involved 
in extrapolating from the rather small legion of ike 
Dalits plot sampled in the endpoint measurements 
to the entire phase space. Not only do the available 
models (2] disagree among themselves, but in addi
tion may not properly describe decays everywhere 
in the Dalits plot to begin with.[3] 

Both CLEO and ARGUS have previously reported 
[4] an excess of leptons in the endpoint region. In 
1992 new results from CLEO [S] confirm the signal 
but at a lower level than reported in reference 4. 
The new CLEO analysis imposes a slightly harder 
event shape cut than the old analysis in order to 
reject more continuum background, and introduces 
new cuts on the magnitude and direction of the 
missing momentum in the event to flag the pres
ence of a neutrino. The resulting lepton spectrum, 
summed for electrons and muons, is shown in figure 

1. Both data taken oa the T(4S) resonsance (ON) 
and data taken jast below the resonance (OFF) are 
shown, with the latter scaled to correct for differ
ences in luminosity and cross section. A total of 
42± 11 ± 6 leptons are found after fitting and sub
tracting the continuum background. The transla
tion to |f»i|/ |Kt| is model dependent, and for the 
models listed in reference 2, values ranging from 0.05 
to 0.12 are found. 

2. EXCLUSIVE 6 -»« 

New results on B —* ptv and B —» utu have been 
presented [6] by CLEO in 1992. No signal is seen 
any of the three possible modes and upper limits 
are set. The absence of signal in the utv mode is 
particularly striking as the narrow width of the ui 
makes this a very clean mode to look for, and the 
rate is expected to be roughly the same as for p°tv. 
A previous study by ARGUS [7] reported a posi
tive signal in the p°lv mode with a branching ratio 
BR(B - • p°lv)=(10.3 ± S.6 ± 2.5) x 10"». 

The 1992 CLEO analysis is similiar to the ARGUS 
study but diners in three main ways: (a) a higher 
minimum lepton momentum requirement (2.0 GeV 
instead of 1.6 GeV); (b) Monte Carlo is used only 
for efficiencies, and not for background subtraction; 
and (c) cuts are optimised separately for events with 
low momentum leptons (2.0-2.3) and high momen-
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Figure 2: X + X""T° and x + x ~ mat* diftributioni for events with a high momentum lepton. From reference 

turn leptont (2.3-2.6). The latter strategy is adopted 
because the backgrounds in the two regions are es
sentially different, the former dominated by b —» civ 
decays, and the latter by continuum. 

Figure 2 shows the x + x " x ° and T + x " mass dis
tributions for the high momentum lepton sample. 
A smooth background curve and gaussUn signal fit 
are superimposed. In the x + x ~ mass distribution, 
the background shape includes a combinatoric piece 
that arises from signal events where one or more 
tracks have been taken from the opposite B. The 
models of Isgur ti al, (ISGW), Wirbel et si, (WSB), 
and Korner and Schuler, (KS), listed in reference 2, 
are applied to extract limits on |l^t|/|lct|. The re
sults are given in the table 2 for an assumed value of 
\VC>\ = 0.043. These exclusive upper limits are con
sistent with CLEO's observations of the 6 —* tUv 
inclusive signal. 

Figure 3 summarises the present status of our 
knowledge of IV.t/V^I from the inclusive and ex
clusive analyses at the T(4S) experiments. 

In addition to these semileptonic analyses, CLEO 
has reported [8] results of* searches for the purely 
leptonic decays B + - • t*vt. The T mode is ex
pected to occur with a branching ratio of roughly 
1 x 10~ 4, while the fi and e modes suffer more he-
licity suppression and are predicted to be around 

Table 2: Limits on |VWc*l bom exclusive*. From 
reference 0. 

Model |K»/v«»| 
(ref.2) 90% C.L. 
ISGW <0.13 
WSB <0.10 
KS <0.08 

4 x 10~ 7 and 8 x 10"", respectively. The limits set 
by CLEO for these modes are 1.3%, 2.0 x 10~ s, and 
1 . 3 x l 0 - s . 

3. RARE B DECAYS 

Decays of the B meson involving one loop processes 
(the so-called penguin diagrams) are of great inter
est and have been searched for by several experi
ments, so far, as of this writing, without any signal 
reported. For the inclusive process B —• -yX, the 
best limit presently in the literature is from CLEO 
[»]: B(B -» yX) < 8.4 x 10"* at 90% confidence. 
Substantially larger data samples are available in 
CLEO now and new results can be expected in the 
near future. 
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Figure 3: Summary of b -* * results. Figure 4: » 
From reference 10. 

and K+x" mass distributions. 

Table 3: Rare B Decays 
Rare hadtonie decays of the B include modes which 
are expected to be dominated by gluoaic penguin di
agrams, such as Kx, K*ic, Kp. In addition, decays 
such as xx and xp, which are expected to be domi
nated by tree-level diagrams, are rare decays and are 
experimentally very similiai to the Kx, Kp decays. 
It should be noted that Kx can proceed through 
a Cabibbo-suppressed tree diagram, and conversely, 
xx can proceed through a Cabibbo-suppressed pen
guin diagram; in fact the existence of the two chan
nels offers the possibility of direct CP violation aris
ing in the penguin-tree interference. B —»x+x~ can 
also proceed via either a mixed or unmixed route, 
and the interference of these channels gives rise to 
one of the key signatures for CP violation in B decay 
that will be sought early in the B factory era and 
permit a measurement of one angle of the CKM tri
angle. 

New limits were reported [10] in 1992 by CLEO on 
Kx and xx branching ratios. Searches for these 
modes are limited by continuum background which 
is heavily, but not completely, suppressed by event 
shape cuts. Figures 4 and 5 below show CLEO's 
mass and &E distributions for the two modes af
ter all cuts. The quantity A S = Ex + Ej — Ebzmm 

compares the sum of track energies with the beam 
energy, and should be a gaussian of width 27MeV 
about sero. 

Mode Eff # E v t s Bkg. BR 
xx 0.19 4 1.2 ±0.2 < 4 .8x10-* 
Kx 0.19 5 1.4 ±0.2 < 5.8x10-* 

The yields, estirrated backgrounds, and branching 
ratio limits at 90% confidence for these modes are 
given in the table 3. 

4. BE MIXING 

Mixing of neutral B mesons via second order weak 
box diagrams underlies one of the Standard Model 
mechanisms for CP violation, and also provides ac
cess to the CKM matrix elements Vu (for Bt mix
ing) and V,, (for B, mixing). The magnitude of the 
observed mixing depends on the relative rates with 
which B mesons mix and decay: 

2L = ^BBfBmBrB\Vum^mjF ( i j ) *JCD. 

It's convenient to express experimental measure
ments in terms of X = (AMJT)2/(2 + 2(AMfT)2), 
which measures the net fraction of decays in which 
the B has already mixed, x ranges from 0 (no raix-
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Table 4: Mixing Results from T(4S) Experiments 

Quantity ARGUS CLEO 

A 
Xi 
_ _ &U 

48.1 ±11.4 ±13.3 184.5 ±18.9 ±23.5 
505.1 ±25.4 ±17.1 2169.1 ±51.0 ±19.1 

0.47 ±0.075 0.50 ± 0.0t5 
0.165 ± .036 ± .041 ± .023 0.157 ± .016 ± .018 ± .017 

0.72 ±0.15 0.68 ±0.09 

O-i f I I • i 

-300. -tOO. 

• • • | • • • • | • • • • | • • • ' | • • • • J 

Uixinf ResulU. 1992 

_ CUO tmt MSUS n r t i m 

' I • • 

Figure 5: x +ir~ and K+ir" AE distributions. From 
reference 10. 

ing) to 1/2 (full mixing). 

At the T(4S) only Bd mesons are available to mix, 
and therefore only %i a measured. After back
grounds are subtracted, the ratio 

R = 
N++ + N— 

contains like sign lepton pairs in the numerator, 
which arise only from mixed neutral Bs, and both 
like and unlike sign pairs in the denominator, where 
the unlike sign pairs can arise from either unmixed 
neutral Bs or charged .Bs. Extracting torn this the 
actual mixing signal requires a knowledge of the rel
ative semileptonic branching fractions for charged 
and neutral Bs, denoted 6+/60, and the relative pro-

Figure 6: LEP and T(4S) mixing results. 

duction rates of charged and neutral Bs, denoted 
/+/ /o . As neither of these is precisely known, it is 
convenient to encapsulate the collective ignorance 
in a single parameter, 

ubi+fobr 
with which it can then be shown that Xd = -R/(l — 
A). Table 4 summarizes the ARGUS [11] and CLEO 
[12] results for %*• The third error quoted for Xd 
is the systematic error due to uncertainty in A. 
A weighted average of ARGUS and CLEO results 
yields Xd = 0.158 ± .022 ± .023 where the last is 
the common uncertainty due to A. Large uncer
tainties in BB, ft), and rtit, prohibit one from ex
tracting a precise value of \Vtd\ from the mixing 
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Table S: Mixing Results from LEP Experiments 

Expt. Method x = fdX* + / .X. 
ALEPH [14] dilep/jet chg 0.137± .015 ± .007 
DELPHI[1S] dilepton 0.121 ±.042 ±.017 
L3 [16] dilepton 0.121 ±.017±.016 
OPAL [17] dilepton 0.125 ± .017 ± .015 

result; only a broad range may be deduced [13]: 
0.005 < \Vuil < 0.018. 

Mixing results from the LEP experiments necessar
ily involve B, mixing. The measured value of X 
depends on the fractions of £ j and B, in a simple 
way: x = ftXi + /.X<- The fractions fd and / , are 
not well known, but are expected to be in the range 
35-40% and 10-20% respectively. 

A summary of LEP mixing results based on dilep
ton measurements is given in table 5. The weighted 
average of the LEP results is x = 0128 ± 0.10. 

Figure 6 shows the LEP and T(4S) results together 
in a plot of Xd <"• Xi- Dashed lines indicate one 
sigma errors, and the dotted line separates out that 
portion of the error in the T(4S) experiments that 
is due to uncertainty in A. Combining [13] available 
measurements for x> Xd, fd, and / , allows one to 
extract x« = 0.43±0.17. Scarcely a satisfying result, 
however, this translates into AM/V = 2.5i™5. 

5. b LIFETIMES 

Large data samples, highly boosted b quarks, and 
precision silicon vertex detectors have made the 
LEP experiments fertile ground for studies of £ life
times. Both inclusive studies, which measure the 
signed impact parameter of high p, high pr leptons 
and do not distinguish different b-hadrons, as well 
as exclusive studies, which directly measure decay 
lengths of reconstructed vertices of various b-hadron 
decay modes, are available now. For the 1990 and 
1991 data, which are the only samples for which re
sults have been published so far, three of the four 
LEP experiments were equipped with silicon vertex 
detectors, while L3 used its main tracking chamber, 
the Time Expansion Chamber (TEC). Some char
acteristics of these detectors [18] are listed in table 
6. 

0 1 I I | l l l issss^ I I • • • I I I |L 
-0.2 -0.15 -0.1 -OJD& 0 0.05 0.1 0.15 0.2 0 - » 0.3 TonV 

Figure 7: Signed impact parameter distribution. 
From reference 19. 

AU experiments employ a maximum likelihood 
method to extract the 6 lifetime, T%- Figure 7 illus
trates the result of the inclusive impact parameter 
measurement from ALEPH [19]. The results from 
the four LEP experiments [19-22] yield an average b 
lifetime of 1.40±0.04, larger than previous PDG [23] 
average of 1.18±0.11. These results ate summarised 
in figure 8. 

The ratio of charged and neutral B lifetimes has 
been determined both at the LEP and the T(4S) 
experiments [12,24-28]. In the latter case, where the 
Bs are at rest and the lifetime is not directly observ
able, the technique is based on the measurement of 
branching ratios, B° -» D*+*-i7«, B° - . D + / _ i ^ , 
B+ - • D'°t+vt, B+ -» D°l+vt. Recent measure
ments from CLEO determine the inclusive semilep-
tonic branching ratio B + - » / + X and B°-*t~ X , sep
arately for charged and neutral B% by fully recon
structing the opposite B in the event and thereby 
tagging the charge of the (semileptonicaUy) decay
ing B. 

In the LEP experiments the boost allows direct mea
surement of the proper time distribution for decay 
vertices which are sorted into D'+(~ vertices, com
ing predominantly from B° decays, and D°t~ ver
tices, coming predominantly from B~ decays. (In 
the latter case, care is taken to exclude the D°s that 
are from D , + - * D ° x + j 

file:///Vuil


Table 6: Vertex Detectors at LEP, 1990-1991 

Bxpt. Vtx Det # Layers Radii (cm) "•HIT (*»m) "»* (/tm) 

ALEPH doable sided 2 6.3 12 (**) 35 
silicon strips 10.7 12(2) 

DELPHI single sided 2 (1990) 6.3 
silicon strips 3 (1991) 9.0 

11.0 
8 28 

L3 TEC 62 11-43 58 NA 
OPAL single sided 2 6.0 5 18 

silicon strips (1991 only) 7.5 

\ \ Average b Lifetime, 1992 | 

f—O-H PDG 1M0 World Av«. 1.18 ± 0.11 J>« 

r-B-t ALZPH 1.49 ± 0.07 

KB 1 DELPHI 1.38 t 0.07 

r—O- •1 L3 1.32 ± 0.12 

h-e •4 OPAL 1.37 i 0.09 

Y 

1 

LEP Araras*. 1992: 1.40 ± 0.04 

• i i 1 i t i • 1 i i .i i 1—i— i i — i _ 

Table 7: Measurements of T + / T ° . 

1.6 2 25 
b lifetime (ps) 

Figure 8: Summary of inclusive 6 lifetime measure
ments. From references 19-23. 

Results for the ratio of charged and neutral B life
times, T+/T° are summarised in table 7. 

Finally ALEPH [29] and DELPHI [30] have also re
ported first measurements of the B, lifetime. For 
this measurement, 4>r and K'K decays of the D, 
are verticized and projected back to form a sec
ond vertex with a high p, high pr lepton. Based 
on a sample of ~15 events, the proper time dis
tribution of this vertex is used to extract the B, 
lifetime. ALEPH and DELPHI respectively find 
TJJ, = 1.02lS;|f ± O-1!". m d TB. = 1-1 ± 0.5ps. 

Expt. T+/T° 

ARGUS 1989 1.00 ± 0.23 ± 0.14 
CLEO 1991 0.89 ± 0.19 ± 0.13 
CLEO 1992 0.92 ± 0.26 ± 0.14 

ALEPH 
DELPHI 

0.86 ±0.18 ±0.14 
1.16 ±0.51 ±0.11 

6. S U M M A R Y 

The last two years has seen many developments in 
B physics. The advent of the LEP experiments in 
heavy quark physics has yielded new measurements 
of lifetimes, including first measurements of the B, 
and At lifetimes, and new measurements of BB mix
ing. CLEO has broken the l-million BB barrier, and 
with the large data sample has searched for 6 —» u 
decays, corroborating the previous inclusive obser
vations of o —> iUi> but finding no evidence for ex
clusive modes. The rare decays K+«-~ and x +ir" 
are still not observed. 

The next several years can be expected to profitable 
ones for B physics. The LEP experiments will ac
cumulate a total of ~700,000 bb events before the 
transition to LEP II, and CLEO is expected to col
lect BB events at the rate of about 2 Million per 
year. Ever more sensitive searches and measure
ments of b -» u and the penguin decays can be an
ticipated. One of the most crucial contributions to 



B physics may come from outside the B physics do
main, namely in the determination of the top mass. 
From LEP we can expect to see time dependent mix
ing measurements, perhaps even for B,. 
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Results of Beam Physics Studies in CESR 

D.H. Rice and A.B. Temnykh * 
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ABSTRACT 
Results of several beam physics topics studied in CESR machine studies are presented. Issues related to B factory 
design and luminosity upgrades at CESR have been priority topics for study at CESR. Results of measurements 
of horizontal-vertical coupling, beam-beam interaction at parasitic crossings, ion and dust trapping, and hardware 
performance are presented. Beam physics studies will continue to be a key part of the design process of B factories. 

1. INTRODUCTION 
Analytic calculations and computer simulations are 
basic tools for designing new accelerators, serving to 
optimize parameters and justify the design itself. 
Corroboration of these results from accelerator 
experience is necessary for confidence in their 
predictions. Frequently the need to consider additional 
effects and physical processes is uncovered during 
accelerator physics studies. 

Several topics have been studied at CESR [1] which 
are will be key to successful operation of the CESR-B 
and other asymmetric B factories. Luminosity 
upgrades now in progress at CESR also depend on 
understanding these topics. Areas described in this 
paper are: coupling measurement and correction [2], 
long range beam-beam effects [3,4], ion/dust trapping 
[5,6], and feedback kicker performance [7]. Other 
experiments have been described elsewhere, including 
experiment background [8], injection losses [9], beam 
alignment at the interaction point [10], luminosity 
performance vs. p* [11], with crossing angle [12], and 
at high betatron tunes [13] have all been described in 
the reports referenced. 

2. COUPLING MEASUREMENT AND 
CORRECTION 
Nearly all collider detectors rely on a strong 
longitudinal solenoid field for momentum analysis. 
The horizontal-vertical coupling effects of this 
magnetic field on the beam must be carefully 
cancelled, both in the arc and at the interaction point 
(i.p.), in order to maintain the small vertical beam size 

* Visiting scientist from INP, Novosibirsk. 

at the i.p. This compensation is often performed by 
several anti-symmetric pairs of skew quads whose 
strengths are critically dependent on the beam optics 
functions.[14] With small beam aspect ratios in 
lepton colliders, proper adjustment of these 3 or 4 
pairs of skew quads, taking into account the true 
machine optics, is required to reach design 
luminosities. 
The local coupling is characterized by the off block-
diagonal elements of the 4x4 transformation matrix 
relating the accelerator transverse coordinates to the 
normal mode coordinates: 

where the 2x2 submatrices C and -ct describe the 
horizontal-vertical coupling. The ci,2 element is of 
particular interest since it is proportional to the ratio 
of vertical to horizontal beam sizes as projected onto 
the accelerator coordinate system. 

The coupling is measured[2] by driving the beam 
horizontally at its horizontal eigenfrequency and 
measuring the complex transfer function in die vertical 
plane at the same frequency. The ci £ element at each 
beam position monitor can be calculated from the 
measured data. Changes in the skew quad strengths 
may then be calculated using either the computed or 
measured effect of each skew quad at each detector. 

Results of one such correction are shown in Figures 
la,b, and c. In la die measured c i,2 values are shown 
before any coupling correction. Figure lb shows the 
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Figure 1 - c i ( 2 coupling parameter around the circumference of CESR. (a) shows the coupling before any 
correction; (b) is the coupling after minimizing global coupling by band show with a fit to these data using installed 
skew quads as free parameters; (c) shows the measured coupling after applying the corrections found in (b). 

c i,2 values (the bar denotes normalized coordinates) 
after global decoupling to minimize the tune split 
between the normal betatron modes (solid curve) and 
the fit to these c~i,2 values by a computer model of 
the accelerator using the solenoid compensating skew 
quads plus another halfway aroundJhe ring. Finally, 
Figure lc gives the measured c i ( 2 values after 
applying the correction found in the previous 
calculation. 

This measurement and correction technique has been 
very useful in routine operation of CESR and 
demonstrates the capability of correcting coupling 
errors in a b Factory environment with comparable 
transverse beam aspect ratios. 

3. LONG RANGE BEAM-BEAM 
INTERACTION 
Realization of the high luminosity required to fulfill 
the b Factory mission is dependent on increasing the 
collision frequency far beyond that of present electron-
positron colliders. The accompanying short bunch 
spacing brings parasitic collisions close to the main 
interaction point with potentially significant 
interaction of the electromagnetic field from one beam 
with electrons in the other. These effects are 
particularly important in CESR operation since all 
2xnb-l collision points have finite long range beam-
beam interactions (both beams share a common 
vacuum chamber). 

When laying out a lattice it is convenient to have an 
easily calculable criterion for required beam separation. 
Work is in progress at CESR to find a model to fit 

measurements of the effects of long range beam-beam 
interaction. Before discussing possible quantitative 
models, we should first ask how the effects of 
multiple long range encounters add. This was 
measured by observing the separation between beams 
needed for a constant beam lifetime (chosen 
significantly less than the lifetime from vacuum 
losses) as the bunch current was varied. 
Measurements were made [3] for 2,3, and 7 bunches 
in each beam, resulting in from 3, 5, and 13 parasitic 
collision points. Although each crossing point had 
different separation, beta function, and beam sizes, the 
variation in normalized separation was generally less 
than 20%. The results of a measurement are shown 
in Figure 2 where the separation at the crossing point 
with the smallest separation is plotted as a function of 
bunch current The separation was adjusted so the 
beam lifetime was 60 to 100 minutes after optimizing 
other parameters for maximum lifetime. These and 
other measurements suggest only a small dependence 
on the number of interactions when the crossing 
points are separated by a significant fraction of a 
betatron wavelength. 

In order to find a quantitative parameter to describe the 
beam separation required, we first assumed that the 
counter-rotating beam had a hard core which scraped 
off any particles striking within one sigma of its 
center. This model was used to reduce the data sho*n 
in Figure 2. While there is good agreement between 
different configurations at a single current, and there is 
a flattening of the curve around S sigma, 
corresponding to the 60 minute lifetime profile, the 
current dependence is not simply explained. 
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Figure 3: Tune shifts for bunches 1*6 and 1*5 at 
separation giving 60 minute beam lifetime. 

The tune shift caused to a particle in the center of the 
bunch by the electromagnetic field of the opposing 
beam is another way to parameterize the effects of the 
long range beam-beam interaction. While these tune 
shifts are small compared to those of a head-on 
collision, we are looking for a parameter by which to 
scale the much more complex interaction of large 
amplitude particles with the counter-rotating bunches 
and should not expect the scale factors to be the same 
as for head-on collisions. The long-range beam-beam 
tune shift is given by: 

AQ = fG 

N r e g 
2n y a 2 (2) 

where N is the charge per bunch, r e the electron radius, 
3 the amplitude function at the crossing point, y the 
beam energy, and a is the distance to the center of the 
opposite bunch. The geometric factor £Q is dependent 
on the charge distribution in the counter-rotating 
bunch, and approaches 1 as the separation becomes 
large compared to the transverse dimensions of the 
opposite biuich. 

This form fits the current dependence of the data in 
Figure 2 rather well, as Ihe dashed curve of AX oc \ I 
suggests. Measurements have also been made with 
one bunch per beam. Crossing points with different 
parameters can be explored by using different 
combinations of bunches. In Figure 3 the calculated 
tune shift for separation conditions resulting in 60-100 
minute beam lifetime for various currents is shown for 
bunches 1 and S, and bunches 1 and 6 in a high energy 
physics lattice. The diametrically opposite crossings 
for each combination have different crossing 
parameters, resulting in two slightly different sets of 
points for each condition. For bunches 1 and 6 the 
vertical tune shift is larger, and approximately 
constant between 0.002 and 0.0025, while for bunches 
1 and 5 the horizontal tune shift is larger and limited 
at approximately the same value. 

While initial measurements suggested that the tune 
shift at the center of the bunch was a simple and 
consistent parameterization of the long range beam-
beam effects, further studies found limiting values 
between 0.0015 and 0.003 depending on conditions. 
Studies are continuing to find a universal and 
consistent criterion to apply in the design of storage 
rings with parasitic beam-beam interactions. In the 
interim, keeping the tune shift well below 0.0015 and 
the separation greater than 6-7 a is a conservative 
position. 

4 . ION AND DUST TRAPPING 
Ionized molecules and small dust particles can be 
trapped by the electric potential of the electron beam. 
The presence of charged panicles can cause deleterious 
effects on the beam such as beam size blowup and 
reduced lifetimes. It is thus important to understand 
the nature of the trapping if these effects are to be 
minimized. 

4 . 1 Electron-Ion Coherent Interaction 
Charged particle trapping never affects the positron 
beam since particles within a beam will always be 
charged positively due to the stripping of electrons 
from the particle by the beam. The presence of 
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trapping can thus generally be confirmed by 
observations of behavioral differences between the 
electron and positron beams. These include 
differences in damping rates and differences in tune 
shifts with current. The most problematic effects, 
however, are the beam size and lifetime effects. 
We have seen the phenomenon of coherent interaction 
between electron beam and ion trapping. It is the same 
kind of observation as was done at die VEPP-3 storage 
ring in Novosibirsk. The nature of this phenomenon 
is following: the negative charged electron beam 
creates for positive ions a potential well where under 
certain conditions the ions may oscillate stably with 
small amplitude frequency [5]: 

opnb 
= 2it 

.Z rWpL >j 
A ng (O-x+Oy) Oyl (3) 

where Z and A are the ion's charge and mass in 
atomic units. Nut is total number of particles in the 
beam, nb the number of bunches, r p is the classical 
proton radius, ffx and «ry are horizontal and vertical 
beam sizes, too the revolution frequency, and L is the 
storage ring perimeter. The ions' motion is nonlinear 
because of the Gaussian charge distribution in the 
electron beam. In the case of a vertically flattened 
beam the ions' vertical frequency decreases 
approximately 12% with an increase in oscillation 
amplitude from 0 to 1 o y . Under certain conditions, 
the ion frequency may be very close to the betatron 
tune. In this case shaking the electron beam at the 
betatron tune will lead to strong excitation of ion's 
oscillation inside the electron beam. Ion motion will, 
in turn, effect electron motion. As a result, the 
electron coherent spectrum will change. Figure 4 
presents two kinds of spectrum of vertical betatron 
oscillation at CESR. The top figure is typical for the 
cases when the ion frequency is far away from the 
betatron tune or the density of ions inside the beam is 
low. We observed the spectrum in the lower figure 
when the ion frequency was close to the betatron tune. 
One can see two peaks. The left peak is the normal 
coherent betatron response to beam shaking. The right 
peak is a response (of the electron beam) to resonant 
motion of the ions. The sharp discontinuity on the left 
side of this peak is indicative of the nonlinearity of the 
ion amplitude vs. ion oscillation frequency (see 
below). Using the central peak's frequency, ~650kHz, 
and its width, ~3kHz, and typical beam sizes in the 
arcs ov&.5 mm, o y=0.2 mm, we can estimate the 
ratio A/Z and amplitude of ion's oscillations, a j ( as: 

I 
1 

644 646 652 666 
Shaking Iraq. [kHz] 

640 «44 *46 «SZ IS* 660 
Shaking Iraq. [kHz] 

Figure 4: Spectra observed at CESR. In the top figure 
the betatron frequency was far from any ion resonant 
frequency; in the bottom it was tuned near an ion 
resonance. 

| = 1 7 . 4 , aj=0.2<Ty (4) 

To understand the basic details of this phenomenon, 
one can use a simple analytical model which only 
considers center of mass motion for the ions and the 
beam. 

ye + »J Ye + 2 7ft + 2 <opa(l-2p<lyi-yel2>Xyi-ye) 

= f e xcos(a)t) (5a) 

y i + a)2(l-2p<lyi-ye|2>XJi-ye) = 0 (5b) 

Here y e and y, are electron and ion center of mass 
coordinates normalized by vertical beam size, (On is 
unperturbed betatron frequency, y the damping 
decrement, parameter a proportional to ion density 
describes electron focusing by trapped ions, P is a 
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nonlinear term (for vertically flat beams, as it 
mentioned above, B is approximately 0.12), f e x and 09 
are the amplitude and frequency of the shaking force. 
The angle brackets indicate time averaged values. The 
solution of this system can be find in form: 

ye.i(D - Se.i (W) exp(i(Ot) (6) 
where a e ;(<») are complex function of 09. Plots in 
figure S show the dependence on shaking frequency of 
| a e - a ; (, the distance between electron and trapped 
ions, and | a e | - the amplitude of electron oscillation, 
(proportional to coherent oscillation signal). We see 
the lower plot in Figure 5 has a form very close to the 
observed spectrum, suggesting that Ibis model is 
appropriate for the study of electron-ion coherent 
interaction. 

This simple model can describe just one of many sides 

0.25 I 1 1 i 1 1 1 r 

442 644 646 648 650 
Shaking Iraq. [kHz] 

642 644 646 648 650 
Shaking fraq. (kHz] 

Figure 5: Dependence of |a e -a.j | and | a e | on 
shaking frequency. Calculations done for 
C0r=645kHz, 0>i=647kHz, 7 =0.5kHz, a =0.003, B 
=0.12. f c x=0.5. Arrow shows a jump location. 

of the electron-ion interaction problem. To gain a 
deeper understanding, we have to develop a more 
complicated model and carry out computer 
simulations. 

4 . 2 D u s t 
The role of dust trapping in storage ring operation has 
received widespread attention during die last few years. 
[6,15,16,17] Micron sized dust particles can be 
ionized and trapped in the potential well of an electron 
beam, causing short lifetimes (typically 10-60 
minutes). Dust trapping can be initiated in a variety 
of ways. Possibilities include dust particles falling 
from the top of die vacuum chamber, being dislodged 
by a spark in an electrostatic element, or by 
electrostatic forces if it happens to be resting on a 
dielectric surface. Letting up a ring to atmospheric 
pressure too rapidly can distribute dust throughout die 
system, resulting in increased frequency of dust 
trapping incidents after a machine shutdown. 

While the effects of dust and ion trapping have 
similarities, dust trapping may be distinguished from 
ion trapping by lack of reproducible current thresholds 
for increased beam losses and by the persistence of 
trapping effects with conditions which produce a very 
high critical mass, m c , for ion trapping. Ions with 
mass below m c will be over focussed by the time 
dependent field of die bunch and will dius be unstable. 
The critical mass is given by: 

where Nb is the bunch charge, lb is die spacing 
between bunches, rp is die proton radius, and a is the 
transverse bunch dimension. For example, a single 10 
mA bunch circulating in CESR gives a critical mass 
of approximately 120 AMU. 

Estimates of die size of trapped dust particles have 
been made in CESR by carefully monitoring die decay 
of a single bunch electron beam at very low currents. 
After a sudden decrease in beam lifetime characteristic 
of trapping was observed, die charge in a single bunch 
was increased while charge in tfw other bunches was 
eliminated. The remaining bunch still had a poor 
lifetime with m c>360 AMU, indicating that Che 
trapped material had a mass much greater than expected 
residual gas species. The current was die allowed to 
decay to very low values. Below 1 mA (1.6) lO 1^ 
electrons), die loss rate changed suddenly and distinctly 
three times. Under die assumption that each change of 
beam lifetime, (AT) represents one dust particle 
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dropping out of the beam, we can calculate the mass 
of each of the three particles [61: 

127CO^q Y tbXoAT-l 
m 81n(Y/AY) - 5 w 

with q> the inter-bunch spacing, Xo the radiation 
length of the dust material, and Ay/y the energy 
a cptance of the storage ring. With reasonable 
assumptions of the density of dust material, the dust 
radii are calculated to be between 1 and 2 microns. 
Experience at CESR indicates that the size of trapped 
particles is generally 1 micron and below. 
Work is underway to improve the distributed loss 
monitors in CESR to permit localizing trapping 
events. With this capability we will be able to 
correlate vacuum practices with resulting dust napping 
frequency. 

5. FEEDBACK KICKER PERFORMANCE 
While machine studies are frequently used to 
understand or verify accelerator physics topics, they 
also can be very valuable in the engineering of 
accelerator components. As an example, a recent test 
of a prototype transverse feedback kicker module in the 
CESR ring yielded measurements of beam induced 
power, performance of high level RF components, and 
the time dependence of the kick given to the beam by 
the system. 

The kicker is constructed from two 1.2 m long shorted 
striplines driven differentially, hi the beam test, water 
cooling circuits were instrumented with flow meters 
and thermometers to determine the higher order mode 
power dissipated in the plates and body of the unit. 
The spectrum and waveform of the beam-induced 
signal traveling back the feed cables was recorded at 
various points along the RF chain. Results are 

Table 1 - Measured RF induced by single bunch beam 
in feedback kicker 

Parameter 
Peak voltage (each plate) 
Peak power (each plate) 
Ave. power (each plate) 
Ave. power after l.p. filter 
Ave. power from hybrid X 
Ave. power from hybrid A 

MwiairMlValiif. 

35 V/mA 
25 W/mA2 

12 mW/niA2 

5.4 mW/hiA2 

3.2mW*iA 2 

0.067 mW/mA2 

summarized in Table 1. 
The kick given to the beam is only one (i-radian, 
requiring resonant excitation of the beam to make a 
quantitative measurement of the kick amplitude. The 
kicker pulse is modulated at the betatron frequency. 
Measuring the coherent damping time of the beam 
permits calculating the kick from the amplitude of 
coherent beam motion resulting. Furthermore, the 
kicker pulse can be delayed in time with respect to the 
beam bunch crossing, permitting measurement of the 
time dependence of the kick to the beam. From this 
measurement, the crosstalk between adjacent bunches 
due to the ringing of the kicker may be predicted. 
Results of this measurement ate shown in Figure 6. 

Figure 6 - Measured time response of transverse kicker 
driver system. The peak value of kick was computed 
tobel.On-rad. 

6 . CONCLUSIONS 
Results from several machine studies projects have 
been presented which aie representative of progress 
being made in understanding import'' it issues for B 
factories. These results have been in good agreement 
with calculations when a comparison is possible. 
Experiments in areas such as long range beam-beam 
interaction are helping us develop procedures for 
confidently calculating lattice requirements for B 
factories. Advances in accelerator physics are on track 
to the operation of a high luminosity B factory by die 
end of die decade. 

The help of the CESR operators and the CESR 
operations group to collect the data presented here is 
gratefully acknowledged. The help of David Sagan in 
reviewing the section on ion and dust trapping is 
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Beam Life Time from Beam-Beam Bremsstrahlung 
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ABSTRACT 

An experiment and related calculations on beam life from the beam-beam Bremsstrahlung in the present 
TRISTAN are described. The beam-beam Bremsstrahlung process plays an important role on particle loss 
in the TRISTAN and contributes to nearly a half of the loss rate. The observed beam life time from the 
beam-beam Bremsstrahlung agrees very well with the calculation, provided that we take the effect of finite 
transverse dimension of the beams into account. 

1. INTRODUCTION 

In future B Factory machines, long beam life time 
is vital to avoid too short luminosity life time and 
too frequent beam injections which result in a se
rious reduction in the integrated luminosity. While 
in the low energy ring (LER) of the KEK B Fac
tory, for example, the most serious process of parti
cle loss is induced by the Touschek effect, in the high 
energy ring (HER), in the other hand, the particle 
loss due to the beam-beam Bremsstrahlung process 
plays the most important role on beam life. In the 
case of HER of the KEK B Factory, which will be 
housed in the existing TRISTAN tunnel, beam life 
time from the beam-beam Bremsstrahlung is esti
mated to be around 7 hours. Fortunately (or un
fortunately) even in the present TRISTAN whose 
luminosity is much lower than the future B Facto
ries, the beam-beam Bremsstrahlung is one of the 
dominant processes for beam life time. In this paper 
results of an experiment and related calculations on 
beam life from the beam-beam Bremsstrahlung in 
the present TRISTAN are described. 

2. EXPERIMENTAL METHODS 

The TRISTAN has four interaction points (IPs). 
In each interaction region four electric-static sep
arators are installed to make a closed orbit bump 
around the IP and to separate the beams at the IP. 
Experimental methods we used are rather simple. 
We compared beam life time in the case that the 

beams are separated at the four IPs to that in the 
case that they collide. The difference of beam life 
time comes from the beam-beam interaction. It is 
assumed that the difference should be attributed to 
the beam-beam Bremsstrahlung process, since al
most no beam blow-up was observed when the two 
beams collided and the other processes of particle 
loss due to the beam collision such as Bhabha scat
tering are negligible. 

Table 1 shows machine parameters used in the ex
periment. As is mentioned above, we made two 
conditions (with and without beam separation) and 
measured beam life time in the two conditions. To 
ensure enough accuracy of life time calculations, we 
kept the beams in collision for more than three min
utes. After that, we switched on the separators to 
separate the beams and then kept this condition 
more than three minutes. The value of beam sepa
ration was ±7.5oj,. To see the beam current depen
dence of beam life time, the same processes were 
repeated several times. 

In the actual experiment, we recorded the beam cur
rents and the beam-beam tune shift which enables 
us to estimate the luminosity in every 15 seconds 
as a function of time. In addition, we made use of 
data for the vacuum pressure taken by an automatic 
logging system. This system always runs during the 
normal operation as a background task and takes 
data of the vacuum pressure, the beam current and 
the beam energy in every 30 seconds as a function 
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Table 1: Machine parameters used in the TRISTAN 
experiment 

of time. 

3. EXPERIMENTAL RESULTS 

In the Fig. 1 the beam current is depicted as a func
tion of time. In the figure the beam current changes 
zigzag. When we switched ofT the separators, the 
slope became steeper. And when we switched on 
the separators, it became gentler. 

Beam life time was calculated by off-line fitting in 
these two conditions. Beam life time from the beam-
beam effect was calculated from the relation; 

Tiotal TBB folAer» 

where Ttotai >s beam life in the case that the separa
tors are switched off and Tothtrs is that in the case 
that the separators are switched on. It is assumed 
that Tothcrt results from the collision with residual 
gas and some correction for T0u,er, was needed due 
to vacuum pressure difference in the two conditions 
as is described in the following, TBB >S beam life 
due to the beam-beam effect and is calculated from 
subtraction of these two values. 

» l — i 1 • 1 i I • 1 1 1 i 
0 21 40 «0 SO 111 120 

Tim*(min) 

Figure 1: Total Beam current as a function of Time 

In Fig. 2 the vacuum pressure is shown as a func
tion of the total beam current. When the separa
tors were switched on, the vacuum pressure became 
worse. We guess that this is because the bumps 
made by the separators were not closed completely 
and in addition the beam-beam deflection due to 
the long range beam-beam force distorted the orbits 
and then synchrotron radiation hit the different part 
of the vacuum chambers. When we calculated TgB 

from eq. (1), we made some correction for Toth„$ 
with an assumption that the 1/T0i*er, is propor
tional to the vacuum pressure. (In the TRISTAN 
for the time being, the absolute value of the vac
uum pressure measured is not reliable mainly due 
to the following two reasons. One reason is secular 
changes of vacuum gauges. The other is that the 
vacuum gauges are not located at positions repre
sentative of the ring but located near the vacuum 
pumps. From the two reasons, the vacuum pres
sure measured tends to be lower than the real one. 
Then there is an ambiguity of some factor in the 
vacuum pressure measurement at the present TRIS
TAN. However we can rely on the relative value of 
the measurements.[l]) However, this correction is 
not very big and is as large as 10 % at maximum. 

In Fig.3 the reciprocal of beam life time is drawn 
as a function of the total beam current. In calcu
lating TBB from eq. (1), wo used the average of 
two neighboring data for rothtT, with the correction 
mentioned above. 

4. COMPARISON BETWEEN OBSERVED 
BEAM LIFE TIME FROM BEAM-BEAM EF
FECT WITH CALCULATION 

Horizontal emittance it 76.7 nm 
Vertical emittance cv 1.65 nm 
Energy spread <rc 

2.33 x lO"3 

Horizontal /^-function at IPs A 1.0 m 
Vertical /^-function at IPs A. 0.04 m 
Horizontal beam size at IP "x 277/im 
Vertical beam size at IP "y 8.12 itm 
Horizontal tune Vx 36.62 
Vertical tune Vy 38.72 
Current/beam h 6.5 ~ 4.2mA 
Number of bunches/beam Nt 2 
Number of IPs/ring » C 4 
Ring circumference C 3018 m 
Beam energy E 29.0 GeV 
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Figure 2: Vacuum Pressure as a function of Total 
Beam Current 

Figure 3: Inverse of Beam Life Time as a function 
of Total Beam Current 

To estimate particle loss rate due to the beam-beam 
Bremsstrahlung and then beam life time, we need 
to know the values of energy aperture of the ring, 
the cross section losing more energy than energy 
aperture and the luminosity. 

4.1 Energy Aperture of the TRISTAN 
The TRISTAN is operated with the beam energy 
of 29 GeV for the time being. Since there is no 
data on energy aperture at this energy, we relyed 
on trackings using the code "SAD"[2] to estimate 
energy aperture. The tracking studies showed that 
energy aperture is 6<r((1.40%)[3]. In the trackings, 
machine errors in the alignment and strength of each 
magnet, which seem to he reasonable, were taken 
into account. At the injection energy and in the 
injection optics, it was observed that a measured 
aperture agreed with a calculation very well consid
ering those errors[4]. In the following, we assume 
that the particles whose energy deviates more than 
1.40% from the nominal one are lost. In the error 
analysis described later, we assume errors of ±l<rt 

in energy aperture. However, these errors do not 
contribute to the total error very much, since the 
energy aperture dependence of the cross section is 
logarithmic as shown below. 

4.2 Cross Section of Energy Loss 

As is well known, the cross section that a par
ticle whose energy is Ei loses more energy than 
e(= AE/Ei) due to beam-beam Bremsstrahlung is 

approximately given by the following formula [5] ,[6]. 

8ar | r 

3 <r{El,Ei,s) = ^[(lne)i-

(2/ne + f )(.«±f$^ - , ) - ( £ + ! > + 0(e)l- (2) 

In this expression, a,re, E\ and Ej denote the fine 
structure constant, the electron classical radius and 
the energies of two beams, respectively. Assuming 
that a particle is lost when the particle loses more 
energy than 1.4 %, the cross section of particle loss 
is calculated as 2.79 x 10" 2 5cm 2 . If we take energy 
spread of the beam into account, the effective cross 
section can be changed. However, the correction 
factor for the energy spread is very small. The ef
fective cross section is defined as follows, assuming 
that the energy distribution of the beam is Gaussian 
with a standard deviation of at. 

' •" = / / <7(£i(l + ei), Ei[l + ex),eo + d) 

1 - d i ? 
x r—je ^T<Uide2 (3) 

where to is the energy aperture. Here, we assume 
that the energies of the two beams are equal. If we 
ignore the energy dependence of the cross section, 
eq. (3) is reduced to the following form. 
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J'"=J <T(Ei,Ei,eo + ei) 
s/2xat

e 
-A <fei- (4) 

With eq.(4) the corrected cross section is calculated 
as 2.80 x 10" 2 5 cm 2 . The difference between the un
corrected cross section and the corrected one is less 
than 1% and is negligible. 

4.3 Luminosity Est imat ion 

The luminosity is estimated from beam-beam tune 
shift measurements. The observable parameter is 
the (vertical) tunes of the 0-mode and the pi-mode. 
This beam-beam tune shift is related to the beam-
beam parameter {j, by the following expression; 

f» = 
cos(2itvv(0)) - cos(2wy(Ti)) 

2irsin('2-xvy(Vi))Yy 

where t/y(0),fy(ir) are the 0-mode and pi-mode ver
tical tunes. Yy is the so-called Yokoya factor and 
has the value of 1.24 [7][8]. Once the beam-beam 
parameter is determined, one can estimate the lu
minosity with the formula; 

i = 2 ^ > + ^ 

Here, 7,e,/t,/9* and r are the Lorentz factor, ele
mentary charge, the current per beam, the vertical 
beta function at IP and the beam aspect ratio at IP, 
respectively. 

4.4 Life T ime Calculation and Comparison 
with Observation 

Beam life time is defined by 

dN 
"dT 

(5) 

where N is the number of particles per beam. The 
particle loss rate is calculated as 

" dt 

^ 0.003 

2 0.002 

0.001 

Calculation 

r- M - * *•• 
Haoaur4manl 

= ntLa (6) 

* I 10 11 12 11 
Total BMm Currant (mA) 

Figure 4: Comparison between calculated beam life 
ihne from the beam-beam Bremsstrahlung and the 
experiment 

where nc and a denote the number of IP in the 
ring and the cross section that a particle is lost due 
to the beam-beam Bremsstrahlung process, respec
tively. From eq. (5) and (6), one can calculate beam 
life time from the the beam-beam Bremsstrahlung. 
In the TRISTAN, n c is 4 and o- is 2.80 x 10- 2 5 cm 2 . 
The luminosity can be calculated from the beam-
beam tune shift by the methods mentioned above. 

Fig. 4 shows the inverse of calculated beam life time 
from the beam-beam Bremsstrahlung. In the figure, 
the data from the experiment is also depicted. As is 
seen in the figure, there is a disagreement of about 
20 or 30 % between the calculation and the experi
ment. 

4.5 Influence of Transverse dimension of the 
Beams on the Bremsstrahlung process 

Eq.(2), which gives the cross section of the beam-
beam Bremsstrahlung, can be derived from stan
dard quantum electrodynamics. We usually follow 
a standard picture that the event rate is calculated 
as a product of the luminosity and the cross section. 
However, both an experiment and a theoretical cal
culation show that this picture is not valid as far 
as the beam-beam Bremsstrahlung process is con-
cerned[9][10]. This is because the typical impact 
parameter for this process is larger than the trans
verse beam size. This effect brings us some reduc
tion in the observed event rate. This reduction can 
be included in the cross section as a correction, if 
one w^nts to adhere to the standard picture. The 
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Figure 5: Comparison between calculated beam life 
time from the beam-beam Bremsstrahlung and the 
experiment with a correction of finite beam sizes 

corrected cross section is given in the form[U]; 

, . 16arr r . . 1 5 , , , r-a 7 E , 
<r(e) = —^[(tn- - T)(/T>>/2— + - £ ) 

1.13, 1 17,. 
+-(-'"7 " - « 4' 3 6 (7) 

where a = \/2°'£* . A0 and ye denote the Comp-
ton wavelength and the Euler's constant, respec
tively. With this equation the cross section is re
duced from 2.80 x 10~ 2 5 enr to 2.13 x 10 _ 2 5 cm 2 . 

By using this value beam life time from the beam-
beam Bremsstrahlung was re-calculated and its in
verse is plotted in Fig.5. The agreement between 
the experiment and the calculation is fairly good 
with the correction. 

5. ERROR ESTIMATION 

In the error estimation of the beam life time mea
surement shown in Fig. 3 and 4, only the fitting 
error was taken into consideration. The fitting er
ror was calculated from the number of sampled data, 
the sampling interval , a resolution of the beam cur
rent measurement from a DCCT and the beam life 
time itself. As is mentioned before, the sampling 
interval is 15 second. The number of sampled data 
is more than 12 depending on data points. The ex
ponential fitting was done with ar assumption that 
beam life time does not change during each data 
point. The resolution of the beam current measure

ment is determined considering how large the sam
pled data are scattered from the fitting curve. 

In estimating the error of the calculation of beam life 
time from the beam-beam Bremsstrahlung, some as
sumptions were made. The errors of the tune shift 
measurement, the Yokoya factor, the vertical beta 
function at the IPs and the cross section were taken 
into account and are assumed to be 2%, 5%, 10% 
and 5.5%, respectively. The error of cross section 
comes from that of energy aperture. Using these 
errors the resultant error of the life time is 12.5%. 

6. CONCLUSION 

The beam-beam Bremsstrahlung process plays an 
important role on particle loss in the TRISTAN and 
contributes to nearly a half of the loss rate. The 
other half would be attributed to the collision of 
the particles with residual gas, although there is no 
direct evidence for this explanation. The observed 
beam life time from the beam-beam Bremsstrahlung 
agrees very well with the calculation, provided that 
we take the effect of finite transverse dimension of 
the beams into account. 
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ABSTRACT 

The correction of the chromalicily of low-beta insertions in storage rings is usually made with sextupole lenses in 
the ring arcs. When decreasing the beta functions at the interaction point (IP), this technique becomes fairly 
ineffective, since it fails to properly correct the higher-order chromatic aberrations. Here we consider the approach for 
the PEP-II B Factory low energy ring (LER) where the chromatic effects of tbe quadrupole lenses generating low beta 
functions at the IP are corrected locally with two families of sextupoles, one family for each plane. For the IP 
straight section tbe lattice is designed in such a way that the chromatic aberrations are made small and sextupole-like 
aberrations are eliminated. The results of 6-dimensional tracking simulations are presented. 

1. INTRODUCTION 

In order to insure a good injection efficiency, a large 
quantum and Touschek lifetimes, and no lifetime 
degradation due to beam-beam effects, it is necessary 
that the ring have a sufficiently large dynamic aperture. 
In terms of injection die requirements are that most of 
the injected beam be inside of mis aperture. In terms of 
quantum lifetime the requirements are that the aperture 
be at least a factor of 10 larger then the rms value of 
the beam in the horizontal (x), vertical (y) and 
longitudinal (s) planes. 

In the case of the PEP-II LER, the limits of the 
lifetime come from injection in the vertical plane and 
from quantum lifetime in the horizontal and 
longitudinal planes. 

For interaction point, vertical beta functions of about 1 
cm, the amount of chromaticity generated in the 
interaction region is large enough to necessitate the use 
of a "nonconventional" chromaticity correction scheme, 
which shows benefits over a more traditional 
chromaticity correction scheme. 

•This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics Division, of the U.S. 
Department of Energy under Contract Nos. DE-
AC0376SF00098, DE-AC03-76SF000098, and DE-AS03-
76ER70285 

2. PARAMETER REGIME 

Providing a large dynamic aperture in the LER is 
difficult because of the parameter choices for tbe ring. 
We would like to motivate the reasoning behind the 
choices of parameters which are relevant to this 
discussion. 

First, all the parameters are chosen to meet the 
luminosity goals of the machine. For equal beam sizes 
til the IP and equal beam-beam tune shift parameters for 
both beams in both transverse planes, the luminosity 
can be written as[l] 

L = 2.17 X 10 3 4£ (1 + r {L!j.\ [ c n r V ] (1) 

where r = ay / al is the beam aspect ratio, / is the total 
beam current, E is the beam energy in GeV, / £ is the 
vertical beta function at the IP in cm and § is the beam-
beam tune shift parameter. With +/- we indicate that 
the ratio of IE/p is to be equal for both tbe LER 
(designated by +) and the high energy ring (designated 
by.-). 

Having chosen beam energies of 3.1 GeV for the LER 
and 9.0 GeV for, the HER we are then left with four 
parameters, %, / ? , r, and /. We will discuss each of 
these parameters and show how they influence the 
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design of the lattice and the subsequent implications 
about the dynamic aperture. 

It is generally considered bad for the beam-beam 
parameter, £, if there is a large discrepancy in the 
damping times of the two rings. We therefore employ 
wigglers to decrease the damping time of the LER. In 
addition to decreasing the damping limes, wigglers also 
increase the relative energy spread, $m S . Without the 
wigglers Stms is 0.00067, which is comparable to that 
of the HER. With wigglers Stmt is 0.00095 for the 
LER, an increase of 30%. 

The second parameter is the interaction point vertical 
beta function, /L. In order to achieve the required 
luminosity it is desirable to make fi as small as 
possible in each ring. However it is jmficult to focus 
both beams down to small values P simultaneously 
because of the energy asymmetry of the beams. We 
have chosen the fl, for the HER to be twice as large as 
that for the LER. 

# * = 1.5 cm K' = 3.0 cm (2) 

Because of this asymmetry in the IP beta functions the 
emittance of the LER must be twice as large as the 
emittance of the HER. 

A consequence of having the small IP beta functions is 
that the beam bunch length needs to be small, smaller 
than p in order to avoid degradation of the luminosity 
due to the "hourglass effect." Due to the large energy 
spread it is necessary to decrease the momentum 
compaction in order to keep the bunch length small (1 
cm) while simullaneousiy maintaining reasonable rf 
cavity voltages. In order to decrease the momentum 
compaction without using any exotic schemes (regions 
of inverted bending, negative dispersion, ...) it is 
necessary to increase the phase advance per arc cell. We 
choose 90° as a cell phase advance for the LER. 

The beam's aspect ratio, r, was chosen to be 0.04. This 
value for r is rather conservative because coupling is 
more easily maintained if the r is large. However if r 
is large then the final doublet has to focus strongly in 
both planes. This has the effect of increasing the 
chromaticity in both planes. 

With all these paroaeter choices, liis total beam current 
/ is then determined by the aeam luminosity 
requirement What is not determined is the number of 
bunches iii the ring. From beam-rvam simulations it 

seems desirable to have fewer bunches in the ring in 
order to obtain a larger beam separation at the parasitic 
crossings. Larger bunch separation implies a larger 
number of particles per bunch. In order to have the 
same beam-beam tune shift it is necessary to increase 
the emittance in proportion to the bunch spacing. In 
the LER the choice of the bunch spacing is 1.26 m. 
The horizontal emittance is 96.4 nnvrad. 

However the LER has a naturally small emittance 
because of its energy and because of its large phase 
advance per cell. Therefore it is necessary to use the 
wigglers not only to reduce the damping time but also 
to increase the emittance. 

Collecting all the effects of our parameter choices we 
see that the LER has 

(1) large energy spread 9.5 x Vt* 

(2) large nor. emittance 96.4 nnvrad 

(3) large tune per cell 90° 

(4) large aspect ratio 0.04 

Because the wigglers increase both the transverse and 
longitudinal emittance of the ring to an artificially large 
value one must be able to provide a larger dynamic 
aperture. The increased cell tune and die large aspect 
ratio increase the natural chromaticity of the ring. This, 
combined with small values of dispersion and beta 
functions at the position of arc sextupoles (resulting 
from the 90° cell) means that the ring have stronger 
sextupoles. Stronger sextupoles tend to decrease the 
dynamic aperture. 

3. LOCAL CHROMATICITY COMPENSATION 
SCHEME 

The motivation behind the local cbromaticity 
compensation (LCC) scheme came from work which 
was done at SLAC on the Stanford Linear Collider 
(SLC) and in particular the Final Focus Test Beam 
(FFTB). The design is an adaptation of the design of 
theFFTBbyOide[2J. 

At first glance it might seem strange that a scheme 
designed for a linear collider might be useful for a 
storage ring. In a linear collider there is no concern 
about lifetime. But there is concern about producing 
small spot sizes at the collision point. In order to 
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provide small spo* sizes, the geometric and chromatic 
aberrations of the machine must be minimized. This is 
precisely what is necessary in order increase the 
dynamic aperture. So adopting a scheme which 
successfully generates small spot sizes in linear 
colliders can also be useful in producing a large 
dynamic aperture for storage rings. 

3.1 Isolating the Problem 

When examining the LER we see that 33% of the 
natural horizontal chromaticity and 43% of the natural 
vertical chromaticity come from 17% of the ring, the 
IP sextant. A large proportion of that comes from the 
strong focussing of the final doublet, a single point in 
terms of betatron phase advance. The problem with 
correcting this chromaticity in the arcs is twofold. By 
placing the burden of the chromaticity correction solely 
on ihe arcs one needs large arc sextupole strengths 
which tend to increase the geometric aberrations. The 
second problem, which we find to be more severe, is 
that even if one corrects the linear chromaticily, the 
nonlinear chromaticity may still be large. If the 
nonlinear chromaticity is large then the tune shift with 
energy will be large at large values of S. 

related to the amplitude of this oscillation. By placing 
sextupoles near the final doublet it is possible to 
minimize the amplitude of the oscillation which 
"leaks" into the ring arcs and then propagates around 
the rest of the ring. Once in Ihe arcs the amplitude of 
the oscillation lends to stay small around the rest of the 
ring. It is important to choose the proper phase 
between the IP and the sextupole pair in order to 
minimize the amplitude of the chromatic beta function 
which "leaks" into the arcs. 

The lattice (see figure 1) is set up such that the vertical 
correction is done first followed by the horizontal. This 
is due to the fact that the final doublet creates more 
vertical chromaticily than horizontal and we would thus 
like to correct it first. The correction in each plane is 
made with sextupole pairs placed symmetrically on 
each side of the IP. A -/ transformer in both planes 
connects each sextupole in the pair. By doing this we 
minimize the geometric noulinearities of the 
sextupoles. The phase advance between the IP and the 
first vertical sextupole is chosen to be 0.75*2w and the 
phase advance between me IP and the first horizontal 
sextupole is chosen to be 1.75*2rc in order to 
minimize chromatic aberrations. 

It is extremely bard to correct the nonlinear 
chromaticity with distributed arc sextupoles. A much 
more effective technique is to correct the chromaticity 
at the place where it is created. This is the idea behind 
the local chromaticily compensation scheme: Correct 
the chromaticily coming from the IP doublet as locally 
as possible and in such a way that the IP straight is 
nonlinearly transparent to the rest of the ring. 

3.2 Nonlinear Chromaticity 

As mentioned earlier the most severe problem which 
we found with regard to the dynamic aperture was the 
nonlinear tune shift with energy. This problem arises 
from letting die chromatic beta function get very large. 
By the chromatic beta function we mean the relative 
change in the beta function with S, 

P(s,$) -fls.O) (3) 

The effect of the final doublet is to generate a large 
amplitude of oscillation of the chromatic beta function. 
This oscillation, if left uncorrected, propagates around 
the ring with large amplitude. The size of the higher 
order chromaticities (i.e. 3 2v/e)8 2, 3 3 v/38 3 , ...) are 

Yert 
a. Sext. 

Hor. 
Sext. 

'•VWii'Vi ijfUifri 

Figure 1. Lattice functions (right hand side of the IP 
straight) of the "test" lattice. The vertical sextupole pair 
and ihe horizontal sextupole pair follow the IP and the 
final doublet. 

4. TESTING THE IDEA O F LOCAL CORRECTION 

In order to test the LCC scheme approach we designed a 
test lattice. The performance of this ring was compared 
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with a reference ring which did not have tbe LCC 
scheme implemented and used two families of 
interleaved sexlupoles in the arcs to correct the 
chromaticity. The requirement on the LCC ring was 
that it was to have the same final doublet and the same 
noninteger tunes (0.57 horizontally and 0.64 vertically) 
as the reference ring. In fact the lattice of the lest LCC 
ring was almost identical with tbe reference ring except 
for the straight section around the IP where the LCC 
scheme was implemented. 

After setting the linear chromaticity to zero in both 
rings we calculated the tune shift with energy. The 
results can be seen in figures 2 and 3. 

0.64 

0.60 

0.56 

0.52 

-0.01 -0.006 -0.002 0.002 0.006 0.01 
8 

Figure 2. Tune versus energy for the reference lattice 
which has only 2 families of sextupoles in the arcs to 
correct the linear chromaticity. 

0.64 . 

0.60 • 

0.56 ' 

0.52 

As can be seen from figures 2 and 3 there is a dramatic 
improvement in the behavior of the tune versus energy 
of the test lattice compared with the reference lattice. In 
fact the reference lattice is unstable at about ±0.005 in 
S( or 5 <5tms) because at those values the horizontal 
tune crosses over die half integer. In the case of the test 
lattice the variation in tune in both planes is less than 
+0.01 over the range of +0.01 in S. Therefore the 
nonlinear tune shift is well under control over the 
necessary range in the test lattice. 

5. FURTHER LATTICE DEVELOPMENTS 

In order to have room for a lattice in which the LCC is 
contained entirely within tbe IP straight section we 
needed to make the LCC more compact. We have 
designed such a lattice and find that it also has very 
good tune versus energy behavior, comparable with that 
of the test lattice. 

5.1 Dynamic Aperture Results 

The particle tracking was done with an explicit 
simplectic integrator[3] where the cavity was 
represented as a thin lens. We took the IP to be the 
tracking point. At the IP the beam sizes are 0.2 mm 
horizontally and 0.03 mm vertically assuming an 
uncoupled beam horizontally (e x = EO) a fully coupled 
beam vertically (E V = cn/2) which gives us tbe largest 
possible beam sizes in either direction. Particles were 
launched with initial values of x, y and S and were 
tracked for 1000 turns with synchrotron oscillations. 
The results can be seen in figures 4 and 5. 

The tracking results indicate that without the 
introduction of errors this lattice provides an aperture 
which is large enough for good injection efficiency and 
good quantum lifetime. It remains to be seen how the 
aperture degrades with errors. 

-0.01 -0.006 -0.002 0.002 0.006 0.01 
5 

Figure 3. Tune versus energy for the test lattice which 
has 4 families of sextupoles, 2 in the arcs and 2 for the 
LCC section. 
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Figure 4. Initial values of particles which survived 
1000 turn (racking. The open circles represent particles 
which were launched with zero initial energy deviation 
and (he closed circles represent particles which had an 
initial energy deviation of 1%. The horizontal rms 
beam size, ax, was calculated assuming an uncoupled 
beam (e x = EO) and the vertical rms beam size, cy_ was 
calculated assuming a fully coupled beam (e v = eo/2). 

Figure 5. Particles were launched with an initial energy 
deviation of 0.5%. The asterisk represents the 
acceptance necessary for injection. 

6. LIMITS TO THE DYNAMIC APERTURE 

dynamic aperture is a factor of 1.5 smaller than that of 
the test lattice. 

We are now in the process of designing a LCC which 
extends into the arcs which should enable us to keep 
the strengths of the sextupoles down. 

7. SUMMARY 

The task of supplying sufficiently large dynamic 
apertures for B factory storage rings is challenging. 
The small beta functions and large currents necessary to 
increase the luminosity lead to large chromaticity and 
emittances in the rings, especially the LER. 

Our study demonstrates that it is an attractive option to 
employ local chromaticity compensation for the 
interaction region for several reasons. First it helps to 
control the tune shift with energy. Second, it permits 
decoupling the correction of the interaction region from 
the rest of the ring, making the ring more robust. 

Using this technique we have been able to design an 
interaction region that provides the LER (bare lattice) 
with a reasonably large aperture. 

Zisman for useful 
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We have found that the main limit to the dynamic 
aperture comes from the LCC sextupoles. In order to 
make the LCC section more compact it was necessary 
to increase the strength of the sextupoles almost by a 
factor of two from the test lattice. The resulting 
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ABSTRACT 

A lattice with a small momentum compaction and a small synchrotron tune is designed for the KEK B-
Factory. This lattice enables us to decrease the RF voltage drastically and to suppress beam instablities 
caused by RF cavities. The dynamic aperture of this lattice is widened to satisfy the requirements for 
injection by using a chromaticity correction scheme with noninterleaved sextupoles. The small synchrotron 
tune is also helpful to avoid the synchro-betatron resonances which reduce the momentum acceptance in the 
noninterleaved scheme. Even with machine errors, the dynamic aperture remains acceptable. 

1. INTRODUCTION 

The KEK B-factory is an 8 GeV x 3.5 GeV two-
ring collider aimed at a design peak luminosity of 
1034cm~ 2 s ~ ' . Beam currents amount to the order of 
\A even with high beam-beam tune shift parameters 
(£,. v = 0.05) and a small vertical beta function at 
the interaction point (IP) (/}* = 0.01m). In order to 
avoid a geometrical loss of the luminosity and degra
dation of beam-beam tune shifts due to synchro-
betatron resonances, the bunch length is shorten to 
one half of /?*, which requires a high RF voltage. 
We choose a small emittance (ex = 1.9 x 1 0 - 8 m ) 
and short bunch spacing ( 5 B = .6m) so that we 
can make the RF voltage as low as possible against 
beam instabilities^]. 

We have the following requirements in designing 
the low /?* lattice: (1) to ensure a large dynamic 
aperture for high injection efficiency and for a long 
beam lifetime, and (2) to decrease the RF voltage 
by devising structure of unit cells, which are more 
strongly imposed on the low-energy ring (LER) than 
on the high-energy ring (HER). In this paper, we 
mainly discuss about the LER lattice in the TRIS
TAN Main Ring tunnel. 

2. Low a LATTICE 

One of the most serious problems for storage of 
high beam current in the KEK B-Factory is the cou
pled bunch instability caused by the fundamental 
mode of RF cavities[2j. To suppress this instability, 

Table 1: Main parameters of the KEK B-Factory. 

Energy(GeV) 3J> 8.J 
Circumference(m) 3018 
Luminos i ty fcm-V 1 ) 1 x 1 0 3 4 (2 x 1 0 3 3 ) 
Tune shift, { r / £ y 0.05/0.05 
Beta function at IP, 

«//85(m) 1.0/0.01 
Beam current(A) 2.6 (0.52) 1.1 (0.22) 
Bunch length(cm) 0.5 
Energy spread 7.4 x 10~ 4 7.6 x 10"4 

Bunch spacing(m) 0.6 (3.0) 
Particles/bunch 3.3 x 10'° 1.4 x 10 1 0 

Ercittance, ex/e,(m) 1.9 x 1 0 - 8 / 1 - 9 x 1<>"10 

Synchrotron tune, v, 0.017 0.025 
Betatron tune, vx/vy ~ 40 ~ 40 
Momentum compaction 2.5 x 10~ 4 3.5 x 1 0 - 4 

Energy loss/turn(MeV) 0.84 4.4 
RF voltage(MV) 4.4 18 
RF frequency(MHz) 508.6 
Harmonic number 5120 
Damping decrement, 

TQ/TE 2.4 x lO" 4 5.5 x 10" 4 

Bending radius(m) 16.2 82.1 
(): for the first step with 2 x 1 0 3 3 c m ~ 2 s - 1 . 
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we intend to make the RF voltage factor smaller. 

The RF voltage, VRF, is expressed as 

2. NONINTERLEAVED 
CORRECTION SCHEME 

CHROMATICITY 

cCEopo] 
VRF — -5-1 (1) 

where C '•-, ;he circumference, E the beam en
ergy, ap ti amentum compaction, trt the energy 
spread, URF the RF angular frequency, and a, the 
bunch length. We can decrease VRF by decreasing 
ap, keeping <rc and <rz unchanged. To this end, we 
devise the structure of unit cells as shown in Fig.l 
so that the horizontal dispersion can be made small 
in bending magnets [3]. (We call this lattice low a 
lattice.) The phase advance per unit cell is taken to 
be IT both in the horizontal and vertical directions. 
The low a lattice reduces ap and VRF to 1/3 ~ 1/4 
in both rings. The synchrotron tune is also reduced 
by the same ratio. Main machine parameters of the 
low a lattice are listed in Table 1. 

QQ:36;lg.B6 Tuwd«r 03/30/B3 

4 

00:27:31.83 TuewUy 03/30/P3 

* 
*' 

Figure 1: Optical functions in a unit cell of the low 
a lattice for HER (above) and LER (below). 

We have intensively studied a chromaticity cor
rection scheme with noninterleaved sextupole 
pairs[3][4], each of which consists of two iden
tical sextupoles connected by a — / transformer 
both in the horizontal and the vertical direc
tions. By eliminating the other sextupoles within a 
pair, major transverse nonlinearities of paired sex
tupoles are canceled by the —I transformer[5], and 
hence the transverse dynamic aperture is greatly 
widened. Small residual terms of nonlinearities such 
as fringe fields of quadrupoles[6] and kinematical 
terms around the IP come to limit the transverse 
dynamic aperture. 

The noninterleaved scheme, however, leaves larger 
higher-order chromaticities because of a smaller 
number of sextupoles and their less uniform distri
bution than conventional interleaved schemes. The 
momentum acceptance in the noninterleaved scheme 
is limited by a modulation of linear betatron motion 
by the synchrotron oscillation. The momentum de
pendence of beta functions at cavities excites the 
synchro-betatron resonances 

2»t,, ±mv, = N (2) 
which significantly degrade the momentum accep
tance. Despite this demerit, we can obtain an ac
ceptable dynamic aperture in the momentum direc
tion if we place a sufficient number of sextupole fam
ilies in the ring and chose the operating point avoid
ing the synchro-betatron resonances. The low a lat
tice has the clear merit that it brings large flexibility 
of the operating point since its small u, weakens the 
effects of the synchro-betatron resonances. 

IER has a quasi four-folded symmetric structure 
with four 200m-!->ng straight sections and four arcs. 
One of the straight sections is utilized for the inter
action region a A another for an RF section on the 
opposite side of the ring. The other two are pre
pared for installation of wigglers to obtain a wide 
range of inability ioi the omittance and the damp
ing time. The natural chromaticities of the ring 
amount to 62 .in.* ?2 <\i the horizontal and vertical 
directions, rsspectrcly. Forty pairs of sextupoles 
(22 SD's and IS SF >) are distributed in the arcs 
consisting of low a cel.s with ir phase advance, which 
is suited for installation of the —/ sextupoles. We 
place as many pairs as possible even in the positions 
with small dispersions to correct chromaticities well 
over a wide range of the momentum deviation. 
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The strengths of sextupoles are determined by 
using a computer code SAD[7] developed at KEK. 
Since LER has no exact symmetry, all the pairs are 
treated independently. The method applied here is 
to minimize the deviations of the betatron tunes vx , 
and those of the Twiss parameters /?*J" and a*j 
at the center of the RF section at 12 fitting points 
of the momentum deviation, S = Ap/po = ±gtfi 
(2 = 1,6). An additional constraint ia^ = 0 is 
sometimes applied to retain quasi-mirror symmetry 
at the IP. The momentum bandwidth 6\ is chosen 
to be ~ 1.5% which is required for a long Touschek 
lifetime. Figure 2 shows an example of the chro-
maticity correction. 

0.20 

0.10 

> 0.00 

l l l l l l l l l l l l l l l . i l 

(a)/ 

-OAO - y ' 

_n-n' ' ' ' ' ' ' ' ' ' ' ' * ' ' ' ' ' ' ' ' -2.0 -1.0 0.0 1.0 2.0 
«(%) 

0.60 

-0.30-

-0.60 -2.0 
• I • • • • I • • • ' " 

-1.0 0.0 1.0 2.0 
«(%) 

Figure 2: Residual deviations after the chromaticity 
correction at (i/ x, e y)=(40.12, 40.19) 

3. DYNAMIC APERTURE 

The dynamic aperture is estimated by parti
cle tracking in the six-dimensional phase space 
(x,px,y,py,2,<5) using SAD. The variable z is de
fined as z = — vt, where t is the delay from the nom
inal particle. In this paper, the initial conditions are 
given as p*o = P»o = *o = 0 and yt> = ox 0 , where 

a is a constant. We evaluate the dynamic aperture 
by the initial values of the Courant-Snyder invari
ant 2J z > yo and the momentum deviation So of parti
cles which survive during 1000 turns without damp
ing due to the synchrotron radiation. Although this 
number of turns is only 1/8 of the transverse damp
ing time, the results of 1000-turn tracking are al
most equal to or slightly smaller than those of 8000-
turn with the radiation damping as shown in Fig. 3. 

6.010- K 
*f 1 

>**>» 
• K 

*f 1 <w - II =(*>.19.40.13)-
• ti • 

* if ' 
- Ti _ 
• 

A X X \A 
- V*. 

^T 

^ 4.010 s 

6 

2.010 s -

0 0 -2.0 -1.0 0.0 1.0 2.0 
«b(%) 

Figure 3: Dependence of the dynamic aperture on 
the number of tracking turns. The dashed line 
shows the results of 8000 turns with the synchrotron 
radiation and the solid line those of 1000 turns with
out that. The crosses indicate the acceptance re
quired for injection. 

6.010 

0.0 lrf". 

1 1 1 1 1 1 1 1 1 

(v-.v„)=<40.12.40.19) 

2.0 

Figure A: The dynamic aperture in the initial con
dition of J to = 9.7yo-

We examined the dynamic aperture in the two 
conditions; (I) jfo = \xo to check the acceptance 
for horizontal beam injection and (II) jto = 53*0 to 
estimate the Touschek lifetime at collision with 1% 
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Figure 5: Estimation of the Touschek lifetime. 

coupling. In both cases, the dynamic aperture is 
almost equal in the region of S0 ~ 1%, while that of 
the case II is larger near on momentum. We have 
ascertained that the dynamic aperture of the case I 
clears the injection condition 2Jz0 = 1.2 x 10~*m 
at 6o = ±0.3% as shown in Figs. 3 and 4. 

The Touschek lifetime with the aperture defined 

— Jmmx Jfflw 

can be calculated by SAD[8]; thus we draw the aper
ture limits as the dashed lines A and B in Fig. 5 and 
estimate the Touschek lifetime to 4.0 and 3.6 hours, 
respectively. The conventional FODO lattice gives 
longer Touschek lifetimes of 5.1 and 3.9 hours for 
the same apertures since it has a smaller average 
value of the function H = 7»/| + 2atizrfx + /?ijj? in 
the arcs than the low a lattice. 

4. EFFECTS OF MACHINE ERRORS 

Performance of the noninterleaved scheme has 
been suspected to be sensitive to machine errors, 
which break the cancellation due to the — / trans
formation and are also harmful to maintain the re
quired emittance ratio of 1%. We examined ef
fects of the following machine errors: (1) 0.1% rel
ative strength errors of quadrupoles and 0.2% of 
sextupoles, (2) 0.1mm displacement of quadrupoles 
and sextupoles both in the horizontal and verti
cal directions and (3) O.lmrad rotation errors of 
all magnets. All of the errors are assumed to have 
Gaussian distributions with 3<r cutoff. 

Closed orbit distortions (COD's) were measured 
with 364 position monitors equipped at the edge 
of quadrupoles with 0.1mm accuracy and were cor
rected with 404 steering magnets to ~ 0.1mm rms 
both in the horizontal and vertical directions. Ver
tical dispersions were not corrected directly. The 
transverse tunes were adjusted to the nominal val
ues by varying quadrupole strengths. We simulated 
these processes of COD correction by using SAD[9]. 
Figure 6 shows resultant vertical dispersions and the 
vertical-to-horizontal emittance ratios of 12 exam
ples with random errors. Four of the examples bring 
about couplings of > 1.5%, which can be reduced 
to 1% by making only one or two vertical bumps 
of ~ 1mm height in the arcs as shown in Fig. 6. 
The simulations show that misalignment of 0.1mm 
rms is tolerable to obtain 1% coupling, but this may 
be difficult to be realized in the actual machine. Al
though higher vertical tunes allow a larger tolerance 
for the alignment, good operating points have not 
found yet in that region from the viewpoint of the 
dynamic aperture (see Fig.4). 

(3) & 

1 2 
coupling (%) 

Figure 6: Vertical to horizontal emittance ratios 
vs. vertical dispersions after COD correction. The 
pluses show results of COD correction. The closed 
circles show results after coupling correction with 
bumps. 

After the coupling correction, the dynamic aper
ture was examined in both conditions I and II for 
the twelve examples. In order to recover the dy
namic aperture in the region of So ~ 1%, to which 
the Touschek lifetime is sensitive, we adjusted sex-
tupole strengths in four of the examples. In this 
adjustment we only changed all the SD's by mul
tiplying a common correction factor of ~ 1% and 
made a similar correction for the SF's. Even with 
these amounts of errors, the dynamic aperture re-
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Figure 7: Dynamic apertures in the presence of ma
chine errors. The crosses show the acceptance re
quired for injection. 

mains sufficiently large to clear the injection condi
tion as shown in Fig. 7. The Touschek lifetime is 
estimated to be > 3 hours, which may be marginal 
to maintain a high integrated luminosity. 

5. SUMMARY 

A low a lattice for LER has been designed to sup
press the coupled bunch instability due to the funda
mental mode of RF cavities. This lattice decreases 
both the RF voltage and the synchrotron tune by 
a factor of ~ 1/4 compared with the conventional 
FODO lattice. The chromaticity correction scheme 
with noninterleaved sextupoles works well in this 
lattice to obtain a sufficient dynamic aperture for 
injection. The small synchrotron tune of this lattice 
improves tunability of the operating point since it 
weakens effects of the synchro-betatron resonances 
2f x, r ± mv, = N. The Touschek lifetime is, how
ever, estimated to be a little shorter than in the 
conventional lattice. Even with machine errors, the 
dynamic aperture does not degrade significantly and 
1% coupling can be maintained. 
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A b s t r a c t 

The round colliding beam performance is proposed on 
VEPP - 2M collider to verify the advantage of the round 
beams envisaged in the Novosibirsk ^-factory project, where 
the- high design values of the space charge parameter are of 
critical importance. Minor modifications of the existing ma
chine lattice include installation of four IOT SC solenoids 
to provide for the axisymmetric final focus and for the equal 
transverse emittances, and rearrangement of the arc optics to 
form two achromatic bends between the interaction points, 
etc. The design luminosity above 1 0 3 2 e m _ 2 s - 1 will be avail
able for the two new detectors CMD-2 and SND now oper
ated at VEPP-2M. 

1 I n t r o d u c t i o n 

In the recent years the electron-positron colliders 
with the luminosities L ~ 1 0 3 3 c m _ 2 s - 1 at the energy 
of 510 MeV, so called ^-factories, are in consideration 
at different laboratories. The Frascati ^-factory project 
is based on "conservative" idea of a double ring with 
multibunch flat beams [1]. The UCLA ^factory con
cept supposes using extremly small /?*-values and short 
bunches provided by the quasi-isochronous machine op
tics [2]. In the Novosibirsk project the high luminosity 
level will be achieved with round colliding beams [3]. 
There are many arguments for advantages of the round 
beam option: a degeneration of the beam-beam effects 
to the ID case and, as a consequence, absence of cou
pling resonances [1]; stronger suppression of the coherent 
betatron and synchrobetatron instabilities [5] and so on. 
The best way to prove all significant arguments pro and 
contra round beam concept is an experimentum crucis. 
We have found a unique possibility to test them experi
mentally at VEPP-2M storage ring which is operated in 
Novosibirsk since 1975 year. 

2 Modi f icat ions i n t h e V B P P - 2 M Latt ice 

The present magnetic lattice of VEPP-2M has four 
symmetric periods with low /?*-functions at interaction 
regions (IR), which are provided by two quadrupole dou
blets (fig.l). Two opposite IRs are occupied by the 

0 . 45 90 13S 180 2?S 270 311, 3SG 40^ 4'jO 
Bz = 4 2(Cfn) UCrn; 

Figure 1: One quarter of VEPP-2M lattice period. 

detectors: Cryogenic Magnetic Detector (CMD-2) and 
Spherical Neutral Detector (SND). Two remaining low
ly straights arc occupied by RF-cavity and SC wigglor. 
The superconducting wiggler has 5 poles with magix-lir 
field up to 80 kG. The correction coils system can com
pensate the optics distortion from the wiggler and I he 
solenoids of CMD-2 detector. 

The main idea of VEPP-2M lattice modification to 
round beam mode is to replace the quadrupole doublets 
by SC solenoids accomodated inside the detectors. The 
solenoids will provide the equal ^'-functions in the beam 
collision points, and besides rotate by jr/2 the planes of 
the betatron oscillations. This will result in alterna
tion of vertical and horizontal orientations of the planar 
betatron eigen-modes over each half-turn, similarly to 
the Novosibirsk ^-factory design. Weakening by cal l ) 
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Figure 2: One quarter of VEPP-2M lattice period after 
modification to round beam mode. 

per cent the remaining 8 quadrupoles will transform the 
half-turn bends into achromats to provide for zero dis
persion in the both IRs (fig.2) at the expense of en
hanced dispersion in the bends (maximum of 140 cm vs. 
70 cm at present). The momentum compaction factor 
will be left practically unchanged. In the Wiggler-On 
operation mode the bunch length at 100 mA beam cur
rent is 4 cm, hence the 4 cm values are envisaged for 
/^-functions in the collision points. 

The computer simulations of the beam-beam inter
action inherent in the dynamics of round beam collision 
encourage for the design goal of f ~ 0.1 (TV ~ 6.7 • 10 1 0). 
for the attainable space charge parameter. With the 
beam emittances of cx = e, = 1.5 • 10 _ 5 cm - rad this will 
hopefully come to luminosities of L ~ 10 3 2 cm~ 2 * - 1 at 
the energy of 510 MeV. The beam and optics parameters 
are summarized in the Table 1. 

A few more details of the technical design of the 
proposed test experiment follow. The main focusing 
solenoids are of tapered design and mounted in the ta
pered iron return flux shield to take away less solid an
gle from the detectors. The maximum field strength 
on their axes is 106 kG (can be forced up to the 114 
kG limit). The NbTi wires with the current of 280 A 
and dia. 0.7 and 1.0 mm are used at 1.8 K in two sec
tions of the coils. Each focusing solenoid has a part 
with reversed field to adjust the field integral over the 
IR without significant changes in focusing. The mod
erate quadrupoles are placed next to the compensating 
solenoids. 

The chromaticity correction is performed by sextu-
poles placed on either side of the remaining quadrupole 
doublets. The natural chromaticity of betatron tunes 
with solenoids is: 

Table 1. 
V E P P - 2 M : BEAM AND OPTICS PARAMETERS 

Parameters flat 
beam 

round 
beam 

Circumference, m C 17.88 17.88 
RF frequence, MHz h 200 200 
Momentum compaction a 0.167 0.18 
Emittances, cm • root 

£ 4 

4.6 • 1 0 _ i 

5 . 5 - 1 0 - 7 

1.5 H P 5 

1.5 i n - 1 

Energy ten/turn, keV AEo 9.1 13.75 
Dimensionless 
damping 
decrements 

6, 4.4 • 1 0 - e 

3.8 • 1 0 - 6 

9.4 • 10"* 

8.2 - 10"" 
8.2 - 1 0 _ t 

2 • 1 0 - 5 

Energy spread ff« 6-10"* 3.5 • 1 0 - 4 

0* at IP, cm 
0 , at IP, cm 0, 

48 
4.5 

4.5 
4.5 

Betatron tunes Vx,Vz 3.05,3.1 3.1,3.1 
Particles/bunch c~,e* 2 10'° 6.7 • 10 1 0 

Tune shifts «*.«* 0.02,0.05 0.1,0.1 
Luminosity, cm~2 • j - ' 4<m«s ~ 7 • 10 3 0 ~ I - 1 0 3 2 

As far as the dispersion is zero over the IR, the com
pensation of the betatron tune chromaticities is possi
ble only in the arcs by the appropriate sextupoles cor
rection families Sz and Sz (see fig.2). The VEPP-2M 
round beam lattice was optimized to compensate the 
betatron tune chromaticity by minimizing the possible 
effect of sextupole correctors on the dynamic aperture. 
To determine the dynamic aperture limitation the par
ticle motion was tracked in the lattice with averaging 
over initial betatron phases. The results are presented 
in fig.3. 

— . 1 0 -y . 2E«. — 13. 

10 13 15 18 20 23 25 
* / o . 

Figure 3: Betatron dynamic aperture for VEPP-2M lat
tice (round beam). 

Additionally to the basical lattice design with two 
T / 2 rotations per turn, alternative lattices are also con
sidered: 

a) with only one x/2 rotation per turn (and so with 
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circular eigen-modes), this lattice being in the same time 
a "Siberian snake" for the particle spin motion; 

b) without rotations, i.e. the solenoidal field is anti
symmetric with respect to the interaction point, thus the 
total rotation is compensated, the solenoids contribute 
to focusing only. Such a lattice will re-establish the flat 
beam geometry with equal /J*-values. Besides reversal of 
the solenoids the transformation of the machine optics 
from one lattice version to another one demands also 
the rotation of kickers by angle 90°, because during the 
injection after the septa the beam will pass the septa 
through the solenoids. 

3 Conclusions 

1. The proposed Round Beam Test Experiment on 
VEPP-2M will verify (or refute!) predictions on ex
tremely high attainable values of the space charge pa
rameter for the round colliding beams. 

2. The machine tune-up procedures will be worked 
out for implementation of such non-conventional focus
ing systems, the relevant beam diagnostics systems will 
be developed. 

3. If the test succeeds the new wide scope for parti
cle physics will be opened (except for CP-violating pro
cesses) in the energy range up to and including ̂ -meson, 
with luminosities higher than ever before, while the next 
step in luminosity enhancement anticipated from the <j>-
factory project will obtain a strong validation. 

4. The efforts and the expenses needed to modify the 
existing VEPP-2M machine are moderate, and so this 
work can be carried out within the next 1-1.5 years. 
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ABSTRACT 

The smallest necessary value of the horizontal crossing angle is evaluated for the case where all buckets are 
filled with bunches and beams can interact not only at the central collision point but also at peripheral 
collision points. Half crossing angle of 5 mrad or a little less seems acceptable both for beam collision and 
for injection. Further enlargement of the crossing angle is not useful. Because of the emittance growth in 
injection, it is also useless that the vertical injection emittance is made less than 400 x nominal value. The 
consideration is based on both the strong-strong rigid Gaussian model and the weak-strong multiparticle 
tracking. 

1 Introduction 

The goal of KEK B-factory is the luminosity of 
l x l 0 3 4 c m " 2 s - 1 . To achieve this enormous lumi
nosity, we fill all the buckets with bunches. The 
distance between bunches SB >» only 0.6 m. If 
beam lines of e + and e~ were made identical, each 
bunch might be affcted severely by the other beams 
through the collisions at the points integer xSg/2 
from the interaction point. These points will be 
called peripheral collision points*, (PCP's). 

To reduce its effect, we introduce a small angle 
between beam lines of both beams: beams collide at 
a half angle (j>x. Because of the possible presence of 
dangerous synchro-betatron resonances, 4>z should 
not be large'. When <j>x is too small, the beams 
affect each other too much at the PCP's. 

What is the smallest possible value of 4>x, with 
the presence of the peripheral collisions? 

In Fig.l, the right half of the interaction region is 
illustrated. There are 2NPCp+i PCP's (-NPCp < 
n < Npcp), including the central collision point 
(CCP). Beyond the last PCP's, two beams are su-
posed to be separated electromagneticaUy by shield-

*Some authors call them parasitic collision points. 
tHere, we do not consider the use of the crab crossing, 

which may cancel the driving term of this resonance. 

Figure 1: Configuration of the Peripheral collision 
points (PCP's). CPC corresponds to n = 0. 

ing. Through the interaction at PCP's, all bunches 
are coupled with each other. 

It is assumed that there is no magnet within 
this region. ' tually, the final quadrupole may 
be present which weakens the effect (outside it, fft 

stops increasing, distance D starts enhanced) so 
that the actual situation may be less serious than 
the following considerations. 

At present, the strong-strong multiparticle track
ing seems the most reliable, if it is done carefully. 
Unfortunately, for the problems now discussed, the 
situation is so complicated that the multiparticle 
tracking does not seem possible. (We should track 
100 to 1000 bunches in each beam, each being com-
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posed of 1000 to 10000 superparticles). Instead, we 
will use following two methods which are less reli
able but more tractable: 

1. The Rigid Gaussian Model; This is a strong-
strong model dealing with the rigid dipole mo
tion of bunches. The beam-beam force is 
treated with its full nonlinearity. The short
coming of this model is that we cannot discuss 
the possible blowup of the beam size. The re
sults of this approach has been reported already 
so that we give only some reviews of conclu
sions. 

2. The Weak-Strong Model; This is a notorious 
model because of its simplicity. This is, how
ever, tractable and may give us some insights 
of the phenomenon. We use this model in order 
to evaluate the amount of beam blowup at, in 
particular, injection. 

The former is an extreme of the coherent ap
proach while the latter is that of the incoherent ap
proach. The energy oscillation nor the bunch length 
effects are not included. 

2 Rigid Gaussian Model 

Even with the central collision only, the orbit can 
become unstable. That is, the spontaneous or
bit separation (SOS) may occur for some combina
tion of tunes[l,2]. The case where bunches collide 
headon and only the central collision takes place, 
the stability can be analyzed by means of the lin
ear analysis[l]. With offset at the central collision 
point and/or with the presence of PCP, the primary 
effect is to modify the orbits of bunches. This can 
be analyzed by means of a tracking using the rigid 
Gaussian model[3,4]. A computer code BCD was 
written to analyze this problem[5]. Results are as 
follows: 

1. When crossing angle is large enough, the effect 
of the peripheral collisions can be understood 
as a perturbation to the effects at the CCP. In 
this case, the analysis is relatively easy: the ef
fect is less serious for larger <t>x and equilibrium 
orbits exist and they are unique. The most dan
gerous effect here is that the closed orbits in 
the arc may differ from bunch to bunch. This 

comes from the possible variation in the num
ber of particles in each bunch. It may hap
pen then that each bunch has different verti
cal emittance. If it is equal to all the bunches 
within the precision of 10%, ^ x =2.5 mrad is 
acceptable but 2mrad is not. 

2. When crossing angle is too small, and when 
bunch currents are not quite small, chaotic mo
tion appears. It seems that there is not any 
stable closed orbit and solition like structure 
appears. The behaviour of the beams is no 
longer predictable even qualitatively. Once it 
occurs, it seems almost impossible to correct 
these 'closed orbits'. Fortunetely, the thresh
old value of 4>x is quite small (~ 1 mrad) and 
we do not need to consider this possibility. 

3 Weak-Strong Multiparticle 
Tracking 

The rigid-Gaussian model cannot provide informa
tion on the beam sizes so that there remains a doubt 
that the beam, in particular after the injection, may 
have too large beam sizes so that, by apperture 
limitation, the beams cannot be hold in the ring. 
Here, we examine (.his effect in terms of the weak-
strong simulation. The strong bunches are sitting 
at each PCP, which is unaffected by any perturba
tion. We track 100 particles with initial offsets and 
emittances. The beam-beam kick at each PCP is 
according to Bassetti-Erskine formula[6]. 

Equilibrium Beam Size Let us first see the 
equilibrium COD and beam sizes for Npcp = 0 
and Npcp = 9. See Fig.2. Here, the equilibrium ( 
10 damping times after injection) value of the orbit 
and the rms beam sizes are plotted as functions of 
vertical tune i/y. The data x indicate the barycentre 
variable and the error bar the rms beam sizes. Both 
are normalized by the nominal equilibrium values. 

The difference between two graphs in Fig.2 comes 
from peripheral collisions. The difference, however, 
is not very large, if we chose vy appropiately'. For 
<frx — 5 mrad, the equilibrium beam sizes are a little 

'When 4 X is much smaller, the situation is quite differ
ent: the results seem to depend on the initial offset: when 
it is laige, the equilibrium beam size is enormously en
larged because many particles are trapped by some nonlinear 
resonances. 
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0.26 0.28 0.3 0.32 

Figure 2: i/y dependence of the equilibrium 
beam sizes and orbit separation at the CCP 
(normalized by <TQ). Parameters: vz = 
0.13, damping times (T x ,T y ) = (500,500)turns, 
(4>t,<t>n) — (5,0.06) mrad, beam-beam pa-
rameter=0.05, ( /£, /£) = (l,0.01)m, nominal 
emittances=(1.9xl0 ,1 .9xl0~ 1 0 ) rad-m, nominal 
offset at CCP=0.3x (nominal beam sizes), injection 
offsets are (30, 3) <r's and injection emittances ey*y 

are (1,10000) x<° „ . (Above) NPCp = 0. (Below) 
Npcp — 9. The horizonatal beam sizes are always 
almost unaffected. The data of barycentre and rms 
beam size are averages over the last 100 turns. 

enhanced even when Npcp = 0. I do not think it 
very serious, because the rms beam sizes are usu
ally over-estimated in the weak-strong treatment 
and also because the rms beam sizes are not what 
we should really worry aboui. As shown in Fig.3, 
the equilibrium distribution has a non-Gaussian tail 
that enhances the rms beam size but does not re
duce the luminosity as might be expected when as
suming the Gaussian distribution. (Presumably, it 
affects the background to the detector so that in 
the design of masking system this effect should be 
taken into account.) Thus, we conclude that the pe
ripheral collision is not dangerous for <jSr = Smrad. 

Figure 3: Equilibrium phase space. Left: horizon
tal. Right: Vertical. Parameters are the same as 
bottom of Fig.2 but with vy = 0.26. 

The dependence of the equilibrium beam size on 
<f}x is shown in Fig.4. From this, it can be said that 
the further enlargement of 4>x beyond Smrad does 
not seem useful. 

- 1 1 1 — I 1 - 1 — 1 — 1 1 — 1 — 1 1 1 1 1 ' r-r— 

0 I 1 I I I I I I I -

-10 , . 1 . i , 1 r 
0.O06 0.01 0.01S 0.02 

Figure 4: Equilibrium value of (Ty/ffJ as a function 
of 4>s. Parameters are the same as Fig.3 except for 
AT-
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Injection For the injection, transient phenomena 
are also very important. If the beam sizes are blown 
up too much, the beams are lost imediately after the 
injection so that we cannot make experiment, even 
though the equilibrium beam size is small enough. 
The evolution of the barycentre coordinates and rms 
beam sizes after the injection is shown in Fig.5 and 
6. The former corresponds to the case that the in
jection emittances t'"y ate (1,10000) x larger than 
the nominal equilibrium emittances £ ° y , while the 
latter is the case fj."y = fj!,»-

4 0 — ™ 

2 0 ^it^dH 0 MB' - 2 0 n^^BB 
- 4 0 ", . , . i , , . . i . . . . i -

100 200 300 

Figure 6: The came as Fig.5 but with reduced 
emittances for the injected beams; (Above) (.'"y = 
(1,1) x £ , . (Below) t% = (1,30) x £ „ . 

4 Discussion and Conclusion 
25 50 7 5 100 125 150 

Figure 5: Time variation of <ry/<r° (above) and 
<rt/a% (below) for injected beam. Parameters: 
"i,y=(0.13,0.26) and <%y = (1,10000) x «J y 

In the upper case of Fig.6, the transient beam 
blowup occurs very rapidly in the vertical direction, 
while in Fig.5 it decreases gradually. By compar
ing upper and lower cases of Fig.6, it is observed 
that the largest instantaneous emittances (maz in 
this transient process depends only on the tunes 
and other optics parameters, as long as e"1 < £m"*. 
Thus, it would be useless to try to reduce e m beyond 

Above discussions support the present injection 
scheme (horizontal injection with 30cr£). Chin[7] 
had put forward different conclusion for SLAC B-
factory. Our results depend on many other parame
ters so that the direct comparison of different results 
is difficult. 

From beam-beam interaction point of view, the 
small-angle crossing scheme with <j>x=5mtad can 
be employed. This angle is small enough that the 
synchro-betatron coupling does not seem to be seri
ous according to a strong-strong simulation[8]. 

The methods used are not fully reliable: both 
are lacking something possibly very important. The 
rigid Gaussian model is strong-strong treatment but 
the beam size effect is absent, while the weak-strong 
treatment usually gives too serious predictions. One 
possible way to go further is the use of linear-
soft-Gaussian model proposed recently[9], where the 
beam size effects are included to some extent in the 
rigid Gaussian model. This will be discussed else
where. 

The peripheral collision is not the only thing to 
discuss. The interaction at the CCP itself is to 
be studied more. Installation of the synchro-beam 
mapping[10] to SAD is being under way. 
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Fourier Analysis of High Order Coherent and Incoherent 
Resonances in Beam-Beam Interaction. 

I. Incoherent Spectroscopy * 

Yuri Orlov and A. Soffer 
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A B S T R A C T 

In this paper we describe how to find the approximate differential equation for particle movement using the 
information based on the spectroscopy of beam-beam interaction. Such an equation, different for different 
beam parameters, can be used, in particular, for the calculation of the beam "incoherent" lifetime. This 
general program has not yet been implemented. 

A radically new level of luminosity of B-factory 
needs precise and detailed understanding of beam-
beam interaction. It seems that some information, 
in particular, like that described in this paper can 
be obtained only by simulation using properly de
veloped programs of beam-beam interaction. In our 
program [1] we investigate the cases of symmetric 
and asymmetric beams, weak-strong and "strong-
strong" interactions, crossing and crabbing angles, 
quantum excitation and damping, and longitudinal 
size of the beam; we calculate particles' trajecto
ries, and their coherent and incoherent spectra for 
a number of different moments, x^jfs"1 = Mk,m. 

Let n be an ordinal number of revolutions, t — 
nT, and Xj(n);yj(n);Sj(n) be horizontal, vertical 
and longitudinal coordinates of the j-th particle in 
the interaction point, IP. By our definition, for JV 
particles, 

1 " 

*ar<»)=yE^www • (i) 
For example, for it = m = 0 , 1 = 2, M™g(n) =< 
y2(n) > with the averaging over all particles. The 
Fourier image of (1) is 

• Work supported by the U.S. National Science 
Foundation. 

"STM = ~ E* J#*Jr(n)e-«« (2) 
"max n 

where nmax is the maximal number of revolutions, 
and v is the tune of the moment Af*Jj\ 0 < v < 1. 
Formula (2) describes the discrete spectrum with 
the step Af = l/nmaI. 

For the incoherent part we first calculate the in
dividual spectrum of every particle, 

™),m(") = •^—nYlx)(n)t/j(n)sf(n)e-i'i'"' 
**max ~~ 

(3) 
and then "Schottky noise", 

I *&(") P= jf £ I "»}'"» I2 , (4) 
i 

which is just an extension of the concept of the usual 
Schottky noise of x , y,ots movements in the JP. 
Later we explain why we need the Schottky noise of 
the high momentums. 

In this paper we represent only the Fourier anal
ysis of the incoherent oscillations. For this purpose, 
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Figure 1: Vertical oscillations spectrum, vxo = 
0.568 , i/„o = 0.562 , u, = 0.085. Perfect cral>-
bing, 0 = 20mrad, low energy beam, strong-strong 
interaction. 

we exclude possible dipole coherent oscillations sim
ply "by hand", putting < x > , <y> and < * > to 
zero after every beam-beam interaction. However, 
the absence of the higher multipole coherent oscilla
tions can be confirmed only by the Fourier analysis 
of the M*'p, see (1) and (2). The examples be
low show how to analyze the plots and what kind of 
information can be obtained from the calculations. 
Fig.l corresponds to the vertical oscillations' spec
trum of the low energy beam (3.5 Gev), of the asym
metric B-factory with perfect crabbing (crossing an
gle 20 mrad), * = 0 , / = 1 , m = 0, strong-strong 
interaction, flat beams. The unperturbed tunes are 
vxo = 0.568 , uy<l = 0.562 , v„ = 0.085. Longitu
dinal tune is in fact not influenced by beam-beam 
interaction, soi/, = v,„ in the peak. 

Only the interval 0.5 < v < 1.0 is presented on 
the plot; the interval 0 < v < 0.5 is simply its mirror 
image relative to the axis v = 0.5. And other inter
vals are translations of these two. Indeed, together 
with any tune v, we observe in the IP all kinds of 
combinations ±(fc ± i/), where it is an integer, with 
the same spectrum density. 

We see first of all a big maximum around v ~ vto, 
which reflects the fact that particles' frequencies fall 
mainly inside the interval t/to < v < vv, + Si/t, 

where 6vt is the tune shift. We can see on this 
plot that the real tune shift, 6vt ~ 0.020, is less 
than the designed one, Sut = 0.03. (The exceeding 
of the vertical emittanee, fy/fye = 2.4.) Tunes i/y„ 
and f x > are so close to each other in this case that a 
coupled resonance vt = vT certainly exists; but we 
cannot see it as a sharp peak on this plot because 
the tune spread 6vx creates a corresponding spread 
of the resonant values of vt. Couple resonances of 
the type kvx + lvt + mv, = n can be seen as sharp 
and easily identified peaks on the plots for (xkyl) 
moments; this is why we need Fourier analysis of 
such high moments. 

Besides the main maximum in Fig.l, we can also 
see two smaller maxima with approximately the 
same widths, inside the intervals v,o ±ut < v < 
v1t ± v, + St/t. They appear because a particle's 
kick in the IP, i.e. the effective force, depends on the 
particle's coordinates s and y, in fact, on their prod
uct (*i/). Other two small sidebands created by the 
term (sy) in the next approximation, and may also 
by the term (*2y) in the effective force, also exist; 
at least we can clearly see one of them on the plot 
for the weak-strong case, Fig.2, inside the interval 
vto + 2u, <u < Vy, + 2i/, + Sf9. The second side
band which can be seen on this plot 0.5 < v < 1.0 
in the interval around v= 1—(v t t—2v,) must exist, 
but it is hidden under the main maximum around 
v ~ vto. 

The wide and rather big maximum around v ~ 
0.7 can be identified by changing tunes vla , i>fo, 
i.e., analyzing several different plots. The top of 
this maximum, vmmx, moves when vzo and vyo 

are changing: A i / m M as Ai/y < > + 2Ai/c<>. The left 
side of the maximum, partly covered by the back
ground noise spectrum, begins roughly at point 
v = (Vf„ + 2vzo — 1) (see arrows in Fig.l) and is 
spread to the right according to the sum of the tune 
shifts: Sv ~ (6vy + 26ux) ~ Z6v. AH this means 
that this maximum is created by the term yx2 in 
the beam-beam kick. The influence of the term y3 

is invisible (y2 <C x 2 ) . 

Altogether all these clear maxima in Fig.l iden
tify the main part of the kicking force / , for this 
given working point (vxo , iryo), so we can write an 
equivalent "effective equation" for the particle ver
tical movement: 

y + aywftx, y)y = <n»y + a2(s2- < s2 >)y+ 
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Figure 2: The same parameters as in Fig. 1, but 
with weak-strong interaction. 

+*y(*2-<**>) +(<* + <*)£ «(*-**). (5) 

Here ay ,ai , b and cj are some unknown perma
nent "effective average coefficients" for this point 
on the (ux , ut) map. The instant force / , , de
pending on the opposite beam structure and on the 
particle's coordinates x , y, *, is in fact averaging 
over all coordinates, because the particle performs 
a kind of slow Brownian movement, (see as an ex
ample Fig.3). Such a movement is the result of the 
combined action of nonlinearities and quantum fluc
tuations of radiation. Such an averaging gives the 
effective force of the equation (5). In this equation 
a describes the radiation damping; uy(x , y) by 
definition describes only the nonlinear tune spread; 
i.e. it is responsible for the widths of all maxima. 
c0 describes the quantum radiation effect without 
beam-beam interaction; and ci describes the addi
tional stochastic force created by the combination 
of the beam-beam resonances and quantum fluctu
ations. In the same way we can write the effective 
equations for x and s. 

In Fig.l and especially in Fig.2 we also see sharp 
resonant peaks, v = | + kv, , k = 1 , 2 , 3. They 
appear because one of the particles' maxima covers 
the point of parametric resonance, tv = 1. To de
scribe this rather weak resonance, we can introduce 
a special resonant force, ycoewat, into the equation 

Figure 3: Vertical trajectory in the IP as a function 
of the revolution number, n. 

(5) where uo is the revolution frequency. 

The term (yz 2 ) in the lacking force, see (5), is 
responsible for the coupled resonances of the type 

±2(yx ±i/,+ mv,) = n , (6) 

m , n are integer. We can see such resonances not 
only in the spectrum density of (z 2 ? 2 ) but also in 
the plot for (zy) for some even n's. In Fig.4 we 
have identified such a resonance, m = —2 , n = 
2 , v* + vt — 2u, = 1. This identification is con
firmed by analysing the plot for (yx3), Fig.5, where 
we see exactly the same resonant peak. Our con
clusion about the existence of the set of resonances 
(6), and, therefore, of the term (yx2) in the effective 
equation for y, is confirmed also by the correspond
ing diagonal lines of coupled resonances with the big 
resonant emittances on the (i/z , i/„) map. 

Having spectrum density plots we can estimate 
the unknown coefficients and therefore establish the 
effective differential equations for a particle move
ment in a given region of the (i/xa , i/yo) map. In 
particular, we can calculate the particles' incoher
ent lifetime from this effective equation. It is "inco
herent lifetime" because we exclude (or assume the 
absence of) coherent oscillations. 
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Figure 4: (xy) oscillations spectrum. The coupled 
resonance vx + i/t — 2v, = 1. i/*o = 0.568 , vy0 = 
0.592. Perfect crabbing, strong-strong. 

Figure 6: Vertical spectrum density with and with
out b-b interaction. vza = 0.568 , vv0 = 0.610. 

Let us consider the vertical oscillations. As it is 
easy to show, 

Figure 5: (x 3y) oscillations spectrum. The coupled 
resonance vx + v9 — 2v, = 1. 

• / ' 

*in»*(«')PA' = const.ev (7) 

where Fv s F010, and ev is the vertical emittance. 
Let evo denote ev without b-b interaction. The 
difference (ev — evo) is caused by three different ef
fects: (a) The existence of nonstochastic excitations 
of additional frequencies — additional maxima on 
the Fv{v) plot, (b) Stochastic excitations due to a 
combination of the b-b nonlinearities and quantum 
fluctuations, (c) The main resonances. 

(a) Consider Fig.6 (the case uxo = 0.568 , vyo = 
0.610). The smooth curve represents log | Fg(v) | 2 , 
the logarithm of spectrum density without b-b inter
action (but with quantum fluctations and damping). 
Let us normalize this distribution 

j\Fg{v)\*dv = eV0 (8) 

Now, calculating the integrals under every maxi
mum separately (the shaded areas of Fig.6) we will 
find their individual contributions Aey in the dif
ference ey — evo. Then we can define the uncer
tain coefficients of the effective force ft in such a 
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Figure 7: (xy) oscillations spectrum. The same 
parameters as in Fig.6. The coupled resonance 
2(i/y — f x ) — v, = 0. 

way that the effective equation would give the same 
contributions Aey. 

Note that Fig.6 has two more maxima than Fig.l. 
Both are created by the same term yx3 (with a dif
ferent coefficient 6 for this working point). The sec
ond maximum from the right appears as a sideband 
of the main wide maximum, v —» v + v,. However 
the narrow maximum on the far right is the reso
nance, 2{vy—vx)—i>, = 0, created by the same terms 
yx2 and sy. The conclusion about the resonant na
ture of thb maximum confirms the spectrums of 
higher moments. In particular, we can see exactly 
this sharp resonance in Fig.7 for (lyj-moment spec
trum density. A similar resonance appears in the 
case of Fig.l but with imperfect crabbing, Fig.8. 

(b) We can identify the existence of the stochas
tic b-b excitation from the difference between 
l^nco/kM I2 a""1 I Fo(") \2 tetween maxima, A in 
Fig.6. The integral J A • dv ~ A • / oV is equal to 
the corresponding Acv- Using this information we 
can introduce the effectively equivalent stochastic 
noise into the equation (5), in addition to the known 
quantum noise and damping, in order to have the 
same Atv. 

And then, using the full effective equation includ
ing the noises we can calculate the lifetime by sim-
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Figure 8: Vertical oscillation spectrum. The same 
parameters as in Fig.l, but with imperfect crabbing. 

illations of the trajectories or by other methods. It 
will need much, much less time than any imaginable 
simulations of direct b-b interactions. 

This general program has not yet been imple
mented. 
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ABSTRACT 

This report reviews the limitations on the performance of the planned B- and •-factories due to the collective 
interactions of stored bunches. Together with the traditional revision of the limitations due to the single-
and multi-bunch interaction with surrounding electrodes, we briefly discuss in this report the limitations 
on the performance due to collective beam-beam instabilities of colliding beams and instabilities due to the 
collective interaction of beams with the ions. 

1 Introduction 

The construction of the future B- and ^-factories 
[l]-i-[4] presents very challenging opportunities both 
for particle accelerator physics and technology. This 
new generation of electron-positron colliders must 
reach huge luminosities (10 3 3 -=-1034 l/cm 2s) in the 
. 5 - 5 GeV energy range, With such a high goal 
luminosity, the performance of these colliders will 
very likely be limited by the current-dependent phe
nomena. If the total (average) beam current is 
/ = Ne/T0, E = iM<? is the particle energy, and 
/J" is a /^-function at the interaction point (IP), then, 
with the given threshold value of the so-called beam-
beam parameter £ the luminosity of the collider does 
not exceed 

£ < £ o = ^ ^ , r 0 = e 2 /Wc 2 . (1.1) 

This equation is written while assuming the lengths 
of colliding bunches a, be shorter than 0". Other
wise, the luminosity £(<T,//)") gets additional decay, 
as is shown in Fig.l. Thus, to increase the luminos
ity of a ring, we have to increase the threshold values 
of the beam current / and £. Except for the other 
reasons, these values can be limited by the collec
tive interaction of colliding bunches as well as by 
their interaction with surrounding elements of the 
vacuum chamber. Although the limitations on the 

* On leave of absence from Budker Institute of Nu
clear Physics, 630090 Novosibirsk, Russia. 

performance of B-factories due to the interaction of 
the beam with its environment have been reviewed 
at least several times (see, for instance, in [5,6]), a 
closer inspection of a possible limitations due to var
ious effects related to particular designs adds more 
effects to worry about. 

i i 

o.« 

0.4 

0.2 

Figure I: Dependence of the luminosity on the 
bunch length. 

In this report, after pointing out some more or 
less common ideas we focus on the following items: 

• The use of the passive tools to cure the insta
bilities due to the interaction of the beam with 
surrounding electrodes; 
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• Landau damping due to the nonlinearity of be
tatron oscillations; 

• Collective beam-beam effects; and 

• The interaction of electron and positron beams 
with ions. 

Once the main goal of this paper is to review collec
tive effects which are specific to B-factories, we typ
ically use relevant approximations which hold in the 
region of the parameters defined in the Table. For 
the same reason, except in some particular cases, 
many equations are given in their final form, in 
these cases the corresponding detailed calculations 
can be found in the cited references. 

To obtain a luminosity 10 3 4 l/(cm 2s) in a ring 
with E = 5Gev, 0' = 1cm and £ = .05 by Eq.(l.l) 
the total beam current should be / ~ 3.5A. Since 
such a large current cannot be obtained in one bunch 
with a reasonably small length and emittances, in 
all projects it is planed to work with beams con
taining many bunches, such that / = K/» and when 
current h of the bunch ensures its desirable pa
rameters. The perturbations due to electromagnetic 
fields, which the bunches induce in surrounding elec
trodes, can cause either single- or multi-bunch in
stabilities of the coherent oscillations of the beam. 
The choice of the number of bunches in the beam K 
is determined by a reasonable compromise between 
the limitations due to single- and multi-bunch in
stabilities, which can occur due to the interaction 
of the beam and the surrounding electrodes. Since 
the use of various feedback systems is typically con
sidered as the possible way to cure these instabili
ties, in, for instance, SLAC [3] and KEK [4] projects 
this number of bunches was chosen so as to sim
plify single-bunch problems. The Table can give the 
reader some impression on the discussed beam pa
rameters. 

Serious limitations on bunches and ring perfor
mance can be caused by coherent beam-beam insta
bilities. The first careful study of this phenomenon 
[7] indicated it as being a severe instability, which 
generally limits the value of £. Due to the strong 
nonlinearity of the beam-beam kick, the design has 
to ensure the stability not only of the dipole, but 
also of some initial multipole coherent oscillations. 
As recently found in [8,9], for short bunches with 
a, 4Z.P" the Landau damping due to a nonlinearity 
of the beam-beam force does not help very much 
against this instability. Qualitatively, this was ex

plained in [10], were it was shown that roughly only 
15% off contributes to Landau damping. As shown 
in [11], the stability of colliding bunches which have 
a round cross section can be improved in the re
gion a, > 0" due to an effect which was predicted 
by S.Krishnagopal and R.Siemann in [12]. For flat 
bunches with a, zt 0* this effect suppresses only 
the modes with the excitation of the vertical co
herent oscillations. For pure horizontal modes due 
to 01 :> <r, this effect does not work. The devel
opment of a feedback system which is capable to 
damp coherent beam-beam oscillations presents a 
very difficult problem. 

The limitations due to beam-ion interactions are 
typically associated with the possibility of the accu
mulation of ions in the electron beam, when these 
ions can cause very strong perturbations of the par
ticle motion. However, in the case of a B-factory 
with a very close location of bunches inside the 
beam, the production of ions can provide undesir
able coupling and, hence, an instability of the co
herent oscillations of bunches, even when ions can 
not be trapped by the beam. This effect can limit 
the performance of both the electron and positron 
rings of a B-factory. 

As a general conclusion of this section we remind 
the classification of collective instabilities, which 
was suggested in [13], and as far seems to be in 
agreement with practical estimations and expecta
tions. By this classification, depending on the mem
ory of an element interacting with the beam, all in
stabilities can be divided into 3 groups. The 1st 
contains the resonant instabilities due to the inter
action with wakes, which decay during many revo
lution periods. This means that the beam interacts 
with some high-Q value cavity (or another resonant 
element) and oscillations become unstable, provided 
that the frequencies of the cavity u>k and of the beam 
(mawa, a = x,z,t) satisfy a summation-type reso
nant condition [14] 

ut = maua + nuo, <«>o = 2x/T0. (1.2) 

Since in this case the coupling of coherent oscilla
tions of the bunch with oscillations of the induced 
fields can be very strong, the instabilities of this type 
are the most severe. With such a milti-turn inter
action the increments of unstable modes are deter
mined by the total current of the beam. The obvious 
way to cure these instabilities by detuning the cavity 
or the beam from the resonance is typically embar
rassed by the fact that they appear accidentally and 
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Table 1: Some Parameters of the B-Factories Projects. 

BINP(Nov-gk) Cornell SLAC KEK 
Energy (GeV) 7/4 8/3.5 9/3.1 8/3.5 8/3.5 
Perimeter II (m) 765.0 765.0 2199 3018 1273 
Vertical emittance ez (nm) .91 1.95 1.9/3.9 .19 .19 
Horizontal emittance ex (nm) 5.8/4.0 130 48/96 19 19 
Ap/p(x l0 4 ) 10 8.4/6.5 6.1/9.5 7.2/7.7 7.2/7.9 
/3J. (cm) .9 1.5 3/1.5 1 1 

&k (<™) 40 100 75/37 100 100 
<r, (cm) .7 1 1 .5 .5 
iv .05 .03 .03 .05 .05 

(H .017 .03 .03 .05 .05 
Ar 4 (xl0- 1 0 ) 11/19 6/13.7 4/6 1.4/3.3 1.4/3.3 
Bunch spacing (m) 4.2 3 1.26 .6 .6 
Beam current (A) 1.2/2.1 .9/2 1.5/2.1 1.1/2.6 1.1/2.6 
Number of bunches 177 230 1658 4950 2090 
Vertical damping time rfR (ms) 11/33 7.8/24 37/36 16/32 16/32 
Horizontal damping time ifR (ms) 5.9/33 7.8/24 37/36 16/32 16/32 
Long, damping time ifR (me) 10/17 3.9/12 19/18 8.3/16 8.3/16 
Vertical tune vt 14.27/15.27 24.18/35.18 39.19 25.19/26.19 
Horizontal tune vx 27.58/28.58 25.28/32.28 39.15 25.15/27.15 
Synchrotron tune v, .025 .085 .05 .07 .047 
Momentum compaction (xlO 3) 1.44 8.4/11 2.4/1.5 1 1.8/1.5 
RF frequency (MHz) 500 500 476 508 508 
RF voltage (MV) 15.4/8.61 35/12 18/19.5 48/22 35/15 
Harmonic number 1260 3492 5120 2160 
Number of cavitins 12/4 20/10 56(8) 56(8) 
Luminosity (x lO 3 4 c m " V ) 1 .3 .3 1 1 
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can hardly be calculated beforehand. This difficulty 
is well known and, once again, was pointed out by 
P. Morton in [5]. The interaction with a high-Q pas
sive cavity in a differential-type resonance obviously 
damps the coherent resonant mode due to redistri
bution of the cavity-mode decrement between the 
field and beam oscillations. If Xt is the decrement 
of a cavity-mode, the maximum decrement, which 
can be transferred into coherent mode, is obviously 
A t /2. 

The instabilities of the 2nd group are caused by 
the interaction of the beam with wakes, which decay 
during time intervals comparable to the revolution 
period. The most famous example gives the resis
tive wall instability [15]. The increments of these 
instabilities contain both single- and multi-bunch 
(multi-turn) parts. The ratio between these two 
parts generally depends on the working point of the 
ring, on the ring chromaticity and other parame
ters. A careful calculation of decrements as well as 
a proper choice of the working point of the ring can 
simplify the damping of multi-bunch modes of the 
beam. Multi-bunch modes can be damped using a 
relevant feedback systems (see in [l]-i-[4]). In the 
described B-factory projects [l]-=-[4] the instabilities 
of the 2nd group are typically associated with the 
interaction of the beam with the higher order modes 
of various cavities. 

Finally, the coherent effects of the 3d group are 
caused by the interaction of bunches with wakes, 
which decay much faster than the revolution pe
riod in the ring (in the case of a multi-bunch beam, 
the wake must disappear within the bunch-to-bunch 
distance). These are the so-called single-turn (or 
single-bunch) effects. One of the specific features of 
these effects is the very weak dependence of decre
ments (increments) of coherent oscillations on the 
working point of the ring. In this case, when such an 
interaction damps coherent oscillations, correspond
ing devices can be used as wideband dampers for 
instabilities of the first two groups [16]. The prac
tical use of such damping systems usually demands 
a careful high-frequency matching of the elements. 

2 Single-Bunch Effects 

In existing designs of B- and ^-factories these issues 
usually provide the basis for estimating the longitu
dinal and transverse wideband impedance budgets 

of the ring. The instabilities due to single-bunch ef
fects are more important for rings, where the num
ber of bunches is not very high and, therefore, the 
current in a single bunch can be relatively high. The 
damping single-bunch effects due to interaction with 
the either passive, or active devices seems be useful 
in all cases (see, for instance, in [3,4]). 

A careful analysis of single-bunch effects is usu
ally troublesome due to the inevitable necessity to 
solve very complicated integral equation, or a sys
tem of integral equations which describe the inter
action of particles within a bunch. Apart from eval
uating the safe margins for the coupling impedance, 
these equations must be solved numerically. In these 
circumstances an important supplement to numeri
cal calculations can provide solvable examples (see 
in [10]), as well as a calculation of values which do 
not require any direct solution of these equation. 
As an example, we mention the calculations of vari
ous sums of the decrements of the collective modes, 
which are defined as the traces of the kernels of rele
vant equations. Since these sums do not depend on 
both the coupling of bunches and on the coupling 
between particle degrees of freedom [17], its calcu
lation becomes especially important for estimating 
the effectiveness of the damping systems of coherent 
oscillations. 

2.1 Transverse Single-Bunch Effects 

Before listing some typical effects which can limit 
the parameters of the rings in particular projects, 
we make the following general remark. Typically, 
the wake-fields induced by a bunch in the environ
ment are directed against its total current. In many 
cases the part of the wake related to the excita
tion of fields by the longitudinal (synchronous) mo
tion of the bunch dominates. Then, for the most 
important dipole modes of transverse oscillations 
the description of wakes in terms of the transverse 
impedance yields a suitable description of the in
stability. Meanwhile, there is another important 
class of elements of the vacuum chamber, such as 
matched plates, when the excitation of wakes by 
transverse current gives the dominant contribution 
to the decrements of coherent oscillations of the 
bunch (see, for instance in [16], [18] and [19]). This 
is the so-called effect of the fast damping of coher
ent oscillations, which was first observed in VEPP-2 
in Novosibirsk (see in [20]). Usually, the interac
tion with such an element damps coherent oscilla-
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tions of the bunched beam with the damping decre
ment, which is proportional to the length of this 
element. The possibility of using such devices as 
passive damping systems against both the single-
and the multi-bunch instabilities of the beam is an 
important issue of any design with the goal of a high 
beam intensity. Since bunches should not overlap 
electromagnetically when they interact with such a 
device, the usage of these dampers will be simplified 
in rings, working with a larger bunch spacing. ' 

Another class of damping devices use suitable 
frequency characteristics to enhance the mentioned 
contribution from differential-type resonances in the 
decrements of coherent oscillations. The possibility 
of using passive wideband systems to damp collec
tive instabilities in B-factories was not seriously con
sidered anywhere. 

Specific features of single-bunch collective phe
nomena are strongly defined by the ratio of incre
ments (decrements) of coherent oscillations S to the 
angular frequency of synchrotron oscillations w,. In 
practice, however, the decrements of coherent oscil
lations are not know in advance, and can only be 
estimated by some parameter ilm using, say, per
turbation theory . For the most important case of 
dipole coherent oscillations, Qm can be defined as 
follows 

oo 

Q m = ~ 5 p k I dnZ±-(n)- ( 2 1 ) 

—oo 

Here, /j = W»e/To is the bunch current, p = E/c 
the particle momentum, i>± the betatron tune, and 
Z±(u>) the transverse impedance of the pipe. Phys
ically, Qm yields coherent frequency shift of the 
bunch with the zeroth length. If the ratio 

i = J^2 l i (2.2) 

is small, a coherent interaction only slightly distorts 
the unperturbed spectra. In this case, if mx and me 

are the multipole numbers of transverse and syn
chrotron oscillations, the eigenfrequencies of the co
herent oscillations occur close to the combinations: 

w = »Bj.Wi + m,u,, (2.3) 

while the modes of oscillations can be classified us
ing the synchrotron multipole number m, into the 
betatron, synchrotron and synchrobetatron modes. 

*For instance, to prevent the wideband bunch-to-bunch 
interaction, in KEK B-factoiy [4] the length of such devices 
should not exceed 30 cm, in SLAC project [3] — 60 cm. 

Since both coherent frequency shifts and incre
ments of coherent oscillations increase with an in
crease in the beam current, it may occur that 
a coherent interaction will couple the synchrotron 
modes of the bunch, and the multipole number mc 

will no longer classify its coherent modes. Physi
cally, this fact corresponds to the development of 
coherent oscillations during time intervals compa
rable to or faster than the periods of synchrotron 
oscillations of the bunch particles. Typically, the 
coupling of synchrotron modes of the bunch breaks 
the stability of the coherent oscillations. In the re
gion of rather moderate mode coupling (ft ~ 1) the 
study of the collective stability of the beam usu
ally requires the solution of an infinite system of 
the coupled integral equations (see, for instance, in 
[21]). Its truncation yields both the eigenmodes and 
eigenfrequencies, as well as stability criteria of co
herent oscillations. Although careful calculations of 
the collective spectra in cases of practical interest 
requires the use of numerical methods, * the lowest 
instability thresholds can be evaluated using per
turbation theory. Simple calculations (see, for ex-

Figure 2: Dependences of coherent frequency shifts 
of the betatron and first two synchrobetatron modes 
on the bunch current. 

ample, in [23]) show that the betatron and the first 
synchrobetatron modes merge (see in Fig.2) when 

|G„,|=:.3u,. (2.4) 

*A fimple model, which enables exact solution of the 
syndiFobetatnm mode-coupling equations, has been recently 
proposed by V. Danilov and E. Peievedentsev in [22]. Rel
evant solutions of the mode-coupling equations have been 
obtained in [23]. 
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Using the relationship between the transverse and 
longitudinal impedances, 

and estimating the derivatives by the order of value, 
(dZ\\/dz) 2; (Zfi/lx ), where l± is the pipe radius, we 
can also write 

(2.6) 

Substituting this relation in Eqs(2.1) and (2.4) 
yields 

oo 

j dnZt\(n)/n < 0.6„.vxJL§., (2.7) 

where 2TAQ is the perimeter of the orbit. For ex
ample, for the KEK B-factory in the TRISTAN MR 
tunnel (see in the Table), and for /j. = 3 cm, the in
tegral in the left-hand side of Eq.(2.7) should not 
exceed 20 KOhm. Since below the pipe cutoff fre
quency Zy/n is approximately constant, and then 
decreases roughly oc I$o/(nl±)2, Eq.(2.7) estimates 
the threshold impedance of the ring as 

(£| |/n)<250mOhm, (2.8) 

Note that the increase in both the transverse and 
synchrotron tunes generally suppresses the mode-
coupling instability and, therefore, increases the ac
ceptable value of Z\\fn. 

Generally, the stability of coherent oscillations of 
bunches can be provided by synchrotron radiation 
damping (SRD) and by Landau damping of the col
lective modes. As can be seen from the Table, the 
decrements due to SRD in the present B-factory de
signs are expected to be rather weak. The strength 
of the Landau damping is defined by the frequency 
spread of the beam. The frequency spread due to 
the nonlinearity of synchrotron oscillations is 

Aw, = y w , f i p - J , n = h\RF. 

This value is even smaller than the SRD-decrements 
for all projects. For this reason we may conclude 
that the stability of the synchrotron coherent oscil
lations of a bunch is determined by the SRD, or by 
a suitable feedback system. 

For betatron (synchrobetatron) coherent oscilla
tions , useful information concerning the capability 
of the Landau damping can be obtained by inspect
ing the stability diagrams in the plane of the com
plex variable ftm . If gm(u) is the frequency distri
bution function, which corresponds to the mode m, 
the parametric equation of this curve has the form 
(see in [10] and in Appendix A for details) 

n m (Abi m ) 

oo 

- / A w m - u > + t'0" 
(2.9) 

The frequency spread of the betatron coherent oscil
lations can be defined by two kinds of nonlinearities. 
First, in a colliding-beam mode this is a nonlinearity 
of the beam-beam kick. The relevant stability dia
gram [10] for dipole betatron oscillations is shown 
in Fig.3. Although, it indicates that only 0.15£ con
tributes to the damping effect, the nonlinearity from 
the main interaction point (IP) cancels the coupled-
mode instability if ( exceeds v, at least twice. 

I m n m 

wof 

-0.75 -0 .5 -0.23 0.25 O.S 0.75 

Figure 3: Stability diagram of vertical coherent os
cillations for the case when the beam-beam nonlin
earity defines the frequency spread. 

Second, in the single-beam operation mode Lan
dau damping of coherent oscillations can be pro
vided by the cubic nonlinearity, produced by a fam
ily of octupoles. If VJxPx and yJJz&z are the ampli
tudes of the horizontal and vertical betatron oscilla
tions of a particle, the tune shift of the, for example, 
vertical oscillations due to that family, has the form: 

^ = k J - + k J - < 2 1 0 ) 

— 99 — 



where 

o 

Since for flat bunches ex ~>ez, except for the spe
cial location of the octupoles, the tune spreads of 
both vertical and horizontal oscillations will be de
termined by the horizontal emittance ex. In this 
case the stability diagram for vertical oscillations es
sentially limits the use of devices, producing the pos
itive coherent frequency shifts (see in Fig.4). The 
stability diagram for horizontal coherent oscillations 
has the usual shape (Fig.5). Once the working point 
in the plane of ft must be found inside the stability 
region, the use of Landau damping limits both the 
real and imaginary parts of the coherent frequency 
shift. 

Imft„ 

Figure 4: Stability diagram of the vertical dipole co
herent oscillations for the case when the horizontal 
emittance defines the frequency spread of vertical 
oscillations 6u. The negative sign of the nonlinear-
ity prevents the minimum in the total tune shift and 
the corresponding dynamic aperture reduction. 

The tune spread, which is equivalent to that from 
the IP, can be produced by the family with the 
strength 

n 

I' "(v),*™-1^ 
If the ring impedance is below the limit, which is 

defined by Eq.(2.8), transverse coherent oscillations 
can still be unstable due, for instance, to head-tail 
instability. In the region 6 < 1 and neglecting Lan
dau damping, the instabilities limit the real part 

Figure 5: Stability diagram of the horizontal dipole 
coherent oscillations for the case when the horizon
tal emittance defines the frequency spread of hori
zontal oscillations 6u. 

of the impedance. For the case of short bunches, 
which is specific for e+e --factories, the increments 
of head-tail modes (6 = —Imw) can be estimated by 
the following simple formula (dipole vertical beta
tron oscillations are assumed): 

6 m . — — "»j 
eh Bo to f 

T7 
dnJma(nlVo)ReZt(n) 

n 

(2.12) 
Here, n : = n + m,<, ( = di/j/tf In/Zo, m, = ±1, 
Jm(x) is the Bessel function and ipa = <r,/Ro- Since 
ReZy(n) is an even function of n, and J^",,, Jm = 1 
, the sum of the decrements in Eq.(2.12) is equal to 
zero: 

V* * eh Bo 7 
m,=— oo 

n 

For short bunches (jf |y>o < \m,\) this sum rule sep
arates the signs of the decrements of the betatron 
(m, = 0) and of the synchrobetatron (m, £ 0) 
modes. If the betatron oscillations are stable, the 
synchrobetatron oscillations occur unstable and vise 
versa. For a pure resistive impedance (£|(n) = Z) 
the integration in Eq.(2.12) results in the following 
very known formula 

6m. = wo 
thZ Rr,a, 

E /* 4 m ? - 1 ' (2.14) 

Both this equation and Eq.(2.12) are written for the 
so-called hollow-bunch distribution function in the 
amplitudes of synchrotron oscillations, when all par
ticles in the bunch have the same amplitude of the 
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synchrotron oscillations. For more realistic, smooth 
distribution functions decrements can be estimated 
by the extrapolation of the collective spectra from 
the high frequency region |»| » (\m,\Ro/<r,) (see, 
for instance, in [10], or [19]). This results in the 
equation similar to Eq.(2.14), except maybe for ad
ditional factor l/(|n»j| + 1), which is not important 
here. 

The limitations due to the head-tail instability on 
the impedance or the ring chromaticity cannot be 
discussed without additional assumptions concern
ing the stabilizing effects. As an example, we give an 
estimation of the threshold impedance in the KEK 
LER due to Landau damping, which is caused by 
the nonlinearity of the beam-beam force, 

Z<.15£ E l\ 
eh <,Rfs<r, 

= 18 KOhm. (2.15) 

Another stabilizing effect can result from the in
teraction of a bunch with a system of matched plates 
which was mentioned above. Such a system can 
be installed in the ring for different purposes: for 
the ion cleaning, for the detection of coherent os
cillations, etc. A piece of the vacuum chamber 
with such a plate presents the segment of a double-
connected waveguige. Provided that it is terminated 
by the characteristic impedance Z0, the interaction 
with the fundamental TEM-wave of this waveguide 
damps the betatron coherent oscillations of a short 
bunch. The relevant damping decrement is defined 
by the equation [16] s (/ is the length of the plate) 

6 = wo 2E l\' <r,<l, 7 > 1. (2.16) 

The fact that this decrement does not depend on 
the bunch length a, is specific for the effect of fast 
damping [20] and indicates it as being an effective 
tool to damp coherent oscillations of short bunches. 
The practical usage of this effect to damp coher
ent oscillations demands a long buncb-to bunch dis
tance, careful matching of the plates until the har
monic numbers of at least n ~ flo//±, working 
with a definite sign of the chromaticity to stabi
lize synchrobetatron modes and sufficient space for 
the plates. As can be seen from Eq.(2.16), it is 
more beneficial to locate such plates in places with 
a small value of the /3-function. For instance, the 

SNote that, since the main contribution to the decrement 
yield the excitation of the TEM-mode by transverse current 
of the bunch, this effect cannot be described using traditional 
concept of the transverse coupling impedance. 

interaction of a bunch which contains /» = .5 mA 
with a system of plates, which have Z0 = 50 Ohm, 
/j . = 3 cm and the total length 0.1 of the ring 
perimeter, gives S ~ 3.5 10 - 3 w 0 . For the B-factory 
in the TRISTAN MR tunnel this corresponds to 
r = 1/6 = 0.4 ms; for the Novosibirsk project it 
is 0.1 ms. We also remind that the use of damping 
systems instead of Landau damping does not blow
up the phase-space volume of the bunch. 

2.2 Longitudinal Single-Bunch Ef
fects 

In most of the B and ^-factory projects the limi
tations due to longitudinal single-bunch effects are 
associated with the growth of the bunch length with 
its intensity. The theory of this phenomenon is yet 
far from its completion (see, for example, in [24]), 
and particular designs are typically based on the 
half-empirical rules, or the simulations. Generally, 
the interaction of a bunch with the wideband envi
ronment results in two kinds of effects: in a distor
tion of the RF potential well, and in an instability 
of synchrotron coherent oscillations. It seems that 
the experimental results indicate that a flattening 
of the RF-well and associated bunch lengthening is 
observed at a lower beam current. This gives at 
least some basis to consider these two mechanisms 
of bunch lengthening separately. 

If the bunch only slightly distorts the potential 
well and, therefore, the bunch lengthening is weak, 
it can be calculated using perturbation theory (see, 
for instance, in Appendix B). The result is * 

"? - 1 , , ys -« / . (* / iQolI ig 
<r/ 0 <r,keVsmtp, l\ (2.17) 

where h is the harmonic number of the RF system 
and (Z/n)o is the value of the impedance below the 
cutoff frequency.. Taking into account that at rela-
tivistic energies V <x y*, we can rewrite Eq.(2.17) in 
the form which was used to scale the bunch length
ening experimental data in early papers (see, for 
example, in [25]) 

•Jo 7*». zcr- ( 2 1 8 > 
where C is a factor which depends on the ring pa
rameters. Eq.(2.17) can be used to estimate the lim-

VTo simplify equations in this section we write Zn instead 
o f Z , ( n ) 
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itation on the production h(Z/n)0, when the desir
able bunch lengthening does not exceeds, say 20%. 
If we take again as an example the ring in the TRIS
TAN MR tunnel, this yields It(Z/n)0 < 1.3 10~ 4 V, 
or with h = .5 mA, (Z/n)0 < 260 mOhm. 

The calculations related to bunch lengthening due 
to potential-well distortion within a wider region of 
the parameters are based on the assumption that 
due to the balance between the excitation of the syn
chrotron oscillations due to quantum fluctuations of 
the synchrotron radiation and synchrotron radiation 
damping the bunch reaches the Boltzmann equilib
rium distribution with the linear density 

Here, the value 

£ = 2<T 0 S' = JT v*Etr0 " (2.24) 

p(<p)= po exp (-m). (2.19) 

Here, tp = s/Ro-uiot gives the longitudinal position 
of a particle inside the bunch, U{ip) is the potential 
energy of the particle, and T is the longitudinal tem
perature of the bunch. It is obvious that in using 
Eq.(2.19) we assume the collective stability of the 
bunch beforehand. The substitution in Eq.(2.19) of 
the potential energy of the synchrotron oscillations 
after its modification by the bunch wake results in 
the so-called Haissinski equation [26] 

specifies the strength of the lengthening. Eq.(2.24) 
has simple asymptotes. In the region £' < 1 the 
distortion of the bunch length is small, while p(x) 
is close to a Gaussian distribution 

p(x) ~ exp(-x2/2)/(V2T<To)[l - ferffz/VS)]. 

On the contrary, in the region £' 3> 1 the linear 
density p(x) gets a specific triangle shape (see, for 
instance, in[24,30] and in Fig.6): 

{ 0, x > 0 , 

I'l J(*> x < 0 (2-25) 

exri -xV2 + 2£) 
g{x)-—7&£\—• ( 2 2 6 ) 

In this case p(x) is distributed within the interval 
—2^* < x < 0 , which significantly exceeds the 
natural length of the bunch 0,o 

t{V) = Po exp ( -£s - Jdv'wle' - V)M)\ . , t ( A r ) s RoJ'-^f ><T.O-

(2.20) 
Here, Ro<ro = a so is the unperturbed bunch length 
and 

wM= , - j * t A , % ]*&*-*». (2.21) heVsm<p,<rl J n 
— 00 

Eq.(2.20) is a nonlinear Volterra-type integral equa
tion. For reasonable wakes 

'• = / dipw2{<p) < 00 (2.22) 

it always has a unique solution, which can be found 
by at least using successive iterations [27](see also 
in Appendix C). In the case of strong bunch length
ening (m 2 ) 1 ' 2 3» 1, the interaction with dissipative 
surrounding results in a strong asymmetry of the 
linear density along the bunch. For the case when 
the bunch interacts with a pure resistive impedance 
Z„ = ZQ, the Haissinski equation can be solved di
rectly [28]. The result is ( i = <p/o-a) 

(2.27) 

= 1 exp(-x2/2)/(Sto<r0) 
( ' ? coth(i') + eti(x/y/2)' 

(2.23) 

4 <p/<ro 

Figure 6: Deformation of the shape of the bunch 
linear density with the bunch intensity. From left 
to right (': 5, 2.5, 1, 0.01. 

A strong asymmetry of the linear density in 
Eq.(2.25) generally indicates that such states of the 
bunch can be reached only through a strong in
stability of synchrotron coherent oscillations, which 
roughly stops in the region where the amplitudes 
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tflcoh ~ " ,«(^)/2, while phases ij>, are concentrated 
around IT. Moreover, in this region of parameters 
the wakes significantly decrease the frequencies of 
synchrotron oscillations, which simplify the condi
tions for the synchrotron mode-coupling instability 
of the bunch. 

The instability of synchrotron coherent oscilla
tions can result in additional heating of the beam. 
Starting from paper [31] the bunch lengthening due 
to coherent instabilities of a bunch was called as 
the turbulent one. A closer inspection of this phe
nomenon indicated (see, for instance, in [10] and 
[32,33]) the importance of two effects for the beam 
heating by its unstable coherent oscillations: the 
turbulent stabilization of the oscillations due to a 
nonlinear dependence of the increments of unstable 
modes on the amplitudes of coherent oscillations; 
and absorption of the energy of coherent oscillations 
by particles, when the collective oscillations are sta
bilized by Landau damping, or some other damping 
effect. 

Both the analytic and numerical predictions re
lated to the turbulent bunch lengthening are still 
too speculative (see, for example in [34]), and are 
typically focused on the most convincing calcula
tions of the stability thresholds for the linear syn
chrotron coherent oscillations. Below the thresh
old of the synchrotron mode-coupling instability the 
calculation of the safe margins for the longitudinal 
impedance uses typically Z/n criterion, or its suit
able modification. However, since for the most B-
factories the SRD-decrements exceed the frequency 
spread of synchrotron oscillations, the threshold 
currents, or impedances, are defined by the balance 
between the increment of the instability and 1/T?R. 
For the data given in the Table, this typically results 
in roughly one order of magnitude higher thresholds 
than that given by the Z/n-criterion. 

In the c~£e of strong bunch lengthening the RF 
potential well distortion due to the bunch wakes 
significantly decreases the instability thresholds for 
the longitudinal coherent oscillations [35]. For these 
reasons it seems that the region { > 1 cannot be 
reached without some extraordinary efforts. It is 
clear, however, that the use of passive or active 
damping systems to increase the thresholds of in
stabilities is desirable anyway. Except, maybe, for 
the possibility to use the systems, including notch-
filters, synchrotron oscillations usually do not pro
vide strong enough modulation of the coherent en

ergy loses. If the damping of transverse oscilla
tions is strong enough, the damping of the syn-
chrotro -oherent oscillations can be enhanced by 
the elements with the radial gradient of the cou
pling impedance [16]. The relevant addition to the 
decrements of synchrotron modes can be estimated 
by the following expression 

_ eh ( dB*(Z)\ 

where n is the value of the dispersion function at the 
position of the damping system, and the derivative 
is calculated on the closed orbit. The damping effect 
takes place if 

This condition has a clear physical sense: the sign of 
the gradient of the impedance must increase the en
ergy loses of synchrotron coherent oscillations with 
an increase in their amplitudes. As an example, 
the instability with the growth rate r = 100 /is 
in the LER in the TRISTAN MR tunnel could be 
damped by a system with VZ = 32 KOhm/cm. 
Since the sum of decrements of coherent oscilla
tions does not depend, in particular, on the radial-
longitudinal coupling [17], the interaction with this 
system will simultaneously decrease the decrements 
of the dipole horizontal synchrobetatron coherent 
oscillations 6% to maintain the sum rule 

£A(0 = -2>m.. (2-30) 

The increase in the total sum of the decrements is 
a general requirement to a design of all damping 
systems. With the use of wideband dampers this 
demands an increase in the contributions in decre
ments of the effect of fast damping. Note that the 
decrements, or increments, in Eq.(2.28) do not de
pend on the ring momentum compaction factor a. 
The instabilities due to an interaction with the en
vironment having a radial gradient of the longitu
dinal impedance can limit the performance of the 
rings with extraordinary small values of momentum 
compaction [36]. A non-symmetric position of the 
closed orbit in a vacuum chamber is typical for many 
B-factories. Such a gradient can also be caused by 
the closed-orbit distortions. 
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3 Multi-Bunch Effects 

If the bunch wakes last longer than the bunch-to-
bunch distance the interaction of bunches couples 
their coherent oscillations, which can cause a multi-
bunch instability of the beam. It is clear in advance 
that the worst stability has a beam containing K 
identical bunches. In this case, the symmetry of the 
stationary state relative to the rotation on the angle 
2T/K results in the propagation along the beam of 
uncoupled multi-bunch modes with wave-vectors of 

* , = — , o = 0,l * - l . (3.1) 

This increase in the degrees of freedom of a multi-
bunch beam makes its dynamical features more sim
ilar to the case of a coasting beam and, therefore, 
even more unstable when K increases. The main 
difficulty in this case is caused by the multiplication 
by the bunch-to bunch interaction of the multi-turn 
stability diagram of a single bunch. Let S(v) be the 
multi-turn part of the decrement of a dipole mode 
of a single bunch. Due to the multi-turn interaction 
it is a periodic function of the tune v 

S(v+l) = 6(y). (3.2) 

Somewhere between v = 0 and v = 1 the function 
fi(i/) usually changes sign, which defines the width of 
the stopband of the instability. As an example, we 
can take that this happens when v crosses the point 
v = 1/2, as in the case of a resistive wall instability, 
or an instability due to interaction of the beam with 
a low-Q cavity. If, now, the beam contains K identi
cal bunches, and interacts with the same system, the 
decrement of the a-th multi-bunch mode is defined 
by the same function, which, however, depends on 
v and a through the following combination: 

-ITBU(V) = KS(Z±Z). (3.3) 

If, for instance, the stability condition for a single 
bunch is 

0 < v < 1/2, 

for K bunches we must simultaneously satisfy K sta
bility conditions of the form 

0<v + a<ic/2, a = 0 , l , . . . , K - l . (3.4) 

This means that, if some mode with a mode-number 
of a < K/2 is stable, its reflecting partner K/2 — a 

would be unstable. Although the fact of instabil
ity seems to be independent of v, the sum of the 
decrements of all multi-bunch modes 

«=0 

does not depend on the bunch-to-bunch coupling. 
Moreover, it is exactly equal to the sum of the multi-
turn parts of the decrements, calculated for particu
lar bunches while neglecting their coupling. In this 
sense the correct choice of u can simplify the stabi
lization of unstable modes. 

The multi-bunch instabilities can usually be sup
pressed by a relevant decrease of the Q-values; by 
the varying the parameters of the bunches (typically 
the tunes) along the beam '; and by using suitable 
feedback systems. The 1-st and the 3-d possibili
ties have been more carefully inspected to overcome 
the multi-bunch instability in B-factories (see, for 
instance, in [3], or [4]). 

In some sense, multi-bunch instabilities due to the 
interaction of the beam with some parasitic cavities 
or modes can be considered to be less dangerous. 
Once the parasitic element is specified, definite ef
forts can. be spent to decrease its impedance and 
to cure the instability. It becomes less easy, how
ever, for the case when the beam interacts with the 
fundamental mode of the accelerating RF-system. 
Recently [4], the instability of this kind has been 
reported as a serious limitation on the performance 
of B-factories with long rings. For short bunches 
(<r, < \RF, where AAF is the wavelength of the 
accelerating field), the maximum increment of co
herent oscillations of the beam due to its interac
tion with the fundamental mode of the RF-system, 
containing Ne accelerating cells, is defined by the 
parameter: 

Taking (Z/Q) = 197 Ohm, the beam current I = 
1 A and all other necessary parameters from the 
Table for the LER in the TRISTAN MR tunnel, we 
can estimate the corresponding growth rate of the 

•A» was already mentioned, the stability of a angle bunch 
ia determined by the proper choice of the working point, and 
in this seme coherent ofillatio— of a tingle bunch can be 
done stable easily. Hence, we may conclude that a multi-
bunch system can be stabilized by a suitable distribution of 
bunches along the orbit. 
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dipole synchrotron modes as Imw (1/ms) 

l / r , ~ O ~ 2 . 9 2 1 0 4 l / s . (3.6) 

Since this value is very close to in, = 4.510 4 1/s, the 
instability is indeed fast. On the other hand, direct 
calculations of the dipole multi-bunch decrement* 
(6 = -Imw) due to nonresonant interaction of the 
beam with the cavity result in (see, for example, in 
[4], or [10]) 

Sm = milexp { «QL) 
F{vk,mv. + a), (3.7) 

F(x •">- l{~-
cos(2xor_) — p 

Qf± : 

2pcos(2irar_) + p 2 

coe(2nQ+)—p \ 
l -2pcos(2]ra + ) + p 2 j ' 

x±y f *h \ 

(3.8) 

Here, i/jt = ut/uo (uk is the frequency of the cav
ity mode it), and QL is the loaded Q-value of the 
cavity. From Eqs (3.7) and (3.8) one can see that 
integer ratios H/K are the roots of the decrements 
(increments) of all multi-bunch modes. Therefore, 
tuning of the cavity in exact resonance with the 
beam (vt = h) eliminates this instability. In real 
operation, however, to compensate for the reactance 
due to beam loading and to minimize the reflected 
power, the frequency of the fundamental mode of 
the cavity must be shifted down the resonant fre
quency UIRF tO 

±L = NcM!QL, ( 3 . 9 ) 

URF 2vsin*>, 
where, V COB ip, is the accelerating voltage. Due to 
this detuning, the phase advance of the wake of 
the fundamental mode on the bunch spacing gets 
a fractional part of 2 i , which enhances both the in
crements of unstable modes and the decrements of 
the stable modes of the beam. One can see from 
Fig.7 that the minimum value of the growth time 
can reach the /ts region. Calculations of the incre
ments (decrements), assuming a definite multipolar-
ity of the synchrotron coherent oscillations m, gives 
reliable results only in the case when the values in
crements do not exceed the frequency of synchrotron 
oscillations oia. This condition limits the range of 
the detuning of UIRF from the resonant value. For 
instance, the requirement that 

fi < w,/2 

I (A) 

Figure 7: Dependence of increments of the dipole 
synchrotron coherent oscillations on the beam cur
rent. From the top to the bottom a = 1023, 1022, 
1021,1020; K = 5120 . 

simultaneously demands that 

. „ HZ/Q) 
2V sin ifi, 

The fact that the beam has collective degrees of free
dom makes its properties similar to that of a dielec
tric media [10]. In the case of the interaction with 
a cavity, this results in an increase of u>t on the 
frequency shift, given by Eq.(3.9) (see in Appendix 
D). This effect must be taken into account in the 
injection and in the cavity tuning scenario. 

As a general conclusion of this section we may 
state that except for the case when a modification of 
the bunch-to-bunch coupling is used to cure multi-
bunch instabilities, their damping demands an en
hancement of the collective single-bunch stability. 
In spite of the necessity to damp only some unsta
ble modes this can require the use a damping system 
with bandwidths corresponding to distances shorter 
than the bunch spacing in the beam. 

4 Collective 
fects 

Beam-Beam Ef-

Usually, the limitations due to a collective beam-
beam instability are not so widely discussed like, 
say, the limitations predicted by a weak-strong anal
ysis of beam-beam instability. This is probably due 
to the fact that an analysis of the strong-strong in
teraction and its first step - the collective stability 
of colliding bunches - is not easy for either analytic 
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and numerical methods. Moreover, except for gen
eral expectations, there are not many direct exper
imental indications of the limitations due to a col
lective beam-beam instability. However, the under
standing that the collective interaction of colliding 
bunches can dramatically shrink the stability dia
gram, if the rings have different perimeters [37,38], 
has completely canceled discussions of the B-factory 
schemes involving a short LER. 

Both analytic and numerical studies of the collec
tive beam-beam interaction are embarrassed by two 
complementary effects. The 1st is the strong tune 
dispersion across the bunch due to the nonlinearity 
of the beam-beam kick. This results in the neces
sity to take into account in calculations the Landau 
damping, which strongly complicates the equations. 
The 2d difficulty comes from the incoherent beam-
beam interaction of the bunches. The calculation of 
the interference of coherent and incoherent beam-
beam instabilities is very complicated problem even 
for numerical calculations, and is ignored in all an
alytic approaches. This means that predictions of 
such calculations should not invade in region of the 
incoherent beam-beam instability. 

In the models, ignoring this interference and the 
Landau damping of modes, the stability of colliding 
bunches can be analyzed more or less easily. First, 
the rates of the time dependencies of the amplitudes 
of coherent oscillations are defined by fao, where ( 
is the beam-beam parameter. This means that for 
the initial modes, say, the dipole and quadrupole 
can be rather fast. If the tunes of oscillations are 
far enough from the resonant values, for instance 

mzi/x + m,v, = n, (4.1) 

where mx, m, and n are integer numbers, the os
cillations of bunches are stable, while their interac
tion results in a coherent frequency shift. The value 
of this shift w0Av generally depends on the unper
turbed distribution function and on the geometry of 
the mode. For example, for dipole oscillations it can 
be estimated by At/ = 2fA with A ~ 1. This fact 
can be used to measure (. However, the interpreta
tion of such measurements requires exact knowledge 
of the unperturbed distribution function (to calcu
late A) as well as the taking into account the non-
linearity of coherent beam-beam oscillations [39]. 

In the vicinity of resonances coherent oscillations 
of colliding bunches can be unstable. The strength 
of this instability strongly depends on the tunes of 

oscillations as well as on the symmetry of bunches. 
The interaction of identical bunches separates the 
modes, describing relative oscillations of bunches 
(x-modes), from modes, when bunches oscillate with 
the same phase (o-modes). The increments and 
widths of stopbands of the instability can be es
timated using the dispersion equation (the sign + 
corresponds to x-mode) 

1 = ± 2A, 
•AS.' 

_ _ «nx€r(l + r) + m , 6 ( l + 1/r) 

(4.2) 

(4.3) |m r m,|(mgr+mf/r) 
Here, A m = m*!^ + mxi>, — n; (x and (, are the 
partial beam-beam parameters: 

& = ; 
rfe*R 

(4.4) 

(4.5) 2irc7<rx(<rr + <7,)' 
d and az are the horizontal and vertical rms beam 
sizes and r = at/cx is the beam aspect ratio. Ac
cording to Eq(4.2) the positions and the widths of 
stopbands in the plane (i/x, i/,) are defined by the 
following inequalities 

| A m | < 2|E m | , (4.6) 

AmSn < 0, x - modes, (4.7) 
and 

A„,Hm > 0, o — modes (4.8) 

Since the tunes in A m include the incoherent beam-
beam tune shift, for one-dimensional oscillations the 
stopbands of r-modes occur below and for o-modes 
- above of VQ = (n/m) — (, where i>o is an unper
turbed betatron tune. This means that the stop-
bands for o-modes can invade inside the stopband 
of the incoherent oscillations 

(n/m) —(<vo< n/m. 

In this case, more reliable predictions concerning the 
behaviour of colliding bunches can give the numer
ical analysis. 

According to Eqs(4.3) and (4.6) the relative im
portance of various two-dimensional resonances de
pends on both the symmetry of the mode mx,m1 

and on the aspect ratio of the beam r. The insta
bility of a mode with a multipole number of m is 
caused by a sum-type resonance of this mode and 
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the - m mode . For flat bunches (r -C 1) the widths 
of stopbands are mainly related to the excitation of 
vertical oscillations: 

A 0 =: m*\mx 

(4.9) 

The broadest are sum-type resonance vx + vz = 1, 
and the main coupling resonance vt = v. 

For round beams (ax = at) there is no stop-
band along the main coupling resonance, while the 
most powerful two-dimensional is the linear sum-
type resonance. In this case with an increase in the 
beam current the working point moves along the line 
vx = vz; its vicinity may become more preferable for 
the position of the working point of the ring. 

The difference in transverse beam sizes, say 
ff'1' > <r*2\ generally suppresses the coherent beam 
beam instability [7]. For instance, for a water-bag 
distribution and one-dimensional oscillations with a 
multipole number of m, the value £ in Eq.(4.2) must 
be replaced by 

«*//=€(<r(2)/"(l)r<£- (4.10) 

This suppression of the collective beam-beam insta
bility for bunches with unequal transverse sizes can 
be one of the reasons for their flip-flop instability. 

The calculation of the Landau damping for the 
beam-beam instability can be done more or less 
easily for horizontal oscillations of identical, very 
flat bunches which have a Gaussian distribution in 
the amplitudes of horizontal oscillations ^/7/7. If 
x = \JJ/e, where t is the horizontal emittance of 
the bunch, and X(x) is the Fourier-amplitude of the 
r-mode with a multipole number of m **, then one 
can find that the function w = •y/xX(x) satisfies the 
following differential equation [8]: 

w" + (wm(x) - m ~JIA\ w(x) = 0. (4.11) 

Here, 
4A(»)g 

K n ( * ) - ( i / / m ) 2 _ A 2 ( j ; ) 
„-*V2 (4.12) 

•*If we use, for instance, Vlasov's approach, when the col
lective oscillations of bunches are described by the harmonics 
of the distribution function in phases of incoherent oscilla
tions V* 

/(••») = /„ + £ /£•*>(./)exp(.m« - iurt). 

then 
x(j) = £HJ) - fg>(J)-

u>0f is an unknown frequency of the coherent mode, 
A(x) = i>x(a?) — n/m = Ao + Aifcfx), 

A*<-W = § I1 ~ «P(-*V2)], f = ~ -
(4.13) 

Although Eq(4.11) is still difficult to solve di
rectly, many important properties of the eigenfunc-
tions w(x) and of the spectrum of eigenfrequencies 
1/ can be obtained using the fact that Eq(4.11) has 
the form of the Schrodinger equation in quantum 
mechanics, which is written for a particle with ze-
roth energy, moving in an effective potential well 

U.,j(*) = 
m 2 - 1/4 - 2 V m ( i ) . (4.14) 

Since w(x) is concentrated between the stop-points 
of the mechanical problem when UCJJ(XI2) = 0; 
and outside decreases like 

u>(x) •{ J.1/J-", z _ 0 0 , 

the analysis of the stability problem can be reduced 
to an inspection of the variations of the potential 
curves with a variation of v. In particular, this in
dicates (see in Fig.8) that at least for initial modes 
of m = 1,2,3 Landau damping does not completely 
suppress the instability. This result was recently 
confirmed by numerical calculations in [9]. 

oca) 

Figure 8: Effective potential wells for (from bottom 
to top) the dipole, quadrupole and sextupole modes; 
Ao/€ = - 1 ; v/i = 0.1. . 

As far as Eq.(4.11) presents a particular case of 
the more general Sturm-Liouville equation, its spec
trum can be estimated using the general relation
ships. For instance, exact solutions ui(z) = Wj(x) 
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minimize the integral 
oo 

I[w) = jdx [ ( V ) 2 + m2~7

1/4tv2 - 1VmvA 

(4.15) 
This yields the normalization condition for eigenso-
lutions 

/ d x ( K ) * + = ^ « , j ) = 2 , (4. 16) 

and the dispersion equation of the problem 

/ dx\Wj\\ . 4 £ ( * * , e - * / * = 1 , Im, > 0. 

(4.17) 
If eigenfunctions vij are not known, both they and 
spectra can be found using minimization routines 
starting from more or less suitable set of probe func
tions w(z). 

Another issue, which can be especially important 
for B- and ^-factories, is the influence of the bunch 
lengths on the beam-beam instability. As was previ
ously mentioned, in the region /J* ~ <r„ the strong 
modulation of the betatron phase on the IP sup
presses the beam-beam resonances of synchronous 
particles [12]. Direct calculations [11] show that a 
similar suppression is valid for the coherent beam-
beam instability when it is described by a renormal-
ization of the beam-beam parameter: 

S.ft=£Ym(<T./n- (4.18) 

where for identical bunches with a round cross sec
tion 

oo 

Ym(0= J ^=exp[-u 2+2warctan(C«)L (4.19) 

and for vertical oscillations of identical bunches with 
a flat cross section 

oo 

« ( 0 = / ^ = e x p [ - « 2 + 
(4.20) 

+2irn, arctan(C«)]v'l-K 2u 2, 

In some cases the calculation of the functions Ym 

and Y£ can be simplified by their representation 

in terms of the confluent hypergeometric function 
* ( a , M [40] 

*(«. *,*) = j ^ y / <*«- l ( l + 1f~ le—. 
o 

Direct calculations (see in Appendix E) yield 

(2m)! JV, t ( 4 / Q * 
*mV.t- 4m Z-A l> (2 i ) t (m-*) ! 

*=o 
x « ( m , * + l / 2 , l / < 2 ) . 

and 
(4.21) 

4m £ / l) (2* ) ! (m- i ) ! 

x « ( m - l / 2 , t , l / C 2 ) . 
(4.22) 

One can see from Eqs(4.19) and (4.20) that for 
round beams due to |V m | < 1, the modulation of 
the betatron phase along the IR always suppresses 
coherent resonances. For flat bunches due to a 
mismatching between the modulation of the beam-
beam kick and the beam cross section we can write 

Hence, the modulation can amplify the coherent 
beam-beam kick for very long bunches. However, 
Fig.9 shows that the region a, ~ /J* is quite safe 
for the vertical coherent oscillations of flat bunches. 
Schematically, this can be demonstrated by Fig.10, 
where we plotted C/Co assuming that £ in Eq.(l.l) 
is limited by the resonance m = 4. One can 
see that C/Co significantly exceeds 1 in the region 
0.5 < o,IF < 2. 

Since an incoherent tune shift does not depend 
on the phase advance of oscillations on the IR, the 
described suppression of coherent beam-beam reso
nances in the region a, ~ fl* will enhance the Lan
dau damping of the instability in round beams for 
both vertical and horizontal oscillations. For flat 
beams, due to the fact that /J* a er, 4H (% this 
will be valid for only vertical oscillations; horizontal 
coherent beam-beam oscillations, however, will still 
be unstable. This fact gives one more dynamical 
advantage to round colliding bunches. 
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Figure 9: Dependence of Y m for flat bunches on the 
bunch length; /3" = 1 cm. 

Figure 10: Dependence of the luminosity on the 
bunch length; limited by the 4-th order resonance. 

5 Instabilities Due To Ions 

When the beam moves along a closed orbit the col
lisions of particles with atoms of the residual gas 
produce positively charged ions. Among others pos
sibilities, the interaction with these ions can cause 
various instabilities of coherent oscillations of the 
beam. The specific features of these instabilities 
strongly depend on the lifetime of the ion inside the 
beam and, in particular, on the possibility for ions 
to be trapped by the beam. By this reason, we dis
cuss below the issues related to the interaction with 
ions in electron and positron rings separately. 

5.1 Ions in an Electron Ring 

A train of electron bunches presents for ions a se
quence of focusing lenses, separated by time inter
vals, in which ions are defocused due to their space 
charge. Provided that the betatron oscillations of 
the ions are stable, they can be trapped in the beam 
and can perturb the motion of electrons. Gener
ally, two effects are associated with the ion-trapping. 
The first is a tune shift and spread due to ions, which 
can be estimated by (see, for instance, [41]) 

Ai/ = (5.1) 

where Nt is the number of the stored ions. For real
istic parameters [41] the value of Ai/ can reach .05. 
Due to the nonlinearity of the Coulomb force this 
effect increases the Landau damping of coherent os
cillations of an electron beam and, in this sense, can 
be considered as being a positive one. On the other 
hand, since Landau damping dilutes the phase-space 
volume of the beam (see, for example, in [10]) it gen
erally can limit the performance of the ring. 

However, stronger limitations can be caused by 
the interaction of stored ions with coherent oscil
lations of the beam. Although the description of 
instabilities due to this interaction is very specula
tive, some of its general properties can be predicted 
using the analogy of this instability and the insta
bility of colliding bunches. In particular, we may 
expect the unstable coherent oscillations below the 
resonances 

711,1/, + m,i/,- = n, m,mi > 0, (5.2) 

where integers mzj define the multipole numbers of 
collective modes of the electron and ion beams. The 
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increments of this instability would be proportional 
to[7] 

«o « «>ox/Ai/fc oc uioi/ ' V , (5.3) 

and will slowly depend on the multipole numbers 
(mz,rrti). Here, .4* is the atomic weight of the ion 
and rp = 1.5 10~ 1 6 cm is the classical radius of the 
proton. For the reasons described in the previous 
section, we can expect that such an instability will 
be hardly suppressed by Landau damping. Since the 
configuration of electron and ion beams, which have 
different transverse sizes, is more stable [7], we may 
also expect the flip-flop instability of the beams. 

Ions will definitely not be accumulated inside the 
beam if the bunch spacing is chosen to make the 
betatron oscillations of the ions unstable. This cri
terion defines the critical ratio H. = JV»/K (see, for 
instance in [41,42]) when the ions are swept out of 
the beam due to their overfocusing: 

n>n0 = iAi"''ii + r). (5.4) 
Here, r = atlax is the bunch aspect ratio. If we 
take, for example, At a 30 (CO) and e ~ 2 10~ 7 cm, 
Eq.(5.4) yields K0 = 1.3 10 9. This value signifi
cantly exceeds the corresponding ratios for all of the 
presently discussed B-factories and, without special 
efforts, ions definitely will be trapped in electron 
rings. Additional cleaning can be achieved by using 
either clearing field electrodes, or missing the nec
essary amount of bunches from the train. As was 
mentioned, the matched clearing field electrodes can 
be used as a single bunch dampers of coherent os
cillations. In most design reports simpler method 
with the missing of roughly 10% of bunches from 
the beam is used to prevent ion trapping. 

5.2 Ions in a Positron Ring 

Positively charged ions cannot be trapped in a 
positron beam. However, the ions, once produced 
by a bunch, cannot be removed from the orbit im
mediately. As long as the ion trace of the bunch 
carries information about its coherent oscillations, 
it can cause at least a multi-bunch instability of the 
beam. Since the instability of this kind is not asso
ciated with the trapping of ions, it can be important 
for electron beams in cases when the motion of ions 

is unstable. In the estimations given below we use 
the results of a paper [43] where this problem was 
studied in many detail for proton bunches. 

Once ions are not stored in the beam, it is obvi-
- ous that the strength of the instability significantly 

depends on the pressure of the residual gas in the 
ring and on the loss factor of the ions from the 
beam. The first factor defines the ion production 
rate, while the second defines the bunch-to-bunch 
memory. In the case of positron or proton beams, 
the most important aspect is the deflecting of ions 
from the orbit by the beam space-charge. If we as
sume that at low pressure the residual gas mainly 
consists of hydrogen atoms, the rate of the increase 
in the radius of the ion spot can be estimated by 
the dimensionless increment 

/2Jvy7 . ,_., 
i>, =: yj — - ^ - , e ~ y/e^el. (5.5) 

Then, the standard calculations of the multi-turn 
part of the increments of coherent oscillations of a 
single bunch results in [43] 

NLC2 

<m = (nA«7s)Am—-8Texp[-2xj/,j] 

xmsin(2xrm'j). 

Here, nA ~ 4 101SP [Torr] is the density of the 
residual gas, <ry is the ion production cross section, 
m is the multipole number of the coherent mode, 
and 

A r a ^ 3 ^ - V 2 ) ^ ) = ^ m _ ( 5 . 7 ) 

T m ' ax 

For the sake of simplicity we write the decrement 
of one-dimensional (vertical) coherent oscillations. 
Eq.(5.6) indicates at least two important features 
of the discussed instability. The first is that in the 
working plane vx,ut the position of the stopbands 
of this instability is inverse to that of the resistive 
wall instability. For instance, one dimensional oscil
lations are stable, when 

k - 1/2 < \m\vt < k, it = 1,2,... (5.8) 

The second is that due to a strong nonlinearity of 
the Coulomb force the increments slowly depend on 
the multipole mode number m, and, apart from the 
dipole, some initial higher multipole modes can con
tribute in the limitations. 
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Now, combining Eqs (5.6) and (3.3) yields the 
decrements of multi-bunch modes: 

»m,o =(nAaTi)Am—-g— exp 

rasinl—= =• I, « = 0,...,K — 1. 

(5.9) 
0 = 0 , . . . , * - ! . 

For the LER with a vacuum of P = 10" 9 Torr 
(n î a: 4 107 c m - 3 ) , and the data, given in Table, 
Eq.(5.9) estimates the increment of the dipole mode 
by Si ~ 12 1/s for a bunch spacing of 3 m, and by 
6i ~ 104 1/s for a bunch spacing of .5 m. The 
first number is smaller than the decrements due to 
synchrotron radiation damping and hence, is quite 
acceptable. In the second case the instability must 
be suppressed by a suitable combination of feed
back damping and a decrease of the pressure in the 
ring. We point out that due to slow dependence 
of increments in Eq.(5.9) on the mode number m, 
the feedback system must ensure the damping ex
cept for the dipole also quadrupole and maybe sex-
tupole modes. The relevant gap in the bunch train 
definitely must help against this instability. How
ever, this possibility must be studied more carefully, 
because the breaking of the feedback between the 
head-on and tail-on bunches still does not prevent 
a beam breakup instability of the train. 
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A Stability Diagrams of Beta
tron Coherent Oscillations 

The stability diagram of coherent oscillations is de
fined by the dispersion equation, when the frequency 
of oscillations tends to the real axes (Imu> —» +0). 
For a bunch interacting with surrounding electrodes, 
the dispersion equation for, say, vertical dipole be
tatron coherent oscillations reads 

^-QnfdJtdJ, J'°fo/?J', lmu,>0. 
J V-Ui(Jx,J,) 

(A.1) 
Here, fa(Jx,Jz) is the stationary distribution func
tion of the beam. If we define the frequency distri
bution function 

g{u) = - IdJxdJ,J,y±6(U-u>t{Jx,Jt)), (A.2) 
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we can rewrite Eq.(A.l) in a form similar to that of 
Eq.(2.9) 

CO 

dw 
g(u>) Imw > 0. (A.3) 

The solution of Eq.(A.3) yields the unknown fre
quencies of the collective modes u = um. 

Another way to use Eq.(A.3) is to plot stability 
diagrams of coherent oscillations - i.e. curves in the 
plane of the complex variable Qm, which separate 
the region containing stable solutions (Imu>m < 0) 
from the region containing unstable solutions. The 
parametric plot of this curve is defined by Eq.(A.3), 
when u tends to the real axes from above (u —• 
u + iO) and when Eq.(A.3) yields Eq.(2.9) 

n, 

oo 

dw S(u>) 
u — w + I'O 

(A.4) 

The calculation of the particular stability diagrams 
demands knowledge of the stationary distribution 
function fa and the dependence of the frequency of 
incoherent oscillations on amplitudes Jx and Jz. If, 
for instance, 

and the frequency spread of the vertical oscillations 
is defined by the cubic nonlinearity and, moreover, 

Eqs(A.2) and (A.3) yield 

(A.5) 

where 

= Fo(y) = e-*[Ei(y)-i*0(y)], (A.6) 

= u/Su Su = —-2ex, 

Ei(x) is the exponential integral function 
oo 

Ei(x) = -J dt6-^-. 

and 

" ( x ) - \ 0 , * < 0 . 

Similar calculations result in the stability diagram 
for the horizontal coherent oscillations: 

Su 
Om(w) 

== -Fi(y) = yF„(y) - 1. (A.7) 

The case when the nonlinearity of the beam-beam 
force defines the frequency spread of the beam is 
more difficult due to a more complicated depen
dence of the tunes on the amplitudes of incoherent 
oscillations. Apart from the possibility of numeri
cal integration in Eq.(A.l), the main features of the 
stability diagram can be found using the simplified 
model, where 

<•>, = UiQ + Uo-: (A.8) 
'1 + J/e ' 

Substitution of this expression in Eq.(A.l) yields 

where 

F» 

~ - = F»(»), y = , 
n m wot 

I ^ 1 l-y I 1 - j A 

i - 2 ) + «>(?(j,)0(l-s,)]. 
(A.9) 

B Weak Bunch Lengthening 

We start with the equations of the synchrotron os
cillations of the particle, which are distorted by the 
bunch wake: 

dAu ATje'wjja 
— = - w . 0 ^ - 2 A A u , - - T j - 2 - x 

/ dnZnPn(ein^-l) + X(t), 
(B.1) 

dV A A " 0 ° A £> I l S W 

dT = A w - *« = — A E , y=-2Wi-
(B.2) 

Here, ip is the deviation of the particle's phase from 
the synchronous value <p,, 

2 _ 2fceV|siny,|a 
w,o = ">o Z*E (B.3) 

is the frequency of unperturbed synchrotron oscilla
tions, W(E) is the average power of the synchrotron 
radiation of the particle and X(t) is the random 
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force describing the excitations of synchrotron os
cillations due to quantum fluctuations of the syn
chrotron radiation. Below we use the following 
properties of X: 

< X(t) > = 0, 

< X(t)X(t') >=< X2 > 8(t -1' ) . (B.4) 
Assuming that the wake is a slow function of ip, and 
can, therefore, be expanded in a Taylor series, we 
can write in the linear approximation 

p + 2\ip + u2ip = X(t), (B.5) 

4 = ( l - ' h y b ' 0 , ]dnZ(n)np(n)). u,o 1 heV\nm<p,\J J 

(B.6) 
The driven solution of this equation has the form 

]dv A-(u,)e-'-" 
v w - y fawj-K*—^' ( B J ) 

— OO 

or 

V(t)=(dlxX(tl)e-*l-**lU'{t-tl). (B.8) J w, 

Its mean square has the asymptote 

1 <X2> 
< ip2(i -» oo) > = w 2 2A ' (B.9) 

Since for Gaussian distribution functions we have 
Kip2 >= <r|, and defining 

*l- 1 <X2> 
(«?)o 2A 

as the unperturbed bunch length, we can write 

(B.10) 

"o u t T, . itfte2u;o / 1 ' 
[1- ,AeVTimW^ (n)"'' (" )] 

(B.H) 
For more detailed calculations we need some par
ticular expressions for Zfn and p(n). Taking, for 
instance, tt 

^ - w * ^ - *> = •* ( -¥) • 
(B.12) 

* *Note that, if p(tp) is an even function of <fi, only reactive 
part of Z is important 

we can estimate the integral in Eq.(B.ll) for short 
bunches (no** < 1) as follows: 

] dn(=imy>Kn)*&2

{z/n)o. 
Substituting this expression into Eq.(B.ll), we can 
write 

lrS = 
[ AeVjsinp.j a, i£ J 

(B.13) 

From Eq.(B.13) one may expect the bunch length
ening for the case that (Z/n)0 < 0, i.e. when the 
bunch interacts with an inductive-type impedance; 
vice verse, bunch shortening may occur when the 
bunch interacts with a capacitive-type impedance. 
This result is not very surprising, since the 
inductive-type coupling decreases and capacitive, 
thus increases the rigidity of the potential well due 
to a driving RF. If the bunch lengthening is small, 
the expansion of Eq.(B.13) in a linear approxima
tion yields Eq.(2.17). 

C On the Iteration of the 
Haissinski Equation 

Let us prove that the nonlinear Haissinski equation 
has a unique solution, if the bunch wake satisfies 
the condition in Eq.(2.22). We also can rewrite this 
condition as follows 

\heVsm<p,<rlJ J n 2 ' ' <oo. 

First, we write Eq.(2.20) in the form 
(CI) 

Pa "a 

«o 
oo 

= 0, ui{x) = I dx1w(x1 — z ) e - * ' ' 2 , 

u„+i(a:) = jdxiw(xi - x ) e x p ( - i 2 / 2 - u n ( n ) ) . 

(C.2) 
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Due to condition (2.22), the function u(x) has the 
following properties. It is limited 

will decay after 

« 2(x) < fdx1w2(x1 - x) fdxi^^ 
PS (C.3) 

< ^ / « f c . ^ = «4-. 
and 

oo oo 

/ dxu2(x) < exp(2um„) / dxu\(x) 
— OO —OO 

<exp(2um„)j£\u,(k)\*e-k*. 
(C4) 

Here, 
oo 

eikzw(k). 

This, in particular, means that the potential well 
distortion u(x) is distributed within the finite inter
val of x with a width of 

Ax •—*\V* ~H (C.5) 

If |Az| > 1, this relation estimates the lengthening 
of the bunch as follows: 

Since the function |u(z)| < t i m „ is limited, we can 
write 

| e - » . _ e -«» | < e 2"—|«i - u 2 | . (C.7) 

Then, the convergency of iterations in Eq.(C2) 
can be proved using the standard calculations [27], 
which result in 

h . + i - « „ | o c - i -L-.t n > 1 . (C.8) 
n! 

This expression shows that the iterations in 
Eq.(C2) converge and, thus, Eq.(2.20) has a 
unique solution [27], provided that the condition in 
Eq.(2.22) is valid. On the other hand, this estima
tion indicates that, if the potential well distortion 
is high (w2 » 1), higher order corrections in the 
iteration row 

u(i) = u<1> + (u<2>-u<1>) + . . .+(u< n + 1 >-u< n >) + . . . 
(C.9) 

n > n o ~ (CIO) 

We also note that the discussed estimation concern
ing the convergency of the iterations in Eq.(C.2) 
is based on a rather rough evaluation the integrals 
involved in these equations. Therefore, Eq.(2.22) 
specifies the condition when Eq.(2.20) has a solu
tion beforehand. Its violation does not necessarily 

• means that Eq.(2.20) has no solutions. 

D Dynamic Beam Loading 

In this section we calculate the modification of the 
impedance of the fundamental mode of the cavity 
from the side of the fundamental coupler due to a 
collective reaction of the beam. For the sake of sim
plicity, we do the calculations for a single bunch. 

First, we write the longitudinal component of the 
vector-potential of the fundamental mode in the 
form 

A(T,t) = cAk(r)9t(t), (D.l) 

and assume that the eigenfunctions Aj, obey the 
equation 

A A ( r ) + ^M*) = 0, J *r|4rfr)|* = 4*c. 

(D.2) 
Here, uit is the frequency of mode lb. For the 
mode with the Q-value equal to Q = u>t/(2At) from 
Maxwell equations we find 

9* + Mm+uUk = Ne JdTfA'k(s) + j|*'(<), 
(D.3) 

dV = R0dApdv, 

where the current j"*{t) = if?* exp(—iuiRrt) de
scribes an external excitation of the cavity. Below 
we use the expansions: 

Ajt(s) = y]Aknexp(in0), s=Ro6 = ct + <p, 

and 
/(/- *, t)=Yl M'> *) e xp(«m^). 

where / and i/> are the action-phase variables of the 
synchrotron oscillations. For synchrotron oscilla
tions the variable / and the amplitude of oscillations 

— 115 — 



ipc are related through 

" & * • 
(D.4) 

From the Vlasov equation, written in action-phase 
variables (7a > 1) 

Of, 0/o -~^- + imu,fm = iro-jy-ecgtWx 
at 81 

J 3 A*» Jm(n<Pe) expftnwoi) 
(D.5) 

we express the amplitudes of the expansion 

fm - 5 3 /mi. exp(-iWBFt + •HU>0<), (D.6) 
n 

through the the Fourier-harmonic of qic{uRF): 

= m(df0/ai) 
URF - two - mw. (D.7) 

Now, we rewrite Eq.(D3) in the form 

«t(wRF)[Wi - 2iXtu>Rp - uRF] = 2xNe2x 
00 

£ £ A**n j**fm*Jm{«to) + jf 
m n J 

(D.8) 
Substituting in this equation fm„ from Eq.(D.7), we 
obtain 

ft^iuOlV* - 2iXhuRF - w^,] = # " + 

mTi „('"**• - n u 0 ) 2 - m 2 « 2 ( D 9 ) 

J <t<Pc<Pc-jjYJm(n<pc). 

Since UAF = At̂ o, the contribution of the resonant 
term n = /i in the sum over n dominates. Neglect
ing the contributions of the nonresonant terms and 
using the relationships 

, ^ = T ( |) , ( D . 10) 

dfo w0g a/o _ upa expC-yg^g2,) 
dl ~ Eu, a{ipl/2) ~ Ev, 2x<r* 

(D.ll) 
we obtain for short bunches Ao> «e 1: 

- 2«AtWRF - Jap] = j l 1 1 . 

e / ( Z / Q ) o ^ 
fcT T0E vl (D.12) 

This equation shows that due to a collective reaction 
of the beam the frequencies of all modes of the cav
ity (including the fundamental one) become higher 
than ut on the amount, defined by Eq.(3.9) . With
out special efforts this frequency shift decreases both 
the accelerating voltage, induced by the fundamen
tal coupler, and the voltage, which the beam induces 
during its stationary rotation along the orbit (the 
stationary beam loading). 

E Collective Beam-Beam 
Suppression Factors 

The factors Ym(() (with C = <r.//9*), describing the 
suppression of the collective beam-beam resonances, 
can be expressed in terms of the confluent hypergeo-
metric function #(0 ,7 ,2) [40]. This can sometimes 
simplify the estimation and plotting of the function 
Ym(0- Let- us start with calculations for the flat 
beam. Using 

sin(arctan(z)) = * . , 
Vl + x 2 

1 
cos(arctan(x)) = • 

y/TTx1' 
we can rewrite Eq.(4.20) in the form 

r m K ) - y V5F (l+<2„2)m-l/2 " ( E 1 ) 
— QO 

Then, using 

-HP + ̂ - E p g g V (E-2) 
( - i ) m -*(C«) 2 ( m -*>, 

and the substitution 

we can rewrite Eq.(E.l) in the following form 

Y'(C)= — V* 2 ^ : 
v / »frj(2*)!(2»n-2*)! (E.4) 

( _ i r - t C 2 ( m - t ) w , r o ] t 

— 316 — 



where 
oo 

o 

oo 

"'* r(m-1/2)7 "" 

[ dssm-3'2e-V+(3«'K 

(E.5) 
Now, upon changing in this equation the order of 
integration and by substituting u 2 = i, we find that 
the integral over u yields 

7rftiu2(m-*)«-"'<1+<'*) = r ( m ~ t + 1 / 2 ) 

7 e U ' 2(1+C*,)—*"/*-
o 

Substituting this expression into Eq.(E.5) gives 

(E.6) 

r ( m - t + l/2) 
m ' *~2C 2 r o - 1 r (m- l / 2 ) 

OO 

f dttm-3'\l +t)-"+*-»/2e-</<S

> 

or [40] 

W-* = r ( " ' 2 ^ - , 1 / 2 ) * ( " ' - V 2 . t , l / < 2 ) - (E-7) 

By also using 

'mlW- 4 m , £ / ^ (2fe)!(m-t)! 

x*(m-l /2 ,M/C 2 ) . 

Similar calculations for a round beam result in: 

y m - ^ Y V i v - » W O * 
y - l « - 4 m 2J.-V (2t)!(m-*)! 

x«(m,t+1/2, l/<*). 
(E.9) 
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Damped RF cavity in KEK 

M. Suetake, K. Akai, T. Higo, K. Takata, Y. Yamazaki and S. Yoshimoto 

National Laboratory for High Energy Physics 

1-1 Oho, Tsukuba-shi, Ibaraki-kcn, 305 Japan 

Abstract 

A prototyoediunpedcavky has been constructed for tfw KEK B-iactory. We have tested die 
performance of the cavity. The cavity was found to be used fora420-bunch scheme (Phase I). In 
this paper we first show die requirements of die Q values for die higher-order modes; and we dien 
describe die way of die optimization of a damped cavity using a 3D code called MAFIA to try to 
produce Q values on die order of 30. Lasdy, we show die profile of a prototype damped cavity and die 
results of die low power test. 

1. Introduction 
In order to obtain the designed 

luminosity for die KEK B-factory, the B-
factory ring should be operated at a high current 
in a multi-bunch operation scheme. In this 
case, higher-order modes excited in a cavity by 
preceding bunches are likely lo cause coupled 
bunch instability. In order to suppress the 
instability, we have investigated and optimized 
a cavity whose Q values are sufficiently reduced 
for die higher-order modes. 

The KEK B-Factory has now two 
schemes. First one is using the TRISTAN 
tunnel. The other one is building a new tunnel. 
Now we consider die new tunnel version. The 
B-factory is double ring machine, consists of 3.S 
GeV LER (Low Energy Ring) and 8.0 GeV HER 
(High Energy Ring). The total circumference of 
the tunnel is about 1.2 km. The RF section 
spans about 72 m length. 

The high-power klystron stations are 
now in operation for die TRISTAN RF system. 
The stations will be also used for die KEK B-
factory. On die other hand, new accelerating 
cavities should be developed to meet die 
requirements of the KEK B-factory. 

2. Requirements 

The higher-order modes characterized by 
their high impedance are TMUO-like, TM111-
like and TMOll-lilce modes. We thus 
concentrate mainly on these modes. The Q 
values of these higher-order modes should be 

0)(2) 
reduced as shown in Table 1. Only die 
requirements for die 3.5-GeV LER are listed in 
this table, since die requirements for die LER are 
2.3 times as severe as those for die 8-GeV HER. 
When we estimated these requirements, we took 

into account die head tail damping for die 
transverse oscillations and only die radiation 
damping for die longitudinal oscillations. 

3. Optimization 
A damped cavity is characterized radial 

slot and iris coupled to waveguide. 
Radial slots on die disk intercept die wall current 
of TM11-like mode and work as antennas for die 
waveguides. The waveguides are terminated by 
matched dummyloads for die higher order modes. 
Cutoff frequency of the waveguides must be 
higher enough than die fundamental accelerating 
frequency, since die fundamental mode must not 
penetrate dwough die waveguides. 

The calculation of an external Q value 
is based on the tuning curve characteristics 

(5)(6) 
described in die text of J. C. Slater.1 " 
For a cavity coupled with a waveguide dial is 
shorted at un distance L from die coupling iris, 
die resonance frequency was calculated by die 

code MAFIA. Qext is determined from 
die following relation. 

d L _ 2n+l Q c x t v g 

where 1 , v and v are die wavelength, group 
velocity and phase velocity in the waveguide, 
respectively, and n is an integer. The 
optimization was carried out by varying die slot 
widdi, slot length, iris size and disk thickness. 

Because of die limit of window power 
and heavy beam loading, we chose 2 cell cavity 
as shown in Figure 1. Our damped cavity is 
attached nose cones, since fundamental mode 
impedance of damped cavity is decreased about 
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30 % than that of typical disk-loaded structures. 
We adopt partial slot to extract TM11-like mode. 
The merits of the partial slots are as follows: 
(1) The nose cone is more protected from electric 
discharge than is the full-slot cavity, since there 
are no sharp edged on the beam aperture of the 
disk, where a strong accelerating field exists. 
(2) No slot modes exist in the partial slot case. 
The slot modes in the full-slot cavity may be 
coupled to the beam; however, the mode cannot 
be damped because those frequencies are below 
(he accelerating mode. 
(3) The partial-slot cavity is mechanically 
strong, as can be seen from die Figure I. 

4. Prototype damped cavity 

We show the profile of the prototype 
damped cavity. RF power of a klystron is fed into 
four damped cavities. We will install 44 cavities 
in HER, and 20 cavities in LER. Beam loading 
is estimated to be 51 kW per cell at HER, 60 kW 
per cell at LER as shown in Table 2. 

We show the performance of damped 
cavity calculated by code MAFIA. Fundamental 
mode frequency is 508.58 MHz, Q value is 
27,500 and that shunt impedance is 18.3 Mft/m 

The impedance is defined as 
(voliage)A2/(power). This value is decreased 
about 30 % than that of typical disk-loaded 
structures. Fundamental mode coupling is 4.0 
% and that mode became backward wave because 
of the large slot and large iris. External Q 
values of higher order mode are listed in Table 3. 
Impedance of 0-mode is 0.4 % of that of x-mode 
( we use x-mode for acceleration). TM110 0-
mode is less than 10.0, and x-mode is 29.9. 
TM111 0-mode is 20.1, and x-mode is 12.0. 
TM011 x-mode is less than 10.6. These values 
are cleared out our requirements. However, 
TM011 0-mode is not coupled to the waveguide. 
The reason is as follows. The mode is coupled 
by TM mode in the waveguide. The frequency of 
this mode is just below the cutoff of the 
waveguide. We cannot widen the size of the 
waveguide geometrically. To cure this effect, we 
adopted cone-typed dummyloads. The loads 
directly catch the penetration field of TM011 0-
mode. 

5. Results of the low power test 

We show the results of the low power 
test. The frequency and the Q value of the 
fundamental mode are as shown in Table 4. Q 
value is about 84 % of calculated one. Fig. 3 
shows the field pattern of the fundamental mode. 
The field is a little concentrated at the central 
region. We should optimize the height of the 
central nose cones. Fig. 4 is the spectrum of 

the cavity without dummyload for the higher 
order modes(upper one). Lower one is damped 
spectrum. Higher order modes are damped 
enough. From the spectrum we can't estimate 
the Q values of the order several lf/s. Precise Q 
values of the higher order modes are measured by 
the tuning curve method. We used 4 movable 
shorting plungers to measure die Q values. The 
results are shown in table 4. The measured 
values are agree with the calculated ones. 

We now prepare the high power lest of 
this cavity. We are going to feed power into the 
cavity next June. 

6. Conclusion 

We conclude that concerning the higher 
order modes, without any feedback damper 
system, an optimized damped cavity could be 
used for the B-fadory first step (phase I)-

As for the fundamental mode 
instability, K. Satoh talked in this workshop 
mat 1 msec feedback damping is needed. 

In order to confirm the high power 
operation, high power test is now prepared. The 
cavity will be fed power next June. 
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Requirements of cavities in LER(3.S GeV) « K.Hanaoka 

Higher mode 420 bunch 2100 bunch 
TM110 Omode Qext< 5 0 Qext< 1 0 

it mode <56 <13 
TM111 Omode <W<* Qext< 9 

it mode <24 <6 
head-tail damping is i considered (12.S msec) « K. Satoh 

TM011 Omode Qext< 7 0 Qext< 1 7 

7t mode <30 < 8 
longitudinal radiation damping is considered (16 msec) 

Table 2 Damped cavity parameter in LER and in HER 

HER(8.0GeV) LER(3.5GeV) 
Shunt impedance 18.3Mft/m 18.3 Mft/m 
Power loss 30kW/cell 28kW/ceU 
Voltage 0.40MV/cell 0.39MV/cell 
Total cell* 88 40 

44cav. llkly. 20cav.5kly. 
Total cavity voltage 35.6 MV 15.6 MV 
Beam loading SlkW/ceU 60kW/cell 
Coupler power 162kW/coupler 176kW/coupler 
Cavity area length 44m 20 m 

Table 3 External Q values and R/Q of the higher-order mode 
calculated by the code MAFIA 

Mode Qest R/Q 
TM110 Omode <10.0 322ft/m 

it mode 29.9 281 Q/m 
TM111 Omode 20.1 1191 Q/m 

it mode 12.0 1862 ft/m 
TE112 Omode 223 63.6 Q/m 
TE211 Omode 16.1 

it mode 7.8 
TM011 Omode uncoupled 9.1 ft 

it mode 10.6 25.5 ft 
TM012 Omode 38.2 8.0 ft 

it mode <10.0 6.6 ft 
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Table 4 Results of the low power tests 

Mode Measured Q values Calculated Q values 

fundamental mode 23.200 27,500 

(508.58 MHz) 

TMUOn-mode 41.1 29.9 

TM011 n-mode 13.9 10.6 

horn waveguide (— 

Input coupler 
port 

tuner 

Input coupler 
port 

0 100 200 mm 
!__|tuner port 

Fig. 1 CSross section of nonnal conducting damped cavity 

Fig. 2 Photograph of nonnal conducting damped cavity 
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Fig. 3 Fundamental mode field pattern of the damped cavity 
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Fig. 4 The spectrum of the cavity without dummyload for the higher order modes 

(upper). The lower one is damped spectrum with dummyload. 
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RF Cavity Development for the PEP-II B Factory* 

R. A. Rimmer 
Accelerator and Fusion Research Division 

Lawrence Berkeley Laboratory, Berkeley, CA 94720, U.S.A. 

ABSTRACT 

This paper describes the development of an RF cavity design for the proposed PEP-II asymmetric B factory. The 
high luminosity required of PEP-II provides challenges in the design of the RF cavities, most notably in the reduced 
higher-order mode (HOM) impedances (bat must be attained and in the power that must be dissipated in the cavity 
walls. This paper outlines the goals set in these regards, describes bow the cavity has been developed to meet them, 
and presents the results of measurements on a low-power lest model built to verify the HOM damping scheme. 

1. INTRODUCTION 

Due to the high beam currents and short bunch lengths 
of the beams in the high- and low-energy rings of PEP-
II [1], careful attention must be paid to the vacuum 
chamber impedances, both broad-band and narrow-band, 
to minimize the growth rales of beam instabilities. The 
single-bunch parameters are typical of present 
machines, placing the challenges in the domain of 
multi-bunch effects. In general coupled-bunch 
instabilities ate driven almost entirely by the modes in 
the RF cavities. For PEP-n, the shunt impedance of 
the fundamental mode of the cavities has been 
maximized at die design frequency of 476 MHz so that 
the minimum number of cavities may be used. 
However, the HOM impedances calculated early in the 
design would, if undiminished, cause coupled-bunch 
instability growth rates far in excess of the radiation 
damping rate and beyond the range of a practical 
feedback system. It was clear from die start that some 
form of HOM reduction or damping would nave to be 
developed as an integral part of the cavity design. The 
idea of using dedicated damping waveguides strongly 
coupled to the magnetic fields of the HOMs but below 
cut-off at the fundamental mode frequency was evaluated 
at LBL using a pill-box model, and the results were 
very encouraging [2]. At the same time numerical 
studies were undertaken using the MAFIA code and the 
Kroll-Yu method [3] which showed close agreement 
with the experimental results. This was sufficiently 
convincing that numerical simulations were used to 
develop the waveguide damping scheme for the PEP-II 
cavity and estimate the HOM reduction that could be 
obtained for die worst modes. A low-power test model 
was fabricated to confirm this performance. 

Work supported by the Director, Office of Energy 
Research, Office of High Energy and Nuclear Physics, High 
Energy Physics Division of the U.S. Department of 
Energy, under contract numbers DE-AC03-76SF0O098 and 
DE-AC03-76SF0051S. 

The current activity is directed towards a high-power 
model that will be tested at the full wall dissipation to 
verify mat the design is capable of being conditioned 
and operated to specification. 

2. CAVITY PARAMETERS 

The RF system parameters required for PEP-H are 
shown in Table 1. Normal conducting copper cavities 
were chosen and the cavity shape was optimized to give 
the best fundamental mode performance at die design 
frequency of 476 MHz [4]. 

Table 1: RF System Parameters for PEP-H 
(including the effect of the 5% gap in the beam) 

PARAMETER HER LER 
RF frequency (MHz) 476 476 
Beam current (A) 1.5S 2.2S 
Number of bunches 16S8 
Number of cavities 20 10 
Shunt Impedance Rs (Mil)» 3.5 
Gap Voltage (MV) 0.93 0.95 
Accelerating gradient (MV/m) 4.2 4.3 
Wall loss/cavity (kW) 122 129 
Coupling factor (p) 3.5 3.9 
Unloaded Q of cavityb -31000 

•Rs=v2/2P 
b with ports, at 40'C 

Each cavity must provide a peak voltage of almost 1 
MV and die shunt impedance available is estimated to 
be 3.5 Mfl, allowing for all coupling and damping 
ports and losses due to elevated wall temperature. The 
cavity is being designed in collaboration with AECL 
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TMOIO mode, O-EE-1: 489.6 MHz, R/Q=108.76 Q, 
00=46306, Rs=5.0 Mil Q3wg=31926 (imperf. model). 

TMOll mode, 0-ME-l: 769.7 MHz, R/Q=44.97 O, 
00=39625, Rs=1.78 MO, Q3WR=28, Rs3wg-1.3 kQ. 

;.la Electric field of accelerating mode. Fig.2a. Electric field of TM011 mode. 

30000' OOOGOOl 
0 0 0 0 0 0 
o o o o o G tf-r-

Fig.lb. Magnetic field of accelerating mode. 

Chalk River Laboratory to have a cooling system that 
can safely handle up to ISO kW of wall power, 
sufficient to meet these specifications. 

The 2D URMEL code [S] was used to calculate the 
frequencies and impedances of all the longitudinal 
(monopole) and transverse deflecting (dipole) modes up 
to the beam pipe cut-off frequency for each type of 
mode (1821 MHz for dipole modes, 2378 MHz for 
monopole modes). Figures 1 and 2 a and b show the 
electric and magnetic field distributions, respectively, in 
the cavities for the fundamental and worst higher-order 
longitudinal modes. Figures 3 and 4 a and b show the 
electric field and the azimuthal magnetic field, 
respectively, of the two lowest dipole modes. In the 
real cavity the dipole modes will be split into pairs 

• • • GOV 
• • • O 0^» 
• • e O 0©©\ 
• . 0 0 0 0 0 S 
• • e ©O©O0L 
• •o ©OOOQY - • e ©OOOQCb • • e 000000 . .o o©OOQ' • • • 0 0 0(J 

Fig.2b. Magnetic field of TMOll mode. 

because the symmetry of the structure is broken by the 
various ports. 

The impedances calculated by URMEL show that the 
TMOll mode at about 770 MHz is by far the worst 
single HOM. It has a shunt impedance more than one 
quarter of die fundamental mode and is the mode that 
me damping and feedback systems must be designed to 
deal with. At the same tune, it is important that the 
damping scheme does not miss any other modes 
because most of them could still drive the beam 
unstable if their Q's are high enough. Estimates of 
coupled-bunch instability growth rates indicate that for 
the TMOll mode, damping to a Q of less than or equal 
to 70 would allow a very practical longitudinal feedback 
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TEl l l , 1-ME-l: 679.b MHz, R/Q@ro=0.001 n , 
Qo=47520, Rs/k(r)2=0.001 MQ/m, not vis. with 3wg. 

TMUO, 1-EE-l: 795.5 MHz, K/Q@ro=9.88 fl, Qo=61076, 
Rs/k(r)2=15.5 MQ/m, not visible after damping. 

Rg.3a. Electric field of TEl 11 dipole mode at 4=0. Fig.4a. Electric field of TMl 10 dipole mode at <t>=0. 

I « - I I Q M - MM* 

Bg.3b. Azimuthal magnetic field at 4=0. 

system. This Q value corresponds to a residual 
impedance of about 3.2 kCl at 770 MHz. 

Other modes with lower initial impedances may not 
need to be damped as much but their residual 
impedances should be less than this value, reduced by 
the frequency dependence f/frf (less driving impedance 
can be tolerated at higher frequency). The estimated 
allowed values for each mode are shown in Table 2a, 
column 10. The feedback system is designed to handle 
these driving impedances and an initial coupled-bunch 
phase disturbance of 30 mrad (or larger single-bunch 
errors caused during injection). 

For transverse beam motion, the feedback system must 
be sized to handle the growth rates of modes driven by 

Fig.4b. Azimuthal magnetic field at 4M). 

the resistive-wall impedance and the target is to damp 
deflecting cavity modes to an extent whore the growth 
rates they produce are handled by the same system. The 
target value for the transverse impedance of the dipole 
modes is 117 kfl/m. 

3. WAVEGUIDE DAMPING SCHEME 

The damping scheme has to reduce the impedances at 
the HOM frequencies by coupling energy out of the 
cavity to external loads. At the same time it is desirable 
to have the minimum adverse effect on the 
fundamental-mode performance. A waveguide damping 
scheme satisfies these conflicting objectives by 
operating as a high-pass filter, propagating away energy 
at the HOM frequencies, above the waveguide cut-off, 

125 — 



while strongly rejecting the fundamental mode below 
cut-off, leaving it trapped in the cavity. There is an 
inevitable loss of some fundamental-mode performance 
because part of the cavity wall is removed and the 
effective shape of the cavity is changed, but by keeping 
the apertures small and using the best position in the 
wall to couple to the target HOMs the degradation can 
be minimized. There is, of course, a trade-off between 
the strength of coupling to the HOMs and the loss in 
fundamental-mode impedance. 

For the PEP-II cavity, the waveguides have a cut-off 
frequency of 600 MHz which allows all HOMs to 
propagate while being far enough above the 476 MHz 
fundamental to give good rejection. The waveguides 
open into the cavity through slightly smaller irises to 
preserve the cavity fundamental mode as much as 
possible, white providing sufficient coupling to reduce 
the worst HOMs to safely below the target impedances. 
It is planned that the HOM power will be dissipated in 
loads at the ends of these waveguides, inside the 
vacuum envelope. It is thought that this is preferable to 
trying to build very broad-band windows to external 
loads. 

Looking at the azimuthal magnetic field H<t> at the 
cavity wall for the HOMs in Figs, lb and 2b and for 

TUou mot* B fiiU 

Fig.5. HOM zero-field points + TM011 magnetic field. 

the rest of the modes it is clear that for most of them 
there are places where the field goes zero. For modes 
that are anti-symmetric in H<|> about the cavity center 
(URMEL calls these x-ME-x modes, M being for the 
"magnetic" boundary condition in the center of the 
cavity), the azimuthal magnetic field goes to zero at the 
center of the cavity. Hence none of these modes will 
couple strongly to the fundamental mode coupler. Since 
the HOM damping waveguides are designed to couple 
to the azimuthal magnetic field they must be placed on 
the cavity wall such as to avoid any of the points where 
the HOM fields go to zero, or that HOM will remain 
undamped. 

The TMon mode has only one zero in the H<t> field, in 
the center of the cavity, so a damping waveguide placed 
anywhere else on the perimeter will couple to the mode 
and provide some damping. The field strength is 
maximum close to the base of the nose-cone, see Fig. 
2b, but there is not enough wall circumference at this 
point to put the waveguides. The optimum position is 
somewhere in between but many other HOMs have 
zero field points in this region and the locations of 
these zeros are shown in Fig.5. Note that even those 
symmetric (EE) dipole modes that appear to have H$ 
field in the center of the cavity will have a degenerate 
twin that may be oriented to escape damping. Figure 5 
also shows the magnetic field distribution of the 
TMOU mode. Note that all HOMs have some 
magnetic field at a point 30° up on the curved part of 
the wall, and that die TMOll mode has strong field 
there. This is therefore a good place for the damping 
waveguides. Figure 6 shows a 1" high waveguide at 
this location. Three damping waveguides are used 
which preserve symmetry in the fundamental mode and 
catch all HOMs up to those with sextupole variation 
around the azimuth. 

Fig.6. Location of damping waveguide in LPTC. 
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Fig.7. CAD drawing of low-power test cavity. 

Computer simulations of this geometry indicated that 
sufficient damping would be obtained for the worst 
HOMs, and mis was die shape used for the Low-Power 
Test Cavity (LPTC). The CAD drawing of the 
proposed design is shown in Fig.7 and the cavity as 
delivered is pictured in Fig.8. The low-power model 
was fabricated by electro-forming onto an aluminum 
mandril with the pons made separately in copper and 
brass and "grown" on during die process. The 
aluminum mandril was (hen etched out to leave the 
finished cavity. This resulted in a quite good inside 
surface, although not as good as would be required 
for a high-power model. Hence the maximum Q 
obtained in die lab tests, though acceptable, was not 
expected to be representative of a real production 
cavity. However the Q's of the HOMs should be 
determined by me coupling to the external loads, so 
the model is a valid test of the damping method. 

4. MEASUREMENTS OF HOMS IN THE LPTC 

The low-power test cavity was mounted in a fixture 
in the RF test lab at LBL with beam-pipe 
extensions bolted on and all of die other ports 
blanked off with plugs made to conform to the 
cavity inner wall profile and making contact with 
the cavity body through spring fingers. Small 
electric field antennas were introduced though die 
beam pipes to excite die cavity and me transmission 
response between diese probes (S21) was measured 
using an HP 85IOC network analyzer. In mis 

configuration, with no damping, the modes were 
visible as discrete resonances and Uieir frequencies 
were very close to the URMEL calculations, 
allowing all of the important modes below cut-off 
to be identified. Tables 2a and 2b list die modes 
and their calculated and measured properties. 
Figures 9a-13a show die undamped response of 
die cavity up to and slightly above the monopole 
mode beam-pipe cut-off, in five frequency ranges. 
The peaks corresponding to the monopole and 
dipole modes are labelled and Uicir unloaded 
impedances are listed for reference. Note mat the 
relative amplitudes of the peaks do noi give a good 
indication of their relative impedances because the 
network analyzer sweep of 801 data points may 
not accurately resolve die sharpest peaks in these 
wide spans and die antennas couple differently to 
die different modes due to their positions in the 
cavity and their own frequency response. For 
determination of die Q's of the individual modes in 
subsequent measurements much narrower frequency 
sweeps were used to properly resolve the peaks. 
Note also dial above die TM01 cut-off of die beam 
pipe, Fig.Ba, die character of the response is quite 
different. At these frequencies bodi monopole and 
dipole modes can escape into the beam pipes and 

die sharp structure of die discrete modes below cut-off 
gives way to a much more "smeared out" behavior. 
Resonant modes are not generally thought to cause 
problems at frequencies above cut-off, although energy 
can be lost by die beam dirough wake-field effects. 

Fig.8. Completed LPTC awaiting waveguides. 



Bg.9a. Fundamental mode and first three higher order 
modes in the LPTC without damping. Note the strong 
response from the TM011 mode which is the worst 
longitudinal HOM. 

Figure 9b shows the effect of adding one HOM 
damping waveguide to the cavity while leaving the 
others sealed. Apart from a small frequency shift, the 
fundamental mode is not significantly changed but the 
first and worst monopole HOM, TM011, is loaded to a 
Q of less than 35 and a frequency of about 760 MHz. 
This Q is already half of the target value of 70 from the 

c m • z l •*• MAO IO *as ncr o 
M 

Car-

Av B 

lOO 

, 
M 

\ 
* / 

START . 4 0 0 000 0 0 3 CHK 

Fig.9c. Fundamental mode and first HOMs in the 
LPTC with three damping waveguides. The TMou 
mode is further damped and both orientations of the 
dipole mode are strongly suppressed. 

feedback system specification. One orientation of the 
TMl 10 dipole mode at 795 MHz is heavily damped but 
the other orientation is still clearly visible. Similar 
results are seen in the other frequency ranges. 

Figures 9c and 10b-13b show the response with all 
three waveguides attached and terminated, like the first 
one, in loads made of epoxy-ferrite mixture. These 
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Fig.9b. Fundamental mode and first three HOMs in 
the LPTC with one damping waveguide. The TM011 
mode and one orientation of the TMl 10 dipole mode 
are strongly damped. 

Fig.9d. Fundamental mode and first HOMs with three 
damping waveguides and PEP loop fundamental-mode 
coupler. Note that some new structure appears in the 
spectrum because of the loop. 
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Fig. 10a. Undamped HOMs between 900 and 1400 
MHz in the LPTC. Tbe l-ME-2 mode at 1064 MHz 
is the worst deflecting (dipole) mode. 

loads are at the edges of the waveguides and have long 
tapers to simulate the high-power loads that would be 
used in the real cavities and provide low reflection over 
a wide frequency range. With all three waveguides open, 
the TM011 mode is further reduced to a Q of 
approximately 28 (the Q is uncertain because the 
response is no longer an ideal resonant curve as the 
tails of the modes overlap). This represents a reduction 
of more than three orders of magnitude from the 
calculated unloaded Qo of >39600. Both orientations of 

Fig. 10b. HOMs between 900 and 1400 MHz in tbe 
LPTC with three damping waveguides. Most of the 
modes are strongly damped. 

tbe TMUO dipole mode are strongly damped and are 
barely visible at tbe edge of tbe TMoi l response. 

In Fig. 10b, the TM020 monopole mode is still 
visible at 1016 MHz, but its Q is less than 250 and its 
residual impedance is very small, one thousandth of 
the target value at that frequency. The l-ME-2 mode, 
tbe worst dipole HOM, l-EE-2 l-ME-3 and l-EE-3 
dipole modes are all damped to safe levels, the latter 
being visible at 1311 MHz with a Q of about 500. 
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Fig. Ha. HOMs between 1.4 and 1.9 GHz, monopole 
and dipole modes only labeled. Note cut-off frequency of 
the TEl 1 mode in the beam pipe at 1.821 GHz. 

Fig. lib. HOMs between 1.4 and 1.9 GHz with three 
damping waveguides. Note that many modes are no 
longer visible and most others are strongly damped. 
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Fig. 12a. HOMs between 1.9 and 2.4 GHz with no 
damping. Note TM01 waveguide mode cut-off in the 
beam-pipe at 2378 MHz. 

The TM02t-like O-ME-2 monopole mode is still 
visible at 1296 MHz and although its Q is reduced to 
about 907 its initial impedance is high and its residual 
impedance is about three times the target value. 
However, there is considerable safety margin in the 
feedback specification, as is described later in the 
section on feedback simulations and, furthermore, 
more damping may be possible through the drive port 
and pumping structure. 

Figure l i b shows many fewer modes visible after 
damping than in fig. 1 la and, of these, only the 1-ME-
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Fig. 12b. HOMs between 1.9 and 2.4 GHz with three 
damping waveguides. No modes have residual 
impedance greater than the target values. 

4, l-EE-6,0-EE-4 and l-ME-6 modes have significant 
residual impedance. The last two of these are 
sufficiently damped but the first two exceed the target 
value for the transverse feedback system by factors of 
about 3. As with the longitudinal case the safety 
margin in the feedback system and additional damping 
from other ports are expected to eliminate problems 
from these loo. Figures 12b and 13b show good 
damping with no more HOMs left with troublesome 
impedances. 
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waveguides. Both monopole and dipole modes can 
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Table 2a. Properties of the longitudinal (monopole) modes below the beam-pipe cut-off calculated by 
URMEL and measured in the low-power test cavity. The last three columns show the effective impedance estimated 
by using the calculated R/Q and the measured QL, (R/Q x QL. k£l), the target impedance per cavity from the 
longitudinal feedback system and the fraction used by the modes. 

•note that the model as constructed is not a good lest of the fundamental mode O. 
MODE 
T Y P E 

FPEO 
(MHz) 

R/Q 
(Q) 

URMEL 
Q's 

Rs 
(MQ) 

MeasF 
(MHz) 

MEAS 
Q's 

R / Q X Q L 
(kQ) 

target 
<kO) 

fract. ol 
target 

TM010 O-EE-1 489.57 108.76 46306 5.036 484 •31926 3472.277 5.0 694 
TM011 0-ME-1 769.78 44.97 39625 1.782 758 28 1.259 3.2 0.394 
TM020 O-EE-2 1015.38 0.01 41383 0.000 1016 246 0.001 2.4 0.001 

O-EE-3 1291.02 7.68 90188 0.692 not visible after damping 1.9 
TM021 O-ME-2 1295.61 6.57 40326 0.265 1296 907 5.955 1.9 3.185 

0-EE-4 1585.46 5.06 42724 0.216 1588 178 0.901 1.5 0.591 
O-ME-3 1711.62 4.75 85135 0.404 not visible after damping 1.4 
O-EE-5 1821.89 0.06 107874 0.006 18211 2951 0.018 1.3 0.013 
O-ME-4 1890.98 1.68 44492 0.075 not visible after damping 1.2 
O-EE-6 2103.39 3.52 66780 0.235 2109 233 0.B20 1.1 0.713 
O-ME-5 2161.89 0.02 84386 0.002 2168 201 0.004 1.1 0.004 
O-EE-7 2252.16 1.21 55944 0.068 2253 500 0 . 6 0 7 | 1.1 0.564 

Table 2b, Properties of the deflecting (dipole) modes below the beam-pipe cut-off calculated by URMEL and 
measured in the low-power test cavity. The last three columns show the effective transverse impedance estimated by 
using the calculated R/Q at the beam-pipe radius and the measured Q, (R/Q/k(r)2 x QL, kii/m), the target impedance 
from the transverse feedback system (resistive-wall impedance) and the fraction used by the modes. 

MOOE 
TYPE 

FFB3 
(MHz) 

R/Q 
(aOro) 

FVQ/(kr)2 
(QSro) 

URMEL 
Q's 

R/k(r) 2 

(Mn/m) 
MeasF MEAS fVQk(r)2"Q 
(MHz) Q's (kO/m) 

target 
(kffm) 

irad.d 
res. wall 

TE111 1-ME-1 679.57 0.001 0.002 47520 0.001 not visible after damping 
TM110 1-EE-1 795.46 9.876 15.263 61076 15.531 not visible after dampinc 

1-ME-2 1064.81 31.990 27.590 50048 30.794 not visible after damping 
1-EE-2 1133.16 0.320 0.243 49771 0.287 1141 112 0.650 117 0.006 
1-ME-3 1208.21 0.385 0.258 87745 0.57J 1203 1588 10.323 117 0.088 
1-EE-3 1313.21 10.336 5.861 50189 8.09C 1311 498 80.142 117 0.685 
1-ME-4 1429.01 5.999 2.873 38150 3.28C 1435 3955 341.502 117 2.919 
1-EE-4 1541.02 2.065 0.850 102408 2.80S 1554 59 1.624 117 0.014 
1-EE-5 1586.23 5.262 2.045 76118 5.171 1588 178 12.107 117 0.103 
1-EE-6 1674.16 14.732 5.140 36130 6.512 1674 2134 384.567 117 3.287 
1-ME-5 1704.41 0.285 0.096 52856 0.181 1704 444 1.521 117 0.013 
1-ME-6 1761.93 0.330 0.104 92516 0.35S 1757 7129 27 .283 117 0.233 

5. FEEDBACK SYSTEM SIMULATIONS 

Simulation programs have been used to study the 
parameters of the proposed coupled-bunch feedback 
systems and can also be used to predict the behavior of 
the beam subject to the driving impedances measured in 
the test cavity. The longitudinal feedback system is 
being designed to handle a coherent coupled-bunch 
mode amplitude of 30 mrad but can tolerate much 

larger offset of a single bunch, for example during 
injection. 

Simulations of the longitudinal feedback system show 
that even using the residual impedances measured in die 
test cavity, a few of which are slightly higher than the 
target values, the beam is still stable and transients are 
quickly damped. Figure 14 shows a simulation in 
which the beam stays stable to within 2 mrad 
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longitudinal phase variation (die quantization level in 
die phase detector) and on turn 2000 one bunch is given 
a kick of 30 mrad. The bunch remains stable and it is 
quickly damped back to its original small amplitude. A 
transverse feedback simulation program is presently 
being developed and is expected to snow similar 
behavior using the measured transverse impedances. 

Hg.14, Simulation of longitudinal bunch motion with 
feedback on and measured HOM impedances. 

6. DRIVE COUPLER 

Addition of a drive coupler to the cavity will perturb 
the fields of many of the HOM. To test this a loop 
coupler from one of the original PEP cavities was 
introduced into Ibe low-power cavity to see now this 
affects the damping. As seen in fig. 9d and described 
above this has the effect of tuning some of die HOMs 
but does not appear to cause any of the harmful modes 
to become less well damped. In fact, the additional 
damping from the drive port is helpful to the three 
worst remaining HOMs. Aperture coupling schemes are 
also being studied for use in die final cavities and die 
high-power test cavity will include such a pott 

7. HIGH-POWER TESTCAVITY 

The next important R&D step is to build a high-power 
test cavity (HPTC) to prove lhat this kind of low-HOM 
design can be conditioned and operated at die ISO kW 
wall dissipation required for PEP-II. To speed up die 
design and fabrication of die high-power cavity it is 
planned to use a PEP loop coupler for die drive. These 
have been tested in die PEP cavities to 200 kW and 
should be more dian adequate for die task. The final 

cavity will have to take almost 500 kW with full beam 
current and an improved coupler design will be required. 

The HPTC is being designed in collaboration widi 
AECL Chalk River Laboratories. This work includes 
detailed cooling and diermal stress simulations and die 
development of a possible fabrication plan. The highest 
power density in the cavity is at die comers of die 
damping waveguides. Removing die beat from diese 
locations and reducing die diennal stresses to acceptable 
levels have been die main challenges in die design of 
die HPTC. This work is well advanced and it is hoped 
tint die high-power cavity will be ready for testing at 
SLAC in about one year. 

8. CONCLUSIONS 

The basic shape of PEP-II B factory RF cavity has been 
chosen for maximum fundamental mode shunt 
impedance and every effort has been made to preserve 
mis performance in subsequent steps. A waveguide 
damping scheme has been developed dirough computer 
simulations and test models diat shows great promise 
for substantially reducing die impedances of higlxr-
order modes. A design for die PEP-II cavity has been 
developed using dace damping waveguides. A full-size 
low-power model has been buik and tested and confirms 
our expectations. The impedance of die worst HOM in 
the cavity, die TM011 longitudinal mode, has been be 
reduced by more than dace orders of magnitude. Plans 
for a high-power lest cavity are well advanced and it is 
hoped diat diis will be ready for testing in about a year. 
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ABSTRACT 

This paper is an update on the development at Cornell of supen^odcuting cavities for high current B-iactories. 

1. INTRODUCTION 

High luminosity colliders such as die B-factory and the 
tau-charm factory as well as the LHC stand to gain 
from the use of SRF. To achieve high luminosity, 1-2 
amps of current need to be stored in many bunches 
spaced a few meters apart. Such high currents and tight 
bunch spacing make it imperative to lower the cavity 
impedances. By operating with high gradient (5-10 
MV/m), the number of high impedance accelerating 
cells can be reduced over copper cavities (1-2 MV/m). 
SRF cavities allow the use of large beam holes which 
further cut the impedance. Demands are greatfy reduced 
on feedback systems needed for controlling fundamental 
and higher mode driven multi-bunch instabilities. As 
an added bonus, capital and operating cost savings are 
realized from die reduced RF installation which no 
longer needs to provide for RF power dissipation in die 
SC cavity walls. 

This paper is an update on the status of develop
ment at Cornell of a SC cavity for B-factories. Design 
considerations were discussed in detail in [1]. HOM 
damping results for the accelerating cavity were pre
sented at the SLAC B-factory workshop in [21. Crab 
cavity development results were presented at die SLAC 
B-factory Workshop in [3]. 

2. SUPERCONDUCTING CAVITY RESULTS 

A 500 MHz niobium cavity and a copper cavity were 
received from industry and tested. A room temperature 
measurement showed that waveguide input coupler 
achieved die desired QL = 2.2x10 s. Fig. 1 shows die 
cavity with its special features of fluted beam pipe and 

* Supported by the NSF with supplementary support 
under the US-Japan Collaboration. 

t Visitor from KEK, Japan. 
t Visitor bom Novosibirsk, Russia. 

waveguide input coupler. In die vertical cold test, die 
SC cavity exceeded the design gradient (10 MV/m) at 
design Q (HP). The results are shown in Fig. 2. For 
diis test, die beam pipes were shorted widi niobium 
end plates, and the waveguide input coupler was 
extended a quarter wavelength with a niobium 
waveguide to which a niobium short was welded. 

3. DAMPING OF HIGHER ORDER MODES(HOM) 

The 500 MHz copper cavity was tested widi low power 
HOM loads[4] as shown in Fig. 3. The HOM spectrum 
widi and wiuiout ferrite loads is shown in Fig. 4. The 
RAJ and measured QL for monopoles is shown in 
Fig. 5a. The R/Q and measured QL for dipoles is 
shown in Fig. Sb. Q values between 20 and 70 were 
measured for higher order monopolcs. The one mode 
widi Q * 700 also has low R/Q (< 1 O/cell). Q values 
measured between 20 and 150 for dipoles. Again, die 
two modes with Q values of 500- 700 have R/Q < 1 
17/ceU. To measure very low Q modes , eg (Q " 20), 
it was necessary to use only 1/2 or 1/3 of die full 
number of ferritc tiles, spread evenly over die 360 
degree azimuth. The measured Q of die mode identified 
was dien divided appropriately by 2 or 3. Two types of 
ferrite were evaluated: Ferrite-50 and TT22U1/R. 
Results shown are for Femie-50, but both ferrites gave 
excellent mode damping. 

ZAP calculations using CESR-B parameters 
showed diat, widi die low impedance cell design and 
the strong damping achieved, there will be no need for 
a feedback system against multibunch instability from 
monopoles. Even widi half number of ferrite tiles, die 
beam is stable for (Low Energy Ring-CESR-B) LER 
parameters. A minimal feeback system will be needed 
to avoid multibunch instabilities from dipoles. With 
die worst 10 modes and 4 cavities in die LER, the 
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fastest calculated instability rise time was 19.S msecs, 
compared to the radiation damping time of 27 msec. 

These results validate our strategy of few cells per 
ring by virtue of high gradient SC cavities, each cell 
with low impedance by virtue of large beam holes, and 
strong damping with ferrite beam pipe HOM absorbers 
outside the cryostat 

Engineering studies are in progress to evaluate 
power handling capability of ferrites, bonding to a 
metal envelope, strength etc. These will be reported on 
at the MAMA conference to be held at CEBAF in 
Feb.93andatPAC-93[5]. 

Several efforts are under way to evaluate the broad 
band impedance of ferrite lined beam pipe sections as 
HOM loads. Measurements have been carried out on 
the complex permittivity and permeability of candidate 
ferrites from 300 kHz to 20 GHz. Example results are 
shown in Fig. 6 From these properties, impedance 
assessments are in progress. Various approaches are 
used. These include the LLNL program AMOS [6], our 
own analytic estimates and direct measurement by mak
ing the load the outer conductor of a coaxial transmis
sion line. Loss factor estimates from various methods 
for two types of ferrite are shown in Fig. 7. A more 
complete discussion of this subject will be given at the 
upcoming MAMA conference and PAC93 17]. 

A beam test will be carried out in CESR of a fer
rite beam pipe secton. The objectives are to confirm 
our impedance and beam induced power predictions. 

4. HIGH POWER WINDOW 

Two planar waveguide windows[8] were received from 
industry and tested to 250 kwatts cw travelling wave 
power. The major limitation was vacuum trips. It was 
possible to reach 90 kwatts cw travelling wave power 
in less than 2 hours of processing. To reach 250 kwatts 
it took another 150 hours. At no point did the tempera
ture of the water cooled BeO windows exceed 5 degrees. 
After the travelling wave power test, the load was re
placed by a short. It was possible to run 100-125 
kwatts cw reflected power, without any trouble for 4 
different short positions, spaced 1/8X apart After the 
test, the windows were let up to 1 atmosphere of clean 
dry nitrogen gas, and immediately pumped out. There 
was no difficulty in re-establishing the previous power 
values. These results will also be reported in more 
detailatPAC-93[9]. 

5. PLANNED BEAM TESTS IN CESR 

It is planned to carry out a short beam lest with the 
cavity now in hand (the B-cell). To this end, we have 
completed the design of the cryostat and tuner. Auxil
iary components such as thermal transitions, large di
ameter gate valves and sliding joints are also designed. 
Fabrication is in progress for these and other compo
nents needed for a beam test 

A primary objective of the first beam test is to 
operate the B-cell at the maximum possible gradient. 
The usable gradient of the cavity as demonstrated by 
the vertical cavity test is 10 MV/m at Q of 10*. We 
aim to store the maximum possible beam current 
With CESR it should be possible to access 170 mA. 
Another objective is to couple the maximum possible 
power to the beam through the input coupler, and to 
extract the maximum possible HOM power. The input 
power window has been processed up to 250 Kwatts. 
With 7 bunches of 24 mA/bunch possible in CESR, 
the expected HOM power is 6 kwatts/cavity, to be 
shared by two loads. We hope to explore single bunch 
and multibunch stability issues, as well as evaluate the 
performance of several components such as the cryo
stat, tuner, gate valves, etc. Because this will be a 
short test, the CLEO detector regrigerators will be 
used, supplemented by purchased liquid He as 
necessary. 

6. CRAB CAVITY DEVELOPMENT 

Realization of an angle crossing with colliding beams 
opens up higher luminosity with less background by 
allowing a larger number of bunches in the ring with 
closer spacing. A scheme of crab compensation is nec
essary to prevent harmful coupling between betatron 
and synchrotron motion. Only with an SRF cavity can 
the needed kick be provided with a single cell, so the 
added impedance to the machine is minimal. 

Development of the crab cavity is in progress in 
collaboration with KEK. The design of a SC crab cav
ity was completed. One unique feature is the beam line 
coaxial coupler scheme for damping the unwanted 
accelerating (TM010) mode, which has a high imped
ance. Bench measurement on a 1/3 scale copper crab 
cavity model showed that Q values below 100 can be 
obtained for all dangerous parasitic modes. Another 
unique idea is a SC choke filter to keep the crab mode 
well confined in the cavity. 

A 1/3 scale niobium crab cavity with the SC coax
ial coupler and the SC choke filter was built and 
tested.(Fig. 8) It reached a surface electric field of 20 
MV/m at a Q of 10". The Q vs E curve is shown in 
Fig.9. A full scale cavity that reaches the same surface 
fields will provide a kick of 1.8 MV, sufficient to 
compensate a ±12 mr crossing angle planned for 
CESR-B. 

Among the remaining design aspects are the incor
poration of an input power coupler to handle 60 kwatts 
power, development of the tuner, and the cryostat. 
Design work will continue in parallel with accelerating 
cavity development effort. A future beam test is also 
planned for crab cavity. Apart from subjecting the crab 
cavity to high beam currents, a primary objective will 
be to determine whether the beam-cavity system is sta
ble in the light of the strong dependence of longitudinal 
coupling impedance on transverse beam displacement 
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Cornell superconducting B-factory cavity 
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FIG. 2: Vertical cold test results for niobium B-factory 
cavity. 

FIG.l Superconducting niobium cavity with waveguide 
input coupler and fluted beam pipe. 
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FIG. 3: Configuration of copper cavity, beam pipe 
extensions, ferrite HOM loads and tapers for 
damping measurements. 
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FIG. 4: HOM spectrum with and without ferrite HOM 
loads. 
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FIG. 6: e and \i measurement results for femte-50. 
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FIG.7: Loss factor estimates for two types of ferrite by 
various methods. 
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FIG. 8: Crab cavity concept. 
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HG. 9: Test results on a 1/3 scale niobium crab cavity 
with niobium coaxial coupler and niobium choke 
filter attached 
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SUPERCONDUCTING CAVITY DEVELOPMENT 
FOR KEK B-FACTORY 

S. Mitsunobu, K. Asano, T. Furuya, M. Ohara, T. Tajima and T. Takahashi 

National Laboratory for High Energy Physics (KEK) 
1-1 Oho, Tsukuba, Ibaraki, 305 Japan 

Y. Ishi and Y. Kijima 

Mitsubishi Electric Corporation 
Kokusai Bldg. Rm. 730,3-1-1, Marunouchi, Chiyoda-ku, Tokyo 100 Japan 

1. INTRODUCTION 10 3 4 cm-V 1, which will be realized by storing 
2.6 A in the low-energy (positron) ring and 

KEK B-Factory is an asymmetric-energy 1.1 A in the high-energy (electron) ring, 
electron-positron collider to detect the CP Superconducting cavities for the B-Factory 
violation of B-mesons. If the Kobayashi- should be of single-cell type, since damping of 
Masukawa model is a correct description of HOMs is easiest and the input-coupler load can 
nature, we can expect sizable CP-biolation be minimized. To prevent coupled-bunch 
effect in several B-meson decay channels;1) instabilities, Q values of HOMs should be 
however, the branching ratio of the decay made lower than - 100. 
channels are rather small and we should have a Table 1 summarizes parameters of the 
collider with 2 ~ 10 x 10 3 3 cn rV 1 luminosity. superconducting cavity system of the KEK B-
The luminosity goal of the KEK B-Factory is Factory. 

Table 1 Main parameters of SC cavity for KEK B-Factory 

LER HER 
Energy 3.5 8.0 GeV 
Ace. Gradient 22 48 MV 
Beam Current 2.6 1.1 A 
R/Q 95 Q 
(R/Q)Qo 190 Gfi 
QL -2 x10 s 

Qo 2x109 
Coupling B - 1 0 4 

Number of cells 10 20 
Voltage/cells 2.2 2.4 MV 
Eacc 7.4 8.1 MV/m 
Power/cell 250 240 kW 
V -87.45 -83.15 degree 
<l>s 87.5 85 degree 
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2 . MEASUREMENT OF HOM 
DAMPING BY USING FERRITE 
ABSORBER 

A concept of HOM damping is to extract 
HOM power out of the cavity and absorb the 
power by ferrite absorbers attached to the inner 
surface of the beam pipe. The shape of the cell 
should make Qext of all HOMs low enough to 
couple out to beam pipes. If property of ferrite 
is good enough, it is expected that Qx of all 
HOMs are approximately equal to Qext. 

To test the HOM damping, we used the 
Cu model cavity of TRISTAN MR type and 
attached beam pipes of 320 mm diameter 
(LBP) and 180 mm diameter (SBP) (see Fig. 
2). Qext is determined from cavity resonant 
frequencies by varying the beam pipe length d. 
According to Slater's method, 

Qext 
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• • l • .••' 1 ' ' 
-

I '• / l . 

I 
OA 

, •n 
y^~ 

1 
1 

0.2 

0.0 '.' . • < ' . 

/ Jr 
. . . • • • ' t 

T U M I 

, , , ! ' • • 

i 

t 

T E \ 1 

, . 1 , 

• 

0.2 

0.0 
•' 0.2 0.4 0.0 O.fl i 

ffir* Ungtb (m) 

where Xg is the wave length, Vg is the group 
velocity and v is the phase velocity. The Qext 
values were calculated by measuring the 
tuning curves using a movable short-circuiting 
plunger and compared with calculation by 
URMEL. Figure 1 shows an example. We 
can get the Qext for each mode from the slope 
of the tuning curve and by the use of Eq. (1). 
TDK ferrite IB-004 was selected as the 
absorber, and the size of the ferrite tile is 60 
mm wide, 60 mm long, and 4 mm thick. The 
QL was measured with 64 ferrite tiles in the 
large beam pipe and 16 in the small beam pipe. 
Table II shows calculated and measured Qext's 
and QL'S of major modes. Measure Qext's are 
nearly equal to the URMEL calculation. The 
fact that Qext (measured) is almost the same as 
QL (with ferrite) means that damping by this 
type of ferrite is satisfactory. Figure 3 shows 
a comparison of resonance spectra with and 
without ferrite absorbers. 

Table II Q e x t and QL of major HOM's 

Mode QextfURMEL) Qexi(meas.) QL(wilh ferrite) 
TE111 210 150 140 
TM110 270 210 210 
TM011 900 740 760 
TM020 660 430 300 

Fig. 1 Example of Qext measurement. 

Ufa* Ouffl Plpa (10PJ 

•bi«M> (Farnla) TDK IB-DIM 

Fig. 2 Model cavity used for the mode damping experiment. 
The cavity are made of Cu and the attached beam pipes of Al. 
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Fig. 3 Resonance spectra of the cavity with and without ferrite absorbers. 
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Fig. 4 Performance of the cold test. 

3. LBP TEST BY Nb CAVITY 

To check the influence of the Large Beam 
Pipe (LBP) to the achievable accelerating field, 
one of the beam pipes of TRISTAN type single 
cell cavity was cut and a LBP of 32 m diameter 
was attached. The cavity was tested at 4.2°K. 
Figure 4 shows the cavity performance. No 
severe multipactoring was observed. The 
accelerating field of 10 MW/ra was attained 
without any difficulty. Figure 5 shows the 
photo of the Nb cavity. 

4 . DESIGN OF THE SUPERCON
DUCTING CAVITY 

The input coupler of B-Factory cavity is the 
Fig. 5 Tested Nb cavity with 32-cm 

diameter large beam pipe. 
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'ceramic window 

Fig. 6 Conceptual design of the B-Factory superconducting cavity. 

same type coaxial coupler that is used for the 
TRISTAN 5-ceII cavity. This type of coupler 
was tested up to 200 KW. To equip the 
coupler, one of the two beam pipes (SBP) 
must have a diameter the same as that of cavity 
iris. The other beam pipe is the flared LBP. 
Conceptual design of the cavity system is 
shown in Fig. 6. 

We optimized the cavity shape taking into 
account the following requirement: 
a) the shunt impedance of the accelerating 

mode be as high as possible, 
b) the external Q's of HOM's be as small as 

possible, which means the coupling to the 
beam pipe be as high as possible, 

c) the ratio of the surface peak magnetic field 
to the accelerating field, H s p /E a c c , be as 
small as possible to make the breakdown 
limitation as high as possible, 

d) the ratio of the peak surface electric field to 
the acceleration field, Hsp/Eacc, be as low 
as possible for the same reason. 

All die above criteria cannot be achieved 
simultaneously and the optimum design is a 
compromise according to the priority. In Table 
III, the main parameters for the designed SC 
cavity are listed. The R/Q and Qext of major 
HOM's are listed in Table IV. 

Table III The design parameters of the 1 st 
KEK SC B-Factory cavity 

Accelerating mode frequency (MHz) 508 
R/Q (£2) W~ 
Hsp/Eacc [G/(MV/m)] 50 

Table IV R/Q and Q e x t of major HOM's 

Mode R/Q OextdlRMEL) 
TM010 45 — 
TM011 8.7 121 -140 
TM020 0.4 — 
TM110 21* 94-138 

* R/Q was defined by (R/Q)/(R0 w/c)2, Ro = 5 cm. 
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Fig. 7 Geometry of optimized B-Factory cavity. 

The geometry of our optimized design is 
shown in Fig. 7. The diameter of the beam 
pipes attached to the cell is 22 cm for SBP and 
30 cm for LBP. 

An aluminum model to check the design 
properties was manufactured, and a niobium 
model will be completed at the end of April, 
1993. 

5 . DEVELOPMENT OF HOM 
ABSORBERS) 

The permitivity, permeability and out-
gassing rate of IB-004 in vacuum were 
measured. This ferrite absorbs RF power 
magnetically and satisfies our requirement. 
The outgassing rate at room temperature after 
150 hours of pumping was acceptable value of 
about 5 x 10 1 1 Torr 1/sec/cm2. 

6. Nb SPUTTERED Cu CAVITY 

sputtering is used for coating a 508 MHz 
single cell Cu cavity with Nb films. 
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A Nb sputtered Cu cavity is stable against 
the thermal breakdown. The cryostat for the 
Nb/Cu cavity can be made simpler and smaller 
than that for our TRISTAN type. The 
development of Nb/Cu cavity for the KEK B-
Factory is also going on. DC magnetron 
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Higher Order Mode Damping for the Storage Ring 
of the Advanced Photon Source (APS) 

Y.W.Kang 

for the RF Group of the APS 

Accelerator Systems Division 
Argonne National Laboratory 

Argonnc, Illinois 60439 

I. Higher Order Mode (HOM) Damping for the APS 

• Shift HOM frequencies: • Use slightly different cavity lengths to separate the 
HOM frequencies of neighboring cavities. 

• Coaxial dampers: • Electric field probe damper 
• Magnetic field loop damper 
• Use TEM coaxial transmission line with a electric field 

probe or a magnetic field loop. 
• Need fundamental mode de coupling circuit. 

• Waveguide dampers • Use matched load terminated hollow waveguide 
• Fundamental mode de coupling is done by low 

frequency cutoff characteristic. 

II. Coupled Bunch Instabilities 

The coupled bunch instabilities have been studied [1][2] for the storage ring of the 
Argonne APS. The maximum growth rate of the coupled bunch instability for each 
monopole and each dipole higher order mode is listed in the Tables 1. and 2, 
respectively. The result used the cavities with deQing factor of 10. Fifteen cavities with 
an incremental elongation of 1mm are used. The computed growth rates are compared 
with system longitudinal damping rate of 213/sec for monopole modes and the transverse 
damping rate of 106/sec for dipole modes. 
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Table 1. DeQing factor for monopole modes 

f^iMHz) l/t(sec_I)for Required 0 / g , 
Q = Q./10 

536.7 80 4 
922.5 50 2.3 
939.0 19 1 
1173.2 19 1 
1210.8 45 2.1 
1509.1 45 2.1 

Table 2. DeQing factor for dipole modes 

fnJiMHz) l/tCsec^for Requiredg/ft 
Q-Q.no 

588.7 117 11 
761.1 73 4 
962.0 17 2.3 
1017.4 7.3 1 
1145.1 7.8 1 
1219.2 10 2.1 

m. HOM Damping in a Single Cell Cavity 

1. Shifting HOM frequencies with cavity lengthening 

Table 3 Frequency perturbation due to cavity lengthening 

Frequency (MHz) Measured (MHz/mm) Calculated (MHz/mm) 

352.714 +0.0092 -0.073 
536.252 -0.724 -0.58 
744.622 -0.612 -0.583 
936.078 -0.792 -1.15 
1209.414 -2.248 -1.95 
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Incremental elongation of cavities - This is to be done by making the cavity lengths 
different as discussed in section II. Computer simulations show that the cavity elongation 
does not change the fundamental mode frequency significantly while other higher order 
mode frequencies shift significantly. Measurement of the frequency shift of the single 
cell cavity is made with shimming the cavity to increase die length. The result is shown 
in table 3. 

2. Coaxial Dampers 

These dampers use 50ft coaxial transmission line structure. Result of measurement of 
the HOM damping with coaxial dampers is shown in Table 5. In this measurement, direct 
matched load termination which provides 50ft loading is used. 

A. E-probe damper 

The electric field probe damper is shown in Figure 1. The E-probe is used in the 
equatorial plane of die cavity in order to eliminate die coupling of die fundamental mode 
frequency. The diameter and die length of die probe are 0.8cm and 1.3cm, respectively. 
Since a matched load termination is used in die damper wim a 50ft coaxial line, the 
load resistance is 50ft. Now, the load resistance is varied to find die optimum value. 
This will change the power transfer condition at HOM frequencies. The optimization has 
been made and the damping property is shown in Figures 2 and 3 for tome of die HOMs. 
These Figures show how varying the load resistance change dw damping ratios. 

Table 4. Optimized damping with two E-probes 

Frequency R Threshold Current Damping! 
(MHz) (Normal Mft) (mA) (dB) 

536.7 1.67 80 23 
588.7 13.6 81 9 
761.1 25.6 43 30 
922.5 0.62 130 
939.0 0.23 340 40 
962.0 6.1 180 
1017.4 2.6 320 13 
1145.1 2.7 80 5 
1210.8 0.49 80 
1509.1 0.36 80 20 

A non-optimized damping win a single E-probe damper is shown in Table 5 with other 
H-loop damper cases. An E-probe damper has been successfully tested for up to 100KW 
of cavity input power in die single cell storage ring cavity. 
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B. H-loop dampers 

B-I. H-loop damper with fundamental mode rejection filter. 

An H-loop damper with a fundamental mode frequency rejection filter (FFRF) which is 
constructed as shown in Figure 4 has been tested. The loop area is perpendicular to the 
H-field of the fundamental mode. The damping ratios with the damper for the most 
dangerous modes are shown in Table 5. The area of the loop is 1.5 inch^. 

B-2. H-loop dampers without me fundamental modes rejection filter 

A H-loop damper without the fundamental mode frequency rejection filter was tested. 
This measurement is to show how the A/2 short stub 352MHz rejection filter degrades 
the HOM damping performance. The loop area is perpendicular to the H-field of the 
fundamental mode. This damper absorbs the fundamental frequency energy. This shows 
that a H-loop damper without the rejection filter can damp HOMs better. The reason is 
that using the resonant stubs also blocks other frequencies at around the even multiples of 
uie rejection filter frequency. The damping ratios for the HOMs are shown in Table 5. 

B-3. Damping with an E-probe damper and a H-loop damper. 

An E-probe damper and an H-toop damper are used together as shown in Figure 5. The 
two dampers are in die equatorial plane of the cavity with 60degree separation. The E-
probe damper is identical to the one used in A. The H-loop damper is the one with die 
fundamental frequency rejection filter. The damping ratios are shown in Table 5. 

E-probo dampw.,^ \ /f) H-loop dampw 

Figure 5. E-probe and H-loop dampers are used together 
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Table 5. HOM Damping with coaxial dampers 

Frequency Damping 
(MHz) (dB) 

E-probe H-loop with E-probew/o E-probe and H-
damper FFRF FFRF lopp 

536.7 0 3 5 5 
588.7 0 3.5 9 0 
761.1 3 0 5 16 
922.5 3 3 
939.0 3 19 
962.0 9 8 12.6 19 
1017.4 6 0 29 31 
1145.1 
1173.2 9 9 
1210.8 5 5 11 5 
1219.2 5 31 
1509.1 24 -1 10.5 24 

3. Waveguide damper 

Figure 6. A waveguide wideband damper is used in a cavity 

For a wideband HOM damping, one or two circular cylindrical waveguide dampers are to 
be used. The diameter of a big port of the cavity is 5.8 inches. The cutoff frequency of 

the cylindrical waveguide is fc =1.18GHz for e, = 1 and fc =392MHz if the waveguide 

is filled with a dielectric material with £ = 9. At 352MHz, the attenuation constant in 

the waveguide: Of-23.5 Nepers/m for £, = 1 and a=10.9 Nepers/m for £r = 9. For a 
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IS" long waveguide section, the attenuation =-77.8 dB for £, = 1, and -36 dB for 

6, s= 9 . This shows that a dielectric loaded damper is able to damp some HOM 
frequencies lower than 1GHz. 

1 J^J CAVITY A DELECTMC J ) ^ | 

/ \ RFABSORBER / \ RFA RF ABSORBER 
CERAMBWrnDOW WAVEGUDE CERAMCWNDOW WAVEGUIDE 

DAMPER DAMPER 

(•) (b) 

Figure 7. A cylindrical waveguide damper without and with dielectric 

The end of the waveguide is fitted with tapered RF absorber. The cavity sside of the 
dielectric can be tapered for better HOM coupling. A ceramic window is used between 
the cavity and the damper. If necessary, more than one damper can be used. The 
measurement results for a single hollow waveguide damper are shown in Figures 8 
through 11. Figures 8 and 10 are the frequency responses without the damper, and 
figures 9 and 11 are the responses with the damper. 
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Klystron Equalization for RF Feedback* 

P. Corredoura 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 

ABSTRACT 

The next generation of colliding beam storage rings support higher luminosities by significantly 
increasing the number of bunches and decreasing the spacing between respective bunches. The 
heavy beam loading requires large RF cavity detuning which drives several lower coupled bunch 
modes very strongly. One technique which has proven to be very successful in reducing the 
coupled bunch mode driving impedance is RF feedback around the klystron-cavity combination. 
The gain and bandwidth of the feedback loop is limited by the group delay around the feedback 
loop. Existing klystrons on the world market have not been optimized for this application and 
contribute a large portion of the total loop group delay. This paper describes a technique to reduce 
klystron group delay by adding an equalizing filter to the klystron RF drive. Such a filter was built 
and tested on a 500 kW klystron as part of the on going PEP-II R&D effort here at SLAC. 

1. INTRODUCTION 

The proposed PEP-II B-factory at SLAC 
centers around a 3.1 GeV positron ring and 9.0 
GeV electron ring. Current in the two rings is 
2.14 A and 1.48 A respectively. A harmonic 
number of 3492, RF frequency of 476 MHz, 
and filling every other bucket allows for 1746 
possible bunches in each ring. In order to allow 
ions to clear in the electron ring, only 1658 
buckets are planned to be populated. The 
number of bunches in the positron ring will be 
tailored to match transients in the two rings. 

The gap in the bunch train introduces strong 
revolution harmonics to the bunch spectrum. 
These harmonics are spaced at 136 kHz 
intervals and interact with the impedance 
associated with the fundamental accelerating 
mode of the RF cavities as shown in figure 1. 
Each revolution harmonic has an upper and 
lower synchrotron oscillation sideband spaced 

* Work supported by Department of Energy 
contract DE-AC03-76SF00515. 
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7 kHz away. The driving impedance of each 
coupled bunch mode can be calculated by the 
difference in the real impedance seen by the 
upper and lower revolution sideband 
associated with the mode. Modes are driven if 
an upper sideband sees a higher real impedance 
than the lower sideband. Note that an upper 
sideband may be at a lower frequency than a 
lower sideband. A good example is the most 
strongly driven, the -1 mode. 

m^kiLA 1 
+2 -2 +1-1 0 i 0 -1 +1 -2 +2 

476MHz- 476MHz- } 476MHz+ 476MHz+ 
2,136kHz 136kHz 47^MHz 136kHz 2*136kHz 

Figure 1: Cavity impedance and beam spectrum with 
mode numbers of sidebands labeled. 

Great effort has been devoted to reducing the 
impedance of higher order cavity modes1 

down to a level where driven coupled bunch 



modes can be damped by a wide band digital 
feedback system. 2 , 3 Reducing the cavity 
impedance of the accelerating mode is not an 
efficient option. One solution is to use RF 
feedback to reduce the impedance viewed by 
the beam. 

2. RF FEEDBACK BASICS 

The philosophy behind RF feedback is 
illustrated in figure 2. A sample of the cavity 
fields is amplified and phase shifted such that 
the hybrid summing node takes the difference 
between the reference and the cavity signal. 
This error signal is then used to drive the 
klystron and cavity. Beam induced signals in 
the cavity appear as an error signal in the loop, 
are inverted around the loop and canceled in 
the cavity. These induced signals are reduced 
by the amount of loop gain at the frequency in 
question. The gain and bandwidth of the loop is 
limited by the total group delay around the 
loop. 

Drive 
Reference 

results are plotted in figure 3. 

Figure 2: Mode diagram of a RF feedback loop. 

3. TRANSFER FUNCTIONS 

3.1 Klystron 

Using a HP 8753 network analyzer, the 
transfer function of the 500 kW PEP-II 
klystron was measured. A linear model was 
then fit to the response using MATLAB. The 

« ! f l ) « « ) H i n i i » f f l 

Bguie 3: Modeled klystron transfer function 

Measured data appear as asterisk while the 
model fit is the stolid line. Note the maximum 
group delay of -309 ns. Group delay is defined 
as the slope of the phase response: 

8 dan 

3.2 RF Cavity 

The bandwidth of the loaded cavity is ~70 kHz. 
Figure 4 shows the expected 180 degree phase 
shift through the resonance. 

4 7 2 « T S 4 M 4 ! 5 4 K « n 4 7 l 4 T C 

figure 4: RF cavity transfer function 
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3.3 Transmission Delay 

Transmission delay is the lumped effect of 
coaxial cables and waveguides. In the 
frequency range we are concerned with, 
waveguides can be considered frequency 
independent delay elements. Figure 5 shows 
the phase response of the 155 ns of delay 
estimated for PEP-II. Note that this is roughly 
half the delay associated with the klystron. 

m » «««)«•. otto—pa*. 

Figure 5: Phase response ot transmission delay 

3.4 Other Elements 

The response of the electronic phase shifters 
manufactured at SLAC have a flat amplitude 
response and a group delay of -5 ns. Their 
contribution was included in the transmission 
delay of 155 ns. 

The gain element is a wide band solid state 
amplifier which contributes a few ns of group 
delay to the loop. This was also included in 3.3 
above. 

3.5 Open Loop Response 

Combining the individual transfer functions 
we can calculate the open loop response of the 
feedback loop. The value of the gain element is 
determined by stability criteria. Here we have 
chosen the limit to be a phase margin of 
relatively conservative 60 degrees. 

increase the gain and bandwidth of the loop, 
the total amount of phase shift between the 0 
dB points would have to be reduced. 

475 4752 475.4 4754 475J 4M 4712 47L4 47fcf 474.1 477 

475 475.2 475.4 4754 47514 474 47U 4X4 4744 47U 477 

Figure 6: Open loop response 

The 180 degree contribution from the cavity 
occurs over a small bandwidth when compared 
to the feedback loop bandwidth of -700 kHz. 
The RF power is not available to cancel the 
cavity response, hence this effect is fixed. The 
transmission delay should be minimized when 
a system is designed, but is generally not a 
variable which can be optimized. This leaves 
us with the klystron. In terms of the "phase 
budget" we can write: 

2 (i°„) + 180 + 360 (f t4/) + APUys * 360 

This equation states that the sum of phases 
required for phase margins (2x60 degrees), 
cavity resonance (180 degrees), transmission 
delay, and klystron group delay must remain 
less than 360 degrees. Since the first two terms 
are constants, we can state that the sum of the 
phase contribution of the transmission delay 
and the klystron group delay must be less than 
60 degrees. 

Figure 6 displays the open loop transfer 
function. The location of the upper and lower 
phase margins are shown. If one wanted to 

One can view the klystron transfer function to 
be similar to that of a bandpass filter. 
Increasing the bandwidth of the filter decreases 
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the group delay. By using the bandpass 
equivalent of lag-lead compensation on the 
klystron drive signal, the location of the poles 
in the klystron transfer function can be spread 
apart to increase the tube bandwidth. The filter 
which performs this function is called an 
equalizer. 

4. EQUALIZER DEVELOPMENT 

The klystron equalizer is a filter which places 
emphasis on the klystron drive at frequencies 
where output has began to decrease. The 
design began with generating a linear model 
for the klystron response. Figure 7 is the output 
of a MATLAB file which allows the user to 
interactively fit a model to data measured with 
a network analyzer. 

""«°;p'» , jot, nm»o«im« 
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Figure 7: Klystron model development 

Next we design a filter transfer function which 
has zeros to cancel the klystron poles. Poles are 
selected based on the final combined group 
delay or bandwidth desired. The goal for our 
filter was to decrease the group delay by a 
factor of four. The response of the equalizer 
filter is plotted in figure 8. Note the positive 
phase slope which creates a negative group 

delay of -200 ns. 
.5. E — U f f H 
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Figure 8: Equalizer response 

Placing the new filter in the klystron drive 
produces a new combined response with a 
larger bandwidth and smaller group delay. 
Figure 9 shows the combined response. 

474 474 474 
FNqmcjT'MHr 

Figure 9: Combined response 

5. IMPLEMENTATION 

Studying the required poles and zeros of the 
equalizer shown in figure 8, we observe that 
the transfer function contains complex zeros. 
Synthesis of complex zeros is difficult in 
lumped elements, especially at microwave 
frequencies. The chosen approach was to mix 
down to baseband in quadrature, process the 
signals and then mix back up to 476 MHz. 
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Figure 10 illustrates this topology. 
»>£î r?t~» 

^ ^ ^ ^ 

consistent with the equalizer filter. 

Figure 10: Equalizer block diagram 

Using the baseband technique the complexity 
of the filter is reduced, but two filters are 
required instead of one. To transform the filter 
to baseband, 476 MHz is translated to DC, 
hence the location of the imaginary portion of 
the complex poles and zeros above 476 MHz 
are shifted down by 476 MHz. Poles and zeros 
below 476 MHz are ignored if the filter 
response is symmetric. This greatly reduces the 
required Q of the filter. Figure 11 shows the 
required baseband response of the filter. 

FnyMcyHi 

Figure 11: Baseband equalizer response 

Realization of the filter response was achieved 
using state space techniques. The MATLAB 
function TF2SS was used to make the 
transformation into control canonical form. 
Figure 12 shows the general form for state 
space representation of a transfer function. 
Figure 13 populates the matrixes with values 

[oMfp«{| " [CJ 

B] {input] 

Figure 12: General state space transfer function 

A - -3.52xl0 7 -6.17xlOM 

C - [-2.64x10' -5.79X1014] D " 0 

Figure 13: Matrix values for equalizer function 

To make the gains in the C matrix more 
reasonable, the following substitution is made: 

2.64xio; 

l 
» i « 

2 i Z i " [2.64x1011*1 

22 z2 m [5.79xl0'jA7 
5.79x10 

Figure 14: Substitution values 

The resulting relationship (figure IS) has two 
-1 entries in the C matrix which can easily be 
implemented with an op-amp summing node. 

2, -3.52xl07 -2.81xl07 

.2.19xl07 0 

[pu/put] " [_-l -I! 

2.64x10 
0 

[input] 

0 \inpu^ 

Figure 15: Matrixes after substitution 
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The next step is to transform the matrix 
representation into the Laplace domain. Here 
differentiated elements are operated on by s, 
the Laplace operator. 

equations. Figure 20 contains these results. 
V 

-3.52xl07 -2.81 xlO7 

2.19xl07 0 
2.64x10' [input] 

Figure 16: Laplace representation of the two states 

Figure 16 contains two equation of the form: 

s Z l - AUZl+A12Z2+Bl\}nPu^ 

Figure 17: An equation defining state Zj 

If we divide the two equations having the form 
illustrated in figure 17 by s, the resulting 
relationship can be realized with a single 
op-amp circuit. Recall that an integrator has 
the following transfer function: 

C 
<r-

f1 
output - 1 
input sCR 

Figure 18: Op-amp integrator circuit 

If one studies the matrix relations, it becomes 
clear that the transfer function can be realized 
with a total of five op-amps. Two amps are 
configured as integrators to implement the 
equations of figure 17, two are needed for 
inversion, and the last is used to sum the two 
states and the inverted input to create the 
output. Figure 19 shows this realization. 

Calculating the component values is simply a 
matter of choosing a reasonable value for the 
integrator capacitors and equating the time 
constant of each integrator input to the 
corresponding coefficient from the state 

Figure 19: Schematic of filter 

Selection of a good op-amp is important. Since 
the filter response extends to several MHz, a 
wideband amplifier is needed. Current 
feedback op-amps offer large bandwidths but 
are not stable for integrator applications. This 
application calls for a voltage feedback 
op-amp which is stable at unity gains. We 
selected an impressive device from Elantec, 
the EL2073. This amplifier has a 200 MHz 
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gain-bandwidth product, and is unity gain 
stable as required. Spice simulation using an 
ideal op-amp matched the measured filter 
response except for 5 ns of additional delay. 

and doubles the loop bandwidth. 

1 B \ 2.64x10 
5 S * l " 

1 
sCR{ 

B \ 2.64x10 
5 S * l " 

Cx2.64xl0 7 

1 A n 2.81xl0 7 

s s *2 

1 
sCR2 

A n 2.81xl0 7 

s s *2 
Cx2.81xl0 7 

1 A\l 3.S2xl0 7 

s s 
R3. 

1 
sCR3 

A\l 3.S2xl0 7 

s s 
R3. 

C x 3.52xl0 7 

1 -*21 2.19xl0 7 

s s V 1 
sCR^ 

-*21 2.19xl0 7 

s s V 
Cx2.19xl0 ? 

Figure 20: Calculating resistor values 

Resistor Value 

Rl 379 ohms 
R2 356 

R3 284 
R4 457 

Table 1: Results assuming C - 100 pF 

Figure 21 shows the actual measured 500 kW 
PEP-II klystron transfer function. Figure 22 is 
the response of the equalizer filters including 
the RF circuitry to mix down and back up to 
476 MHz. The measured group delay is -190 ns 
at 476 MHz. Finally figure 23 is the cascaded 
response of the klystron and the equalizer 
filter. The cascaded group delay at 476 MHz 
has been reduced to 82 ns. MATLAB 
calculations show that the addition of the 
equalizer allows for 6 dB additional loop gain 
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Figure 21: Measured klystron response 
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Figure 22: Measured equalizer response 
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Figure 23: Measured klystron-equalizer response 
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6. CONCLUSIONS 

Large group delays common in todays high 
power klystron tubes used for storage rings can 
be effectively compensated for. We have 
demonstrated a technique which is technically 
very feasible, low cost and effective. 

Matching the equalizer response to a particular 
klystron may require some iteration, but this is 
just a matter of optimization. One could 
consider an adaptive method to tailor the 
combined response to a model filter (analog or 
digital). Figure 24 should be considered "food 
for thought". 
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ABSTRACT 

The proposed PEP IIB factory at SLAC requires a feedback to damp out longitudinal synchrotron 
oscillations. A time domain, downsampled, bunch-by-bunch feedback system in which each 
bunch is treated as an oscillator being driven by disturbances from other bunches is presented as 
we review the evolution of the system design. Results from a synchrotron oscillation damping 
experiment conducted at the SLAC/SSRL/SPEAR ring are also presented in this paper. 

1. INTRODUCTION 

The feedback system design incorporates a 
phase detector to provide a measure of the 
bunch phase, digital signal processing to 
compute an error correction signal and a kicker 
system to correct the energy of the bunches. A 
downsampling scheme has been implemented 
to reduce the size of the hardware. 

Figure 1 is a conceptual diagram of such a 
system. The phase of each bunch is detected 
and a correction kick for each bunch is 
computed and applied by a kicker. The 
downsampler allows each digital signal 
processor (DSP) to handle more bunches and, 
consequently, reduces the size of the system. 
The hold buffer holds the last kick value 
computed for each bunch. 

Other driving terms 
and disturbances 

Noise 
Fig. 1 Conceptual bunch-by-bunch, downsampled feedback system. 

* Work supported by Department of Energy 
contract DE-AC03-76SF00515. 
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2. SYSTEM REQUIREMENTS 3. DIGITAL SIGNAL PROCESSORS 

2.1 PEP II Specifications: 

• 476 MHz RF frequency 

• Every other RF bucket populated 

• 4.2 ns inter-bunch period 

• Up to 1746 bunches without ion clearing gap 

• 16S8 populated bunches with gap 

• 7.3 lis revolution period 

• 140 \is synchrotron period. 

2.2 Feedback requirements: 

• Detect the bunches' phase oscillation 

• Provide a 90* phase shift at the oscillation 
frequency 

• Suppress DC components in the error signal 

• Provide a processing gain useful with a noisy 
front-end 

• Provide +/-15" linear phase range correction 

• Provide 0.5*, or better, measurement 
resolution 

• Implement saturated limiting on large 
oscillations 

• Output power 2.5 kW at 1.071 GHz. 

2.3 Implementation of the feedback: 

The various options to implement an 
accelerator feedback are discussed in detail in 
Refs. 1 and 2. Analog and digital approaches 
are compared, and the approach chosen for the 
longitudinal feedback systems in PEP II is a 
digital signal processing technique. 

The commercial activity in DSPs in recent 
years has lead to a wide choice of devices for 
audio and speech applications. These devices 
are also well suited to synchrotron frequencies 
in the range of 7-10 kHZ. When used to 
implement an accelerator feedback system, 
they offer the additional advantage that the 
filter can be configured via software to match 
the particular operating characteristics of the 
machine. Figure 2 is a block diagram of the 
original PEP II longitudinal feedback system 
proposal using DSP devices to implement a 
finite impulse response (FIR) filter 

Such a system to control the large number of 
bunches in the PEP II rings requires many 
DSPs. It was recommended by a review board 
that the number of DSPs be reexamined. 

4. DOWNSAMPLING 

References 3 and 4 present the downsampling 
approach in detail. Our longitudinal feedback 
system for PEP II takes advantage of the fact 
that the revolution frequency at which we 
sample the phase oscillation is greater than the 
synchrotron frequency. This inherent 
oversampling allows use of the downsampling, 

PMujp Btctadt StoJCIuf 

Fig. 2 Longitudinal feedback system without 
down sampler. 
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in which information about a particular bunch 
oscillation is used only every n revolutions, 
and a new correction signal is updated every n 
revolutions. This approach allows the 
processing system to operate closer to the 
Nyquist limit and reduces the number of 
multiply accumulate operations in the filter by 
a factor of l/«2. 

The downsampled longitudinal feedback 
scheme was examined and simulated. The 
results suggest that it could control the coupled 
bunch oscillation with dynamics similar to a 
20-tap filter. The frequency response of the 
20-tap and 5-tap filters are shown in Fig. 3. 

A downsampling factor of four was 
recommended for PEP II. Figure 4 shows that 
kicker signals applied to the bunch are now a 
coarser approximation of the ideal feedback 
kick. 

The downsampling reduces the size of the DSP 
farm considerably, and the bus bandwidth 
required to move data within the system is 
reduced by a factor n. However the 
downsampler and hold buffer need to be 
implemented with high speed electronic 
circuitry running at the bunch frequency. 

142 Frtquwcy (kHz) 7 H M M 

Fig. 3 Frequency response of "n=l" (dashed line) 
and "n=4." 

Figure 5 shows a conceptual block diagram of 
such a processing farm. 

In the spirit of the PEP II technical practice, the 
downsampled processing scheme was 
reviewed, approved, and a detailed study of the 
system architecture recommended. 

5. SYSTEM ARCHITECTURE 

Multi-processor systems have many 
applications and are typically based on 
^ . 1 . 4 1 — • — i — • — i — • — i — i — i — • — r 

- 1 . 2 1 • I i I i I i l i U 
0 4 8 12 16 20 

1-92 Turn number 7059A72 
Fig. 4 Response of the downsampled filter with hold 
buffer. In (a), the squares are sampled values of the oscil
lation, (b) shows ideal and downsampled outputs to 
a kicker. 

~-169 — 



R F 

Offset—, 

Analog 
(from phase 

detector) 

j_ Vernier 

Analog 
(from phase 

detector) f Dual-
port 
hold 

buffer 

^ Analog 
(from phase 

detector) Digitizer 
and 

down-sampler 
— 

Address 
generation 

f m Dual-
port 
hold 

buffer 
-J Digitizer 

and 
down-sampler 

— 
Address 

generation 
f m Dual-

port 
hold 

buffer 
-J Analog 

Itn nsuuor 

Digitizer 
and 

down-sampler 
i DSP farm 

Dual-
port 
hold 

buffer 
amplifier) 

Control/diagn 
path 

ostics ' 

Dual-
port 
hold 

buffer 

Control/diagn 
path 

ostics ' 

f 1-92 

Fig. 5 Block diagram of a downsampled feedback system with downsampler. 

standard parallel buses such as VME, 
Multibus II or a new comer in the field, 
Futurebus+. The longitudinal feedback for 
PEP II being a multi-processor system, we 
chose to use a bus with a well defined protocol 
to distribute the data. The VMEbus was 
selected because of its architecture, the 
availability of assembled chassis with power, 
cooling and various sizes of backplanes. 
Interface chip-sets are available to help the 
designer adhere to the protocol and several side 
buses, such as VMX, VMS and VSB are 
specified. 

The VMEbus is a computer architecture with 
32 bit data and 24 bit wide address buses. It can 
also be used as a 64-bit-wide multiplexed 
address and data bus under revision D. There is 
a proliferation of commercially available VME 
based board products, many of them with 
DSPs. However, most of the DSP boards 
commercially available have floating point 
devices and large on-board memory. They are 
designed to accept large blocks of data on 
which they effect some complicated, slow 
computation. These subsystems are typically 
used for speech recognition, image 
reconstruction and the like. They are not well 
suited to an accelerator feedback application 
which is I/O bound and has a short filter code 
which requires little- memory. The design of 
our DSP boards will have four DSP integrated 

circuits per 6 U VME board. Since the ADC 
and DAC are eight bits wide, the data from four 
bunches and four bunch kicks will each form a 
32 bit word. The 32 bit wide VMEbus protocol 
was recommended. This permits us to address 
the DSP boards with each transfer and perform 
a read-modify-write cycle rather than doing 
block transfers which require duplication of 
addressing circuitry on the downsampler-hold 
buffer and the DSP boards. It also guarantees 
data integrity. 

The longitudinal feedback for PEP II presents a 
particular challenge to meeting the data 
distribution bandwidth. Even with 
downsampling by four, the amount of data sent 
from the downsampler to the DSPs and from 
the DSPs to the hold buffer is overwhelming. 
The data to and from a DSP is one byte wide. 
The aggregate data rate to maintain is therefore 
one byte every 16.8 ns, or 119 MBytes per 
second. Of course, the VMEbus cannot sustain 
such a data rate. Faced with this restriction we 
are compelled to distribute the data over two or 
more VMEbuses. 

A review was conducted to critique the 
proposed VME based architecture. Very 
strong warnings were expressed, one to avoid 
pushing the bus technology and the other to 
expand the control interface definition. 
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Another facet of the architecture has to do with 
the downloading of the code and coefficients to 
the DSPs, and the system control and 
monitoring. These functions can be performed 
at the low data rate of a few kHz. The VMEbus 
can be used for downloading as long as this is 
done prior to operating the system, since the 
data transfers will consume the bus bandwidth 
during running. Another path had to be found 
for the control and monitoring functions. We 
selected the VME subsystem bus, VSBbus, as 
the control, monitoring and downloading path. 
The VSBbus has a 32-bit multiplexed address 
and data bus, read-modify-write capability, and 
single interrupt level. One of the often cited 
drawbacks of the VSBbus is its limitation to six 
slots. In the PEP II longitudinal feedback 
system design, it forces the designer to limit 
data transfers to a reasonable rate. For 
example, if the time for a DSP to execute the 

Fig. 6 PEP II Longitudinal feedback architecture. 

filter is lias, as determined experimentally, a 
DSP board can be accessed only every l^s or 
longer, with five DSP boards per VMEbus 
segment, three VME/VSBbus segments are 
required, and the aggregate read-modify-write 
data rate per VMEbus segment is now reduced 
to 37 Mbytes per second. 

Figure 6 shows the architecture we propose. 
We chose to package the phase detector, ADC, 
downsampler and hold-buffer, DAC and the 
amplitude modulator into a VXIbus 
mainframe, because of its good 
electromagnetic shielding, cooling, and system 
power. It has power for the ECL circuitry, and 
its 1.2 inch board spacing allows for large 
analog components. 

Each VME/VSBbus segment has an interface 
to the downsampler and hold-buffer via a 
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Gigabit rate data link and a commercially 
available microcomputer which is used for 
loading the DSPs, control and monitoring. This 
architecture has been reviewed and approved, 
and the detailed design of the components is in 
progress. A prototype will be built and 
iir i'J -d at the Advanced Light Source (ALS) 
atLii^. 

6. OSCILLATION DAMPING AT SPEAR 

A laboratory prototype longitudinal feedback 
system as described in Ref. 5 has been 
developed. This model implements a full speed 
(500 MHz) front end phase detector with 
digital signal processing for a limited number 
of bunches. It has been tested on the SLAC/ 
SSRL storage ring SPEAR. As the SPEAR 
storage ring does not have a wideband kicker, it 
is not possible in this configuration to control 
multiple bunches, though it is possible to 
measure multi-bunch effects using the fast 
front end. 

It is possible to operate this feedback system 
around a single stored bunch by using the main 

Fig. 7 Photographs of the 

RF cavity as a beam kicker to demonstrate the 
behavior of a single bunch acted upon by a 
digital feedback system. This approach 
follows naturally from the logical model of the 
bunch-by-bunch system. The behaviors of the 
various filter parameters (tap length, 
downsampling factor, etc.) can be studied with 
a real beam, and the performance of the front 
end comb generators, digitizers etc. measured 
using realistic conditions. For this experiment 
the beam was sensed by a button type BPM 
electrode and processed by the prototype 
B factory front end shown in Fig. 7, The phase 
detector and phase-locked master oscillator 
were operated at eight times the SPEAR RF 
frequency (2864 MHz or 8 x 358 MHz) using a 
comb generator circuit developed for PEP II, 
shown in Fig. 8. 

The front end digitizer was run at the nominal 
4 ns digitizing cycle, and a simple 
programmable downsampler hold-buffer 
circuit for single bunch was implemented. A 
single DSP was used to compute the feedback 
filter, and the feedback signal was then put 
back into the beam via a phase shifter acting on 
the RF cavity. 

front end prototype. 
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Fig. 8 Comb generators for PEP II (long) and 
A LS (short). 

For this experiment we used a 5-tap FIR filter 
operating with a downsampling factor of eight. 
The SPEAR ring was operated with a nominal 
synchrotron frequency of 32 kHz. The 
revolution frequency in SPEAR is 1.28 MHz. 
Thus, a downsample by 8 filters updates a new 
result every 8 turns, while the ring itself 
requires approximately 40 orbit revolutions to 
complete a synchronous oscillation. Figure 9 
shows the results of downsampling by eight. 

Frequency domain measurements for this 
system can be made by driving the beam 
through the RF cavity while observing the 
response of the beam as a function of 
frequency.Figure 10 shows the magnitude and 
phase response of the beam transfer function 
for an open ioop configuration, and for closed 
loop gains of 18 and 28 dS.In this figure, the 
open loop gain shows a weakly damped 
harmonic oscillator. The natural damping 
present in this case is due to Robinson damping 
as well as radiation damping. The 
configuration with 28 dB of loop gain barely 
displays any resonant behavior, and suggests 
that the transient response of the combined 
system will damp in just a few cycles. 

The time response of the system can be 
observed in Fig. 11. In this experiment the 
feedback loop is opened, and a gated burst at 

3 — i — i — i — i — i — i — i — i i 

Fig. 9 Filler input and output with downsam-
plinging factor of 8. 
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Fig. 10 Magnitude (a) and Phase (b) response for a 
single bunch for open Ir-op and closed loop gains of 18 
and28dB. 

the synchrotron frequency is applied via the 
RF cavity. This excitation burst drives a 
growing synchrotron oscillation of the beam. 
The excitation is then turned off and the 
feedback system loop closed. The damping 
transients of the beam can then be studied for 
various designs of feedback filter and overall 
loop gain. The figure shows the damping 
transient of such a gated burst for a 33 dB loop 
gain configuration, which provides damped 
transients of only a few cycles. An alternative 
method of studying the transient response is to 
operate the feedback system with overall 



Time Taw 
Fig. 11 Time response of an excited bunch and the DSP 
filter output. 

positive feedback for short intervals, which 
causes any noise present at the synchrotron 
frequency to produce growing oscillations. 
After an interval with positive feedback, the 
gain is made negative to damp the 
oscillation. This can be made periodic, and 
the growth/damping rates studied for various 
configurations of filter gains, such as phase 
shifts and electronic imperfections. 

7. SUMMARY 

This system design is the work of a 
collaboration between staff at SLAC, LBL, 
Stanford University Electrical Engineering 
department and INFN Frascati. This group is 
preparing the detailed design for the prototype 
longitudinal feedback system to be installed at 
the LBL ALS facility, and collaborating on the 
system design of the transverse feedback 
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A B S T R A C T 

(luidelines on designing a bunch feedback system is given. Also the R&D program to developing the hardware 
fur the feedback system is discused. 

1. I.NTRODI'CTION 

Several high energy institutes are planning to 
construct B-factories as a next-step accelerator 
projects. Constructing these accelerators requires 
higher technologies than that used in constructing 
previous ones. The key point of the B-factories 
is very high luminosity, at least several times 
HI'1'1! in" -'»" '. To achieve this high luminosity, we 
must store very large number of bunches. This 
means that coupled bunch instabilities are one of 
the luoM seriou* problem* in designing tin* acceler
ators. In this art icle we show guidelines on designing 
a bunch feedback system to cure the coupled hunch 
instabilities. 

2. T H E KEK B-FACTORY 

At first, we explain an outline of the KEK B-
I'acLory as an introduction. It will be constructed 
within the existing TRISTAN Main Ring tunnel and 
the circumference will be around 3020m. According 
to our plan, the target luminosity. I x 1 0 M c i n - 2 s - ' 
will be accomplished by stepping two phases. At 
the first step, where 1/5 of the target luminosity 
will be obtained, every 5-th RF-bucket is occupied 
with a bunch and the total currents are 0.52 A and 
0.22 A for LER and HER, respectively. What type 
of cavities are used at the first step depends on 

how R&D of super-conducting cavities will progress 
within coming a few year. It is likely that we will 
use normal-conducting cavities for the first step. At 
the second step, every RF-bucket is occupied with 
a bunch and the super-conducting cavities will be 
used. 

3. DESIGN OF THE FEEDBACK SYSTEMS 

3.1 G u i d e l i n e s o n d e s i g n i n g t h e feedback 
s y s t e m s 

To design a bunch feedback system to deal with 
the coupled bunch instabilities, we must check the 
following issues. 

1. What is the necessary damping rate? i.e. how 
the instabilities are strong? 

2. How wide must be the bandwidth of the sys
tem? 

3. How small amplitude must be caught? In other 
words, how large amplitude is tolerable in the 
view point of the operation? 

To answer these questions we enumerate possi
ble sources of the impedances which should cause 
the the coupled bunch instabilities. There are three 
sources of the impedance: 
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• higher order modes (HOM) of accelerating cav
ities, that will be sources of both the longitudi
nal anil transverse instabilities: 

• resistive wall impedance, which will harm the 
beam in the transverse direction. 

• the fundamental mode of accelerating cavity for 
the longitudinal one; 

Among these possible sources, the instabilities 
due to the fundamental mode is so serious that the 
growth times are order of micro seconds. A bunch 
feedback system can not suppress such fast instabili
ties. We assume that these instabilities are softened 
by other methods such as so-called an RF feedback 
system. There may remain sizable impedance to 
grow (lie instabilities due lo the fundamental mode 
even after equipped with the RF feedback system. 
To suppress Ihciii, we may have lo design a longitu
dinal buiuh Feedback system. 

3 .2 E x p e c t e d g r o w t h t i m e s ( H O M ) 

At present we are developing a cavity for the KEK 
B-Factory[l]. This is a two-cell normal conducting 
cavity and it has attached waveguides for damping 
higher order modes. Based on the parameters of 
this model cavity we calculated the expected growth 
times. The results are listed in the Table ??. 

mode-ID HER LER 
step 1 step 2 step 1 step 2 

Lotuj. modes 
TMOII-JT 436 34.1 184 IU 
TM012-0 128 22.0 53.9 9.30 
TM012-5T 2096 221 886 93.6 
'J'rtlu.s. lllurlr s 

T M 1 1 0 - U 77<1 69.9 MX 27.S 

T M I I O - T 106 16.lt jjj.1 It.liH 

TM111-0 70.3 5.9/f J7.9 J.Jlf 

TMll l - i r 99.2 6.95 39.4 S.77 

TE112-U 49.8 9.91 19.8 3.94 

Table 1: Expected growth lime in ins. The values in 
italic are smaller than the radiation damping time. 

The calculations are done for the most serious 
modes, that is. inner bunch mode is 1 and 0 for 

the longitudinal and transverse direction, respec
tively. The values in the table are in millisecond 
and those written in italic an- less than the radia
tion damping time. From these results we gel the 
following conclusion. At the first step, the growth 
times of all the modes are slower than the radiation 
damping time in HER- But in LER, some transverse 
modes will grow up faster than the radiation damp
ing time. At the second step, it is likely to use the 
superconducting cavities and the situation will be 
less serious. 

In addition, we calculate the growth times for the 
secondary serious modes (inner bunch mode is 1 and 
2 for the longitudinal and transverse direction, re
spectively). The results are listed in Table ??. 

mode-ID HER LER 

step I step 2 step I step 2 

Long. 
TMOII-T 580 4.4 24 1.9 
TM012-0 9.2 1.6 3.9 0.673 
TM012-* 220 26 92 11 
Trans. 
TM110-0 55 6.2 28 2.9 
TMIIO-T 14 2.2 5.5 0.887 
TM111-0 4.8 0.426 1.9 0.17 
TMlII-x 7.4 0.524 2.9 0.209 
TE112-0 3.1 627 1.3 0.249 

Table 2: Expected growth time in second for the 
secondary modes. 

From these results, we need not care the sec
ondary modes. 

3.-J l i x p e c l e d g r o w t h t i m e s ( R e s i s t i v e wall) 

In transverse case, the resistive wall impedance 
will be a serious contributor lo the source of the 
coupled bunch instabilities. Using the parameters. 
circumference=~3000m. beampipe radius=5cm, we 
calculated the growth time of the coupled bunch 
instability. The results are as follows: 

• There are only several coupled bunch modes 
whose growth times are shorter than the radi
ation damping time. 
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• The fastest mode has the growth time of about 
10 msec that is the same order as the growth 
time due to HOM. Then the bunch feedback 
system designed to cure HOM-instabilities can 
also deal with this instability. 

3.4 Luminosity reduction due to the trans
verse oscillation 

lu the last two subsections, we discussed the 
strength of the instabilities which relates the re
quired damping time of the feedback system. Here 
we discussed the tolerance in remaining transverse 
oscillation. A large-amplitude transverse oscilla
tion will introduce the reduction of the luminosity. 
When the centers of the colliding bunches are mis
placed by the distance, d, the luminosity is reduced 
by the factor. 

.•xpl-d'-'/'l"2). (1) 
where a is the transverse beam size. We now imag
ine a situation where two partner bunches are oscil
lating independently with an amplitude, r«: 

x = xa<:os{ugt). (2) 

Then the probability density to find the bunch at 
the transverse position around x is expressed by 

t>(x) = ' (3) 
•Tuny I - (J/J-O) J 

Thus the luminosity will be given by 

£ = £ „ / / i>U-t M*--)dxi dx-j. (4) 

where £o is the luminosity when two bunches col
lide in an exact head-on manner. The reduction 
factor (the integral in the above expression) as a 
function of a normarized amplitude, xo/c, is shown 
in Fig. ??. From this graph, we find that if there 
remains the 0.5<r oscillation, the luminosity reduc
tion is only 5%. Thus we set a requirement to the 
transverse feedback system that the amplitude of 
tolerable remaining oscillation is 50% of the trans
verse beam size. 

3.5 Summary of the discussions in Section 3 
From the discussions above, we summarize the 

guidelines on designing the bunch feedback system. 
In the first step of t lie KEK B- Factory, we must pre
pare the transverse feedbark system with the damp
ing time of ~2mser and it must cover the wide band
width. This feedback system will be also effective 

1-05 r 1 1 1 1 1 r 

1 '- - ^ i ^ -

I °- 9 5 \ "̂Nr 
S 0.9 • \ -

0.8 i—•—•—i • — • — J — : 
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AflVHud* of btUHon OKiiaMA 

Figure 1: Luminosity reduction. 

to suppress the instabilities due to the resistive wall 
impedance. Considering only the HOM we need not 
prepare the longitudinal feedback system, but the it 
will be needed as an auxiliary system of an RF feed
back system. The auxiliary feedback system need 
not to be so wide-band one, while it must be half 
of the bunch frequency if it is used to damp the 
HOM-induced instabilities. 

4. R & D PROGRAMS 

4.1 ADC board 
People in the Physics division at KEK have al

ready developed 500MHz sampling ADC system in 
collaboration with a Japanese company. TOYO cor
poration. This ADC system is based on the chip, 
Tektronix TKAD10C, and packaged as a double-
width CAMAC module. We are now developing 
an ADC test board by modifying this module to 
lit our purpose. Its analog frequency bandwidth is 
1.0 GHz and it can deal with the bunch frequency 
up to 500 MHz. 

4.2 Transverse position measuring tech
niques 

The bunch spacing of the KEK B-Factory is 
10 nano-second at the first step and only 2 nano
second at the second step. It is very challenging 
to design a device for detecting the transverse po
sition under such a high bunch-frequency environ
ment. We are now considering the three possibilities 
to realize the transverse position detection. 

The primary thing to do for detecting the position 
is finding the difference of two signals which come 
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from the pickups at opposite sides of a beampipe. 
The first method is to use a 180-degree power com
biner. The signal from a pickup at one side (either 
upper or lower/right or left) and that from the other 
side are "added" (actually subtracted) by the power 
combiner. The output is proportional to the posi
tion and bunch intensity. The fact that the output-
is proportional to the bunch intensity is not desir
able. But our porpose of position detection is not 
a position detection itself but feedback, thus that is 
not an essential disadvantage. Because these power 
combiner does not have very good frequency char
acteristics, this method can be used only at the first 
step of the KEK B-Factory without any special tech
niques. 

The second method is the AM/PM teclinique[2]. 
In this method, the position information is caught 
as a phase difference of two signals. Usually, the 
frequency less than HID MHy. has been used as the 
fundamental frequency of an AM/PM converter. In 
our case, this frequency must be a few GHz to isolate 
the signal cluster of a bunch from that of neighbor
ing bunches. From the same reason, we can not use 
a higli-Q band-pass filter to extract the fundamen
tal frequency component. Instead of it. we can use 
the train of electrodes, from which we will obtain 
effectively baud-passed signal after adding the sig
nals of electrodes by a power combiner. For such a 
high frequency, an amplitude limiter does not work 
well, then I lie.jul pul signal is again proportional to 
the bunch intensity. 

We will install lest electrode systems in the TRIS
TAN Main Ring in August 1993 to check the above 
two method. For the second method, the electrode 
consists of -1 four sl.riplines on one side. The funda
mental frequency in the second method is chosen to 
be 1526 MHz which is 3 times the RF frequency. 

The third candidate of the position measuring 
technique is to use a synchronized detector circuit. 
Technically this method is similar to the AM/PM 
method. As schematically drawn in Fig. 2, a num
ber of button pickups are attached on one side of a 
beampipe and on the opposite side the same num
ber of button pickups are attached. Their spacing 
is same as the wavelength of the fundamental fre
quency. The electrodes at. one side and the other 
side displaced by a half of wavelength of the fun
damental frequency in the longitudinal direction. 
The outputs of these buttons are combined by a 
power combiner. The obtained signal is schemati

cally drawn in the second line of Fig. 3. This signal 
is multiplied by a reference sinusoidal signal with 
the fundamental frequency. The multiplication is 
done by a frequency mixer and we obtain a train of 
bipolar pulses shown in the bottom line of Fig. 3. 
After low-pass filtering, we will catch the signal pro
portional to the transverse bunch position. 

r 1 1 1 
* & 

1 

| 

1 1 1 
-®-EH" 

Figure 2: Transverse Pickup and attached circuit. 

Figure 3: Signal processing in the transverse Pickup. 

To check the performance of this method, we in
stalled a test electrode system in the PF Ring at 
KEK. In PF Ring every RF bucket is occupied with 
a bunch and this situation is very similar to B-
factories. The fundamental frequency was chosen 
to be 2750 MHz, which is 5.5 times RF frequency. 
Now the experiment is in progress. 

REFERENCES: 
[Ij M. Suetake et al.. these proceedings. 

[2] For example. R. Shafer, AIP Conference Pro
ceedings 212. pp26-5H. 
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ABSTRACT 

When luminosity reduction is caused by only geometrical reduction due to miss-collision, we should 
calculate required resolution of oscillation detector which causes miss-collision. At least we have to 
calculate an expected value of amplitude of residual oscillation which is caused by the noise of 
oscillation detector. In this Proceeding, expected amplitude of residual beam oscillation is reviewed 
as a function of the resolution of the oscillation detector and feedback damping time of the transverse 
feedback. 

1. INTRODUCTION 

Because there is noise component, we can't expect 
the design damping-rate of the feedback system 
against very small oscillation. Fluctuating kicks 
in several turns cause fluctuating betatron 
oscillation of the center-of-mass of bunch. In 
stationary state, accumulation of fluctuating 
kicks and ideal feedback kick are balanced. 
Then we can't damp a certain amount of coherent 
oscillation. In this paper, this residual 
oscillation is calculated as a function of the noise 
of oscillation detector and feedback damping 
time. Calculated amplitude of residual 
oscillation is checked by simulation. 

2. EXPECTED AMPLITUDE OF RESIDUAL 
BUNCH OSCILLATION 

2.1 Logic for calculation of residual oscillation 

The feedback kick with random noise due to the 
noise of oscillation detector can be decomposed 
into noiseless feedback kick and random noise 
kick. These two components cause two effects for 
bunch oscillation. One effect is the oscillation 
damping and another is oscillation excitation. 

"Talk presented at the International Workshop on B-
Factories: Accelerators and Experiments. November 1992, 
KEK (National Laboratory for High Energy Physics) 

_-__ feedback kick 
with random 
noise 

_-- -v_-—•-̂ .-̂ rw.-_-_—_ noise kick 
Figure 1: Example of feedback kick; noiseless 
feedback kick affects oscillation damping, and 
noise kick affects oscillation growth. 

This is very similar to radiation excitation. So 
we can use same logic which M.Sands uses in the 
chapter of radiation excitation to solve relation 
between amount of noise of oscillation detector 
and residual oscillation [1]. At first, I calculate 
the amount of noise kick relating with feedback 
loop gain. Next I calculate the probable growth-
rate of oscillation emittance due to noise kick. In 
the stationary state, the growth-rate due to 
noise kick and due to wakefield kick is equal to 
the damping-rate of noiseless feedback kick. 
Then residual oscillation amplitude is related to 
the resolution of oscillation detector. 

2.2 Calculation for expected residual oscillation 
amplitude 
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Feedback kick with random noise is written and 
decomposed as 

/ feedback lrick\ / displacement using \ . . 
V wiibnoise / — \ noisy detector / 

( feedback damping nve)X 
CTiev) 

= Jtev Trey 

where x the displacement of betatron oscillation, 
Trev the revolution time, t the feedback 
damping time, and u the noise of oscillation 
detector. Second term of the right hand side is 
the noise kick,v, defined by 

v = u l r c v 

X 
This means that amount of noise kick, v, is much 
smaller than the noise,u , of oscillation detector. 
This small noise kick excites the beam 
oscillation. Gradient, x', is described by 

Now suppose that at some instant tj, Px' is 
suddenly increased the amount v -by a noise 
kick. After tj, new oscillation starts and pV will 
go as 

P x ^ A o ^ - V + ve 1**"^ 
= Aie i < 0 < t - t i> 

where Ai2=An2+v2+2Ao v coscodj-tf)). 
Probable oscillation emittance change is 

<8A>=<A j 2 - Aj 2>=<v 2>= cr2 
Trev'' 

where a is the standard deviation of the noise of 
oscillation detector. So when feedback kick is 
affected once in one turn, the rate-of-change of 
the probable value of A 2 due to noise kick is 
d<A2> = <_dA 2

> =_<^i> = „ 2 T r e v ,» 
dt s _ a t Trev 

There my be another term due to wake field, so 
its rate-of-change of the probable value of A 2 is 
d<A 2>^ 2<A 2> 

dt Xw (2) 

where x w is the growth time due to wake field. 
The rate-of-change due to noiseless feedback, 
emittance damping rate, is described by 

d<A 2> = ? <A 2 > 
dt t 

(3). 

In stationary state, emitlance growth-rate and 
emittance damping-rate are balanced, so the sum 
of the right hand side of eq.(1),(2) and(3)is null. 
Therefore 

=-V£A 5 
j T.Trev •=a /— a 

V2T(X W -T) 
(4) 

where Ooscillation is the standard deviation of 
the residual oscillation amplitude. 
If oscillation growth due to the wake field and 
growth due to the noise kick is independent each 
other, eq.(l)-K3M). Therefore 

= J^A* Prrc7 
• = o 

V 2T 

(5). 

2.3 Simulation for residual oscillation 

To check the calculation of residual oscillation, 
computer simulation is very useful. Simulation 
with noisy oscillation detector, feedback kick 
and wake kick of higher order mode of the 
cavity was done. Figure 2 shows the result of the 
simulation. 

-6 
1. 10 

?•' 10 
& -7 

6. 10 

4. 10 

2. 10 

500 1000 1500 2000 2500 3000 
1/t (sec1) 

Figure 2: Residual oscillation amplitude as a 
function of feedback damping-rate 

Solid line shows the calculation of eq.(5) and 
dashed line shows the calculation of eq.(4). The 
standard deviation of the noise of the oscillation 
detector, a, is assumed to be 4jim and growth time 
of wake field is assumed to be 2msec. From the 
simulation, residual oscillation of the feasible 
feedback system is about 6-10% of the standard 
deviation of the oscillation detector. This means 
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that residual oscillation is enough small even 
with accumulation of the noise, and luminosity 
loss due to the geometrical reduction of the 
residual oscillation is negligible. 

3. CONCLUSIONS 

Calculation and simulation were done for the residual 
transverse oscillation, and its result indicates that 
without filtering method using DSPs we can suppress 
the oscillation smaller man the beam size. 
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INTRODUCTION 

The colliding electron and positron beams in a B-
factory must have average current of one ampere or 
more to produce the required luminosity. The high 
current interacts with structures in the beam tube to 
drive strong coupled-bunch (c.b.) instabilities. To 
suppress these instabilities requires negative feedback 
of the bunch motions. Beam impedances arising from 
strong if cavity modes should first be reduced to make 
the required feedback damping rate practical and the 
cost economical. In what follows, control of transverse 
motions will be discussed first, then longitudinal. We 
shall use the parameters of the 3.1 GeV ring of PEP-II 
[1] to illustrate the general requirements. 

TRANSVERSE C.B. MOTION FROM RESISTIVE 
WALL 

While the wake field from the smooth wall of the beam 
tube is strong only at low frequencies, in a large 
diameter ring it can drive many c.b. modes. A beam 
tube of circular aperture with radius b has the 
transverse R-wall impedance at frequency to given by 

b 
(1) 

where 

R 
= orbit frequency 
= orbit circumference 

' f(eunp\l'2 
R = surface resistivity [-^-1 

Except for increasing the tube aperture, little can be 
done to strongly reduce this impedance. 

The beam tube of PEP-II has an oval aperture with 5 
cm vertical height. For this geometry the vertical 
resistive impedance is 

R v = 1.41 x 10 6 y ^ ^ ohm/meter. (2) 

* This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics Division, of the U.S. 
Department of Energy under Contract No. DE-AC03-
76SF00098. 

This drives most strongly the c.b. mode that appears at 
the frequency to = (1-Av) <D0 = 0.36 (0 o, where the 
impedance is 2.34 x 10 6 ohm/meter. To learn if mis 
will produce instability in the presence of damping 
from synchrotron radiation at (berate 

J - = 0 . 0 2 7 x l 0 3 s e c - t (3) 
T R 

we can calculate the c.b. growth rate using 

in which the summation is over the driving or damping 
contributions of transverse resistive impedances at all 
frequencies where a given c.b. mode appears. For 
PEP-II we have 

Io = 2.14 amp. average current 
F/e = 3.1 x l o 9 volt 
f„ =136.6 kHz orbit frequency 
P^ =9.7 meter 

giving, for this R-wall impedance. 

J - = l . l x l 0 3 s e c - 1 (5) 

This greatly exceeds the synchrotron damping, so we 
have instability for this lowest mode and, one can 
calculate, also for about 200 other modes. 

The large number of growing modes from Ibis and 
other impedances suggests that we apply feedback that 
acts on each bunch in real time. In such a bunch-by-
bunch feedback (Fig. 1) we sense the excursion Ax of 
each bunch, delay that signal one turn and deliver it to 
the same bunch as a transverse kick AVj. The 
corrective kick needed to just cancel a transverse 
impedance Ry is 

A V x = I 0 A x R v (6) 

For the strongest R-wall impedance in PEP-II, a mode 
amplitude Ax of 1 mm will require the kick 
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AVx=5.0kVAurn. (7) 

After an initial damping, we expect Ax to be much 
smaller than 1 mm. Therefore, the errors in injected 
beam will determine the required kick amplitude. 
Beam injected with errors will contain many c.b. 
modes, their amplitudes being roughly proportional to 
the product of injected charge and its excursion. Only 
the unstable modes need damping but the feedback will 
attempt to damp all bunch excursions. However, we 
can allow the excursions of some bunches to exceed 
the linear response capacity of the feedback as long as 
the unstable modes do not grow and accumulate as 
successive batches of beam are injected. We do this for 
economy of kicker power and for that reason also it is 
desirable to keep ibe product of charge-times-excursion 
small for any injected batch. 

The proposal for control at injection into PEP-II is as 
follows. Each 1/60 second, inject 1/5 bunch charge 
with -10 mm error. With the minimum gain of S kV 
per mm, this 1/5 x 10 mm calls for 10 kV/tum. The 
kicker is limited at 5 kV; this kick damps the error 
linearly from 2 mm to 1 mm, or further if the gain is set 
higher, then damps exponentially. Bunches other than 
the injected one are continually damped at full gain. 
After 1/60 sec all excursions are very small. This 
process has been simulated numerically for the 
longitudinal case; it is likely that the full 5 kV kick will 
not be needed for the transverse. 

To feed back all possible c.b. modes, the electronics 
must have bandwidth of at least 1/2 the bunch rate 
(fB = 238 MHz in PEP-II). The challenge is to handle 
the Ax-data at the bunch rate and delay it one turn, a 
few microseconds. Optical or digital delay systems can 
be used. 

Electronic noise or digital least-count will enter as false 
bunch excursions XN and drive betatron oscillations. 
This driven betatron motion x r m s is minimum for the 
gain of 2 / ! ^ . At that gain, we have for PEP-H 

xrms" X N \ j t r - ~ 0 1 3 x " • <8> 

This indicates that to keep residual oscillations less 
than the beam rms width does not require an unusually 
small input noise level. 

BUNCH MOTION FROM TRANSVERSE MODES 
IN R.F. CAVITIES 

Dipole modes in an rf cavity will occur up to the TE 
cutoff of the beam tube. In a cavity with 500 MHz 
fundamental we can expect three or more strong dipole 

modes. Atypical mode may have R/Q« 600 O/m and 
in a copper cavity a Q-value of 60.000. Using Eq. 4, 
10 such cavities in the ring would produce a very fast 
growth rale of - 10 s Hz. Clearly we must damp these 
cavity modes to reduce the feedback task. 

In PEP-II the plan is to reduce Q-values to & 70 by 
attaching loaded waveguides to the copper cavity. For 
a ring with superconducting cavities, there are plans [2] 
to reach even lower Q by using large fluted bore tubes 
leading to resistive loads. For Q = 70 the growth rale 
becomes 1.8 x 10 2 sec"1 for the strongest mode. The 
broadened impedance curve of the damped resonance 
will make a few hundred c.b. modes unstable. These 
growth rates being much smaller than those from 
R-wall, they can be controlled by the feedback 
provided for the R-wall even if some resonances may 
overlap. 

TRANSVERSE KICKERS AND THEIR DRIVERS 

We may use a conventional opposed stripline pair, of 
length t, to produce the required AVX per turn. The 
power required is 

R=(AVJ)2/2R, (9) 

with 

**-**.[u.*Qff . 00) 
Example values are 

ZL=50 ohm stripline impedance 
gj .~ 1 = electrode coverage factor 
b = ± 25 mm vertical half-gap 
1 - 0.63m - A/4 afi fB 

k=oVc over the range up to i % = 119 MHz 

From Eq. 10 we find that R s is 

63.5 kft at low frequency and 
25.7 kQ at 119 MHz. 

For the R-wall modes, 5 kV/tum at low frequency 
requires a power of 200 watt This power level at 119 
MHz will give AV^= 3.21 kV which is adequate for 
the cavity-driven modes. While the nominal tune of 
PEP-H gives the lowest c.b. frequency (1-Av) fo of 49 
KHz, the driver should accommodate some tune 
variation. Therefore one would choose the driver range 
to be about 15 KHz-to-119 MHz and increase the 
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power if needed. The driver cost is in the 
neighborhood of $100 per watt Placement of tbe 
kicker where Bj_ is large could reduce the power 
requited. 

Tbe beam impedances of this kicker are not large and 
there are zeroes at all harmonics of fn,. At 1 IS MHz 
they are 

longil.ZB = 2 S a 
uansv.ZB=40kil/m. 

LONGITUDINAL C 3 MOTIONS 

Tbe sources of destabilizing impedances for tbe phase 
motion are tbe same as for the transverse case but tbey 
have different relative importances. (1) Tbe resistive-
wall is not strong enough to produce growth. <2) 
Higher-order modes (HOM) of tbe cavity must ae 
damped. (3) Tbe fundamental (accelerating) mode can 
be a very strong effect and require special reduction. 

A strong monopote HOM may have R/Q=40 ohm and 
Q » 36000 in a copper cavity. Ten such cavities would 
produce a growth rate of 10 s sec' 1, which is large 
compared to the phase oscillation frequency fs of about 
7 KHz. If in PEP-H the Q could be reduced to about 
17, tbe c.b. motion would be stabilized by radiation 
damping. While this degree of reduction is not 
inconceivable, tbe goal for PEP-II is to reduce Q to 70, 
which leaves a resonant HOM impedance of 28 kQ to 
be opposed by feedback. 

Tbe net voltage causing growth of a c.b. mode 
interacting with resonators having impedances R« at tbe 
c.b. mode frequencies fcb & 

AV^IoAOzjgRi, . (II) 

Here A+ is tbe mode amplitude in phase relative to tbe 
rf frequency frf. The summation is over all + and -
frequencies of tbe c.b. mode, hi tbe PEP-II cavities, 
tbe strong HOM is 28 kft at 760 MHz, which makes an 
effective impedance 

R e f f = 7 ^ 2 8 . 0 0 0 = 4 5 k Q (12) 

A mode amplitude of 0.03 radian (1/3 ox) inserted in 
Eq. 10 would call for a feedback kick of - 3 kV per 
turn to oppose this HOM assuming that no other 
resonances add to tbe sum for this c.b. mode. 

For suppressing hundreds of modes, and other phase 
disturbances, the bunch-by-bunch feedback seems most 

appropriate. Starting from a pickup of bunch phase, a 
shift of 90° at the phase oscillation frequency f, is 
needed to drive a kicker that acts on tbe energy of tbe 
bunch. Our example value of fs is 7 KHz, or 20 turns 
per phase oscillation. For ibis it is best to use digital 
signal processing (3) with the phase of each bunch 
stored only every fourth or fifth turn. This then 
operates with a reduced input data rate but the 
processor can still generate a kick amplitude for each 
bunch every turn. 

Beam injected with large errors in energy or phase can 
exceed the linear-range capability of die kicker driver, 
e.g. 3 kVAurn. A numerical simulation [3] of this 
behavior is shown in Fig. 2. A single bunch with initial 
error of 0.01 radian is injected; tbe reduction of its 
error (labeled ^(5)) is shown in tbe upper graph. Tbe 
bunch next downstream is most strongly driven by tbe 
wake field and its phase motion is shown in the lower 
graph, with expanded scale. In PEP-II the next 
injection, into a different bucket, would occur at 2300 
turns. It seems clear that tbe bunch motions are 
controlled and will not accumulate. 

EXCITATION BY THE FUNDAMENTAL MODE 

In rings of small radius, only tbe c.b. mode m=0 is 
strongly influenced by tbe impedance of tbe 
fundamental cavity mode. Other c.b. modes are 
separated by multiples of tbe orbital frequency, fo. In a 
large-radius ring die small value of f0 can place several 
of tbe c.b. modes that are near m=0 within the 
resonance response width of die cavity fundamental. 
Detuning of tbe resonant frequency to allow efficient 
power transfer to tbe beam as a load will then provide 
either strong excitation or damping of those modes. 

This situation is sketched in Fig. 3; here tbe c.b. modes 
are shown where they fall on Ibe detuned cavity 
impedance. Tbe cavity resistive impedance is in tbe 
exciting sense where c.b. mode frequency is nf0 + f, 
and damping for nf„ - fs. One can see that modes -I, 
-2,-3, etc are driven. Tbe effect is reduced by having a 
larger loaded Q, as might be the case in 
superconducting cavities operating with higher stored 
energy, but tbe problem is not removed in a ring with 
f0 on tbe order of 100 KHz. 

To combat this destabilizing effect, we wish to reduce 
the apparent impedance of the cavity in response to 
beam current; this corresponds to making it appear 
more like a voltage source. Fast feedback of cavity rf 
voltage to and through the driving klystron can be used 
but tbe degree of reduction is limited to about a factor 
of ten by delay in tbe feedback loop through tbe 
klystron and other circuits. Further reduction can be 
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realized by feedback through notch filters that act only 
in die vicinity of the c.b. mode frequencies. 

SUMMARY 

After those modifications of ibe cavity response, 
residual instability in modes within tbe fundamental 
response can be suppressed by UK bunch feedback and 
by using the klystron-cavity system as a strong 
supplemental kicker applying corrective signals 
available from the bunch-by-bunch phase feedback 
system. 

LONGITUDINAL KICKERS 

Tbe cost of wide-band (1/2 fn) power amplifiers to 
drive die kickers can be significant. One must also 
consider tbe number and complexity of kicker units, 
overall length, and beam impedance. As a reference 
example, use N kicker units each consisting of a drift 
tube with 25-ohm line impedance. For PEP-II 
parameters, the lowest frequency band is < 7 KHz-to-
119 MHz. This is an awkward range for a power 
amplifier, hence we can shift upward by 8 x 119 Hz to 
the range 952-to-1071 MHz. Here the length of a A/4 
drift tube is 7.4 cm and the cost of power is about 140 
Sper wait The shunt impedance of a unit is 100 ohm. 
To provide 3 kV/turn using, for example, 8 units tbe 
power required is 

and the amplifiers cost about 0.8 MS. Tbe low-
frequency beam impedance is 200 ohm over a band of 
about 1 GHz. 

A kicker having higher shunt impedance and more 
narrow bandwidth can be made by connecting A/4-drifI 
tubes in series by X/2-delay lines. Such a strucuuc with 
two tubes in series is shown in Fig. 4. A four-in-series 
unit will have a shunt impedance of 1600 ohm and 3 
dB frequency band of 900-to-l 120 MHz. Two of these 
units will provide tbe 3 kV/turn with one-quarter tbe 
power of the 8 single units, 1.4 kW costing 0.2 MS. 
The area under die beam-impedance curve is the same 
as for die eight separate drift tubes, now being 800 
ohms over about 1/4 GHz. 

With many bunches and high current in tbe B-factory 
many hundreds of coupled-bunch modes will be 
unstable. To suppress the growth of all modes requires 
feedback systems with bandwidth at least one-half the 
bunch rate, a few hundred MHz. Reduction of the 
impedances of if cavity modes is necessary to make 
feedback practical, and in the longitudinal case to make 
it feasible. 

Real-time bunch-by-bunch feedback can stabilize die 
bunch motions and damp injection errors and other 
disturbances. Digital processors can provide tbe 
required data rate and tbe needed time-delays and 
phase shift For economy it is desirable to limit tbe 
kicker power and operate in tbe non-linear range in 
response to the large errors in injected beam. Schemes 
that inject beam batches wim a small product of charge 
x error are most readily controllable. 

For the transverse motions, the resistive-wall 
impedance produces tbe fastest growth rates after 
cavity modes are reduced by a factor of several 
hundred. Longitudinal motions have an additional 
excitation from the shoulders of the tS. fundamental 
mode. This must be reduced with fast if feedback 
through the klystron and supplemental gain in tbe 
bunch-motion feedback for low-frequency modes. 
Some special design of die kickers for tbe broad-band 
feedback will save on system costs. 
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Vacuum System for KEK B-Factory 

Yusuke Suetsugu and Ken-ichi Kanazawa 
National Laboratory for High Energy Physics 
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ABSTRACT 

The design of vacuum system for KEK B-Factory has been advanced steadily. The overall design was 
completed. The goal pressure, ~ 10" 9 Torr, will be obtained by a traditional pumping scheme. Resent R&D 
works have been concentrated on the realization of copper beam duct. A fabrication of copper duct was tried 
and got satisfactory results. Vacuum conditioning process was simulated and advantages of copper duct over 
aluminum one were confirmed. A major remained difficulty for copper duct is a high fabrication cost. 

1. INTRODUCTION 

For the purpose of achieving high luminosity, B-
Factory rings are operated with high current beams. 
Intensity of synchrotron radiation (SR) emitted 
from beams consequently become higher than any 
other existing e" — e + collider. How to treat this 
intense SR is a major subject in designing vacuum 
system. Some parameters related to the vacuum 
system for High Energy Ring (HER) and Low En
ergy Ring (LER) are summarized in Table 1 (for the 
normal a lattice). 

The choice of duct material, among others, has 
been the most important R&D point confronting 
us. Prospective materials are copper and aluminum 
alloy. Copper has many excellent properties, i.e. a 
high thermal conductivity, a high melting point and 
a low photo-desorption coefficient, t) [1], Our little 
experience on fabricating copper ducts with large 
scale, however, was one serious problem compared 
to aluminum ones. 

We have made a trial model of copper duct to see 
how useful the existing fabrication technique was 
and to get a base for the final duct design. The fab
rication was successful but some problems, such as 
somewhat large thermal gas desorption rate, were 
revealed. The rough cost estimation was also tried 
based on this model. In parallel with the fabrica
tion, the effect of n on the vacuum conditioning pro
cess was simulated assuming realistic situations for 

Table 1: Main parameters of the KEK B-Factory 
(normal a lattice) 

LER HER 
3.5 8.0 GeV 
3018 3018 m 
2.6 1.1 A 
15 91 m 
0.4 2.56 m 
19 19 

12.49 

m 

6.35 

19 

12.49 IceV 
2.30 4.38 MW 
3.6 6.0 ItW 

Ave. Phot./s/m 3.1 x lO 1 8 3 .6x l0 1 8 phot. 

copper and aluminum. We present here these R&D 
results on copper duct following brief remarks on 
the basic vacuum design. 

2. BASIC DESIGN 

An aimed average pressure is about 10~ 9 Torr all 
over the ring at maximum currents. This pressure 
clears the conditions settled by beam lifetime, back 
ground noise for detectors and ion trapping (for 
HER). A beam lifetime longer than 10 hours can 
be achieved at this pressure. 
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Figure 1: Conceptual drawing of the pump alignment for a HER normal cell (normal or lattice). 
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Figure 2: Calculated profile of (a) effective pumping speed and (b) pressure in a half normal cell for HER 
(normal a lattice). 
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Figure 3: Plan of trial copper model. 

The photo-desorption coefficient, n, depends on sur
face conditions, materials and incident angles of 
SR but decreases with the integrated photon dose. 
In our design, the n was assumed to be 1 x 1 0 - 6 

molecules/photon. Since the average photon den
sity is about 3 x 1 0 1 8 photons/s/m, the average gas 
load is about 1 x 10"' Torrf/s/m for both rings. The 
average pumping speed of about 100 l/s/m, there
fore, is required to obtain the goal pressure. 

We adopted a distributed pumping scheme for its 
high pumping efficiency. A beam duct consists of a 
beam channel, a pump channel and a cooling chan
nel like a traditional one. A main pump is the strips 
of non-evaporable getter (NEG) pumps. Sputter ion. 
pumps (IP) are also used subsidiarily. 

Figure 1 shows the conceptual drawing of the pump 
alignment for a HER normal cell (normal a lattice). 
The NEG strips are installed in the bending (B) 
magnet regions. A lumped IP is stationed at the 
down stream side of B magnet where gas load is 
high. Calculated effective pumping speed along the 
beam duct is given in Fig.2(a), where the pumping 
speed of 100 l/s/m and 200 l/s are assumed for NEG 
and IP, respectively. An average pumping speed was 
about 80 l/s/m. Figure 2(b) gives the pressure pro
file in a half cell. An average pressure was calculated 
to be 1.3 x 1 0 - 9 Torr (1.8 x 1 0 - 7 Pa). The almost 
same results are obtained for LER. 
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Figure 4: Set up for thermal desorption rate meas
urement. 

3. R&D ON COPPER DUCT 

3.1 Fabrication of a trial model 
A plan of the trial model is presented in Fig.3. The 
duct consists of a beam channel, a pump channel 
and a cooling channel. The duct is straight and the 
total length is 3.7 m. The aperture of the beam 
channel is 100 mm in width and 50 mm in height. 
The pumping channel has three pumping ports for 
lumped IPs. The duct material is OFC (Oxygen 
Free Copper) provided from HITACHI Cable, Ltd. 
The flanges are made of SUS304. 
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Figure 5: Pumping down curve of trial copper 
model. 

Each channel was independently extruded at first in 
a circular pipe with a proper size and then extracted 
to its design shape. They were welded each other 
by EBW (Electron Beam Welding). The length of 
the beam duct was limited by the volume (length) 
of EBW chamber at present. The flanges were 
welded by TIG welding in Argon atmosphere insert
ing Inconel-625 between OFC and SUS304. Pump
ing ports were also welded by TIG welding. The 
bend and the twist were both less than 0.5 mm/m. 

After assembly, the duct received two cycles of bak
ing up to 180°C and no air leak was detected. 
Through the fabrication, we had confidence that 
building up the vacuum system of copper beam duct 
has basically no technical problem in the present sit
uation. 

We estimated the thermal gas desorption rate'of 
the model duct. Figure 4 shows the measuring set 
up. The duct was evacuated by a turbo-molecular 
pump (300 l/s) and two ion pumps (130 l/s) com
bined with NEG pumps (100 //s). Two B-A gauges 
measured the total pressures L the beam channel 
and the pump head. The pumping down curve is 
shown in Fig.5. After 48 hours baking at 150°C. 
the pressure reached to about 1 x 10~ 1 0 Torr at the 

beam channel in Nn equivalent. The main residual 
gas was Hj. Assuming the total effective pumping 
speed of 200 l/s, the thermal gas desorption rate 
was calculated as 1.5 ~ 3.0 x 1 0 - 1 2 Torr//s/cm2. 
This desorption rate is just a normal value. More 
careful surface treatment and cleaner environment 
in assembling will improve the gas desorption rate. 
We have also a plan to measure the PSD using this 
model duct. 

3.2 Cost estimation 

A rough cost estimation at present stage for one ring 
is listed in Table 2 for two cases, aluminum duct and 
copper one. The cost of copper duct is based on that 
of the trial model. The cost of aluminum duct, on 
the other hand, is estimated from the experience on 
the TRISTAN Main Ring. As is clear in this table, 
the cost of duct occupies a major part in the total 
cost. The cost difference between aluminum and 
copper, therefore, is not negligible and aluminum 
duct has an advantage at present stage. More work 
processes compared to aluminum ducts make copper 
ducts expensive. Studies how to simplify the duct 
design and reduce work processes are the key to the 
copper duct. 

Table 2: Rough cost estimation (unit is billion Yen). 

Aluminum Copper 
Duct 315 O 
Lead Shield 0.3 0 
Duct Setting 0.6 
Components 
(Bellows.etc) 0.3 

Control 
(Heater ,etc) 0.5 

Pumps 0.6 
Gauges 0.1 
Total O 615 

3.3 Vacuum conditioning scenario 

It has been reported that copper has small 17 com
pared to aluminum in various experiments so far. 
In the choice of duct material, it is important to 
evaluate the effect of IJ on the vacuum system oper
ation. We simulate the vacuum conditioning process 
for aluminum and copper duct under some realistic 
assumptions listed below: 
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Figure 6: Vacuum conditioning simulation for (a) aluminum duct and (b) copper duct. 

• Data of DCI [2][3] are used for photon dose de
pendence of >;. The 17 of copper is smaller by 
about factor 5 than that of aluminum. 

• Pump is NEG pump only. Data of LEP [4] 
are used for NEG pumping speed. Maximum 
pumping speed is about 400 //s/m. 

• NEG was activated when the pumping speed 
decreased less than 70 //s/m and the beam life
time is less than 10 hours. 

• Maximum injection rate to the ring is I x 10 1 0 

particles/sec. 

• For the first 1000 hours, the ring is operated at 
1/5 of the full current. 

The results for LEIt are given in Fig.6(a) and (b). 
In llie simulation, the beam dose, n, NEG activation 

times and so on are calculated with the operation 
time. The steps appeared in the beam lifetime and 
the pressure are due to the NEG activations. The 
NEG activation frequencies are remained in reason
able ones for both cases. 

Copper is apparently superior to aluminum in two 
points at least. First, the conditioning time (the 
operation time until the n decreases to 1 x 10~ s 

molecules/photon) is 1/3 of aluminum. This cut
ting down of the conditioning time is important in 
achieving the high luminosity as early as possible. 
Second, the NEG activation frequency is 1/8 of alu
minum. Although this value depends on pump ca
pacity, the small activation frequencies is valuable 
for the vacuum system maintenance. 
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4. SUMMARY 

Present design of vacuum system for B-Factory and 
recent R&D results are outlined. Basic design has 
been almost completed (at least for the normal a 
lattice). A trial model of copper duct was fabri
cated and got satisfactory results. The measured 
thermal gas desorption rate, however, was not so 
good and more careful treatment will be necessary. 
The vacuum conditioning process was simulated for 
aluminum duct and copper one and advantages of 
copper duct were confirmed. A major remaining dif
ficulty for copper duct is the fabrication cost. How 
to reduce the high fabrication cost is the key to the 
copper duct. 
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Research and Development for the PEP-II Vacuum System 
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ABSTRACT 

Significant research and development activities have been carried out during the past year to op
timize the vacuum system design for the SLAC-LBL-LLNL PEP-II B Factory. Detailed evalua
tions of design, materials, and manufacturing are reported, and the resulting changes from the 
original CDR design are described. Results of vacuum, thermal, and mechanical analyses are pre
sented, and their relationship to machine performance requirements detailed. The results of exten
sive manufacturing prototype testing, which verifiy the proposed design concepts, are reported. 
1. INTRODUCTION 

The PEP-IIB Factory consists of two new stor
age rings to be constructed in the existing PEP 
tunnel with a single detector to be located at 
existing PEP Interaction Region 2. Figure 1 
shows the low energy ring (LER), carrying 
positrons at 3.1 GeV, located above the high 
energy ring (HER), carrying electrons at 
9.0 GeV. Each ring consists of six 240 m arc 
regions separated by six 120 m straight sec
tions. The ring vacuum systems are separate 
except at the interaction region (IR) where the 
LER beam is bent down to collide with the 

Fig. 1 View of the two rings. 

* Work supported by Department of Energy 
contract DE-AC03-76SF00515. 

HER beam, then back up into the orbit plane of 
the LER arcs. The design luminosity for 
PEP-I1,3 x 103 3 cm 2 sec 1, is 30 times higher 
than that of PEP-I. This high luminosity is 
achieved by obtaining high stored beam cur
rents, up to 3.0 A, in 1658 bunches in each 
ring. This high stored current makes design of 
the vacuum system very challenging, as very 
high heat and gas loads are generated by syn
chrotron radiation produced in the bend 
magnets. 

2. VACUUM SYSTEM REQUIREMENTS 

In order to operate efficiendy as a B Factory, 
PEP-II must maintain a high luminosity over 
long running periods and achieve low detector 
background levels. These operating require
ments determine the vacuum system design 
parameters: 
A. We must maintain low vacuum pressure de

spite high gas loads. The design vacuum 
pressure for PEP-II is specified to be 
< 1 x 10"8 Torr in the arc regions, £ 3 x 10"9 

Torr in the straight sections, and < 2 x 10-'° 
Torr in the Interaction Region. 

B. We must provide sufficient power absorp
tion and cooling to dissipate significant heat 
loads from synchrotron radiation ai.d high
er-order-mode losses. 
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C. We must achieve a low broadband imped
ance (< 1Q) to avoid beam instabilities and 
minimize higher-order-mode heating. 

D. The vacuum chamber should be self-shield
ing so that adjacent components such as 
magnet coils and electrical cables are not 
damaged by synchrotron radiation. 

E. We must provide a beam-stay-clear that al
lows for efficient injection and adequate 
beam lifetimes. 

3. VACUUM SYSTEM DESIGN 
The two most significant problems in the 
design of vacuum chambers for PEP-II are 
absorbing the large amount of synchrotron 
radiation power generated, and achieving the 
desired vacuum pressure in the face of high 
photon-stimulated gas desorption. Since die 
synchrotron radiation power scales with 
energy, the greater problems are found in the 
HER. Each of the bending magnets in the HER 
arcs generates 55 kW of synchrotron radiation 
(SR) power at a maximum operating current of 
3 A. As photons strike the outer wall of the vac
uum chamber, the wall is heated and a large 
number of gas molecules are desorbed, thus 
increasing vacuum system pressure. The design 
beam current in PEP-II is much greater than 
PEP-I (3.0 A versus 0.092 A per beam), but the 
beam energy is lower (9 GeV versus 18 GeV). 
The synchrotron radiation linear power density 
in the PEP-II HER arcs is a factor of 2 higher 
than PEP-I. The number of photons emitted in 
PEP-II, however, is approximately 15 times 
greater than PEP-I. The gas desorption result
ing from this high photon flux is a challenging 
problem to solve. The synchrotron radiation 
photon flux in the HER arcs is 1.5 x 10 1 9 pho
tons per second per meter, resulting in a 

LER Magnet 
Vacuum Chamber 

LER Pumping 
Chamber 

dynamic gas load of 1 x 10"6 Torr-liters per sec
ond per meter. These two factors, thermal load 
and gas load, drive the design of the vacuum 
system for the PEP-II collider. 

The vacuum system for PEP-II may be divided 
into 3 units - the LER system, the HER system, 
and the IR system. We consider the IR vacuum 
system to include the vacuum chambers of the 
detector as well as the straight chambers 
extending ± 60 m from the interaction point, as 
the design of all these vacuum chambers criti
cally affects the operation of the detector. 

3.1 Low Energy Ring Vacuum System Design 
The LER vacuum system has changed consid
erably from that first proposed in the PEP-II 
Conceptual Design Report (CDR). Optimiza
tion of the LER magnetic lattice and 
modifications to the bend magnet design have 
resulted in extensive changes in the LER arc 
vacuum system. The bending magnet radius 
was decreased from 30 to 13.75 m, resulting in 
a factor of 2 increase in emitted synchrotron 
radiation power. The arc region vacuum cham
bers, as shown in Fig. 2, consist of sixteen 
standard cells of bend magnet chambers with 
4 m, straight pumping chambers between mag
net groups. The arc chambers are now made 
from the single wall copper extrusion shown in 
Fig. 3 with an extruded copper cooling bar 
electron-beam welded to the outer wall of the 
beam passage. The new configuration is a sim
pler design than the CDR concept, is less costly 
to fabricate, and has greater net vacuum con
ductance. Further, the wider cross section 
decreases the incident angle between the syn
chrotron radiation and the vacuum chamber 
wall which lowers the linear power density. 
The peak SR linear power density is calculated 
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Fig. 2 View of a standaid arc cell. 

2-93 
734SA2 

— 196 — 



to be 45 W/cm at 3.1 GeV and 3.0 A beam cur-
rentfl]. The peak wall temperature at the point 
of SR incidence has been calculated to be 
approximately 100°C with a maximum ther
mal stress of 6.9 MPa [2]. Detailed vacuum 
pre ssure calculations show an average pressure 
of approximately 5 x 10"9 Torr. Distributed ion 
pumps (DIPs) are not practical due to the short 
length of the bend magnet (45 cm), so vacuum 
pumping is provided by conventional lumped 
sputter ion pumps (LIPs). The vacuum cham
bers in the 120 m straight sections will be made 
from round stainless steel tubing. 

3.2 Interaction Region Vacuum System Design 
The vacuum chambers for the IR are particu
larly complex due to the many components that 
must occupy a relatively limited space[3]. Low 
vacuum pressures are especially important in 
the IR to prevent excessive beam-gas back
grounds from interfering with detector 
operation. A considerable amount of synchro
tron radiation is produced in the horizontal and 
vertical bend magnets that bend the beams into 
collision. This power must be absorbed in 
masks and the vacuum chamber walls and 
removed by cooling water. Linear power den
sities as high as 500 W/cm are calculated for IR 
masks. In addition to the thermal gas back
ground, rather high localized dynamic gas 
loads occur as a result of photon stimulated gas 
desorption at the synchrotron radiation mask
ing surfaces. Sputter ion pumps will be 
installed to provide noble-gas pumping and to 
maintain vacuum system pressure in the 

absence of beam. It is expected, however, mat 
sputter ion pumps alone will not provide 
enough pumping speed to maintain sufficiently 
low vacuum system pressure during accelera
tor operation. Therefore, we expect that some 
combination of titanium sublimator pumps 
(TSPs) and non-evaporable getter (NEG) 
pumps also will be used to provide the high 
pumping speed required at low vacuum pres
sures. Present plans call for the vacuum 
chambers to be fabricated from stainless steel 
and copper tubing, with the central detector 
vacuum chamber made of beryllium. Clearly a 
high strength, high conductivity absorber 
material such as GLIDCOP* is required for 
masks due to the high thermal stresses. 

3.3 High Energy Ring Vacuum System Design 
The present design for the HER vacuum sys
tem is similar to that proposed in the PEP-II 
CDR. Some modifications have been made as 
a result of detailed engineering studies of wall 
heating and vacuum pressure, and the design 
has been optimized for cost-effective fabrica
tion. A detailed fabrication plan has been 
generated, critical factors have been identified, 
and prototype testing is in progress to verify 
our design solutions and fabrication plans. Fig
ure 2 shows the arrangement of magnets and 
vacuum chambers in the HER arc region. The 
standard HER arc cell consists of a 1.5 m long 
quadrupole vacuum chamber located between 
6 m long bending magnet vacuum chambers. 
Both the quadrupole and bend chambers are 
fabricated from copper extrusions. Different 
cross-sections are used, however, due to the 
need for distributed ion pumps in the bend 
chamber. The beam passage is identical in the 
bend and quadrupole chambers, so the beam 
sees a constant cross section as it passes 
through the arc vacuum chambers. 

The bend chamber shown in Fig. 4 consists of 
a single copper extrusion, which forms the vac
uum envelope, with an extruded copper 
cooling bar, which removes heat generated by 
synchrotron radiation. The cooling bar is 
attached via electron-beam welding to mini
mize annealing of the chamber walls. The bend 
chamber is curved to a 165 m radius in order to 
conform to the curvature of the beam in its path 
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Fig. 4 Exploded view of the HER i*iid magnet 
vacuum chamber. 

through the bend magnet. A copper "screen" is 
inserted into the larger extrusion to divide it 
into a beam passage and a distributed ion pump 
passage. Gas molecules are conducted through 
slots in the screen to the DIP. The bend mag
nets take up a large percentage of the total 
beam line circumference leaving little room for 
vacuum pumps other than distributed ion 
pumps. Further, efficient magnet designs dic
tate small magnet bores and a relatively small 
vacuum chamber cross-section with limited 
vacuum conductance. Lumped sputter ion 
pumps (LIPs) at the ends of the bend magnet 
have limited effect on the pressure in the arc. 
The pumping speed of the distributed ion 
pumps takes on considerable importance in the 
HER vacuum system design. 

The 1.5 m area between bend magnets, in addi
tion to the quadrupole, sextupole, and corrector 
magnets, contains many vacuum elements — 
beam position monitors, bellows, LIPs, masks, 
supports, and vacuum flanges with the need for 
both vacuum and RF seals. The need to fully 
integrate all of these components in a func
tional, reliable, and cost-effective design 
makes the quadrupole vacuum chambers a crit
ical design component of the PEP-II arc 
regions. The distributed ion pumps proposed in 
the CDR for the quadrupole chambers have 
been replaced by two lumped differential sput
ter ion pumps mounted on the quadrupole 
chamber via a high conductance pumping cell. 

These pumps will provide noble-gas pumping, 
maintain ^cuum pressure when the bend mag
nets are t. ned off (the DIPs will not operate 
without magnetic field), and maintain vacuum 
pressure in the quadrupole chambers during 
machine operation. Detailed calculations show 
that a higher pumping speed and lower cost 
were obtained with the LIPs than were with 
quadrupole DIPs. The usable quadrupole field 
strength and, therefore, the DIP pumping 
speed, were limited, and die need to change 
quadrupole field strength for optics reasons 
was considered an undesirable complication. 
The need to shield vacuum flanges and to cool 
SR power absorbing surfaces inside the pump
ing cells has led to the use of discrete masks in 
the quadrupole chamber. These water-cooled 
masks absorb SR power that would otherwise 
hit bellows, BPM's, flanges and the small 
uncooled area at the chamber ends. The SR 
power density on these masks is calculated to 
be~250W/cm. 

4. Research and Development for the PEP-II 
Vacuum System 

An aggressive research and development pro
gram is under way for the PEP-II vacuum 
system. The goals are to validate our design 
assumptions and to optimize the cost-benefit 
ratio of our design solutions. Within the PEP-II 
project, a high priority has been given to the 
HER vacuum system R&D, as the HER will be 
constructed and commissioned first. Our 
expectation is that the design concepts and fab
rication techniques developed for the HER will 
be applied later to the LER and IR vacuum 
chambers. HER vacuum chamber designs have 
been studied in detail and critical design and 
fabrication factors have been identified. Proto
type testing is under way for each of these 
critical factors. Our designs will be optimized 
and a full scale arc fell prototype will be fabri
cated based on the results of this testing. This 
will allow us to perform mechanical testing on 
the overall system and will serve as a final con
firmation of our design solutions. Further, the 
arc cell prototype 'vill allow us to test installa
tion and alignment techniques in a realistic 
setting. The PEP-II vacuum system R&D 
activities have concentrated on the follow 
-ing areas. 
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4.1 Engineering Analysis 

Significant engineering analysis has been com
pleted for both storage rings using EXCEL, 
ANSYS, IDEAS, and EGS4 in order to evalu
ate the synchrotron radiation power 
distribution, the resulting heat and gas loads, 
vacuum pressure profiles, static and thermal 
stresses, and radiation shielding requirements. 

The peak SR linear power flux for the HER is 
calculated to be 102 W/cm at a beam energy of 
9.0 Ge V and beam current of 3.0 A. Finite-ele
ment calculations of temperature and stress 
show the maximum wall temperature at the 
point of peak SR incidence to be about 100°C, 
with an average wall temperature of 60°C. 
Stresses due to heating and cooling are calcu
lated to be about + 41.4 MPa [4] with the 
expected yield strength for annealed OF cop
per about 83 MPa. The combination of residual 
stresses from fabrication and thermal stresses 
is calculated to be sufficiently below the endur
ance limit for the material that fatigue cracking 
will not be a problem. Calculations show the 
average vacuum pressure in the HER arcs to be 
comfortably below the design pressure of 
1 x 10'8 Torr (N 2 equivalent). The exposure of 
beam line components such as magnet coils 
and cable insulation to harmful radiation 
effects is always a concern in accelerator 
design. The effects of radiation shielding in 
PEP-II were evaluated using EGS4 [5]. The 
vacuum chamber wall of 5 mm thick copper 
was found to be fully self-shielding, that is, all 
synchrotron radiation produced in the vacuum 
chamber is contained in the chamber walls. No 
additional radiation shielding will be required 
in either ring. 

4.2 Photodesorption Testing 
Maintaining acceptably low vacuum pressure 
is a critical factor in achieving long beam life
times and high luminosity in a storage ring. 
Ensuring acceptable vacuum pressures in the 
PEP-II storage rings, with the high photon 
doses calculated, requires an accurate under
standing of the photo-desorption coefficient 
(T|), the efficiency with which impinging pho
tons liberate gas molecules which contribute to 
vacuum system pressure. Based on the works 

of Grobner, Halama, and others, a reasonable 
photo-desorption rate for a copper vacuum 
chamber was taken to be 2 x 10-6 molecules per 
photon (N2 equivalent) in the HER. This value 
is significantly lower than has previously been 
used in storage ring design. A test program was 
carried out at the NSLS facility at the 
Brookhaven National Laboratory by C. Foer-
ster, M. Calderon, et al.[6] to confirm the 
validity of this assumed value. A series of cop
per samples, from various manufacturers and 
with various pre-treatments, was exposed to 
photon beams in the VUV (0.S keV, 110 mrad) 
beam line, and the rates of photo-desorption 
were measured for photon doses up to 10 2 3 

photons per meter. These measurements con
firm that the assumed T| value of 2 x 10* 
molecules per photon is a conservative design 
value for a high-current machine such as 
PEP-II. In order to confirm our chemical 
cleaning and fabrication techniques, a test vac
uum chamber was fabricated using the planned 
techniques and installed in the beam line at 
NSLS for photodesorption testing. Subsequent 
measurements verified that our surface prepa
rations were acceptable, and that our 
fabrication techniques would not degrade the 
prepared vacuum surfaces. 

4.3 Vacuum Chamber Materials 

Given the design requirements and engineering 
problems discussed above, the choice of mate
rial for the vacuum chambers is of critical 
importance. A number of materials were con
sidered, and studies were carried out to 
evaluate conformance to engineering require
ments, ease of fabrication, costs, etc. Based on 
a cost-benefit analysis, OF copper alloy 
C10100 in a half-hard temper has been chosen 
for the arc vacuum chambers in both the HER 
and LER. Copper gives excellent heat conduc
tivity, a low photo-desorption coefficient, and 
good radiation shielding. A half-hard copper-
phosphorous alloy C10300 was chosen for the 
cooling bar for its ease of fabrication of this 
non-vacuum part. Our engineering evaluation 
shows that OF copper will meet our require
ments while giving the lowest measured 
photo-desorption coefficient. Despite its low 
cost and ease of fabrication, aluminum was 
ruled out as we believe that a'aminum will not 
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reach a sufficiently low rate of photo-desorp-
tion in an acceptable commissioning time. 
Further, calculated thermal stresses in the 
chamber wall from synchrotron radiation were 
significantly higher than for copper and were 
unacceptably close to the fatigue limit A stain
less steel chamber with brazed copper 
synchrotron radiation absorber was also ruled 
out, as the skin resistivity of the stainless steel 
was too high. (Calculations showed that, as a 
result, a beam instability developed after only 
a small number of beam orbits in the storage 
ring.) Several methods were evaluated for 
coating a stainless steel vacuum chamber inner 
surface with a more conductive material — 
copper plating, a brazed copper liner, and cop
per clad stainless steel. Cost estimates show 
that, for our system requirements, the cost to 
procure high quality stainless steel with low 
magnetic permeability and to coat it with cop
per in a way consistent with stringent UHV 
requirements is more expensive than to fabri
cate a copper chamber. 

Vacuum flanges for interconnecting chambers, 
bellows, etc. will be fabricated from 316LN 
stainless steel in order to minimize magnetic 
permeability and allow for the option of braz
ing flange sub-assemblies at reasonably high 
temperatures (up to about 1000° C). As noted 
above, stainless steel tubing in a 304 or 316 
alloy will be used for the vacuum chambers in 
the 120 m straight sections, and masks will be 
made from a dispersion hardened copper such 
as GLEDCOP®-

4.4 Vacuum Chamber Fabrication 

The choice of copper for our chamber material 
dictates the development of new fabrication 
methods. The only large accelerator in the 
world with copper vacuum chambers is HER A 
at the DESY Laboratory in Hamburg, Ger
many. The engineering requirements of PEP-II 
are sufficiently different that the methods pio
neered with such success at DESY will not 
work for us. An extensive research and testing 
program has been carried out to develop cost 
effective fabrication methods that will result in 
an acceptable vacuum chamber design. It is 
critical that our fabrication technique not 
anneal the copper, so that the inherent material 

strength in the vacuum chamber walls is 
retained. AU of our fabrication steps must be 
carried out in strict conformity to the need for 
UHV clean chambers. Various fabrication 
techniques to obtain the desired shape were 
explored— roll-forming, break press forming, 
and extruding. A number of joining techniques 
were also evaluated, such as brazing, TIG 
welding, electron-beam welding, and diffusion 
bonding. As a result of these studies, a fabrica
tion scenario has been developed that calls for 
an extruded copper vacuum chamber joined 
via a combination of TIG and electron-beam 
welding of major components, with hydrogen 
furnace brazing of sub-assemblies. Critical 
factors in this scenario have been identified, 
and thorough prototype testing is in progress to 
confirm our fabrication plans. 
A. Prototype extrusions have been ordered for 

evaluation. These will undergo chemical 
analysis and mechanical tests, then be used 
in fabrication of full-size prototype vacuum 
chambers. 

B. Chamber bending tests were performed to 
optimize a technique for forming the bend 
magnet vacuum chamber to the required 
16S m radius. Several methods have been 
tested. The vacuum chamber cross section 
is quite broad and presents considerable re
sistance to forming. Rolling of the chamber 
with a 3-roll device failed, as the force re
quired to form the chamber was greater than 
the strength of the chamber wall, and the 
wall buckled. A pin-press technique was 
successfully employed whereby a hydraulic 
cylinder applied force opposite twp fixed 
supports. Three 30 cm "shoes" were used to 
distribute the forming force more evenly 
along the length of the wall. The chamber 
was given a series of small bends along its 
length to approximate a smooth radius. 
While successful, this was a time consum
ing, trial and error technique. Also, the 
chamber had to be significantly over bent 
and allowed to spring back to the desired ra
dius. The resulting residual stresses were 
felt to be undesirably high. The third meth
od tested (Fig. 5), the technique expected to 
be employed for PEP-II production, is 
stretch-forming. The bend vacuum chamber 
is pulled by its ends and stretched uniformly 
until the copper reaches its yield point. 
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Fig. 5. Photo of a prototype HER bend chamber 
during stretch bending. 
While in this condition, very little lateral 
force is required to form the chamber. The 
chamber is moved laterally and formed 
against an aluminum mandrel pre-shaped 
with a 165 m radius. There is very little 
spring-back, so residual stresses are low. 
Further, residual stresses from previous 
electron beam welding of the cooling bar 
are also relieved. The result is a relatively 
stress-free chamber accurately formed to 
the required radius. This technique can be 
readily employed on a production basis. 

C. Tests of electron-beam welding the cooling 
bar to the beam chamber have been success
fully completed. Further testing will be 
done during prototype chamber fabrication 
to optimize weld parameters. 

D. Tests are in progress to develop techniques 
for reliably TIG welding stainless steel vac
uum flanges directly to the extruded copper 
chamber body. Preliminary testing has been 
completed with considerable success, and 
more detailed testing is underway. 

4.5 DIP Screen Installation and Attachment 
One of the critical factors in the present bend 
vacuum chamber design is the distributed ion 
pump screen. This screen is required to main
tain a low impedance in the beam passage, 
prevent ions from the ion pump and the pump 
electrical field from affecting the beam, yet 
allow high transmission probability of gas 
molecules into the DIP. An effective compro
mise between these important but conflicting 
requirements is necessary, as the DIP pumping 
speed is the dominant factor in achieving the 
desired vacuum pressures in the arc regions. 

Some higber-order-mode heating is expected 
in the DIP screen as well as heating from 
reflected synchrotron radiation power. Rea
sonable thermal contact is thus required to 
conduct this heat out to the chamber walls. 
Once the screen is mechanically installed, full 
chemical cleaning of the chamber is impossi
ble due to trapped volumes. The screen must 
therefore be installed in a UHV clean condi
tion. We expect considerable resistance to 
sliding as the screen is installed into the cham
ber body. A series of tests is now under way to 
install the screen in the 6 m bend chamber and 
to attach the screen to the vacuum cham
ber walls. 

4.6 HOM Impedance Testing 
Beam impedance is an important factor in the 
design of PEP-II vacuum chambers. In order to 
verify that we are adhering to our calculated 
impedance budget, testing is being done at the 
Lawrence Berkeley Laboratory (LBL). Sample 
lengths of vacuum components such as bel
lows, a bend chamber with DIP screen, beam 
position monitor, etc. have been fabricated. 
These are installed in a test fixture with a wire 
through the center of the chamber and excited 
at various frequencies by an RF generator. The 
response is measured and compared to a refer
ence length of smooth chamber to approximate 
the specific energy loss for that section. A rep
resentative section of each PEP-II vacuum 
component will be tested in this fashion. 

4.7 Distributed Ion Pump Testing 
As mentioned above, the pumping speed of the 
bend chamber distributed ion pump is the dom
inant factor in achieving the desired vacuum 
pressure in the arc regions. Our desire for high 
pumping speed requires that we install as many 
cells as will fit in the space available. A de
tailed design study has been completed [7,8], 
using the relations of Hart wig and Kouptsidis, 
which indicates that that our pumping speed 
goal of 1651/s/m is reasonable. This value will 
be tested in a series of pump speed measure
ments planned at the Lawrence Livermore 
Laboratory (LLNL) during early 1993. Pump 
modules and test vacuum chambers are now in 
fabrication and a test facility is being prepared. 
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Fig. 6 Model of HER distributed ion pump. 

A series of ion pump modules with varying de
sign features will be tested to optimize our de
sign for maximum pump speed. The parallel 
plate anode design shown in Fig. 6 was chosen 
over the more traditional tubular cell anode 
used in PEP-I. While fewer pumping cells can 
be installed in a plate design, calculations show 
that the increased conductance of gas into the 
pump more than compensates for the lost cells 
and results in a higher net pumping speed. Pure 
titanium will be used for the cathodes, while 
both stainless steel and titanium will be tested 
for the anodes. The pumping speed of a simi
larly sized tube-type anode will also be mea
sured for comparison. 

4.8 Flexible Bellows 

A flexible bellows is required in the PEP-II 
vacuum system to allow for tolerances in fab
rication and alignment, and to provide 
compliance for thermal growth. The high 
stored beam current in PEP-II requires a shield 
inside of the bellows section to give a low 
impedance in the beam passage and minimize 
higher-order-mode heating in the bellows 
while still allowing flexibility in the assembled 
unit. A number of shielded bellows designs are 
successfully in use at various accelerators 
worldwide, but at considerably lower beam 
currents than PEP-II. Our plan is to extrapolate 
an existing concept for use at the high PEP-II 
beam current We evaluated bellows designs 
from many laboratories, including the PEP-I 
design. Our most promising design concept is 
an adaptation of the bellows screen used in 
LEP. A stainless steel bellows is TIG welded to 
stainless steel adapter rings which are brazed to 
the copper beam chamber. The beryllium-cop

per screen is fixed rigidly at one end with the 
opposite end free to slide in the beam direction. 
The screen is slit in the beam direction to make 
"fingers" which give the screen flexibility and 
allow transverse movement. An extension 
spring around the free ends of the fingers main
tains contact between the fingers and the wall 
to insure acceptable ground contact. A mask 
brazed into the up beam end of the bellows 
assembly absorbs synchrotron radiation that 
would otherwise strike the bellows screen and 
vacuum flange. Computer simulations of 
impedance have been performed, and imped
ance test models are in fabrication for testing at 
LBL this winter. Based on these preliminary 
tests, several full prototypes will be fabricated 
for extensive impedance and lifetime tests 
under simulated operational conditions. 

4.9 Beam Position Monitor 

Approximately ISO beam position monitors 
will be installed in each PEP-II storage ring, 96 
in each arc, with the remainder in the straight 
sections and interaction region. A number of 
beam position monitor designs are successfully 
used at various accelerators worldwide. Again, 
our plan is to extrapolate a proven concept for 
use in PEP-II. We evaluated many beam posi
tion monitor designs from SLAC and other 
laboratories. The design we have chosen is 
based on a beam position monitor feedthrough 
concept used in ELETTRA, ESRF, APS, and 
other machines. Small lateral ports will be 
welded into the quadrupole chamber, and the 
feedthrough will be connected to the quadru
pole chamber by miniConflat-type flanges. 
The mini-flange mounted feedthrough assem
bly integrates a ceramic insulator, a one 
centimeter diameter metallic active button, and 
a type-N connector in an electrically smooth 
SO £2 unit. Prototype feedthroughs are on order 
from two manufacturers for bench tests this 
winter. A preliminary prototype will be 
installed in the SLAC linac for tests with elec
tron and positron beams. 
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5. FUTURE RESEARCH AND DEVELOPMENT 
ACTIVITIES 

ACKNOWLEDGMENTS 

The goal of our vacuum system R&D activities 
is to be ready to begin production of the HER 
vacuum system in October, 1993. We will con
tinue to work on the LER and IR vacuum 
systems, but the HER vacuum system will be 
our prime focus. As designs for the standard 
vacuum chambers are finalized, we will begin 
to look at machine diagnostics such as optical 
monitors, beam current monitors, etc. One of 
our highest priorities will be to complete the 
DIP pumping speed measurements and our 
photo-desorption testing so that the HER vac
uum pumping configuration can be finalized. 
Completion of our fabrication tests will allow 
us to finalize arc chamber fabrication plans and 
build full-size prototype vacuum chambers. 
With the completion of beam position monitor 
and bellows development, we will assemble 
prototype arc chambers in the PEP-II arc cell 
mockup. This will allow us to check clearances 
with magnets and supports as well as provide a 
check of tooling and procedures for installation 
and alignment. As a final verification of our 
designs, we will perform in situ mechanical 
testing such as natural frequency response, 
chamber and support response to heating, and 
measurements of DIP speed in an extruded 
copper chamber. 

6. SUMMARY 

A conservative vacuum system design for the 
PEP-II arcs is nearing completion. Critical fac
tors in the design and fabrication have been 
identified for R&D evaluation. Each of those 
critical factors has been studied, design solu
tions found, and testing is now in progress to 
confirm our solutions. Based on these tests, our 
designs will be optimized to insure proper 
function and system reliability. Prototype vac
uum chambers will then be fabricated and 
installed in the PEP-II arc cell mockup to ver
ify our design solutions. 

The author wishes to acknowledge the many 
people, too numerous to list, who have contrib
uted to the PEP-II vacuum system and whose 
creative talents have developed the vacuum 
system design presented herein. 
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ABSTRACT 

Hybrid Cu-AI beam pipe is proposed for KEK B factory. The pipe is based on the idea that better characteristics 
of each material are utilized to obtain lower cost and photodesorption yield comparable to that of all copper 
vacuum beam pipe. Copper is set to the part irradiated directly with photons of synchrotron radiation and 
aluminum alloy is set to the part irradiated with reflected photons of synchrotron radiation. A fabricated model 
of the hybrid Cu-AI beam pipe is shown and can be realized using trivial technique. For the present, measured 
desorption yield of aluminum alloy is evaluated about 5 times higher than that of copper. Using the value, 
estimated photodesorption yield is about 3 times higher than that of all copper beam pipe at the photon dose 
larger than 1 0 2 1 photons/m. The photodesorption yield of the aluminum alloy must be reduced and the several 
methods are suggested to obtain a comparable yield with copper. The estimated radiation outside of the hybrid 
beam pipe in the normal bending section for high energy ring and low energy ring for KEKB factory is 
comparable and wiggler section needs one order of magnitude dense shield compared with that of TRISTAN 
accumulation ring. Estimated cost of the hybrid beam pipe is one third of all copper beam pipe and is 0.6 
million yen per meter. 

1. INTRODUCTION 

Although we have much experience in aluminum al
loy vacuum system, TRISTAN, the vacuum system 
for B factory is different in high power synchrotron 
radiation from the experience. The power due to the 
synchrotron radiation of high beam intensity in the 
bending section of B factory is two ordeis of magni
tude higher than that of the TRISTAN [1-3]. 
Because aluminum alloys can not endure such a 
high power density, material for beam pipe in 
wiggler section can not be aluminum alloys. Copper 
is a candidate for the beam pipe to accomodate the 
high power density. The estimated cost of the all 
copper beam pipe is however higher than that of the 
all aluminum alloy beam pipe [3]. Because of the 
light badget, we are obliged to give further 
investigations to reduce the cost, of course, keeping 
the functions of the beam pipe best. Therefore we 
tabulated the characteristics of both beam pipes 
made of each material alone as shown in Table 1. 
The all alumi- num alloy beam pipe has several 
advantages in material cost and in fabrication 
technique, such as welding, extrusion, machining, 
bending, and flanges, compared with all copper 
beam pipe. On the other hand, the all copper beam 
pipe has the advantage of better thermal 
conductivity, radiation shielding efficiency, and 
higher melting point compared with those of all 
aluminum alloy beam pipe. Utilizing the better 
characteristics of both materials, we propose a 
hybrid Cu-AI beam pipe by applying copper to the 
part where synchrotron radiation directly irradiates 
and aluminum alloys to the part where synchrotron 

radiation indirectly irradiates. As for the pholo-
desorption yield, it is generally said that lower 
photodesorplion yield was shown by several experi
ments using all copper beam pipes. However it must 
be paid attention that whether the surfaces were 
treated by the surface treatment available for indus
try or the laboratory treatment. In this paper com
parison of the data of the photodesorption yield of 
both materials, the concept and fabrication of the 
hybrid Cu-AI beam pipe keeping the functions 
com- parable or belter than that of all copper beam 
pipe and the cost estimation arc described. 

Table I Comparison of characteristics among all 
aluminum alloy, all copper, and hybrid Cu-AI beam 
pipes. 

all Al aiJCu hvbrid Cu-AI 
Thermal Conductivity • • .... « . . . 
Melting Point * .... .... 
Shielding for Photons - — * Photodesorplion vield *. .... ... Extrusion .... . .... 
Welding ** - . + 

Machining « • * • *. Bending — * * + 

Material Cost .. + .. Flanges .. . .* Total Cost • • • -
2. STRUCTURE 

Copper has high melting point and high thermal 
con-ductivity. On the contrary, aluminum alloys 
have better characteristics than copper in fabrication 
tech-nique. Therefore, we propose Cu-AI hybrid 
sturcture where copper is applied to the part 

— 204 — 



A-H 
300 ® 

20 148 ii?° / 
a" •sb 4|' • , 

' - ^ / ^ ' / • ' / / / / ^ x 
j JUaJ" ' 

A — V. 
200 

Fig.l Cut view of hybrid Cu-Al beam pipe. (1) Al 
beam pipe. (2) Cu block. (3) Cu-Al transition. 
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Fig.2 Cross sectional view of hybrid Cu-Al beam 
pipe at A-A. 

Fig.3 Welding lines in the 
hybrid Cu-Al beam pipe. 

irradiated directly by the synchrotron radiation and 
aluminum alloys to the part indirectly irradiated by 
the synchrotron radiation (reflected radiation). With 
the hybrid Cu-Al beam pipe, we can utilize the good 
characteristics of each material. Our basic idea is 
shown in Figs.l, 2 and 3. As shown in the figures, 
the beam pipe consists of three metal pieces: beam 
pipe made of aluminum alloy (1), a radiation 
absorber made of copper block with hole for cooling 
(2), and Cu-Al clad transition for joining (3). The 
copper block is welded to copper of the clad 
transition and the aluminum alloy beam pipe is 

Fig.4 Fabricated model of hybrid Cu-Al beam pipe. 
welded to the aluminum alloy of the clad transition. 
Welding lines are shown inFig.3. It must be noted 
that both weldings are trivial. Therefore the concept 
of the hybrid Cu-Al beam pipe can be basically 
realized without prob- lem. A real small model of 
the pipe is fabricated as shown in Fig.4, where the 
copper block is tightly welded to the clad transition 
at both ends. One thing to be considered is the 
difference in thermal expansion coefficient between 
copper and aluminum alloys. The difference can be 
absorbed by accepting two type structures: a Cu-Cu 
welding part is re- placed by the welding via 
bellows (Fig.4) made of beryllium-copper alloy or 
copper and the copper block is made free by 
applying returning type cooling channel. For the 
latter, a gap at the free end needs some equipments 
to avoid problems due to rf-field from bunched 
beams. In addition, some grooves are necessary to 
avoid the deflection of copper block in vertical 
direction against beam axis. 
It must be mentioned that the similar idea of hybrid 

beam pipe has been already persued in many labora
tories. Copper-stainless steel hybrid beam pipe was 
already operated in ESRF and in Daresbury. Cu-Al 
hybrid beam pipe, where localized copper is used as 
a photon absorber, is accepted at APS in ANL, 
SPring-8 in Riken, ALS in LBL, and PLS in 
POSTECH. We think that other examples support 
our idea. 

3 COMPARISON OF THE DATA OF PHOTO-
DESORPTION YIELD FOR COPPER AND ALU
MINUM ALLOYS 

The published data in photodesorption yield show 
that compared with aluminum beam pipes [4-12] 
lower photodesorption yield for CO was obtained 
with copper beam pipes [8-19], where we are 
mainly concentrated on partial pressure of CO 
Ceo)- The reason to concentrate on Pco is that Pco 
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is not lower than partial pressure of H2 (PH2) m o r c 

than one order and contribution of Pco to beam 
lifetime is higher than that of PH2 nearly one order. 
However it must be stressed that surface treatment 
applied on the sample beam pipe is not always 
accepted on (he real beam pipe. This is important 
because such kind of surface treatment (can be 
called laboratory treatment) may be not appropriate 
as an industrial technique. These data were obtained 
using beam pipe type samples, not small pieces. 
Beam pipe type samples arc morc realistic than the 
small piece of samples because the influence of the 
scattered photons arc included. 

An aluminum alloy after chemical cleaning, baking 
in-situ, and 'discharge cleaning' 14) in-situ showed 5 
x 10"4 molecules/photon at 10 2 ' photons/m at a 
critical photon energy (Ec) of 3 keV. This is a 
relatively good value compared with the other data 
of aluminum alloy. Alkaline etched aluminum alloy 
surface has poor thermal gas desorption rate because 
the surface is not so rigid compared with the EX 
heated [20]. The surface with poor thermal 
desorption rate can not have good photodesorption 
yield. Rigid and thin oxide film on the cleaned 
aluminum alloy surface is needed to gel low yield. 
The idea was tried and yield was 2 x 10" 3 
molecules/photon at photons/m with Ec of 26 
keV [6]. This is a high value. We assumed photon 
energy dependence of the yield with Ec'/2 r e a ( j by 
the data in the critical photon energy range of keV 
117]. Using the assumption the value could be 
transformed to 7 x I0" 4 molecules/photon at 3 keV 
of Ec. The value is imcomplclc but suggests that the 
direction of the idea for surface treatment is correct. 
The idea is probably the same in the case of copper. 
Oxide film on the copper surface is not so stable as 

that of aluminum alloy (21). Therefore the different 
care must be needed. 3 x 10"' molecules/photon of 
yield was obtained at 10*' photons/m with Ec of 0.5 
keV [9,13] on the in-situ baked copper plated 
stainless steel at 200 °C for 66 hours and 270 °C for 
24 hours. Taking into account the energy de
pendence of the yield E c " - read for CO in the 
range of photon energy between 0.5 and 3 keV [17], 
equivalent photodesorption yield could be 7 x 10"5 

molecules/photon at 3 keV of Ec. For vapor 
degreased, alkaline deoxidized, acid etched, vacuum 
brazed, reoxidized and baked oxygen-free high-
conductivity copper 111,18], 2 x 10" 4 mole
cules/photon at lfj2' photons/m with Ec of 2.95 keV 
was obtained. It can be easily understood that the 
photodesorption yield transformed to 3 keV of Ec 
for aluminum alloys is roughly 5 times higher than 

that of copper and that the surface treatment for cop
per is tiresome and therefore makes cost high. M. 
Kobayashi [19] obtained lower yield with mechani
cally machined copper surface than thai of chemi
cally treated copper surface. The surface treatment 
can be easily applied on copper bar. After the 
treatment the bar can be assembled into the hybrid 
Cu-Al beam pipe. This is one of the merit of the 
hybrid structure. 

It is worth to mention that the former data [11,18] 
and the data by Gomez el al I I6.1V) were obtained 
using a piece of copper bar in the stainless steel 
beam pipe. These arc other examples of hybrid 
beam pipe. In these cases, it is necessary to get 
lower yield for surrounding stainless steel beam pipe 
compara- ble to that of copper. Therefore in the case 
of the hybrid Cu-Al beam pipe, aluminum alloy with 
lower yield of factor of 5 or more should be 
realized. It is not impossible by developing the 
oxygen plasma method [6,22) or by applying non 
carbon adsorbed surface treatment on aluminum 
alloys [23]. 

4. CALCULATION 

As mentioned in section 3, wc will endeavor to re
duce about factor 5 of desorption yield of aluminum 
alloys compared with that of copper. It may be valu
able to estimate the yield under the present status. 
The yield is dependent on the irradiated (reflected) 
photon dose. Incident photon dose on copper and 
reflected photon dose from copper are calculated 
using EGS4 [24]. Since EGS4 is used on the range 
that dominant interaction is Compton scattering, 
incident photons below 1 keV are neglected. The 
beam pipe structure for the calculation is rectangular 
as shown in Fig. 5. The inner cross section is 90 x 
48 mm. Thickness of copper and aluminum alloy is 
5 and 4 mm, respectively. The parameters [2,3] and 
results are shown in Table 2, where HER and LER 
are a high energy ring for electron beam and a low 
energy ring for positron beam, respectively. Normal 
and wiggler mean the area irradiated by synchrotron 
radiation produced in the normal bending section 
and the one in wiggler section, respectively. The 
total reflected photon dose arc less than 1 % of the 
incident photon dose in this energy range. Reflected 
photon dose between 1 and 10 keV are more than 15 
orders low compared with those higher than 10 keV. 
Since we have no data in the range below 1 keV, we 
only concentrate on the condition of total reflection. 
For copper, critical incident angle is 3.3 mrad for the 
radiation with photon energy of 1 keV. Considering 
the incident angle of the four cases shown in Table 
2, total reflection can occur at less than about 300 
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eV of incident photon energy for normal bending 
section. We assume the reflected photon dose 
negligible in die photon energy range higher than 
300 eV and total reflection in the energy range from 
300 eV to 10 eV. The estimated photon dose in the 
latter range is 9.4 x 10™ photons. Incident photon 
dose are nearly 5.3 x photons. The estimated 
reflected photon dose arc 18 % of the incident 
photon dose. Using the values, there are two things 
to be considered: equivalent initial photodesorpuon 
yield (at the beginning of operation) of aluminum 
alloy in the hybrid Cu-AI beam pipe and change of 
the photodesorption yield with time. Because of less 
photon dose irradiated on aluminum alloy wall than 
that of copper with higher photon dose, decreasing 
rate of the yield of the aluminum alloy wall may be 
worse than that of copper compared on the same 
time. Both things arc estimated changing percentage 
of reflected photons as a parameter with Fixed initial 
photodesorption yield of copper as one fifth of that 
of aluminum alloy, i.e. 1 x 10"^ molecules/photon 
for aluminum alloy and 2 x 10~3 molecules/photon 
for copper. In addition, the estimation is based on 
two assumptions: the dose (D) dependence of the 
yield at the dose larger than 10'9 photons/m is D" 
2/3 and the area of reflected radiation is two limes 
of that of incident radiation. The result shows that 
the initial yield of the hybrid Cu-AI beam pipe is 
simply determined from the dimension of the hybrid 
beam pipe and percentage of reflected photons and 
is about 2 times higher than that of all copper beam 
pipe. As shown in Fig. 6, the equivalent yield of the 
hybrid Cu-AI beam pipe at the dose larger than 10 2 ' 
photons/m is about 3 times higher than that of all 
copper beam pipe. The operating time to attain the 
photodesorplion yield of 10"*> needs to 3000 hours 
for all aluminum alloy beam pipe and 1000 hours 
for all copper beam pipe [3]. Therefore the operating 
time of the hybrid beam pipe to attain the photo
desorption yield of 10"^ ranges between the 1000 
and 3000 hours. 

i o ! 

10 s 

f . io -> fe : H , m : i^s=y 

to- 4 

10" 10" 10 2 0 10" 10" 10" 

Photon dose [photons/m] 
Fig.6 Pholodesorption yield of all aluminum alloy 
beam pipe, all copper beam pipe and hybrid Cu-AI 
beam pipe as a function of photon dose. 
In view point of shielding characteristics, we can 
neglect transmitted energy of photons with photon 
energy less than 1 keV to the outside because the 
absorption length of the photons is less than several 
microns and much less than the thickness of beam 
pipe. Therefore we can concentrate on the result by 
the EGS4. Transmitted energy ratio against incident 
energy through aluminum alloy wall with copper 
and through aluminum alloy wall is shown in Table 
2. As we have an experience of TAR, the 
transmitted energy ratio of TAR is also calculated 
for the case of SR mode (6.5 GeV, 30 mA) using 
EGS4 and the model of aluminum alloy wall with a 
aluminum plate 5 mm thick with same dimension 
and structure of hybrid Cu-AI beam pipe. The 
product of the transmitted energy ratio and beam 
current intensity is transmitted energy per meter per 
second. The product for TAR and the two rings is 
shown in Table 2. The product of hybrid Cu-AI 

Table 2 Beam parameters, photon energy for total 
reflection, reflected photon dose ratio, and trans
mitted energy ratio for KEK B factory and TAR. 

«5 .(- -90-
Fig.5 Structure of hybrid beam 

pipe to estimate photodesorp
tion yield and transmitted energy. 

hvbrid Cu-AI all Al 
HER LER TAR 

Normal Wicoler Normal WiBBler Normal 
Bendine Radius i m 1 11 44 15 8.3 23 
Critical Enerev fkeV) 12 26 6.4 15 26 
Incident Anflle (mrad) 35 11 26 13 
Phot.EnerRvTot.Refl.leV I 310 540 360 520 
Refl. Phoion Dose Ratio 2.6 x 10-3 1.0 x I0" 2 7.3 x 10-4 2.1 I 10-3 6.0 x 10" 2 

Trans miitedEnercyRaiio 2.8 x 10-3 2.3 X I0" 2 1.7 I 10" 4 2.2 I !0"3 1 .2x10- ' 
Trans. Energy(MeV/m.s) 1.3 i l o H 4.6 x 10'5 2.4 X 10'3 1.0x1015 1.0 I 1 0 ' 4 

Beam Current (A) 1.1 2.6 0.03 
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beam pipe for normal bending section both HER 
and LER is comparable with that of TAR. In 
wiggler section for both rings the values are one 
order or more higher than that of TAR. Therefore, 
comparable radiation shield is needed for normal 
section and more dense shield for wiggler section 
with that of TAR. Lead shielding is economic but 
handling is boring and small gap between the lead 
shields causes radiation leakage. To overcome this 
point and to make shield complete, lead spraying or 
tungsten (W) coating is promising. W coating with a 
total thickness of 1 mm by a plasma spraying was 
assembled for the shield of radiation higher than 100 
keV from supercon- ducting vertical wiggler at PF 
in KEK [25]. W has lower atomic number than lead, 
but density is higher than that of lead. Cost 
estimation is now undertaken. 
The data of transmitted energy also showed some 
treatment against radiation damage. Silicon dioxide 
film coating on aluminum bellows [26] may be ex
tended to the surface of aluminum beam pipe, espe
cially in wiggler section. 
Cost estimation for the all copper beam pipe is rang
ing from 1.5 to 1.25 million yen per meter. For the 
hybrid Cu-Al beam pipe, 0.6 million yen per meter, 
where die cost of W coating and of assembly is not 
included. As mentioned above, all aluminum alloy 
beam pipe and all copper beam pipe have each 
superiority and disadvantage. However in thehybrid 
Cu-Al beam pipe each characterises is utilized as 
shown in Table I. 

5. SUMMARY 

Hybrid Cu-Al beam pipe can be basically realized 
using traditional fabricating technique. Evaluated 
radiation shield of the hybrid Cu-Al beam pipe for 
bending section both HER and LER is comparable 
with that of TAR. Wiggler section for both rings 
however needs one order higher dense shield than 
that of TAR. Cost estimation of the hybrid beam 
pipe is nearly one third of all copper beam pipe. 
Photodesorption yield of the hybrid beam pipe 
estimated from the present experimental data is 3 
times higher than that of all copper beam pipe. We 
will endeavor to decrease photodesorption yield of 
aluminum alloys. The structure of the hybrid beam 
pipe to prevent the influence of wake field together 
with calculations and experiments on thermal stress 
due to heat cycles under high power radiation are 
left for further investigations. 
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Test of Copper Duct at PF 
M. Kobayashi and Y. Hori 

National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba, Ibaraki, 305 Japan 

During the summer shut-down in 1992, we along the axial direction, then they were welded into 
designed and installed a copper duct (Fig. 1) at the one block using EBW (electron beam welding) after 
downstream end of the VW#14 in order to protect machining each inner surface. Covers of cooling 
cables from radiation damage, and to reduce noise water channels were also welded by EBW. The 
for vacuum gauges. Such damage and noise were section on which the BPM electrodes are mounted is 
mainly caused by irradiation of synchrotron radiation made precisely in one block. 
X-rays with a critical energy of 20 keV from the 
VW#14, since X-rays can easily penetrate the beam The power distribution of synchrotron radiation 
duct wall made of aluminum alloy. beam over the duct is calculated as shown in Fig. 2. 

An upstream bending section is shielded by a narrow 
Since the copper has better shielding chara- VWduct. Considering the duct as a closed chamber, 

cteristics, thermal conductivity and smaller PSD r\ [molecules/photon] for the duct can be estimated 
(photon stimulated desorption) yield 11 by the SR from pumping speed and number of incident 
irradiation1) than those of a aluminum alloy, the photons. Change of n. as a function of integrated 
copper was chosen as a material of the beam duct. photon dose is shown in Fig. 3, where T\ is 

normalized by nitrogen equivalent value of total 
Bellows, Conflat flanges and pumping ports are amount of outgassing. For comparison, the result 

made of stainless steel. Collars of BPM (beam obtained in previous work') is also shown in the 
position monitors) electrodes are made of Kovar. figure. Though r\ was large at the beginning of the 
Inconel was used as a intermediate material to enable ring operation, it quickly became small. As for r\, 
to weld these parts onto the copper beam duct. the copper beam duct provides good characteristics. 

Although machining inner surface of the duct is REFERENCES 
costly and complicated procedures, such method was 
adopted because it was shown to be most effective to 1) S. Ueda, M. Matsumoto, T. Kobari, T. 
reduce PSD yield T\ by the previous experiment1). Ikeguchi, M.Kobayashi and Y. Hori: Vacuum, 
First, the beam duct was made in two pieces divided 41 (1990) 1928. 

Fig. 1 Drawing of the copper duct. 
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Measurement of Seismic Motion and Displacement of the Floor 
at the TRISTAN Ring, and the Alignment Issues 

R. Sugahara, K. Endo, S. Kuroda, T. Mimashi and Y. Ohsawa, 

National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba-shi, Ibaraki, 305, Japan 

ABSTRACT 

The seismic motion and the variation of the displacement of the floor at the TRISTAN ring was 
measured in the Tsukuba region. Results are presented. And the stretched wire technique is being 
developed as a precision alignment method. Present sensitivity and resolution, limited by the electronics 
noise, are about 2.8 V/ftm and 0.1 (im respectively. 

1. INTRODUCTION 

The design value for the beam size at the 
KEK B-factory is: 

a x = 140 |im and ay = 1.4 |im I1!. 
Hereafter the coordinate system is defined as: X 
is the horizontal axis and Y the vertical axis in 
the plane perpendicular to the beam axis, and Z 
is along the beam axis. The beam collision is 
sensitive to the displacement of magnets located 
around the interaction point. For example, if 
the final quadrupole magnet moves vertically by 
0.1 \im or more, the luminosity will drop 
noticeably. The seismic motion and the 
displacement of the floor at the TRISTAN ring 
were measured. Measurement was carried out in 
the Tsukuba interaction region, whose plan 
view is shown in Figure 1. The floor in the 
experimental hall is 16.S m deep and that at the 

1 j HI.5 
ft ftinf-ni 

_fi 

Tsukuta Exp. Hall 

D2S.de 
_Gip sensor x/Y/z 

f 
Figure I: Plan view for the Tsukuba experi
mental hall. 

accelerator straight section is 12.1 m deep from 
the ground surface. It (he Tsukuba experimental 
hall magnets are fixed on the movable base 
whose top surface is 5.7 m high above the 
concrete floor. 

The movement of beams will be controlled 
by the steering field of magnets at the speed of 
about 10 Hz. Therefore the amplitude of the 
motion of magnets at the speed faster than 10 
Hz has to be less than 0.1 (im in the interaction 

region. The slow motion has to be not so big 
as well: less than about 0.1 mm/day. 

Although the precision of 0.1 mm for the 
initial alignment of magnets will be good 
enough, the accurate alignment is preferable. 
Precision alignment technique using the 
stretched wire is being developed. Current 
results are presented. 

2. SEISMIC MOTION 

The biggest vibration was observed in the 
Tsukuba interaction region. Results are shown 
in Figure 2, where (a) and (b) show the vertical 
and the horizontal motion of the base for the 
QC1 magnet respectively, and (c) and (d) show 
those measured on the back of the QC1 magnet 

Figure 2: The seismic motion measured (a,b) 
on the base for the QC1 magnet and (c,d) on the 
back of the QC1 magnet Figures (a,c) show the 
vertical motion, and (b,d) the horizontal 
motion. In each figure the top graph shows the 
power spectrum and the bottom graph shows 
the output from measuring heads, where the 
unit for X and Y axes are 10 mS/div. and 5 
mV/div. respectively. 
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Top graph shows the power spectrum for the 
motion and the bottom one the output from the 
measuring bead, where 1 volt corresponds to 1 
cm/sec. Measuring head is a moving coil type 
seismometer, Model L-4 of Mark Product, 
which measures the velocity of seismic motion 
in the frequency range higher than 2 Hz. The 
power spectrum has the peak at SO Hz and its 
harmonic frequencies. High components are 
eliminated at die QC1 magnet due to its spring 
coupling to the base. This vibration is 
attributed to rotary vacuum pumps. The 
amplitude of the vibration on the back of the 
QC1 magnet is about 0.2 |tm in the horizontal 
direction and in the vertical direction as well. As 
rotary vacuum pumps will be turned off, 
especially during die beam run, this vibration is 
not the case in the B-factory. The amplitude of 
the seismic motion is much less than 0.1 nm 
in the frequency region higher than 2 Hz. 

The slow component was measured using 
MC3 seismometer of Guralp, which measures 
the velocity and is sensitive over die frequency 

range of 3 mHz -10 Hz. In Figures. 3,4 and 5 
are shown power spectra for the seismic motion 
measured on the floor in the Tsukuba experi
mental hall, on the QC1 magnet base and on 
the floor at the accelerator straight section 
respectively. The top graph is die spectrum for 
the vertical motion and the bottom one for the 
horizontal movement. Although it is noisy on 
the QC1 magnet base, the amplitude of the 
motion is quite small: about 5 nm around 3 Hz, 
1 |im around 0.1 Hz and 3 nm around 3 mHz. 

3. DISPLACEMENT OF THE FLOOR 

The variation of die relative displacement 
of the floor was measured at die Tsukuba 
straight section (see Figure 1). Two measuring 
heads were placed about 10 m apart from each 
other. Between diose heads is located the 
expansion joint, where die tunnel is separated. 
The left and die right tunnels are connected 
softly to absorb die expansion of die structure. 
This is die place where die left and die right 
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Figure 3: Power spectrum for (a) vertical and 
(b) horizontal seismic motions measured on die 
floor in die Tsukuba experimental hall. 
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Figure 4: Power spectrum for (a) vertical and 
(b) horizontal seismic motions measured on die 
base for die QC1 magnet 
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Figure 5: Power spectra for (a) vertical and (b) 
horizontal seismic motions measured on the 
floor at the accelerator straight section. 

tunnels can move independently. The HLS 
(Hydrostatic Leveling System of Fogal 
Nanotech)!2! was used. A schematic drawing for 
the setup is shown in Figure 6. Two heads 

\ v 
Vessel CommunlMtlonplpefwwater 

(Stainless st«l> (Nylon tute) 
Figure t: Hydrostatic Leveling System. 

were connected by three communication nylon 
tubes. Two tubes are for the water and the other 
one is for the air. At the stage of the 
preparation water is circulated by a water pump 
to evacuate air bubbles from the water. The 
level in the head is measured by means of the 
capacitance measurement. The precision is 1 
ym or better and the response time is about 40 
seconds. Typical results are shown in Figures 7 
and 8, which show results for S days (Sep. 4-9) 

( O line © dear 

and results for 8 days (Sep. 28 - Oct. 7) respec
tively. The water level drops gradually at the 
speed of about 0.2 mm/day, as the water 
evaporates from the surface of the nylon pipe. 
Temperature dependence of the relative 
displacement is negligibly small. During the 
period Sep. 4-9 the air conditioner was turned 
on only in the day time of week days. As the 
evaporation of water is sensitive to the wind 
blowing, some jumps are seen in the output 
Bom each head at the time of turning on/off of 
the air conditioner. The variation curve of 
relative displacement has peaks every evening: 
around 6:00 p.m. The amplitude of the 
variation curve is 20-30 |im, and this structure 
is more evident during the period of Sep. 4-9 
than the period of Sep. 28 - OCL 7. The weather 
was very dry during the former period and it was 
rainy during the later period as can be seen by 
weather marks attached at the top of the figure. 
It is supposed that this variation of the relative 
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Figure 7: Relative vertical displacement 
between two points, #1 and #2, apart 10 m each 
other on the floor in the accelerator straight 
section during the period Sep. 4-9, 1992. 
Weather marks ate placed at the top, and the tide 
curve is shown by the dotted line. 

• cloudy • rainy) „ 
»TTW 

i \ i 
* 2-#l 

» ( > 
A . 

; < \ < > < 
n-t 

> 
i 

jwrrr. 

tn r ^ S^z Ll} \a *w __ . 

o 

• • 1 (h* 
: \ ; t • * j i s ^ /•• fi / 

w\ • 

o 

? i i / 
i n f> 

, i 
V." 

. # 
*»y \J 

V 
• 

#2 : 

^ .....' .UMJ. .uwaJ ..... m u *!_ 

9 ? 

0 24 4S 72 96 120 144 168 192 216 240' 
Sep. Time (H) Oct Time (H) 

28(Mon) 29 30 1 2 3 4 5 (Moo) 6 7 
Figure 8: Same as Figure 7, but during the 
period Sep. 28 - Oct. 7,1992. 

— 213 — 



displacement is caused by the warm-up of the 
building and/or the ground by the sunshine. The 
tide curve, plotted in figures by dotted curves, 
does not explain this variation curvet3'. 

Relative displacement between the left and 
right floor at the expansion joint was measured 
using gap sensors. An iron slab was extended 
from one side and three gap sensors (X, Y and Z 
sensors), fixed on the other side, measure the 
gap between the slab and the sensor beads. The 
sensor is an Eddy current type. The relative 
movement was revealed to be smaller than the 
resolution of the sensor: 1 urn/day. 

4. STRETCHED WIRE TECHNIQUE 

The stretched wire method is being developed 
as the precision alignment technique. A copper-
beryllium wire of 1m long and 0.2 mm thick is 
stretched on the anti-vibration support table. 
The wire is covered by aluminum tubes, which 
are grounded, in order to shield an electronics 
noise. 33 kHz radio frequency signal fed to the 
wire is detected by strip line electrodes by 
means of capacitance coupling. The dimension 
of the strip electrode is 12 mm long along the 
wire, 1 mm wide and 0.2 mm thick. The 
schematic drawing for the test setup is shown in 
Figure 9. The principle is the same as the beam 

OadlMor 

AMtartbntiM wpfart UMt 

Figure 9: Test setup for the stretched wire 
technique. 

position monitor. By measuring the difference 
between the amplitude of the signal from left 
and right (lop and bottom) electrodes, the wire 
position can be detected. The block diagram 

**"> I ... BuJ. 

for electronics is shown in Figure 10. The lock-
in amplifier is under preparation. The signal 
pick-up system including the electronics is 
tested. Resultant output from the main 
amplifier is shown in Figure 11; (a) shows the 
output at the position X=0 (reference point) and 
(b) the output at X=0.5 ixm. The sensitivity is 
about 2.8 V/pjn. By taking the distribution of 
the amplitude of signals, the noise level is 
found to be about 0.1 urn. By improving the 
noise shield and installing the lock-in amplifier 
the noise level should be reduced considerably. 

I00us/div. 
Figure 11: Output from the main amplifier 
for the stretched wire technique, (a) is the output 
at X=0 (reference point), and (b) is that at X=0.5 
um. 

5. SUMMARY 

The amplitude of the seismic motion is the 
biggest on the QCI magnet base, which is 5.7 
m high above the concrete floor in die experi
mental hall. In the Tsukuba interaction region, 
the amplitude is less than 10 nm in the 
frequency region higher than 1 Hz, about 1 urn 
around 0.1 Hz, and about 3 um around 3 mHz. 
Although results are not presented in the text, 
the vertical relative movement of the reference 
points prepared on the wall: one is at the 

Signal 
Pre-amplifler 

>---»to ADC 
\ . 

Lock-in amp. 

Buffe>.mp.\ \ \ M J t o , n " - ( X 3 0 0 ) 

Impeadance matching \ Band pass filter 
Differential amp. (x30> 

Figure 10: Block diagram for the electronics 
of the stretched wire technique. 
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straight section, another one in the experimental 
hall and the last one on the side of the QC1 
magnets, about 5 m apart from each other, 
have been measured by a telescope in the left 
and the right side region of the Tsukuba 
interaction point The movement is found to be 
smaller than 0.1 mm/day. 

At the straight section in the Tsukuba 
region, the variation of the relative vertical 
displacement of the floor between two points 
10m apart from each other across the expansion 
joint of the tunnel was measured by using water 
communication tubes. The variation curve show 
peaks every evening around 6:00 p.m., which 
seems to be caused by the warm-up of the 
building and/or die ground by sunshine. 

The relative movement of the separated floor 
at the expansion joint was measured in the 
Tsukuba region using gap sensors. The 
movement is found to be smaller than the 
sensor resolution, 1 (im/day in three directions: 
X,YandZ. 

The stretched wire technique is being 
developed as a precision alignment method. The 
present sensitivity and the electronics noise 
level are 2.8 V/fim and 0.1 pun respectively. 
The noise level will be much reduced by install
ing a lock-in amplifier and by improving the 
noise shielding. Therefore the main factor for 
the precision alignment will be die uniformity 
of the wire thickness and the oscillation of the 
wire. 

We thank H. Nakayama from whom we 
borrowed his seismometers. We also gratefully 
acknowledge K. Oide and N. Yamamoto for 
helpful discussions. 
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Linac Upgrade Plan for the KEK B-Factory 
A.Enomoto 

National Laboratory for High Energy Physics (KEK) 
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan 

ABSTRACT 

The upgrade plan for the KEK 2.5-GeV linac is discussed. In order lo increase the linac energy fiom 2.5 GeV lo 
8 GeV, accelerator structures using a traveling-wave resonant ring and the SLED system are both being studied. The 
activities regarding the injector linac division and future plans are described. 

1. INTRODUCTION 
The KEK 2.5-GeV linac [1] was completed in early 

1982 in order to inject electron beams for the Photon 
Factory (!¥) storage ring. Three years later (1985), a 
250-MeV positron generator [2] was constructed for the 
TRISTAN at the upstream side of the linac, and 
combined at the 250-MeV point of the linac (Fig.l). 
In 1986, routine-injection into the TRISTAN was 
started with 2.5-GeV, 2-ns, 25-pps electron /positron 
(e7e + ) beams. In 1988, the storage beam in the PF 
ring was changed from electrons to positrons in order 
to realize more stable operation. Table 1 summarizes 
the major specifications of the KEK 2.5-GeV linac. 

A linac upgrade plan has been considered for die last 
two years concerning the KEK B-factory project The 
ideas have been classified into two parts. One involves 
a combination of a moderate linac upgrade (roughly 4 
GeV), which is essential for a positron increase, as 
well as a change in die present booster synchrotron (the 
TRISTAN accumulation ring (AR» to a rapid-cycle 
synchrotron. The other involves an 8-GeV upgrade of 
the linac for direct injection into the collider ring. 
Though the latter (the energy upgrade is to reach more 
than 3 times) is not easy for the linac, it came to be 
considered desirable from the viewpoint of efficient 
utilization of the existing facility. For instance, high-
energy synchrotron-radiation experiments will still be 
conducted in the AR. 

T«ble 1 
General parameters of the KEK 2.3-GcV injector lime 

Main linac beam 
Energy (50 mA loaded) 
(Total if power: 840 MW) 2.S GeV 
Beam pulse length 1.5 ni - 2.0 ps 
Repetition rate (max) SO ppc 

Accelerator guide (main linac) 
Type of structure TW. S type Semi-C.G. 
Frequency 2856 MHz 
Length of guide 2 m (with couplers) 
Total number of guides 160 
Length of acceleration unit 9.6 m 
Number of acceleration units 40 
Number of sectors 5 

RF 
Peak power of klystron 30 MW 
Number of klystrons 40+1 (main linac)* 

6+1 (e* generator)* 
RF pulse length 3.5 us 

Pre-injection system 
Type of gun Triode 
Gun voltage 200 kV (max.) 
Output energy 50 MeV(max.) 

Positron generator 
Primary electron, energy 250 MeV 

Charge (per pulse) 20 nC. 80 nC 
Pube width 2 ns, 40 n i 

Positron linac, energy 250 MeV 
Charge at e* gen. end 160 pC. 960 pC 

(ai2.5-GeVend 70 PC. 2S0 pC) 
* 1 for pre-injectors 

Pcaaran Gantrator 
GUN Xa+Targat KEK25-Q»V»*/»- LINAC 100m 

JJJLr* 
GUN S*dor2 S»dof3 Ssctor4 S*dor5 "-TRISTAN 

Fig. 1 The KEK 2.5-GeV injector linac. 
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Table 2 
Required beam parameter! for the B-F»ctory injector. 

8-GeVUpfnde 
e*(PF) e*<TR) e-<TR) e*(BF) e"(BF) 

Energy (GeV) 
Pulie width (nt) 
Particlej/ptilie 
(Charge (pC)) 
Repetition (pps) 
SE/E(o)(%) 
e (m jad) 

2.5 
40 

1.6x10* 
(250) 

25 
0.35 

l.OxlO"6 

2.5 
2 

4.4x10* 
(70) 

25 
0.22 

2.5 
2 

>2.5xl0» 
(>400) 

25 
O.20 

0.3xl0« 

3.5 8 
Single bunch 

l~4xl0» 
(160-640) 

50 
0.2S 

2. REQUIREMENTS FOR THE LINAC 
The linac beam parameters required for the KEK B-

factory collider are listed along with those of the 
present linac (Table 2). The KEK B-factory will be 
operated normally at 8 GeV (c ) x 3.5 GeV (e + ); 
however, a maximum energy of a little higher than 8 
GeV will be required for experiments involving higher 
states. The linac will deliver single-bunch beams at a 
repetition rate of SO pps. The possibility of multi-
bunch injection depends on synchronizing system 
between the linac and the collider, as discussed in a 
later section. If the linac beam has 2 x 10 9 particles 
per bunch, injection can be completed within 30 
minutes for a storage beam of 2.6 A (for ring 
circumstance of 3 km). The particles must exist in a 
specified phase space given in the table. 

Of these requirements, both an energy upgrade and a 
positron intensity increase are most important. The 
methods for upgrading the linac energy is discussed 
independently in the next section. The positron 
intensity will be achieved by moving the positron 
production target from the 250-MeV point to the 4-
GeV point, since the present linac accelerates more 
than 4 x 10 8 positrons per pulse (S-bunch, 2-ns pulse). 
We must, however, be careful regarding the beam 
breakup (BBU) of an intense single-bunch electron 
beam used to produce positrons; this is a new field for 
us, and represents a subject in which much effort will 
be placed. The phase-space specification is considered 
to be reasonable, taking account of the measured values 
for the present 2.5-GeV beams [3], [4]. 

3. ENERGY UPGRADE OF THE LINAC 
Because the efficiency of the if pulse compression 

system, (multiplied peak power x pulse width) / (input 
peak power x initial pulse width), is generally less than 
unity, the most efficient way is simply to employ 
high-power klystrons; however, 200-MW klystrons are 

required for our energy upgrade. In the present stage, a 
cost-effective way is to use commercially available 
medium-power klystrons with if pulse-multiplication 
systems. We have been studying two different 
techniques for the multiplication system. One uses a 
traveling-wave resonant ring; the other is the SLED 
(SLAC energy doubler). 

3.1. Accelerator Structure with a Traveling-Wave 
Resonant Ring (TWRR) 

The concept is illustrated in Fig. 2. The resonant 
ring, including an accelerator structure [5], is connected 
to an rf source with a directional coupler, in which the 
voltage coupling coefficient is C. When the ring 
length is adjusted we can obtain a maximum 
multiplication factor of 

« m , x = ( i - r 2 ) - 1 ' 2 

with an optimal coupling coefficient of 
Copt = (l-7- 2)'/ 2, 

where T is the voltage transmission factor per turn 
through the ring. For better transmission (7>1), we 
can obtain a larger multiplication. 

Directional Covplar. ; n b ^ ,-«-X—1< 

Input RF 

Ik, 

If AcMlwWofOulde it h i m i i.irrm' 
i i 

Figure 2. Concept of the traveling-wave resonant ring 
including an accelerator stnicture. 

In this system, the multiplication factor is 
determined by the attenuation in the accelerator guides. 
We have five types of accelerator guides with 
transmission factors of 0.692 ~ 0.739; hence, the 
power multiplication factors (M2) ate 1.92 ~ 2.20. 
This, however, is reduced by finite turns limited by 
both the rf pulse width and the filling time of the 
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accelerator guide (0.462 ~ 0.SS8 us). For instance, the 
multiplication factor is reduced from 1.92 to 1.76 for a 
pulse (flat-top) width of 2.3 us and an accelerator guide 
with a filling time of 0.SS8 us, thus allowing 4-tum 
multiplication in the ring 

3.2. SLED SYSTEM 
The SLED system [6] [7] is a well-established 

method to obtain a high peak-power by compressing 
the rf pulse. This system comprises two high-Q 
resonant cavities combined by a 3-dB directional 
coupler (Fig. 3). For instance, using TE 0 1 5-mode 
cavities (Q-10 5) and an input if with a pulse width of 
4 (is, the peak power of the output pulse is multiplied 
by an averaged factor of about 4 (in the last 0.5-us part 
where the phase is reversed). The cavity coupling 
coefficient (p) is chosen to be 6.4, though the p-
dependence for the multiplication factor is rather weak. 

\ I 50MW KLYSTRON 

.Mi 
PULSE 
COMPRESSION 
SYSTEM 

JC JC 
fczfcfc^ 

Figure 3. Application of the SLED system for the 
accelerator unit at the KEK injector linac. 

3.3. Comparison between the TWRR and SLED 

Because of the building capacity and construction 
costs, the pulse energy of the rf pulse modulators will 
be increased at most by a factor of two [8] (Table 3); 
this will be achieved by increasing the PFN total 
capacitance while maintaining the charging voltage. 

Table 4 gives a comparison of the energy upgrade 
between the TWRR and SLED. The energy gain of the 
accelerator will reach 19 MeV/m due to the TWRR 
system and 24 MeV/m due to the SLED system. The 
last two columns of Table 4 show the net number and 
increments of the acceleration units necessary to obtain 
a total energy of 8 GeV. This number includes a 
margin of 2 to 3 for energy adjustment and standby 
units. The increments are those from the existing 46 
acceleration units: 40 at the main linac, and 6 at the 
positron generator. 

The rf built up in the TWRR has a flat-top after it 
saturates. This is an advantage for accelerating a long-
pulse beam; the energy gain is rather low compared to 

that with the SLED. The SLED system has a great 
advantage regarding the energy gain, while the output 
pulse shape is not flat; this, however, is not a fatal 
problem in accelerating single-bunch beams. For long-
pulse beams, the SLED cavities should be used by 
detuning, so that the rf pulses pass this system, 
resulting in a total energy of 4 GeV. 

Table 3 
An example oftherf pulse modulator upgrade. The pulse 

energy is increased by a factor of two. 

Present TWRR SLED 
(1) V) Modulator 

Pulse: energy (J) 299 588 588 588 
Width, FWHM. (us) 3.5 3.8 4.5 5.5 
Peak power (MW) 84 155 131 107 
Peak voltage (kV) 22.5 22.5 22.5 22.5 

PFN: number of caps. 20 40 40 40 
Total capacitance (uF) 0.294 .588 .588 .588 
Charging voltage (kV) 45 45 45 45 
Impedance (W) 6 3.3 3.9 4.7 

Pulse transformer 
Step-up ratio 12 15.7 14.6 13.5 
Voltage x width 0.95 1.3 1.5 1.7 

Klystron 
Beam voltage (IcV) 270 352 329 304 
Beam current (kA) 295 439 397 352 
Output power (MW) 36 67 56 46 
Output average (MW) 26 60 51 41 
Pulse flat-top (us) 2.0 2.3 3 .0 4.0 

Table 4 
Comparison of the energy gain between TWRR and SLED. 

Type of Present TWRR SLED 
rf multiplication <l) P) Input RF pulse 

Flat-top (us) 2.0 2.2 3.0 4.0 
Ave. peak power (MW) 21 60 51 41 

Power multiplication 1 1.8 3.5 4 
Energy gain (Me V/m) 8.3 19 24 23 
Total energy (GeV) 2.5 8 8 8 
Net number of ace. units 40 60 48 50 
Increments of ace. units 14 2 4 

4. ACTIVITIES 
The following activities have been carried out 

during these years in parallel with discussions 
concerning the B-Factory project. 

4.1. High-Power Klystron Test and Development 

For the injector linac in the KEK B-Factory, 60-
MW class klystrons will be used. 
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A test upgrading of the klystrons from 30-MW to 
60-MW class was carried out using a SLAC 5045 
klystron during 1990-1991 at the test bench [9]. An 
output power of 58 MW with a pulse width of lus was 
achieved at an applied beam voltage of 345 kV; the rf 
conversion efficiency was 44%. 

The other task is to try to upgrade the presently 
used 30-MW klystron (MELCO-PV3030) by small 
modifications, which may provide the possibility of an 
efficient upgrade regarding cost. The first test was 
carried out by just increasing the beam voltage from 
270 kV to 300 kV, while limiting the pulse width and 
repetition rate from 3 (is, SO pps to 1 (is, 10 pps, 
respectively. After adjusting the beam-focusing 
magnets, a maximum output of 47 MW was obtained. 

4.2. High-Gradient Acceleration 

In order to increase the linac energy, the accelerator 
gain should be extensively increased from 8.3 MeV/m 
to more than 19 MeV/m in the B-Factory injector linac 
for any 8-CeV upgrade ideas. 

A high-gradient acceleration test was carried out at 
an acceleration unit of the linac by feeding the rf power 
from one 30-MW klystron into one 2-m accelerator 
guide; the power became four times as much as that 
under normal operation. After rf-processing for several 
weeks, full power could be fed without any severe 
electric breakdown. The measured energy gain was 
roughly 20 MeVAn. 

4.3. RF Multiplying System 

After the test described above, a traveling-wave 
resonant ring (TWRR) system was installed in the 
linac; the experiment was just started last autumn 
(1992). This ring includes one 2-m accelerator guides, 
which is fed by one 30-MW klystron. The RF peak-
power built up in the ring will be approximately twice 
the input power. 

In November 1992, a SLED system was also 
installed in the linac. This SLED system was newly 
designed and tested by the Japan Linear Collider (JLC) 
group [10]; it was then modified for our linac by 
changing the cavity coupling coefficient and adding RF 
n.onitors. Experiment also started recently. 

4.4. Positron Generator 

In order to meet the requirement for increasing the 
positron intensity, the focusing system of the KEK 
positron generator was extensively reconstructed during 
1990-1991 [11]. The pulsed solenoid was improved so 
as to be shorter and stronger (from 76 mm x 1.2 T to 

45 mm x 2.3 T) and the DC solenoids were reinforced 
(from 0.2 T x 4 m to 0.4 T x 8 m). The admittance of 
the quadrupole magnet system was doubled to the end 
of the generator (250 MeV). A positron/electron (e+/e~ 
) separator was newly installed just after the solenoid 
system in order to reject any electrons which are noise 
when measuring the positron current. By these 
improvements the electron-to-positron conversion ratio 
was increased to 6.5%e+/e~GeV (just behind the 
positron focusing solenoid); this is roughly half of that 
in the SLAC Linear Collider (SLC). The e +/e" 
separator made the adjustment of the positron beam 
much easier. This will be very advantageous when the 
generator is moved to a higher energy point, where 
there is no bend in the beamline until the beam is 
reached at the linac end 

4.5. Beam Breakup (BBU) 

Due to a transverse wake-field, beam breakup or 
tremendous emittance growth may occur in accelerating 
a high-current electron beam to produce positrons. 
This experiment was carried out under the following 
conditions: 

(1) 250 / 500 MeV, 2 ns (FW), 7 A 
and (2) 2500 MeV, 17 ns (FW), 1 A. 
For all of these beams, the dependence of the BBU was 
studied as a function of the beam displacement from the 
accelerator axis [12]. 

Our operational experience of a high-current beam, 
which amounts to several nano-coulombs per bunch, 
has been limited to 500 MeV in the position generator. 
In the B-Factory injector, we must accelerate more than 
10 nC up to 4 GeV. The beam-orbit control is 
therefore very important in order to suppress the BBU. 

4.6. Pre-injector 

During the 1992 summer shutdown, the 35-MeV 
pre-injector of the 2.5-GeV linac was extensively 
improved in order to accelerate a high-current, high-
quality election beam [13]: The high voltage of the gun 
was increased from 100 kV to 190 kV; the buncher 
system was optimized so as to obtain a better 
emittance and bunch shape for a high-current beam; the 
focusing solenoids were reinforced so as to produce a 
field of 0.1 T, and a quadrupole magnet was added; a 
magnetic bunch compressing system (BCS) was 
installed as a supplement to the rf bunchers; beam 
monitors, such as current monitors and beam screen 
monitors, were increased and a bunch monitor utilizing 
transition radiation light, was newly developed. 
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With the new pre-injector, a beam of 15 ns, 2 A 
could be accelerated up to 2.5 CeV; a beam 
characteristics study is presently under way. 

4.7. Beam Position Monitor 

A non-destructive beam position monitor has been 
developed at a position monitor test bench. Four wire
lines pick up the beam signals, the 250 ±2.5 MHz 
components of which are processed to digital data; the 
beam position is then derived using a micro-processor. 
A resolution of 0.15 mm has been obtained for a test 
pulse of 2 ns, 100 mA, Better accuracy will be 
achieved by improving the signal-processing circuit. 

4.8. Trigger System 

For the B-Factory collider, the linac beam should be 
injected into the RF-buckets with an accuracy of better 
than 30 ps from the center. This specification will be 
realized without much effort if the ring acceleration 
frequency is a subharmonic of the linac acceleration 
frequency. For instance, 476 MHz, the 6lh 
subharmonic of the linac frequency (2856 MHz), is 
very appropriate for the ring frequency. On the other 
hand, for utilizing the existing RF components of the 
TRISTAN accelerator, a suitable frequency is between 
508.58 ± 0.3 MHz. 

At present, we consider the possibility of using a 
master frequency of 10.38.. MHz, which is the 275th 
subharmonic of the linac frequency, as well as the 49th 
subharmonic of the ring frequency. The accelerator 
frequencies are made by using combinations of the 5, 
7,11-fold multipliers from the master frequency. The 
key work is how to obtain good phase stability in this 
equipment. These multipliers will soon be fabricated 
and phase stabilization will be studied for combinations 
of such equipment 

5. FUTURE 
For a high-power source, modification of the 

existing klystron will be proceeded by improving the 
gun insulator. A high-power test will soon be 
performed in both the TWRR system and the SLED 
system. One of the criteria for the choice of an if 
multiplication system is stability under high-gradient 
operation of the existing accelerator. A 476-MHz 
subharmonic buncher will be installed during the next 
summer shutdown; then, beam studies will start 
regarding the acceleration of high-current single-bunch 
beams. Several numbers of non-destructive beam 
position monitors will be installed in the linac and 
tested. Since the choice of the ring frequency depends 

on the trigger system, it is very important and must be 
determined soon. 
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Beam Behaviour and Luminosity Upgrades in BEPC 

BEPC Group* 
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ABSTRACT 

The Beijing Electron-Positron Collider (BEPC) has operated stably and progressively with its smooth im
provement since the first e~e + collision of 1988. The maximum luminosity reaches 8 . 2 x l 0 3 0 c m - 2 s _ 1 at 
the energy of 2.015 GeV, which is about the design value. The status and the operational experience over 
the past four years are summarized in this paper. The beam behaviour, concerning the single particle mo
tion, single beam phenomena, and beam-beam effects and others is described. The future improvement on 
luminosity upgrades is presented. 

1. INTRODUCTION 

The project of BEPC began in October 1984, and 
the first beam in the storage ring had been ob
tained by the end of 1987 with no RF power. The 
e + e~ collision was realized in October 1988. The 
collider has been put into operation since the be
ginning of 1989. The BEijing Spectrometer (BES) 
was moved into the interaction region in May 1989, 
since then the collider has provided beams for high 
energy physics (HEP) experiments as well as syn
chrotron radiation (SR) research in parasitic or ded
icated mode. 

The collider operated at 1.55 GeV in the earliest 
two years for collecting 9 x 10eJ/ij) events, carried 
out r-mass measurement from November 1991 to 
January of 1992, and then turned to the D, ex
periment at 2.015 GeV. Many interesting results 
have been indicated with the J/t/i decay. As for 
the r-mass experiment, Fig.l exhibits the scan in 
the precise r-mass measurement with maximum-
likelihood method, which shows that the new value 
of MT = 1776.9 ± 0.3 ± 0.2 is 7.2 MeV lower than 
the previous world average and tend to fit the lepton 
universality better than previous one [1]. The recent 
results with BES are detailed by another paper in 
this workshop [2]. The exciting physics results with 
BES have already justified our efforts in the con
struction of BEPC and encouraged us in the future 
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plans for machine improvement. 
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Fig.l A scan in r-mass measurement 

2. G E N E R A L D E S C R I P T I O N 

2.1 The outline 

The BEPC project was described in previous par 
pers [3],[4],[5]. It consists of a 202 m long electron-
positron linac injector; a storage ring with a circum
ference of 240.4 m, and, connecting both, a total of 
210 m long beam transport lines. BES is mounted 
in the southern interaction region for high energy 
physics experiments, and the Beijing Synchrotron 
Radiation Facility (BSRF) surrounds the southern 
half of the storage ring, where three SR beam ports, 
seven beam lines and nine experimental stations 
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were installed. Table 1 gives main parameters of 
the collider, in which the data in the brackets stand 
for operational values. 

Table 1 Basic Parameters of BEPC 

2.0) Operation energy (GeV) 1.55 ~ 2.8 (1.55-
Injection energy (GeV) 1.1 ~ 1.4 (1.3) 
Energy spread 2.66 x 10~*E 
RF frequency (MHz) 199.529 
SR loss per turn (keV) 8.59 E* 
SR Critical Energy (keV) 0.214 E3 

Current(mA) single beam 130 
(each beam) two beams 66(£/2.8) 3 

(% (m) 1.3 
% (m) 0.1 
Luminosity lO^cm" 2*" 1 17(£/2.8) 4 (3.2 ~ 8.2) 

(199.526) 

(150) 
(26 ~ 40) 
(1.3) 
(0.085) 

2.2 Operation Statistics 
On a 24-hour-per-day and 7-day-per-week basis, the 
collider operated about 6000 hrs. each year since 
1989. Fig.2 shows the statistics of BEPC operation 
over the whole period. 
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Fig.2 Statistics of BEPC Operation 

People have learned from their own experience 
during the years and the machine operation effi
ciency has been improved smoothly. Commissioning 
took a still large fraction in 1989, and we suffered 
by the vacuum loss 4 times during the first halves of 
1990, 1991 and 1992 due to the RF window break
age, which caused the lower beam rate at that pe
riods. The difficulties with second beam (electrons) 
injection and particle loss during ramping had made 
rather long time for filling the ring before the mecha
nism was well studied later. At present, (55 ~ 60)% 

operation time is scheduled for high energy physics 
program, (15 ~ 20)% for dedicated SR mode opera
tion, 10% for machine study, 10% for injection, and 
overall failure rate is (5 ~ 10)%. 

2.3 Injection and Ramping 
Electrons and positrons are injected from linac 
through e + e~ transport lines into the storage ring 
with energy of 1.3 GeV at the present stage. 

Detuning of low-beta during injection is ; enefi-
cial for reducing both chromaticity and closed or
bit distortion in a collider. The detuning factor 
F = Ptnj/PZoi is 2 ~ 3. It demonstrates that the 
injection rate increases significantly with the detun
ing. 

3 kickers and an iron septum are equipped for 
electron or positron injection. The injected elec
tron or positron beam is deflected by the septum 
vertically from down side of the ring and gets into 
the ring vacuum chamber from inside in order to 
protect the vacuum window from SR damage of 
the stored beams. The injection rate has reached 
4 ~ 6 mA/minute and 2 ~ 3 mA/second for sin
gle positrons and electrons respectively correspond
ing to an injection efficiency of (40 — 60)%. In 
the normal case the particle loss rate is about 5% 
during the ramping, but sometimes more electrons 
and/or positrons lose. Carefully adjusting RF pa
rameters and correcting chromaticity to a larger 
positive value would help the ramping efficiency. 

2.4 Background Issues 

The background was large at the beginning of BES 
operation. Studies were carried out by both the 
machine and detector people in early 1990. By 
shielding few accelerator components and with well 
grounding the detectors, the noise signals in the 
individual detector were reduced by about one-
order-of-magnitude. Since then the experiment 
could be getting on with a peak luminosity of 
l x l O ^ c m - 2 * - 1 . However, with a less-tight trig
ger condition in the routine operation of BES, the 
background was still too large to operate at the lu
minosity around 2 x l 0 3 0 c m ~ 2 a - 1 . 

Calculation and experiments have shown that the 
major background sources are residual gas relates to 
the beamstrahlung and Coulamb scattering and the 
particle loss for various reasons [6]. These were veri
fied by the poor vacuum condition when the collider 
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resumed from the vacuum loss, and the detector was 
suffered by the bad background last autumn due 
to the vacuum leakage in an electrostatic separator 
nearby the southern interaction region. A simula
tion study on the background is carrying on in order 
to find a right position to put shielding masks. 

3. SINGLE PARTICLE BEHAVIOUR 

3.1 Lattice and Configuration 
The lattice of BEPC storage ring has a basic four
fold mirror symmetry with respect to the interaction 
points (IP's). The e+ and e~ transport lines are 
launched into the ring near the west and east sym
metrical points respectively. The lattice consists of 
two interaction region insertions, two injection re
gion insertions and four "trunks", each of which 
connects two half insertions in a quadrant. The 
so called "trunk" is a group of FODO quasi-cells 
in which the geometrical arrangement of the mag
nets is regular while the strength of each F or D 
may be different. This kind of lattice pattern differs 
from the insertion - normal cells - insertion struc
ture, which is often adopted in large storage rings 
and fits the BEPC-scale machine. The practice of 
BEPC shows that the lattice is reliable and flexi
ble. The beam emittance can be adjusted in a wide 
range with a constant tune and the phase advance 
between two injection kickers keeps approximately 
180° for both the colliding model (i/z=5.83) and the 
dedicated SR model (f c=9.38). The natural beam 
emittance of the SR dedicated configuration is small 
as 7.6x 10~am-rad at 2.2 GeV, while the parameters 
of colliding configurations is listed in Table 2. 

Table 2 The Parameters of Colliding 
Configurations 

Config. M583669 M582671 M5S2675 
Energy (GeV) 1.55 1.78 2.015 
v,/vy 5.83/6.69 5.82/6.71 5.82/6.75 
ex0 (mmrnr) 0.39 0.52 0.65 
/?*//?; (m/m) 1.3/0.085 1.3/0.085 1.3/0.085 
Imo* (mA) 2x26 2x34 2x38 
(m*x 003 0.04 0.04 
LmMcm-V- 1 3 .2x l0 3 0 6 .0xl0 3 0 8.2 x lO 3 0 

The calculated and measured values of the en
velope and dispersion functions in the ring coin
cide within the measurement error of about 10 %. 
The difference between model tunes and measured 

tunes is about 0.02 ~ 0.05. The good agreement 
makes improvement and online control of the lat
tice straight forward. 

3.2 Closed Orbit Correction 
Closed orbit correction is executed by means of the 
online computer with least square iteration method, 
harmonics method, local 3-bump and 4-bump meth
ods for option, among which the least square iter
ation method is most frequently used. The typ
ical r.m.s orbit distortion after the correction is 
•Xrmj ~ 1-5 mm and YTfn, ~ 1 mm with 3 ~ 5 cor
rectors. The orbits of electron and positron beams 
are coincide with respect of the repeatability of the 
BPM reading. 

3.3 Solenoid Compensation 

The solenoid in BES detectors causes coupling be
tween horizontal and vertical motions and degrades 
performance of the collider. Calculation shows that 
the solenoid field of 4 kGs makes the coupling co
efficient K = e y /f z = 20%, /3J = 0.2m, and then 
results a luminosity reduction of about 40% at 1.55 
GeV. For BEPC-size machine, the dispersion free 
sections in the interaction regions are too short to 
find right betatron phases for SQ's. The two pairs of 
QR's could correct the coupling effects as a whole 
but make a rather large perturbation at the IP's. 
After a careful study the scheme with an additional 
pair of SQ's near by SP's was tested. The results 
were in a good agreement with the theoretical pre
diction, and the luminosity kept the same as if there 
were no solenoid perturbation in the ring [7]. 

3.4 Chromaticity Correction 
The sextupoles are positioned in non-zero dispersion 
regions to correct chromaticity £ c to a positive value. 
In order to prevent the chromaticity from turning to 
negative during ramping as well as other parame
ter variation cases and provide enough "head-tail 
damping", corrected £J y is chosen as +4 ~ +5. 
The operation of BEPC shows that the particles are 
quite stable, the sextupole setting is not critical, and 
the machine has a large dynamic aperture. 

3.5 Beam Energy Determination [8] 

One of the key points for the r-mass experiment 
is the beam energy stabilization and its accurate 
measurement. Great efforts have been made on the 
power supply of the bending magnets. As a result, 
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the current ripple and the long term stability of 
the power supply were improved to be better than 
±5x 10" 6. The magnets were measured carefully for 
different exciting currents in the laboratory with the 
accuracy of l x l O - 4 . Based on the B-I curve saved 
in the database, the beam energy is calculated. An 
NMR monitor and a long rotating coil were incor
porated in the reference magnet which was in series 
with the ring bending magnets. The measurement 
accuracy is better than 2 x l 0 " s and lxlO" 4 respec
tively. The energy measured with different methods 
agrees within 0.2 MeV [9]. The measured energy is 
then corrected with the closed orbit of the electron 
and positron beams and the strength of the dipole 
correctors. The Fig.3 gives the beam energy vs. 
time measured during the r mass experiment. The 
accelerator determined energy is in a good agree
ment with the well known J/i> and V' resonances 
(see Table 3). 

1781 .* , i . . . | . . . i | . . . . | . . . . 

Table 3 A Comparison of BEPC Scans and PDG 
Values for J/V> and rl>i Resonances (MeV) 

Resonances BEPC scans PDG value AE 
J/*l> 3097.20 3096.93 0.27 
in 3686.88 3686.00 0.88 

4. SINGLE BEAM PHENOMENA 

4.1 General Aspects 
No serious beam instability has been observed in 
BEPC, which indicates that with the effort of mak-
irg the vacuum chamber as smooth as possible the 
coupling impedance has been well controlled. 

The threshold of the head-tail instability in BEPC 
was observed as around 1 mA, which is overcome 

using sextupoles to correct the chromaticity to a 
positive value. No higher head-tail mode has been 
observed. 

Sometimes during the colliding operation, coher
ent longitudinal signal appeals in the spectrum ana
lyzer with accompaniment of a significant luminos
ity reduction. The investigation shows that the high 
order modes (HOM) in the RF cavities are respon
sible. 

BEPC is operated as a collider as well as a syn
chrotron radiation source. More currents are desired 
to be stored in the beams. For the practical use, two 
operation modes are studied. 

4.2 Single Bunch Model 

The maximum single bunch currents of 80 mA were 
stored in the ring at the energy of 1.11 GeV which 
was larger than 66 mA of each beam being needed 
for collision at 2.8 GeV. The current limitation is 
considered to be caused by strong head-tail effects. 
A vertical beam blow-up was observed with in
creasing of the beam currents. Above 80 mA the 
beam becomes very "nervous" and sudden beam loss 
would occur. 

4.3 Multibunch Model 
Different filling patterns were tested for SR oper
ation and a uniform four-bunch mode is most fre
quently used. By carefully adjusting the RF and 
other parameters electron currents of 150 mA were 
reached at 2.2 GeV. The multibunch currents are 
limited by the deterioration of the vacuum pressure 
at high currents, beam-cavity interaction, multi
bunch instability and particle loss during ramp
ing. Cleaning the vacuum chamber with beams and 
properly choosing the pattern of the buckets to be 
filled and raising the injection energy would push 
the limit up. 

5. B E A M - B E A M B E H A V I O U R [10] 

5.1 General Aspects 

There are two interaction points in BEPC, and the 
beams of e+ and e" collide with one bunch respec
tively. Being the most important parameter of the 
storage ring, the luminosity values were measured 
carefully as a function of beam current at different 
energy, shown in Fig.4. The calculated beam-beam 
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parameter £ y 's were obtained from the formulae: 

J 2 

L = 

«y = ; 

(1) 

* 2*7e/<r;(<rj + <r;) ' 
where all symbols are commonly accepted. Then 

(2) 

5 » ~ / 7 
(3) 

under the condition of a* <fc <r* or flat beam, and 
also shown in Fig.4. The obvious feature is that at 
low currents the luminosity is proportional to the 
beam current squared, while it proportional to the 
current at high currents. In the later case, (y be
haves as a constant. 
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Fig.4 Lumi. & B-B parameter vs. Current 

The threshold current Ith varies as a function of 
energy with the £„'s saturation and above which the 
luminosity grows linearly. In spite of the luminosity 
limits [11] being reached at low energy, the limits at 
high energy were not achieved because of not having 
tried to inject much more currents due to the insuf
ficient RF power. Now the maximum luminosity is 
8 .2x l0 3 0 cm- ; ! s - 1 at the energy of 2.015 GeV, and 
the maximum ( y is about 0.04. 

From the luminosity limits at different energy now 
reached, the relations of the luminosity versus the 
beam energy and the beam currents versus the beam 
energy are exhibited in Fig.5. The fit results make 
known that L ot ES2 and / oc E3-7 respectively as 
the figure shows. Being calculated in these relations, 
the maximum luminosity at the energy of 2.015 GeV 
would close to 1 .0x l0 3 1 cm~ 2 s _ 1 as well the single 

beam current to 48 mA. In operation, the beams 
were somewhat more stable at high energy than that 
at low energy, and obvious beam blow-up due to the 
beam-beam interaction was not yet observed at high 
energy. 

With the luminosity and the beam currents mea
surements, the beam sizes were also measured at 
different energy and the coupling (K = Cy/fx) was 
then obtained with the synchrotron radiation (SR) 
monitor. 
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Fig.5 Luminosity & Beam Current vs. Energy 

Fig.6 describes the variation of coupling as a func
tion of beam energy. 

0 0 0 1 1-5 2 E(CeV) 2S 

Fig.6 Coupling vs. Beam Energy 

In measurement, the vertical beam size kept 
nearly unchanged, while the horizontal size enlarged 
with the beam energy increasing. The mean error 
between the measured natural emittance and the 
theoretical values was about 15% (the measured val
ues were generally bigger than the theoretical ones). 
The luminosity changes little as the energy enhanc
ing at the same currents. It may be interpreted as 
the coupling reducing at the higher energy. But why 
the coupling reducing with the energy enhancing re
mains an enigma. 
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5.2 "Brush Past Collision" Experiment 

Using vertical separators to make two beams collide 
partially, we can see the luminosity and tune shifts 
decreased. Measurement date are shown in Fig.7 as 
plots. Prom the figure, one can see that the shape of 
L ~ SY (vertical separation) curve is clearly wider 
in high currents than that in low currents. This in
dicates that the beam size, mainly in vertical, has 
some increi»»ut or the "Gaussian tail" lengthening. 
The experiment also expresses that the miscolliding 
causes the beam life-time improving either in high 
currents or in low currents, and they show that the 
so-called "brush past collision" does not make the 
beam more unstable than the head-on collision. It 
does not't agree with some concepts about miscol-
liding instability. The distribution information of 
the bunches included in the curves and data is be
ing studied. 
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Fig.7 Luminosity vs. Beam Separation 

5.3 Tune Scan of Luminosity 

Working point plays an important role in operating 
storage ring and optimizing luminosity. In order 
to seek the optimum working region, tune scan of 
luminosity in the range of vx from 5.5 to 6.0 and 
vy from 6.5 to 7.0 had been carried out partially. 
Experiments pointed out that the integer resonance 
lines were still dangerous, but the half-integer line of 
2i/y=13 could be approached as close as i/,=6.505, 
where, even higher luminosity than those at other 
working points was achieved, and the third-integer 
line of 3i/y=20 could be crossed without significant 
particle loss. 

All these features are shown in Fig.8 (just one 
scanned line for example whose range is vx=5.85 
and i/y from 3.505 to 6.86). Fig.9 depicts the whole 
scan region and their corresponding luminosity val
ues in 3-dimension. Meanwhile, the variation of 
the vertical beam size with v% changing, drawn in 
Fig. 10, was also measured partially in the experi

ment. The relevant simulation of working points in 
program is under way. 
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Fig.8 Tune Scan of Luminosity 

Fig.9 luminosity vs. vIt vv 
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Fig.10 <r, vs. vt («/,=6.75) 

5.4 Coherent Beam-Beam Tune Shifts 

As a major characteristic, coherent beam-beam 
tune shifts were clearly observed and measured in 
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BEPC. Fig.ll pictures the spectrum of eigenfre-
quencies at !/%!> energy, which are commonly con
sidered as fZT, fxo, fylr and / y o from left to right in 
the figure. 

10d8/30H2 

Fig.ll Eigenfrequency Spectrum 

But at high energy, the peak of fxt disappears. 
From the measured An values and the calculated 
beam-beam parameters using formula (3), the ra
tios of Afz/itx • NIP) and Ap y/(fy • Nip) were ob
tained. They were about 1.5 and 1.7 in BEPC's 
operating condition, and differed from theoretical 
values issued before [12]. Fig.12 gives drawings of 
Ai//£ versus beam current at the energy of 1.5484 
GeV. 

40a( m i ) 50 

Fig. 12 Af/£ vs. Beam Current 

6. LUMINOSITY UPGRADES 

The near future and long-term improvement of 
BEPC aim at luminosity upgrading for HEP ex
periment as well as brightness enhancement for SR 
research. 

6.1 Injector 

The injector improvement involves two aspects, the 
beam energy and its intensity. At present the linac 
is able to provide maximum energy of 1.85 GeV for 
electrons and 1.55 GeV for positrons. There is a 

plan to replace 34 MVV klystrons with 65 MW tubes 
in order to satisfy the full energy injection for the 
storage ring at 1.8 ~ 2 GeV. Development for such 
klystrons and their modulators is under way. 

Higher energy of electrons bombarding the target 
would also help positron production. It is planned 
to increase positron intensity by a factor of 2 by 
replacing the 7 A electron gun with a new high cur
rent gun of 10 A, reducing electron beam spot on 
the target and improving the capture solenoid. 

6.2 RF System 
The research on RF window fabrication technology, 
non-contact tuners, longitudinal feedback and HOM 
suppressor, are in progress. On the other hand, two 
200 MHz SPS cavities from CERN will be installed 
in the BEPC tunnel in order to increase the system 
capacity. 

6.3 Emittance Control 
Taking advantage of the flexibility of the BEPC 
lattice, beam emittance can be adjusted in a wide 
range. The emittance can also be controlled by the 
wigglers installed in the arcs of the ring. To adjust 
the emittance by shifting RF frequency is considered 
too. The emittance could be increased by a factor 
of 2 and the luminosity enhancement of a factor of 
1.5 is expected. 

6.4 Single Interaction Point 
The experiences at CESR [13] and AR [14] of KEK 
show that luminosity gain could be expected as the 
number of interaction points reduced. BEPC is 
equipped with a detector only in the southern inter
action region, one could separate beams at northern 
IP and make the head-on collision at southern IP 
with two pairs of electrostatic separators [15]. An 
auxiliary power supply for the separators was in
stalled and the experiment is carried on, expecting 
a luminosity gain of a factor of 1.5 ~ 2. 

6.5 Mini-/9 Insertion 

The reason to apply mini-/? insertion to enhance the 
luminosity is straight forward which is proved by 
most colliders in the world. There is a plan to re
duce /?* from present value of 8.5 cm to 3.6 cm, 
and /£ from 1.3 m to 0.9 m in BEPC [16]. Several 
schemes were discussed, and it was decided to take 
the advantage of a hybrid quadrupole arrangement 
in the insertion, where a pair of permanent quads 
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would be placed inside BES 1.26 m away from the 
IP and the existing pair of electromagnetic quads 
moved towards the detector as close as it could be. 
The optics for the mini-/? schemes are examined and 
the tracking with sextupoles shows a large stable re
gion as 15<rr x 15cr, x 15<r2. The precedence is taken 
in the new insertion design for the background con
dition, where shielding masks and vacuum compo
nents should have their place. 

The most crucial factor for the BEPC mini-/? is 
bunch length and its lengthening. Present az = 
5 ~ 7 cm is definitely too long for the mini-/? suc
cess. Among the three methods to shrink the bunch 
length to 3 ~ 4 cm, we intend to use higher RF 
voltage instead of higher RF frequency or smaller 
momentum compaction factor. Final decision on 
mini-/? application will be made if the bunch length 
measurement shows a good result with a new RF 
cavity available next autumn. With mini-/?, the lu
minosity enhancement factor of 2 ~ 3 is expected. 

The target luminosity of 1995, based on the omit
tance control, the single IP and the mini-/? insertion, 
would be (2 ~ 3) x 10 3 1 c m " 2 * - 1 . 

6.6 Multibunch Scheme 
Two separators placed in the straight sections in 
mirror symmetry to the RF sections would provide 
effective pretzel separation points. A third separa
tor might be placed in the northern IP to allow flex
ibility in tune adjustment. Aperture requirement, 
high current phenomena, RF power and optics ef
fects from pretzel are considered. A big argument 
comes from the detector side, as the present trigger 
capacity would only allow the 2-bunch operation, 
which makes the scheme sleeping. If the multibunch 
wakes up and gets to work, the luminosity gain of 
2 ~ 4 might be possibly obtained with 3 ~ 6 bunch 
operation. Moreover, there are many discussions 
on the possibility of modifying BEPC to be a r-
charm factory with the luminosity of 1 0 3 3 c m _ 3 * _ 1 . 
The dream may or may not come true, depending 
on both technical feasibility and financial condition, 
whilst intensive studies are worth being carried on. 

7. CONCLUSION 

There existed a physical "window" when BEPC was 
proposed in 1981. Our efforts in the construction of 
BEPC have been rewarded by its excellent perfor
mance and the exciting physics results from BES 
and BSRF. With the window opened, the potential 

discovery has encouraged us to upgrade the machine 
for higher luminosity and better performance. 

REFERENCES: 
[I] BES Collaboration, Proc. S6-th Int. Conf. on 
High Energy Phys.. 
[2] Z.Q.Yu, These Proceedings (1992). 
[3] BEPC Commissioning Group, Proc. 4-th China-
Japan Joint Sym. on Ace. for Nnc. Set. and Their 
Appl. (1990) 
[4] BEPC Commissioning Group, Proc. 1991 Part. 
Ace. Conf. 180(1991). 
[5] BEPC Group, Proc. 15-th Int. Conf. on High 
Energy Ace. (1992). 
[6] C. Zhang, Q. Qin and D. Wang, Proc. Workshop 
on BEPC Luminosity Upgrades 127(1991). 
[7] S.X. Fang, N. Huang and C. Zhang, Proc. 4-th 
China-Japan Joint Sym. on Ace. for Nuc. Sci. and 
Their Appl. 227(1990). 
[8] C. Zhang, W.F. Du and Z.G. Cai, Proc. 15-th 
Int. Conf. on High Energy Ace. (1992). 
[9] W.F. Du et al., Proc. 15-th Int. Conf. on High 
Energy Ace. (1992). 
[10] L.M. Chen et al. Proc. 15-th Int. Conf. on 
High Energy Ace. (1992). 
[II] J. T. Seeman, Observations of the Beam-Beam 
Interaction, SLAC-PVB-3825 (1985). 
[12] For example, K. fiirata, The Beam-Beam In
teraction: Coherent Effects, KEK Preprint 90-25 
(1990). 
[13] D. Rubin and L.A. Schick, Proc. 1991 Part. 
Ace. Conf. 144(1991). 
[14] J. Urakawa et al., Proc. 14-th Int. Conf. on 
High Energy Ace. 1373(1989). 
[15] N. Huang and X.A. Luo, Proc. Workshop on 
BEPC Luminosity Upgrades 171(1991). 
[16] Y.Z. Wu. G.X. Li and A.M. Xiao, Proc. Work
shop on BEPC Luminosity Upgrades 184(1991). 

22X 



Interaction Region Design 
for the PEP II Upgrade* 

Michael K. Sullivan 
Intercampus Institute for Research at Particle Accelerators 

SLAC P.O. Box 4349, Stanford, CA 94309 

ABSTRACT 

The interaction region design for the SLAC-LBL-LLNL B factory is suinmarizecL Requirements and constrainisftom 
both the machine and the detector that have an influence on the interaction region design are presented. It is argued 
that die production of synchrotron radiation from nearby machine ekmenuu an unrnrunt design coitstraint of the 
interaction region. 

1. INTRODUCTION 
The requirements of a B factory pose many challenges 
to the design of an accelerator. High luminosity 
(which implies high beam currents, many beam 
bunches, and low beta functions at the collision 
point), along with asymmetric beam energies (which 
imply separate storage rings) make the Interaction 
Region (IR) design complicated. The final focusing 
elements must be close to the collision point in order 
to produce the small beam spot sizes at the 
Interaction Point (IP) needed for high luminosity. An 
unavoidable consequence of this is that the beams 
must be bent by magnetic elements (dipole and/or 
quadmpole magnets) quite close to die IP. The large 
beam currents produce high power Synchrotron 
Radiation (SR) fans when the beam passes through 
these bending elements. The photons from these high 
power fans in conjunction with the more diffuse and 
wider angle quadrupole radiation from the nearby 
focusing elements must be thoroughly traced to 
ensure mat detector background levels from SR are 
acceptable. 

The SLAC-LBL-LLNL proposal for a B factory (PEP 
II) uses die existing PEP tunnel to house die new 
machine [1]. The design calls for two storage rings, 
one carrying 3.1 GeV positrons and die other carrying 
9 GeV electrons. The Low Energy Ring (LER) is 
positioned above the High Energy Ring (HER) 
throughout die PEP tunnel except at die IR where die 
LER is bent down to the HER elevation. Once the 
beams are on die same horizontal plane they are 
brought into a head-on collision by being bent around 

'Work tupponed by die U. S. Department of Energy. 

die IP asymmetrically which produces an "S" bend 
geometry. Figure la is a Aeich of the HER and LER, 
and Figures lb and lc show schematics of die beams 
as diey are brought into collision. 

la. View of die two storage rings. 

/ I Low energy ring 

Low y v J ^ 
energy 
"DB L 1c. Side view of die 

\ interaction region. 

" lb. Top view of die 
interaction region. 

Figure 1. Schematic views of the PEP II upgrade 
proposal for a B factory. 
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2. MACHINE R CONSTRAINTS 

There are several machine parameters and design 
constraints that have an impact on the design of the 
IR. Table 1 lists some of the machine parameters that 
impact the K design of PEP n. 

Table 1. Some machine parameters and constraints 
that have an impact on the IR design of PEP n. 

Parameter or constraint e" e + 

Beam energy (GeV) 
Bunch Spacing (m) 
Beam current (A) 
Aspect Ratio at the IP (h:v) 
pj(cm) 
Emittance (x.y) (nm-rad) 
Beam stay clear definition 
Fan slay clear definition 
Crossing angle (mrad) 

9 3.1 
1.26 

1.48 2.14 
25:1 

3.0 1.5 
48. 1.9 96. 3.8 
15a + 2 mm COD 
2 mm 60m objects 

0 

All B factory designs have asymmetric beam energies 
in order to boost the produced B mesons in the lab 
frame. The PEP II design has 9 and 3.1 GeV beam 
energies and also has the condition of colliding the 
beams head-on. The head-on collision assures a beam-
beam interaction that is more "ordinary" or 
"understood" than those of designs that do not employ 
the head-on requirement Essentially all high energy 
physics storage rings to date have collided beams 
head-on. However, a head-on collision design 
necessitates separating die beams quickly in order to 
minimize the beam-beam effects of the first parasitic 
crossing. This is the fust place near the IP collision 
where the beam bunches pass by each other. In the 
case of die PEP n design, the first parasitic crossing 
is 63 cm from the IP. 

The need for small vertical and horizontal beta 
functions at the IP means that the final focusing 
elements of both rings must be close to the collision 
point in order to minimize chromatic aberration 
introduced by these elements. The beam aspect ratio 
at die IP, the beta functions, and me beam emittances 
all determine the beam size and the beam angular 
spread near the IP. The beam size together with the 
Beam Stay Clear (BSC) definition and the fan stay 
clear requirement set limits on the dimensions of 
beam pipes and masks. The BSC definition of 15o at 
the IR is larger man the 10a BSC defined in the arcs. 

This larger local BSC reduces the background from 
lost particles by making it more likely that these off-
energy beam panicles will be lost in the arcs. The fin 
amy clear requirement adopted for the PEP n design 
insists mat the edge of intense fans of SR, the result 
of bending the beam, must be at least 2 mm from 
beam pipes and masks near the IP. 

3. DETECTOR IR CONSTRAINTS 

In addition to the machine constraints described 
above, there are constraints and requirements imposed 
on the IR design by the detector. Table 2 lists some 
of the relevant detector constraints for the PEP II 
design. 

Table 2. Detector requirements and constraints for 
the PEP IIK design. 

— Small diameter beam pipe (5.0 cm) 
— Greater than 300 mrad angles from the collision 

axis free of obstructions. 
— Acceptable backgrounds (SR and lost particles). 
— Detector solenoid (about IT field). 
— Support tube for machine components. 

A small diameter beam pipe forces SR masks to have 
a yet smaller diameter in order to effectively shadow 
the detector beam pipe. The detector must have a large 
detecting solid angle in order to maintain good 
efficiency in collecting physics events. This leads to 
the 300 mrad minimum detecting angle (95% solid 
angle) requirement for the detector. The detector will 
have a solenoidal magnet. Because of the need to 
focus each beam to a small spot, essentially all B 
factory designs require machine magnetic elements to 
be positioned inside the detector solenoidal field. This 
limits the types of magnetic elements to be 
superconducting, permanent, or air core magnets. The 
PEP II design uses permanent magnets for the 
elements that are inside the detector. The backgrounds 
generated by the incoming beams (both SR and beam-
gas interactions) must be below limits set by 
radiation damage and by detector triggering 
requirements. The PEP II design has a background 
level that is 10 times below the limits set for beam-
gas backgrounds and 100 times below the limits set 
by SR backgrounds. The PEP II design also includes 
die constraint that the machine elements inside die 
detector must fit inside a support tube that can be 
inserted into the detector as a unit This sets a 
maximum outer radius fix the machine components 
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inside the detector, but ensures that the critical 
componets inside the detector are properly aligned. 

4. IR LAYOUT 

The machine and detector constraints mentioned above 
lead to designs for an IR that are largely driven by 
concerns about the SR background levels in the 
detector. The head-on collision requirement and the 
close bunch spacing of the PEP II design require the 
positioning of relatively strong bend magnets close to 
the IP (about ± 40 cm). Figure 2 is a layout of the 
PEP II IR showing the position of the machine 
elements near the IP. The vertical scale of the figure 
is highly exaggerated. The LEB enters the picture 
from the lower right and passes through the elements 
(Q2, Ql, and Bl) on its way to the collision point. 
Q2 and Ql focus the LEB horizontally and vertically 
respectively. The Bl and Ql magnets are permanent 

magnets built from blocks of Sm2Coi7. The Q2 
magnet is a normal iron magnet and is tilled 20 mrads 
with respect to the LEB in order to maximize the 
physical space available for the narrow current septum 
that is between the two beams in this magnet Ql is 
centered on the HEB in order to maximize the 
deflection of the LEB and hence the separation of the 
beams at Q2. 

Quadrupotes Q4 and Q5 are normal iron magnets and 
are essentially the last focusing elements of the HEB 
before the beams collide at the IP; Ql provides some 
additional vertical focusing of the HEB which helps 
to lower the maximum vertical beta of the HEB. Q4 
is offset from the HEB by 6 mm, which generates a 
large radius, soft bend in the HEB. This soft bend and 
a shorter radius, harder bend from the BH1 bend 
magnet between Q4 and Q2 (see Fig. 2) combine to 
deflect the incoming quadrupole radiation from the Q5 

30 
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10 
9 

I 0 
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QF5H 

QF5H 

*<** 
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-750 -500 -250 0 
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Figure 2. Layout of the IR of the PEP II design. The dashed lines indicate die BSC envelopes. The elements with a 
label that have a D or F correspondingly defocus or focus me beam in die horizontal plane. The labels that have an H 
are associated with elements that apply to die HEB only. The cross-hatched region is die septum of die Q2 magnet. 
The detector extends roughly ± 2.5 meters centered around die IP. 
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magnet away from the LEB SR mask on the other 
side of the IP. The HEB passes through a field-free 
legion when it goes through Q2. 

5. IR RADIATION FANS 

This section briefly traces each radiation fan that is 
generated near the IP. Table 3 lists the various 
radiation fans and some of the features of each fan. 

Table 3. Characteristics of the radiation fans 
generated by the magnetic elements ± 5 m from the 
IP. 

Fan power Nybun. Eerie 
Magnet (kW) (10 1 0 ) (keV) 

LEB: 
Upstream Q2 0.07 1.0 0.6 
Upstream Ql 2.88 9.8 2.5 
Upstream Bl 6.18 11.0 4.8 
Downstream Bl 6.18 11.0 4.8 
Downstream Ql 2.88 9.8 2.5 
Downstream Q2 0.07 1.0 0.6 

Subtotal 18.3 44 

HEB: 
Upstream Q4 0.68 1.9 2.7 
Upstream BH1 1.37 1.4 8.1 
Upstream Bl 36.0 7.6 40.4 
Downstream Bl 36.0 7.6 40.4 
Downstream BH1 1.37 1.4 8.1 
Downstream Q4 0.61 1.9 2.7 

Subtotal 76.0 22 

Total 94.3 66 

The fans can be conveniently divided into four 
categories: upstream LEB sources, downstream LEB 
sources, upstream HEB sources, and downstream HEB 
sources. In the following subsections, the radiation 
fans generated in each category are discussed in more 
detail. 

5.1 Upstream LEB 

The tilt of the Q2 magnet with respect to the LEB 
produces a small fan of radiation that strikes the LEB 
SR mask. The fan from the LEB bend in Ql is 
almost completely absorbed by the LEB mask; a 
small fraction of the fan goes under the LEB mask 
and strikes the beam pipe beyond the downstream Q2 
magnet. The Bl fan also strikes the beam pipe 
beyond the downstream Q2 in theLER as well as the 

beam pipe inside of Q2 and the septum mask in front 
of the downstream Q2. depositing 1.7 kW, 1.0 kW, 
and 1.5 kw of power respectively. The remaining 
power from the Bl fan is absorbed in a radiation 
dump. There are two such radiation dumps located in 
the HER beam pipe. Both are about 20 m from the IP 
on either side of the collision point. Figure 3 shows 
the radiation fans generated by the upstream LEB 
sources. The shading denotes the relative intensity of 
the radiation with the darkest shading depicting the 
most intense radiation. 

. • • - . . • - . f . . • • _ i i , i , i , 
•400 -200 0 200 400 

Z(Cffl) 

Figure 3. Radiation fans from the upstream LEB 
elements. About 3 kW of power is deposited on the 
LEB mask and 1.5 kW is deposited on the septum 
mask in front of the downstream Q2 septum. 2 kW 
escape from the IR and are absorbed in a dump in the 
upstream HEB beam pipe. 

5.2 Downstream LEB 

The downstream Bl magnet produces a radiation fan 
half of which is absorbed in one of the radiation 
dumps in the HER. Most of the rest of the fan strikes 
the septum mask in front of the downstream Q2 
septum. The fan from the downstream Ql magnet 
deposits SR along about 4 m of the LER beam pipe, 
starting at 3.3 m from the IP. Figure 4 shows the 
radiation fans generated by these downstream LEB 
sources. 

5.3 Upstream HEB 

The soft radiation fan generated by the offset Q4 
magnet deposits about two-thirds of its power onto 
the HEB SR mask. The rest of the fan strikes the 
mask in front of the Q2 septum. Half of the fan from 
the BH1 bending magnet strikes the Q2 septum mask 
while the rest is absorbed in one of the radiation 
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dumps in the HER. Hie entire Bl fan is absorbed in 
the same HER radiation dump. Figure S depicts the 
upstream HEB radiation fans. 

. • • . . . . • • . / . . • • i - i . . . 

•400 -200 0 200 400 
z(cm) 

Figure 4. Radiation fans from the downstream LEB 
elements. 2.1 kW of power is deposited on the Q2 
septum mask and 3.2 kW is absorbed in the dump in 
the HEB beam pipe. 

z(cm) 

Figure S. Radiation fans from the upstream HEB 
elements. About O.S kW is deposited on the HEB 
mask and 1.0 kW strikes the Q2 septum mask. 37 
kW misses all nearby surfaces and is absorbed in a 
dump in the HEB beam pipe about 20 m from the IP. 

5.4 Downstream HEB 

The radiation fans from the downstream elements B1, 
BH1, and Q4 miss all nearby surfaces and are 
absorbed in the radiation dump in the HER. Figure 6 
shows the downstream HEB radiation fans. A total of 
about 11 kW of SR power is absorbed near the IP, 
primarily in the LEB SR mask and the Q2 septum 
masks. Of the remaining 83 kW, 77 kW are absorbed 

in areas downstream of the IP and about 6 kW are 
absorbed in me upstream region of die HER. 

• , r , , , , i • , / , , i i I , 1 , i • 
•400 -200 0 200 400 

»(cm) 
Figure 6. Radiation fans from the downstream HEB 
machine components. These fans miss all local 
surfaces and are absorbed in the dump located in the 
downstream part of the HEB beam pipe. 

6. BEAM-GAS BACKGROUNDS 

There are three main sources of detector backgrounds 
from beam-gas interactions. The first two are from 
the inelastic collision of a beam particle with a gas 
molecule (beam-gas Bremsstrahlung). The collision 
produces an off-energy beam particle and a photon 
both of which can strike surfaces near the detector and 
generate a shower of particles into the detector. The 
off-energy beam particle is over bent and over focused 
by magnetic elements enough to "get lost" and ends 
up striking a surface near the detector. The third 
source is from elastic scattering of a beam particle 
with a gas molecule (Coulomb scattering) which 
leads to a beam particle that is outside of the regular 
beam envelope and consequently is not properly 
focused and ends up striking a surface near the 
detector. The off-energy beam particles from beam-gas 
Bremsstrahlung is the dominate source of detector 
backgrounds from lost particles for the PEP II design. 

Masking is installed in the upstream beam lines in 
order to minimize the lost particle background. 
However, there is usually some region of the beam 
line that produces background that can not be masked 
out. These regions need good vacuum in order to keep 
the detector backgrounds low. Figure 7 shows 
drawings of the upstream beam lines for both the 
LEB and the HEB. The trajectories of the beam 
particles that strike surfaces near the detector are 
shown. By tracing die trajectories back to the point of 

— 233 — 



shown. By tracing the trajectories back to the point of 
the gas interaction the regions where good vacuum is 
required can be found. Figure 8 shows another, 
similiar method of locating these sources of lost 
particles that produce backgrounds in the detector. 
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Figure 7. Drawings of beam particle trajectories ttat 
strike surfaces near the detector from beam-gas 
interactions. The dashed lines show the BSC 
envelopes of the beams. The large black regions in 
each plot that the particles strike are the synchrotron 
masks and the detector beam pipe (see Fig. 2). 

7. SUMMARY AND CONCLUSIONS 

The requirements and constraints of both the machine 
and the detector produce a complicated and restricted 
arena in which to design an interaction region for a B 
factory. A primary concern of an interaction region 
design is the generation of local synchrotron radiation 
both as • source of detector background and as a 
source of power that needs to be absorbed in order to 
protect machine components. All synchrotron 
radiation sources near the interaction point must be 

carefully evaluated before a particular design can be 
accepted. In addition, masking, together with careful 
tracing of lost particle trajectories is necessary in 
order to insure acceptable backgrounds in the detector 
from beam-gas Bremsstralung. The PEP D upgrade 
proposal has a conservative design for an interaction 
region that satisfies all of the requirements and 
constraints of both the machine and the detector. 

IP 10 20 30 40 SO 
- Distance from IP (m) •—•» 

Figure 8. Plots of energy incident on the detector 
beam pipe as a function of the distance from the IP at 
which the parent beam particle interacted with a gas 
molecule. 
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A B S T R A C T 

This paper presents the small angle collision scheme which stands between the head-on collision and the 
finite angle collision using with crab cavities. With this small angle both the synchro-betatron resonance 
effect, due to the beam collision at IP, and the parasitic crossing effect are expected to be weak. 

1. I N T R O D U C T I O N 

We have been planning to complete the KEK B fac
tory in two steps [1]. We achieve a luminosity of 
2 x 10 3 3 cm" 2 s~ 1 in the first step, where we will 
make machine studies to understand the beam be
havior in the asymmetric collider. Then we will aim 
at the final step with a luminosity of l O ^ c m " ^ - 1 . 
Table 1 shows beam parameters related to the in
sertion design. Only the number of bunches is to 
be multiplied at the conversion from the first to the 
second step. 

A finite crossing angle collision must be applied 
in the design goal since the bunch spacing is only 
60 cm. In such a case two kinds of beam-beam 
interactions, the collision with a crossing angle at 
the interaction point(IP) and the parasitic crossing, 
are taken into account. These interactions may de
crease the luminosity and their effects depend on 
the crossing angle. With a larger crossing angle the 
beam collision at IP excites the synchro-betatron 
resonances and may increase the beam size. On the 
other hand, with a smaller crossing angle parasitic 
collisions may separate the HER and LER orbits at 
IP and also increase the beam emittance at injec
tion. 

Here it is very interesting to ask whether an opti
mum crossing angle exists, with which the two kinds 
of interactions decrease the luminosity only slightly. 
Our IR design is founded on the assumption of the 
existence of the optimum angle. It seems that this 
idea is supported by the recent machine study in 

Cornell[2] and by computer simulation[3,4]. We are 
proposing a small crossing angle collision, which 
stands between the head-on collision and the cross
ing angle collision with crabbing. The crossing angle 
is of the order of one tenth of the ratio a^joi. It is 
so small that separation bends are still needed for 
the quick orbit separation between HER and LER. 

Table 1: 8GeV x 3.5GeV KEK B factory 

HER LER 
Energy(GeV) 8.0 3.5 
Luminosity(cm- 2s- 1) 1 x 10 3 4(2 x 10 3 3) 
Tune shift,|x/fj, 0.05/0.05 
/ S / / J J M 1.0/0.01 
Crossing angle(mrad) ±2.8 
Current(A) 1.1(0.22) 2.6(0.52) 
Bunch length(cm) 0.5 
Bunch spacing(m) 0.6(3.0) 
Emittance,£r/ej,(nm) 19/0.19 
Energy spread 7.2 x 10-" 7.7 x 1 0 - 4 

RF frequency(MHz) 508 
( ) shows the first step. 

2. L A Y O U T 

The layout of IR is shown in Fig.l. The 
vertical focusing is done by a super-conducting 
quadrupole(QCD) which is common for both beams. 
In HER another half quadrupole(QC3H) helps the 
focusing. To minimize the synchrotron radiation 
background produced at the first quadrupole its cen
ter is adjusted to the incoming beam orbit on either 
side of IP. 
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Figure 1: Layout of IR with the small crossing 
angle. 

The crossing angle, ±2.8 mrad, is so small the 
present scheme requires separation bends. The 
separation bend field is produced with super
conducting windings, which are contained in the 
same cryostat of the quadrupole. Both the first 
quadrupole and the half quadrupole also help the 
beam separation. Further beam separation is done 
with septum magnets inserted along the outgoing 
beam orbit on either side. Both at horizontal fo
cusing quadrupoles (QC2L,QC4H) orbit separations 
are still not sufficient for installing a conventional 
quadrupole. In each quadrupole, while one beam 
goes through its center, the other traverses through 
its return yolk and sees no magnetic field there. Ta
ble 2 gives magnet parameters near IP. 

The beam injection requires a horizontal accep
tance of 2 x 10~ 5 m and a vertical acceptance of 
2 x 10~6 m around the insertion. The detector ac
ceptance is assumed within 17 and 150 degrees with 
respect to the forward direction of HER. The Be 
IP beam duct is protected from the synchrotron ra
diation and spent electrons with a double masking 
system together with movable masks. The IP beam 
duct is of racetrack shape so that radiations from 
both the HER and LER beams do not hit masks 
directly near the Be duct. An extensive background 
analysis, however, has not been done for the present 
crossing angle scheme. 

Table 2: Magnet parameters in the insertion. 

Separation bend 
Aperture LB B 

(mm) (mm) (T) 
BendR 40 400 0.72 super 
BendL 80 460 0.71 super 

Quadrupole 
Aperture tG S 

(mm) (mm) (T/m) 
Q C D R 60 500 X6.3 super 
Q C D L 80 500 16.3 super 
QC3H 55 600 14.2 half 
QC2L 70 300 8.8 wide 
QC4H 80 600 9.9 wide 

Bend 
L B B 

(mm) (T) 
SEPH 1500 0.62 septum 
SEPL 500 0.47 septum 
BNDL 200 0.15 

3. CRYOSTAT 

One of the key hardware elements is the cryostat in
cluding the dipole and quadrupole windings[5]. Tak
ing into account of their leakage fields found in the 
detector, we will use a double winding method for 
the bend to eliminate the leakage field. The leakage 
field of the quadrupole, however, is sufficiently small 
for the detector and will not be cared. 

The fact that the radiation fan of HER is narrower 
than that of LER enables us to have a smaller inner 
bore radius of the quadrupole ( Q C D R ) in the for
ward direction of HER than in the backward. This 
favors the insertion design since the detector accep
tance is tighter in the forward direction, on the right 
side of IP. The cryostat design is shown in Fig.2. 

On the right side, where wider detector accep
tance is needed, the quadrupole axis is set on the 
detector axis for minimizing the outer radius of the 
cryostat. In order to realize this configuration both 
the HER and LER orbits are tilted horizontally by 
13 mrad while IP is kept at the detector center. On 
the left side, the quadrupole axis is shifted horizon
tally by 20 mm from the detector axis. The cryostat 
on this side has a straight inner pipe, which enables 
its installation into the detector. 
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Figure 2: Radiation fans and a preliminary design 
of cryostats. 

We will add a skew quadrupole winding, which 
helps canceling the x-y coupling due to the solenoid 
field. Horizontal and vertical dipole windings are 
also to be added for moving the quadrupole field 
center. 

Another issue in the cryostat is a solenoid wind
ing which cancels the detector solenoid field along 
the beam orbit. Because of a small emittance ratio 
of 1% the x-y coupling correction is also an essential 
optics problem. At present we correct the coupling 
due to the solenoid field with skew quadrupoles to
gether with the compensation solenoid. In princi
ple, however, the coupling can be corrected with 
skew quadrupoles alone without the compensation 
solenoid winding. We have not fully understood 
whether the compensation solenoid field is really 
necessary or not. 

4. PROBLEMS 

The layout of the small crossing angle scheme is 
very close to the former head-on colliding scheme, 
in which a preliminary background analysis was 
donefl]. The present scheme has the advantage of 
a narrower radiation fan at the IP duct because of 
the smaller deflection angle of the separation bend. 
Therefore it is reasonable to say that synchrotron ra
diations can be masked with the same method that 
was applied in the head-on collision. In order to 
confirm the design, however, we have to show that 
masking systems protect the detector components 
from background noises, including spent electrons. 

So far the background analysis has been done only 
for a case of the stationary colliding operation. Be
cause of frequent injection in B factories we have to 
estimate the background noise during the injection. 
The injected bunch has an extraordinarily larger 
beam size in the horizontal and vertical directions, 
and its radiation fan becomes so wide at IP that a 
new mask system, or a new injection scheme, would 
be required for protecting the detector. 

The parasitic crossing effect during the colliding 
operation has been analyzed with a simulation with 
a rigid bunch model. This effect was also estimated 
for the case of beam injection with a strong-weak 
beam-beam interaction model. These simulations 
show that the present crossing angle is safe against 
the parasitic crossing effect during both the colliding 
operation and the injection. In order to finalize the 
crossing angle, however, we still need more simula
tions on the parasitic crossing effect. Later a more 
reliable simulation may predict that the present an
gle of ±2.8 mrad is not sufficient for eliminating the 
parasitic crossing effect. Then we would increase the 
crossing angle by several mrad with only a slight 
reform of the layout. It is foreseen that a larger 
crossing angle favors the reduction of the required 
aperture of both the IP duct and the cryostat on the 
left side. Of course, however, we would be closer to 
the entrance for the crab cavity user club. 

The support and the installation of accelerator 
components inside the detector is also an urgent 
issue. Taking account of the installation and the 
maintenance we will divide the endcap axially into 
two or three parts. Its lower octant supports the 
accelerator components with a sliding table. The 
other part can be extracted when the installation 
or the maintenance is necessary. The following in
stallation process is assumed at present[6], and is 
sketched in Fig.3. Before the installation the vertex 
detector and PDC will be assembled around the IP 
duct. Then the IP duct and vacuum ducts for both 
cryostats are connected together with flanges. All 
of them, supported by the right-side cryostat, will 
be slid into the detector. The vertex detector(SVD) 
and PDC, which are temporarily supported by the 
cryostat during the installation, are to be made sta
ble by the CDC frame. Finally the left-side cryostat 
will be slid into while its vacuum duct will have 
been set and supported temporarily by the right-
side cryostat. 
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Figure 3: Installation process for accelerator com
ponents and inner detectors. 

Step 1: Assemble SVD and PDC around the IP 
duct. Connect the IP duct and the vacuum ducts 
for both cryostats with flanges. Support all of them 
with the right-side cryostat. 

Step 2: Insert the right-side cryostat into the detec
tor with the sliding table. 
Step 3: Insert the left-side cryostat. 
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CESR/CLEO Phase-II IR Upgrade 

Hitoshi Yainamoto 
Representing CESR/CLEO collaboration 

Abstract 

We are planning to install a new interaction region (IR) in 1994 associated with a 
luminosity upgrade and installation of a silicon vertex detector. Critical elements of 
the new IR include a water-cooled Beryllium beampipe, and a set of masks to shield 
the central detector section from beam-generated background radiation. The new mask 
design is based on a good understanding of the background in the current configuration. 
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1 Introduction 

In 1994 we are planning to increase the CESR luminosity to 6x 10 3 2 an _ 2 sec" 1 by increasing 
the beam currents to 300 ma e~ on 300 ma e + using bunch trains and finite crossing angle 
orbit (~2.5 mrad). [1] . At the same time, a 3-layer silicon vertex detector (SVD) will be 
installed at the center of the CLEO detector. Accordingly, a new IR needs to be designed to 
accomodate the small-radius SVD and suppress beam-generated backgrounds to an accept
able level. In the following, we will discuss the designs of an water-cooled IR beampipe and 
background masking system. 

2 IR Background Study 

2.1 Beam current dependences 

The beam-generated background at the detector is dominated by two kinds of sources: syn
chrotron radiation generated at the incoming bends and stray beam particles caused by 
beam-gas interactions. At present we use the trigger rate (lowest level) and the drift cham
ber current in the innermost layer as measures of backgrounds. First, we show that the 
contributions from the two sources can be separated using dependences on beam current. 

Relevant synchrotron photons are X-rays of typically 10's of keV and thus do not register 
hits in the time-of-flight system which is required in the trigger; as a result, the synchrotron 
background does not contribute to the trigger rate. On the other hand, the energetic elec
tromagnetic showers generated by stray beam particles (the beam-gas background) can con
tribute to both the trigger rate and the chamber current. 

The beam-gas interaction ; s proportional to the product of the beam current and the 
residual gas pressure in the vacuum chamber. Since the vacuum pressure can be well ap
proximated by a linear function of the beam current, we expect a quadratic dependence 
of the beam-gas background on the beam current. The synchrotron background is simply 
proportional to the beam current. 

Figure 1 shows the beam-current dependences of the trigger rate and the chamber current 
for the case where 5.3 GeV electron beam only is in the storage ring. By fitting quadratic 
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Figure 1: Beam-current dependences of trigger rate and drift chamber current. 

— 241 — 



curves to each plot, one deduces that the ratio of beam-gas to synchrotron backgrounds in 
the chamber current is 2.4 to 1. Later, we will compare this result to the one obtained by a 
direct prediction of Monte-Carlo simulation. 

2.2 Beam background simulations 

For the simulation of synchrotron, beam particles are traced through correct lattices and 
X-rays are generated using measured beam shapes and sizes. Each photon is then traced 
to the IR through Rayleigh scattering, Compton scattering off bound electrons, and Photo-
absorption/emissions. It was found important to correctly simulate backward Rayleigh scat
tering, which has a substantial contribution in the present configration, and the effect of 
bound electrons in Cbmpton scattering, which reduces the total Compton cross section sub
stantially and is particularly relevant for high-energy X-rays. 

Figure 2a shows major contributions from synchrotron radiation in the present configu
ration. X-rays from the soft bend region hit the tips of IR masks and then forward scattered 
or backscattered to hit the IR beam pipe. For the Phase-II configuration, the finite crossing 
angle scheme [1] results in an off-axis orbit at the first horizontally-focusing quad (incom
ing side) which then becomes the dominant source of background by synchrotron radiation 
through scatterings at the mask tips. All surfaces of the IR beampipe and masks are simu
lated. 

For the simulation of the beam-gas background, we use the measured vacuum pressure 
(3 x 10~9 torr), and simulate Coulomb scattering and Bremsstrahlung occuring throughout 
the ring. Even though the pressure profiles between vacuum gauges are not well known, 
we believe that the actual effective pressure, which also depends on types of residual gases 
(assumed to be nitrogen in the simulation), is within factor of two of the value used in the 
simulation. Each scattered beam particle is then traced through the lattice to see if it lands 
near the IR, and if does, an electromagnetic shower is generated using the program GEANT. 
The response of the CLEO detector is fully simulated using the standard detector simulation 
code which can predict the trigger rate among others. By studying the actual events at the 
lowest trigger level, we have found that they are dominated by electromagnetic interactions 
and not by nuclear interactions as originally suspected, and thus simulatable by the above 
programs. 

— 242 — 



HARD 
BENO 
ARC 

Ww»er 

out«v-

Figure 2: Primary channels of synchrotron radiation background (a) and beam-gas back
ground (b). 

— 243-



Single Electron Beom ot 70mA 
120. 

100. 

« 
a 
< 80. 
"c • > 
I 60. o 

V 

3 40. 
- i 
• -a 

20. 

0. 
0 80 160 240 320 

OulsideofRing P n i Outside ol Ring 
Inside ol Ring 

Figure 3: Comparison of simulation vs data for drift chamber current plotted with respect 
to azimuthal angle. 

The primary sources of beam-gas background are found to be the following two types 
(Figure 2b): First, a beam particle can Bremsstrahlung off a residual gas in the soft-bend 
region, overbent by the bending magnet, enter off-axis the horizontally focusing quad near 
the IR, and then hit the outer side of the IR beampipe. Second, a Coulomb scattering 
off a residual gas in the straight section next to the IR can send a particle directly to the 
IR region. We found that for both the present and Phase-II configurations, the first is 
sustantially greater than the second. 

The background simulation can be checked against actual measurements for the present 
configuration. With an electron beam of 70 ma in the ring, the trigger rate was measured 
to be 2 kHz, while the simulation predicted 1 kHz: a reasonable agreement considreing the 
difficulty of simulating the response of time-of-flight system to the showers generated near 
the IR. As stated earlier, the synchrotron radiation does not contribute to the trigger rate. 

The measured chamber current is compared with the prediction of simulation in Figure 3. 
The azimuthal shape as well as the size is well simulated. It requires both the beam-gas and 
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synchrotron contributions to explain the data: The synchrotron background peaks at the 
inner side of the ring (<f>« 180°), since it is primarily due to the X-rays scattered on the outer 
side of the tips of the IR masks which then illuminate the inner side of the IR beampipe. 
On the other hand, the beam-gas background for the present configuration is dominated by 
the Bremsstrahlung-generated stray particles hitting the IR directly and thus peaks on the 
outer side (<f>« 0°). The ratio of beam-gas background to synchrotron background predicted 
by the simulation is 1.8, which is in a reasonable agreement with the number 2.4 derived 
earlier from the dependences on beam current. 

3 Phase-II Mask Design 

3.1 Masking of synchrotron radiation 

We use the same background simulation programs, which successfully simulate the current 
configuration, to design the new mask system for the Phase-II configuration. 

X-rays can be shielded by a relatively thin layer of high-z metal; for example, the ab-
sorbtion length of 30 keV photon in tungsten is 8 fan. The geometry of the inner surface, 
however, is critical to effectively guard the Beryllium section of the beampipe from syn
chrotron radiation. 

The design of the mask geometry must take into account often-conflicting requirements. 
The tips of the masks should shadow the IR bemapipe from direct synchrotron radiations 
and reflections from the inner walls of vacuum chamber, requiring that the radius of the 
tips be as small as possible and the two tips sandwitching the IR beampipe be as close as 
possible. On the other hand, the distance between the tips should be as large as possible 
so that the X-rays scattered at the tips have small solid angles vewing the IR beampipe. 
Of course, the masks should be outside of the beam-stay-clear; thus, the tip radius - the 
distance of the tip from the beam axis - cannot be arbitrarily small (r tj p > 1.4 cm at 26 cm 
from interaction point). 

In addition, the slopes of the surfaces leading to the tips need to be designed to avoid 
reflections into the IR beampipe. The surfaces away from the interaction point are stepped 
so that there is no large area directly illuminateded by synchrotron radiation (Figure 4a). 
Each tip of the step can scatter X-rays to the IR beampipe; thus, the number of steps should 
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(a) 
X rays mask tip 

Figure 4: (a) Steps on the mask surface to reduce synchrotron background, (b) Hidden tip 
design for beam-gas background. 

be as small as possible. The step height, however, should be 1~2 mm or less to keep the 
higher-order-mode (HOM) loss to an acceptable level. For the same reason, the overall slope 
should not be steeper than ~1:10. The surfaces facing the interaction point needs to be as 
steep as possible (within the HOM loss requirement) so that the synchrotron radiation will 
hit as far as possible from the interaction point. 

Apart from the design of the mask shape, one should consider a coating of the IR 
beampipe by a high-z material to absorb X-rays. A 10 (J.m layer of gold reduces the 
synchchrotron background by 2 orders of magnitude. The radiation length of the coating is 
0.3% and amounts to 1/2 of the total radiation length of the beampipe, yet its effectiveness 
against synchrotron radiation is essential. The current beampipe is coated by Al and Cu 
(0.3% radiation length total), whose effectiveness is 1/5 of the gold coating for radiation dose 
and 1/2 for the occupancy. 

3.2 Masking of beam-gas background 

Since the beam-gas background is caused by high-energy electromagnetic showers, the basic 
strategy is to use massive high-z material to absorb showers at critical locations. The design 
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Figure 5: Mask design for Phase-II upgrade. It also shows the IR beampipe and its end 
section where water flows in. 

of the mask shape should address issues similar to those for the masking of synchrotron 
radiation. In order to avoid direct hits on the IR beampipe, the mask tips on both sides 
of the IR beampipe should be as close as possible. On the other hand, they have to be 
as far apart as possible since the remaining background is dominated by debris from the 
showers generated near the tips. It also follows that the slope of the surfaces away from the 
interaction point should be as gradual as possible so that the showers are generated far from 
the interaction point in order to minimize the backscattering contribution. 

One nice trick is the hidden tip design shown in Figure 4b. The interaction point side of 
the tip is made of heavy metal (e.g. tungsten) and the opposite side is made of a relatively 
light metal (e.g. copper). In this design, the incoming particle effectively sees a vertical 
wall of heavy metal and the IR beampipe is well protected from the debris generated on the 
other side of the wall. The background is reduced by factor of two over a tip made entirely 
of heavy metal. 

3.3 Final design of masks and expected backgrounds 

Figure 5 shows the final design of masks. The tip radius is 1.4 cm at 26 cm from the 
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interaction point. The mask is mostly made of tungsten and weighs about 35 kg each side. 
It is cooled by freon to take out the heat generated by synchrotron radiation, beam image 
current; and HOM excitations (designed for up to 1 kW total each side). 

With this mask design and for 300 ma e" on 300 ma e + at 40% duty cycle, the expected 
backgrounds are as follows: Radiation dose on SVD is 2.9 kRad/year by beam-gas back
ground and 0.8 kRad by synchrotron background. Occupancy per strip in the first layer 
of SVD is 0.03% by beam-gas background and 0.005% by synchrotron background. The 
occupancies are small enough not to have detrimental effects on pattern recognition. As for 
the radiation dose, the weakest element is the multiplexing preamplifiers attached to the 
ends of silicon wafers (CAMEX64 chips) which start to lose gain significantly above 20 to 
30 kRad [2]. The radiation dose during injection is expected to be of the same order as the 
dose during data taking even though the uncertainty is substantial. The CAMEX64 chips, 
however, will be powered off during the injection, and the failure dose when powered off is 
60 to 160 kRad. We thus conclude that the SVD is likely to survive the Phase-II runs [4]. 

One important assumption made in the background simulation is that, for the Phase-II 
runs, the vacuum pressure will stay the same as the current value even though the beam 
current will go up by factor of 4 which will increase the vacuum pressure by gas desorption. 
We are planning a significant upgrade on vacuum system; it is critical that the effort be 
successful. 

4 IR Beampipe 

4.1 Requirements and basic parameters 

The IR beam pipe has to be thin and made of low-z material in order to minimize multiple 
Coulomb scattering, yet mechanically sound to withstand the vacuum inside and forces 
exerted by the weight of masks and accidental shocks during assembly. As mentioned earlier, 
the inside of the beampipe needs to be coated with 10 /im of gold to absorb synchrotron 
X-rays. The temperature outside of the beampipe needs to be controled to within ±5° C for 
the stable operation of the SVD. 

Possible heat sources are synchrotron radiation, beam image current, and HOM excita
tions. The heating by synchrotron radiation should be negligible after proper masking as 
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outer cylinder (0.25 mm) 
inner cylinder (0.35 mm) 

Figure 6: Cross section of IR beampipe. 

discussed above, and beam image current is estimated to be less than 10 W. The heating 
by HOM excitations, however, can be quite large. Ekact estimation is difficult since the 
total heat is the result of all electromagnetic waves excited anywhere in the ring propagat
ing to the IR beampipe and depositing energy there. A rough calculation for a different 
configuration was made [3], but applicability to the Phase-II configuration is not certain. 
Conservatively, we design the beampipe for 400 W of heat deposited over the 30 a n section 
of the IR beampipe. This requires some sort of active cooling, since, if only radiation and 
conduction to ends are taken into account, the maximum temperature will be hundreds of 
degrees C. 

Figure 6 shows the cross section of the beampipe. It is made of two Beryllium cylinders 
with water channels in between. The two cylinders are separated by 8 ribs which are ma
chined on to the inner cylinder. The radiation lengths of water and Beryllium are similar 
(36.1 cm and 35.3 cm respectively); thus, the distribution of material is azimuthally uniform. 
The total radiation length of the Beryllium cylinders and water is 0.3%; together with 0.3% 
for the gold coating, it corresponds to an impact parameter smearing of 20 /xm for a 1 GeV/c 
track (30 /an for the current beampipe). 
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4.2 Active cooling 

We have chosen water as coolant becuase of its high specific heat 4.2 J/(gK), good thermal 
conductivity 0.0062 W/(cm-K), and low viscosity 0.01 g/(cms). Calculation showed that 
with 1.5 psi of differential pressure, the flow rate will be 40 cc/s (or 70 cm/s) with Reynolds 
number of 700 (i.e. well within laminar region). With 400 W of energy deposit, the water 
temperature will rise 2.2° C with temperature difference between the inner Beryllium wall 
and bulk water of 1.8° C. 

A stainless-steel model with the correct cross section was built and the above estimations 
for the pressure drop and temperature rise were verified to within a factor of two. The 
discrepancy was mainly due to a fluctuation of temperature rise from channel to channel, 
which was attributed to non-uniformity of the gap size of the water channels. Since mass 
flow rate is proportional to the cube of gap size, a small variation in the gap size can result 
in a large fluctuation in temperature rise. 

Possible problems with water are erosion by fast flow and corrosion of Beryllium and 
braze material. We have tested the erosion problem by a Beryllium test channel which is 
equivalent to a 1/8 section of the beampipe. At twice the operating flow rate (deionized 
water was used), the loss of mass was less than 5 fig (3x 10~4/mi) after 3 months, which is 
small enough. No indication of corrosion was observed. We have also exposed an old brazing 
joint to deionized water for 5 months. The braze surface developed white fluffy material, but 
the joint was sound mechanically. A surface covered by epoxy was intact. A new brazing 
joint - the type actually used for our beampipe - was tested at 70° C for 6 weeks. No corrosion 
was observed. One promissing coating material is BR127. It adds little thickness (<1 mil) 
and radiation hard (no damage at 2 MRad), and heat resistive. 

Literature on corrosion of Beryllium in water is substantial if mostly annecdotal. Clear 
culprits are chlorides and sulfates. These will be continuously monitored in the final system. 
We do not believe that erosion and corrosion in water will pose serious problems. 

4.3 Mechanical design of IR beampipe 

A finite element analysis showed that the structure buckles at 12 atm if the two cylinders 
are brazed togehter along the entire length. The inside cylinder by itself will withstand 4 
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to 5 atm of outside pressure. The buddings occur within the elastic region (the yield stress 
of Beryllium is typically about 40 kpsi). These are for infinitely long cylinders; and the 
structure is stronger if the ends of the 30cm long cylindesr are fixed to a circular shape. 

Two types of fabrication are being considered. One is to machine the inner and outer 
cylinders out of hot-isopressed bar stocks, and the other is to use cross-rolled sheets made 
from ingot or hotpressed powder stocks. The advantage of the first method is that there 
will be no seams along the beampipe which reduces possibility of leaks. On the other hand, 
the rolled-sheet design costs much less. In either case, the ribs are integral part of the inner 
cylinder and there will be no brazing joint that directly connects water to vacuum in order 
to reduce the risk of leaks caused by corrosion. Any machined surfaces will be etched to 
remove twins and microcracks. After a few grain sizes are removed (about 1 mil for the 
hot-isopressed bars) virtually all detrimental effects of machining are eliminated. 

Prototypes for the both designs have been delivered by vendors and leak-tested to 10~9 cc 
He/sec. The gap thickness varied about ± 20% for both prototypes which is worse than we 
hoped, but the problem seems to be correctable. The detailed design is now being finalized 
and we are on schedule for the installation in spring 1994. 
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ABSTRACT 

An active shield dipole magnet was designed for the asymmetric 
two-ring electron-positron collider, KEK B-Factory. It is an iron-free 
magnet with a central field of 0.7T and an effective length of 0.4m. 
Since the magnet should be positioned as close to the interaction point 
as possible, it is very important to reduce the leakage field outside of the 
magnet in order not to disturb the solenoid field of the detector magnet. 
By using an active shield coil, it could be possible to suppress the 
leakage field to the level of 0.00ST outside of the radius of 0.2m. 

l . INTRODUCTION 

An asymmetric two-ring electron-
positron collider is now being 
planned as a future project at KEK. 
In order to obtain the heigher 
luminosity, dipole magnets should 
be installed into the experimental 
detectors and placed as close to the 
collision point as possible. 
Superconducting magnet is 
preferable to permanent magnet for 
fine adjustment of the field 
strength. An iron-free super
conducting magnet, however, will 
disturb the detector field and cause 
serious measurement errors. In 
order to avoid these disturbances, 
the dipole magnet should have a 
small leakage field. This is the 
main reason we have developed an 
active shield dipole magnet having 
a shield coil outside of the main 
coil. According to the collider plan, 
one of the dipole magnets is 
expected to have a warm bore of 

113mm in diameter, an effective 
length of 0.4m, and a central field 
of 0.7T. This dipole magnet was 
designed as an active shield dipole 
magnet that consists of a main coil 
and a shield coil. 

2. DESIGN 

The cross section of the coil was 
conventionally determined to be an 
approximated cos 9 configuration 
of one-layer winding. The 
Rutherford type superconducting 
cable was selected because of its 
high reliability and conveniece for 
winding. The cable consists of 23 
strands and has a key-stone angle 
of about 1 degree. The cos 6 
configuration was approximated by 
inserting 2 wedges into the coil to 
reduce the 6-pole and 10-pole 
components. The coils consist of a 
straight part and two end parts. 
Each part was designed by the 
Fourier-analysis of linked flux 
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distribution [1] . The straight part 
was optimized by changing the 
wedge angles two-dimensionaJly 
and the end part was optimized 
three-dfrnensionally. 

2 . 1 T .o-dimensional Des ign 

The cross section of the coil was 
designed by a two-dimensional field 
calculation based on an analytical 
formula. The conditions for the 
calculation is as fol lows. 
1. In the inner region, the 
component of 2-pole is 0.7T and 
those of 6-pole and 10-pole are 
small. So, two wedges should be 
inserted. 
2. In the outer region, the 
components of 2 -pole , 6-pole , and 
10-pole are small. 
3. The operating currents of the 
coils are same with opposite 
directions. 

Table 1: Parameters 
of the active shield dipole. 

Central field 0.70T 
Current 3871A 
Main coil 

inner diameter 130.Omni 
outer diameter 145.6mm 

Shield coil 
inner diameter 171.0mm 
outer diameter 186.6mm 

Overall length of the coils 680.0mm 
Collars outer diameter 240.0mm 
Integrated field Uniformity(at r=30mm) 

B 3 L / B ! L <5xl0~2 
B 5 L / B ! L <3xl0 D 

Effective magnetic length 418.0mm 
Max. field on the conductor 2.4T 
Leakage field of the magnet(at r=0.2m) 

<0.005T 
Stored energy 6.5kJ 
Longtitudinal magnetic forces 407kN 
Resultant of magnetic forces 
per meter length in the coil quadrant 

Fx(horizontal) 11.9kN/m 
Fy(vertical) 53.0kN/m 

The obtained parameters are shown 
in Table 1. The flux line plot and 
the leakage field strength are 
shown in Fig.1(a) and Fig.1(b), 
respectively. The maximum field is 
2.4T on the conductor. The 
collared coil structure was 
determined taking account of the 
magnetic force distributions. 
Figure 1(c) shows the collared 
structure. 

2 . 2 Three-dimensional Des ign 

For a self tensioned structure, the 
end shape is chosen to be circle 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 
X [cm] 

Fig.1(a): Flux line plot at z=0. 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 
X [cm] 

Fig.1(b): Leakage field strength at 
z=0. 
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Suppoil CyWutm 

Fig.l(c):Cross-section of the magnet 
at z=0. 

when the coil is developed into two 
dimensional plane. The multipole 
components were adjusted only by 
streching the straight part. The 
overall length of the magnet was 
determined so that the integrated 
dipole field BiL is 0.28Tm. The 
contribution of the end parts is 
about 60% of the BiL. Figure 2 
shows the leakage field in the y-z 
plane. The leakage field is 
suppressed to the level of 0.00ST 
outside of the radius of 0.2m. As 
the radius of the cryostat is 
designed as nearly 0.2m, no serious 
effect on the experimental detectors 
by the leakage field is expected. 
We have only considered the two-
dimensional decay near the magnet 
to reduce the leakage field. It is 
done by adjusting the outer 
integrated dipole component to be 
zero. The optimization of the 
leakage field has not yet done, 

Fig.2: Leakage field strength at x=0. 

hence, the leakage field could be 
reduced still more, but it might 
take many iterative calculations 
and time. Total forces, stored 
energy, and maximum field on th-
sonductor are also shown in 
Table 1. 

3. SUMMARY 

An active shield magnet is 
designed for KEK B-Factory. The 
magnet has the following features. 
1. The effective dipole field is 
0.7T and the effective length is 
0.4m. 
2. The 6-pole and 10-pole 
components 4 are reduced to the 
order of 10 of the dipole field 
at r=30mm. 
3. The leakage field is suppressed 
less than O.OOST outside of the 
radius of 0.2m. 

REFERENCES: 

[l]F.E.Mil!s and G.H.Morgan, 
Particle Accelerators 5,227(1973). 
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Data Acquisition System for KEK B-Factory 
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ABSTRACT 

The data acquisition system proposed for KEK B-factory is presented. First the requirement of the system 
is shown, and the general scheme is described with mentioning the difference between the systems designed 
for KEK and SLAC B-factory. And then the status of the R&O's for SAW delay lines, event builders and 
softwares are presented. 

1 REQUIREMENTS AND GENERAL 
SCHEME 

To consider the requirements of the data ac
quisition system for the KEK B-factory, it is as
sumed that the final goal of the luminosity is 
10 3 4cm~ 2sec" 1 with the beam repetition rate of 
2ns as the severest case. Table-1 shows the cross 
sections for various physics processes at s/s = 
10.58GeV(T(4*)). 

Physics process <-(nb) 
Hadron production from T(4s) 
Continuum hadron production 

fi*(l~, T+T~ 

Bhabha scattering (0i,b > 17°) 
Two photon processes 

1.2 
2.8 
1.6 
44 
1 

Total* 7 

Table 1: T al cross sections for various physics pro
cesses at £,.m10.58GeV. 'Bhabha cross section is 
scaled down by 1/100 

By scaling down the Bhabha scattering process 
with a factor of 1/100, which can be done easily 
at the early stage of the trigger decision, the to
tal cross section of physics processes is about Inb 
resulting in 70Hz event rate. The cosmic rays back
ground, which give large energy deposit on calorime
ters (> 2GeV), is estimated as ~ 30Hz from the ex
periences at TRISTAN experiments. Another back

ground event rate associated with the beam, which 
is mainly caused by spent electrons, is estimated to 
be less than ~ 100Hz. Adding all these up, expected 
event rate is ~200Hz. 

Data size per event depends on the detector and 
the background hits by synchrotron radiation etc. It 
is assumed as 30kB/event. Table-2 summarizes the 
requirements of the data acquisition system. It is 
required for the system to have overall throughput 
larger than 15MB/sec. 

Average trigger rate 200 Hz 
Average data transfer rate 6 MB/sec 

Time to be used to read one event 2 msec 
Peak data transfer rate 15 MB/sec 

Table 2: Requirements to the data taking system 

To handle such large size data generated with 
higher rate than ordinary experiments at e + e~ col
liders, the system should be constructed as parallel 
and have some mechanisms to pipeline data. There 
are two kinds of pipeline system, one is the syn
chronous system which is adopted as KEK design 
and the other is the asynchronous system proposed 
for SLAC B-factory[l]. In the synchronous system, 
there are system-wide control signals such as gate, 
clear, etc. for timing information and signals are 
delayed to wait for trigger decision, while in the 
asynchronous system which is fully pipelined, more 
complicated hand-shaking is required to decouple 
controls from timing information. As there is a com-
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parison between these system in [2] in detail, I'd like 
to only mention that the two keys is required for the 
synchronous system and they can be satisfied in our 
system. The keys are followings: 
1. Trigger rate is low at the first level trigger. 
2. Signals should be delayed to wait for trigger de
cision. 
As the events we want to take are e + e" —• 
SS.hadrons which have clear signature of many 
charged tracks, they can be triggered with high ef
ficiency by applying tighter cuts even if background 
rate associated with beams is high [2], and then the 
first is satisfied. The second is realized, for exam
ples, with use of SAW delay lines for drift chambers 
and analog memories for silicon vertex detectors[4], 
while delay is not necessary for the Csl calorime
ter as the rise time of the signal is a few fis and 
is enough for trigger decision(~ 2/is). We conclude 
that the synchronous system can work well at the 
B-factory but should keep the two keys in mind. 

Finally, I list the schematic view of the data acqui
sition system in fig.l. There are some parallel detec
tor subsystems each of which contains the common 
control modules ( DAP, TG and EB-I/F) and detec
tor dependent ones ( digitizers and I/F for them ). 
There are common system-wide subsystems ( Mas
ter control, Sequence control and Event builder ) 
linked to detector subsystems. Data are collected in 
the form of detector by detector parallel and then 
built into event by event parallel. 

VME bus with VxWorks[3] is considered for the 
system bus for controls and communications and 
Ethernet links VME crates of subsystems as shown 
in fig.2. 

2 SAW DELAY LINES 

We have been developing the SAW (Surface Acous
tic Wave) delay lines[2][5j. This device consists of a 
SAW delay chip and input and output shaping am
plifiers. At the beginning, we investigated LiNb0 3 

SAW device and obtained the results in [2], and then 
recently we tried LiTaOa to improve temperature 
dependence. Fig.3(a) is the results with new LiTa03 

SAW device showing about 2/3 temperature depen
dence of the old ones. In addition we tested the 
effect of spurious pulses as shown in fig.3(b). 

logic 

Online 
computer 

Urn 

Matter 
control 

Sequence 
control 

Eve* 
builder 

I 1 1 I 
, i 

^ 
DAP „ TG EB 

IDA proa) " (Tirainf jen.) .yp 

dan flow riming signals 

djjiuien 

•{ sunmiem }• 

Figure 1: Schematic view of the data acquisition 
system for KEK B factory. 

n 

Figure 2: Global structure of the data acquisition 
system. There are VME subsystems linked with 
Ethernet. 
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Figure 3: (a) Dependence of delay time on temper
ature with a new LiTaC>3 SAW device, (b) Shift in 
delay time due to the spurious pulse. Minus spu
rious timing means that the spurious pulse occurs 
before the true pulse. Total delay is 2/is in (a)&(b) 

There are no effects in the case where the spuri
ous pulse occurs after the pulse for measurement as 
expected, but there remains an effect on time de
lay when it occurs before the true pulse. Spurious 
pulses within 200ns should be suppressed to make 
shift in delay less than a few tens ps. Anyway the 
present SAW delay lines can satisfy the requirement 
of drift chambers ( < ~ Ins jitter) but need more 
R&D for TOF usage. 

There can be another usage of the SAW delay 
lines, where multi-hit TDC's and Q-to-T convert
ers are used together with SAW delay lines for drift 
chamber readout. Fig.4 shows the idea. SAW de
lay lines are used to multiplex timing signals of 
some sense wires into one channel of multi-hit TDC, 
and the Q-to-T converter generates a pulse after 
the chamber stop pulse with the delay proportional 
to the pulse height. With this scheme we can re
duce the number of TDC channels and can use only 
TDC's even for pulse height measurement. The key 
is the low cost Q-to-T converter for which we will 
start the R&D. 

3 EVENT BUILDER 

The event data are collected by each detector sub
system and are then transferred builder to the com
puter farm through the event. During this transfer, 
the data are combined to form a complete event by 
the event builder. This is illustrated in fig.5. The 
data transfer protocol between the detector sub
system and the computer farm through the event 
builder is discussed and planned as follows. There 
are N readout subsystem {)'«. detector) crates each 
of which has M queues, where M is the number of 
the computer farm crates. On the other hand, each 
computer farm crate has N queues. 

The collected data by each readout crate are 
queued sequentially with the 4-bit event tag. The 
event builder generates an interrupt to the CPU of 
the readout subsystem through the event builder 
I/O module in the readout crate and instructs the 
content of which queue is to be transferred. If the 
queue contains data, the readout CPU initiates a 
DMA transfer of the data to the event builder, oth
erwise it returns "end of data" right away. The end 
of data transfer is acknowledged to the readout CPU 
by another interrupt, and then, the CPU returns 
"end of data" through the event builder I/O mod-
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Figure 4: An idea for drift chamber readout system 
with SAW delay lines, Q-to-T converters and multi-
hit TDC's. This can reduce the number of TDC's 
and then result in low cost. 

Figure 5: Physical connections of readout crates, 
event builder and computer farm crates. 

ule. When the event builder instructs to transfer 
data from the »—th queue, it connects the link to 
the t—th computer farm crate. Therefore the data 
in the i—th queue are automatically transferred to 
the i— th farm crate. 

Once the controller in a farm crate receives a 
block of data, it queues the data to one of the queues 
corresponding to the readout crate from which the 
data come. Therefore, a block of data in the t—th 
queue of the ;—th readout subsystem is transferred 
to the j—th queue of the t—th farm crate through 
the event builder. The farm controller monitors the 
queues and if it recognized that the data blocks are 
queued on all the queues, it sends them to the farm 
processors as a complete event. This transfer is 
requested by an interrupt generated by the event 
builder I/O module in the farm crate and the DMA 
transfer is initiated by the controller of the farm. 
The readout subsystem number j is informed to the 
farm controller through this event builder I/O mod
ule. 

In this transfer protocol, it should be noted that 
the transfer request from the event builder to both 
the readout subsystem and the computer farm is 
generated independent of the presence of the data 
to be transferred. 

KEK online group, KEK electronics group and 
Fermi lab have been developing the event builder 
based on the cross-bar switch that utilizes a high 
speed optical link, and recently they performed the 
test of the prototype event builder with 4 x 4 barrel 
shifter [6]. They proposed the project on develop
ment of 8 x 8 barrel shifter which meets with the 
requirement for the event builder. We have also 
started jobs for the implementation of protocol de
scribed above. 

4 SOFTWARE DEVELOPMENT 

As the system will be constructed by parallel sub
systems with distributed CPU's, and triggers will 
occur even before the end of data transfer if digiti
zation completed, we should consider two key issues 
for software developments for which we have started 
to work right now. 

The first one is "Multi-CPU Shared Database". 
In our planned system, there are many CPU's in 
VME crates linked by Ethernet and each task in 
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Figure 6: Schematic structure of multi-CPU and 
shared data base linked with network. 

every CPU should work in co-operation. If one uses 
a single CPU, this co-operation between tasks can 
be easily realized. While it is necessary for us to de
velop a software to have shared database which can 
be accessed through the network and have following 
features: 
1. Fast read from/write to the shared data base 
( 1/JS for read and 100/JS for write ). 
2. Same calling sequences in UNIX workstation and 
in VME system, where we will use VxWorks. 
3. Interrupt generation when specified word(s) is 
modified. 
4. Connection/disconnection is arbitrary. 
We can do the same things as in a single CPU even 
in the planned system of distributed parallel CPU's 
as shown schematically in fig.6. 

The second one is "Sequence Controller". Al
though the sequence of each event is fixed, some 
control signals for next ( or next to next ...) may be 

InKnupu to the n ibtyum CPU: 

Miner m—oryKftr 

i—r 
i—r 

i i r 
IKMCVHM 

Figure 7: An example of event sequences for succes
sive events. 

v^y Queue* for each intcnupl 

Figure 8: Schematic of the sequence controller. 

issued between control signals for the previous event 
as the trigger subsystem is enabled for a next event 
soon after the end of digitization to keep the trigger 
dead time as small as possible in the asynchronous 
system as shown in fig." for an example. So it is 
necessary to handle these as sequences of events. 

Fig.8 shows schematics of this control which we 
are planning, where each control signal generates 
interrupt to the sequence controller and this inter
rupt is queued. Sequence controller transact these 
by sending a packet to the corresponding service 
routines for sequences of events. 
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5 SUMMARY 

KEK design of data acquisition system for KEK 
asymmetric B factory is an synchronous system 
which is different from the asynchronous system pro
posed by SLAC people. There are two keys for our 
design: l)low trigger rate, 2)pipelined signals for 
trigger decision period which we can achieve but 
should keep them in mind during works. 

There emerges new developments of the SAW de
lay lines the and event builder, and the works of soft
ware have been just started for multi-CPU shared 
database and sequence controller. 
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ABSTRACT 

Requirements and general design for trigger system for KEK B-Factory are briefly reviewed. KEK design 
is based on the synchronous trigger system with readout signal being delayed by delay-lines or stored ana
log/pipelined memory by trigger decision time. A current status of design is reported for some of the detector 
components. A potential problems and solutions are also discussed. 

1. REQUIREMENTS 

The requirements and basic design of trigger sys
tem for the KEK B Factory experiment have been 
described in the Task Force Reports[l, 2]. Here, 
general requirements are briefly summarized first. 

1) Efficiency: The trigger system should have 
high enough efficiency for physics process. It should 
be ~ 100% efficient for BB and hadronic annihila
tion events. High efficiency should be maintained 
even for special rare decay modes. Bhabha events 
are important for luminosity measurement and de
tector calibration. Because of too large cross section 
(even within detector acceptance) it requires to be 
prescaled. Therefore, trigger system should be able 
to identify Bhabha events exclusively, r-pair and 
two-photon interaction process are other interest
ing physics which B-Factory can provide useful data 
sample because of high luminosity. Trigger should 
be also efficient for these processes. However, event 
signature of these processes in some kinematic re
gion is hard to distinguish from background events 
in the trigger level. Hence, probably it is required 
to have special trigger to pursue these processes fur
ther. 

2) Trigger Rate and Dead lime: Requirement 
for trigger rate is relaUd to data acquisition sys
tem. Rate of the physics processes is about 100 Hz 
with a luminosity o'.' 10 3 4 cm~ 2 sec _ 1 , as shown in 
Table 1. Trigger n.te due to background depends 
on the trigger cond tions, but roughly estimated to 
be about 100 Hz or so. 

Table 1: Total cross section and rates with L — 
1 0 3 4 c m _ 2 s e c _ 1 from various physics processes at 
T(4S) 

Physics Process Cross section 
(nb) 

Rate 
(Hz) 

T(4S) 
Continuum 

tt+H~ + T+T~ 
Bhabha (0M > 17°) 
Two-photon process 

1.15 
2.8 
1.6 
44 

~ 1 

11.5 
28. 
16. 

4.4 <") 
~ 1 0 

Total 50.55 ~ 7 0 
(o) pre-scaled by factor 1/100. 

Overall dead time depends on trigger rate and trig
ger/data acquisition system. Requirement to the 
trigger system is the dead time due to trigger sys
tem itself should be small enough comparing to that 
from other part, such as digitization or data transfer 
system. In case of a synchronous system taken by 
KEK system as described below, dead time is given 
by the trigger rate times digitization time, assuming 
digitized data are stored in the multi-event buffer. 
Average trigger rate of 200 Hz imposes the digiti
zation time to be a few hundred micro-seconds in 
order to keep dead time of a few % level. 

3) Redundancy: It is important for trigger sys
tem to have a redundancy. For calculation of trigger 
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efficiency, it is essential to have redundant triggers. 
Usually, redundant triggers are track trigger which 
is based on the charged track information and en
ergy trigger which, on the other hand, is based on 
the energy deposit on calorimeter. 

4) Flexibility: Flexibility is another important 
requirement. Trigger system should be flexible 
enough to change threshold values or minimum re
quirements to adjust the trigger rate if needed. 
This is especially important in case of unexpectedly 
high background trigger rate. Also, trigger system 
should have flexibility and room to add the other 
new triggers which would be required as a special 
triggers. 

2. GLOBAL SCHEME 

Since the interval of the beam crossing is 2 nsec 
with the full bucket operation of the proposed accel
erator design, a trigger system should be pipelined 
in order to avoid the large dead time. We have 
designed a "quasi-pipelined" trigger and data ac
quisition system based on the "delay and gate" 
scheme where a trigger system consists of a chain 
of logic and delay-lines[l, 2]. We have chosen this 
scheme rather than a fully pipelined scheme chosen 
by SLAC B-Factory[3] because of its simplicity and 
low cost. 

In the present design, the parallel trigger scheme 
is adapted rather than a sequential multi-step trig
ger scheme. The triggers in sub-systems, such as 
track triggers and energy riggers, are formed in par
allel and combined at the final stage, as shown in 
Fig. 1. This scheme makes easier to form triggers 
which rely only on energy or track information and 
hence incorporate 7-pair and /j-pair events in the 
trigger. 

The beam-crossing timing of the triggered event 
(which is used for GATE signals of ADC's and 
STOP signals of TDC's) is given by the coincidence 
between the beam crossing signal and output of fi
nal trigger decision logic. The timing and width 
of trigger signals from sub-systems are adjusted so 
that their outputs always cover the beam-crossing at 
fixed delay (2 ^sec in present design) from the ac
tual event crossing, as shown in Fig. 2. The timing 
of the final decision logic output is determined by 
the timing of the fastest detector trigger. If TOF 
is included, the trigger timing is correct within a 
couple of buckets and can be exactly determined by 
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Figure 1: Global scheme of trigger system. 

the off-line analysis. If TOF is not included such as 
pure energy trigger case, the trigger has poor timing 
but the timing information is not so important for 
such events. 

3. TRIGGER COMPONENTS 

Trigger system of KEK B-Factory experiment will 
consist of two components: one is a track trigger 
and the other is energy trigger. 

Track trigger selects events based on the in
formation from charged tracks which is available 
from various detector components: PDC, CDC, 
TOF, minimum ionization signal of Csl calorimeter 
[CsI(Min.I)], and possibly SVD. Track information 
in t-4> view is available from all detectors above, and 
that in r-z view is available from PDC/CDC (cath
ode pads), CsI(Min.I), and possibly SVD. These de
tectors are somewhat complementary. Outer barrel 
detectors are less noisy but impose larger PT and 
0 cut to tracks and do not distinguish beam wall 
events. On the other hand, inner detectors are ef
fective for rejecting beam wall tracks and have larger 
acceptance, but the rate would be high. Z-vertex in
formation is also quite important to reject the beam 
wall and beam gas events. Therefore, combination 
of several components would provide reduction of 
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Figure 2: (Timing and width of input signals to the 
final trigger decision logic from trigger sub-systems. 

background rates by a large factor. 

An energy trigger selects events based on the in
formation of energy deposit in a calorimeter. In con
trast to the track trigger, energy trigger is formed 
by signals from single detector, Csl calorimeter. 

These two triggers rely on the independent infor
mation of events and also different detector compo
nents. Therefore, they form redundant triggers. 

3.1 P D C / C D C 

The t-<t> triggers in drift chambers are formed us
ing discriminated anode wire signal. Anode wires in 
several layers are grouped into track segment finder 
cell (TSC) and hit pattern in a TSC is examined 
by memory look-up table (MLU) to find the track 
segment. TSC's have overlap in next each other 
in order to avoid inefficiency at boundary of the 
cell. The minimum acceptable pr can be adjusted 
by the pattern loaded on MLU. MLU's are latched 
periodically by sample clock (interval of t c = 100 
nsec or so) to provide output signals. Since sig
nal from drift chamber can be delayed by maximum 
drift time ( t m ) , the width of wire hit signals should 
be stretched more than ( t m + t c ) so that wire hit 
signal for track is to be latched by one of sample 
clock at any possible timing. This is illustrated in 
Fig. 3. 

PDC TSC consists of 23 wires in 6 'logical' layers 
(sampIed/ORed from 10 layers) as shown in Fig. 4. 
TSC gives single bit output and logical OR of two 
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Figure 3: Illustration of trigger generation for drift 
chamber signals with sample clock. 

neighboring TSC outputs gives a track signal of 1/16 
PDC sector. 

In case of CDC, 4 sets of 5 axial layers (trigger 
layers) out of 42 layers are used for trigger and one 
TSC consists of 18 wires as shown in Fig. 5. 

The inner most trigger layers covers fully up to 
17° but the others do not. The number of TSC's 
in trigger layers varies from ~ 60 to ~ 160. The 
outputs of TSC's are logically ORed to form macro-
cells with number of 24 to 32 in #. As shown in 
Fig. 6, hit pattern of macro-cells in 4 trigger layers 
corresponding to one PDC sector are fed into next 
stage MLU. The second stage MLU provides sev
eral output bits for different track conditions. For 
example, 

• 4 bits corresponding to TOF/CsI(Min.I) sector, 
whose bits are on if track should hit the sector. 

• Inner Track (px > 200 MeV): track hit in inner 
most layer. 

• Outer Track (px > 300 MeV): track which goes 
through 4 trigger layers. 
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TOF 

Figure 4: PDC track segment finder cell. 
Figure 6: CDC track finding in a wedge correspond
ing to one PDC sector. TOF sectors and tracks with 
p T of 200, 300, and 400 MeV are also shown. 

• and so on .... 

These outputs are used to form combined track 
outputs with other detector components or to form 
CDC stand alone triggers. 

The cathode pad signals from 4 layers of PDC and 
an inner wall pad of CDC are used to form z-track 
triggers as described also in PDC section. The cath
ode pads are segmented into tower geometry point
ing an interaction point and straight track trigger is 
provided by an majority coincidence of 5 layers (4/5 
for example) in the same tower, as shown in Fig. 7. 

Figure 5: CDC track segment finder cells. 

3.2 TOF 
The main role of TOF trigger is to provide the 

event crossing timing to the final trigger decision 
logic as mentioned above. In order to have good 
timing resolution, TOF trigger is formed by a ma
jority logic with the hard-wired type coincidence. 
The hit signal of each sector is also provided to take 
a matching with other detector components in the 
next stage. 

3.3 SVD 
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Figure 7: Illustration of Z-track trigger logic in 
CDC/PDC. 

Present design of charge amp chip for SVD read
out has hit output for each 32 input signals to be 
used for triggers. The hit output signals are latched 
every 500 nsec, which have comparable time reso
lution as CDC triggers. These hit outputs are logi
cally ORed into some reasonable numbers and and 
hit patterns are examined in t-<j> and r-z view. SVD 
trigger would provide strong constraint for rejecting 
beam wall and beam gas tracks if the hit rate is not 
too high. 

3.4 CAL 
Csl calorimeter signals mainly serve for the en

ergy trigger, but also their minimum ionization 
signals provides information for track trigger. A 
schematic of the Csl calorimeter electronics is given 
in Fig. 8. 

The output current of photodiode is integrated 
by the preamplifier placed behind the crystal. The 
voltage output of the preamplifier is transmitted to 
the shaper board by the differential driver and re
ceiver, where the pulse shaping and splitting of the 
signals for the main A/D converter and for the trig
ger electronics is done. The shaping for the main 
A/D conversion will be optimized for the best signal 
to noise ratio and dynamic range, while the shaping 
for the trigger will be done with shorter time con
stant to supply a signal quick enough to the trigger. 

fe7[U* Coincidence wiih 

TrKk Tricfer 

Figure 8: Schematic of Csl Electronics. 

The shaper board will have an analog summing 
circuit to form a trigger signal for the energy trig
ger. With the present design of detector segmen
tation (144 in 4> and 76 in 9 including endcaps), it 
would be appropriate to combine 4 x 4 crystals to 
form one analog sum. This will make up a total of 
684 signals composed of 36 segmentations in <j> and 
19 segmentations in 0. Before summation, the gain 
adjustment circuit is required to equalize the sensi
tivity of each channel (crystal) to the level of ~5 %. 
The summed output should be shaped with a short 
time constant of ~0.3 ps. One of the summed out
puts is brought directly to the energy trigger logic 
and another is discriminated and sent to the track 
trigger for coincidence as CsI(Min.I) signal. For the 
CsI(Min.I) signal, a threshold of a few tens of MeV 
and a good timing accuracy is required. The perfor
mance of the shaper and discriminator in terms of 
signal to noise ratio and time walk is under investi
gation. CsI(Min.I) signals are logically ORed within 
<j>-z segments (16 x 8 ~ 12). Further logically ORed 
signals along z-segments in the same ^-segments are 
used as track hit of <j> sectors. 

A schematic of energy trigger is shown in Fig. 9. 
The analog sum from shaper board will be digitized 
by the flash ADC with an accuracy of ~8 bits ev
ery 50 ns. A bi-linear conversion may be used to 
cover wider dynamic range. Each digitized data 
goes through a memory lookup unit (MLU) which 
serves for the coherent noise suppression, bilinear-
linear conversion and calculation of the transverse 
and longitudinal components of the energy deposit. 
The MLU can be used to suppress noisy trigger 
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channels and supply a dummy signal for the dead 
channel as well. 

The output of each MLJ is feJ into a network of 
cascade adder which makes a summation of all trig
ger channels. The cascade adder must have a total 
of 9 stages, 1". . a first few stages may be realized in 
one ASIC *\'> and several next stages can be per
formed on ciic same printed circuit board in order 
to minimize the cabling between modules and to en
hance the reliability of the system. The whole adder 
chain will be operated with a synchronous clock of 
20 MHz and intermediate results will be latched at 
several stages to allow a reliable pipeline operation. 
The MLU may have an additional memory space to 
store the test data and the simulated event. These 
dummy data can be clocked out one by one to test 
proper functioning of the adder chain. 

The output of the cascade adder is the total en
ergy, transverse energy balance and longitudinal en
ergy balance of the whole calorimeter. Each of these 
values is fed into a MLU which makes a threshold 
decision of several bits for each observable. These 
output bits are further combined into a single MLU 
to form a final trigger decision by taking proper cor
relations on these observables. Besides the event 
originating from B meson, Bhabha scattering has 
to be recognized and triggered as it is a good source 
of Uie detector calibration. In order to avoid the 
excessive data rate, we need to include a prescaling 
for the Bhabha scattering depending on the polar 
angle of the event. 

3.5 Combined Trigger 

In present design, track information in a wedge 
corresponding to one PDC <j> sector (2ir/16 or so) is 
first formed in each detector components and then 
triggers are made by combining outputs of these de
tector components. This allows triggers formed by 
single detector to be fed into the final trigger deci
sion logic. Fig. 10 shows an example of logic for such 
combined track utilizing all available components. 
The delay and width of each detector components 
are adjusted in order to avoid a loss of track due to 
the different time resolution of detectors. 

Finally, track patterns in unit of 16 wedges pro
vides track triggers for given N t r ack (̂ open > *min). 
Several triggers with different track patterns and 
conditions will be provided and thsy are fed into 
final stage trigger decision logic. 

Analog - Sum Input Analog Sum Input 

ALU ALU ALU 
f 5M USm 

ALU 

Total Energy Output Ex, Ej, Ez Output 

ENERG7 TRIGGER 

Figure 9: Schematic of Energy Trigger. 
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Figure 10: Example of combined track in wedge cor
responding to one PDC sector. 

Still, details of triggers have not been throughly 
considered yet and to be worked out. 

4. P O T E N T I A L P R O B L E M S 

4.1 Trigger Rate due to Background 

As pointed out previously, KEK design has less 
robustness if the trigger rate is much higher than 
expected[4]. KEK design has dead time propor
tional to the trigger rate and, with 200 usee of dig
itization time, trigger rate of 200 Hz gives 4% dead 
time, which is acceptable. However, if trigger rate 
is higher than expected and ~ 1 KHz, then dead 
time becomes 20% and also it almost reaches read
out bottle neck. Therefore, it is important to be able 
to control background trigger rate in KEK system. 
In the following, possible sources of background trig
gers are examined. 

4.1.1 Cosmic Ray 
Cosmic ray rate is well known and trigger rate 

is reliably estimated. The flux is a few KHz on 
CAL volume and the rate is reduced to a few tens 

of Hz with energy threshold of 2 GeV. The rate of 
CDC two-track is ~ 100 Hz and reduced to ~ 10 if 
track is required to pass PDC. These are within a 
manageable range. 

4.1.2 Synchrotron Radiation 
Synchrotron radiation is one of the major back

ground to the detector and it is shielded by the mask 
around I.R. region. However, it does not contribute 
to the trigger because the energy is well lower than 
threshold level of the energy trigger and it does not 
form the track hit pattern in the chamber. 

4.1.3 Beam Wall/Gas 
A simulation study using Decay Turtle including 

Bremstrhalung process gives ~ 10 KHz direct hits of 
off momentum electron/positrons on the beam pipe. 
The probability for them to interact in the beam 
pipe and produce particles which make track trig
ger is order of 10~ 3 to 10~ 2. This gives the trigger 
rate of 10 ~ 100 Hz and also within a manageable 
range. However, this kind of background estimation 
is generally not so reliable (base on the past expe
riences) and can be easily differ by factor 10 to 100 
(usually, simulation under-estimates). This would 
swamp the trigger system. 

However, these background events contribute to 
triggers have following characteristics; 

• lowp ( track 

• tracks from off interaction point 

• positive particle excess 

• low multiplicity 

• dominated in forward/backward region 

Therefore, a bit tighter condition for p<„,„ and 
8min or tighter z requirement would reduce the rate 
by considerable factors. While, a simulation study 
shows these tighter condition will not lower the ef
ficiency for interesting physics events. 

4.2 TOF Trigger Pileup 
One of the feature of KEK trigger system is 

that the timing of the gate and stop signal to the 
ADC/TDC's are determined by the TOF trigger 
signal coincided with the other detector trigger. If 
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the rate of TOF trigger is high, sometimes previ
ous TOF trigger can make an coincidence and gate 
and stop signals are provided with wrong timing. In 
this case, sometimes true information of the event 
would be lost. The width of the trigger signal from 
each detector is determined from the time resolu
tion of the detector, as described before. Therefore, 
this TOF trigger pileup would be a serious prob
lem for detector with bad timing resolution. For 
example, for triggers with width of 500 nsec (such 
as CDC trigger), requirement of fake coincidence 
fraction to be less than 1% gives TOF trigger rate 
to be less than 20 KHz. Considering the fact that 
the TOF trigger rate of CLEO-II is ~ 10 KHz per 
luminosity of 10 3 2 c m s - 2 s e c - 1 , this requirement is 
quite tight for luminosity of 10 3 4 c m s - 3 s e c - J at B-
Factory. On the other hand, for trigger signal ivith 
width of 50 hsec, the same requirement gives condi
tion that TOF trigger rate to be less than 200 KHz. 
Therefore, the solution to avoid the TOF trigger 
pileup problem is always include trigger with fairly 
good timing such as CAL(Min.I) in the combina
tions. Another possibility would be to reduce the 
TOF trigger rate. 

5. SUMMARY 

A trigger system for KEK B-Factory experiment 
has been based on the "delay and gate" scheme 
where a trigger system consists of a chain of logic 
and delay-lines. Also, the parallel trigger scheme is 
adapted in order to have flexibility. The trigger sys
tem provides a trigger signal and gate/stop signals 
at fixed time (2 //sec) after the "event crossing", 
while detector signals are either delayed by delay-
line or stored in pipeline manner. 

Above "quasi-pipelined" trigger and data acqui
sition scheme is chosen rather than fully pipelined 
system because of simplicity and low cost. This 
gives less robustness for high trigger rate compared 
to fully pipelined system. 

The trigger rates are expected to be ~ 100 
Hz from physics processes and ~ 100 Hz from 
background processes with luminosity of 10 3 4 

cm~-sec~l, which gives a few % of dead time. The 
trigger system will be flexible enough to be able 
to adjust trigger conditions to control background 
rates even if they are turned out to be unexpectedly 
high. 

Further design, simulation, and hardware R&D 
works are in progress. A SAW delay-line chip is 
one of the key elements of our trigger/data acqui
sition system and development is under way, as de
scribed in this workshop[5j. As described above, 
trigger system uses many MLU's in various stages. 
If MLU's with large memory size (corresponding to 
large number of inputs) are available with low price, 
it would simplify the logic and leads to low total 
cost. We consider MLU with using DRAM as one 
of candidates and plan to design and make test mod
ules. A CDC prototype trigger is planned to built 
for real size CDC prototype chamber. 
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Triggering and Data Acquisition for a PEP II Detector * 

Walter R. Innes 
Stanford Linear Accelerator Center, Stanford CA 94309, USA 

ABSTRACT 

This talk reports on the current plan for the PEP II detector data acquisition system. The organization 
described is based on a data driven architecture. 

1. INTRODUCTION 

Our design of the PEP II detector's trigger and data 
acquisition must satisfy several requirements new to 
colliding beam experimants. The crossing interval is 
so small that for practical purposes the luminosity 
is continuous. The high luminosity means that trig
ger decisions must be very good to keep the data 
flow manageable. Trigger decisions of this quality 
are likely to take longer to make than the time be
tween triggers. The background rates for a two ring 
machine are not well known, which leads to the re
quirement that the data acquisition system handle 
any background level for which the data would be 
useful. The readout should fail gracefully and grad
ually as the background rates go beyond this level. 

This has led to the following general philosophy. 
Sparsify early, digitize, time tag, and store the data 
in FIFO buffers. Data flow is asynchronous every
where and is initiated by the data and not external 
timing signals. I will illustrate these principles by 
describing how we apply them to the some of the 
subsystems. 

a solution for the pixel case.[l] Figure 1 shows the 
electronics which is replicated for each pixel. This 
consists of a charge sensitive amplifier, a comparator 
which drives column hit and row hit lines, and an 
analog storage section. Figure 2 shows the electron
ics which resides on the periphery of the readout 
chip. The operating sequence is as follows: a hit 
on a pixel causes the comparator to trigger send
ing row hit and column hit signals to the periphery. 
This causes the row occupancy pattern, the column 
occupancy pattern, and a time stamp to be loaded 
into FIFO registers. SH-ROW and SH-COL signals 
cause the pixel charge to be saved in the analog stor
age section. Then the all the amplifiers in the hit 
colutnn(s) are reset. As soon as the external bus is 
available the time, the column and row addresses, 
and the analog level are sent on the bus to off chip 
electronics. Logic is included to handle simultane
ous hits, eliminate ghosts, and buffer pile-up. Eight 
pixel chips are arranged in a "ladder". At the end 
of the ladder is logic which controls the readout of 
the chips in the ladder, digitizes the analog levels, 
and drives the connection to the electronics house. 

2. SILICON VERTEX SYSTEM 

For the silicon vertex detector we want electronics 
which digitizes, time stamps, and sends every hit to 
a buffer in the counting house as soon as possible. 
We have not yet decided whether to use strips or 
pixels, but we think this type of readout can be ap
plied to either case. As an example I will describe 

*Work supported by the Department of Energy, contract 
DE-AC03-76SF00515. 

3. CENTRAL DRIFT CHAMBER 

To see how the trigger system is organized, let's 
examine the proposed Central Drift Chamber 
electronics.[2] Figure 3 shows the electronics for each 
cell. When a signal triggers the comparator a time 
stamp followed by a sequence of FADC digitizations 
are loaded into the FIFO and a signal is sent to the 
"segment" logic. The logic for twenty cells (four 
layers by five cells in 4>), the segment logic, and a 
DSP reside on a VXI board called a "supercell mod-
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Figure 3: Electronics for each CDC cell. 

tile". The organization of this module is shown in 
figure 4. The shredders (not shown) should be be
tween the front end FIFOs and the DSP. The seg
ment logic uses a XILINX or similar chip to find 
track segments. The location, slope, and time of 
found segments is sent via a serial link to the "cur
vature engine". The global trigger logic sends mes
sages back to the supercell modules via the curva
ture engine. These messages indicate times before 
which data should be discarded ("shredded"), and 
times for which data should be accepted. Accepted 
data is reduced to time, amplitude, and channel by 
the DSP and passed to the CPU module, of which 
there is one per crate. The CPU module saves the 
data in its memory. 

The overall structure of the CDC trigger system 
is shown in figure 5. The curvature engine is a VME 
crate populated with CPU modules and "receiver" 
modules. The segment messages enter the curvature 
engine via the receiver modules. These modules are 
currently conceived to consist of a TMS320C40 DSP 
and memory. This DSP acts as an intelligent FIFO. 
The receiver modules watch the incoming segment 
data for coincidences of outer layers. When one 
is found the master CPU is notified. The master 
CPU assigns a slave CPU to try to build a com
plete track and report the result to the master. The 
curvature engine keeps the global trigger logic (the 
"monotonoehron") informed of the tracking-trigger 
status. 

4. T H E C A L O R I M E T E R 

The calorimeter electronics is organized the same 
way as the CDC. In this case the FADC must op
erate with a much larger resolution and dynamic 
range, but can do so at a much lower frequency. 
Figure 6 shows a possible front-end which relies on 
a custom fast auto-ranging IC. A chip with this 
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function is being developed for the SDC detector.[3] 
Again twenty channels will be handled in each VXI 
module. There is no need for an analog of the seg
ment finder, instead each hit is sent on to the "clus
ter engine". The cluster engine is a curvature engine 
with different software. It may even be in the same 
VME crate. 

5. LEVELS II AND III 

Figure 7 shows an overview of levels one and two 
using reflective memory to pass data between the 
levels. This is one of several possible technolo
gies suitable for this task. Level two consists of 
VME crates with CPU modules and memory. The 
monotonochron informs a level two CPU of a trig
ger. The level two CPU fetches the appropriate 
data from the level one output memories (in the 
case of reflective memory it is already in the level 
two memories). The trigger is then verified with 
the data. If the trigger is still good, the level two 
CPU then builds the event by fetching and orga
nizing all relevant data. Level III consists of UNIX 
workstations. After an event is built it is passed to 
one of these workstations where a complete recon
struction is performed. Monitoring functions are 
also performed and good events are written to mass 
storage. Since event building and load balancing are 
performed at level II, The connection between levels 
II and III can be simple. 

6. SUMMARY AND OBSERVATIONS 

I have described a proposed data acquisition sys
tem for the PEP II detector. It is data driven and 
asynchronous throughout. It makes heavy use of 
DSPs and processors at all levels and calls for few if 
any custom integrated circuits. (It does make use of 
programmable logic). This system is expected to be 
very flexible, powerful, and scalable. Current plans 
call for completion of the preliminary design and the 
beginning of simulation early in 1993. 
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BBQ - Computer Farm for KEK B-factory 

Ryosuke Itoh 
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A B S T R A C T 

A large computing system was developed to be used for the online data reduction in the planned KEK 
B-factory experiment. The performance of the system was measured to b>: more than 1500 VAX equivalent. 

Introduction 

In the experiment at the planned KEK B-factory, 
where the luminosity of 10*4/cm2sec is expected, 
the average trigger rate becomes about 200Hz with 
a typical event size of 30Kbytes. The required CPU 
power to process the data is estimated to be more 
than 10000 MIPS in total. The most realistic way to 
obtain such a large CPU power is to distribute the 
event data to many computers and process them in 
parallel (the computer farm). 

Based on the result of the R&D of the computer 
farm done last year[1 J, we built a full-scale system 
whose performance is expected to be at most 3000 
MIPS. This system (called BB~Q - B~B event pro
cessor for Quick analysis) was designed as the on
line computer farm where the event reconstruction 
is done. However, since we have still several years 
before the start of the experiment, BBQ is currently 
used as the Monte Carlo engine for the physics sim
ulations of the KEK B-factory experiment. Some of 
the results in the progress report.[2] were obtained 
using this system. The preparation to use BBQ for 
the CLEO data analysis is also in progress. 

In this talk, the detail of the architecture and the 
performance of BBQ are described. 

Architecture 

Fig. 1 shows the hardware architecture of BBQ . 
The system consists of 6 VME crates. Each crate 
contains 5 modules of Motorola MVME-188 module. 

The module is equipped with four chips of MC88110 
RISC CPU's (event processors) with a shared mem
ory of 64 Mbytes. The processing of the event data 
is done on 120 event processor chips in total when 
all crates are operated. 

These event processors are managed by a control 
processor module installed in each crate. The con
trol processor is a Motorola MVME-147 which is a 
MC68030-based computer with a 4Mbyte memory. 
This processor is connected to Ethernet for the com
munication with the host system. The processor is 
controlled under the VxWorks[3] operating system. 
High speed interfaces to the event builder and to 
the data storage subsystem will !>* installed i.- earh 
crate for the online usage in near future. 

The host system of BBQ is a Data General AVi-
iON workstation which has the same CPU chip as 
that of the event processor. The application pro
grams for BB~Q are developed on this workstation 
and downloaded to BBQ . 

M e c h a n i s m of p a r a l l e l p r o c e s s i n g 

The parallel processing on BBQ is realized based on 
the "kernel emulation" mechanism. When an appli
cation program is executed on the host workstation, 
actual accesses to files and terminals (called the I/O 
requests) are processed by the kernel of the operat
ing system. On B~BQ , we extended this kernel-call 
mechanism to multiple event processors. The access 
to an I/O device bv each event processor is handled 
by the "kernel emulator" resident on the memory 
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Figure 1: The architecture of B~B~Q 

of the event processor. The kernel emulator 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 through VME bus. 
The I/O requests from all event processors are cen
tralized to the I/O server and collectively processed. 
Using this mechanism, event data can be distributed 
to multiple event processors. 

This kernel emulation mechanism has a great 
advantage when debugging the program since the 
computer farm can execute the executable code of 
the host computer without re-linking any libraries. 
Therefore, the application program for the com
puter farm can be completely tested on the host 
computer even down to the assembler level using 
UNIX's sophisticated debugging tools. 

System Software 

As described in the previous section, the input and 
output (I/O) of event processors are collectively pro
cessed by the I/O server program running on the 
control processor. The I/O server accepts service 
requests from event processors and dispatches them 
to appropriate device servers (Fig. 2). 

The terminal I/O requests are processed by the 
terminal server using the virtual terminal mecha
nism. The terminal emulator program running on 
the host computer (called the virtual terminal) is 
connected to the terminal server through UNIX's 
socket mechanism. When an I/O request to termi
nals 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 fol
lowing accesses to a file: 1) shared read from a file 
by multiple event processors, 2) event-by-event read 
from a file by multiple event processors, 3) write on 
separate files corresponding to each event proces
sor, 4) event-by-event write on single file by multi
ple event processors, and 5) access to a histogram 
file. The modes 2 and 4 provide the event-by-
event access to a file by multiple event processors. 
Currently accessible file device is limited to NFS-
mounted disks via Ethernet, however, the access to 
the high speed devices will be supported when the 
interface is installed. 

The I/O server also handles the requests to the 
special function servers. These requests are issued 
by calling ioctl() function in the application pro
gram. Currently two function servers are imple
mented. One is the histogram server. The server 
monitors the "save histogram" request from event 
processors. When all event processors 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. 

The request to collect the histogram buffers can 
also be issued from the host while event processors 
are executing the application program. This feature 
is useful since the user can "spy" the histogram con
tents from the program running on BBQ without 
interrupting the execution. 

The other function server is the CLEO file man
ager which is under testing now. This will be used 
to handle CLEO data file. 
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Figure 2: Relation between I/O server and device/function servers 

To control the BBQ system from the host work
station, two sets of programs were developed. One 
is the programs to download the 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 down load-server 
on the control processor receives the data stream 
from Ethernet and writes the contents to the mem
ories of event processors. 

The other is programs to control 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 pro
cessors 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 com
puter accepts a command string and sends it to the 
command-server on the control processor through 
Ethernet. The command-server parse the command 
string and invokes the appropriate function of the 
task monitor. Using this mechanism, various func
tions of the task monitor can be invoked from the 
host. 

Performance 

The performance of BBQ was tested using several 
benchmark programs. To measure the pure CPU 
performance, Dhrystone and Whetstone bench
marks were used. The results are summarized in 
table 1. The performance was measured to be 3850 
VAX equivalent for the Dhrystone benchmark where 
1 VAX equivalent is the performance on a VAX-

11/780. For the Whetstone benchmark programs, 
the performance drastically decreased from that for 
Dhrystone. The measured performance was 712 
VAX eqv. for the single precision benchmark while 
934 VAX eqv. for the double precision. These re
sults reflect the well-known problem of MC88100 
which has a narrow FPU bus. 

We also measured the performance of BBQ us
ing a realistic benchmark program. The program 
consists of the JETSET6.3[4] event generator and 
a typical analysis program which calculates various 
quantities including the sphericity, thrust, etc. of 
generated e + e~ annihilation events and fills them in 
histograms. The performance was calculated from 
the elapsed time for a event and obtained to be 1520 
VAX eqv. The performances of other computers 
were also measured and compared using the same 
benchmark program. The results are summarized 
in table ??. 

Summary 

A computer farm called BBQ was developed. The 
system is currently used as the Monte Carlo engine 
for the KEK B-factory experiment. The perfor
mance was measured to be more than 1500 VAX 
equivalent. BBQ will be converted to the online 
computer farm when the real experiment is started. 

References 
[1] R.Itoh, "Prototype of Computer Farm for KEK 

B-Factory", Proceedings of the Intl. Conf. on 
Computing in High Energy Physics, 185 (1991) 
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Benchmark Measured Results Performance (VAX-eqv.) 
Dhrystone 6.3 Mdhrystones/sec 3850 

Whetstone (single) 890 MWIPS 712 
Whetstone (double) 775 MWIPS 934 
Realistic Benchmark 4 . 0 x l 0 - 4 sec/event 1520 

Table 1: Results of bench mark programs 

Machine Elapsed Time for an event (sec) VAX equivalent 
VAX-11/780 0.6 1.0 

Sun-SPARC 2 0.042 14.2 
Sun-SPARC 10 (Model 31) 0.023 26.1 

FACOM M780/30 0.011 54.5 
BBQ 0.00040 1520 

Table 2: Performance of the bench mark program 

[2] B Physics Task Force, "Progress Report on 
Physics and Detector of Asymmetric B Factory 
at KEK", KEK Report 92-3 (1992) 

[3] A real time kernel developed by Wind River 
Systems Inc. 

[4] T.Sj6strand, Comp. Phys. Comm 39(1986)347; 
T.Sjostrand and M.Bengtsson, Comp. Phys. 
Comm 43(1987)367 
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ABSTRACT 

One result of the 1891 B Factory Workshop at SLAC was the definition of a software benchmark project: 
a user-friendly data browsing tool called a tupleviewer". The tupleviewer is a program which interactively 
displays 1-D and 2-D graphical plots from data stored as n-tuples. A set of rales define the minimum 
requirements for the tupleviewer, but the choices for platform, programming language, window system, 
graphics package and GUI development system are left open. The purpose of this project is to provide an 
arena in which to compare these open choices, as well as to provide a training exercise. The results of these 
efforts, including the experiences of the developers and comparison* between the projects are reported. In 
particular, comparisons are reported between the various GUI tool kits used. 

1. INTRODUCTION 

One of the working groups that was formed 
during a series of B Factory Workshops at SLAC 
in 1990 [1] and 1991 was the Computing Subgroup. 
This group quickly came to the conclusion that in 
order to handle the large amount of data that will be 
produced at a B Factory, a farm of RISC worksta
tions would be required. Since UNIX has been the 
standard operating *y*tem on these workstations, 
high energy physicist* would have to learn a new op
erating system and become familiar with new tools, 
which are quite different from those of their tradi
tional computing environment. In the 1991 Work
shop, Paul Kuns suggested that the best way to 
learn about the myriad of computing issues was to 

* Work supported in put by the Department of 
Energy, contract* DE-AC03-7SSF0051S, DE-FG03-M-
ER40T01, and DE-AC03-83ER4O103. 

do R 4c D projects and proposed that to learn about 
graphics and Graphical User Interfaces, in particu
lar, people might participate in the "tupleviewer" 
benchmark project. 

The idea is for people to implement essen
tially the same program, then make comparisons of 
the ease of implementation. The program muit be 
able to display ID and 2D histograms of data col
lected as n-tuples, be able to request a "file browser" 
to pick the n-tuple to be read in, be able to select 
the variable to be plotted using a "tuple browser", 
and be able to point and click to change display 
options. To display a 2D plot, the user should be 
able to pick two variables in the same manner as 
for the ID plot. Plots should be autoscaled to that 
all data is visible. Then the user should be able to 
change the low and high range that is displayed and 
the number of bin* by using sliders or by typing in 
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numbers. The displays must change interactively as 
the sliders are dragged. The HippoDraw program, 
written by Paul Kuns and colleagues on the NeXT, 
had already greatly surpassed the benchmark. 

2. GRAPHICAL USER INTERFACES 

The way in which people interact with com
puters is shifting from command line interfaces to 
point and click style graphical user interfaces (GUI), 
such as those found on Macintosh computers. An 
important advantage of these interfaces is a com
mon look and feel'' across applications that makes 
them easier for the user. Unfortunately, it has been 
estimated that creating a good GUI interface can 
take as much as 75 % of the program development 
time [2]. Fortunately programming GUI's is becom
ing easier as libraries and tools are becoming better. 
GUI builders are becoming available which allow the 
visual aspects of the GUI to be designed with WYSI
WYG layout tools. 

NeXTSTEP on the NeXT was designed 
specifically for GUI programming, and it is possi
ble to develop interfaces with ease. Unfortunately 
this system is not available on other UNIX worksta
tions. The rest of the UNIX world has standardised 
on X windows. However the X specification extends 
only up to the windowing and drawing level. It does 
not include the top level, which gives the "look and 
feel" of the interface. The two main contenders for 
the top level are Motif and Open Look. In addi
tion, there are public domain interfaces available, in
cluding Interviews from Stanford. Motif and Open 
Look include objects, called widgets, that are the 
components of a GUI. Typical widgets include push 
buttons, sliders, menus, as well as more specialised 
widgets such as file selectors. The interfaces also 
include style guides and a window manager. One 
of the main purposes of the tupleviewer project was 
to determine the relative ease-of-use of the various 
interface developers. 

3. PROJECTS AND GUI DEVELOPERS 

A wide variety of systems and software were 
used in the Tupleviewer project, as indicated in 
Table 1. Note that many of the projects run on 
more than one system. By "Graphics", we are re
ferring to the software that draws the histograms 
and scatterplots in the drawing window. The hippo 
package, which manages ntuples and produces his
tograms and scatterplots using underlying graphics 
libraries, such as X graphics, PHIGS, or Interviews, 

was written at SLAC. /draw is a foil drawing pro
gram and allows adding labels, rotation, stretching, 
etc. to the plots being drawn. 

Also given in the table is the development 
time and estimated fraction of the time spent on 
this project. For many of the people involved, this 
project was their first GUI based programming ex
ercise. Thus the time estimates are not necessarily 
comparable since the development time included the 
startup time of learning X windows, Motif, the GUI 
builder and sometimes even the C programming lan
guage. Also some projects went considerably be
yond the benchmark guidelines by including multi
ple windows, cuts, postscript printing, etc., while 
others fell a little short of meeting the guidelines. 
However the numbers given are useful as an upper 
limit on the amount of time to develop a simple but 
useful GUI application. Also given are rough esti
mates of the program sises. 

Details of the GUI builders that were used 
are presented in Table 2. All allow WYSIWYG de
velopment of the GUI, greatly reducing the amount 
of time required. Some of the GUI developers are 
available on many systems. Even those that are not 
so widely available, however, generally output some 
standard form of code, such as C source code or 
UIL (User Interface Language), thus enabling one's 
application to be built on many systems. 

4. COMPARISON 

Although there were variations in the GUI 
design and ease of use, all of the projects produced 
a GUI tupleviewer program passing or nearly pass
ing the benchmark guidelines, and all produced very 
pretty interfaces. The ability to interactively control 
the variables to be plotted and the type of plot to be 
plotted makes exploration of the ntuple data easy, 
as well as fun. It should be emphasised that that 
the majority of the people involved in this project 
had no previous experience with X windows, Motif, 
or the GUI builder that was used. One of the GUI 
interfaces is shown in Fig. I. 

The use of the GUI WYSIWYG developers 
was found to be essential. Now only a small fraction 
of the time is needed to develop the visual aspects 
of the GUI. Time is still required to write the con
trol program which must carry out the action speci
fied by the user, for instance, what actually happens 
when a particular button is pushed. However not all 
authors were completely happy with the speed of the 
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Table 1: Tuple Viewer Summary. 

Project Systems GUI 
builder 

Window/ 
widgets 

Lang. Histogram/ 
graphics 

Time Sise 
(bytes) 

F. Harris DECSOOO 

RSSOOO 

VUIT X/Motif C/F77 hbook/hplot 
Mgs/Xlib 

Jyr 
20% 

3.0 M 

xtc 
T. Johnson 

VAX.SGI 
RS6000 

vurr 
Midas 

X/Motif C hippo 6 mo* 
50% 

65 K 

D. Daznian RS6000 AIC X/Motif C hippo/plugs 3wk 
100% 

1 M 

J. 
Hollinger 

RS6000 AIC X/Motif c hippo 1 mo 
100% 

630 K 

P. Raising RS6000 
SPARC 

ibuild x/ 
Interviews 

C/C++ Interviews 
hippo/idraw 

Swk 
25% 

2.0 M 

h ivT . 
Glammsn 

Sun 
SPARC 

TAE+ X/Motif c hippo 1 mo 
<0% 

2.0 M 

hip 
T. Pavel 

Sun 
SPARC 

none x/ 
Interviews 

C / C + + Interviews/ 
hippo 

1 mo 
50% 

1.3 M 

HippoDraw 
P. Kuns 

NeXT Interface 
Builder 

NeXTSTEP c/ 
Obj-C 

hippo/draw/ 
DPS 

0.SM 

"This includes the time to develop the Midas interpreter. 

GUI developers used. One (Hollinger) found that it 
was faster to edit the .i output files of the IBM AIC, 
than to do everything with the AIC developer itself. 
The other (Johnson) found that VUIT was a very 
convenient and powerful method of building the ini
tial configuration of the the GUI interface but that 
the compiling/linking/running cycle needed to test 
the many C routines needed in the application led to 
a very slow and painful development. To overcome 
this, he developed a "homegrown" Motif interface 
interpreter, Midas (Motif Interactive Data Analy
sis Shell), which aims to provide a rapid interface 
development tool, using an extensible interpretive 
language. 

Although the GUI builders help in the devel
opment process, there are still problems: 

1. Widget libraries are built on top of a multi-
layered X toolkit system. Developers must be 
familiar with many routines at each level, a to
tal of over 1000 routines. 

2. The OSF/Motif documentation [3] is volu
minous but not necessarily understandable. 
There are few examples, and much trial and 
error development is necessary. Although the 

TAE+ documentation is also voluminous, it of
fers some examples. 

3. Even with the great complexity, the Motif wid
get set is incomplete. For instance, there is no 
list widget which includes an ok and a cancel 
button to allow the user to signal completion of 
a multiple selection. However, Motif is exten
sible. Also missing are simple output widgets, 
like movers, rotators, and strip-chart recorders, 
which are necessary for control-panel applica
tions. TAE+ does provide such widgets. 

4. Some Motif widgets are buggy. The program 
crashes when doing things that are correct ac
cording to the documentation. By using alter
native approaches, one can avoid the crash. 

5. The Motif GUI developer documentation as
sumes knowledge of the Motif widget set. This 
is not very helpful for the beginner. 

Even with better documentation and with the bugs 
removed, a library of working examples is needed 
to help the new GUI developer. One of the bene
fits of the tnpleviewer project is that it provides a 
collection of working examples for such a library. 
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Table 2: GUI Builder Summary 

Product Vendor Supported 
Platform! 

Code 
Generation 

Proprietary 
Runtime 

WYSIWYG 

TAE+ 5.1 NASA/ 
Connie 

Sun, DEC, Mac, 
SGI, HP, 386 

C,Ada, 
TCI 

yea (tree) y» 

VUIT2.0 DEC Sun,VMS, ULTHIX C.UIL no yea 
AIC 1.0 IBM IBM C.UIL no yea 
IhteiView* 
3.0 

Stanford 
Univ. 

any with 
Xll b C++ 

C++ no yea 

Interface 
Builder 2.0 

NeXT NeXT no yea yea 

So far, we have primarily discussed the C de
velopment systems. Our experiences seem to indi
cate that Object-Oriented (C++ and objective C) 
toolkit* represent a big improvement in ease of cod
ing GUI's. For example, the benchmark required 
that histogram limits and the number of bins must 
be controlled by both slider widgets and text wid
gets. In the straight C implementations, if either 
the slider or text widget changed, then the callback 
routines had to make XtSetValue calls to set the 
other widget to the correct value. This required 
many lines of code and the usual debugging. On the 
NeXT, the information concerning the change could 
be transmitted between the slider and the text wid
get by drawing a line between them in the Interface 
Builder. 

Unfortunately, the availability of object-
oriented toolkits ia limited at this time. NeXTSTEP 
is by far the moat carefully engineered and easiest to 
use toolkit, but its limited availability is a problem 
in a multi-vendor, open environment. Interviews is 
a high quality C++ toolkit for X but has its own 
steep learning curve and lacks some of the 30 aes
thetics of Motif. The interface builder (ibuild) is 
still undergoing development and should be much 
improved in the future. 

5. SUMMARY 

It is too early to choose any one of the devel
opment systems used for the tuple viewer project 
over the others. Software and hardware are chang
ing very rapidly so that the advantage of one sys
tem today may be available on the others tomor
row. However we have collected data and gained 
experience which will help in making the necessary 

decisions in the future. 

We have also learned that developing a mod
est GUI interface will take on the order of a few 
weeks for someone who is experienced. Using GUI 
builders, constructing the visual aspects of the GUI 
is now a small share of the total task, and devel
oping GUI's should be easier in the future as more 
working examples become available. 

REFERENCES: 
[1] Proceeding* of the Workshop on Physics and De
tector Issues for a High-Luminosity Atymetric B 
Factory at SLAC, SLAC-373 (1991). 
[2] M. Edel, Graphical User Interfaces, Fermilab 
Comp. Note EN0039 (1991). 
[3] Open Software Foundation, Prentice Hall. 
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The Gismo Project* 
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ABSTRACT 
We describe Gismo, which is a software project to use object-oriented programming techniques to simulate detectors 
and reconstruct events. Gismo consists of a kernel, written in C++, with extensions to do detector and event input and 
output, graphics, and the use of a graphical user interface. We give the current status of the project and future plans. 

1. INTRODUCTION 

Most software for high energy physics is written in 
FORTRAN, a procedural computer language. Over the 
past several years computer scientists have been devel
oping languages which use a different way of address
ing problems in computation using what are called 
object-oriented techniques. A group of physicists and 
programmers began a prototype project at CERN during 
the summer of 1990 to study if detector simulation and 
particle transport could benefit from object-oriented de
sign [1]. This project was christened Gismo, which 
stands for Graphical Interface for Simulation and Monte 
Carlo with Objects. 

The success of this prototype project, written using the 
Objective-C language for NeXT workstations, culmi
nated in a larger group of physicists and programmers 
becoming interested in expanding the project to be a 
more genera) and useful tool, not only for high energy 
physics, but also for other fields of physics and for med
ical applications where radiation transport is simulated, 
such as radiation dose therapy and positron emission to
mography. Two workshops have been held, at SLAC in 
July, 1991, and at the University of Florida in January, 
1992 to evaluate the prototype and redesign Gismo. A 
list of members of the Gismo collaboration is given in 
Table 1. 

2. OBJECT-ORIENTED LANGUAGES 

Object-oriented languages are very different from pro
cedural languages, such as FORTRAN. The basic entity 
is called an object, which consists of data plus functions 
which act on the data. This easily allows the program-

Table 1: Members of the Gismo Collaboration 

Authors of Code and/or Code System: 
BillAtwood 
Alan Breakstone 
David Britton 
Toby Burnett 
Graham Cross 
David Myers 
Gary Word 

SLAC 
University of Hawaii 
McGill University 
University of Washington 
McGill University 
CERN 
Rutgers University 

Consultants and Workshop Participants: 
Ejaz Ahmad 
Dave Aston 
Christian Arnault 
Paul Avery 
Alex Bielajew 
Chandra Chegirddy 
Walter Innes 
Paul Kunz 
Paolo Palazzi 
Ernest Prabhakar 
Cam Sanders 
Mick Storr 
Dennis Weygand 
Saul Youssef 

University of Florida 
SLAC 
Orsay 
University of Florida 
Inst, of Radiation Standards 
University of Florida 
SLAC 
SLAC 
CERN 
Caltech 
University of Wisconsin 
CERN 
Brookhaven National Lab 
Florida State University 

* Work supported by Department of Energy contract number 
DE-AC03-83ER40103. 

mer to hide the data from outside users and only access 
it through functions. This is called encapsulation of the 
data. Data abstraction is at the heart of object-oriented 
languages. What this means is that one extends the con
cept of data types, such as integers or floating point num
bers, to any object the programmer wishes to create. 
Objects of the same type naturally fall into classes, 
which allow the programmer to build hierarchies of 
classes. This leads to the concepts of inheritance, in 
which a subclass can automatically inherit the data and 
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functions of its parent class, and polymorphism, which 
allows reuse of the name space by allowing one to over
write inherited functions using the same function name. 
Another crucial property of object-oriented languages is 
dynamic binding, which means that die class type is only 
fixed at run time, not at compile time. This is necessary 
so that one can create or destroy objects while a program 
is running, such as in the case of an interactive applica
tion. 

The Gismo collaboration chose to use C++ as the object-
oriented language for the kernel mainly because of its 
wide availability. C++ has some advantages over other 
object-oriented languages in that it is an extension of the 
popular C procedural language. C++ has added strong 
typing, the const attribute, and operator and function 
overloading, while retaining the recursive nature of C 
function calls. Strong typing means that all variables 
must be declared and that the declaration must be of a 
known class. This is very useful to guard against inad
vertent mistakes, such as mistyping a variable or func
tion name. The const attribute allows one to declare 
variables which may not be changed or declare that a 
function is not allowed to change any data members of a 
class. Overloading means that one can reuse the same 
function name or operator type, for example to use the + 
operator for addition of integers, vectors, or matrices. 
The compiler will use the appropriate operator automat
ically based on the object's class. In C++ the uniqueness 
of a function is determined not only by its name, but by 
the number and types of its arguments, thus allowing the 
same function name to be used for several related pur
poses. C++ is recursive in that a function is allowed to 
call itself. This is used heavily for particle propagation in 
Gismo. 

C++ does have some disadvantages, however. It is a 
complex language with a complicated syntax. There are 
often several different ways to do the same thing. The 
biggest problem, however, is that currently there are no 
standards; there are no standard compilers nor are there 
standard libraries, such as exist in FORTRAN or C. This 
is in the process of being fixed, though, since there is a 
committee which will produce a set of standards, al
though it is not clear how long this will take. Other de-
fiencies of C++ are that there is no means for exception 
handling (such as a divide by zero) and there is no oper
ator to do exponentiation. 

3. GISMO ORGANIZATION 

The Gismo project organization is illustrated in Figure 1. 

Figure 1: Illustration of the organization of the Gismo 
project with the kernel interfacing to detector and event 
I/O for either batch or interactive use and to display rou
tines and a graphical user interface for interactive use. 

The kernel, which is written in C++, contains various 
subprojects which delineate different aspects of Gismo, 
such as the geometry, particle interactions, material 
properties, mathematical entities, etc. The kernel is de
signed to interface to detector and event I/O, graphics, 
and a graphical user interface (GUI) for an interactive 
application. At present the kernel contains about 26 
thousand lines of code. 

The Gismo collaboration uses the Concurrent Versions 
System (CVS) (2) code management system, with ex
tensions, written by Terry Hung at SLAC, to allow this 
to be used at remote sites, with the central depository at 
SLAC. CVS allows us to work independently while pro
viding means to check in new code, update and merge 
changes to the code, keep track of different versions, etc. 
Compilation and linking is accomplished using the Unix 
makefile facility, using the make and gmake commands. 
These systems for code management, compilation, and 
linking have worked very well for the Gismo project 

The division of the kernel into various subprojects al
lows us to work on different aspects of Gismo with min
imal interference. There are currently eight subprojects: 
particle, for the physics of particles and for particle 
propagation; egs, to do QED interactions [3]; medium, 
to handle materials, magnetic fields, and detectors; ge-
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ometry, to handle die purely geometrical aspects of vol
umes, surfaces, and trajectories; view, to interface to 
graphics, math, which contains classes for vectors and 
matrices; cpptoolkit, which contains miscellaneous 
classes for such things as lists of objects; and support, 
which contains other miscellaneous support routines. 

While most of die effort of the Gismo project has been 
focussed on die development of Gismo classes for die 
kernel, diere has been some work on an application for 
die NeXT with a sophisticated GUI. The code which in
terfaces directly to die NeXTStep environment on the 
NeXT are written in Objective-C. Since die compiler on 

die NeXT handles C, C++, and Objective-C, one can 
freely mix the languages, even widun a single routine. 
This makes it easy to write die Gismo application which 
needs to call the C++ routines in die Gismo kernel. 

Figure 2 shows an example of a volume from die Gismo 
application widi an inspector panel which allows die 
user to change die parameters which describe die vol
ume. Modelling after die volumes defined by GEANT 
[4], the Gismo geometry currently has 9 different types 
of volumes: Box, Trdl, Trd2, Trap, Tube, Tubs, Cone, 
Cons, and Sphe. The use of inheritance makes it easy to 
add new shapes. 

Volume Inspector 

Cons _±1 
- Con* Inspector -

Con. | new Cons 

Dimensions 
length 300 

-z inner radius | 10 

-z outer radius 50 

+z inner radius ] 50 

+z outer radius j 200 

lower pni j 0 

upper phi J270 

Center 

x|o 
vfo" 

Axis 
x|o 
y.nr 
*f 

Plan (X-Z) View 

Figure 2: Graphical representation of a section of a cone (die Cons volume) with its inspector panel from die Gismo 
application on the NeXT. 
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Materials 
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Tower Parameters 
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N0PI«[ffl 

NoZ 125 

Act Width 180 
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Disp1:/ 
N t u M , 3 •sc*IoT 3«I 

Figure 3: An example of a shower counter (sampling planar calorimeter) defined using toe Gismo application on 
the NeXT. The inspector panel is also shown along with a 12 GeV photon shower in the calorimeter i n a l J T mag
netic field. The white lines are photons, the black curves are electrons and positrons. 

Figure 4: An example of nested detectors from the Gis
mo application on the NeXT. The Tube andTrdl are in
side a big Box, with a smaller Box to the side. All these 
detectors are inside the master volume referred to as the 
Known World. 

The Medium class in the Gismo kernel allows one to 
define complicated detectors, such as the shower detec
tor shown in Figure 3 along with its inspector panel. Its 
recursive nature allows one to put one detector inside 
of another as is illustrated in Figure 4. 

Particle propagation makes full use of the recursive na
ture of C++ as well as the object-oriented features of 
inheritance and polymorphism. Figure S shows how we 
do particle propagation in Gismo, including some C++ 
code fragments and illustrations from the Gismo appli
cation on the NeXT. 

4. STATUS AND FUTURE 

Gismo is still in a prototype stage with major changes 
in the kernel classes occurring as we learn how better 
to use object-oriented programming techniques to 
solve the problems of detector simulation and event re
construction. Currently Gismo has a functional kernel 
which can be used to define detectors, create particles 
and propagate them through the detectors, doing elec-
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•old Particle::propagate(const Medium* stuff) 
{ 

const Medium *newStuff » stuff} 

while (etatue--STATOS_AI.lv*) 
{ 

stuff » new-tuff; 

// return a Ray that estimates the trajectory 
Kay 'segment - trajectory(etuf£); 

Private member function of Particle 
Choose which type of Ray. 

( Types of RAYS) 

II Ask the Medium for a distance along ray 
step • stu£f->di»tanceToLeave 

('segment, detector, newStuff); 

^—i 1 > 
( Returned arguments 1 

// Perform the step, taking all physics into account 
stepBy(step, 'segment, stuff); 

if (detector !• 0) detector->score(*this); 

_f__^niii____ 
f Geometry Only!} 

Detector records energy loss, 
trajectory information, 

rgyloss, \ ,-
\etc. I (^ 

(STATUS = INTERACTED 

The KnownWorid 
Bz = -2.0 7esla 

II Added (Ray *)segment to track (List of Rays) 
track->addSegment(segment); , _ , ... 

} [A Tube of Aluminum e B, = +2.0 Tesla 
II Now recurse: make sure that all of the children 
11 of a particle's decays or interactions propagate 
// out of the medium in which they were created 

if (statu»«STATUS_DECAY_D | J 
»tatuS--STATUS_INT_RACT_D) 

{ 
£or(int i-0; i<numChildren(); i++) 

child(i)->propagate(stuff); 
) 

} 
Figure 5: The propagation of particles through three-dimensional geometries is illustrated by the following C++ 
code and pictures. Polymorphism is used to allow generalized function calls for both types of trajectories (Ray and 
Helix) as well as different types of geometrical objects. Recursion is used to follow particles through decay chains 
or interactions. 
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tromagnetic interactions and decays. There are some 
sample detectors, such as an axial drift chamber, which 
allow a user to generate the detector response. 

In the near future we will be implementing event and 
detector I/O, will extend the set of geometrical entities 
to include more of the GEANT shapes, will do track 
and event reconstruction, and will hook up to an event 
generator such as MC++ [5], We will have a batch pro
gram working as well as interactive applications on the 
NeXT and at least one other platform. In addition we 
will create documentation at various levels, including 
an on-line help facility (man pages), users' manuals, 
and the Gismo developer's manual. 

In the more distant future, we hope to develop an inter
face to at least one computer aided design (CAD) pack
age. We may also have more advanced graphics, 
including rendering, rather than the simple wire-frame 
drawing as is shown in figures 2 and 4. We want to add 
the capability to handle hadronic interactions as well, 
probably by incorporating an existing hadronic interac
tion package written in FORTRAN. 

Several of us are developing Gismo for use in design
ing detectors for future projects such as an electromag
netic shower detector for an astrophysical gamma ray 
observatory (GLAST project), an upgrade of the time-
of-flight counters for the Beijing Spectrometer (BES) 
experiment, a B factory detector for SLAC, and an ac
cordion calorimeter for the GEM experiment at the 
SSC. We hope that Gismo will become a useful tool, 
not only for the high energy physics community, but for 
researchers in other fields as well. 
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Detector Simulations for KEK B-Factory 
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1-1 Oho, Tsukuba-shi, Ibaraki, 305, Japan 

ABSTRACT 

The status of the full simulation program for the KEK B-Factory detector is reported. Also reported is the 
status of the event reconstruction program, in particular, some results obtained by the reconstruction of 
the tracking detector data are shown. Finally future prospects of the simulation and analysis programs are 
given. 

1. INTRODUCTION 

Since all the experiments of measuring CP viola
tion effects have to make use of rare decay modes 
with branching ratio of order of 10~4 to 10" 5, 
Monte Carlo simulation studies of them require huge 
amount of simulation events of an order of 106 to 
107 to estimate background contaminations from ei
ther the other decay modes or the continuum events. 
Therefore we have made a fast detector simulation 
program which simulates the response of the detec
tors fast by smearing momenta, energies, particle 
identification data and SVD hit coordinates of gen
erated particles according to the given performance 
of each detector.[l, 2] 

Using such a fast simulation technique we have 
already made an intensive study of various CP vio
lation processes.[3] However, only the fast detector 
simulator is not enough to obtain more precise sim
ulation results and optimize the detector. Therefore 
we started the task to make a full detector simula
tion program in 1992 spring. Using full simulation 
results we can estimate the track reconstruction ef
ficiency in the tracking detectors, energy resolution 
ot the calorimeter, the effects of the back scattered 
tracks from the calorimeter, efficiency of the parti
cle identification and so. We can also estimate the 
dependence on the B-field and layer configuration of 
the track reconstruction efficiency, and dependence 

This talk is based on the works done by 
the following persons, R.Itoh.T.Sasaki,Y.Yamashita, 
H.Ozaki,K.Shimozawa,K.Abe,K.Ueno,Y.Sakai, 
M.Fukushima,H.Sagawa,N.Kanda, and T.Nozaki. 

of the resolution on the length of the Csl crystals 
and the configuration of the crystals. In the fol
lowing sections we report the status of the full de
tector simulation program, the event reconstruction 
programs and the event display program as well as 
preliminary results of the full simulation. Then we 
discuss future prospects and finally give a summary. 

2. GEANT 3.15 
The full simulation program was written based 

on the latest version of GEANT (version 3.15).[4] 
The program was coded using Fortran 77 language. 
It works now only on SUN workstations. However, 
modification for other workstations must be straight 
forward. 

2.1 Event Generator 

We can create three kinds of input data for the de
tector simulation by using the following event gen
erators. 

• Debug generator: A particle with a given four 
momentum and mass is created. This generator 
is included in the GEANT. 

• LUND generator: A LUND 7.3 event is 
produced.[5] This generator is also included in 
the GEANT. 

• BBGEN generator: BB events is produced. 
This program was developed by us by modify
ing the LUND 7.3 program. The created events 
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a) 

b) 
Figure 1: Tree structure of the B-Factory Detector 
at KEK. 

are output as TBS bank data with the HEP-
EVT format.[5] Here TBS represents the bank 
system which was originally developed by the 
TOPAZ group and has been used at TRISTAN 
experiments and also for us.[6] 

2.2 Definition of Geometry 

The whole detector is defined by volumes which 
have tree structure as seen in Fig. 1, where only 
volumes of levels upto 2 or 3 are shown. The whole 
detector is defined by "BDET" of level 0. The level 1 
volumes define detector components("SVD : : ,"PDC 
", "CDC ", "KID ","TOF ", "ECL ",and"MUO ") 
and non-detector parts (END+,END-,BPE+,BPE-
). Here "KID " corresponds to the RICH or Aerogel 
detectors. In Fig. 2 we show the r-^ and r-z views 
of the whole detector defined in this way. 

Figure 2: The r - tj> view (a) and r-z view (b) of 
the B-Factory Detector at KEK. 
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2.3 Flow of Detector Simulation 
The detector simulation is carried out in the follow
ing way. 

• The main steering program given by the 
GEANT swims a particle through the non-
detector region. 

• When the particle gets into a detector com
ponent the corresponding detector routine is 
called. 

• The detector routine swims the particle 
through the detector component. During the 
swim the detector signals are generated. 

• At the end of simulation detector signals and 
the information specific for Monte Carlo are 
written as TBS bank data. 

• The magnetic field is assumed to be a uniform 
field of 1 Tesla. 

3. STATUS OF EACH DETECTOR SIMULA
TION PROGRAM 

•) 

b) 

- , 
- . -.: 
_ - ^ * 

^ • • • • ^ . 

Figure 3: The r — <j> view (a) and r-z view (b) of 
simulated tracks and hits in the SVD. 

3.1 Silicon Vertex Detector (SVD) 

The coding of the simulation program for SVD is 
finished except for the program to write out the TBS 
bank data. Fig.3 shows an example of simulated 
tracks and hits in the SVD. 

3.1.1 Signal generation 

Charged particles 

SVD signals for a charged particle is generated as 
follows. 

3. Since collected charge is read out capacitively 
as seen in Fig. 4 the collected charge is dis
tributed via capacitive network as shown in Fig. 
5. 

4. Finally random electronic noise is added. 

Photons 

4 > ! 

1. A charged particle deposits energy and creates 
electron-hole pairs per 20 p m pass length along 
the particle trajectory. We use the dE/dX for
mula by G. Hall[7] which takes into account the 
Landau fluctuation as well as the atomic bind
ing effects. 

2. Electrons and holes are collected to silicon 
strips where the effects of diffusion and mag
netic field are taken into account. 

/-: 
- " - . - -;;TirJL;a 

Figure 4: The capacitive read out system of silicon 
strip signals. 
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Figure 5: Schematic view of capacitive network strip 
signals. 

SVD signals for a photon are simply calculated 
from the number of electron-hole pairs correspond
ing to the energy deposit in the SVD. 

3.1.2 Comparison with the real da t a 

We compare simulation results for SVD signals 
with observed signals at the test beam experiment. 
The test beam is a 4-6 GeV/c electron beam. The 
experiment was done with silicon strips of one-
dimensional type. The test detector size is 1.28 cm 
x 6.5 cm. The strip pitch is 25 /im while the readout 
pitch is 50 fim. The following results were obtained. 

1. Pulse height distribution. 
In Fig. 6 we compare MC simulation results 
and the data for the pulse height distribution in 
case of vertical incidence. The MC distribution 
is slightly narrower than the real data. 

2. Cluster size distribution. 
Shown in Fig. 7 is the comparison of the MC 
results and the data for the cluster size distri
bution. The real data shows a tail in the large 
cluster size while the MC data does not. 

3. Space resolution. 
The space resolution of the real data is well 
reproduced by MC simulations as seen in Table 
1. 

3.2 Precision Drift Chamber (PDC) 

The simulation of anode signals from the PDC is 
similar to that for the CDC anode signals. So it 
was made by modifying the CDC simulation pro
gram. The details of the program is described at 
the next section. The simulation program of cath
ode signals was developed using the FACOM and 

Table 1: Comparison of the space resolution of the 
silicon strip detector. 

Incident angle Real data MC data 
90° 5 /im 4 /im 
20° 47 ftm 45 urn 

C 50 100 150 200 250 
ADC Ccl^ts 

Figure 6: Comparison of the pulse height distribu
tion measured by the silicon strip detector in case 
of vertical incidence, a) The test beam data, b) 
Simulation data. 
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Figure 7: Comparison of the cluster size distribu
tion measured by the silicon strip detector in case 
of vertical incidence, a) The test beam data, b) 
Simulation data Figure 8: Display of the SVD and PDC detector 

shapes, a) The r — «J view, b) The r-z view. 

will be converted for SUN WS. Fig. 8 shows the i-4> 
and r-z views of the PDC and SVD detectors. 

3.3 Central Drift Chamber (CDC) 
The simulation program of CDC anode signals 

was completed. But the simulation program of cath
ode signals is not yet ready and will be made by 
modifying that for PDC cathode signals. 

3.3.1 Geometry and materials 
The sensitive part of the CDC is defined by the fol
lowing tree of volumes. 

"CDC "-"CDWR"-"CLYR" 

Here "CDC " is the whole CDC region, "CDVVR" 
is the sensitive region and "CLYR" represents each 
layer. Artificial gas material is created to simulate 
material data for He : C^HeCbO : 50) gas plus wire 
materials. 

3.3.2 Signal simulation 
After every tracking through a cell the program 
stores entry/exit position of the cell, the cell num

ber, the energy deposit within the cell in "JHITS" 
ZEBRA bank.[8] 

3.3.3 Digitization 
After all tracking loops are ended, the program 
fetches the stored hit data for each cell. Then it 
calculates the closest distance between the wire and 
the track segment, the drift time, left/right flag, and 
dE/dX. It also checks if there exists another hit with 
the smaller drift time in the same cell. dL'/dX is 
given in unit of keV. Position resolution is not in
cluded in the calculation of the drift time. Instead, 
when simulated data are analysed, position resolu
tion is included by smearing out the drift tirre ac
cording to the given resolution. At moment con
stant resolution is assumed for simplicity, but in fu
ture the actually observed resolution depending on 
the drift distance will be used. 

3.3.4 Output 
The program outputs TBS banks for digitized hit 
data and information relating hit data and simulator 
tracks. Fig. 9 hit shows an example of the r-0 view 
of simulated tracks and their entrance points to each 
layer. 
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Figure 9: Display of simulated tracks and their en
trance points to each layer in the CDC. 

3.4 Electromagnet ic Calorimeter (ECL) 

The simulation program for the ECL is completed 
except for the output routine of the TBS bank data.. 

3.4.1 Geometry 

The volumes for the sensitive region are defined 
as follows. 

• Barrel part: 
"ECL VECL*"-"E*SL"-"EXTL" (whole 
ECL - barrel part - ©slice - each crystal) 

• Forward endcap part: 
"ECL "-'ECL+"-"E+SL"-"EXTL" (whole 
ECL - forward endcap - cislice - each crystal) 

• Backward endcap part: 
"ECL ••-"ECL-"-"E-SL"-"EXTL" (whole 
ECL - backward endcap - pslice - each crys
tal) 

3.4.2 Signal simulation and digitization 

At each tracking step through the crystals, the 
program calculates energy deposit of each particle. 

Figure 10: An example of the r-z view of simulated 
tracks in the ECL 

It accumulates energy deposits in each crystal and 
after tracking it creates the digitized ADC signals 
of the crystals. 

3.4.3 Output 
The program outputs TBS banks for digitized hit 
data and information relating the hit data and sim
ulator tracks. An example of simulated tracks in 
the ECL is shown in Fig. 10. 

3.5 T i m e of Flight Counter ( T O F ) 

The volumes for the sensitive region are defined 
as follows. 

• Barrel part: 
"TOF "-"TOF*"-"TF*S (whole TOF - barrel 
part - each scintilator) 

• Inner ring of forward endcap: 
"TOF "-"TOF+"-"TF+P-
"T+IS" (whole TOF - forward endcap part 
- inner part - each scintilator) 

• Outer ring of forward endcap: 
"TOF "-"TOF+"-"TF+0'-"T+OS" (whole 
TOF - forward eudcap part - outer part -
each scintilator) 

• Backward endcap: 
"TOF "-••TOF-"-"TF-S" (whole TOF - back
ward endcap part - each scintilator) 

3.6 Muon Detector (MUO) 

The sensitive regions of the muon detector are de
fined as follows. 



• Barrel part: 
"MUO "-'MUO*"-'MU*P" (whole MOO -
barrel part - each pad) 

• Forward endcap part: 
"MUO "-"MUO+"'-"MU+P" (whole MUO -
forward endcap part - each pad) 

• Backward endcap part: 
"MUO "-'MUO-"-"MU-P" (whole MUO -
backward endcap part - each pad) 

The simulation program for muon signals is al
most completed. 

3.7 Kaon Identifier (KID) 

At moment simulation study of the kaon idenfier, 
RICH or Aerogel detector, is being performed using 
a stand alqne program. Once it is Analysed it will be 
merged into the simulation program for the whole 
detector. 

4. EVENT RECONSTRUCTION 

4.1 Tracking detector 

We make use of "ACE" to reconstruct tracks in the 
CDC and PDC. ACE has been successfully used 
to reconstruct AMY's CDC data at TRISTAN effi
ciently and fast.[9] It is coded by means of the For
tran 77 language. The AMY's CDC is quite sim
ilar to the B-Factory's CDC. Both are small cell 
type chamber with band structure. The major dif
ferences between them are the cell shape ( hexago
nal for the AMY's CDC and rectangular for the B-
Factory's CDC ) and the number of layers (AMY's 
CDC consists of 25 axial/ 15 stereo layers while the 
B-Factory's CDC consists of 24 axial/18 stereo lay
ers). Therefore it is rather straight forward to mod
ify the ACE to be applied to the B-factory's CDC. 
The most important feature of the ACE is that it is 
able to reconstruct tracks fast by making use of the 
band structure of the chamber as described below. 

4.1.1 ACE 

The algorithm of ACE consists of 3 steps:in the first 
step it finds tracks in the x-<j> plane;then stereo wires 
are used to obtain z coordinates for each r-<f> track;in 
the third step, the chamber corrections are made 
and the three-dimensional tracks are fit and the mo
mentum vectors are calculated. We describe below 

• • • • 

• • • 

Figure 11: ACE's search window for track vector, 

how ACE reconstruct tracks in the x-4> plane. 

Track finding in T-4> plane 

• Search for track vectors. 
Track vectors are searched for in each band con
sisting of four axial layers. For each hit wire 
on the innermost layer of a band, hit wires are 
searched for in the neighboring wires in the 
other layers of the band. This search for hit 
is done within the pattern of wires indicated in 
Fig. 11 This search region is sensitive to track 
vectors with pt as low as 100 MeV/c for the 
middle band. Here we use 'a "road" method to 
find candidates of track vector and require at 
least 3 hits to make a vector. 

• Straight line fit. 
All the vector candidates are then fitted to 
straight lines and only the vectors with reason
able x 2 are accepted. 

• Search for clusters. 
Using the assumption that the track is a circle 
passing through the origin, the tracking param
eters C and <fo are calculated, where C is the 
curvature of the track circle and <j>o is the az-
imuthal production angle. All the track vectors 
that are part of the same track should have the 
same C and ^o- Comparing C and fa for vec
tors in the different bands enables us to find 
complete tracks very quickly. Searches for clus
ter start from the outermost vector and go in
ward. Two vectors are enough to make a clus
ter. The size of the window is taken to be three 
times the expected spread. 

• Search for good tracks in the cluster. 
A cluster thus found usually contains ghost vec-
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Figure 12: An example of continuum event recon
structed by ACE. 

tors in addition to real ones. Furthermore, it 
may consist of two close tracks. Therefore, 
good combinations of vectors have to be iden
tified inside of each cluster. Here we utilized 
a modified "Link-and-Tree" method[10] to find 
good tracks. Two vectors in adjacent bands 
are linked if the distance between them in the 
(j>a — C plane is smaller than a certain value. 
By making all possible combinations of vectors 
in the cluster, we make "tree" of vectors. Then 
the longest chain in the tree is chosen as the 
best candidate. The drift distances are cor
rected using the track parameters and possible 
missed hits are searched. 

• Circle fit. 
The best track candidate in the cluster is then 
fit to a circle. Only those circle-fits that result 
in a good \- are finally accepted. 

• Fitting and refining the hits. 
For the accepted tracks, the hits located far 
from the fitted track are eliminated while new 
hits that are within an acceptable distance from 
the track are included. 

We show an example event reconstructed by ACE 
in the i-(j> plane in Fig. 12. In the following section 
we describe how ACE reconstruct tracks in the r-z 
plane. 

Z-reconstruction and final fits 

For each r-<t> track thus found, z coordinates are re
constructed by selecting an appropriate combina
tion of stereo hits. Reconstructed r-<j> tracks with 
many bits and low values of , \ 2 are likely to be good 
high momentum tracks and are subjected to the z-
reconstruction first. For each r-4> track, all the hit 
stereo wires which cross the track in the r-# plane 
are collected. The z-coordinate and the arc length, 
s are then calculated for each stereo hit. The correct 
z-track is identified by finding a straight lines in the 
s-z plot. 

Two options for configuration of stereo layers are 
now under consideration. The first(second) option 
is the configuration where a band of 3 consecutive 
stereo layers (single stereo layer) is inserted between 
the adjacent axial bands. The first case is the same 
as for the AMY CDC. 

Stereo layers with band structure 

hi this case, we adopt an algorithm very similar 
to that used for the r-<t> tracking:first track vectors 
are reconstructed in each band;then, using a modi
fied "Link-and-Tree" method, the vectors are linked 
and the z-track candidates are sorted outjfinally a 
straight line fit is applied and the best track which 
passes the final criteria is chosen and associated with 
the t-4> track. 

At this point the final chamber corrections are 
carried out to identify where the track passes 
through the chamber. Then each track is fit to a 
helix. 

Single isolated stereo layer 

In this case we cannot make track vectors in the 
s-z plane so that we need to develop a new algorithm 
to reconstruct z-track. A new algorithm is now un
der consideration. 

Fig. 13 shows anexample of the s-z scatter plots 
of the stereo hits collected for a single track for the 
two options of stereo layer configuration. 
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Figure 13: An example of s-z plot for a single track. 
a) A track of the 45° polar angle in case of stereo 
layers with band structure, b) A track of the 90° 
polar angle in case of stereo layers without band 
structure. 
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The present results are limited to the case of 
stereo layer configuration of band structure. After 
tuning the parameters of the ACE, we studied re
construction efficiency of the ACE. A reconstructed 
track requires at least 6 axial hits and 4 stereo hits. 
Fig. 14 shows the results for the single track case. 
As seen in the figjure the reconstruction efficiency 
of a single track with pt > G.ZGeV/c and the polar 
angle 9 of 35° < 9 < 135°, which we refer to as 
the nominal reconstruction efficiency, is almost 100 
%. The efficiency is lower than 100 % either for pt 

below 0.2GeV/c or for 6 below 25°. 

The lower efficiency for lower pt values is caused 
by the limited search region of track vectors as men
tioned before. The efficiency for tracks of continuum 
events is shown in Fig. 15. In this case the nominal 
reconstruction efficiency is 96.3%. 

Fig. 16 shows the similar results for BB events. 
The nominal efficiency is 93.7 % which is slightly 
lower than 96.3 % due to larger multiplicity for BB 
events. 

Figure 14: The results of event reconstruction by 
ACE for events with a single track, a) The solid 
histogram shows the pt distribution of the gener
ated single track. The dashed histogram shows the 
pt distribution of the reconstructed tracks, b) The 
track reconstruction eficiency as a function of p t . c) 
The same as a) except for the smaller pt range, d) 
The same as b) except for the smaller pt range, e) 
The solid histogram shows the polar angle distribu
tion of the generated particles with pi > 0.3 GeV/c. 
The dashed histogram shows the polar angle distri
bution! for the reconstructed tracks, f) The recon
struction efficiency as a function of the polar angle 
for the tracks with p, > 0.3 GeV/c. 
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Figure 15: The same as Fig. 14 except for contin
uum events. 

Figure 17: The same as Fig.14 except for B° —> 
J / 0 + Ks — l+l~ir+ir~ events. 
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Shown in Fig. 17 are the similar results for 
B° — J/il> + Ks — l+l~ir+*~ events. The nom
inal efficiency for this case is 96.3 %. The results 
for the nominal reconstruction efficiency are sum
marized together with the average multiplicity in 
Table 2. 

-oo I f -:" 
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-^vi 
If we define the acceptance of the CDC by the 

kinematic region where more than 50 % of the tracks 
are reconstructed, the acceptance for J/ili + Ks 
events is p, > 0.25 GeV/c and 19° < 9 < 150°. 
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Figure 16: The same as Fig.14 except for BB events. 

Table 2: Reconstruction efficiency eTtc for a track 
with p, > Q.ZGeV/c and 35° < 6 < 135° and aver
age multiplicity < nCh> • 

Event type 
Single track 
Continuum events 
BB events 
B° — V A ' s - » / + / - T+7T-

< ncA> 

100% 1 
96.3 % 7.5 
93.7 % 10.8 
96.3 % 9.9 
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4.2 Electromagnetic Calorimeter 

A simple cluster finding program was developed. 
Using the program we have made a resolution and 
efficiency study of the Csl counters. The results are 
given in the report on the electromagnetic calorime
ter. 

5. EVENT DISPLAY 

We have developed our own "Event Display" pro
gram by modifying the display program included in 
the GEANT program. The GEANT display pro
gram is constructed based on HIGZ (the high level 
interface to graphics and ZEBRA) and KUIP (tools 
to help application developers in making interactive 
application program). 

Using the present Event Display program we can 
draw each detector shape and raw data hits as well 
as reconstructed hits of the CDC. An example of 
picture drawn by Event Display is shown in Fig. 
15. The display program to draw the other detector 
signals is under development. 

6. F U T U R E PROSPECTS 

6.1 Detector simulation and event recon
struction 

• At first the missing parts of the detector com
ponents in simulation and reconstruction must 
be coded. 

• The current simulation and reconstruction pro
grams were coded by requiring that they must 
be run both SUN workstation and FACOM. 
However, we decided recently that the pro
grams are not required to work on FACOM and 
as a result the coding rules became more loser 
than before. For example the maximum length 
of the names of a subroutine and an include 
file can be more than 8 characters in the new 
rule. According to this change we have modi
fied the rule for naming of them. Therefore the 
current programs must be modified according 
to the new coding rules. 

• The present simulation code based on GEANT 
might be replaced by that based on the 
more modern programs such as GISM0[11] or 
GEANT++. GISMO is a C++ class library 
for producing Monte Carlos, detector simula
tions and event reconstruction programs. The 

basic part is ready, but still not yet completed. 
For instance, the hadronic interaction is not in
cluded. GEANT++ is the name of the new 
GEANT program which is supposed to be de
veloped using the object oriented algorithm 
from the beginning of definition of classes. It is 
under consideration at KEK. 

In near future we want to improve the present 
ACE such that it can do: 

• Reconstruction of z-tracks in the single stereo 
layer type CDC. 

• Reconstruction of the PDC tracks. 

• Reconstruction of tracks by combining the 
PDC and CDC data. 

• Reconstruction of lower pt tracks by expanding 
the search window for r — <j> tracks. 

In future we want to use the Kalman filter pro
gram to make a combine fit through SVD, PDC and 
CDC data. 

6.2 Bank system 

At moment we are using two bank systems, 
ZEBRA[8] in GEANT[4] and TBS[6] for in
put/output of the data. In order to complete this 
system we need to write an interface between ZE
BRA and TBS data. The use of two bank systems 
requires more memory space than the one bank sys
tem. 

In future we might make use of the other bank 
system which contains the interface with ZEBRA. 
One of the candidates is ZFILE of the CLEO-II 
group[12]. 

6.3 Event display 

In future we want to make use of PHIGS instead of 
HIGZ, then we can draw 3-dimensional pictures. 

2. SUMMARY 

• The full detector simulation program of the 
KEK B-factory detector was written based on 
GEANT. The program was almost completed 
except for simulation of the particle identifica
tion detector such as TOF, RICH/Aerogel. 



• The track reconstruction program for the CDC 
data was made by modifying ACE, the fast re
construction program of AMY. The efficiency of 
track reconstruction and the acceptance of the 
CDC were studied for single track events, con
tinuum events, BB events, and J/ijiKs events. 
As a result the efficiency larger than 94 % was 
obtained for tracks with p< > 0.3GeV/cand the 
polar angle between 35° and 135° in any type 
of events. The obtained acceptance of the CDC 
is p, > 0.125GeV and 24° < 0 < 148° where 
efficiency is defined by the kinematical region 
corresponding to the efficiency larger than 50 
%. 

• A very simple cluster finding program was 
coded for ECL and a resolution and efficiency 
study of ECL was made. 

• "Event Display" program was developed 
by modifying the display program used in 
GEANT. It can draw the detector shape and 
only signals of CDC. 

• The change of the coding rules caused by 
excluding the mainframe FACOM from the 
computing resource requires the corresponding 
modification of the current programs. 

• In future the simulation program might be 
rewritten using a new simulation package such 
as GISMO and GEANT++. 

• The present TBS plus ZEBRA bank system 
works by sacrificing memory space and might 
be replaced by the other system such as ZFILE 
plus ZEBRA. 
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Particle Identification via dE/dx in CLEO II 
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ABSTRACT 

Measurements of dE/dx in the central tiacking chambers contribute to particle identification in the CLEO I! 
experiment. The detector, measurement and calibration are described. Achieved resolution and plans are 
discussed. 

Measurements of specific ionisation (dE/dx) in 
the CLEO II central tracking system are used for 
particle identification. We describe here the system 
which has been operating in the CLEO II detector 
from its startup in 1989 to the present. 

1. HARDWARE 

The tracking system consists of three nested wire 
drift chambers. [1] The collected charge on each 
sense wire of the intermediate and outer of these 
chambers is read out with the intention of measur
ing dE/dx. The intermediate chamber, our "vertex 
detector," contains ten layers of sense wires. The 
outer tracking chamber contains 51 layers of sense 
wires, of which eleven are placed at a finite angle to 
the beam axis so that the coordinate parallel to the 
beam direction may be determined ("stereo"). At 
the moment only information from the outer cham
ber information is analysed for dE/dx. 

The selection of a gas for dE/dx measurement 
depends somewhat on the physics goals of the ex
periment. The density of electrons and average ion
ization potential of the gas determine the statistical 
precision of the measurement. For higher densities, 
however, the density effect reduces the relativistic 
rise and therefore the separation of electrons from 
hadrons. The gas in the CLEO tracking chambers, 
a mixture of 50% each of argon and ethane, was 
selected to yield the best separation between elec
trons and pions at high momentum. This choice was 
made for the first operation of the outer chamber, 
in CLEO I (1987), where it was needed to improve 
the the detector's capability to distinguish electrons 

from pions. For practical reasons this was not re
considered for CLEO II. 

2. METHOD AND CALIBRATION 

In order to measure dE/dx of a particle, the track 
must first be found and fitted; only hits associated 
with fitted tracks can be used. To ensure that such 
hits are valid measures of energy deposition, the col
lected charge for each is required to exceed a min
imal level above pedestal and to have a drift time 
corresponding to a distance less than 90% of the 
distance to the geometric edge of the cell. The lat
ter requirement eliminates hits from the perimeter 
of the cell, where the distortion of the effective col
lection region by the 1.5 T magnetic field (Figure 
1) results in large uncertainties in charge collection. 
Hits from the inner- and outermost layers are also 
not considered because of uncertainties associated 
with their proximity to readout cathodes. In ad
dition, a hit is not used if the track reconstruction 
indicates that two or more tracks entered the corre
sponding drift cell. 

The energy AE, deposited in a cell t may be de
termined from the raw pulse height, given the gain 
and pedestal shift. The average dE/dx in the cell 
is derived by dividing AEj by the length A/j of the 
trajectory in the cell: 

d E ^ Alb 
dx * Afc ' 

For any given track the {AE./AJ,} values given 
by the hits are distributed in a Landau-like form[2] 
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Figure 1: Contours of drift time for CLEO II drift 
chamber sense wire. 

which is highly asymmetric about its peak. Because 
the statistical fluctuations of higher values are large 
and have a substantial effect on the average, the 
mean of a set of measurements is not considered to 
give the most precise measure of particle identity. 
Better precision has been achieved by the "trun
cated mean" method, where the lowest 40-60% of 
the values are averaged. [2] The exact fraction to be 
averaged is empirically determined, and at CLEO II 
it is 50%. 

The procedure for obtaining a dE/dx measure
ment occurs in several steps. The first correction 
simply takes the raw pulse height and divides by a 
track length which is estimated from the fitted tra
jectory by taking the cell boundaries as defined by 
field wires. The largest effect on the track length is 
from the angle of the trajectory relative to the wire 
direction. This is the only correction done before 
calibration. 

There are several types of calibration. The av
erage gain is determined for every run, using sam
ples of Bhabha events identified by simple tracking 
and calorimeter requirements. Hardware faults such 
as wires removed through breakage or disconnected 
high voltage cause significant shifts in the gain of 
nearby wires, which are accounted for with a "wire-
by-wire" correction and adjusted as needed. 

In calculating the track length, the approxima
tion of the effective cell boundary must be tuned. 
The use of field wires and a square cell geometry 
results in a drift field which is significantly dis
torted near the cell edge, an effect compounded by 
the 1.5 T magnetic field. The deviations in charge 
collection efficiency caused these distortions can be 
parametrized as a correction which depends on the 
distance of the trajectory from the sense wire and 
its angle in the plane normal to the beam. A high 
density of ionization in the dimension parallel to the 
wire results in a reduction of gas gain due to elec
trostatic shielding. The effect is most pronounced 
for trajectories which are nearly normal to the wire. 

These variations are accounted for by a correction 
which is a function of five parameters, 1) zenith an
gle, 2) absolute value of the incidence angle of the 
trajectory (relative to a straight track) in the plane 
normal to the wire, 3) sign of the angle in 2), 4) drift 
distance, and 5) type of layer, axial or stereo. This 
five-parameter phase space is partitioned into 1600 
bins, for each of which the correction is calculated. 
The corrections are determined using electrons from 
Bhabha events and charged pions from tracks iden
tified as products of K, decay, and are calculated 
once, for the entire data set. 

3. RESOLUTION AND EFFICIENCY 

The resolution resulting from the calibrations and 
calculation described above is 

for electrons in Bhabha events with at least 40 hits. 
The corresponding resolution for pions in hadronic 
events is found to be ss 8.0%. 

For purposes of physics analysis, a measurement 
made with eleven or more hits can be considered to 
be of high quality. The efficiency of a minimum hit 
requirement of 11 is found to be high, nearly 100% 
for tracks above 200 MeV/c. For softer tracks the 
requirement may be reduced to five hits to maintain 
good efficiency. No measurement is recorded if less 
than five hits are available. 

The achieved resolution is larger by about 15% 
than would be expected on theoretical grounds. For 
physics analysis, particle identification criteria are 
therefore currently based on the measured widths 
of the various distributions. 
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It is becoming increasingly important to distin
guish the different hadrons from B decay, not only 
to reduce general backgrounds, but to distinguish 
contributions corresponding to different CKM cou
plings. The example most often cited in this context 
is that of the decays B —• JCx, mr, which depends on 
the separation of kaons and pions at several GeV/c. 
With the current resolution this separation at 2.5 
GeV/c is ~ 2<r, whereas the expected resolution 
would give ~ 2.5a. 

4. WORK IN PROGRESS 

Several projects in progress are anticipated to re
sult in improvements to the CLEO II dE/dx mea
surement. First, it is most essential to understand 
the difference between the achieved and expected 
resolutions, and some progress has been made on 
this front. In addition, the software for track mea
surement is still evolving somewhat and any im
provements may have implications for dE/dx. Fi
nally, some improvements should be seen by the ad
dition of the vertex detector to the measurement. 

To address the disagreement between measured 
and expected resolutions, the calibration method 
is examined. The run-by-run calibrations of gain 
are performed mainly with Bhabha electrons, yet 
for many analyses the particles to be identified are 
hadrons at lower energies. The electrons are not 
representative of hadrons in a number of significant 
ways. All Bhabha tracks have very little curvature 
and so cannot give information for tracks which 
curve significantly. The electrons are also highly 
relativistic, so that the chamber response to energy 
deposition may not scale in the same way as for 
the less relativistic hadrons. In effect, the absolute 
normalization of the calibration and the linearity of 
its extrapolation to hadrons are unproven. These 
questions are under study. 

The geometric correction is intended to compen
sate for some of these uncertainties. However, its 
dependence on five parameters results in bins which 
are necessarily coarse and yet are limited by statis
tics of calibration data. Since several of these pa
rameters are independent of each other, it is pos
sible to factoriie the correction function. Calibra
tion data are then projected into each parameter 
in turn and fitted to a curve, effectively achieving 
better statistics and finer binning. Samples of data 
analysed with this modification have achieved reso
lutions approaching the theoretical expectation. 

The quality of track finding and fitting software 
affects both dE/dx resolution and efficiency. In par
ticular, the number of hits used per reconstructed 
track can vary depending on algorithms and cuts. 
Since the numbers of hits determines the statistical 
sample and since there is often a requirement for 
a minimum number of hits, there is some sensitiv
ity of the dE/dx measurement to tracking, particu
larly at lower momenta or angles, where the average 
number of hits used is smaller. Since improvements 
to tracking are anticipated, some improvement to 
dE/dx may result. 

The ten layers of the vertex detector will be in
cluded in the measurement in the near future. For 
the same reasons as those given above, this should 
result in improvements, particularly in efficiencies 
for tracks at lower momenta or angles. 

5. SUMMARY 

CLEO II has achieved a dE/dx measurement in 
the central tracking chambers of « 8% for hadrons, 
sufficient to enable many of the studies of B mesaons 
at the T(4S) to proceed. However, the achieved 
resolution does not meet the theoretical expecta
tion, and studies have made good progress toward 
understanding this. It is expected that the design 
resolution will be achieved within a few months. 
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ABSTRACT 

The design of TOF counter for KEK B-Factory and the related R&D works are described. The counter 
design relies on use of fine-mesh-dynode photomultiplier tubes in a 1T field. The test results of the prototype 
counters indicate that a goal of 100 ps or better time resolution is achievable. 

1. INTRODUCTION 

The best time resolution of a large size TOF counter 
so far reported was 110 ps [1], which was achieved 
in a prototype test of a 2.8 m long counter for the 
CLEO II detector, and the practical resolution in 
the experiment was reported to be 150 ps [1]. 

Figure 1 shows capability of jr/A" separation by 
TOF and CDC dE/dx measurements in unit of 
r.m.s. as a function of momentum. A high resolu
tion TOF counter of 100 ps or better has an impor
tant role in the momentum region above 0.7 GeV/c 
and up to 1.4 GeV/c, where the dE/dx by CDC can 
not cover. A design goal of 100 ps is also required 
for efficient B-flavor tagging by a sign of charged K 
decaying from the B-mesons [2]. 

Our design strategy of the TOF system is as follows; 
(1) use of fast scintillator with a long attenuation 
length (longer than 2 m), (2) no use of light guide 
to minimize time dispersion of scintillation photons 
propagating in the counter and (3) to maximize pho
ton collection by matching the counter size to the 
photocathode size as much as possible. In order to 
satisfy all the requirements, it is essential to use a 
fine-mesh-dynode photomultiplier tube. 

The design of the TOF counter system for KEK B-
factory will be described first, and test results of 
the prototype TOF counters, several R&D works of 
delay lines and related items will be described. 

0.5 1 2 3 4 5 
Momentum (GeV/e) 

Figure 1: ir/K separation in r.m.s. by TOF and 
CDC dE/dx measurements. Time resolutions of 50, 
75 and 100 ps for TOF and dE/dx resolution of 6% 
for CDC are assumed. Path length of 1.2 m and 
a momentum resolution of 4p/p=0.005\/l + p2 are 
assumed. 
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2. DESIGN OF TOF COUNTER SYSTEM 

Figure 2 shows the layout of the barrel and endcap 
TOF counters, and Table 1 shows the current de
sign parameters. The scintillators and readout pho
totubes are installed in the detector's 1 T magnetic 
field. 

The barrel TOF counters form a cylindrical struc
ture with a 120 cm radius and are located between 
the RICH detector and the Csl calorimeter. It con
sists of 128 plastic scintillation counters segmented 
in <t>. Each scintillator is about 6 cm wide and about 
3 m long with phototubes mounted directly on each 
end. We are planning to use a 5 cm thick scintilla
tor. 

The forward endcap TOF counters are located at 
z = 170 cm from the interaction point and cover the 
polar angle region between 17° and 36". The inner 
and outer radii are 52 cm and 120 cm, respectively. 
The backward endcap TOF counters are located at 
z =-100 cm and cover the polar angle between 130° 
and 150°. Each endcap counter is wedge-shaped 
with readout phototubes mounted to the back sur
face of the counter, collecting photons from a 45° 
reflecting plane in order to maintain the phototube 
axes parallel to the magnetic field. A simple calcula
tion yields a light collection efficiency that is about 
60% of that for a parallel mount. 

To cope with the possibility of high background? in 
the very forward region of the endcap TOF coun
ters, two polar angle segmentations are considered; 
the inner and outer TOF counters will abut each 
other with 45° tapered edges to maintain hermetit-
ity. Each outer TOF counter has two phototubes at 
the outer edge and one at the inner edge for efficient 
photon collection. The three phototube signals can 
be used to determine the hit position on the counter. 
The inner TOF counter is designed to have only one 
phototube mounted at its inner edge; space exists 
for another tube to be mounted on the front face of 
the outer edge if it is deemed necessary. This design 
requires about 15 cm of space in total, 5 cm for the 
scintillator thickness and 10 cm for phototubes and 
cables. 

The azimuthal granularity is chosen to be 128 for the 
barrel and 48 for the endcap counters to minimize 
multi-hit in a single counter by keeping its size to 
match the photocathode. 

i R Barrel TOF counter 

• Z 

Backward TOF 

170 cm 

G3 Fine mesh PMT 

Forward TOF 

0 25 50 75 100 

Figure 2: The Layout of the Barrel and Endcap 
TOF counters. 
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Figure 3: Schematic diagram for readout of TOF 
signals 
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Figure 4: Picture of fine mesh photomultiplier* of 
R2490-OS and R5190 types, shown left and right, 
respectively. 

Figure 5: Test setup of TOF counter at T l beam 
line. Dl and D2xD3 counters are used for beam def
inition, and SI and S2 are time reference counters. 

Figure 3 shows a schematic diagram for readout of 
TOF signals. TOF signals in each counter are mean-
timed and provide fast trigger signals for event deci
sion. During the event decision time of about 2 fa, 
the analogue and digital TOF signals are delayed 
through passive delay lines. According to the event 
decision, the signals can be read through conven
tional ADC and TDC modules. 

3. STATUS OF R&D WORKS 

Full size prototype counters were made and tested 
by using beam and applying magnetic fields on 
the phototubes. The fine mesh dynode tubes of 
two types of R2490-0S and R5190 (Hamamatsu Co. 
Ltd.) were tested. The time resolution of these 
tubes showed little degradation by magnetic fields 
up to 1.2 T. The result was consistent with our pre
vious result in a bench test [5]. A type of R5190 is a 
2-inch tube recently developed in order to improve 
photon collection and to reduce material thickness 
of the tube. It has a wider photocatbode area (43.5 
mm^) and a shorter length (6 cm) compared with 
the type R2490-05. Figure 4 shows picture of the 
fine mesh tubes and Table 2 gives the specifications 
of the photoubes used for test. 

A beam of 1.5 GeV/c IT" at Tl beam line of the 
KEK proton-synchrotron was used for the studies. 
The setup of the beam test is shown in Fig. 5. The 
analysis procedure of the data was the same as used 
in the previous tests [4]. 

3.1 MAGNETIC FIELD TEST 

For the magnetic field test of the photomultiplier 
tubes, a 1.2 T solenoidal magnet was located on a 
carrier as shown in Fig. 6, which was movable along 
a direction perpendicular to the beam direction. 
One of the two phototubes mounted on a counter 
was put in the solenoid, and the timing characteris
tics was studied as functions of field strength, field 
direction and beam position on the counter. 

Figure 7(a) shows time resolutions for two different 
beam positions of 60 and 180 cm from the tube, as a 
function of magnetic field strength. In this test, a 2 
m long BC404 counter of 4 cm thick and 6 cm wide 
was used. According to the field strength, the high 
voltage of the tube was adjusted to keep its out
put signal nearly constant (about 800 ADC counts 
x 0.25 pC). The results show that the time resolu
tion is hardly affected by the magnetic field up to 
1.2 T in spite of a large reduction of gain. The reso
lutions are almost independent of the field strength 
and depend only on the individual phototubes. The 
difference in the time resolution is enhanced at a 
long distance of 180 cm. 

Figure 7(b) shows relative gain of test tubes as a 
function of field strength. Depending on fine-mesh 
types, the typical gains at 1 T are observed to be 
reduced to about 2% and 10% for 1500 and 2000 
mesh-dynodes, respectively. 
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TOF Counter thichneas 
cm 

Z 
cm 

R 
cm 

Polar angle Seg. PMT 

Forward (Inner) 5 170 52~87 l7*-27» 48 1 
Forward (Outer) 5 170 87~120 27»-36* 48 3 
Barrel 5 -120~180 120 36»-130» 128 2 
Backward 5 -100 58-120 I30M50' 48 3 

Table 1: Configuration of the Barrel and the Endcap TOF counters. 

PMT 
id. 

Type Cathode 
mm ^ 

Stage x 
mesh/inch 

SK 

pA/lm 
s„ 

A/lm 
Gain=Sr/SK 

at 2500V 
ZD9496 R2490-5 38 16x1500 66.7 1860. 2.8xl0 7 

ZH0386 R2490-5 38 16x2000 69.4 1370. 1.9xl07 

ZH0654 R2490-5 38 19x2000 99.5 7260. 7.3xl0 7 

ZH0545 
ZH0549 

R5190 
R5190 

43.5 
43.5 

19x1500 
19x1500 

42.9 
85.3 

747. 
4900. 

1.7xl07 

5.7xl0 7 

Table 2: The fine mesh phototubes tested in magnetic fields. 

The effect of the field direction to the time resolu
tion was studied using a tube ZE0654. A counter 
end was tapered to mount a phototube with 30" 
angle to the counter. The gain remained at 30% 
level in 1 T field. However, the time resolution 
was worsen at both L = 60 and 180 cm. There
fore we can not improve the time resolution by in
creasing gain by mounting the phototubes with 30" 
angle. We consider that this phenomenon is due to 
a lower efficiency in photon collection and a longer 
rise time by a deformation of arrival times of pho
tons on the photocathode. Consequently, we chose 
parallel mount of tubes to the field axis. 

Further bench tests of the fine mesh phototubes are 
necessary to choose the mesh-type (1500/2000) or 
number of stages and to ensure the good perfor
mance in a 1 T field. 

3.2 TEST OF PROTOTYPE COUNTERS 

Two prototype counters for barrel TOF were made 
of BC408 and BC404 scintillators and tested, which 
were 3 m long, 5 cm thick and 6 cm wide. The 
measured light attenuation length are 2.5 m and 
2.1 m, respectively. The same tubes of type R5190 

Figure 6: 1.2 T solenoid magnet at T l beam line. 
The solenoid has a field volume of 20 cmei x 30 cm, 
in which one phototube of a counter is placed for 
test. 
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Figure 7: (a) Time resolution and (b) relative gain 
of fine mesh phototubes as a function of magnetic 
fields up to 1.2 T. L is a distance between the tube 
and beam position on the counter. 

were mounted on the both ends of the prototype 
counters. The results of beam tests are shown in 
Fig. 8 as functions of beam position and discrimina
tion level. The time resolutions are obtained after 
time walk correction at each beam position indepen
dently, and the time jitter of the start counter is sub
tracted quadratically. The intrinsic time resolutions 
are obtained to be 70 ps and 60 ps for BC408 and 
BC404, respectively. The faster scintillator BC404 
gives a little better time resolution. 

Figures 9 demonstrates jr/p separation by the pro
totype barrel TOF counters for 2 GeV/c unsepa-
rated beams. Two peaks of r+ and p are clearly 
separated by about 6 a's for a flight length of 1.4 
m, corresponding to */K separation for a momen
tum of 1 GeV/c. The values shown in the figures 
include the time jitter of the reference time by the 
start counter, typically 35 ps. 

The result of the endcap forward counter (BC404) 
is also shown in Fig .10. The intrinsic resolution is 
observed to be 50 ps at the center. The resolution is 
better than the barrel one due to its small size and 
use of three tubes. 

3.3. DIGITAL AND ANALOGUE DELAYS 

R&D works of 2 its delays for readouts of analogue 
and digital signals are in progress. 

Two types of precision timing delay are being tested. 
One is a delay line hybrid based on a surface acoustic 
wave (SAW) device. It consists of an SAW delay 
chip of LiNbOa ( Showa Densen Co. Ltd. ) and 
shaping amplifiers of input and ouput signals. The 
test results indicate that 2 fi delays of SAW type 
have a time jitter less than 30 ps and a temperature 
dependence of delay time of about 100 ps/°C. 

The other is an optical fiber delay with a set of 
light transmitter and receiver as shown in Fig. 11. 
A 2 /is delay requires a long optical fiber of about 
400 m. Thus it is required to make a fiber bobbin as 
compact as possible. The input and output signals 
in this delay line system is of ECL standard. We 
tested three sets of transmitter and receiver linked 
with a 10 m long quartz optical fiber; consisting of a 
transmitter HT5220 and a receiver HR5631 (Hitachi 
Densen Co. Ltd.). The test result indicates that a 
time jitter of about 15 ps and a temperature depen
dence less than 20 ps/°C are achievable. We also 
studied temperature dependence of delay time due 
to thermal expansion of the fiber itself and inter-
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Figure 10: i r + / P separation by a prototype endcap 
counter at the center for 2 GeV/c unseparated beam 
at a flight distance of 1.4 m. BC404 scintillator is 
used. 

Figure 11: Schematic diagram of an optical fiber 
delay. It consists of 2 /is delay line of about 400 
m long optical fiber and a set of transmitter and 
receiver. 

nal stress caused during fiber winding. Two delay 
lines were made by winding about 400 m long opti
cal fibers into 22 cm and 8 cm in diameters with no 
bobbin to avoid the stress in the fibers. A value of 
14 ps/°C was observed for both of them, which is 
consistent with that expected only due to the ther
mal expansion. Then, a time jitter of 20~30 ps is 
achievable by this optical delay by keeping the tem
perature within 1°C. 

One-width NIM module of 16-channeI 2 /is LC-
deiays (Showa Densen Co. Ltd.) was developed. 
Each channel consists of a LC chip and I /O cir
cuits. Figure 12 shows the linearity of a LC-delay, 
which was measured using a signal with 10 ns rise 
time and 10 ns decay time to simulate TOF signals. 
The width of the output signal from a LC-delay is 
about 300 ns, and its charge gain is about a quarter. 
The linearity was observed to be less than 2 counts 
(0.5 pC) by a linear fit using the recorded ADC's 
for the input and output signals. It is close to our 
requirement. 
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Figure 12: Linearity test of LC-delay. The total 
charge of the output signal from a LC-delay is shown 
as a function of that of the input in unit of ADC 
count (0.25 pC). 

3.4. FURTHER CONSIDERATION 

To achieve a goal of 100 ps time resolution in the 
actual experiment, we have to take into account an
other factors, which are not discussed above. A 
beam bunch length is required to be small. Even 
a design bunch length of 5 mm may cause an error 
of 20 ps in collision time. The time jitter in pickup of 
beam crossover timing should be minimized. Some 
effort should be done to design a monitoring system 
of the counters during a long term operation. The 
quadratic sum of those errors should be minimized. 

Also some works are necessary to design TOF coun
ters more resistive to backgrounds such as back-
scattered particles from Csl calorimeters and beam 
related background, for achieving high purity and 
high efficiency in TT/K separation. 

We expect that a goal of 100 ps or better time reso
lution is achievable in the actual experiment, if de
tails of the design of an entire system are worked 
out carefully. 
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4. SUMMARY 

In beam tests of real size prototype TOF counters, 
the intrinsic time resolutions of 70 ps and 50 ps have 
been achieved for the barrel and the endcap coun
ters, respectively. The effects of the magnetic field 
on the phototubes were also studied, and found that 
the time resolution is hardly degraded in magnetic 
fields up to 1.2 T in spite of large reduction of gain. 

R&D works of 2 /is delay lines for analogue and dig
ital signals are in progress. A prototype of optical 
fiber deiay indicates that a time jitter of 20~30 ps 
is achievable. LC-delay lines are found to be almost 
satisfactory for analogue signal. 
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ABSTRACT 

A threshold Cerenkov counter using low density silica aerogels with n=1.008 and 1.06 can provide excellent particle 
identification for an asymmetric B Factory detector. We have been exploring the possibility of collecting Cerenkov 
photons in such aerogels with newly developed large area avalanche photodiodes operated in the linear regime. 
Results on photon yield are compared to a quartz-windowed photomultiplier tube readout 

1. INTRODUCTION 

A high luminosity asymmetric B factory provides an 
ideal environment to measure important physics 
quantities and to study CP violation. For instance a 
study of B'-> Kn is sensitive to the presence of heavy 
particles in the penguin loop; a measurement of B"-» 
ntt can be used to extract Vu0, and if the other B is 
tagged, it probes CP violation. In the SLAC design, 
in which 3.1 GeV positrons collide with 9 GeV 
electrons, good Kin separation is necessary for mo
menta up to 4.5 GeV/c in the forward region to separate 
B'-* Kn from B'-+Kn and B'-» KK. Though ring 
imaging Cerenkov counters provide the best particle 
identification in the required momentum range, they 
place a large amount of inactive material in front of the 
electromagnetic calorimeter and thus affect the 
calorimeter's energy resolution. An attractive alternative 
is a system of threshold Cerenkov counters using low-
density silica aerogel as a radiator. Our Monte Carlo 

* Work in part supported by the Department of Energy 
Contract No. DE-AC03-81-ER40050. 
t Talk presented by J.Y. Oyang at ihe DPF Meeting in 
Batavia, November 10-14, 1992 and at the International 
Workshop on B Factories in KEK, Tsukuba, Japan, 
November 17-20, 1992. 

study indicates that a two-cell arrangement of silica 
aerogels with refractive indices of n=1.008 and n=1.06 
provides Kin separation from 0.4 GeV/c up to 4 
GeV/c, shown on Figure 1. 

Z LIGHT YIELD STUDIES WITH APHOTOMULT1PUER 

We have performed light yield studies, using both 
10"Ru and cosmic muons, with photomultipliers 
readout for several different silica aerogel samples, 
including some samples doped with PMP wavelength 
shifter, housed in various light-tight containers. 
Undoped aerogel wrapped by Millipore paper gives the 
largest light yield. We have also found the attenuation 
length of an aerogel increase from 3.4 cm to S.4 cm 
after it has been baked. Detailed comparisons of these 
tests are discussed in Reference [1]. 

Figure 2 shows the schematic layout used for our light 
yield measurements. Signal from thin (Tl) and thick 
(T2) plastic scintillators were set in coincidence, 
providing ADC gates width of x=50 nsec. Two more 
scintillators (Ml and M2) helped to define a good 
geometric path of cosmic ray muons and to select 
minimum-ionizalion muons. The Cerenkov photons 
produced by the muons in the silica aerogel sandwiched 
by the scintillators were read out by a quartz-windowed 
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Figure 1. Probability of detecting particles in a 
two-cell aerogel threshold Cerenkov counter. 

Figure 2. Schematic layout of light yield 
measurements with a PMT. 
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Figure 3. Light yield distribution measured with 
cosmic muons for silica aerogel blocks (a) n=1.008, 
with diameter=S cm, thickness=5 cm and (b) n=1.03 
with size of 7.9x6.0x2.9 cm. 
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Figure 4. The gain vs temperature dependence of a 
17 mm diameter APD. 
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Figure 5. Signal-to-noise ratio of an APD as a 
function of incident photon number with various 
wavelengths. 
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Figure 6. Cerenkov light yield distribution 
measured with an APD operated at 5"C for a n=1.03 
and 7.9x2.9x6 cm^ silica aerogel. 
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UV-sensitive RCA Quantacon photomultiplier tube 
(RCAC31000M). 

Figures 3(a) and 3(b) show light yield distributions 
measured for a 4 cm thick and 5 cm diameter aerogel 
with n=1.008, and a 7.9 cm thick and 2.9x6.0 cm 2 

aerogel, respectively. The spectrum of an n=1.008 
aerogel shows a prominent single photoelectron peak 
and a two-photoelectron peak, as well as an indication 
of a three-photoelectron peak. The average observed 
photon yield is obtained by fitting the spectrum with 
Poisson distributions convoluted with a Gaussian 
presenting the shape of the single photoelectron 
spectrum and the variation of energy and path length of 
cosmic ray muons. This fit yields an average number 
of photoelectrons of jlpe=2.68+0.05. This number 
agrees with the other estimation of u.pe=2.66±0.06 
obtained by correcting the observed distribution average 
above pedestal, n > o , t 0 Upe by solving the equation 
Hp e =u.>o(l-exp(-u.p e )) in order to account for 
inaccurately measured pedestal events. After dividing 
the average observed photon yield, u.pe, by the average 
path length of cosmic ray muons in the aerogel, we 
obtain a light yield of 0.53+0.0110.03 photoelectron 
per cm. The systematic uncertainty includes the 
difference between the above two estimations and the 
uncertainty in ADC calibration. By the same 
technique, the light yield of the 7.9 cm thick aerogel 
with n=1.03, shown in Figure 3(b), was measured to be 
Hpe=14.9±0.2±0.5 photoelectrons, or 1.86+0.03±0.11 
photoelectrons per cm. The measured light yield ratio 
for n=1.008 and n=1.03 aerogels is 0.28±0.02, which 
is consistent with theoretical prediction of 0.27. 

3. A NEW READOUT SCHEME WITH APDS 

Recently, a new type of large area (17 mm in diameter) 
avalanche photodiode (APD) has become available from 
Advanced Photonix Inc. The new APD is produced by 
ion implantation rather than by diffusion and thus is 
more reliable and more homogeneous than an ordinary 
avalanche photodiode. The APD has much better 
quantum efficiency over a wide wavelength range than 
that of photomultipliers; the quantum efficiency 
averages 27% in the UV region and jumps up to =80% 
in X=500-900 nm region [2]. Since the new APD is 

operated in the linear mode, it opens up an alternate 
route for silica aerogel readout. 

We have performed various tests of the 17 mm APDs 
(model TL15CA1) [3]. In order to read out Cerenkov 
photons in aerogel, we chose to operate the APD at 
2450 V, yielding a gain of =350 and having intrinsic 
noise of =17000 rms electrons with an integration time 
of 50 nsec. We then measured the temperature 
dependence of the APD's gain at 2450 V. The 
temperature of the APD was controlled by a 
thermoelectric cooler. Figure 4 shows that our data 
confirmed the API's gain-vs-temperature curve. 

Because the APD has high intrinsic noise (=50 
electron-hole pairs), one can not calibrate it by the 
ordinary technique used in PMT calibrations. We set 
up a system for calibrating the APD against a PMT 
(RCA C31000M). The PMT was masked to reduce its 
sensitive area to the same as the APD's ($=17 mm). 
Both APD and PMT were placed 2.5 cm from the 
center of a green LED $.=560 nm) driven by a HP 
pulser with T=25 nsec width. Signals from PMT and 
APD were digitized by a ADC gated with T=50 nsec 
and read out using CAMAC. Knowing the quantum 
efficiencies of PMT [4] and APD and using our 
measured noise level, we depicted the APD's signal-lo-
noise ratio as a function of the number of incident 
photons at different wavelengths, shown in Figure 5. 
The X=450 nm (corresponding to the average 
wavelength of Cerenkov radiation in the full APD 
dynamic range) line presents our prediction of the 
signal-to-noise for the APD readout of Cerenkov 
photons. The number of incident photons (=18) is 
measured with the masked PMT reading out Cerenkov 
photons in the aerogel with n=1.03 and 7.9 cm thick. 
By cooling the APD to 0°C, we expect its gain increase 
by a factor of =2.7, which is equivalent to that factor 
more incident photons. For 100 incident photons with 
X.=850 nm, our predicted rms resolution of 57% 
(corresponding to S/N=1.75) is consistent with 
Advanced Photonix Inc. (API) published values of 
=30% with T=25 nscc and =70% with t=250 nsec, as 
the noise level increases with integration time. 
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By replacing the PMT with an APD attached to a 
charge sensitive preamplifier in the experimental setup 
shown in Figure 2, we read out Cerenkov photons in 
the n=1.03 and 7.9 cm thick aerogel with the APD 
operating at 23*C and 5'C. At room temperature, we 
observed the Cerenkov light signal about 15% of 
electronics noise level, while cooling the APD to 5"C, 
the signal-to-noise ratio increases to 0.36 as the APD's 
gain increases. Figure 6 shows a Cerenkov light signal 
collected by the APD operating at 5*C. The signal 
peak at 7.95 pC is 0.43 pC above the ADC offset, and 
the width of about 1.20 pC is mainly caused by the 
APD's intrinsic noise. These cosmic-ray test results 
are consistent with what we have estimated from PMT-
APD cross calibration (See Figure 5). 

4. CONCLUSIONS ANDOUTLOOK 

Our initial results are very encouraging. We have 
successfully detected photoelectrons from Cerenkov 
radiation in low density silica aerogel with a 
photomultiplier and have begun to observe Cerenkov 
photons with a newly developed large-area APD 
operating at S'C. Our attenuation length measurement 
is consistent with Monte Carlo simulation; both 
suggest that aerogel block widths should not exceed 5 
cm. These studies indicate that a 5x5x5 cm 3 aerogel 
with n=1.06 and a 30x5x5 cm^ aerogel with n=1.008 
can provide «20 Cerenkov photons incident to a 17 mm 
diameter area. 

Before this technique can be used for particle identifica
tion in an actual detector further improvements are re
quired. We intend to perform the following studies 
before we can actually build a prototype and put it into 
a test beam: First, we want to either spread wave 
length shifters such as 3-HF onto the reflector or mix 
them into the aerogel. The 3-HF wavelength shifter 
absorbs UV light and re-emits green light. This can 
lead to an improvement in light yield and thus signal-
to-noise ratio by a factor of »3, since the APD quantum 
efficiency increases to «78% for green light, and the 
absorption in aerogels (which has a wavelength 
dependence of 1A 2 ) is reduced [5]. In addition, one 
may reduce the APD sensitive area to diminish its 
intrinsic noise. Using three $=10 mm APDs and a 

coincidence technique, one will gain an additional factor 
of 2-4 in signal-to-noise ratio. Furthermore, issues 
about radiation hardness, operation in a magnetic field 
and long time performance need to be studied. We will 
strive to resolve these issues by the next summer, so 
we can carry out measurements with a prototype. If the 
two-cell silica aerogel threshold Cerenkov counter 
works the way it is designed, we expect this system, 
together with the dE/dx measurements in the drift 
chamber, to provide nlK separation over the full 
relevant momentum region. 
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ABSTRACT 

Recent R & D works on aerogel Cherenkov counter for KEK B-Factory are presented. 

1. BASIC REQUIREMENTS 2. PRODUCTION OF NEW AEROGEL 

Aerogel Cherenkov counter is one of the possible 
choices for particle identification devices at the pro
posed fi-factory detectors to cover the region, where 
dE/dx and time-of-flight measurements are difficult 
to distinguish ir and /<[1, 2]. The requirements im
posed on the aerogel counter are: 

(1) refractive index of silica aerogel, n, should be in 
the range of 1.010 ~ 1.015 to achieve the separation 
of JT and K in the region of 1.0 ~ 3.0 GeV/c. 

(2) optical transparency of aerogels should be so 
high as not to lose Cherenkov photons inside it. The 
number of Cherenkov photons( Nc^ ), generated by 
the incident particle, is significantly small for low n 
of 1.015 because Nch is proportional to 1 — 1/n2. 
Therefore, loss of photons in the aerogel due to ab
sorptions and scatterings should be minimized. 

(3) efficient photon collection is indispensable, 
which is strongly related to the previous item. The 
inefficiency for it identification due to loss of photons 
should be avoided. Our target is that the number 
of photo-electrons by relativistic particles, Npe, is 
greater than 5. 

To attain these requirements, R & D for aerogel 
Cherenkov counter, especially the production of new 
aerogel with low n and high transparency, have been 
carried out. In the next section, details of new aero
gels will be described. Results of simulation study 
of aerogel Cherenkov counter with a proto-type con
figuration are presented. Cosmic ray test with the 
simulated configuration was performed, and a com
parison between simulation and cosmic ray test re
sults is made. 

2.1 Production Method 

2.1.1 Single and Two Step Methods 

Silica aerogel with higher refractive index of n > 
1.02 has been produced in conventional single step 
method[3]. In this method, tetraalkoxysilane and 
water are mixed in an excess of alcohol as a solvent. 
The following hydrolysis and condensation of silicon 
alkoxides with help of a catalyst are simultaneously 
proceeded in a single container: 

m Si(OR)< + 4 m H 2 0 
— m Si(OH)4 + 4 m ROH (1) 

m Si(OH)4 — (Si0 2)m + 2 m H 2 0 (2) 

According to two reactions, the solution becomes 
colloidal. Then, the aging is done to form three 
dimensional networks of SiOj clusters connected by 
a siloxan link or a water bound. After the alcogel is 
made, it is baked in the autoclave at the point safely 
higher than the critical point( supercritical drying 
) to remove alcohols. A quantity of alcohol added 
as a solvent in the first stage determines a density, 
and consequently a refractive index of the aerogel. 
If the quantity of alcohol is increased to make low 
density aerogel, it is difficult to form gel with high 
porosity. This is why aerogels with low refractive 
indices and optically good properties can not made 
in this method. 

To make aerogel with lower refractive index, 
"two-step sol-gel" method has been developed at 
Lawrence Livermore National Laboratory[4]. They 
produced partially hydrolysed, partially condensed 

— 319 — 



At (b)precursor(2step method) 

(a) special 
solvent 

Figure 1: Comparison of compositions between the special solvent(a) and the precursor(b) measured by the 
GC/MS. 

gels( called as "precursor" ) in the first step. Next, 
the alcohol was diluted off from the precursor and 
was replaced with a non-alcohol solvent, and the 
polymerization was performed by mixing an al
kali catalyst which makes SiC^ cluster pores with 
smaller size than an acid catalyst does. The gels, 
after the aging, were dried in the supercritical con
dition, and high porosity aerogel with low refractive 
index can be obtained. This two step method is one 
of the best way to produce aerogels having low re
fractive index, however, there are some complicated 
processes such as the dilution of alcohol. 

2.1.2 New Production Method 
New production method of aerogels with low re

fractive index which we have developed with Mat
sushita Electric Works, Ltd. is essentially the same 
as the single step method except for the use of the 
special solvent instead of tetraalkoxysilane. Fig.l 
-(a) and -(b) show the compositions of the special 
-.olvent and the precursor in the two step method 
measured by the GC/MS. The compositions of the 
special solvent are almost identical to those of the 
precursor. Namely, the special solvent is stable liq
uid after partial hydrolysation and partial conden
sation. Therefore, the advantage of our method is to 
simplify the production processes, which is very im
portant for mass-production of aerogels, with keep
ing the merit of two step method. In addition, the 
special solvent can be easily obtained in commer
cial base and is not expensive. The special solvent 

Figure 2: The schematic drawing of the hydrophobic 
reaction. 

is mixed with water and ethyl alcohol at the room 
temperature and the alcogel was made. Here ammo
nia water is added as an alkali catalyst to polymerize 
small and uniform pores. The alcogel is placed in 
the sealed vessel to suppress the evaporation of the 
ethyl alcohol and is kept under the room tempera
ture during a week. Then, the aging is accelerated 
by heating up about 40 ~ 60° for 6 ~ 24 hours, and 
the alcogel is again moved into the vessel filled with 
ethyl alcohol about a week. During this process, 
the alcohol is replaced with fresh one by once per 3 
days. 
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Figure 3: Photograph of the obtained aerogel. 

To make alcogel hydrophobic, special care is done 
here. The hydrogen molecular linked with Si, which 
is likely to be charged and contacted with other ions, 
is replaced into Si(CH 3) 3 groups by adding hexam-
ethyldisilazae into ethyl alcohol( Fig.2 ). This so
lution in which the alcogel is moved is stirred by 
an electrical power agitator under the condition of 
40 ~ 60". This process is completed in 3 ~ 24 
hours, which depends on the temperature. The re
placement of the hydrophilic groups in the alcogel 
with hydrophobic ones plays an important role to 
preserve its volume after the supercritical drying 
in the autoclave since the shrinkage of the aerogel 
is considered to take place with the electrically at
tractive force among hydrogen moleculus and/or be
tween hydrogen molecular and other ions. To trans
form the alcogel into the aerogel, the liquid in the 
alcogel is evaporated at the supercritical point, and 
consequently the aerogel is obtained. The small size 
aerogel of ~ 50(circlic shape cross section) x 3i cm 3 

with n = 1.012 has been already successfully made 
in this method. We tried to make 16 x 16 x 2 cm 3 

aerogels with refractive index of 1.011. Fig.3 is a 
photograph of the obtained aerogel. It was shrinked 
to be about 20 % in volume. Some cracks could be 
seen inside the volume or on its surface, also. Its 
optical properties were described in the next sec
tion. The optimizations of the conditions such as 
temperature at the aging and the hydrophobic re
actions for large size aerogels are now in progress to 

0 «•* 
200 400 600 800 

wave length(nm) 

Figure 4: The transmittance of new aerogel as a 
function of wave length. The data are plotted as 
the closed circles and the solid curve is the fitted 
function. 

prevent from shrinkages. To control the refractive 
index of the obtained aerogel, the mixing ratio of 
the solutions such as the special solvent should be 
studied in detail to establish this method. 

2.2 Optical Proper t ies of New Aerogel 

2.2.1 Refractive Index 

The refractive index of the aerogel obtained with 
the new method described above was measured with 
the Fraunhoufer method using *.he laser beam. The 
obtained value is n=1.011. H. Kawai et al. also 
produced aerogels with the same method as ours. 
They determined the refractive index of the aerogels 
from the behaviour of number of Cherenkov photons 
as a function of momentum of an incident particle 
by using the test beam[5]. Two results were in a 
good agreement. 

2.2.2 Transmittance 

The transmittance of the aerogel obtained with 
new method described above was measured using 
the photospectrometer. Fig.4 shows the transmit
tance as a function of wave length. The thickness 
of the aerogel was 18.45 mm. The data were fitted 
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by the function expressed by: 

T = r 0 exp(-MA) d), (3) 

MA) = £ + £ , (4) 
where 7* and d are the transmittance and the thick
ness of the aerogel, respectively. From a and 6, the 
scattering length(As) and absorption length(A„) can 
be exac ted as: 

. _ 1 ( A m a r — A m i n )A m i , jA m i n 

*>a "max "min 

A o = r A m a * A m , ' „ - (fa) 

The obtained values were A, = 5.5cm and A„ = 19.5 
cm. Compared with the aerogel with n — 1.02 made 
by Airglass Co., which has the lowest refractive in
dex commercially available, the scattering length is 
almost same, but the absorption length is shorter by 
factor of 2. It is expected that these values may be 
improved by means of removing cracks in aerogels. 

3. S I M U L A T I O N S T U D Y O F P H O T O N C O L 
L E C T I O N 

3.1 Simulated Configuration 

As described previously, it is quite important to 
collect the Cherenkov photons efficiently. We stud
ied iVpe for proto-type configuration of the counter 
with the computer simulation. A schematic draw
ing of the configuration is shown in Fig.5. The 
radiator is the aerogel of 16 x 16 x 15 cm 3. Note 
that the refractive indecies of the aerogels are set 
to be n = 1.02 of Airglass ones, not our new 
aerogels since they are not yet available for sub
sequent cosmic ray test mentioned in the next sec
tion. The conditions of the simulation were; (1) 
One 2"-photomultiplier(PMT) with UV-glass win
dow was assumed to be attached to the side wall. 
Its quantum efficiency was taken from the Hama-
mat.su specification. (2) Refractance of the walls 
was set to be 99.8 % independent of wave length, 
which is t iken so as to consistent with Millipore 
GVHPOOPIO performance, and light was scattered 
randoml' on the wall. (3) Two options were ex
amined for the top plane. One is white reflector 
to difti.se light, and the other is the use of mirror. 
The r lirror option can be expected to collect more 
phot jns by adjusting the angle of the mirror( a in 
Fig 5 ) since the Cherenkov photons conserve their 
original directions, i.e. cos6c = 1/n/J, where /? is 

2"-PMT with 
top plane uv window 

Figure 5: The configuration of the counter used in 
the simulation. 

a velocity, when the scattering length of the aero
gel is not so short compared to the total thickness. 
Taking into account this fact, the angle a was set 
to be 30° so that the light collection reaches close 
to the maximum. (4) 4 GeV/c ;r's were assumed to 
be injected normally into the center of the aerogel 
counter as shown in Fig.5. 

In the simulation process, the Cherenkov photons 
are generated at first, according to the formula of: 

Net = 2,ani--fe)l±-±-), (7) 
where A] and A2 were taken to be 190 nm and 580 
nm, respectively, and / is the thickness of the radia
tor. Each generated photon was swum by an usual 
Monte Carlo method. Here Rayleigh scatterings and 
photon absorptions in the aerogels, which were cal
culated from A, and A„ measured with the photo-
spectrometer previously[1], were taken into account. 
The number of photons reached at the surface of 
the PMT was counted, the wave-length dependent 
quantum efficiency of the PMT was multiplied, and 
then Npe was obtained. 

3.2 Results 

Fig.6-(a) ar.d -(b) show the distributions of 
wave lengths of Cherenkov photons and cosines of 
Rayleigh scattering angles of photons in the simu-
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Figure 6: Two basic quantities in the simulation. 
The distributions of wave length of Cherenkov pho-
tons(a) and cosines of Rayleigh scatterings in the 
aerogel(b) 

lation, respectively. The obtained Nft per event as 
a function of wave length is shown in Fig.7. In this 
figure, the quantum efficiency of the PMT was taken 
into account. Integrating this distributions, we can 
expect that Npe in the mirror configuration is 3.0. 
We also simulated the configuration in which the 
white reflector instead of the mirror was used. The 
obtained results was Npc = 1.8. Note that these re
sults were calculated with only one PMT read out. 
We can get Npc > 6 with the mirror option if two 
PMT's are used. 

400 SOD 

wave lengihtnm) 

Figure 7: The obtained Npe as a function of wave 
length for an event with the mirror option. 

•cosmic 

PMT with 
UV window 

Figure 8: Set up for cosmic ray test. 

4. C O S M I C R A Y T E S T 

4.1 Set Up 

To confirm the simulation results, a cosmic ray 
test has been performed. The set up is shown in 
Fig.8. Three scintillation counters were used as 
trigger counters to ensure that cosmic rays should 
penetrate through the center of the aerogel. The 
counter configuration is the same as the simula
tion as shown in Fig.5. The Hamamatsu R3241 2"-
photomultiplier with UV-glass window was used for 
readout. The inner walls of the counter were covered 
with the white reflector of Millipore GVHP00010. 
The aerogels of n = 1.02 made by Airglass Co. were 
placed in the counter. The aerogels consist of 5 
sheets with the size of 16 x 16 x 3 cm 3, amount
ing to 15 cm thickness. The analog signals from 
the PMT for the aerogels together with the trigger 
counters were recorded by 2249W Lecroy ADC in 
the CAMAC system. 

4.2 Results 

The obtained pulse height distribution for the 
mirror option is shown in Fig.9. Single count of 
ADC corresponds to 0.25pc. Assuming the Poisson 
distribution, we fitted these data, and obtained the 
average number of photo-electrons to be Nre = 0.91. 
which is not consistent with the previous simulation 
results. This suggested that the Cherenkov pho-
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Figure 9: The ADC distribution of the aerogels. 
The fitted result is also shown as the solid curve. 
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Figure 10: The obtained Npc as a function of aerogel 
thickness. 

tons had no directionality due to unexpected short 
scattering length. To make sure that momentum 
of cosmic rays should be higher than the threshold 
of the aerogel, Some material of lead was placed in 
front of the S3 trigger counter. But the result did 
not improve significantly. We checked the aerogel 
thickness(d) dependence of Npt. The obtained Npt 

is plotted as a function of the thickness in Fig. 10. 
Npe already saturated even at d = 3.0cm. To check 
the position dependence of Npe, we tried to use the 
Multi-Anode Phototube(MAPT) with 10 x 10 cm 2 

readout area consisting of 100 pads of 10 x 10 mm 2 

instead of 2"-phototube. The MAPT was located 
at the side of the aerogels. The data indicates the 
flat dependence of Npe in the both directions par
allel and perpendicular to incident particles, which 
also means the no directionality of photons. 

It should be noted, when our results is compared 
with Caltech's[6], that cell size of their aerogel is 
very small. So, careful discussions should be needed, 
especially on the photon yields, which deeply de
pend on the aerogel size and the readout position. 

5. FUTURE PROSPECTS 

Summary is as follows: 

(1) The conditions at the production processes of 
new aerogels should be optimized to control refrac

tive indecies and to suppress cracking. 

(2) The discrepancy between the simulation and 
cosmic ray results should be understand. 

(3) The cosmic ray test using new aerogels should 
be done. 
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Present Status of the "Fast RICH Project'^ 

Takayuki SUMIYOSHI 
National Laboratory for High Energy Physics 

1-1 Oho, Tsukuba-shi, Ibaraki, 305, Japan 

ABSTRACT 

Present status of the " Fast RICH Project" is presented. The construction of the prototype FAST RICH has 
been almost finished. The readout electronics, 8 ch. analog and 16 ch. digital chips, have been proven to 
work as expected. With a UV light source, detector response for a single photo-electron was checked and 
was found to have an excellent performance with a very low noise. The total performance will be tested in 
near future by a cosmic ray and a beam test. 

1. INTRODUCTION 

The R&D work for the fast RICH of KEK B-factory 
has been curried out in a collaboration with the 
"Fast RICH Project" group[l] from 1991. This 
group had been organized to develop a fast RICH 
to cope with high luminosity colliders such as LHC, 
SSC and B-factories. This group proposed a fast 
RICH for the symmetric B-factory of PSI[2], which 
is capable of K/ir separation up to 2.5 GeV/c. They 
designed a prototype fast RICH as an important 
R&D item. The construction of the prototype fast 
RICH began has been almost finished in this year 
including a tremendous work for a development of 
readout VLSPs. Here, we report the present status 
and future plans of the "Fast RICH project" group. 

2. P R O T O T Y P E F A S T R I C H 

2.1 Structure 

The prototype RICH consists of three cells, each 
having a length of 900 mm in z and subtending 12 • 
in azimuth. Figure 1 shows a cross-section of the 
sector. The distance from the radiator (CaF2 or 
LiF) to the photon detector is 130 mm. The thick
ness of the radiator is 10 mm, which is a compromise 
of a photon yield and a geometrical error. The pho
ton detector is a MWPC with a cathode pad array 
of 30 x 128. Each pad has a size of 5.33 x 6.60 mm3. 
Anode wires of 15 itm<j> are strung 1.27 mm pitch 

f The results presented here are updated from the 
value presented at the workshop. 

with a tension of 19 g. The distance between the 
anode wires and the cathode pads are kept 0.5 ± 
0.02 mm by precision ceramic spacers in order to 
assure an uniform gain on the wires. The inner sur
face of the crystal windows are coated with silver 
traces of 100 /im width with 1.4 mm pitch to make 
a uniform cathode (ground) plane. The primary 
electron produced by the photo-ionization of TEA 
is amplified around the anode wire in the carrier gas 
(methane). TEA is admixed with methane at 14 °C, 
about 5° lower than the room temperature. A flow 
rate of the gas is typically five litter/hour. With this 
prototype RICH, 10-20 photo-electrons are foreseen 
for one image. Then we can expect three-sigma K/r 
separation up to 2.5 GeV/c with the CaF2 radiator 
and 3.5 GeV/c with LiF. 

2.2 Electronics 

In order to read signals from the huge number 
of the cathode pads, two VLSI's are developed at 
Rutherford Appleton Lab. One is a analog-chip and 
the other is a digital chip. An schematic diagram 
of the analog and the digital chips is depicted in 
Fig. 2. The readout chain is implemented on the 
rear plane of the photon detector. A PCB card con
tains eight analog chips and four digital chips, hence 
can readout 64 channels. The analog chip consists 
of 8 channels and receives signals from the cathode 
pads at the differential input and compares them 
with a threshold current after an amplification. The 
threshold value which is common for the 8 channels 
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Figure 1: Sketch of the structure of the fast RICH 
counter for a B-factory. The elements shown are the 
crystal radiator, the photodstector and the readout 
electronics. 

is adjusted by a DAC value of the digital chip, which 
can be easily changed through a console operation. 
Figure 3 shows a gain and a noise distribution mea
sured with 800 samples. General characteristics of 
the analog chip are as follow: 

1) low noise (~ lOnA) bipolar current am
plifier, 
2) variable discriminator threshold (4 
bits), 
3) maximum band width: 50 MHz, 
4) input impedance: .100 fl, 
5) slewing time: ~ 15ns, 
6) power consumption is ~10 mW /chan
nel. 

Once the signal passes the threshold, the signal 
current is boosted up and send to the shift regis
ter in the digital chip. The digital chip receives 
signals from two analog chips. The 16-bits shift 
register having 64 depths is operated with 50 MHz 
clock supplied by a quartz oscillator. When an event 
is triggered by other detector devices, correspond
ing data are latched by a strobe signal and a read
out sequence is initiated by a readout signal. The 
width of the strobed signal is typically 50 ns. The 
latched data are encoded by the priority encoder 

Figure 2: Schematic diagram of the analog and the 
digital chips. 

and transferred to the 16-words FIFO on the next 
digital chip of the readout stream through the multi
plexer. This readout sequence is took place at every 
MWPC, which implements the PCB card array of 
15 columns and 4 rows on its rear plane. The data 
on the rows are pipelined and daisy-chained in the 
columns. The data transfer to the upper chips and 
compression are performed in each column simulta
neously. Data transfer to a VME memory card is 
done successively by passing a token signal which 
enables the column output the data on the bus-line. 
This readout sequence is curried out synchronously 
with a 20 MHz clock. The readout time (Tro) is 
expressed as Tro = (1.55 + 0.05/VA,-,)/JS. where Nhit 
is a number of pad hits. Since it is expected that 
Nhit < 20, the readout is completed within 2.5 /is. 
General characteristics of the digital chip are as fol-
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Figure 3: Gain (a) and noise (b) distributions of the 
analog chips 

low: 

1) made with CMOS 1.5 /i technology, 
2) a DAC register provides the discrimina
tor threshold for the analog chips, 
3) zero suppression on the chip, 
4) minimum data delay: 1.3 ps, 
5) readout speed: 20 MHz in maximum, 
6) equipped with various test functions for 
readout and 
7) power consumption is 6~8 mW /chan
nel. 

Detail of the readout system can be found in 
Ref.[3]. 

2.2 Test Results 

Performance of the prototype RICH was first tested 
by using a UV-light source (ff2 lamp) with a config-

«¥» Trior 

"O" 

¥ ¥ 
Figure 4: Configuration of the light source test of 
the prototype RICH 

uration as shown Fig. 4. In the course of this test, 
the light intensity was adjusted by the metallic filter 
so that only 10% of the pulse are detected in order 
to reduce a two photoelectron probability less than 
5%. The test was performed with pure methane at 
first in order to check a timing property of the sys
tem, since no feedback photo-electrons could partic
ipate. In this case photo-electrons are produced at 
the metal strips of the crystal window or the cathode 
pads. Timing structure of the signal was obtained 
by changing a delay of the strobe signal. As shown 
in fig. 5 we can separate it into the two components 
according to the place where the photoelectrons are 

" produced. The time difference ~ 40ns is well ex
plained by the path difference between the window 
strip to anode wire and the cathode pad to anode 
wire. Since the path difference is 2mm, the drift ve
locity is determined to be Vj = 4.4 cm//is. Figure 
6 a) shows a single photoelectron detection efficiency 
as a function of the threshold values at the anode 
voltage of 1.5 kV. Even at the DAC value 4, we 
have enough detection efficiency for a single photo
electron, while keeping the noise hit probability less 
than 1 0 - 4 . 

Then a test was performed with methane satu
rated by TEA vapour at 15°C. In this case the de
tection efficiency was drastically changed by an ef
fect of feedback photoelectrons. As shown in fig. 

— 328 — 



a) 

50 100 
DELAY (m> 

Figure 5: Timing structure of the signal. 

6 b), a comfortable long plateau was observed for the 
events with multiplicity (np) of one. Thus we can 
use a higher DAC value (<10) than pure methane 
case and can reduce the noise hit probability to a 
negligible level. 

In order to check the full detector system, a cos
mic ray test is being performed. The direction of 
cosmic muons are determined by a MWPC telescope 
and their momentum are selected to be greater than 
0.5 GeV/c by an absorber. So far we obtained a very 
preliminary result. The number of photo-electrons 
observed are 7.8 in average while 9.0 is estimated. 
This discrepancy is explained by the reason that the 
detector is operated at slightly lower efficiency and 
the ceramic spacers between the anode wires and 
the cathode plane make another 10% inefficiency. 
Figure 7 shows the Cherenkov angle distribution 
for 20 images. The Cherenkov angle resolution are 
found to be <rj=20.2 mrad while we expect 15.6 
mrad. Since the momentum of the cosmic muons 
are roughly selected, the Cherenkov angle varies be
tween 864.8 mrad at 0.5 GeV/c and 880.9 mrad at 
1.5 GeV/c. Though the analysis is only crude now, 
we believe our first results shows excellent perfor
mance. The most important is that the electron
ics works well with little noise: ~ 1-2 random hits 
per sector even with 120 ns wide strobe, which will 
be reduced by a factor 2-3 in the future. We will 
continue the cosmic ray test by replacing the CaF2 
radiator with LiF radiator. 

3. C s l PHOTOCATHODE 
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Figure 6: a) Single photoelectron detection effi
ciency vs DAC value obtained in pure methane, b) 
The detection efficiency vs DAC value obtained in 
methane with TEA; right-side scale indicates the 
average multiplicity. The open squares in the figure 
show data for n p = 1, the open circles for np > 1 
and the diamonds for n„ > 1. 

Recently, a reflective photocathode of Csl demon
strated an excellent performance as a new type 
photo-sensor with gaseous tracking device (MWPC 
or PPAC)[4]. The Csl photocathode has a lot of 
merits compare with other photo-ionization gases 
such as TMAE and TEA. The TMAE is consid
ered to be a promising candidate from a view point 
of quantum efficiency, however, it is very touchy 
to treat with, since it is reactive with metals and 
toxic and even necessary to heated up the detector 
at around 100 °C in order to get a short absorp
tion length (lpi, ~ 0.5 mm). On the other hand, 
the TEA is rather easy to treat, but the sensitive 
region is slightly high (7.5 ~ 8.5 eV) compare with 
the TMAE, so very expensive crystal radiators such 
as CaFj and LiF which are transparent for the light 
around this energy region are necessary. Thus both 
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Figure 7: The Cherenkov angle distribution for 20 
images of cosmic rays. The resolution is determined 
to be 20.2 mrad. 

photo-ionization gases have problems to construct a 
large fast RICH. 

The quantum efficiency of the Csl photocath-
ode was found as good as TMAE or even better 
when thin film of TMAE was adsorbed on its sur
face. Hence, we can use a liquid radiator such 
as C$Fn instead of using the expensive crystals. 
Since a chromatic error is substantially reduced by 
adopting such a liquid radiator, we can expect bet
ter K/ir separation (3<r) up to 7 GeV/c. Further
more, photo-electrons are necessarily produced at 
the photocathode, the timing of the signal is very 
accurate. Therefore, we can use a rather short 
strobe signal and can greatly reduce accidental noise 
hits. Operation of the detector is improved by use a 
methane+isobutane mixture in this case, since the 
carbon excitation line at 7.48 eV is eliminated by 
the isobutane. 

The quantum efficiency of Csl photocathode so 
far reported did not accord each other. However, 
recently Anderson et al. obtained a similar efficiency 
that was measured by Seguinot et al. by heating up 
the photocathode slightly[5j. They also argued that 
a degradation of the quantum efficiency could be 
recovered by this treatment. If it is true, it is a great 
advance to solve the aging problem, although the 
confirmation is absolutely necessary. Some groups 
already succeeded in observing Cherenkov lights by 
fast RICH with Csl photocathode[6]. Therefore, it 
becomes a common expectation that a future large 
fast RICH used in high energy experiments will be 
constructed with a Csl photocathode. 

3. FUTURE PLANS 

After an extensive study by a beam test, the 
photo-detector of the prototype RICH will be re
placed by a new one equipped with Csl photocath
ode. A design work for this new detector has been 
already finished, and it will appear in this summer. 
Since the readout electronics are common for both 
detectors, performance of the new detector will eval
uated soon after the construction. At KEK, we will 
have a similar fast RICH (KEK-RICH) in this year 
with a help from the "Fast RICH Project" group. 
We already have the same readout system that is 
used in the prototype RICH. We will be able to test 
the KEK-RICH at our laboratory in this autumn. 
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THE DIRC COUNTER: 
A NEW TYPE OF PARTICLE IDENTIFICATION DEVICE FOR 

B FACTORIES* 

BLAIR RATCLIFF 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA 

ABSTRACT 

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

i. INTRODUCTION 
Particle identification at a B factory is 
difficult, and highly constrained by die 
machine environment and the need for good 
energy measurement of soft photons in the 
calorimeter which surrounds the particle 
identification device [1]. Because of the high 
beam crossing rate and the potential for large 
backgrounds, the particle identification 
detector must be robust and relatively fast. 
Good n/K separation is required over a wide 
momentum range between about 0.2S and 4 
GeV/c. Most detectors measure dE/dx in die 
tracking chamber which allows good n/K 
separation up to about 600 MeV/c, but a 
specific identification device is required over 
most of the momentum region [2]. The 
amount of material in the device should be 
small (preferably less than 10% L R A D ) and 
should be distributed as close as possible to 
the calorimeter in order to avoid degradation 
in the resolution performance of the 
calorimeter, and the loss of low energy 
conversion electrons in the magnetic field. In 
addition, the cost of the high quality 
calorimeter scales roughly like the radius 
squared and there will be substantial cost 

savings if the particle identification device can 
be made thin. 
Here, we describe a new type of imaging 
Cherenkov (the DIRC) that appears to be 
extremely well matched to the requirements 
for particle identification at the B factory. It is 
thin (with low radiation length), robust, very 
fast, and should have excellent performance 
over the complete phase space of the B fac
tory. Although many configurations of a DIRC 
type device are possible, for definiteness, a 
particular straw-man model will be discussed 
which uses quartz radiator bars, read-out by 
conventional photomultiplier tubes in a prox
imity focused geometry. A brief discussion of 
some possible variations will follow within the 
space limitations here. More details can be 
found elsewhere [3]. 

2. THE DIRC IMAGING PRINCIPLE 

The geometry of a single radiator of the DIRC 
is shown schematically in Fig. 1. Each radiator 
is a long, thin, flat "bar" with rectangular cross 
section [t x, t y ] . There is a photodetection 
surface positioned some distance (() away 
from die end of die bar. A track with velocity 
p passing through the radiator with refractive 

* Work supported by Department of Energy, contract DE-ACY03-76SF00515. 
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index nj emits Cherenkov radiation in a cone 
around the particle trajectory with cone half 
angle 8c given by the Cherenkov relation 

geometry, the bar is sufficiently wide that no 
reflections occur from the sides of the bar, 

cose_ = — C n,p 
(1) 

The angles, positions, and momentum of the 
track are provided by a tracking device located 
in front of the radiator. If the index of 
refraction of the radiating material (nj) 
exceeds Ji, and n 3 is approximately 1, some 
portion of the light will always be transported 
down the "bar" to the end for a particle close 
to P =1,. Since the radiator cross section is 
rectangular, angles are maintained in 
reflections at the surfaces of the bar (up to the 
additional up-down/left-right ambiguity). 
Thus, in a perfect bar, the portion of the 
Cherenkov cone that lies inside the total 
internal reflection angle is transported 
undistorted down the bar to the end. When it 
reaches the end, the light either reflects or 
emerges into a standoff region with index n 2 . 
It then travels some distance until it hits a 
two-dimensional detection surface, where it 
forms an image on the surface as shown in 
Fig. 2. The image is essentially a conic section 
of the cone-modified by refraction at the nj, 
n 2 interface. It has been "doubled" by the 
up-down reflection ambiguity. In the case 
shown, the track enters the radiator in the y-z 
plane so that the left and right going images 
are symmetrical. Since the locus of the image 
depends on the polar and azimuthal 
Cherenkov angles (6c, <t>c)> particle 
identification using Cherenkov angular 
information can proceed using essentially the 
same hypothesis testing techniques employed 
by imaging Cherenkov devices of the 
RICH/CRIDtype[4]. 

Two different image loci are shown in Fig. 2 
corresponding to different extremes for the 
width t x of the bar, as shown schematically in 
Fig. 1. In the extreme limit of the PLATE 

Pallida 
Trajactoiy 

Plan Vlaw (plat* gaomahy) 

Figure 1. Schematic of a radiator bar of the 
DIRC counter for two different radiator widths 
(pipe and plate) described in the text; the particle 
trajectory is shown as a line connected by dots; 
representative trajectories of Cherenkov pho
tons are shown by lines with arrows. 

so there is no left-right imaging ambiguity. 
That is, the "indirect" rays shown in Fig. 1 do 
not emerge from the end. In the other limit, the 
PIPE geometry, the bar width t x is much 
smaller than the photon measurement 
resolution, and there is complete left-right 
overlap. 

The PLATE geometry is also distinguished 
from the PIPE geometry by the manner in 
which the photon x-angle is calculated. In the 
PIPE geometry, the emerging angles in both 
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planes are measured with respect to the bar 
axis. 

y (I units) 
— Pipe T 4 
— Plate 

Figure 2. Loci of images for a p = 1 track at two 
different track dip angles produced by a single 
radiator of a DIRC counter on a plane surface 
placed at distance f from the end of the radiator, 
in the zero thickness (ty) limit. The track azi-
muthal angle (dx/dy) is zero. The refractive 
indices of the radiator and the detector standoff 
regions are nj = 1.474 and n 2 = 1.0, respectively. 
The dashed and solid lines correspond to differ
ent limits on the width (tx) discussed in the text. 

Thus, the bar dimensions must be substantially 
smaller than the photon detector resolution so 
as not to affect the angular measurement. In 
contrast, in the plate geometry, the angle in the 
x direction is measured with respect to the 
source track, and only the y-angle is measured 
with respect to the bar axis. The PLATE 
geometry has fewer ambiguities in the case 
where it is geometrically feasible to make the 
plate very wide (perhaps in a fixed target 
environment), but it does not seem possible to 
devise a full acceptance counter for a 
solenoidal detector at a collider without a 
significant number of photon bounces from 
the sides. Unless the PLATE has a large 
width/length ratio, the image depends in detail 
on the number of bounces, the width of the 
radiator, the position of the track in the 

radiator bar, etc., and consists of a number of 
disconnected pieces as shown in Fig. 3. 

These individual pieces can themselves 
overlap and provide significant ambiguity, 
although some of the ambiguities may be 
removed using the timing dimension. 

The PLATE geometry has the conceptual 
advantage that it removes the bar width t x 

from the determination of the photon x-angle, 
provided, of course, that the number of 
bounces can be determined. This could be 
useful in some focusing geometries. It also has 
many fewer surfaces and would probably be 
cheaper to manufacture. However, it is 
simplest conceptually to image with respect to 
the PIPE and to accept the left/right imaging 
ambiguity implied, as we will do in the 
remainder of this paper. Then, in the limit of 
infinite transmission coefficient and small 
pipes, the observed image is dependent only 
on the track velocity and angles with respect 
to the bar, and independent of position in the 
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Figure 3. Loci of images for a P = 1 track for 
0 D = 30° (solid line) and 6 D = 60° (dashed line) 
produced by a single PLATE radiator of a DIRC 
counter under conditions specified for Fig. 1. The 
plate width (tx) is 100 cm and the track pene
trates the plate 100 cm from the end with an azi-
muthal angle of zero. 

Not all Cherenkov photons produced in the 
radiator can be collected by the detector. Some 



photons are produced at angles below the total 
internal reflection limit and emerge from the 
faces of the radiator while others can be 
trapped in the radiator bar and lost. In order to 
cover the full acceptance aperture, it is 
necessary to fill the standoff region between 
the radiator end and the detector with a 
material whose index is substantially higher 
than 1.0. In particular, if the region at the 
radiator end is filled with a material with the 
same index as the radiator (i.e. nj = n^, then 
the images will emerge without reflection or 
refraction at the end surface. Figure 4 shows 
the Cherenkov photon transport efficiency as a 
function of track P in this case, for a very 
simple model without absorption. The internal 
reflection coefficients are taken to be zero 
below the total internal reflection limit or one 
above. There are two distinct cases, 
corresponding to track dip angles lying either 
above or below the internal reflection limit of 
47.3°. For the first case, the minimum 
transmission occurs at P = 1. It is maximum at 
Cherenkov threshold, and exceeds 60% for all 
particle velocities above the Cherenkov 
threshold. For the second case, the maximum 
transmission occurs at p = 1, and falls to zero 
below a cutoff p which lies above the 
Cherenkov threshold. In any case, the nominal 
transmission exceeds 45% for all angles when 
P exceeds 0.93, which corresponds to PK -
0.35, and P K = 1.24 GeV/c. Below 1.24 
GeV/c, a DIRC with these parameters will 
function as a threshold Cherenkov for n/K 
separation over the central part of the angular 
acceptance, and will be unable to distinguish 
kaons from protons there. 

3. THE RADIATOR 

For a solenoidal geometry, each radiator bar 
must have very long Cherenkov photon 
absorption length and high quality surface 
finish (for good transmittance down the bar); 
flat, orthogonal surfaces (for accurate image 
transmission); low chromatic dispersion (to 
allow a good measurement of the Cherenkov 
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Figure 4. The fraction of Cherenkov photons 
transmitted to the detector as a function of p in 
the simple model described in the text. The 
refractive indices of the radiator and the detector 
standoff regions are equal. 

angle); appropriate index of refraction (to 
transmit light down the bar); and preferably, 
long radiation length. Though a short device 
could be built using one of the fluoride glasses 
(e.g., LiF or CaF^ operating in the TMAE 
regime, we know of no material suitable for 
operation of a long device (e.g., 2-6 m) in the 
1700-2000 A 0 region where TMAE is 
sensitive. The "obvious" radiator choice for a 
long device is quartz, working in the visible to 
near UV range (i.e., 3000-6000 A°). As shown 
in Fig. 5, it has a transmission length which 
exceeds 50 m over most of this wavelength 
range; takes a high quality polish so that 
internal reflection coefficients can be made 
high; has the lowest dispersion of the oxide 
glasses (Abbe number 67.8); and can be 
procured in large pieces at relatively modest 
cost. 

The standoff region (n^ material between the 
detector and the radiator bar should be well 
matched in refractive index to the radiator and 
should have a rather long absorption length. It 



Figure 5. Examples of absorption lengths as a 
function of wavelength for some potential radiator 
and standoff region materials: (a) water (1MB qual
ity) [6], (B) UVT acrylic [7], (c) laser liquid 3421 [8], 
(d) fused silica fiber [9], (e) bulk fused silica [10]. 

could be the same material as the radiator bar, 
but in the case of quartz bars, it seems more 
likely that the region would be filled with a 
liquid. Though there are liquid materials 
available which match the refractive index of 
quartz extremely well, their transmission in 
the near UV tends to be inadequate. Figure 5 
shows the response of two candidate liquids 
which do have reasonable UV transmissions, 
curves (b) for water [n 2 =1.34], and (c) for 
Cargille Labs laser liquid 3421 [n 2 =1.41]. 
Water is inexpensive and quite transparent 
over the required range but would lead to 
some modest reflective losses at the nj, n 2 

interface for large angles. Liquid 3421 has a 
somewhat better refractive index match but 
cuts off earlier in 3000-4000 A 0 range, which 
would reduce the effective NQ. 

For the rest of this paper, we will assume for 
simplicity that the radiator bars are made of 
quartz with index of refraction nj = 1.474, 
when weighted by the Cherenkov spectrum 
and the photodetector response, and will also 
assume that a\ = n 2 . Other alternatives are 
discussed elsewhere [3]. 

4. THE PHOTODETECTOR 

The number of Cherenkov photons produced 
and transmitted to the detector surface is gen
erally small, so it is important to obtain good 
efficiency from the photodetector. Moreover, 
since the position of each photon must be 
detected, the single photon signal-to-noise 
ratio must be very good. The photodetector 
surface must sit some minimum distance away 
from the radiator end (to obtain adequate reso
lution). Finally, the detector should be rather 
fast 

The "classic" device which fulfills these con
ditions is the photomultiplier tube, and a pho-
todetecuon surface can be made of an array of 
these tubes. A photomultiplier is modestly 
efficient for single photoelectrons, has 
extremely good signal-to-noise, is fast, and 
can cover large areas at modest cost. The 
packing fraction in a closely packed array is 
typically 66%. For definiteness in the remain
der of this paper, we will assume that the pho
todetector is made of a closely packed 
photomultiplier array arranged in a standoff 
geometry to provide a measurement of angle 
with respect to the bar. This has the conceptual 
"advantage" that the detector uses completely 
"conventional" technology whose perfor
mance is well understood and can be reliably 
simulated. Such a detector is self-triggering 
and fast. Not only does it allow reliable tag
ging of beam crossings (whteh are about 4 ns 
apart), but it should also be a good TOF 
counter. The timing resolution will also pro
vide modest spatial resolution (~ 10 cm for a 
typical PMT) along the bar, and can be used to 
separate the direction of the photon if a reflec
tive surface has been used on one end. Alter
natively, the timing provides a measure of the 
photon path length to the photodetector. Since 
this depends on the light propagation angles, 
and production point in the bar, it provides an 
independent measure of a particular convolu
tion of the Cherenkov angles, which could be 
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useful to improve the angle measurement in 
some cases, if the photon detector is very 
fast [11]. 

5. MODEL FOR B FACTORY DETECTOR 
In this section, we will describe a particular 
model of a B factory detector which 
incorporates a DIRC. Many of the geometrical 
details of such a detector are arbitrary and 
many different models are possible. However, 
it is hoped that by discussing a specific choice, 
we can illuminate some of the trade-offs 
implicit in the design. 
A view of the forward quadrant of this 
"model" B Factory detector is shown in Fig. 6. 
In order to bypass the difficult problem of 
keeping the end plate masses low in the central 
tracking devices, the particular geometry 
shown has no end caps. This also allows very 
uniform calorimetry and the simplest possible 
DIRC geometry. The "stretched" geometry is 
particularly attractive in this case because the 
inner radius of the calorimeter is small. The 
DIRC radiator consists of 1.23 x 4.0 x 560 cm 
(t x, t„ y quartz bars. The radiator is 10% 
LRAD thtek radially and takes up to about 2.5 
cm of radial space in all. The bars are placed 
on a 20 sided polygonal surface, as viewed 
from the end of the detector, and cover about 

98% of the azimuth. The detectors are closely 
packed arrays of conventional photomultiplier 
(PMT) tubes at each end. As shown in Fig. 6, 
the surface is a cylindrical section in elevation 
and approximately toroidal as viewed from the 
end. The detector boxes have reflecting 
surfaces at the inner polygonal surface 
(approximately in the radiator x-z plane) and 
at tan - 1dy/dz = 1 to save phototubes. They are 
filled with a fluid whose refractive index 
matches that of quartz, so there are no 
reflections at the radiator ends or phototube 
windows. The device works in the near 
ultraviolet and the visible. It is thin, compact, 
robust, very fast, and self triggering. The loci 
of Cherenkov images on a cylindrical detector 
surface for B = 1 tracks at a number of 
different dip angles are shown in Fig. 7 for the 
case where the track enters the radiator bar 
perpendicularly in azimuth (T| = 0). The 
images are scaled for a standoff distance of 
100 cm. Distortions in the image due to 
wrapping the detection cylinder around the 
beam pipe are neglected. The images at the 
detector for a particular dip angle ( 6 D = 30°) 
are shown in Fig. 8 for three different angles 
in azimuth. For r| angles other than zero, the 
images are "doubled" due to the side edge 
reflection ambiguity. 

Chmntov Photon 
Detection Suriac* 

Figure 6. Schematic view of one quadrant of a model B factory detector 
incorporating a DIRC. 
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Detector Surface Reflected about 1 Rad 

Figure 7. Loci of Cherenkov images from a 
P = 1 track on a cylindrical detection surface 
100 cm from the radiator end. The track enters 
the radiator perpendicularly in azimuth. The 
detector surface is reflected at both 0 and 1 radi
ans, and photons traveling down the bar with 
angles less than 30° are neglected. 

Figure 8. Loci of Cherenkov images from a 
0 = 1 track on a cylindrical detection surface 
100 cm from the radiator end. The track is at a 
dip angle (8D) of 30° and images are shown for 
three different azimuthal angles (T|). The detec
tor surface is reflected at both 0 and 1 radians, 
and photons traveling down the bar with 
angles less that 30° are neglected. 

6. SIMPLE PERFORMANCE MODEL 

In this section, we will discuss a simple model 
for the performance of a DIRC counter such as 
that described above to elucidate some of the 
important issues which determine 
performance. The number of photoelectrons 
(Npg) produced in the photodetector can be 
written as: 

N PE 
e N 0 L s i n " e c 

cocB-. 
(2) 

where N 0 is the Cherenkov quality factor 
(about 100 cm"1 for a good bialkali 
phototube), L is the radial radiator thickness 
(L = t v = 1.23 cm), and e is the total collection 
efficiency. Sin8 c for a p* = 1 particle in quartz 
equals 0.73S. e has two main pieces. The first 
is the geometrical photon transport efficiency 
down the bar to the photodetector. This 
efficiency is a strong function of track dip 
angle and the azimuthal acceptance for 
photons in the bar. Second, closely packed 
PMTs only cover about 66% of the surface 
with an active photocathode, and it is difficult 
to increase the coverage much by collection 
optics due to the wide range of photon angles. 

The number of photoelectrons N r e expected 
for a P = 1 particle as a function of dip angle is 
shown in the following table: 

Table 1: The number of photoelectrons 
expected for a (3=1 particle as a function of 
dip angle. 

e D NPE 
0 27 
15 17 
30 22 
50 56 
70 83 
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The total separation in Cherenkov angle 
66c(tot) is given by 

* c m = 15= ' { 3 ) 

where the angular error measurement from 
each photon detected 50 c is 

S e Production + 6 ® Transport̂  . (4) 
+ 88 Detection J 

6.1 50production 
The error associated with the Cherenkov pho
ton production process SOp^u-ft,,, is domi
nated by chromatic dispersion S9chr0matjC, 
and also includes contributions from multiple 
scattering 56MS- a R <^ momentum bending in 
the radiator § 9 M o m e n t u m . Dispersion in the 
radiator is the "fundamental" performance 
limit on attainable performance in an imaging 
Cherenkov. It is given by 

sa = -1—— a\ 
Chromatic tanO_ n y ' 

Thus, the chromatic dispersion contribution 
depends on the radiator dispersion averaged 
over the response of the photodetector. For a 
DIRC with a quartz radiator and bialkali 
photocathodes, this averaged value of dn/n is 
5.8 mr, so that SQchtomatic is 5.4 mr for a P = 1 
particle. 
The errors associated with 8GM S and 
^Momentum are quite small and will be 
ignored. 

6.2 SOxtansport 
The smearing of the Cherenkov photons in 
transport o&rransport a I o n £ t n e radiator bars is 
a function of a number of mechanisms. Some 
of these (e.g., small non-parallelism of the 

surfaces or a small number of well defined 
changes in bar angle) can be calibrated out, in 
principle. Others (such as surface "waves" or 
variations in refractive index) could lead to 
omittance growth and must be strictly 
controlled. Figure and surface quality 
specifications typical of optical components 
would be more than adequate. For example, a 
typical optical flat has a surface figure of about 
1/8 X, nearly three orders of magnitude better 
than these bars would require. Thus, the 
problem is not so much of principle, but rather 
economics. For the smearing calculation here, 
it will be assumed that quality can be 
sufficiently well controlled so that S&iygD̂ oft 
can be ignored. 

6.3 8©Detector 
The smearing of the photon angles due to 
measurement granularity comes from the size 
of the Cherenkov image (as formed by the bar 
dimensions) convoluted with the granularity 
of the photodetector surface, divided by the 
length from the radiator end to the detector. It 
is not "fundamental" but is driven by 
economics. For example, for a photon 
traveling in the y-z plane, if we assume a 
detector made up of closely packed 2 in. 
PMTs (with spatial resolution SypMi-) located 
at 165 cm (£) from the end of the 1.23 cm 
thick radiator. 

An array of 1 in. tubes at 95 cm give the same 
resolution. 
6.4 Performance 
The performance of any imaging Cherenkov is 
a strong function of momentum, of course, 
because the angular separation between parti
cle species is such a rapidly varying function 
of momentum. The expected n/K separation 
versus momentum is shown in Fig. 9. There is 
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a natural enhancement of the separation at the 
forward angles due primarily to die increasing 
number of photons detected. Since the asym
metric machines can only produce the fastest 
particles at large dip angles, the detector 
described above actually has over 5o separa
tion for all B factory tracks. Even a device 
with SOrjetecior = 10 mr would have over 4o 
separation for all B factory tracks. 
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Figure 9. The predicted Jt/K separation as a 
function of momentum in a DIRC counter with a 
detector resolution of 6.8 mr. The lines show the 
dependence for a variety of track dip angles Op. 

7. COMMENTS ON THE DETECTOR 
MODEL 
A few comments follow on choices made in 
the model detector and some possible changes 
to the model. Most of these issues are 
discussed in more detail elsewhere [3]. 

7.1 Penetration of the Magnet Pole Pieces 
The solution discussed above requires 
essentially complete azimuthal penetration of 
the pole pieces by the light bars. This requires 
an external support structure for the end 

"plug" of the magnet pole piece, with the 
photodetection surface probably lying inside 
the support structure. Though this is clearly an 
unusual requirement on the pole piece 
structure and requires a detailed engineering 
analysis, it does seem feasible. 
There are many other options for penetrating 
the magnet pole pieces which can be 
considered, but ail have some potential 
difficulties, typically lead to some 
compromise in performance, and require 
understanding the magnet design in more 
detail. The best solution of all would be to find 
photodetectors with adequate performance 
that would operate in a magnetic field (see 
section 7.3). 

7.2 Endcaps 
The endcap-less detector configuration 
described above is very uniform and avoids 
the problems created by particles penetrating 
the central tracking endplates, but it does lead 
to long detectors. It is possible to build a 
DIRC with an endcap if it were required. 
However, it might need to be somewhat 
thicker than the barrel device for equal 
performance, and readout of the combined 
bars would be significantly more difficult. 

7.3 Detector Issues 
The number of PMTs required for a DIRC is 
large and a major component of the cost. 
Essentially, the detector resolution 
specification "fixes" the number of pixels 
required to cover a certain solid angle, as 
viewed from a single radiator bar. Of course, 
in the model device, the same pixels are view 
many radiator bars. Pixels must be placed 
sufficiently far away from the radiator end to 
reach the required resolution. Thus, in the 
limit that the bar size is negligible, the number 
of pixels required for a single bar device is an 
invariant. For a finite sized bar, the size 
required for these pixels is dependent on the 
nature of the focusing system. For the 
non-focusing standoff system discussed 
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above, there is a simple relationship between 
pixel size and the distance between the 
radiator end and the detector surface (see Sec. 
6.3). Minimization of the detector cost, while 
keeping the track overlap problem under 
control, tends to lead to tubes in the 2 in. 
range, but most other considerations would 
argue for smaller tube sizes. If very fast 
photodetectors could be used, the 
measurement of angle from the time 
dimension may become competitive with that 
available from position. This might allow a 
design with lesser resolution in one or both of 
the position measurements. Alternatively, in a 
high background environment, excellent time 
resolution will lead to better background 
rejection. 

Mesh phototubes provide substantial 
immunity to magnetic fields. However, 
presently available tubes do not have very 
good performance in the single photoelectron 
regime. Their cathode sensitivity is generally 
about 60% that of a good conventional tube, 
and they do not have a good single 
photoelectron peak. As an estimate, they 
might be expected to provide about 50% of the 
photoelectrons observed by a good 
conventional tube. 

In principle, a focusing system can be devised 
which will compensate for the finite size of the 
detector bar. This might allow the use of a 
rather small detection surface, with a very 
small pixel size, if an appropriate detector can 
be found. Possible candidate detectors are 
micro channel plate (MCP) PMTs; multianode 
PMTs [12]; and silicon photodeiectors[13, 
14]. Significant progress has been made in 
many of these devices in the last few years. 
However, at the moment we are not aware of 
any commercially available devices that meet 
all the necessary criteria. 

Finally, there are other mechanisms for 
obtaining information on the photon angle 
other than the standoff and focusing schemes 
discussed here [IS]. Some of these schemes 

are conceptually attractive and should be 
considered carefully. 
7.4 Costs 
The cost optimization of a DIRC is a complex 
multiparameter problem, and depends on 
many of the design choices. In general, 
radiator thickness can be traded for tube 
performance or radiator quality, and the 
number of channels can be traded against 
per-channel cost and desired performance. 
Although radiator manufacturing issues are 
probably the least well understood technically, 
the cost will almost certainly be dominated by 
per-channel detection and readout costs. As a 
very rough guess, the model device discussed 
above would cost about 10 M$. Space inside a 
crystal calorimeter is extremely expensive. For 
example, if a DIRC saves 15 cm of space 
which allows a smaller calorimeter, the cost 
savings from Csl volume alone would be in 
the 6-10 M$ range. In this sense the DIRC 
might be said to "pay for itself." 

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

We tested a small-cell drift chamber filled with a mixture of 50% helium and 50% ethane in a 1 Tesla magnetic 
field. A good spatial resolution(<rr = 88 ± 2/jm) and a good dE/dx Kso\ution(<riEiil;/dE /dx = 10.1 ± 0.2% 
with 10 samplings) were obtained. The energy loss as a function of /Jy was measured. The x-t relation and 
the spatial resolution were reproduced by a Monte Carlo simulation. Measured gas gain variation along the 
stereo wire of a 2.2 m long chamber was consistent with the calculation. A preliminary radiation damage 
test was carried out. 

1. INTRODUCTION 

A good momentum resolution is one of the most 
important requirements for the central drift cham
ber of a B-factory detector. For the central tracking 
chamber at the planned KEK B-factory, we are con
sidering the use of a small-cell type drift chamber. 
Because the majority of the decay particles of a B 
meson has momentum lower than 1 GeV/c, reduc
tion of the multiple scattering is important for im
proving the momentum resolution. Therefore, the 
use of a low-Z gas is preferred. Since low-Z gases 
tend to have a smaller photo-electric cross section 
compared with argon-based gases, they have the ad
ditional advantage for experiments at a high-current 
e + e~ storage ring that the background from syn
chrotron radiation photons can be reduced. 

So far, properties of helium-based gases such as 
helium-propane[I],helium-DME(dimethyletlier)[2] 
and helium-CC>2-'sobutane[3] as low-Z drift cham
ber gases have been studied by several groups. Here 
we study properties of a new gas mixture consisting 
of 50% helium and 50% ethane. This gas mixture 
has a long radiation length(640m), and the drift ve
locity tends to be saturated(4cm//isec) at a rela
tively low electric field, in spite of being helium-
based. This is important for the operation of small-
cell drift chambers because of the non-uniform drift 
electric field inherent in their geometries. Use of a 
saturated gas makes the calibration of the device 

easier, enabling reliable and stable performance. 
Even though this gas mixture has a low Z, a good 
dE/dx resolution is expected because of the pres
ence of ethane. Generally, pure hydrocarbon gases 
provide good dE/dx resolution[4]. 

In order to study the performance of a small-cell 
drift chamber filled with tfe-C2776(50/50) gas, we 
built a test chamber and carried out a beam test. 
The test was made in a 1 Tesla magnetic field to 
study the effect of the Lorentz force. 

In the second R&D step, we then tested a 2.2 m 
long chamber in order to explore potential diffi
culties for constructing the actual central chamber, 
several measurements of this chamber's performance 
were done. We obtained preliminary results for the 
radiation damage of the helium-ethane mixture. At 
the same time, we made a Monte Carlo simulation 
program, so as to reproduce our experimental data. 

2. GAS GAIN AND DRIFT VELOCITY 

The gas gain for He-CiH6(50/'50) was measured 
with the test chamber described below using 5.9 keV 
X-rays from a 5SFe source. The high voltage needed 
for achieving a gas gain in the range lO4 ~ 10s is 
found to be manageable, as can be seen in Fig.1(a). 
The drift velocity was measured by using another 
specially constructed test chamber and a S0Sr /J-ray 
source[5]. As shown in Fig.l(b), the drift velocity 
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Figure 1: The measured gas gain (a)and drift veloc
ity (b) for a 50% He and 50% C2He gas mixture. 

saturates at a lower drift field strength as compared 
with other helium-based gases[l-3]. The saturated 
velocity is about Acm/ftsec, which is not so small as 
compared with commonly used argon-based gases. 
Therefore, the collection time of all ionization elec
trons can be kept within a resonable value. 

3. ALUMINUM WIRE 

We want to use aluminum for field wires in or
der to reduce the amount of material in the gas 
volume. However, aluminum wire has been re
ported by the CLEO[6] and SLD[7] groups to have 
a so-call "creep" problem, resulting in loss of ten
sion with time. We measured the variation of 
wire tension with time using 120/mi diameter alu
minum wires (5056 alloy) which is commercially 
available[8]. Only a few percent loss of the initial 
tension was observed over a 200 day period. As a 
result, we conclude that this type of aluminum wire 
should have no creep problem in actual use. 

4. B E A M T E S T 

4.1 Test chamber 

The test chamber consists of 10 layers with 4 or 5 
cells each, as shown in Fig.2. The cells have square 
shapes, similar to those in the CLEO II central drift 
chamber[6]. The cell size is 15 mm radially with an 
azimulhal width that varies from 12 to 20 mm, mod
eling a section of the full cylindrical chamber. The 
sense wires are 30 ;i»n diameter gold-plated tung
sten wires and the field wires are 120 /mi diame
ter aluminum wires. Near the walls of the cham
ber, 120 fim molybdenum wires are used as dummy 

Figure 2: The wire configuration of the test cham
ber. 

sense wires in place of the 30 /mi tungsten wires. If 
30 /im wires were used, the gas gain in the cells near 
the wall would become too high due to the effect of 
the walls since the same high voltage is supplied to 
all cells in the same layer. Because of the limited 
aperture of the dipole magnet, the wire length was 
restricted to 200 mm. 

Using the measured drift velocity value, we calcu
lated typical equi-drift-time lines which are shown in 
Fig.3. Distortions caused by the 1 Tesla magnetic 
field are not significant except for the cell bound
ary region, which was. confirmed by the beam test. 
The electric field strength at the surface of the alu
minum field wires is less than 20 kV/cm at the maxi
mum operation high voltage(2.6 k V), thus satisfying 
a general guideline for avoiding radiation damage to 
the chamber[9]. 

Figure 3: The calculated equi-drift-time lines for the 
middle layer at 2.3 kV in a zero (a) and a 1 Tesla 
magnetic field (b). 
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The operational high voltage for each layer was 
determined so that the same gas gain is provided 
to all layers. It was estimated from a calculation 
so as to give the same line charge on the surface 
of all the sense wires. For example, 2.3 kV and 
2.37 kV were applied to the smallest and the largest 
cell, respectively. That the gas gain was the same 
was confirmed by measurements using a siFe X-ray 
source. In the following sections we only quote the 
high voltage setting of the smallest cell. 

4.2 Electronics 

We used charge-sensitive pre-amplifiers with a 
short decay constant(100 nsec)[10]. The output sig
nals of the pre-amplifiers were sent to amplifiers 
through 40 m long twisted-pair cables, and subse
quent signals were split into two signals on the am
plifier board: one was discriminated and was sent to 
a TDC; the other was sent to an ADC via a 200 nsec 
LC delay. Time digitization was done by means of 
LeCroy 4291 TDCs which have 1 nsec resolution for 
512 nsec full scale. The threshold level of the dis
criminator was set to keep the noise hit rate less 
than 100 Hz. This corresponds to a pulse height of 
about four ionization electrons at the typical oper
ation high voltage of this test(2.3 kV). LeCroy 2880 
ADCs were used to integrate the charge produced by 
all ionization electrons during the 1 /isec gate width. 
The average pulse height of a minimum-ionizing par
ticle corresponds to one tenth of the ADC full scale 
at 2.3 kV. Noise level of an ADC was one-fifteenth 
of the average pulse height. 

4.3 Setup 

The prototype chamber was tested in the T-2 
beam line of the KEK 12 GeV Proton Synchrotron. 
Tested momentum range was from 0.6 to 4 GeV/c. 
The setup is shown in Fig.4. The test chamber was 
located inside a dipole magnet in order to study the 
effects of a 1 Tesla magnetic field. A trigger signal 
was made from a 4-fold coincidence of the scintil
lation counters, SI through S4. The separation of 
IT'S and protons in the beam was done by the time-
of-fight measurement for low momentum beams and 
a threshold Cherenkov counter for high momentum 
beams. The beams entered the test chamber almost 
perpendicular to the layers. 

4.4 Result 

Figure 4: Setup of the beam test. 

4.4.1 Spatial resolution 

Spatial resolution is obtained by an iterative self-
tracking method. As a start, an approximate co
ordinate for each hit was calculated by assuming a 
constant drift velocity after the drift time, t, was 
corrected for time offset channel-by-channel. The 
trajectory of each track was reconstructed using the 
hit coordinates excluding the one under study. Then 
the distance between the track trajectory and the 
wire, x, was calculated for the one in which we are 
interested. As a result we obtained the distance-
to-time relation(x-t relation). The x-t relation was 
fitted by a fifth-order polynomial of the drift time. 
The function was determined layer by layer, and 
then the resulting functions were used to improve 
the track reconstruction. In such an iterative way 
the final x-t functions were determined. Fig.5 shows 
a typical x-t scatter plot together with the fitted 
curve. Fig.6 shows typical residual distributions. 
The average spatial resolution was determined by 
a gaussian fit to each residual distribution for the 
whole drift distance. The non-gaussian tail in the 
distribution reflects a dependence of the resolution 
on the drift distance. The average spatial resolu
tion including tracking errors (about 5 %) is shown 
in Fig.7 as a function of the operation high voltage. 
A resolution of better than 100 fim was obtained for 
high voltage settings above 2.5 kV. 

The spatial resolution as a function of the drift 
distance can be seen in Fig.8. Near the sense wire, 
the resolution deteriorates. As is well known, statis
tical fluctuations in the primary ionization degrade 
the resolution near the sense wire, but such contri
bution drops rapidly with distance from the wire. 
With 2.3/mm[ll] as the average number of primary 
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Figure 8: The measured spatial resolution as a func
tion of drift distance. 

ions along a track, the contribution is estimated to 
be less than 100 /ira at a 0.4 mm drift distance. This 
consideration applies to the 2.6 kV case. However, 
the deterioration extends beyond 0.4 mm at 2.3 kV 
since the relative threshold level is not low enough. 

The resolution also suffers a deterioration near the 
cell boundaries, which is caused by the distortion 
of the drift lines, but is not due to the effects of 
diffusion. Since the maximum drift length is less 
than 1 cm, the effects of diffusion are expected to 
be small; the coefficient D in the diffusion relation 
<rx = Dyjdrift length is estimated to be less than 
100 iim/\/cm using the measured resolution for a 
5 mm drift distance. The measured resolution near 
the cell boundary is above 200 /im, which exceeds 
the value expected from diffusion. 

4.4.2 d E / d x measurements 

We checked saturation of the gas gain due to the 
space charge effect using a 0.8 GeV/c ir/P beam in 
order to find an optimum operation high voltage. 
At 0.8 GeV/c, the energy loss for protons is about 
two times of that for pions. The measured energy 
loss ratio for protons and pions starts to drop above 
2.4 kV, as seen in Fig.9. 

Fig. 10 shows the pulse height distribution of a sin
gle cell. The long tail on the higher side of the dis
tribution (the well known Landau tail) is apparent. 
However, the observed tail is less pronounced com
pared with that seen for argon-based gases. This 
is a characteristic of hydrocarbon gases which has 
been reported by other groups[4]. The result indi
cates that the characteristics of the Landau tail of 
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ethane does not substantially change even if it is 
mixed with helium. 

Because of the relatively small Landau tail, we ob
tained the best dE/dx resolution when a relatively 
larger truncated mean of 80% was used. This can 
be compared with the case or the TOPAZ-TPC[12], 
where a pressurized Ar — CH^SO/IO) gas mixture 
is used and the best resolution is obtained using a 
65% truncated mean. Fig.ll shows the pulse height 
distribution for an 80% truncated mean using 10 
layers. A good dE/dx resolution of 10.1 ± 0.2% is 
obtained for a 1 Tesla magnetic field. 

We measured the momentum dependence of the 
energy loss, and extracted a fly dependence. Fig. 12 
shows the measured results. The restricted energy 
loss[13] can be expressed as 

' ' " I " ' " ' I ' ' ' ' I ' ' ' ' 
: He-C2H6(50/50) *0"'/° »* B " , T HV.-MHV 

10 layers <S0X> 

dE/dX _ 1 
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Figure 11: The measured 80% truncated mean pulse 
height distribution for 10 layers. 
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where / is the effective ionization potential, Emax is 
the maximum measurable energy and S is a param
eter characterizing the density effect which is small 
in our 0y range . We adjusted the •J1meEmaxjl to 
fit the data; the solid line in Fig.ll is the adjusted 
curve( V?rncEmal/I = 2500,* = 0). Using this 
curve, the energy loss difference between TS and Ks 
at 2 GeV/c is calculated to be 8% (the correspond
ing value for TOPAZ-TPC is 12%); the relativistic 
rise for the tested gas is smaller than that for the 
argon-based gases. 

5. MONTE CARLO SIMULATION 

5.1 Algorithm and Effects taken into ac
count 

dE 1 . /S/2mtpy*Em ^ o c ^ H j 1 
6 ] Average 2.3 ion clusters are created per lmm 
2 along the path of a minimum ionizing parti-
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cle(M.I.P) in the gas mixture of 50% helium and 
50% ethane at an atmospheric pressure. The total 
sum of primary ionizations and secondary ioniza
tions (total ionization) is 5.3/mm along the M.I.P 
track. The j-ray effect is neglected, because experi
mentally observed energy loss distribution has small 
Landau-tail(Fig.lO). It is assumed that the electron 
cluster is point-like just after creation. The clusters 
diffuse during the drift toward the sense wire due to 
the random collision process and will have Gaussian
like distribution. The cluster spread is proportional 
to the square root of the length of the drift path, 
ad = d\/7 (/ in cm). The constant d for a single 
electron is called the "diffusion coefficient". The 
diffusion coefficient of He — C2//o(50/50) has been 
measured[13]. And its electric field dependence is 
small when the electric field strength is higher than 
0.5 kV/cm. Therefore, the diffusion coefficient is 
assumed to be constant, 160/jm/y/cJn. The drift 
velocity and gas gain were used the measured val-
ues(Fig.l). 

In this simulation, we assume that the single 
electron gives an input signal to the discriminator 
having a rise time of 20 nsec and exponential tail 
falling with 20 nsec decay constant. The signals 
are summed up according to the arrival times of 
the electrons to the sense wire. To simulate the 
electronics noise contribution in the signal, we ar
tificially added noise component whose amplitude 
obeys Gaussian distribution with a width of Vnoi,t 

in each 1 nsec time bin to match with the frequency 
characteristics of the electronics. Because the dis
criminator used in our measurements does not re
spond to the spike noise, we assume that the drift 
time is determined by the leading edge when the 
pulse hight crosses the threshold voltage(V77ire«.) 
and stays for more than 3 nsec. 

5.2 Comparison of data with simulation 

In Fig.13, the measured x-t scatter plots are 
shown by dots. The line indicates the x-t relation 
curve obtained by fitting x-t scatter plots of Monte 
Carlo events. The drift velocity and the Lorentz an
gle are parametrized and calculated in the following 
form, 

tana = 
BV0 

kE 

Vo = V(E,B = Q) 

Distance from Sense Wire (mm) 

Figure 13: Typical x-t scatter plot. Dots represent 
the experimental data. Solid line shows a simulated 
x-t relation curve. See the text in detail. 

(a) ll.V =B.8kV 

..•• 
(b) >I.V.~2.3kV 

* Experiment!) data 

A 
.^.^L 

Drift Uislancefnim) 

Figure 14: Spatial resolution as a function the drift 
distance for 2.6 kV case(a) and 2.3 kV (b). Data 
points were obtained from the beam test. His
tograms show simulation data. 

where E and B are electric and magnetic field 
strength, V is the drift velocity and a is the Lorentz 
angle. The Lorentz angle of Argon based gas had 
been measured, and k has been set as 0.75[14]. It is 
revealed that the parameter k is the gas-dependent 
and in our case k = 1. The x-t relation obtained by 
the simulation could get good agreement with the 
experimental data. We think that a small difference 
at larger distance is caused by the fact that k is not 
constant( k depends on E ). 

The drift distance dependence of the spatial res
olution is shown in Fig. 14. The deterioration of 
spatial resolution near the sense wire and the cell 
boundary is well reproduced. The former is due 
to the statistical fluctuation of the ionizations, and 
the latter is caused by the drift field distortion. 
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The calculated high voltage dependence of the over
all resolution due to the gas gain variation is con
sistent with that of data. In this calculation, 
V/voi.e/VVftre.. is set to be 0.7. In our case, it seems 
that the noise level and the rise time of the signal 
are the dominant factors of limiting our spatial res
olution. 

6. ACTUAL LENGTH CHAMBER 

The wire configuration of a 2.2 m long test cham
ber is shown in Fig.15. This chamber consists four 
axial and one stereo layers. The stereo angle(2.7°) is 
determined to keep the gas gain variation along the 
wire to less than 10%. The solid line in Fig.16 shows 
a calculated gas gain variation along the stereo wire. 
A wave-like behaviour in Fig. 16 are caused by the 
fact that the stereo wire crosses the sense wires 
of the neighboring layers. The experimental data 
points in Fig.16 were measured using 5 5 F e X-ray 
source. The data points are consistent with the cal
culation except for both edges. The difference are 
caused by the effect of the endplates which are not 
taken into account in the calculation. The result 
indicates that we can reliably estimate the gas gain 
variation for other layers from the calculation. This 
provides an important method for determining the 
stereo angles in the final wire configuration. 

In the second test, we measured the pulse height 
distribution as a function of the incident angle using 
4 GeV/c electron beams. Fig.17 shows peak pulse 
height as a function of the incident angle. The pulse 
height in the vertical axis is corrected for the pass 
length. Data at three different high voltage setting 
are shown in the figure. In 2.5 kV case, the pulse 
height drastically drops around 90° and in the small 
angle region. The drop of the pulse height around 
90° is caused by the gas gain saturation. That of 
the small angle region is caused by the saturation of 
the post-amplifier. There are no drop of the pulse 
height in the 2.2 kV data. At 2.3 kV, which is close 
to an operating high voltage in the full size device, 
the drops are small. These results are consistent 
with that of the previous beam test(Fig.9). Presence 
of a slope is explained by the fact that, since the 
energy loss distribution in the gas chamber behaves 
as a Landau distribution, the peak pulse height is 
in general lower than the average, however, they 
become closer as the pass length increases due to 
increased statistics. 

7. RADIATION DAMAGE TEST 

2 2m long chomber : ££-£ . ££,1. 
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Figure 15: Wire configuration for a 2.2 m long 
chamber. 
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Figure 16: Gas gain variation along the stereo wire. 
Data points shows experimental data. Solid line 
represents the expected line from the calculation. 
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Figure 17: Peak pulse height as a function of the 
incident angle. 
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We tested the radiation damage of the wires in 
the helium-ethane mixture. We constructed a small 
test chamber using the same wires as we plan to 
use in the full size device. Aged spot was irradiated 
using a 100/iC»' 9 0 5 r source. The gas gain were mon
itored using a 5 5 F e X-ray source once a day. Fig.18 
shows the results. The gas gain drop was clearly 
observed in the aged spot. However, a spark and an 
enhanced dark current were not observed. We mea
sured the deposit material on the surface of the wires 
using SEM/XES( Scanning Electron Microscope/X-
ray Emission Spectroscopy ) after the test. We 
found the Si and 0 in the aged spot of the sense 
wire. These atoms are found in the radiation dam
age test for other gas mixture[9]. No difference is 
found in both aged and reference spots of the alu
minum field wires. 

Based on these results, we have no special prob
lems using the proposed gas mixture and using the 
aluminum field wires. We can operate this type of 
chamber for 10 years or more at an expense of 20 % 
gain drop, assuming the sense wire current will be 
kept less than 5 fiA per layer. However, we plan to 
use some type of gas filters for minimizing the gas 
gain drop. 

8. CONCLUSIONS 

A good spatial resolution(<rr = 128 ± 2/itn) and 
a good dE/dx resolution {<rdi;/ix/dE/dx = 10.1 ± 
0.2% with 10 layers) were obtained using a small-
cell drift chamber which was filled with a low-Z gas 
of helium-ethane mixture(J7e - C2 #6(50/50)) and 
operated in a 1 Tesla magnetic field. Our mea
surements indicate that the actual B-factory central 

drift chamber, with 40 sampling layers, is expected 
to achieve, 

2 i = 5 x l 0 - y f ? + l [Pt:GeV/c), 

dE/dx ~ 5 % " 

A better momentum resolution can be obtained at 
higher gas gain operation at the expense of larger 
gas gain saturation in the dE/dx measurements. 

The x-t relation and the spatial resolution ob
tained by the small chamber were reproduced by 
the simulation. Therefore using the simulation, we 
can further optimize the design of the chamber, such 
as the cell structure and gas mixture. 
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Design and Test of Cathode Strip Readout 

Akira Sugiyama 
N-HE. Dept. of Physics, Nagoya Univ., 
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ABSTRACT 

Cathode readout performance has been studied on small cell drift chamber operated with He/CjHg fast and 
low material gas mixture. Obtained cathode resolution satisfy the requirement ( 500 (im) for incident angle 
greater than 50°. Systematic stduy of resolution is considered to improve the resolution at the region of 
incident angle smaller than 50°. Offline study with simulated cathode pulse height assures the ability of Z 
trigger and Z position information under 8 segmentation of strips along <f> direction. 

1. INTRODUCTION OF PDC 

Precision Drift Chamber (PDC) is the inner 
tracking detector of KEK B-factory detector which 
covers the region from 8 cm to 25 cm in radius 
between the vertex detector and the central drift 
chamber and from 17° to 150° in the polar angle 
with respect to the electron beam axis. PDC pro
vides fast Z information by cathode strip readout 
as well as tracking information as a drift chamber. 
The purposes of PDC is 

1.) to help CDC track linking to the vertex hits, 
2.) to extend low Pp track acceptance down to ~ 
100 MeV/c, 
3.) to reduce off-vertex background by the fast Z 
trigger information from cathode strips. 

However material near the interaction point may 
result in loss of momentum resolution for tracking 
as the multiple scattering tak<;s an important role 
for lower momentum tracks. The space near the in
teraction point(IP) is limited by accelerator's com
ponents such as the final focus Q and separation 
bend magnets. Hence PDC has to satisfy following 
conditions, 

4.) low materia], 
5.) compact structure. 

The extrapolation resolutions had been studied 
and reported on the '91 workshop proceedings!!]. 

Track extrapolation onto the vertex detector is pos
sible in z only using PDC since no accurate z track
ing in CDC is attempted. Extrapolation in r — <j> 
improved by using PDC hit points with CDC track 
momentum constraint up to 100/im. For the pur
poses of 1.) and 2.), targets of PDC spatial resolu
tions are 100/im in r-4> and 500/jrn in z respectively. 
Further study about condition 3.) is shown in the 
following section. 

The basic designing is not changed since the last 
report [2]. Detail design is going with several R&D 
studies, such as test of thinner cathode strips, basic 
cathode resolution, slanted endplate effect to PDC 
effective area, barrel cylinder and so on. 

2. CATHODE READOUT CHAMBER 

As the current design of PDC cell structure is es
sentially same as that of CDC, there is no wonder 
PDC has the same performance in r — <j> coordinate 
as CDC does (100/xm in r - </> resolution)[2]. If we 
give up the dE/dx information obtained under the 
proportional mode operation, PDC will provide bet
ter spatial resolution with higher gain operation. It 
is worth optimizing PDC for tracking and trigger
ing rather than a multiple purpose detector which 
can assist dE/dx information as well. The spatial 
resolution using fast, gas has been studied by test 
chamber and is known to have good resolution about 
IQfim at the middle drift region. So we concentrate 
to discuss the cathode readout performance in this 
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section. 

2.1 Cathode Readout 
Cathode readout technique has been developed 

with MWPC using the magic gas mixture since the 
late 70's and some papers show the intrinsic res
olution is better than 100/iro.[3J Numbers of ex
periments have used the cathode readout MWPC 
as tracking and triggering devices such as LASS, 
CELLO and DELPHI. Magic gas operation with 
freon gas in MWPC can reduce the effective gap 
length to localize gas multiplication as far as the 
chamber can keep the efficiency. 

However the drift chamber cannot use the elec
tronegative gas in order that the chamber does not 
lose the efficiency over longer drift spacing compar
ing to that of MWPC. All of ionized electrons de
posited in a cell will contribute to the chamber out
put signal. A Shallow track with respect to the an
ode wire will cause in the spreaded avalanche and 
a broad distribution of induced pulse on the cath
ode plane. This will result worse cathode resolution 
than the normal incident particle. It is the most 
different point of the cathode readout drift chamber 
froi.i the magic gas operated MWPC. 

Mixture of He and C2//6(50/50) is the candidate 
of PDC gas, which is the fast gas ( fast saturation 
at low electric field and fast drift velocity ) will be 
used also in CDC. It is an advantage to apply this 
gas to the cathode readout that the effect of 6-rays is 
smaller than that of AT based gas such as the "magic 
mixtures". In the case of Ar based gas operation, 
the cathode resolution would be spoiled by £-rays 
especially for the shallow angle track, which makes 
the resolution very much pulse height dependent. 

2.2 Test Chamber 

Test chamber to study the basic performances of 
the cathode read out is designed for the cosmic ray 
and beam test. It contains reference chamber as 
well as cathode readout drift chamber to remove 
an ambiguity in the alignment of cathode strips to 
the reference. The volume of test chamber becomes 
large to keep enough event rate even in Cosmic ray 
run and to study shallow angled track as low as 20*. 

Reference tracking wires are strung across the 
axial-direction on the top and the bottom sections of 
the test chamber to determine z position of tracks, 
and each part has two layers with 50 cells each. 

Reference wire parts are separated by 2mm thick 
carbon fiber reinforced plastic (CFRP) plates from 
cathode readout parts. Cathode readout chamber 
with axial wires has two volumes separated by three 
CFRP plates of 2mm thick, inside of which are 
placed cathode strips facing to the axial sense wires. 
The pitch of cathode strips are 8mm with limn gap. 
5 axial layers are placed in each side separated by 
the middle CFRP plate. The size of both reference 
and axial cells are 12mm x 12mm square cell where 
a sense wire is surrounded by 8 field wires. The 
length of axial wires is 60 cm and that of reference 
wires is 15 cm. Sense wires are made of Tungsten 
with 30 prn diameter and field wires are made of 
Cu-Be with 120 pm diameter. 

Cathode strips are made of Copper etched on 50 
(tm thick polyimide flexible sheet. Two type of cath
ode sheets are tested to estimate the effect of cross 
talk between cathode strips and read out lines. One 
has read lines on the same side where the cathode 
strips are etched and the other has read lines on 
the back side connected to the cathode strips by 
through holes. The thickness of Copper is 35 (tm 
for the former case, and 36 fan for the later case. 
As the preliminary study showed that there was no 
difference among those types in our noise situation, 
all studies is done using the latter type of strips 
which is more realistic design for the real PDC. 

36 (tm thick copper corresponds to 0.25% radi
ation length. Total material of 4 layers cathode 
planes and effective thickness of readout lines leads 
~ 1.5% radiation length without taking supporting 
planes into account. In the real PDC, we plan to 
use 3 layers of 1mm thick CFRP barrel cylinder to 
support endplates and cathode strips which result 
in ~ 1.6% radiation length. To reduce the material 
of PDC, new cathode sheet are under developed by 
the ion-plating method which may reduce the cop
per thickness comparing to the current method. 

2.3 Beam and Cosmic ray Run 
Data were taken by the beam test at KEK T2 

beam line in '91 and by cosmic ray in '92. The 
beam test was devoted to take basic data of cathode 
readout performances as a function of track incident 
angle and results had been presented[2]. Cosmic ray 
test was carried out with four different conditions. 
One is spent to check the consistency with the beam 
test, one is operated under higher gain H.V. to im
prove signal to noise ratio to be 10 times better thaa 
that in the beam test. Remaining two sets are op-
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erated with different gas concentrations to change 
the number of primary ions under the same S/N 
condition. 

Through the cosmic ray experiment, the pream
plifiers, post amplifiers and other electronic equip
ment are based on the same devices used at the 
beam test. 

3. CATHODE RESOLUTION 

3.1 Sources of Cathode Resolution 

The possible sources of cathode readout error are 

1.) discreteness of primary ions, 
2.) fluctuations of number of produced primary 
ions, 
3.) fluctuations of number of secondary ions which 
may cause in 6 ray, 
4.) diffusion, 
5.) fluctuations of gas gain including space charge 
effect, 
6.) electronics noise, 
7.) mechanical and electrical imperfection of cath
ode strips( uniformity of thickness, gap length be
tween sense wire and strip, cross talk..) and 
8.) systematic error in converting charge distribu
tion on the cathode to avalanche position. 

Cathode resolution for a drift chamber is simulated 
by some people and compared to data. Honeycomb 
strip chamber[4] obtains the spatial resolution as a 
function of the track incident angle with respect to 
the normal of chamber plane, a = ol+(<r+)2 and o+ 
= 750 ~ 900/im which implies 560pm for 50° track. 
On the other hand, 1.3 mm resolution for the same 
angled track was reported by different group[5]. 

We are developing MC simulation to understand 
cathode resolution comparing with obtained data. 
Among the sources of error listed above, we take 
effects of 1.), 2.), 3.) and 5.) only into account 
at present. The induced charge distribution on the 
cathode plane is approximated by overlapping mir
ror images of point-like charges on the sense wire on 
the idealized cathode conductor. The response from 
a point charge is described as 

n——o 

where z, y show the distances to the point charge 
in the cathode plane, d corresponds to the distance 
normal to the cathode plane, I is a gap length be
tween a sense wire and the cathode plane and Qo is 
a point charge. Induced charge on each strip from 
a point charge is obtained by integrating a over a 
cathode strip, 

«"-SE<-«r(£3r)(— fcSfe] 

where 

9 l = L y/{x + 6)i + e* + (2n + 1)*/* 

jft = V ( * - * ) 2 + e 2 + f > + l ) 2 / 2 , 

6 and e show a half width and length of a strip 
respectively and z used here means a projected dis
tance between a charge and strip center on the cath
ode plane. This model doesn't take any effect from 
existing wires, wire thickness, the opposite side of 
the cathode plane( there are wire cells instead of 
conductor plane ) and so on. 

3.2 Charge Distributions on the cathode 

The charge distribution data taken by the beam 
test had been shown on the last progress report[2]. 
The distributions are described well qualitatively by 
reducing the pass length in the chamber to absorb 
model imperfection. The beam test data show the 
asymmetry in the charge distribution for the track 
with incident angle below 50° in track incident an
gle. The source of asymmetric distribution is inter
preted as the effect of asymmetric electrostatic field 
around a sense wire where the cathode plane occu
pies one side and regular wire cells are placed on 
the other side. Electric field calculation around a 
sense wire resulted in 0.5% higher electric field on 
the cathode plane side comparing to the opposite 
side, which corresponds to 10% gain difference at 
this operation H.V. In order to remove this effect, 
some data are taken with the higher gain operation 
which tends to suppress gain differences by space 
charge effects. 

Fig. 1 show the (normalized) charge distribution 
for applied H.V.= 3.25 kV with He : C2fffi(10:90) 
gas concentrations. Asymmetry has gone with the 
higher gain operation. 
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Figure 1: The normalized charge shape on the cath
ode strips at 3.25 kV with He : C7H^(10:90) gas for 
50° tracks. 

3.3 Ca thode Resolution 

At the beginning of cosmic run, data were taken 
under the same operating condition as the beam test 
to check the consistency of the system. Acceptance 
of incident track angle was limited by the number of 
available electronics at one setup. The spatial res
olution is calculated by the same procedure as the 
beam data was treated. The consistency check is de
voted to take data for tracks with incident angle be
tween 60° and 90° where the beam data didn't have 
enough data points except 90°. Obtained anglular 
dependence of the cathode resolution from cosmic 
data match the beam data well as shown in Fig. 2, 
while the cosmic data shows a little bit better per
formance at 90° because higher operation voltage(50 
volts) helped to increase S/N ratio. The resolution 
at 80° is better than that at 90°, because spreadcd 
avalanche for 80° track produce higher pulse height 
( higher S/N ratio ) due to the space charge effect. 

Noise contribution to the resolution together with 
the beam test data are plotted on Fig. 3 as a func
tion of applied H.V., which shows S/N dominates 
the spatial resolution below 2.5 kV. After the consis
tency check, amplifiers' gain were adjusted to keep 
S/N ratio greater than 80 even for 90° tracks at 
higher gain operation ( H.V. was set to 2.6 kV ) 
with He/CtHe (50/50) gas. This condition assure 
the noise contribution to the spatial resolution to be 
less than 200/im as shown in Fig. 5, while the beam 
test was operated at the region of S/N ~ 20 for 90° 
track, where the noise has appreciable effects. 
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Figure 2: The cathode resolution as a function of 
incident track angle from Beam test (shown as black 
dot) operated at 2.35 kV and cosmic ray ( open 
circle ) operated at 2.4 kV. 
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Figure 3: The noise contribution to the cathode res
olution (solid line) as a function of applied high volt
ages for 90° track. Dots show beam test result. 
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Figure 4: The cathode resolution vs. S/N ratio. 
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Figure S: Angle dependence of the cathode 
resolution for cosmic ray data with nominal 
He/C 27/ 6(50/50) gas mixture ( shown as solid dots 
), with He/C2H6(10/90) at 3.25 kV ( solid squares 
) and with /fe/Cjff 6(80/20) at 1.90 kV ( open 
squares ). The solid line is obtained from the simu
lation of 50/50 mixture and dashed line corresponds 
to pure ethane gas. 

To achieve the requirement on the overall reso
lution less than 500/im, cosmic run were devoted 
to study the angle region from 30° to 60°, for the 
most probable angle of decay tracks from boosted 
T(4s) is about 50°. Obtained data are shown as 
solid dot in Fig. 5. Obtained resolution is less than 
600 ftm at 50° incident angle including tracking er-
ror( 100pm ). MC simulation is show as solid line 
in the same figure, which describes data very well 
in these region. The most contributing source to 
the resolution is found to be the fluctuation of the 
primary ion distribution. Dashed line shows the 
case of doubled ionization density density which cor
responds to pure ethane operation. Data is take 
with He/CtH6 (10/90) gas 3.25 kV to confirm the 
primary ionization effect. The result is shown as 
black squares in Fig. 5 together with the opposite 
case reducing the density of the primary ions by us
ing HeCiHe (80:20) at 1.90 kV as shown in white 
squares. The resolution is (dis)improved by using 
more(less) dense gas, but it is not as good(bad) 
as MC simulation expects quantitatively. It needs 
more study to fully understand this effect. 

4. PDC TRIGGER AND SIMULATION 

PDC simulation has been developed to evaluate 
the realistic PDC performance and to determine the 
PDC design in detail. Obtained charge shape and 

-j o 
Distinct (cm) 

Figure 6: Z trigger efficiency for single track origi
nated from various z position. 

pulse height distributions are taken into account in 
this simulation. This simulation is the stand alone 
program now but it will be implanted in the full 
detector simulation later. The <f> segmentation is 
evaluated by the simulation as discussed in the fol
lowing sections. 

4.1 PDC Z Trigger 

The basic study had been shown by the simple 
simulation without taking induced charge spread 
over strips into account in the previous report[2]. 
Introduction of induced charge spread will not affect 
trigger efficiency of true events originating from IP, 
but ability of background rejection may decrease es
pecially for the forward/backward region, as tracks 
in this region produce more extra hits on adjacent 
cathode strips and will make some 'fake' trigger tow
ers. Single track z trigger efficiency as a function of 
z position of track origin is shown in Fig. 6 , whose 
tails are much wider than the previous one shown 
in ref.[2]. The real b event makes at least five trig
gered towers, while background events are expected 
not to make so many towers. 

The division of cathode strips along 4> direc
tion help reducing accidental background trigger. 
Smaller segmentation can reduce accidental trigger 
but it results in too many readout lines to handle 
in limited PDC space. As track passing near sec
tor boundaries induces hits on both sectors, it is 
no use dividing strips finer than the charge spread. 
A <j> segmentation into 16 sectors is the maximum 
solution, but it is already very difficult to handle 
in the limited space. Even 8-sectors segmentation 
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Overlap multiplicity 
Figure 7: Probability of overlap on cathode strips 
on the inner most layer as a function of overlapping 
multiplicity. 

can reduce background with optimizing number of 
required trigger towers. Trigger information from 
the vertex chamber also improve the capability of 
background rejection drastically. 

4.2 PDC Simulation including Charge 
spread 

The other important role of <t> segmentation of 
cathode strips is reducing ambiguities of match 
point making between r - <j> hits and z hits. As 
the cathode strips are orthogonal to sense wires 
to provide fast trigger information, wire informa
tion and cathode information are independent each 
other. Match point ambiguity increases quadrati-
cally as the number of hits in one sector. Correla
tion between anode and cathode charge helps to re
solve this ambiguity. Also timing matching between 
anode and cathode signal may reduce the ambigu
ity unless two tracks share the same cathode stirp 
center or anode wire. Number of overlapping hits 
depend on <t> segmentation as shown in Fig. 7. 24% 
of track have overlapping cathode signal with other 
tracks even for 8 segmentation in <j>, while 16 seg
mentation results in 14% overlaps. These numbers 
are too pessimistic because the definition of over
lap is too strict. It is possible to get z informa
tion even from overlapping charge distribution using 
anode charge constraint if two tracks are actually 
separated on anode wire. 8 segmentation of PDC 
cathode strip is thought to be enough in the cur
rent design with a consideration of limited space for 
readout lines. 

5. CONCLUSION 

500pm cathode resolution is achieved for the re
gion of incedent angle larger than 50° on small cell 
type drift chamber with He/C^Hs mixture. The 
performance of cathode readout chamber for trig
ger and tracking is simulated using realistic data. 
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ABSTRACT 

We are considering resistive plate counters as a possible technology for use as muon detectors in a B-factory 
experiment. A brief history and description of the performance of resistive plate counters is presented. Prototype 
test results demonstrate that these counters are capable of providing adequate time and spatial information in a 
compact detector. Time resolution of 2 ns and spatial resolution of less than 1 mm have been obtained in 30 x 30 
cm polyvinylchloride resistive plate counters. These counters have operated with no degradation in performance 
while being radiated with 10 Hz/cm2 from radioactive sources. Test results are presented and future plans are 
outlined. 

1. INTRODUCTION 

The requirements for muon detection in a B-factory 
experiment such as the one proposed at KEK are that 
the muon detectors provide time information for use 
in event selection (triggering) and have adequate 
spatial resolution (few cm) for matching hits to muon 
candidates from the tracking chambers. The surface 
area covered amounts to over two thousand square 
meters. In the barrel region the counters are 
sandwiched between layers of iron for possible 
detection of K^ interaction products. A proposal for 
the KEK B-factory detector is shown below with muon 
detectors outside the superconducting coil in the barrel 
region and outside the iron in the endcap region. 

- 4 - 3 - 2 - 1 0 1 2 3 Aim) 
Figure 1: Diagram of KEK B-factory detector. 

This work supported by DOE grant 92-0866-12. 

As an alternative to a combination of scintillators and 
drift chambers we are considering the use of resistive 
plate counters for muon detection. A Resistive Plate 
Counter consists of two parallel plates separated by a 
gas-filled gap. An electric field of ~40 kV/cm is 
applied across the gap such that an ionizing particle 
initiates a discharge. The high resistivity of the plates 
(typically l o " i i cm) and the quenching 
characteristics of the gas limit the discharge to a small 
area of the plate -0.1 cm 2. The current in the 
discharge induces a signal on pickup strips or pads 
outside of the resistive plate. The recharge time is 
determined by the bulk resistivity of the plate and the 
surface resistivity on the outer surface of the plate. 
Typical recharge times are estimated to be ~ 10 ms[l]. 

The earliest versions of this counter used conducting 
plates with an external current limiting circuit[2]. In 
the late 1970's small resistive glass counters were built 
with 100 urn gaps operating with a gas pressure of 12 
atmospheres. These counters obtained time resolution 
as low as 30 ps and spatial resolution of 200 um[3]. 
In the early I980's Santonico and Cardarelli began 
making resistive plate counters with bakelite 
electrodes[4]. These 1 x 2 meter counters, which 
operate at atmospheric pressure, have been used in 
cosmic ray and accelerator experiments (SINGAO and 
Fermilab E771). In 1988, Battistoni et al reported the 
operation of a RPC constructed with 
PolyVinylChloride plastic resistive plates which 
showed remarkably quiet operation's]. Encouraged 
by these results we are engaged in the construction of 
large area PVC resistive plate counters to test their 
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applicability as muon detectors in a B-factory 
experiment. 

2.2 Polyvinylchloride Electrodes 

2. HISTORY AND PERFORMANCE 

2.1 Bakelite Electrodes 

Resistive plate counters constructed with phenolic 
polymers (Bakelite) have been built by a group of 
physicists lead by R. Santonico at the University of 
Rome. These counters have been used for several 
years in beam tests, cosmic ray experiments, and a 
fixed target experiment E771 at Fermilab. For quiet, 
efficient operation of these counters the inner surface 
of the bakelite electrode is coated with linseed oil. 
Table 1 lists some of the parameters of these 
counters[6]. 

Table 1: Bakelite Resistive Plate Counter Parameters 

Electrodes 
Gap 
Gas Mixture 
Gas flow 
Dimensions 

Area 
Thickness 

Pick-up strip 
Average hit charge 

height 
" " duration 
" " resolution 

Electric field 
Local recovery time 
Local discharge area 
Rate capability 
Noise 

Phenolic polymers (Bakelite) 
2 mm 

70% Argon 29% Butane 1% Freon 
O.IVoI/hr 

1x2 m 2 

2 mm 
1-3 cm wide SO Q impedance 

100 pC 
0.4 Volt 
10 ns 
1 ns 
40 kV/cm 
3 x 10- 2 s 
10-1 c m 2 

10 5 particles/s /m 2 

IkHz/m 2 

Measurements of the rate capability of these counters 
have been performed at CERN and at the TRIGA 
nuclear reactor at (he ENEA Casaccia Laboratory[7]. 
The CERN tests measured the efficiency with local 
rates up to 140 Hz/cm2. The TRIGA measurements 
indicate (hat the local rate capability is effected by (he 
total rate incident on the counter. Measurements 
were made with local rates up to ~ 30 Hz/cm2 and 
total rates of ~ ISO kHz. They reported no 
deterioration in RPC performance during six months 
of running while accumulating ~2 x 1 0 1 0 sparks. 

G. Battistoni and company at the National Laboratory 
in Frascati, Italy built and tested a resistive plate 
counter with electrodes constructed of plasticized 
PolyVinylChloride . This counter was 20 x 20 cm 2 

and had a single copper pickup pad also 20 x 20 cm 2 . 
The sing!?? rate as a function of high voltage is shown 
for this counter in Figure 2 . 
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Figure 2: Singles counting rate as a function of high 
voltage. 

This counter has a 1 kV wide plateau with a singles 
rate of about 20 Hz. Below is the distribution of the 
time difference between two identical RPCs. This 
distribution has a standard deviation of 1.4 ns. 
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Figure 3: Distribution of the time difference between 
two identica' spark counters. 
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3. VPI PROTOTYPE TESTS 

We have built and tested dozens of resistive plate 
counters varying in size from 15x15 cafi up to 60 x 
60 cm 2. We have compared counters with gaps of 1.5, 
2.0, and 2.4 mm. As expected, the properties of the 
electrode and the gas mixture are very important. We 
have tested PVC electrodes with bulk resistivity of 5 x 
10" and 8 x 10 9 fi cm. Counters with the lower 
resistivity electrodes have a faster recharge time and a 
higher dark current at a given voltage and gas 
mixture. A schematic diagram of the cross section of 
a RPC is shown below. 

SI|Ml 

10 " f l . o n PVC 

Figure 4: Schematic cross section of a RPC. 

The way in which the charge is distributed across the 
outer surface of the electrode also effects the dark 
current and recharge lime. We have experimented 
with conducting paint, tape, wire, and ink. Our best 
solution thus far is a grid of india ink lines which have 
a point to point DC resistance of typically 5 MCI This 
relatively high impedance maintains the transparency 
of the plate to the high frequency signals generated by 
the discharge. This transparency is critical for 
inducing a localized signal on the pickup pads outside 
of the counter. The india ink grid lines arc shown 
below. The high voltage conductor is soldered to a 
small strip of copper tape to connect to the ink lines. 
The ink lines are 1 mm wide with a 1 cm grid spacing. 

^ t u l t l l n PVC 

The gas mixture is critical for stable, efficient 
operation. We have tried 10% methane 90% argon (P-
10), 10% C 0 2 1 % methane 89 % argon (HRS), and 
various mixtures of butane, freon 13-81, and argon. 
A mixture that works well for us is about 25 % 
isobutane and 5% freon with the balance argon. 

We have coated the inner surface of the electrodes 
with acrylic spray, mineral oil, and linseed oil in an 
attempt to reduce the dark current and spurious 
discharges. The linseed oil does have the desired 
effect, typically reducing the current and singles rate 
by a factor of 2 to 4. 

Our test setup consisted of a three scintillator 
telescope to define a charged cosmic ray passing 
through the resistive plate counter to be tested. The 
signals coming from the RPC typically have a several 
hundred millivolt peak and are about 20 nanoseconds 
wide at half maximum. We split the signals, sending 
them to both time to digital converters (TDCs) and to 
analog to digital converters (ADCs). We compare 
test counters measuring the efficiency, time resolution, 
signal size, singles rate, and dark current. A typical 
efficiency curve is shown below with a knee at about 4 
kV/mm and a long plateau with 99% efficiency. 

Figure !>: India ink grid lines lor high voltage 
distribiition. 

4 • 
Electric Field (kV/mm) 

Figure 6: Resistive plate counter efficiency vs. 
electric field. 

The time difference between the RPC hit time and the 
average time of the two nearest scintillators is used as 
a measure of the RPC time resolution. This 
distribution is shown below for a typical counter. The 
peak has a standard deviation of about 2 ns and is 
shifted about 40 ns from the zero defined by the 
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scintillators. The RPC signal is earlier than signals 
from the phototubes. 

0 | * 2 M 

HinostCMds 

Figure 7: RPC hit limes relative to scintillator signals. 

The RPC hit time relative to the scintillators, as well 
as the width of the distribution, changes as a function 
of the electric field. The two figures below show how 
the center of the peak shifts to earlier time and how 
the full width at half maximum (FWHM) decreases as 
the electric field increases. The measurement was 
repeated with the RPC irradiated by a C o 6 0 source 
and shows no change in the timing characteristics. 
The local "event" rate was estimated to be -10 
Hz/cm2 based on an independent measurement of the 
source strength. 

We have used pickup strips 4 mm, 1 cm, and 2.5 cm 
wide, as well as pads 20 x 20 cm 2. For the 4 mm 
wide strips a signal is typically induced on many 
strips. Shown below are the ADC counts measured 
on the strips for one event. A charged cosmic ray 
initiated a discharge which induced signals on twelve 
strips. By measuring the signal size on the pickup 
strips and calculating the center of gravity of the 
distribution we can measure the spatial location of the 
hit with an accuracy better than half the strip width. 
The error on the center of gravity of this distribution 
is less than 1 mm. 

Figure 8: Timing characteristics vs. electric field 
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Figure 9: Spatial distribution of induced signals on 4 
mm wide pickup strips. 

We have operated three RPC's placed on top of one 
another and looked for crosstalk between counters. 
After wrapping each counter with aluminum foil as a 
high frequency shield the crosstalk between counters 
was quite small. The singles rate was measured for 
the middle counter with no high voltage applied to it. 
Any signals picked up on the middle counter were due 
to crosstalk from discharges in the top and/or bottom 
counter. The percentage of "crosstalk" signals wa» 
less than 0.1 % with a 25 mV discriminator threshold. 

4. SUMMARY 

We have gained experience constructing and testing 
dozens of PVC resistive plate counters. So far, the 
technology looks promising for use as muon detectors 
in a B-factory experiment. The counters are relatively 
compact ( 1 cm) with both time and spatial 
information . Time resolution is typically 1-2 ns and 
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the spatial resolution is determined by the geometry of 
the pickup pads, but can be less than 1 mm. The 
readout is simple, with no preamplification required, 
and the cost is relatively low. The cost of material for 
our prototypes is ~$200/m2. 

We are in the process of building large surface area 
counters (1 x 1 m^) to test various construction 
techniques. We are planning to do long-term lifetime 
tests with radioactive sources, to test a counter in a 
magnetic field, and to develop transmission line 
pickup strips 2 to 3 meters long for readout of a large 
surface area per channel to minimize the number of 
electronics channels needed. 
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ABSTRACT 

for the KEK-B factory are presented. Recent activities in the vertex detector development 

1. GENERAL 

Needless to say, the determination of the decay ver
tex of B meson is one of the most important task 
for the detector system at an asymmetric B-factory. 
The distance between decay vertecies of B\ and B? 
mesons is a key parameter for CP study. Our ten
tative design goal for the precision of the vertex de
tection is less than TJ7/8C/2, that is, 85/rni. This 
is not so difficult to achieve by applying a silicon 
micro-strip device, in principle. 

Fig. 1 shows the expected resolution for the B 
decay vertex taking into account the position reso
lution of the real silicon micro-strip detector mea
sured as a function of an incident angle in the 1991 
test experiment [1]. It is found that the resolution of 
vertex distance ( A J ) between B\ and B2 mesons is 
as small as 60>m on average. Thus a silicon micro-
strip detector has already been ready to be used as 
an actual detector component. 

As shown in Fig. 2. the precision of the vertex 
determiration is dominated by the multiple scat
tering at the beam pipe (BP) and the 1st layer of 
the vertex detector even in the central region. As 
long as we go with the BP of the present design 
and material thickness, further improvement of the 
intrinsic resolution of the detector has a second im
portance. Thus the points we have to focused on 
at first are to establish the fabrication method of a 

* This work is based on the collaboration of the fol
lowing institution; 
Department of physics, Osaka University; 
National Laboratory for High Energy Physics, KtK; 
Department of Accelerator Science, The Graduate Uni
versity for Advanced Study; 
Institute of Applied Physics, Tsukuba University. 

practical full-size double-sided detector including a 
mechanical assembly. 

As also found in Fig. 2, the vertex detector in 
6 < 30° is almost of no use due to the huge multi
ple scattering effect there, whereas the general de
sign principle for the KEK-B detector imposes the 
angular acceptance to be 17° < 0 < 150°. This 
fact should be considered seriously in designing the 
layout of the vertex detector system in conjunc
tion with the noise problem in a detector as long 
as 40mm. 

2. S E N S O R D E V I C E D E V E L O P M E N T 

2.1 Two Dimensional Read Out 

To reduce the material used in the detector itself, 
two-dimensional measurement in a single layer is de
sirable. The thickness of the single detector layer is 
presently limited by silicon wafer processing to be 
300/jro, which should be, of course, minimized in 
future. The readout electronics for both dimensions 
are likely to be located at the z-ends of the detector. 

These requirements can be satisfied by a double-
sided double-metal-layer structure such as shown in 
Fig. 3. In applying this structure to our detector 
device, the following points should be investigated 
toroughly; 
(l)Separation of n-side strip, 
(2)Signal degradation in the double-metal structure 
due to an extra capacitance. 

The first issue is an essential point for the devel
opment of the double-sided detector. Fig. 4 shows 
the result of our simulation study on the electric 
field around n-strips in the double-sided detector, 
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in which the separation is accomplished by the "p-
stop" implantation method. The conducting (non-
depleted) region around each n-strip should be iso
lated from neighboring ones properly as shown in 
the figure. It can be easily seen that the separa
tion is very sensitive to the structure of the n-side, 
the bias voltage and the impurities in the substrate 
which governs the formation of the depleted region. 

The second issue is important when a full-length 
detector as long as 40mm is considered. At present, 
since we have only the small size device samples, no 
clear effects from the read-out structure have been 
observed. 

2.2 IR scanner 
To evaluate a device sample at a test bench, we have 
developed an IR laser (A = 859nm) system which ir
radiate the device on a precision moving stage with 
the spot size of < 10/itn. The irradiated spot can 
be monitored by a micro-scope at any time. With 
this tool we can now inspect all the strips on the de
vices easily and extensively without any beam from 
accelerators. Fig. 5 is one example of the results ob
tained with this system which shows a charge shar
ing among two strips as a function of the irradiated 
position between the strips. 

In principle, every characteristic of devices can be 
measured by this system. The only shortcoming is 
that the IR light of this wave length can not reach 
deep inside the detector. The ionization created by 
this system is limited to the region very near to the 
surface. In this respect, the beam test is always 
complementary to the IR scan system. We are now 
considering to install the light source with longer 
wave length. 

2.3 Beam Test 1992-Nov. 

The first extensive beam test with double-sided de
vices was performed at the end of November "92. 
The devices are in a double-sided ( 50/um pitch strip 
on both side) double-metal-layer structure with the 
effective area of 18.7 x 18.7mm2 .The separation of 
the n-strips are accomplished by a "p-stop" method. 
Total of 1192 strips were read-out with the new 
Flash ADC system developed by ourselves. The 
best device showed the position resolution for nor
mal incident electron (AGeV/c) of around IS/im in 
n-side as well as p-side, which is consistent with the 
strip pitch. 

Through the test we found the followings [2]; 
(a)The bias voltage as high as 65 V, which is suffi
cient for full-depletion in 300/tm thick silicon, is not 
always sufficient for a perfect separation of n-strips 
in the whole region. Some devices shows an incom
plete separation in a localized region with that bias 
voltage as shown in Fig. 6. There should be some 
non-uniformity in the device in terms of the thick
ness or impurities of the substrate, depth, width or 
impurities of " p-stop" implantation and so on. We 
have to investigate why such non-uniformity exists 
even in a single device. In the full-size detector pro
duction, the variation of the sufficient bias voltage 
in any devices should be far below the maximum 
rating voltage which we don't know at present, 
(b) The correlation between the charges collected in 
the p- and n-side, which is shown in Fig. 7, has been 
smeared by noise and gain variation in each channel. 
The observed deviation from a perfect correlation 
(QP = Qn) indicates that the amount of the over-all 
gain variation is around 13% taking the contribu
tion from the observed level of noise into account. 
This considerably large variation, which is due to 
the variations in the capacitance of the feni back 
capacitor in charge amplifiers or in the capacitance 
of the strips of the detector, should be measured 
and corrected properly in the future detector. 

3. DETECTOR ASSEMBLY 

The length of the detector pieces, which is limited by 
the size of a commercial silicon wafer, is as short as 
70mm, while the length required for the full detector 
will exceed 400mm. Several detector pieces should 
be assembled mechanically and/or electrically into 
the full-length detector. 

For this end, we are developing a "Flip Chip 
Bonding" technique with SH corp.[3]. Unlike a wire 
bonding technique, the FCB enables to make the 
contact between the pads on the two detector pieces 
at both sides and to form a detector plate with a suf
ficient mechanical strength at the same time. Fig. 
8 shows i schematic view of an assembled sample 
with the FCB technique. We find that the test sam 
pie shows a good rigidity as shown in Fig. 9, while 
there remains a problem concerning electrical con
nections. Out of 640 bonding connections, as much 
as 3% are found to be open (no electrical connec
tion). Now we are trying to improve this failure rate 
with the higher contact balls density in the glue. 

4. READ-OCT ELECTRONICS 
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Since the scheme of the read-out electronics are fully 
described elsewhere[4], here only recent achieve
ments are presented. The first prototype of an orig
inal front-end VLSI chip is fabricated in FY1992 
which follows the design work in the previous year. 
The noise figure of the chip is measured to be 1400 e 
for the ''...! ;ctor capacitance (Co) of 20pF, slightly 
better '• expected as shown in Fig. 10. The 
present success in the prototyping work proves that 
everything is going well and the design goal of the 
final VLSI is achievable. 

5. SUMMARY 

The vertex resolution of the detector system in the 
KEK-B factory is limited by multiple scattering and 
not by the intrinsic position resolution of the vertex 
detector with the present, design of the BP. In that 
sense, the detector resolution achieved with the test 
sample with small dimension has already reached 
the required level. We have to proceed the R&D 
work on problems with the full-size detector. 

The deterioration of the vertex resolution is di
verging in the small angle region less than 30° due 
to huge multiple scattering effect there. The ver
tex detector in this region seems to be useless. We 
should consider seriously whether the vertex detec
tor should be extended to this region at the cost 
of the possible degradation of the resolution in the 
central region due to increasing noise. This is also 
true for other detector components. Excellent mea
surements in this small angle region, if we need ab
solutely, can not be achieved by a simple extension 
of the detector system in the central region. Cost 
effectiveness is ,of course, another important issue 
in this region. Careful studies should be made for 
every detector component to be used with its best 
performance. 

REFERENCES: 
[1] H. Hanai et al., Nucl. Instr. and Meth 
A314(1992)455. 
[2] H. Hanai, Master Thesis submitted to Depart
ment of Physics, Osaka University. 
[3] Y. Saitoh et al., KEK Preprint 92-171(1992). 
[4] B Physics Task Force, KEK Report 92-3 (1992) 

Figure Captions: 

Fig. 1: The expected resolution for B-decay vertex 
determination based on the result of our beam test 
a = 6.0 + 0.4aftm (a in degree). The resolution of 
Az is found to be about 60/im from the bottom left 
figure. 
Fig. 2: The contribution to uncertainties in vertex 
measurements from l)multiple scattering in the BP 
and the 1st layer of the detector (solid circles), 2) 
intrinsic resolution of the 1st layer (open squares) 
and 3)intrinsic resolution of the last layer (open tri
angles). 
Fig. 3: Schematic structure of double-sided detec
tor. In addition to the p-strips on junction side, 
n-strips are formed on other side (ohmic side) or
thogonal to the p-strips. The inter-strip structure 
for separation or the double-metal-layers for read
out on the n-side is not shown here. (Taken from 
H. Becker et al., IEEE Trans. NS36 (1989) 246). 
Fig. 4: Simulated results of electric field around n-
strip in the silicon detector. Shaded area indicates 
the depleted zone which separates the neighboring 
n-strips. 
Fig. 5: Charge sharing among two consecutive 
strips measured by IR scanner. The strips are lo
cated at 40—60 and 90— 110/im in the scale shown 
ath the bottom. At the center of each strip, an Al 
read-out strip is formed. This corresponds to the 
dip found in the figure. 
Fig. 6: Average charge distributions among strips 
for normal incident in the best sample (left) and 
in the off-center region of the worst sample (right). 
In an ideal detector with perfect separation, charge 
should be collected mostly in a single strip. 
Fig. 7: Correlation among the charges collected in 
p- and n- strips. 
Fig. 8: A schematic view of the assembled sample. 
Fig. 9: Deformation of the assembled sample with 
(without) coî 'M-ained at both ends. 
Fig. 10: Noise i.guios of prototype VLSI as a func
tion of Co 
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Electromagnetic Calorimeter for KEK B Factory * 
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ABSTRACT 

A design of high resolution electromagnetic calorimeter for KEK B factory is reported. The entire calorimeter 
consists of ~9400 pieces of CsI(T/) and covers the polar angle region of 12° - 160°. The crystals are read 
out by silicon photodiodes of 4 cm 2 total sensitive area followed by low noise preamplifiers. The energy 
resolution is expected to be ~2% for photons with energy higher than 0.5 GeV. 

1. INTRODUCTION 

The electromagnetic calorimeter for KEK B factory 
is composed of approximately 9400 pieces of CsI(T/) 
crystals. Two configurations of overall crystal ar
rangements are under consideration and are shown 
in Fig.l. The configuration (a) is a new design and 
(b) is the old design described in [1]. The new design 
is motivated by more uniform crystal arrangement 
and less crystals (~ 6%) required to cover the same 
solid angle. 

In design (a), the barrel contains 6912 crystals 
and is placed at the radius of 1.25 m. Two end-
caps with 1344 and 1152 crystals are placed at 1.8 
m (forward) and 1.3 m (backward) from the inter
action point. Each crystal has a shape of truncated 
pyramid with a cross section of ~ 5.5 x 5.5 cm2 and 
is arranged in a geometry pointing to the vertex. 
The acceptance in the polar angle 0 is 12° - 160°. 
The segmentation in azimuthal angle 4> is 144 for 
the barrel and 96 in the endcap. The length of the 
crystal is not decided and will be chosen between 25 
cm and 30 cm (13.4 - 16.1 radiation lengths). The 
total weight of the crystal is 46 tons if we choose 30 
cm long crystals. 

For the physics of B factory, we require good en
ergy resolution and high detection efficiency for pho-

* This report is based on the work of following 
people; H.Ikeda, N.Sato, K.Tamai, M.Tanaka (KEK), 
S.Awa, H.H&yashii, N.Fujiwara, S.Noguclii, M.Takemoto, 
N.Toomi (Nara Women's University), M.Aoki, K.Kaneyuki, 
N.Sugiyama, S.T&irimori, Y.Watanabe (Tokyo Institute of 
Technology) 

tons and electrons in the energy range of 20 MeV - 4 
GeV. In order to understand a realistic performance 
of the detector, we measured the response of 5 by 5 
CsI(Tl) matrix in the test beam and simulated the 
overall detector response by GEANT. We also re
port on the study of electronic noise and the choice 
of optimum photodiode. 

2. MONTE CARLO SIMULATION 

We simulated the calorimeter response by GEANT 
taking into account of inactive materials in front, 
limited length of the crystal and geometry of crystal 
arrangement. For the design (a), we assumed 8 mm 
thick stainless steel and 5 mm thick aluminum plate 
in the gap between barrel and endcap as the side 
wall of crystal container and the support for inner 
detectors. A total amount of inactive materials is 
0.26 (0.71) radiation lengths at 0 = 90° (0 = 30°). 

2.1 Comparison of Two Designs 

It is important to keep a uniformity of energy de
posit over the whole acceptance. In particular, 
unnecessary energy leakage must be suppressed as 
much as possible in the boundary region between 
barrel and endcap. We show a polar angle depen
dence of the energy deposit and the energy resolu
tion for 1 GeV photon in Fig.2. The average en
ergy deposit decreases up to 3% toward the edge 
of the barrel due to the staggered arrangement of 
the crystal. The effect is less pronounced for the 
new design except with one point corresponding to 
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the exact boundary of the barrel and the endcap. 
The deterioration of the energy resolution itself is 
comparatively limited for both designs. 

The new design seems preferred provided the 
amount of inactive materials and the gap is kept 
as small as assumed in the simulation. A detailed 
mechanical design for the crystal support structure 
and cabling has to be pursued. 

Figure 1: Two configurations of Csl calorimeter un
der consideration 

2.2 Absorption Effect 

We simulated the performance of design (l>) for 1 
GeV photon with and without materials in front of 
CsI(T^). 

All energy deposits in the calorimeter are com
bined into a cluster and the energy of the cluster is 
corrected for the polar angle dependence described 
above. The energy resolution of the photon is de
fined as the FWHM/peak/2.35, where the peak and 
FWHM is determined by fitting the cluster energy 
distribution with the Chebyshev polynomials of or
der 10. The detection efficiency is defined by the 

number of "detected" events divided by the total 
number of generated events, where an event is "de
tected" if its cluster energy is above certain thresh
old. This threshold is set at approximately 3(7 below 
the peak of the cluster energy distribution. 

The detection efficiency and energy resolution for 
1 GeV photon is listed in Tab.l at 0= 24°, 36°, 
44° and 90° for cases with and without materials in 
front. The selected 8 angles correspond to; 

• 0 = 24° for the center of forward endcap. 

• 0 = 36° for the transition region from forward 
endcap to barrel. 

• 0 = 44" for the edge of barrel. 

• 0 = 90° for the center of barrel. 

Table 1: Absorption effects by inactive materials 

0 

Energy llesolution 

without with 

materials 

Detection Efficiency 
without with 

materials 

24° 

30° 

44° 

90° 

1.3% 1.7% 

1.8% 2.5%, 

1.7%, 2.1% 

1.5% l.C% 

87%, 74%, 

88%. 08% 

92%. 80% 

91% 85%. 

In the endcap and barrel-endcap transition re
gion, ~20% of photons are lost and the energy res
olution of the detected photon is deteriorated by 
~30%. This means approximately 40%. of the con
verted photons are lost in this angular region. Near 
the ceitt er of the barrel, 93%. of photons are detected 
without having effects of absobiug materials. 

2 .3 O t h e r D e t r i m e n t a l Effects 

We also studied the following effects on the energy 
resolution for design (b): 

1. number of summed crystals (9 or 25 crystals) 

2. length of the crystal (25 or 30 cm) 

3. electronic noise (no noise or 500 KeV incoher
ent and 150 KeV coherent noise) 
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Figure 2: Polar angle dependence of normalized energy deposit for designs (a) and (b). 
represents rms resolution. 

The error bar 

4. uncertainty of calibration (0 or 1 % uncer
tainty) 

5. zero suppression in the ADC readout (no or 2 
MeV zero suppression) 

We keep a default condition as (1) the summa
tion of 25 crystals (2) the length of 30 cm (3) no 
electronic noise (4) no calibration uncertainty and 
(5) no zero suppression at ADC, and added each 
detrimental condition on the default condition. The 
results are summarized in Tab.2 where we listed the 
ratio of energy resolution between the default and 
the "deteriorated" conditions. 

Table 2: Deterioration of energy resolution by vari
ous effects 

E (GeV) 0.25 1.0 4.0 
# of Summed Crystals 2.1 1.2 1.0 
Crystal Length 1.9 1.7 1.8 
Electronic Noise 1.3 1.0 1.0 
Calibration Error 1.2 1.2 1.2 
ADC Zero Suppression 1.7 1.1 1.0 

It should be noted that the summation of many 
(25) crystals with low electronic noise and low zero 
suppression level is essential for good energy reso
lution at low energy. The shorter crystal seems to 
give ~1.8 times worse resolution for 0.25 - 4.0 GeV 
photon. The calibration accuracy of 1% is impor
tant not to deteriorate the intrinsic performance of 
the calorimeter. 

3. BEAM TEST 

We studied the response of 5 x 5 array Csl(T£) crys
tals to the electron and pion of 0.5 - 3 GeV at the 
test beam of KEK proton synchrotron. 

3.1 Experimental Setup 

The beam momentum was analyzed with a bending 
magnet of 4 Tm and two sets of drift chambers; one 
before the magnet and another after the magnet. A 
helium bag was installed in the magnet to minimize 
the effect of multiple scattering for low momentum 
beam. The resolution of momentum analysis is esti
mated to be ~0.5% for 0.5 - 3.0 GeV. Downstream 
drift chambers were used to determine the incident 
position of the beam on the crystal array with an 
accuracy of a few mm. Typical momentum spread 
of the beam was 1% and the beam size at the crys
tal matrix was about 5 cm (vertical) x 10 cm (hor-
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izontal). We used two gas Cherenkov counters for 
electron identification. 

3.4 Energy Resolution 

3.2 Preparation of CsI(T£) 

Crystals were assembled in five-by-five array in two 
different configurations shown in Fig 3. 

Figure 3: 5 x 5 arrays of CsI(Tf) 

The normal array (a) corresponds to the configu
ration at the center of the barrel and the staggered 
array (b) simulates the configuration at the edge of 
the barrel (0 = 34"). 

Two silicon photodiodes each with 2 cm 2 sensi
tive surface (Hamamatsu $2744-03) were attached 
at the rear end of the crystal with optical cement. 
Each photodiode was followed by a charge sensitive 
preamplifier (Clear Pulse CS507 modified for 100 /is 
decay time). Two signals were added, shaped with 
2 /is shaping time and digitized by a peak sensing 
ADC (Hoshin C008). Electronic noise for one crys
tal was 0.6 MeV and and became ~8 MeV when 
summed over all 25 crystals. 

3.3 Calibration 

We calibrated all crystals by exposing them to 2 
GeV/c electrons. Only events near the center of 
each crystal were used for calibration by requiring 
the impact point being ± 1.5 cm from the center 
of the crystal in both vertical and horizontal direc
tions. The relative calibration constant for i-th crys
tal is then derived as P13/PJ where P,- is the peak 
pulse height of the i-th crystal and P13 is that of the 
central crystal (the 13th crystal) of the matrix. Ab
solute calibration was taken from the nominal beam 
energy. 

In order to derive the energy resolution, we selected 
events with following conditions: 

1. The incident position of the beam is within ±2 
cm from the center of the matrix in both verti
cal and horizontal directions. 

2. The measured beam momentum is within l<r 
from the peak momentum. 

We calculated the total energy deposit by sum
ming each puke height weighted by the relative cal
ibration constant. The distribution of energy de
posit was corrected for the spread of beam momen
tum by dividing the pulse height by the measured 
momentum event by event. Most of the beam mo
mentum spread was removed by this procedure. The 
resultant distribution was fitted with the Chebyshev 
polynomials and the energy resolution was calcu
lated. 

Figure 4 shows the energy resolution for the nor
mal and the staggered array for the summation of 
9 and 25 crystals. From this figure, the difference 
of energy resolution between the normal and the 
staggered matrices is about 0.2% if the electron is 
injected at the center of the matrix. 
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Figure 4: Energy resolution measured in the test 
beam 

3.5 Position Dependence 

The position dependence was measured for the stag
gered array. For this analysis, we selected events 
within ±2 cm from the median plane and binned 
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them in 5 mm step in horizontal direction. The en
ergy resolution and the deviation of energy deposit 
from the center of the matrix are shown in Fig.5 for 
2 GeV electron. 

As seen, the deterioration of resolution is modest 
compared to the decrease in effective pulse height 
which amounts up to 3% near the crystal boundary. 
This means we could reach a uniform resolution over 
the entire 0 acceptance provided we can measure tbe 
impact point accurate enough and correct for the 
local variation of the pulse height. 

3.6 Separation of Electrons from Pions 

For this study, pion events are selected using two 
gas Cherenkov counters and TOF scintillators in the 
beam line. We counted the number of pion events 
within 3(7 from the peak of electron's energy deposit, 
where <r is the spread of electron's energy deposit. 
This number devided by the total number of pion 
events is the probability of misidentifying a pion as 
an electron shown in Fig.6. 
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4. R E A D O U T E L E C T R O N I C S 

4.1 Electronic Noise 

In the readout system of CsI(T/) shown in Fig.7, 
the electronic noise mainly consists of three compo
nents; the thermal noise of the voltage generator, 
the shot noise and the thermal noise of the current 
generator. 

More specifically, the equivalent noise charge 
(ENC) of the system in the unit of electron is ex
pressed as follows: 

ENC 2 1.3x i o - 3 - r - i - ' • 
l(Ri. + 9m)(CFET + CpD + CSf) 
+ 1 . 2 x l 0 4 t m ( J P D + / G ) 
+ 2.0 x 103 T tm • (Rj.1 + Kg1) 

with following parameters: 

• temperature of the system T in unit of °K. 

• peaking time lm in unit of its where the shaping 
function (t/im)txp(\ — t/tm) is assumed. 

• series resistance of the photodiode Ri, in unit 
offi. 
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Figure 5: Position dependence of energy resolution 
and peak pulse height for 2 GeV electron. The po
sitions of 0 and -55 mm correspond to the center of 
crystals and -27.5 mm corresponds to the boundary 
between these crystals. 
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• transconductance gm of the JFET used in the 
preamplifier in unit of S. 

• gate capacitance CFBT of the JFET in pF. 

• junction capacitance of the photodiode CPD in 
pF. 

• parasitic capacitance Cs between the photodi
ode and JFET in pF. 

• leakage current of the photodiode IPD in nA. 

• gate leakage current Ig of the JFET in nA. 

• feedback resistance Rp of the preamplifier in 
Mil. 

• bias resistance RB for the photodiode in Mil. 

Figure 6: Electron/Pion separation 

+ hlwvflti|c 

Typical value of parameters 
/ 

T 
_ 300°K Cro _ lttpF Irr> = 4nA * 

1. = 2fisec CFFT = lIpF h. = InA 
R* 

= 
itn Cs = ItpF KF = 2MMD. 

= 25mS CF = IpF R» = 2 M M Q 

We obtain EMC ~ 520 electrons from this equa
tion with typical parameters shown in Fig.7. The 
contributions from different components become 
3702, 3502, HO2 for the first, second and third term 
of the equation. 

4.2 Choice of Photodiode 

The energy equivalent of the electronic noise (<TB) 
is defined as ENC/A^ where Nt is the average num
ber of electrons collected for unit energy deposit in 
the crystal. The properties of photodiode, particu
larly a sensitive area (S) and a wafer thickness (</), 
affect the noise performance through Ne, CPD and 
IPD- We need to choose a photodiode to minimize 
<TE keeping in mind that following approximate re
lations hold; 

1. AT, is proportional to S when 5 is small com
pared to the total crystal surface. 

2. CPD is proportional to S/d for fully depleted 
photodiode. 

3. IPD is proportional to d • S. 

Figure 7: Schematics of CsI(T£) readout electronics 

4.3 Measurement of Ne 

We measured Ne for large crystals of 5.5 x 5.5 cm 2 

cross section and 25 cm length by several photodi-
odes with different sensitive areas shown in Tab.3. 

The side faces of the crystal used for this test were 
finely machined and two ends were optically pol
ished. It was wrapped by 3 layers of teflon sheet (38 
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Table 3: Characteristics of tested photodiodes. 

type S IpD CpD d 
(cm2) (nA) (PF) (jtm) 

S3590-05 0.8 8 30 500 
S1723-06 1.0 1 70 200 
S3590-03 1.0 3 50 300 
S3588-01 1.0 1.5 80 200 
S2662-01 1.5 2 120 200 
S2662-03 1.5 3 75 300 
S2744-03 2.0 4 100 300 
S3204-03 3.2 6 140 300 
S3204-05 3.2 15 80 500 

(im thick each) and by one layer of aluminized my
lar (6 /ira thick). The photodiode was attached to 
the rear face of the crystal with optical grease. The 
output of photodiode was integrated by a pream
plifier (Clear Pulse CS507) and shaped by ORTEC 
570 amplifier with 2 (is shaping time. The calibra
tion of the electronics was done by irradiating the 
photodiode directly by M 1 A m source and observing 
13.93 KeV, 17.6 KeV, and 59.54 KeV X-ray lines. 

We measured Nt by irradiating the middle of the 
crystal with eoCo and observing the position of com
bined peak from 1.17 and 1.33 MeV gamma rays. 
The results are shown in Fig.8 for rectangular and 
tapered crystals. It is seen that Ne increases pro
portionally with sensitive area and approximately 
Ne = 1100 electrons/(MeV-cm2) is obtained for the 
tapered crystal. 

4.4 Measurement of ENC 

The ENC of each photodiode listed in Tab.3 was ob
tained by supplying a test charge of 1.8 fC through 
the capacitance and measuring the rms width of the 
distribution. All measurements were made using 
single photodiode with an exception of 4 cm2 mea
surement, which was derived as the sum of two 2 
cm2 photodiodes. The results are shown in Fig.9. 

The measured value of ENC increases slowly with 
the sensitive area. The comparison at S = 1,1.5 and 
3.2 cm 2 indicates that the ENC does not necessarily 
improve by having larger thickness d because the 
advantage of small C'PD is offset by the increase of 
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Figure 8: Number of photoelectrons collected per 1 
MeV energy deposit 
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Figure 9: Equivalent noise charge of various photo
diodes 

— 374 — 



IPD • The value of ENC for 4 cm 2, ~700 electrons, is 
consistent with the theoretical estimate of 520 x y/2 
electrons for two photodiodes connected in paralell. 
(see section 4.1) 

4.5 Use of Wave Length Shifter 

An alternative way of collecting the scintillation 
light by the wave length shifter (WLS) was tested 
[2]. We placed a WLS plate on the rear surface 
of the crystal keeping a thin air gap in between as 
shown in Fig. 10. The converted light in the WLS 
was collected by a narrow photodiode (Hamamatsu 
S3588-01 with 3.4 x 30 mm 2 sensitive area) placed 
at the edge of the WLS plate. We tested four types 
of WLS's; two from KURARAY (R3-050 and R3-
100), one from BASF and another from Rohm. The 
emission spectrum of R3 and transparency of each 
WLS plate are shown in Fig. 11. 

Photodiode 
3.0 x0.34 cm 2 Pre amp. 

Figure 10: Readout by wave length shifter 

The measurements of Ne and <TE are listed in 
Tab.4 together with the result of direct readout by 
S1723 with the same total photosensitive area. The 
best result was obtained by R3-100 and the corre 
sponding <TE is about 20% lower than the direct read 
out. 

4.6 Choice of Photodiode 

The obtained irg's are shown in Fig.12. 

We decided that our best solution is to use two 
photodiodes of 2 cm2 (S2744-03) with 300 fim thick
ness directly glued on the rear surface of the crys
tal. This system gave the minimum value of OE of 
all the tested photodiodes. Each photodiode should 
be followed by a preamplifier and the signals are to 
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Figure 11: Emission spectra and transparency of 
wave length shifters 

Table 4: Results of wave length shifter readout 

WLSor Nc 0E 

photodiode (electron) (MeV) 
R03-050 2125 0.221 
R03-100 2457 0.191 
BASF 2181 0.215 
Rohm 2403 0.195 
S1723 1746 0.231 
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of whole calorimeter by GEANT. The preliminary 
result of both test beam and simulation indicates 
(1) the variation of energy resolution over the whole 
acceptance is comparatively small and (2) the po
sition dependent correction of the energy deposit is 
important both locally within one crystal and glob
ally over the whole acceptance of the polar angle. 
(3) the detection efficiency of photon is strongly af
fected by the existence of inactive materials in the 
endcap region. 

REFERENCES: 
[1] K.Abe et al., Progress Report on Physics and 

—- , 2 3 4 Detector at KEK Asymmetric B Factory. KEK Re-
Sensitive Area [cm2] port 92-3,1992. 

[2] E.Aker et al., Nuclear Instruments and Methods 
A321( 1992)69. 

Figure 12: Energy equivalent of electronic noise for 
various photodiodes 

be brought independently to the shaper where the 
sum of two signals are also taken. The use of two 
redundant readout chains op to the shaper is also 
safe against accidental breakdown of the electron
ics installed behind the crystal where the access for 
repair will be very limited. 

For the case of WLS readout, it is unclear whether 
increasing photosensitive area (or adding more pho
todiodes) improves JVe proportionally because it al
ready covers a significant part of the total WLS sur
face. The use of WLS does not seem particularly 
advantageous compared to the system we have cho
sen. 

5. SUMMARY 

We established a design of CsI(T£) counter for the 
barrel calorimeter with two 1 x 2 cm 2 silicon photo-
diodes (Hamamatsu S2744-03) directly glued on the 
rear face of the crystal. The amount of photoelec-
trons collected by this system is approximately 4400 
per 1 MeV energy deposit. We can achieve 0.5(0.8) 
MeV equivalent noise for the summation of 9 (25) 
crystals by reading two photodiodes independently 
by the preamplifiers with ENC of 500 electrons, pro
vided the coherent component of electronic noise 
can be suppressed to the negligible amount. 

We have studied the resolution of 5 x 5 CsI(T£) 
matrix in the test beam and simulated the behavior 
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\ B S T R A C T 

Fermilab experiment 789 studies lew-multiplicity decays of neutral D and B mesons in a high-rate fixed-
target environment. Preliminary results from the 1991 run are presented. 

l. INTRODUCTION 

Experiment 789 at Fermilab was designed to mea
sure low-multiplicity decays of B mesons produced 
in a high-rate fixed-target environment. The exist
ing E605/E772 spectrometer, which was used in pre
vious experiments to detect liadron and lepton pairs 
with good mass resolution and high rate capability, 
was significantly upgraded for E789 (Figure 1). In 
particular, a silicon microstrip vertex spectrometer 
and a vertex trigger processor were installed. The 

main goals of the E789 experiment are 1) to mea
sure the B production cross section at 800 GeV via 
the detection of inclusive B -» J/tfi + X deriys, 2) 
to search for charmless dihadron decay modes such 
a B - > >r + ir - , ifx, K+K~,pp. The sensitivity for 
these measurements clearly depends on the rate ca
pability of the spectrometer and on the performance 
of the silicon microstrip detectors in this high-rate 
environment (which is similar to those anticipated in 
future SSC experiments). Preliminary results from 
analysis of a fraction of the data taken in the 1991 
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Figure 2. E789 silicon spectrometer. 
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Figure 3. Mass spectra for dihadron events reconstructed with various assumptions 
for the hadron species. The arrows indicate the D decay peaks. 

fixed-target run are presented in this paper. 

2. SUMMARY OF E 7 8 9 1 9 9 1 RUN 

During the 1991 run, an 800 GeV proton beam was 
incident on one of several thin wire targets, ranging 
from 0.1 mm to 0.2 mm high and 0.8 mm to 3 mm 
thick. Sixteen silicon microstrip detectors (SMD's) 
were positioned downstream of the target to cover 
the angular range from 20 mr to 60 mr above and 
below the beam axis (Figure 2). The silicon detec
tors, type 'B' from Micron Semiconductor, have 5 
x 5 cm 2 area, 300 /ira thickness, and 50 pm pitch. 
The SMD's were oriented to measure either the Y 
(vertical) or the U,V coordinates (5° stereo angle). 
Signals from 8,544 silicon strips were individually 
read out via Fermilab 128-channel amplifier cards1 

and LBL discriminators2 synchronised to the ac
celerator RF. The discriminated signals were then 
transmitted through « 400 ns of multiconductor ca
ble to coincidence registers. A vertex processor3, 
which finds tracks in the silicon detectors and se
lects events with decay vertices downstream of the 
target, was also implemented and functional. The 
use of a thin target localises the primary interaction 
vertex and greatly simplifies the design of the vertex 
processor, which only needs to determine the decay 
vertex. 

Two different settings of the spectrometer, which 
separately optimise the acceptance for charm or 
beanty decays, were used in the 1991 run. The 
charm nuuing served to check the performance of 
the SMD's and the vertex trigger processor. la ad
dition, the nuclear dependence of D meson produc
tion was measured on beryllium and gold targets, 
which should provide information related to the ori
gin of the J/i> ^-dependence observed4 in E772 at 
the same beam energy. The vertex trigger processor 
and the upgraded data acquisition system enabled 
us to take up to 10 1 0 protons per beam spill on a 
1.5 mm-thick gold target (4 MHs interaction rate). 

For the beauty running, the spectrometer was set at 
a configuration to accept both B —• J/tfiX and B —> 
h+h~ decays. We took data at 5 x 10'° protons per 
pube on a 3-mm-thick gold target, corresponding to 
a 50-MHi interaction rate, without using the vertex 
trigger processor. 

3. P R E L I M I N A R Y R E S U L T S F R O M E 7 8 9 

Figure 3 shows the dihadron mass spectra obtained 
from an analysis of « 10 % of our charm data sam
ple. To effectively reject the dihadron background, 
we require that both tracks do not point back to the 
target, and that the proper lifetime is greater than 
0.6 ps. The efficiency of each silicon plane is found 
to be better than 90 % and the impact parameter 
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Figure 4. Mass spectrum for dimuon events. 

resolution of <a 30 fim gives a Z-vertex resolution of 
w 1 nun for typical D events. More details on the 
performance of the SMD's in this high rate exper
iment have been reported elsewhere5. Information 
from the ring-imaging Cherenkov detector has not 
yet been used for x/K identification, and the plots 
in Fig. 3 are obtained by assigning either pion or 
kaon mass to the hadrons. The D° -nr+JT - , D° -+ 
K+n-, and D",D° - *+*-,K+K- decays are 
clearly visible in Fig. 3. Although the D° mass 
resolution shown in Fig. 3 is « 10 MeV, more re
cent studies show that a 5 MeV mass resolution is 
obtained with an improved field map of the magnet. 

Figure 4 shows the dimuon mass spectrum from a 
preliminary analysis of » IS % of our beauty data 
sample. Good silicon tracks are required for events 
shown in Fig. 4, but no vertex cuts are applied. 
Approximately 15,000 J/^i and 300 i>' events are 
observed. To search for B —» J/i>X events, the im
pact parameters of both muon tracks are required 
to be greater than 150 /im and the decay vertex is 
required to be at least 7 mm downstream of the tar
get (7 mm < Z„,rux <5 cm ). Fig. 5(a) shows that 
a total of eighteen events, six of them in the J/i/i 
mass region, survive these cuts. These six events are 
considered candidate events for B —» JjijiX decays. 
To estimate the background which might be caused 
by silicon tracking errors, we also select events with 
decay vertices upstream of the target, namely • 5 

Figure 5. Mass spectra for dimuon events passing 
a) downstream Z-vertex cuts, b) upstream Z-vertex 
cuts. 

cm < Z.rrtcx < • 7 mm. Fig. 5(b) shows that 
this background is unimportant. More data need 
to be analysed before a more definitive 6 signal and 
6-production cross section can be obtained. 

In summary, the E789 experiment explores the fea
sibility to study o-physics in a high-rate fixed-target 
environment. Preliminary results show that the sili
con vertex spectrometer works well. Six B -» J/i>X 
candidate events were observed from an analysis of 
» 15 % of the dimuon data sample. 

REFERENCES: 
|1] D. Christian et al., IEEE Trans. Nuel. Set. NS-
36 507 (1989) . 
|2| B. T. Turko et al., *A Multichannel Discrimina
tor System for Silicon Strip Detector Readout,'' to 
appear in IEEE Trans. Nuel. Sci. 
[3| C. Lee et al., IEEE Trans. Nuel. Sci. 38 461 
(1989). 
[4] D. M. Aide et al., Phys. Rev. Lett. 66 133 
(1991). 
[5] J. S. Kapustinsky et al., "Radiation Damage Ef
fects on the Silicon Microstrip Detector in E789," 
presented at the International Conference on Ad
vanced Technology and Particle Physics, Como, 
Italy, 1992. 
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ABSTRACT 

The BES has made a precision r mass measurement by careful e + e" energy scan near r pair production 
threshold.The mass value obtained from eft, ex and (/«*, ftp, •*•*) topologies combined together is MT = 
177G.9 ± 0.3 ± 0.2 MeV. About 9 x 10SJ/V> events and 3.5p»~'Z>, data at Ji = 4.03 Gev have been 
accumulated.The preliminary results are presented and the careful physics analysis is underway. 

1. INTRODUCTION 

The BES is a general purpose magnetic detector 
at the BEPC 1. It was moved into the interaction 
point and into operation in May, 1989. The J/il< 
data set, about 9 x 10 s events, was collected from 
Jan. , 1990 to May, 1991. The preliminary results 
from J/tj> data demonstrate the capability of the 
BES to confront the relevant physics questions. It 
was moved into the interaction point and into oper
ation in May, 1989. The J/tp data set, about 9 x 10* 
events, was collected from Jan. , 1990 to May, 1991. 
The preliminary results from J/ip data demonstrate 
the capability of the BES to confront the relevant 
physics questions. 

The BES has made a precision r mass measure
ment by careful e + e~ energy scan near T pair pro
duction threshold. The mass value , obtained from 
e/j topology(one T decay via r —» evP, and the other 
via T — pvv), is Mr = 1776.9±j};J±0.2 MeV, which 
is 7.2 MeV below the PDG average with significantly 
small errors, the mass values from other channels, 
eg. ejr, flit, ftft and I T topologies, were also ana
lyzed and obtained. The preliminary results of r 
mass value from above channels combined together 
is MT = 1776.9 ± 0.3 ± 0.2 MeV. 

The BES was stepped into D, physics run at tin-
beginning of 1992. So far 3.5 p i - 1 integrated lu
minosity data at x/«=4.03 GeV has been collected. 

With these data, we have preliminary evidence for 
several D, deacys with preliminary calibration and 
reconstruction. We plan to run a full year at 4.03 
GcV for the D, physics program. We hope to get 
total integrated luminosity of 20-25 pi"'-

The BEPC and BES have been approved for an 
upgrade starting in 1994 or 1995. The BEPC up
grade includes mini-/?, single interaction and emit-
tance control which will increase the luminosity of 
a factor 4-5. The peak luminosity at <Ji =4 GeV is 
6 x l O ^ c m - 2 * - 1 and the upgrade peak luminosity 
is expected to increase to 2.8 x 10 s ,em~*«~ 1. 

2. MEASUREMENT OF THE MASS OF THE T 
LEPTON 

For a conventional charged lepton I, the electronic 
branching ratioBf, lifetime 17, mass mi, and weak 
coupling constant G/_e^p are related by 

up to small radiative and electroweak correction. 
Equation (1) then implies the following relationship 
among the above parameters for the r and /1 len
tous: 

{p=^? = t^?^r ( 2 ) 
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Particle Data Group (PDG) averages for the 
above quantities yield ( § ^ £ ) 2 = 0.941 ± 0.025, 
implying a 2.4 standard deviation disagreement 
with lepton universality. 

The BES has made a measurement of the T+T~ 
production cross section in the region most sensitive 
to the r mass- a few MeV around the threshold-
providing the opportunity to measure the r mass 
with greatly improved precision. The T+T~ events 
are identified by means of the eft topology, which 
provides the best combination of high detection ef
ficiency and low background; the mass value is ob
tained from a fit to the energy dependence of the 
cross section. The measurement is independent of 
the vT mass. 

The BEPC operates in the 3 to 5 GeV center 
of mass energy range. Near T*T~ threshold, the 
peak luminosity is 5 x 10 3 0 cm~ 7 s~ l , the luminosity-
weighted uncertainty in the mean center of mass 
energy is 0.10 MeV, and the spread in the center-
of- mass energy of the collider is ~ 1.4 MeV. The 
absolute energy scale and energy spread are deter
mined by interpolation between the results of re
peated scans of the J/i> and q0(25) reasonances. 

The likelihood function used to estimate the 
r mass incorporates the T+T~ cross section near 
threshold. Including the center-of-mass energy 
spread A, initial state radiation F(x,VV), and vac
uum polarization corrections fI(W)> the cross sec
tion is 

1 <r(W,mT) = r 
Jo 

dW'e 
(3) 

where <ri is 

« (W m » - W 1(3-/?*) Fc{P)FT(0) 

W is the center-of-mass energy, and /?= 
J\ - ( T ^ ) ^ . T h e Coulomb interaction and fi
nal state radiation corrections are described by the 
functions Fc(/J) and FT{P). 

The likelihood function is a product of Poissoi. 
distributions, one for each center-of-mass energy. At 
each point, the number of expected e/t events (If), 
is given by: 

{N) = [tB(T{W,mr) + <rB]C (5) 

3 5 7 
Scan Point 

Figure 1: (a). The convergence of the predicted 
mass with each consecutive scan point (b). The in
tegrated luminosity accumulated at each point 

Here, t is the detection efficiency, B is the prod
uct branching fraction for T*r~ to e/i, C is the in
tegrated luminosity, and <rg is the effective back
ground cross section estimated from the J/tp data 
sample (<rB = 0.024pt). 

The sequence of energies is shown in Figure 1; the 
corresponding data are summarized in Table 1. The 
ten-step search yielded seven eft events. 

The eleventh and twelfth points in Table 1, taken 
well above threshold where the cross section varies 
slowly with energy, provide an improved estimate of 
the absolute r+r~ cross section. 

In order to account for uncertainties in the ef
ficiency f, the branching fraction product and the 
luminosity, e is treated as a free parameter in a two-
dimensional maximum-liklihood fit for m, and e to 
the data of Table 1. The estimates obtained are 
mT = 1776.9 MeV and €=14.1%. The uncertainty 
in c is equivalent to the uncertainty in the abso
lute normalization, and is treated as a source of 
systematic error. The statistical error in m r , J]J;J 
MeV, is determined from the one-parameter likli-
hood function with c fixed to 14.1%(Figure 2). The 
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Figure 2: (a). The center-of-mass energy depen
dence of the r + r ~ cross section resulting from 
the likelihood fit(curve), compared to the effi
ciency-corrected data. The error bar on each data 
point is computed by integrating the Poisson like
lihood function to obtain the interval containing 
68emphasized that the curve does not result from 
a direct fit to these data points, (b). An expanded 
version of (a), in the immediate vicinity of T+T~ 
threshold, (c). The dependence of the logarithm 
of the likelihood function on <n l o u , with efficiency 
fixed at 14.1%. 

efficiency-corrected cross section data as a function 
of corrected beam energy and the curve which re
sults from the liklihood fit are shown in Figure 2. 
The quality of the fit is checked by forming the lik
lihood ratio A, with result —2/nA = 3.6. 

= 1776.9iS:s ± ° - 2 M e V . ""ere t h e first « " o r " 
statistical and the second systematic. This result 
is 7.2 MeV below the PDG average and has sig
nificantly smaller errors. Using summary results 
from tau workshop this year, ££=17.86 ± .12%, 
rr=295.7±3.2r>s and mT=1777.1±0.5MeV, in equa
tion (2), the coupling strength ratio becomes 

{%T~e")3 = 0.985 ± 0.0067(BJ) ± 0.0108(T T ) 

±0.0017(m r) 

(6) 
so that the deviation from lepton universality from 
2.4 to ~ 1 standard deviations. 

Table 1: A chronological summary of the T+T~ data 
SCM 
Polal ¥ 

(M«V> 

§ 
(M.V) 

C "•m *«. jfmv,mm,*m 

X 1744.14 i.s« 3444 3 

z 1740.94 1 . M 944.* 1 

a 1T73.©* 1.94 3 9 3 4 4 
4 1774.47 I.4T 931.4 4 

• 1774.44 1.44 933.4 a 
• 1774.44 1.43 34*.» • T 1774.79 i.4t 994.9 • • 1774.44 1.4T 944.4 1 

• 1774.4* 1.44 744.1 4 
1 * i77*.«a 1.44 1144.1 1 
11 1744.S1 1.44 444.7 4 „ 4 
1 ? 1749.49 1.49 344.0 3 

Recently, as a sequential analysis of our r mass 
measurement, for both cross-checking and further 
improving the statistical error, the events from ejr 
and (/nr, /J/J, *•*) topologies were also analyzed (see 
Table 1). The preliminary results of r mass value 
from e i and (<J)r, jt/i, i x ) channels were given in 
the Table 2. The estimations of the backgrounds, 
efficiencies and r mass values are same as those of 
eyj topology. 

Four independent sources of systematic error are 
consideredruncertainties in the product «J3£, in the 
absolute beam energy scale, in the beam energy 
spread, and in the background. These independent 
systematic errors are added in quadrature to yield 
a total systematic error of AmT=+]j;J§ MeV. 

In conclusion, using a maximum likelihood fit 
to T+T~ cross section data near threshold, the 
mass of the r lepton has been measured as m, 

The systematic errors for each channel are also 
from four independent sources.The systematic error 
of T mass value from e/j, er, {jnr, fifi, i » ) combined 
together is ±0.2 MeV. The r mass value and er
rors from eft, en, (/JT, /J/J, TT) combined together is 
m r =1776.9±0.3±0.2 MeV, where the first error is 
statistical and the second systematic. The results of 
r mass value from different channels are consistent 
and the statistical error of the r mass value for all 
channels was improved. The analyses on ee and ep 
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Table 2: r Mass from T*T~ events with different 
Topologies 
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channels are in progress. 

3. D, SIGNAL SEARCHING AT y/s = 
4.03GEV 

iJ, physics with the BES detector is important 
because interesting physics questions may be an
swered on topics where the current measurements 
are either very poor or are non-existent. If BES can 
provide a factor of four increase in statistic com
paring to that of MARK III data, we can do more 
measurements, such as the D, absolute branching 
ratio, the D, semileptonic branching ratio, the D, 
leptonic branching ratio and search some new decay 
modes. 

We prefer to run near D, threshold at 4.03 GeV 
because of the advantages of doing physics analy
sis of events produced via direct pair production, 
e + e~ —• D,D,. The principle advantage is that 
when D, pairs are produced directly, the momen
tum of the D, are exactly known. This allows us 
to use a powerful constraint known as the beam en
ergy or beam constraint. It enables very precise 
mass resolution from the beam constrained mass, 
" = V^itam ~ ^>i< where Euem is a constant and 
P is the momentum of the D,. 

The BES is stepped into D, physics run at the be
ginning of 1992.So far 3.5 ph~' integrated luminosity 
data at v^=4.03 GeV has been collected. The peak 
luminosity was 6 x 1 0 3 0 c m ~ 2 s - 1 at 4.03 GeV with 
the beam life time of 6-8 hours. D, data tapes are 
processed through a series of software procedures 
such as filter, calibration and reconstruction. A gen
eral D, analysis program for selecting D, tagging 
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events with 18 decay channels is put into run. 

The TOP and DE/DX information are used to 
made w/k identification. 

In order to check on mass scale and overall de
tector efficiency, the inclusive K°, K' distributions 
have been got with D, tagging sample. The mea
sured A" mass of 891.2 ± 3.1 MeV is in agreement 
with PDG's value, but K° mass of 494.9±0.3 MeV 
is lower than the PDG's values. It still needs to be 
studied carefully. 

The invariant mass of KK from all KKn combi
nations is calculated for the data at ^*:=4.03 GeV 
and the <j> signal is clearly seen. 

An excess in D, mass region from the invari
ant mass distribution of <^T+ after a cut of 1.90 < 
MTtc < 2.04 GeV and recoil mass distribution after 
a cut of 1.90 < Minv < 2.04 GeV is observed. 

In the beam constraint mass JW»e distribution 
there is a severe D meson decay background in 1.94 
to 1.95 GeV mass region. In order to subtract the 
background, a Mte plot after 1.90 < Min, < 2.04 
GeV cut is made. After fitting for D, mass region, 
the preliminary observed number of $*, D, mass 
and mass resolution are as following: 

AT*, = 11.2 ±2.4 
Mtr = 1964.0 ± 2.5MeV (7) 

The cross section of D, pair production at 
v^=4.03 GeV can be estimated by following for
mula: 

o{-D' 6 « ) = , , ra^n+ JTT W 
2AcpCBr{DT —• <P*+) 

Inserting Acp = 9.6% from the Monte Carlo 
study, £=3.5 p 6 _ 1 from large angle Bhabha scat
tering events and Br{D+ —• ^T + ) = 2.8% from 
PDG92, one may obtain 

«r(O.O,) = (61±18±9)x l0pf t (9) 

This is compatible with the coupled channel 
model's production of 750 pb. 



The study on K'K+, ft*, K°K+ and nir+ de
cay modes also show some possible evidence of D, 
signal but more careful check are needed. 

We will continue running at 4.03 GeV until the 
summer 1993 to expect to obtain the total inte
grated luminosity of 20-25 p6 - 1 -

4. PRELIMINARY RESULTS OF Jfil> DECAY 

The J/rp resonance peak has been scanned with 
energy range from 3.08 GeV to 3.12 GeV. The reso
nance curves with the cross section vs. center mass 
energy for the hadron and e + e" final states are ob
tained. After fitting data, the widths, mass of J/V' 
and the beam energy spread are obtained as the fol
lowing: 

r « = r / l p = (5.0±0.4)KeV 
r* = (61.4±6.9)KeV 
r«o.ai = (71.4±6.9)KeV (10) 
Af J / v, = (3096.7 ±0.7)MeV 
AE» = (1.01 ± 0.06)MeV/v^ 

About 9 x 106J/V> events have been accumulated 
by BES. Preliminary results of the following branch
ing ratios were obtained based on 2.56 x 106 events, 
which are agree with the world averages. 

BR(J/T/> -> pt) = 0.0155 ± 0.0030 
BR{Jli>-> 7 / 2 - 7 ) r + 7 r - ) 
= 1.23 ± 0.06 ± 0.23) x 10" 3 

BR(J/1> - yri - . ir+x-77) 
= (4 .7±0 .2±1 .0 )x 10- 3 (11) 
BR(J/il> -» u>f2 -* T + ) T - » + T - 7 7 ) 
= (3.2±0.3±0.8)x 10" 3 

BR{J/II>-*<I>TI-*K+K-W) 

= (0.81 ± 0.11) x 10- 3 

Preliminary investigation for helicity analysis of 
J]tf> -* w/ 2(1270) -* * + ir~jr + i"77 indicated that 
Jpc of /2(1270) was 2 + + using the maximum like
lihood method. 

5. B E S U P G R A D E 

We are working on BES detector upgrade to ex
ploit the high luminosity from BEPC upgrade. The 

MARK HI straw vertex chamber will be moved to 
BES detector to improve axial resolution with 60 
fim and beam pipe from 2 mm Af to 1.3 mm B,. 
A new luminosity monitor will be compatible with 
mini-/? upgrade. We will replace the time of flight 
counter with new scintillators and photomultiplier 
tubes to improve the time resolution from 330 ps 
to less than 200 ps. The drift chamber will be re
placed by a new one to improve the efficiency and to 
fix some sparking problem. Finally, the data acqui
sition system and triggei system will be improved to 
decrease the dead time in order to match the high 
luminosity. 
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ABSTRACT 

CP violation can be observed in B decays when a given process depends upon interference between two 
weak amplitudes which have different CP-violating phases. Since most weak decay diagrams have quark 
lines where each has a definite flavor label, neutral mesons which are flavor mixtures are particularly 
interesting. Different diagrams can contribute to the different flavor components of the meson, and the 
wave function itself provides interference. 

1. A FLAVOR TOPOLOGY CLASSIFICATION 
The total amplitude for the decay of a B me
son consisting of a 6 quark and an antiquark 
denoted by q can be expressed as as the sum of 
three independent amplitudes with different flavor 
topologies [1]: 

B(bq)^>UhW-q~>Ui + U + D + q (1) 
B(bq)-> UbW-q ^ Uh + U + f + f (2a) 
B(bq)-+UhW-q-* D + U + f + f (26) 
B(bq)->UbW-q-*D + q + f + f (3) 

where U denotes a quark of charge (+2/3), D 
a quark of charge (-1/3) and f/j, denotes the V 
quark produced in the initial b —> U transition 
with the emission of the I V - . The spectator 
tree diagram (1) has all three flavors produced 
by the 6 decay present in the final state together 
with the spectator antiquark q. The spectator 
annihilation diagrams (2a) and (2b) have the 
spectator antiquark g annihilated either by the 
Ub or the D quark produced in the tree diagram. 
These can arise from a weak annihilation diagram, 
a weak W-exchange diagram or a tree diagram 
followed by final state interactions. Note that 
(2a) is allowed only if the spectator q is a c or u 
and that (2b) is allowed only if the spectator q 

is a * or J. The penguin diagram (3) contains a 
loop in which the U\, and U annihilate and appear 
as a single line in the weak penguin diagram. The 
same topology can arise in a tree diagram followed 
by final state interactions. 
The particular products of CKM matrix elements 
in the standard model that contribute to a given 
decay are completely determined by this topolog
ical classification. The CKM product arising in 
any decay described by diagrams (2) and (3) is 
the same whether the topology results directly 
from the weak diagram or from a tree diagram 
followed by a final state interaction, with the ex
ception of the flavor label of the quark that is 
created and annihilated in the penguin and is not 
directly observed. The topology alone cannot de
termine the detailed dynamics, but can determine 
the particular products of CKM matrix elements 
contributing to a particular decay. The following 
flavor properties result from this classification: 

1. In the spectator tree diagram (1) the flavors 
of the four outgoing quark lines are determined 
uniquely and completely by the weak vertex. 
2. In both the spectator annihilation (2) and 
penguin (3) diagrams a flavor-symmetric / / pair 
created by gluons appears in the final state. These 
diagrams come in triplets in which the additional 
pair is uu, dd and si with amplitudes having 
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equal magnitudes and a positive relative phase 
in the SU(3) flavor-symmetry limit. The as 
amplitude is reduced by SU(3) symmetry breaking 
due to the quark mass differences. The flavor 
quantum numbers of the final state are completely 
determined by the remaining single qq pair with 
well defined non-exotic flavor quantum numbers 
conserved in all strong final state interactions. 
3. Final states having exotic flavor quantum 
numbers; i.e. containing no qq pair of the same 
flavor, have only spectator tree contributions. 
4. For final states containing no quark with 
the flavor quantum numbers of the incoming 
spectator quark, only the spectator annihilation 
diagram can contribute. 
5. For final states where both the spectator tree 
and spectator annihilation diagrams contribute, 
/ , q and either U/, or D must have the same 
flavor. The tree diagram can therefore be turned 
into a spectator annihilation diagram without 
changing the weak vertex by closing the lines of 
the outgoing pair to make a loop annihilating the 
spectator quark and creating an additional pair 
with gluons. Thus both diagrams depend upon 
the same product of weak CKM matrix elements 
in the standard model. 
6. A flavor-mixed neutral meson like 77, n', 
it", p° or ui is produced only in final states 
containing a qq pair of the same flavor. The 
spectator tree diagram generally contains only 
one such qq pair and in that case produces the 
three neutral pseudoscalars or vectors with a ratio 
determined completely by the amplitude of the 
pair of that flavor in the wave function and 
corrections for phase space. Thus any deviation 
from such a ratio; e.g. a larger n' production 
than n production or unequal p" and w production 
indicates interference between the spectator tree 
diagram and one of the other two. 

7. The OZI rule forbids the creation of a flavor-
mixed neutral meson like t), n', ir°, p" or u from 
the qq pair of the same flavor produced by gluons 
in a quark loop in the spectator annihilation or 
penguin diagram. 
8. If the final state contains an / / pair as 
in spectator annihilation or penguin transitions, 
together with a single light-quark qq pair which is 
not flavor neutral and any number of additional 
gluons the final state is a flavor-SU(3) octet 

in the SU(3) symmetry limit. When charge 
conjugation quantum numbers forbid the SU(3) 
octet-octet-singlet coupling; e.g. in the spin-
zero pseudoscalar-vector final state, the OZI rule 
is already predicted by SU(3) with no further 
assumptions. 
9. The only way to observe a CP-violating charge-
asymmetric quasi-two-body decay in the standard 
model is by interference between two amplitudes 
depending upon different CKM matrix elements. 
This requires interference involving the penguin 
diagram [2]. 

There is great interest in finding penguin contri
butions and CP-violating interference effects, but 
as yet no firm experimental evidence for pen
guins. The use of final states containing fj and rf 
has been discussed [3]. We concentrate here on 
newer predictions involving p and u, D° and D°. 

The p" and u> are equal mixtures with opposite 
relative phase of the vector quarkonium states uu 
and dd, denoted respectively by V v and Vj. Equal 
p and IJJ production is predicted [4] for any quark 
diagram leading to a single flavor state, either 
V« or Vi, together with the interference effect [5] 
confirmed experimentally [6]. 

2. B" -* K"p° AND B" -* K°u) DECAYS 

In these decays the Cabibbc-suppressed color-
suppressed spectator tree diagram produces V», 
while the penguin and all other diagrams via 
an intermediate qq pair have the flavor quantum 
numbers id and produce Vj in the transitions 
allowed by flavor SU(3) or OZI, 

B"(bd) — (Sus)a* — K°VU (4a) 
flo(6d) — ad — K'Vi (46) 

f(B» — K°p°) ~ IT - P | "' 

f (B° -> K°u) _ T+P 2 

f(B» — K°p°) T-P 

where f denotes the reduced partial width for the 
particular decay mode with the dependence of 
the phase space factor on individual final states 
removed, T, and P denote the contributions to the 
decay amplitudes (5a) from the tree and penguin 
diagrams respectively, P denotes the penguin 



contribution to the charge conjugate amplitudes 
(5b) and we use the Nir - Quinn phase convention 
[7] in which the CP-violating phase appears only 
in the penguin diagram. 

This offers the possibility of detecting the penguin 
contribution and also measuring the relative phase 
of penguin and tree contributions, as well as 
detecting CP violation in a difference between 
the charge-conjugate p/u> ratios (Sa) and (5b). 

f(B» — K°p°) f(S» -* K°p°) * [ T J 
(6) 

Note, however, that tree diagrams followed by 
final state interactions exist with the penguin 
topology and produce the p and w via an inter
mediate id pair which decays into K°Vd; e.g. 

B" ->D'+ + D.-* K"Vd (7a) 
B" — K+ + p~ -» K°Vt (76) 

The diagram (7a) depends upon the same CKM 
matrix elements Vj,c and Vc, as the penguin and 
will have the same weak phase in the standard 
model. Therefore the contribution of this diagram 
to the amplitude P in eqs. (5) will not interfere 
with using these relations to obtain CKM matrix 
elements. However the diagram (7b) depends 
upon the same CKM matrix elements Vj„ and 
V», as the tree diagram and will have the same 
weak phase as the amplitude T in eqs. (5), 
even though it contributes to the P amplitude in 
eqs. (5). This contribution thus does interfere 
with using the relations (5) directly to obtain 
CKM matrix elements, but does not affect the 
CP violation relation (6). 

Further information can be obtained by looking 
for the p — w interference observed in strong 
reactions[6] in detailed analysis of the JT+JT-

spectrum over the mass range of the p resonance. 
The isospin violating u> —* ar+*-_ has a branching 
ratio of only 2.2%. But the width of the u is 8.4 
MeV while that of the p is 149 MeV [8], Thus 

I V > - ( i r r i r - ) w } 8.4 

where (ir+ir -)u< denotes the IT+JT- decay mode 
at the u peak. Thus 

t{Ba*K°u>->K<>(*+*-)u} = 0 3 0 \T + P\2 

t{B" — K'p" — K°(*+r-)u } \T-P\ 
(9a) 

t{B" - K°u> - K°(*+x-)„} _ 0 3 3 T + P ' 
r{B°-> K"p<> -* K°(*+x-)u} T-P 

(96) 
If the two contributions are coherent, the total 
contribution is given by 

f { B ° -> A-opr+g-M 
f { B " -> K°p« -> K°(*+*-)u} ~ 

I T + P\ \T + P\2 

T^P\+0-39'\¥^P\ 
(lOo) 

where a is the relative phase of the p and ui 
contributions and 4>PT is a relative phase defined 

and similarly for the charge conjugate case (9b). 
Additional information will be obtained if enough 
statistics are available for observing the detailed 
behavior of the decay as a function of energy 
through the resonance. The phase a will change 
rapidly in passing through the w resonance and 
the interference pattern can give information on 
the phases <f>PT and <f>px- Any difference between 
the two indicates CP violation. 

Additional interference effects arise when the final 
kaon is detected in the lis decay mode and the 
initial B meson undergoes B" — B" oscillations 
[9,10] There are two independent CP-violating 
relative phases: (1) the relative phase of the P 
and P amplitudes which expresses the relative 
weak phase of the penguin and tree contributions; 
(2) a parameter 0 [10] which expresses the weak 
phase contribution to the B° — B" mixing relative 
to the phase of the tree contribution to the decays 
which has been used to define the relative phase 
of the B" and B" states. In addition there is 
the rapidly varying strong phase a (10a). Thus 
measuring these decays both as a function of time 
and of the invariant mass of the T+JT - system can 
give interesting information on decay amplitudes 
and CP violation. 
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3. CASCADE DECAYS VIA D° AND D" 
CP-violating charge asymmetries can arise in B 
decays via different diagrams involving different 
weak CKM matrix elements into charmed states 
containing D° and D° [11,12] which then decay 
into the same final state, 

B± — K± + D" — K* + K+ + K~ ( l lo) 
B± — K± + D° -> K± + K+ + K~ (116) 

Eq (IIa) involves He and V»«; eq. ( l ib) involves 
V̂ „ and Vte- There arc also decays via K^D*, 

B ± - » J f i + Z>*°(D*°) -*K± + *° + K++K-
(12a) 

B± — K± + D^iD*") -+K±+y + K++K-
(126) 

Since the IT* and i have opposite ('.: the relative 
phase of the D° and D" produced in the two 
decay modes are opposite. The opposite charge 
asymmetry predicted for the two cases can provide 
a useful experimental check for systematic errors. 

4. CHARM DECAYS TO p, w, <j> 
Analogous flavor topologies can be defined in 
charm decays, with flavor labels having the reverse 
weak isospin. By analogy with (5) 

t(D° — K°u) = (1/2)|T + A| 2 (13a) 
t(D° — R°p) = ( l /2 ) | r - i l | 2 (136) 
?(D° — R"<t>) = i2\A{* (13c) 

where T and A denote the contributions from the 
tree and annihilation diagrams respectively, and 
£ < 1 is an SU(3)-breaking suppression factor. 
The penguin does not contribute and there is no 
CP violation asyrtanetry. Experimental data[8] 
show a large difference between p and UJ branching 
ratios and an appreciable 4>, implying that the two 
amplitudes T and A are comparable. Combining 
eqs. (13) and introducing experimental values[8] 
give a triangular inequality 

(1.61±1.21)% < M"(D° p R0J® < (6.65±2.29)% 

(14) 
where BRw denotes that the branching ratio is 
normalized to the K — u phase space and needs 
a phase space correction. The experimental value 

(1/2)BR(D° — K°<j>) = (0.4 ± 0.08)% might in
dicate a violi on of the lower bound or large 
SU(3) breaking. A better measurement of the 
Ku> branching ratio would be useful and a mea
surement of the relative phase of the u> and p 
amplitudes via pui interference would enable a 
direct test of the relations (13). 

An analogous treatment and flavor-topology 
classification has been given for quasi-twobody 
i?+ and D, decays[3] where T denotes the sum 
of contributions from all diagrams in which the 
spectator d quark remains in the final state and 
A denotes the contributions from diagrams in 
which the spectator quark is annihilated and an 
additional qq pair with all possible flavors is 
created by gluons. 
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ABSTRACT 

Muon and tau polarization in B+D(*)JIV are studied for testing the 
chirality of the (cb)-charged current. 

1. INTRODUCTION 
In the Standard Model, all of 
the charged currents among the 
3 generations of quarks are of 
V-A through their left-handed 
doublets and Cabibbo-Kobayashi-
Maskawa quark mixing[1]. The V-A 
structure has been tested among 
the 1st and 2nd generations 
through various experiments[2]. 
As concerns the third generation 
coupling, the left-handedness 
of b to t coupling has been 
confirmed as the b quark being 
a lower partner of the left-
handed doublet via the forward-
backward asymmetry of Z°-»-bB[3] 
and the suppression of some rare 
B decays!4]. On the other hand, 
the chirality of (cb)- and (ubj-
charged currents not yet been 
confirmed until recent experi
ment by the CLEO Collaboration 
on the (cb)-coupling[4]. There 
has been a possibility of purely 
right-handed chirality for these 
couplings under the present 
precisions of the measurements 
of the b-lifetime, its semilep-
tonic branching ratio, Bd-§,j 
mixing and K°-K° mixing and 
under the theoretical uncertain

ties of the hadronic parameters, 
as Gronau and Wakaizumi claimed 
[5]. Hou and Wyler proposed an
other version of right-handed 
b-decay dominance[6]. 

Measurements of the muon and 
tau polarization in B+D* *£v 
are proposed to test the chira
lity of (cb)-charged current. 

2. LEPTON ASYMMETRY IN B-M3*fcv 
Kdrner and Schuler proposed to 
measure forward-backward asym
metry of the lepton produced in 
the semileptonic B*D*Av decay 

nit 
Afb dneii+dnw-ei) ' l ' ' 

where ir/2<9jj<ir, 8£ is the polar 
angle of the lepton with respect 
to the D momentum in the (Av)-
c.m. frame. This asymmetry can 
be evaluated in the various 
hadronic form factor models, 
and in the Standard Model it is 
predicted to be positive in sign 
and the value is 0.19-0.24 for 
no lepton momentum cut, and is 
0.13-0.16 for minimum momentum 
cut of 1.0 GeV/c[8], 
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This asymmetry has recently 
been measured by the CLEO Col
laboration at CESR[9] and the 
result of Afjj is obtained to be 
positive in sign and the number 
is 0.14±0.06<stat)±0.03(syst) 
for P£>1.0 GeV/c, which is in 
good agreement with the theo
retical predictions given above. 
Thus, the V+A (cb)-charged cur
rent coupling with the V-A lep-
tonic current has been excluded. 
However, this experiment still 
remains the two possibilities; 
the (v-A)x(v-A) and the (V+A) 
x(v+A) for the (cb)- and lepto-
nic current coupling[8]. 
A way of distinguishing these 
two couplings is to measure a 
parity-odd quantity. 

3. LEPTON POLARIZATIONS IN B* 

A measurement of lepton polari
zation in B+D' >lv will be use
ful to distinguish the (V-A)x 
(V-A) and (v+A)x(v+A) couplings 
of the (cb)-current with the 
leptonic one. The lepton polari
zation in the helicity direction 
in the lepton rest frame is ex
pressed by the helicity ampli
tudes for B to D' ) transition 
and the lepton mass[10]. We 
will calculate it in the gener
al SU(2)LxSU(2)RxU(1) model so 
as to be able to include the 
case of left-handed current 
mixed with the right-handed one, 
along with the two cases of 
purely left-handed and purely 
right-handed (cb)-currents as 
its extreme cases. 
The calculated results are shown 
in Fig.1_for^the muon polariza-

'uv, 
.-£ the tau pola 
D< )xv, where the BSW form 

Vcb 
0.042 ft0»1 0040 0.036 0.031 0.643 0 0 

0.0 0.007 0.014 0.021 0.028 0.035 0.042 

fyvlb 
Figure 1: Muon p o l a r i z a t i o n i n 
B+D<*>uv in SU(2) LxSO(2) RxO(1) 
model. 

v c

L b 
0.0*2 0.041 a 0 4 0 0.036 0.031 0.023 

tion in B-M3* 'uv, and in FigA2 for the tau polarization in §-»• 
D< )xv, where the BSW form 
factor model is used[11]. The 

0.0 0.007 0.014 0-021 0.02a 0.035 0.042 

Figure 2: Tau p o l a r i z a t i o n i n 
B+D<*>TV. 
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muon polarization Py—0.99 
(-0.95) for P gV§ b»0 in B+D uv 
(B+Dgv) is tfie value in the 
Standard Model, and the sign of 
the polarizations is reversed 
in the purely right-handed (cb)-
and leptonic coupling (Bgvcb~ 
0.042), where B g=(g R/g LP (ML/ 
Mo) and V§h is (cb)-element of 
right-handed mixing matrix, g L, 
g R and M L, M R are gauge-coupling 
constants and gauge-boson masses 
of the left-handed and right-
handed coupling, respectively. 
The values for 0.0<BgV§b<0.042 
are those for the case of mixed 
left- and right-handed currents. 
It is interesting to note that 
the tau polarization is PT«-0.51 
for B+D TV and is +0.41 for B+ 
DTV in the Standard Model, as 
can be seen in Fig.2. The_reason 
why the polarization for B+D is 
positive, being far away from 
the left-handed helicity nature 
for a massless fermion, in con
trast to the muon polarization, 
is that the transverse helicity 
amplitude for weak B to D tran
sition is identically zero, en
hancing the heavy mass effect 
of the taut 10,12]. 

4. SUMMARY 
The lepton polarizations in B+ 
D' ) l\> could give a good chance 
to test the V-A structure of 
the (cb)-charged current in the 
Standard Model, although the 
experiments may be quite hard 
since the muons must be stopped 
over all the solid angle for B-* 
D^ *uv, and for the tau polari
zation one more neutrino from 
the tau decay could complicate 
kinematics to detect the tau 
momentum in B+D^ ^TV. 

I would like to express my 
gratitute to K. Hagiwara for 
useful discussions. 
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ABSTRACT 

The scenario of right-handed 6 decay dominance is extended into two class of solutions. Solution I generalizes 
the Gronau-Wakaizumi solution, with bji —• CR, UR dominance, but Vc" need not be vanishingly small. 
Solution II preserves bR —• CR, but has bL-* uL as usual, leading to rather different quark mixing matrices 
VL and VR as compared to Solution I. A third possibility of having normal 6i —»ex, but bn —» UH dominance 
is ruled out by the e parameter and Bd mixing. Experimental consequences such as Cabibbo suppressed 
decays and CP violation are discussed. The best way to rule out right-handed b —> c decay dominance is to 
find B — O'-'D- 1"' modes at the 0.1% level. 

1. INTRODUCTION 

It is usually assumed that, within the Standard 
Model (SM) context, the 6 —» c, u transitions are 
purely left handed, hence the long 6 lifetime is in
terpreted as due to the smallness of |Vi*| and |Ku,|. 
This has presumably been tested already. How
ever, it was recently pointed out [1] that, in test
ing the handedness of 4 —» c, u decays, V — A of 
the associated tv is usually assumed. In fact, ex
perimental tests so far cannot distinguish between 
(V - A)(V - A) and {V + A)(V + A)\ 

Gronau and Wakaizumi propose that, within the 
context of SUj,(2) x SUR(2) X U(l) theories, one 
may have |V*| = \V&\ = 0, but 

Kc? GR = Vcb GL, (1) 

where GL.R are Fermi constants, and Vcb corre
sponds to the KM matrix of SM. That is, b decay 
is purely right-handed. In this way, long b lifetime 
is due to the heaviness of WR. Besides being un
conventional, the proposal implies quite a few un
pleasant features. The WR boson has to be rela
tively light, but at the same time it mixes very lit
tle with the standard W boson. The coupling gn 
has to be larger than the usual weak coupling to 
satisfy the CDF constraint of (gR/gi.)MR > 500 

* Work done in collaboration with Daniel Wyler. 

GeV. The b -* ccs process is slightly suppressed, 
hence pushing BR(b —» ei>X) in the wrong direc
tion, and causing mild conflict with the already ob
served B —» DD~ type of modes. Most unpleasant 
of all is the need for right-handed neutrinos with 
mass satisfying m„K < mj — m c . These problems 
not withstanding, the point is that the Gronau-
Wakaizumi proposal is not ruled out by hard evi
dence. We must find handles such that the scenario 
can be confronted experimentally. 

2. THE GRONAU-WAKAIZUMI PROPOSAL 

The basic proposal is enbodied in eq. (1). Using 
standard constraints that /?, = GR/GL < 0.07, or 
equivalent^, MR = (9L/9R) MR > 300 GeV (a 
rather low value!), V§ > 1/2 is implied. On the 
other hand, one cannot tolerate V̂ J —• 1 for then 
VjJ —> 0, and would run into conflict with the mea
sured BR(b —• ePX) and. especially, the observed 
6 —• ccs type of modes such as B —» DDj. To 
optimize, one chooses \V£\ ~ \V$\ ~ l / \ /2 . With 
Vjj, = 0, i.e. assuming right-handed dominance for 
l - > u transitions as well, |Vj|| ~ 0.09 is inferred 
from the present standard value of |V^*/V t̂| ~ 0.12. 
The strongest remaining constraint comes from the 
two-charm L-R box diagram contribution to K^-Ks 
mass difference, which we define as Ara^jc.c). As
suming this is smaller than the experimental value 
for AmK, one finds P,\V*V£\ < 0.0005, leading to 
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the bound 
IKSl < 0.01. 

One arrives at the GW solution for VR 

c2 —cs s 
VR = »('-') e+i' c 

y/2 y/2 7 5 

V2 </2 7 5 . 

(2) 

0.9919 -0.0896 0.0900 
0.0003 0.7100 0.7042 , (3) 

-0.1270 -0.6985 0.7042 
where the second step follows from setting s = 0.09. 

2. T w o P O T E N T I A L P R O B L E M S 

We wish to explore [2] the GW idea more fully, in 
particular, we wish to find whether there are loose 
ends, as well as the best experimental handles to 
study or rule out the model. 

We first note that V& ~ 0.0003 in eq. (3) is much 
smaller than required by eq. (2). Let us trace the 
origins of this extreme suppression. After choosing 
"maximal" mixing between 2nd and 3rd generations 
in the right-handed sector, there remains two mixing 
angles, £13 and S12, that govern the mixings between 
respective generations. For the purpose of reducing 
the number of parameters, GW chose &\2 = — S13 
such that V% = (*12 - s13ci2)/y/2 — s(l - c)/v^>, 
which collapses down to s 3 /2\/2 —• 0, once s = VjJ 
is constrained to be small. This is an artifact and 
can be easily removed. With V̂ J = S13 ~ 0.09 as 
argued earlier, \V$\ = |«i2 - • s i s ^ l / V i < 0.01 (eq. 
(2)) implies that S12 cannot be very different from 
S13, but for example, one could still have «i 2 =; 0.098 
and sis ~ 0.085. This slightly generalized version 
of the GW solution will be called Solution I. 

Another potential problem is that, not only \VR\ ~ 
\V$\ = 0.7 is very large, |V*| ~ v/2|V*| = 0.13 
is also rather large. This is a' reflection of having 
both Vc

L

b, V^b = 0. Since the standard LL-tt box 
contribution to Bd mixing is absent because Vjj = 
0, GW argue that the observed Bj mixing can be 
accounted for by the contributions 

'\MJJ Mfis)* x£"(c, t) « 0.6 (4) 

where all dimensional parameters have units of 
GeV, and we have taken / B = 200 MeV. Clearly, 

XjR(c, t) tends to dominate. However, the sub-
dominant term xRR(t, t) is sensitive to mt and MR, 
and could be sizable for large tn, or light MR. If 
WL — WR mixing is small, which seems to be im
plied by experimental constraints, MR ~ 300 — 360 
GeV is needed, which would drive up xj^f,*, t) con
siderably. Because of diagramatic similarities, one 
may then encounter more serious problems with 

A m f ( U ) w 
K V 1 3 0 / \MJtJ \0.m) 

3.5 x 10" 1 5 GeV. (5) 

For M% ~ 300 GeV and m, = 130 GeV, this is 
about 5 times larger than the experimentally mea
sured value of Amu, and gets worse for larger m,. 
Can one preserve VR ~ 0.7 but avoid these prob
lems? 

3. A S E C O N D S O L U T I O N 

The problem with i m j j comes about because Vt

R 

and Vt

R are both large. Observe, however, that al
though experimentally 6 —• « is much weaker than 
b —• c, it does not imply that bjt —> CR dominance 
should be accompanied by bR —> UR dominance. 
We propose to keep bj. —• ui dominance, hence 
KS ~ Vui =; 0.005 = S, and take V% to be of similar 
order of magnitude or less. Then K,̂  and ^should 
also be of order 6 or less. Keeping V^ ~ 0.7, we take 
V$ and V£ to be of order a small parameter / or 
less, which should be determined by experimental 
constraints. Thus, Solution II consists of 

VL, VR ~ 
1 X S 

-X 1 S 
-s - s 1 

1 -l 
1 1 

75 75 
1 1 

"75 75 

(6) 

where S = K„4 ̂  0.005 and 1 < 0.01 from eq. (2). If 
one takes CP violation into consideration, 1 should 
be less than 0.001. However, CP violation may well 
be due to other sources. The angles S and 1 can 
be generalized into two angles each, but it does not 
modify our results. 

There are some merits to this second solution. Amjf 
and An>B are all due to standard LL-cc and LL-tt 
diagrams. The smallness of Vfj and Vt

R suppresses 
AmJP^M), Am§R(t,t) and Am%R(t,t). However, 
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although Anis, > AmBi, B, mixing is mostly due 
to Am^R(,t,t) and AmB

R(c,t) (in Sol. I, AmB. > 
AniBi due to scaling from Vt

R to Vt

R, just like in 
SM), i.e., AmBd and Amg, have different origins in 
Sol. II. This should have interesting implications on 
CP violating effects. In general, e and e? require the 
tuning of CP violating phases (6 new ones) to 10%. 
One final thing worthy of note is that, in Sol. II, 
not only b —* ccd is down compared to SM, 6 —» cis 
is also quite down, which may also lend us some 
experimental handle. 

So far, we have discussed the combinations where 
b —<• e and b —» u transitions are L-L (SM), R-R 
(Sol. I), or ft-L (Sol. II). One may naturally wonder 
whether a third solution of having normal hi, —» 
cL, but bn —• Ufl dominating 6 —» u transitions, is 
possible. At first sight this model has the appealing 
feature that in the limit of V& —» 0, Vfc is fixed 
and no CP violation can occur through VL. CP 
violation would be solely in VR. However, on closer 
inspection, one finds that since individual elements 
VR are not constrained to be small, €K implies all 
CP phases have to be fine tuned to be less than 
1 0 - 3 , which is unpleasant. What is more serious 
(since one can relegate CP violation to some other 
source) is the LR-tt box contribution to Bd mixing. 
The contribution is proportional to VfcVt

R and has 
a large numerical coefficient. Unlike Solutions I and 
II, here Vt

L

d is of standard strength while at the same 
time Vt

R is not small, resulting in too large a value 
for x%R(t, t). "Solution III" is therefore already 
ruled out. 

4. EXPERIMENTAL CONSEQUENCES 

Although there are many misgivings about the 
Gronau-Wakaizumi proposal, the key point is that 
it has not been tested experimentally in a crucial 
way. We remark that recent LEP measurement of 
the weak isospin of the 6-quark [3] still does not 
rule out right-handed decay dominance, since one is 
only measuring the Zbb coupling. If the Z boson 
does not mix with the extra neutral gauge boson 
of the left-right model, the Zbb coupling would be 
standard. 

To motivate our experimental colleagues, let us be
gin with the more tantalizing, but at present less 
accessible consequences. The first tantalizing fea
ture is the prospect for mixing related CP violation 
in the B system. Recall that Bj and B, mixing have 
different sources compared to the standard model. 
The standard formula for rate asymmetries in a final 

state / is 

Im A, = I m [ i - p . , - * ] , (7) 

where q/p comes from B°-fl° mixing, therefore de
pends on Bd or Bs, pj depends on the final state 
and is different for Sol. I and II, while K involves 
K° mixing, which is in general complex for Sol. I. 
One could have many asymmetries, for example 

Im A B ^ K , = sinarg ( | g V«'v£ V*'\) , 

Im A 8 , _ „ = sinarg ( l £ V? V$ Vtf) , 

I« *Br-,*D7 = 8 i n a r 8 (VJ* V*'vf V** 2 ) , 

Im \B.-PKS = sinarg ( v « V*'Vfi » S | V ) , 

Im AB._^„ = sinarg (V* V * X 2 . KT.2) • (8) 

where here Vy stands for either VR or Vjj, depend
ing on the model. Unlike SM, all these quantities 
in eq. (8) are nonzero in general. Since all phases 
are of order 10%, asymmetries up to 40% is possi
ble. One also gets relations like the Nir-Silverman 
quadrangles [4], e.g. 

Im XB4->I>KS — Im ^ B * - . * * = 
I m *B.-D*DZ - I™ *B.~pKs- ( 9 ) 

For SM, where Im A B _ D + C - vanishes, this reduces 
to the usual unitarity relation. 

The second tantalizing feature is in CP violating 
effects that are independent of mixing, i.e. in pen
guin decay processes. Penguins in general have de
cay rates that are SM-like (down by 1/2), except 
bsZ and bdZ coupling is suppressed by mJ/Afjj. 
However, with 6 phases, in general the phase dif
ference between VR V$ and VR VR is no longer 
constained to be the SM value of order A2. Thus, 
much larger CP violating asymmetries are possible 
in 6 -1* s penguin modes. For example, B~ —> K~4 
and B+ —• K+<j> could differ by 10% in rate, rather 
than the SM expectation of less than 1%. For 6 —• d 
transitions, since CP violation effects are already 
sizable, the impact is less significant. 

So, if the right-handed decay dominance scenario 
holds true in Nature, one expects to reap rich re
turns at fi-factories. The urgent question is, there
fore, whether it can be confronted by experimental 
tests beforehand. Three possibilities come to mind. 
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The first is to make direct parity violation tests to 
check the (V + A)(V + A) structure, for example, 
lepton polarization in B —> D'lv modes [5]. This is 
experimentally rather difficult. A second, somewhat 
more tangible way is to measure the electron energy 
spectrum in semileptonic decays of polarized Aj's 
produce \ in Z decays [6]. LEP has basically seen 
Aj's already, and we expect the Aj's to_ retain the 
polarization of the b quark from Z —> 46, since the 
ud "diquark" has to be in a spin zero combination. 
Assuming no contamination, one expects a harder 
Ee spectrum for (V+A)(V+A) vs. {V-A)(V-A). 
Two problems may complicate the issue. Aj's may 
emerge from the decay of heavier baryonic states, 
leading to depolarizaton. The hardness of the spec
trum may be difficult to disentangle from the hard 
fragmentation function of a b quark. It remains to 
be seen whether these difficulties can be overcome. 

Here we propose an indirect test via searching for 
Cabibbo suppressed i —> ccs and 4 —> ccd decays. 
In both models, b —> ccd is extremely suppressed vs. 
b —* ccs. Thus, 

BR(b -> ccd) 
BR{b — ccs) 

A2 ~ 0.05, 
= ( 0(1Q-7) 

SM 
GW 

< 0(W4) Sol. I it. II 
(10) 

The point is that exclusive b —» ccs modes such 
as B —» DD~, xjiK and Dp have been seen at the 
1 - 3%, 0.1% and 1% level, respectively. The cor
responding Cabibbo suppressed modes, e.g. B —• 
DD~, Tpii and DK" should therefore show up at 
the 0.1%, 0.01% and 0.05% level, respectively, in 
the near future. This test is more straightforward. 
As statistics increase, one tests the standard model. 
If one confirms the SM expectations, right-handed 6 
decay dominance is ruled out. The B —» i>^(Tr, p) 
modes may be more easily searched for at hadronic 
colliders. 

Similarly, the b —> cus mode is also suppressed com
pared to SM, but more so in Solution II, 

BR[b -> cus) _ 
BR(b -> cud) ~ 

A2 ~ 0.05, SM, 
0(0.008) Sol. I, 
i 2 < 0(10-") Sol. II. 

(11) 
hence it can be used to distinguish the two solu
tions. Since B —> D^'lp is observed at the 1% level, 
B —• D^K' should be seen around the 0.05% level 
if SM holds. Observation at the few x 10"4 level 
would therefore rule out both solutions I and II. 

However, if they are not found at the 1 0 - 4 level, 
further effort could iistinguish between solutions I 
and II. If they are below the few x l 0 ~ s level, so
lution II would be favored. To reach this level, one 
would need more than 100-fold increase in statistics, 
which would take longer time. 

5. SUMMARY 

The (V — A)(V — A) structure has not yet been 
fully tested for the case of b decays, which may well 
be of (V + A)(V + A) form. Two class of solu
tions are found: Sol. I has bit —> eg and bg —» «u 
dominating the respective processes, while for Sol. 
II one has bg —> CJJ and 6x, —• «L. A third class 
of solutions is ruled out by Bj mixing and £#. If 
these models are realized, with 6 new sources for 
CP violation, one could have a plethora of large 
CP violating asymmetries at ^-factories that show 
different relations from the Standard Model. There 
are, however, a few tangible clues before the ad
vent of B-factories. One could conduct parity tests 
in /-polarization in B —* D*tv, which is a chal
lenging task. One could utilize the naturally po
larized Aj's produced in Z —<• bb decays (hoping 
that there are no depolarization effects), and study 
the l-spectrum in At —> tvX. Besides luck, this 
method needs better statistics and technique. The 
more straightforward but less direct way is to con
firm SM expectations for Cabibbo suppressed 6 de
cays. If B —<• £)(*)£)- ̂ ' type of modes are much 
more suppressed than 0.05 times B —* D^D~ ' 
type of modes, we may be in for a bonanza of CP 
violating effects at future B-factories. 

Well, let us look diligently into these handles first! 
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Accelerator Summary 
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ABSTRACT 
This is a short summary of accelerator physics and R&D work presented at this workshop. A brief overview of 
major design issues among the B factory proposals is followed by an overview of the advances that have been made 
in many areas during the last year, specifically in RF, feedback, and vacuum systems. The steady progress in 
hardware and accelerator physics issues for all active B factory projects will make an on-schedule startup very likely 
once project approval is given. 

1. INTRODUCTION 
Moving from today's luminosity reference (2.5x10^2 
cm-2-sec"1 at 5.3 x 5.3 GeV) to a typical asymmetric 
B factory goal of 3 x l 0 3 3 cm'2-sec"' at 3.5 x 8 GeV 
will mean extrapolating many accelerator parameters 
far beyond any operational experience. This advance 
in performance will require a sizeable research and 
development effort. The reports received at this 
workshop on many topics critical to success of B 
factory designs showed that much progress has been 
made in these areas over the past year. 
In many systems the designer must choose between 
"conventional" solutions pushed considerably beyond 
present experience, and new technology solutions 
which might appear to be better in theory, but do not 
have the benefit of extensive operational experience. 
Some of these topics are: head-on vs. crossing angle 
IR, conventional vs. superconducting RF, and modest 
vs. very low emittance optics. 

Three B factory proposals, KEK, SLAC, and Cornell, 
were represented at this workshop. Proposals have 
also been made by DESY and INP, Novosibirsk, but 
were not represented in the reports presented here. 
This summary unavoidably reflects this bias. 

2 . B FACTORY DESIGNS 
The choice of parameters in all B factory designs 
includes a large number of bunches, low Py, low 
emittance, and high beam currents. This sets the 
scope of technical challenges which must be addressed 
by all designers. In other areas, the solutions chosen 
vary among the different proposals, e.g., the choice of 
head-on vs. crossing angle interaction region, type of 
RF technology, and storage ring radius. The last 

parameter is frequently determined by economic 
considerations and the availability of an existing 
structure. 
Parameters of the B factory designs were presented in 
opening plenary talks. In some cases, multiple stages 
are envisaged, building on initial operating experience. 
All have beam currents around 1 ampere, a bunch 
spacing on the order of 2 meters, and 1 cm P*. 

Qualitative differences are found among machines in 
two design areas, the IR configuration and the RF 
accelerating system. Both systems have performance 
requirements far beyond current experience with 
important implications for engineering of 
components. 

2 . 1 Interaction R e g i o n Conf igurat ion 
The combination of requirements for low p* in two 
beams of different energy, seperatjon of the beams at a 
nearby parasitic crossing point, the need to protect the 
detector from particle and synchrotron radiation 
background, and the mechanical constraints imposed 
by the needs of the detector, make the interaction 
region design particularly difficult. Several different 
paths have been followed to find an optics arrangement 
which meets all these requirements. Very low 
emittance beams permit close placement of die high 
energy ring (HER) quads since beam-stay-clear 
requirements are reduced, such low emittances require a 
large ring, and dynamic aperture control is more 
difficult. Allowing different P* values between high 
and low energy beams alleviates some optics design 
problems, but increases the high energy beam (HEB) 
current and may complicate the beam-beam dynamics. 
A crossing angle brings die beams apart quickly and 
effectively solves the separation problem, but 
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additional synchro-betatron resonances created in the 
beam-beam interaction must be compensated. 
Most of the beam-beam experience to date has been 
with head-on collisions, making a head-on IR, from 
one perspective, a more conservative design. 
However, collisions with asymmetric energies and 
unequal beta functions have not been studied on 
operating lepton colliders, detracting somewhat from 
the comfort offered by a head-on IR. Also, the added 
complexity of separation usually results in 
compromizes in other parameters, as listed above, and 
the separation bend magnets generate several kilowatts 
of synchrotron radiation which must be handled 
properly. 

A small crossing angle results in rapid separation of 
the beams without synchrotron radiation from bend 
magnets and simplifies the IR design. While the 
effects of its synchro-betatron coupling have been 
studied by simulation [1,2] and in experiment [3], the 
crab compensation itself has not been used in any 
machine. Furthermore, the control of the fields in the 
deflecting mode with very high beam loading will be 
an engineering challenge. 

The proposals discussed at this workshop covered the 
range of crossing angles from 0 mr (SLAC) to ±12 mr 
(Cornell) with the KEK proposal using a combination 
of crossing angle (±2.8 mr) and bend separation. With 
a modest emittance (10"7m-r) in the LEB, the SLAC 
IR uses a larger p* in the HEB to meet separation and 
optics criteria. The KEK IR uses a very low 
emittance beam and small crossing angle plus dipole 
separation to achieve p\J values of 1.0 cm in both 
beams. Crab compensation will not be required with 
this small angle. 

2.2 RF Cavity Technology 
The very high current beams with closely spaced 
bunches in proposed B factories impose new 
requirements for RF systems. The RF cavities are the 
largest parasitic impedance in a storage ring and careful 
control of this impedance is essential to limit growth 
rates of coupled bunch intabilities and maintain a high 
bunch lengthenng threshold. 

Since the total parasitic mode impedance of the RF 
system is the sum of individual cell contributions, 
there is a premium placed on minimizing the number 
of cells in each ring. The contribution of each cell 
may be minimized by choosing a geometry with low 
R/Q (shunt impedance, R*E2/2P, divided by cavity 
Q). The small number of cells with low R/Q and 

large voltage requirements for short bunch lengths 
result in power dissipation per cell of 2 to 4 times that 
of presently operating systems. 
Another potential problem results from the need to 
detune the cavity resonant frequency to efficiently 
compensate the almost totally reactive loading from 
the beam. The detune frequency necessary for 
optimum power transfer is: 

where Af is the detune frequency, fRF the RF 
frequency, Ibeam die total beam current, V c e u the 
accelerating voltage per cell, and 4 the synchronous 
phase angle (V(t)=V cos <•). High currents in large 
rings can easily create a Af greater than the revolution 
frequency, causing a longitudinal instability as the real 
part of the cavity fundamental mode impedance crosses 
a positive synchrotron sideband. If this is the case, 
the designer has several options. 1) Don't detune the 
cavity, but stabilize the field with "brute force" rf 
power. This option increases the rf power 
requirements by factors of 3-5 and has not been used in 
any proposal to date. 2) Provide high gain, wide band 
feedback to the RF cavity voltage [4] to lower the 
effective impedance at the cavity fundamental mode 
frequency. This option has been chosen in the SLAC 
and initial KEK designs and will be discussed in more 
detail later. 3) Choose a cavity design with R/Q and 
Vcell values which minimize Af so the growth rate of 
this "fundamental mode instability" is longer than 
feedback or radiation damping times. This option is 
used in the Cornell design and KEK upgrade option, 
both of which use superconducting RF cavities. 

The large dissipated power, high parasitic mode 
impedance, and large detuning that goes with 
conventional copper cavities has motivated 
development of super-conducting technology for B 
factory RF systems. The low wall losses make a 
lower R/Q geometry practical, which decreases all 
higher order mode shunt impedances as well. For 
example, the growth time for longitudinal modes is 
estimated to be several times the longitudinal damping 
time in CESR-B. Peak accelerating fields of 3 MV 
per cell look feasible, compared to 0.5 to 1 MV for 
copper cavity designs. The total reduction in detuning 
frequency (equation 1) is a factor of 6 to 10. 

The smaller accumulated experience with 
superconducting cavities and different technology 
involved incurs a commitment to an extensive R&D 
program for B factory use. The design and 
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construction procedures must meet the requirements of 
the more complex cryostat vacuum system and 
specialized processing of the cavity surfaces. These 
considerations must be balanced against the high local 
power densities in a copper cavity and the complex 
feedback systems needed for beam stability. Both 
copper and niobium cavities will require a vacuum 
window capable of handling 400 kW cw power levels. 

3 . RECENT PROGRESS 
Progress reports were presented at this workshop in 
nearly all areas of B factory development. Three areas 
are noted here which, in the opinion the writer, are 
critical R&D subjects and showed substantial progress 
since the last B factory conference at Stanford. These 
are: longitudinal feedback systems, RF cavities, and 
vacuum system characterization. 

3 . 1 Longi tudina l Feedback S y s t e m s 
High gain longitudinal feedback systems will be 
crucial for the operation of B factories employing 
conventional accelerating cavities. These include 
bunch-by-bunch feedback on dipole motion and 
multiple feedback loops around the RF system to 
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lower the fundamental mode impedance. 
The bunch-by-bunch feedback system being design for 
the SLAC B factory was described by Oxoby [5]. The 
processing electronics are digital (8 bit resolution). 
The pickup is a series of couplers which generates a 
frequency burst for convenient phase detection. The 
kicker structure, not described in this workshop, is a 
multi-gap, wide-band structure operating at 1071 
MHz. 

Since the synchrotron frequency is small compared to 
the revolution frequency, the signal may be sampled 
every few turns, thereby reducing the data rate. This 
"down-sampling" technique samples the (phase) error 
signal only once every N turns, providing the same 
feedback signal for N consecutive turns, as illustrated 
in Figure 1. There is little loss in effectiveness when 
at least 4 samples are made each synchrotron cycle. 
This method was tested in SPEAR using a prototype 
feedback channel and was found to be capable of 
damping a longitudinal oscillation in 200 turns, as 
shown in Figure 2. 

The design of the wideband longitudinal feedback 
system for PEP II has reached a detailed stage of 
design and the downsampling technique has been 
verified by measurement. 
The feedback system to lower the RF cavity 
fundamental mode impedance has progressed during 
this period also. Pedersen presented results [4] of 
detailed calculations and design efforts for the PEP II 

Multiple feedback loops are needed to achieve the 

Figure I - Feedback system input (top) and output 
(bottom) illustrating conventional and down-sampling 
operation. 

i . . . . ; . . . . i . . . . i . . . . i . . . . i . 

Figure 2 - Data from down-sampling longitudinal 
feedback test in SPEAR. The top curve is the bunch 
phase signal; the bottom curve is the output (down-
sampled) from the digital signal processor. The x axis 
is time (20 (tSAuv). (From reference 5.) 
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Figure 3 - Multiple feedback loops to lower cavity 
fundamental mode impedance. Over-coupling of the 
cavity also contributes to the reduction of the 
impedance. (From reference 4.) 

required several orders of magnitude reduction in 
impedance. These feedback loops are shown in Figure 
3. Overcoupling of the cavity gives the first step in 
impedance reduction. The effectiveness of direct RF 
feedback from the cavity field to the klystron input is 
limited by delays and klystron saturation effects, as 
described by Corredoura.[6] Since only the impedance 
at sidebands near revolution harmonics is important, 
feedback after a 1 turn delay is possible with a comb 
filter. The RF system may also be used to stabilize 
low order coupled bunch modes by feedback from a 
beam phase pickup as shown in loop 4. 

The detailed analyses of the feedback systems and 
associated hardware are backed up by many years of 
experience with similar systems at the PS and ISR 
rings at CERN [7,8]. Lacking a full current beam 
lest, this thorough study of a complex problem has 
provided a reasonable level of confidence in this 
solution for the fundamental mode instability 

3 . 2 RF Cavity D e v e l o p m e n t 
The RF cavities are required to handle very high power 
levels in the B factory environment. The need to 
minimize parasitic impedance puts a premium on 
minimizing the number of cells. High beam currents 
add higher order mode dissipation to that of the 
fundamental mode, and the need to damp higher order 
mode Q's seriously complicates the cavity geometry. 
Figure 4 shows cavity shapes for the KEK, SLAC and 
Cornell B factories. The KEK proposal initially uses 
2-cell copper cavities, to be replaced by single cell 
superconducting cavities when ready. The PEP-II 
design calls for single cell copper cavities, and CESR-

B single cell superconducting cavities. All have a 
fundamental mode frequency of approximately 300 
MHz. 
It is clear from the reports diatRF cavity development 
activity has been intense in all labs. Detailed thermal 
calculations have been performed for copper cavities 
and higher order mode absorber properties have been 
measured for superconducting cavities. Results of low 
power tests at all three of the above laboratories were 
reported at the workshop. 

Rinuner [9] described the optimization of cavity shape 
and location of the higher order mode damping slots 
for the PEP-n cavities. By careful positioning of the 
slots, all dangerous higher order modes may be damped 
with minimal effect on the fundamental mode. 
Measurements made on a low power model confirm 
that damping is sufficient to have calculated instability 
growth rates well within feedback system capabilities, 
with the lowest mode Q's less than 40. 

The KEK copper cavity status was reported by 
Suetake. [10] The double cell cavities are damped by 
circumferencial slots between the cavities. Both 
computer calculations and measurements show the 
TM110 and TMOl 1 x modes to have damped Q's less 
than 50 (below the target values). The cavity used for 
low power tests is suitable for high power tests after 
the addition of water cooling. 

The KEK superconducting cavity design was covered 
by Mitsunobu. [11] The KEK B factory will use 
superconducting cavities in its second stage with 
2.6/1.1 Amp currents and a bunch spacing of 0.6 m. 
Higher modes are coupled into the beam pipe where 
their energy is absorbed in ferrite loads. The 
effectiveness of the mode damping has been tested on a 
Tristan type copper cavity. Fundamenal mode 
performance has been measured in a niobium 
prototype which reached nearly 10 MV/m with a Q 
well over 10". KEK's extensive experience with 
superconducting cavities in TRISTAN will be 
valuable in the B factory R&D effort. 

Welch [12] summarized recent results from die CESR-
B RF cavity programs. Both accelerating and crab 
(deflecting mode) superconducting cavities are under 
development The accelerating cavities' higher order 
modes are damped by large beam pipes to Q's less than 
100, as confirmed by calculations and tests on a 
copper model. A full size superconducting model has 
exceeded 10 MV/m with Q above 10 9 , and will be 
tested with high beam currents in CESR. Progress on 

— 400 — 



characterization of fertite absorbers and high power 
windows was also reported. 
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A crab cavity operating in a deflecting mode poses a 
challenge in the damping of undesired modes since the 
operating mode (TM1I0) is not naturally the lowest 
frequency mode. A coaxial design was developed by 
K.Akai which damps all undesired modes. Tests on a 
1/3 scale niobium model confirmed the ability to 
achieve the desired kick with a single cell. 

3.3 Vacuum System Desorption 
The proposed B factories will illuminate the bend 
chamber walls with over 10'9 photons/second /meter. 
The photon induced desorption of gas molecules from 
the surface will be the dominant source of gas load for 
the vacuum pumps. Since (like almost all other B 
factory parameters) this load is near the limit of the 
capability of existing technology, the photon 
desorption coefficient, ify is a critical parameter. The 
vacuum chamber design and the choice of pump type 
will depend on the achievable value for ity. 

It is well known that ity, the number of molecules 
desorbed per incident photon, decreases with exposure 
to photons. Up to 2 years ago, however, controlled 
experiments with the high integrated doses appropriate 
to B factories had not been done and the established 
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Figure 4 - RF cavity shapes for a) PEP II, b) KEK B 
factory ( 1 s t stage), and c) CESR-B. 

Figure S - Conditioning of gas desorption coefficient 
(Tty) of copper with exposure to synchrotron radiation. 
(From reference 13.) 
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lower limits of i)y were rather high. Data presented 
by Perkins [13] from experiments performed at the 
Brookhaven synchrotron light source by an 
LLNL/BNL collaboration demonstrated that f|y 
dropped below 2X10"6 for CO and CO2 at integrated 
doses above SxlO 2 3 photons/meter (Figure 5). The 
material used was copper. Results from experiments 
in the KEK photon factory presented by Kobayashi 
[14] are in agreement with the LLNL/BNL data. They 
clearly show that desorption coefficients below 10"° 
are possible for OF copper, and A6063 aluminum is 
approximately one decade higher. 

4. SUMMARY 
The reports presented at this workshop confirm die 
steady progress being made in die design of a machine 
which pushes the luminosity frontier forward by more 
than an order of magnitude. The R&D results from 
many world wide laboratories have brought us closer 
to a measurement of cp in the b system. These 
laboratories have complementary strengths and 
experience, and the continuation of the collaborative 
efforts in accelerator R&D is essential. The vision of 
a B factory operating at the mid-l(p3 luminosity is 
becoming a very credible picture. 
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ABSTRACT 

The primary focus of the detector sessions at this workshop was the evaluation of the capabilities of proposed 
technologies in the context of the requirements for a comprehensive investigation of CP—violations in the 
B—meson system. From the work that was presented, it is reasonable to conclude that a "Phase-I" detector, 
with relatively modest improvements on performance levels already achieved in existing detectors, most 
notably CLEO-II, could be built that would be capable of establishing the existence of CP-violations at the 
level predicted by the KM model. In the event that CP—violating effects are seen, a complete survey of these 
effects in the 6—quark sector, including the complete mapping of the KM Unitarity Triangle, will require 
an upgraded detector that incorporates technologies, particularly in the area of particle identification, that 
need further U&D before one could confidently embark on the construction of a full-scale system. 

1. INTRODUCTION 

The first general purpose detector to study 
B—mesons produced in e+e~ annihilations near 
threshold was the CLEO detector at the Cornell 
Electron Storage Ring [1].' CLEO consisted of 
a tracking volume surrounded by a solenoid mag
net coil followed by particle identification devices 
and an electromagnetic shower counter, as shown in 
Fig. 1. While this device made a number of impor
tant contributions to our knowledge of the 6—quark 
system, most of the important results were derived 
primarily from the inner tracking system. The par
ticle identification efficiency was severely compro
mised by the effects of the intervening material of 
the solenoid. The electromagnetic calorimetry was 
impaired both by the material of the coil and the 
particle i.d. devices, and the significant drift space 
between that material and the calorimeter. Expe
rience with the CLEO detector provides important 
"rules of thumb" for future detectors specialized for 

* Work supported by the V.S. Department of Energy, 
contract DE-AMO3-76SF0O235. 

t Although the main application of the CLEO detector wu 
the study of B— mesons, its design was finalised in 1977, be
fore the discoYeiy of the 6—quark. 

t-physics: 

i. The amount of material in front of particle 
i.d. devices and shower counters must be min
imised. 

ii. Any drift space between any intervening mate
ria] and the shower counter is harmful. 

iii. Monte Carlo simulations of the effects of mate
rial and intervening drift spaces in front of the 
shower counter will underestimate the damage 
that they will cause. 

Subsequently, after the basic properties of the 
T(45) resonance (E e m=10.58 GeV) were well es
tablished, the ARGUS detector was constructed at 
DESY expressly aimed at the study of £—meson 
decays [2]. In ARGUS, the above-noted rules were 
rather strictly considered: both the particle i.d. and 
shower devices were located Inside of the solenoid 
coil and drift spaces were minimized. Largely be
cause of this, the ARGUS group made a number of 
important discoveries and measurements. 

An aspect of the ARGUS detector that has rele
vance to plans for B—factory detectors is the evo-
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CLEO 

Figure 1: The original CLEO detector 

lution of the beam pipe region. In order to run 
in the T-resonance region, the DORIS storage ring 
has to operate at energies that are substantially 
higher than its original design value. As a result the 
level of synchrotron radiation is quite high. In the 
early stages of ARGUS operation, the beam-pipe 
radius was 5cm, and synchrotron X-rays were a ma
jor problem. However, as the experiment evolved 
and the group developed a better understanding of 
shielding and masking issues, they aggressively pur
sued smaller and smaller sised beam pipes until now 
they succesfully operate with an r = 1.1cm pipe. 

The current paradigm for B—factory detectors is 
the CLEO-I1 detector at CESR [3]. Here particle 
identification is provided by dE/dz measurements 
in the central tracking system and a time-of-flight 
(TOF) system, and electromagnetic showers are de
tected in a Csl crystal array, all located inside of 
» B = 1.5T superconducting coil. The amount of 
uninstrumented material and the drift spaces fol
lowing them are minimised. As we learned from 
J. Alexander's talk at this workshop, this detector 
is extremely powerful and is providing experimental 
results of a significantly higher level of quality than 
was possible with previous detectors. 

The CLEO-II detector measures a charged-
particle momentum resolution of Ap/p ~ 0.5% for 

Figure 2: The ARGUS Detector 

momenta around 1 GeV, TOF resolution of 120 p», 
dE/dx resolution of r a 8% for *'s in hadronic 
events, and an electromagnetic shower energy res
olution that is close to <r(E)/E = 2.0%/E1'*. A de
tector with these peformance levels, augmented by a 
silicon-strip vertex detector and suitably configured 
for asymmetric-energy beams, would be adequate as 
a "phase-I" instrument for a B—factory. Upgrad
ing this to the "ultimate" detector for a B—factory 
would require substantial improvements in the par
ticle identification capabilities, particularly for high 
momentum (i.e., 3 ~ 4 GeV/c) particles. 

In this talk I give my (non-expert!) impressions 
of some of the highlights of the research presented 
at this Workshop. Since it would be impossible to 
summarise all of the material presented, I haven't 
even attempted to try to do so. 

2.1 VERTEX DETECTION 

State-of-the-art vertex detection is an essential 
component of any B—factory detector. The isola
tion of a CP—violating asymmetry in decays of the 
T(4S) requires the determination of the time order 
of the decays of the two B—mesons in the event. 
Since, for the degree of energy asymmetry being dis
cussed, the characterisic distance between vertices is 
~ 140/wra, vertex resolution in the coordinate par
allel to the beam-line of ~ 70/tm, or better, is an 
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CLEO-II 

Figure 3: The CLEO-II detector 

important requirement. 

Happily, the technology of silicon strip detectors 
is maturing at a rate that is comfortably consis
tent with the time-scales envisioned for a B—factory 
experiment. A number of 4ir detectors already in
corporate large-scale silicon-strip vertex detectors. 
Here, since vertex precision is limited by multiple 
scattering in the beam-pipe, the silicon-strip detec
tors themselves, and the material of the support 
and utility structures, engineering-type issues play 
a key role. An important development is the use 
of double-sided strip detectors, *rhich reduces the 
amount of silicon needed to provide two-dimensional 
information. The ALEPH experiment at LEP has 
already successfully incorporated double-sided sili
con strip detectors in an operational vertex detector. 

At this workshop we heard a report on the CLEO-
II vertex detector, which will use double-sided strips 
and is expected to be installed next year, and from 
the KEK/Osaka group's work on double-sided de
tectors, including a measurement of resolution at 
oblique angles of incidence. 

The report on the CLEO-II vertex detector pro
vides a summary of the total amount of material in 
the device. The beam-pipe, the silicon wafers, and 
the support-cooling structure and electronics, all 
contribute roughly equal amounts of material. For a 

cylindrical beryllium beam-pipe, the amount of ma
terial depends upon the radius. Making the beam-
pipe thinner requires going to a smai'Jer radius. The 
required thickness of the silicon (~ 300/tm/plane) 
is determined by the signal-to-noise ratio for mini
mum ionising tracks. The material comprising the 
support and cooling structure and the electronics 
must be minimized by careful engineering. 

The KEK group has done resolution measure
ments as a function of the incidence angle. Their 
results show that for entry angles as steep as 75* 
from the normal, spatial resolutions of 40pm can 
be achieved, and they argue that this resolution al
ready exceeds ihe multiple scattering limits imposed 
by the beam-pipe and the mechanical structure of 
the vertex detector. It was noted by workshop par
ticipants, however, that the KEK beam-pipe de
sign, which has a race-track-shape rather than the 
mechanically optimized circular cross-section, may 
not be fully optimized and, if it were, the multi
ple scattering limits may be reduced significantly. 
Also, given the experience of the ARGUS and CLEO 
groups, it seems reasonable to expect that in the fu
ture, the beampipe radius will be decreased, further 
reducing the amount of material in the beam-pipe 
and the inherent multiple scattering limits, putting 
a further premium on high quality spatial resolu
tion, particularly at large incidence angles. 

Perhaps the ultimate vertex detector is the mono
lithic pixel device being developed by Parker and 
his coworkers [4]. This group has developed a work
ing model of a device that has detection elements 
and readout electronics on the same silicon wafer, as 
shown in Fig. 4. Here, a spatial resolution of 7/im 
is measured for an incidence angle of 55". More
over, since the capacitance of each pixel is very small 
(~ 10~%*F), signal-to-noise is not an issue, so the 
thickness of the silicon wafer is limited by mechan
ical considerations and not by signal size. Such a 
device may provide very powerful inner layers to a 
"phase-IF* detector, with a reduced radius beam-
pipe. 

2.2 TRACKING DETECTORS 

The key to good charged-particle momentum 
measurements is the use of low-mass drift cham
bers in a relatively high magnetic field. The higher 
the field, the more bending strength and more pre
cise momentum resolution, However, a higher field 
causes more low momentum tracks to curl up, and 
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Figure 4: Cross-sectional diagram showing the cen
tral aspects of the monolithic pixel detector being 
developed by the Hawaii-Stanford group. 

not traverse the full tracking volume. In a 1.5T field, 
a pi = 100 MeV/c pion reaches a maximum radius 
of T ~ 0.5m, which may (or may not) be a practical 
limit for good tracking. With a higher field such 
particles may be lost. But since hadrons with mo
mentum below about 100 MeV/c will range out in 
the material of the beam-pipe and vertex detectors 
anyway, going down in field reduces the momentum 
resolution without much gain in efficiency. 

To minimize material, field-shaping has to be 
done with low mass wires. Aluminum wires have 
been used successfully in previous chambers, such 
as in the AMY and CLEO-II detectors. The long-
term "creeping" behaviour of the aluminum wire is 
not well understood and may have been the source 
of some problems in AMY. The CLEO-II group fas
tened the aluminum wire by a crimping technique 
and has problems with wires breaking; in AMY, 
where the wires were fastened by means of a solder 
specialized for aluminum, there are no such prob
lems. 

The KEK group presented the results of a study 
of the properties of a He/C 2HB (50/50) mixture as a 
drift chamber gas. They report spatial resolutions in 
the 150 ~ 200jum range in a B = IT magnetic field. 
The measured dE/dx resolution extraoplates to an 
expectation of 5% for a system with 40 samples. 

2.3 P A R T I C L E I D E N T I F I C A T I O N 

Reliable particle identification is needed both for 
6-flavor tagging of the second B meson in the event 

and for the clean reconstruction and identification 
of specific decay channels. For a reasonable flavor-
tagging efficiency, charged kaons must be used in 
addition to electrons and muons. Since almost all 
of the kaons have momentum below 1.5 GeV/c, 
the particle identification requirements set by the 
tagging requirements are not very severe. In con
trast, an important CP-eigenstate decay channel is 
B -+ x+x~. The isolation of this mode from the 
decays B ~» K+x~ requires K/r separation in the 
p ~ 3 - 4 GeV/c range, which is quite challenging. 

The lower momentum range is well covered by 
dE/dx measurements in the central tracking cham
ber and the time-of-flight (TOF) system. The KEK 
group presented results of prototype tests of TOF 
counters readout with B-field resistant fine mesh 
PM tubes where they get TOF resolutions better 
than 100 pi. A TOF system with this resolution 
would provide adequate K(T separation for mo
menta below about 1.1 GeV/c. 

For the higher momenta, various types of 
Cerenkov detectors are being investigated. Cal Tech 
and KEK groups are investigating the use of thresh
old Cerenkov counters based on Aerogel radiators. 
The Cal Tech group has reported adequate light 
yields, but a cost effective readout system has still 
not been identified; magnetic-field resistant pho
totubes are rather expensive and an Aerogel sys
tem would need a large number of them. The Cal 
Tech group is studying the possible use of avalanche 
photo-diodes (APDs). Noise levels in these devices 
are still too high to make them useful in single-
photon counting applications. Nevertheless, some 
progress in this area was reported to this workshop. 

KEK is collaborating with CERN on the de
velopment of a fast Cerenkov ring imaging device 
(CRID). Previous applications of CRIDs, for exam
ple in the DELPHI and SLD detectors, were able 
to exploit long drift times and, thus, minimise the 
number of readout channels. Data rates at a B-
factory preclude this luxury, and the application of 
a CRID requires extremely large numbers of read
out channels. A three-sector prototype system with 
3840 channels/sector using a CaF2 or LiF radiator 
(10mm thick) and 13cm drift distance is being built 
as a proof of principle at CERN. In this prototype, 
between 10 and 20 photo-electrons are expected for 
each track image. Although it is complex, both 
mechanically and electronically, the fast CRID pro
vides, in principle, (he solution to the high momen-

— 406 — 



turn particle i.d. problems at the B-factory. How
ever, the CERN prototype corresponds to about 
20% of a radiation length of material, much of which 
is before the 13cm drift space, in rather blatant vi
olation of the rules-of-thumb listed above. I believe 
that all of the consequences of this choice of particle 
i.d. device should be carefully considered before it 
is selected. 

An interesting variant of an imaging device, one 
that eliminates a number of the problems associ
ated with the fast CRID, is the detector for inter
nally reflected Cerenkov light (DIRC), presented to 
the workshop by B. Ratcliff. In this device, the 
internally relected light that is trapped in the radi
ator is transported out of the detector to an image 
detection device. This has the advantage of being 
thin with no drift spaces, fast, and provides good 
coverage. The imaging is done outside of the de
tector, which reuires light pipes that penetrate the 
iron yoke. The proposed imaging system is rather 
straight-forward, but requires a rather large num
ber (~ 104) of PM tubes. I expect that with further 
refinements, this type of device may prove to be the 
preferred candidate for a B-factory particle i.d. de
vice. 

2.4 E L E C T R O M A G N E T I C C A L O R I M E T R Y 

By far the most expensive single detection sys
tem is the electromagnetic calorimeter. Most groups 
are following the lead of the CLEO-II group and 
are proposing to use an array of Thallium-doped 
Cesium-Iodide crystals [CsI(Tl)]. The KEK group's 
current plans include a barrel detector consisting of 
an 8064 element array of 5.5 x 5.5 x 25cm3 crystals 
(13AXM deep) and endcap arrays containing 2 x 
768 modules. The CLEO-II group has demonstrated 
a resolution of approximately <r(E)/E = 2.0%/E1/* 
for 7 energies in the range 0.2 < JE, < 1.0 GeV. At 
lower energies the resolution is degraded somewhat 
by electronic noise in the readout photodiodes; at 
higher energies shower leakage and clustering losses 
cause some degradation. 

Such high quality energy resolution requires strict 
control of the amount of material in front of the 
calorimeter. Studies by the KEK group show that 
the intervening material markedly decreases the ef
ficiency for x° reconstruction, 10 ~ 15% of a radi
ation length is probably the upper limit that can 
be (should be?) tolerated. This places severe con
straints on technologies for particle identification 
devices, for example, a fast CRID already more than 

saturates this material budget, and the inclusion of 
a CRID and a TOF system would severely violate 
it. 

D. Hitlin reported results of tests of an avalanche 
photodiode (APD) readout scheme. The gain pro
vided by the APD reduces the significance of the 
electronic noise contribution to the energy resolu
tion, providing significant improvements in the low 
energy regime. The current price of APD's proba
bly precludes their use in a detector; hopefully the 
price will drop sufficiently fast so as to be affordable 
on the time scale of a B-factory detector. 

The high radiation levels expected at a B-factory 
makes the crystal's susceptability to radiation dam
age a concern. Since published studies of the radi
ation hardness of CsI(Tl) are inconsistent, the Cal 
Tech group undertook a systematic study, which in
dicated that the purity of the crystals is the con
trolling element. Second growth crystals display 
sufficient radiation hardness to be adequate for a 
B-factory environment. 

2.5 M U O N A N D KL D E T E C T I O N 

Kamae has suggested the possibility of structur
ing the muon identification system to make it pos
sible to detect conversion points of Kj,'s from the 
decay B —> i>Kt, [5]. This decay mode should have 
a CP-violating asymmetry that is opposite that for 
B —> i>Ks, making it a valuable check on any results 
that indicate a CP violationg in that channel. The 
KBK group has shown that with an angular resolu
tion on the KL direction of <r(#) = <r{6) = 30mrad, 
an efficiency as high as 0.7 that of the B —» i>Ks, 
with good signal to noise can be obtained. Here the 
trick is to make large area detectors cheaply (a total 
coverage of ~ 4000m2 would be needed). 

N. Morgan from VPI reported encouraging results 
on prototype tests with resistive plate chambers 
(RPC) at this meeting. Excellent time (<r ~ Ire*) 
and spatial resolution (<r ~ 1cm) can be obtained in 
rather inexpensive devices with rather simple elec
tronic readouts. Although tests of larger area de
vices are yet to be done, the results to date indicate 
that RPC's may be well suited to the muon-Kt de
tection system. 

2.6 D A T A A C Q U I S I T I O N A N D T R I G G E R I N G 

Here I have little to say other than to note that 
the KEK and SLAC approaches to data acquisition 
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and triggering are remarkably different. The KEK 
group uses a synchronous, "passive-pipeline'' sys
tem that is an extrapolation of systems in general 
use in existing e+e~ detectors. The SI/AC group 
proposes an asynchronous "active-pipeline*' system 
that appears to me to be structured similar to sys
tems proposed for SSC/LHC detectors. Since the 
two approaches are so radically different, it strikes 
me that it is very likely that one scheme will end 
up proving distinctly better than the other (at this 
stage, I would not try to predict which one), so it 
would probably be a good idea for both groups to 
pay close attention to what the other is doing. 

2.7 SOFTWARE 

Here again I do not have much to say except to 
note the obvious: the physics output of a B-factory 
detector will be enormous and cover a broad range of 
topics: including CP violations, beauty and charm 
decays, properties of the tau lepton, Upsilonium, 
and two-photon physics. The output will only be 
limited by the manpower engaged in the analysis. 
To this end it is essential that user-friendly and 
easily transportable software systems be developed. 
It is also important to make sure that we are not 
locked-in to computer languages that may not be 
able to exploit fully the computer technology that 
will be available in the future. To this end, it may be 
fair to suggest that the people who normally decide 
on the structure of the software for the experiment, 
namely the software specialists, are not best suited 
to make the basic architectural decisions on the soft
ware. Maybe more pedestrian computer users (such 
as myself) should have more input into the early 
stages of these activities. 

3. SUMMARY 

I think that it is safe to conclude that a "Phase-1" 
detector similar to CLEO-II (plus vertex detector) 
could be built without much additional R&D, and 
would be adequate to see a CP violation in the de
cay B —» ifrKs, if the KM expectations for this mode 
are correct. This would provide a measurement of 
the fa (or 0) angle of the Unitary Triangle. 

The complete mapping of the triangle will require 
measurements of fa and fa (a and 7), which proba
bly could not be done with such a device; improved 
particle i.d., particularly for higher momentum par
ticles, and better vertex identification will be re
quired. Although one can imagine stretching exist
ing technologies to create a detector that, at least on 

paper, is adequate to do the whole job, the result
ing device transgresses the rules of thumb that I've 
listed above badly enough to make me rather skep
tical. Results from current R&D efforts (on Pixels 
and DIRC's, for example) are very encouraging and 
make me optimistic that satisfactory solutions to 
B-factory problems can be expected in the not-so-
distant future. 

My preference is to approach the B-factory detec
tor construction as a two-phase program from the 
veiy start. Phase-I should emphasize the things that 
we now know how to do well (Csl, double-sided Si, 
dE/dx, TOF, etc.), and adhere to a strict material 
and drift-space budget. A subsequent upgrade to 
Phase-II, with improved veriexing and a dedicated 
high momentum particle i.d. device, should wait on 
the outcome of the very promising R&D programs 
that are currently underway. 

4. RECOMMENDATION 

Let's get started. 
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